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BIOMEDICAL IMPORTANCE

Besides water, the diet must provide metabaolic fuels
{mainly carbohydrates and lipids}, protein (for growth
and turnover of tssue proteins), fiber (for roughage),
minerals (elements with specific metabolic functions),
and vitamins and essential fatty acids (organic com-
pounds needed in small amounes for essential metabolic
and physiologic functions). The polysaccharides, tri-
acylglyeerols, and proteins that make up the bulk of the
dier must be hydrolyzed o their constituent monosac-
charides, farty acids, and amino acids, respectively. be-
fore absorprion and utilization. Minerals and viamins
must be released from the complex matrix of food be-
fore they can be absorbed and ueilized.

Globally, undernutrition 15 widespread, leading o
impaired growth, defective immune systems, and re-
duced work capacity. By contrast, in developed coun-
tries, there is often excessive food consumption (espe-
cially of far). leading to obesity and to the development
of cardiovascular disease and some forms of cancer. De-
ficiencies of vitamin A, iron, and iodine pose major
health concerns in many countries, and dehciencies of
other vitamins and minerals are 2 major cause of ill
health. In developed countries, nutrent deficiency is
ratre, thnugh there are 1r'u||'|a.~r.||'|n||: sectinns nF the pnpu]:l.-
non at risk. Inmakes of minerals and vitamins that are
adequate to prevent deficiency may be inadequare
promote optimum health and |nng:1.rmr

F,xn:mnc ﬂ:cr:tmn of g.ﬁrrlc .icul J\.Hﬂ(.l:tl‘l:d with
Helivobacter J.ta}fm: infection, can result in the d:'l.rrl[:up-
ment of g.ﬁtrlf_ and duodenal ulcers; small changes in
the composition of bile can result in crypstallization of
chnl:ﬁttmi as sl“!mhl.‘!; failure nf EXnCrine F:anr:atir.'
secrerion (as in cystic fibrosis) leads to undernurrition
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and stcatorrhea. Lactose intolerance 15 duc o lactasc
defictency leading to diarrhea and intestinal discomfor,
Absorprion of intact peprides thar stimulate antibody
responses causcs allergic reactions, and celiac disease
is an allergic reaction to whear gluten,

DIGESTION & ABSORPTION
OF CARBOHYDRATES

The digestion of complex carbohydrates is by hydroly-
sis to liberate oligosaccharides, then free mono- and di-
sacchartdes. The increase in blood glucose after a tese
dosc of a carbohydrace compared with thar afer an
equivalent amaount of glucose is known as the glycemic
index. Glucose and galactose have an index of 1, as do
lactose, maltose, isomaltose, and erehalose, which give
nsc to these monosscchandes on hydrolysis. Fructose
and the sugar alcohols are absorbed less rapidly and
have a lower glycemic index, as docs sucrose. The
glycemic index of starch varies between near 1 to near
zero due to variable rates of hydrolysis, and that of non-
starch polysaccharides is zero, Foods that have a low
glycemic index are considered o be more benchicial
since they cause less fluctuation in insulin secretion.

Amylases Catalyze
the Hydrolysis of Starch

The hydrolysis of starch by salivary and pancreatic
amylases catalyze random hydrolysis of a1 —4) glyco-
side bonds, vielding dextrins, then a mixture of glucose,
maltose, and 1somaltose fFrnm the branch pnints in
amylopecting,



Disaccharidases Are Brush
Border Enzymes

The disaccharidases—maltase, sucrase-isomaltase (a
bifuncrional enzyme catalyzing hydrolysis of sucrose and
isomaltose), lactase, and trehalase—are located on the
brush border of the intestinal mucosal cells where the re-
sultant monosaccharides and others arising from the diet
are absorbed. In most people, apart from those of north-
ern European genetic origin, lacrase is pradually lost
through adolescence, leading to lactose intolerance.
Lacrose remains in the intestinal lumen, where it is a
subscrate for bacrerial fermentation to lactare, resulting
in discomforr and diarrhea,

There Are Two Separate Mechanisms
for the Absorption of Monosaccharides
in the Small Intestine

Glucose and ylatluu‘ are absorbed |_1]r' 4 s::dlum—dcpun-
dene process. They are carried by the same transport
!.'rmlc'ln (SGLT 1) and compete with cach other for in-
testinal absorption (Figure 44-1). Other monosaccha-
rides are absorbed by carrier-mediated diffusion. Be-
cause they are not actively wansported. fructose and
sugar aleohols are only absorbed down their concentra-
tion gradient, and after a moderately high intke some
may remain in the intestinal lumen, acting as a sub-
strate for bacterial fermentation.

DIGESTION & ABSORPTION OF LIPIDS

The major lipids in the diet are triacylglyeerals and, wa
lesser extent, phospholipids. These are hydrophobic
molecules and must be i}fdrulﬂ.ud and r_'muiwleLrj to
very small droplets (micelles) before they can be ab-
sotbed. The Rsoluble vitamine—A, D, E, and K—
and a variety of other lipids (including cholesteral) are
absorbed dissolved in the lipid micelles. Absorption of
the fat-soluble vitaming is impaired on a very low L
dier,

Hydrolysis of triacylglyeerals is initiated by lingual
and gastrie Hrasm that attack the m-3 cster bond, form-
ing 1.2-diacylglycerols and free farry acids, aiding emul-
:.i[zl:f_';ninn. Pancreatic lipase is sccreted into the small
intestine and rﬁlulrca 4 further F:a.nr.'h::tlic Ph:rlr_'in. coli-
pase, for activity. It is specific for the primary eseer
links—ie, positions 1 and 3 in triacylglycerols—resule-
ing in 2-monoacylglycerals and free farry acids as the
h:ajur L'I'fllj-].‘lr:]lll.u.‘bi ol luminal lri.nr;].'lgl}'{tm] digcstlnh..
Monoacylglycerols are hydrolyzed with difficuley 1o
glyeerol and free farty acids, so that less than 25% of in-
gested triacylglyeerol is complerely hydrolyzed to glye-
erol and ﬁtt}r acids {F;g'un_' 44—2}. Bile sales, formed in
the liver and secreted in the bile, enable emulsification
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Figure 44-1. Transport of glucose, fructose, and
galactose across the intestinal epithelium. The 5GLT 1
transparter is coupled to the Na'™-K' pump, allowing
glucose and galactose to be transported against their
concentration gradients. The GLUT 5 Ma*-independent
facilitative transporter allows fructose as wall as glu-
cose and galactose to be transported with their con-
centration gradients. Exit from the cell for all the sugars
is wia the GLUT 2 facilitative transparter,

of the produces of lipid digestion into micelles and lipo-
somes together with phospholipids and cholesteral
from the bile, Because the micelles are soluble, they
allow the products of digestion. including rthe far-
soluble vitamins, 1o be transported through the agqueous
environment of the intestinal lumen and permit close
contact with the brush border of the mucosal cclls, al-
lowing uptake into che epithelium, mainly of the je-
junum. The bile salts pass on 1o the ileum, where
maost are absorbed into the enterohepatic circula-
tion (Chapter 26). Within the intestinal epithelium,
I-monoacylglycerols are hydrolyzed ro farry acids and
glvcerol and 2-monoacylglycerols are re-acylated 1o ori-
acylglycerols via the monoacylglycerol pathway, Glye-
crol released in the intestinal lumen is not reutilized bur
passes into the portal vein: glycerol released within the
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epithelium s reutilized for triacylglycerol synthesis via
the normal phosphatidic acid pathway (Chapter 24).
All long-chain fatty acids absorbed are converted to tri-
acylglycerol in the mucosal cells and, rogether with the
ather products of lipid digestion, secreted as chylomi-
crons into the lymphatics, entering the blood stream via
the thoracic duct (Chapeer 25),

DIGESTION & ABSORPTION OF PROTEINS

Few peptide bonds thar are hydrolyzed by proceolyric
enzymes are accessible withour prior denaturation of di-
etary proteins (by heat in cooking and by the action of
gastric acid).

Several Groups of Enzymes Catalyze
the Digestion of Proteins

There are two main classes of proteolytic digestive en-
zymes (proteases), with different specificities for the
amino acids forming the pepride bond to be hydrolyzed.
Endopeptidases hydrolyze peptide bonds berween spe-
cific amino acids throughour the molecule, They are the
first enzymes to act, vielding a larger number of smaller
fragments, cg, pepsin in the gastric juice and trypsin,
chymotrypsin, and elastase secreted into the small in-
testine by che pancreas. Exopeptidases catalyze the hy-
drolysis of peptide bonds, onc at a time, from the ends
of polypeprides. Carboxypeptidases, secreted in the
pancreatic juice, release amino acids from the free car-
boxyl terminal, and aminopeptidases, secreted by the
intestinal mucosal cells, release amino acids from the
amino terminal, Dipeptides, which are not substraces for
exopepridases, are hydrolyzed in the brush border of in-
testinal mucosal cells by dipeptidases.

The proteases are secreted as inactive zymogens; the
active site of the enzyme is masked by a small region of
its peptide chain, which s removed by hydrolysis of a
specific peptide bond, Pepsinogen is activated to pepsin
by gastric acid and by activated pepsin lautocatalysis). In
the small intestine, trypsinogen, the precursor of
trypsin, is activated by enteropeptidase, which is se-
creted by the duodenal epithelial cells; crypsin can then
activate chymotrypsinogen to chymotrypsin, proelas-
tase to clastase, procarboxypeptidase w carboxypepri-
dase, and proaminopeptidase (o aminopepuidase.

Free Amino Acids & Small Peptides Are
Absorbed by Different Mechanisms

The end product of the action of endopepridases and
exopeptidases s a mixwure of free amino acids, di- and
ripeptides, and oligopeprides, all of which are absorbed.
Free amino acids are absorbed across the intestinal mu-
cosa by sodium-dependent active rransport. There are
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several different amine acid transporters, with specificity
for the nature of the amino acid side chain {large or
small; neutral, acidic, or basic), The various amino acids
carricd by any one transporter compete with cach other
for absorprion and tissue uprake. Dipeprides and tripep-
tides enter the brush border of the intestinal mucosal
cells, where they are hydrolyred to free amine acids,
which are then rransported into the hepatic portal vein.
Relatively large peprides may be absorbed intace, either
by uptake into mucosal epithelial cells (transeellular) or
by passing between epithelial cells (paracellular). Many
such peptides are large enough to stimulate antibody for-
mation—this i5 the basis of allergic reactions to foods,

DIGESTION & ABS50ORPTION
OF VITAMINS & MINERALS

Vitamins and minerals are released from food during
digestion—though this is not complete—and the avail-
ability of vicamins and minerals depends on the type of
food and, especially for minerals, the presence of chelat-
ing compounds. The fat-soluble vitamins are absorbed
in the lipid micelles that resule from far digestion;
watcr-soluble vitamins and most mincral sales arc
ahsarbed from the small intestine either by active trans-
port ar by carrier-mediated diffusion followed by bind-
ing o intracellular binding proteins to achieve concen-
tration upon uptake. Vieamin By, absorption requires a
specific transport protein, intrinsic factor; calaium ab-
sorption is dependent on vitamin [} zinc absorption
probably requires a zinc-hinding ligand secreted by the
exocrine pancreas; and the absorpoion of iron is limited.

Calcium Absorption Is Dependent
on Vitamin D

In addition ro its role in regulating calcium homeosta-
sis, vitamin D is required for the incestinal absorprion
of calcium. Synthesis of the intraccllular calcium-
binding protcin, calbindin, required for calcium ab-
sorption. is induced by vitamin D, which also affecrs
the permeabilicy of the mucosal cells w calcium, an ef-
fect that is rapid and independent of protein synchesis.,
Phytic acid (inositol hexaphosphate} in cercals binds
calcium in the intestinal lumen, preventing its absorp-
tion, Orther minerals, including zing, arc also chelaced
by phytate, This is mainly a problem among people
who consume large amounts of unleavened whole
whear products; yeast conrains an enzyme, phytase,
which dephosphorylares phytate, so rendering it inac-
tive. High concentrations of fatty acids in the intestinal
lumen—as a result of impaircd far absorption—can
also reduce calcium absorpron by forming insoluble
calcium sales; a high intake of oxalare can sometimes
cause deficicncy, since calcium oxalare is insoluble,
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Iron Absorption Is Limited
& Strictly Controlled but Is
Enhanced by Vitamin C & Ethanol

Althou ,|.. iron Iji.‘ﬁr_'i:.'ﬂ(."l;' i5 a common FI.‘H'JIL'I‘.I‘I.. about
10% of the population are penetically ar risk of iron
overload (hemochromartosis), and clemental iron can
lead to nonenzymic generation of free radicals. Absorp-
ton Ufii‘un is sll‘icﬂ}' h.'guialcd. Ihurgan'lr_' iron is accu-
mulated in intestinal mucosal cells bound o an incra-
cellular protein, ferritin, Once the ferritin in the cell is
saturated with iron, no more can enter. Iron can only
leave t|"|:.' muu:::ia] I'.'L']l il‘ Lh::t‘u is lﬂn!:rﬂ‘t‘i.n i Plasmz
to bind . Once transferrin is saturated with iron, any
that has aceumulated in the mucosal cells will be lose
when the cells are shed. As a resuly of this mucosal bar-
r]i:r, {li‘lE_‘!." almul 10% uit dicLar}l' iron is nun‘na]l}r ah-
sotbed and only 1-5% from many plant foods.

Inorganic iron is absorbed only in the Fe™ (reduced)
state, and for that reason the presence of reducing agenes
will enhanece absorption. The most efective compoungd
is vitamin C, and while intakes of 40-60 myg of viamin
C per day are more than adequate o meet requirements,
an intake of 25-50 mg per meal will enhance iron ab-
smgl:liun. especially when iron salts are used 1o ereat iron
deficiency anemia, Ethanol and fructose also enhance
iron absorption. Heme iron from meat is absorbed sepa-
rately and is considerably more available than inorganic
iron. However, the ahsnrpliuh of both inorganic and
heme iron is impaired by caleium—a glass of milk with
a meal :iign'tﬁr.';ml:l}' reduces availabilicy,

ENERGY BALANCE:
OVER- & UNDERNUTRITION

After the provision of water, the body's first requirement
is for metabolic fuels—fue, crbohydrates, and amine
acids from proteins {and cthanol) {Table 27-1). Food in-
ke in excess of energy expenditure leads 1o obesity,
while intake less than expenditure leads w emaciation
and wasting, as in marasmus and kwashiorkor. Both
obesity and severe undernuerition are associated with in-
creased  mortality, The body mass index, defined as
‘l.w:ight in k;]:.igmrns divided l.'l"r' huizﬂjt i ebers stlu:m.':l,
is commonly used as a way of expressing relative obesity
to heighe. A desirable range is berween 20 and 25,

Energy Requirements Are Estimated by
Measurement of Energy Expenditure

Energy expenditure can be determined directly by mea-
suring hear outpurt from the body bur is normally est-
mated indirccdy from the consumption of oxygen,
There 15 an energy expenditure of 20 kL of oxygen
consumed regardless of whether the fuel being merabo-

lized is carbohydrate, fat, or prowin, Measurement of
the ratio of the volume of carbon dioxide produced to
volume of oxygen consumed (respiratory quotiene; RO)Y)
15 an indicarion of the mixture of metabolic fuels being
oxidized (Table 27-1). A more recent technique per-
mits estimation of total energy expenditure over a pe-
riod of 1-2 weeks using dual isotopically labeled water,
*H,"™0. *H i lost from the body only in water, while
0 is lost in both water and carbon dioxide; the differ-
ence in the rate of loss of the twa labels permits estima-
tion of total carbon dioxide production and thus oxy-
gen consumption and encrgy expenditure.

Basal metabolic rate (BMR) is the energy expendi-
ture by the body when at ress—but not asleep—under
controlled conditions of thermal neutrality, measured
at abour 12 hours after the last meal, and depends on
weight, age, and gender, Total energy expenditure de-
pends on the basal metabolic rate, the encrgy required
for physical activity, and the energy cost of synthesizing
reserves in the fed state. It is therefore possible o caleu-
late an individual’s energy requirement from  body
weight, age, gender, and level of physical activity, Body
weight affects BMR because there is a greater amount
of active tissue in a larger body. The decrease in BMR
with increasing age, even when body weight remains
constant, is due to muscle tssue replacement by adi-
pose tissue, which 15 memabolically much less active,
Similarly, women have a significantly lower BMR than
do men af the same body weight because women’s bod-
ies have proportionately more adipose tissue than men,

Energy Reguirements Increase
With Activity

The most uscful way of cxpressing the encrgy cost of
physical activitics is as a muldple of BMR. Scdenary
activitics use only abour 1.1-1.2 % BMR. By contrast,
vigorous exertion, such as climbing stairs, cross-country
skiing, walking uphill, ctc, may use 6-8 x BME.

Ten Percent of the Energy Yield of a Meal
May Be Expended in Forming Reserves

There is a considerable increase in metabolic rare after a
meal, a phenomenon known as diet-induced thermo-
genesis, A small pare of this is the energy cost of secrer-
ing digestive enzymes and of active transport of the
products of digestion; the major part is due o synthe-
sizing reserves of glycogen, tiacylglycerol, and protein.

There Are Two Extreme Forms
of Undernutrition

Marasmus can occur in both adults and children and
oecurs in vulnerable groups of all populations. Kwash-



iorkor only affects children and has only been reported
in developing countries. The distinguishing feature of
kwashiorkor is that there 15 Alusd retention, leading to
edema, Marasmus 15 a state of extreme emaciation; it 1s
the outcome of prolonged negative energy balance, Not
only have the body's fat reserves been exhausted, but
there is wastage of muscle as well, and as the condition
progresses there is loss of procein from the hear, liver,
and kidneys, The amino acids released by the catabo-
lism of tissue proteins are used as a source of metabolic
fuel and as substrates for gluconeogenesis to maintain a
supply of plucose for the brain and red blood cells. As a
result of the reduced synthesis of proteins, there s im-
paired immune respanse and more risk from infections.
Impairment of cell proliferation in the intestinal mu-
cosa occurs, resulting in reduction in surface area of the
intestinal mucosa and reduction in absorption of such
nutrients as are available,

Patients With Advanced Cancer
& AIDS Are Malnourished

Paticnts with advanced cancer, HIV infection and
AIDS, and a number of other chronic discascs are fre-
quently  undernourished—the  condivion is  called
cachexia. Physically, they show all the signs of maras-
mus, but there is considerably more loss of body pro-
tein than occurs in starvation. The sccretion of oy-
tokines in response o infection and cancer increases the
catabolism of tssue protein, This differs from maras-
mus, in which protein synthesis is reduced bur catabo-
lism in unaffected. Paticnis are hypermetabolic, ic,
there is a considerable increase in basal metabolic race.
Many mmors merabolize glucose anacrobically w re-
lcase lactate. This is used for gluconcogenesis in the
liver, which is cnergy-consuming with a net cost of six
ATP for cach mole of glucose cycled (Chaprer 19).
There 15 increased stuimulation of uncoupling proteins
by cvtokines, lcading to thermogenesis and increasced
oxidation of metabolic fucls. Futile cycling of lipids oc-
curs because hormone-sensicive lipase is acrivated by a
proteoglycan scorcted by tumors, resulting in liberation
of fatry acids from adipose tissuc and ATP-cxpensive
recsterification in the liver to triacylglycerols, which are
exported in VLDL,

Kwashiorkor Affects
Undernourished Children

In addirion ro the wasting of muscle rissue, loss of in-
testinal mucosa, and impaired immune responses seen
in marasmus, children wich kwashiorkor show a num-
ber of characteristic features. The defining characreristic
is edema, associared with a decreased concentration of
plasma proteins. In additon, there is enlargement of
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the liver due to accumulation of fat. It was formerly be-
lieved that the cause of kwashiorkor was a lack of pro-
tein, with a more or less adequate energy intake; how-
ever, analvsis of the dicts of affected children shows tha
this 15 not so, Children with kwashiorkor are less
stunted than those with marasmus, and the edema be-
gins to improve early in ereatment, when the child is
still receiving a low-protein diet. Very commonly, an
infection precipitates kwashiorkor. Superimposed on
general food deficiency, there is probably a deficiency
of the antioxidant nutrients such a5 zinc, copper,
carotene, and vitaming C and E. The respiratory burst
in respanse to infection leads to the production of oxy-
gen and halogen free radicals as part of the cytotoxic
action of sumulated macrophages. This added oxidant
stress may well erigger the development of kwashiorkor,

PROTEIN & AMINO ACID REQUIREMENTS

Protein Requirements Can Be Determined
by Measuring Nitrogen Balance

The state of protein nurrition can be determined by
measuring the dietary intake and ourpur of nitrogenous
campaunds from the body. M:haugh nucleic acids also
contain m:rn:igem protein is the major dierary source of
nitrogen and measurement of roral nitrogen intake
gives a good estimare of protein intake (mg N % 6.25 =
mg ]J-m[ein. as nirrogen is 16% of most prmeins‘l The
output of nitrogen from the body is mainly in urea and
smaller quantivies of other compounds in urine and
undigesred iutem in feces, and significant amounrs
may also be lost in swear and shed skin.

The difference berween intake and ourpur of nitroge-
nous compounds is known as nitrogen balance. Three
states can be defined: In a healthy adulr, nitrogen bal-
ance is in equilibrium when intake equals outpur, and
there is nr:aeqhange in the rotal body content of protein.
In a growing child, a pregnant woman, or in recovery
from protein loss, the excretion of nitrogenous com-
pounds s less than the dierary intake and there is nec re-
tention of nitrogen in the body as protein, ie, positive
nitrogen balance. In response to trauma or infecrion—
ot if the intake of protein is inadequare to meer require-
ments—there is ner loss of protein nitrogen from the
body, ie, negative nitrogen Eﬂuce The continual ca-
tabolism of tissue proteins creates the requirement for
dietary protein even in an adult who is not growing,
though some of the amino acids released can be reur-
lized. Mitrogen balance studies show that the average
daily requirement is 0L6 g of protein per kilogram of
body weight (the factor 0.75 should be used o allow for
ind'n.rldua% variation), or approximarely 50 g/d. Average
intakes of protein in deve]atped countries are abour
B0-100 gfd, ie, 14-15% of energy intake. Because
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growing children are increasing the protein in the body,
they have a proportionately greater requirement than
acdults and should be in posicive nitrogen balance. Even
so, the need is relatively small compared with the re-
quirement for protein turnover, In some countrics, pro-
tein intake may be inadequate to meet these require-
ments, resulting in stunting of growth,

There Is a Loss of Body Protein in
Response to Trauma & Infection

One of the metabolic reactions to major trauma, such
as a burn. a broken limb, or surgery, is an increase in
the ner carabolism of tissue proteins. As much as 6-7%
of the toral body proccin may be lost over 10 days. Pro-
longed bed rest results in considerable loss of protcin
because of atrophy of muscles. Protein is catabolized as
normal, but withour the stimulus of exercise it is not
complerely replaced. Lost protein is replaced during
convalescence, when there is positive nitrogen balance,
A normal diet is adequare to permir this replacement.

The Requirement Is Not for Protein ltself
but for Specific Amino Acids

Nort all proteins are nutritionally equivalent. More of
some than of others is needed to maintain nitrogen
balance because different proteins contain different
amounts of the various amino acids. The body's re-
guirement is for specific amino acids in the correct
proportions to replace the body proteins. The amino
acids can be divided into rwo groups: essential and
nonessential. There are nine essential or indispensable
amino acids, which cannot be synthesized in the body:
histidine, isoleucine, leucine, lysine, methionine, phen-
ylalanine, threonine, tryprophan, and valine. If one of
these is lacking or inadequate, then—regardless of the
total intake of protein—it will not be possible to main-
tain nitrogen balance since there will not be enough of
thar amine acid for protein synthesis,

Two amino acids—cysteine and ryrosine—can be
synthesized in the body, bur only from essential amino
acid precursors (cvsteine from methionine and tyrosine
from phenylalanine). The dietary intakes of cysreine
and tyrosine thus affect the requirements for methio-
nine and phenylalanine. The remaining 11 amino acids
in proteins are considered to be nonessential or dispens-
able, since they can be synthesized as long as there is
enough total protein in the diet—ie, if one of these
aming acids is omicced from the dier, nirogen balance
cani still be maintained. However, only three amino
acids—alanine, aspartate, and glutamare—can be con-
sidered to be truly dispensable; they are synthesized
from common metabolic intermediates (pyruvare, ox-

aloacetate, and ct-ketoglutarare, respectively). The re-
maining amino acids are considered as nonessential, but
under some circumstances the requirement for them
may outstrip the organism's capacity for synthesis,

SUMMARY

* Diigesdon involves hydrolyzing food molecules into
smaller molecules  for  absorprion  through  the
gastroincestinal — epithelium.  Polysaccharides  are
absorbed a5 monosaccharides;  triacylglyeerols  as
2-monoacylglycerols, fatty acids, and glyceral; and
proteing as amino acids,

= Digestive disorders arise as a result of (1) enzyme de-
ficicncy, cg, lactase and sucrase; (2} malabsorption,
g, of glucose and galactose due w defects i the
MNa*-glucose catransporter (SGLT 1}; (3) absorption
of unhydralyzed polypeptides, leading to immuno-
logic responscs, cg, as in celiae discase; and (4} pre-
cipitation of cholesterol fram bile as gallstones.

= Besides warter, the diet must provide metabolic fuels
(carbohydrate and fac) for hncril;.r growth and aceiviey;
protein for synthesis of rissue proteins; fiber for
roughage: minerals for specific metabolic functions;
certain polvunsaturaced farry acids of the n-3 and n-6
tamilies for eicosanoid synthesis and other funcrions;
and viramins, organic compounds needed in small
amounts for many varied essential funcrions,

* Tweney different amino acids are required for pro-
tein synthesis, of which ninc arc essendal in the
human dict. The quantity of protein required is af-
fected by protein quality, energy intake, and physical
activity.

= Undernutrition ocours in two extreme forms: maras-
mus in adults and children and kwashiorkor in chil-
dren. Owvernutrition from excess energy intake is as-
sociated with discases such as obesity, type 2 diabetes
mellivus, atherosclerosis, cancer, and hypertension.
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Vitamins & Minerals

David A. Bender, PhD, & Peter A. Mayes, PhD, D5c

BIOMEDICAL IMPORTANCE

Vitamins are a group of organic nutrients required 1n
small quantities for a variety of biochemical functions
and which, generally, cannot be synthesized by the
body and must therefore be supplied in the diet,

The lipid-soluble vitamins are apolar hydrophobic
compounds that can only be absarbed efficiently when
t]'u:r: 5 nnn'nal fz.r :tt'kmrpri:n . TEH::,' are tmnsp::rtcfl in
the blood, like any other apolar lipid, in lipoproceins or
attached to specific binding proceins. They have diverse
functions, eg, vitamin A, vision; vitamin [, calcium
:and p]'msph:itl: rn:'t'z]::::l]i_-im*. v]tnm'm F :lnr':nxid:lnr: \r'|-
tamin K, blood clocting. As well as dietary inadequacy,
conditions affecting the digestion and absorprion of the
]ipid-m[ublr vitamins—such as steatorrhes and disor-
d.l:rs :J'F rh: Hliar}r system—ioan a|l |:ac] to dl:ﬁr_'i:nqr
syndromes, including: night blindness and  xeroph-
thalmia (vitamin A); rickets in young children and os-
teomalacia in adules (vieamin D)5 neurologic disorders
and anemia of the newborn (vitamin E); and hemor-
rthage of the newbom {(vitamin K}, Toxicity can result
from excessive intake of vitamins A and D, Vitamm A
and [-carotene (provitaman A), as well as vitamin E, are
:ant'inxidnms znd haw: F!l']:iﬁi.hl-l.' roles in athcmscll:m:i::i
and cancer prevention,

The warer-soluble vitamins comprise the B complex
and vitamin C and function as enzyme cofactors. Falic
acid acts as a carrier of one-carban units. Deficiency of
a single vitamin of the B complex 15 rare, since poor
diets are most often associaced with multple deficiency
states. Nevertheless, specific syndromes are characteris-
tic of deficiencies of individual vitamins, eg. beriben
(thiamin): cheilosis, glossitis, seborrhea (nboflavin;
pellagra  (niacin);  peripheral  neuritis  {pyridoxine);
megaloblastic anemia, methylmalonic aciduna, and
pernicious anemia {vitamin B.); and megaloblastic
anemia (folic acd), Viamin C deficiency leads
SCUTVY.

Inorganic mineral elements that have a function in
the body must be provided in the diet. When the intake
15 insufficient, deficiency symproms may anse, eg, ane-
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mia (iron), cretinism and goiter (iodine). If present in
excess as with selenium, toxicity symproms may occur.

THE DETERMINATION OF NUTRIENT
REQUIREMENTS DEPENDS ON THE
CRITERIA OF ADEQUACY CHOSEN

For any nutrient, particularly minerals and vitamins,
there is a range of intakes between that which is clearly
inadequate, leading o clinical deficiency disease, and
that which is so much in excess of the body's metabolic
capacity that there may be signs of toxicity, Berween
these two extremes is a level of intake that s adequate
for normal health and the maintenance of metabolic in-
tegrity. Individuals do not all have the same require-
ment for nutrients even when calculated on the basis of
body size or energy expenditure, There is a range of in-
dividual requirements of up to 25% around the mean.
Thercfore, in order w assess the adequacy of dicts, it is
necessary to set a reference level of intake high enough
to ensure that no one will cither suffer from deficiency
or be at risk of toxicicy. IFic is assumed thae individual
requirements are distribured in a stanstically normal
Fashion around the observed mean requirement, then a
range of +/— 2 % the standard deviation (SD) around
the mean will include the requiremencs of 95% of the
population.

THE VITAMINS ARE A DISPARATE GROUP
OF COMPOUNDS WITH A VARIETY
OF METABOLIC FUNCTIONS

A vitamin is defined as an organic compound char is re-
quired in the diet in small amounts for the maintenance
of normal metabolic integricy. Dleficiency causes a spe-
cific disease, which is cured or prevented only by restor-
ing the vitamin to the dier (Table 45-1), However, vit-
amin D, which can be made in the skin after exposure
to sunlight. and niacin, which can be formed from the
essential amino acid tryprophan, do not sericdy con-
form to this definiton.



482 | CHAPTER 45

Table 45-1. The vitamins.

Vitamin Functions Deficiency Disease

A Retinel, f-carotens Visual pigments in the retina; regulation of Might blindness, ®erophthalmia;
gene expression and cell differentiation; keratinization of skin
fi-carotens is an anticuidant

B Calciferol Maintenance of calcium balance; enhances Rickets = poor mineralization of bonsg;
intestinal absorption of Ca™ and mobilizes osteomalacia = bone demineralization
bone mineral

E Tocopherols, tacotrienals | Antioxidant, especially in cell membranes Extremaly rare—serious neurclogic

dysfunction

K Phylloquinone,
MENAqUINQNes

: Coenzyme in formation of y -carboxyglutamate
im enzymes of blood clotting and bone matrix

Impaired bload clotting, hemaor-
rhagic disease

B, Thiamin Coenzyme in pyruvate and a-ketoglutarate, Peripheral nerve damage (beriberi] or
dehydrogenases, and transketolase; poorly central nervaus system lesions
defined function in nerve conduction (Wernicke-Korsakoff syndrome)

B, Riboflavin ' Coenzyme in oxidation and reduction reactions; | Lesions of comer of mouth, lips, and

Niacim Micotinic acid,

prosthetic group of flavoproteins

Coenzyme in oxidation and reduction reactions,

tongue; sebarrheic dermatitis

Pellagra—photosensitive dermatitis,

nicatinamide functional part of NAD and NADP depressive psychosls
B, Pyridasing, pyridoxal, Coenzyme in transamination and decarboxy- Disorders of aming acid metabalism,
pyridoxamine lation of amino acids and glycogen convulsions
phosphorylase; role in steroid hormone action
Folic acid i Coenzyme in transfer of one-carbon fragments Megaloblastic anemia
By, Cobalamin Coenzyme in transfer of one-carbon fragments Pernicious anemia = megaloblastic
and metabalism of folic acid anemia with degeneration of the
. spinal cord
Pantothenic acid | Functional part of Cof and acyl carrier protein:
| fatty acid synthesis and metabolism
H Biotin Coenzyme in carhoxylation reactions in gluce- Impaired fat and carbohydrate metab-
nengenssis and farty acid synthesis olism, dermatitis
C Ascarble acid Coengyme in hydroxylation of proline and Seurvy—Impaired wound healing,

lysine in collagen synthesis; antioxidant;
enhances absorption of iron

loss of dental cement, subcutaneous
hemarrhage

¥ LIPID-SOLUBLE VITAMINS

RETINOIDS & CAROTENOIDS
HAVE VITAMIN A ACTIVITY
(Figure 45-1)

Retinoids comprise  retinol, retinaldehyde, and
retinoic acid (preformed vitamin A, found enly in
foods of animal origin); carotenoids, found in plants,
comprise carorenes and related compounds, known as

provitamin A, as they can be cleaved o yield retinalde-
hyde and thence recinol and rednoic acid, The -, B,
and Y-carotenes and cryproxanthin are quantitanvely
the most important provitamin A carotenoids, Al-
though it would appear that one molecule of f-
carotene should yield two of retinol, this is not so in
practice; b g of B-carotene 1 equivalent to 1 lig of
prt'fnrrm:d retinol. The toral amoune of vitamin A in
foods 15 therefore expressed as micrograms of retinol
equivalents, Beta-carotene and ather provitamin A
carotenoids are cleaved in the intestinal mucosa by
carotene dioxygenase, vielding retinaldehyde, which is
reduced to retinol, esterified, and secreted in chylomi-
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HiC,  CH,

CH,  CH,
Hﬁ@?uwv CHOH
CH, Ratinod
CH CH
H3WCDDH
CH,

Figure 45-1. [-Carotene and the major vita-
min A vitamers. * Shows the site of cleavage of
fi-carotene into two molecules of retinaldehyde
by carotene dioxygenase.

croms together with esters formed from dietary retinol.
The intestinal activity of carotene dioxygenase is low,
so that a relatively large proportion of ingested p-
carotene may appear in the circulation unchanged.
While the principal site of carotene dioxygenase arrack
is the central bond of f-carotene, asymmetric l:l::awg,r:
may also occur, leading to the formation of 8-, 10",
and 12-apo-carotenals, which are oxidized to retinoic
acid but cannot be used as sources of retinol or retn-
aldchyde,

Vitamin A Has a Function in Vision

[n the retina, retinaldchyde functions as the prosthetic
group of the light-sensitive opsin proteins, forming
rhodopsin (in rods) and iodopsin (in cones). Any one
cone cell contains only one type of opsin and is sensitive
to only one color, In the pigment epithelium of the
retina, all-frams-retinol is isomerized 0 11-ci-retinol
and oxidized o 11-ci-rerinaldehyde. This reacrs with a
lysine residue in opsin, forming the holoprotein
rhodopsin, As shown in Figure 45-2, the absorption of
light by rhodopsin causes isomenization of the retinalde-
hyde from 11-g¢ to all-trans, and a conformational
change in opsin. This resules in the release of retinalde-
hyde from the protein and the initiation of a nerve im-
pulse. The formation of the inital excited form of
rthodopsin, bathorhodopsin, occurs within picoseconds
of tllumination. There is then a series of conformational
changes leading to the formation of metarhodopsin 11,
which initiates a guanine nucleotide amplification cas-
cade and then a nerve impulse. The final step is hydroly-
sis to release all-frans-retinaldehyde and opsin, The key
to mmitation of the visual cycle s the availability of
11-cer-retinaldehyde, and hence vitamin A, In deh-

CH,
[j-Carotena

e o o O
CH, Retinaldehyds

3

G, oH, T
GH,
HC
COOH

B-pig-retinodc acid

CH,

All-trans-retnoic acid

ciency, both the time taken o adapr o darkness and the
ability to sec in poor lighe are impaired.

Retinoic Acid Has a Role
in the Regulation of Gene
Expression & Tissue Differentiation

A most important function of vitamin A is in the con-
ol of cell differentistion and wenover. All-trans-
retinoic acid and 9-ci-retinoic acid (Figure 45-1) regu-
late vth, development, and tissue differentiation;
they have different actions in different vissues, Like the
steroid hormones and vieamin D, retinoic acid binds w
nuclear receprors that bind o response elements of
DMNA and late the transcription of specific genes.
There are two families of nuclear retinoid receprors: the
retinoic acid receprors (RARs) bind all-grans-retinoic
acid or Y-cis-retinoic acid, and the retinoid X receprors
(BXERs) bind 9-ci-retinoic acid.

Vitamin A Deficiency Is a Major Public
Health Problem Worldwide

Vitamin A deficiency is the most important preventable
cause of blindness. The earliest sign of deficiency is a
loss of sensitivity to green light, followed by impair-
ment of adaptation to dim light, followed by night
blindness, More prolonged deficiency leads o xeroph-
thalmia: keratinization of the comea and skin and
blindness. Vieamin A also has an important role in dif-
ferentiation of immune system cells, and mild defi-
ciency feads o increased susceptibility o infectious dis-
eascs. Furthermore, the synthesis of retinol-binding
protein in response to infecnion s reduced (it is a nega-
tive acute phase protein), decreasing the circulating vi-
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Figure 45-2. The role of retinaldehyde in vision,

tamin, and therefore there is further impairment of im-
mune responses.

Vitamin A Is Toxic in Excess

There is only a limited capacity o metabolize vitamin
A, and excessive intakes lead w accumulation beyond
the capacity of binding proteing, so that unbound vita-
min A causes tissue damage. Symptoms of toxicity al-
fect the central nervous system (headache, nausea,

ataxia, and anorexia, all associated with increased cere-
brospinal fluid pressure), the liver (hepatomegaly with
histologic changes and hypedipidemial, aloum ho-
meastasis (thickening of the long bones, hypercalcemia
and calcification of soft tissues), and the skin (excessive
dryness, desquamation, and alopecia),

VITAMIN D IS REALLY A HORMONE

Vitamin [ is not strictly a vimmin since it can be syn-
thestzed in the skin, and under most conditions that is
its major source. Only when sunlight 15 inadequate is a
dictary source required. The main function of vitamin
13 is in the regulation of calcdum absorption and ho-
meostasis; most of its actions are mediated by way
of nuclear receptors that regulate gene expression,
Deficiency—leading to rickets in children and osteo-
malacia in adults—continues o be a problem in north-
ern latirudes, where sunlight exposure is poor.

Vitamin D Is Synthesized in the Skin

T-Dehydrocholesterol (an intermediate in the synthesis
of cholesterol thar accumulares in the skin), undergoes
a nonenzymic reaction on exposure to uleravioler light,
yielding prevltamm [ (Figure 45-3). This undergaes a
further reaction over a period of hours to form the vira-
min iself, cholecalciferol, which is absorbed inro the
bloodstream. In temperare climates, the plasma concen-
tration of vitamin D is highest ar the end of summer
and lowest ar the end of winter. Bevond abour 40 de-
grees north or south in wineer, there is very linle ulura-
violet radiation of appropriate wavelength.

Vitamin D Is Metabolized to the Active
Metabolite, Calcitriol, in Liver & Kidney

In the liver, cholecalciferol, which has been synthesized
in the skin or derived from food, is hydroxylated o
form the 25- hvd.mx].f derivarive calcidiol {Fjgure 45—~Jij
This is released into the circulation bound ro 4 viramin
D-binding globulin which is the main storage form of
the vieamin. In the kidney, calcidiol undergoes either
1-hydroxylation to yield the active metabolite 1,25-dihy-
dmx’} vitamin D {calcitriol) or 24-hydroxylation to vield
an inactive metabolite, 24,25-dihydroxyvitamin D (24-
hydroxycalcidiol). Ergocaleiferol from foreified foods

undergoes similar hydroxylations ro yield ercalcirriol,

Vitamin D Metabolism Both Regulates
& Is Regulated by Calcium Homeostasis

The main funcrion of vitamin D is in the conrol of cal-
cium homeosrasis, and in urn vitamin D merabalism is
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Figure 45-3.

regulared by factors thar respond o plasma concentra-
tions of calcium and phosphare. Calcitriol acts to reduce
its own synthesis by inducing the 24-hydroxylase and
repressing the 1-hydroxylase in the kidney. Its principal
function is to maintain the plasma calcium concenera-
tion, Calcirriol achieves this in three ways: it increases
intestinal absorption of calcium, reduces excretion of
calcium (by stimulating resorption in the distal renal
mbules), and mobilizes bone mineral. In addidon, cal-
citriol is involved in insulin secretion, synthesis and se-
cretion of parathyroid and thyroid hermaones, inhibiton
of production of intereukin by activated T lymphocytes
and of immunaglabu]in by acrivared B lymphocyres,
differentiation of monocyre precursor cells, and mod-
ulation of cell proliferation. In its actions, it behaves like
a steroid hormone, binding w a nuclear recepror
protein.

Caloiol-25-hydroxylase
cH'\

CH,

Caledi
HO Cholocaleileral HO
(calciolwitamin D)

Calichol-28-tydronylase

OH

HO

Figure 45-4. Metabolism of vitamin D.
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24-rydroxycaleidial

VITAMINS & MINERALS [ 485

Cholacalcilaral
{calcsolvitarnin D)
CH,

HO

Synthesis of vitamin D in the skin.

Vitamin D Deficiency Affects
Children & Adults

In the vitamin [ deficiency disease rickets, the bones
of children are undermineralized as a resule of poor ab-
sorption of calcium, Similar problems occur in adoles-
cents who are deficient during their growth spure, Os-
teomalacia in adult results from demineralization of
bone in women who have little exposure to sunlight,
often after several pregnancics. Although vitamin D is
essential for prevention and creatment of osteomalacia
in the elderly, there is lirtle evidence char it is beneficial
in treating osteoporosis.

Vitamin D Is Toxic in Excess

Some infants are sensitive 1o intakes of vicamin [ as
low as 50 pg/d, resulting in an elevated plasma concen-

OH OH

CH,

Caleltrial
adinl ) {1,25-hydroxycholacalcslaral)
[25-hwdrowycholecalcidercl) HO OH
Calcidick-24-hydroaylase
OH
OH OH
Caleldio-1-hydrowylase

Calcitetrol

HO CH
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tration of calcium, This can lead o contraction of
blood vessels, high blood pressure, and calcinosis—the
calcification of soft tissues. Although excess dictary vita-
min [ is toxic, excessive exposure to sunlight does not
lead to vicamin [) poisoning because there is a limited
capacity to form the precursor 7-dehydrochalesterol
and to take up cholecaleiferal from the skin.

VITAMIN E DOES NOT HAVE A PRECISELY
DEFINED METABOLIC FUNCTION

No unequivocal unique function for vitamin E has
been defined, However, it does act as a lipid-soluble an-
tioxidant in cell membrancs, where many of its fune-
tians can be provided by synthetic antioxidants, Vita-
min E is the generic descriptor for two families of
compounds, the tocopherals and the tocotricnals (Fig-
ure 45-5), The different vicamers {compounds having
similar vitamin activiey) have different biologic poten-
cies; the most active is D-G-tocopherol, and it 15 usual
to express vitamin E intake in milligrams of 0-0t-tocoph-
crol equivalents, Synthetic Dl-G-tocopheral does not
have the same biologic potency as the naturally occur-
ring compound.

Vitamin E Is the Major Lipid-Soluble
Antioxidant in Cell Membranes
& Plasma Lipoproteins

The main function of vitamin E is as a chain-break-
ing, free radical wapping andoxidant in cell mem-
branes and plasma lipoproteins. It reacts with che lipid
peroxide radicals formed by peroxidation of polyun-
sarurated farey acids before they can establish a chain
reaction. The rocopheroxyl free radical produce is rela-
tively unreactive and uldmarely forms nonradical
compounds. Commonly, the tocopheroxyl radical is

Ry
HO
R, o H
Ay 2 Tocophara)
R,
= W
A, o
R CHy Tocolnenal

Figure 45-5. The vitamin E vitamers. In a-tocoph-
erol and tocotrienol B, Ry, and R, are all—CH, groups,
In the f-vitamers B, is H; in the yvitamers R, is H, and in
the d-vitamers R, and R; are both H.

reduced back to tocopherol by reaction with vitamin
C from plasma (Figure 45-6). The resultant monode-
hydroascorbate free radical then undergoes engymic or
nonengymic reaction to yield ascorbate and dehy-
droascorbate, neither of which is a free radical, The
stability of the tocopheroxyl free radical means that i
can penetrate farther into cells and, potentially, propa-
gate a chain reaction. Therefore, vicamin E may, like
other antioxidants, also have pro-oxidant actions, es-
pecially at high concentrations. This may explain why,
although studies have shown an association berween
high blood concentrations of vieamin E and a lower
incidence of atherosclerosis, the effect of high doses of
vitamin E have been disappointing,

Dietary Vitamin E Deficiency
in Humans Is Unknown

In experimental animals, viramin E deficiency results in
resorprion of feruses and resticular arrophy. Dietary de-
ficiency of vitamin E in humans is unknown, though
patients with severe far malabsorption, cystic fibrosis,
and some forms of chronic liver disease suffer defi-
ciency because they are unable 1o absorb the vitamin or
transport it, exhibiting nerve and muscle membrane
damage. Premarure infgms are born with inadequare re-
serves of the vitamin, Their erythrocyte membranes are
abnormally fragile as a resulr of peroxidarion, which
leads o hemolytic anemia.

VITAMIN K IS REQUIRED FOR SYNTHESIS
OF BLOOD-CLOTTING PROTEINS

Vitamin K was discovered as a result of investigations
it the cause of a bleeding disorder—hemorrhagic
{sweet clover) disease—of cartle, and of chickens fed on
a far-free diet. The missing factor in the diet of the
chickens was vitamin K, while the cattle feed contained
dicumarel, an antagonist of the vimmin, Antagonises
of vicamin K are used o reduce blood coagulation in
paticnts at risk of thrombosis—the most widely used
agent is warfarin,

Three compounds have the biologic actvity of vit-
min K (Figure 45-7): phylloguinonc, the normal di-
etary source, found in green vegetables; menaqui-
nones, synthesized by intestinal bacteria, with differing
lengths of side-chain: menadione, menadiol, and
menadiol diacetate, synthetic compounds that can be
metabolized to phylloquinone. Menaquinones are ab-
sorbed to some extent but it is not clear to what extent
they are biologically active as it 15 possible o induce
signs of vitamin K deficiency simply by feeding a phyl-
loquinone deficient diet, without inhibiting intestinal
bacterial action.
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Interaction and synergism between antioxidant systems operating in the lipid

phase {(membranes) of the cell and the agueous phase (cytosol). (R+, free radical; PUFA-OQ-, peroxyl
free radical of polyunsaturated fatty acid in membrane phospholipid; PUFA-QOH, hydroperoxy
polyunsaturated fatty acid in membrane phospholipid released as hydroperowy free fatty acid into
cytosol by the action of phospholipase A; PUFA-OH, hydroxy polyunsaturated fatty acid; TocOH,
vitamin E {e-tocopheroll; TocO, free radical of c-tocopheral; Se, selenium; G5H, reduced glu-
tathione; G5-5G, oxidized glutathione, which is returned to the reduced state after reaction with
MADPH catalyzed by glutathione reductase; PUFA-H, polyunsaturated fatty acid.)

Vitamin K Is the Coenzyme

for Carboxylation of Glutamate
in the Postsynthetic Modification
of Calcium-Binding Proteins

Vitamin K is the cofacror for the carboxylacion of ghyta-
mate residucs in the post-synthetic modification of pro-
teins to form the unusual amine acd Y-carboxygluca-
mate (Gla), which chelates the calcium ton. Inidally,
vitamin K hydroquinone s oxidized to the epoxide
{Figure 45-8), which activates a glucamate residue in
the protein substrate to a carbanion, that reacts non-
enzymically with carbon dioxide ro form y-carboxyglur-
amare. Vieamin K epoxide is reduced to the quinone by
a warfarin-sensitive reductase, and the quinone is re-
duced to the active hydroquinone by cither the same
warfarin-sensitive reductase or a warfarin-insensitive

quinene reductase, In the presence of warfarin, vitamin
K {:anidc cannof |,'H. rcdut:ul but :u:n:umiﬂntr:s. and 15
excreted. [F enough vicamin K (2 quinone) 15 provided
in the diet, it can be reduced o the acove hydro-
quinone by the warfarin-insensitive enzyme, and car-
boxylation can continue, with stoichiometric unlization
of viearnin K and excrenion of the epoxide. A high dose
af vitramin K is the antdote to an overdose of warfarin,

Prothrombin and several other proteins of the blood
clotting system (Factors V11, TX and X, and proteins C
and 5) cach contain between four and six y-carboxygluta-
mate r{,:si:luf.s w]'l.“..l'l {:hﬂ]atc cﬁli:i.HIT.l i{“'l& fll'ld ALY ].':ll:rrnit
the binding of the blood dotting proteins to membranes.
In vicamin K deficiency or in the presence of warfarin, an
abnormal precursor of prothrombin (preprothrombin)
mnt:linirl.g ]irr‘lﬂ: O Ndr 'ﬁ"—l::lrl'l-ux}"g]ut.'l.rnntl:, :Il'l.{l :in:'apa.hlr.:
ﬂF L‘|'|E|.'tri.ng ﬁ]ci.um. i.ﬂ I(:Il:;lﬁi.'d i.l'lm l‘]'ln;.' D'Tculatinn.
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Figure 45-7. The vitamin K vitamers, Menadiol (or
menadione) and menadiol diacetate are synthetic com-
pounds that are converted to menagquinone in the liver
and have vitamin K activity,
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Vitamin K Is Also Important
in the Synthesis of Bone
Calcium-Binding Proteins

Treatment of pr::gna.nl wormen with warfarin can lead o
fetal bone abnormalides (fewl warfarin syndrome). Twi
proteins are present in bone that contain Y-carboxygluta-
mate, osteocalein and bone matrix Gla protein, Osteocal-
cin also contains h}':lrux].fpmlinr_', 50 10y h}rhlhcsis is dr_'ﬁun—
dene on boeth vieaming K and C; in addidion, its synthesis
is induced by vitamin [V The release into the dreulation
of osteocalein provides an index of vieamin D starus,

W WATER-SOLUBLE VITAMINS

VITAMIN B, (THIAMIN) HAS A KEY ROLE
IN CARBOHYDRATE METABOLISM

Thiamin has a central role in energy-vielding metabo-
lism, and especially the metabolism of L'ar%mh].rd:a.r.u
{Figure 45-9). Thiamin diphosphate is the coenzyme
for three multi-enzyme complexes thar eatalyze oxida-
tive decarboxylation reactions: pyruvate dehydropenase
in carbohydrate metabolism; o-ketoglutarate dehydro-

Carboxyglutamate residua
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enzyrmic
CH,— GO0 '1|:H — oo
CH, CH,

Hlm—CH—l:—u
I
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- o]
CH, CHy
0
" A
OH o
Vitamin K hydroguinons Vitarmin K spoade

Disagide

Vitamin K guinone

|
HIM—CH—C—[J

Glutamate carbanion

Byl
{Renttiee =]
RENLUCTASE

CHisuitice

co,

Figure 45-8. The role of vitamin K in the
biosynthesis of y-carboxyglutamate,



H

Thigmin

VITAMINS & MINERALS [ 489

a——c:

o H,C
I . )\.(CH?_
CHCHOH  CHCH—O0—P—0—F—0"
CHE—N - & ‘g-lf

Thiamn dghosphate Carbanion

Figure 45-9. Thiamin, thiamin diphosphate, and the carbanion form.

genase in the citric acid cycle; and the branched-chain

keto-acid dehydrogenase invelved in the metabolism of

leucing, isoleucine, and valine, It is also the coenzyme
for transketolase, in the pentose phosphate pathway. In
each case, the thiamin diphosphate EI.n'n:v.'i:dr:s 4 resctive
carbon on the thiazole moiery that forms a carbanion,
which then adds to the carbonyl group of, for instance,
pyruvate. The addition compound then decarboxylates,
eliminating CO,, Electrical stimulation of nerve leads
to a fall in membrane thiamin riphosphate and release
of free thiamin, It is likely that thiamin triphosphate
acts as a phosphate doner for phosphorylanion of the
nerve membrane sodium transpore channel.

Thiamin Deficiency Affects
the Nervous System & Heart

Thiamin deficiency can result in three distince sn-
dromes: a chronic peripheral neuritis, beriberi, which
may or may not be associared with heart failure and
edema; acute permicious (fulminating) beriben (shashin
beriberi}, in which heart faillure and metabolic abnor-
mialities predominate, without peripheral neurins; and
Wernicke's encephalopathy with Korsakoffs psy-
chasis, which is associated especially with alcohol and
drug abuse. The central role of thiamin diphosphate in

lITI)H Eth H
'|:H=_I3H —CH =CH = CH,OH

H, M‘T.O H.G

Riboflawin

i

|
H.C (s]
e v e

FaD

pyruvate dehydrogenase means that in deficieney there is
impaired converston of pyruvate o acetyl Codl In sub-
jects on a relatively high carbohydrate diet, this results in
inereased plasma concentrations of lactate and pyruvare,
which may cause life-threatening laetie acidosis.

Thiamin Nutritional 5tatus Can
Be Assessed by Erythrocyte
Transketolase Activation

The activation of apo-transkerolase(the enzyme pro-
tein) in erythrocyte lysate by thiamin diphmpﬂam
added in vitro has become the aceepred index of thi-
amin nutritional status.

VITAMIN B, (RIBOFLAVIN] HAS
A CENTRAL ROLE IN ENERGY-
YIELDING METABOLISM

Riboflavin fulfills its role in metabolism as the coeneyimes
flavin mononucleotide (FMN) and flavin adenine
dinucleatide (FAD) (Figure 45-10). FMN is formed by
ATP-dependent phosphorylation of riboflavin, whereas
FAD is synthesized by further reaction of FMN with
ATP in which its AMP moiety is transferred to the

il
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1l
O—CH, A
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Figure 45-10. Riboflavin and the coenzymes flavin mononucleotide (FMN) and flavin

adenine dinucleotide (FAD).
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FMN, The main dictary sources of riboflavin are milk
and dairy produces. In addition, because of its intense
yellow color, nboflavin is widely used as a food addinve,

Flavin Coenzymes Are Electron Carriers
in Oxidoreduction Reactions

These include the mitochondrial respiratory chain, key
cnzymes in farry acid and amino acid oxidation, and
the citric acid cycle, Reoxidation of the reduced flavin
in oxygenases and mived-funcrion oxidases proceeds by
way of formation of the flavin radical and flavin hy-
droperoxide, with the intermediate generation of super-
oxide and perhydroxyl radicals and hydrogen peroxide,
Because of this, flavin oxidases make a significant con-
tribution to the total oxidant stress of the body,

Riboflavin Deficiency Is
Widespread But Not Fatal

Although ribotlavin is fundamentally involved in me-
tabolism, and deficiencies are found in most countries,
it is not faral as there is very efficient conservarion of
tissue riboflavin, Riboflavin deficiency is characrerized
by cheilosis, lingual desquamation and a seborrheic der-
matitis. Riboflavin nucritional starus is assessed by mea-
surement of the activation of erythrocyre glutachione

reducrase by FAD added in vitro,

NIACIN IS NOT STRICTLY A VITAMIN

Miacin was discovered as a nutrient during studics of pel-
lagra. It is not strictly a vitamin since it can be syn-
thesized in the body from the csential amine acd
ryprophan. Two compounds, nicotinic add and nico-
tinamide, have the biologe acoviee of niacing its mera-
balic function is as the nicotinamide ring of the coen-
zymes NAD and NADP in oxidation-reduction reactions
(Figure 45-11). About 60 mg of tryptophan is equivalent
to 1 myg of dietary niacin, The niacin content of foods is
expressed as mg niacin equivalents = myg preformed niacin
+ 160 % mg tryprophan. Because most of the niacin in
cereals 15 biologically unavailable, this is discounced.

MNAD Is the Source of ADP-Ribose

In addition to its coenzyme role, NAD is the source of
ADP-ribose for the ADP-ribosylation of proteins and
polyAD-ribosylation of nucleoproceins involved in the
DNA repair mechanism.,

Pellagra Is Caused by Deficiency
of Tryptophan & Niacin

Pellagra is characrerized by a photosensitive dermariris,
As the condition progresses, there is dementia, possibly

Q,cacr Q,cmm;

Micadtinic acsd Nicatinamida

OMH,
aoH  OH

MAD

Figure 45-11. Niacin {nicotinic acid and nicotin-
amide) and nicotinamide adenine dinucleotide (MAD).
* Shows the site of phaspharylation in NADP,

diarrhea, and, if untreated, death. Although the nutri-
tional evology of pellagra is well established and trvpro-
phan or niacin will prevent or cure the disease, addi-
tional factors, including deficiency of riboflavin or
vitamin By, both of which are required for synthesis of
nicotinamide from cryprophan, may be important, In
most outbreaks of pellagra rwice as many women as
men are affected, probably the result of inhibidon of
tryptophan metabolism by estrogen metabolites.

Pellagra Can Occur as a Result
of Disease Despite an Adequate
Intake of Tryptophan & Niacin

A number of genetic diseases that result in defects of
tryptophan metabolism arc associated with the develop-
ment of pellagra despite an apparently adequate intake
of both tryprophan and niacin. Hartnup disease is a
rare genetic condition in which there is a defect of the
membrane transport mechanism for tryptophan, resule-
ing in large losses due o intestinal malabsorption and
failure of the renal resorption mechanism. In carcinoid
syndrome there is metastasis of a primary liver tumor
of enterochromaffin cells which synthesize 5-hydroxy-
tryptamine. Cherproduction of 5-hydroxytryptamine
may account for as much as 60% of the body’s trypro-
phan metabolism, causing pellagra because of the diver-
sion away from NAD synthesis.

Niacin Is Toxic in Excess

Micotinic acid has been used o trear hyperipidemia
when of the order of 1-6 g/d are required, causing dila-
tion of blood vessels and Aushing, with skin irmitation,
Intakes of both nicotinic acid and nicotinamide in ex-
cess of 300 mgfd can cause liver damage.



VITAMIN B; IS IMPORTANT IN AMINO
ACID & GLYCOGEN METABOLISM
& IN STEROID HORMONE ACTION

Six compounds have vicamin By acovity (Figure 45-12)
pyridoxine, pyridoxal, pyridoxamine, and their 5
phosphates, The active coenzyme is pyridosal 5'-phos-
phate. Approximately 80% of the body's total vitamin By
is present as pyridoxal phosphate in muscle, mostly asso-
clated with glycogen phosphorylase. This is not available
in By deficiency but is relessed in starvation, when glyeo-
gen reserves become depleted, and is chen available, espe-
clally in liver and kidney, to meet increased requirement
for gluconeogenesis from amino acids,

Vitamin B, Has Several Roles
in Metabolism

Pyridoxal phosphate is a coenzyme for many enzymes
involved in amino acid metabolism, especially in
transamination and decarboxylation. It is also the co-
factor of glycagen phosphorylase, where the phosphare
group is caralyrically important, In addition, vitamin By
is important in steroid hormone action where it re-
moves the hormone-recepror complex from DMNA
binding, terminating the action of the hormones. In vi-
tamin B, deficiency, this results in increased sensicivicy
to the acrions of low concentrations of cstrogens, an-
drogens, cortisol, and vitamin [,

4]
CH,OH CH,OH
HOGCH, . OH KINASE] UF%U:HN&
g o
CH, PHOSPHATA CH,
Pyridoxing Pyridaxine phosphate
|
(4]
HC=0 I HC=0
HOGH.. | oy  [KHASE] D-Tncﬁ\t:\’(m
q I HOSPHATA o]
cH, L g CH,
Pyridowal Pyridaxal phosphata
[AROTRANST ERAGES | ” [ORIDASE]
CHMH ? CHyMNH,
2 A 2 p's
HDGH}ﬁDH D-lF'UGH |
e ¢ L
cH, EE GH,
Pyridoaming Pyridaxamine phosphate
Figure 45-12, |nterconversion of the vitamin B,
vitamers.
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Vitamin B Deficiency Is Rare

Although dlinical deficiency discase is rare, there is evi-
dence thar a significant proportion of the population
have marginal vitamin By starus, Moderate deficiency
results in abnormalities of tryprophan and methionine
metabalism., [ncreased sensitiviey to steroid hormone ac-
tion may be important in the development of hormone-
dependent cancer of the breast, uterus, and prosrare,
and vitamin By status may affect the prognosis,

Vitamin B, Status Is Assessed by Assaying
Erythrocyte Aminotransferases

The most widely used method of assessing vitamin B,
status is by the activation of erythrocyte aminorrans-
terases by pyridoxal phosphare added in vitro, expressed
as the activation coefficient.

In Excess, Vitamin B; Causes
Sensory Neuropathy

The development of sensory neuropathy has been re-
punr_:.{ i palanu taking 37 g of pyridexine per day for
a variety of reasons (there is some slight evidence that it
is effective in treating premenstrual syndrome). There
was some residual damage after withdrawal of these high
doses; other reports suggest that intakes in excess of 200
mygfd are associated with neurologic damage.

VITAMIN B,; IS FOUND ONLY
IN FOODS OF ANIMAL ORIGIN

The term “vicamin By," is used as a generic descripror
for the cobalamins—those corrinoids (cobalt con-
taining compounds possessing the corrin ring} having
the biologic activity of the viamin (Figure 45-13).
Some corrinoids thar are growth facrors for microor-
ganisms not only have no vitamin B, activicy bur may
also be antimetabolites of the vitamin, Alchough it is
synthesized exclusively by microorganisms. for practi-
cal purposes vitamin B, is found only in foods of ani-
mal origin, there being no plant sources of this vita-
min. This means that stricc vegetarians (vegans) arc at
risk of developing By, deficiency. The small amounts
of the vitamin formed by bacreria on the surface of
fruits may be adequate to mect requirements, but
preparations of vitamin B,, made by bacrerial fermen-
tarion are availahle,

Vitamin B,, Absorption Requires Two
Binding Proteins

Vitamin B, is absorbed bound to intrinsic facoor, a
small glycoprotein secreted by the paricral cells of the
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HOCH,

Figure 45-13. Vwtamin B,; (cobalamin). R may be
varied to give the various forms of the vitamin, &g,

R = CN" in cyanocobalamin; R = OH™ in hydroxocobal-
amin; R = 5-deoxyadenosyl in 5 -deoxyadenosylcobal-
amin; R = H,0 in aguocobalamin; and R =CH, in
methylcobalamin,

gastric mucosa. Gaseric acid and pepsin release the vina-
min from protein binding in food and make it available
to bind to cobalophilin, a binding protein secrered in
the saliva. In the ducdenum, cobalophilin is hy-
drolyzed, releasing the vitamin for binding to intrinsic
factor, Pancreatic insufficiency can theretore be a fac-
tor in the development of vicamin By, deficiency, re-
sulting in the excretion of cobalophilin-bound vitamin
B,,. Incrinsic factor binds the various vitamin By, vita-
mers, bur nor other corrinoids, Vitamin B ; is absorbed
from the distal third of the ileum via receprors thar
bind the intrinsic factor-vitamin B,; complex bur not
free incrinsic factor or free vitamin,

There Are Three Vitamin
B;;-Dependent Enzymes

Methylmalonyl CoA mutase, leucine aminomutase,
and methionine synthase (Figure 45-14) are vitamin
Bia-dependent enzymes. Methylmalonyl CoA s formied
as an intermediate in the catabolism of valinl: and by
the carhoxylation of propionyl CoA arising in the -
tabolism of isoleucine, cholesterol, and, rarely, fatty
acids with an odd number of carbon atoms—aor -|:|1n£|:t|].J
from propronate, a major product of microbial fer-

mentation in ruminants, It undergoes viamin Byy-
dependent rearrangement to succinyl-CoA, catalyzed
by methylmalonyl-CoA szomerase (Figure 19-2). The
activity of this cnzyme is greatly reduced in vicamin By,
deficiency, leading to an accumulation of methyl-
malonyl-CoA and urinary excretion of methylmalonic
acid, which provides 2 means of assessing vitamin By,
nutritional status,

Vitamin B,, Deficiency Causes
Pernicious Anemia

Pernicious ancmia arises when vitamin By, deficiency
blocks the merabolism of folic acid, leading to func-
tional folate deficiency. This impairs erythropoiesis,
causing immature precursors of crythrocyies to be re-
lcased into the circulation (megaloblastic anemia). The
commonest cause of pernicious anemia is failure of the
absorprion of vitamin By, rather than dictary defi-
ciency. This can be due to failure of intrinsic factor se-
cretion caused by auroimmune discase of paricral cells
or to generation of ant-inerinsic factor antibodies,

THERE ARE MULTIPLE FORMS
OF FOLATE IN THE DIET

The active form of folic acid (preroyl glutamare) is
tetrahydrofolate (Figure 45-15). The folates in foods
may have up to seven additional glutamare residues
linked by y-peptide bonds. In addicion, all of the one-
carbon substitured folates in Figure 4515 may also be
present in foods.

The extent to which the different forms of folate can
be absorbed varies, and this must be allowed for in cal-
culating folate intakes.

5H HL—8
1C:12 N JCL!gﬁg
H %:-—NH.‘ H—-<::*-NH3'
Coo™ coo™
Homoacy steine Methionine

METHIONIKE

Mathylcobalamin

Mathyl — H, foiata Bz H, folate

Figure 45-14. Homocysteinuria and the folate trap.
Vitamin B,; deficiency leads to inhibition of methionine
synthase activity causing homaocysteinuria and the
trapping of folate as methyltetrahydrofolate,
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Figure 45-15. Tetrahydrofolic acid and the
one-carbon substituted folates.
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Tetrahydrofolate Is a Carrier
of One-Carbon Units

Terrahydrofolate can carry one-carbon fragments ar-
tached to N-5 (formyl, formimino, or methyl groups),
MN-10 (formyl group), or bridging N-5 to N-10 {meth-
vlene or methenyl groups). 5-Formyl-tetrahydrofolare is
more stable than folace and is therefore used pharma-

Spurces o one-carbon wnits

Serine

r=cH—

Hlll H
H—N— H—N—
+
Nooye SMemaTHE g 50-Metneny THE
H

H

ceutically in the agent known as folinic acid and in the
synchetic {racemic) compound leucovorin,

The major point of entry for one-carbon fragments
into substituted folates is methylene cerrahydrofolare
{Figure 45-16), which s formed by the reaction of
glvcine, serine, and choline with tetrahydrofolate. Serine
is the most important source of substwred folates
for biosynchetic reactions, and the activity of serine hy-

Synthesis using ona-carbon wnits

Sarine
Glyong =—— Methylene-THF —— Methy-THF  —— Mathicnine
I::hnlme""'f' “ TP + dihydrofolate
Hzstiding ——- Farmimine-THF —— Methenyl-THF DMA
“ Farmvyl-methicning

Formate == Formyl-THF ——= Purines

Figure 45-16.

Co,

Sources and utilization of one-carbon substituted folates,
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droxymethyltransferase is regulated by the stare of folate
substitution and the availability of folate. The reaction is
reversible, and in liver it can form serine from glyeine as
a substrate for gluconcogenesis. Methylene, methenyl,
and 10-formyl teerahydrofolates are interconvertble,
When one-carbon folates are not required, the oxidation
of formyl reerahydrofolate to yield carbon dioxide pro-
wvides 2 means of maintaining a pool of free folate,

Inhibitors of Folate Metabolism
Provide Cancer Chemotherapy &
Antibacterial & Antimalarial Drugs

The methylation of deoxyuridine  monophosphare
(dUMP} to thymidine monophosphate (TMP), car-
alyzed by thymidylate synthasc, is essential for the syn-
thesis of DMA. The onc-carbon fragment of methy-
lene-tetrahydrofolare is reduced to a methyl group with
release of dihydrofolare, which is then reduced back o
tctrahydrofolate by dihydrofolate reductase. Thymi-
dylate synthase and dihydrofolate reductase are espe-
cially active in tssucs with a high rate of cell division,
Methotrexate, an analog of 10-methyl-terrahydrofo-
late, inhibits dihydrofolare reductase and has been ex-
ploited as an antcancer drug. The dihydrofolate reduc-
tascs of some bacreria and parasites differ from the
human enzyme; inhibitors of these enzymes can be used
as antibaceerial drugs, cg, trimethoprim, and anti-
malarial drugs, cg, pyrimethamine.

Vitamin B,; Deficiency Causes Functional
Folate Deficiency—the Folate Trap

When acting as a methyl donor, S-adenosylmethionine
forms homocysteine, which may be remethylated by
methylerrahvdrofolare catalyzed by methionine syn-
thasc, a vitamin B ,-dependent enzyme {Figure 45-14).
The reduction of methylene-tetrahydrofolate to methyl-
rerrahydrofolate is irreversible, and since the major source
of terrahydrofolace for dssucs is mechyl-werrahydrofolare,
the role of methionine synthasc is vital and provides a link
between the functions of folate and viamin B, .. Impair-
ment of methionine synthase in B, deficiency results in
the accumuladon of methyl-terrahydrofolate—the “fo-
latc crap.” There is therefore funcrional deficiency of fo-
latc sccondary to the deficiency of vicamin By,

Folate Deficiency Causes
Megaloblastic Anemia

Dreficiency of folic acid iself—or deficiency of vitamin
B,s. which leads to functional folic acid deficiency—af-
fecrs cells thar are dividing rapidly because they have a
large requirement for thymidine for DNA synthesis,
Clinically, this affects the bonc marrow, leading to
megaloblastic ancmia.

Folic Acid Supplements Reduce
the Risk of Neural Tube Defects
& Hyperhomocysteinemia

Supplumcnu uF 400 ].Lﬁfd I:ZIIF rnlau.' |.'H:5uh |Jl.'ﬁ.‘|l.‘i.' Con-
ception result in a significant reducaon in the incidence
ufpncura] tube defects as found in spina bifida. Ele-
vated blood homocysteine is an associated risk factor
for atheroselerosis, thrombesis, and hypertension.
The condition is due o impaired ahiﬁﬂfe to form
methyl-tetrahydrofolate by methylene-tetrahydrofolate
reductase, causing functional folate deficiency and re-
sulling i raiiun: L] n'i‘m:r.h}f[:m: J'l.t:u'nuc].rsr.uin:.' o me-
thionine. People with the causative abnormal variant of
methylene-tetrahydrofolate reductase do not develop
hyperhomocysteinemia if they have a relatively high in-
take uf ilnlah:. E}ul it 15 ROt :|.r4_'l known 'n-'l.']'l.l'.'ll"H.'r Lﬁ.’
fects the incidence of cardiovascular disease.

is af-

Folate Enrichment of Foods
May Put Some People at Risk

Folate supplements will recrify the megaloblastic anemia
of vitamin B, deficiency but may hasten the develop-
ment of the (irreversible) nerve damage found in By, de-
ficiency. There is also antagonism berween folic acid and
the anticonvulsants used in the treatment of epilepsy.

DIETARY BIOTIN DEFICIENCY
IS UNKNOWN

The structures of biotin, biocytin, and carboxy-biotin
{the active metabolic intermediate) are shown in Figure
45-17. Biodn is widely diseributed in many foods as
biocyein (E-amino-biotinyl lysing), which is released on
proteolysis. It is synthesized by intestinal Hora in excess
of requirements. Deficiency is unknown except among
people maintained for many months on parenteral nu-
trition and a very small number who eat abnormally
large amounts of uncooked egg white, which contains
avidin, a protein that binds biotin and renders it un-
:I\"a.i].‘l.'.!lt" El‘r alﬁﬁﬂrpiiun.

Biotin Is a Coenzyme
of Carboxylase Enzymes

Biorin functions to transfer carbon diexide in a small
number of carboxylation reactions. A holocarboxylase
syntherase acts on a lysine residue of the apoenzymes of
aceryl-Cof carboxylase, pyruvare carboxylase, propi-
onyl-CoA carboxylase, or methylcrotonyl-CoA carboxy-
lase to react with free biotin to form the biocytin residue
of the holoenzyme. The reactive intermediare is 1-V-
carboxybiocytin, formed from bicarbonare in an ATD-
dependent reaction. The carboxyl group is then trans-
ferred to the substrate for carboxylation (Figure 21-1}.
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Figure 45-17. Biotin, biocytin, and carboxy-biocytin.

Biotin also has a role in regulation of the cell cycle,
acting to biotinylate key nuclear proceins.

AS PART OF CoA AND ACP,
PANTOTHENIC ACID ACTS AS
A CARRIER OF ACYL RADICALS

Pantothenic acid has a central role in acyl group metab-
olism when acting as the pantetheine functional moicty
of coenzyme A or acyl carmer prowein (ACP) (Figure
45-18). The pantetheine moiery is formed after combi-
nation of pantothenate with cysteine, which provides

Pantothenic acld

Figure 45-18. Pantothenic acid and
coenzyme A, * Shows the site of acylation
by fatty acids,
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the —5SH prosthetic group of CoA and ACP, CoA
takes part in reactions of the citric acid oycle, farty acid
synthesis and oxidation, acerylations, and cholesterol
synthesis, ACP participaces in fatty acid synthesis. The
vitamin s widely discibuted in all foodsoufts, and defi-
ciency has not been unequivocally reported in human
beings except in specific depletion studies.

ASCORBICACIDIS AVITAMIN
FOR ONLY SOME SPECIES

Vitamin C {Figun: 45-19 15 a vitamin for human hl’-‘ings
and other primates, the guinea pig, bats, passerine birds,
and most fishes and invertehrates; other animals synthe-
size it as an intermediate in the uranic acid pathway of
glucose metabolism (Chapter 20). In those species for
which it 15 a vitamin, there s a block in thar pathway due
to absence of gulonolactone oxidase, Both ascorbic acid
and dehydroascorbic acid have vieamin activity,

Vitamin Cls the Coenzyme
for Two Groups of Hydroxylases

Ascorbic acid has specific roles in the copper-conraining
hydroxylases and the o-keroglurarate-linked iron-con-
taining hydroxylases. [t also increases the activity of a
number of other enzymes in vitro, though this is a non-
specific reducing action. In addirion. it has a number of
nonenzymic effects due to its action as a reducing agent
and oxygen radical quencher.

Dopamine PB-hydroxylase is a copper-containing
enzyme involved in the synthesis of the carecholamines
norepinephrine and epinephrine from ryrosine in the
adrenal medulla and central nervous system, During hy-
droxylation, the Cu® is oxidized to Cu’™*; reduction back

0=C —NH—CH;—CH,— SH

HE
e,
L
C=0
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HH,
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THQW ':i'IH_n'DH '-'IJHQOH
HO=CH, HO—CH, HO—CH,
l( =0 lﬁ F'D
OH OH a oH 0
Agcorbale Monodehadroascorate

(semidehydroascorbata)

o Cu® specifically requires ascorbare, which is oxidized
o rn:mndrhydma:icnlat:. Simular actions of ascorbare
occur in tyrosine  degradation  ac the  p-hydroxy-
phenylpyruvate hydroxylase step and at the homogenti-
sate dioygenase step, which needs Fe'* (Figure 30-12),

A number of peptide hormones have a carboxyl ter-
minal amide which is derived from a glycine terminal
residue. This plycine is hydroxviated on the @-carbon
by a copper-containing enzyme, peptidylglycine hy-
drn:ﬁuc, which, again, requires ascorbate for reduc-
tion of Cu™,

A number of iron-containing, ascorbare-requiring
hydroxylases share a common reaction mechanism in
which hydroxylation of the substrate is linked to decar-
hlm};‘lﬂf:iﬂl‘l of ii-ktr::glul‘nratc I:Figu:n: 28-11). Many of
these enzymes are involved in the muodification of pre-
cursar proteins, Proline and lysine hydroxylases are
required for the postsynthetic modification of procol-
|a.g_cn fi u:l“a.gcn, a.mli |1r|::|:im: h}rdr{:x}'].ul: 15 also re-
guired in formation of osteocalcin and che Clq com-
ponent of complement. Aspartate P-hydroxylase is
required for the postsynthetic modification of the pre-
CUrsar of pmh:in | 244 the vitamin K—dtprncl::ht Fmt::a.'ﬂ:
which hydrolyzes activated factor ¥ in the blood clot-
ving cascade, Trimethyllysine and y-buryroberaine hy-
droxylases are required for the synthesis of carnitine,

Vitamin C Deficiency Causes Scurvy

Signs of viamin C deficiency in scurvy include skin
changes, fragility of blood capillaries, gum decay, woth
loss, and bone fracture, many of which can be aterib-
uted to deficient collagen synchesis,

There May Be Benefits From Higher
Intakes of Vitamin C

At intakes above approximately 100 mg/d, the body's
capacity to metabolize vitamin C is saturated. and any
turther intake is excreted in the urine. However, in ad-
dition to its other roles, vitamin C enhances the absorp-
tion of iron, and this depends on the presence of the vi-
tamin in the gut. Thercfore, increased intakes may be
beneficial. Evidence is unconvincing that high doses of

wu

Dehydroascorbate

Figure 45-19. \itamin C.

vitamin C prevent the common cold or reduce the du-
ration of its symproms,

|
B MINERALS ARE REQUIRED
FOR BOTH PHYSIOLOGIC &
BIOCHEMICAL FUNCTIONS

Many of the essential minerals (Table 45-2) are widely
distributed in foods, and most people cating a normal
mixed diet are likely to receive adequate intakes. The

Table 45-2. Classification of essential minerals
according to their function,

Function Mineral

Structural function Calcium, magnesium, phosphate

Invotved in membrane ¢ Sodium, potassium
function: principal
cations of extracellular- |
and intracellular fluids, |
respectively [

L e e LR

Function as prosthetic | Cobalt, copper, iron, malybde-
groups in enzymes num, selenivm, zinc

Calcium, chromium, iodine,
magnesium, manganese, sodium,
patassium

Known to be essential, Silican, vanadium, nickal, tin
but function unknown

Regulatory role or role
in hormone action

Have effects in the Fluoride, lithium
body, but essentiality is
I

ot established !

Without knawn nutritional « Aluminum, arsenic, antimony,
function but toxicin | boron, bromine, cadmium, ce-
EHCESS sium, germaniurmn, lead, mercury,

i sllver, strontium




amounts required vary from the order of grams per day
for sodium and caleium, through milligrams per day
leg, iron) to micrograms per day for the trace elements.
In general, mineral deficiencies are encountered when
foods come from one region, where the soil may be de-
ficient in some minerals, eg, iodine deficiency, Where
the diet comes fraom a variety of different regions, min-
eral deficicncics are unlikely. However, iron deficiency
is a general problem because if fron losses from the
body are rclatively high {eg, from heavy menserual
blood lass), it is difficult to achieve an adequate intake
to replace the losses. Foods from soils containing high
levels of selenium cause tomicicy, and increased intakes
of common salt (sodium chloride) cause hypertension
in susceptible individuals,

SUMMARY

* Vitamins are organic nutrients with essential mera-
bolie functions, generally required in small amouncs
in t[‘:c diet because t|'||.'f|.r cannot be h‘}fnt]'lt'!i‘i'l'.t‘fj |:ll1_.-' the
body. The lipid-soluble vicamins (A, D, E, and K}
are hydrophobic molecules requiring normal fae ab-
sorption I{:r their efficient absorption and the aveid-
atce ur dfﬁ{.‘itl‘lf};‘ 5}'m]:|tum5.

* Viamin A (retinol}, present in carnivorous diers, and
the proviamin (B-carotene), found in plants, form
retinaldehyde, wrilized in vision, and reinoic acid,
which acts in the control of gene expression. Viamin
D is a steroid prohormone yielding the active hor-
mone derivative calcitriol, which regulates calcium
and phosphate metabolism. Viamin D deficiency
leads to rickers and osteomalacia.

* Vitamin E (rocopherol) is the most important an-
tioxddant in the body, acting in the lipid phase of
membranes and protecting against the effects of free
radicals. Vitamin K functions as cofactor o a car-
boxylase dhat acts on gluramace residues of clotting
factor precursor proteins to cnable them to chelate
caleium.

* The water-soluble vitamins of the B curnplﬂ act as
enzyme cofactors. Thiamin is a cofactor in oxidative
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decarboxylation of (-keto acids and of transketalase
in the pentose phosphate pathway, Riboflavin and
niacin are impartant cofactors in ondoreduction re-
actions, respectively present in favoprocein enzymes
and in NAL and NADD,

* Pantothenic acid is present in coenzyme A and acyl
carrier protein, which act as carriets for acyl groups
in metabolic reactions. Pyridoxine, as pyridoxal
phosphate, is the coenzyme for several enzymes of
amino acid metabolism, including the aminorrans-
terases, and of glycogen phosphorylase. Biotin is the
coenzyme for several carboxylase enzymes.

* Besides ather functions, vitamin By, and folic acid
take part in providing ene-carbon residues for DNA
synthesis, deficiency resuleing in megaloblastic ane-
mia. Viramin C is a water-soluble antoxidant that
maintains vitamin E and many metal cofactors in the
reduced state,

* [norganic mineral elements that have a function in
the body must be provided in the dict. When insuffi-
cient, deficiency symptoms may arise, and if present
in excess they may be toxic.

REFERENCES

Bender DA, Bender AE: Namnon 4 F.L:,i'frrﬂrrr H.irr.-ﬂ:\m}. Oxford
Univ Press, 1997,

Bender DA Nueritiooal Biochemisery of the Virrming, Ind ed. Cam-
bridge Univ Press, 2003.

Garrow 5, James WPT, Ralph A Suman Mutersion awd Dissenicr,
1ich ed. Churchill-Livingsione, 2000,

Hallraell B, Chirico S: I.iFid pcrn;‘i:l.:rirln: 153 |'I'||:'\¢I'IH|'|I'|'.|'I'|.. mca
suremene, and sigmificance. Am | Clin Mot [993:57(5
Suppl):7155.

Krinsky NI: Actions of carotensids in biological systems. Annu Rev
Murr 1993;13:561.

Padh H: Wicamim C: newer msighes meo s biochemical funcnons,
Murr Rev 1991 ,49:65.

Shane B: Folvlpolyglutamare synchesis and role in the regulanion of
ane-carhon metabalism. Yitam Horm [989:45-263,

Wisernan H, Halliwell B: Damage to DNA by resctive oxvgen and
nittagen species: tole in inflammartory disease and progression
o cancer. Biochem | 1996:313:17.



Intracellular Traffic & Sorting

of Proteins

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

Proteins must travel from polyribosomes to many dif-
ferent sites in the cell to perform their particular func-
tions. Some are destined to be components of specific
organelles, others for the cytosol or for export, and yer
others will be located in the various cellular mem-
branes. Thus, there is considerable intracellular traffic
of proteins. Many studies have shown thar the Golgi
apparatus plays a major role in the sorting of proteins
for their correct destinations. A major insight was the
recognition thart for proteins to arain their proper loca-
tions, they generally contain informarion (a signal or
coding sequence) thar targers them appropriately. Once
a number of the signals were defined, it became appar-
ent thar cerain diseases result from muracions thar af-
fect these signals. In this chaprer we discuss the intracel-
lular traffic of proteins and their sorting and briefly
consider some of the disorders that result when abnor-
malities occur.

MANY PROTEINS ARE TARGETED
BY SIGNAL SEQUENCES TO THEIR
CORRECT DESTINATIONS

The protein biosynthenc p.sr]'twn'_,.'x in cells can be con-
sidered to be one large sorting system. Many proteins
carry stEhals {u.qu ll.l:,- hur not .:I.I“-:l].i :Fﬂ:thc sefjuences
of amino Jv:de]I that direct them to their destination,
thus ensuring thar they will end up in the appmpnnrr
membrane or cell compartment; these signals are a fun-
damenctal L::mp:mr:nr nF rh: 50 rnng H:.-Hl‘l!m Uhl.].'ll.f'l." the
signal sequences are rtr.ngnix:d and mteract with com-
|1|4:m|:nr.lry areas of pr:m::m that serve as receptors for
the proteins that contain them.

A major sorting decision is made early in protein
biosynchesis, when specific proteins are synthesized ei-
ther on free or on membrane-bound polyribosomes,
This results in two sarting branches called the eytosolic
branch and the rough endoplasmic reticulum (RER)
branch (Figure 46—1). This sorting occurs because pro-
teins synthesized on membrane-bound polyribosomes
contain a signal peptide thar mediares their arcach-
ment to the membrane of the ER. Further deeails on
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the signal peptide are given below. Proteins synthesized
on free polyribosomes lack this particular signal pep-
tide and are delivered into the cytosol. There they are
directed 10 mitochondra, nuclei, and peroxisomes by
specific signals—or remain in the eytosel if they lack a
signal. Any protein that containg a targeting sequence
that is subsequently removed is designated as a prepro-
tein. In some cases a second peptide is also removed,
and in that event the original protein is known as a pre-
proprotein ez, ﬂr:pma”ﬂumm Chapltr 507,

Prateins synthesized and sorted in the rough ER
branch I:F'Lgun: fiE—?_]l include many destined for vari-

ous membranes {eg, of the ER, Gulg': appararus, lyso-

somes, and plasma membrane) and for secretion. Lyso-

somal enzymes are also included, Thus, such proteins
may reside in L|1:: membranes or lumens Ld‘ the ER ar
tollow the major ransport route of intracellular pro-
teins o the lmlgl apparatus. Further signal-mediated
sarting ol certain proteins occurs in the Golgl appara-
tus, 1':|:l.|..1||!1n|:_f| um dr:lwtrg.-' Ly lya:m:m:i membranes ::f
the Golgi apparatus, and other sites. Proteins destned
tor the plasma membrane or for secretion pass through
the Golgi apparatus bue g:n:ra"].r are not 1.]'|.[JLLE|!I1. o
carcy spcci:ﬁ:: mriihg sigha]x; l.l'u:].' are helieved 1o reach
their destinations by defaule.

The entire pathway of ER — Golg apparaus —
plasma membrane i often called the SECTELOTY O £X0-
q-"-mﬁc Fl.t]:lwny. Events a]nng t|1:is route will be giw_'n
special artention. Most of the proweins reaching the
Golgt apparatus or the plasma membrane are carried in
transport vesicles; a briel description of the formation
of these 'lm]:tnrl.anl ]nrl.i{_'ll:s will be Ei.'u-n 3u|1_¢|:L]u|:nl|.}'.
Onther proceins destined for secretion are carried in se-
cretory vesicles {Figure 46-2). These are prominent in
the pancreas and certain other glands. Their maobiliza-
tion and discharge are regulated and often referred to as
“regulated seeretion,” whereas the secretory pathway
involving transport vesicles is called “constitutive,”

Experimental appma-:h::\ that have afforded major
in:iig]us to the processes described in this L'h:!]:lltr in-
clude {1} use of yeast mutants; (2) Jpp]lut:iun afl re-
combinant DMA IELI'LI'.IIL!U.I:H feg mul:.u:mg or eliminat-
ing particular sequences in proteins, or iuung new
sequences onto them; and (3) development of in vitro
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Proteins
Milachondrial
Muciear
Parcisomal
Cylosalic

(1) Cytasalic

e
F

(2} Rough ER

Palyribosomes
ER mambrana

GA mambrana
Plasma memisrana
Sacralory

Lysosomal anzymas

Figure 46-1. Diagrammatic representation of the
two branches of protein sorting occurring by synthesis
on (1} oytosalic and (2] membrane-bound polyribo-
somes, The mitochondrial proteins listed are encoded
by nuclear genes. Some of the signals used in further
sorting of these proteins are listed in Table 46-4. (ER,
endoplasmic reticulum; GA, Golgi apparatus.)

systems (eg, to study translocation in the ER and mech-
anisms of vesicle formation).

The sorting of proteins belonging to the cyrosalic
branch referred to above is deseribed next, starting with
mitochondrial proteins,

THE MITOCHONDRION BOTH IMPORTS
& SYNTHESIZES PROTEINS

Mitechondria contain many proteins. Thirteen pro-
teins (mostly membrane components of the electron
transport chain) are encoded by the mitochondrial
genome and synthesized in thar organelle using irs own
rotein-synthesizing system. However, the majority {at
east several hundred) are encoded by nuclear genes,
are synrhesized ousside the mitochondria on cyrosolic
polyribosomes, and must be imporred. Yeast cells have
proved 1o be a particularly useful system for analyzing
the mechanisms of import of mitochondrial proceins,
partly because it has proved possible 1o generare a vari-
ety of mutanes thar have illuminated the fundamental
processes involved. Most progress has been made in the
study of proteins present in the mitochondrial marrix,
siich as rﬁa F, ATPase subunirs. Only the pathway of
import of marrix proteins will be discussed in any deail
here.

Matrix proteins must pass from cyrosolic polyribo-
somes through the ourer and inner mirochondrial
membranes to reach their destination. Passage through
the two membranes is called translocation. They have
an amino terminal leader sequence (presequence),

abour 20-80 amino acids in length, which is not highly
conserved bur contains many positively charged amino
acids {eg, Lys or Arg). The presequence is equivalent o
a signal pepride mediaring attachment of polyribosomes
to membranes of the ER (see below), bur in this in-
stance rargeting proceins to the macriy; if the leader se-
quence is cleaved off, potential matrix proteins will not
reach their destinarion.

Translocation is believed 1o occur posturanslation-
ally, after the matrix proteins are released from the cy-
tosolic polyribosomes. Interactions with a number of
cytosolic proteins that act as chaperones (scc below)
and as targering factors occur prior to translocation.

Two distincr translocation complexes are siruated
in the outer and inner mitochondrial membranes, re-
ferred to (respectively) as TOM (rranslocase-of-the-
outer membrane) and TIM {translocase-of-the-inner
membrane). Each complex has been analyzed and
found to be composed of a number of proteins, some of
which act as receptors for the incoming proteins and
others as components of the wansmembrane pores
through which these proteins must pass. Proteins must
be in the unfolded state o pass through the com-
Elcxcs. and this is made possible by ATP-dependent

inding to several chaperone proteins. The roles of
chaperone proteins in protein folding are discussed lacer
in this chaprer. In mitochondria, they are involved in
translocation, sorting, folding, assembly, and degrada-
tion of imported prowins. A proten-motive force
across the inner membrane is required for imporg it is
made up of the electric potental across the membrane
(inside negartive) and rthe pH gradient (see Chaprer
12). The positively charged leader sequence may be
helped through the membrane by the negarive charge
in the matrix. The presequence is split off in the matrix
by a1 matrix-processing peptidase (MPP). Conract
with other chaperones present in the matrix is essential
to complete the overall process of impore. Interaction
with mt-Hsp70 (Hsp = heat shock protein) ensures
proper import into the marrix and prevents misfolding
or aggregation, while interaction with the me-Hsp6o-
Hsp10 system ensures proper folding. The later pro-
teins resemble the bacterial GroEL chaperonins, a sub-
class of chaperones thar form complex cage-like
assemblies made up of heprameric ring structures. The
interactions of imported proteins with the above chap-
erones require h}rtrml}rsis of ATP to drive them.

The derails of how preproreins are rranslocared have
not been fully elucidared. 1t is possible thar the elecrric
i\E:|::nt|:1'uia1| associated with the inner mitechondrial mem-

rane causes a conformational change in the unfolded
preprotein being rranslocared and char this helps ro pull
it across. Furthermore, the fact thar the marrix is more
negative than the intermembrane space may “artract”
the positively charged amino terminal of the preprotein
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Figure 46-2. Diagrammatic representation of the rough endoplasmic reticu-
lum branch of protein sorting. Mewly synthesized proteins are inserted into the
ER membrane or lumen from membrane-bhound polyribosomes (small black cir-
cles studding the cytosolic face of the ER). Those proteins that are transported
out of the ER (indicated by solid black arrows) do so from ribosome-free transi-
tional elements. Such proteins may then pass through the various subcompart-
ments of the Golgi until they reach the TGN, the exit side of the Golgi. In the TGHN,
proteins are segregated and sorted. Secretory proteins accumulate in secretory
storage granules fram which they may be expelled as shown in the upper right-
hand side of the figure. Proteins destined for the plasma membrane or those that
are secreted in a constitutive manner are carried out to the cell surface in trans-
port vesicles, as indicated in the upper middle area of the figure. Some proteins
may reach the cell surface via late and early endosomes, Other proteins enter
prelysosomes (late endosomes) and are selectively transferred to lyvsosomes. The
endocytic pathway illustrated in the upper left-hand area of the figure is consid-
ered elsewhere in this chapter. Retrieval from the Golgi apparatus to the ER is not
considered in this scheme. (CGN, cis-Golgi network; TGN, trans-Golgi network.)
[Courtasy of E Degen | 500
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to enter the marrix. Close contact berween the mem-
brane sites in the outer and inner membranes involved
in translocation is necessary,

The above describes the major pathway of proteins
destined for the mitochondrial marrix. However, cer-
fain proteins insert into the outer mitochondrial
membrane facilitated by the TOM complex. Others
stop in the intermembrane space, and some insert into
the inner membrane. Yer others proceed into the ma-
trix and then rewurn to the inner membrane or incer-
membrane space. A number of proteins contain owo
signaling sequences—one t enter the mitochondrial
marrix and the other to mediate subsequent relocarion
{eg. into the inner membrane). Certain mitochondrial
proteins do not contain presequences (eg, cytochrome
¢, which locares in the inter membrane space), and oth-
ers contain internal presequences. Overall, proteins
employ a variety of mechanisms and routes o arain
their final destinations in mirochondria.

General features thar apply to the import of proteins
into organelles, including mitochondria and some of
the ather organelles o be discussed below, are summa-
rized in Table 46-1.

IMPORTINS & EXPORTINS ARE

INVOLVED IN TRANSPORT

OF MACROMOLECULES IN

& OUT OF THE NUCLEUS

It has been estimated that more than a million macro-

molecules per minute are transported berween the nu-
cleus and che cytoplasm in an active eukaryoric cell.

Table 46-1. Some general features of protein
import to organelles.’

Impart of a pratein into an erganelie usually accurs in three
stages: recognition, translocation, and maturation.

= Targeting sequences on the protein are recognized in tha
cytaplasm or an the surface of the organelle,

The protein is unfolded for translocation, a state main-
tained in the cytoplasm by chaperones,

Threading of the protein through a membrane requires en-
ergy and organellar chaperones on the trans side of the
mermbrane.

Cycles of binding and release of the protein to the chaper-
one result in pulling of its polypeptide chain through the
membrane.

Other proteins within the erganelle catalyze folding of the
protein, often attaching cofactors or oligosaccharides and
assembling them into active monomers or oligomers.

IData from McMew JA, Goodman JM: The targeting and assembly
of peroxisomal proteins: some old rules do not apply. Trends
Bizchern Sci 1998,21:54,

These macromolecules include histones, ribosomal pro-
teins and ribosomal subunics, transcriprion factors, and
mBNA molecules. The transport is bidirectional and
occurs through the nuclear pore complexes (NPCs).
These are complex structures with a mass approi-
macely 30 times that of a ribosome and are composed
of about 100 different proteins. The diameter of an
NPC is approximately 9 nm but can increase up to ap-

roximarely 28 nm. Molecules smaller than abour 40

Da can pass through the channel of the NPC by diffu-
sion, but special wanslocation mechanisms exist for
larger molecules, These mechanisms are under intensive
investigarion, bur some important features have already
emerged.

Here we shall mainly describe nuclear import of
cerrain macromolecules. The general picture that has
emerged is thar proteins to be imporred (cargo mole-
cules) carry a muclear localization signal (NLS). One
example of an NLS is the amino acid sequence (Pro);-
{Lys)y-Ala-Lys-Val, which is markedly rich in basic ly-
sine residues. Depending on which NLS it conrains, a
cargo molecule interacts with one of a family of soluble
proteins called importins, and the complex docks ar
the NPC. Another family of proteins called Ran plays a
critical regulatory role in the interaction of the complex
with the NPC and in its translocation through the
MNPC. Ran proteins are small monomeric nuclear GTP-
ases and, like other GTPases, exist in either GTP-
bound or GDP-bound states. They are themselves reg-
ulated by guoanine nucleotide exchange factors
(GEFs; eg, the protein RCC1 in eukaryotes), which are
located in the nucleus, and Ran  guanine-activating
proteins (GAPs), which are predominantdy cytoplas-
mic. The GTP-bound state of Ran is favored in the nu-
cleus and the GDP-bound state in the cyroplasm. The
conformations and activities of Ran molecules vary de-
pending on whether GTP or GDP is bound 1o them
{the GTP-bound state is active; see discussion of G pro-
teins in Chaprer 43). The asymmetry berween nucleus
and cytoplasm—with respect to which of these two nu-
cleotides is bound o Ran molecules—is thought wo be
crucial in understanding the roles of Ran in transferring
complexes unidirectionally across the NPC. When
cargo molecules are released inside the nucleus, the im-
portins recirculate to the cytoplasm w be used again.
Figure 46-3 summarizes some of the principal features
in the above process.

Orther small monomeric GTPases (g, ARF, Rab,
Ras, and Rho) are important in various cellular pro-
cesses such as vesicle formation and wranspore (ARF and
Rab; see below), certain growth and differentiation
processes (Ras), and formation of the actin cyioskele-
ton. A process involving GTP and GDP is also crucial
in the transport of proteins across the membrane of the
ER (see below).
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Figure 46-3. Schematic representation of the proposed role of Ran in the import of cargo
carrying an MLS signal. (1) The targeting complex forms when the MLS receptor (o, an importin)
binds NLS cargo and the docking factor (). {2} Docking ocours at filamentous sites that pro-
trude from the NPC. Ran-GDP docks independently. (3) Transfer to the translocation channel is
triggered when a RanGEF converts Ran-GDP to Ran-GTP. (4] The NPC catalyzes translocation of
the targeting complex. (5] Ran-GTP is recycled to Ran-GOP by docked RanGAF. (6) Ran-GTP dis-
rupts the targeting complex by binding to a site on [§ that overlaps with a binding site. {7} NLS
cargo dissociates from c, and Ran-GTP may dissociate from [b. (8) o and [ factors are recycled to
the cytoplasm, (nset: The Ran translocation switch is off in the cytoplasm and on in the nucleus.
Ran-GTP promates NLS- and NES-directed translocation, However, cytoplasmic Ran is enriched
in Ran-GDP (OFF} by an active RanGAP, and nuclear pools are enriched in Ran-GTP (0N} by an
active GEF. RanBP1 promotes the contrary activities of these two factors. Direct linkage of nu-
elear and eytoplasmic pools of Ran oceurs through the NPC by an unknown shuttling mecha-
nism. P, inorganic phosphate; MNLS, nuclear localization signal; NPC, nuclear pore complex; GEF,
guanine nucleotide exchange factor; GAP, guanine-activating protein; MES, nuclear export sig-
nal; BP, binding protein, (Reprinted, with permission, fraom Goldfarn &5 Whose finger is on the
switch? Science 1997,276:1814)
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Proteins similar to importins, referred 0 as ex-
portins, are involved in export of many macromole-
cules from the nucleus. Cargo molecules for export
carry nuclear export signals (NESs). Ran prowins are
involved in this process also, and it is now established
that the processes of imporr and export share 2 number
of common fearures.

MOST CASES OF ZELLWEGER SYNDROME
AREDUETO MUTATIONS IN GENES
INVOLVED IN THE BIOGENESIS

OF PEROXISOMES

The peroxisome is an important organelle involved in
aspects of the metabolism of many molecules, including
farty acids and other lipids (eg, plasmalogens, choles-
terol, bile acids), purines, amino acids, and hydrogen
Eemxidr:. The peroxisome is bounded by a single mem-

rane and conrains more than 50 enzymes; caralase and
urate oxidase are marker enzymes for this organelle. Trs
proteins are synthesized on cyrosolic polyribosomes and
told prior to impore. The pathways of impaort of a num-
ber of it proteins and enzymes have been studied, some
being matrix components and others membrane com-
ponents. Ar least two peroxisomal-martrix targeting
sequences (PTSs) have been discovered. One, PTS1, is
a ripepride (ie, Ser-Lys-Leu |SKL|, bur variations of
this sequence have been derected) locared ar the car-
boxyl terminal of a number of marrix proteins, includ-
ing catalase. Another, PT52, consisting of abour 26-36
amino acids, has been founid i 4t léast faus martik pro-
teins {eg thiolase) and, unlike PTS1. is cleaved after
entry into the marrix, Proteins containing PTS1 se-
quences form complexes with a soluble recepror protein
(PTSIR) and proteins containing PTS2 sequences
complex with another, PTS2R. The resulting com-
plexes then interact with a membrane recepror, Pex14p.
Proteins involved in furcher transport of proteins into
the marrix are also present. Most peroxisomal mem-
brane proteins have Eeen found o contain neither of
the above two targeting sequences, bur apparenty con-
tain others. The import system can handle intact
oligomers (eg, terrameric caralase). Import of marrix
proteins requires ATP, whereas import of membrane
proteins does no.

Interest in import of proteins into peroxisomes has
been stimulated by studies on Zellweger syndrome.
This condition is apparent at birth and is characrerized
by profound neurologic impairment, victims often
dvmg within a year. The number of peroxisomes can
vary from being almost normal to being virmally absent
in some patients. Biochemical hnr.lln‘fs include an accu-
mulation of very long chain farry acids, abnormalicies of

the symthesis of bile acids, and a marked reduction of
plasmalogens. The conditien is believed 1o be due w
mutations in genes encoding certain  proteins—so
called involved in various steps of peroxi-
some Eiﬂgenesi,s {such as the import anpml:cins de-
scribed above), or in genes encoding certain peroxiso-
mal engymes themselves. Two closely relared conditions
arc meonatal adrenoleukodystrophy and infantile
Refsum disease. Zellweger syndrome and these wo
conditions represent a spectrum of overlapping fea-
tures, with Zellweger syndrome being the most severe
(many proteins affected) and infantile Refsum discase
the least severe (only one or a few proteins affected).
Table 46-2 lists some fearures of these and relared con-
ditions.

THE SIGNAL HYPOTHESIS EXPLAINS
HOW POLYRIBOSOMES BIND TO THE
ENDOPLASMIC RETICULUM

As indicated above, the rough ER branch is the second
of the two branches involved in the synthesis and sort-
ing of proteins. In this branch, proteins are synthesized
on membrane-bound polyribasomes and ranslocated
into the lumen of the rough ER prior to further sorting
{Figure 46-2).

The signal hypothesis was proposed by Blobel and
Sabatini partly to explain the distinction between free
and membrane-bound polynibosomes. They found thart
proteins synthesized on membrane-bound  polynibo-
somes contained a peptide extension (signal peptide}

Table 46-2. Disorders due to peroxisomal
abnormalities.

MIM Number®
Zellweger syndrome 214100
Neonatal adrenoleukodystrophy 202370
Infantile Refsum disease 266510
Hyperpipecolic acidemia 239400
Phizomelic chondrodysplasia punctata 215100
Adrenoleukodystraophy 300100
Pseudo-neonatal adrenoleukodystrophy 264470
Pseudo-Zellweger syndrome 261510
Hyperoxaluria type 1 | 259900
Acatalasemia | 115500
Glutaryl-Cof oxidase deficiency 231690

'Reproduced, with permission, from Seashors MR, Wappner RS:
Genetics in Primary Care & Clinical Medicine. Appleton & Lange,
1956,

IMIM = Mendelian inheritance in Man. Each number specifies a ref-
erence in which information regarding each of the above condi-
tions can be found.
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ar their amino terminals which mediated their attach-
ment to the membranes of the ER. As noted above,
proteins whose entire synthesis occurs on free polyribo-
somes lack this signal peptide. An important aspect of
the signal hypothesis was thar it suggested—as turns
out to be the case—rthar all ribosomes have the same
structure and that the distincrion berween membrane-
bound and free ribosomes depends solely on the for-
mer’s carrying proteins thar have signal peprides. Much
evidence has confirmed the original hypothesis. Because
many membrane proteins are synthesized on mem-
brane-bound polyribosames, the signal hypothesis plays
an important role in conceprs of membrane assembly.
Some characreristics of signal peprides are summarized
in Table 46-3.

Figure 464 illustrares the principal features in rela-
tion to the passage of a secreted prorein through the
membrane of the ER. It incorporates features from the
original signal hypothesis and from subsequent wark,
The mRNA for such a protein encodes an amino termi-
nal signal peptide (also variously called a leader se-
quence, a transient insertion signal, a signal sequence,
or a presequence). The signal hypothesis proposed that
the protein is inserted into the ER membrane ar the
same time as its mRNA is being rranslated on polyribo-
somes, so-called cotranslational insertion. As the sig-
nal peptide emerges from the large subunit of the ribo-
some, it is recognized by a signal recognition particle
(SRP) thar blocks further translaion after abour 70
amino acids have been polymerized (40 buried in the
large ribosomal subunit and 30 exposed). The block is
referred to as elongation arrest. The SRP contains six
proteins and has a 78 RNA associated with it thar is
closely relared to the Alu family of highly repeated
DINA sequences (Chapter 36). The SRP-imposed block
is not released until the SRP-signal pepride-polyribo-
some complex has bound ro the so-called docking pro-
tein (SRP-R, a recepror for the SRP) on the ER mem-
brane; the SRP thus guides the signal peptide to the
SRP-R and prevents premarure folding and expulsion
of the protein being synthesized into the cyrosal.

The SRP-R is an integral membrane protein com-
posed of o and P subunits. The o subunic binds GDP

Table 46-3. Some properties of signal peptides.

« Usually, but not always, located at the aming terminal

« Contain approximately 12-35 amino acids

- Methignine is usually the amino terminal amino acid

+ Contain a central cluster of hydrophobic amino acids

« Contain at least one positively charged amino acid near
their aming terminal

+ Usually cleaved off at the carbouxyl terminal end of an Ala
residue by signal peptidase

and the B subunit spans the membrane, When the SRP-
signal peptide complex interacts with the recepror, the
exchange of GDP tor GTP is stimulated. This form of
the recepror {with GTP bound) has a high affinity for
the SRI* and thus releases the signal pepride, which binds
to the rranslocarion machinery (rranslocon) also present
in the ER membrane. The o subunit then hydrolyzes i
bound GTP, restoring GDP and completing a GTP-
GDF cycle. The unidirectionality of this cycle helps drive
the interaction of the polyribosome and its signal pepride
with the ER membrane in the forward direction.

The translocon consists of a number of membrane
proteins that form a protein-conducting channel in the
ER membrane chrough which the newly synthesized
protein may pass. The channel appears to be open only
when a signal peptide is present, preserving conductance
across the ER membrane when it closes. The conduc-
tance of the channel has been measured experimentally.
Specific functions of a number of components of the
translocon have been identified or suggesred. TRAM
{translocaring chain-associated membrane) protein may
bind the signal sequence as it inigally interacts with the
translocon and the Secblp complex (consisting of three
proteins) binds the heavy subunir of the ribosome.

The insertion of the signal peptide into the conduct-
ing channel, while the other end of the parent protein is
still arrached to ribosomes, is termed “cotranslational
insertion.” The process of clongation of the remaining
portion of the protein probably facilitates passage of the
nascent procein across the lipid bilayer as the ribosomes
remain attached to the membrane of the ER. Thus, the
rough (o ribosomie-studded) ER is formed. It is impor-
rant thar the protein be kept in an unfolded state prior
to entering the conducting channel—otherwise, it may
not be able to gain access to the channel.

Ribosomes remain artached w the ER during syn-
thesis of signal pepride-containing proteins bur are re-
leased and dissociated into their two types of subunis
when the process is completed. The signal pepride is
hydralyzed by signal peptidase, locared on the luminal
side of the ER. membrane (Figure 46-4), and then is
apparently rapidly degraded by proteases.

Cytochrome P450 {Chapter 53), an integral ER
membrane protein, does nor completely cross the mem-
brane. Instead, it resides in the membrane with ics sig-
nal pepride intact. Its passage through the membrane is
prevented by a sequence of amino acids called a halt- or
stop-transfer signal,

Secrerory proteins and proteins destined for mem-
branes distal to the ER completely traverse the mem-
brane bilayer and are discharged into the lumen of the
ER. N-Glycan chains, if present, are added (Chaprer
47) as these proteins traverse the inner part of the ER
membrane—a process called “cotranslational glycosyla-
tion." Subsequently, the proteins are found in the
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Figure 46-4. Diagram of the signal hypothesis for the transport of secreted prateins across the
ER membrane. The ribosomes synthesizing a protein move along the messenger RNA specifying the
amino acid sequence of the protein, (The messenger is represented by the line between 5" and 37)
The codon AUG marks the start of the message for the protein; the hatched lines that follow AUG
represent the codons for the signal sequence. As the protein grows out from the larger ribosomal
subunit, the signal sequence is exposed and bound by the signal recognition particle (SRF). Transla-
tion is blacked until the complex binds to the "docking protein,” also designated SRP-R (repre-
sented by the solid bar] on the ER membrane. There is also a receptor (open bar) for the ribosome
itself, The interaction of the ribosome and growing peptide chain with the ER membrane results in
the opening of a channel through which the protein is transported to the interior space of the ER.
During translocation, the signal sequence of most proteins is removed by an enzyme called the
“signal peptidase,” located at the luminal surface of the ER membrane, The completed protein is
eventually released by the ribosame, which then separates inta its two components, the large and
small ribosomal subunits. The protein ends up inside the ER. See text for further details. (Slightly
modified and reproducead, with permission, from Mare JL Mewly made proteins zip through the cell 5ci-

ence 1980207164, Copyright © 1980 by the American Association for the Advancement of Science.)

lumen of the Golgi apparatus, where further changes in
glycan chains occur (Figure 47-9) prior to intracellular
distribution or secretion. There is strong evidence thar
the signal pepride is involved in the process of protein
insertion into ER. membranes. Muranr proteins, con-
taining altered signal peptides in which a hydrophobic
amino acid is replaced by a hydrophilic one, are not in-
serted into ER membranes. Nonmembrane proteins
{eg, t-globin) ro which signal peptides have been ar-
tached by genetic engineering can be inserted into the
lumen of the ER or even secreted.

There is considerable evidence thar a second rrans-
poson in the ER membrane is involved in retrograde
transport of various molecules from the ER lumen 1o
the cytosol. These molecules include unfolded or mis-
folded glycoproteins, glycopeprides, and oligosaccha-
rides. Some ar least of these molecules are degraded in
proteasomes. Thus, there is two-way waffic across the
ER membrane.

PROTEINS FOLLOW SEVERAL ROUTES
TO BE INSERTED INTO OR ATTACHED
TO THE MEMBRANES OF THE
ENDOPLASMIC RETICULUM

The routes that proceins follow o be inserted into the
membranes of the ER include the following,

A. CoTRANSLATIONAL INSERTION

Figure 46-5 shows a variety of ways in which proteins
are distribured in the plasma membrane. [n particular,
the amino terminals of certain proteins (eg, the LDL re-
cepror) can be seen o be on the extracytoplasmic face,
whereas for other proteins (eg, the asialoglycoprotein re-
ceptor) the carboxyl terminals are on this face. To ex-
plain these dispositions, one must consider the inicial
biosynthenc events ar the ER membrane, The LDL re-
ceptor enters the ER membrane in a manner analogous
to a secretory protein (Figure 46—4); it partly traverses
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Figure 46-5. Variations in the way in which proteins are inserted into membranes. This
schematic representation, which illustrates a number of possible orentations, shows the seg-
ments of the proteins within the membrane as o-helices and the other segments as lines. The
LOL receptor, which crosses the membrane once and has its amino terminal on the exterior, is

called a type | transmembrane protein. The asialoglycoprotein receptor, which also crosses the
membrane once but has its carboxyl terminal on the exterior, is called a type Il transmembrane
protein. The various transporters indicated (eqg, glucose) cross the membrane a number of times
and are called type |Il transmembrane proteins; they are also referred to as polytopic membrane

proteins. {N, amino terminal; C, carboxyl terminal.) (Adapted, with permission, from Wickner W,
Lodizh HF; Multiple machanisms of protein insertion into and across membranes, Science
1985230400, Copyright © 1985 by the American Association for the Advancement of Science.)

the ER. membrane, its signal pepride is cleaved, and its
amino rerminal protrudes into the lumen. However, it is
retained in the membrane because it conrains a highly
hydrophobic segment., the halt- or stop-transfer signal.
This sequencr:egrms the single rransmembrane segment
of the protein and is its membrane-anchoring domain,
The small parch of ER. membrane in which the newly
synthesized LDL recepror is locared subsequently buds
off as a component of a transport vesicle, probably from
the rransiional elements of the ER (Figure 46-2). As
described below in the discussion of asymmetry of pro-
teins and lipids in membrane assembly, the disposition
of the receptor in the ER. membrane is preserved in the
vesicle, which evenrually fuses with the plasma mem-
brane. In concrast, the asialoglycoprotein recepror pos-
sesses an internal insertion sequence, which inserts into
the membrane bur is not cleaved. This acts as an anchor,
and its carboxyl terminal is extruded through the mem-
brane. The more complex disposition of the trans-
porters (eg, for glucose) can be explained by the face
that alternating transmembrane o-helices act as un-

cleaved insertion sequences and as hale-transfer signals,
respectively, Each pair of helical segments is inserred as a
hairpin. Sequences thar derermine the structure of a
protein in a membrane are called topogenic sequences.
As explained in the legend wo Figure 46-5, the above
three proteins are examples of type I, type II, and type
I transmembrane proteins,

B. SynTHESIS OoN FREE POLYRIBOSOMES
& SUBSEQUENT ATTACHMENT TO THE
EnpopLasmic RETICuLUM MEMERANE

An cxample is cytochrome &, which enters the ER
membrane spontancously.

C. RETENTION AT THE LuminaL AsPECT
oF THE ENDOPLASMIC RETICULUM
BY SPECIFIC AMING ACID SEQUENCES

.'ﬁl. II'I.I..'II.'I'IhI:T {?i’l Fll'ﬂtl‘.‘iTiﬁ 'PIZ]SM'_‘GH tl'l.l: ilmil:lﬂ iIEi'I] .'it‘i'.ll.ll:l'l{'l:
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This sequence specifies thar such proreins will be ar-
tached to the inner aspect of the ER in a relatively loose
manner, The chaperone Bl (see below) is one such
protein, Acrually, KDEL-containing proceins first cravel
to the Golgj, interact there with a specific KDEL recep-
tor protein, and then return in transport vesicles to the
ER, where they dissociate from the recepror,

D. ReTrocrADE TRANSPORT FROM
THE GOLGI APPARATUS

Certain other non-KDEL-containing proteins destined
far the membranes of the ER also pass to the Golgi and
then return, by retrograde vesicular transport, to the ER
to be inserted therein (see below).

The foregoing paragraphs demonstrate thar a vari-
ety of routes arc involved in assembly of the proteins of
the ER membranes; a similar situation probably holds
for other membranes (eg, the mitochondrial mem-
branes and the plasma membrane), Precise targeting se-
quences have been identified in some instances (eg,
KDEL sequences).

The topic of membrane biogenesis is discussed fur-
ther later in this chaprer.

PROTEINS MOVE THROUGH CELLULAR
COMPARTMENTS TO SPECIFIC
DESTINATIONS

.I"I. ﬁi.'!'l.l:‘lTIE I'CIJ‘EE.‘iETI.I.EI'I.E 1.|'|.I: FI]SSi.I:!IE ﬂ[]w UEI Pr[]lﬂinﬁ

along the ER. — Golg apparatus — Fla.‘il'na membrane
route is shown in Figure 46-6, The harizontal arrows

denote transport steps thar may be independent of tar-
gering signals, whereas the vertical open arrows repre-
sent steps that depend on specific signals, Thus, flow of
certain proteins (including membrane proteins) from
the ER o the plasma membrane (designared “bulk
flow,"” as it is nonselective) probably occurs withour any
targeting sequences being involved, ie, by default. On
the other hand, insertion of resident proteins into the
ER and Golgi membranes is dependent upon specific
signals {eg, KDEL or halt-transfer sequences for the
ER). Similarly, transport of many enzymes to lysosomes
is dependent upon the Man 6-P signal (Chapter 47),
and a signal may be involved for entry of proceins into
secretory granules. Table 46-4 summarizes informa-
tion on sequences that are known to be involved in tar-
geting various proteins to their correct incracellular sites.

CHAPERONES ARE PROTEINS
THAT PREVENT FAULTY FOLDING
& UNPRODUCTIVE INTERACTIONS
OF OTHER PROTEINS

Exit from the ER may be the rate-limiting step in the
secretary pathway. In this context, it has been found
that certain proteins |J|.1}r a role in the assembly or
praper I'ulding of other proteins without themselves
being components of the larer, Such proteins are called
maolecular chap-:mm:s;. a number of important proper-
ties of these proteins are listed in Table 46-5, and the
naimes u[. SOIme {’il P:I.r'l.:il:u].'l.r il.'.l'l.FDrl:lnL':: i.rl. tI'H: ER are

listed in Table 466, Basically, they stabilize unfolded

Lysosomes
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Figure 46-6.

Vv

Secratory
storage vesicles

Flow of membrane proteins from the endoplas-

mic reticulum (ER) to the cell surface. Horizontal arrows denote
steps that have been proposed to be signal independent and
thus represent bulk flow, The open vertical arrows in the boxes
denote retention of proteins that are resident in the membranes
of the organelle indicated. The open vertical arrows outside the
boxes indicate signal-mediated transport to lysosomes and secre-
tory storage granules. (Reproduced, with parmission, from Pleffer
SR, Rothman JE: Biosynthetic pratein transpert and sorting by the en-
doplasmic reticulum and Golgl Annu Rev Biochermn 1987,56:823 )
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Table 46-4. Some sequences or compounds that
direct proteins to specific organelles,

Targeting S5equance
or Compound Organelle Targeted
Signal peptide sequence | Membrane of ER
Amino terminal Luminal surface of ER
KDEL sequence

iLys-Asp-Glu-Ley)

Amino terminal sequence | Mitochondrial matrix
(20-80 residues) |

NLS' leg, Pro-Lys;-Ala- | Nucleus
PTS' (g, Ser-Lys-Leu) Peraxisome
Mannose 6-phosphate | Lysosome

'MLS, nuclear localization signal; PTS, peroxisomal-matrix target-
ing sequence,

or partally folded intermediaces, allowing them time w
fold properly, and prevent inappropriate interactions,
thus combating the formation of nenfunctional struc-
turcs. Most chaperones exhibic ATPase activity and
bind ADP and ATP. This activity is important for their
cffece on folding, The ADP-chaperone complex ofren
has a high affinity for the unfolded protein, which,
when bound, stimulates release of ADP with replace-
ment by ATP. The ATP-chaperone complex, in trn,
releases segments of the protein that have folded prop-
erly, and the cycle involving ADP and ATT binding is
repeated until the folded protein is released.

Table 46-5. Some properties of chaperone
proteins.

* Present in a wide range of species from bacteria ta humans

+ Many are so-called heat shock proteins (Hsp)

« Some are inducible by conditions that cause unfolding of
newly synthesized proteins (eq, elevated temperature and
various chemicals)

* They bind to predominantly hydrophobic regions of un-
folded and aggregated proteins

* They actin part as a quality contral or editing machanism

for detecting misfolded or otherwise defective protaing

Muost chaperones show associated ATPase activity, with ATP

or ADP being involved in the protein-chaperone interaction

« Found in various cellular compartments such as cytosel,
mitachandria, and the lumen of the endoplasmic reticulum

Table 46-6. Some chaperones and enzymes
involved in folding that are located in the rough
endoplasmic reticulum,

+ BiF (immunoglobulin heavy chain binding protein)
+ GRPS4 {glucose-regulated protein)

+ Calnexin

+ Calreticulin

« PDI {protein disulfide isomerase)

* PPl {peptidyl prolyl cis-trans lsomerase)

Several examples of chaperones were incroduced
above when the sorting of mitochondrial proteins was
discussed. The immunoglobulin heavy chain binding
protein (BiP) is locared in the lumen of the ER. This
Emtein will bind abnormally folded immunoglobulin

eavy chains and certain other proteins and prevent
them from leaving the ER, in which they are degraded.
Another important chaperone is calnexin, a calcium-
binding protein located in the ER membrane. This pro-
tein binds a wide variery of proteins, including mixed
histocomparibility (MHC) antigens and a variery of
serum proteins. As mentioned in Chaprer 47, calnexin
binds the monoglycosylated species of glycoproteins
that occur during processing of glycoproteins, retaining
them in the ER unril the glycoprotein has folded prop-
erly. Calreticulin, which is also a calcium-binding pro-
tein, has properties similar to those of calnexin; it is not
membrane-bound. Chaperones are not the only pro-
teins in the ER lumen thar are concerned with proper
folding of proteins. Two enzymes are present thar play
an active role in folding. Protein disulfide isomerase
{PDI) promotes rapid reshuffling of disulfide bonds
until the correct set is achieved. Peptidyl prolyl isom-
erase (PPI) accelerates folding of proline-containing
proteins by catalyzing the cis-trans isomerization of
H-Pro bonds, where X is any amino acid residue.

TRANSPORT VESICLES ARE KEY PLAYERS
IN INTRACELLULAR PROTEIN TRAFFIC

Most proteins that are synthesized on membrane-
bound polyribosomes and are destined for the Golgi
appararus or plasma membrane reach these sites insife
transport vesicles. The precise mechanisms by which
proteins synthesized in the rough ER are inserted into
these vesicles are not known. Those involved in crans-
port from the ER 1o the Golgi apparatus and vice
versa—and from the Golgi to the plasma membrane—
are mainly clacthrin-free, unlike the coared vesicles in-
volved in endocytosis (see discussions of the LDL re-
ceptor in Chaprers 25 and 26). For the sake of clarity,
the non-clathrin-coated vesicles will be referred to in
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this text as transport vesicles. There is evidence that
proteins destined for the membranes of the Golgi appa-
ratus contain specific signal sequences. On the other
hand, most proteins destined for the plasma membrane
ot for secretion do not appear o contain specific sig-
nals, reaching these destinations by defaulr.

The Golgi Apparatus Is Involved in
Glycosylation & Sorting of Proteins

The Golgi appararus plays two important roles in mem-
brane synthesis. First, it is involved in the processing
of the oligosaccharide chains of membrane and other
M-linked glycoproteins and also conrains enzymes in-
volved in O-glycosylation (see Chaprer 47). Second, it
is involved in the sorting of various proteins prior to
their delivery ro their appropriate intracellular destina-
tions. All parts of the Golgi appararus participare in che
first role, whercas the trans-Golgi is particularly in-
volved in the second and is very rich in vesicles. Because
of their central role in protein transporr, considerable
research has been conducred in recent years concerning
the formation and fare of transpore vesicles,

A Model of Non-Clathrin-Coated Vesicles
Involves SNAREs & Other Factors

Vesicles lic at the haart of intraccllular transport of
many protcins. Recently, significant progress has been
made in understanding the cvenes involved in vesicle
formation and cransport, This has transpired becausc of
the use of a number of approaches, These include cs-
tablishment of cell-free systems with which o study
vesicle formation, For instance, it is possible o obscrve,
by clectron microscopy, budding of vesicles from Golgi
preparations incubated with cytosol and ATP. The de-
velopment of genetic approaches for studying vesicles
in yeast has also been crucial, The picoure is complesx,
with its own nomenclature {Table 46-7), and involves
a varicty of cytosolic and membrane proteins, GTP,
ATP, and accessory factors,

Based largely on a proposal by Rothman and col-
leagues, anterograde vesicular transport can be consid-
ered to occur in cight steps (Figure 46-7). The basic
concept is that cach transport vesicle bears a unique ad-
dress marker consisting of one or more v-SNARE pro-
teins, while cach target membranc bears one or more
complementary t-SNARE proteins with which the
former inreract specifically,

Step I: Coat assembly is initiated when ARF is ac-
tivated by binding GTP, which is exchanged for
GDP. This leads w the association of GTP-bound
ARF with its purative recepror (hatched in Figure
46-7) in the donor membrane,

Table 46-7. Factors involved in the formation of
non-clathrin-coated vesicles and their transport.

+ ARF: ADP-ribosylation factor, a GTPase

+ Coatomer: & family of at least seven coat proteins {o, [, 7. 6,
£, [V, and C). Different transpert vesicles have different com-
plements of coat proteins,

+ SMAP: Soluble NSF attachment factor

* SMARE; SMAP recaptor

w-SNARE: Vesicle SNARE

+ t-SMARE: Target SMARE

= GTP<¢-5: A nonhydrolyzable analog of GTP, used to test the
involvement of GTP

« MEM: N-Ethylmaleimide, a chemical that alkylates suffhy-

dryl groups

M5F: MEM-sensitive factor, an ATFase

* Rab proteins: A family of ras-related proteins first observed
in rat brain; they are GTPases and are active when GTP is
found

« Secl: A member of a family of proteins that attach to
t-5MAREs and are displaced from them by Rab proteins,
thereby allowing v-5SMARE-t-SNARE interactions to ocour,

Step 2: Membrane-associated ARF recruits the coat
proteins that comprise the coatomer shell from the
cytosol, forming a coated bud.

Srep 3: The bud pinches off in a process involving
acyl-CoA—and probably ATP—ro complete the
formarion of the coared vesicle.

Step 4: Coat disassembly (involving dissaciation of
ARF and coatomer shell) follows hydrolysis of
bound GTTP; uncoating is necessary for fusion o
CRCCUr,

SI.?! 5: Vesicle targeting is achieved via members of
a family of ime%ral proteins, termed v-SNAREs,
that tag the vesicle during its budding, v-SNAREs
pair with cognate t-5NAREs in the targer membrane
to dock the vesicle.

It is presumed thar steps 4 and 5 are closely coupled
and thar step 4 may follow step 5, with ARF and the
coatomer shell rapidly dissociating after docking,

Step 6: The general fusion machinery then assem-
bles on the paired SNARE complex; it includes an
ATPase (MSE; NEM-sensitive factor) and the SNAP
(soluble NSF avtachment factor) proteins. SNADs
bind to the SNARE (SNAP receptor) complex, en-
abling N5F to bind.

Srep 7 Hydrolysis of ATP by NSF is cssential for
fusion, a process that can be inhibited by NEM (N-
ethylmaleimide). Certain other proteins and calcium

are also required.
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Figure 46-7. Model of the steps in a round of anterograde vesicular transport. The
cycle starts in the bottom left-hand side of the figure, where two molecules of ARF
are represented as small ovals containing GOF, The steps in the cycle are described in
the text, Most of the abbreviations used are explained in Table 46-7, The roles of Rab
and 5ecl proteins (see text) in the overall process are not dealt with in this figure.
(CGMN, cis-Golgl network; BFA, Brefeldin A.) (Adapted from Sothman JE Mechanismes of
intraceliular protein rransport. Mature 199437255 ) (Courtesy of E Degen)

Step 8: Retrograde transport occurs to rescart the
cycle. This last step may rerrieve certain proteins
or recycle v-SMAREs, Mocodazele, a microtubule-
disrupring agent, inhibics this step.

Brefeldin A Inhibits the Coating Process

The lollowing points expand and clarnfy the above,

[a} To participate in step 1, ARF must first be modi-
fied by addition of myristic acid (C14:0}, employing
myristoyl-Cad as the acyl donor, Myristoylation is one
of a number of enzyme-catalyzed postrranslational mod-
ifications, involving addicion of certain lipids to specific
residucs of proteins, that facilitare the binding of pro-
teins to the cytosolic surfaces of membranes or vesicles,
Ohers are addition of palmitare, farnesyl, and geranyl-
geranyl; the two latter molecules are polvisoprenoids
containing 15 and 20 carbon atoms, respectively,

{b) Ar least three different oypes of coated vesicles
have been distinguished: COPT, COPIL, and  clathrin-
coated vesicles; the first two are referred 1o here as
transport vesicles. Many other types of vesicles no

doubt remain o be discovered. COPI vesicles are in-
volved in bidirectional tansport from the ER to the
Golgi and in the reverse direction, whereas COPII vesi-
cles are involved mainly in transport in the former di-
rection. Clathrin-containing vesicles are involved in
transport from the trans-Golgi nerwork to prelysosomes
and from the plasma membrane o endosomes, respec-
tively. Regarding selection of cargo molecules by vesi-
cles, this appears o be primarily a funcrion of the coar
proteins of vesicles, Cargo molecules may interact with
coat proceins either directly or via intermediary proteins
thar atach to coar proteins, and they then become en-
closed in their appropriare vesicles.

[¢) The fungal metabolite brefeldin A prevencs
GTP from binding to ARF in step | and thus inhibics
the entire coaring process. In its presence, the Golgi ap-
paratus appears o disintegrate, and fragments are lost.
It may do this by inhibiting the guanine nucleotide ex-
changer involved in step 1.

(d) GTP-y-§ (a2 nonhydrolyzable analog of GTT
often used in investigations of the role of GTP in bio-
chemical processes) blocks disassembly of the coar from
coated vesicles, leading ro a build-up of coated vesicles.
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(e} A family of Ras-like proteins, called the Rab pro-
tein family, are required in several steps of incracellular
protein transport, regulated secretion, and endocytosis.
They are small monomeric GTPases that attach o the
cytosolic faces of membranes via geranylgeranyl chains,
They attach in the GTP-bound state (not shown in
Figure 46-7) to the budding vesicle. Another family of
proteins (Secl) binds to -SNAREs and prevents inter-
action with them and their complementary v-SNAREs.
When a vesicle interaces with its targer membrane, Rab
proteins displace Secl proteins and the v-SNARE-
t-5NARE interaction is free to occur, It appears that
the Rab and Secl families of proteins regulare the speed
of vesicle formarion, opposing each other. Rab proceins
have been likened to chrottles and Secl proteins w
dampers on the overall process of vesicle formation.

(f) Srudies using v- and -SNARE proeins reconsti-
tuted into separate lipid bilaver vesicles have indicared
that they form SNAREpins, ic, SNARE complexes that
link owo membranes {vesicles). SNAPs and NSF are re-
quired for formartion of SNAREpins, bur once they
have formed they can apparently lead to spontancous
fusion of membranes ac physiologic temperature, sug-
gesting that they are the minimal machinery required
tor membrane fusion.

(g) The fusion of synaptic vesicles with the plasma
membrane of newrons involves a series of events similar
to thar described above, For example, one v-SNARE is
designated synaprobrevin and two t-SNAREs are des-
ignated syntaxin and SNAP 25 (synaptosome-associ-
ated protein of 25 kDa). Botulinum B toxin is one of
the most lethal roxins known and the most serious
cause of food poisoning. One component of this toxin
is a protease that appears w cleave only S}fnaﬁmbrwin,
thus inhibiring release of acerylcholine at the neuro-
muscular junction and possibly proving fatal, depend-
ing on the dose raken,

(h) Although the above model describes non-
clathrin-coated vesicles, it appears likely that many of
the events described above apply, ar least in principle,
to clathrin-coated vesicles.

THE ASSEMBLY OF MEMBRANES
IS COMPLEX

There are many cellular membranes, each with its own
specific features. No satisfactory scheme deseribing the
assembly of any one of these membranes is available.
How various proteins are initially inserted into the
membrane of the ER has been discussed above. The
transport of proteins, including membrane proteins, to
various parts of the cell inside vesicles has also been de-
scribed. Some general points abour membrane assembly
remain to be zddrcsseI

Asymmetry of Both Proteins & Lipids Is
Maintained During Membrane Assembly

Vesicles formed from membranes of the ER and Golg
apparatus, either naturally or pinched off by homoge-
nization, exhibit transverse asymmetries of both lipid
and protein. These asymmetries are maincained during
fusion of cransport vesicles with the plasma membrane.
The inside of the vesicles after fusion becomes the out-
side of the plasma membrane, and the oytoplasmic side
of the vesicles remains the cytoplasmic side of the mem-
brane (Figure 46-8). Since the rransverse asymmerry of
the membranes already cxists in the vesicles of the ER
well before they are fused to the plasma membrane, a
major problem of membrane assembly becomes under-
standing how the integral proteins are inserted into the
lipid bilayer of the ER. This problem was addressed
earlier in this chapter,

Phospholipids are the major class of lipid in mem-
branes, The enzymes responsible for the synchesis of
phosphalipids reside in the cytoplasmic surface of the
cisternae of the ER. As phospholipids are synthesized ot
that site, they probably self-assemble into thermody-
namically stable bimolecular layers, thereby expanding
the membrane and perhaps promoting the detachment
of so-called lipid vesicles from it It has been proposed
that these vesicles travel o other sites, donanng cheir
lipids to other membranes; however, little 15 known
about this matter, As indicated above, cytosolic pro-
teins that take up phospholipids from one membrane
and release them to another (ie, phospholipid exchange
prateins) have been demonstrated; they probably play a
role in contributing to the specific lipid composition of
various membranes,

Lipids & Proteins Undergo Turnover at
Different Rates in Different Membranes

[t has been shown that the halflives of the lipids of the
ER membranes of rar liver are generally shorer than
those of its proteing, so thar the turnover rates of
lipids and proteins are independent. Indeed, diffcr-
ent lipids have been found to have different half-lives.
Furthermore, the half-lives of the protcins of these
membranes vary quite widely, some exhibiting short
(hours) and others long (days) half-lives. Thus, individ-
ual lipids and proteins of the ER. membranes appear w
be inscried inco it reladvely independently; this is the
casc for many other membranes.

The biogenesis of membranes is thus a complex
process about which much remains o be learned. One
indication of the complexity involved is to consider the
number of poestiranslational modifications that mem-
branc proteins may be subjecred to prior to atmaining
their mature state. These include proteolysis, assembly
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Mambrane protein Exlarior surdace

mambeang

Cytoplasm

Vasicla
mambrane

Figure 46-8. Fusion of a vesicle with the plasma
membrane preserves the orlentation of any integral
proteins embedded in the vesicle bilayer. Initially, the
amino terminal of the protein faces the lumen, orinner
cavity, of such a vesicle, After fusion, the amino termi-
nal is on the exterior surface of the plasma membrane.
That the orientation of the protein has not been re-
versed can be perceived by noting that the other end
of the molecule, the carboxyl terminal, is always im-
mersed in the cytoplasm, The lumen of a vesicle and
the outside of the cell are topalogically equivalent, (Re
drawn and modified, with permission, from Lodish HF,
Rothman JE The assembly of cell mambranes. 5o Am
[Jam] 1979.240:43 )

Table 46-8. Major features of membrane
assembly,

+ Lipids and proteins ars inserted independently into mem-
branes,

« Individual membrane lipids and proteins turn over indepen-
dently and at different rates,

* Topogenic sequences (eg, signal [amino terminal or inter-
nal] and stop-transfer) are impaortant in determining the in-
sertion and dispasition of proteins in membranes.

« Membrane proteins inside transport vesicles bud off the en-
daplasmic reticulum on their way to the Golgi; fimal sarting
of many membrane proteins occurs in the trans-Galgi net-
work.

« Specific sorting sequences guide prateins to particular
arganelles such as lysosomes, peroxisomes, and mitochon-
dria.

into multimers, glycosylation, additon of a glycophaos-
phatidylinasicol (GPT} anchor, sulfation on tyrosine or
carbohydrate moieties, phosphorylation, acylation, and
prenylation—a list that is undoubredly nor complere.
MNevertheless, significant progress has been made; Table
468 summarizes some of the major features of mem-
brane assembly that have emerged o dace.

Table 46-9. Some disorders due to mutations in
genes encoding proteins involved in intracellular
membrane transport.’

Disordar’ Protein Invalved

Chédiak-Higashi syndrome, | Lysosomal trafficking regula-
214500 { tar

Combined deficiency of factors | ERGIC-53, a mannose-
Vand VIll, 227300 binding lectin

Hermansky-Fudlak syndrome, | AP-3 adaptor complex i34
203300 subunit
I-cell disease, 252500 N-feetylglucosamine

T-phesphotransferase

Oculocerebrorenal syndrome, | OCRL-1, an inositol poly-
30900 | phosphate 5-phosphatase

'Modified from Olkonnen VM, lkonen E: Genetic defects of intra-
cellular-membrane transport. N Eng J Med 2000;343:1095, Certain
related conditions not listed here are also described in this publi-
cation. [-cell disease is described in Chapter 47 The majarity of
the disorders listed above affect lysosomal function: readers
should consult a textbook of medicine for information on the
clinical manifestations of these conditions.

The numbers after each disorder are the OMIM numbers,
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Various Disorders Result From Mutations
in Genes Encoding Proteins Involved
in Intracellular Transport

Some of these are listed in Table 46-9; the majoriny af-
feet lysosomal funcrion. A number of other mutations
affecting intracellular protein mransport have been re-
ported but are not included here,

SUMMARY

* Many protcins are targered to cheir destinations by
signal sequences. A major sorting decision is made
when proteins are partitioned between cyrosolic and
membrane-bound polyribosomes by virtue of the ab-
sence or presence of a signal pepride.

* The pathways of protein import into mitochondria,
nuclel, peroxisomes, and the endoplasmic retculum
are described.

* Many proteins synthesized on membrane-bound
polyribosomes proceed o the Golgi appararus and
the plasma membrane in transport vesicles.

* A number of glvcosylation reactions occur in com-
parments of the Golgi, and prowins are further
sorted in the trans-Golgi neowork,

* Most proteins destined for the plasma membrane
and for secretion appear to lack specific signals—a
default mechanism.

* The role of chaperone proteins in the folding of pro-
teins is presented, and a model describing budding

and artachment of ransport vesicles to a rarger mem-
brane is summarized.

* Membrane assembly is discussed and shown 1o be
complex, Asymmerry of both lipids and proteins is
maintained during membrane assembly,

bl Iq r.lumlu:r Uil diﬁﬂfl’jcﬂi ]'IEVI: ]:ll:::]'l. \huwn o I.'H.' L{u:: L%}
mutations in genes encoding proteins involved in
various aspects of protein traffic and sorting,
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Glycoproteins

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

Glycoproteins are proteins thar contain oligosaccha-
ride (glycan) chains covalendy awmached 1w  cheir
polypepride backbones. They are one class of glycocon-
jugate or complex carbohydrates—cquivalent terms
used to denore molecules containing one or more car-
bohydrate chains covalendy linked to protein (to form
glycoprateins or proteoglycans) or lipid (to form glyco-
lipids). (Proteoglycans are discussed in Chaprer 48 and
glycolipids in Chaprer 14). Almost all the plasma pro-
teins of humans—excepr albumin—are glycoproteins,
Many proteins of cellular membranes (Chaprer 41)
contain substantial amounts of carbohydrate. A num-
ber of the blood group substances are glycoproteins,
whereas others are glycosphingolipids. Certain hor-
mones (eg, chorionic gonadotropin) are glycoproteins,
A major problem in cancer is metastasis, the phenome-
non whereby cancer cells leave their tssue of origin (eg,
the breast), migrate through the bloodstream to some
distant site in the body (eg, the brain), and grow there
in an unregulated manner, with carastrophic resules for
the affecred individual. Many cancer researchers think
that alterations in the structures of glycoproteins and
other glycoconjugates on the surfaces of cancer cells are
impartant in the phenomenon of merastasis,

GLYCOPROTEINS OCCUR WIDELY
& PERFORM NUMEROUS FUNCTIONS

Glycoproteins occur in most organisms, from bacteria
to humans. Many viruses also contain glycoproteins,
some of which have been much investigated, in part be-
cause they are very suitable for biosyntheric studies,
Numerous proteins with diverse funcrions are glycopro-
teins (Table 47-1); their carbohydrate content ranges
from 1% to over 85% by weight.

Many studies have been conducred in an acempr o
define the precise roles olignsaccharide chains play in
the functions of glycoproteins, Table 47-2 summarizes
resules from such studics. Some of the funcrions listed
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are [irmly established; others are sill under investi-
Ao,

OLIGOSACCHARIDE CHAINS ENCODE
BIOLOGIC INFORMATION

An enormous number of glyeosidie linkages can be gen-
erated between sugars. For example, three different hr_-x—
oses may be linked to each other w form over 1000 dif-
ferent risaccharides. The conformations of the sugars in
oligosaccharide chains vary depending on their linkages
and proximity to other malecules witi which the oligo-
saccharides may interact. It ic now established that certain
oligesaccharide chains encode considerable biologic in-
formation and that this depends upon their constituent
sugars, their sequences, and their linkages. For instance,
mannose G-phosphate residues target newly synthesized
lysosomal enzymes o that urgam.l% (see below).

TECHNIQUES ARE AVAILABLE
FOR DETECTION, PURIFICATION,
& STRUCTURAL ANALYSIS

OF GLYCOPROTEINS

A variety of methods used in the derecrion, purifica-
tion, and srrucrural analysis of glycoproteins are listed
in Table 47-3. The conventional methods used o pu-
rifv proteins and enzymes are also applicable to the pu-
rification of glycoproteins. Once a glycoprotein has
been purified, the use of mass spectrometry and high-
resolution NMR spectroscopy can often idencify the
structures of is glycan chains. Analysis of glycoproteins
can be complicated by the fact tha they often exist as
glycoforms; these are prowins with identical amino
acid sequences but somewhar different oligosaccharide
compositions. Although linkage details are not stressed
in this chapeer, it is critical to appreciare thar the precise
natures of the linkages berween the sugars of glycopro-
teins are of fundamental importance in determining the
structures and funcrions of these molecules.
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Table 47-3. Some important methods used to

by glycoproteins. study glycoproteins.
Function Glycoproteins Method Use
Structural molecule Collagens Periodic acid-5chiff reagent | Detects ghycoproteins as pink
Lubricant and Mucins Ef;ifnmer slecipharetit sep:
protectiveagent | e e e i,

Transport molecule Transferrin, ceruloplasmin

Immunologic melecule | Immuneglobulins, histocompatibil-

ok ity antigens
Hormone | chorionic gonadotropin, thyroid-
stimulating hormone (TSH)
Enyme | Various, eg, alkaline phosphatase
Cellattachment- | Various proteins involved in cell-cell

recognition site leg, sperm-oocyte), virus-cell,

bacterium-cell, and hormone-cell

interactions

Antifresze Certain plasma prateins of cold
water fish

Interact with specific | Lectins, selectins {cell adhesion

_Cerbohydrates _ |lectins), antbodies

Receptar Various proteins invohved in hor-
mone and drug action

Affect folding of Calnexin, calreticulin

certain proteins

Table 47-2. Some functions of the
oligosaccharide chains of glycoproteins.'

Modulate physicochemical properties, eq, solubility, vis-
cosity, charge, confarmation, denaturation, and binding
sites for bacteria and viruses
Protect against proteclysis, from inside and outside of cell

= Affect proteclytic processing of precursor prateins to
smaller products
Are involved in biologic activity, eq, of human chorionic
qanadotrogin (hCG)

= Affect insertion into membranes, intracellular migration,
sorting and secretion

= Affect embryonic development and differentiation

= May affect sites of metastases selected by cancer cells

'Adapted fram Schachter H: Biosynthetic controls that determine
the branching and heterogeneity of protein-bound oligosaccha-
rides, Biochem Cell Biol 198664163,

Incubation of cultured cells
with glycoproteins as
radioactive bands |

Leads to detection of a radio-
active sugar after electropho-
retic separation.

Treatment with appropriate
endo- or exoglycosidase
or phospholipases

Resultant shifts in electropho-
retic migration help distinguish
among proteins with N-glycan,
O-glycan, or GPI linkages and

also between high mannose
and complex MN-glycans,

Sepharose-lectin column | To purify glycoprateing or gly-

chromatography copeptides that bind the par-
ticular lectin used.

Compositional analysis Identifies sugars that the gly-

following acid hydrolysis | coprotein contains and their
stoichiometry.

Mass spectrometny Provides information on molec-
ular mass, compaosition, se-
guence, and sometimes branch-
ing of a ghycan chain,

MMR spectroscopy To identify specific sugars, their

sequence, inkages, and the
anomeric nature of glycosidic

linkagas.
Methylaticn (linkage) To determine linkages between
analysis sLGars,
Amino acid or cDNA Determinaticn of amine acid
sequencing sequence.

EIGHT SUGARS PREDOMINATE
INHUMAN GLYCOPROTEINS

Ahocut 200 monosacchanides are found in nature; how-
[a ') Y n|'||‘I|.' {'i.Eht are Eﬂmmﬂnl}r &lund |'|'|. I'I'lc ﬂl]gﬂ'ﬂﬂ.f-
charide chains of glycoproteins (Table 47-4). Most of
these sugars were deseribed in Chaprer 13, M-Aceryl-
neuraminic acid (NewAc) 5 usually found at the ter-
mini of aligosaccharide chains, attached to subterminal
galacrose (Gal) or MN-acerylgalactosamine (GalNAc)
residues. The other sugars listed are generally found in
maore internal P-l',lH'i['iﬂl‘l.'H. Sulfate 15 often found in gl}rcn-
prateins, usually attached to Gal, GalNAe, or GleNAc,
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Table 47-4. The principal sugars found in human glycoproteins, Their structures are illustrated in

Chapter 13,

Sugar

Type

Abbreviation

Nucleotide
Sugar

Comments

Galactose

Hexose

Gal

UDP-Gal

Often found subterminal to Newhc in N-linked gly-

coprateins, Also found in core trisaccharide of pro-
teoglycans,

Glucoss Hexase Gic

GDP-Man

CP-Neuhc

Mannose Hexose Man

N-Acetylneur-
aminic acid

Shalic acid (nine
C atoms)

UDF-Glc

Fresent during the biasynthesis of N-linked glyco-
prateins but not usually present in mature glyco-
proteins. Present in some clotting factors.

Common sugar in N-linked glycoproteins.

Often the terminal sugar in bath N- and O-linked
glycoproteins, Other types of sialic acid are also
found, but Neuhc is the major species found in hi-
mans. Acetyl groups may also occur as O-acetyl
species as well as N-acetyl.

Fucose Deoxyhexose Fuc

GOP-Fuc

May be external in both M- and O-linked glycopro-
teins orinternal, linked to the GleMAc residue at-
tached to Asn in N-linked species. Can also eocur
internally attached to the OH of Ser (eg, in t-PA and
certain clotting factors).

iN-Acetylgalactosamine | Aminchexose GalMAc

UDP-GalMAc

Presentin both N- and O-linked glycoproteins.

N-Acetylglucosamine | Aminchexose GleMac

UDP-GlcNAc

The sugar attached to the polypeptide chain via
Asnin N-linked glycoproteins; also found at other
sites in the oligosaccharides of these proteins.
Many nuclear proteins have GlcMAc attached to the
OH of Seror Thr as a single sugar,

Xylose Pentose Xyl

UDP-y!

Xyl is attached to the OH of Ser in many proteogly-
cans, Xyl in turn is attachad to two Gal residues,
forming a link trisaccharide. Xyl is also found in t-PA
and cemain clotting factors,

NUCLEOTIDE SUGARS ACT
AS SUGAR DONORS IN MANY
BIOSYNTHETIC REACTIONS

The first nucleotide sugar to be reporced was uridine
diphosphate glucose (UDP-Glc); its scructure is shown
in Figure 18-2. The common nucleotide sugars in-
volved in the biosynthesis of glycoproteins are listed in
Table 47-4; the reasons some concain UDP and others
guanosine diphosphate (GDP) or cytidine monophos-
phate (CMP) are obscure. Many of the glycosylation re-
actions involved in the biosynthesis of glycoproteins
urilize these compounds {see below). The anhydro na-
e of the linkage berween the phosphate group and
the sugars is of the high-energy, thE-—gmu -transfer-
potential type (Chapter 10). The sugars of :Ji:m com-
pounds are thus “activated” and can be transferred to

suitable acceprors provided appropriate transferases are
available.

Most nucleotide sugars are formed in the cyrosol,
generally from reacdons En'mlvin§ the currespundinﬁ
nucleoside triphosphate. CMP-sialic acids are forme
in the nucleus. Formation of uridine diphosphare galac-
tose {UDP-Gal) requires the following two reactions in
mammalian rissues:

UDP-Gle:
PYROFHOE-
PHORYLASE

UTP + Glucosa 1-phosphate  —te———
UDP-Glc + Pyrophosphate

UBP-Glo
EFIMERASE

LoP-Gle UoP-Gal




Because many glycosylation reactions occur within
the lumen of the Golgi appararus, carrier systems {per-
miedses, Cransporters) are necessary to rransport nu-
cleotide sugars across the Golgi membrane. Systems
transporting UDP-Gal, GDP-Man, and CMP-NeuAc
into the cisternae of the Golgi apparatus have been de-
scribed, They are antiport systems; ie, the influx of one
molecule of nucleotide sugar is balanced by the efflux
of one molecule of the corresponding nucleotide (eg,
UMP, GMP, or CMP) formed from the nucleotide
sugars. This mechanism ensures an adequate concentra-
tion of each nucleotide sugar inside the Golgi appara-
ts. UMP is formed from UDP-Gal in the above
process as follows:

CALACTOSYL-
TRANSFERASE

UDP-Gel + Proteln ——— = Profein — Gal + UDP

MIFCLEDSIDE
DIFHOSPHATE
PHOSPHATASE

UDP ———— UMP + F,

EXO- & ENDOGLYCOSIDASES
FACILITATE STUDY
OF GLYCOPROTEINS

A number of glycosidases of defined specificicy have
proved useful in examining scrucrural and functional
aspects of glycoprotcins (Table 47-5), These cnzymes
act at cither external (exoglycosidases) or internal (en-
doglveosidases) positions of oligosaccharide chains. Ex-
amples of cxoglycosidases are nearaminidases and
galactosidases; their sequental use removes terminal
MewAc and subterminal Gal residues from most glyco-
proteins, Endoglycosidases F and H are examples of
the lacrer class; these enzymes cleave the oligosaccharide
chains ar specific GleMNAc residucs close to the polypep-

Table 47-5. Some glycosidases used to study the
structure and function of glycoproteins.’

Enzymes Type
Neurarnmldases Exoglycosidase
Galactosidases Exo- or endoglycosidase
Endoglycosidase F Endoglycosidase
Endoglycosidase H Endoglycosidase

"The enzymes are available from a variety of sources and are often
specific for certain types of ghycosidic linkages and also for their
anomeric natures. The sites of action of endoglycosidases F and H
are shawn in Figure 47-5, F acts on both high-mannose and com-
plex alignsaccharides, wheraas H acts an the former.
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tide backbone {ie, at internal sires; Figure 47-5) and are
thus useful in releasing large oligosaccharide chains for
structural analyses. A glycoprotein can be reated with
one or more of the above glycosidases to analyze the
effects on its biologic behavior of removal of specific
sugars.

THE MAMMALIAN
ASIALOGLYCOPROTEIN RECEPTOR
IS INVOLVED IN CLEARANCE

OF CERTAIN GLYCOPROTEINS
FROM PLASMA BY HEPATOCYTES

Experiments performed by Ashwell and his colleagues
in the :arl}r 19705 pl |].f|:r.:| an important rale in ﬂ:cu*ﬂng
attention on the functional significance of the oligosac-
charide chains of glyeoproteins. They treated rabbi
ceruloplasmin (a plasma protein; see (__',h:lpr:r a01) with
neuraminidase in vitro. This procedure exposed subter-
minzl Ga] n:':'lduv.:v that wWere I'IE'I-EITL:II]‘.," muslu::l h}' ter-
minal NeuAc residues. Meuraminadase-treated radioagc-
tive ceruloplasmin was found o disappear rapidly from
the circulation, in contrast to the slow clearance of the
untreated prntl:in. "v'rcr}r slgniﬁr_‘antl}a, when the Gal
residues exposed o treatment with neuraminidase were
removed by treatment with a galactosidase, the clear-
ance rate of the protein returned to normal, Further
studln:s d:mnn_-itrat:d thzr |'u.r:r cells mnmln 1 mam-
malian asialoglycoprotein recepror thar recognizes
the Gal moiety of many desialylated plasma proteins
and leads to their endocytosis. This work indicated that
an individual sigar, such as Gal, could pla:.-' an i.lTlI'.lﬂl-
tant role in governing at least one of the biologic prop-
erties (e, time of residence in the circulanon) of ceroin
ghreoproteins. This greatly strengthened the concept
that nlignrian:hzrid: chains could contain hiningjc -
formanaon.

LECTINS CAN BE USEDTO
PURIFY GLYCOPROTEINS
& TO PROBE THEIR FUNCTIONS

Lectins are carbohydrate-binding protcins thar aggluri-
nate cells or precipitate glycoconjugates; a number of
lectins are themselves glycoproteins, Immunoglobulins
thar react with sugars are not considered lectins. Lectins
contain at least two sugar-binding sites: proteins with a
single sugar-binding site will not agglutinate cells or
precipitate glycoconjugates, The specificity of a lectin is
usually defined by the sugars thar are best ar inhibiting
its ability o causc agglutinarion or precipitanon, En-
zymes, toxing, and transport proteins can be classified
as lectins if they bind carbohydrate. Lectins were first
discovered in plants and microbes, but many lectins of
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animal origin are now known. The mammalian asialo-
glycoprotein recepror described above is an importane
example of an animal lectin. Some important lecting are
listed in Table 47-6. Much current research is centered
on the roles of various animal lecting {eg, the selecting)
in cell-cell interactions thar occur in pathologic condi-
tions such as inflammation and cancer metastasis (see
below),

Numerous lecting have been purified and are com-
mercially available; three plant lectins thar have been
widely used experimentally are listed in Table 47-7
Among many uses, lectins have been employed o pu-
rify specific glycoproreins, as rools for probing the gly-
coprotein profiles of cell surfaces, and as reagens for
generating mutant cells deficient in certain enzymes in-
volved in the biosynthesis of oligosaccharide chains.

THERE ARE THREE MAJOR CLASSES
OF GLYCOPROTEINS

Based on the nature of the linkage between their poly-
peptide chains and their oligosaccharide chains, glyco-
proteins can be divided into three major classes (Figure
47-1): (1) those containing an O-glycosidic linkage (ie,

Table 47-6. Some important lectins.

Lectins

Examples or Comments

Legume lecting | Concanavalin &, pea lectin

o - ———

Wheat germ | Widely used in studies of surfaces of nor-
agglutinin i mal cells and cancer cells
Ricin | Cytatoxic glycoprotein derived from seeds
| of the castor plant
Bacterial toxins | Heat-labile enterotoxin of £ coli and
| cholera toxin

e g o

Influenza virus | Responsible for host-cell attachment and
hemagglutinin | membrane fusion

C-typelecting | Characterized by a Ca''-dependent carbo-
| hydrate recognition domain {CRO); in-
i cludes the mammalian asialoglycoprotein
- receptor, the selecting, and the mannose-
i blndlng protein

I

5-type |ectins | f-Galactoside-binding animal lectins with
rales in cell-cell and cell-matrix interac-
| tions

P e s S e e e i

P-type lectins | Mannose 6-F receptor

e ___.|,_ L

I-type lecting ' Members of the immunoglobulin super-
! - fami ly, &g, sialoadhesin mediating adhe-
| sian of macrophages to various cells

O-linked), involving the hydroxyl side chain of serine
or threonine and a sugar such as Meacerylgalacrosamine
{GalNAc-Ser[The]); (2) those containing an N-glyco-
sidic linkage (ie, N-linked), involving the amide nitro-
gen of asparagine and N-acerylglucosamine (GleNAc-
Asn); and (3) those linked to the carboxyl rerminal
amino acid of a protein via a phosphoryl-ethanolamine
moiery joined to an oligosaccharide (glycan), which in
turn is linked via glucosamine to phospharidylinosirol
(PI). This laceer class is referred to as glycosylphos-
phatidylinesitol-anchored (GPl-anchored, or GPI-
linked) glycopraoteins. Other minor classes of glycopro-
teins also exist,

The number of oligosaccharide chains arrached
one protein can vary from one w 30 or more, with the
sugar chains ranging from one or two residues in
length o much larger strucrures. Many proteins con-
tain more than one type of linkage: for instance. gly-
cophorin, an important red cell membrane glycopro-
tein {Chaprer 51), contains both O- and N-linked
oligosaccharides.

GLYCOPROTEINS CONTAIN SEVERAL
TYPES OF O-GLYCOSIDIC LINKAGES

At least four subclasses of O-glycosidic linkages are
found in human glycoproteins: (1) The GalNAe-
Ser{Thr) linkage shown in Figure 47-1 is the predomi-
nant linkage. Two typical oligosaccharide chains found
in members of this subclass are shown in Figure 47-2.
Usually a Gal or a Newhc residue is artached to the
GalMAc, but many variations in the sugar compositions
and lengths of such oligosaccharide chains are found.
This type of linkage is found in mucins (sec below).
{2) Proteoglycans contain a Gal-Gal-Xyl-Ser trisac-
charide (the so-called link rrisaccharide). (3) Collagens
contain a Gal-hydroxylysine (Hyl) linkage. (Subclasses
[2] and [3] are discussed furcher in Chapur 48.)
{4) Many nuclear proteins {eg, certin transcription
factors) and cytosolic proteins conrain side chains con-
sisting of a single GleNAc arrached to a serine or threo-
nine residue (GleNAc-Ser[Thr]).

Table 47-7. Three plant lectins and the sugars
with which they interact.’

Lectin Abbreviation | Sugars
Cancanavalin & Cond | Man and Gle
Saybean lectin | Gal and GalNAc

Wheat germ agglutinin | WGA

jGIc and Meuhc

'In mast cases, lecting show specificity for the anomenc nature of
thie glycosidic linkage o or [3; this is not indicated in the table.
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Figure 47-1. Depictions of [A) an O-linkage (N-acetylgalactosamine to serine); (B} an N-linkage (N-acetylglu-
cosamine to asparaging) and (C) a glycosylphosphatidylinosital (GPI) linkage, The GFI structure shown is that
linking acetylcholinesterase to the plasma membrane of the human red blood cell. The carboxyl terminal aming
acid is glycine joined in amide linkage via its COOH group to the NH; group of phosphorylethanelamine, which
in turn is joined to a mannose residue, The core glycan contains three mannose and one glucosamine residues.
The glucosamine is linked to Inositol, which is attached to phosphatidic acid, The site of action of Pl-phospholl-
pase C (PI-PLC) is indicated. The structure of the core glycan is shown in the text. This particular GPl contains an
extra fatty acid attached to inositol and also an extra phosphorylethanolamine moiety attached to the middle of
the three mannose residues, Variations found among different GPI structures include the identity of the carboxyl
terminal amine acid, the molecules attached to the mannose residues, and the precise nature of the lipid moiety.
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Newhs 2 o GalMAC ——- SerTHr}
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tu 23 TuE.E
MNeuhs Heuhe

Figure 47-2. Structures of two O-linked oligosac-
charides found in (A) submaxillary mucins and (B) fe-
tuin and in the sialoglycoprotein of the membrane of
human red blood cells, (Modified and reproduced, with
permission, from Lennarz W) The Biochemistry of Glyco-
proteins and Proteoglycans. Flenum Fress, 1980

Mucins Have a High Content of O-Linked
Oligosaccharides & Exhibit Repeating
Amino Acid Sequences

Mucins are glycoproteins with ewo major characteris-
tics: (1) a high content of O-linked oligosaccharides
{the carhohydrate content of mucins is generally more
than 30%): and (2} the presence of repeating amino
acid sequences (tandem repeats) in the ceneer of their
polypeptide backbones, o which the O-glycan chains
arc attached in clusters (Figure 47-3). These sequences
are rich in serine, threonine, and proline. Although O-
glycans predominate, mucins often conain a number
af N—E]}’E.:II‘I chains. Both secretory and membrane-
bound mucins occur, The former are found in the
mucus present in the secretions of the gastrointestinal,
respiratory, and reproduceive traces. Mucus consises of
abour 94% warer and 5% mucins, with the remainder
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Figure 47-3. Schematic diagram of a mucin. O-gly-
can chains are shown attached to the central region of
the extended polypeptide chain and N-glycan chains to
the carboxyl terminal region. The narrow rectangles
represent a series of tandem repeat amino acid se-
quences. Many mucins contain cysteine residues whose
5H groups form interchain linkages; these are not
shown in the figure, (Adapted from Strous GJ, Dekker |
Mucin-type glycoproteins, Crit Rev Biochem Mal Bicl
19922757

being a mixture of various cell molecules, electrolytes,
and remnants of cells. Secretory mucins generally have
an oligomeric structure and thus often have a very h:bh
molecular mass, The oligomers are Lt:lll:pusa:d of
monomers linked by disulfide bonds. Mucus exhibirs a
high viscosity and often forms a gel. These qualities are

functions of its content of mucins. The high content of

O-glyeans confers an extended structure on mucing,
This is in part explained by sterie interactions berween
their GalNAc moleties and adjacent amino acids, re-
sulting in a chain-stiffening effece so thar the conforma-
tions of mucins often become those of rigid rods. Inter-
molecular noncovalent interactions berween  various
sugars on m._?hhurmb glyean chains coneribute 1o gel
formation, T h:gh content of NeuAce and sulfare
residues found in many mucing confers a negative
charge on them. With regard to function, mucins help
lubricate and form a protective physical barrier on
epithelial surfaces. Membrane-bound mucins partici-
pate in various cell-cell interactions (cg, involving se-
lecting see below). The density of oligosaccharide
chains makes it difficult for proteases o approach their
polypeptide backbones, so that mucins are often resis-
tant to their action. Mucins also tend o "mask” certain
surface antigens. Many cancer cells form excessive
amounts of mucing; perhaps the mueins may mask cer-
tain surface a.nl'lgcns on such cells and thus protect the
cells From immune surveillance, Mucing also carry can-
cer-specific peptide and carbohydrate epitopes (an epi-
tope is a site on an antigen recognized by an antibody,
also called an unlischic dl_'l.l..'rtni:n;m.l]. Some ol these

epitopes have been used o stimulare an immune re-
sponse against cancer cells,

The genes encoding the polypeptide backbones of a
number of mucins derived from various rissues (eg,
pancreas, small intestine, trachea and bronchi, stomach,
and salivary glands) have been cloned and sequenced.
These studies have revealed new information about the
polypeptide backbones of mucins (size of tandem re-
peats, potential sites of N-glycosylation, etc) and ulti-
mately should reveal aspects of their genetic control.
Some important properties of mucins are summarized
in Table 47-8.

The Biosynthesis of O-Linked
Glycoproteins Uses Nucleotide Sugars

The polypeptide chains of O-linked and other glyco-
proteins are encoded by mRNA species; because most
gl}'c::pml.::irls are membrane-bound or secreted, l]'n:].-'
are generally translated on membrane-bound polyribo-
SOIMEs {Chaptrr 38). Hundreds of different ul'lguﬁaﬁ.‘lu-
ride chains of the O-glycosidic type exist. These glyco-
proteins are built up by the stepwise donation of
from nucleotide sugars, such as UDP-GalNAc,
UDTP-Gal, and CMP-NeuAc. The enzymes catalyzing
this type of reaction are membrane-bound glycopro-
tein glycosyltransferases, Generally, synthesis of one
specilic type of linkage requires the activity of a corre-
spondingly specific transferase, The factors thar deter-
mine which specilic serine and threonine residues are
lycosylated have not been identified but are probably
tound in the pepude structure surrounding the glycosy-
lation site. The enzymes assembling O-linked chains are
located in the Golg apparatus, .srr_]u:nualh J]’l‘:tl'lgt‘d in
an assembly line with terminal reactions occurning in
the rrans-Golgl compartments.
The major features of the biosynthesis of O-linked
glycoproteins are summarized in Table 47-9,

Table 47-8. Some properties of mucins.

Found in secretions of the gastrointestingl, respiratory,
and reproductive tracts and also in membranes of various
cells,

Exhibit high content of O-glycan chains, usually containing
Meuhc.

Contain repeating amino acid seguences rich in sering, thre-
amning, and proline.

» Extended structure contributes to their high wisco-
elasticity,

Form protective physical barrier on epithelial surfaces, are
involved in cell-cell interactions, and may contain or mask
certain surface antigens.




Table 47-9. Summary of main features
of O-glycosylation.

Invalves a battery of membrane-bound glycopratein alyco-
syltransferases acting in a stepwise manner; each trans-
ferase is generally specific for a particular type of linkage.
The enzymes involved are located in various subcompart-
meenits of the Golgi apparatus.

- Each glycosylation reaction invalves the appropriate
nucleatide-sugar,

* Delichol-P-P-ocligosaccharide is not involved, nor are gly-
cosidases; and the reactions are not inhibited by tuni-
camycin,

+ O-Glycosylation occurs posttranslationally at certain Ser and

Thr residues.

N-LINKED GLYCOPROTEINS CONTAIN
AN Asn-GlcNAc LINKAGE

N-Linked glycoproteins are distinguished by the pres-
ence of the Asn-GlcMAc linkage (Figure 47-1). It is the
major class of glycoproteins and has been much stud-
ied, since the most readily accessible glycoproteins (eg,
plasma proteins) mainly belong o this group. It in-
cludes both membrane-bound and circulating glyco-
proteins. The principal difference beoween this and the
previous class, apart from the narure of the amino acid
to which the oligosaccharide chain is atrached (Asn ver-
sus Ser or Thr), concerns their biosynchesis.

Complex, Hybrid, & High-Mannose
Are the Three Major Classes
of N-Linked Oligosaccharides

There are three major classes of N-linked oligosaccha-
rides: complex, hybrid, and high-mannose (Figure
47—4). Each type shares a common pentasaccharide,
Man;GleNAc;,—shown within the boxed area in Figure
47—4 and depiceed also in Figure 47-5—bur they differ
in their outer branches. The presence of the common
pentasaccharide 15 explained by the fact thar all three
classes share an initial common mechanism of biosyn-
thesis. Glycoproteins of the complex type generally
contain terminal NeuAc residues and underlving Gal
and GleMNAc residues, the latter often constituting the
disaccharide M-acetyllactosamine. Repeating N-acetyl-
lactosamine units—[Gal[i1-3/4GleNAcf1-3], (poly-
M-aceryllacrosaminoglycans}—are often found on N-
linked glycan chains. 1fi blood group substances belong
to this class, The majority of complex-type oligosaccha-
rides conrain two, three, or four outer branches (Figure
47—4), but structures conraining five branches have also
been described, The oligosaccharide branches are often
referred to as antennae, so that bi-, -, tetra-, and
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penca-antennary scructures may all be found. A bewil-
dering number of chains of the complex type exist, and
that indicated in Figure 47-4 is only one of many.

Other complex chains may terminate in Gal or Fuc.

High-mannose oligosaccharides rypically have two o
six additonal Man residucs linked to the pentasaccha-
ride core. Hybrid molecules contain features of both of
the two other classes.

The Biosynthesis of N-Linked
Glycoproteins Involves
Dolichol-P-P-Oligosaccharide

Leloir and his colleagues described the occurrence of
a dolichol-pyrophosphate-oligosaccharide (Dol-P-P-
oligosaccharide}, which subsequent rescarch showed
to play a key role in the biosynthesis of N-linked glyco-
proteins. The oligosaccharide chain of this compound
generally has the structure R-GleMNAcMan,Gle; (R
Dol-P-P). The sugars of this compound are first assem-
bled on the Dol-P-I* backbone, and the oligosaccharide
chain is then cransferred en bloc to suitable Asn resi-
dues of acceptor apoglycoproteins during their synthe-
sis on membrane-bound polyvribosomes. All N-glycans
have a common pentasaccharide core structure (Fig-
ure 47-5).

To form high-mannose chains, only the Glc
residues plus certain of the peripheral Man residues are
removed. To form an oligosaccharide chain of the com-
plex type, the Glc residues and four of the Man
residues are removed by glycosidases in the endoplas-
mic reticulum and Golgl. The sugars characrerisric of
complex chains (GleNAc, Gal, NMewAc) are added by
the action of individual glycosylransferases located in
the Golgi apparatus. The phenomenon whereby the
glycan -:%uains of N-linked glycoproteins are first par-
tially degraded and then in some cases rebuile is referred
to as oligosaccharide processing. Hybrid chains are
formed by partial processing, forming complex chains
on one arm and Man strucrures on the other arm.

Thus, the initial steps involved in the biosynchesis of
the N-linked glycoproteins differ markedly from those
involved in the biosynthesis of the O-linked glycopro-
teins, The former involves Dol-P-P-oligosaccharide; the
laceer, as described earlier, does nor,

The process of N-glycosylation can be broken down
into two stages: (1) assembly of Dol-P-P-oligosaccha-
ride and rransfer of the oligosaccharide; and (2) pro-
cessing of the oligosaccharide chain,

A. AssEmBLY 8 TRANSFER OF
DoLicHoL-P-P-OLIGOSACCHARIDE
Polyisoprenol compounds exist in both bactesia and

cukaryotic cells. They participate in the synthesis of
bacterial polysaccharides and in the biosynchesis of N-
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Structures of the major types of asparagine-linked oligosaccharides. The boxed area en-

closes the pentasaccharide core common to all N-linked glycoproteins. (Reproduced, with permissicn,
from Komfeld R, Komfeld 5 Azssembly of asparagine-linked oligosaccharides. Annu Rev Biocham

198554:631)

linked glycoprotcins and GPI anchors. The polyiso-
prenol used in cukarvoric tissues is dolichel, which is,
next to rubber, the longest nawrally occurring hydro-
carbon made up of a single repeating unit, Dolichol is
composed of 17-20 repeating isoprenoid units (Figure
47-6).

Before it participates in the biosynthesis of Dol-P-I-
oligosacchanide, dolichol must first be phosphorvlated
to form dolichol phosphate (Dal-P) in a reaction cac-
alyzed by dolichol kinase and using ATP as the phos-
phate donor.

Dolichol-P-P-GleNAc (Dol-P-P-GleMNAc) s the
key lipid thar aces as an accepror for other sugars in the
assembly of Dol-P-P-oligosaccharide, Tt is synthesized

i
o Endaog y-:ln:nelua.se F
I i
an ik Glehlac ﬂl" Glehlac i Y Asn
Ma-‘f':";-a JI |

Endoglycosidase H

Figure 47-5. Schematic diagram of the pentasac-
charide core common to all N-linked glycoproteins and
to which various outer chains of oligosaccharides may
be attached. The sites of action of endoglycosidases F
and H are also indicated.

in the membranes of the endoplasmic reticulum from
Dol-I' and UDP-GlcNAc in the following reaction,
catalyzed by GleNAc-P transferase:

Dol-P+UDP- GleMAc — Dol-P-P - GleNAC+ UMP

The above reaction—which 15 the first step in the as-
.‘ul:mb[}' Uf [jﬂ‘l—]'-lh'ﬂligﬂﬁaﬂhafl{{ﬂ—und rhﬂ." thfl.' la“:'f
reactions are summarnized in Figure 47-7. The essental
festures of the subsequent steps in the assembly of Daol-
P-P-oligosacchande are as follows:

(1} A sccond GleMAc residue 15 added w the first,
again using UDP-GleNAc as the donor,

{2) Five Man residues are added, using GDP-man-
nose as the donor.

(3} Four addicional Man residues are next added.
wsing Dol-P-Man as the donor, Dol-P-Man is
formed by the following reaction:

Dol-P + GDP - Man = Dol -P - Man + GDP

{4) F'm;l]]}'. the three P:r'lphtrnl glucus: residues are
donated by Dol-P-Gle, which is formed in a reac-
von analogous to that just presented excepr that

Dal-IP* and UDP-Gle are che substrapes.
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Figure 47-6. The structure of dolichol, i - i
The phosphate in dolichol phosphate is at- | ? |7
tached to the primary alcohol group atthe  HO—CH;—CHy;—C—CH, T+ CH;—CH=C—CH, T CH, —CH=C—CH,
left-hand end of the molecule, The group !]3H
3

within the brackets is an iseprene unit {n =
17-20 isoprenoid units).

It should be noted that the first seven sugars [two
GleNAc and five Man residues) are donated by nu-
cleotide sugars, whereas the last seven sugars (four Man
and three Gl residues) added are donated by dolichol-
P-sugats. The net result is assembly of the compound
illuserared in Figure 47-8 and referred to in shorthand
as Dol-P-P-GleNAc, Man, Gle,.

The oligosaccharide linked to dolichol-P-P is trans-
ferred en bloc to form an N-glycosidic bond with one
af mote SFE{LHE Asn residues of an acceptor protein
emerging [rom the luminal surface of the membrane of
the endoplasmic reticulum, The reaction is caalyzed by
oligosaccharide:protein  transferase, 4 membrane-
associated enzyme complex. The transferase will recog-
nize and transfer any substrate with the general strue-
wre Dol-P-P-(GleNAc)-R, but it has a swong

UDP-GlchAc

Duh-P b

f*---- Tunlcamycin
UMP

GlecMAg—P—P—Dol
UDP-GlchAc ‘\""‘-.

»

UDP

GleMAc — GlcNAc — P — P —Dol

GOPM |
e

GDP

M = GlcMAL == GlcNAL == P == F ==Dol

T Ty g

{GDP-M), (GDPY, M—hi—=M

"Ry
-

i

preference for the Daol-P-P-GleMNAc,;Man,Gle, struc-
ture. Glycosylation oceurs an the Asn residue of an Asn-
X-Ser/Thr wipeptide sequence, where X is any amino
acid except proline, aspartic acid, or glutamic acid. A
tripeptide site contained within & [} rurn is favored.
Only about one-third of the Asn residues that are po-
tential accepror sites are actually glycosylated, suggest-
ing that factors other than the wipeptide are also im-
portant. The accepror proteins are of both the secretary
and integral membrane class. Cyrosolic proteins are
rarely glycosylated. The wvansfer reaction and subse-
quent processes in the glycosylation of N-linked glyco-
proteins, along with their subcellular locations, are de-
picted in Figure 47-9. The other product of the
oligosaccharide:protein transferase reaction is dolichol-
P-P, which is suﬂs&queml}r converted to dolichol-P by a

”—H‘-“‘_

M
M—~
M— (GleNAc), — P — P — Dol

G=G=—G—M=—M=—M

P —Dol

M —P = Dol and G—P— Dol

M) —(GichAg), —F —F — Dol

P —Dal

M=—pP — Dol
b — (GieNAg), — P —F — Dol

Figure 47-7. Pathway of biosynthesis of dolichol-P-P-oligosaccharide. The specific linkages formed are indi-
cated in Figure 47-8. Note that the first five internal mannose residues are donated by GDP-mannose, whereas
the mare external mannose residues and the glucase residues are donated by dolichol-P-mannose and dolichaol-
P-glucose. (UDP, uridine diphosphate; Del, dolichal; P, phosphate; UMP, uridine monophosphate; GDP, guanosine

diphosphate; M, mannose; G, glucose.)



524 | CHAPTER 47

1.2
Man L, Man

YI,E
Man
i &
o /:1,3 \
an ———= Man

M

il 2 @l 3 al, 3 al 2 il 2
Glg —— Glg — Gt ——

Figure 47-8.

Manwﬂ'th- EII-::N.A::-m—'#h- aicMac 2 P — P — Dotichal

s

Man ——= ban ——= Wan

Structure of dolichol-P-P-gligosaccharnide, (Reproduced, with permission, from Lennarz W

The Binchemistey of Glycoproreins and Proteoglycans, Flenum Press, 1980)

phosphatase. The dolichal-P can serve again as an ac-
cepror for the synthesis of another molecule of Dol-P-
P-oligosaccharide.

B. ProcessiNG OF THE OLicosaccHARIDE CHAIN

1. Early phase—The various reactions involved are in-
dicated in Figure 47-9. The oligosacchanide:protcin
transferase catalyzes reaction | (see above). Reactions 2
and 3 involve the removal of the terminal Gle residue
by glucosidase [ and of the nexe two Gle residues by
glucosidase 1l, respectively, In the case of high-
mannose glycoproteins, the process may stop here, or
up o four Man residucs may also be removed, How-
cver, to form complex chains, additional steps are nec-
cssary, as follows, Four external Man residues arc re-
moved in reactions 4 and 5 by ar least owo different
mannosidases. In reaction 6, a GleMAc residue is added
to the Man residuc of the Mano1-3 arm by GlcMNAc
transferase 1. The action of this latter cnzyme permics
the occurrence of reaction 7, a reaction catalyzed by yet
another mannosidase (Golgi o-mannosidase 11} and
which results in a reduction of the Man residues 1o the
core number of three (Figure 47-5).

An important addicional pathway is indicated in re-
actions | and 11 of Figure 47-9. This involves enzymes
destined for lysosomes, Such enzymes are targeted o
the lysosomes by a specific chemical marker. In reaction
1, a residue of GleMAc-1-1" is added 1o carbon 6 of one
or more specific Man residues of these enzymes. The
reaction is catalyzed by a GlcNAc phosphotransferase,
which uses UDP-GlcMNAc as the donor and generates
LIMP as the other product:

GkNA:
PHOSPHO-
TRANGFERASE

UDP-GlcMAC + Man — Protaan
GichAc-1-P-6-Man — Protein + UMP

TIn reaction 11, the GleNAc is removed by the action of
a phosphodiesternse, leaving the Man residues phos-
thr:,']:trl:d i.n t|'|1: 0 pmi:tinn:

PHOSPHO-
MESTERASE

GleNAL-1-P-6-Man = PROleN  s—
P-E-Man = Protein + GlcNAC

Man 6-I receprors, locared in the Golgt apparatus,
bind the Man 6-I' residue of these enzymes and direce
them to the lysosomes. Fibroblasts from patients with
I-cell disease (see below) are severely deficient in the
activity of the GlcNAc phosphotransferase,

2. Late phase—To assemble a rypical complex
oligosacchande chain, additional sugars must be added
to rh: structure f{:rrncd in rl:uctinn ri H::m:::. in reac-
tion B, a second GleNAc is added o the peripheral
Man residue of the other arm of the bi-antennary struc-
ture shown in Figure 47-9; the enzyme catalvzing chis
step is GleNAe transferase 11, Reactions 9, 10, and 11
involve the addition of Fuc, Gal, and NevAc residues at
the sites indicated, in reactions catalyzed by fucosyl,
galactosyl, and sialyl transferases, respectively. The as-
sembly of poly-A-acetyllactosamine chains requires ad-
dirional GleMNAC transferases,

The Endoplasmic Reticulum
& Golgi Apparatus Are the
Major Sites of Glycosylation

As indicated in Figure 47-9, the endoplasmic reticulum
and the Golgi apparatus are the major sites involved in
glycosylation processes. The assembly of Dol-P-P-
oligosaccharide occurs on both the cyroplasmic and lu-
minal surfaces of the ER membranes. Addirion of the
aligosaccharide to protein occurs in the rough endo-
plasmic reticulum during or after translation. Removal
of the Glc and some of [EE' peripheral Man residues also
occurs in the endoplasmic rericulum. The Golgi appa-
ratus is composed of cis, medial, and reans cisternae;
these can be separated by appropriate cenrrifugarion

rocedures. Vesicles containing glycoproteins appear to
Eud off in the endoplasmic reticulum and are trans-
ported to the cis Golgi. Various srudies have shown
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Figure 47-9. Schematic pathway of oligesaccharide processing. The reactions are cat-
alyzed by the following enzymes: (1 6] oligosaccharide:protein transferase; &} - glucosidase |;
(%} w-glucosidase |I; &) endoplasmic reticulum we1,2-mannosidase; (I N-acetylglu-
cosaminylphosphotransferase; ) N-acetylglucosamine-1-phosphodiester c-N-acetylglu-
cosaminidase: &) Golgi apparatus a-mannosidase |; &) M-acetylglucosaminyltransferase |;
(7} Golgi apparatus w-mannosidase II; &) N-acetylglucosaminyltransferase Il @} fucosyltrans-
ferase; 10, galactosyltransferase; 11, sialyltransferase, The thick arrows indicate various nu-
cleotide sugars involved in the oveall scheme. (Solid square, N-acetylglucosamine; open cir-
cle, mannose; solid triangle, glucose; open triangle, fucose; solid circle, galactose; solid
diarmond, sialic acid,} (Regroduced, with permission, from Kormfeld R, Kornfeld 5 Assembly of
asparagine-linked cligosaccharides. Annu Rey Biochermn 198554631

that the enzymes involved in glycoprotein processing
show differental locations in the cisternae of the Golgi.
As indicared in Figure 47-9, Golgi o-mannosidase |
{catalyzing reaction 5) is located mainly in the cis
Golgl, whereas GleMNAc transferase | (catalyzing reac-
tion 6) appears to be located in the medial Golgi, and

the fucosyl, galactosyl, and sialyl transferases (caralyzing
reactions 9, 10, and 11) are located mainky in the trans
Golgi. The major features of the biosynthesis of N-
linked glycoproteins are summarized in Table 47-10
and should be contrasted with those previously listed

{Table 47-9) for O-linked glycoproreins.
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Table 47-10. Summary of main features of
M-glycosylation,

+ The aligosaccharide Glo,Man,iGleMAc); is transferred from
dolichal-P-P-oligosaccharide in a reaction catalyzed by
oligasaccharide:protein transferase, which is inhibited by
tunicamycin,

« Transfer occurs to specific Asn residues in the sequence
Asn-X-5erThr, where X is any residue except Pro, Asp, or
Glu,

« Transfer can occur cotranslationally in the endoplasmic

reticulum.

The protein-bownd aligosaccharide is then partially

processed by glucosidases and mannosidases; if no addi-

tional sugars are added, this results in a high-mannose
chain,

+ If processing occurs down to the core heptasaccharide
(Mans[GleMAc],), complex chains are synthesized by the ad-
dition of GlcMAc, removal of two Man, and the stepwise ad-
dition of individual sugars in reactions catalyzed by specific
transferases (eq, GleNAe, Gal, MeuAe transferases) that em-
ploy appropriate nucleotide sugars,

Some Glycan Intermediates
Formed During N-Glycosylation
Have Specific Functions

The following are a number of specific functions of N-
glycan chains that have been established or are under
investigation. (1) The involvement of the mannose 6-P
signal in rargeting of cerrain lysosomal enzymes is clear
{sec above and discussion of 1-cell disease, below). (2) Le
is likely that the large N-glycan chains present on newly
synthesived glycoproteins may assist in keeping these
proteins in a soluble state inside the lumen of the endo-
plasmic reticulum. {3} One species of M-glycan chains
has been shown w play a role in the folding and recen-
tion of certain glycoproteins in the lumen of the endo-
plasmic reticulum. Calnexin is a protein present in the
endoplasmic reticulum membrane that acts as a “chap-
crone” (Chaprer 46). It has been found thar calnexin
will bind specifically to a number of glycoproteins (eg,
the influenza virus hemagglutinin [HA]) thar possess the
monoglycosylated core structure. This species is the
product of reaction 2 shown in Figure 47-9 bur from
which the terminal glucose residue has been removed,
leaving only the innermost glucose arached. The re-
lease of fully folded HA from calnexin requires the en-
gymatic removal of chis last glucosyl residue by o-glu-
cosidase 11, In this way, calnexin retains certain pardy
folded (or misfolded) glycoproteins and releases them
when proper folding has occurred: it is thus an impor-
tant component of the quality control systems operart-

ing in the lumen of the ER, The soluble prowin cal-
reticulin appears to play a similar function.

Several Factors Regulate the Glycosylation
of Glycoproteins

It is evident that El}"t‘uﬁ}"i:ﬂiul‘l al g]}-cupn:l:ihh‘ is a
complex process involving a large number of enzymes.
One index of its complexity is that more than ten dis-
tinct GleMNAe transferases involved in glycoprotein
biosynthesis have been re orted, and m:!h].r others are
theoretically possible. Multiple species of the other gly-
cosyltransferases (e, sialyliransferases) also exist. Con-
trolling factors of the first stage of N-linked glycopro-
tein biosynthesis (ie, olignsaccharide assembly and
transfer) include (1) the presence of suitable accepror
sites in proteins, (2) the rissue level of Dol-P, and (3) the
activity of the oligosaccharide:protein transferase.

Some factors known ta be invalved in the rt'gulali::n
of oligosaccharide processing are listed in Table
47-11. Two of the pu'le; listed ment further com-
ment. First, species variations among processing en-
zymes have assumed importance in relation o produc-
tion of glyeoproteins ol therapeutic use by means of
recombinant DNA technology. For instance, recombi-
nant erythrapoietin {epoetin alfa; EPOY is sometimes
administered to patients with certain types of chronic
anemia in order to stimulate erythropoiesis. The half-
life of EPCY in plasma is influenced by the nature of its
glycosylation pactern, with certain patterns being asso-
ciated with a short half-life, appreciably limiting its pe-
ried of therapeutic effectiveness, T is thus important to
harvest EPO from host cells that confer a pattern of
glycosylation consistent with a2 normal hal-life in
plasma, Second, there is great interest in analysis of the
activities of glycoprotein-processing enzymes in various
types ol cancer cells. These cells have often been found
to synthesize different olignsaccharide chains (e, they
often exhibit greater lamm:hing_}l from those made in
contral cells. Tghi.-i could be due to cancer cells contain-
in% different patterns of glycosyliransferases from those
exhibited by corresponding normal cells, due to speci-
fic gene activation or repression. The differences in
[Jligmact‘harldr chains could affect adhesive interactions
between cancer cells and their normal parent tissue
cells, L'l:mln'hutllng to metastasis. [ a correlation could
be found berween the activity of particular processing
enzymes and the metastatic properties of cancer cells,
this could be important as it might permit synthesis of
drI.Jgs to inhibit these enEymes and, wctml:hri]}'. metas-
tasis,

The genes encoding many glycosyliransferases have
already been cloned, and others are under soudy.
Elunihg has revealed new infarmation on both anr.t"ln
and gene structures. The lateer should also cast light on



Table 47-11. Some factors affecting the activities
of glycoprotein processing enzymes,

Factor i Comment

Cell type | Different cell types contain different pro-
| files of processing enzymes.

Previous enzyme | Certain glycosyltransferases will only act
Lonan oligosaccharide chain if it has al-
ready been acted upon by another pro-
cessing enzyme.'

The cellular profile of processing enzymes
may change during development if their
genes are turned on or off,

Intracellular For instance, if an enzyme is destined for

location insertion inte the membrane of the ER
(eg, HMG-CoA reductase), it may never
encounter Golg-located processing
anzymes,

Differences in conformation of diffarent
proteins may facilitate or hinder access of
| processing enzymes to identical oligosac-
| charide chains.

! Same cells (eg, fibroblasts) from different
| species may exhibit different patterns of
| processing enzymes,

Cancer Cancer cells may exhibit processing en-
mymes different from those of correspond-
ing normal cells,

Protein
confarmation

Species

'For example, prior action of GIcNAC transferase | is necessary for
the action of Galgi «-mannosidase I,

the mechanisms involved in cheir transcriprional con-
trol, and gene knockeur studies are being used o evalu-
ate the biologic importance of various glycosylrrans-
fterases.

Tunicamycin Inhibits
N- but Not O-Glycosylation

A number of compounds are known to inhibic various
reactions involved in glycoprotein processing. Tuni-
camycin, deoxynojirimycin, and swainsonine are
three such agents. The reactions they inhibit are indi-
cated in Table 47-12. These agents can be used :xp:r'i-
mentally to inhibic various stages of glycoprotein
biosynthesis and to study the effects of specific alter-
ations upon the process. For instance, if cells are grown
in the presence of wnicamycin, no glycosvlation of
their normally N-linked glycoproteins will accur, In
certain cases, lack of glycosylation has been shown o
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Table 47-12. Three inhibitors of enzymes
involved in the glycosylation of glycoproteins and
their sites of action.

Inhibitor Site of Action

Tunicamycin Inhibits GlcMAc-P transferase, the enzyme
catalyzing addition of GleMAc to dolichal-
P, the first step in the biosynthesis of
oligosaccharide-P-P-dolichol

Deoxynejinmycin | Inhibitor of glucesidases | and Il

Swainsoning Inhibitor of mannosidase |l

increase the susceptibility of these proteins to protealy-
sis. Inhibition of glycosylation does not appear to have
a consistent effect upon the secretion of glycoproteins
thar are normally secreted. The inhibitors of glycopro-
tein processing listed in Table 47-12 do not affect the
biosynthesis of O-linked glycoproteins, The extension
of O-linked chains can be prevented by GalNAc-
benzyl. This compound competes with natural glyco-
protein substrates and thus prevents chain growth be-
vond GalNAc,

SOME PROTEINS ARE ANCHORED
TO THE PLASMA MEMBRANE

BY GLYCOSYLPHOSPHATIDYL-
INOSITOL STRUCTURES

Glycosylphosphatidylinositol  (GPL)-linked  glycopro-
teins comprise the third major class of glycoprotein.
The GPI seructure (sometimes called a "sticky foot™)
involved in linkage ol the enzyme acerylcholinesterase
{ACh esterase) to the plasma membrane of the red
blood cell is shown in Figure 47-1. GPLlinked pro-
teins are anchored to the outer leafler of the plasma
membrane by the fany acids of phosphatidylinosicol
{P1). The PI is linked via a GleNH, moiety to a glyean
chain that contains various sugars (eg, Man, GleNH,).
In turn, the olignsaccharide chain is linked via phos-
phorylethanolamine in an amide linkage tw the car-
boxyl terminal amine acid of the avached protein. The
core of most GPL structures contains one molecule of
phosphorylethanolamine, three Man residues, one mol-
ceule of GleNH,, and one molecule of phosphatidyl-
inositol, as follows:

Ethanclamine - phospho — 6Mancl —
2Mano] = 6Manal = GleNeel =
6 — mya - inositol - 1- phospholipid
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Addirional constituents are found in many GPI struc-
tures; for example, that shown in Figure 47-1 conains
an extra phmpﬁar}*lccha.nolaminn attached to the mid-
dle of the three Man moieties of the glycan and an extra
farry acid awached w GleNH,. The funcrional signifi-
cance of these variations among structures is not under-
stood. This tvpe of linkage was first detected by the use
of bacterial Pl-specific phospholipase C (PI-PLC),
which was found to release cerrain proteins from the
plasma membrane of cells by splitting the bond indi-
cated in Figure 47-1. Examples of some proteins thar
are anchored by this type of linkage are given in Table
47-13. Ar least three possible funcrions of this type of
linkage have been suggested: (1) The GPI anchor may
allow greatly enhanced mobility of a protein in the
plasma membrane compared with thar observed for a
protein thar conrains ransmembrane sn:cLuunccs. This is
pethaps not surprising, as the GP1 anchor is atrached
only to the outer leatlet of che lipid bilayer, so thar it is
freer to diffuse than a protein anchored via both leafles
of the bilayer. Incrcasccfnmbi]jr}f may be important in fa-
cilitating rapid responses to appropriate stimuli. (2) Some
GPL anchors may connect with signal transduction
pathways, (3) It has been shown that GPI strucrures can
targer cerrain proteins to apical domains of the plasma
membrane of certain epithelial cells. The biosynthesis of
5P1 anchors is complex and begins in the endoplasmic
reticulum. The GPI anchor is assembled independently
by a series of enzyme-caralyzed reacrions and Ecn rrans-
ferred to the carboxyl terminal end of its accepror pro-
tein, accompanied by cleavage of the preexisting car-
bosyl rerminal hydrophobic pepride from thar procein.
This process is sometimes called glypiation. An ac-
quired defect in an carly stage of the biosynchesis of the
GPI structure has been implicated in the causation of

paroxysmal nocturnal hemoglobinuria (sce below),

GLYCOPROTEINS ARE INVOLVED
IN MANY BIOLOGIC PROCESSES
& IN MANY DISEASES

As listed in Table 47-1, glycoproteins have many dif-
ferent functions; some have already been addressed in
this chapter and others are described elsewhere in chis

Table 47-13. Some GPI-linked proteins.

« Acetylchalinesterase (red cell membrang)

« Alkaline phosphatase (intestinal, placental)

- Decay-accelerating factor {red cell membrane)

« §-Mucleotidase (T lymphocytes, other cells)

« Thy-1 antigen (brain, T lymphacytes}

- Wariable surface glycoprotein (Trypanosoma bruced)

text (eg, transport molecules, immunologic molecules,
and hormones). Here, their involvement in two specific
processes—fertilizadon  and  inflammation—will be
briefly described. In addition, the bases of a number of
diseases thar are due to abnormalities in the synthesis
and degradation of glycoproteins will be summarized.

Glycoproteins Are Important
in Fertilization

To reach the plasma membrane of an oocyte, a sperm
has to taverse the zona pellucida (ZP), a chick, trans-
parent, noncellular envelope thar surrounds the oocyre.
The zona pellucida conrains three glycoproteins of incer-
est, ZP1-3. OF particular note is ZP3, an O-linked gly-
coprotein that functions as a recepror for the sperm. A
protein on the sperm surface, possibly galacrosyl trans-
terase, interaces specifically with oligosaccharide chains of
ZP3; in at least cermain species (eg, the mouse), this inter-
action, by rransmembrane signaling, induces the acroso-
mal reaction, in which cnzvmes such as proteases and
hyaluronidase and other contents of the acrosome of the
sEcrm are released. Liberation of these enzymes helps
the sperm to pass through the zona pellucida and reach
the plasma membrane (M) of the oocyre. In hamsers,
it has been shown that another glycoprotein, PH-30, is
important in botch the binding of the PM of the sperm o
the PM of the oocyte and also in the subsequent fusion
of the two membranes. These interactions enable the
sperm to enter and thus fertdlize the oocyte. It may be
possible to inhibic fertilizadon by developing drugs or
antibodies thar interfere with the normal functions of
£I3 and PH-30 and which would thus act as contracep-
tive agenes.

Selectins Play Key Roles in Inflammation
& in Lymphocyte Homing

Leukocytes play important roles in many inflammarory
and immunologic phenomena. The first steps in many
of these phenomena are interactions berween circulat-
ing leukocytes and endothelial cells prior o passage of
the former our of the circulation. Work done to iden-
tify specific molecules on the surfaces of the cells in-
volved in such interactions has revealed thar leukocyres
and endothelial cells contain on their surfaces specific
lectins, called selectins, that participate in their inter-
cellular adhesion. Features of the three major classes of
selectins are summarized in Table 47-14. Selectins are
single-chain Ca™*-binding transmembrane proteins that
contain a number of domains (Figure 47-10). Their
amino terminal ends contain the lectin domain, which
is involved in binding o specific carbohydrae ligands,
The adhesion of neurrophils to endothelial cells of
postcapillary venules can be considered to occur in four



GLYCOPROTEINS | 529

Table 47-14. Some molecules involved in leukocyte-endothelial cell interactions.’

Molecule Cell Ligands
Selectins
L-selectin PMM, lymphs CD34, Gly-CAM-1?
Slalyl-Lewis® and athers
P-selectin EC, platelets P-selectin glycoprotein ligand-1 (PSGL-1)
Sialyl-Lewis” and athers
E-selectin ! Sialyl-Lewis® and others
Integrins !
LFA-1 | PMN, lymphs ICAM-1, ICAM-2 [CD11a/CD18)
Mac-1 | PMN ICAM-1 and others (CD11b/CO18)
Immunoglobulin superfamily
ICAM-1 Lymphs, EC LFA-1, Mac-1
ICAM-2 Lymphs, EC LFA-1
PECAM-1 EC, PMN, lymphs Varipus platelets

'Wodified from Albelda 58, Smith OW, Ward PA: Adhesion malecules and inflammatory injury, FASER J 1954;8:504,

Hhese are ligands for lymphacyte L-selecting the ligands for neutrophil L-selectin have not been identified.

Key: PMN, polymarphonuclear leukocytes: EC, endothelial cell; lymphs, lymphocytes; (D, cluster of differentiation; ICAM, intercellular ad-
hesion molacule; LFA-1, lymphocyte function-associated antigen-1; PECAM-1, platelet endothelial cell adhesion cell maoleculs-1,

stages, as shown in Figure 47-11. The initial baseline
stage is succeeded by slowing or rolling of the neu-
trophils, mediated by selectins. Inreractions berween
L-selectin on the neurrophil surface and CD34 and
GlyCAM-1 or other glycoprateins on the endothelial
surface are invalved. These particular interacrions are
initially short-lived, and the overall binding is of rela-
tively low affinity, permitting rolling. However, during

L-salectin

NH, —{  Lectin — COOH

~00¢

Figure 47-10. Schematic diagram of the structure
of human L-selectin, The extracellular portion contains
an amino terminal domain homologous to C-type
lecting and an adjacent epidermal growth factar-like
domain, These are followed by a variable number of
complement regulatory-like modules (numbered cir-
cles) and a transmermnbrane sequence (black diamond).
A short cytoplasmic sequence (open rectangle) is at the
carboxyl terminal. The structures of P- and E-selectin
are similar to that shown except that they contain more
complement-regulatory modules. The numbers of
amino acids in L-, P-, and E- selectins, as deduced from
the cDNA sequences, are 385, 789, and 589, respec-
tively. (Reproduced, with permission, from Bevilacgua MP,
MNelson BM: Selectins. J Clhin Invest 1983:97:370)

this stage, activation of the neutrophils by wvarious
chemical mediators (discussed below) occurs, resulting
in a change of shape of the neutrophils and firm adhe-
sion of these cells to the endothelium. An additional set
of adhesion molecules is involved in firm adhesion,
namely, LFA-1 and Mac-1 on the newrrophils and
[CAM-1 and ICAM-2 on endothelial cells. LFA-1 and
Mac-1 are CD11/CD18 integrins (see Chaprer 52 for a
discussion of integrins), whereas [CAM-1 and ICAM-2
are members of the immunoglobulin superfamily. The
fourth stage is rransmigration of the neutrophils across
the endothelial wall. For this o occur, the neutrophils
insert pseudopods into the junctions berween endothe-
lial cells, squeeze through these juncrions, cross the
basement membrane, and then are free o migrate in
the extravascular space. Platelet-endothelial cell adhe-
sion molecule-1 (PECAM-1) has been found 1o be lo-
calized ar the juncrions of endothelial cells and thus
may have a role in transmigration, A variety of biomol-
ecules have been found to be involved in activation of
neutrophil and endothelial cells, including mumor
necrosis factor of, various interleuking, placeler activar-
ing factor (PAF), leukorriene By, and certain comple-
ment fragments. These compounds stmulate various
signaling pathways, resulting in changes in cell shape
and function, and some are also chemoractic. One im-
portant funcrional change is recruitment of selecrins w
the cell surface, as in some cases selectins are stored in
granules (eg, in endochelial cells and plarelets).
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Figure 47-11. Schematic diagram of neutrophil-
endothelial cell interactions. Az Bazeline conditions:
Meutrophils do not adhere to the vessel wall. B: The first
event is the slowing or rolling of the neutrophils within
the vessel (venule) mediated by selectins, C: Activation
occurs, resulting in neutrophils firmly adhering to the
surfaces of endothelial cells and also assuming a flat-
tened shape, This requires interaction of activated
CD18 integrins on neutrophils with ICAM-1 on the en-
dothelium. D: The neutrophils then migrate through
the junctions of endothelial cells into the interstitial tis-
sue; this requires involvement of PECAM-1. Chemotaxis
is also involved in this latter stage. (Reproduced, with
permission, from Albelda M, Smith OW, Ward PA- Adhe
sion molecules and inflammatory injury. FASER |
19945504 )

The precise chemical nature of some of the ligands
inmlvefin selectin-ligand interactions has been deter-
mined. All three selecting bind sialylated and fucosy-
lated oligosaccharides, and in particular all three bind
sialyl-Lewis™ (Figure 47-12), a structure present on
both ﬁ_l}'mpmceins and glycolipids. Whether this com-
pound is the acrual ligand involved in vivo is not estab-

AGEIeNAL ==

tnc 1-3
Fue

Meudoog AGa

Figure 47-12. Schematic representation of the
structure of sialyl-Lewis”,

lished. Sulfared molecules, such as the sulfatides {Chap-
ter 14), may be ligands in certain instances. This basic
knowledge is being used in attempts to synthesize com-
pounds that block selectin-ligand interactions and thus
may inhibit the inflammarory response. Approaches in-
clude administration of specific monoclonal antibodies
or of chemically synthesized analogs of sialvl-Lewis®,
both of which bind selectins. Cancer cells often exhibic
sialyl-Lewis™ and other selectin ligands on their sur-
faces. It is thoughr that these ligands play a role in the
invasion and metastasis of cancer cells.

Abnormalities in the Synthesis of
Glycoproteins Underlie Certain Diseases

Table 4715 lists a number of conditions in which ab-
normalities in the synthesis of glycoproteins are of im-

Table 47-15. Some diseases due to or involving
abnormalities in the biosynthesis of
glycoproteins.

Disease Abnormality

Cancer i Increased branching of cell surface
| glycans or presentation of selectin li-

i gands may be important in metastasis,

Congenital disorders | See Table 47-16.

of glycosylation’ |
HEMPAS® (MIM i Abnarmalities in certain enzymes (eg,
224100) | mannosidase || and others) invelved in
the biosynthesis of N-glycans, particu-
larly affecting the red blood cell mem-
brame.
Leukocyte adhesion | Probably mutations affecting a Golgl-
deficiency, type | | located GOP-fucose transparter, re-
(MM 266265) sulting in defective fucosylation.

Paroxysmal nocturnal | Acguired defect in biosynthesis of the

hemaglobinuria | GPI structures of decay accelerating
(i 3117700 factor {DAF) and D59,

|-cell disease Deficiency of GlcNA&c phosphotrans-
(MAIM 252500 | ferase, resulting in abnormal targeting

| of cartaln lysosomal enzymes.

Thie MIM number for congenital disorder of glycasylation type Ia
is 212065,

'Hereditary erythroblastic multinuclearity with a positive acidified
serum lysis test jcongenital dyserythropoietic anemia type lll. This
i a relatively mild form of anemia. It reflects at least in part the
presence in the red cell membranes of various glycoprotedins with
abnormal N-ghyean chains, which contribute to the susceptibility
to lysis,

‘Glyeosylphosphatidylinositel.



ﬁunancr. As mentioned above, many cancer cells ex-
ibit different profiles of oligosaccharide chains on
their surfaces, some of which may contribute to metas-
tasis. The congenital disorders of glycosylation
(CDMG) are a group of disorders of considerable current
interest. The major feamures of these conditions are
summarized in Table 47-16. Leukocyte adhesion de-
ficiency (LAD) II is a rare condition probably due w
mutations affecting the acrivity of a Golgi-locared
GDP-fucose ransporter, It can be considered a congen-
ital disorder of glycosylation. The absence of fucosy-
lated ligands for selectins leads to a marked decrease in
neureophil rolling. Subjects suffer life-threatening, re-
current bacterial infections and also psychomotor and
mental retardation. The condition appears to respond
to oral fucose. Hereditary erythroblastic multinuclear-
ity with a positive acidified lysis test (HEMPAS)

congenital dyserythropoietic anemia rype I1—is an-
other disorder due to abnormalities in the processing of
M-glycans. Some cases have been claimed 1o be due w
defects in alpha-mannosidase 11, [-cell discase is dis-
cussed further below. Paroxysmal nocturnal hemo-
globinuria is an acquired mild anemia characterized by
the presence of hemoglobin in urine due ro hemolysis
of red cells, particularly during sleep. This later phe-
nomenon may reflect a slight drop in plasma pH dur-
ing sleep, which increases suscepribility to lysis by the
complement system (Chaprer 50). The basic defect in
paroxysmal nocrurnal hemoglebinuria is the acquisition

Table 47-16. Major features of the congenital
disorders of glycosylation.

= Autosomal recessive disorders

= Multisystem disorders that have probably not been recog-
nized in the past

= Gemerally affect the central nervous system, resulting in
psychomaotor retardation and other features

- Type | disorders are due to mutations in genes encoding en-
zymes (eg, phosphomannomutase-2 [PMM-2], causing CDG
[a} invadved in the synthesis of dolichol-P-P-olige-
saccharide

= Type [l disorders are due to mutations in genes encading
enzymes (g, GleMAL transferase-2, cawsing COG la) in-
volved in the processing of N-glycan chains

= Abhout 11 distinct disorders have been recognized

[soelectric focusing of transferrin is a useful biochemical test

for assisting in the diagnosis of these conditions; trun-

cation of the oligosaccharide chains of this protein alters its

isolectric focusing pattem

» Oral mannose has proved of bemefit in the treatment of
DGla

Key: C0G, congenital disorder of glycosylation
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of somaric murations in the PIG-A (for phospharidyl-
inositol glycan class A) pene of cerrain hemaropoietic
cells. The product of this gene appears o be the en-
zyme that links glucosamine to phosphatidylinositol in
the GPI structure (Figure 47-1). Tﬁu.sx proteins thart
are anchored by a GPI linkage are deficient in the red
cell membrane. Two proteins are of particular interest:
decay accelerating factor (DAF} and another protein
designated CD59. They normally inceract with cerrain
components of the complement system (Chaprer 50) w
prevent the hemolytic actions of the larer. However,
when they are deficient, the complement system can act
on the red cell membrane o cause hemolysis, Paroxys-
mal nocturnal hemoglobinuria can be diagnosed rela-
tively simply, as the red cells are much more sensitive
hemolysis in normal serum acidified to pH 6.2 {(Ham's
test): the complement system is activared under these
conditions, but normal cells are not affecred. Figure
47-13 summarizes the etiology of paroxysmal noctue-
nal hemoglobinuria.

I-Cell Disease Results From Faulty
Targeting of Lysosomal Enzymes

As indicated above, Man 6-F serves as a chemical
marker to targer certain lysosomal enzyvmes to that or-
ganelle. Analysis of cultured fibroblasts derived from
parients with I-cell (inclusion cell) discase played a large
part in revealing the above role of Man 6-P. 1-cell dis-
easc is an uncommon condition characterized by severe
progressive psychomotor retardation and a variety of
physical signs, with death often occurring in the fiest
decade. Culwured cells from parients with [-cell disease
were found to lack almost all of the normal lysosomal
enzymes; the lysosomes thus accumulate many different

Acquired mutations in the PIG-A gene
of certain hematopoistic cells

'

Detective synthasis of the GloMH.-PI
linkage of GPl anchors

!

Decreased amounts in the red blood membrane of
GPl-anchared protaing, with dacay accelaraling factor
(DAF) and CD53 being of especial imporlance

Cerain companants of the complemant system
are not opposed by DAF and CDSS, resulting
in eomplamant-madiatad lysis of rad cells

Figure 47-13. Scheme of causation of paroxysmal
nocturnal hemoglobinuria (MIM 311770).
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types of undegraded molecules, forming inclusion bod-
ies. Samples of plasma from patients with the disease
were observed to contain very high activities of lysoso-
mal enzymes; this suggested that the enzymes were
being synthesized bur were failing to reach their proper
intracellular destination and were instcad being se-
creted. Cultured cells from patients with the disease
were noted to take up exogenously added lysosomal en-
zymes obrained from normal subjects, indicating thar
the cells contained a normal recepror on their surfaces
for endocytic uptake of lysosomal enzymes. In addition,
this finding suggested thart lysosomal enzymes from pa-
tents with [-cell disease might lack a recognition
marker. Further studies revealed thar lysosomal en-
zymes from normal individuals carried the Man 6-P
recognition marker described above, which interacted
with a specific intracellular protein, the Man 6-F recep-
tor. Cultured cells from partients with I-cell disease were
then found to be deficient in the activicy of the cis
Golgi-locared GleNAc phosphotransterase, explaining
how their lysosomal enzymes failed to acquire the Man
6-F marker. It is now known that there are two Man
6-P recepror proteins, one of high (275 kDa) and one
of low (46 kDa) molecular mass. These protcins are
lecting, recognizing Man 6-P. The former is carion-
independent and also binds IGF-I1 {hence it is named
the Man 6-P-IGF-1l recepror), whereas the latter is
cation-dependent in some species and does nor bind
IGE-IL It appears that both receprors function in the
intracellular sorting of lysosomal enzymes into clathrin-
coated vesicles, which occurs in the trans Golgi subse-
quent to synthesis of Man 6-P in the cis Golgi. These
vesicles then leave the Golgi and fuse with a prefysoso.
mal compartment. The low pH in this comparement
causes the lysosomal enzymes to dissociate from their
receptors and subsequently enter into lysosomes. The
receprors are recycled and reused. Only the smaller re-
ceptor functions in the endocytosis of extracellular lyso-
somal enzymes, which is a minor pathway for lysosomal
location. MNor all cells employ the Man 6-P recepror o
target their lysosomal enzymes (eg, hepatocytes use a
different bur undefined pathway); furthermore, not all
lysosomal enzymes are targeted by this mechanism.
Thus, biochemical investigarions of I-cell disease nor
only led o elucidarion of its basis but also contribured
significantly to knowledge of how newly synthesized
proteins are targeted to specific organelles, in chis case
the lysosome. Figure 47-14 summarizes the causarion
of [-cell disease.

Pseudo-Hurler polydystrophy is another genetic
discase closely related to [-cell disease. It is a milder
condition, and patients may survive to adulthood.
Studies have revealed thar the GleNAc phosphotrans-
ferase involved in [-cell discase has several domains, in-
cluding a catalytic domain and a domain that specifi-

| Mutations in DNA |
¥
| Mutant GlcMA: phosphotransferase |

}

Lack of normal transfer of GlcMAG 1-P
to specific mannose residues of cerain enzymes
dastinad for lysosomas

1

These enzymes consequently lack Man 6-P
and are secreted from cells (eg, into the plasma)
rather than targated 1o lysosomas

'

Lysosomes are thus daficiant in certain hydrolases, do
not function properly, and accumulate partly digested
callular material, manifesting as inclusion bodies

Figure 47-14. Summary of the causation of I-cell
disease (MIM 252500}

cally recognizes and interaces with lysosomal cnzymes,
It has been proposed that the defect in pscudo-Hurler
polydyswophy lies in the later domain, and the reen-
tion of some catalytic activity resules in a milder condi-
tion,

Genetic Deficiencies of Glycoprotein
Lysosomal Hydrolases Cause Diseases
Such as c-Mannosidosis

Glycoproteins, like most other biomolecules, undergo
bath synthesis and degradation (ie, turnover). Degrada-
tian of the oligosaccharide chains of glycaproteins in-
volves a battery of lysosomal hydrolases, including
t-neutaminidase,  [-palactosidase,  P-hexosaminidase,
(1~ and P-mannosidases, o-N-acerylgalactosaminidase,
(t-fucosidase, endo-P-N-acetylglucosaminidase, and as-
partylglucosaminidase. The sites of action of the lase
rwo enzymes are indicared in the legend w Figure
47-5. Genenically derermined defeces of the activities of
these enzymes can occur, resulting in abnormal degra-
dation of glycoproteins. The accumulation in cissues of
such abnormally degraded glveoproteins can lead
various diseases, Among the best-recognized of these
diseases are mannosidosis, fucosidosis, salidosis, as-
partylglycosaminuria, and Schindler disease, due re-
spectively o deficiencies of G-mannosidase, @-fucosi-
dase, C-neuraminidase, aspartylglucosaminidase, and
{I-N—.‘lc\::tyl-ga]:tctnsarnin'ld.zﬁc. These diseases, which
are relatively uncommon, have a varery of manifesta-
nians; some of their major fearures are listed in Table
47-17. The fact thae I'.Ia.l‘i.l:!l'll‘_‘i affected h],-' these disar-
ders all show .u"lgru-: referable to the central nervous 5ys-



Table 47-17. Major features of some diseases
{eg, o-mannosidosis, f-mannasidosis, fucosidosis,
sialidosis, aspartylglycosaminuria, and Schindler
disease) due to deficiencies of glycoprotein
hydrolases,'

Lisually exhibit mental retardation or other neurologic ab-

normalities, and in some discrders coarse features or vis-

ceromegaly (or both)

Variations in severity from mild to rapidly progressive

« Autcsomal recessive inheritance

= May show ethnic distribution (eg, aspartylglycosaminuria s
comman in Finland)

= Vacuolization of cells observed by microscopy in some

disorders

Presence of sbnormal degradation products (=g, oligo-

saccharides that accumulate because of the enzyme

deficiency} in urine, detectable by TLC and characterizable

by GLC-MS

- Definitive diagnosis made by assay of appropriate enzyme,

often using leukocytes

Passibility of prenatal diagnaosis by appropriate enzyme

a553Y's

* Mo definitive treatment at prasent

MM numbers:  c-mannosidosis, 248500, frmannosidosis,
248510; fucosidosis, 23000; sialidasis, 256550; aspartylgly-
cosaminuria, 208400; Schindler disease, 104170,

tem reflects the importance of glycoproteins in the de-
velopment and normal funcrion of thar system.

From the abowve, it should be apparent that glyco-
proteins are involved in a wide variery of biologic
processes and diseases. Glycoproteins play direct or in-
direct roles in a number of other diseases, as shown in
the following examples.

(1) The influenza virus possesses a neuraminidase
thar plays a key role in elution of newly synthesized
progeny from infected cells. If this process is inhibired,
spread of the virus is markedly diminished. Inhibitors
of this enzyme are now available for use in weating pa-
tents with influenza,

i2) HIV-1, thought by many to be the causative
agent of AIDS, attaches o cells via one of its surface
glycoprateins, gpl20.

(5) Rheumartoid arthritis is associated with an al-
teration in the glycosylation of circulating  im-
munoglobulin-y (1g(G) molecules (Chapter 500, such
thart they lack galactose in their Fe regions and termi-
nate in GleNAc, Mannose-binding protein (nor o be
confused with the mannose-G-F recepror), a Celectin
synthesized by liver cells and secreted into the circula-
tion, binds mannose, GlcNAc, and cerrain other sugars.
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[t can thus bind the agalaceosyl 1sG molecules, which
subsequently acrivare the complement system, con-
tributing to chronic inflammarion in the synovial mem-
branes of joints, This prowin can also bind the above
sugars when they are present on the surfaces of cerain
bacteria, fungi, and viruses, preparing these pathogens
for opsonization or for destruction by the complement
system, This is an example of innate immunicy, not in-
volving immunoglobulins, Deficiency of this protein in
voung infants, due to muration, renders them very sus-
ceptible to recurrent infections,

Other disorders in which glycoproteins have been
implicated include hepatitis B and C, Creurzfeldr-
Jakob disease, and diarrheas due 1o a number of bacrer-
ial enterotoxins. It is hoped that basic studies of glyco-
proteins and other glycoconjugares (ie, the field of
glycobiology) will lead 1o effective treatments for dis-
eases in which these molecules are involved. Already, at
least two disorders have been found to respond o oral
supplements of sugars.

The fantastic progress made in relation to the
human genome has stimulated intense interest in bath
genomics and proteomics. Tt is anticipated thar the pace
of research in glycomics—characterization of the entire
complement of sugar chains found in cells (the gly-
come}—will also accelerate markedly. For a number of
reasons, this field will prove more challenging than ei-
ther genomics or proteamics. These reasons include the
complexity of the structures of oligosaccharide chains
due to linkage variations—in contrast w the generally
uniform nature of the linkages berween nucleotides and
berween amino acids. There are also significant varia-
tions in oligosaccharide strucrures among cells and at
different stages of development. In addition, no simple
technique exists for amplifying oligosaccharides, com-
parable to the PCR reaction. Despite these and other
problems, it seems cerrain that research in chis area will
uncover many new important biologic interactions that
are sugar-dependent and will provide rargets for drug
and mﬁ*r therapies.

SUMMARY

* Glycoproteins are widely distribured proveins—with
diverse functions—thar contain one or more cova-
lently linked carbohydrate chains,

* The carbohydrate components of a glycoprotein
range from 1% to more than 85% of its weight and
may be simple or very complex in strucrure,

- .|"|.T ]c:l.ﬁt cv:rrnih nF r]'n: n|'|gu.~iac,r_'|uric[: chnins ::fgl}rc{:-
proteins encode biologic information; they are also
imporeant to ghycoproreins in modulanng cheir solu-
|1't|1'l}' and ‘-"i.k:l'_'l::lh'il'}", in prnn:r_'ting them uguinst prote-
nl}rsl!i, :Lr.u.'l in rh::'u Hn]ngic ;scri.::lns.
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* The structures of many oliposaccharide chains can be
clucidared by gas-liquid chromatography, mass spec-
trometry, and high-resolution NMR spectrometry.

* Glycosidases hydrolyze specific linkages in oligosac-
charides and are used to explore bath the structures
and funcrions of glycoproteins,

* Lecting are L'arhuh}'drate—]:;ihding prull:ihs invelved
in cell adhesion and other biologic processes.

* The major classes of glycoproreins are O-linked (in-
volving an OH of serine or threonine), MN-linked (in-
volving the N of the amide group of asparagine), and
glycosvlphosphatidylinositol (GPI)-linked.

* Mucins arc a class of O-linked glycoproteins that are
distributed on the surfaces of epithelial cells of the
respiratory, gastrointestinal, and reproductive tracts,

* The Gn]gj appararus [:llay; a major tole in glycosyla-
tion reactions involved in the biosynthesis of glyco-

F l'ﬂl.l:l ns,

* The oligosaccharide chains of O-linked glycoproteins
are synthesized by the stepwise addition of sugars do-
nated by nucleotide sugars in reactions caralyzed by
individual specific glycoprotein glycosyliransferases,

* In contrast, the biosynthesis of MN-linked glycopro-
teins involves a specific dolichol-P-1-oligosaccharide
and various glycosidases. Depending on the glycosi-
dases and precursor proteins synthesized by a tissue,
it can synthesize complex, hybrid, or high-mannose
types of N-linked oligosaccharides,

+ Glycoproteins are implicated in many biologic
processes. For instance, they have been found o play
key roles in fertilization and inflammarion,

* A number of discases involving abnormalities in the
synthesis and degradation of glycoproteins have been
recognized. Glycoproteins are also involved in many
other diseases, including influenza, AIDS, and
rheumaroid arthrids.

* Dievelopments in the new field of glycomics are likely
to provide much new information on the roles of
sugars in health and disease and also indicate targers
tor drug and other types of therapies.
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The Extracellular Matrix

Robert K. Murray, MD, PhD, & Frederick W. Keeley, PhD

BIOMEDICAL IMPORTANCE

Most mammalian cells are located in tssues where they
are surrounded by a complex extracellular matrix
(ECM)} often referred to 2s “connective vissue.” The
ECM contains three major classes of biomolecules: (1)
the structural proteins, collagen, elastin, and fbrillin;
(2) certain specialized proteins such as fibrillin, fi-
bronectin, and laminin; and (3) proteoglycans, whose
chemical natres are described below. The ECM has
been found o be involved in many normal and patho-
]ugi: ]:mﬂ:s:"::.\—cg. it [.!iaj-'n impurlanl roles in JL".'r_'lnp-
ment, in inflammatory states, and in the spread of can-
cer cells. Invelvemene of certain COMpPOnEnts of the
ECM has been documented in both rheumatoid archri-
tis and osteoarthritis. Several diseases I{r_'g.. :Jslurgunui:s
impetfecta and a number of types of the Ehlers-Danlos
syndrome) are due to genetic disturbances of the syn-
thesis of collagen. Spcclﬂr_' COMponents al proteagly-
Cans [Lhc g]j-'cm;:m‘linng]}'tans; G;"LG}] are alfected in
the proup of genetic disorders known as the mu-
copolysaccharidoses. Changes occur in the ECM dur-
ing the aging process. This chaprer describes the basic
|Ji::1¢.']1¢'mi_-ilry of the three rnaj{:r classes of biomolecules
found in the ECM and illuserates their biomedical sig-
nificance. Major biochemical features of two specialized
forms of ECM—bone and r_'arl':la.gu—and of a number
of discases i.n*.'ul\'jug them are alsa ].'STiL'”.j.' considered.

COLLAGEN IS THE MOST ABUNDANT
PROTEIN IN THE ANIMAL WORLD

Collagen, the major component of most connecrive ris-
sues, constituees approximarely 25% of the prowin of
mammals. It provides an exrracellular framework for all
metazoan animals and exists in virmally every animal
tissue. Ar least 19 distiner types of collagen made up of
30 distince polypepride chains {each encoded by a sepa-
rate gened h r}: ve been idendfied in human cssues. Al-

though several of these are present un]} in small pro-
portions, they may play important roles in determining
the physical properties of specific rissues. In addirion, a
number of protwins (eg, the Clq component of the
complement system, pulmonary surfactant proteins
SP-A and SP-D) that are nor classified as collagens have
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collagen-like domains in their structures; these proteins
are sometimes referred to as “noncollagen collagens.”

Table 48—1 summarizes the oypes of collagens found
in human tissues; the nomenclature used w designate
types of collagen and their genes is described in the
footnote,

The 19 types of collagen mentioned above can be
subdivided into a number of classes based primarily on
the structures they form (Table 48-2). In this chaprer,
we shall be primarily concerned with the fibril-forming
collagens | and 11, the major collagens of skin and bone
and of cartilage, respectively, However, mention will be
made of some of the other collagens,

COLLAGEN TYPE IS COMPOSED
OF A TRIPLE HELIX STRUCTURE
& FORMS FIBRILS

All collagen types have a eriple helical structure. In
some mflagens the entire molecule is triple helical,
whereas in others the wiple helix may involve only a
fraction of the structure. Marure collagen type 1, con-
taining approximately 1000 amino acids, belongs ro the
former type; in it, each polypepride subunir or alpha
chain is twisted into a left-handed helix of three
residues per turn (Figure 48-1), Three of these alpha
chains are then wound info a right-handed superhelix,
forming a rod-like molecule 1.4 nm in diamerer and
abour 300 nm long. A suiking characteristic of collagen
is the occurrence of glycine residues at every chird posi-
tion of the wiple helical portion of the alpha chain.
This is necessary because glycine is the only amino acid
small enough to be accommodared in the limired space
available down the central core of the wiple helix. This
repearing strucrure, represented as (Gly-X-Y) is an ab-
solure requirement for the formartion of the wriple helix.
While X and ¥ can be any other amino 3[5£§. about
100 of the X positions are proline and abour 100 of the
¥ positions are hydroxyproline. Proline and hydroxy-
proline confer rigidity on the collagen molecule. Hy-
droxyproline is formed by the postrransladonal hy-
droxylation of pepride-bound proline residues caralyzed
by the enzyme prolyl hydroxylase, whose cofactors are
ascorbic acid (viamin C) and ¢-ketoglutarate. Lysines
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Table 48-1. Types of collagen and their genes.'”

Table 48-2, Classification of collagens, based
primarily on the structures that they farm.'

Type i Genes Tissue

| [COLIALCOLIAZ | Most connective tissues, s Tape
E including bone Fibril-forming L, 1, V, and I

N lcotzar Cartilage, vitreous humor Networklike VI, X

o COLIAl Extensible connective tissues FACITS: XXM XL XX
crsysem o Bededflamens v

W ol e Anchorngfols | 7

V| COLSAI-COLSA3 | Minorcomponentintissues  lomsmembenedomain (MWL
: contzining collagen | Others LA

VI | COL6AT-COLGA3
VIl | COL7AT

Vil | COLBAI-COL8AZ
IX | COL9AI-COL9A3

Most connective tissues

Anchaoring fibrils

Endothelium, other tissues

Tissues containing collagen |l

X | COLIDAT Hypertrophic cartilage
X : COLTIAT, COLTIAZ, | Tissues containing collagen ||
{COL2AT

;{_II_“ -_E -EEIE ;._EAT _____ :I:lssues containing collagen I-_‘
X _r coLsar _rl;any tissues N
XV |COLI4AT | Tissues containing collagen|
X coLisal Many tissues
XV |COLIGAT  |Manytssees
ATl _r coizal _S;I':in hemidesmosomes -
XVl | COLIBAT | Many tissues feg,liver, kidney)

XK {CDH?AT

'Adapted slightly from Prockop DJ, Kivirrikko KI: Collagens: mole-
cular biology, diseases, and potentials for therapy. Annu Rev
Biochern 1995;64:403.

The types of collagen are designated by Roman numerals. Con-
stituent procollagen chains, called prow chains, are numbered
using Arabic numerals, followed by the collagen type in paren-
theses, For instance, type | procollagen is assembled from twio
proail] and one proe2{l} chain, It is thus a heterotrimer, whereas
type 2 procollagen is assembled from three proad {Il] chaing and
is thus a homatrimer, The collagen genes are named according to
the collagen type, written in Arabic numerals for the gene sym-
bal, fellowsed by an & and the number of the proo chain that they
encode. Thus, the COLTAT and COL1AZ genes encode the ol and
2 chains of type | collagen, respectively.

Rhabdomyosarcoma cells

'Based on Prockop DU, Kivirrikko Kl Collagens: molecular biology,
diseases, and potentizls for therapy. Annu Rev Biochem
1995:64:403,

FACTs = fibril-associated collagens with interrupted triple
helices,

Fibril

Molecula

Alpha chain

Amino acid

SEQUBRCE —Gly-X-¥-Gly-X-¥-Gly-X-¥-

Figure 48-1, Molecular features of collagen struc-
ture from prirmary sequence up to the fibril, (Slightly
maodified and reproduced, with permission, from Eyre DR
Collagen: Molecular diversity in the body's protein scaf-
fold. Science 1980,207:1315. Copyright © 1980 by the
American Association for the Advancerment of Science )



in the Y paosition may also be postrranslationally modi-
fied 1o hydroxylysine through the action of Iysyl hy-
droxylase, an ecnzyme with similar cofacrors, Some of
these hydroxylysines may be further modified by the
addition of galactose or galactosyl-glucose through an
O-glycosidic linkage, 2 glveosylation site thar s
unique to collagen,

Collagen rypes that form long rod-like fibers in ris-
sues are assembled by lateral association of these wiple
helical units into a “quarcer staggered” alignment such
that cach is displaced longitudinally from its neighbor
by slightly less than one-quarter of its length (Figure
48-1, upper part). This arrangement is responsible for
the banded appearance of these fibers in connective tis-
sues, Collagen fibers are further stabilized by the forma-
tion of covalent cross-links, bath within and beoween
the wiple helical units. These cross-links form through
the action of lysyl oxidase, a copper-dependent en-
zyme that oxidatively deaminates the -amino groups of
cerrain lysine and hydroxylysine residues, yielding reac-
tive aldehydes, Such aldehydes can form aldol conden-
sation products with other lysine- or hydroxylysine-
derived aldehydes or form  Schiff bases with the
E-amino groups of unoxidized lvsines or hydroxy-
lysines. These reactions, after further chemical re-
arrangements, result in the stable covalent cross-links
thar are important for the tensile strength of the fibers.
Histidine may also be involved in cerrain cross-links.

Several collagen types do not form fibrils in rissues
{Table 48-2). They are characterized by interruptions
of the wriple helix with stretches of protein lacking Gly-
XY repeat sequences. These non-Gly-X-Y sequences
result in areas of globular structure interspersed in the
triple helical structure,

Type IV collagen, the best-characterized example of
a collagen with discontinuous criple helices, is an im-
portant component of basement membranes, where it
forms a mesh-like neowork.

Collagen Undergoes Extensive
Posttranslational Modifications

MNewly synthesized collagen undergoes extensive post-
translational modificarion before gecuming part of a
marure extracellular collagen fiber {Table 48-3). Like
most secrered proteins, cjlagen is synthesized on ribo-
somes in a precursor form, preprocoll n. which con-
tains a leader or signal sequence thar direcrs the
polypepride chain into the lumen of :hr endoplasmic
reticulum. As it enters the endoplasmic rericulum, this
leader sequence is enzymarically removed. Hydroxyla-
tion of proline and lysine residues and glycosylation of
hydroxylysines in the procollagen molecule also cake
place ar this site. The procollagen maolecule contains
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Table 48-3. Order and location of processing of
the fibrillar collagen precursor.

Intracellular
1. Cleavage of signal peptide
2, Hydraxylation of pralyl residues and some lysyl
residuss; glycosylation of some hydrosylysyl residues
3. Formation of intrachain and interchain 5-5 bonds in ex-
tenslon peptides
4, Formation of triple helix
Extracellular
1. Cleavage of amino and carboxyl terminal propeptides
2. Assembly of collagen fibers in quarter-staggered align-
mMent
3, Oxidative deamination of e-amine groups of lysyl and
hydroxylysyl residues to aldehydes
4, Formation of intra- and interchain cross-links via Schiff
bases and aldol condensation products

polypepride extensions {cxcension peprides) of 20-35
kDa at both its amino and carboxyl terminal ends, nei-
ther of which is present in marure collagen. Both exten-
sion peptides contain cyseeine residues. While the
amino terminal propeptide forms only intrachain disul-
fide bonds, the carboxyl terminal propeptides form
both intrachain and interchain disulfide bonds. Forma-
tion of these disulfide bonds assists in the registration of
the three collagen molecules o form the triple helix,
winding from the carboxyl terminal end. After forma-
tion of the tiple helix, no further hydroxylaton of pro-
line or lysine or glycosylation of hydroxylysines can
take place, Self-assembly is a cardinal principle in the
biosynthesis of collagen.

Following secretion from the cell by way of the
Golgi apparatus, extracellular enzymes called procolla-
gen aminoproteinase and procollagen carboxypro-
teinase remove the extension peprides at the amino and
carboxyl terminal ends, respectively. Cleavage of these
propeptides may occur wichin crypes or folds in the cell
membrane, Once the propeptides are removed, the
triple helical collagen molecules, containing approxi-
mately 1000 amino acids per chain, spontancously as-
semble into collagen fibers, These are further stabilized
by the formaton of inter- and intrachain cross-links
through the action of lysyl oxidase, as described previ-
ously.

The same cells that secrere collagen also scercte fi-
bronectin, a large glycoprotein present on cell surfaces,
in the extracellular matrix, and in blood (see below), Fi-
bronectin binds w aggregating precollagen fibers and
alters the kinctics of fiber formation in the pericellular
macrix. Associated with fibronectin and procollagen in
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this matrix are the proteoglycans heparan sulfare and
chondroitin sulfate (see below). In fact, ype IX colla-
gen, a minor collagen type from cardlage, contains at-
tached prowcoglycan chains. Such interactions may
serve o regulare the formation of collagen fibers and
determine cheir orientation in tssues.

Oince formed, collagen is relatively metabolically sta-
ble. However, its breakdown is increased during starva-
tion and various inflammarory states, Excessive produc-
tion of collagen occurs in a number of conditons, eg,
hepartic cirrhosis,

A Number of Genetic Diseases Result From
Abnormalities in the Synthesis of Collagen

Abour 30 genes encode collagen, and its pathway of
biosynthesis is complex, involving ar least eight en-
zyme-catalyzed postrranslational steps. Thus, it is not
surprising that a number of diseases (Table 48-4) are
due to mutations in collagen genes or in genes en-
coding some of the enzymes involved in these post-
translational medifications. The diseases affecting bone
{eg. osteogenesis imperfecta) and cardlage (eg, the
chondrodysplasias) will be discussed lacer in this chap-
Ler.

Ehlers-Danlos syndrome comprises a group of in-
herited disorders whose principal clinical features are
hyperextensibility of the skin, abnormal dssue fragilicy,
and increased joint mobility. The clinical picrure is
variable, reflecting underlying extensive genetic hetero-
Efnfi[}'. Ar least 10 types have been recognized, most

ut not all of which reflect a variery of lesions in the
synthesis of collagen. Type IV is the mosr serious be-
cause of its endency for spontaneous ruprure of areries
or the bowel, reflecting aﬁnarmalitiﬂ in type 111 colla-
Eﬁn. Patients with type V1, due to a deficiency of lysyl

ydroxylase, exhibit marked joint hypermobility and a
tendency to ocular ruprure, A deficiency of procollagen
N-proteinase, causing formartion of abnormal thin, ir-
regular collagen fibrils, resules in type VIIC, manifested
by marked joint hypermobility and soft skin.

Alpert syndrome is the designation applied o a
number of generic disorders (both X-linked and auroso-
mal) affecting the strucrure of ype IV collagen fibers,
the major cn?lagen found in the basement membranes
of the remal glomeruli (see discussion of laminin,
below). Murations in several genes encoding rype TV
collagen fibers have been demonstrared. The presenting
sign is hemaruria, and patients may evenrually develop
end-stage renal disease. Elecron microscopy reveals
characreristic abnormaliies of the strucrure of the base-
ment membrane and lamina densa.

In epidermolysis bullosa, the skin breaks and blis-
ters as a result of minor rauma. The dystrophic form is

Table 48-4. Diseases caused by mutations in
collagen genes or by deficiencies in the activities
of posttranslational enzymes involved in the
biosynthesis of collagen.'

Gene or Enzyme

COLTAT, COLTAZ

Disease”

Osteogenesis imperfecta, type 17 (MIM
1566200)

Osteoporosis* (MIM 1667710)

Ehlers-Danlos syndrome type Vil auto-
somal dominant (130060}

COoL2A1

COL3AT

COL4AI-COL4AS

Severe chondrodysplasias
Osteoarthritis* (MIM 120140

Ehlers-Danlos syndrame type 1Y (MIM
130050

:!'J]:_PU-IT syndrome (including both auto-
somal and X-linked forms) (MIM 104200)

COLTAT Epidermalysis bullosa, dystrophic (MM
g AN
COLI0AT Schmid metaphysial chondrodysplasia
{MIM 156500
Lysyl hydroxylase | Ehlers-Danlos syndrome type Y1 {MIM
225400}
Procollagen Ehlers-Danlos syndrome type VIl auto-

N-proteinase

Lysyl hydroxylase

somal recassive (MIM 225410)

Menkes disease’ [MIM 308400)

'Adapted from Prockop DJ, Kivirrikko KE: Collagens: molecular bi-
ology, diseases, and potentials for therapy. Annu Rev Biochem

1955;64-403.

‘Genetic finkage 1o collagen genes has been shown for a few
pther conditions mot listed here,

At least four types of osteogenesis imperfecta are recognized;
the great majority of mutations in all types are in the COLTAT and

COLTAZ genes.

YAt present applies to only a relatively small number of such

patients.

"Secondary to a deficiency of copper (Chapter 50).

due to mutations in COLZAS, :lﬂiﬂ:t'lng the strcture of

type VI collagen. This collagen forms delicare fibrils
that anchor the basal lamina to collagen fibrils in the
dermis, These anchoring fibrils have been shown o be
markedly reduced in this form of the discase, probably
resulting in the blistering. Epidermolysis bullosa sim-
plex, anather variant, 1s due to murations in keratn 3
{[:hnprrr 49).

Smr\l}r EH'-EEt."i tht structure af |:r|]|.'|.E:n. Hnwn'cr, it
15 due to a deficiency of ascorbic acid (Chaprer 43) and

15 not a genenc disease. Tes major signs are bleeding



gums, subcurtaneous hemorrhages, and poor wound
healing, These signs reflect impaired synthesis of colla-
gen due to deficiencies of prolyl and lvsyl hydroxylases,
both of which require ascorbic acid as a cofactor.

ELASTIN CONFERS EXTENSIBILITY
& RECOIL ON LUNG, BLOOD
VESSELS, & LIGAMENTS

Elastin is a connective tissue protein that is responsible
ftor properaes of extensibility and elastic recoil in rs-
sies, Although not as widespread as collagen, elastin s
present in |arg¢: amounts, ParLi:ular]}' ifi tisstes that re-
quire these physical properties, eg, lung, large arterial
blood vessels, and some elastic ligaments. Smaller quan-
tities of elastin are also found in skin, ear carilage, and
several other tissues. In contrast to E[JI]EEL‘I.’!I. there ap-
pears to be only one genetic type of elastin, although
varlants arise by alternative splicing {'[_'..]WFH:I 37) of LE:
haRNA for elastin. Elasun is synthesized as a soluble
monomer of 70 kDa called tropoelastin. Some of the
prolines of rropoelastin are hydroxylated o hydroxy-
proline by prolyl hydroxylase, though hydroxylysine
and glycosylated hydroxylysine are not present, Unlike
collagen, tropoelastin is not synthesized in a pro- form
with extension peptides. Furthermore, elastin does not
contain repeat Gly-X-Y sequences, riple helical struc-
wure, or carhohydrate moieties.

After secretion from the cell, certain lysyl residues of
tropoelastin are oxidanvely deaminaved o aldehydes by
lysyl oxidase, the same enzyme involved in this process
in collagen, However, the major cross-links formed in
elastin are the desmosines, which result from the con-
densation of three of these lysine-derived aldehydes with
an unmodified lysine 1w form a terafuncional cross-
link unique to elastin, Onee cross-linked in its mature,
extracellular form, elastin is highly insoluble and ex-
tremely stable and has 3 very low wirnover rate. Elastin
exhibits a variery of random coil conformations that per-
mit the protein to stretch and subsequently recoil during
the performance of its physiologic functions.

Table 48-5 summarizes l]?:: main differences be-
tween collagen and elastin,

Deletions in the elastin gene {located at ?qll.zﬁ}
have been found in approximately 90% of subjects with
Williams syndrome, a d:'.-'l:lnpmtma] disorder affect-
ing connective tissue and the central nervous system.
The mulatinns, hy :Iﬂli:i:lll‘hg s}'hth:si; of ::|:um'h. ]jm]n-
bly play 2 causative role in the supravalvular aortic
stenosts often found in this condition. A number of
skin diseases (eg, scleroderma) are associated with accu-
mlation of elastin. Fra.grntnta!i.uh ar, J]ttrnnliv:[}', a
decrease of elastin is found in conditions such as pul-
monary emphysemna, cutis laxa, and aging of the skin.
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Table 48-5. Major differences between collagen
and elastin.

Collagen Elastin
1. Many different genstic One genstic type
types
2. Triple helix Mo triple helix; random coil
conformations permitting
streteching
3. (Gly-X-Y}, repeating Mo (Gly-X-¥), repeating
structure structure

4. Presence of hydroxylysine | No hydroxylysine

5, Carbohydrate-containing | Mo carbohydrate

&, Intramaolecular aldol Intramolecular desmaosine
cross-links cross-links

7. Presence of extension Mo extension peptides present
peptides during hio- during biosynthesis
synithesis

MARFAN SYNDROMEISDUETO
MUTATIONS IN THE GENE FOR FIBRILLIN,
A PROTEIN PRESENT IN MICROFIBRILS

Marfan syndrome is a relatively prevalent inherired dis-
ease affecting connective tissue; it is inherited as an au-
tosomal dominanc crair. Tr affects the eyes (eg, causing
dislocarion of the lens, known as ecropia lentis), the
skeleral system (most patients are tall and exhibic long
digits [arachnodacryly] and hyperexiensibility of the
joines), and the cardiovascular system (eg, causing
weakness of the aortic media, leading ro dilarion of the
ascending aorta). Abraham Lincoln may have had this
condition. Most cases are caused by muracions in the
gene {on chromosome 15) for fibrillin; missense mura-
tions have been detecred in several parients with Mar-
fan syndrome.

Fibrillin is a large glycoprotein (abour 350 kDa)
thar is a structural component of microfibrils, 10- w
I 2-nm fibers found in many tissues. Fibrillin is secreced
(subsequent to a proteolytic cleavage) into the extracel-
lular marrix by fibroblasts and becomes incorporared
into the insoluble microfibrils, which appear to provide
a scaffold for deposition of elastin. OF special relevance
to Marfan syndrome, fibrillin is found in the zonular
fibers of the lens, in the periosteum, and associared
with elasrin fibers in the aorma (and elsewhere); these lo-
cations respectively explain the ecropia lentis, arach-
nodactyly, and cardiovascular problems found in the
syndrome, Other proteins {(eg, emelin and wo mi-
crofibril-associated proteins) are also present in these
microfibrils, and ir appears likely that abnormalities of
them may cause other connective tissue disorders, An-
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other gene for fibrillin exists on chromosome 5; mura-
tions in this gene are linked to causation of congenital
contractural arachnodacryly bur not to Marfan syn-
drome. The probable sequence of events leading o
Marfan syndrome is summarized in Figure 48-2,

FIBRONECTIN IS AN IMPORTANT
GLYCOPROTEIN INVOLVED IN CELL
ADHESION & MIGRATION

Fibronectin is a major glycoprotein of the extracellular
matrix, also found in a soluble form in plasma. It con-
sists of rwo identical subunits, cach of abour 230 kDa,
joined by two disulfide bridges near their carboxyl ter-
minals. The gene encoding fibronectin is very large,
containing some 30 exons; the RNA produced by ics
transcription is subject to considerable alternative splic-
ing, and as many as 20 different mRNAs have been de-
tected in various tissues. Fibronectin contains chree
types of repeating maotifs (1, 11, and III), which are orga-
nized into functional domains (at lcast seven); func-
tions of these domains include binding heparin (see
below) and fibrin, collagen, DNA, and cell surfaces
(Figure 48-3). The amino acid sequence of the fi-
bronectin receptor of fibroblasts has been derived, and
the protein is 2 member of the transmembrane incegrin
class of proteins (Chapter 31). The integrins are her-
crodimers, containing various types of o and [
polypeptide chains. Fibronectin contains an Arg-Gly-
Asp (RGDY) sequence thar binds w the recepror, The
RGD sequence is shared by a number of other proteins
present in the ECM that bind to integrins presens in
cell surfaces. Synthetic peptides containing the RGD
sequence inhibit the binding of fibronectin 1o cell sur-
faces. Figure 48—4 illustrares the interaction of collagen,
fibronectin, and laminin, all major proteins of the

Mutations in gene (on chromasome 15)
for fibrillin, a large glycoprotein present in
elastin-associated microflbrils

¥

[ Abnormalities of the structure of fibrillin |

'

Structures of the suspansory ligament of the eye,
the perosteum, and the media of the aoria affected

'

Ectopia lentis, arachnodactyly,
and dilation of the ascending aorta

Figure 48-2. Probable sequence of events in the
causation of the major signs exhibited by patients with
Marfan syndrome (MIM 154700).

ECM, with a rypical cell {eg, fibroblast) present in the
matrix,

The fibronectin receptor interacts indirectly with
actin microfilaments {Chapter 49) present in the cy-
tosol (Figure 48-5). A number of proteins, collectively
known as attachment proteins, arc involved: these in-
clude walin, vinculin, an actin-filament capping protein,
and ct-actinin. Talin interaces with the recepror and
vinculin, whereas the lawer two inceract with actin. The
interaction of fibronectin with its recepror provides one
route whereby the exterior of the cell can communicare
with the interior and thus affect cell behavior. Via the
interaction with its cell recepror, fibronectin plays an
impaortant role in the adhesion of cells to the ECM. It is
also involved in cell migration by providing a binding
site for cells and thus helping them to steer their way
through the ECM. The amount of fibronectin around
many transformed cells is sharply reduced. pardy ex-
plaining their faulty interaction with the ECM.

LAMININ IS A MAJOR PROTEIN
COMPONENT OF RENAL GLOMERULAR
& OTHER BASAL LAMINAS

Basal laminas are specialized areas of the ECM thar sur-
round epithelial and some ocher cells {eg, muscle cells);
here we discuss only the laminas found in the renal
glomerulus. In thar structure, the basal lamina is con-
tribured by two separate sheers of cells (one endothelial
and one epithelial), each disposed on opposice sides of
the lamina; these three layers make up the glomerular
membrane. The primary components of the basal lam-
ina are three proteins—laminin, enwcrin, and type IV
collagen—and the GAG heparin or heparan sulfate.
These components are synthesized by the underlying
cells.

Laminin {abour 850 kDa, 70 nm long) consists of
three distinct elongated polypepride chains (A, B, and
B,) linked rogether 1o form an elongared cruciform
shape. It has binding sites for type IV collagen, heparin,
anﬁnregr[ns on cell surfaces. The collagen interacts
with laminin (rather than direcily with the cell surface),
which in turn interacts with integrins or other laminin
receptor proteins, thus anthurin‘f the lamina to the
cells. Entactin, also known as “nidogen,” is a glycopro-
tein containing an RGD sequence; it binds to laminin
and is a major cell amachment factor. The relatively
thick basal lamina of the renal glomerulus has an im-
portane role in glomeralar filtration, regulating the
passage of large molecules (most plasma proteins) across
the gﬁmenﬂus into the renal rbule. The glomerular
membrane allows small molecules, such as inulin (5.2
kDa), to pass through as easily as water. On the other
hand, only a small amount of the protein albumin (59
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AGD
- HW*'_'“‘A‘“ H Collagen { OMA H CellA H HeparinB H CellB H FibinB8 |~
Figure 48-3. Schematic representation of fibronectin, Seven functional

domains of fibronectin are represented; two different types of domain for
heparin, cell-binding, and fibrin are shown. The domains are composed of
various combinations of three structural motifs {1, 11, and lll}, not depicted
in the figure. Also not shown is the fact that fibronectin is a dimer joined
by disulfide bridges near the carboxyl terminals of the maonomers. The ap-
proximate location of the RGD sequence of fibronectin, which interacts
with a variety of fibronectin integrin receptors on cell surfaces, is indicated
by the arrow. (Redrawn after Yamada KM Adhesive recognition seguences

J Biol Chern 1991,266:12809.)

kDa), the major plasma protein, passes through the
normal glomerulus, This is explained by two sets of
facts: (1) The pores in the glomerular membrane are
large enough 1o allow molecules up o abour 8 nm w
pass through. (2) Albumin is smaller than this pore size,
but it is prevented from passing through easily by the
negative charges of heparan sulfate and of certain sialic
acid-containing ghycoproteins present in the lamina.
These negartive charges repel albumin and most plasma
proteins, which are negatvely charged ar the pH of
blood. The normal structure of the glomerulus may be
severely damaged in cerrain types of glomerolonephri-
tis (cg, caused by antbodies directed against various
components of the glomerular membrane), This alters
the pores and the amounts and dispositions of the nega-
tively charged macromolecules referred to above, and
relatively massive amounts of albumin (and of cerain

Fibronectin
g —

v —

e i T
Lamanin

Figure 48-4. Schematic representation of a cell in-
teracting through various integrin receptors with colla-
gen, fibronectin, and laminin present in the ECM. (5pe-
cific subunits are not indicated.) (Redrawn after Yamada
KM Adhesive recognition sequences. ) Biol Chem
1991,266:1 2800 )

— - Codlagen
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Figure 48-5. Schematic representation of fibro-
nectin interacting with an integrin fibronectin receptor
situated in the exterior of the plasma membrane of a
cell of the ECM and of various attachment proteins in-
teracting indirectly or directly with an actin microfila-
ment in the cytosol. For simplicity, the attachment pro-
teins are represented as a complex.
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other plasma proteins) can pass through into the urine,
resulting in severe albuminuria.

PROTEOGLYCANS
& GLYCOSAMINOGLYCANS

The Glycosaminoglycans Found
in Proteoglycans Are Built Up
of Repeating Disaccharides

Proteoglycans are proteins thar contain covalently
linked glycosaminoglycans. A number of them have
been characrerized and Hi't'tl!l names such as Sj.'llljc{:Lli.
beraglycan, serglycin, perlecan, aggrecan, versican,
decorin, biglycan, and fibromodulin, They vary in ts-
sue distribution, nature of the core protein, amached
_L;|}'Lm:il'ﬁi:'ll:-lt',|':'i.:u'|.~u and funcrion. The plu!:.'jlh boumnd
covalently to glycosaminoglycans are called “core pro-
teins"; they have proved difficulr o isolate and charac-
terize, bur the use of recombinant DNA technology is
beginning 1o yield important informarion abour their
structures. The amount of carbohydrate in a proteogly-
can is usually much greater than is found in a glycopro
rein and may comprise up o 95% of its 'n'm'::iE;h[. Figures
48-6 and 48-7 show the peneral structure of one par-
ticular proteoglvcan, aggrecan, the major rype found in
cartilage. Ir is very large (abour 2 x 107 kDa), with ics
overall scructure resembling that of a boule brush. In
containg a long scrand of hyaluronic acid (one wpe of
GAG) o which link proteins are arrached noncova-
lendly. In turn, these larer interact noncovalently wich
core protein molecules from which chains of other
GAGs (keratan sulfate and chondroitin sulfate in chis
case) project. More derails on this macromolecule are
given when cartilage is discussed below.

There are at least seven glycosaminoglycans
{GAGs): hyalurenic acid, chondroitin sulfare, keraran
sulfares 1 and 11, heparin, heparan sulfate, and der-
matan sulfare. A GAG is an unbranched polysaccharide
made up of repeating disaccharides, one component of
which is always an amino sugar (hence the name
GAG), either Deglucosamine or D-galacrosamine. The
other component of the repeating disaccharide [excepr
in the case of keratan sulfate) is a wronic acid, eicher
L-glucuronic acid (GlcUA) or is 5%-epimer, L-iduronic
acid (IdUA). With the exceprion of hyaluronic acid, all
the GAGs contain sulfate groups, eicher as O-esters or
a5 Nesulfare (in heparin  and  heparan  sulfare).
Hyaluronic acid affords another excepdon because
there is no clear evidence thar it is arrached covalendy
to protein, as the definition of a proreoglycan given
above :.pt'-.'iﬁr'\. Both GAGs and p:u:l[r:d.r!.fjj.'n:.d:'lx have
proved difficult to work wich, partly because of their
complexity. However, they are major companents of
the ground substance; they have a number of important

Figure 48-6. Dark field electron micrograph of a
pratecglycan aggregate in which the proteoghycan
subunits and filamentous backbone are particularly
well extended, (Reproduced, w
Ros 2 L, Hellman W, Kleinschim

scopic studies of proteoglycan ar
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biologic roles; and they are involved in 2 number of dis-
ease processes—so that interest in them s increasing

ldl)ld[}'.

Biosynthesis of Glycosaminoglycans
Involves Attachment to Core Proteins,
Chain Elongation, & Chain Termination

A. ATTACHMENT TO Core PROTEINS

The linkage berween GAGs and their core proteins is
gencrally one of three types,

1. An O-glycosidic bond between xvlose (Xyl) and
Ser, a bond thar is unique o proteoglycans. This link-
age 15 formed by ranster of a Xyl residue 1o Ser from
uD P-xylose. Two residues of Gal are then added ro the



——— Hyaluronic acid
Link protein

Karatan sulfale
Chondrodin sulfale

Subwmnits

Figure 48-7. Schematic representation of the pro-
teoglycan aggrecan. {Reproduced, with permission, from
Lennarz W The Biochemistrny of Glvcoprateins and Profeo-
glycans, Plenum Priss, 1980)

Xyl residue, forming a link trisaccharide, Gal-Gal-Xyl-
Ser. Further chain growth of the GAG occurs on the
terminal Cal,

2. An O-glycosidic bond forms between GalNAc
(N-acetylgalactosamine) and Ser (Thr) (Figure 47—
1[a]}, present in keratan sulfate 11, This bond 1s formed
by donation o Scr (or Thr) of a GalNAc residue, em-
ploying UDN-GalMNAc as its donor,

3. An N-glcosylamine bond  between GleNAc
{N-acerylglucosaming) and the amide nitrogen of Asn,
as found in MN-linked glycoproseins (Figure 47-1[h]).
[ts synthesis is belioved to invelve dolichol--1'-
oligosaccharide.

The synthesis of the core proteins occurs in the en-
doplasmic reticulum, and formation of ar least some
of the above linkages also pccurs there. Most of che laer
steps in the biosynthesis of GAG chains and their sub-
sequent modificarions occur in the Golgi apparatus.

B. CHaN ELONGATION

Appropriate nucleotide sugars and  highly specific
Gaolgi-located glycosyltransferases are employed to syn-
thesize the oligosaccharide chains of GAGs. The “one
enzyme, one linkage” relationship appears to hold here,
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as in the case of certain types of linkages found in gly-
coproccins, The enzyme syscems involved in chain elon-
gation are capable of high-fidelity reproduction of com-
plex GAGs,

C. CHAaIN TERMINATION

This ap]:n:urs o result from [I] sul Fali.un.. Fa.rl'l::ularl}f at
Cerrain positions of the sugars, and (2} the progression
of the growing GAG chain away from the membrane
site where catalysis occurs.

D. FurTHER MODIFICATIONS

After formation of the GAG chain, numerous chemical
modifications occur, such as the introduction of sulfate
groups onto GalNAc and other moieties and the
epimernization of GleUA o [dUA residues. The enzymes
catalyzing sulfation are designated sulfotransferases and
use 3'-phosphoadenasine-5"-phosphosulfare (PAPS; ac-
tive sulfare) as the sulfare donor, These Golgi-located
engymes are highly specific, and distinct enzymes car-
alyze sulfation at different positions (eg, carbons 2, 3, 4,
and &) on the accepror sugars. An epimerase catalyzes
conversions of glucuronyl to iduronyl residues,

The Various Glycosaminoglycans Exhibit
Differences in Structure & Have
Characteristic Distributions

The seven GAGs named above differ from each other in
a number of the following properties: amino sugar com-
position, wronic acid composition, linkages berween
these components, chain length of the disaccharides, the
presence or absence of sulfate groups and their positions
of attachment to the constituent sugars, the natre of
the core proteins to which they are artached, the nature
of the linkage to core protein, their tssue and subeellu-
lar distribution, and their biologic funcrions.

The strucrures (Figure 48-8) and the distributions
of cach of the GAGs will now be briefly discussed. The
major features of the seven GAGs are summarized in

Table 48—0.

A. HvaLvronic Acip

Hyaluronic acid consists of an unbranched chain of re-
peating disaccharide units concaining GlcUA and Gle-
MNAc. Hyaluronic acid is present in bacteria and is
widely distribured among various animals and tissues,
including synovial fluid, the vitreous body of the eve,
cartilage, and loose connective tissues,

B. CHONDROITIN SULFATES (CHONDROITIN
4-SULFATE & CHONDROITIN 6-SULFATE)

Proteoglyeans linked to chondroitin sulfate by the Xvl-
Ser O-plycosidic bond are prominent components of
cartilage (see below), The repeating disaccharide is
similar to that found in hyaluronic acid, containing
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Hyaluranic acid: 2y Geus 2y gichac 2le Gicua 22 Gicnac s
Chondradin sullgles: ii;-— Glella k|--- Galhl.ﬂ.c—"-'ir- Glnl..l.hn—l'ip Gal—r-l—l'r?-p GELEF- Kyl—"-—-r— Sar
4- or 6-Sulfate
WL GlcNAc £ o Asn (keratan sulfate 1)

Karatan sulfales i
I and - o GloMAC — e Gal — GloNAc——» Gal |

o Nl

B-Sulfate  B-Sulfale™ - GaiNac—s Tnr (Ser) (keratan sulfate |1}
|
Gal-Meuho
6-Sulfate

Heparin and
heparan sulate: A ua 2 Gien 2 gicuA Y GichAc e GlUA 2 2e Gal 22 Gal B xyi e Sar

2-Bulfate 307 or Ac

kS

Dermalan suliate: B e 1A Gainae S y:

2-Bulfate 4-Sulfate

[ Ma Ma M4

= GalMac e GicUa L2 Gar e Gar Ba xy Lo sar

Figure 48-8. Summary of structures of glycosaminoglycans and their attachments to core proteins, (GlcUA,
p-glucuronic acid; IdUA, L-iduranic acid; GleN, p-glucasamine; GallN, p-galactasamine; Ac, acetyl; Gal, p-galac-
tose; Xyl, o-xylose; Ser, L-serine; Thr, L-threonine; Asn, L-asparagine; Man, o-mannose; NeuAc, N-acetylneu-

raminic acid.) The summary structures are qualitative representations only and do not reflect, for example, the
uronic acid composition of hybrid glycosamineglycans such as heparin and dermatan sulfate, which comtain
both L-iduronic and o-glucuronic acid. Meither should it be assumed that the indicated substituents are always
present, eg, whereas most iduronic acid residues in heparin carry a 2-sulfate group, a much smaller proportion
of these residues are sulfated In dermatan sulfate. The presence of link trisaccharides (Gal-Gal-Xyl) in the chon-
droitin sulfates, heparin, and heparan and derrnatan sulfates is shown. {Slightly modified and reproduced, with

parmission, from Lennarz W: The Biochermistry of Glycoproleins ond Froteoglycans. Plenum Prass, 1980

Table 48-6. Major properties of the glycosaminoglycans.

GAG Sugars Sulfate’ Linkage of Protein Location
Ha GleMie, GlelA | Nil i No firm evidence Synovial fluid, vitreaus humor, loose connective tissue
Cs GalMac, GlcUA | GalNAc i Xyl-Ser; associated with
| HAvia link proteins | Cartilage, bone, comea
K51 GleMae, Gal 1 GleNAC | GlcNAc-Asn Cornea
K5 GleMNAe, Gal Same as K51 | GalMAC-Thr Loose connective tissue
Heparin Glch, Idua Glch | Ser Mast cells
GleM i
[dUA i
Heparan sulfate | Glc, GlcUa | GlcM | Xyl-Ser 5kin fibroblasts, aortic wall
Dermatan GalMAc, [dUA, | GalNAc § Xyl-Ser Wide distribution
sulfate (GlcUA) dUa i

"The sulfate is attached to various positions of the sugars indicated {see Figure 48-7).



GleUA bur with GalNAc replacing GleNAc, The
GalNAc is substitured with sulfate ar eicher its 4 or s
0" position, with approximately one sulfate being pre-
sent per disaccharide unit,

C. Keratan SuLrates | & 11

As shown in Figure 48-8, the keratan sulfates consist of
repeating Gal-GleNAc disaccharide units containing
sulfate arrached 1w the 6" position of GlcNAc or occa-
sionally of Gal. Type 1 is abundanc in cornea, and type
[1 is found along with chondroitin sulfate attached w
hyaluronic acid in loose connective tissue. Types [ and
[T have different artachments to protein (Figure 48-8).
D. Heparin

The repeating disaccharide contains  glucosamine
(GleN) and eicher of the two uronic acids (Figure
48-9). Most of the amino groups of the GleN residues
are Nesulfared, bur a few are acerylated, The GleN also
carries a ©,, sulfate ester.

Approximately 90% of the uronic acid residues are
[dUA. Initially, all of the uronic acids are GlcUA, bur a
5-gpimerase  converts  approximately 90% of che
GlcUA residues to IdUA after the polysaccharide chain
is formed. The protein molecule of the heparin proteo-
glycan is unique, consisting exclusively of serine and
glycine residues. Approximately two-thirds of the serine
residues contain GAG chains, usually of 5-15 kDa but
occasionally much larger. Heparin is found in the gran-
ules of mast cells and also in liver, lung, and skin.

E. HEPARAN SULFATE

This molecule is present on many cell surfaces as a
proteoglycan and is extracellular. Iv contains GleN with
fewer M-sulfaces than heparin, and, unlike heparin, its
predominant wronic acid is GlcUA,

F. DERMATAN SULFATE _

This substance is widely distributed in animal tissues.
[ts structure is similar to thar of chondroitin sulfare, ex-

CH nsn,
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cept that in place of a GlcUA in B-1,3 linkage w
GalNAc it contains an IdUA in an @-1.3 linkage o
GalNAc, Formarion of the IdUA occurs, as in heparin
and heparan sulfate, by 5'-cpimerization of GlcUA. Be-
cause tEfs is regulared by the degree of sulfation and be-
cause sulfation is incomplere, dermatan sulfate conains
both [dUA-GalNAc and GleUA-GalNAc disaccha-
rides,

Deficiencies of Enzymes That Degrade
Glycosaminoglycans Result in
Mucopolysaccharidoses

Bath exo- and endoglycosidases degrade GAGs. Like
most other biomolecules, GAGs are subject 1o
wurnover, being both synthesized and degraded. In
adule tissues, GAGs generally exhibic relatively slow
turnover, their half-lives being days to weeks.

Understanding of the degradatve pathways for
(GAGs, as in the case of glycoproteins (Chaprer 47) and
glycosphingolipids (Chapter 24), has been greadly aided
by clucidation of the specific enzyme deficiencics that
occur in certain inborn errors of metabolism, “When
GAGs are involved, these inborn crrors are called mu-
copolysaccharidoses (Table 45-7),

Degradation of GAGs is carried out by a battery of
lysosomal hydrolases. These include certain endogly-
cosidases, various exoglycosidases, and sulfacases, gener-
ally acting in sequence ro degrade the various GAGs, A
number of them are indicated in Table 48-7,

The mucopolysaccharidoses share a  common
mechanism of causation, as illustrated in Figure 48-10.
They arc inherited in an autosomal recessive manner,
with Hurler and Hunter syndromes being perhaps the
most widely studied. None are common. In some cases,
a family history of 2 mucopolysaccharidosis is obrained.
Specific laboratory investigacions of help in their diag-
nosis arc urine testing for the presence of increased

cr-r.::usn,

ldu.ﬁ
Figure 48-9,

GII:UA

Structure of heparin. The polymer section illustrates structural features typical of heparin;

however, the sequence of variously substituted repeating disaccharide units has been arbitrarily selected. In
addition, non-0-sulfated or 3-0-sulfated glucasamine residues may also occur, (Modified, redraven, and repro-
duced, with permission, from Lindahl U et al: Structure and biosynthesis of heparin-like polysaccharides, Fed Proc

19773619}
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Table 48-7. Biochemical defects and diagnostic tests in mucopolysaccharidoses (MPS) and

mucolipidoses (ML)

Alternative Urinary
Name Designation®® Enzymatic Defect Metabolites
Mucopolysaccharidoses .
Hurler, Scheie,  MPS e-L-lduranidase Dermatan sulfate, heparan sulfate
Hurler-5cheie !
(MIM 252800} ;
Hunter (MIM 3059001 MPS 11 lduronate sulfatase Dermatan sulfate, heparan sulfate
Sanfilippo A IARS liIA Heparan sulfate N-sulfatase | Heparan sulfate
(MIM 252900) , (sulfamidase)
Sanfilippa B | MPS [IB r-N-Acetylglucosaminidase | Heparan sulfate
(MIM 2529200 !
Sanfilippo C | MPS LT Acetyitransferase Heparan sulfate
(MIM 252930) |
Sanfilippo D CAAPS HID N-Acetylglucosaming Heparan sulfate
(MIM 252040 . B-sulfatase
Morguic & | MPS VA Galactosamine G-sulfatase Keratan sulfate, chondraitin 6-sulfate
(MIM 253000} !
Morquic B | MPS VB [-Galactosidase Keratan sulfate
(MIM 253010) |
Marateaux-Lamy FMPS W MN-Acetylgalactosamine 4- Dermatan sulfate
(MM 2532000 . sulfatase (arylsulfatase B)
by (MIM 2532200 : MPE VI [-Glucuronidase Dermatan sulfate, heparan sulfate, chandraitin
_E 4-sulfate, chondroitin 6-sulfate
Mucolipidoses !
sialidosis PMLI Sialidase (neuraminidase) Glycoprotein fragments
(MIM 256550 |
[-cell disease TML I LUDP-N-acetylglucosamine: Glycoprotein fragments
(hIM 252500 : glycoprotein A-acetylglu-
| cosamininylphosphotrans-
! ferase, (Acid hydrolases
i thus lack phosphoman-
| mosyl residues )
Fseudo-Hurler AL A5 for ML I but deficiency Glycoprotein fragments
palydystrophy : is incomplete
(MIM 252600} :

"Wadified and reproduced, with permission, from DiNatale P, Neufeld EF: The biochemical diagnosis of mucopolysaccharidoses,
mucalipidoses and related disorders. In: Perspectives in inherited Metabolic Disedses, val 2, Barr B et al (editors), Editiones Ermes

[Milan), 1579.

‘Fibroblasts, leukocytes, tissues, amniotic fluid cells, or serum can be used for the assay of many of the above enzymes, Patients
with these disorders exhibit a variety of clinical findings that may include cloudy cormeas, mental retardation, stiff joints, cardiac ab-
normalities, hepatosplenomegaly, and short stature, depending on the specific disease and its severity.
The term MP3 V is no longer used. The existence of MPS VIl {suspected ghecosamine S-sulfatase deficiency: MIM 253230) has not
been confirmed. At least one case of hyaluronidase deficiency {MPS 16; MIM 6014592 has been reported,

amounts of GAGs and assays of suspected enzymes in
whire cells, fibroblasts, or sometimes in serum. In cer-
rain cases, a tissue biopsy is performed and the GAG
that has accumulated can be determined by elec
rophoresis. DNA tests are increasingly available. Pre-
natal diagnosis can be made using amniotic cells or
chorionic villus biopsy.

The erm “mucolipidosis™ was inroduced o de-
note diseases thar combined fearures commeon o both
mucopolysaccharidoses and sphingolipidoses (Chaprer
24). Three mucolipidoses are listed in Table 48-7. In
sialidosis (mucolipidosis 1. ML-1), various oligosaccha-
rides derived from glycoproreins and certain ganglio-
sides can accumulate in rissues. I-cell disease (ML-II)



Mutation(s) in a gene encoding a lysosomal hydrolase
involved in the degradation of one or more GAGs

'

[ Defective lysosomal hydrolase |

Accumulation of substrate in various tissues, including
liver, splean, bone, skin, and central nervous system

Figure 48-70. Simplified scheme of causation of a
mucopolysaccharidosis, such as Hurler syndrome (MIM
252800), in which the affected enzyme is c-c-iduroni-
dase. Marked accumulation of the GAGs in the tissues
mentioned in the figure could cause hepatomeagaly,
splenomegaly, disturbances of growth, coarse facies,
and mental retardation, respectively.

and pseudo-Hurler polydystrophy (ML-ID) are de-
scribed in Chaprer 47. T{Ic term “mucolipidosis” is re-
tained because it is still in relatively widespread elinical
usage, but it is not appropriate for these two larer dis-
cases since the mechanism of their causation invalves
mislocation of certain lysosomal enzymes. Genetie de-

fects of the catabolism of the oligosaccharide chains of

glycoproteing (eg, mannosidosis, fucosidosis) are aleo
deseribed in Chaprer 47, Most of these defects are char-

acterized by inereased excretion of various lragments of

glycoproteins in the urine, which aceumulate because
of the metabolic block, as in the case of the mucolipi-
doses.

Hyaluronidase is one important enzyme involved
in the catabolism of both hyaluronic acid and chondro-
irin sulfate. It is a widely distribured endoglyeosidase
that cleaves hexosaminidic linkages. From hyaluronic
acid, the enzyme will generate a tetrasaccharide with
the structure (GleUA-B-1,3-GleNAc-B-1,4),, which
can be degraded further by a f-glucuronidase and f-AC
acetylhexosaminidase. Surprisingly. only one case of an
apparent genetic deficiency of this enzyme appears to
have been reported.

Proteoglycans Have Numerous Functions

As indicated above, proteoglycans are remarkably com-
plex molecules and are found in every tissue of the
body, mainly in the ECM or “ground substance.”
There they are associated with each other and also with
the other major structural components of the martrix,
collagen and elastin, in quite specific manners. Some
proteoglycans bind to collagen and others 1o elastin.
These interactions are important in determining the
structural organization of the matrix. Some proteogly-
cans (eg, decorin) can also bind growth factors such as
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TGF-fi, modularing their effects on cells. In addition,
some of them interact with certain adhesive proteins
such as fibronectin and laminin (see above), also found
in the matrix. The GAGs present in the proteoglycans
are polyanions and hence bind polycations and cations
such as Ma* and K*. This latrer ability artraces warer by
osmotic pressure into the extracellular marrix and con-
tributes to its turgor. GAGs also gel ar relatively low
concentrations, Because of the long extended nature of
the polysaccharide chains of GAGs and their ability o
gel, the proteoglycans can act as sieves, restricting the
passage of large macromolecules into the ECM but al-
lowing relatively free diffusion of small molecules.
Again, because of their extended structures and the
huge macromolecular aggregares they often form, they
occupy a large volume of the marix relative o proteins.

A. Some FuNCTIONS OF SPECIFIC

GAGs & PROTEOGLYCANS

Hyaluronic acid is especially high in concentration in
embryonic tissues and is thoughr to play an important
role in permirting cell migration during morphogenesis
and wound repair. Its ability to artract water into the
exrracellular marrix and thereby “loosen it up” may be
important in this regard. The high concentrations of
hyaluronic acid and chondroitin sulfates present in car-
tilage contribute to its compressibility {see below).

Chondreitin sulfates are located ar sires of calcifica-
tion in endochondral bone and are also found in carti-
lage. They are also located inside certain neurons and
may provide an endoskeleral structure, helping w
maineain their shape,

Both keratan sulfate I and dermatan sulfate arc
present in the cornea. They lie berween collagen fibrils
and play a critical role in corneal transparency. Changes
in proteoglycan composition found in corneal scars dis-
appear when the cornea heals. The presence of der-
matan sulfate in the sclera may also play a role in main-
taining the overall shape of the eye. Keratan sulfate 1 is
also present in carrilage.

Heparin is an important anticoagulant. It binds
with faccors IX and X1, but its most important interac-
tion is with plasma antithrombin IIT (discussed in
Chaprer 51). Heparin can also bind specifically tw
lipoprotein lipase present in capillary walls, causing a
release of this enzyme into the circulation.

Cerain proteoglycans (cg, heparan sulfate) are as-
sociated with the plasma membrane of cells, with their
core proteins actually spanning thar membrane, In it
they may act as receprors and may also participate in
the mediation of cell growth and cell-cell communica-
tion. The arrachment of cells to their substratum in cul-
ture is mediated ar least in part by heparan sulface. This
proteoglycan is also found in the basement membrane
of the kidney along with type IV collagen and laminin
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(see above), where it plays a major role in determining
the charge selectiveness of glomerular filtration.

Proteoglycans are also found in incracellular loca-
tions such as the nucleus; their function in this or-
ganelle has not been clucidared. They are present in
some storage or secretory granules, such as the chromat
fin granules of the adrenal medulla. It has been postu-
lated that they play a role in release of the contents of
such granules. The various funcrions of GAGs are sum-
marized in Table 48-8.

B. AssociaTions WitH Masor Diseases
&_WITH_.H_.GIHG

Hyaluronic acid may be important in permitting
tumor cells to migrare through the ECM. Tumor cells
can induce fibroblasts to synthesize greatly increased
amounts of this GAG, thereby perhaps facilicating their
own spread. Some tumor cells have less heparan sulface
at their surfaces, and this may play a role in the lack of
adhesiveness thar these cells display.

The intima of the arterial wall contains hyaluronic
acid and chondroitin sulfate, dermatan sulface, and he-
paran sulfate proweoglycans. OF these proreoglycans,
dermaran sulfate binds plasma low-density lipopro-
teins, In addicion, dermatan sulfate appears to be the
major GAG synthesized by arterial smooth muscle
cells. Because it is these cells that proliferate in athero-
sclerotic lesions in arceries, dermartan sulfate may play
an imporant role in development of the atheroscle-
rotic plague.

Table 48-8. Some functions of
glycosaminoglycans and proteoglycans.'

+ Act as structural components of the ECM

» Have spacific interactions with collagen, elastin, fibronectin,
laminin, and ather proteins such as growth factors

+ As polyanions, bind polycations and cations

= Contribute to the characteristic turgor of various tissues

* Act as sieves in the ECM

+ Facilitate cell migration (HA)

= Have role in comprassibility of cartilage in waight-bearing
{HA, C5)

* Play role in corneal transparency (K5 | and DS)

= Hawve structural role in sclera (DS)

+ Act as anticeagulant [heparin)

« Are components of plasma membranes, where they may
act as receptors and participate in cell adhesion and cell-cell
interactions (eq, HS)

* [Determine charge-selectiveness of renal glomenulus (HS)

- Are components of synaptic and other vesicles (eg, H3)

ECM, extracellular matrix; HA, hyaluronic acid; C5, chondroitin
sulfate; KS I, keratan sulfate |; DS, dermatan sulfate; HS, heparan
sulfate.

In various types of arthritis, proteoglycans may act
as aurcantigens, thus contributing to the pathologic
fearures of these conditons. The amount of chon-
droitin sulfate in cartilage diminishes with age, whereas
the amounts of keratan sulfate and hyaluronic acid in-
crease. These changes may conoibute to the develop-
ment of osteoarthritis, Changes in the amounts of cer-

Table 48-9. The principal proteins found
in bone.'

Proteins Comments
Collagens
Collagen type | Approximately 90% of total bone
protein. Composed of two a1{])
and one o2(]) chains.
Collagen type V Minar component,

MNoncollagen proteins
Flasma protains

PMixture of various plasma proteins.

Prateoglycans”
C5-PG | (biglyean) | Contains two GAG chains; found in
ather tissues.
C5-PG Il ideconn) | Contains one GAG chain; found in
ather tissues.
C5-PG I Bone-specific.
Bone SPARCE protein | Mot bone-spedific.

{osteonecting

Osteccalein (bone Gla | Contains y-carbowyglutamate

protein) residues that bind to hydroxyap-
atite. Bone-specific.
Osteopontin Mot hone-specdific. Glyoosylated

and phospharylated.

Bone sialoprotein Bone-specific. Haavily glycosylated,
and sulfated an tyrosine,

A family (eight or mare) of secreted
proteins with a variety of actions
on bone; many induce ectopic
bone growth,

Warious functions have been ascribed to the noncallagen
proteins, including reles in mineralization; however, mast of
them are still speculative. It is considered unlikely that the
noncollagen proteins that are not bone-specific play a key
rale in mineralization. & number of other proteins are also
present in bone, including a tyrosine-rich acidic matrix pro-
tein (TRAMP), some growth factors (2g, TGFR), and enzymes
involved in collagen synthesis (eg, fysyl axidase].

C5-PG, chondraitin sulfate-prateoglycan; these are similar to
the dermatan sulfate PGs (D5-PGs) of cartilage (Table 48-11).
YSPARC, secreted protein acidic and rich in cysteine,

Bone marphagenstic
proteins (BMPs)




Osteoclast

Ostecblast

Mesenchyme
Bone matrix
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Mewly formed matrix (ostecid)

Figure 48-11.

Schematic illustration of the major cells present in membranous

bone, Ostechlasts (lighter color) are synthesizing type | collagen, which forms a matrix
that traps cells. As this accurs, osteoblasts gradually differentiate to become osteo-
eytes. (Reproduced, with permission, from Jungueira LS, Carneiro J: Basic Histology: Text &

Aliers, 100k ed, MoGraw-Hill, 2003

tain €3AGs in the skin are also observed with aging and
help o account for the characteristic changes noted in
this organ in the eldedy.

An exciting new phase in proteoglycan research is
opening up with the findings that mutations thar affect
individual protcoglycans or the enzymes needed for
their synthesis alter the regulation of specific signaling
pathways in drosophila and Caemorhabditis efepans, thus
affecting development; it already seems likely char simi-
lar effects exist in mice and humans.

EONE IS A MINERALIZED
COMNNECTIVE TISSUE

Bone contains borh organic and inorganic mareral.
The organic maccer 35 mainly protein, The principal
proteins of bone arc listed in Table 48-9; type | colla-
gen is the major protein, comprising 90-95% of the
organic material, Tvpe V collagen is also present in
small amounts, as arc a number of noncollagen pro-
teins, some of which are relatively specific to bone.
The inorganic or mineral component is mainly crys-
ralline  hydroxyapatite—Ca (PO, (OH) ,—along
with sodium, magnesium, carbonate, and fluoride; ap-
proximately 99% of the body's calcium is contained in

bone (Chapeer 45). Hydroxyaparite confers on bone
the strength and resilience required by its physiclogic
roles,

Bone is a dynamic structure thar undergoes conrinu-
ing cycles of remodeling, consisting of resorprion fol-
lowed by deposition of new bone tissue, This remodel-
ing permits bone to adapt to both physical (eg.
increases in weight-bearing) and hormanal signals,

The major cell types involved in bone resorprion
and depasition arc osteaclasts and osteoblasts (Figure
48-11). The former are associated with resorption and
the latter with deposition of bone, Osteocyres are de-
scended from osteoblasts; they also appear w be in-
volved in maintenance of bone marrix bur will nor be
discussed further here,

Osteoclasts are multnucleared cells derived from
pluripotent hemaropoictic stem cells, Osteoclasts pos-
sess an apical membrane domain, exhibiting a ruffled
border thar plays a key role in bone resorpeion {Figure
48-12). A proton-rranslocaring ATPase expels prorons
across the ruffled border into the resorprion area, which
is the microenvironment of low pH shown in the fig-
ure, This lowers the local pH ro 4.0 or less, thus in-
creasing the solubility of hydroxvaparite and allowing
demineralizarion to occur, Lysosomal acid proteases are
released that digest the now accessible matrix proteins.
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Crsteoclast
Golgi

=, Lysosomes

Bore rratrix

Figure 48-12.

CO; + HaO ——

Microemironmant of low pH
and lysosamal enzymes

+ HCOT
. Saction of

circumderential
clear zone

Schematic illustration of some aspects of the role of the osteoclast in

hone resorption. Lysosomal enzymes and hydrogen ions are released into the confined
microenvironment created by the attachment between bone matrix and the peripheral
clear zone of the osteoclast. The acidification of this confined space facilitates the dis-
solution of calcium phosphate from bone and is the optimal pH for the activity of lyso-
somal hydrolases, Bone matrix 1s thus removed, and the products of bone resorption
are taken up into the cytoplasm of the ostecclast, probably digested further, and trans-
ferred into capillaries. The chemical equation shown in the figure refers to the action of

carbonic anhydrase I, described in the text. Reproduced, with permrnission, from Jun
qgueira L, Cameiro J: Basic Histology: Text & Atfas, 10th ed. McGraw-Hill, 2003

Dstenblasts—mononuclear cells derived from pluripo-
tene mesenchymal precursors—synthesize most of the
proteins found in bone (Table 48-9) as well as various
growth factors and cyrokines. They are responsible for
the deposition of new bone marrix (osteoid) and irs
subsequent mineralization, Osteoblasts control miner-
alizarion by regularing the passage of calcium and phaos-
phate ions across their surface membranes. The lacrer
contain alkaline phosphatase, which is used to generare
phosphate ions g:am organic phosphates. The mecha-
nisms involved in mineralization are not fully undes-
stood, but several facrors have been implicaced. Alkaline
phosphatase conrributes to mineralization bue in irself
is not sufficient. Small vesicles {marrix vesicles) conrain-
ing calcium and phosphate have been described ar sires
of mineralization, but their role is not clear. Type I col-
lagen appears to be necessary, with mineralization being
tirst evident in the gaps berween successive molecules.

Recent interest has focused on acidic phosphoproteins,
such as bone sialoprotein, acting as sites of nucleation.
These proteins contain morifs {eg, poly-Asp and poly-
Glu srrerches) that bind caleium and may prnvitf:an
initial scaffold for mineralization. Some macromole-
cules, such as cerrain proteoglycans and glycoproteins,
can also ace as inhibitors of nucleation.

It is estimarced thar approximarely 4% of compact
bone is renewed annually in the typical healthy adule,
whereas approximately 20% of wabecular bone is re-
placed.

Many factors are involved in the regulation of bone
metabolism, only a few of which will be mentioned
here. Some stimulare osteablasts (eg, parathyroid hor-
mone and 1,25-dihydroxycholecalciferol) and others
inhibir them (eg, corticosteroids). Parathyroid hormone
and 1,25-dihydroxycholecalciferol also stimulace osteo-
clasts, whereas caleironin and estrogens inhibir them.



Table 48-10. Some metabolic and genetic
diseases affecting bone and cartilage.

Disease i Comments

e e e e X e S S Iah e

Dwarfism | Often dueto a deficiency of growth
hormaone, but has many other causes.

Rickets Due to a deficiency of vitamin D
o fdurngchldhoed.

Osteomalacia Due to a deficiency of vitamin D

during adulthood,

Hyperparathyroidism | Excess parathormone causes bone

| resorption,

Ostengenesis Due to a variety of mutations in the
imperfecta {eg, COLTAT and COLTAZ genes affecting
MIM 166200 the synthesis and structure of type |

collagen.

Osteoporosis Commonly postmenopausal orin

ather cases is more gradual and re-

| lated to age; a small number of cases
are due to mutations in the COL1AT
and COLTAZ genes and possibly in the
vitamin D receptor gene (MIM 166710)

Osteoarthritis A small number of cases are due to

mukations in the COL1A genes.

Several chondro- Due to mutations in COLZAT genes.

Oysplasias %

Pfeiffer syndrome’ | Mutations in the gene encoding fi-
(MM 100600} broblast growth receptor 1 (FGFR1).

Jackson-Weiss Mutations in the gene encading
(MIM 123150) FGFRZ.
and Creuzaon
(MIN 123500
syndromes’

Achondroplasia Mutations in the gene encoding
(MM 100800} FGFR3,
and thanatophoric
dysplasia’

(MM 1876000

"The Pfeiffer, Jackson-Weiss, and Crouzon syndromes are cran-
insynostosis syndromes; craniosynostosis is a term signifying pre-
miature fusion of sutures in the skull.

“Thanatophoric (Gk thanatos "death” + pharos “bearing”] dyspla-
sia is the most common neonatal lethal skeletal dysplasia, dis-
playing features similar to those of homozygous achondroplasia,
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MANY METABOLIC & GENETIC
DISORDERS INVOLVE BONE

A number of the more important examples of meta-
bolic and genetic disaeders that affect bone are listed in
Table 4810,

Osteogenesis imperfecta (brittle bones) is charac-
terized by abnormal frapility of bones. The seleras are
olten abnormally thin and translucent and may appear
blue owing to a deficiency of connective tissue. Four
1}"_‘!&:5 of this condition [JniM. extensive, severe, and
variable) have been recognized, of which the extensive
H{EIJ:: oocurring in the newbarn is the most aminous.

ceted infants may be born with muldiple fraceures
ahd mot survive, Over 90% u-r Fali:.'hl.s with us‘lL'ngL'nr_'-
518 impcrflur.u have mutations in the COLIAS and
COLIA2 genes, encoding proctl{I) and Fmﬂl[]}
chains, respectively. Over 100 mutations in these two
gn'nr_'s have been documented al'ld. include parlia] e
deletions and dupl'l{_'ml.ium. Other murtations a%&r_'ct
RMNA splicing, and the most frequent type results in the
replacement of gl].'c':nu by another bulkier amino acid,
:I.[]EL'L'iil'lg formation of the wiple helix, In general, these
mutations result in decrease capression of L'[:I]agcn or

Table 48-11. The principal proteins found
in cartilage.

Proteins Comments

Collagen proteins

Collagen type Il 190-98% of total articular cartilage
| collagen. Compased of three
i w1{ll) chains,
Collagens V, VI,I¥, ' Type X cross-links to type |l colla-
XKl i gen. Type Xl may help control di-
i ameter of type Il fibrils.
Moncollagen proteins |
Proteoglycans i
Aggrecan i The major prateoglycan of cartilage.
Large non- 1Found in some types of cartilage.
aggregating |
protecglycan |
05-Pi | (biglycan)' | Similar ta C5-PG | of bone.,
D5-PG Il (decorin) | Similar to C5-PG Il of bone.
Chandronectin {May play role in binding type Il colla-
i gen to surface of cartilage.
Ancherin CI iMay bind type Il collagen to surface

i of chondrocyte.

"The core proteins of D5-PG | and D5-PG Il are homologous to
those of C5-PG | and C3-FG |l found in bone (Table 48-9), A possi-
ble explanation is that osteoblasts lack the epimerase reguired to
convert glucuronic acid to iduronic acid, the latter of which is
found in dermatan sulfate.
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in scructurally abnormal proo: chains thar assemble into
abnormal fibrils, weakening the owerall strucrure of
bone, When one abnormal chain is present, it may in-
teract with two normal chains, bur folding may be pre-
vented, resulting in enzymartic degradation of all of the
chains. This is called “procollagen suicide” and is an ex-
ample of a dominant negative mutation, a result often
seen when a protein consists of muldple different sub-
units.

Osteopetrosis (marble bone disease), characrerized
by increased bone density, is due to inability to resorh
bone. One form occurs along with renal wbular acido-
sis and cerebral calcification. It is due to murarions in
the gene (located on chromosome 8922) encoding car-
bonic anhydrase 1T {CA 11}, one of four isozymes of car-
bonic anhydrase present in human dssues. The reaction
catalyzed by carbonic anhvdrase is shown below:

Fibril

BELH

3

Reaction 1T is spontaneous. In osteoclasts involved in
bone resorprion, CA 11 apparenty provides protons to
neutralize the OH™ ions left inside the cell when H*

Type |l eallagen fb

Prutaugtyna}\v

Figure 48-13.

ions are pumped across their ruffled borders (see
above). Thus, if CA 11 is deficient in activity in osteo-
clasts, normal bone resorption does not occur, and os-
teopetrosis results. The mechanism of the cerebral calci-
fication is not clear, whereas the renal ubular acidosis
retlects deficient acrivity of CA I1 in the renal rubules,

Osteoporosis is a generalized progressive reduction
in bone tssue mass per unit volume causing skeleral
weakness. The ratio of mineral 1o organic elements is
unchanged in the remaining normal bone. Fractures of
various bones, such as the head of the femur, ocour very
easily and represent a huge burden to both the affected
patients am:r to the health care budger of sociery.
Among other factors, estrogens and interleukins-1 and
-0 appear to be intimately involved in the causation of
DS LEOpOTosis,

THE MAJOR COMPONENTS OF
CARTILAGE ARE TYPE Il COLLAGEN
& CERTAIN PROTEOGLYCANS

The principal proteins of hyaline cartilage (the major
type of cartilage) are listed in Table 48-11. Type 11 colla-
gen is the principal protein (Figure 48-13), and a num-
ber of other minor types of collagen are also present. In

Hyaluromic acid

Hyaluronic acid

Chondraitin sulfate

Schematic representation of the molecular organization in cartilage

matrix. Link proteins noncovalently bind the core protein (lighter color) of proteogly-
cans to the linear hyaluronic acid molecules (darker color). The chondroitin sulfate side
chains of the protecglycan electrostatically bind to the collagen fibrils, forming a
cross-linked matrix. The oval outlines the area enlarged in the lower part of the figure.
[Reproduced, with permission, from Jungueira LC, Carneira ) Basic Histology, Text & Atlas,

10th ed. McGraw-Hill, 2003



addition to these components, elastic carrilage contains
elastin and fibroelastic cartilage contains tvpe I collagen.
Cartilage contains a number of proteoglycans, which
play an important role in its compressibility, Aggrecan
{about 2 x 107 kDa) is the major proteoglycan. As shown
in Figure 48-14, it has a very complex strucrure, con-
taining several GAGs (hyaluronic acid, chondroitn sul-
fate, and keratan sulfate) and both link and core proteins.
The core protein contains three domains: A, B, and C.
The hyaluronic acid binds noncovalently 1o domain A of
the core protein as well as to the link protein, which sta-
bilizes the hyaluronate—core protein interactions. The
keratan sulfate chains are located in domain B, whereas
the chondroitn sulfate chains are located in domain C;
both of these types of GAGs are bound covalently 1o the
core protein. The core protein also contains both O- and
N-linked oligosaccharide chains.

The other proteoglycans found in carrilage have
simpler structures than aggrecan.

Chondronectin is involved in the arachment of
tvpe 1 collagen to chondrocyres.

Cartilage is an avascular tissue and obtains most of
its nucrients from synovial fluid. It exhibies slow but
continuous turnover. Various proteases (cg, collage-
nases and stromalysin) synchesized by chondrocyres can
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degrade collagen and the other proteins found in cari-
lage. Interleukin-1 (IL-1) and wumor necrosis facror o
{TNFat) appear to stimulate the production of such
proteases, whereas wansforming growth factor
(TGFP) and insulin-like growth factor | (IGE-I) gener-
ally exerr an anabolic influence on cartilage.

THE MOLECULAR BASES OF THE
CHONDRODYSPLASIAS INCLUDE
MUTATIONS IN GENES ENCODING
TYPE Il COLLAGEN & FIBROBLAST
GROWTH FACTOR RECEPTORS

Chondrodysplasias are a mixed group of hereditary dis-
orders affecting cartilage. They are manifested by short-
limbed dwarfism and numerous skeletal deformities. A
number of them are due 1o a variery of murations in the
COL2AT gene, leading to abnormal forms of type 11
collagen. One example is Stickler syndrome, mani-
fested by degeneration of joint cartilage and of the vit-
reous body of the eye.

The best-known of the chondrodysplasias is achon-
droplasia, the commonest cause of shor-limbed
dwarfism. Affecred individuals have short limbs, nor-

Diomain A Domain B Diomain G
| I I 1
‘H‘H‘“ Hyakuronate- I A
Binding
region
Core N-fnked
~— Link praotain aligosaccharide
protein
Karatamn Chondroitin D-linked
Hyaluronic acid sullata sullale aligosaceharide

Figure 48-14. Schematic diagram of the aggrecan from bovine nasal cartilage, A
strand of hyaluronic acid is shown on the left, The core protein (about 210 kDa) has
three major domains. Domain A, at its amino terminal end, interacts with approxi-
mately five repeating disaccharides in hyaluranate. The link protein interacts with
both hyaluronate and domain A, stabilizing their interactions. Approximately 30 ker-
atan sulfate chains are attached, via GalMAc-Ser linkages, to domain B. Domain C
cantains about 100 chondroitin sulfate chains attached via Gal-Gal-Xyl-3er linkages
and about 40 O-linked oligosaccharide chains. One or more N-linked glycan chains
are also found near the carboxyl terminal of the core protein. (Reproduced, with per-
mission, fram Moran LA et al Biochermistry, 2nd ed, Neil Patterson Publishers, 1694,
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mal trunk size, macrocephaly, and a variety of other
skeleral abnormalides. The condition is often inherited
as an autosomal dominant crair, bur many cases are due
to new mutations. The molecular basis of achondropla-
sia is outlined in Figure 48-15, Achondroplasia is not a
collagen disorder bur is due o murations in the gene
encoding fibroblast growth factor receptor 3
(FGFR3). Fibroblast growth factors arc a family of ar
least nine proteins thar affect the growrth and differenti-
ation of cells of mesenchymal and neuroectodermal ori-
gin. Their receprors are transmembrane proteins and
form a subgroup of the family of receptor tvrosine ki-
nases. FGFR3 is one member of this subgroup and me-
diates the actions of FGF3 on cartilage. In almost all
cases of achondroplasia that have been investigared, the
murations were found o invelve nucleotide 1138 and
resulted in substitution of arginine for glycine (residue
number 380) in the rransmembrane domain of the pro-
tein, rendering it inactive. No such mutation was found
in unaffected individuals. As indicared in Table 48-10,
other skeleral dysplasias (including cerrain craniosynos-
tosis syndromes) are also due to mutations in genes cn-
coding FGF receprors. Another rype of skeletal dyspla-
sia (diastrophic dysplasia) has been found to be due o
muration in a sulfate rransporter, Thus, thanks o re-
combinant DNA technology, a new era in understand-
ing of skeletal dysplasias has begun.

Mutations of nucleotide 1138 in the gene
ancoding FGFR3 on chromosome 4

t

|  Replacement in FGFR3 of Gly (codon 380) by Arg |

v

[ Defective function of FGFR3 |

'

Abnormal development and growlh of cartilage
leading to shor-limbed dwarfism and other features

Figure 48-15. Simplified scheme of the causation of
achondroplasia (MIM 100800}, In most cases studied so
far, the mutation has been a G to A transition at nu-
cleotide 1138, In a few cases, the mutation was a Gto C
transversion at the same nucleotide. This particular nu-
cleotide is a real “hot spot” for mutation. Both muta-
tions result in replacement of a Gly residue by an Arg
residue in the transmembrane segment of the receptor.
& few cases involving replacement of Gly by Cys at
codon 375 have also been reported,

SUMMARY

* The major components of the ECM are the struc-
tural proteins collagen, clastin, and fibnllin: a num-
ber of specialized proteins (eg, fibronectin and
laminin); and various proteoglycans,

* Collagen is the most abundane Frutuin in the animal
k:ingdk:rm: approximately 19 ypes have been isolated.
All collagens contain greater or lesser stretches of
triple helix and the repeating structure (Gly-X-Y),,

* The biosynthesis of collagen is complex, featuring
many postrranslational events, including hydroxyla-
tion of proline and lysine.

= Diseases assoctated with impaired synthesis of colla-
gen include scurvy, osteogenesis imperfecta, Ehlers-
Danlos syndrome (many types), and Menkes discase,

= Elastin confers extensibility and elastic recoil on ds-
sues. Elastin lacks hydroxylysine, Gly-X-Y sequences,
lrJ'Ph.' helical  structure, and slagrars but contains
desmosine and isodesmosine cross-links not found in
E(]]lagﬂn.

* Fibrillin is locared in microfibrils. Mutations in the
gene for fibrillin cause Marfan syndrome,

= The glycosaminoglycans (GAGs) are made up of re-
pearing disaccharides containing a uronic acid (glu-
curonic or iduronic) or hexose (galactose) and a hex-
psamine {(galactosamine or glucosamine). Sulfare is
also frequently present,

- -J.-.hi.' m;ijur ‘.:Aﬂ‘i are ]'I.}fa.lurl::lhill.' a.l.':d. t‘l:'ltrndrui.[in
4- and 6-sulfares, keratan sulfaces 1 and 11 heparin,
heparan sulfate, and dermaran sulfate.

* The GAGs are synthesized by the sequenial actions
of a batcery of specific enzymes {glvoosylransferases,
epimerases, sulforransferases, erc) and are degraded
by the sequential action of lysosomal hydrolases. Ge-
netic deficiencies of the latrer resulr in mucopolysac-
charidoses {eg, Hurler syndrome).

* GAGs occur in tssues bound to various proteins
{linker proteins and core proteins), consomnng pro-
teoglycans, These structures are often of very high
malecular weight and serve many functions in tis-
sues.

* Many components of the ECM bind to proteins of
the cell SIJJ'FB.I'_'L' named integrins; this constitutes one
I:I‘H.Lh“';l}r I'.'l}' wl:li{.'E] I'l'“.' exle I"[Lln' [Jil I'.'L']Iji can omimu-
nicate with their interiors,

* Bone and cartilage are specialized forms of the ECM.
Collagen 1 and hydroxyaparite are the major con-
stituenes of bone. Collagen [l and cermain proceogly-
cans are major constituents of cartilage.



* The molecular causes of a number of heritable dis-
cases of bone {eg, osteogenesis imperfecta) and of car-
tilage {eg, the chondrodystrophies) are being revealed
by the application of recombinant DNA technology.
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Muscle & the Cytoskeleton

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

Proteins play an imporrane role in movement ar both
the organ (eg, skeleral muscle, heart, and gur) and cellu-
lar levels, In this chaprer, the roles of specific proteins
and certain other key molecules {eg, Ca®*) in muscular
contraction are described, A brief coverage of cyto-
skeletal proteins is also presented.

Knowledge of the molecular bases of & number of
conditions that affect muscle has advanced greatly in re-
cent years. Understanding of the molecular basis of
Duchenne-type muscular dystrophy was greatly en-
hanced when it was found chat it was due to murations
in the gene encoding dystrophin. Significant progress
has also been made in understanding the molecular
hasis of malignant hyperthermia, a serious complica-
tion for some patients undergoing certain types of anes-
thesia, Heart failure is 2 very common medical condi-
ton, with a variety of causes; its ratonal therapy
requires understanding of the biochemistry of heart
muscle, One group of conditions thar cause heart fail-
ure are the cardiomyopathies, some of which are ge-
netcally determined, Nitric oxide (MO} has been
found 1o be a major regulator of smooth muscle tone,
Many widely used vasodilators—such as nitroglycerin,
used in the treatment of angina pectoris—act by in-
creasing the formation of MO, Muscle, partly because
of its mass, plays major roles in the overall metabolism

of the body.

MUSCLE TRANSDUCES CHEMICAL
ENERGY INTO MECHANICAL ENERGY

Muscle is the major biochemical rransducer (maching)
that converts potential (chemical) energy into kinetic
(mechanical) energy, Muscle, the largest single tissue in
the human body, makes up somewhar less than 25% of
body mass at birth, more than 40% in the young adule,
and somewhat less than 30% in the aged adult, We
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shall discuss aspects of the three types of muscle found
in vertchrares: skeletal, cardiac, and smeooth. Both
skeleral and cardiac muscle appear striated upon micro-
scopic observation: smooth muscle is nonstriated. Al-
though skeletal muscle is under voluntary nervous con-
tral, the control of both cardiac and smooth muscle is
inveluntary,

The Sarcoplasm of Muscle Cells
Contains ATP, Phosphocreatine,
& Glycolytic Enzymes

Striated muscle is composed of multinucleated muscle
fiber cells surrounded by an electrically excitable plasma
membrane, the sarcolemma. An individual muoscle
fiber cell, which may extend the entire length of the
muscle, contains a bundle of many myofibrils arranged
in parallel, embedded in intracellular Auid termed sar-
coplasm. Within this fluid 15 contained glycogen, the
high-energy compounds AT and  phosphocreatine,

:l]'ll'j l'l.'l: EI'.I'X.}']TIC‘S [J{gl}"fnhﬂh’ii.

The Sarcomere Is the Functional
Unit of Muscle

An overall view of voluntary muscle ar several levels of
organization is presented in Figure 491,

When the myofibril is examined by electron mi-
croscopy, alternating dark and light bands (anisotropic
bands, meaning birefringent in polarized light; and
isotropic bands, meaning not alwered by polarized lighd
can be observed. These bands are thus referred o as A
and I bands, respectively. The central region of the A
band (the H band) appears less dense than the rest of
the band. The I band is bisected by a very dense and
narrow Z line (Figure 49-2},

The sarcomere is defined as the region beoween two
Z lines (Figures 49-1 and 49-2) and is repeared along
the axis of a fibril ar distances of 1500-2300 nm de-

pending upon the state of contraction.
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Figure 49-1.
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The structure of voluntary muscle, The sarcomere is the region between the

Z lines. {Orawing by Syhia Colard Keene. Reproduced, with permission, from Bloom W, Fawcett
DW: A Textbook of Histology, 10th ed. Saunders, 1975

The strated appearance of voluntary and cardiac
muscle in light microscopic studies results from their
high degree of organization, in which most muscle fiber
ceﬁs are aligned so that their sarcomeres are in parallel
register (Figure 40-1).

Thick Filaments Contain Myosin;
Thin Filaments Contain Actin,
Tropomyosin, & Troponin

When myofibrils are examined by electron microscopy,

it appears that each one is constructed of two types of

longitudinal filaments. One type, the chick filament,
confined to the A band, contins chiefly the protein
myosin, These (ilaments are abour 16 nm in diamerer
and arranged in cross-section as a hexagonal array (Fig-
ure 49-2, center; right-hand cross-section).

The thin flament (sbout 7 nm in diameter) lies in
the I band and extends into the A band but not into is
H zone (Figure 49-2). Thin filaments contain the pro-
teins actin, tropomyosin, and woponin (Figure 49-3).
In the A band, the thin filaments are arranged around
the thick (myosin) filament as a secondary hexagonal
array. Each thin filament lies symmetrically between
three thick filaments (Figure 49-2, center; mid eross-

section), and each thick filament is surrounded sym-
metrically by six thin filaments.

The thick and thin filaments interact via cross-
bridges that emerge at intervals of 14 nm along the
thick filaments. As depicted in Figure 49-2, the cross-
bridges (drawn as arrowheads at each end of the myosin
[ilaments, bur not shown extending fully across o the
thin filaments) have opposite polarities at the two ends
of the thick flaments. The two poles of the thick fla-
ments are separated by a 150-nm segment (the M band,
not labeled in the figure) that ic free of projections.

The Sliding Filament Cross-Bridge
Model Is the Foundation on Which
Current Thinking About Muscle
Contraction Is Built

This model was proposed independentdy in the 19505
by Henry Husley and Andrew Huxley and cheir col-
leagues. It was largely based on carcful morphologic ob-
servations on resting, extended, and contracting mus-
cle. Basically, when muscle contracts, there is no change
in the lengths of the thick and thin filaments, but the
H zoncs and the | bands shorten (sce legend to Fig-
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A. Exlended e,

L 2300 nm

(- Aimin
Actin filaments
E-nm diamstar Myasin lilarmanis
| \6-nm diameter
Cross saction:
B. Contracted
Thim =—— G-nm diameter
Mamanl 1 | 1 | ]
Thick —C 11 I 310 1 16-mm diamater
fament

L 1503 nm J

Figure 49-2.  Arrangement of filaments in striated muscle. A: Extended. The positions of the

I, &, and H bands in the extended state are shown. The thin filaments partly overlap the ends of the
thick filaments, and the thin filaments are shown anchored in the Z lines (often called 7 disks). In
the lower part of Figure 49-24, "arrowheads,” pointing in oppaosite directions, are shown emanat-
ing from the myosin {thick) filaments. Four actin (thin} filaments are shown attached to two Z lines
via w-actinin. The central region of the three myosin filaments, free of arrowheads, is called the

M band (not labeled). Cross-sections through the M bands, through an area where myosin and
actin filaments overiap and through an area in which solely actin filaments are present, are shown.
B: Contracted, The actin filaments are seen to have slipped along the sides of the myosin fibers to-
ward each ather. The lengths of the thick filaments (indicated by the A bands) and the thin fila-
ments (distance between Z lines and the adjacent edges of the H bands) have not changed. How-
ever, the lengths of the sarcomeres have been reduced {from 2300 nm to 1500 nm), and the
lengths of the H and | bands are also reduced because of the overlap between the thick and thin
filaments. These morphologic observations provided part of the basis for the sliding filament
maodel of muscle contraction.
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Tropomyosin

Troponin

ST

The assembied thin filament

Figure 49-3.

Schematic representation of the thin filament, showing the spatial configuration of its three

major protein components: actin, myosin, and tropomyosin. The upper panel shows individual molecules of
G-actin. The middle panel shows actin monomers assembled into F-actin, Individual malecules of tropomyosin
{two strands wound around one another) and of troponin imade up of its three subunits) are also shown. The
lower panel shows the assembled thin filament, consisting of F-actin, tropomyosin, and the three subunits of

traponin (TpC, Tpl, and TpT).

urc 49-2). Thus, the arrays of interdigitating filaments
must slide past one another during conrraction. Cross-
bridges thar link chick and thin filamencs ar cerain
stages in the contraction cycle gencrate and sustain the
tension. The tension developed during muscle contrac-
tion is proportionate to the filament overlap and o che
number of cross-bridges, Fach cross-bridge head is con-
nected to the thick filament via a flexible fibrous seg-
ment that can bend ourward from the thick flament.
This Aexible segment facilivares conract of the head
with the thin filament when necessary bur is also suffi-
ciently pliant to be accommodated in the interfilament
SPacing.

ACTIN & MYOSIN ARE THE MAJOR
PROTEINS OF MUSCLE

The mass of a muscle is made up of 75% water and
more than 20% protein. The two major protcins arc
actin and myosin,

Monomernic G-actin {43 kDa; G, globular) makes
up 25% of muscle protein by weight, At physiologic
ionic strength and in the presence of Mg®', G-actin
polvmerizes noncovalendy to form an insoluble double
helical flament called F-acun (Figure 49-3). The
F-actin fiber is 6—7 nm thick and has a pitch or repeat-
ing structure every 35.5 nm,
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Myosins constitute a family of proteins, with ar
least 15 members having been idendified. The myosin
discussed in this chapter is myosin-11, and when myosin
is referred to in this text, it is this species that is meant
unless otherwise indicated. Myosin-I is a2 monomeric
species that binds to cell membranes. It may serve as a
linkage berween microfilaments and the cell membrane
in cerrain locations.

Myosin contributes 55% of muscle prowin by
weight and forms the thick filaments. It is an asymmer-
ric hexamer with a molecular mass of approximarely
460 kDa. Myosin has a fibrous tail consisting, of two in-
tertwined helices. Each helix has a globular head por-
tion artached ar one end (Figure 49-4). The hexamer
consists of one pair of heavy (H) chains cach of ap-
[\Imxi.matcly 200 kDA molecular mass, and two pairs of

ight (L) chains cach with a molecular mass of approxi-
mately 20 kDa. The L chains differ, one being called
the essential light chain and the other the regulatory
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light chain. Skeleral muscle myosin binds actin to form
actomyosin (actin-myosin), and its inwinsic ATPase ac-
tivity is markedly enhanced in this complex. Isoforms
of myosin exist whose amounts can vary in different
anatomic, physiologic, and pathologic situarions.

The strucrures of actin and of the head of myosin
have been determined by x-ray crystallography; these
studies have confirmed a number of carlier findings
concerning their structures and have also given rise o
much new information.

Limited Digestion of Myosin With
Proteases Has Helped to Elucidate
Its Structure & Function

When myosin is digested with trypsin, two myosin
fragments (meromyosins) are generated. Light mero-
myosin (LMM) consists of aggregated, insoluble ce-he-
lical fibers from the tail of myosin (Figure 49-4). LMM

t[\'_\
o H#BA 5-1
A

¥

HMM 5-2

:
DOOCOCK

Figure 49-4. Diagram of a myosin molecule showing the two intertwined a-helices {fibrous portion), the
globular region or head (G), the light chains (L}, and the effects of proteclytic cleavage by trypsin and papain,
The globular region (myosin head) contains an actin-binding site and an L chain-binding site and also attaches

to the remainder of the myosin molecule.



exhibis no ATPase activity and does not bind w
F-actin.

Heavy meromyosin (HMM; molecular mass about
340 kDwa) is a soluble prorein that has both a fibrous
ﬁunjun and a globular portion (Figure 49-4). It ex-

ibits ATPase activicy and binds o Feactin, Digestion
of HMM with papain generates two subfragments, 5-1
and 5-2. The 5-2 fragment is fibrous in character, has
no ATPase activity, and does not bind to F-actin,

5-1 (meolecular mass approximately 115 kDa) does
exhibit ATPase activity, binds L chains, and in the ab-
sence of ATP will bind to and decorate actin with “ar-
rowheads” (Figure 49-5), Both 5-1 and HMM exhibit
ATPase activity, which is accelerared 100- to 200-fold by
complexing with F-actin, As discussed below, F-actin
?rcatl}f enhances the rate ar which myesin ATPase re-
eases its produces, ADP and P Thus, although F-actin
does not affect the hydrolysis step per se, its abiliy w
promote release of the products produced by the ATPase
activity greatly accelerates the overall rare of caralysis.

CHANGES IN THE CONFORMATION
OF THE HEAD OF MYOSIN DRIVE
MUSCLE CONTRACTION

How can hydrolysis of ATP produce macroscopic
movement? Muscle contraction essentially consists of
the cyelic attachment and detachment of the 5-1 head of
myosin to the F-actin filaments. This process can also be
referred to as the making and breaking of cross-bridges.
The artachment of actin to myosin is followed by con-
formarional changes which are of particular importance
in the 5-1 head and are dependent upon which nu-
cleotide is present (ADP or ATP). These changes result

Figure 49-5. The decoration of actin filaments with
the 5-1 fragments of rmyosin to form "arrowheads.”
(Courtesy of 14 Spudich.)
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in the power stroke, which drives movement of actin
filaments past myosin filaments. The energy for the
power stroke is uldmartely supplicd by ATP, which is
hydrolyzed to ADP and P, However, the power stroke
iself occurs as a result of conformational changes in
the myosin head when ADP leaves it

The major biochemical events occurring during one
cvcle of muscle contraction and relaxation can be repre-
sented in the five steps shown in Figure 49-6:

(11 In the relaxation phase of muscle contraction,
the 5-1 head of myaosin hydrolyzes ATP to ADP and I';,
but these products remain bound. The resultane ADP-
P-myosin complex has been energized and is in a so-
called high-encrgy conformation.

(2) When contraction of muscle 15 sumulaced (via
events involving Ca™*, troponin, tropomyosin, and
actin, which are described below), actin becomes acces-
sible and the 5-1 head of myosin finds ix, binds it, and
forms the actin-myosin-ADP-I", complex indicated.

(3) Formation of this complex promotes the re-
lease of P}, which initiates the power stroke. This is fol-
lowed by release of ADD and is accompanied by a large
conformational change in the head of myosin in rela-
tien o its il (Figure 49-7), pulling actin about 10 nm
toward the center of the sarcomere. This is the power
stroke, The myosin is now in a so-called low-cnergy
state, indicated as actin-myosin,

(4} Another molecule of ATF binds to the 5-1 head,
forming an actin-myosin-ATI" complex,

(5) Myosin-ATP bhas a low affinity for actin, and
actin is thus released. This last step 15 a key compo-
nent of relaxation and is dependent upon the binding
of AT to the actin-myosin complex.

- Actin-Myosin
F ADP-P,

Figure 49-6. The hydrolysis of ATP drives the cyclic
association and dissociation of actin and myosin in five
reactions described in the text. iModiflied from Stryer L
Biochemistry, 2nd ed. Freeman, 15981
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1

— A

Thick filament

Thin Mament

Figure 49-7. Representation of the active cross-
bridges between thick and thin filaments, This diagram
was adapted by AF Huxley from HE Huxley: The
mechanism of muscular contraction. Science
1969;164;1356, The latter proposed that the force in-
volved in muscular contraction ariginates in a tendency
for the myosin head (5-1) to rotate relative to the thin
filament and is transmitted to the thick filament by the
5-2 portion of the myosin molecule acting as an inex-
tensible link. Flexible points at each end of 5-2 permit
5-1 to rotate and allow for variations in the separation
between filaments. The present figure is based on HE
Huxley's proposal but also incorporates elastic (the coils
in the 5-2 portion) and stepwise-shortening elements
(depicted here as four sites of interaction between the
5-1 portion and the thin filament). [See Huxley AF, Sim-
mons BM: Proposed mechanism of force generation in
striated muscle, Mature [Lond] 1971:233:533) The
strengths of binding of the attached sites are higher in
position 2 than in position 1 and higher in position 3
than position 2. The myosin head can be detached from
position 3 with the utilization of 2 molecule of ATP; this
is the predominant process during shortening. The
myosin head is seen to vary in its position from about
90° to about 45°, as indicated in the text. (5-1, myosin
head; 5-2, portion of the myosin molecule; LMM, light
meromyasing (see legend to Figure 49-4). [Reproduced
from Huxley AF: Muscular contraction. J Physiol 1974,
2431 By kind permission of the author and the Jowmal of
Physiclogy.)

Another cycle then commences with the hydrolysis
of ATP {step 1 of Figure 49-6), re-forming the high-
energy conformartion.

Thus, hydrolysis of ATP is used o drive the oyce,
with the acrual power stroke being the conformational
change in the 5-1 head thar occurs upon the release of

ADP. The hinge regions of myosin (referred to as flexi-
ble points ar cach end of 5-2 in the legend to Figure
49-7) permit the large range of movement of 5-1 and
also allow 5-1 to find actin filaments,

If intracellular levels of ATP drop (eg, after death),
ATP is nor available to bind the 5-1 head (swep 4
above), actin does not dissociate, and relaxacion (step 5)
does not occur. This is the explanation for rigor mor-
tis, the stiffening of the body that ocours after death,

Calculations have indicated thar the efficiency of
contraction is about 30%; that of the internal combus-
tion cngine is less than 20%.

Tropomyosin & the Troponin Complex
Present in Thin Filaments Perform Key
Functions in Striated Muscle

In seriated muscle, there are two other proceins char are
minor in terms of their mass but important in terms of
their function. Trupnu:lyosiﬂ is a fibrous molecule thar
consists of two chains, alpha and beta, that attach o
F-actin in the groave berween its filaments ( Figure 49-3).

Tropomyosin is present in all muscular and muscle-like
structures, The u'npnmﬂ l.‘ul:n]:ill‘.'x 15 LI.EIH'.!!J.I: tor striated
muscle and consists of three polypeptides. Troponin T
(TpT) binds o tropomyosin as well as w the other two
traponin components, Tropnmn I {Tpl) inhibits the
F-actin- m}'tuln interaction and alse binds to the other
components of toponin, Troponin C (TpC) is a cl-
cium-binding polypeptide that is structurally and fune-
vanally analogous to calmodulin, an important cal-
cium-ltindlng Fnrh:in 'l.-.ri.dtl].' distributed in nature,
Four molecules of calcium ion are bound per molecule
of troponin C or calmodulin, and both molecules have
a molecular mass of 17 kDa.

Ca®' Plays a Central Role in Regulation
of Muscle Contraction

The coneraction of muscles from all sources oceurs by
the general mechanism described above. Muscles from
different organisms and from different cells and tissues
within the same organism may have different molecular
mechanisms responsible for the r:guhllu-n al their con-
traction and relaxation. In all systems, Ca® plays a key
regulatory role, There are two general mechanisms of
r::gul:liinn of muscle contraction: actin-based and
myosin-based. The former operates in skeletal and car-

diac muscle, the latter in smooth muscle.

Actin-Based Regulation Occurs
in Striated Muscle

Actin-based regulation of muscle occurs in vertebrate
skeleral and cardiae muscles, both sertated. In the gen-



eral mechanism described above (Figure 49-6), the
only porenially limiting factor in the cycle of muscle
contraction might be ATP. The skeletal muscle system
is inhibited at rest; chis inhibition is relieved o actvare
conttaction. The inhibitor of striared muscle is the tro-
ponin system, which is bound to oopomyesin and
F-actin in the thin filament (Figure 4%-3). In striated
muscle, there is no control of contraction unless the
tropomyosin-troponin systems are present along with
the actin and myosin filaments, As described above,
tropomyosin lies along the groove of F-actin, and
the three components of troponin—TpT, Tpl, and
TpC—are bound ro the F-actin-tropomyosin complex.
Tpl Erﬂ'cms binding of the myosin head o its F-acrin
attachment site either by altering the conformation of
F-actin via the tropomyosin molecules or by simply
rolling tropomyosin into a position thar directly blocks
the sites on F-actin to which the myvosin heads arcach.
Either way prevents activation of the myosin ATPase
thar is mediated by binding of the mvosin head w
F-actin. Hence, the Tpl system blocks the contraction
cycle at step 2 of Figure 49-6. This accounts for the in-
hibited state of relaxed striated muscle,

The Sarcoplasmic Reticulum
Regulates Intracellular Levels
of Ca®' in Skeletal Muscle

[n the sarcoplasm of resting muscle, the concentration
of Ca* is 10 o 107 mol/L. The resting state is
achieved because Ca®™ is pumped into the sarcoplasmic
reticulum through the action of an active transport sys-
tem, called the Ca®* ATPase (Figure 49-8), initiating
relaxation. The sarcoplasmic reticulum is a nerwork of
fine membranous sacs. Inside the sarcoplasmic reticu-
lum, Ca™ is bound to a specific Ca*-binding protein
designated calsequestrin. The sarcomere is surrounded
by an excitable membrane (the T tubule system) com-
posed of transverse (T) channels closely associated with
the sarcoplasmic rericulum.

When the sarcolemma is excited by a nerve impulse,
the signal is transmitted into the T wbule system and a
Ca®* release channel in the nearhy mrcapla&mlc FeticL-
lum opens, releasing Ca®™ from the sarcoplasmic reticu-
lum into the sarcoplasm. The concentration of Ca**
the sarcoplasm rises rapidly ro 10 mol/L. The L.'l“
binding sites on TpC in the thin filament are guickly
occupied by Ca®™. The TpC-4Ca™ interacts with Tpl
and TpT to alter their interaction with wopomyosin.
Accordingly, tropomyosin moves out of the way or al-
ters the conformation of Foactin so thar the myosin
head-ADP-F, (Figure 49-6) can interact with F-actin o
start the contraction cycle.

The Ca®* release channel is also known as the ryan-
odine receptor (RYR). There are two isoforms of this
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T tubude
Sarcolemma
) ) '
Dihydropyriding
raceptor
Ca®* release

Calsequastrin

channel

Calsaguestrin

Sarcomere

Figure 49-8. [iagram of the relationships amang
the sarcolemma (plasma membrane), a T tubdile, and
two cisternae of the sarcoplasmic reticulum of skeletal
muscle (not to scalel, The T tubule extends inward from
the sarcolemma. A wave of depolarization, initiated by
a nerve impulse, is transmitted from the sarcolemma
down the T tubule, It is then conveyed to the Ca™ re-
lease channel (ryanodine receptor), perhaps by interac-
tion between it and the dihydropyridine receptor {slow
Ca’" voltage channel), which are shown in close prox-
imity. Release of Ca® from the Ca’' release channel into
the cytosol initiates contraction. Subsequently, Ca®™ is
pumped hack into the cisternae of the sarcoplasmic
reticulum by the Ca®' ATPase (Ca®™ pump) and stored
there, in part bound to calsequestrin.

recepror, RYR1 and RYR2, the former being present in
skeleral muscle and the larcer in heart muscle and brain.
Ryanodine is a plant alkaloid that binds to RYRI and
RYR2 specifically and modulates their activities. The
Ca™ release channel is 2 homotetramer made up of four
subunits of kDa 565. It has transmembrane sequences
at its carboxyl terminal, and these probably form the
Ca™ channel. The remainder of the protein protrudes
into the cytosol, bridging the pap berween the sar-
coplasmic reticulum and the transverse wbular mem-
brane. The channel is ligand-gated, Ca*™ and ATP
working synergistically in vitro, although how it oper-
ates in vivo is not clear, A possible sequence of events
leading to opening of the channel is Ehawn in Figure
49-9. The fﬂannel lies verv close to the dihydropyri-
dine receptor (DHPR: a voltage-gared slow K oype
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| Depolarization of narve |
i

| Depolarization of skeletal muscle I

'

| Depolarizaticn of the transvarsa tubular mambrana I

'

Charge movement of the slow Ca®™ voltage
channel (DHPR) of the transverse tubular membrane

'

| Opening of the Ca’* release channel (RYR1) |

Figure 49-9. Possible chain of events leading to
opening of the Ca*" release channel. As indicated in the
text, the Ca®* voltage channel and the Ca®' release
channel have been shown to interact with each other in
vitro via specific regions in their polypeptide chains,
(DHPR, dihydropyridine receptor; RYR1, ryanodine re-
ceptor 1.)

Ca** channel) of the transverse tubule system (Figure
49-8). Experiments in vitro employing an affinity col-
umn chromatography approach have indicated thar a
37-amino-acid streech in RYR] interacts with one spe-
cific loop of DHPR.

Relaxation occurs when sarcoplasmic Ca® falls
below 107" mol/L owing to its resequestration ingo the
sarcoplasmic reticulum by Ca'* ATPase. TpC.4Ca™
thus loses its Ca™*. Consequently, troponin, via interac-
tion with tropomyosin, inhibits further myosin head
and F-actin interaction, and in the presence of ATP the
myosin head detaches from the F-actin.

Thus, Ca** controls skeletal muscle contraction and
relaxation by an allosteric mechanism mediated by
TpC, Tpl, TpT, tropomyosin, and F-actin.

A decrease in the concentration of ATP in the sar-
coplasm {eg, by excessive usage during the cycle of con-
traction-relaxation or by diminished formaton, such as
might occur in ischemia) has two major cffeces: (1) The
Ca®" AlTPase {Ca” pump) in the sarcoplasmic reticu-
lum ccases to maintain the low concentration of Ca™
in the sarcoplasm. Thus, the interaction of the myosin
hcads with F-actin is promoted, (2) The ATP-depen-
dent detachment of myosin heads from F-actin cannot
occur, and rgidity (contracture) sers in. The condition
of rigor mortis, following death, is an cxwension of
these events.

Muscle contracrion 15 a delicate dynamic balance of
the arachment and detachment of myosin heads o
F-actin, subject to fine regulation via the nervous
system.

Table 49-1 summarizes the overall events in con-
traction and relaxation of skeleral muscle,

Mutations in the Gene Encoding the Ca*
Release Channel Are One Cause of Human
Malignant Hyperthermia

Some genetically predisposed patients experience a se-
vere reaction, designated malignant hyperthermia, on
exposure to certain anesthetics {eg, halothane) and de-
polarizing skeletal muscle relaxanes (g, succinyl-
chaling), The reaction consists primarily of rigidity of
skeletal muscles, hvpcrm:ubohsm, a.nrl high fever. A
high cytoselic concentration of Ca® in skeleral mus-
cle is a major factor in its causation. Unless malignane
hyperthermia is recognized and treated immediacely,
patients may die acutely of ventricular fibrillation or
survive to succumb subsequently from other serious
complications, Appropriatc treatment is to stop the
anestheric and administer the drug dantrolene intra-
venously. Dantrolene is a skeletal muscle relaxant thac
acts to inhibir release of Ca™ from the sarcoplasmic
reticulum into the cytosol, thus preventing the increase
of cytosolic Ca™ found in malignant hyperthermia.

Table 49-1. Sequence of events in contraction
and relaxation of skeletal muscle.'

Steps in contraction

{1} Discharge of mator neuran

{2) Release of transmitter (acetylcholing) at motor end-
plate

{3) Binding of acetylchaline to nicotinic acetylchaline re-
Ceptors

{4 Increased Ma® and K' conductance in endplate mem-
brang

{5) Generation of endplate potential

(8] Generation of action patential in muscle fibers

{71 Inward spread of depolarization along T tubules

|8) Release of Ca®* from terminal cisterns of sarcoplasmic
reticulurm and diffusion to thick and thin filaments

{9) Binding of Ca** to tropenin C, uncovering myosin
binding sites of actin

(10) Formation of cross-linkages between actin and
myasin and sliding of thin an thick filaments, produc-
ing shortening
Steps in relaxation

{1) Ca** pumped back into sarcoplasmic reticulum

{2) Release of Ca™ from troponin

{3) Cessation of interaction between actin and myosin

'Reproduced, with permission, from Ganong WF; Review of Med-
ical Physiology, 215t ed, McGraw-Hill, 2003.



Malignant hyperthermia also ocours in swine. Sus-
ceptible animals Eomozjgous for malignant hyperther-
mia respond to stress with a faral reaction (porcine
stress syndrome) similar to that exhibited by humans.
[f the reaction ocours prior to slaughter, it affects che
quality of the pork adversely, resulting in an inferior
product. Both events can result in considerable eco-
nomic losses for the swine industry,

The finding of a high level of cyrosolic Ca® in mus-
cle in malignant hyperthermia suggested thar the con-
dition might be caused by abnormalities of the Ca®™
ATPase or of the Ca™ release channel. No abnormali-
ties were detected in the former, bur sequencing of
cDNAs for the latrer protein proved insigheful, particu-
larly in swine, All <DNAs from swine with malignant
hyperthermia so far examined have shown a substitu-
tion of T for C1843, resulting in the substiturion of
Cys for Arg”"” in the Ca®™ release channel. The muta-
tion affects the function of the channel in that it opens
more casily and remains open longer; the ner result is
muassive release of Ca®™ into the cytosol, ultimarely caus-
ing sustained muscle contraction,

The picture is more complex in humans, since ma-
lignant hyperthermia exhibirs genetic heterogeneity.
Members of a number of families who sufter from ma-
lignant hyperthermia have not shown genetic linkage
to the RYR! gene. Some humans susceptible to malig-
nant hyperthermia have been found ro exhibic the
same mutation found in swine, and others have a vari-
ety of point mutations at different loci in the RYRY
gene. Certain families with malignant hypertension
have been found to have mutations affecting the
DHPR. Figure 49-10 summarizes the probable chain
of events in malignant hyperthermia. The major
promise of these findings is that, once additional mu-
tarions are detecred, it will be possible 1o screen, using
suitable DINA probes, for individuals ar risk of devel-
oping malignant hyperthermia during anesthesia. Cur-
rent screening tests (eg, the in virro caffeine-halothane
test) are relatively unreliable. Affecred individuals
could then be given alwernative anesthetics, which
would not endanger their lives. 1t should also be possi-
ble, if desired. to eliminate malignant hyperthermia
from swine popularions using suitable breeding prac-
tices.

Another condition due vo mutations in the RYRJ
gene is central core disease. This is a rare myopathy
presenting in infancy with hypotonia and proximal
muscle weakness, Electron microscopy reveals an ab-
sence of mitochondria in the center of many type I (see
below) muscle fibers. Damage to mitochondria induced
by high intracellular levels of Ca®* secondary to abnor-
mal functioning of K¥R! appears to be responsible for
the morphologic findings.
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| Mutations in the RYR1 gene [
t

Altered Ca®* release channel protein (RYR1)
{eg, substitution of Cys for Arg™™® )

Mutated channel opans more easily and slays opan
langer, thus flooding the cylosol with Ca™

'

High infraceliular levels of Ca®* stimulate sustained
muscle contraction (rfgidity); high Ca®* also stimulates
breakdown of glycogen, glycolysis, and aerobic
metabolism (resulting in excessive production of heaf)

Figure 49-10. Simplified scheme of the causation of
malignant hyperthermia (MIM 145600). At least 17 dif-
ferent point mutations have been detected in the RYRT
gene, some of which are associated with central core
disease (MIM 117000). It is estimated that at least 50%
of families with members whao have malignant hyper-
thermia are linked to the AYRT gene. Some individuals
with mutations in the gene encoding DHPR have also
been detected; it is possible that mutations in other
genes for proteins involved in certain aspects of muscle
metabolism will alse be found.

MUTATIONS IN THE GENE ENCODING
DYSTROPHIN CAUSE DUCHENNE
MUSCULAR DYSTROPHY

A number of additional proteins play various roles in
the structure and function of muscle, They include titin
(the largest protein known), nebulin, G-actinin, desmin,
dystrophin, and calcineurin. Some properties of these
pmrcim are summarized in Table 49-2,
Diystrophin is of special interest. Mutations in the
ene encoding this protein have been shown to be the
cause of Duchenne muscular dystrophy and the milder
Becker muscular dyserophy (see Figure 49-11). They
are also implicated in some cases of dilated cardiomy-
opathy (see below), The gene encoding dystrophin is
the largest gene known (= 2300 kb) and is situared on
the X chromosome, accounting for the maternal inheri-
tance patt:rn nF Duchenne .'lnd B:ck:r muscu!ur d}rs-
trophies. As shown in Figure 49-12, dystrophin forms
part of a large complex of proteins thar atcach w or in-
teract with the plasmalemma. Dystrophin links the
act'm v:}-'tnsk:ll:mn to the F.C]"rf and. aAppears to he
needed for assembly of the synapric junction. Tmpair-
ment of these processes by formarion of defective dys-
trophin is presumably critical in the causation of
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Table 49-2. Some other important proteins

of muscle,

Protein Location Comment or Function

Titin Reaches fromthe £ | Largest protein in body,
lime to the M ling Role in relaxation of

muscle,

Mebulin From Zlinealong | May regulate assembly
length of actin and length of actin
filaments filaments.

o-Actinin | Anchors actinto £ | Stabilizes actin
lines filaments.

Desmin Lies alongside actin | Attaches to plasma
filaments membrane (plasma-

lemma.

Dystrophin | Attached to plasma- | Deficient in Duchenne
lemma muscular dystrophy.

Mutations of its gene

can also cause dilated

b icardiomyopathy.

Calcineurin | Cytasal & calmodulin-regulated

protein phosphatase.

May play important

roles in cardiac hyper-

trophy and in regulating

amounts of slow and

fast twitch muscles.

Myasin- Arranged trans- Bincls myosin and titin.

hinding | versely in sarcomere | Flays a role in main-
protein C | A-bands taining the structural

integrity of the sarco-
mere.

Delation of part of the structural gana for dysirophin,
lacated on the X chromosome

'

|  Diminished synthesis of the mRANA for dystrophin |

'

| Low levels or absence of dystrophin I

t

Muscle contraction/relaxation affected,
precise mechanisms not elucidated

'

| Frogressive, usually fatal muscular weakness |

Figure 49-

1.

Surmmary of the causation of

Duchenne muscular dystrophy (MIM 310200),

Duchenne muscular dyscrophy. Mutations in the genes
encoding some of the components of the sarcoglycan
complex shown in Figure 49-12 are responsible for
limb-girdle and cerrain other congeniral forms of mus-
cular dystrophy,

CARDIAC MUSCLE RESEMBLES SKELETAL
MUSCLE IN MANY RESPECTS

The general picture of muscle contraction in the heart
resembles that of skeletal muscle. Cardiac muscle, like
sheleral muscle, is striated and uses the actin-myosin-
rropomyosin-troponin system described above, Unlike
skeletal muscle, cardiac muscle exhibits intrinsic rhyth-
micity, and individual myocytes communicate with
each other because of its syncyrial narure, The T wbu-
lar system is more developed in cardiac muscle,
whereas the sarcoplasmic reticulum is less extensive
and consequently the intracellular supply of Ca™ for
contraction is less. Cardiac muscle thus relies on extra-
cellular Ca** for conrraction; if isolated cardiac muscle
is deprived of Ca™, it ceases to bear within approxi-
mately | minure, whereas skeleral muscle can conrinue
to contract without an extracellular source of Ca™,
Cyclic AMP plays a more prominent role in cardiac
than in skeleral muscle. It modulares intracellular levels
of Ca® through the activation of protein kinases; these
enzymes phosphorylate various transport proteins in
the sarcolemma and sarcoplasmic reticulum and also in
the troponin-tropomyosin regulatory complex, affect-
ing intracellular levels of Ca™ or responses to it. There
is a rough correlation berween the phosphorylation of
Tpl andg:he increased contraction of canftac muscle in-
duced by carecholamines. This may account for the in-
otropic effects {increased contracrility) of P-adrenergic
compounds on the heart. Some differences among
skeleral, cardiac, and smooth muscle are summarized in
Table 49-3.

Ca®' Enters Myocytes via Ca®* Channels
& Leaves via the Na‘-Ca® Exchanger
& the Ca’* ATPase

As stated above, extracellular Ca®* plays an imporrant
role in contraction of cardiac muscle bur not in skeletal
muscle, This means that Ca®* both enters and leaves
myocytes in a regulaced manner. We shall briefly con-
sider three transmembrane proteins that play roles in
this process.

A.Ca®" CHANNELS

Ca™ enters myocytes via these channels, which allow
A 1. v '
enery only of Ca™ jons. The major porral of entry is the
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Figure 49-12. Organization of dystrophin and other proteins in relation to the plasma membrane of muscle cells.
Dystrophin is part of a large oligomeric complex associated with several other protein complexes. The dystroglycan
complex consists of a-dystroglycan, which associates with the basal lamina protein merosin, and [i-dystroglycan,
which binds a-dystroglycan and dystrophin. Syntrophin binds to the carboxyl terminal of dystrophin. The sarcogly-
can complex consists of four transmembrane proteins: -, §-, v, and d-sarcoglycan. The function of the sarcoglycan
complex and the nature of the interactions within the complex and between it and the other complexes are not
clear. The sarcoglycan complex is formed only in striated muscle, and its subunits preferentially associate with each
other, suggesting that the complex may function as a single unit. Mutations in the gene encoding dystrophin cause
Duchenne and Becker museular dystrophy; mutations in the genes encoding the vatious sarcoglycans have been
shown to be responsible for limb-girdle dystrophies {eg, MIM 601173). (Reproduced, with permissicn, from Duggan 0

el al: Mutations in the sarcoglycan genes in patients with myopathy. M Engl | Med 1997,336:618)

L-type {]ang -duration current, large conductance) or
slow Ca™ channel, which is voltage-gated, opening
during depolarization induced by spre-afaf the cardiac
action potential and closing when the acdon Eal:em:lal
declines. These channels are equivalent to the dihy-
dro p].'l‘ldl:llf-_' receptors of skeleral muscle (Figure 49-8).
Slow Ca®* channels are regulated by cAMP-dependent
protein kinases (stimulatory) and eGMP-protein ki-
nases (inhibitory) and are blocked by so-called calcium
channel blockers (eg, verapamil). Fast (or T, cransient)
Ca™ channels are also present in the plasmalemma,
though in much lower numbers; they probably con-
tribute o the early phase of increase of myoplasmic
Ca'™,

The resultant increase of Ca™ in the myoplasm acts
on the Ca’™ release channel of the sarcoplasmic reticu-
lum to open it. This is called Ca**-induced Ca™* release

{CICR). It is estimated that approximately 10% of the
Ca™ invalved in conreaction enters the cyrosol from
the exrracellular fluid and 90% from the sarcoplasmic
reticulum. However, the former 10% is imporcant, as
the rate of increase of Ca™ in the myoplasm is impor-
tant, and entry via the Ca® channels contribures appre-
ciably to this.

B. Ca’*-Na* EXCHANGER

This is the principal route of exit of Ca™ from myo-
cytes. [n resting myocytes, it helps o maintain a low
level of free intracellular Ca®™ by exchanging one Ca™

for three Na*. The energy for the uphill movement of
Ca™ out of the cell comes from the downhill move-
ment of Na* into the cell from the plasma. This ex-
change contribures o relaxation but may run in the re-
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Table 49-3. Some differences between skeletal, cardiac, and smooth muscle,
Skeletal Muscle 4' Cardiac Muscle Smooth Muscle
1. Striated, |1, Striated, 1. Monstnated,
2. Mo syncytium. | 2. Syncytial, 2, Syncytial,

Vs PR ' UL T OO P P R P B P Tl 4 R i o G 0T O Lo B P B s

3. Small T tubules, | 3. Large T tubules.

i 4. Sarcoplasmic reticulum present and
Ca*" pump acts relatively rapidly.

4, Sarcoplasmic reticulum well-
developed and Ca® pump acts
rapidhy, |

e e

5. Plasmalernma lacks many hormane | 5. Plasmalemma contains a variety of
receplors. | receptors (eg, - and fi-adrenergic).

6, Merve impulse Initiates contraction, | 6, Has intrinsic rhythmicity.

3. Generally rudimentary T tubules.

4, Sarcoplasmic reticulum often rudimen-
tary and Ca®* pump acts slowly.

5, Plasmalernma contains a variety of
receptors (eg, o- and [adrenergicl,

6, Contraction initiated by nerve impulses,
hormones, etc.

7. Extracellular fluid Ca*' notimportant | 7. Extracellular fluid Ca** important
for contraction. | for contraction.

i

& Tropenin system present, | & Troponin system present.

P8 B £ e B A7 0 C P8 B 07 P B T L oy Pl B 7 P O - B Pl B A

4, Caldesmaon not involved, 9, Caldesmon not involved,

7. Extracellular fluid Ca** important for
contraction.

& Lacks troponin system; uses regulatory
head of myasin,

9. Caldesmon is important regulatory

protein.
i
10. Very rapid cycling of the 110, Relatively rapid cycling of the cross- | 10, Slow cycling of the cross-bridges per-
cross-bridges, | bridges. mits slow pralonged contraction
H and less utilization of ATP.

verse direction during excitation, Because of the Ca®™'-
Ma* exchanger, anything that causcs intraccllular Na'
{Na*)) to risc will secondarily cause Ca™| to rise, caus-
ing more forceful concraction. This is referred to as a
positive inotropic cffect, Cine example is when the drug
digitalis is used to trear heart failure, Digiralis inhibics
the sarcolemmal Na'-K' ATPase, diminishing exit of
Ma* and thus increasing Ma',. This in wrn causes Ca®™
to increase, via the Ca™*-Na* cxchanger, The increased
Ca™*, results in increased force of cardiac contraction, of

benefit in heart failure.
C.Ca' ATPasE

This Ca** pump, situated in the sarcolemma, also con-
tributes to Ca®* exit but is believed to play a reladvely
minor role as compared with the Ca™*-Na* exchanger.
It should be noted that there are a varicty of jon
channels (Chapter 41) in most cells, for Na*, K, Ca™,
cic. Many of them have been cloned in recent years and
their dispositions in their respective membranes worked
out {number of times cach one crosses its membrane,
location of the actual ion transport site in the protein,
cich. They can be classified as indicated in Table 494,
Cardiac muscle is rich in jon channels, and they are also

important in skeletal muscle. Mutarions in genes en-
coding ion channels have been shown to be responsible
for a number of relatively rare conditions affecting mus-
cle, These and other diseases due to mutations of on
channels have been termed channelopathies; some are

listed in Table 493,

Table 49-4. Major types of ion channels found
in cells.

Type Comment
External Orpen in response to a specific extracellular
ligand-gated | molecule, eg, acetylcholine.
Internal Open ar close in response 1o a specific intra-
ligand-gated | cellular molecule, eq, a cyclic nucleotide,
Woltage-gated | Open in response to a change in membrane
potential, eg, Na', K*, and Ca"* channels in
heart,
Mechanically | Openin respanse to change in mechanical
gated pressure,




Table 49-5. Some disorders (channelopathies)
due to mutations in genes encoding polypeptide
constituents of ion channels,’

lon Channel and Major
Organs Involved

Central core disease Ca™ release channel (RYR1)
(LR 11 7000) Skeletal muscle

e i i i i i e

Cystic fibrasis CFTR [CI" channel)
(IR 219700) Lungs, pancreas

Hyperkalemicperiodic | Sodiumchannel
paralysis (MIM 170500} | Skeletal muscle

Hypaokalemic periodic Slow Ca™ voltage channel (DHPR)
paralysis {MIM 114208} | Skeletal muscle

Malignant hyperthermia | Ca®™* release channel (RYR1)

Disorder’

(MIM 1803901} Skeletal muscle
Myotonia congenita Chloride channel
(MM 160800) Skeletal muscle

'Data in part from Ackerman M), Clapham DE: lon channels—
basic science and clinical disease, M EnglJ Med 1997,336:1575,
“Other channelopathies include the long QT syndrome (MIM
192500); pseudoaldosteronism (Liddle syndrome, MIM 177200);
persistent  hypennsulinemic  hypoglycemia of infancy  (MIM
G01820); hereditary X-linked recessive type Il nephrolithiasis of in-
fancy iDent syndrome, MIM 3000049); and generalized myatonia,
recessive (Becker disease, MIM 255700). The term “myotonia® sig-
nifies any condition in which muscles do not relax after contrac-
tion,

Inherited Cardiomyopathies Are Due
to Disorders of Cardiac Energy
Metabolism or to Abnormal
Myocardial Proteins

An inherited cardiomyopathy is any strucrural or func-
tional abnormality of the ventricular myocardium due
to an inherived cause. There are nonheritable types of
cardiomyopathy, but these will not be described here.
As shown in Table 49-6, the causes of inherited car-
diomyopathies fall into two broad classes: (1) disorders
of cardiac energy metabolism, mainly reflecting muca-
tions in genes encoding enzymes or proteins involved in
farty acid oxidation (a major source of energy for the
myocardium) and oxidative phosphoryladon; and
{2) mutations in genes encoding proteins involved in or
affecting myocardial contraction, such as myosin,
tropomyosin, the troponins, and cardiac myosin-
binding protein C. Mutations in the penes encoding
these latter proteins cause familial hypertrophic car-
diomyopathy, which will now be discussed.
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Table 49-6. Biochemical causes of inherited
cardiomyopathies,™

Proteins or Process
Affected

Carnitine entry inta cells and
mitochondria

| Certain enzymes of fatty acid

| oxidation

Inbom errors of fatty acid

i
]
Cause i
oxidation '

Disorders of mitochondrial | Proteins encoded by mito-
axidative phosphorylation | chondrial genes
| Proteins encoded by nuclear
genes

contractile and structural nin, tropomyasin, dys-

Abnormalities of myocardial | f-Myosin heavy chains, tropo-
proteins , trophin

'Based on Kelly DP, Strauss AW- Inherited cardiomyopathies.
M Engl J Med 1994,330:913.

“Mutations leg, point mutations, or in some cases deletions) in
the genes {nuckear or mitochondriafl encoding various proteins,
anzymes, ar tRMA malecules are the fundamental causes of the
inherited cardiomyopathies. 5ome conditions are mild, whereas
others are severe and may be part of a syndrome affecting other
tissues,

Mutations in the Cardiac B-Myosin Heavy
Chain Gene Are One Cause of Familial
Hypertrophic Cardiomyopathy

Familial hypertrophic cardiomyopathy is one of the
most frequent hereditary cardiae diseases. Patients ex-
hibit hypertrophy—aften massive—of one or both ven-
tricles, starting early in life, and not related o any ex-
ttinsic cause such as hypertension. Most cases are
transmiteed in an auosomal dominant manner; the rest
are sporadic. Until recently, its cause was obscure, How-
ever, this situation changed when studies of one affected
family showed that @ missense mutation (ie, substitu-
tion of one amino acid by another) in the B-myosin
heavy chain gene was responsible for the condition.
Subsequent studies have shown a number of missense
mutations in this gene, all coding for hiih]y conserved
residues. Some individuals have shown other mutations,
such as formation of an off-myosin heavy chain hybrid
gene. Patients with familial hypercrophic cardiomyopa-
thy can show great variation in clinical picture. This in
part reflects genetic heterogeneity; ie, mutation in a
number of other genes (eg, those encoding cardiac
actin, tropomyosing, cardiac roponins 1 and T, essential
and regulatory myosin light chains, and cardiac myosin-
binding protein ) may also cause familial hypertrophic
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cardiomyopathy. In addition, mutations at different
sites in the gene for f-myosin heavy chain may affect the
function of the protein to a greater or lesser extent, The
missense mutations are clustered in the head and head-
rod regions of myosin heavy chain. One hypothesis is
that the murant polypeprides (“poison polypeprides”)
cause formation of abnormal myefibrils, evenmally re-
sulting in compensatory hypertrophy. Some mutations
alter the charge of the amino acid (eg, substinurion of
arginine for glutamine), presumably affecting the con-
formation of the protein more markedly and chus affece-
ing its funcrion. Parents with these mutations have a
significantly shorrer life expectancy than parients in
whom the mutation produced no alteration in charge.
Thus, definition of the precise mutations involved in the
genesis of FHC may prove to be of important prognos-
tic value; it can be accomplished by appropriate use of
the polymerase chain reaction on genomic DNA ob-
tained from one sample of blood lymphocytes, Figure
49-13 is a simplified scheme of the events causing fa-
milial hyperrophic cardiomyopathy.

Another oype of cardiomyopathy is termed dilated
cardiomyopathy. Mutations in the genes encoding dys-
rophin, muscle LIM protein (so called because it was
found 1o contain a cysteine-rich domain originally de-
tected in three proteins: Lin-I1, Isl-1, and Mec-3), and
the cyclic response-element binding protein (CREB)
have been implicared in the causation of this condition.
The first two proteins help organize the conrractile ap-
paratus of cardiac muscle cells, and CREB is involved

Predominantly mizsense mutations in the B-myosin
heavy chaln gene en chraomosomea 14

'

Mutant polypeptide chains (“polson polypeptidas™)
fhat lead fo formation of defective myofibrils

'

Compensatory hyperrophy of one
or both cardiac ventricles

'

Cardiomegaly and various cardiac signs and
symptoms, including sudden death

Figure 49-13. Simplified schere of the causation of
familial hypertrophic cardiomyopathy (MIM 192600)
due to mutations in the gene encoding f-myosin heavy
chain. Mutations in genes encoding other proteins,
such as the troponins, tropomyosin, and cardiac
myosin-binding protein C can also cause this condition.
Mutations in genes encading yet other proteins (eqg,
dystrophin) are involved in the causation of dilated
cardiomyopathy.

in the regulation of a number of genes in these cells,
Current research is not only elucidating the molecular
causes of the cardiomyopathies bur is also disclosing
mutations that cause cardiac developmental disorders
{cg, sepral defects) and arrhythmias (eg, due ro mura-
tions affecring ion channels),

Ca®* Also Regulates Contraction
of Smooth Muscle

While all muscles contain actin, myosin, and tropo-
myosin, only vertebrate striated muscles conrain the
troponin system. Thus, the mechanisms thar regulare
contraction must differ in various conrractile systems.

Smooth muscles have molecular structures similar to
those in striated muscle, bur the sarcomeres are not
aligned so as to generate the swiared appearance.
Smooth muscles contain ¢-acrinin and ropomyosin
molecules, as do skeletal muscles. They do not have the
troponin system, and the light chains of smooth muscle
myosin molecules differ from those of striated muscle
myosin. Regulation of smooth muscle contraction is
myosin-based, unlike striated muscle, which is actin-
based. However, like striated muscle, smooth muscle
cantraction is regulated by Ca®.

Phosphorylation of Myosin Light Chains
Initiates Contraction of Smooth Muscle

When smooth muscle myosin is bound to F-actin in the
absence of other muscle proteins such as tropomyosin,
there is no detectable ATPase activiry. This absence of
activity is quite unlike the simarion described for soi-
ated muscle myosin and F-actin, which has abundant
ATPase activity. Smooth muscle myosin contains light
chains that prevent the binding of the myosin head tw
F-actin; they must be phosphorylated before they allow
F-actin to activate myosin ATPase. The ATPase activity
then atrained hydrolyzes ATP abour tenfold more
slowly than the corresponding activiry in skeletal mus-
cle. The phosphate on the myosin light chains may form
a chelate with the Ca™ bound ro the rropomyosin-TpC-
actin complex, leading 1o an increased rate of formarion
of cross-bridges berween the myosin heads and acrin,
The phosphorylation of light chains initiates the artach-
ment-detachment contraction cycle of smooth muscle,

Myosin Light Chain Kinase Is Activated
by Calmodulin-4Ca*' & Then
Phosphorylates the Light Chains

STEII.'HJI[['I mu.\'fr_'[l: xarr_'-:l]::[:lsm containg a m}'us'm ]'Lg]'ll
chain kinase thar is calcium-dependent. The Ca®™ acti-
vation of myosin light chain kinase requires binding of

:ahnndqli.n—-iﬂaz' to its kinase subunit {F':gurc 49-14),



Calmodulin
Myosin kinasa
{inactive}
1078 mokl Ca®™ ”10“' mekl Ca™
Ca*" = calmodudin
ATP Ca' » CALMODULIN-MYOSIN
KINASE (ACTIVE)
L-miyosin {mhibiis ADP

myosin-actin interaction)

pL-myosin (does not
imvhibit myogin-actn interaction)

Figure 49-74. Regulation of smoocth muscle con-
traction by Ca®*. pL-myosin is the phosphorylated light
chain of myosin; L-myosin is the dephosphorylated
light chain. (Adapted from Adelstein RS, Bisenberg R: Reg-
ulation and kinetics of actin-myosin ATP interaction. Annu
Rewv Biochem 198049921

The calmodulin-4Ca*-activated |iI€J1L chain  kinase
ﬁhmph{:r}r[u[usi the light chains, which then ceases o in-
ibit the myosin—F-actin interaction, The contraction

::j.-'r_'lc then Et'gihzi.

Smooth Muscle Relaxes When
the Concentration of Ca’* Falls
Below 107 Molar

Relaxation of smooth muscle accurs when sarcoplasmic
Ca’* falls below 107 mol/L. The Ca® dissociates from
calmodulin, which in tuen dissociates from the myosin
light chain kinase, inactivating the kinase. Mo new
phosphares are artached 1o the p-light chain, and light
chain protein phosphatase, which is continually active
and calcium-independent, removes the existing phos-
phates from the light chains. Dephosphorylated myosin
p-lighe chain then inhibies the binding of myosin heads
to F-actin and the ATPase acrivity. The myosin head
detaches from the F-actin in the presence of ATP, bur
it cannot rearcach because of the presence of dephos-
phorylated p-light chain; hence, relaxarion accurs.
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Table 49-7 summarizes and compares the regula-
tion of actin-myosin interactions (activation of myosin
ATPase) in striated and smooth muscles.

The myosin light chain kinase is not direcdy af-
tected or activated by cAMP. However, cAMP-acri-
vated protein kinase can phosphorylate the myosin
liEht chain kinase (not the light cﬂains themselves). The
phosphorylated myosin light chain kinase exhibics a sig-
nificantly lower affinity for calmodulin-Ca®* and thus is
less sensitive to activation. Accordingly, an increase in
cAMP dampens the contraction response of smooth
muscle to a given elevation of sarcoplasmic Ca®™. This
molecular mechanism can explain the relaxing effect of
[-adrenergic stimulation on smooth muscle.

Another protein that appears to play a Ca**-depen-
dent role in the regulation of smooth muscle contrac-
tion is caldesmon (87 kDa). This protein is ubiquitous
in smooth muscle and is also found in nonmuscle ts-
sue. At low concentrations of Ca™, it binds 1o tro-
pomyosin and actin. This prevents interaction of actin
with myosin, keeping muscle in a relaxed stare. At
higher concentrarions of Ca®™, Ca®*-calmodulin binds
caldesmon, releasing it from actin. The later is then
free to bind to myosin, and contraction can occur.
Caldesmon is also subject to phosphorylation-dephos-
phorylation; when Ehcsphar}'lumd. it cannot bind
actin, again freeing the latter o interact with myosin.
Caldesmon may also participare in organizing the struc-
ture of the contractle apparams in smooth muscle.
Many of its effects have been demonstrated in vitro,
and its physiologic significance is still under investiga-
tion.

As noted in Table 49-3, slow cycling of the cross-
bridges permits slow prolonged contraction of smooth
muscle (eg, in viscera and blood vessels) with less uri-
lizarion of ATP compared with striated muscle. The
ability of smooth muscle to maintain force ar reduced
velocities of contraction is referred to as the latch stare;
this is an important feature of smooth muscle, and irs
precise molecular bases are under study.

Nitric Oxide Relaxes the Smooth Muscle
of Blood Vessels & Also Has Many Other
Important Biologic Functions

Acetylcholine is a vasodilator that acts by causing relax-
ation of the smooth muscle of blood vessels, Hawever,
it :.{{:l:s nof act dih:r.'ll}f (] stooth muscle, A Iu."r obser-
vation was that if’ endothelial cells were stripped away
from underlying smooth muscle cells, acrt}']cﬁtﬂ'm: no
longer exerted its vasodilator effect. This finding indi-
cated that vasodilators such as accl!y]t_'hurinl: lnllia]l}r ifi-
teract with the endothelial cells of small blood vessels
via receprors. The receprors are L'nupll:d to the phos-
Fho':nusil:':rjn: eycle, leading o the intracellular release of
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Table 49=7. Actin-myosin interactions in striated and smooth muscle,

Smooth Muscle

Striated Muscle (and Nonmuscle Cells)
Proteins of muscle filaments Actin Artin
Myasin Myosin'
Tropomyosin Tropomyosin
Tropenin (Tpl, TpT, TpC)
Spontan@ous interaction of F-actin and Yes Mo

miyosin alone {spontaneous activation
of myasin ATPase by F-actin

Inhibitor of F-actin-myosin interaction (in-
hibitor of F-actin-dependent activation

Tropenin system (Tpl]

Unphosphorylated myasin light chain

Ca™

4Ca" bind to calmadulin

of ATPase)
Contraction activated by Ca®
Direct effect of Ca®* 4Ca™ bind 10 TpC
Effect of protein-bound Ca™'

TpC - 4Ca®* antagonizes Tpl inhibition
of F-actin-myosin interaction (allows
F-actin activation of ATPase)

Calmodulin - 4Ca®' activates myosin light
chain kinase that phosphorylates myosin
p-light chain. The phosphorylated p-light
chain no longer inhibits F-actin-myosin
interaction {allows F-actin activation of

| ATPase].

"Light chains of myasin are different in striated and smooth muscles.

Ca™ through the action of inositol msphmPIuLL In
rutn, the elevation of Ca™ leads o the liberation of en-
dothelium-derived relaxing factor (EDRF), which
diffuses into the adjacent smooth muscle. There, it re-
acts with the heme moiety of a soluble guanylyl cvclase,
resulting in activation of the laver, with a consequent
clevation of intracellular levels of ¢GMP  (Figure
49-13%), This in wren stimulates the activities of certain
eGMP-dependent  protein kinases, which probably
phesphorylate specilic muscle proteins, causing relax-
ation; however, the deails are still being clarified. The
important coronary artery vasodilator nitroglycerin,
widely used to relieve angina pectoris, acts to increase
intracellular release of EDRF and thus af ¢GMP.

Quite unexpectedly, EDRF was found o be the gas
nitric oxide (NO). NO is [ormed by the action of the
CREyme NO £_'.-'11.l|1.1_'1|.. '~'l.r|"|11_l1 1% :.].-'ln\ulln:. Tht Lﬁd{!li‘lt
lial and neuronal forms of NO _t.}rm]uu are activated by

Ca™ (Table 49-8). The substrate is arginine, and the
products are citrulline and NO:

MO SYNTHASE
Citrulling + MO

Arginine

NO synthase catalyzes a five-electron oxidation of
an amidine nitrogen of arginine. 1-Hydroxyarginine is
an intermediate that remains tightly bound to the en-

zyme, NO synthase is a very complex enzyme, employ-

ing five redox cofacrors: NADPH, FAD, FMM, heme,
and retrahydrobiopterin. NO can also be formed from
nitrite, derived from vasodilators such as glyceryl wrini-
trate during their mewabolism. MO has a very short
half-life {approximately 3—4 seconds) in tissues because
it reacts with oxygen and superoxide. The product of
the reaction with superoxide is peroxynitrice (ONOO7),
which decomposes to form the highly reactive OH®
radical. NO is inhibited by hemoglobin and other
heme proteins, which bind it dghtdy. Chemical in-
hibitors of NO synthase are now available that can
markedly decrease formarion of WO, Administration of

such inhibitors o animals and humans leads o vaso-

constriction and a marked elevation of blood pressure,
indicating thar NO is of major imporrance in the main-
tenance of blood pressure in vivo. Another important
cardiovascular effect is that by increasing synthesis of
cGMP, it aces as an inhibitor of plareler aggregarion
{Chaprer 51).

Since the discovery of the role of NO as a vasodila-
tor, there has been intense experimental interest in chis

substance. Ir has turned our to have a variery of physio-

logic roles, involving virtually every dssue of the body
{Table 49=9). Three major isoforms of NO synthase
have been identified, each of which has been cloned,
and the chromosomal locarions of their genes in hu-
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Figure 49-15. Diagram showing fermation in an en-
dothelial cell of nitric oxide (NO) from arginine in a re-
action catalyzed by MO synthase. Interaction of an ago-
nist (eg, acetylchaline) with a receptor (R) prabably
leads to intracellular release of Ca** via inositol trisphos-
phate generated by the phosphoinositide pathway, re-
sulting in activation of NG synthase, The NO subse-
quently diffuses into adjacent smooth muscle, where it
leads to activation of guanylyl cyclase, formation of
cGMP, stimulation of cGMP-protein kinases, and subse-
guent relaxation. The vasodilator nitroglycerin is shown
entering the smooth muscle cell, where its metabolism
also leads to formation of NO.

mans have been determined. Gene knockout experi-
ments have been performed on each of the three iso-
forms and have helped cstablish some of the postulaced
functions of MO,

To summarize, rescarch in the past decade has
shown that WO plays an importane role in many physi-
ologic and pathologic processcs.

SEVERAL MECHANISMS REPLENISH
STORES OF ATP IN MUSCLE

The ATP required as the constant encrgy source for the
contraction-relaxation cycle of muscle can be generaced
{1} by glycolysis, using blood glucose or muscle ghyco-
gen, (2} by oxidative phosphorylation, (3) from creatine
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phosphare, and {4) from two molecules of ADP in a re-
action catalyzed by adenvlyl kinase (Figure 49-16). The
amount of ATP in skeleral muscle is only sufficient w
provide energy for contraction for a few seconds, so
thar ATP must be constanty renewed from one or
more of the above sources, depending upon metabolic
conditions. As discussed below, there are at least two
distinct types of fibers in skeletal muscle, one predomi-
nandy active in acrobic conditions and the other in
anaerobic conditions; not unexpectedly, they use cach
of the above sources of energy to different extents,

Skeletal Muscle Contains Large
Supplies of Glycogen

The xan‘up]:uim af skeletal muscle containg large stores
of g]il.-'cugen. located in gr:mull::i close to the | bands.
The release ufg]ucm: E‘um g]# cozen is dr[_'!cmlr:nt anm a
'-‘PI!EIFIL muscle glyeogen ]JE'.II.LH"}"H}F}']L‘-E (Chaprer 18),

which can be activated by Ca™, epinephrine, and AMP.

To generate glucose 6- gmphzr: for g]}'cu-hrw. in skele-
tal muscle, glycogen P[‘!ILLHF"!E[‘}']B_HE b must be activated
to p]‘lmphnnlaw a via phmp]‘mn]'mnn by phmph{:n'-
lase b kinase (C hapl:tr 18). C at promaotes the activa-
tion of Fhmphnryl:m: b kinase, also h}r ph{:aphnr}fla-
tion, Thus, Ca®™ both initiates mugcle contraction and
activates a pathway to provide necessary energy. The
hormone :pin:phrlnr also activates glyeogenalysis in
muscle, AMP, produced by breakdown of ADDP during
muscular exercise, can also activate phosphorylase b
without causing phosphorvlation. Muscle glyeogen
phn.l;ph::—r}']a.ﬁ: b 15 inactive in MeArdle disease, one of
the glycogen storage diseases I:{.",hapt:r 18).

Under Aerobic Conditions, Muscle
Generates ATP Mainly by Oxidative
Phosphorylation

Synthesis of ATP via oxidative phosphorylation re-
quires a supply of oxygen, Muscles that have a high de-
mand for oxygen as a result of sustained contraction
{eg, to maintain posture} store it acached o the heme
moicty of m}ragf:bin. Because of the heme moiety,
muscles containing myoglobin are red, whereas muscles
with litdle or no myoglobin are white, Glucose, derived
from the blood glucose or from endogenous glycogen,
and farry acids derived from the wiacylglycerols of adi-
pose tissue are the principal substrates used for aerobic
metabolism in muscle.

Creatine Phosphate Constitutes a
Major Energy Reserve in Muscle

Creatine phosphare prevents the rapid depletion of
ATT by providing a readily available high-energy phos-
phate that can be used ro regenerate ATP from ADD.
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Table 49-8. Summary of the nomenclature of the NO synthases and of the effects of knockout of their

genes in mice.'

Result of Gene
Subtype | Name® Comments Knockout in Mice”

1 nNOS | Activity depends on elevated Ca™. First Pyloric stenosis, resistant to vascular stroke, aggressive
identified in neurons, Calmodulin-activated, | sexual behavior (males),

2 INOS* | Independent of elevated Ca™, More susceptible to certain types of infection,
Prominent in macrophages.

3 eM0S | Activity depends on elevated Ca'", Elevated mean blood pressure,
First identified in endothelial cells.

"Adapted from Snyder SH: Mo endothelial NO. Nature 1995;377:196.
‘i, neutonal; i, inducible; ¢, endothelial

Gene knockouts were performed by homologous recombination in mice, The enzymes are characterized as neuromal, inducible
[macrophage), and endathelial because these were the sites in which they were first identified, However, all three enzymes have been
fourd in other sites, and the neuronal enzyme is also inducible. Each gene has been cloned, and its chromosomal location in humans has

been determined,
iNOS is Ca'* -indepandent but binds calmadulin very tightly,

Creatine phosphate is formed from ATP and ercatine
(Figure 49-16) at times when the musele is relaxed and
demands for ATP are not so great. The enzyme catalye-
ing the phosphorylation of creatine is ercatine kinase
(CK). a muscle-specific enzyme with elinical utility in
the detection of acute or chronic diseases of muscle,

SKELETAL MUSCLE CONTAINS SLOW
(RED) & FAST (WHITE) TWITCH FIBERS

Different types of fibers have been detected in sheletal
muscle. One classification subdivides them into type |
(slow twitch), type ITA (fast twitch-oxidative), and type
LB (fast twitch-glycolytic). For the sake of simplicity,
wi shall consider only two types: type I (slow twitch, ox-

Table 49-9. Some physiologic functions and
pathologic involvements of nitric oxide (NO).

« Vasodilator, impartant in requlation of blood pressure

« Involved in penile erection; sildenafil citrate (Viagra) affects
this process by inhibiting a cGMP phosphodiesterase

+ Weuwratransmitter in the brain and peripheral autonomic
NErvous system

- Rolein long-term potentiation

* Rale in neurotoxicity

* Low level of NO involved in causation of pylorospasm in in-
fantile hypertrophic pyloric stenosis

+ May have rale in relaxation of skeletal muscle

* May constitute part of a primitive immune system

- Inhikits adhesion, activation, and aggregation of platelets

idative) and type 11 (fast ewitch, glycolytic) (Table
49-10). The type 1 fibers are red because they eontain
myoglobin and mitochondria; their metabolism is acro-
bic, and they maintain relatvely sustained contractions.
The type 11 fibers, lacking myoglobin and containing
few mitochondria, are white: they derive their encrgy
from anaerobic glycolysis and exhibit relatively shore du-
rations of contraction, The proportion of these two
types of fibers varies among the muscles of the body, de-
pending on funcrion (eg, whether or not a muscle is in-
volved in sustained contraction, such as maintaining
posture). The proportion also varies with training; for
example, the number of type 1 fibers in certain leg mus-
cles increases in athletes training for marathons, whereas
the number of type 11 fibers increases in sprinters.

A Sprinter Uses Creatine Phosphate
& Anaerobic Glycolysis to Make ATP,
Whereas a Marathon Runner Uses
Oxidative Phosphorylation

In view of the two types of fibers in skeletal musele and
ol the various energy sources deseribed above, it is of
INRerest to compare their invelvement in a sprint (eg,
100 meters) and in the marathon (422 lm; just over
26 miles) (Table 49-11).

The major sources of energy in the 100-m sprint
are creatine phosphate (first 4-5 seconds) and then
anaerobic glycolysis, using muscle glycogen as the
source of glucose. The two main sites of metabolic con-
trol are at glyeogen phnsjplmrylase and at FFK-1, The
former is activated by Ca™ (released from the sarcoplas-
mic reticulum during contraction), epinephrine, and
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Craaling phosphate
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Muscle
ATP contraction
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OXIDATIVE ATPasa
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ADENYLYL ADP
KINASE

Figure 49-16. The multiple sources of ATP in muscle,

AMP. PFK-1 is activated by AMP, P, and NH;. Artest-
ing to the efficiency of these processes, the Aux through
glycolysis can increase as much as 1000-fold during a
sprin.

[n contrast, in the marathon, aerobic merabolism is
the principal source of ATP. The major fuel sources are
blood glucose and free fawry acids, largely derived from
the breakdown of wiacvlglycerols in adipose rissue,
stimulated by epinephrine. Heparic glycogen is de-
graded to maincain the level of blood glucose. Muscle
glycogen is also a fuel source, but it is degraded much
more gradually than in a sprint. Tt has been calculared
that the amounts of glucose in the blood, of glycogen in
the liver, of glycogen in muscle, and of rnacﬁglvcem[ in
adipose tissue are sufficient to supply muscle with en-

Table 49-10. Characteristics of type | and type Il
fibers of skeletal muscle.

E Typel Typell

E Slow Twitch | Fast Twitch
Myosin ATPase E Low High
Energy utilization i Low High
Mitochondria ! Many Faw
Color i Red White
Myoglobin i Yos No
Contraction rate i Slow Fast
Duration i Prolonged | Short

ergy during a marathon for 4 minutes, 18 minures, 70
minutes, and approximately 4000 minutes, respec-
tively. However, rr'ue rate of oxidation of farry acids by
muscle is slower than that of glucose, so thar oxidation
of glucose and of farry acids are both major sources of
energy in the marathon.

A number of procedures have been used by athleres
to counteract muscle fatigue and inadequare strength.

These include carbohydrate loading, soda (sodium bi-

Table 49-11. Types of muscle fibers and major
fuel sources used by a sprinter and by a marathon
runner.

Sprinter (100 m) Marathon Runnar
Type Il (ghycolytic) fibers are | Type | {ovidative) fibers are
used predominantly. used predominantly.

Creatine phosphate is the ATP is the major energy
major energy source dur- source throughaout,
ing the first 4-5 seconds.

Glucose derived from muscle | Blood glucose and free fatty

glycogen and metabolized | acids are the major fuel
by anaerobic glvcabysis is SOUTCEs.
the major fuzl source.

Muscle glycogen is rapidly Muscle glycogen is slowly
depleted, depleted,
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carbonare) loading, blood doping (adminiscration of
red blood cells), and ingeston of creatine and an-
drostenedione, Their rationales and efficacies will not
be discussed here.

SKELETAL MUSCLE CONSTITUTES
THE MAJOR RESERVE OF
PROTEIN IN THE BODY

In humans, skeletal muscle protein is the major nonfar
source of stored energy. This explains the very large
losses of muscle mass, particularly in adults, resulting
from prolonged caloric undernutrition.

The study of tissue protein breakdown in vivo is dif-
ficult, because amino acids released during intracellular
breakdown of proteins can be extensively reutilized for
protein synthesis within the cell, or the amino acids
may be transported o other organs where they enter
anabolic pathways. However, actiin and myosin are
methylated by a postwranslational reaction, forming
J-methylhistidine. During intracellular breakdown of
actin and myosin, 3-methylhistidine is released and ex-
creted into the urine, The urinary output of the methy-
lated amino acid provides a reliable index of the rate of
myofibrillar protein breakdown in the musculature of
human subjects,

Various feawures of muscle metabolism, most of
which are dealt with in other chapters of this text, are
summarized in Table 49-12.

THE CYTOSKELETON PERFORMS
MULTIPLE CELLULAR FUNCTIONS

Nonmuscle cells perform mechanical work, including
self-propulsion, morphogenesis, cleavage, endocyrosis,
cxocytosis, intraccllular transport, and changing ccll
shape. These cellular functions are carried out by an ex-
tensive intracellular nerwork of filamentous structures
constituting the cytoskeleton. The cell cyroplasm is
not & sac of fluid, as once thought, Essennally all cu-
karyotic cells contain three types of filamenrous struc-
wures: actin filamenes (7-9.5 nm in diameter; also
known as microfilaments), microtubules (2% nm), and
intermediace filaments (10-12 nm), Each type of fila-
ment can be distinguished biochemically and by the
electron microscope,

Nonmuscle Cells Contain Actin
That Forms Microfilaments

G-actin is present in most if not all cells of the body.
With appropriate concentrations of magnesium and
potassium  chloride, it spontancously polymerizes o
form double helical F-actin filaments like chose seen in
muscle. There are at least two types of actin in nonmus-

Table 49-12. Summary of major features of
the biochemistry of skeletal muscle related to
its metabolism.’

+ Skeletal muscls functions under both aerobic [resting) and
anaercbic (eg, sprinting) conditions, so both aerobic and
anaerobic glycolysis operate, depending on conditions.

+ Skeletal muscle contains myoglobin as a reservoir of axy-
gen.

+ Skeletal muscle contains different types of fibers primarily
suited to anaerobic (fast twitch fibers) or aerohbic (slow
twitch fibers) conditions.

= Actin, myosing tropomyosin, tropanin complex (TpT, Tpl,
and TpC), ATP, and Ca®™ are key constituents in relation to
contraction.

* The Ca' ATPase, the Ca™ release channel, and calse-
questrin are proteins involved in varlous aspects of Ca™" me-
tabaolism in muscle.

« Insulim acts on skeletal muscle to increase uptake of glu-
cose,

* In the fed state, most glucose is used to synthesize glyco-
gen, which acts as a store of glucose for use In exerelse;
*preloading” with glucose is used by some lang-distance
athletes to build up stores of glycogen.

« Epinephrine stimulates glycogenalysis in skeletal muscle,
whereas glucagon does naot because of absence of its re-
ceptors.

+ Skeletal musele cannot contribute directly to blood glucose
because it does not contain glucose-G-phosphatase,

* Lactate produced by anaerobic metabolism in skeletal mus-
cle passes to liver, which uses it to synthesize glucose,
which can then return to muscle (the Cori oycle).

+ Skeletal muscle contains phosphocreating, which acts as an
energy store far short-term (seconds) demands,

+ Free fatty acids in plasma are a major source of ensrgy, par-
ticularly under marathon conditions and in prolonged star-
vation,

+ Skeletal muscle can utilize ketone badies during starvation,

« Skeletal muscle is the prindpal site of metabolism of
branched-chain amina acids, which are used as an energy
SOUTCE.

* Proteclysis of muscle during starvation supplies amino
acids for gluconeagenesis,

+ Major amina acids emanating from muscle are alanine (des-
tined mainly for gluconeogenesis in liver and forming part
af the glucase-alanine cycle) and glutamine (destined
mainly for the gut and kidneys),

This table brings together material from various chapters in this
ook,



cle cells: B-actin and y-acrin. Both types can coexist in
the same cell and probably even copolymerize in the
same filament. In I:Ef cytoplasm, F-actin forms micro-
filaments of 7-9.5 nm that frequently exist as bundles
of a rangled-appearing meshwork., These bundles are
prominent just underlving the plasma membrane of
many cells and are there referred to as stress fibers, The
stress fibers disappear as cell motility increases or upon
malignant ranstormarion of cells by chemicals or onco-
genic viruses.

Although not organized as in muscle, actin filaments
in nonmuscle cells interact with myosin to cause cellu-
lar movements.

Microtubules Contain - & PB-Tubulins

Microtubules, an integral component of the cellular cy-
toskeleron, consist of cyroplasmic wbes 25 nm in diame-
eter and often of exireme ll)r:ngth. Microrubules are nec-
essary for the formation and function of the mitotic
spindle and thus are present in all eularyoric cells.
They are also involved in the incracellular movement of
endocytic and exocytic wvesicles and form the major
structural components of cilia and fagella. Micro-
tubules are a major component of axons and dendrices,
in which they maineain structure and participate in the
axoplasmic flow of material along these neuronal
processes,

Microwbules are cylinders of 13 longitudinally
arranged protofilaments, cach consisting of dimers of
ci-tubulin and B-tubulin, closely related proteins of ap-
proximarely 50 kDa molecular mass. The wbulin
dimers assemble into procofilaments and subsequently
into sheets and then cylinders, A microtubule-organiz-
ing center, located around a pair of centrioles, nucleares
the growth of new microrubules. A third species of
wbulin, y-tubulin, appears o play an important role in
this assembly. GTP is required for assembly. A variery
of proteins are associated with microtubules (micro-
tubule-associared proteins [MAPs], one of which is tau)
and play important roles in microtubule assembly and
smbiﬂzatiun. Microtubules are in a swate of dynamic
instability, constantly assembling and disassembling.
They exhibit polarity (plus and minus ends); this is im-
portant in their growth from centrioles and in their
abilicy to direct intracellular movement. For instance,
in axonal transporr, the protein kinesin, with a
myosin-like ATPase activity, uses hydrolysis of ATP w
move vesicles down the axon toward the positive end of
the microtubular formation. Flow of marerials in the
opposite direction, toward the negative end, is powered
by cyvwosolic dynein, another protein with ATPase ac-
tivity. Similarly, axonemal dyneins power ciliary and
Hagellar movement, Another protein, dymamin, uses
GTP and is involved in endocytosis, Kinesins, dyneins,
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dynamin, and myosins are referred w as molecular
motors.

An absence of dynein in cilia and flagella results in
immotile cilia and flagella, leading to male sterilicy and
chronic respiratory infection, a condition known as
Kartagener syndrome.

Cerrain drugs bind 1o microtubules and thus inter-
fere with their assembly or disassembly. These include
colchicine (used for trearment of acute goury arthriris),
vinblastine {a vinca alkaloid wsed for weating cerain
types of cancer), paclitaxel (Taxol) (effective against
ovarian cancer), and griseofulvin {an antifungal agent).

Intermediate Filaments Differ From
Microfilaments & Microtubules

An intracellular fibrous system exists of filaments with
an axial periodicity of 21 nm and a diameter of 8-10
nm thart is intermediare between that of microfilaments
{6 nm) and microtubules (23 nm). Four classes of inter-
mediate filaments are found, as indicared in Table
49=13, They are all elongared, fibrous molecules, with
a central rod domain, an amino rerminal head, and a
carboxyl terminal tail. They form a structure like a
rope, and the mature filamenrs are composed of
tetramers packed together in a helical manner. They are
imporant seructural components of cells, and most are
relaively stable components of the cytoskeleron, not
undergoing rapid assembly and disassembly and not

Table 49-13. Classes of intermediate filaments of
eukaryotic cells and their distributions.

Molecular
Proteins Mass Distributions

Kerating

Type | {acidic) 40-60 kDa | Epithelial cells, hair,

Type Il (basic) S0-70 kDa | nails
Wimentin-like

Vimentin 54 kDa Various mesenchymal

cells
Desmin 53kDa Muscle
Glial fibrillary acid | 50kDa Glial cells
protein
Paripherin 66 kDa Meurons

Meurafilaments
Law (L), medium (M), | 60-130 kDa: Neurons
and high (H)'

Larnins
A B andC

"Refers to their molecular masses.

65-75 kDa 1 Nuclear lamina
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disappearing during mirosis, as do actin and many mi-
cm[uEu]ar filaments. An important exception to this is
provided by the lamins, which, subsequent to phosphor-
ylation, disassemble at mitosis and reappear when it ter-
minares.

Keratins form a large family, with about 30 mem-
bers being distinguished. As indicared in Table 49-13,
two major types of keratins are found; all individual
keratins are heterodimers made up of one member of
cach class.

Vimentins arc widely disuributed in mesodermal
cells, and desmin, glial fibrillary acidic protein, and pe-
ripherin are related o them. All members of the vi-
mentin-like family can copolymerize with cach other.,
Intermediate filaments are very prominent in nerve
cells; neurofilaments are classified as low, medium, and
high on the basis of their molecular masses, Lamins
form a meshwork in apposition to the inner nuclear
membrane, The disuibucion of intermediate filamenes
in normal and abnormal (eg, cancer) cells can be stud-
ied by the use of immunofluorescent technigues, using
antibodies of appropriate specificities. These antibodies
to specific inrcrmu:cﬁatc filaments can also be of use to
pathologists in helping to decide the origin of cerrain
dedifferentiared malignant tumors, These tumors may
still retain the type of intermediate filaments found in
their cell of origin.

A number of skin diseases, mainly characrerized by
blistering, have been found to be due to murarions in
genes encoding various keratins, Three of these disor-
ders are epidermolysis bullosa simplex, epidermolytic
hyperkeratosis, and epidermolytic palmoplantar keraro-
derma. The blistering probably reflects a diminished ca-
pacicy of various lavers of the skin to resist mechanical
stresses due to abnormalities in microfilament structure.

SUMMARY

» The myofibrils of skeleral musele contain thick and
thin filaments. The thick filaments contain myosin,
The thin filaments contain actin, tropomyosin, and
the troponin complex (rroponins T, 1, and C),

* The sliding filament cross-bridge model is the foun-
dation of current thinking about muscle contraction,
The basis of this model is that the interdigitating fila-
ments slide past one another during contraction and
cross-bridges berween myosin and actin generate and
sustain the tension.

* The hydrolysis of ATP is used to drive mavement of
the filaments. AT binds 1o myosin heads and is hy-
drolyzed to ADP and I, by the ATPase activity of the
actomyosin complex.,

- E;IJI PIJ}"S d lr.q-' “}lﬂ ILI'L !ht jlrljltll:li.:iun “‘EI muﬁc]f Con-
traction 11]; |Ji.|1Liing o Lrupnn'm C. In sheletal mils-

cle, the sarcoplasmic reticulum regulares distriburion
of Ca®' to the sarcomeres, whereas inflow of Ca® via
Ca®" channels in the sarcolemma is of major impor-
tance in cardiac and smooth muscle.

* Many cases of malignant hyperthermia in humans
are due to murations in the gene encoding the Ca®™
release channel.

« A number of differences exist beoween skeletal and
cardiac muscle; in particular, the lateer contains a va-
rety of receprors on its surface,

* Some cases of familial hypertrophic cardiomyopathy
are due to missense mutations in the gene coding for
B-myosin heavy chain,

= Smooth muscle, unlike skeletal and cardiac muscle,
does not conain the roponin system; instead, phos-
phorylation of myosin light chains initates contrac-
tion.

- Nitri.l: 1111'1']:: i.h' a rll:gu.[atur ‘}r \-'Sstu].'lr ZT'.TI{:‘I:]".]'L I'I:]usv:]t';
blockage of its formation from arginine causes an
acute elevation of blood pressure, indicating that reg-
uI:I.liuI.'l [ﬂ- ]JI';“HJ FH‘_‘H“.I.FL' i:.‘i one ﬂr |It$ rrlal.'l].f l.-l.l.l'lc-
[ons.

* Duchenne-type muscular dystrophy is due to murta-
tions in the gene, locared on the X chromosome, en-
coding the protein dystrophin.

* Two major types of muscle fibers are found in hu-
mans: white {anacrobic) and red (acrobic). The for-
mer are particularly used in sprints and the latter in
prolonged acrobic cxercise. During a sprint, muscle
uses creatine phosphare and glycolysis a5 energy
sources; in the marathon, oxidation of fawy acids is
of major importance during the later phases,

= N[] n:mLL‘iL]t LEI].\ F‘Elﬁ:‘]’m \a"“‘u‘i r_'r"PES U' m::i.]'l..l:rtlca.l
waork carried out by the structures t::n-.utu.lmg the
eytoskeleton. These struetures include acon filaments
{microfilaments), microwbules {composed primarily
of G- wbulin and PB-wubulin), and incermediate Gla-
ments. The latter include keratins, vimentin-like pro-
teins, neurofilaments, and lamins,
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Plasma Proteins & Immunoglobulins

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

The fundamental role of blood in the maintenance of
homeostasis and the ease with which blood can be ob-
tained have meane chat the study of is constituents has
been of central importance in the :luvc]upmcnl of bio-
chemistry and climeal biochemistry, The basic proper-
tics of a number of plasma proteins, including the
immunoglobuling {antibodies), are deseribed in this
chapter. Changes in the amounts of various pl'ﬂma prro-
teins and immunoglobuling occur in many discases and
can 11.|_- monitored h:,' ulf.'r.'lr::l]:rh-.rrl_':ii.'. or other :\u'll.ahli.'
procedures, As indicared inan catlier L']upu:r. alterations
of the activities of certain enzymes found in plasma are
:Ji‘dlugmmtic use in a number of palhulug]c conditions,

THE BLOOD HAS MANY FUNCTIONS

The functions of blood—excepr for specific cellular
ones such as oxvgen transport and cell-mediated im-
munologic defense-—are carried our by plasma and is
constituents (Table 50-1).

Plasma consists of warter, electrolyres, metabolites,
nutrients, proreins, and hormones. The warer and elec-
trolyte composition of plasma is pracrically the same as
that of all excracellular Auids. Laboratory determina-
tions of levels of Na*, K*, Ca®*, CI, HCO,~, PaCO,,
and of blood pH are imporrant in the managemenr of
ANy patients.

PLASMA CONTAINS A COMPLEX
MIXTURE OF PROTEINS

The concentration of tocal protein in human plasma is
approximately 7.0-7.5 gfdL and comprises the major
part of the solids of the plasma. The proteins of the
plasma are actually a complex mixture that includes not
only simple proteins but also conjugared proceins such
a5 glycoproteins and various types of lipoproteins,
Thousands of antibedies are present in human plasma,
though the amount of any one antibody is usually quite
low under normal circumstances, The relative dimen-
sions and maolecular masses of some of the most impor-
fane F|usm:|. Frnr:ins are shown in Figun: 50-1.

The separation of individual proteins from a com-
plex mixoure s frequently accomplished by the wse of

solvents or electrolytes (or both) to remove different
protein fractions in accordance with their solubility
characteristics. This is the basis of the so-called salting-
out methods, which find some usage in the determina-
tion of protein fractions in the clinical laboratory.
Thus, one can scparate the proteins of the plasma into
three major groups—fibrinogen, albumin, and globu-
lins—by the use of varying concentrations of sodium
or ammonium sulface,

The most common method of analyzing plasma
proteins is by electrophoresis. There are many types of
electrophoresis, cach wsing 2 different  supporting
medium. In clinical laboratories, cellulose acetate is
widely used as a supporting medium, Its use permits
resolution, after staining, of plasma proteins into five
bands, designated albumin, o, ¢, B, and ¥ fractions,
respectively (Figure 50-2), The stained strip of cellu-
lose acetate (or other supporting medium) 15 called an
clectrophoretogram. The amounts of these five bands
can be conveniently quantified by use of densitomer-
ric scanning machines, Characteristic changes in the
amounts of one or more of these five bands are found
in many diseases.

The Concentration of Protein in Plasma ls
Important in Determining the Distribution
of Fluid Between Blood & Tissues

In arterioles, the hydrostatic pressure is abour 37 mm
Hg, with an inrersticial {rissue) pressure of 1 mm Hg
opposing it. The osmotic pressure (oncotic pressure)
exerted by the plasma proceins is approximarely 25 mm
Hg, Thus, a net ourward force of abour 11 mm Hg
drives fluid cut into the incerstitial spaces. In venules,
the hydrostatic pressure is abour 17 mm Hg, with the
oncotic and interstitial pressures as described above;
thus, a net force of abour @ mm Hg accracts warer back
into the circulation. The above pressures are often re-
ferred ro as the Starling forces. If the concentrarion of
plasma proteins is markedly diminished (eg, due o se-
vere protein malnucriton), fluid is not arracted back
into the intravascular compartment and accumulaces in
the extravascular rtissue spaces, a condition known as
edema. Edema has many causes; protein deficiency is
one of them,



Table 50-1. Major functions of blood.

(1] Respiration—transport of oxygen from the lungs to the
tissues and of CO, from the tissues to the lungs

(2] Mutrition—transport of absorbed food materials

(3] Excretion—transport of metabolic waste to the kidneys,
lungs, skin, and intestines for removal

4] Maintenance of the normal acid-base balance in the
body

(5] Regulation of water balance through the effects of
blood an the exchange of water between the circulating
fluid and the tissue fluid

(6] Regulation of body temperature by the distribution of
body heat

(7] Defense against infection by the white bloed cells and
circulating antibodies

(8] Transport of hormones and requlation of metabolism

(8] Transport of metabolites

{10) Coagulation

Scale

e | .
10nm  MNa" CIT Glucose

Albumin Hemoghotin
60,000 64,500
fy-Gilobiilin T Glebulin
20,000 156,000

y-Lipoprotein
200,000

[y=Lipoprotein
1,300,000

Fiorinogen
340,000

Figure 50-1. Relative dimeansions and approximate
miolecular masses of protein molecules in the blood
10Oncley),

FLASMA PROTEINS & IMMUNOGLOBULIMS [ 58I

Plasma Proteins Have Been
Studied Extensively

Because of the relative case with which they can be ob-
tained, plasma proteins have been studied extensively in
both humans and armals. Considerable information s
available about the biosynthesis, urnover, serucrure,
and functions of the major plasma proceins. Alweratons
of their amounts and of their metabolism in many dis-
ease states have also been inw:.'srigar{'.:]. In recent Years,
many of the genes for plasma proteins have been doned
and their structures determined.

The preparation of antibodies specific for the indi-
vidual plasma proteins has greatly facilitaced  their
study, allowing the precipitation and ssolation of pure
proteins from the complex mixwure present in tissucs or
plasma. In addition, the use of isotopes has made pos-
sible the determination of their pathways of biosynthe-
sis and of therr tornover rates in plasma.

The following generalizations have emerged from
studies of plasma proteins,

A. Most PLasma PROTEINS ARE

SYNTHESIZED IN THE LIVER

This has been established by experiments ar the whole-
animal level (eg, hepatectomy) and by use of the iso-
lared perfused liver preparation, of liver slices, of liver
homogenates, and of in viro manslation systems using
preparations of mRMNA extracted from liver. However,
the ¥-globulins are synthesized in plasma cells and cer-
tain plasma proreins are synthesized in other sires, such

as endochelial cells.

B. PLasma ProTEINS ARE GENERALLY SYNTHESIZED
oN MemBRANE-BOUND POLYRIBOSOMES

They then traverse the major secretory route in the cell
{n:n.Lg]‘l uhdupiu.'irnir_' membrane — smooth cndupla.'imic
membrane — Golgi appararus — secretory vesicles) prior
o entering the plasma. Thus, most plasma proreins are
synthesized as preproteins and inivally contin aming
terminal si:gnal I'K.']'It]ldll‘i I{Ch:lplr_'r 413]. Tl'!l:.'y are u.'“.lallj-'
subjected to various posttranslational modifications (pro-
teolysis, glycosylation, phosphorylation, cte) as they eravel
through the cell. Transic umes through the hepatocyte
from the site of synthesis to the plasma vary from 30 min-
utes to several hours or more for individual proteins,

C. Most PLasma PrRoTEINS ARE GLYCOPROTEINS

Accordingly, they generally conrain either N- or O
linked oligosaccharide chains, or both (Chaprer 47). Al-
bumin is the major exception; it does nor contain sugar
residues. The oligosaccharide chains have various func-
tions (Table 47-2). Removal of terminal sialic acid
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Figure 50-2. Technique of cellulose acetate zone electrophoresis. A: A small amount of serum or other
fluid is applied to a cellulose acetate strip. B: Electrophoresis of sample in electrolyte buffer is performed.

C: Separated protein bands are visualized in characteristic positions after being stained. D: Densitometer
scanning from cellulose acetate strip converts bands to characteristic peaks of albumin, o, -globulin, o;-glob-
ulin, B-globulin, and yglobulin, (Reproduced, with parmission, from Parstow TG et al [editors]:. Medicalimmunol-

ogy, 10th ed. McGraw-Hill, 2001 )

residues from certain plasma proweins (eg, ceruloplas-
min) by exposure to neuraminidase can markedly
shorten their hal-lives in plasma (Chapter 47).

D. Many PLasma ProTeINS EXHIBIT POLYMORPHISM

A polymorphism is a mendelian or monogenic trair that
exists in the population in at least two phenotypes, nei-
ther of which is rare (ie, neither of which occurs with
frequency of less than 1-2%). The ABO blood group
substances (Chapter 52) are the best-known examples
of human polymorphisms. Human plasma proteins
thar exhibit polymorphism include o -antitrypsin, hap-
toglobin, wansferrin, ceruloplasmin, and Emmunng[nh-
ulins. The polymorphic forms of these proteins can be
distinguished by different procedures (eg, various types
of electrophoresis ar isoelectric facusmg} in which each

form may show a characteristic migration. Analyses of

these human polymorphisms have proved to be of ge-
netic, anthropologic, and clinical interest.

E. EAcH PLasMA PrROTEIN HAS A CHARACTERISTIC
HaLF-LIFE IN THE CIRCULATION

The half-life of a plasma protein can be determined by
labeling the isolated pure protein with "'l under mild,

nondenaruring conditions. This isotope unites covalently
with tyrosine residues in the protein, The labeled protein
is frecd of unbound "'l and its specific activity (disinee-
grations per minute per milligram of protein) deter-
mined. A known amount of the radicactive protein is
then injected into a normal adulr subject, and samples of
blood are taken ar various time intervals for determina-
tions of radicactvity. The values for mdioactivity are
plotied against dme, and the half-life of the protein (the
time for the radioactivity o decline from its peak value
to one-half of its peak value) can be calculated from the
resulting graph, discounting the times for the injected
protein o equilibrate {mix) in the blood and in the ex-
travascular spaces, The half-lives obtained for albumin
and haptoglobin in normal healthy adults are approxi-
martcly 20 and 5 days, respectively. In certain diseases,
the half-life of a protein may be markedly altered. For in-
stance, in some gastrointestinal discases such as regional
ileinis (Crohn diseasc), considerable amounts of plasma
proteins, including albumin, may be lost into the bowel
through the inflamed intestinal mucosa, Patients with
this condition have a protein-losing gastroenteropathy,
and the half-life of injected iodinated albumin in these
subjects may be reduced ro as livtde as 1 day.



F. THE LevELs oF CERTAIN PROTEINS IN PLASMA
Increase DuriNG ACUTE INFLAMMATORY STATES OR
SecoNpARY To CERTAIN TYPES OF TissUE DAMAGE

These proceins are called “acure phase proteins” (or re-
actants) and include C-reactive protein (CRI, so-named
because it reacts with the C polysaccharide of pneumo-
cocci), Uf-antitrypsin, haptoglobin, o-acid glycopro-
tein, and fibrinogen. The elevations of the levels of these
proteins vary from as licede as 50% 1o as much as 1000-
fold in the case of CRP. Their levels are also usually ele-
vated during chronic inflammatory states and in pa-
tients with cancer, These proteins are believed to play a
role in the body's response 1w inflammarion. For exam-
ple, C-reactive protein can stimulate the classic comple-
ment pathway, and 0;-antitrypsin can neutralize certain
proteases released during the acure inflammarory state.
CRI is used as a marker of tssue injury, infection, and
inflammation, and there is considerable interest in its
use as a predictor of certain types of cardiovascular con-
ditions sccondary o atherosclerosis.  Interlenkin-1
{IL-1}, a polypeptide released from mononuclear phago-
cytic cells, is the principal—but not the sole—samula-
tor of the synthesis of the majority of acute phase reac-
tants by heparocyres. Additional molecules such as 1L-6
are involved, and they as well as IL-1 appear to work at
the level of gene transcription.

Table 50-2 summarizes the funcrions of many of
the plasma proceins. The remainder of the marerial in
this chapter presents basic information regarding se-
lected plasma proteins: albumin, haptoglobin, transfer-
rin, ceruloplasmin. @;-anticrypsin, t-macroglobulin,
the immunoglobulins, and the complement system.
The lipoprateins are discussed in Chapter 25,

Albumin Is the Major Protein
in Human Plasma

Albumin {69 kDa) is the major protein of human
plasma (3.4-4.7 g/dL) and makes up approximarcly
60% of the total plasma protein. About 40% of albu-
min is present in the plasma, and the ather 6G0% is pre-
sent in the extracellular space. The liver produces about
12 g of albumin per day, representing abour 25% of
total hepatic protein synthesis and half its sccreted pro-
tein. Albumin is initally synthesized as a prepropro-
tein. lis signal peptide is removed as it passes into the
cisternae of the rough endoplasmic retculum, and a
hexapeptide at the resulting amino terminal is subsc-
quently cleaved off farther along the sceretory pathway.
The synthesis of albumin is depressed in a variety of
discases, particularly those of the liver, The plasma of
paticnts with liver discase often shows a decrease in the
ratio of albumin w globulins (decreased albumin-
globulin ratio), The synthesis of albumin decreases rela-
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Table 50-2. Some functions of plasma proteins.

Function Plasma Proteins
Antiproteases Antichymotrypsin
of,-Antitrypsin (o, -antiproteinase)
o =Macroglobulin
Antithrombin
Blood clotting Various coagulation factars, fibrinogen
Enzymes Function in bleod, eg, coagulation
factors, chiolinesterase
Leakage from cells or tissues, eg, amino-
transferases
Hormaones Erythropoietin'

Immune defense | Immunoglobulins, complement proteins,
[i,-microglobulin

Invelvementin | Acute phase response proteins (eg,

inflammatory C-reactive protein, ¢t-acid glyco-
FESHINGES protein [orosomucoid])

Oncofetal u,-Fetoprotein {AFF)

Transport or Albumin (various ligands, including bili-
binding rubin, free fatty acids, ions [Ca®*),
proteins metals [eg, Cu'*, Zn®*], metheme,

steroids, ather hormones, and a vari-
ety of drugs

Ceruloplasmin [contains Cu'*; albumin
probably more important in physio-
logic transport of Cu™)

Corticosteroid-binding globulin (trans-
cortin] (binds cortisol)

Haptoglobin {binds extracorpuscular
hemaglobin)

Lipoprateins {chylomicrons, VLDL, LDL,
HEW)

Hemaopexin (binds heme)

Retinal-binding pratein (binds retinol)

Sex hormone-binding globulin (binds
testosterane, estradiol)

Thyroid-binding globulin (binds T., Tyl

Transferrin (transport iron)

Transthyretin {formerly prealbumin;
binds T, and forms a complex with
retinol-binding protein)

"“arious other protein hormanes circulate in the blood but are
not usually designated as plasma prateins. Similarly, ferritin is also
found in plasma in small amounts, but it too is not wsually charac-
terized as a plasma protein,



584 | CHAPTER S0

tively carly in conditions of protein malnutrition, such
as kowashiorkor.

Marure human albumin consists of one polypeptide
chain of 585 amino acids and conrains 17 disulfide
bonds. By the use of proteases, albumin can be subdi-
vided into three domains, which have different func-
tions. Albumin has an ellipsoidal shape, which means
that it does not increase the viscosity of the plasma as
much as an elongated molecule such as fibrinogen does.,
Because of its relatively low molecular mass (abour 69
kDa) and high concentration, albumin is thoughr to be
responsible for 75-80% of the osmotic pressure of
human plasma. Electrophoretic studies have shown thar
the plasma of cerrain humans lacks albumin. These
subjects are said to exhibit analbuminemia. One cause
of this condirion is a muraton that affeces splicing,
Subjects with analbuminemia show only moderate
edema, despite the fact thar albumin is the major deter-
minant of plasma osmotic pressure. It is thought thar
the amounts of the other plasma proteins increase and
compensarte for the lack of albumin.

Another important function of albumin is its abilicy
to bind various ligands. These include free facy acids
{FEA), calcium, certain sterold hormones, bilirubin,
and some of the plasma tryprophan. In addition, albu-
min appears to play an important role in transport of
copper in the human body (sec below)., A variety of
drugs, including sulfonamides, penicillin G, dicumarol,
and aspirin, are bound o albumin; this finding has im-
portant pharmacologic implications.

Preparations of human albumin have been widely
used in the treatrment of hemorrhagic shock and of
burns, However, this treatment is under review because
some recent studies have suggested thar administration of
albumin in these conditions may increase mortality rates.

Haptoglobin Binds Extracorpuscular
Hemoglobin, Preventing Free Hemoglobin
From Entering the Kidney

Haproglobin (Hp) is a iJEasma glycoprotein thar binds
extracorpuscular hemoglobin (Hb) in a right noncova-
lent complex (Hb-Hp). The amount of haproglobin in
human plasma ranges from 40 mg ro 180 mg of hemo-
globin-binding capacity per deciliter. Approximarely
10% of the hemoglobin thart is degraded each day is re-
leased into the circulation and is l:%uus extracorpuscular,
The other 90% is present in old, damaged red blood
cells, which are degraded by cells of the histiocytic sys-
tem. The molecular mass of hemoglobin is_approxi-
mately 65 kDa, whereas the molecular mass of che sim-
plest polymarphic form of haproglobin (Hp 1-1) found
in humans is approximarely 90 kDa. Thus, the Hb-Hp
complex has a molecular mass of approximately 155
kDa. Free hemoglobin passes through the glomerulus

of the kidney, enters the tubules, and tends o precipi-
rate therein (as can happen after a massive incompatible
blood cranstusion, when the capacity of haproglobin o
bind hemoglobin is grossly cxceeded) (Figure 50-3).
However, the Hb-Hp complex is too large o pass
through the glomerulus. The funcrion of Hp thus ap-
pears to be to prevent loss of free hemoglobin into the
kidney. This conserves the valuable iron present in he-
moglobin, which would otherwise be lost to the body.

Human haproglobin exists in three polymorphic
forms, known as Hp 1-1, Hp 2-1, and Hp 2-2. Hp 1-1
migrates in starch gel electrophoresis as a single band,
whereas Hp 2-1 and Hp 2-2 exhibit much more com-
plex band parterns. Two genes, designared Hp' and Hp',
direct these three phenotypes, with Hp 2-1 being the
hererozvgous phenorype. It has been suggested that the
haproglobin polymorphism may be associared with
the prevalence of many inflammartory diseases.

The levels of haproglobin in human plasma vary and
are of some diagnostic use. Low levels of hapmglcbm are
found in patients with hemolytic anemias. This is ex-
E]atnf‘{l by the face that whereas the half-life of haproglo-

in is approximartely 5 days, the half-life of the Hb-I—Ip
complex is abour 90 minures, the complex being rapidly
removed from plasma by hepatocytes. Thus, when hap-
toglobin is bound to hemoglobin, it is cleared from the
plasma about 80 times faster than normally. Accord-
ingly, the level of haproglobin falls rapidly in siruarions
where hemoglobin is constantly being released from red
blood cells, such as occurs in hemolytic anemias. Hapto-
globin is an acute phase protein, and its plasma level is
elevared in a variery of inflammartory states,

Cerrain other plasma prowins bind heme bur not
hemoglobin. Hemopexin is a f-globulin thar binds
free heme. Albumin will bind some metheme {ferric
heme) to form methemalbumin, which then transfers
the metheme to hemopexin.

Absorption of Iron From the Small
Intestine Is Tightly Regulated

Transferrin (TH is a plasma protein that Pla‘ﬁ a central
role in transporting iron around the body to sives where

A, Hb — Kidney — Excrated In urine or precipitates in tubules;
el 64,000 iron is lost o body

B. Hb + Hp—Hb:Hpcomplex + Kidney
[WRA) ES.000) (VK DEL00% llm P,

Catabolized by liver cells;
iran is consarvad and reussd

Figure 50-3. Different fates of free hemoglobin and
of the hemoglobin-haptoglobin complex.



it is necded. Before we discuss it further, cerrain aspecrs
of iron metabolism will be reviewed.

[ron is important in the human body because of its
occurrence in many hemoproteins such as hemoglobin,
myoglobin, and the cytochromes. It is ingested in the
dier either as heme or nonheme iron (Figure 50-4); as
shown, these different forms involve separate pathways.
Absorption of iron in the proximal duodenum is rghtly
regulated, as there is no pﬂysinl&gic pathway for its ex-
cretion from the body., Under normal circumstances,
the body guards its content of iron zealously, so that a
healthy adult male loses only about | mg/d, which is re-
placed by ahsurFtion. Adulr females are more prone w
states of iron deficiency because some may lose excessive
blood during menstruation. The amounts of iron in var-
ious body compartments are shown in Table 50-3.

Enterocytes in the proximal duodenum are n:.spnnsi-
ble for absorption of iron. Incoming iron in the Fe'
state is reduced to Fe™ by a ferrireductase present on
the surface of enterocytes. Viamin C in food also favors
reduction of ferric iron o ferrous iron. The wansfer of
iron from the apical surfaces of enterocytes into their in-
teriors is performed by a proton-coupled divalent metal
transporter (DMT1), This proeein s not specific for
iron, as it can transport a wide variery of divalent cations.

Onee inside an enterocyte, iron can either be stored
as ferritin or tansferred across the basolateral mem-
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Table 50-3, Distribution of iron in a 70-kg
adult male.'

Transferrin -4 mg
Hemaoglobin in red blood cells 2500 mg
In myoalobin and various enzymes 300 mg
In stores (ferritin and hemosiderin) 1000 mg
Absarpticn 1 mug/'d
Losses 1 mg/d

'In am aclult female of similar weight, the amount in stores would
generally be less {100-400 ma) and the |osses would be greater
{15-2 ma/d).

brane into the plasma, where it is carricd by transferrin
{see below)., Passage across the basolateral membrane
appears to be carried our by another protein, possibly
iron regulatory procein | {lRL(Jl} This protcin may
interact with the copper-containing protein hephaestin,
a procein similar to ceruloplasmin (see below), Hepha-
estin is thought o have a ferroxidase acrivitr, which is
important in the release of iron from cells, Thus, Fe'* is
converted back to Fe™*, the form in which ir is trans-
ported in che plasma by cransferrin,

Overall regulation of iron absorprion s complex
and not well understood mechanistically. It occurs ar

Enterocyle Blood
HP
o Fane™
Fe'-farrilin Fia'
@Shed Fedt-TF

Figure 50-4. Absorption of iron, Fe'* is converted to Fe* by ferric reductase,
and Fe** is transported into the enterocyte by the apical membrane iron trans-
porter DMT1. Heme is transported into the enterocyte by a separate heme
transporter (HT), and heme oxidase (HO) releases Fe’* from the heme. Some of
the intracellular Fe’* is converted to Fe** and bound by ferritin. The remainder
binds to the basolateral Fe® transporter (FP) and is transported into the blood-

stream, aided by hephaestin (HP), In plasma, Fe't

is bound to the iron transport

protein transferrin [TF). {Reproduced, with permission, from Ganong WF: Review af
Medical Physiofogy, 215t ed. MoGraw-Hill, 2003)
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the level of the enterocyre, where further absorption of
iron is blocked if a sufficient amount has been taken up
{so-called dietary regulation exerted by “mucosal
block”). It also appears to be responsive w the averall
requirement of erythropoiesis for iron (erythropoieric
regulation). Absorption is excessive in hereditary he-
mochromatosis (see below).

Transferrin Shuttles lron to Sites
Where It Is Needed

Transferrin (TF) is a f-globulin with 2 molecular mass
of approximately 76 kDa. It is a glycoprotein and is
synthesized in the liver. Abour 20 polymarphic lorms
ni-Lrarl_l;i't'rrin have been ﬂlunf]. It F|1:|.rs a I:::hl.:ml role in
the body's metabalism of iron because it LrANSPOrs iron
(2 mol of Fe** per mole of TH in the circulation o sites
where iron is rc:cluir:d, eE from the gut to the bone
Mmarrow ah:.{ ather ur@nx. a‘-"l.Ppl'uxllm:ll::]}' 200 hillion
redd bload cells (abour 20 mL} are carabolized per day,
releasing abour 25 myg of iron into the body—maost of
which will be transported by transferrin,

There are receptors (TRs) on the surfaces of many
cells for transferrin. It binds to these receptors and is in-
rernalized by recepror-mediated endocytosis {compare
the fate of LDL; Chapl:r 23], The acid pH inside the
lysosome causes the iron to dissociate from the protein,
The dissociated iron leaves the endosome via DMT] o
enter the cytoplasm, Unlike the protein component of
LDL, apaT¥ is not degraded within the lysosome. In-
stead, it remains associated with it receprar, returns to
the plasma membrane, dissociates from s recepror,
reenters the pla.'.'mmj!icl-;s up maore iron, and again de-
livers the tron to needy cells.

Abnormalities of the glycosylation of transferrin
vccur in the congenital disorders of glveosylation
(Chaprer 47) and in chronic alcohal abuse. Their detec-
tion by, for example, isoelectric focusing 15 used to ]-u:I].:
diagnose these conditions,

Iron Deficiency Anemia
Is Extremely Prevalent

Artention to iron metabolism is particularly impor-
tant in women for the reason mentioned above. Addi-
tionally, in pregnancy, allowances must be made for
the growing fetus. Older people with poor dictary
habits {“tea and toasters”) may develop iron deficiency.
Iron deficiency anemia due to inadequate intake, inade-
guate utilization, or excessive loss of iron is one of the
most prevalent conditions seen in medical practice,

The concentration of transferrin in plasma 15 approx-
imately 300 mg/dL. This amount of transferrin can
bind 300 pg of iron per deciliter, so thar this represenes
the total iron-binding capacity of plasma, However,

the prowin is normally only one-third saturated with
iron. In iren deficiency anemia, the protein is even less
saturated with iron, whereas in conditions of storage of
excess iron in the body (eg, hemochromatosis) the satu-
ration with iron is much greater than one-third,

Ferritin Stores lron in Cells

Ferritin 15 another protein that is important in the me-
tabolism of iron. Under normal conditions, it stores
iron that can be called upon for use as condivions re-
quire. In conditions of excess iron (eg, hemochromaro-
s15), bady stores of iron are greatly increased and much
more ferricin is present in the tissues, such as the liver
and spleen. Ferntin contains approximartely 23% iron,
and apoferritin (the protwin moiety free of iron) has a
molecular mass of approximately 440 kDa, Ferntin is
composed of 24 subunits of 18,5 kDa, which surround
in a micellar form some 30004500 ferric atoms. MNar-
mally, there is a little ferritin in human plasma. How-
ever, in patients with excess iron, the amount of ferricin
in plasma is markedly elevated. The amount of ferricin
in plasma can be conveniently measured by a sensitive
and specific radioimmunoassay and serves as an index
of body iron stores,

Synthesis of the transferrin receptor (THR) and that
of ferritin are reciprocally linked to cellular iron con-
tent. Specific untranslated sequences of the mRMNAs for
both proteins (named iron responsc elements) interace
with a cytosolic protein sensitive to variations in levels
of cellular iron {iron-responsive element-binding pro-
tein). When iron levels are high, cells use stored ferritin
mBRMNA to synthesize ferritin, and the TIR mRMA is de-
graded, In contrast, when iron levels are low, the TR
mBINA is stabilized and increased synthesis of receprors
occurs, while ferritin mRMNA is apparently stored in an
inactive form. This is an important example of control
of expression of proteins at the translational level,

Hemosiderin is a somewhat ill-defined molecule; it
appears o be a pantly degraded form of ferritin bur still
containing iron. It can be detected by histologic stains
{eg. Prussian bluc) for iron, and its presence is deter-
mined histologically when excessive storage of iron
Decurs,

Hereditary Hemochromatosis Is Due
to Mutations in the HFE Gene

Hereditary (primary) hemochromatosis 15 a very preva-
lent aurosomal recessive disorder in certain pares of the
world (cg, Scotland, Ircland, and North America), It is
characterized by excessive storage of iron in tssues, lead-
ing to tissue damage. Total body iron ranges berween
2.5 gand 3.5 g in normal adules; in primary hemochro-
matosis it usually cxeeeds 15 g The accumulated iron



damages organs and tissues such as the liver, pancreatic
isles, and hearr, perhaps in part due to effects on free
radical production (Chapter 32). Melanin and various
amounts of iron accumulate in the skin, accounting for
the slate-pray color often seen, The precise cause of
melanin accumulation is not clear. The frequent coexis-
tence of diabetes mellitus (due to isler damage) and che
skin pigmentation led o use of the term bronze dia-
betes for this condition. In 1995, Feder and colleagues
isolated a gene, now known as fFE, located on chromo-
some O close to the major histocomparibilicy complex

enes. The encoded protein {HFE) was found to be re-
?an:d to MHC class | antigens. Initally, two different
missense mutations were found in HFE in individuals
with hereditary hemochromatosis. The more frequent
mutation was one that changed cysteinyl residue 282 wo
a ryrosyl residue (CY282Y), dlsrupung the structure of
the protein. The other muration changed histidyl resi-
due 63 to an aspartyl residue {H(ﬁ[’!}. Some patients
with hereditary hemochromarosis have neither mura-
tion, perhaps due tw other murarions in HFE or because
one or more other genes may be involved in its causa-
tion. Genetic screening for this condition has been eval-
uated bur is not presently recommended. However, test-
ing for HFE mutations in individuals with elevaced
serum iron concentrations may be useful,

HFE has been shown to be locared in cells in the
crypts of the small intestine, the site of iron absorprion.
There is evidence that it associares with f,-microglobu-
lin, an association that may be necessary for its stabilicy,
intracellular processing, and cell surface expression. The
complex interacts with the wansferrin recepror (TfR)
how this leads o excessive storage of iron when HFE is
altered by mutation is under close study. The mouse
homolog of HFE has been knocked out, resulting in a
potentially useful animal model of hemochromarosis,

A scheme of the likely main events in the causation of
hereditary hemochromatosis is set forch in Figure 50-5.

Secondary hemochromatosis can occur afrer re-
peated transfusions (eg, for treatment of sickle cell ane-
mia), excessive oral intake of iron (eg, by African Banru
peoples who consume alcoholic beverages fermented in
containers made of iron), or a number of other condi-
tions.

Table 50-4 summarizes laboratory tests useful in che
assessment of patients with abnormalidies of iron me-
tabolism.

Ceruloplasmin Binds Copper, & Low Levels
of This Plasma Protein Are Associated
With Wilson Disease

Ceruloplasmin {abour 160 kDa) is an oy-globulin, It
has a blue color because of its high copper content and
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Mutations in HFE, located an chromosome 6p21.3,
leading to abnarmalities in the structure
of its protein product

'

Lees of regulation of absorption of iron
in the small intesting

'

Accumulation of iron in various tissuas, but particularly
liver, pancreatic islets, skin, and heart muscle

Iren directly or indirectly causes damage 1o the
above tissues, resuling in hepatic cirhosis, diabetes
miellitus, skin pigmentation, and cardiac problems

Figure 50-5. Tentative scheme of the main events
in causation of primary hemochromatosis (MM
235200). The two principal mutations are CY282Y and
HG63D (see text], Mutations in genes other than HFE are
also involved in some cases,

carries W% of the COpper present in ]1[:15 ma. Each mol-
ecule of ceruloplasmin binds six atoms of capper very
tightly, so thar the copper is not readily exchangeable.
Albumin carries the other 10% of the plasma copper
but binds the metal less tightly than does ceruloplas-
min. ﬁ!.]hu.mm this :inn.atc.: it.lc copper to tissues more
readily than ceruloplasmin and appears to be more im-
portant than ceruloplasmin in copper transport in the
human body, Ceruloplasmin exhibies a copper-depen-
drnt oxidase :acti'.'il'g.'. but s physinlngﬁc Si.EI.'IiﬁL':I]'lL'I:
has not been clarified. The amount of ceruloplasmin in
plasma 15 decreased in liver disease. In particular, low
levels of ceruloplasmin are found in Wilson discase
{h:pnt::i:nticu]:{r d:g:n:m r'mn]-, a disease due to abnor-
mal metabolism of copper. In order o clanfy the de-
seriprion of Wilson disease, we shall first consider the
metabalism of copper in the human body and then
Menkes disease, another condition invelving abnormal
copper metaholism,

Table 50-4. Laboratory tests for assessing
patients with disorders of iron metabaolism,

+ Red blood cell count and estimation of hemoglabin

* Determinations of plasma iron, total iron-binding capacity
(TIBC), and % transferrin saturation

+ Determination of ferritin in plasma by radicimmunoassay

* Prussian blue stain of tissue sections

- Determination of amount of iron (Lg/g) in a tissue biopsy
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Copper Is a Cofactor for Certain Enzymes

Copper is an essential rrace element. It is required in
the dier because it is the metal cofactor for a variery of
enzymes (see Table 50-5). Copper acceprs and donares
elecrrons and is involved in reactions invelving dismu-
ration, hydroxylation, and oxygenation. However, ex-
cess copper can cause problems because it can oxidize
proteins and lipids, bind to nucleic acids, and enhance
the production of free radicals. Ir is thus important o
have mechanisms that will maintain the amount of
copper in the body within normal limics. The body of
the normal adule contains abour 100 mg of copper, lo-
cated mostly in bone, liver, kidney, and muscﬁ:. The
daily intake of copper is abour 24 mg, with abour
50% being absorbed in the stomach and upper small
intestine and the remainder excreted in the feces. Cop-
t is carried to the liver bound to albumin, taken up
v liver cells, and part of it is excreted in the bile. Cop-
pet also leaves the liver amached to ceruloplasmin,
which is synthesized in thar organ,

The Tissue Levels of Copper & of Certain
Other Metals Are Regulated in
Part by Metallothioneins

Mertallothioneins are a group of small proteins (abour
6.5 kDa), found in the cytosol of cells, particularly of
liver, kidney, and intestine. They have a high content of
cysteine and can bind copper, zinc, cadmium, and mee-
cury. The SH groups of cysteine are involved in binding
the merals. Acute intake {eg, by injection) of copper and
of certain other metals increases the amount (induction)
of these proteins in tssues, as does administraton of
certain hormones or cytokines. These proteins may
funcrion to store the above merals in a nontoxic form
and are involved in their overall merabolism in the
body. Sequestration of copper also diminishes the
amount of this metal available to generate free radicals.

Menkes Disease Is Due to Mutations

in the Gene Encoding a Copper-

Binding P-Type ATPase

Menkes dicease (“kinky" or “sreely” hair disease) is a
disorder of copper metabolism. Ir is N-linked, affeces

Table 50-5. Some important enzymes that
contain copper.

* Amine oxidase

- Copper-dependent supercxide dismutase
+ Cytachrome oxidase

+ Tyrosinase

only male infamts, involves the nervous system, connec-
tive tissue, and vascularure, and is usually facal in in-
fancy. In 1993, it was reported that the basis of Menkes
disease was murtations in the gene for a copper-binding
Petype ATPase. Interestingly, the enzyme showed struc-
rural similarity to cerrain metal-binding proteins in mi-
croorganisms. This ATPase is thought to be responsible
tor directing the efflux of copper from cells. When al-
tered by muration, copper is nor mobilized normally
from the intestine, in which it accumulaces, as it does in
a variery of other cells and rissues, from which it cannot
exit. Despite the accumulation of copper, the activities
of many copper-dependent enzymes are decreased, per-
haps because of a defect of its incorporation into the
apoenzymes. Normal liver expresses very licde of the
ATPase, which explains the absence of heparic involve-
ment in Menkes disease. This work led w the suppes-
tion thar [iver might contain a different copper-binding
ATPase, which could be invelved in the causation of
Wilson disease. As described below, this rurned our 1o
be the case.

Wilson Disease Is Also Due to Mutations
in a Gene Encoding a Copper-Binding
P-Type ATPase

Wilson discase is a genetic discase in which copper fails
to be excreted in the bile and accumulates in liver,
brain, kidney, and red blood cells. It can be regarded as
an inability to maintain a near-zero copper balance, re-
sulting in copper toxicosis, The increase of copper in
liver cells appears to inhibit the coupling of copper to
apoceruloplasmin and leads 1o low levels of ceruloplas-
min in plasma. As the amount of copper accumulates,
patients may develop a hemolytic anemia, chronic liver
disease {cirrhosis. hepatits), and a neurologic syndrome
owing to accumulation of copper in the basal ganglia
and other centers, A frequene clinical finding is the
Kayser-Fleischer ring. This 15 a green or golden pig-
ment ring around the cornea due to deposition of cop-
per in Descemet’s membrane. The major laboratory
tests of copper metabolism are listed in Table 50-6, If
Wilsan disease is suspected. a liver biopsy should be
performed; a value for liver copper of over 250 Ug per
gram dry weight along with a plasma level of cerulo-
plasmin of under 20 mgfdL is diagnostic.

The cause of Wilson discase was also revealed in
1993, when it was reported that a variery of murations
m a gene encoding a copper-binding P-type AT asc
were responsible, The gene is estimated to encode a
protein of 1411 amino acids, which is highly homalo-
gous to the product of the gene affected in Menkes dis-
ease. In a manner not yet fully explained, 2 nonfune-
tional ATPasc causes defective excretion of copper into
the bile, a reduction of incorporation of copper into



Table 50-6. Major laboratory tests used in the
investigation of diseases of copper metabalism.'

Normal Adult
Test Range
Serum copper 10-22 pmal/L
Ceruloplasmin 200-600 mgfL
Urinary copper < 1umoli24h
Liver copper 20-50 pg'g dry weight

'Based on Gaw A et al: Clinical Biochemistry. Churchill Livingstane,
1995,

apoceruloplasmin, and the accumulation of copper in
liver and subsequently in other organs such as brain.
Treatment for Wilson disease consises of a dier low
in copper along with lifelong administration of penicil-
lamine, which chelates copper, is excrered in the urine,
and thus depletes the body of the excess of this mineral,
Another condition invelving ceruloplasmin is aceru-
loplasminemia. In this genetic disorder, levels of cerulo-
plasmin are very low and consequently its ferroxidase ac-
tivity is markedly deficient. This leads wo failure of release
of tron from cells, and iron accumulates in certain brain
cells, hepatocytes, and pancrearic islet cells. Alfected indi-
viduals show severe neurologic signs and have diabetes
mellitus. Use of a chelating agent or administration of
plasma or ceruloplasmin concentrate may be beneficial.

Deficiency of «,-Antiproteinase
(oy-Antitrypsin) Is Associated
With Emphysema & One Type
of Liver Disease

o, -Antiproteinase (abour 52 kDa) was formerly called
O -antitrypsin, and this name is retained here. It is a
single-chain protein of 394 amino acids, conrains three
oligosaccharide chains, and is the major component
(= 90%) of the o, fraction of human plasma. lt is syn-
thesized by hepatocyres and macrophages and is che
principal serine protease inhibitor {serpin, or Pi) of
human plasma. It inhibics trypsin, clastase, and certain
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other proteases by forming complexes with them. Ar
least 75 polymorphic forms occur, many of which can
be separated by electrophoresis. The major genotvpe is
MM, and its phenotypic product is PiM. There are two
areas of clinical interest concerning ot -antitrypsin. A de-
ficiency of this protein has a role in certain cases (ap-
proximately 5%) of emphysema. This occurs mainly in
subjects with the ZZ genotype, who synthesize P'iZ, and
also in PSZ hererozygores, both of whom secrete con-
siderably less protein than PiMM individuals. Consider-
ably less of this protein is secreted as compared with
PiM. When the amount of o -antitrypsin is deficient
and polymaorphonuclear white blood cells increase in the
lung {eg, during pneumonia), the affected individual
lacks a countercheck o proteolytic damage of the lung
by proteases such as clastase {Figure 50-6). It is of con-
siderable interest thar a particular methionine (residue
358) of oy -antitrypsin is involved in its binding to pro-
teases, Smoking oxidizes this methionine to methionine
sulfoxide and thus inacrivates it. As a result, affecred
molecules of o-antiorypsin no  longer  neucralize
proteases. This is particularly devastadng in patents
(eg, PiZZ phenotype) who already have low levels of
ol -antitrypsin. The further diminurion in o -antitrypsin
brought about by smoking results in increased proreolyric
destruction of lung tissue, accelerating the development
of emphysema. Intravenous administration of o -anti-
trypsin (augmentation therapy) has been used as an ad-
junct in the trearment of patients with emphysema due
to o -anttrypsin deficiency. Awempts are being made,
using the techniques of protein engineering, to replace
miethionine 358 by another residue that would nor be
subject o oxidation. The resulting “murant” o -ani-
trypsin would thus afford protection against proceases
for a much longer period of time than would native
ol -antitrypsin. Arempts are also being made to develop
gene therapy for this condition. One approach is o use
a modified adenovirus (a pathogen of the respiratory
tract) into which the gene for @ -antitrypsin has been
inserred. The virus would then be introduced into che
respiratory tract (eg, by an acrosol). The hope is that
pulmonary cpithelial cells would express the gene and
secrete O -antitrypsin locally, Experiments in animals
have indicated the feasibility of this approach,
Deficiency of of-anticrypsin is also implicared in
one type of liver disease (o, -antitrypsin deficiency liver

A. Active alastase + a,—AT — Inactive alastase: w,—AT complex — Mo proteolysés of lung — Mo fissues damagea

B. Actrve elastase + L or no o,-AT —» Active elastase —» Prolectysis of lung — Tissue damage

Figure 50-6.

Scheme illustrating (A) normal inactivation of elastase by o -antitrypsin and

(B) situation in which the amount of o;-antitrypsin is substantially reduced, resulting in pro-
teolysis by elastase and leading to tissue damage.
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disease). In this conditen, molecules of the ZZ pheno-
rype accumulate and aggregare in the cisternae of the
endoplasmic reticulum of hepatocytes. Aggregation is
due to formation of polymers of mutant o -antitrypsin,
the polymers forming via a strong interaction berween a
specific loop in one molecule and a prominent [i-
pleated sheer in another (loop-sheet polymerization),
By mechanisms that are not understood, hepatitis re-
sules with consequent circhesis (accumulation of mas.
sive amounts of collagen, resulting in fibrosis). It is pos-
sible that administration of a synthetic pepride
resembling the loop sequence could inhibit loop-sheer
polymerization. Diseases such as o-antirrypsin defi-
ciency, in which cellular pathology is primarily caused
by the presence of aggregates of aberrant forms of indi-
vidual proteins, have been named conformational dis-
eases. Most appear o be due to the formarion by con-
tormarionally unstable proteins of [§ sheets, which in
turn leads to formation of aggregates. Other members
of this group of condirions include Alzheimer discase,
Parkinson discase, and Huntingron disease.

Ar present, severe ot-antitrypsin deficiency liver dis-
ease can be successfully treated by liver rransplantation.
In the furure, introduction of the gene for normal o,-
antitrypsin into heparocyres may become possible, bur
this would not stop production of the PiZ protein. Fig-
ure 50-7 is a scheme of the causarion of this disease,

w;-Macroglobulin Neutralizes Many
Proteases & Targets Certain
Cytokines to Tissues

tf;-Macroglobulin is a large plasma glycoprotein (720
kDa) made up of four identical subunirs of 180 kD Te

GAG to AAG mutation in exon 5 of gene for o,-AT
on chromosome 14

'

Results in Glu®** 1o Lys*® substitution |n o,-AT,
causing formation of PIZZ

'

PiZZ aceumulatas in cisternaa
of endoplasmic reticulum and aggragales
via loop-sheet polymerization
Leads to hepatitis (mechanism unknown}
and crrhosis In -10% of ZZ homozygotes

Figure 50-7. Scheme of causation of o, -antitrypsin-
deficiency liver disease. The mutation shown causes
formation of PiZZ (MIMN 107400). (o-AT, ay-antitrypsin.)

comprises 8-10% of the toral plasma prowein in hu-
mans. Approximately 10% of the zinc in plasma is
transported by o,-macroglobuling the remainder being
transpnr[cd by albumin. The protein is synthesized by a
variery of cell types, including monocytes, hepatocytes,
and astrocytes. It is the major member of a group of
plasma proteins that include complement proteins C3
and C4. These proteins contain a unique internal eyclic
thiol ester bond (formed berween a cysteine and a glur-
amine residue) and for this reason have been designared
as the thiol ester plasma protein family.
tt;-Macroglobulin binds many proteinases and is
thus an important panproteinase inhibitor. The o,-
mactoglobulin-proteinase complexes are rapidly cleared
from the plasma by a recepror located on many cell
r}rin:s. In addition, o,-macroglobulin binds many cy-
tokines (platelec-derived growth factor, wansforming
growth factor-P, erc) and appears to be involved in tar-
geting them toward particular tssues or cells. Once
taken up by cells, the cyrokines can dissociate from of,-
macroglobulin and subsequently exert a variety of ef-
fects on cell growth and funcdon. The binding of pro-
teinases and cytokines by o -macroglobulin involves
different mechanisms thar will nor be considered here.

Amyloidosis Occurs by the Deposition
of Fragments of Various Plasma
Proteins in Tissues

Amyloidosis is the accumulaton of various insoluble
fibrillar proteins berween the cells of tssues to an extent
thar affects funcrion. The fibrils generally represent
proteolytic fragments of various plasma proweins and
possess a [J-pleated sheer soructure, The term “amiyloi-
dosis” is a misnomer, as it was originally thought that
the fibrils were starch-like in marure. Among the most
commaon precursor proteins are immunoglobulin light
chains (sce below), amyloid-associated protein derived
from serum amyloid-associated protein (a plasma glyco-
protein), and transthyrerin (Table 50-2), The precursor
proteins in plasma are generally either increased in
amount {eg, immunoglobulin light chains in mulriple
mycloma or fy-microglobulin in patients being main-
tained on chronic dialysis) or mutant forms {eg, of
transthyretin in familial amyloidotc neuroparchies).

The precise factors thar determine the deposition of

proteolytic fragments in dssues await elucidation,
Orher proteins have been found in amyloid fibrils, such
as calcironin and amyloid [} protein (not derived from a
plasma protein) in Alzheimer disease; a toral of abour
15 different proteins have been found. All fibrils have a
P component associared with them, which is derived
from serum amyloid P component, a plasma prorein
closely relared to C-reactive protein, Tissue sections
containing amyloid fibrils interact with Congo red stain



and display striking green birefringence when viewed
by polarizing microscopy. Deposition of amyloid oc-
curs in patients with a variety of disorders; reatment of

the underlying disorder should be provided if possible.

PLASMA IMMUNOGLOBULINS PLAY
A MAJOR ROLE IN THE BODY'S
DEFENSE MECHAMISMS

The immune system of the body consists of two major
components; B lymphocytes and T lymphocytes. The
B lymphocytes are mainly derived from bone marrow
cells in higher animals and from the bursa of Fabricius
in birds. The T lymphocytes are of thymic origin. The
B cells are responsible for the synthesis of circulating,
humoral antbodics, also known as immunoglobulins,
The T cells are involved in a varicty of important cell-
mediated immunologic processes such as graft rejec-
tion, hypersensitivity reactions, and defense against ma-
lignant cells and many viruses, This section considers
only the plasma immunoglobulins, which are synthe-
sized mainly in plasma cells. These are specialized cells
of B cell lineage thar synthesize and secrete immuno-
globulins into the plasma in response to exposure to a
varicty of antigens,

All Immunoglobulins Contain a Minimum
of Two Light & Two Heavy Chains

[mmunoglobuling contain a minimum of two iden-
tical light (L) chains {23 kDa) and two identical heavy
(H) chains {53-75 kDa), held rogether as a rerramer
{L,H,) by disulfide bonds The structure of IgGois
shown in Figure 50-8; it is Y-shaped, with binding of
antigen occurring at both tips of the Y. Each chain can
be divided conceprually into specific domains, or re-
gions, that have structural and funcrional significance.
The half of the light (L} chain toward the carbosyl ter-
minal is referred to as the constant region (), while
the amino terminal half is the variable region of the
light chain (V). Approximatcly one-guarer of the
heavy {H) chain at the amino terminals is referred to as
its variable region (V};), and the other three-quarters of
the heavy chain are referred o as the constant regions
(Cy1, €2, Cy3) of that H chain, The portion of the
immunoglobulin melecule that binds the specific ant-
gen is formed by the amino terminal portions (variable
regions) of both the H and L chains—ie, the Vy; and
V| domains. The domains of the protein chains consist
of two sheets of antparallel distinct stretches of amino
acids that bind antigen.

As depicred in Figure 50-8, digestion of an im-
munoglobulin by the enzyme papain produces two
antigen-binding fragments (Fab) and one crystallizable
fragment (Fc}, which is responsible for functions of im-
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munoglobuling other than direct binding of antigens.
Because there are rwo Fab regions, [gGG molecules bind
two molecules of antigen and are termed divalent. The
site on the antgen to which an andbody binds is
termed an antigenic determinant, or epitope. The
arca in which papain cleaves the immunogfnhu]in mol-
ecule—ie, the region berween the Cyl and T2 do-
mains—is referred to as the “hinge region.” The hinge
region confers flexibility and allows both Fab arms o
move independendy, thus helping them o bind w
antigenic sites that may be variable distances apart {eg,
on bacterial surfaces). Fc and hinge regions differ in the
different classes of antibodies, bur the overall model of
antibody structure for each class is similar o that
shown in Figure 50-8 for IgG.

All Light Chains Are Either Kappa
or Lambda in Type

There are rwo general rypes of light chains, kappa (%)
and lambda (&), which can be distinguished on the
basis of structural differences in their C regions. A
given immunoglobulin molecule abways contains two K
or two A light chains—never a mixwre of K and 4. In
humans, the & chains are more frequent than & chains
in immunoglobulin molecules.

The Five Types of Heavy Chain Determine
Immunoglobulin Class

Five classes of H chain have been found in humans
{Table 50-7), distinguished by differences in their Cyy
regions. They are designated ¥, ¢, )t &, and £, The
and € chains cach have four Cy; domains rather than
the usual three. The type of H chain determines the
class of immunoglobulin and thus its effector function.
There are thus five immunoglobulin classes: 1gG, IgA,
IgM, IgDy, and IgE. The biologic functions of these
five classes are summarized in Table 50-8,

Mo Two Variable Regions Are Identical

The variable regions of immunoglobulin molecules
consist of the V| and V), domains and are quire hetero-
geneous, In fact, no two variable regions from different
humans have been found to have identical amino acid
sequences. However, amino acid analyses have shown
thar the variable regions are comprised of relatively in-
variable regions and other hypervariable regions (Figure
50-9). L chains have three hypervariable regions (in
Vi) and H chains have four (in V). These hypervari-
able regions comprise the anrigen-binding site (locared
at the tips of the Y shown in Figure 50-8) and dicrate
the amazing specificity of antibodies. For this reason,
hypervariable regions are also termed complementar-
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Pepsin i
PBFIEIi-I'I} Cleavage sites

Figure 50-8. Structure of IgG, The molecule consists of two light (L) chains and
two heavy (H) chains. Each light chain consists of a variable (V) and a constant (C,)
region. Each heavy chain consists of a variable region (V) and a constant region
that is divided into three domains {C1, €2, and C;3). The C,;2 domain contains
the complement-binding site and the C,3 domain contains a site that attaches to
receptors on neutrophils and macrophages. The antigen-binding site is formed by
the hypervariable reglons of both the light and heavy chains, which are located in
the variable regions of these chains {see Figure 50-9). The light and heavy chains
are linked by disulfide bonds, and the heavy chains are also linked to each other

by disulfide bonds. (Reproduced, with permission, from Parslow TG et al [editons)
Medica! immunoiogy, 10th ed. McGraw-Hill, 2000.)

ity-determining regions (CDRs). Abour five to wen
amino acids in cach hypervariable region (CDR) con-
tribute to the antigen-binding site. CDRs are located
on small loops of the variable domains, the surrounding
Eal}fpcpl:idc regions beoween the hypervariable regions

cing termed framework regions. CDRs from both
Vy and V| domains, brought rogether by folding of the
polypepride chains in which they are conrained, form a
single hypervariable surface comprising the antigen-
binding site. Various combinations of H and L chain
CDRs can give rise to many antibodies of different

Tciﬁci:ies, a feature thar contributes o the wemen-
ous diversity of antibody molecules and is termed
combinatorial diversity. Large antigens interact with
all of the CDRs of an antibody, whereas small ligands
may incerace with only one or a few CDRs that form a
pocket or groove in the antibody molecule. The essence
of antigen-antibody interactions is mutual complemen-
tarity berween the surfaces of CDRs and epitopes. The
interactions between antibodies and antigens involve
noncovalent forces and bonds (electrostatic and van der
Waals forces and hydrogen and hydrophobic bonds).
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Table 50-7. Properties of human immunoglobulins,’
Property IgG Igh lgM gD IgkE

Percentage of tatal immunoglo- 75 ' 15 9 0.2 0.004

bulin in serum [approximate) E
Serum concentration 1000 : 200 120 3 0.05

ima/dL) {approximane) |
Sedimentation coefficient 75 | 750rng 195 75 8
Molecular weight 150 | 170 or 900 180 150

{2 1000) i A00°
Structure Monomer | Monomes or dimer | Monomer or dimer | Monomer | Monomer
I-I-chain symbaol E [y’ i b £
_C_clmplement fixation ¥ ' - 7 i .
};;F-‘I;plECEI'ITEI passage £ | = = 7 =
Mediztion of allergic responses - x = E +
Euund in secretions it - n = = E
Opsonization + L s _ i
._ﬂmtigen receptor on B cell - = + 7 =
Polymeric form contains J chain - 'l + + - =

"Reproduced, with permissian, from Levinson W, Jawetz E: Medical Microbiology and Immunology, Tth ed. MeGraw-Hill,

2002,

Hhe 115 form is found in secretions (&g, saliva, milk, tears) and fluids of the respiratary, intestinal, and genital tracts,
"laM opsonizes indirectly by activating complement. This produces C3b, which s an opsonin.

The Constant Regions Determine
Class-Specific Effector Functions

The constant regions of the immunoglobulin molecules,
particularly the C,2 and 3 (and Cyd of IgM and
IgE), which constitute the Fe fragment, are responsible
for the class-specific effector functions of the different
immunoglobulin melecules (Table 50-7, botcom part),
g, mmpiimwm fixation or transplacental passage.

Some immunoglobulins such as immune IgG exist
only in the basic tecrameric structure, while others such
as IgA and IgM can exist as higher order polymers of
two, three {IgA), or five (lgM) rerrameric unies (Figure
S0-10).

The L chains and H chains are synthesized as sepa-
rate molecules and are subsequently assembled wilﬁin
the B cell or plasma cell into mature immunoglobulin
muolecules, all of which are glycoproteins.

Both Light & Heavy Chains Are Products
of Multiple Genes

Each immunoglobulin light chain is the product of at
least three separate structural genes: a variable region

(V) gene, a joining region (/) gene (bearing no rela-
tionship to the | chain of lgA or IgM), and a constant
region () gene, Each heavy chain is che product of at
lease four different genes: a variable region (V) gene, a
diversity region (£3) gene, a joining region (/) gene, and
a constant region (Cy) gene. Thus, the “one gene, one
protein” concept is not valid. The molecular mecha-
nisms responsible for the generation of the single im-
munoglobulin chains from muldple scructural genes are
discussed in Chaprers 36 and 39,

Antibody Diversity Depends
on Gene Rearrangements

Em:h person 5 c:puhl: nf_g:n:mring an rlhnclir_ﬁ dlrc:cl'c{l
against perhaps 1 million different antigens. The gener-
ation of such immense antbody divesity depends
upon a number of factors including the existence of
multipl: gene .w_'gm::nt_q I:V, L_:, ] and D scErru:nt'::l,
their recombinavions {see Chaprers 36 and 39), the
combinations of different L and H chains, a high fre-
quency of somatic mutations in immunoglobulin genes,
and ju.]’lcl'.innﬂl duvcrsll:y Th: |:|:I:tl:l' ]‘t.‘EltEl‘.'i rh: acldi-
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Table 50-8. Major functions of
immunoglobulins.'

Immunoglebulin Major Functions

IgG Main antibody in the secondary re-
sponse. Opsonizes bacteria, making
them easier 1o phagocytose. Fixes com-
plement, which enhances bacterial
killing. Meutralizes bacterial toxins and
viruses. Crossas the placenta.

lgh Secretory Igh prevents attachment of
bacteria and viruses o mucous mem-
branes. Does not fix complement.

gt Produced in the primary response to an
antigen. Fixes complement. Does not
cross the placenta. Antigen receptor on
the surface of B cells.

lgD Uncertain. Found on the surface of
many B calls as well as in serum,

IgE Mediates immediate hypersensitivity by
causing release of mediators from mast
cells and basophils upon exposure to
antigen (allergeni, Defends against
warm infections by causing release of

| enzymes from eosinophils. Does not fix

| complement. Main host defense against
j_helm'ln-thic infections.

"Reproduced, with permission, fram Levinsom W, Jawetz E Med-
ical Microbiology and Immunology, Tth ed. McGraw-Hill, 2002,

tion or deletion of a random number of nucleotides
when certain gene segments are joined together, and in-
troduces an additional degree of diversity. Thus, the
above factors ensure that a vast number of antibodies
can be synthesized from several hundred gene segments,

Class (Isotype) Switching Occurs
During Immune Responses

In most humoral immune responses, antibodies with
identical specificity but of different classes are generated
in a specific chronologic order in response to the im-
munogen {immunizing antigen). For instance, antibod-
ics of the Igh class normally precede molecules of the
lgG class. The switch from one class to another is desig-
nated “class or isotype switching,” and is molecular
basis has been investigared exrensively, A single type of
immunoglobulin light chain can combine with an and-
gen-specific W chain to gencrate a specific Igh molecule,
Subsequently, the same antigen-specific light chain
combines with a ¥ chain with an identical Vy; region w

Light ehain
hyperdariable
regions
£
Interchain
disutfide
., Donds
/‘ Heavy chain
hypervanabla
I regions
Intrachain
diziilfida
bonds

Figure 50-9. Schematic model of an IgG molecule
showing approximate positions of the hypervariable re-
gicns in heavy and light chains. The antigen-binding
site is formed by these hypervariable regions. The hy-
pervariable regions are also called complementarity-
determining regions (CORs). (Modified and reproduced,
with permission, from Farslow TG et al [editars] Medical
fmmunoiogy, 100h ed. MeGraw-Hill, 2001.)

generate an Izls molecule with andgen specificity iden-
tical 1o that of the onginal [gM molecule. The same
light chain can also combine with an ¢ heavy chain,
again containing the identical ¥y region, to form an IgA
molecule with identical antigen specificity, These three
classes (Ighd, 1gG, and IgA) of immunoglobulin mole-
cules against the same antigen have identical vanable do-
mains of bath their light (V) chains and heavy (V)
chains and are said to share an idiotype. (Idiotypes are
the antigenic determinants formed by the specific amino
acids in the hypervariable regions.) The different classes
of these three immunoglobulins (called isotypes) are
thus determined by their different Cyy regians, which are
combined with the same antigen-specific Vy, regions.

Both Over- & Underproduction
of Immunoglobulins May Result
in Disease States

Disorders of immunoglobulins include increased pro-
duction of specific classes of immunoglobuling or even



L
H
A, Serum lgA
H
L
B. Secrelory lgA
{dimer)
Figure 50-10. Schematic repre-
sentation of serum IgA, secretory
IgA, and Ighd. Both IgA and Igh have  C.lgh
a J chain, but only secretory Igh has Ypentans) "

a secretory compaonent. Polypeptide L
chains are represented by thick lines;

disulfide bonds linking different

polypeptide chains are represented

by thin lines. (Reproduced, with per-

milssion, from Parslow TG et al [edi-

tors]: Medical immunciogy, 10th ed.

McGraw-Hill, 2001 )

specific immunoglobulin molecules, the lamer by clonal
tumars of plasma cells called myclomas, Muldple
myeloma 15 2 neoplastic condition: electraphoresis of
serum or urine will usually reveal a large increase of one
particular immunoglobulin or one particular lighe chain
{the latter termed a Bence Jones protein), Decreased
production may be restriceed to a single class of im-
munoglobulin molecules {eg, IgA or IgG) or may in-
volve underproduction of all classes of immunoglobu-
lins (IgA, IgD, IgE. IgG, and IgM). A severe reducrion
in synthesis of an immunoglobulin class duc to a ge-
nenic abnormality can resule in a serious immunodeh-
ciency discase—cg, agammaglobulinemia, in which
production of IglG is markedly affected—because of
impairment of the body’s defense against microorgan-
isms.
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Hybridomas Provide Long-Term 5ources
of Highly Useful Monoclonal Antibodies

When an antigen is injecred into an animal, the resule-
ing antibodics arc polyclonal, being synthesized by a
mixture of B cells. Polyclonal antbodics are directed
against a number of different sites {cpitopes or determi-
nants) on the antigen and thus are not monospecific.
However, by means of a method developed by Kohler
and Milstcin, large amounts of a single monoclonal an-
tibody specific for one cpirope can be obtained.

The method involves cell fusion, and the resulting
permanent cell line is called a hybridoma. Typically, B
cells are obtained from the spleen of a mouse {or other
suitable animal) previously injected with an antigen or
mixture of antgens (cg, forcign cells), The B cells are
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mixed with mouse myeloma cells and exposed to poly-
ethylene glycol, which causes cell fusion. A summary of
the principles involved in generating hybridoma cells is
given in Figure 50-11. Under the conditions used, only
the hybridoma cells multiply in cell culwre. This in-
volves plating the hybrid cells into hypoxanthine-
aminopterin-thymidine (HAT)-containing medium at
a concentration such that each dish contains approxi-
mately one cell. Thus, a clone of hybridoma cells mul-
tiplies in each dish. The culture medium is harvested
and screened for antibodies that react with the original
antigen or antgens. If the immunogen is a mixture of
many antigens (eg, a cell membrane preparation), an
individual culrure dish will conwin a clone of hy-
bridoma cells synthesizing a monoclonal antibody o
one specific antigenic determinant of the mixwre. By
harvesting the media from many culture dishes, a bar-

Mysloma cell B call
Fused In presence of PEG

Hybridoma call

Grown in presence of HAT medium
Hybridoma multiplies: myeloma and B cells die

Hybrdoma cell

Figure 50-11. Scheme of production of a hy-
bridoma cell. The myeloma cells are immortalized, do
not produce antibody, and are HGPRT {rendering the
salvage pathway of purine synthesis [Chapter 34] inac-
tive), The B cells are not immeortalized, each produces a
specific antibody, and they are HGPRT". Polyethylens
glycol [PEG) stimulates cell fusion. The resulting hy-
bridoma cells are immortalized (via the parental
myeloma cells), produce antibody, and are HGPRT*
(both latter properties gained from the parental B cells),
The B cells will die in the medium because they are not
immortalized. In the presence of HAT, the myeloma
cells will also die, since the aminopterin in HAT sup-
presses purine synthesis by the de novo pathway by in-
hibiting reutilization of tetrahydrofolate (Chapter 34).
However, the hybridoma cells will survive, grow (be-
cause they are HGPRT'), and—if cloned—produce
monoclonal antibody. (HAT, hypoxanthine,
aminopterin, and thymidine; HGPRT, hypoxanthine-
guanine phosphoribosyl transferase.)

tery of monoclonal antibodies can be obrained, many of
which are specific for individual components of the im-
munogenic mixture. The hybridoma cells can be frozen
and stored and subsequently thawed when more of the
antibody is required; this ensures its long-rerm supply.
The hybridoma cells can also be grown in the abdomen
of mice, providing relatively large supplics of anti-
bodies.

Because of their specificity, monoclonal antibodies
have become useful reagents in many areas of biology
and medicine, For example, they can be used to mea-
sure the amounts of many individual prowins (eg,
plasma proteins), to determine the narure of infecrious
agents (eg, types of bacreria), and to subclassify both
normal {eg, lymphocytes) and cumor cells {eg, leukemic
cells). In addidon, they are being used to direct thera-
peutic agents to rumor cells and also ro accelerare re-
moval of drugs from the circuladon when they reach
toxic levels {eg, digoxin).

The Complement System Comprises About
20 Plasma Proteins & Is Involved in Cell
Lysis, Inflammation, & Other Processes

Plasma contains approximacely 20 protwins thatr are
members of the complement system, This system was
discovered when it was observed that addinion of fresh
serum containing antibodies directed o a bacterium
caused its lysis. Unlike antibodies, the factor was labile
when heated ar 56 "C, Subsequent work has resolved
the proteins of the system and how they function; most
have been cloned and sequenced. The major protein
components are designated C1-9, with C9 associared
with the C5-8 complex (together constituting the
membrane attack complex) being involved in generac-
ing a lipid-soluble pore in the cell membrane that
causcs osmotic lysis.

The details of this system are relatively complex, and
a textbook of immunology should be consulted. The
basic concepr is thar the normally inactive proteins of
the system, when wriggered by a stimulus, become acri-
vated by proteolysis and interact in a specific sequence
with one or more of the other proteins of the system.
This resules in cell lysis and generation of peptide or
polvpeptide fragments that are involved in various as-
pects of inflimmation (chemotaxis, phagocytosis, etc).
The system has other functions, such as clearance of
antigen-antibody complexes from the circulacion. Acri-
vation of the complement system is triggered by one of
rwo routes, called the classic and the alternative path-
ways. The first invalves interaction of C1 with antigen-
antbody complexes, and the second (not involving an-
tibody) involves direct interaction of bacterial cell
surfaces or polysaccharides with a component desig-

nated C3h.



The complement system resembles blood coagula-
tion {Chaprer 51) in that it involves both conversion of
imactive precursors to active products by proteases and a
cascade with amplification.

SUMMARY

* Plasma containg many proteing with a varety of
functions. Most are synthesized in the liver and are
gl}rr_'usylattd.

* Albumin, which is not glycosylated, is the major pro-
tein and is the principal determinant of intravascular
osmotic pressure; it also binds many ligands, such as
drugs and bilirubin,

* Haptoglobin binds extracorpuscular  hemoglobin,
prevents its loss into the kidney and urine, and hence
preserves its iron for reutilization,

* Transferrin binds iron, transporting it to sites where
it is r::un'rl:r.l. Ferritin Fm'ridn:x an intracellular store
of iron. Iron deficiency anemia s a very prevalent
diﬁurﬂrr. Hfl:di{ﬁl}" h:nlmhrﬂmatmis |'Iaa hﬂ:ﬁ'n
5]1:]1.'!'“ L] 1'“,‘. le.'l.i: o mu l:l.Li.[]nﬁ il'.l HFE.. al gl:m.‘ ::I'I.I:.'ud-
ing the protein HFE, which appears o play an im-
portant role in absorption of iron.

* Ceruloplasmin conrains substantial amounts of cop-
per, bur albumin appears to be more importane with
regard o its transport. Both Wilson disease and
Menkes disease, which reflect abnormaliries of copper
metabolism, have been found to be due to murations
in genes encoding copper-binding P-tvpe ATPases.

* oy-Antorypsin is the major serine protease inhibivor
of plasma, in particular inhibiting the clastase of neu-
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trophils, Genetic deficiency of this protein is a cause
of emphysema and can also lead to liver disease.

* o,-Macroglobulin is a major plasma protein that
neutralizes many proteases and targets certain cy-
tokines to specific organs.

* Immunoglobulins play a key role in the defense
mechanisms of the h:d}'. as du Frull:ins of the com-
plement system. Some of the principal features of
these proteins are described.
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Hemostasis & Thrombosis

Margaret L. Rand, PhD, & Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

Basic aspects of the proteins of the blood coagulation
system and of fibrinolysis are described in this chaptcr.
Some fundameneal aspects of p]alulm biology are also
FI.'L"!iE]‘I.l.I:d. Hi::m:rrha.gjc and thrombotic states can
cause serious medical emergencies, and thromboses in
the coronary and cerchral arteries are major causes of
death in many parts of the wotld. Rational manage-
ment of these conditions requires a clear umlr_'nlauding
of the bases of blood clotting and fibrinolysis.

HEMOSTASIS & THROMBOSIS HAVE
THREE COMMONMN PHASES

Hemostasis 15 the cessavion of bleeding from a cur or
severed vessel, whereas thrombosis occurs when the en-
dothelium lining blood vessels 15 damaged or removed
{eg, upon rupture of an atherosclerotic plaque), These
processes encompass blood clotting (coagulation) and
involve hlood vessels, plareler aggregation, and plasma
proteins that cause formanion or dissolution of platele
aggrogarcs.

In hemostasis, there 15 initial vasoconstriction of the
injured vessel, causing diminished blood Aow distal o
the injury. Then hemaostasis and thrombaosis share three
phases:

(1} Formation of a loose and temporary plateler ag-
f,rcgm: ar the site of injury. Platelets bind to col-
agen at the site of vessel wall injury and are acri-
vated by thrombin (the mechanism of activation
of plarelets is described below), formed in the co-
agulation cascade ar the same site, or by ADP re-
leased from other acrivared plareles. Upon acti-
vation, platelers chanpe shape and, in the
presence of fibrinogen, aggregate o form the he-
mostatic plug (in hemostasis) or thrombus (in
thrombosis).

(2} Formacion of a fibrin mesh that binds w the
plareler aggregate, forming 2 more stable hemosta-
tic plug or thrombus,

(31 Partial or complete dissoludon of the hemostatic
plug or thrombus by plasmin,
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There Are Three Types of Thrombi

Three types of thraombi or clots are distinguished, All
three contain fibrin in various proportions,

{1} The white thrombus is composed of platelets and
fibrin and is relatively poor in erythrocyres. Tt
forms at the site of an injury or abnormal vessel
wall, particularly in areas where blood flow is
rapid {arreries).

{2} The red thrombus consists primarily of red cells
and fibrin. [t morphologically resembles the clog
formed in a test tube and may form in vivo in
arcas of retarded blood flow or stasis (cg, veins)
with ar without vascular injury, or it may form at
a site of injury or in an abnormal vessel in con-
junction with an inidating platcler plug,

(3} A third type is a disseminated fibrin deposit in
VEry small blood vessels or cupi“a ries.

We shall first describe the coagulanion pathway lead-
ing ta the formation of fibrin, Then we shall briefly de-
scribe some aspects of the invelvement of platelets and
blood vessel walls in the overall process. This separation
of clotting factors and plarclets is aroficial, since both
play intimate and often mutually interdependent rales
in hemostasis and thrombosis, but it facilitates descrip-
tion of the overall processes involved,

Both Intrinsic & Extrinsic Pathways Result
in the Formation of Fibrin

Two pathways lead o fibrin clor formartion: the intrin-
sic and the extrinsic pathways. These pathways are not
independent, as previously thought. However, this ari-
ficial distincrion is rerained in L%li: following text o fa-
cilicate their description.

Initiation of the fibrin clot in response to tissue in-
jury is carried out by the extrinsic pathway. How the
intrinsic pathway is activated in vivo is unclear, bur it
involves a negarively charged surface. The intrinsic and
extrinsic pathways converge in a final common path-
way invnmng the activation of prothrombin o throm-
hin and the thrombin-cartalyzed cleavage of fibrinogen
t form the fibrin clot. The incrinsic, exerinsic, and
final common pathways are complex and involve many
different proteins (Figure 51-1 and Table 51-1). In



Figure 571=1. The pathways of

blood coagulation. The intrinsic

and extrinsic pathways are indi-

cated. The events depicted below

factor Xa are designated the final

common pathway, culminating in

the formation of cross-linked fibrin.

Mew observations (dotted arrow}

include the finding that complexes

of tissue factor and factor Vila acti-

vate not anly factor X {in the classic
extrinsic pathway) but also factor

IX in the intrinsic pathway. In ad- —_—
dition, thrombin and factor Xa
feedback-activate at the two sites
indicated (dashed arrows). [FK,
prekallikrein; HE, HMW kininogen;
PL, phospholipids.) {(Reproduced,
with permission, from Roberts HR,
Lozier JM; Mew perspectives on the
coagulation cascade. Hosp Pract [Off
Ed] 1992 lam27:97)
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Table 51-1. Numerical system for nomenclature
of blood clotting factors. The numbers indicate
the arder in which the factors have been
discovered and bear no relationship to the order
inwhich they act.

Factor Common Name

| i Fibrinogen These factors are usually referred
Il | Prothrombin to by their common names.
M Tissue factor } These factors are usually not re-

WV iCa™ ferred to as coagulation factars,
V| Proaccelerin, labile factor, accelerator (Ac-)
glabulin
WI' 1 Procenvertin serum prothrombin conversion

accelerator (SPCA), cothromboplastin
Wil | Antihemophilic factor & antihemophilic globulin
(AHG)
¥ | Antihemophilic factor B, Christmas factor, plasma
| thromboplastin companent (PTC)
X | Stuart-Prower factor
X | Plasma thrombaoplastin antecedent (PTA)
XIl | Hageman factor
X E Filzrin stabilizing factor (FSF), fibrinoligase

"There is no factor VI

general, as shown in Table 51-2, these proteins can be
classified into five types: (1) zymogens of serine-depen-
dent proteases, which become activated during the
process of coagulation; (2) cofactors; (3) fibrinogen;
(4] a transglutaminase, which stabilizes the fibrin clog
and (3) regulatory and other proteins.

The Intrinsic Pathway Leads
to Activation of Factor X

The intrinsic pathway (Figure 51-1) involves factors
XIL, XI, IX, VIII, and X as well as prekallikrein, high-
maolecular-weight (HMW) k.lmnagen Ca®™, and plare-
ler phospholipids. It results in the producrion of fac-
tor Xa (by convendon, activated clowing factors are
referred to by use of the suffix a).

This pathway commences with the “contact phase”
in which prekallikrein, HMW kininogen, factor XII,
and faceor X1 are exposed to a negatively charged acti-
varing surface. In vivo, the proteins probably assemble
on endorthelial cell membranes, whereas glass or kaolin
can be used for in vitro tests of the intrinsic parhway.
When the components of the contact phase assemble
on the activaring surface, factor XI1 is activared ro fac-
tor Xlla upon proteolysis by kallikrein. This factor
Xlila, generared by kallikrein, aracks prekallikrein o
generate more Kallikrein, serting up a reciprocal activa-
tion. Facror Xlla, once ﬁ:rrmef. acrivares facror XI o

Table 57-2. The functions of the proteins
involved in blood coagulation.

Zymogens of serine proteases

Factor XN Binds to negatively charged surface at site of
vessel wall injury; activated by high-MW
kininogen and kallikrein,

Factor X Activated by factor Xlla.

Factor ¥ Activated by factor Xla in presence of Ca®*,

Factor Vil Activated thrombin in presence of Ca™',

Factor X Activated on surface of activated platelets by
tenase complex {Ca™ Factaors Villa and 1¥a)
and by factor Vila in presence of tissue fac-
torand Ca™.

Factor |l Activated on surface of activated platelets by
prothrombinase complex [Ca®', factors Wa
and Xaj,

[Factors Il VI, IX, and X are Gla-containing
Z‘_'II'I'IDQ'EHE] [l:':la- ycarboxyglutamate.)
Cofactors

Factor Vill Activated by thrombin; factor Villa is a co-
factor in the activation of factor X by
factor I¥a.

FactorV Activated by thrombin; factor Va is a co-
factor in the activation of prothrombin by
factor ¥a.

Tissue factor | & glycoprotein expressed on the surface of

(factor ) injured ar stimulated endothelial cells to
act as a cofactor for factor Vila.
Fibrinogen
Factor| Cleaved by thrombin to form fibrin clot.

Thiol-dependent transglutaminase

Factor Xlll | Activated by thrombin in presence of Ca'*;
| stahilizes fibrin clot by covalent cross-
| linking.

Regulatory and other proteins
Protein C | Activated to protein Ca by thrombin bound
' tothrembomodiling then degrades fac-
tors Villa and Va.

1
i
Protein S | Acts as a cofactor of protein C; both proteins
i contain Gla (-carboxyglutamate)
i residues.
Thrembo- ' Pratein on the surface of endothelial
modulin | cells; binds thrambin, which then acti-

vates protein C.

Xla and also releases bradykinin (a nonapepride with
potent vasodilator action) from HMW kininogen.
Factor Xla in the presence of Ca™ activares facror [
{55 kDa, a zymogen containing vitamin K-dependent
y-carboxyglutamare [Gla| residues; see Chaprer 45), wo
the serine protease, factor [Xa. This in urn cleaves an
Arg-Ile bond in factor X (56 kDa) to produce the rwo-
chain serine protease, factor Xa. This latter reaction re-
quires the assembly of components, called the tenase



complex, on the surface of activated platelers: Ca™* and
factor V1lla, as well as factors [Xa and X It should be
noted that in all reactions involving the Gla-containing
Zymogens {factors [ VII, IX, and X), the Gla residues
in the aming terminal n.-glmu of the molecules serve as
high-affinity binding sites for Ca™. For assembly of the
tenase complex, the platelets must firse be activared o
eApHse the acidic {anionic) ph{:s].‘rhu[ipid_ti, phos-
phatidylserine and phosphatidylinositol, that are
normally on the internal side of the plasma membrane
al resting, nonactivated  platelets, Factor VI (330
kDa), a glycoprotein, is not a protease precursor bue a
cofactor that serves as a receptor for factors [Xa and X
on the plateler surface. Factor VIII is activated by
minute quantitics of thrombin to form factor VI,
which is in twrn inactivated upon further cleavage by
thrombin,

The Extrinsic Pathway Also Leads
to Activation of Factor X But
by a Different Mechanism

Factor Xa occurs at the site where the ineninsic and ex-
trinsic parhwa}rs converge (Figure 51-1) and lead into
the final common pathway of blood coagulation. The
extrinsic parhwaj.r invalves tissue factor, factors VI and
¥, and Ca®* and resules in the production of factor Xa.
It s initiated at the site of tssue injury with the expo-
sure of tissue factor {Figu.r: 51-1) on subendothelial
cells. Tissue factor interaces with and activares Factor
VII (33 kDa), a circulatng Gla-containing glycoprorein
synthesized in the liver, Tissue factor aces as a cofactor
tor factar Vla, ».-.nh.m.::ng its enzymatic activity to acti-
vate factor X. The association of tissue factor and factor
Vila is called tissue factor complex. Facror Vila
cleaves the same Arg-Ile bond in factor X that is cleaved
by the tenase complex of the intrinsic parhwa}r. Activa-
tion of factor X provides an important link between the
intrinsic and exerinsic pathways.

Another important interaction between the extrinsic
and intrinsic pathways is thar complexes of tissue factor
and faceor V1la also activare factor IX in the intrinsic
pathway. Indeed. the formation of complexes be-
tween tissue factor and factor VIla is now consid-
ered to |:u: the ]u:_',r ]:irul:c.ss inmlw:ﬂ in initiation of
blood coagulation in vivo. The physiologic signifi-
cance of the initial seeps of the intrinsic pathway, n
which factor XI1, prekallikrein, and HMW kininogen
are mvnlv:rj, has been called into quﬁtiun hecause -
tients with a hereditary deficiency of these components
do nor exhibae bleeding problems. Similarly, patents
with a deficiency of factor XI may not have bleeding
pmhl:ms. The intrinsic P:lthwa:,' may a.t.'tual[].r be more
impartant i fbrnolysis (see below) than in coagula-
tion, since kallikrein, faceor Xlla, and factor Xla can
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cleave plasminogen and kallikrein can activare single-
chain urokinase.

Tissue factor pathway inhibitor (TFPI} is a major
physiologic inhibitar of coagulation. It is a protein that
circulares in the blood associared with lipoproteins.
TFPI directly inhibits factor Xa by binding 1o the en-
zyme near its active site, This factor Xa-TFPI complex
then inhibits the factor Y1la-tissue factor complex.

The Final Common Pathway of Blood
Clotting Involves Activation of
Prothrombin to Thrombin

In the final common pathway, factor Xa, produced by
either the intrinsic or the extrinsic pathway, activares
prothrombin (factor 1) 1o thrembin (factor Tla),
which then converts fibrinagen to fibrin (Figure 51-1).

The activation of prothrombin, like that of factor X,
occurs on the surface of activated platelers and requires
the assembly of a prothrombinase cnmplﬂ, consisting
of platelet anionic phospholipids, Ca™, factor Va, fac-
tor Xa, and prothrombin.

Factor V (330 kD), a glycoprotein with homolo
to factor VIII and cerulapﬁsmin. is synthesized in LE:
liver, spleen, and kidney and is found in platelets as
well as in plasma. Tt functions as a cofactor in a manner
similar vo that of facvor VIII in the tenase complex.
When activated to factor Va by traces of thrombin, it
binds to specific receptors on the platelet membrane
(Figure 51-2) and forms a complex with factor Xa and
prothrombin. Ir is subsequentdly inactivated by further
action of thrombin, thereby providing a means of limi-
ing the activation of prothrombin to thrombin. Pro-
thrombin {72 kDa; Figure 51-3) is a sing[e-chain gly-
coprotein synthesized in the liver, The amino terminal
region of prothrombin (1 in Figure 51-3) contains ten
Gla residues, and the serine-dependent active protease
site (indicated by the arrowhead) is in the catbosxyl rer-
minal region of the molecule. Upon binding to the
complex of factors Va and Xa on the plateler mem-
brane, prathrombin is cleaved by facror Xa ar ewo sites
(Figure 51-2) to generate the active, two-chain throm-
bin molecule, which is then released fram the placeler
surface. The A and B chains of thrombin are held to-
gether by a disulfide bond.

Conversion of Fibrinogen to Fibrin
Is Catalyzed by Thrombin

Fibrinogen (factor I, 340 kDa; see Figures 51-1 and
51—4 and Tables 51-1 and 51-2) is a soluble plasma
glycoprotein thar consists of chree nonidenrical pairs of
polvpepride chains (Ao, Bfy), covalendy linked by
disulfide bonds. The BP and ¥ chains contain as-
paragine-linked complex oligosaccharides. All three
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Figure 57-2. Diagrammatic representation
inet to scale) of the binding of factors Va, Xa,
Ca’f, and prothrombin to the plasma membrane
of the activated platelet. The sites of cleavage of
prothrombin by factor Xa are indicated by two

F'||a1=|ﬂ arrows. The part of prothrombin destined 1o
E_:ﬂmn;;m form thrombin is labeled prethrombin. The Ca™*

= = Indicates negative charges
to which Ca®* binds.

chains are synthesized in the liver; the three structural
genes involved are on the same chromosome, and their
cxpression is coordinately regulated in humans. The
amino terminal regions of the six chains arc held in
close proximity by a number of disulfide bonds, while
the carboxyl terminal regions are spread apart, giving
risc to a highly asymmetric, clongated molecule (Figure
51-4). The A and B portions of the Aot and Bf chains,
designared fibrinopeptides A (FPA) and B (FPB), re-
spectively. ar the amino wrminal ends of the chains,
bear excess negative charges as a result of the presence
of aspartatc and glutamarte residucs, as well as an un-
usual ryrosine O-sulfare in FPB. These negative charges
contribure to the solubility of fibrinogen in plasma and
also serve to prevent aggreganion by causing electrosta-
tic repulsion between Aibrinogen molecules,

Thrombin (34 klYa), a serine protease formed by
the prothrombinase complex, hydrolyzes the four Arg-
Gly bonds beoween the fibrinopeprides and the ¢t and
portions of the At and BP chains of fibrinogen (Figure
51-5A). The release of che fibrinopeptides by thrombin
generates fibrin monomer, which has the subunit scruc-

5-8
Gla, 4 | = |
1 | 2 A B |
'y
" — A x‘ -
F-1+2 Prathromisin
({before Xa cleavags)
Thrombin (after Xa cleavage)

Figure 57-3. Diagrammatic representation {mot to
scale) of prothrombin. The amino terminal is to the left;
region 1 contains all ten Gla residues. The sites of cleay-
age by factor Xa are shown and the products named,
The site of the catalytically active serine residue is indi-
cated by the solid triangle. The A and B chains of active
thromkbin (shaded) are held together by the disulfide
bridge.

is bound to anionic phospholipids of the plasma
membrane of the activated platelet.

turc (o, B. ¥).. Since FPA and FPB contain only 16 and
14 residucs, respectively, the fibrin molecule retains
98% of the residues present in fibrinogen, The removal
of the fibrinopeptides cxposcs binding sites that allow
the molecules of fibrin monomers to aggregate sponta-
neoushy in a regularly staggered array, forming an insol-
uble fibrin clot. It is the formation of this insoluble fib-
rin polymer that traps platelets, red cclls, and other
components to form the white or red thrombi. This
initial fibrin cloc is rather weak, held wgether only by
the noncovalent association of fibrin monomers.

In addition to converting fibrinogen to fibrin,
thrombin also converss factor X1 to factor XIlla, This
factor is a highly specific ransglutaminase thar cova-
lently cross-links fibrin molecules by forming pepride
bonds berween the amide groups of glutamine and the
e-amino groups of lysine residues (Figure 51-5B),
viclding a more stable fibrin clot with increased resis-
tance to proteolysis.

Levels of Circulating Thrombin Must Be
Carefully Controlled or Clots May Form

Onee active thrombin is formed in the course of hemo-
stasis or thrombosis, its concentration must be carefully
controlled w prevent further fibrin formation or
plateler activation. This is achieved in two ways,
Thrombin circulates as its inactive precursor, pro-
thrombin, which is activared as the result of a cascade
of enzymaric reacrions, each converting an inacrive zy-
mogen o an active enzyme and leading finally to the
conversion of prothrombin te thrombin (Figure 51-1).
At each point in the cascade, feedback mechanisms
produce a delicare balance of activation and inhibiton.
The concentration of factor XII in plasma is approxi-
mately 30 pg/mL, while thar of fibrinogen is 3 mg/mlL,
with intermediate cloting factors increasing in concen-
tration as ane proceeds down the cascade, siuwing thar
the cloming cascade provides amplification. The second
means of controlling thrombin activity is the inactiva-
tion of any thrombin formed by circulating inhibi-



Figure 57-4. Dlagrammatic representation
{not to scale) of fibrincgen showing pairs of Ac,
B3, and  chains linked by disulfide bonds. (FRA,
fibrinopeptide A; FPE, fibrinopeptide B))

tors, the most important of which is antithrombin 11
{see below),

The Activity of Antithrombin i,
an Inhibitor of Thrembin,
Is Increased by Heparin

Four naturally ocourring thrombin inhibirors exisc in
normal plasma. The most important is antithrombin
11 {often called simply antithrombin), which con-
tributes approximately 75% of the anrichrombin activ-
ity. Antithrombin 111 can also inhibic the activities of
factors 1Xa, Xa, Xla, Xlla, and VIla complexed with
tssue factor, ,-Macroglobulin concribures most of
the remainder of the andthrombin activity, with hep-
arin cofactor 11 and o, -antitrypsin acting as minor in-
hibitors under physiologic conditions.

The endogenous activity of antithrombin 111 s
greatly potentiated by the presence of acidic proteogly-
cans such as heparin (Chaprer 48), These bind tw a
specific cadonic site of antithrombin [11, inducing a
conformational change and promoting its binding tw
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thrombin as well as to its other substrates. This is the
basis for the use of heparin in clinical medicine w in-
hibit coagulation. The anticoagulant cffects of heparin
can be antagonized by strongly cationic polypeptides
such as protamine, which bind strongly to hepann,
thus inhibiting its binding to antithrambin 111, Individ-
uals with inherited deficiencies of antthrombin 111 are
prone o develop venous thrombosis, providing evi-
dence thar antthrombin 111 has a physiologic function
and that the coagulation system in humans is normally
in a dynamic state,

Thrombin is involved in an additional regulatory
mechanism that operates in coagulation, 1t combines
with thrombomodulin, a glycoprotein present on the
surfaces of endothelial cells. The complex activates pro-
tein C. In combination with protein 8, activated pro-
tein C (APC) degrades factors Wa and VIlla, limiting
their actions in coagulation, A genctic deficiency of ci-
ther protein C or protein § can cause venous thrombo-
sis. Furthermore, patients with factor V Leiden (which
has a glutaming residuc in place of an arginine at posi-
tien 506) have an increased risk of venous thromboric

A Thegmbyin
MH,™ /\’/\/\ Arg Gy r Coor
Flbrinopeptide Fibrin chain
(8 or B) {reor )
B

Figure 51-5. Formation of a fibrin
clot. A: Thrambin-induced cleavage
of Arg-Gly bonds of the Ao and B
chains of fibrinogen to produce fi-
brinopeptides {left-hand side) and
the o and [ chains of fibrin mono-
mer (right-hand side}. B: Cross-
linking of fibrin molecules by acti-
vated factor X1l ifactor Xllla).

Fibrin— GHy — GHy — GH, — CH, —MH;"

il
HaM— G— GH.— GHa— Fibirin

{Lysyl) [Glutarmingl)

MH," Factor Xllla {Transgiutaminass)

4]

Il
Fiirin— CHy = CHy = CH, — CHy — NH — G — CH, — CH, — Fibirin
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disease because factor V Leiden is resistant to inacriva-
tion by APC. This condition is termed APC resistance.

Coumarin Anticoagulants Inhibit the
Vitamin K-Dependent Carboxylation of
Factors Il, VII, IX, & X

The coumarin drugs (eg, warfarin), which are used as
antieoagulants, inhibit the vitamin K-dependent car-
boxylation of Glu o Gla residues (see Chapter 45) in
the amino terminal regions of factors 11, VII, IX, and X
and also proteins C and 5. These proteins, all of which
are synthesized in the liver, are dependent on the Ca™-
binding properties of the Gla residues for their normal
function in the coagulation pathways. The coumarins
act by inhibiting the reduction of the quinone deriva-
tives of vitamin K to the active hydrogquinone [orms
(Chaprer 45). Thus, the administration of vitamin K
will bypass the coumarin-induced inhibition and allow
maturation of the Gla-containing facrors. Reversal of
coumatin inhibition by viamin K requires 12-24
hours, whereas reversal of the anticoagulant effects of
heparin by protamine is almost instantaneous.

Heparin and warfarin are widely used in the reat-
ment of thrombote and thromboembolic conditions,
such as deep vein thrombosis and pulmonary embolus.
Heparin is administered first, because of its prompe
onset of action, whereas warlarin takes several davs o
reach full effect. Their effects are closely monitored by
use of appropriate tests of coagulation (see below) be-
cause of the risk of producing hemorrhage.

Hemophilia A Is Due to a Genetically
Determined Deficiency of Factor VIl

Inherired deficiencies of the cloting system that result
in bleeding are found in humans, TEE most common is
deficiency of factor VI, causing hemophilia A, an X
chromosome-linked disease thar ﬁas played a major role
in the history of the royal families of Europe. Hemo-
philia B is due to a deficiency of factor I¥; its clinical
features are almost identical o those of hemophilia A,
bur the conditions can be separared on the basis of spe-
cific assays that distinguish berween the two factors.

The gene for human factor VIIT has been cloned
and is one of the largesr so far srudied, measuring 186
kb in length and conraining 26 exons. A variety of mu-
tarions have been detected leading to diminished activ-
ity of factor VIII; these include pardal gene deletions
and point mutations resulting in premarure chain rer-
mination. Prenatal diagnosis by DNA analysis after
chorionic villus sampling is now possible.

In past years, trearment for patients with hemophilia
A has consisted of administration of cryoprecipitates
{enriched in factor VIII) prepared from individual
donors or lyophilized factor VIII concentrates prepared
from plasma pools of up to 5000 donors, It is now pos-
sible o prepare factor VIII by recombinant DNA
technology. Such preparations are free of contaminar-
ing viruses {eg, hepartis A, B, C, or HIV-1) found in
human plasma bur are ar present expensive; their use
may increase if cost of production decreases,

Fibrin Clots Are Dissolved by Plasmin

As stated above, the coagulation system is normally inoa
state of dynamic equilibrium in which fibrin clots are
constantly being laid down and dissolved, This latter
process is termed fbrinolysis. Plasmin, the serine pro-
tease muainly n:spunxlh]r finr d:gru:ling fibrin and fi-
brinogen, circulates in the form of its inactive Zymogen,
plasmiungtn {91} kna]. and any small amounts af |:'.l|:|.-.-
min that are formed in the fluid phase under physio-
Ii]gjﬂ conditions are rapidly inactivared by the Fase-
acting plasmin inhibitor, €-antplasmin, I’Iaxmmng:n
binds to fibrin and thus becomes |n|::1r[_'|ur:|t|::i in clots
as they are produced; since plasmin thar is formed
when bound to fibrin is protected from ;-antiplasmin,
it remains active, Activators of plasminogen of various

es are found in most hud}r tissues, and all cleave the
sarne Arg-Yal bond in plasminogen to produce the two-
chain serine provease, plasmin (Figure 51-6).

Tissue Flasminugtn activator {a.ltcplasr; t-PA) 15 a
sering ]:rmt:::l_lil: that is released into the circulation from
vascular endothelium under conditions of injury or

Plasminogen PLASMINOGEN

actwvatars

MH,' —ng—'u'aji coo
5—5

T
5—8
FLASKMIMN

Figure 57-6. Activation of plasminogen. The same
Arg-Val bond is cleaved by all plasminogen activators
to give the two-chain plasmin molecule. The solid trian-
gle indicates the serine residue of the active site. The
two chains of plasmin are held together by a disulfide
bridge.



stress and is caralytically inactive unless bound o fibrin.
Upen binding to fibrin, -PA cleaves plasminogen
within the clot to generare plasmin, which in twrn di-
gests the fibrin to form soluble degradation producs
and thus dissolves the clor. Neither plasmin nor the
plasminogen activaror can remain bound to these
degradation products, and so they are released into the
fluid phase, where they are inactivated by their natural
inhibitors. Prourokinase is the precursor of a second ac-
tivator of plasminogen, urokinase. Originally isolared
from urine, it is now known to be synthesized by cell
types such as monocytes and macrophages, fibroblasts,
and epithelial cells. Its main action is probably in the
degradarion of extracellular maurix. Figure 51-7 indi-
cates the sites of action of five proteins that influence
the formation and action of plasmin.

Recombinant t-PA & Streptokinase Are
Used as Clot Busters

Alweplase (1-I'A), produced by recombinant DNA tech-
nology, is used therapeutically as a fibrinolytic agent, as
is mptnltiuas:. However, the latter is less selective
than t-PA, activating plasminogen in the Muid phase
{where it can degrade circulatin “:hri:n::g:n] as well as
plasminogen that is bound to a fibrin clot. The amount
of plasmin produced by therapeutic doses of streptoki-
nase may exceed the capacity of the cireulating -
antiplasmin, causing fibrinogen as well as fibrin to be
degraded and rt-_l;u||:':nE in the bleeding often encoun-
tered during fibrinolytic therapy. Because of its selec-
tivity for d:gruding hibrin, there s considerable thera-
peutic interest in the use of recombinant +-PA to restore
the patency of coronary arteries following thrombaosis.
IF administered early enough, before irreversible dam-
age of heart muscle occurs {abour & hours afrer onser of
thrambasis), -PA can si.gn'lﬂr.‘:ml.l].r reduce the morgality
rate from  myocardial damage ﬁ:l]m-\-:ing coronary
thrombaosis. --PA s more effective than streptokinase at
restoring full patency and also appears 1o result inoa

Figure 51-7. Scheme of sites of action
of streptokinase, tissue plasminogen acti-
vator (t-PA), urokinase, plasminogen acti-
vator inhibitor, and w.-antiplasmin {the
last two proteins exert inhibitory actions),
Streptokinase forms a complex with plas-
minogen, which exhibits proteolytic activ-
ity; this cleaves some plasminogen to plas-
min, initiating fibrinalysis.

Plasminogen
actiator
inhibitar

@
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slightly better survival rate. Table 51-3 compares some
thrombolytic fearures of screprokinase and -PA.

There are a number of disorders, including cancer
and shock, in which the concentrations of plasmino-
gen activators increase. In addition, the antiplasmin
activiries coneribuced by o -antitrypsin and o,-anciplas-
min may be impaired in discases such as cirrhosis. Since
cerrain bacrerial produces, such as streprokinase, are ca-

able of actvaring plasminogen, they may be responsi-
le for the diffuse hemorrhage sometimes observed in
patients with disseminated bacterial infections.

Activation of Platelets Involves
Stimulation of the
Polyphosphoinositide Pathway

Platelets normally circulate in an unstimulated disk-
shaped form. During hemostasis or thrombaosis, they
become activated and help form hemostadc plugs or
thrombi, Three major steps are involved: (1) adhesion
to cxposed collagen in blood vessels, (2} release of the
contents of their granules, and {3) aggregation,

Platelers adhere to collagen via specific receprors on
the plateler surface, including the glycoprotein complex
GPla-Ila (0P, integrin; Chapter 52), in a reaction
thar involves von Willebrand factor. This is a glyco-
protein, secreted by endothelial cells into the plasma,
which stabilizes factor VIII and binds to collagen and
the subendochelium. Plaiclets bind 1o von Willebrand
factor via a glycoprotein complex (GPIb-Y-IX) on the
plateler surface; this interacton is especially important
in plateler adherence to the subendothelium under con-
ditions of high shear stress that occur in small vessels
and stenosed arteries,

Platelers adherent 1o collagen change shape and
spread out on the subendothelium. They release the
contents of their storage granules (the dense granules
and the alpha granules); secretion is also stmulated by
thrombin.

Streptokinass
+
Plasmingegen —= Strepiokinase-plasminogan
complex

1-PA £l ud

Urokinase

=)
gl

Plasmin aty-Antiplasmin

Filatin ———= Fibrin degradabion products
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Table 51-3. Comparison of some properties of
streptokinase (SK) and tissue plasminogen
activator (t-PA) with regard to their use as
thrombaolytic agents,’

i 5K t-PA
Selective for fibrin clot | - -
Produces plasminemia | - -
Reduces mortality ! + &
Causes allergic reaction | - -

Causes hypotension | -
Costpertreatment | Relatively low |  Relatively high
(approximate) i

o+

"Data from Webb J, Thompson C: Thrombolysis for acute myocar-
dial infarction, Can Fam Physician 1992;38:1415,

Thrombin, formed from the coagulation cascade, is
the most potent activator of platelers and initiares
platelet activation by interacting with its recepror on
the plasma membrane (Figure 51-8). The furcher
events leading o plateler activation are examples of
transmembrane signaling, in which a chemical mes-
senger outside the cell generates effector molecules in-
side the cell. In this instance, thrombin acts as the ex-
ternal chemical messenger (stimulus or agonist), The
interacrion of thrombin with its recepror stimulares the
activity of an intracellular phospholipase CPB. This en-
zyme hydrolyzes the membrane phosphelipid phos-
phatidylinositol 4,5-bisphosphate (PIP,, a polyphospho-
inasitide) to form the two internal effector molecules,
|, 2-diacylglycerol and 1,4,5-inositol trisphospharte.

Hydrolysis of PIP, is also involved in the action of
many hormones and drugs. Diacylglycerol stimulares

Collagen
Proatacyaclin - TxA, Thrombin ADP Apggregation
_.a-.-"" \/\/\;\/ Filsrinogen
G- IIIa
® @€
\@ l@ Plasma
Fan membrane
F'Lcﬁ-—"‘ PP,
PLA;™"PL
AE i
Elgn.n.ﬂng
ﬁ.rachldunc acid avents
IRy DP'G Phnaplmryia‘tlan
————— Txdy / of plecksirin
@ L)oo
1\ {j' \ Release of contents
of plaledel granules
\x___“___ e Phasphorylation (dense and alghs),
of Iight chain of iI'Il:|IJdil'I'ﬂ ADP;
Actin \T'“ signaling svents
AcCtomyosn

\

Changa of shape

Figure 571-8. Diagrammatic representation of platelet activation, The external environ-
ment, the plasma membrane, and the inside of a platelet are depicted from top to bottom.
Thrombin and collagen are the two most important platelet activators. ADP is considered

a weak agonist; it causes aggregation but not gr

anule release. (GP, glycoproteln; R'- R?,

various receptors; AC, adenylyl cyclase; PLA,, phospholipase A;; PL, phospholipids; PLCJ,
phosphalipase Cfi; PIP,, phosphatidylinositol 4,5-bisphosphate; cAMP, cyclic AMP; PEC,
protein kinase C; TxA,, thromboxane Ay [Py, inositol 1,4, 5-trisphasphate; DAG, 1,2-diacyl-
glycerol. The G proteins that are involved are not shown.)



protein kinase C, which phosphorylates the protein
rt«eclmmn {47 kDa). This results in aggregation and re-

casc of the contents of the storage granules. ADP re-
leased from dense granules can also activare plateles,
resulting in aggregation of additional platu:fets. I,
causes release of Ca™ into the cyrosol mainly from che
dense tubular system (or residual smooth endoplasmic
reticulum from the megakaryocyte), which then incer-
acts with calmodulin and mvosin light chain kinase,
leading to phosphorylation of the light chains of
myosin, These chains then interact with actin, causing
changes of plateler shape.

Collagen-induced activarion of a pEJII:Jc: phnsphnh-
ase A, by increased levels of cyrosolic Ca®* resulss in
iberation of arachidonic acid from plateler phospho-

lipids, leading to the formation of thrombexane A,
{Chaprer 23), which in turn, in a recepror-mediared
fashion, can further activate phospholipase C, promor-
ing plateler aggregation,

Acrivated platelets, besides forming a plateler aggre-
gate, are required, via newly expressed anionic phos-
phallplds on the membrane surface, for acceleration of
the activation of factors X and II in the coagulation cas-
cade (Figure 51-1).

All of the aggregating agents, including thrombin,
collagen, ADP, and others such as plateler-activating
factor, modify the plateler surface so that fibrinogen
can bind w a glvcoprorein complex, GPITb-IIIa
(ot B4 integrin; Chapeer 52), on the activared platelet
surface, Molecules of divalent fibrinogen then link adja-
cent activated platelets to each other, forming a platelet
aggregate. Some agents, including epinephrine, sero-
tonin, and vasopressin, exert synergistic cffecs wich
other agpregating agents.

Endothelial Cells Synthesize Prostacyclin
& Other Compounds That Affect
Clotting & Thrombosis

The endothelial cells in the walls of blood vessels make
imporrant contributions 1o the overall regulation of he-
mostasis and thrombosis. As described in Chaprer 23,
these cells synthesize prostacyelin (PGL), a potent in-
hibitor of plareler aggregarion, opposing the action of
thromboxane A,. Prostacyclin acts by stimulating the
activity of adenylyl cyclase in the surface membranes of
platelers. The resulting increase of intraplareler cAMP
opposes the increase in the level of intracellular Ca™
produced by IP; and thus inhibits plateler activarion
{Figure 51-8). Endothelial cells play other roles in the
regulation of thrombosis. For instance, these cells pos-
sess an ADPase, which hydrolyzes ADP, and thus op-
poses its aggregaring effect on platelers. In addition,
these cells appear to synthesize heparan sulfare, an anti-
coagulant, and they also synchesize plasminogen aceva-
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tors, which may help dissolve thrombi. Table 51-4 lists
some molecules produced by endothelial cells thar af-
fect thrombosis and fibrinclysis. Endothelium-derived
relaxing factor (nitric oxide) is discussed in Chaprer 49,

Analysis of the mechanisms of uprake of atherogenic
lipoproteins, such as LDL, by endothelial, smooth mus-
cle, and monocytic cells of arteries, along with derailed
studies of how these lipoproteins damage such cells is a
key area of study in elucidating the mechanisms of ath-
erosclerosis (Chaprer 26).

Aspirin Is an Effective Antiplatelet Drug

Certain drugs [antiplacelet drugs) modify the behavior
of platelets. The most important is aspirin (acetylsali-
cyhic acid), which irreversibly acerylaces and thus in-
hibits the platelet cpclooxygenase system involved in
formarion of thromboxane A, (Chapter 14). a potent
aggregator of platrelers and also 2 vasoconstrictor,
Placelets are very sensitive to aspiring as hittle as 30 mg/d
{one aspirin tablet usually contains 325 mg) cffectively
climinates the synthesis of thromboxane A, Aspirin
also inhibats production of prostacychin (PGLL, which
opposes plareler aggregation and is a vasodilator) by en-

Table 51-4. Molecules synthesized by
endothelial cells that play a role in the regulation
of thrombaosis and fibrinalysis.'

Molecule Action

ADPase (an ectoenzyme) Degrades ADP (an aggregating
agent of platelets) to AMP + P,

Endothelium-derived relax- | Inhibits platelet adhesion and

ing factor (nitric oxide) aggregation by elevating lev-
els of cGMP
Heparan sulfate {a glycos- | Anticoagulant; combines with
aminoglycan) antithrambin 1l to inhibit
thrombin
Prostacyelin (PG, a prosta- | Inhibits platelet aggregation by
glandin} increasing levels of cAMP
Thrombomodulin {a glyco- | Binds pratein C, which is then
protein) cleaved by thrambin to yield

activated protein C; this in
combination with protein 5
degrades factors Va and Villa,
limiting their actions

Activates plasminogen to plas-
min, which digests fibrin; the
action of t-PA is opposed by
plasminogen activator in-
hibitar-1 (PAI-1}

'Adapred from Wu KK: Endathelial cells in hemostasis, thrombosis
and inflammation, Hosp Pract (OFf Ed) 1592 Apr; 27:145,

Tissue plasminogen activa-
tor [t-PA, a protease)
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dochelial cells, bur unlike plarelets, these cells regenerare
cyclooxygenase within a few hours. Thus, the overall
balance berween thromboxane A; and prostacyclin can
be shifted in favor of the larer, opposing placeler aggre-
gation. Indications for trearment with aspirin thus in-
clude management of angina and evolving myocardial
infarction and also prevention of stroke and deach in
patients with transient cerebral ischemic artacks,

Laboratory Tests Measure Coagulation
& Thrombolysis

A number of laboratory tests are available o measure
l.I'.“.' Phaﬁﬂ ﬂil hfm{"ll“ib d‘ﬂitrihtd :lhﬂ'l."‘.'. F.l._.ht tesls I“'l.—
clude Fla[:ltl count, ]Jfl::::liﬂg ﬁl‘nr. ac[ivall::] Fz.rl.ial
[hmmh[:lpla_l;tln time (aPTT or PTT), prothrombin time
(T, thrombin time (TT), concentration of fibrin-
ogen, fibrin clot stability, and measurement of fibrin
degradation produces. The platelet count quantitates
the number of plateles, and the bleeding time is an
overall test of plateler function. aPTT is 2 measure of
the intrinsic pathway and PT of the extrinsic pathway,
PT is used o measure the effectiveness of oral anticoag-
ulanrs such as warfarin, and alTT is used to monitor
heparin therapy. The reader is referred to a textbook of

hEmJIU]ﬂE}' rur d dl‘i’d’.’ui‘.‘-’i[]ﬂ D!. [htﬂ: rests,

SUMMARY

* Hemostasis and thrombosis are complex processes
involving coagulation factors, platelets, and blood
vessels,

bl Man}* c{lagulaliun Elal:[ﬂﬁ Al ?.]rrn ns uflstrj ne Pn‘r—
feases, h:tuming aﬂli'ﬁrﬂl:d during‘:ﬁ m'::l‘:l“ FTDL'EH'S.

* Both intrinsic and extrinsic pathways of coagulation
exist, the larer initiated by tissue factor. The path-
ways converge ar factor Xa, embarking on the com-
mon final pathway resulting in chrombin-catalyzed
conversion of fibrinogen to fibrin, which is strength-
ened by cross-linking, caralyzed by factor X111

¢ Genetic disorders of coagulation factors occur, and
the two most common invelve factors VI (hemo-
philia A) and IX (hemophilia B),

= An importane natural inhibitor of coagulation is an-
tthrambin IIT; genetic deficiency of this protein can
restlt in thrombosis.

= For activity, facrors 11, V11, IX, and X and proteins C
and 8 require vitamin K-dependent y-carboxylation
of certain glutamare residues, a process that is inhib-
ited by the anticoagulant warfarin.

= Fibrin is dissolved by plasmin. Plasmin exists as an
inactive precursor, plasminogen, which can be acti-
vared by dssue plasminogen activator (t-PA). Both
t-PA and streprokinase are widely used to trear carly
thrombosis in the coronary arterics.

* Thrombin and other agents cause platelet aggrega-
tion, 'u.r]"ﬁch imvolves a \rari::i]r' of bischemical and
matphologic events. Stimulation of phosphaolipase C
and the polyphosphoinositide pathway is a key event

in phl:lc_-t activation, but ather pracesses are also in-

volved.

* Aspirin is an important antiplateler drug thar aces by
inhibiring production of thromboxane A,
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Red & White Blood Cells

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

Blood cells have been studied intensively because they
are obtained casily, because of their funcuonal impor-
tance, and becawse of their involvement in many disease
processes, The structure and function of hemoglobin,
the |mrp[':|:,-'ri.u.~i. jaundice, and aspects of iron metabo-
lism are discussed in previous chaprers, Reduction of
the number of red blood cells and of their content of
]'u_'rnug]uhin is the cause of the anemias, a diverse and
important group of conditions, some of which are seen
very urmmuh]:ﬂ in dlni:r_'a| Pr;lctir_'r_'. Ct'rl.ain ::d‘ []'u.'
blood group systems, present on the membranes of
erythrocytes and other blood cells, are of exreme im-
portance in relation o blood transfusion and tissue
1mnsp]anlallun. Tal:lc ﬁl—l summarizes the causes uf' i |
number of important diseases am_'ctjng red blood cells;
some are discussed in chis chapier, and che remainder
are discussed elsewhere in chis texe. Every organ in the
|.1-|de-' can be am:um] lﬁ}r jhﬂal‘nmzliun: neytro |.‘:|i|::i [.!iaj-'
a central role in acute inflammation, and other white
blood cells, such as lymphocytes, play important roles
in chronic inflammation. Leukemias, defined as mmalig-
fant m.'upl:nims u!‘l h[t]m]-ﬁ]tming lis:iul_'s, can .1[]1'::1
precursor cells of any of the major classes of white
blood cells; common types are acute and chronic my-
clocytic leukemia, uﬁlur_'ling precursars af the new-
1ru[_'l]'1i]s: and acute and chronic ]:,' mplm-:}rl'ic |.L'1J.|.'Lr_'1'l1:i2_'-i.
Combination chemotherapy, using combinations of
varipus chemotherapeunic agents, all of which act at one
or more biochemical loci, has been remarkably effective
in IJ'L:.' treatment ::f certain uf these l}rpus ui' lL'ul-Lr_'rniz_-i.
Understanding the role of red and white cells in health
and disease requires a knm-'.'lﬂjgu of certain fundamen-
tal aspects of their biochemisery.

THE RED BLOOD CELL IS SIMPLE IN
TERMS OF ITS STRUCTURE & FUNCTION

The major functions of the red blood cell are relatively
simple, consisting of delivering oxygen 1o the tssues
and of helping in the disposal of carbon dioxide and
protons formed by tissue metabolism, Thus, it has a
much simpler structure than most human cells, being
essentially composed of a membrane surrounding a so-
lution of hemoglobin (this protein forms about 95% of
the intracellular protein ::-[Pllw red cell). There are no
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intracellular organelles, such as mitochondna, lyso-
somes, or Golgi apparatus. Human red blood cells, like
most red cells of animals, arc nonnucleated. However,
the red cell is not mewabolically inert. ATP is synthe-
sized from glycolysis and is important in processes thar
help the red blood cell maintain its biconcave shape
and also in the regulation of the transport of 1ons (eg.
by the Na*-K* ATPase and the anion exchange protein
[see below]) and of warter in and out of the cell. The bi-
concave shape increases the surface-to-volume ratio of
the red blood cell, thus facilitating gas exchange. The
red cell conrains cytoskeletal components (see below)
that play an important role in determining its shape,

About Two Million Red Blood Cells Enter
the Circulation per Second

The life span of the normal red blood cell is 120 days;
this means thar slighty less than 1% of the pepulation
of red cells (200 billion cells, or 2 million per second) is
replaced daily. The new red cells that appear in the cir-
culation still contain ribosomes and elements of the en-
doplasmic reticulum. The RNA of the ribosomes can be
detected by suitable stains (such as cresyl blue), and cells
containing it are ermed reticulocytes; they normally
number abour 1% of the toral red blood cell count. The
life span of the red blood cell can be dramarically short
encd in a variery of hemolytic anemias. The number of
reticulocytes is markedly increased in these conditions,
as the bone marrow atcemprs to compensate for rapid
breakdown of red blood cells by increasing the amount
of new, young red cells in che circulagion.

Erythropoietin Regulates Production
of Red Blood Cells

Human erythropoietin is a glycoprotein of 166 amino
acids (molecular mass abour 34 kDa). Tes amount in
plasma can be measured by radioimmunoassay, It is the
major regulator ol human erythrapoiesis. Erythropoietin
is synthesized mainly by the kidney and is released in re-
sponse to hypoxia into the bloodstream, in which it
travels to the bone marrow. There it interacts with pro-
genitors of red blood cells via a specific receptor. The re-
cepror is a rransmembrane protein consisting of owo dil-
ferent subunits and a number of domains. It is not a
tyrosine kinase, but it sumulates the activities of specific
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Table 52-1. Summary of the causes of some
important disorders affecting red blood cells,

Disorder * Sole or Major Cause

| Inadequate intake or excessive loss
of iron

Iron deficiency anemia

Methemoglobinemia | Intake of excess oxidants (various
i chemicals and drugs)

| Genetic deficiency in the NADH-

i dependent methemoglobin re-
E ductase systemn (MIM 250800

| Inheritance of Kbk (MIM 1471300}

Sickle cell anemia | Sequence of codaon & of the [} chain

(MM 141900 i changed from GAG in the normal
gene to GTGin the sickle cell
gene, resulting in substitution of
valine for glutamic acid

-Thalassemias | Mutations in the a-globin genes,

(MAING 147800) mainly unequal erossing-over and
large deletions and less com-
monly nonsense and frameshift

1 mutations
[ Thalassemia | A very wide variety of mutations in
(IR 147300) the f-globin gene, including dele-

tions, nonsense and frameshift
mutations, and others affecting
every aspect of its structure (eq,
splice sites, promoter mutants)

Decreased absorption of B, -, often
due to a deficiency of intrinsic fac-
tor, normally secreted by gastric
parietal cells

| Decreased intake, defective absorp-

Megaloblastic anemias
Deficiency of
vitamin B,

Deficiency of folic

acid | tion, orincreased demand (eg, in
| pregnancy) for folate
Hereditary | Deficiencies in the amount or in the
spheracytosis’ i structure of ce or i spectrin,
N I ankyrin, band Jorband4.1
Glucose-6-phosphate LA variety of mutations in the gene
dehydrogenase | (-linked) for GEPD, mostly single
(G6PD) deficiency’ | point mutations
(MIM 305900 :

rrmrrrrsrrrrrsrrrrrefrrrrrerrrrrr e s e s rer s e s aaa

Pyruvate kinase (PE) | Presumably a variety of mutations

deficiency’ i inthe gene for the R (red cell) Iso-
(MIM 255200 i zymeof PK

Paroxysmal nocturnal : Mutations in the PIG-A gene, affect-
hemaoglobinemia' | ing synthesis of GPl-anchored
(MIM 3117700 | proteins

Thie last four disorders cause hemolytic anemias, as do a number
of the other disorders listed, Most of the above conditions are dis-
cussed in other chapters of this text. MIM numbers apply anly to
disorders with a genetic basis,

members of this class of enzymes involved in down-
streamn signal transduction.  Erythropoietin interacrs
with a red cell progenitor, known as LEO burst-forming
unit-erythroid (BFU-E), causing it to proliferate and
differentiate. In addition, it interacts with a later pro-
genitor of the red blood cell, called the colony-forming
unit-erythroid (CFU-E), also causing it to proliferate
and further differentiate. For these effects, erythropoi-
erin requires the cooperation of other factors (eg, inter-
leukin-3 and insulin-like growth faccor; Figure 52-1).

The availabilicy of a ¢<DNA for erythropoietin has
made it possible to produce substantial amounts of this
hormone for analysis and for therapeuric purposes; pre-
viously the isolation of crythropoietin from human
urine vielded very small amounts of the protein, The
major use of recombinant erythropoietin has been in
the rrearment of 2 small number of anemic states, such
as that due to renal failure.

MANY GROWTH FACTORS REGULATE
PRODUCTION OF WHITE BLOOD CELLS

A large number of hematopoietic growth factors have
been identified in recent vears in addition to erythro-

oietin. This area of study adds to knowledge abour the
differentiation of blood cells, provides factors thar may
be wseful in treatment, and also has implications for un-
derstanding of the abnormal growth of blood cells (eg,
the leukemias). Like erythropoietin, mose of the growth
factors isolated have been glycoproteins, are very active
in vivo and in vitro, interact with cheir targer cells via
specific cell surface receprors, and ultimarely (via intra-
cellular signals) affece gene expression, thereby promort-
ing differentiation. Many have been cloned, permitring
their production in reladvely large amounts. Two of
particular interest are granulocyte- and granulocyte-
macrophage colony-stimulating factors (G-CSF and
GM-CSF, respectively). G-CSF is relatively specific, in-
ducing mainly granulocytes. GM-CSF affects a variety
of progenitor cells and induces granulocyres, macro-
phages, and eosinophils. When the production of neu-
wrophils is severely depressed, this condition is referred
to as neutropenia. It is particularly likely to occur in
patients treated with certain chemotherapeurtic regi-
mens and after bone marrow transplantation. These pa-
tients are liable to develop overwhelming infections.
G-CSF has been administered to such parients to boost
production of neutrophils.

THE RED BLOOD CELL HAS A UNIQUE &
RELATIVELY SIMPLE METABOLISM

Warious aspects of the metabolism of the red cell, many
of which are discussed in other chaprers of this text, are
summarized in Table 52-2.
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Interaukine
Intarlauking GM-CSF
Plurigatent GM-CSF Epo Enshrold Matuse
stam call CFU-GEMM B[E;‘:{E PTECUrsor RBCs
and lata)
Figure 52-1. Greatly simplified scheme of differentiation of stem cells to red

blood cells. Various interleukins {ILs), such as IL-3, IL-4, IL-9, and IL-11, are involved
at different steps of the overall process. Enthroid precursors include the pronor-
maoblast, basophilic, polychromatophilic, and erthochromatophilic normaoblasts,

and the reticulocyte. Epo acts on basophilic normoblasts but not on later ery-
throid cells. ([CFU-GEMM, colony-forming unit whose cells give rise to granulo-
cytes, erythrocytes, macrophages, and megakaryocytes; BFU-E, burst-forming
unit-erythroid; GM-CSF, granulocyte-macrophage colony-stimulating factor; Epo,

erythropoieting RBC, red blood cell.)

The Red Blood Cell Has a Glucose
Transporter in Its Membrane

The enlry' rate of glm_'m:: into n:d blaod cells is f;r
greater than would be caleulated for simple diffusion.
Rather, it is an example of facilitated diffusion [Ehap-
ter 41). The sp::cii'i:r_' protein involved in this process ts
m“:l:d the glucm: h'auspuﬂ:t ar glu:l::m.- permeise.
Some of its properties are summarized in Table 52-3.
The process of entry of glucose into red blood cells is of
major importance because it is the major fuel supply for
these :.".‘:‘]L'i. Abour seven dlrﬁ.-n:nl hut related Eluc\m'::
transporters have been isolated from various tissues; un-
like the red cell transporter, some of these are insulin-
dependent {eg, in muscle and u:l'ipc::i: tissue). There s
mnsi.dcruhlr interest in the latter lﬂh:::. of 1ran.'.'purlr:r
because defecrs in their recruitment from incracellular
sites to the surface of skeleral muscle cells may help ex-
plain the insulin resistance displayed by patients with
1yp¢.- 2 diabetes mellicus,

Reticulocytes Are Active
in Protein Synthesis

The mature red blood cell cannot synthesize protein.
Reticulacytes are active in protein synthesis, Onee retic-
ulocytes enter the circulation, they lose their intracellu-
lar organelles (ribosomes, mitochondria, ewc) within
about 24 hours, becoming young red blood cells and
concomitantly losing their ability to synthesize protein.
Exctracts of rabbic reticulocytes (obrained by injecting
rabbits with a chemical—phenylhydrazine—rthar causes
a severe hemolytic ancmia, so that the red cells are al-
most completely replaced by reticulocytes) are widely
used as an in vitro system for synthesizing proceins. En-
dogenous mRNAs present in these rericulocytes are
destroyed by use of a nuclease, whose activity can be in-

hibired by addition of Ca®*. The system is then pro-

grammed by adding purified mRNAs or whole-cell ex-
traces of mRMNAs, and radicactive proteins are synthe-
sized in the presence of *S-labeled 1-methionine or
other radiolabeled amino acids. The radioactive pro-
teins synthesized are separated by SDS-PAGE and de-
tected by radioautography.

Superoxide Dismutase, Catalase,
& Glutathione Protect Blood Cells
From Oxidative Stress & Damage

Several powerful oxidants are produced during the
course of metabolism, in bath blood cells and most
other cells of the body. These include superaxide (0,7),
hydrogen peroxide (H,0), peroxyl radicals (ROO),
and hydrosyl radicals (OH®). The last 15 a particularly
reactive malecule and can react with proteins, nucleic
acids, lipids, and other molecules to alter their structure
and produce tissue damage. The reactions listed in
Table 52—4 play an important role in forming these ox-
idants and in disposing of them; cach of these reactions
will now be considered 10 turn.

Superoxide is formed (reacrion 1) in the red blood
cell by the anto-oxidation of hemoglobin to methemo-
globin {approximately 3% ot hemaglobin in human red
blood cells has been calculated to auto-oxidize per day);
in other cissucs, it is formed by the action of enzymes
such as cytochrome P4530 reductase and xanthine oxi-
dase, When stimulated by contact wich bacteria, neu-
trophils exhibic a respiratory burst (see below) and pro-
duce superoxide in a reaction catabyzed by NADPH
oxidase (reaction 2}, Superoxide spontancously dismu-
tates to form HyO and Oy however, the rate of this
same reaction is speeded up cremendously by the action
of the enryme superoxide dismurase (reaction 3). Hy-
drogen peroxide is subject to a number of fates, The en-
zyme catalase, present in many types of cells, converts
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Table 52-2. Summary of important aspects of
the metabolism of the red blood cell,

+ The RBC is highly dependent upon glucose as its energy
source; its membrane contains high affinity glucose trans-
porters,

« Glycolysis, producing lactate, is the site of production of
ATP.

+ Because there are no mitechondria in RBCs, there Is no pro-
duction of ATP by oxidative phosphorylation,

« The RBC has a variety of transporters that maintain ionic
and water balance.

* Production of 2,3-bisphosphoglycerate, by reactions closely
associated with ghycolysis, is important in regulating the
ability of Hb to transport oxygen.

+ The pentose phosphate pathway is operative in the RBC (it
metabolizes about 5-10% of the total flux of glucose) and
produces NADPH; hemalytic anemia due ta a deficiency of
the activity of glucose-6-phosphate dehydrogenase is com-
mon.

+ Reduced glutathions (GSH] s important in the metabolism
of the RBC, in part to counteract the action of potentially
touic peroxides; the RBC can synthesize GSH and requires
NADPH to return oxidized glutathione (G-5-5-G) ta the re-
duced state,

+ The iron of Hb must be maintained in the ferrous state; fer-
fic iran is reduced to the ferrous state by the action of an
WADH-dependent methemaoglobin reductase system in-
valving cytochrome b reductase and cytochrome be.

- Synthesis of glycogen, fatty acleds, protein, and nueleic acids

daes nat ocour in the RBC; however, some lipids (2g, choles-

terol) in the red cell membrane can exchange with corre-
sponding plasma lipids.

The RBC cantains certain enzymes of nuclzotide metabo-

lism (eg, adenosine deaminase, pyrimidine nucleotidase,

and adenylyl kinase); deficiencies af these enzymes are in-
wolved in some cases of hemolytic anemia,

* When RBCs reach the end of their life span, the globin is de-
graded to amino acids (which are reutilized in the body),
the iron is released from heme and also reutilized, and the
tetrapyrrole component of heme is converted to bilirabin,
which s mainly excreted into the bowel via the bile,

it to H,0 and O, {reacrion 4). Neutrophils possess a
unique emzyme, myeloperoxidase, thar uses H.O, and
halides to produce hypohalous acids (reaction 3); this
subject 15 discussed  further below. The selenium-
containing enzyme glutathione peroxidase (Chaprer 20)
will also act on reduced glutathione (GSH) and H. O,
to produce oxidized glutathione (GSSG) and HLO (re-
action 6); this enzyme can also use other peroxides as
substrates. OH" and OH™ can be formed from H,O, in
a nonenzymatic reaction catalyzed by Fe™ (the Fenton
reaction, reaction 7). (% and H.O; are the substrates
in the iron-caralyzed Haber-Weiss reaction (reaction

Table 52-3. Some properties of the glucose
transporter of the membrane of the red
blood cell,

It accounts for about 2% of the pratein of the membrane of

the RBC.

+ It exhibits specificity for glucose and related o-hexoses
{L-hexoses are not transported],

* The transporter functions at approximately 75% of its V.,
at the physiologic concentration of blood glucose, is sat-
urable and can be inhibited by certain analogs of glucose,

* At least seven similar but distinct glucose transporters have
been detected to date in mammalian tissues, of which the
red cell transporter is ang,

« It is not dependent upon insulin, unlike the corresponding

carrier in muscle and adipose fissue,

Its complets amino acid sequence (492 aming acids has

been determined.

« It transports glucose when inserted inta artificial liposomes.

It is estimated to contain 12 transmembrane helical seg-

Ents.

= It functions by generating a gated pore in the membrane to

permit passane of glucose; the pore is conformationally de-

pendent on the presence of glucose and can oscillate
rapidly (abaut 900 times/s),

&), which alse produces OH" and OH™. Superoxide can
release iron jons from ferritin, Thus, production of
OH* may be one of the mechanisms involved in tissue
injury due to iron overload (eg, hemochromatosis;
Chaprer 50).

Chemical compounds and reactions capable of gen-
erating potential toxic oxygen species can EE referred to
as pro-oxidants. On the other hand, compounds and
reactions diipming of these species, scavenging them,
suppressing their formation, or opposing their actions
are antioxidants and include compounds such as
NADPH, GSH, ascorbic acid, and vitamin E. In a nor-
mal cell, there is an appropriate pro-oxidant:antioxi-
dant balance. However, this balance can be shifted to-
ward the pro-oxidants when production of oxygen
species is increased gready (eg, following ingestion of
certain chemicals or drugs) or when levels of andoxi-
dants are diminished (eg, by inactivation of enzymes in-
volved in disposal of oxygen species and by condidons
that cause low levels n‘?} the antioxidants mentioned
abowve). This state is called “oxidative stress” and can
result in serious cell damage if the stress is massive or
prolonged.

Ohygen species are now thought o play an impaor-
tant role in many rypes of cellular injury (g, resulting
from administration of various toxic chemicals or from
ischemia), some of which can resule in cell death. Indi-
rect evidence supporting a role for these species in gen-
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Table 52-4. Reactions of importance in relation to oxidative stress in blood cells and

various tissues,

(11 Froduction of superoxide (by-product of variouws reactions) ' O+ =07

[2) MADPH-cxidase

(3] Superoxide dismutase

[4) Catalase

(5] Myeloperoxidase

(6] Glutathione peroxidase (Se-dependent)

(7] Fenton reaction

(8] Iron-catalyzed Haber-Weiss reaction

(9] Glucose-&-phosphate dehydrogenase [GAPD)
0 Glutathione reductase

120, + NADPH — 2 0 + NADP + H

1074074 2HY 5 HO, 4 0,

TH0,— 2H,0+0,

Hy0,+ % +H" = HOX + H,0 (X =CI,Br,5CN )

' 2GSH + R-0-OH — GSSG + H,0 + ROH

PFe't + HO, — Fe™ + OH + OH

t07 +HO, = 0+ OH + OH

| GBP + NADP — f Phosphogluconate + NADPH + H*
{G-5-5-G + NADPH + H" — 2 GSH + NADP

erating cell injury is provided if adminiscration of an
enzyme such as supcroxide dismutase or catalase is
found to procecr againse cell injury in the sitwation
under study.

Deficiency of Glucose-6-Phosphate
Dehydrogenase Is Frequent in Certain
Areas & Is an Important Cause

of Hemolytic Anemia

MADPH, produced in the reaction catalyzed by the
M-linked glucosc-6-phosphate  dehydrogenase (Table
52—, reaction ) in the pentose phosphate pathway
{Chapeer 20), plays a key role in supplying reducing
cquivalents in the red ccll and in other cells such as the
heparocyte. Because the pentosc phosphate pathway is
virtually its sole means of producing NADPH, the red
blood cell is very sensitive to oxidative damage if the
function of this pathway is impaired (eg, by enzyme de-
ficiency). One function of MADPH is o reduce GS5G
to GSH, a reaction catalyzed by glutathione reducrase
{reaction 10).

Dichiciency of the activity of glucese-6-phosphare
dehydrogenase, owing o murtation, is cxtremely fre-
quent in some regions of the world (eg, tropical Africa,
the Mediterrancan, cerrain parts of Asia, and in North
America among blacks). It is the most common of all
enzymopathics {discases caused by abnormalites of en-
zvmes), and over 300 genctic varianes of the enzyme
have been distinguished: ac least 100 million people are
deficient in this cnzyme owing to these varant, The
disorder resulting from deficiency of glucose-G-phos-
phare dehydrogenase is hemolytic anemia. Consump-
tion of broad beans (Vicia fabal by individuals deficient
in acuvity of the enzyme can precipitate an artack of
hemolytic ancmia {most likely because the beans con-
tain pocential oxidants), In addition, a number of drugs
{eg, the antmalarial drug primaquine [the condidon
caused by intake of primaquine is called primaquine-

sensitive hemolytic anemial and sulfonamides) and
chemicals (cg. naphthalene) precipitate an amack. be-
cause their intake lcads o generation of H,O, or O
Mormally, H,0; is disposcd of by catalase and glu-
tathione peroxidase (Table 524, reactions 4 and 6),
the latter causing increased production of GS5G. GSH
is regenerated from GSSG by the action of the enzyme
glutathione reductase, which depends on the availabil-
ity of MADPH (reaction 10). The red blood cells of in-
dividuals who are deficient in the acrivity of glucose-6-
phosphate dehydrogenase cannot gencrate sufficient
NADPH to regencrate GSH from GS5G, which in
turn impairs their abilicy o dispose of H.O, and of
oxvgen radicals, These compounds can cause oxidacion
of eritical SH groups in protcins and possibly peroxida-
tion of lipids in the membrane of the red cell, causing
lysis of the red cell membrane, Some of the SH groups
of hemoglobin become oxidized, and the prowin pre-
cipitates inside the red blood ccll, forming Heinz bod-
ies, which stain purple with cresvl violer, The presence
of Heinz bodies indicates that red blood cells have been
subjected o oxidarive scress, Figure 52-2 summarizes
the possible chain of evenes in hemalytic anemia due w
deficiency of glucose-6-phosphate dehydrogenase.

Methemoglobin Is Useless
in Transporting Oxygen

The ferrous iron of hemoglobin is susceptible to oxida-
tion by supcroxide and other oxidizing agents. forming
methemoglobin, which cannot transport oxygen. Only
a very small amount of methemoglobin is present in
normal blood, as the red blood cell possesses an effec-
tive system (the NADH-cytochrome #; methemoglobin
reductase system) for reducing heme Fe'* back w the
Fe** state. This system consists of NADH (generated
by glycolysis), a Aavoprotein named cytochrome & re-
ductase (also known as methemoglobin reductase), and
cytochrome &, The Fe'* of methemoglobin is reduced
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[ Mutatians in the gene for GEFD |
I Decreased a:iw‘tyr of GEPD I
[ Decreased !ejuh of NADPH |

'

Decreasead regeneration of GSH from GSS5G by
glutathione reduciase (which uses NADPH)

¥

Oixidation, due to decrsased levels of GSH and
increased levels of intracellular oxidants (eg, 0.7 ),
of SH groups of Hb (forming Heinz bodies), and of

meambrane proteins, altering membrana struciure
and increasing susceptibility to ingestion

by macrophages (paroxidative damage to lipids

in the membrans also possible)

| Hemolysis |

Figure 52-2. Summary of probable events causing
hemaolytic anemia due to deficiency of the activity of
glucose-5-phosphate dehydrogenase (GEPD) (MM
305900).

hack to the Fe** state by the action of reduced cyto-
chrome &

Hb-Fe® 4 Cytbe g — Hb-Fe*’ + Cyt b,

Reduced I:}"I.‘I:M’.'!'I.H:II‘I‘IE fr.-l t5 then r:g:n:mrcd h}r the ac-
tn nf{.‘].'tnr_'l'lmmc fﬂ;-, rﬂlun:tnst:

Cyt b o +NADH — Cyt bg oy +NAD

Methemoglobinemia Is Inherited
or Acquired

Methemoglobinemia can be classified as either inherited
or acquired by ingestion of cerrain drugs and chemicals,
Neither type occurs frequendy, bur physicians must be
aware of them. The inherited form is usually due to de-
ficient activity of methemoglobin reductase, transmicced
in an autosomal recessive manner. Cerrain abnormal he-
moglobins (Hb M) are also rare causes of methemoglo-
binemia. In Hb M, mutation changes the amino acid
residue to which heme is attached, thus alrering its affin-
ity for oxyeen and favoring its oxidation, Ingestion of
certain drugs (eg, sulfonamides) or chemicals (eg, ani-
line) can cause acquired methemoglobinemia. Cyanosis
{bluish discoloration of the skin and mucous mem-

branes due t increased amounts of deoxygenated he-
moglobin in arterial blood, or in this case due o in-
creased amounts of methemoglobin) is usually the pre-
senting sign in both types and is evident when over 10%
of hemoglobin is in the “met” form. Diagnosis is made
by speceroscopic analysis of blood, which reveals the
characteristic absorption spectrum of methemoglobin,
Additionally, a sample of blood contining methemo-
globin cannor be fully reoxygenared by flushing oxygen
through it, whereas normal deoxygenared blood can.
Electrophoresis can be used to confirm the presence of
an abnormal hemoglobin. Ingestion of methylene blue
or ascorbic acid (reducing agents) is used o treat mild
methemoglobinemia due to enzyme deficiency. Acure
massive methemoglobinemia {due to ingestion of chem-
icals) should be treated by intravenous injection of
methylene blue.

MORE IS KNOWN ABOUT THE MEMBRANE
OF THE HUMAN RED BLOOD CELL THAN
ABOUT THE SURFACE MEMBRANE OF
ANY OTHER HUMAN CELL

A variety of biochemical approaches have been used to
study the membrane of the red blood cell. These in-
clude analysis of membrane proteins by SDS-PAGE,
the use of specific enzymes (proteinases, gl}'ctmd:lws.
and others) o determine the locarion of proteins and
glycoproteins in the membrane, and various techniques
to study both the lipid composition and dispesition of
individual lipids. Morphologic {eg. electron micros-
copy, freeze-fracture electron microscopy) and other
techniques (eg, use of antibodies o specific compon-
ents} have also been widely used. When red blood
cells are lysed under specific conditions, their mem-
branes will reseal in cheir original orientation w0 form
gho_-m {rig}n-xlde—nul ghosts). By altering the condi-
tions, ghosts can also be made 1o reseal with their cy-
tosolic aspect exposed on the exterior (inside-our
ghosts). Both types of ghosts have been useful in ana-
Iyzing the disposition of specific proteins and lipids in
the membrane. In recent years, cDNAs for many pro-
teins of this membrane have become available, permie-
l'm[_r| the deduction of their amino !ii.‘:l.'lljthc\t.‘s and do-
mains, All in all, more is known abour the membrane
of the red blood cell than about any other membrane of
human cells I[Tal!l:: 52-3),

Analysis by SDS-PAGE Resolves
the Proteins of the Membrane
of the Red Blood Cell

When the membranes of red blood cells are analyzed
by SDS-PAGE, abour ten major proteins are resolved



Table 52-5. Summary of biochemical
information about the membrane of the human
red blood cell.

* The membrane is a bilayer composed of about 505 lipid
and 50% protein.

= The major lipid classes are phospholipids and cholesterol;

the major phospholipids are phosphatidylchaoline (FC),

phosphatidylethanalamine (PE), and phosphatidylserine

[P5} along with sphingamyelin (Sph).

The choling-containing phospholipids, PC and Sph, pre-

dominate in the cuter leaflet and the amino-containing

phospholipids (PE and P5] in the inner leaflet.

Glycosphingolipids {G5Ls) (neutral G5Ls, gangliosides, and

complex species, including the ABD blood group sub-

stances) constitute about 5108 of the total lipid.,

Analysis by SDE-PAGE shows that the membrane contains

about 10 major proteins and more than 100 minor species.

= The major proteins (which include spectrin, ankyrin, the
anion exchange protein, actin, and band 4,1} have heen
studied intensively, and the principal features of their dis-
position (eq, integral or peripheral), structure, and fundtion
have been established

* Many of the proteins are glycoproteins (eg, the glyco-
pharins) containing O- or N-linked [or both) aligosaccharide
chains located on the external surface of the membrane,

(Figure 52=3}, several of which have been shown to be
glycoproteins. Their migration on SDS-PAGE was
used to name these proteins, with the slowest migrating
{and hence highest molecular mass) being designared
band 1 or spectrin. All these major proteins have been
isolated, most of them have been identified, and con-
siderable insight has been obrined abourt their func-
tions {Table 52—6). Many of their amino acid se-
quences also have been established. In addidon, it has
been determined which are integral or peripheral mem-
brane proteins, which are situared on the external sur-
face, which are on the cytosolic surface, and which span
the membrane (Figure 52-4). Many minor compo-
nents can also be detected in the red cell membrane by
use of sensitive staining methods or two-dimensional
gel electrophoresis, One of these is the glucose trans-
porter described above,

The Major Integral Proteins of the Red
Blood Cell Membrane Are the Anion
Exchange Protein & the Glycophorins

The anion exchange protein {(band 3) s a transmem-
brane glycoprotein, with it carboxyl terminal end on
the external surface of the membrane and its amino ter-
minal end on the oytoplasmic surface. It is an example
of a multipass membrane protein, extending across the
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Figure 52-3. Diagrammatic representation of the
major proteins of the membrane of the human red
blood cell separated by SD5-PAGE. The bands detected
by staining with Coomassie blue are shown in the two
left-hand channels, and the glycoproteins detected by
staining with periodic acid-Schiff (PAS) reagent are
shown in the right-hand channel. (Reproduced, with
permission, from Beck W5, Tepper Bl Hemolvtic anemias
I merntrane disorders, In: Hemaralagy, 5thoed, Beck WS
{editor]. The MIT Press, 1991.)

bilayer at least ten times. It probably exists as a dimer in
the membrane, in which it forms a tunnel, permitting
the exchange of chloride for bicarbonare, Carbon diox-
ide, formed in the tissues, enters the red cell as bicar-
bonate, which is exchanged for chloride in the lungs,
where carbon dioxide 15 exhaled. The amino terminal
end binds many proteins, including hemoglobin, pro-
teins 4,1 and 4.2, ankyrin, and several glycolytic en-
zymes. Purified band 3 has been added to lipid vesicles
in vitro and has been shown o perform 1ts transporn
tunctions in this reconstituted system.

Glycophorins A, B, and C are also transmembrane
glycoproteins but of the single-pass type. extending
across the membrane only once, A is the major gly-
cophorin, is made up of 131 amino acids, and 15 heavily
ghreosylated (abour 60% of its mass). lts amino terminal
end, which contains 16 oligosaccharide chains (15 of
which are O-glycans), extrudes our from the surface of
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Table 52-6. Principal proteins of the red cell membrane.’

Integral {I) or Approximate
Band Number’ Protein Peripheral (F) i Molecular Mass (kDa)

1 Spectrin (o) ! F 240
2 Spectrin (5 i P i 220
21 Ankyrin ! P i 210
22 " E P 195
23 % i P H 175
26 . ! P i 145
k] Anion exchange protein ! I 100
4.1 Unnamed { P i E2h]
5 Actin ! P ! 43
[ Glyceraldehyde-3-phosphate dehydrogenase | P 35
7 Tropamyasin { P i 29
B Unnamed ! F ! 23

Glycophorins A, B, and C E I 31,23, and 28

'Adapted from Lux DE, Becker P5: Disorders of the red cell membrane skeleton: hereditary spherocytosis and
heraditary elliptocytosis. Chapter 95 In: The Metabolic Basis of inherited Disease, Gth ed. Scriver CR et al (editars).

MeGraw-Hill, 1989,

The band number refers to the position of migration on 505-PAGE (see Figure 52-3}, The glycopharins are de-
tected by staining with the pariodic acid-Schiff reagent. & number of ather components (eq, 4.2 and 4.9} are not

listed. Mative spectrin is o[,

SPECTRIN- SPECTRIN-
AMKYRIN-3 ACTIN-4.1
INTERACTION INTERACTION
Outside |~ Glycopharin
) Lipkd bilayer
Inside 3 Alpha
rif
Beta
SPECTRIN
SELF-
ASSOCIATION

Figure 52-4. Diagrammatic representation of the
interaction of cytoskeletal proteins with each other and
with certain integral proteins of the membrane of the
red blood cell. Beproduced, with permissian, from Beck
W5, Tepper Rl Hemohytic anemias Il membrane disor-
ders. In: Hematalegy, 5th ed. Beck WS [editar]. The MIT
Priess, 1%91))

the red blood cell. Approximarely 90% of the sialic acid
of the red cell membrane is located in this protein. I
transmembrane segment (23 amino acids) is a-helical,
The carboxyl erminal end exrends inte the cyrosol and
binds to protein 4.1, which in wurn binds o specorin.
Palymorphism of this prowin is che basis of the MN
blood group system (see below). Glycophorin A con-
tains binding sives for influenza virus and for Plomo-
ditemn fileiparten, the cause of one form of malaria. In-
triguingly, the function of red blood cells of individuals
who lack glycophorin A does not appear to be affected.

Spectrin, Ankyrin, & Other Peripheral
Membrane Proteins Help Determine the
Shape & Flexibility of the Red Blood Cell

The red hlood cell must be able to squeeze through
some tghr spors in the microcirculaton duning s nu-
merous passages around the body: the sinusoids of the
spleen are of special importance in this regard. For the
red cell to be easily and reversibly deformable, its mem-
brane must be both fluid and flexible; it should also
preserve its biconcave shape, since this facilitaces gas ex-
change. Membrane lipids help determine membrane
fluidity. Artached to the inner aspecr of the membrane
of the red blood cell are a number of peripheral cy-
toskeletal proteins (Table 52—6) that play important
roles in respect to preserving shape and Hexibiliny these

will now be described.



Spectrin is the major protein of the cyoskeleron. Tt
is composed of two polypeptides: specrrin [ {0t chain)
and spectrin 2 ([} chain). These chains, measuring ap-
proximately 100 nm in length, are aligned in an an-
tiparallel manner and are loosely interrwined, forming a
dimer. Both chains are made up of segments of 106
amino acids that appear to fold into wriple-stranded
c-helical coils joined by nonhelical segments. One
dimer interacts with another, forming a head-to-head
tetramer. The overall shape confers ﬁc‘xibilir}f on the
protein and in turn on the membrane of the red blood
cell. At least four binding sites can be defined in spec-
trin: (1) for self-association, (2) for ankyrin (bands 2.1,
etc), {3) for acrin (band 5}, and (4) for prowein 4.1.

Ankyrin is a pyramid-shaped protein thar binds
spectrin, In turn, ankyrin binds tighdy to band 3, se-
curing artachment of specorin 1o the membrane, Anky-
rin is sensitive to proteolysis, accounting for the appear-
ance of bands 2.2, 2.3, and 2.6, all of which are derived
from band 2.1.

Actin (band 5) exists in red blood cells as short, dou-
ble-helical filaments of F-actin. The tail end of spectrin
dimers binds to actin, Actin also binds to protein 4.1.

Protein 4.1, a globular protein, binds tightly to the
tail end of spectrin, near the actin-binding site of the
latcer, and thus is part of a protein 4.1-spectrin-actin
ternary complex. Protein 4.1 also binds to the integral
proteins, glycophorins A and C, thercby artaching the
ternary complex to the membrane, In addition, prorein
4.1 may interact with certain membrane phospholipids,
thus connecting the lipid bilayer to the cytoskeleron.

Cerrain other proreins (4.9, adducin, and topo-
myosin) also participare in cytoskeleral assembly.

Abnormalities in the Amount or Structure
of Spectrin Cause Hereditary
Spherocytosis & Elliptocytosis

Hereditary spherocytosis is a genetic disease, rransmicced
as an autosomal dominane, that affects about 1:5000
Maorth Americans. It is characterized by the presence of
sphcr{:c}rtcs {!il.‘rh:]’i.l::ll ted blood cells, with a low sur-
face-to-volume ratio) in the penpheral blood, by a he-
malytic anemia, and by splenomegaly. The spherocytes
are not as deformable as are normal red blood cells, and
they are subject o destruction in the spleen, thus greatly
shortening their life in the drevlaton. Hereditary sphe-
rocytosis 15 curable by splenectomy because the sphero-
cytes can persist in the airculation if the spleen s absent.

The spherocytes are much more susceprible o os-
matic lysis than are normal red blood cells, This is as-
sessedd in the osmotic fragility test, in which red blood
cells are exposed in vitro to decreasing concentrations

of NaCl, The physiologic concentration of NaCl s
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0.85 g/dL. When exposed to a concentration of Nall
of 0.5 g/dL, very few normal red blood cells are he-
molyzed, whereas approximately 50% of spherocytes
would lyse under these conditions. The explanation is
thar the spherocyte, being almost circular, has livle po-
tential extra volume w accommodare additional warer
and thus lyses readily when exposed 1o a slightly lower
osmotic pressure than is normal.

One cause of hereditary spherocyrosis (Figure 52-5)
is a deficiency in the amount of spectrin or abnormali-
ties of its structure, so that it no longer tightly binds the
other proteins with which it normally interacts. This
weakens the membrane and leads o the spherocyric
shape. Abnormalities of ankyrin and of bands 3 and 4.1
are involved in other cases.

Hereditary elliptocytosis is a genctic disorder that
is similar o hereditary spherocytosis excepr thar af-
fected red blood cells assume an ellipric, disk-like shape,
recognizable by microscopy, It is also due to abnormali-
ties in spectring some cases reflect abnormalities of band
4.1 or of glycophorin C.

THE BIOCHEMICAL BASES OF THE
ABO BLOOD GROUP SYSTEM
HAVE BEEN ESTABLISHED

At least 21 human blood group systems are recognized,
the best known of which are the ABO, Bh {Rhesus),
and MN systems. The term “blood group” applics o a
defined system of red blood cell antigens (blood group
substances) controlled by a genetic locus having a vari-
able number of alleles (eg, A. B, and O in the ABO sys-
tem). The term “blood type” refers to the antgenic
phenotype, usually recognized by the use of appropriate

Mutations in DMNA affecting the amount or structure
of & or § spectrin or of certain other cytoskeletal
proteins (eg, ankyrin, band 3, band 4.1)

'

Weakens interactions among the paripheral and
integral proteins of the red cell membraneg

'

| Weakens the structura of the rad cell membrane |

¥

Adopts spherocytic shape and is subject to
destruction in the splean

}

| Hemalytic anemia |

Figure 52-5. Summary of the causation of heredi-
tary spherocytosis (MIM 182500).
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antibodies. For purposes of blood transfusion, it is par-
ticularly important to know the basics of the ABO and
Rh systems. However, knowledge of blood group sys-
tems is also of biochemical, genetic, immunologic, an-
thropologic, obsterric, pathologic, and forensic interest,
Here, we shall discuss only some key fearures of the
ABO system, From a biochemical viewpoint, the major
interests in the ABO substances have been in isolating
and determining their structures, elucidaring their
pathways of biosynthesis, and derermining the nacures
of the products of the A, B, and O genes.

The ABO System Is of Crucial Importance
in Blood Transfusion

This systemn was first discovered by Landseeiner in 1900
when investi?au' ng the basis of comparible and incom-
patible rranstusions in humans. The membranes of the
red blood cells of most individuals conrain one blood
group substance of type A, type B, type AB, or type O,
Individuals of type A have anti-B antibodies in their
E]asma and will thus agglutinate tvpe B or type AB

lood. Individuals of type B have and-A antibodies and
will agglutinate type A or type AB blood. Type AB
blood has neither ang-A nor and-B antibodies and has
been designated the universal recipient. Type O blood
has neither A nor B substances and has been designared
the universal donor. The explanation of these findings
is relared o the fact thar the body does not usually pro-
duce antibodies o its own constituents. Thus, individ-
uals of type A do not produce antibodies 1o cheir own
blood group substance, A, but do possess antibodies to
the foreign blood group substance, B, possibly because
similar structures are present in microorganisms o
which the body is exposed early in life. Since individu-
als of type O have neither A nor B substances, they pos-
sess antibodies to both these foreign substances. The
above description has been simplified considerably; eg,
there are two subgroups of type Az A; and A,

The genes responsible for production of the ABO
substances are present on the long arm of chromo-
some 9. There are three alleles, two of which are
codominant (A and B) and the third (O} recessive;
these ultimarely determine the four phenorypic prod-
uces: the A, B, AB, and O substances.

The ABO Substances Are
Glycosphingolipids & Glycoproteins
Sharing Common Oligosaccharide Chains

The ABO substances are complex oligosaccharides pre-
sent in most cells of the body and in certain secretions.
On membranes of red blood cells, the oligosaccharides
that determine the specific natures of the ABO sub-
stances appear o be mosdy present in glycosphin-

golipids, whereas in secretions the same oligosaccha-
rides arc present in glycoproteins, Their presence in se-
cretions is determined by a gene designated Se (for se-
cretor), which codes for a specific fucosyl (Fuc)
transferase in secretory organs, such as the exocrine
glands, bur which is not active in red blood cells. Indi-
viduals of 5e8¢ or Sewe genotypes secrete A or B antigens
{or both), whereas individuals of the sere genorype do
not secrete A or B substances, bur their red blood cells
can express the A and B antigens.

H Substance Is the Biosynthetic Precursor
of Both the A & B Substances

The ABO substances have been isolated and their struc-
tures d:ttrmin:d; simpliﬁ:& \-'n:r.*t'mns, .‘iI'I.D“I.l."i.I'IE I."JTI.I}"
their nonreducing ends, are presented in Figure 52-6.
It is important to frst appreciare the structure of the H
substance, since it is the precursor of both the A and B
substances and is the blood group substance found in
persons of rype O, H substance iself is formed by the
action of a fucosyltransferase, which catalyees the ad-
dition of the terminal fucose n ] —= 2 ]i.nkug: onto
the terminal Gal residue of its precursor:

GDP-Fuc+ Gal-[§-R — Fuc-¢1,2- Gal-B-R + GDP
Precursor H substance

The H locus codes for this fucosyleransferase, The b al-
lele of the H locus codes for an inactive fucosylirans-
ferase; therefore, individuals of the Al genotype cannot
generate H substance, the precursor of the A and B
antigens. Thus, individuals of the b genotype will have
red blood cells of type O, even though they may possess
the enzymes necessary to make the A or B substances
(see below).

The A Gene Encodes a GalMAc Transferase,
the B Gene a Gal Transferase, & the O Gene
an Inactive Product

In comparison with H substance (Figure 52-6), A sub-
stance conrains an addidonal GalNAc and B substance
an addirional Gal, linked as indicated. Anri-A antibod-
ies are direcred to the addidonal GalNAc residue found
in the A substance, and and-B antibodies are directed
toward the additional Gal residue found in the B sub-
stance. Thus, GalMNAc is the immunodominant sugar
{ic, the one determining the specificity of the antibody
formed) of blood group A substance, whereas Gal is the
immunodominant sugar of the B substance. In view of
the structural findings, ir is not surprising that A sub-
stance can be synthesized in vitro from O substance in a
reaction catalvzed by a GalNAc ransferase, emploving
UDP-GalNAc as the sugar denor. Similarly, blood
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Fug! —e 2Galil—= 4GleNA: —~ R

e =3
Fupial —= 2Galfi1 —= 4GichAz — R Gy GalNAC
i A substance
H {or O} substance
for ©) oo,

Fuci ] = Gl — 4GIcNAC — R

]t 3

Gal
B substance

Figure 52-6. Diagrammatic representation of the structures of the H, A, and B
blood group substances, R represents a long complex oligesaccharide chain,
joined either to ceramide where the substances are glycosphingolipids, or to the
polypeptide backbone of 2 protein via a serine or threonine residue where the
substances are glycoproteins, Mote that the blood group substances are bianten-
nary; ie, they have two arms, formed at a branch point inot indicated) between the
GlcMAc—R, and only one arm of the branch is shown. Thus, the H, A, and B sub-
stances each contain two of their respective short oligosaccharide chains shown

]
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above, The AB substance contains ane type A chain and one type B chain.

group B can be synthesized from O substance by the
action of a Gal tansferase, employing UDP-Gal. Tt 1
crucial to appreciate that the produce of the A gene is
the GalNAc transferase thar adds the terminal GalNAc
tor the O substance. Similarly, the product of the B gene
is the Gal transferase adding the Gal residue to the O
substance. Individuals of type AB possess both enzymes
and thus have 1wo :J]'Lg{::iaccharidt chains (Figure
52-6), one terminated by a GalNAe and the other by a
Gal. Individuals of type O apparently synthesize an in-
active protein, detectable by immunologic means; thus,
H substance is their ABO blood group substance.

[ 1990, a study using cloning and sequencing tech-
nology described the nature of the differences berween
the glycosyltransferase products of the 4, B and O
genes. A difference of four nucleotides is apparently re-
sponsible for the distinet specificities of the A and B
g|].rr_'usjr'|tmnsllrr;lses. O the other hand, the O allele has
a single base-pair mutation, causing 2 frameshift muta-
tion resulting in a protein lacking translerase activiry.

HEMOLYTIC ANEMIAS ARE CAUSED
BY ABNORMALITIES OUTSIDE,
WITHIN, OR INSIDE THE RED
BLOOD CELL MEMBRANE

Causes owside the membrane include hypersplenism, a
condition in which the spleen is enlarged from a variery
of causes and red blood cells become sequestered in ic.

[mmunologic abnormalities (eg, rransfusion reactions,
the presence in plasma of warm and cold antbodies
that lyse red blood cells, and unusual sensitivity to com-
plement) also fall in this class, as do toxing released by
various infections agents, such as cerain bacreria {eg,
clostridium). Some snakes release venoms that act tw
lyse the red cell membrane (e, via the action of phos-
pholipases or proceinases).

Causes within the membrane include abnormalities
ol proteins, The most important conditions are heredi-
tary spherocytosis and hereditary elliprocyosis, princi-
pally caused by abnormalities in the amount or surue-
ture of spectrin (see above).

Causes inside the red blood cell include hemoglo-
binopathies and enzymopathies. Sickle cell anemia s
the most important hemoglobinopathy. Abnormalities
of enzymes in the pentose Phus:pLau: pathway and in
gl].rr_'u]j-'sis are the most E.I'ﬂ:llil:rlt cnz}rmnpalhlts iti-
volved, particularly the former. Deficiency of glucose-
6-phosphate dehydrogenase is prevalent in certain pars
of the world and is a frequent cause of hemalytic ane-
mia (see above). Deficiency of pyruvate kinase is not
frequent, bue it is the second commonest enzyme defi-
ciency resulting in hemolyue anemia; the mechanism
appears to be due o impairment of glycolysis, resulting
in decreased formation of ATP, af Ecling various as-
pects of membeane integriey.

Laboratory investigations that aid in the diagnosis of
hemaolytic anemia are listed in Table 52-7.
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Table 52-7. Laboratory investigations that assist
in the diagnosis of hemolytic anemia,

General tests and findings
Increased nonconjugated {indirect) bilirubin
Shortened red cell survival time as measured by injection

of autologous *'Crlabeled red cells

Reticulocytosis
Hemaoglobinemia
Low level of plasma haptoglobin

Specific tests and findings
Hb elecirophoresis (eg, HbS)
Red cell enzymes (eg, GEFD or PK deficizncy]
Osmatic fragility {eg, hereditary spherocytosis)
Coomibs test'
Cold agglutinins

The direct Coombs test detects the presence of antibodies on
red cells, whereas the indirect test detects the prasence of circu-
lating antibodies to antigens present on red cells.

NEUTROPHILS HAVE AN ACTIVE
METABOLISM & CONTAIN SEVERAL
UNIQUE ENZYMES & PROTEINS

The major biochemical fearures of neurrophils are sum-
marized in Table 52-8. Prominent fearures are acuve
acrobic glycolysis, active pentose phosphare parhway,
moderately active oxidative phosphorylation (because
mitochondria are relatively sparse), and a high content
of lvsosomal enzymes. Many of the enzvmes listed in
Table 524 are also of importance in the oxidative me-
tabolism of neurrophils (see below). Table 52-9 sum-
marizes the functions of some proteins thar are rela-
tively unigue to neutrophils.

MNeutrophils Are Key Players in the Body's
Defense Against Bacterial Infection
Neutrophils are motile phagocyte cells thar play a key
role in acute inflammation, When bacteria enter tissues,
@ number of phenomena result thar are collectvely

Table 52-8. Summary of major biochemical
features of neutrophils.

* Active glycalysis

« Active pentose phosphate pathway

« Moderate oxidative phosphondation

* Rich in lysosomes and their degradative enzymes

« Contain certain unigue enzymes (eg, myeloperoxidase and
MADPH-oxidase) and proteins

+ Contain CD 11/CD18 integrins in plasma membrane

known as the “acure inflaimmarory response.” They in-
clude (1} increase of vascular permeability, (2} entry of
activated neutrophils into the tissues, {3) activation of
platelets, and {4) sponrancous subsidence {resolution) if
the invading microorganisms have been dealt with suc-
cessfully.

A variety of molecules are released from cells and
plasma proteins during acure inflammation whose net
overall effect is o increase vascular permeabiliny, result-
ing in tissue edema (Table 52-10).

In acute inflammation, neutrophils are recruited from
the bloodstream into the rissues to help eliminate the for-
eign invaders. The neurrophils are anracted into the tis-
sugs by chemotactic factors, including complement
fragment C5a, small peptides derived from bacteria {eg,
N-formyl-methionyl-leucyl-phenylalaning), and a num-
ber of leukorrienes. To reach the tissues, circulating neu-
rophils muse pass through the capillaries. To achieve
this, they marginate along the vessel walls and then ad-
here to endothelial (lining) cells of the capillaries.

Integrins Mediate Adhesion of Neutrophils
to Endothelial Cells

Adhesion of neutrophils w endothelial cells employs
specific adhesive proteins (integrins) located on their
surface and also specific recepror proteins in the en-
dothelial cells. (See also the discussion of selectins in
Chaprer 47.)

The integrins are a superfamily of surface proteins
present on a wide variery of cells. They are involved in
the adhesion of cells to other cells or o specific compo-
nents of the excracellular marrix. They are hererodimers,
containing an o and a [} subunit linked noncovalently.
The subunits contain extracellular, transmembrane,
and intracellular segments. The extracellular segments
bind to a variery of ligands such as specific proteins of
the excracellular matrix and of the surfaces of other
cells. These ligands often coneain Arg-Gly-Asp (R-G-
13} sequences. The intracellular domains bind 1o vari-
ous proteins of the cytoskeleron, such as actin and vin-
culin, The integrins are proteins thar link the oursides
of cells to their insides, thereby helping to integrate re-
sponses of cells {eg, movement, phagocytosis) o
changes in the environment.

Three subfamilies of integrins were recognized ini-
tially. Members of each subfamily were distinguished
by conraining a common [ subunit, bur they differed
in their ¢ subunits. However, more than three [ sub-
unics have now been identified, and the classification of
integrins has become rather complex. Some integrins of
specific interest with regard w neurophils are listed in
Table 52-11.

A deficiency of the P; subunit (also designated
CD18) of LFA-1 and of two related integrins found in
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Table 52-9. Some important enzymes and proteins of neutrophils.’

Enzyme or Protein

Reaction Catalyzed or Function Comment

Myeloperoxidase
(MPO)

NADPH-oxidase

Defensing

la-:'tufemn

CD11a/CD18, CD11b/CD18,
CD11c/CD18?

Receptars for Fo fragments of IgGs

H,0, + X (halide) + H* = HOX+H,0 | Responsible for the greencolorofpus
{where X = CI', HOX = hypechlorous | Genetic deficiency can cause recurrent infections
acid) |

20, + NADPH — 20,7 + NADP + H* . Key component of the respiratory burst
| Deficient in chronic granulomatous disease

Hydrolyzes link between N-acetylmura- | Abundant in macrophages
mic acid and N-acetyl-o-glucosamine |
found in certain bacterial cell walls ;

Basic antibiotic peptides of 20-33 amino | Apparently kill bacteria by causing membrane
acids | damage

Iron-binding protein | May inhibit growth of certain bacteria by binding
| iron and may be involved in regulation of prolif-
i eratu:m of myeloid cells

Adhesion molecules {(members of the | | Deficient in leukacyte adhesion deficiency type |
integrin family] MIM 118920)

gind Fc fragments of gk molecules | Target antigen-antibody complexes to myeloid
1 and lymphoid cells, eliciting phagocytosis and
| other responses

"The expression of many of these molecules has been studied during various stages of differentiation of normal neutraphils and alsa of
carresponding leukemic cells employing mofecular biology technigues (eg, measurements of their specific mRMAs). For the majarity,
cOMAs have been isolated and sequenced, amino acid sequences deduced, genes have been localized to specific chromosomal locations,
and exans and intron sequences have been defined, Some impartant proteinases of neutrophils are listed in Table 52-12,

0 = cluster of differentiation, This refers to a unifarm system of nomenclature that has been adopted to name surface markers of leuko-
cytes. A specific surface protein {marker] that Identifies a particular lineage or differentiation stage of leukocytes and that is recognlzed by
a group of monoclonal antibodies is called a member of a cluster of differentiation, The system is particularly helpful in categorizing sub-
classes of ymphocytes, Many CO antigens are involved in cell-cell interactions, adhesion, and transmembrane signaling.

n:utmphi.[" and ma.cr:]]::h:l.gﬂ... Mac-1 (CDN1WCID18)
and pl150,95 (CD11</CD18), causes type 1 lenkocyte
adhesion deficiency, a disease characrerized h].- recur-
rent bacterial and iungal infections. Among various re-
sults of this dtﬁci:hr_‘}r.. the a.d]'Ll:H:il.‘ll‘.l af uf%:r_'t:d white
blood cells to endothelial cells is diminished, and lower
numbers of neurrophils thus enter the tssues to combar
infection.

Onee hz\rlmg pa_'i:iv:d rhrnugh the \-'..'a“_-i of small
blood vessels, the neurrophils migrave toward the high-
est concentrations of the chemotactic factors, encounter
the invading bacteria, and attempt to attack and de-
stroy them. The neutrophils muse be activated in order

to turn on many of the metabolic ]Jmcﬂi.'i::s involved in

phagocyrosis and killing of bacteria,

Activation of Neutrophils Is Similar
to Activation of Platelets
& Involves Hydrolysis of
Phosphatidylinositol Bisphosphate

The mechanisms ih'l.rniw:d in F|:|h:|::'t activation are di:!i-
cussed in Chaprer 51 (see Figure 51-8). The process in-
volves interaction of che stimulus {:g. rhntmhin) with a
TECepor, activation of G Fmt:inx, stimulation of PI‘IHH-

pholipase C, and liberation from phospharidylinosicol

Table 52-10. Sources of biomolecules with vasoactive properties involved in acute inflammation.

Platelets

Mast Cells and Basophils Neutrophils

Plasma Proteins

Histamine

Serotonin | Platelet-activating factor (PAF)
| Eicosanaids (various prostaglan-
i dins and leukotrienes)

(3a, C4a, and C5a from the complement system
Bradykinin and fibrin split products from the coagu-
[ation system
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Table 52-11. Examples of integrins that are important in the function of neutrophils, of other white

blood cells, and of platelets.’

Integrin Cell | Subunit Ligand Function
WLA-T (CD49a] 'WBCs, others : alfit Callagen, laminin Cell-ECM adhesion
VLA-5 (CD49e) WBCs, others | a5 Fibronectin Cel-ECM adhesion
VLA-G [CD451) WBCs, others | a6fil Laminin Cell-ECM adhesion
LFA-1 (CD1a) WHCs Lalp2 ICAM-1 Adhesion of WBCs
Glycoprotein lib/lla Platelets Pallbfz  ICAM-2 Platelet adhesion and aggregation

: factor

i Fibrinogen, fibronectin, van Willebrand

'LEA-1, lymphocyte function-associated antigen 1; VLA, very late antigen; CO, cluster of differen tiation; )CAM, intercellular adhesion male-
cule; ECM, extracellular matix. & deficiency of LFA-1 and related integrins is found in type | leukocyte adhesion deficiency (MIM 116290},
A deficiency of platelet glycoprotein b/lla complex is found in Glanzmann thrombasthenia (MIM 273800), a condition characterized by a
history of bleeding, a normal platefet count, and abnormal clot retraction. These findings ilustrate how fundamental knowledge of cell
surface adhesion proteins is shedding light on the causation of a number of diseases,

bisphosphate of inositol triphosphate and diacylglye-
erol. These two second messengers result in an eleva-
von of intracellular Ca™ and activation of protein ki-
nase C. In addivion, activation of phospholipase A,
produces arachidonic acid that can be converted to a
variety of biologically active eicosanoids,

The process of activation of neutrophils is essentially
similar, They are activated, via specific receptors, by in-
teraction with bacteria, binding of chemotactic factars,
or antibody-antigen complexes. The resultant rise in in-
tracellular Ca’* affects many processes in neutrophils,
such as assembly of microtubules and the actin-myosin
system. These processes are respectively involved in se-
cretion of contents of granules and in motility, which
enables neutrophils to seck out the invaders. The acti-
vated neutrophils are now ready o destroy the mvaders
by mechanisms that include production of active deriv-
arives of oxygen.

The Respiratory Burst of Phagocytic
Cells Involves NADPH Oxidase
& Helps Kill Bacteria

When neutrophils and other phagocytic cells engulf
bacteria, they exhibit a rapid incresse in oxygen con-
sumption known as the respiratory burst. This phe-
nomenon refleces the rapid udilization of oxygen (fol-
lowing a lag of 15-60 seconds) and production from it
of large amounts of reactive derivatives, such as O,
H,0, OH" and OCI (hypochlorite ion). Some of
these products are potent microbicidal agents.

The eleetron transport chain system responsible
for the respiratory burse (named NADPH oxidase) is
composed of several components. One is eytochrome
bysg, located in the plasma membrane; it is a her
erodimer, containing two polypeptides of 91 kDa and

22 kDva. When the system is activated (see below), two
cvtoplasmic polypepnides of 47 kD and 67 kDa are re-
cruited to the plasma membrane and, rogether with cy-
tochrome bgsq, form the NADPH oxidase responsible
for the respiratory burst. The reaction catalyzed by
WADPH oxidase, involving formarnion of superoxide
anion, is shown in Table 52—4 (reaction 2), This system
catalyzes the one-clectron reduction of oxygen to super-
oxide anion, The NADPH is generated mainly by the
pentose phosphate cycle, whose activiy increases mark-
cdly dunng phagocytosis,

The above reaction 15 followed by the spontancous
production (by spontancous dismutation} of hydrogen
peroxide from two molecules of superoxide:

O+ 0,7 + 2 HT = Hy0h + 0

The superoxide ion is discharged o the outside of
the cell or into phagalysosames, where it encounters in-
gested bacteria. Killing of bactena within phagolyso-
somes appears o depend on the combined action of
clevared pH. superoade ion, or further oxygen deriva-
tives (H,0O,, OH", and HOCI ||'|}'pr_||:|'l|nmu5 acid; see
below]) and on the action of cermin bacrericidal pep-
tides {defensing) and other proceins (eg, cathepsin G and
certain cationic proteins) present in phagocytic cells.
Any superoxice that enters the cytasol of the phagocytic
cell 15 converted o HyOn by the action of superoxide
dismurase, which catalyzes the same reaction as the
spontancous dismutation shown above, In turn, H,0, i
used by mycloperoxidase {see below) or dispased of by
the action of glutathione peroxidase or catalase,

NADPH oxidase is inactive in resting phagocytic
cells and is activated upon contact with various ligands
{complement fragment C5a, chemotactic peptides, ctc)



with receprors in the plasma membrane. The events re-
sulting in activation of the oxidase system have been
much studied and are similar to those described above
for the process of activation of neurrophils. They in-
volve G proteins, activation of phespholipase C, and
generation of inositol 1,4,5-triphesphate (IT.). The
Tast mediates a transient increase in the level of cytosolic
Ca®™, which is essential for induction of the respiratory
burst. Diacylglycerol is also generated and induces the
translocation of protein kinase C into the plasma mem-
brane from the cytosol, where it catalyzes the phosphor-
ylation of various proteins, some of which are compo-
nents of the oxidase system. A second pathway of
activation not involving Ca™ also operates.

Mutations in the Genes for Components
of the NADPH Oxidase System Cause
Chronic Granulomatous Disease

The importance of the NADPH oxidase system was
clearly shown when it was observed that the respiratory
burst was defective in chronic granulomatous disease, a
relatively uncommaon condition characterized by recur-
rent infections and widespread granulomas (chronic in-
Mammatory lesions) in the skin, lungs, and lymph
nodes. The granulomas form as attempts to wall off
bacteria thar have not been killed, owing to genetic de-
ficiencies in the NADPH oxidase system. The disorder
is due to mutations in the genes encoding the four
polypeptides that constitute the NADPH oxidase sys-
tem, Some patients have n.-spnnd:d 1o treatment with
gamma interleron, which may increase tanscription of
the 91-kDa component if it is affected. The Emrhabi:
sequence of events involved in the causation of chronic
granulomatous disease 1s shown in Figure 52-7.

MNeutrophils Contain Myeloperoxidase,
Which Catalyzes the Production
of Chlorinated Oxidants

The enzyme myeloperoxidase, presenc in large amounts
in newtrophil granules and responsible for the green color
of pus, can act on H;U, to produce hypohalous acids:

WYELOPEROXIDASE

HOL + X« HY = HOX + HO
(X =CI, B, [T or SCHN™; HOCI = hypochlorous acid)

The H,O, used as substrate is generated by the
NADPH oxidase system, Cl is the halide wsually em-
p[::}':d, since it 1% PFE!ﬂ:I‘Il in relativel J'u'gh concentra-
tion in plasma and l!v:]d].r fluids, HOCL, the active ingre-
dient of household liguid bleach, is a powertul oxidant

and is higj‘ily micrabicidal. When appl'n:d to normal tis-
sies, ifs P:Jtthtinl f'ur L':n.l_l;!'hg da I11.'Lgr is diminis]‘l.l:d 1":-
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Mutations in genes for the polypeptide components
of the NADPH oxidase systam

{

Diminished production of superoxide ion
and other aclive derivatives of cxygen

t

| Diminished killing of certain bacteria |

t

Recurrent infections and farmation of tissue
granulomas in order to wall off surviving bacteria

Figure 52-7. Simplified scheme of the sequence of
events involved In the causation of chronic granuloma-
tous disease (MIM 306400). Mutations in any of the
genes for the four polypeptides invalved (two are com-
ponents of cytochrome by, and two are derived from
the cytoplasm) can cause the disease. The polypeptide
of 91 kDa is encoded by a gene in the ¥ chromosome;
approximately 60% of cazes of chronic granulomatous
disease are X-linked, with the remainder being inher-
ited in an autosomal recessive fashion.

catse if feacts \-'.':iL|1 Primnr}r or s::t:nr‘ldat‘}' amines Frr_'-
sent in nuutruphi]s and tissues to produce various nitro-
gen-chlorine derivarives; these chloramines are also oxi-
dants, though less inr_-r]—ul than HOCI, and act as
J'n'l{_'ruhicir.iaFaﬁr:nls I:::*_;. in :1::rl|:iz'lng wounds) without
causing tissue damage.

The Proteinases of Neutrophils
Can Cause Serious Tissue Damage
If Their Actions Are Not Checked

Neutrophils contain a number of protcinases (Table
52-12) that can hydrolyze clastin, various types of col-
lagens, and other proteins present in the extracellular
matrix. Such enzymaric acuion, if allowed w proceed
unopposed, can result in serious damage o tissucs.
Maost of these proteinases are lysosomal enzymes and
exist mainly as inactive precursors in normal neu-
trophils, Small amounts of these enzymes are released
into normal wissucs, with the amounts increasing
markedly during inflammation. The activities of clas-
tase and other proteinases are normally kepe in check
by a number of antiproteinases (also listed in Table
52-12) present in plasma and the exrracellular Auid.
Each of them can combine—usually forming a nonco-
valent complex—with one or more specific proteinases
and thus cause inhibiton. In Chaprer 50 it was shown
that a genetic deficicncy of op-antiproteinase inhi-
bitor (tt;-antitrypsin) permits clastase to act unopposcd
and digest pulmonary tissuc, therchy participating in



624 | CHAPTER 52

Table 52-12. Proteinases of neutrophils and
antiproteinases of plasma and tissues.’

Proteinases Antiproteinases
Elastase | t,-Antiproteinase {o-antitrypsing
Collagenase | o-Macroglobulin
Gelatinase | Secretory leukoproteinase inhibitor
Cathepsin G | t-Antichymotrypsin

Plasminogen activator | Plasminogen activator inhibitor-1
| Tissue inhibitor of metalloproteinase

The table lists some of the important proteinases of neutrophils
and some of the proteins that can inhibit their actions. Maost of
the proteinases listed exist inside neutrophils as precursors, Plas-
minagen activator is nat a proteinase, but it is included because it
influences the activity of plasmin, which is a prateinase, The pro-
teinases listed can digest marny proteins of the extracellular ma-
triw, causing tissue damage, The overall balance of proteinasean-
tiproteinase action can be altered by activating the precursors of
the proteinases, or by inactivating the antiproteinases. The latter
can be caused by proteclytic degradation or chemical modifica-
tion, &g, Met-358 of (1, -antiproteinase inhibitor is oxidized by cig-
arette smoke.

the caus.'tl."lnn nf cmph}r};:ma. ﬂz—Mal:ruB;lnl:m]in is a
plasma protein that plays an imporant role in che
body’s defense against excessive action of proreases; it
caombines with and thus neurralizes the activities of a
number of impurranr profeases {Ethtcr al).

When increased amounts of chlonnated oxidants are
formed during inflammation, they affect the pro-
teinassantproteinase equilibrium, tlting ic in favor of
the Ehrrn::r. For instzncl:, :crrain E]f. the Frntl:irl:.ﬂ-_l;
listed in Table 52—12 are activated by HOCI, whereas
certain of the antiproteinases are inactvated by chis
compound. In addition, the tissue inhibitor of metallo-
Fr{:t:ina.ﬂ:s :snd ll,-antlch}mnrr}rpsin can be h}*drn]}'?,::d
by activated elastase, and @-antproteinase inhibitor
can be hydrolyzed by activared collagenase and gelari-
nase. In most circumstances, an appropriate balance
of Frnt:’ina_ul:s am{ :htipn:tclnaﬁ:s i_'i achiﬂ'cd. Hnw—
ever, in certain instances, such as in the lung when
ot -antiproteinase inhibitor s deficient or when large
amounts of neutrophils accumulate in tissues because of
inadequate drainage, considerable tissue damage can re-
sule from the unopposed action of proteinases.

RECOMBINANT DNA TECHNOLOGY

HAS HAD A PROFOUND IMPACT

ON HEMATOLOGY

Recombinant DNA technology has had a major impace

on many aspects of hematology. The bases of the tha-
lassernias and of many disorders of coagularion (Chap-

ter 51) have been greatly clarified by investigations
using cloning and sequencing. The study of oncogenes
and chromosomal translocations has advanced under-
standing of the leukemias. As discussed above, cloning
techniques have made available therapeuric amounts of
erythropoictin and other growth facrors. Deficiency of
adenosine deaminase, which affects lymphocytes partic-
ularly, is the first discase 1o be treated by gene therapy.
Like many other areas of biology and medicine, hema-
tology has been and will continue 1o be revolutionized
by this technology,

SUMMARY

* The red blood cell is simple in terms of its strucrure
and funcrion, consisting principally of a concentrared
solution of hemoglobin surrounded by a membrane.

* The production of red cells 15 regulated by erythro-
poictin, whercas other growth facters (g, granulo-
cyte- and granulocyte-macrophage colony-stimular-
ing factors) regulate the production of white blood
cells,

= The red cell contains a battery of cyasolic enzymes,
such as superoxide dismutase, catalase, and glu-
tathione peroxidase, to dispose of powerful oxidants
penerated during its merabolism.

* Generically determined deficiency of the activity of
glucose-G-phosphare dehydrogenase, which produces
MADPH, is an imporrant cause of hemolytic anemia.

= Methemoglobin is unable to transport oxygen: both
genetic and acquired causes of methemoglobinemia
are recognized. Considerable information has accu-
mulated concerning the proteins and lipids of the red
cell membrane, A number of cyroskeleral proteins,
such as specerin, ankyrin, and actin, interact with spe-
cific integral membrane proteins o help regulate the
shape and fexibility of the membrane,

* Deficiency of spectrin resules in herediary spherocy-
tosis, another important cause of hemaolytic anemia.

* The ABO blood group substances in che red cell
membrane are complex glycosphingolipids; the im-
munodominant sugar of A substance is N-aceryl-
palacrosamine, whereas thar of the B substance is
palactose.

= Neurrophils play a major role in the body's defense
mechanisms. Integrins on their surface membranes
determine specific interactions with various cell and
HISSUE COMpPOonents,

* Leukocytes are activated on exposure to bacteria and
other stimuli; NADPH oxidase plays a key role in the
process of activation (the respiratory burst). Mura-
tons in this enzyme and associated proteins cause
chronic granulomatous disease.



* The proteinases of neurrophils can digest many tissue
proteins: normally, this is kepe in check by a barery
of antiproteinases. However, this defense mechanism
can be overcome in certain circumstances, resulting
in extensive tissue damage,

* The application of recombinant DMNA technology is
revolutionizing the field of hemarology.
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Metabolism of Xenobiotics

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE

Increasingly, humans are subjeceed 1o exposure to vari-
oS i'::rclgn chemicals fxcuuhiutlr_'s}—dmgs. food addi-
tives, pollutants, ete. The situation is well summarized
m the Ful[m'-"mg quotation from Rachel Carson: “As
crude @ weapon as the cave man's cdub, the chemical
barrage has Ecn hurled against the fabric of life.” Un-
derstanding how xenobiotics are handled ac the cellular
level is imporant in ]caming how o cope with the
chemical uns]nughl..

Kmm-]m]gn uf' the metabolism uf'xuhuhiutlcs is bhasic
to a rational understanding af pharmacology and thera-
peutics, pharmacy, toxicology, management of cancer,
and drug addiction, All these areas involve administra-
ron u!'. oar uxpc:sun: 0o, sehobiotics.

HUMAMNS ENCOUNTER THOUSANDS
OF XENOBIOTICS THAT MUST BE
METABOLIZED BEFORE BEING EXCRETED

A xenobiotic (Gk xenes "stranger”) is a compound thar
is foreign 1o the body, The principal classes of xenobi-
orics of medical relevance are drugs, chemical carcino-
gens, and various compounds th uﬁwe found their way
into our environment by one route or another, such as
polychlorinated biphenyls (PCBs) and certain insecti-
cides. More than 200,000 manufacrured environmental
chemicals exist. Most of these compounds are subject to
metabolism {chemical alreration) in the human body,
with the liver being the main organ involved; occasion-
ally, a xenobiotc may be excrered unchanged. Ar least
30 different enzymes caralyze reactions involved in
xenobiotic merabolism; however, this chaprer will only
cover a selected group of them.

It is convenient to consider the metabolism of xeno-
biorics in two phases. In phase 1, the major reaction in-
volved is hydroxylation, catalyzed by members of a
class of enzymes referred ro as monooxygenases or cy-
tochrome P450s. Hydrowylation may terminate the ac-
tion of a drug, though this is nor always the case. In ad-
dition to h}ﬁm}c}rlaﬂun, these enzymes caralyze a wide
range of reactions, including those invalving deamina-
tion, dehalogenarion, desulturarion, epoxidarion, per-
oxygenation, and reduction. Reactions involving hy-
drolysis (eg, catalyzed by esterases) and certain other
non-P450-caralyzed reacrions also occur in phase 1.
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In phase 2. the hydroxylated or other compounds
produced in phase 1 are converted by specific enzymes
to various polar metabolites by conjugation with glu-
curonic acid, sulfate, acetate, glurachione, or cerwain
amino acids, or by methylation.

The overall purpose of the two phases of metabo-
lism of xenobiotics is to increase their water solubility
{polarity) and thus excretion from the body. Very hy-
drophobic xenobiotics would persist in adipose tssue
almost indefinitely if they were not converted to more
polar forms. In certain cases, phase 1 metabalic reac-
tions convert xenobiotics from inactive 1o biologically
active compounds, In these instances, the original
xenobiotics are referred to as “prodrugs” or “procar-
cinogens." In other cases, addinonal phase 1 reactions
{eg, further hydronylation reactions) convert the active
compounds to less active or inactive forms prior to con-
jugation. In yet other cascs, it is the conjugation reac-
tions themselves that convert the active products of
phase 1 reactions to less active or inactive species, which
are subsequently excreted in the urine or bile, In a very
few cases, conjugation may actually increase the bio-
logic activity of a xenobioric,

The term “detoxification™ is sometimes used for
many of the reactions invalved in the membolism of
xenobiotics, However, the term is not always appropri-
ate because, as mentioned above, in some cases the reac-
tions to which xenobiotics are subject acrually increase
their biologic activity and roxicity,

ISOFORMS OF CYTOCHROME
P450 HYDROXYLATE A MYRIAD
OF XENOBIOTICS IN PHASE 1
OF THEIR METABOLISM

Hydroxylation is the chief reaction involved in phase
1. The responsible enzymes are called monooxygenases
ot cytochrome P450s; the human genome encodes at
least 14 families of these enzymes. Estimates of the
number of distince eyrochrome P450s in human tissues
range from approximately 35 1o 60. The reaction cat-
alyeed by a monooxygenase (cytochrome P450) is as
follows:

RH+0; +NADPH+H" — R —0OH +H,0 + NADP



RH above can represent a very wide variety of xenobi-
otics, including drugs. carcinogens, pesticides, petro-
leum products, and pollutants (such as a mixture of
PCBs). In addition, endogenous compounds, such as
cerrain steroids, eicosanoids, fary acids, and retinoids,
arc also substrates. The substrates are generally lip-
ophilic and are rendered more hydrophilic by hydroxy-
lation.

Cyrochrome P450 is considered the most versatile
biocatalyst known. The acmual reaction mechanism is
complex and has been briefly described previously (Fig-
ure 11-6). It has been shown by the use of "0, thar
one atom of oxygen enters B—OH and one atom en-
ters warter. This dual fate of the oxygen accounts for the
former naming of monooxygenases as  “mixed-
function oxidases.” The reaction catalyzed by cop-
tochrome P450 can also be represented as follows:

Reduced cytochrome P-iitlvﬂxidlzed cytochrome P450
RH + 0, — R—OH + H,0

The major monooxygenases in the endoplasmic reticu-
lum are cytochrome P450s—so named because the en-
zyme was discovered when it was noted that prepara-
tions of microsomes thar had been chemically rnﬁamd
and then exposed 1o carbon monoxide exhibited a dis-
tinct peak at 450 nm. Among reasons that this enzyme
is important is the fact that approximately 50% of the
drugs humans ingest are metabolized by isoforms of ey-
tochrome P450; these enzymes also act on various car-
cinogens and pollutants.

Isoforms of Cytochrome P450 Make Up a
Superfamily of Heme-Containing Enzymes

The fn"rrwing are :irnpurranr points cnncl:rning oy-
tochrome P450s.

(1) Because of the large number of fsoforms (abowr
150) thar have been discovered, it became important o
have a systematic nomenclature for isoforms of P450
and for their genes. This is now available and in wide
use and is based on strucoural homoelogy. The abbrevi-
ared root symbol CYP denotes a eyrochrome P450.
This is followed by an Arabic number designaring the
family; cytochrome P450s are included in the same
family if they exhibit 40% or more sequence identry.
The Arabic number is followed by a capical lecer indi-
caring the subfamily, if rwo or more members exisr;
P450s are in the same subfamily if chey exhibic grearer
than 55% sequence identity. The individual P450s
are then arbicrarily assigned Arabic numerals. Thus,
CYPLAL denotes a cyrochrome P4A5S0 thart is a member
of family 1 and subfamily A and is the first individual
member of that subfamily. The nomenclature for the
genes encoding cytochrome P450s is idenrical to thar

METABOLISM OF XENOEIOTICS [ 627

described above excepr thar italics are used; thus, the
gene encoding CYPLAL is CYPLAL

(2} Like hemoglobin, they are hemoproteins,

(3) They are widely distribured across species. Bac-
teria possess cytochrome P450s, and P450,,,, (involved
in the meabolism of camphor) of Prendontonas purida
is the only P450 isoform whose crystal structure has
been established.

(4) They are present in highest amounr in liver and
small intestine ELI.[ are probably present in all rissues.
[n liver and most other tissues, they are present mainly
in the membranes of the smooth endoplasmic reticu-
lum, which constitute part of the microsomal fraction
when tissue is subjecred 1o subcellular fractionadon. In
hepatic microsomes, cytochrome P450s can comprise
as much as 20% of the total protein. P450s are found
in maost tissues, though often in low amounts compared
with liver. In the adrenal, they are found in mitochon-
dria as well as in the endoplasmic reticulum; the vari-
ous hydroxylases present in thar organ play an impor-
tant role in cholesterol and sceroid biosvnchesis. The
mitochondrial cytochrome P450 system differs from
the microsomal system in that it uses an NADPH-
linked flavoprotein, adrenodoxin reductase, and a
nonheme iron-sulfur prowin, adrenodoxin. In addi-
tion, the specific P450 isoforms involved in steroid
biosynthesis are generally much more restricted in cheir
substrate specificity.

(50 Ar least six isoforms of cytochrome P450 are
present in the endoplasmic redculum of human liver,
cach with wide and somewhat overlapping substrate
specificities and acring on both xenobiotcs and en-
dogenous compounds, The genes for many isoforms of
P450 (from both humans and animals such as the rat)
have been isolated and studied in detail in recent years.

(6) NADPH, not NADH, is involved in the reac-
tion mechanism of cytochrome P450. The enzyme thart
uses NADPH o yield the reduced cytochrome P450,
shown at the lefi-hand side of the above equation, is
called NADPH-cytochrome P450 reductase. Elec-
trons are wansferred from NADPH w NADPH-
cytochrome P450 reductase and then o ortochrome
P450. This leads 1o the reductive activation of molec-
ular oxygen, and one atom of oxygen is subsequently
inserted into the substrate. Cyvochrome b, another
hemoprotein found in the membranes of the smooth
endoplasmic reticulum {Chapter 11), may be involved
as an eleceron donor in some cases.

(7) Lipids are also components of the oytochrome
P450 system. The preferred lipid is phosphatidyl-
choline, which is the major |'t|:ri:fﬂ:rund in membranes
of the endoplasmic reticulum.

(8! Mozt isoforms of cyrochrome P450 are in-
ducible. For instance, the administration of phenobar-
bital or of many other drugs causes hypertrophy of the
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smooth endoplasmic reticulum and a three- 1o fourfold
increase in the amount of cyrochrome 450 within 4-5
days, The mechanism of induction has been studied ex-
tensively and in most cases involves increased transcrip-
tion of mRNA for cytochrome P450. However, certain
cases of induction involve stabilization of mRNA, cn-
zyme stabilization, or other mechanisms (eg, an effect
on translation),

Induction of cyrochrome P430 has important clini-
cal implications, since it is a biochemical mechanism of
drug interaction. A drug interaction has occurred
'L'l.r]'l.::n the :.':ﬁl'r.'L&' ur one :lru.g are a]h:r:.'d E}:.-' ]Jl'jul.. oo~
current, or later administrason of another. As an illus-
tration, consider the sitwation when a paticnt is Laj-ail‘:g
the anticoagulant warfarin to prevent blood cloting,
T]"lis f]rng is metabolized E.'l'_';' E‘!’I‘*IC‘J. Cunr_'um'llanll}r,
the patient is stareed on phenﬂhnrbitﬂl {an inducer of
this P4530) o trear a certain cype of epilepsy, bur the
dose of warfarin is not L]‘lJ]‘lELd After 5 days or so, the
level of CYP2CY in the patient’s liver will be elevated
three- to fourfold. This in turn means thar warfarin will
be metabolized much more quickly than before, and is
d.l.'.‘;;lgf_' "i-'l.':il[ ha‘-‘t L'“.'f.'ﬂm:.' i]‘l.:l:J.{‘Liua!.L'. T‘h‘.'n:“.lll'. lh‘L'
dose must be increased if warfarin is o be therapeuti-
cally effective. To pursue this example further, a prob-
lem could arise later on if the phenobarbital is discon-
tinued but the increased dosage of warfarin stays the
same, The paticnt will be ar risk of ]Jluuding, since the
hlgh dose of warfarin will be even more active than be-
fore, because the level of CYP2C9 will decline once
Fl‘ﬂnf]l‘:‘r‘.‘il:ﬂ ha.'. EKTH HlUFP‘.'d..

Another example of enzyme induction involves
CYP2E1, which induced by consumption  of
ethanol. This is a mater for concern, because this
P450 metabolizes certain widely used solvents and also
companents found in tobacco smoke, many of which
are cstablished earcinogens. Thus, if the activity of
CYP2ED is elevared by induction, this may increase the
risk of carcinogenicity developing from exposure to
such compounds,

(9) Certain isoforms of cyrochrome P450 (eg,
CYP1AL) are particularly involved in the metabolism of
polycyclic aromaric hydrocarbons (PAHS) and relared
molecules; for this reason they were formerly called aro-
matic hydrocarbon hydroxylases (AHHs). This enzyme
is important in the mewabolism of PAHs and in car-
cinogenesis produced by these agents. For example, in
the lung it may be involved in the conversion of inac-
tive PAHs (procarcinogens), inhaled by mmkmg, [0 ac-
tive carcinogens by hydroxylation reactions. Smokers
have higher levels of this enzyme in some of their cells
and tissues than do nonsmokers. Some reports have in-
dicated thar the activity of this enzyme may be elevared
{induced) in the placenta of a woman who smokes, thus

potentially altering the quantities of merabolites of
PAHs (some of which could be harmful) o which the
fetus is exposed.

(10) Cerrain cytochrome P450s exist in polymor-
l:lhic forms {generic isoforms), some of which exhibic
ow catalytic activity. These observations are one im-
portant explanation for the variations in drug responses
noted among many patients. One P450 exhibicing
polymorphism is CYP2D6, which is involved in the
metabolism of debrisoquin {an antihypertensive drug;
see Table 53-2) and sparteine {an ancarrhythmic and
oxytocic drug). Cerrain polymorphisms of CYP2D6
cause poor merabolism fl}ahcsc and a variety of other
drugs so that they can accumulate in the body, resulting
in untoward consequences. Another interesting poly-
morphism is that of CYP2AG, which is involved in the
metabolism of nicotine to conitine, Three CYP2A6 al-
leles have been idenrified: a wild type and two null or
inactive alleles. It has been reported that individuals
with the null alleles, who have impaired metabolism of
nicotine, are apparently protecred against becoming ro-
bacco-dependent smokers (Table 53-2). These individ-
uals smoke less, presumably because their blood and
brain concentrations of nicotine remain elevared longer
than those of individuals with the wild-type allele. It
has been speculated thar inhibiting CYP2A6 may be a
novel way o help prevent and to wreat smoking,

Table 531 summarizes some principal features of
cytochrome 1450s,

CONJUGATION REACTIONS PREPARE
XENOBIOTICS FOR EXCRETION IN
PHASE 2 OF THEIR METABOLISM

In phase | reactions, xenobiotics are generally con-
verted to more polar, hydroxylaced derivatives. In phasc
2 reactions, these derivatives arce conjugated with mole-
cules such as glucuronic acid, sulfate, or glutathione.
This renders them cven more water-soluble, and they
arc eventually excreted in the urine or bile,

Five Types of Phase 2 Reactions

Are Described Here

A. GLUCURONIDATION

The glucuronidarion of bilirubin is discussed in Chap-
ter 32; the reactions whereby xenobiotics are glu-
curonidated are essendally similar. UDP-glucuronic
acid is the glucuronyl donor, and a variery of glu-
curonosylrransferases, present in both the endoplasmic
reticulum and cyrosol, are the catalysts. Molecules such

as 2-acerylaminofluorene (a carcinogen), aniline, ben-
zoic acid, meprobamare (a cranquilizer), phenol, and



Table 53-1. Some properties of human
cytochrome P450s,

« Involved in phase | of the metabalism of innumerable
xenobiotics, including perhaps 50% of the drugs adminis-
tered to humans

*  Involved in the metabolism of many endegenous com-
pounds (eq, steroids)

All are hemoproteins

«  Often exhibit broad substrate specificity, thus acting on
many compounds; consequently, different P450s may cat-
alyze formation of the same produsct

= Extremely versatile catalysts, perhaps catalyzing about 60
types of reactions
However, basically they catalyze reactions invalving intra-
duction of one atom of oxygen into the substrate and one
into water
Their hydroxylated products are more water-soluble than
their generally lipophilic substrates, facilitating excretion
Liver contains highest amounts, but found in most if not
all tissues, including small intesting, brain, and lung

«  Located in the smooth endoplasmic reticulum or in mito-
chondria (steroidogenic hormaones)

In some cases, their products are mutagenic of carcing-
genic

Many have a molecular mass of about 55 kDa

Mary are inducible, resulting in one cause of drug interac-
tions

Many are inhibited by varicus drugs or their metabolic
products, providing anather cause of drug interactions

*  Some exhibit genetic polymarphisms, which can resultin
atypical drug metabolism
Their activities may be altered in diseased tissues (eg, cir-
rhosis), affecting drug metabolism
Genotyping the P450 profile of patients (eg, to detect
palymorphisms) may in the future permit individualization
of drug therapy

many steroids are excreted as glucuronides, The glu-
curonide may be aached to oxygen, nitrogen, or sulfur
groups of the substrates. Glucuronidation is probably
the most frequent conjugation reaction.

B. SULFATION

Some aleohals, arylamines, and phenaols are sulfated.
The sulfate donor in these and other biologic sulfanon
reactions (cg, sulfarion of steroids, glycosaminoglycans,
ghrcalipids, and glycoproteins) 15 adenosine 3'-phos-
phate-5'-phosphosulfate (PAPS) (Chaprer 24); this

compound is called “acrive sulfare.”

C. ComsucaTion WiTH GLUTATHIONE

Glutathione (y-glutamyl-cysteinylglycine) is a wipep-
tide consisting of gluramic acid, cysweine, and glycine
(Figure 3-3). Glutathione is commonly abbreviared
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G3H (because of the sulfhydryl group of is cysteine,
which is the business part of the molecule). A number
of potentally toxic I..F trophilic xenobiotics {such as
certain carcinogens) are conjugared to the nucleophilic
GSH in reactions thar can be represented as follows:

R+GSH—=R—5—0G

where R = an elecirophilic xenobiotic. The enzymes
catalyzing these reactions are called glutathione S-
transferases and are present in hiFh amounts in liver
evtosol and in lower amounts in other tissues. A variety
of glutathione S-transferases are present in human tis-
sue. They exhibit different substrate specificities and
can be separated by electrophoretic and other tech-
nigues. If the potentially toxic xenobiotics were not
conjugated to GSH, they would be free to combine co-
valently with DNA, RNA, or cell protein and could
thus lead to serious cell damage. GSH is therefore an
important defense mechanism against cerain toxic
compounds, such as some drugs and carcinogens. I’ the
levels of GSH in a tssue such as liver are lowered (as
can be achieved by the administration to raes of certain
compounds that react with GSH), then that tissue can
be shown o be more susceptible to injury by various
chemicals that would normally be conjugared 10 GSH.
Glutathione conjugates are subjected to further metab-
olism before excretion. The glutamyl and f}-unyl
groups belonging 1o glutathione are removed by spe-
cific enzymes, and an acetyl group (donated by acetyl-
CoA) is added to the amino group of the remaining
cysteinyl moiety. The resulting compound is 1 mercap-
wric acid, a conjugate of L-acetyleyseeine, which is
then excreted in the urine.

Glutathione has other important functions in
human cells upart from it role in xenobiotic metabo-
lism.

1. It participates in the decomposition of potentially
toxic hydrogen peroxide in the reacrion car-
alyzed by glutathione peroxidase (Chaprer 20),

. It 15 an important intracellular reductant, help-
ing to maintain cssential SH groups of enzymes in
their reduced state. This role 1s discussed in Chap-
ter 20, and its involvement in the hemaolytic ane-
mia caused by deficiency of glucose-6-phosphare
dehydrogenase is discussed in Chaprers 20 and
52.

3. A mewabolic cycle involving GSH as a carrier has
been implicated in the transport of certain
amino acids scross membranes in the kidney.
The first reaction of the cycle is shown below.

bl

Amino acid+ G5H — - Glutamyl amino acid+
Cysteinylglycine
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This reacvion helps transfer certain amino acids across
the plasma membrane, the amino acid being subse-
quently hydrolyzed from its complex with GSH and
the GSH being resynthesized from cysteinylglycine.,
The engyme caralyzing the above reaction is y-glu-
tamyltransferase (GGT). It is present in the plasma
membrane of renal wbular cells and bile ductule cells,
and in the endoplasmic rediculum of hepatocyres. The
erzyme has diagnostic value because ir is released into
the blood from hepatic cells in various heparobiliary
discases,

D. OTHER REACTIONS

The two most important other reactions are acerylation
and methylation.
1. Acetylation—Acetylation is represented by

X+ Acetyl- Cod —» Acetyl- X + Cod

where X represents a xenobiotic, As for other aceryla-
tion reactions, acetyl-CoA (active acetare) is the aceryl
donor. These reactions are catalyzed by acﬂ}rlmns—
ferases present in the cytosol of various tissucs, particu-
larly liver. The drug isoniazid, used in the rreatment of
ruberculosis, 15 subject to acerylation, Polymorphic
types of acetylrransferases exist, resulting in individuals
who are classificd as slow or fast acetylators, and influ-
ence the rate of clearance of drugs such as isoniazid
from blood, Slow acerylarors are more subject to certain
toxic effects of isoniazid because the drug persises
longer in these individuals,

2. Methylation—A few xenobiotics are subject to
methylation by mechvlransferases, employing S-adeno-
svimethionine (Figure 30-17) as the methyl donor,

THE ACTIVITIES OF XENOBIOTIC-
METABOLIZING ENZYMES ARE
AFFECTED BY AGE, SEX,

& OTHER FACTORS

Various factors affect the activities of the enzymes me-
tabolizing xenobiorics. The activities of these enzymes
may differ substantally among species. Thus, for exam-
ple. the possible toxicity or carcinogenicity of xenobi-
orics cannot be exrrapolated freely from one species o
another, There are significant differences in enzyme ac-
tivities among individuals, many of which appear to be
due to genetic factors. The activities of some of these
enzymes vary according o age and sex.

Intake of various xenobiorics such as phenobarbical,
PCBs, or certain hydrocarbons can cause enzyme in-
duction. It is thus important o know whether or not
an individual has been exposed ro these inducing agenrs
in evaluating biochemical responses 1o xenobiotics,
Merabolites of certain xenobiotics can inhibir or stimu-
late the acrividies of xenobiotic-merabolizing enzymes.

Again, this can affect the doses of certain drugs thar are
administered to patients. Various discases (eg, cirrhosis
of the liver) can affect the activides of drug-metaboliz-
ing enzymes, sometimes necessirating ad|u5|:m ent of
dosages of various drugs for patients with these disor-

ders.

RESPONSES TO XENOBIOTICS
INCLUDE PHARMACOLOGIC,
TOXIC, IMMUNOLOGIC,

& CARCINOGENIC EFFECTS

Xenobiotics are metabolized in the body by the reac-
tions described above, When the xenobiotic is a drug,
phase 1 reactions may produce its active form or may
diminish or rerminare its acoion if it is pharmacologi-
cally active in the body withour prior metabolism. The
diverse cffects produced by drugs comprise the arca of
study of pharmacology: here it 15 imporeane to appreci-
are thar drugs act primarily through biochemical mech-
anisms, Table 33-2 summarizes four important reac-
tions to drugs that reflect genetically determined
differences in enzyme and protein structure among in-
dividuals—parr of the field of study known as pharma-
cogenetics (sec below),

Table 53-2. Some important drug reactions due
to mutant or polymorphic forms of enzymes or
proteins.'

Enzryme or Protein
Affected Reaction or Consequence
Glucose-G-phosphate Hemalytic anemia following in-
dehydrogenase [GEFD) | gestion of drugs such as prim-

[mutations] (MIM 305900} aguine

Ca’* release channal {ryan- | Malignant hypertharmia (MIM
odine receptor] in the 145600) following administra-
sarcoplasmic reticulum | tion of certain anesthetics (eqg,
[mutations] (MIM 180901)) halothane)

CYP206 [polymorphisms] | Slow metabolism of certain
(MIN 124030) drugs {eg, debrisaquin), result-
ing in their accumulation
CYP2AG [polymorphisms] | Impaired metabaolism of nico-

(MIN 122720) tine, resulting in protection
against becoming a tobacco-

dependent smoker

'GEPD deficiency is discussed in Chapters 20 and 52 and malig-
nant hyperthermia in Chapter 49. At least one gene other than
that encoding the ryanodine receptor is involved in certain cases
of malignant hypertension. Many other examples of drug reac-
tions based on polymorphism or mutation are available.



Cerrain xenobiotics are very toxic even at low levels
{eg. cvanide). On the other hand, there are few xenobi-
otics, including drugs, that do not exert some toxic ef-
fects if sufficient amounts are administered. The toxic
effects of xenobiotics cover a wide spectrum, bur the
major effects can be considered unclIJ:r three general
headings (Figure 53-1).

The first is cell injury {cytotoxicity), which can be
severe enough to result in cell death. There are many
mechanisms by which xenobiotics injure cells. The one
considered here is covalent binding to cell macromol-
ecules of reacrive species of xenobiotics produced by
metabolism. These macromolecular targers include
DNA, RNA, and protein. If the macromolecule w
which the reactive xenobiotic binds is essendal for
short-term cell survival, eg, a protein or enzyme in-
volved in some critical cellular function such as oxida-
tive phosphorylation or regulation of the permeabilicy
of the plasma membrane, then severe effects on cellular
funcrion could become evident quire rapidly.

Second, the reactive species of a xenobiotic may
bind to a protein, altering its antigenicity. The xenobi-
otic is said to act as a hapten, ie, a small molecule that
by iself does nor stimulare antibody synthesis bur will
combine with antibody once formed. The resulting an-
tibodies can then damage the cell by several immuno-
logic mechanisms that grossly perturb normal cellular
biochemical processes,

Third, reactions of activated species of chemical car-
cinogens with DMNA are thought to be of great impor-
tance in chemical carcinogenesis. Some chemicals {eg,
benzo{o]pyrene) require acrivation by monooxygenases
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in the endoplasmic reticulum o become carcinogenic
{they are thus called indirect carcinogens). The acrivi-
ties of the monooxygenases and of other xenobioric-
metabolizing enzymes present in the endoplasmic reric-
ulum thus help to derermine whether such compounds
become carcinogenic or are “deroxified.” Other chemi-
cals (eg, various alkylating agents) can react directly (di-
rect carcinogens) with DNA withour undergoing intra-
cellular chemical activation,

The enzyme epoxide hydrolase is of interest be-
cause it can exert a protective effect against certain car-
cinogens. The products of the action of certain
monooxygenases on some procarcinogen substrates are
epoxides. Epoxides are highly reactive and muragenic
or carcinogenic or both. Epoxide hvdrolase—like cy-
tochrome P450, also present in the membranes of the
endoplasmic reticulum-—acrts on these compounds,
converting them into much less reactive dihydrodiols.
The reaction catalyzed by epoxide hydrolase can be rep-
resented as follows:

|
—C—C—+HO — —?—

— Y —

u O OH
Epoxide Dihydradiol

PHARMACOGENOMICS WILL DRIVE THE
DEVELOPMENT OF NEW & SAFER DRUGS

As indicated above, pharmacogenetics is the study of
the roles of genetic variations in the responses to drugs.
As a result of the progress made in sequencing the

GEH S-translarase of

Cytochrome P450
¥encbiotic -

Reactive matabolite

apoxide hydrolass

L3

Nontoxic metabalite

Covalent binding 1o
macromolecules
Call injury Hapten Mutation
Antibody productcn Cancer

Call Injury

Figure 53-1.

Simplified scheme showing how metabalism of 3 xenobiotic can result in cell injury, immuno-

logic damage, or cancer, In this instance, the conversion of the xenobiotic to a reactive metabolite is catalyzed
by a cytochrome P450, and the conversion of the reactive metabolite (eg, an epoxide) to a nontoxic metabolite
is catalyzed either by a G5H 5-transferase or by epoxide hydrolase.
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human genome, a new field of study—pharmacoge-
nomics—has developed recently. It includes pharmaco-
genetics but covers a much wider sphere of activicy. In-
tormation from genomics, proteomics, bininformarics,
and other disciplines such as biochemistry and roxicol-
ogy will be integrated o make possible the synthesis of
newer and safer drags, As the sequences of all our genes
and their encoded proteins are determined. chis will re-
veal many new targers for drug actions. [t will also re-
veal polymorphisms (this werm is briefly discussed in
Chapter 50) of enzymes and proteins related o drug
metabolism, action, and toxicity. DNA probes capable
of detecting them will be synthesized, permiming
screening of individuals for potentially harmful poly-
morphisms prior o the start of drug therapy. As the
SOrUCtures alj:;clcwmr proteins and their polymorphisms
are revealed, model building and other rechniques will
permit the design of drugs that take into account both
normal protein targets and their polymorphisms. At
least to some extent, drugs will be milor-made for indi-
viduals based on their genetic profiles. A new era of ra-
tional drug design buile on information derived from
genomics and proteomics has already commenced.

SUMMARY

* Xenobiotics are chemical compounds foreign to the
body, such as drugs, food additives, and environmen-
tal pollutants; more than 200,000 have been identi-
ficd.

+ Menobiotics ate metabolized in owo phases. The
major reaction of phase 1 is hydroxylation catalyzed
E]:f' a \":lriﬂ:.}' D!I mﬂn{“]x}'g:nmﬁ.. i]s[! Ir.h::l\'-'n s '.I'H:
cytochrome P450s. In phase 2, the hydroxylated
species are conjugated with a variery of hydrophilic
I:l::lrnFll::lurl.{ls .'|'|.“.+|. s gluﬂ.‘u:‘unil: J.I:lll,{.. .‘i..l.“lll.l'.'.. 0or glu—
tathione. The combined operaton of these two
phases renders lipophilic compounds into water-
soluble compounds that can be eliminated from the
bady.

* Cytochrome P450s catalyze reactions that introduce
one atom of oxygen derived from molecular oxygen
into the subscrate, vielding a hydroxylared product.
NADPH and NADPH-cytochrome P450 reducrase
are involved in the complex reaction mechanism.

+ All cytochrome 4505 arc hemoproteins and gener-
ally have a wide substrate specificicy, acting on many
exogenous and endogenous substrates. They repre-
sent the most versatile biocaralyst known,

* Members of at least 11 families of cytochrome P450
are found in human tissue.

* Cytochrome 1"450s are generally locared in the endo-
plasmic redculum of cells and are particularly en-
riched in liver.

= Many cytochrome 4505 arc inducible. This has im-
portant implications in phenomena such as drug in-
teraction.

= Mitochondrial c].'ttu:hmm: P450s also exist and are
involved in cholesterol and steroid  biosynchesis.
They use a nonheme fron-containing sulfur protein,
adrenadoxin, not required by microsomal isoforms.

* Cytochrome P450s, because of their catalytic activi-
ties, play major roles in the reactions of cells w
chemical compounds and in chemical carcinogenesis.

* Phase 2 reactions are catalyzed by enzymes such as
glucuronosvliransferases, sulforransferases. and glu-
tathione S-transferases, using UDP-glucuronic acid,
PAPS (active sulfare), and glutathione, respectively,
as donors.

* Glutathione not only plays an important role in
phase 2 reactions but is also an intracellular reducing
agent and is involved in the transport of certain
:Im:inu Hcids i.rl.w E‘:‘“.:i.

* Xenobiotics can produce a variery of biologic effects,
including pharmacologic responses, toxicity, immunao-
logic reactions, and cancer,

* Caralyzed by the progress made in sequencing the
human genome, the new field of pharmacogenomics
offers the promise of being able to make available a
host of new rationally designed, safer drugs.
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The Human Genome Project

Robert K. Murray, MD, PhD

BIOMEDICAL SIGNIFICANCE

The information deriving from determination of the se-
quences of the human genome and those of other or-
ganisms will change biology and medicine for all tme.
For example, with reference to the human genome, new
information on our origins, on discase genes, on diag-
nosis, and possible approaches w therapy are already
floeding in. Progress in ficlds such as genomics, pro-
teomics, bioinformarics, biotechnology, and pharma-
cogenomics is accelerating rapidly.

The aims of chis chaprer are o briefly summarize
the major findings of the Human Genome Project
(HGP) and indicate their implications for biology and
medicine.

THE HUMAN GENOME PROJECT
HAS A VARIETY OF GOALS

The HGP, which started in 1994, is an international
effort whose principal goals were 1o sequence the entire
human genome and the penomes of several other model
organisms that have been basic to the study of genetics
leg, Escherichia coli, Sacchavamyces cevenisige [a yeast],
Dvasophila melanogaster [the fruie fly], Coenorhabdiric
elegans [the roundworm], and Mue muscnlus [the com-
mon house mousc]). Most of these goals have been ac-
complished, In the Uniced States, the Mational Center
for Human Genome Research (NCHGR) was estb-
lished in 1989, initally directed by James D, Watson
and subsequently by Francis Collins, The NCHGR
played a leading role in directing the United Staces ef-
ftort i the HGP. In 1997, it became the National
Human Genome Research Institute (NHGRI), The in-
ternational collaboration—invalving groups from the
USA, UK, Japan, France, Germany, and China—came
to be known as the Internanional Human Genome Se-
quencing Consorcium (THGSC), Initally, a number of
short-term goals were established for the Uniced States
effort—eg, producing a human genetic map with miark-
ers 2-3 cenumorgans (cM) apart and consuructing a
physical map of all 24 human chromosomes (22 auto-
somal plus X and Y) with markers spaced at approxi-
mately 100,000 base pairs (bp). Figure 54—1 summa-
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rizes the differences between a genetic map, a cyroge-
netic map, and a th‘xical map of a chromosome. These
and other initial goals were achieved and surpassed by
the mid-ninetes. In 1998, new goals for the United
States wing of the HGP were announced, These in-
c]udi:d the aim of urrnpl:t'lng the entire sefjuence h:.-'
the end of 2003 or sooner. Other specific nhi:LrivH
concerned  sequencing  technology, comparanve  ge-
nomics, biotnformatics, echical considerations, and
ather issues, By the fall of 1998, shour 6% of the
human genome sequence had been complered and the
foundations for future work laid, Further progress was
catalyzed by the announcement that a second group,
the private company Celera Genomics, led by Crag
Venter, had undertaken the objective of sequencing the
human genome, Venter and colleagues had published
in 1995 the entire gENOMme sequences af Hﬁfmnpfrr!'m
rr{ll'?um:.w and Myeaplarma gﬂ!:rﬂfrum the first of many
\"pl:l:lr_s: to have their genomic sequences determined. An
impaortant factor in the success of these workers was the
use of a shotgun approach, ie, sonicating the DNA, se-
quencing the fragments, and reassembling the se-
quence, based on overlaps. For comparison, a variery of
appmach::s that have been used ar different tmes
study normal and disease genes are listed in Table 541,

A Draft Sequence of the Human Genome
Was Announced in June 2000

[n June 2000, leaders of the IHGSC and the personnel
at Celera Genomics announced completion of working
drafts of the scquence of the human genome, covering
more than 90% of it. The principal findings of the two
groups were published separately in February 2001 in
special issues of Mature (the IHGSC) and Science (Cel-
era). The draft published by the Consortium was the
product of at least 10 years of work involving 20 sc-
quencing centers located in six countries. That pub-
lished by Celera and associates was the product of some
3 years or less of work: it relied in pare on dara obtained
by the IHGSC. The combined achicvement has been
hailed, among other descriptions, as providing a Library
of Life, supplying a Periodic Table of Life, and finding
the Holy Grail of Human Genetics.
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Figure 54-1.

Frincipal methods used to identify and isolate normal

and disease genes. For the genetic map, the positions of several hypo-
thetical genetic markers are shown, along with the genetic distances in
centimorgans between them. The circle shows the position of the cen-
tromere. For the eytogenetic map, the classic banding pattern of a hypo-
thetical chromosome is shown. For the physical map, the approximate
physical positions of the above genetic markers are shown, along with
the relative physical distances in megabase pairs. Examples of a restric-
tion map, a contig mark, and an 5TS map are also shown. (Reproduced,
with parmissian, from Green ED, Waterston BH: The Human Gename
Project: Prospects and implications for clinical medicine. JAMA 1991;266:
1866 Copyright & 1997 by the American Medical Association.)

Different Approaches Were Used
by the Two Groups

We shall summarize the major findings reported in the
two drabts and comment on their implications. While
there are dlﬂ"i:n:nrl:}i between I!|.1: drafts, tl'll:}' wi|l not be
dwelt on here, as the areas of general agreement are
much more extensive. It is worthwhile, however, o
summarize the different approaches used by the two
groups. Basically, the THGSC employed a map frse,
sequence later approach. In part, this was because se-
quencing was a slow process when the public project
started, and the straregy of the Consortium evolved
over ime as advances were made in sequencing and
other rechniques. The overall appm.LLh referred to as
hicrarchical shotgun scqutncmg, consisted of Erag-
menting the entire genome into I'.HI:L:H of approxi-
mately 100-200 kb and inserting them into baccerial
artificial chromosomes (BACs). The BACs were then
pm;itinnﬂl on individual chromosomes by Innking for
marker sequences known as sequence-tagged  sites

{5T5s), whose locations had been already determined.
ST5s are short {usually < 500 bp), unique genomic loci
for which a PCR assay is available. Clones of the BACs
were then broken into small fragments (shotgunning).
Each fragment was then sequenced, and compurer algo-
rithms were used that recognized macching sequence
information from overlapping fragments o piece to-
gether the complete sequence.

Celera used the whole genome shotgun approach,
in effect bypassing the mapping step. Shotgun frag-
menes were assembled by algorithms onto large scaf-
folds, and the correct position of these scaffolds in the
genome was determined using 5T5s. A scaffold is a se-
ries of “conrigs” that are in the right order but not nec-
essarily connected in one continuous sequence. Conrigs
arc contiguous sequences of DNA made by assembling
overlapping sequenced fragments of a natural chromo-
some or a BAC. The availubility of high-throughput
sequenators, powerful computer programs, the cle-
ment of competition, and other factors accounted for the
rapid progress made by both groups from 1998 onward.
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Table 54-1. Principal methods used to identify and isolate normal and disease genes.

Procedure i Comments

Detection of specific cytogenetic | For instance, a small deletion of band ¥p21.2 was important in cloning the gene involved in
abnormailtles ' Duchenne m us.n:ular d}-stmphy

Extensive linkage studies | urge families with defined pedigrees are desirable. Dominant genes are easier to recognize

| than recessives.

Use of probes to define marker | Probes identify 5T5s, RFLPs, SNFE, ete; thousands, covering all the chromosomes, are now
hoci  available. It is desirable to flank the gene on both sides, clearly delineating it.

Radiation hybrid mapping® | Maw the most rapid methed of Iocalizing a gene or DMA fragment to a subregion of a human

| chromaosome and constructing a physical map.

Use of rodent or human somatic E Permits assignment of a gene to one specific chramosame but not to a subregion,
cell hybrids !

B g e

Fluorescence in situ h}l‘l.'.lﬂdllallﬂn Permits localization of a gene to one chromosomal band,

Use of pulsed-field gel | Permits isolation of large DMA fragments obtained by use of restriction endonucleases (rare
electrophoresis (PFGE) to i cutters) that result in very limited cutting of DNA.
separate large DNA fragments _:_
Chromosome walking | Involves repeated cloning of overlapping DNA segments; the procedure is laborious and can
{ usually cover anly 100-200 kb,
Chromosome jumping ' By cutting DMA into relatively large fragments and circularizing it, one can move mare quldr.ly

i and cover greater lengths of DNA than with chromosomal walking.

Cloning via ¥ACs, BACs, cosmids, | Permits isolation of fragments of varying lengths.

phages, and plasmids i

el i e i T oy Ity el o M T el oy M el o P 1 e et P T Lol iy M [l S Tl St 0] ST TSPt ] Y L R ar ) S ST Mot Sy B LT Sty e el
Detection of expression of i The mRNA should be expressed in affected tissues.

mRMAS in tissues by Morthem |

blotting using one or more '

fragments of the gene asa |

probe !
PCR : Can be used to amplify fragments of the gene; also many other applications.
A sequencing ' I':st,a-bllshes the highest resclution physical map, Identifies open reading frame, Facilities 1.I.r|th

i i many high throughput instruments could sequence millions of base pairs per day.

Databases | Comparison of DA and protain sequences obtained from unknown gene with known se-

i quences in databases can facilitate gene identification.

Abbreviations: 5T5, sequence tagged site; RFLP, restriction fragment linked polymorphism; SHP, single nucleatide polymarphism; YAC,
yeast artificial chromosome; BAC, bacterial artificial chromasome; PCR, polymerase chain reaction,

"Many single nucleotide polymorphisims (SNPs) are being detected and catalogued. These are stable and frequent, and their detection
can be automated, It is anticipated that they will be particularly wseful for mapping complex traits such as diabetes mellitus.

"Radiation hybrid mapping (consult http:/compgen rutgers.edu/thmap/ for 2 detailed bibliography of this technique] makes use of a
pangl of somatic cell hybrids, with each cefl line containing a random set of irradiated human genomic DNA in a hamster background.
Briefly, the radiation fragments the DMA into small pieces of varizble length; if a gene is located close to another known gene, it is likely
that the twa will remain linked [compare genetic linkage) on the same fragment. An 5TS marker is typed against a radiation hybrid panel
by using its two oligonucieotide primers to perform a PCR assay against the DNA from each hybrid cell line of the panel If enowgh mark-
ers are typed on one panel, continuows linkage tan be established along each arm of a chromosome, and the markers can be assembled
inta the map as a single linkage group.




636 | CHAPTER 54

DETERMINATION OF THE SEQUENCE OF
THE HUMAN GENOME HAS PRODUCED A
WEALTH OF NEW FINDINGS

Only a small fraction of the findings can be covered
here. The inrerested reader is referred o the original ar-
ticles. Table 54-2 summarizes a number of the high-

lights, which can now be described.

Most of the Human Genome
Has Been Sequenced

Ower 90% of the human genome had been sr:quum;c:l
by July 2000, This is by far the largest genome se-
:.]ur_'nr_':.':l.. with an r_'s'ﬁthzlr_'d spEe uf' appmximaw[}r 3.2
Ei.[_r'aha_-;us (Gh). Prior o the human genome, that of the
fruit fy had been the largc:.L (~-180 Mb) EL]]J.{.'I'LEI’.'E]..
Gaps still exist, small and large, and the quality of some
L‘d‘ L]"IIL' _-iL':.lu::nr_':ihg dara will l'u.' n:ﬁm.':l since some uf the
findings are probably not exaety right.

The Human Genome Is Estimated to
Encode About 30,000-40,000 Proteins

The greatest surprise provided by the results o date has
been the apparenty low number of genes encoding pro-
teins, esimared 1o lie between 30,000 and 40,000, The
higher number could increase as new data are obtained,
This number is approximately twice that found in the
roundworm (19,099} and three tmes that of the fruic

Table 54-2. Major findings reported in the rough
drafts of the human genome.

+  More than 90% of the genome has been sequenced; gaps,
large and small, remain to be filled in.

Estimated number of protein-coding genes rangas from
30,000 to 40,000,

«  DOnly 1.1-1.5% of the genome codes for proteins.

+  There are wide variations in features of individual chramo-
somes (eq, in gene number per Mb, SMP density, GC con-
tent, numbers of transposable elements and CpG islands,
recombination rate).

«  Human genes do more work than those of the roundworm
or fruit fly (eg, alternative splicing is used mare frequently).

- The human proteome is more complex than that found in
invertebrates.

«  Repeat sequences probably constitute more than 50% of
the genome,

«  Approximately 100 coding regions have been copied and
moved by RNA-based transposons.

Approximately 200 genes may be derived from bactaria by
lateral transfer.,

*  More than 3 million SMPs have been identified.

fly (13,061). The figures sugpest that the complexity of
humans compared with that of the two simpler organ-
isms must have explanations other than swrictly gene
number,

Only 1.1-1.5% of the Human
Genome Encodes Proteins

Analyses of the available data reveal that 1.1-1.5% of
the genome consists of exons. About 24% consists of
introns, and 75% of sequences lying between genes (in-
tergenic), Comparisons with the data on the round-
worm and fruit fly have shown thar exon size across the
three specics is relatively constant (mean size of 145 bp
in humans), However, intron size in humans is much
more variable (mean size of over 3300 bp). resultng in
great variation in gene sizc,

The Landscape of Human Chromosomes
Varies Widely

There are marked differences among individual chro-
mosomes in many features, such as gene number per
megabase, density of single nucleotide polymorphisms
(SNPs). GC content, number of transposable elements
and ﬂ]l.vG islands, and recombination rate. To take one
example, chromosome 19 has the richest gene content
(23 genes per megabase), whereas chromosome 13 and
the ¥ chromosome have the sparsest content (3 genes
pet meg;bus::}. Explanations for these variations are not
apparent at this time.

Human Genes Do More Work Than
Those of Simpler Organisms

Alternative splicing appears to be more prevalent in hu-
mans, involving art least 35% of their genes. Dara indi-
cate thar the average number of distinct transcripes per
gene for chromosomes 22 and 19 were 2.6 and 3.2, re-
spectively. These figures are higher than for the round-
worm, where only 12.2% of genes appear to be alterna-
tively spliced and only 1.34 splice variants per gene
were noted.

The Human Proteome Is More Complex
Than That of Invertebrates

Belatively few new protein domains appear o have
emerged among vertehraces, However, the number of
distinct domain architectures (-1800) in human pro-
teins is 1.B nmes thar of the roundworm or fruic fly.
About 90 vertebrate-specific families of proteins have
been identified, and these have been found o be en-
riched in proceins of the immunc and nervous systems.



The resules of the two drafts are rich in information
abour prorein families and classes. One example is
shown in Table 54-3, in which the major classes of
proteins encoded by human genes are listed. As can be
seen, the largest class is “unknown.” Identificarion of
these unknown proteins will be a major focus of activiy
for many laboratories,

Repeat Sequences Probably Constitute
More Than 50% of the Human Genome

Repear sequences F:lmhahl}l‘ account for at least half of
the genome. They fall into five classes: (1) LEAnSpOsOn-
derved repeats {:'m:rspcr.n;:d repeats); {2) processed
Ps:udngcm:s: {3] sim].:l:: sequence rep:au: I[ﬂi] .l;l:gml:nlal
duplications, made up of 10300 kb that have been
copied from one region af the genome into another;
and (3) blocks of tandemly repeated sequences, found
al centrmeres, tl:lurntn:.'.'. 3:1, ul]'l.l:r dresis. {._'un.';'ld-:r-
ahle information on most of the above classes of repeat
sequences—ol great value in und:rﬂandmg the archi-
tecture and d:v:luprn:m of the human g:num::—u. re-
pr.:r[ml in the drafts. Dnh‘ two points of interest will be
mentioned here, Tt s \p:mlal:d thar Alu elements, the
st prum:m:m members (abour 10% of the total
genome) of the short interspersed elements (SINEs),
may be present in GC-rich areas because of positive se-
lection, implying that they are of benefit o the host

Table 54-3. Major classes of proteins encoded by
human genes.'

Class of Protein Number (%)

Unknown 12,809 (41 %)

Mucleic acid enz'g:mes - - : Ljﬂ-ﬂ.vli-?-'-j;fn:n

Trans:c;i;:-tian factors N | 1,850 (6%) N
Receptors T T snew
Hydrolases | 1227(40%
;a'l-;ct regulatnr:,.r mt;ﬂecules [eq, -"-"'; “-;1-3-3-{3-.5“-.’::1-"_--

G proteins, cell cycle regulators) i

Protooncogenes | S02(29%)
Cytoskeletal structural proteins - | 87 iE-.EH'h:I o

Kinases j 863 (2.5%)

'Drana from Venter 1C et ak The sequence of the human genome.
Science 2001;291:1304.

The percentages are derived from a total of 26,383 genes re-
ported in the rough draft by Celera Genomics. Classes containing
mare than 2.5% of the tatal protzins encoded by the genas iden-
tified when this rough draft was written are arbitrarily listed as

major.
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Segmental duplications have been found o be much
more common than in the roundworm or fruic fy. T is
possible thar these structures may be involved in exon
shuftling and the increased diversity of proteins found
in humans,

Other Findings of Interest

The last three major poines of interest listed in Table
54-2 will be briefly described together.

Approximately 100 coding regions are estimated to
have been copied and moved by BENA-based trans-
posons (retrotransposons). It is possible that some of
these genes may adopt new roles in the course of time.
A surprising finding is that over 200 genes may be de-
rived from bacteria by lareral transfer. None of these
genes are present in nonvertebrate eukaryores. More
than 3 million SNPs have been identified. It is likely
that they will prove invaluable for certain aspects of
gene mapping.

It is stressed that the findings listed here are only a
few of those reported in the drafis, and the reader is
urged to consult the original reports (see References,

below).

FURTHER WORK 15 PLANNED ON THE
HUMAN & OTHER GENOMES

The IHGSC has indicated that it will determine the
complete sequence, it is hoped, by 2003, The task in-
volves ﬁﬂlng in the gaps and identifying new genes,
their locations, and functions. Regulatory regions will
be identified, and the sEqUEnces nfgc‘:l her l:lrgl: EEnomes
(e of the house mouse; of Ratns morvericus, the Nor-
way rag; of Dante reria, the zebra fsh; n[gFugn mﬁnjne;.
the tiger ]JIJ.E]—::T fish; and of one or more primates) will
be obained; indeed, a draft version of I:E: genome of
the tiger puffer fish was published in 2002, Additional
SNPs will be identified;: a complete catalog of these
variants is expected o be af t value in mapping
genes associaced with mnmph:x trants and for other uses
as well, Along with the abave, existing databases will be
added 10 as new information flows in, and new data-
bases will probably be established 1o serve spl:r_'ific pur-
poses. A variety of studies in functional genomics (ie,
the study of genames o determine the functions of all

their penes ahd their ]::ruf]u{_'ls} will also be undertaken,

IMPLICATIONS FOR PROTEOMICS,
BIOTECHNOLOGY, & BIOINFORMATICS

Many fields will be influenced by knowledze of the

human genome. Only a few are briefly discussed here.
Proteomics (sce Chaprer 4) in its broadest sense is

the study of all the proteins encoded in an organism (ie,
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the proweome), including their strucrures, modifica-
tions, functions, and interactions. In a narrower sense,
it involves the identification and study of muldple pro-
teins linked through cellular actions—but not necessar-
ily the entire proteome., With regard 1o humans, many
individual proteins will be identified and characrerized;
their interactions and levels will be determined in phys-
iologic and pathologic states, and the resulting informa-
tion will be entered into appropriate darabases. Tech-
niques such as owo-dimensional elecrrophoresis, a
variety of modes of mass spectromerry, and antibody
arrays will be central to expansion of this rapidly grow-
ing field. Overall, proteomics will greatly advance our
knowledge of proeins ar the basic level and will also
nourish biotechnology as new proteins thar are likely
to have diagnostic, therapeutic, and other uses are dis-
covered and methods for their economic producrion are
developed. Specialists in bioinformatics will be in de-
mand, as this field rapidly gears up to manage, analyze,
and wrilize the flood of data from genomic and pro-
reomic studies.

IMPLICATIONS FOR MEDICINE

Pracrically every area of medicine will be affecred by the
new information accruing from knowledge of the
human genome, The tracking of disease genes will be
enormously facilitaced. As mentioned above, SINP maps
should greatly assist determination of genes involved in
complex diseases. Probes for any gene will be available
if needed, leading to improved diagnostic testing for
disease susceptibility genes and for genes directly in-
volved in the causation of specific diseases. The field of
pharmacogenomics (scc Chaprer 53) is already ex-
panding greatly, and it is possible that in the furre
drugs will be tailored to accommodate the varations in
enzymes and other proteins involved in drug acrion and
metabolism found among individuals, Studies of genes
involved in behavior may lead to new insights into the
causation and possible treatment of psychiatric disor-
ders. Many ethical issues—eg, privacy concerns and
the use of genomic informartion for commercial pur-
poses—will have to be addressed. It will also be impor-
tant that medical and economic benefits accrue to indi-
viduals in Third World countries from the anricipared

effects on health services and the diagnosis and wear-
ment of discase.

SUMMARY

* Determination of the complete sequence of the
human genome, now almost completed, is one of the
muost significant scientific achievements of all time.

* Many important findings have already emerged. The
one to date that has generated the most discussion is
that the number of human genes may be only two to
three times that estimared for the roundworm and
the fruic fly.

* Information lowing from the Human Genome T'roj-
ect 15 having major influences in Felds such as pro-
tcomics, bioinformatics, biotechnology, and phar-
macogenomics as well as all areas of biology and
medicine,

* It is hoped that the knowledge derived will be used
wisely and fairly and thar the benefics that will ensue
regarding health, disease, and other maters will be
made available to all peaple everywhere.
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TIMP (undine mnnnphns!ﬂut!]. 133_,!’.' 288
Uncouplerafuncoupling proreins
in respioaary chaim, 95, My
chemiosmatic lh:ur}' of action of, 97
wndernurriticon and, 479
Undernumrizion, 474, 478479
Unequal crosover, 324, 324/
Unesterified farmy acids. See Free farmy acids
UIniporr systems, 426, 426
Unique-sequence {nonrepetinve) DNA,
320, 320-321
Universal donorfunversal reciprens, A8
Unsaourased fatry acids, 100, 112, 113¢ See
awhiee Farry acids
ctr double honds in, 112-114, 114§
diesary, cholesterol levels affecred by,
227
cacosanoids formed from, 194, 192,
193F 194/
essential, 190, 1907 193
abnermal metabolism of, 195-196
deficiency of, 191192, 194195
prostaglandin production and, 190
in membranes, 417, 4187
metabolism of, 190-192
oxidarion of, 183
structures of, 1905
synthesis of, 191, 191
Unwinding, DNA, 326, 326-327
RIMA synthesis and, 344
Uracil, 288¢
deowyribonuclensides of, in pyrimidine
synthesis, 296-297, 29587
Tlrate. as antioxidant, 119
Urca
aming acid metabolism and, 124, 124f
nirrapen catabolism producing,
242-243, 245-247, 246
permeability coefficient of, 419
synthesis of, 243-244, 2431 244
tetabelic disorders associared witls,
247-248
gene thempy for, 248
Uric acid, 269
purine catabolsm i formanaen of, 299,
299
Uridine, 2877 288;
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Uridine diphosphare V-acervlpalacoosamine
(UDP-GalNAc), 516¢
Undine di.phnsph:hr Neacetylplucosamine
(UDP-GlcNA), 51460
Undine diphosphare galacrose (LDPGal),
167, 516517, 516¢
Uridine diphosphare galaciose (UDPGal)
d-ppimerase, 167, 170F
inherited defeces in, 172
Uridine diphosphate glucose
MDMNUDMGICH 143, 1478
516, 516
in glycogen bicsynchesis, 143, 14o;
Urnidine diphosphare glucose dehydroge-
mase, |66, |ﬁ.3f
Uridine diphosphane glucose
prrophasphardase, 16, 166F
mn g|}':ngtn bivsynchesis, 145, |."|ﬁ_f'
Uridine diphosphare-glucuronarefglu-
curonic acid, 166167, 1685 290
Uridine diphosphare xylose (UDP-Xyl},
16t
Unidine monophosphare (UM, 2E8£
2R8
Uridine wiphosphare (UTP), in glycogen
biosynthesis, 145, 1468
Uredyl transferase deﬁ:ienr_p. 172
Urobilinogens
conpugated bilirubin reduced o, 281,
ig2r
in paundice, 284, 284,
normal values for, 284r
Uracanic aciduria, 254
Urokinase, 603, 505
Uronic acid parhway, 163, 166-167, 1657
i‘!ian:tinr: -rlF. F'?I:I
Uronic acids, 109
in hepanin, 3435, 545
Urnpnq’:h}ﬂ'inng!n 1. 271, ,:'_?-'1-_||': I_?ﬁ_lf'
Uroposphyrinagen 1 synthase, in porphyria,
177
Uroparphyrinagen 111, 271, 274/ 275(
Uroparphyrinogen decarbosylase, 271,
i175f
in porphyria, 2177¢
Uroparphyrins, 270, 371f 272F
spectrophatomenry in derecnon of,
273-274
UTT, in phespherylagion, £5

W& provease, for polypeptide cleavage, for
polypepride cleavage, 25, 26

¥ Ser Initial velocity

Vipua S Maximal velocity

Y reglondsegment. See Yarable regions/
SERIENLs

v-SMARE proteins, 509, 511

Valenc acid, 112¢

Valine, 15+

carabolism of, 259, 260f 262f
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Waline (o)
interconversion of, 240
TECEIrEmEnts For, 480
Walimomyein, 99
Wan der Waals forces, 7
YWanadizm, 496
Wariable numbers of tndemly repeared
units (VINTRs), in forensic
medicine, 411
Variable regions/segments, 591-592, 5941
gen: for, 593
DINA rearrangement and, 325-316,
393, 593-594
immunoglobulin heavy chain, 591, 592
S04
immuenoglobulin light chain, 325-326,
393, 591, 592F 594
Wascular system. mirnc oxide :I:Fucl:i;ng.
§71-573, 573f T4
Vasodilarors, 556
nitric oxide as, 571=573, $573f 5T4r
VIDRE. S Vinmin D response element
Vecror, 414
cloning, 400402, 40014 402 4035 414
expression, 402
Vegertarian dier, vieamin B, deficiency and,
491
Velocity
imimal, 64
inhibitors affecting, 68, A& 69
masaral (V)
allosteric effects on, 7376
nfubicors zl"F:l:nng. a8, 'r:ﬁ_f: ﬁ";'f
Michaelis-Menten equation in
determinarzon of, 65—, 66
l'l.lh!l:l'iw :nmnrﬁ:inn iﬂd, El*., ‘-F'i_r
Wery low density lipoprotein recepror, 208
Wery low densiny lipoproteins, 125, 205,
2n6s 207
hepanic secretion of, dietary and hoemamnal
stamus and, 201-212, 213f
metabolism of, 125, 126£ 207-209, 210/
in riacylghyecrol rranspore, 207, 208
10f
qu:[vps
coating, 509, 310F
brefeldin A affecting, 510511
secretory, 498, SI:II:IJI"
tatgering, 09, 510F
transport, 495, S08-511, 509, 510
Wimentns, 577, 578
Vinculing 540, 5417
Wiral oncopenes, Sa Oncogenes
Wiruses, host cell prosein !."\'nfhzsi:. affecred
by, 370-371, 371f
Yiston, vitamin A in, 4821, 483, 484
Vitamin A. 482484, 482 4837 4847
deficicnoy of, 482i, 483484
excessitoxiciny of, 454
hencrions of, 482, 483
in vision, 4825, 483

Vitamin B complex. See afie speciffc sinamin
in cienic acid cyele, 133
CORMEYENES derved from, 50-51, 5I_|I"
Vitamin B, (thiamin), 482, 488489, 489/
in i acid oyele, 133
COETLEYITIES derived from, 51
deficiency of, 4824, 489
pyruvare merabaolism affecred by, 140,
143, 489
Vitamin B, (riboflavin), 86, 4815, 489400
in eirric acid cycle, 133
enenzymes derived from, 50-51, 489,
450
defickency of, 482y, 49
debydropenases dependent on, 87
Vitamin B, {pyridesine pyridoyal
pyridoxamine), 482, 491, 491F
deficiency of, 482+, 491
xanthurenare excretion in, 258, 2587
excessfroxicary of, 4491
Vitamin By, (eobalamin], 4825, 491-492,
492f
abserprion of, 491-492
intrinsic factor in, 477, 401492
deficiency of, 4821, 492
functional folare deficiency and, 492,
494
i methylmalonic aciduria, 153
Viramin B -dependent enzymes, 2927 492
Vitamin C (Guscorbic acd), 163, 482
A95—4H, 4961
as antioxidant, 119
in collagen synthesis, 38, 496, 535
deficiency of, 4821, 496
collagen affecred i, 3539, 496,
538-539
iron absorprion and, 478, 496
supplemental, 446
Vitammin 1), 482¢, 484-486
in calcium absorprion, 477, 484,
4R4-4K5
deficiency of, 482s 484, 485
ergusterol as precursos far, 118, 1197
excessf coxicary of, 4854806
metabolism of, 484 485, ‘isﬁf'
recepror for, 471
Viramin [ (erpecalcifercl), 484
Vitamin [, (cholecalsifernl)
synthesis of in skin, 445, 4461 484, 4851
in vitamin [ metabolism, 484, 485F
Vitammin D-binding procein, 445
Vitamin 13 recepror-interacting proceins
(DRITs), 472r, 473
Vitazmin 1) response element, 45%
Vitamin E, 4837, 486, 4861
as antoxidant, 91, 119, 436, 4871
deficiency of, 4825 486
Viatamin H. See Biotin
Vitamin K, 4511, 486488, 4857 604
calciem-binding proteins and, 457488,
488f

in coagularion, 486488, S8/
coumann anticoagulants affecting,
Gk
deficiency of, 482r
Viramin K hydroquinone, 487, 488F
Viemins, 2, 481=496, 4821 Ser aliv spe-
cifie vifamen
0 critnc scd cycle, 133
digession and absorprion of, 477-478
lipid- [Far) soluble, 482488
abserprion of, 473
warer-soluble, 488—496
VEA-TVEA-SVLA-G, 622
WLDL. Ser Wery low densiry lipoproteins
VMNTRs. See Variahle numbers of rJ.r!dem'I:r
repeated wnirs
Velage-gared channels, 424, 568¢
von Crierlee's disease, 1525 300
Wan Willebrand facror, in plarcler
activatton, M5

Warfarin, 486, 604
pﬂwnnhrhml interaction and,
cytochrome P450 induction
affecting, 618
vitamin K affected by, 487
Warer, 2, 5-9
as biologc solvenr, 5. 6f
biomolecular sructere and, =7, Gr
dissociation of, 8-9
in bydrogen bonds, 5, 6f
as nuclenphile, 7-9
permeabiliny coefficient of, 419
strucrure of, 5, 6f
1'J.';":.I:zr mlul‘lﬂil}-. |:|i: '!:Emhiiﬂiﬂ‘i. m:h'l'mh':m
and, 626
Warson-Crick base pairing, 7, 303
Waxes, 111
Weak acids, 9
buffening capaciey of, 11-12, 12F
dissociation constants fer, 10=11, 12
Henderson-Hasselbabch equarion
describing behavior of, 11, 12
Ph}rxinlngi:sigr:i.ﬁlﬂ.n:: IJF, inf I I-
pAiph, values of, 10-13, 131,
Weak bases, &
Wernicke-Korakeff sndrome, 482+
Wernicke's encephatoparhy, 489
Western blot mransfer procedure, 403, 4047
414
White blood cells, 620—624. See alio specifie

npe
groweh factors regulaning produceion of,
610
recombimant DA rechnology in study
of, 624
White chrombus, 598
White {fast) owirch fibers, 374-576, 57 5¢
Whale genome shotgun approach, (34
Williams syndrome, 539



Wilson discase, 432r, 587-389
ceruloplasmin levels in, 587
pene mutations in, 432 SEE-589
Wobble, 361

Helinked disorders, RFLPs in diagnosis of,
411
Xeray diffraction and erpsallography,
pretein SLPCILfe
demonstrared by, 35
Xanthine, 289
Xanthine oxidase, 87
deficiency of, hypounicenia and, 306
Xanthurenate, excretion of in vimin B,
deficiency, 258, 2581
Xenobioncs, meabolism of, 626632
conjuganon in, k26, 628-630
cytschrome P45 systemlhyd ronylarion
in, B26—62R, 629
facrors affecring. 630
pharmacogenstics in diug research and,
631-632

responses o, 630-631, 630
631t
toxic, &1, 63 If
Nerederma pigmentosum, 337
Kevophrhalmia, vitamin A deficeency in,
482r 483
NP, See Keroderma pigmentosum
Xylose, in ghrooproreins, 516r
pXylose, 104£ 105,
r-Xvlulose, 106f
L-Kydubose, 105¢
accumulation of in essential pentosuria,
170

YAC veetor, Ser Yeast artifical chromasome
{YAC) vector
Yeast artifictal chromoseme (YAC) vector,
401402, 4028
for cloning in gene isolation, 635
Yeasr cells, mirochondnal proven impor
studied in, 499
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£ line, 356, 557F 538fF
Zellweger's {oerchroheparorenal} syndrome,
| B8, 503, 503r
Ling, 490¢
Zine finger moaf, 387, 388 390, 3HF
in ].'.:I'N.I"l.rh:ind:il'l.;gI domain, 470
Fana fasciculara, steroid symihesis in, 440
Loma glomerulosa, mineralecormcond
synthesis in, 438
ZLoma pellucida, ghrcoproteins in, 5248
Loma reniculans, steroid synthesis i,
440
£ See Loma pellucida
Z£1M-3 proreins, 524
Fvatreriony, 16
Lymogens, 70, 477
in blood coagularen, G040, Gk, 601
rapid response o plysiologic demand

and, 76
£4 genorype, o -antproteinase deficency
an

in emphysema, 589
in liver disease, 590



