SECTION I

Metabolism of Proteins & Amino Acids

Biosynthesis of the Nutritionally
Nonessential Amino Acids

Victor W. Rodwell, PhD

BIOMEDICAL IMPORTANCE

All 20 of the amino acids present in proceins are esseneial
for healch. While r.'::mp.lruri\rrh' rare in the Western
waorld, amino acid deficiency states are endemic in cer-
tain regions of West Africa where the diet relies heavily
on gramns thar are poor sources of amino acids such as
tryprophan and lysine, These disorders include kwash-
workor, which results when a child s weaned onto a
starchy diet poor in protein: and marasmus, in which
both caloric intake and specific amino acids are deficient,

Humans can synthesize 12 of the 20 common aming
acids from the amphibolic intermediates of glycolysis and
of the citric acid cycle (Table 28-1). While smutretionally
nonessental, these 12 amino acids are not “nonesental.”
All 20 amuno acids are #a'nf.agiﬁifﬁrtuwntiul. Of the 12 nu-
tritionally nonessential amino acids, nine are formed from
amphibolic intermediates and three (cyseeine, ryrosine
and hydroxylysine) from nueritionally essential amino
acids. Tdennfication of the twelve amino acids that hu-
mans can synthesize rested primarily on data derived from
feeding diets in which punfied amino acids replaced pro-
tein. This chaprer considers only the biosynthesis of che
twelve amino acids that are synchestzed in human rissues,
not the nth:'.r ::cight that are s:rnt]'u:ui?x:d h:.r pl;mm

NUTRITIONALLY MONESSENTIAL
AMINO ACIDS HAVE SHORT
BIOSYNTHETIC PATHWAYS

The enzymes gluramarte dehydrogenase, glutamine syn-
therase, and aminotransferases occupy central positions
in aming acid biosynthesis. The combined effect of
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those three enzymes is to wansform ammonium ion
into the o-amino nitregen of various amino acids.

Glutamate and Glutamine, Reductive amination of
o-ketoglutarate is catalyzed by glutamare dehydrogenase
(Figure 28-1). Amination of glutamare to glutamine is
catalyzed by glutamine syntherase (Figure 28-2).

Alanine. Transamination of pyruvate forms alanine
{Figure 28-3).

Aspartate and Asparagine. Transamination of
oxaloacetate forms aspartare. The conversion of aspartate

Table 28-1. Amino acid requirements

of humans.

Mutritionally Essential Nutritionally Nonassential
Argining' Alanine
Histidine Asparaging
Isoleucine Aspartate
Leucine Cysteine
Lysine Glutamate
Methionine Glutamine
Phenylalaning Glycine
Threonine Hydroxyproling
Tryptophan Hydroxylysine”
Valine Proline

Serine
Tyrosine

"Nutritionally semiessential.” Synthesized at rates inadequate
to support growth of children.

Mot necessary for protein synthesis bt formed during post-
translational processing of collagen.
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Figure 28-1. The glutamate dehydrogenase

reaction,

to asparagine is caralyzed by asparagine syntherase (Fig-
ure 28—4), which resembles glutamine syntherase (Fig-
ure 28-2) except thar glutamine, not ammonium ion,
provides the nitrogen. Bacrerial asparagine synthetases
can, however, also use ammonium ion. Coupled hy-
drolysis of PP, 1o P, by pyrophospharase ensures that
the reaction is strongly favored.

Serine. Oxidation of the o-hydroxyl group of the
glycolytic intermediate 3-phosphoglycerare converts it
to an oxo acid, whose subsequent transaminaton and
dephosphorylation leads to serine (Figure 28-5).

Glycine, Glycine aminotransferases can catalyze the
synthesis of glycine from glvoxylare and gluramare or
alanine. Unlike most aminotransferase reactions, these
strongly favar glycine synthesis. Addidonal important
mammalian roures for plycine formarion are from
choline (Figure 28-6) and from serine (Figure 28=7).

Proline. Proline is formed from glutamare by rever-
sal of the reacrions of proline carabolism (Figure 28-8).

Cysteine. Cysteine, while nor nurritionally essen-
tial, is formed from methionine, which is nurritionally
cssential. Following conversion of methionine to ho-
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L-Glutamale L-Glutamine

HH,'
Mg-ATP Mg-ADF + P,

Figure 28-2. The glutamine synthetase reaction.

Glu or Asp n-Heloglutarate or oxaloacetate

Figure 28-3. Formation of alanine by transamina-
tion of pyruvate. The amino donor may be glutamate or
aspartate, The other product thus is o-ketoglutarate or
oxaloacetate.
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Figure 28-4. The asparagine synthetase reaction.
Mote similarities to and differences from the glutamine
synthetase reaction (Figure 28-2).
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Figure 28-5. Serine biosynthesis. (c-Ak, c-amino

acids; ce-KA, o-keto acids.)
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Figure 28-6. Formation of glycine from choline.

mocysteine (see Chaprer 30), homocysteine and serine
lorm eysteine and homoserine (Figure 28-9).

Tyrosine. Phenvlalanine hydroxylase  converts
phenylalanine tw wyrosine (Figure 28-<10). Provided
that the diet contains adequate nuritionally essential
phenylalanine, tyrosine is nutritionally nonessential.
But since the reaction is irreversible, dietary tyrosine
cannot replace phemiahmur Caralysis by this mixed-
function oxygenase incorporates one atom of O, into
phenylalanine and reduces the other atom to water. Re-
ducing powet, provided as tetrahydrobiopterin, derives
ulimarely from NADPH.

Mathylena
H, lolate H, folata
\ / NH3+
1;2\“/ \\rﬂ_
Serine Glycine

Figure 28-7. The serine hydroxymethyltransferase
reaction. The reaction is freely reversible. (H, folate,
tetrahydrofolate.)
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Figure 28-8. Biosynthesis of proline from glutamate

by reversal of reactions of proline catabolism.
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Figure 28-9. Conversion of homocysteine and ser-

ine to homaoserine and cysteine, The sulfur of gysteine

derives fram methionine and the carbaon skeleton fram
serine.



240 | CHAPTER 28

NADP" MADPH + H'

F<
Tetrahydro- Dritvydro-
hlﬂplerln biopterin

@,CHEﬂCH—CﬂO D/@,K}H -—GH Coo

L-Phenylalanine L-Tyrosine
H

HaN, M | Nl

HM
CH=CH=CH
i % N ik B
OH OH
Tetrahydrobiopterin

Figure 28-10. The phenylalanine hydroxylase reac-
tion. Two distinct enzymatic activities are involved. Ac-
tivity Il catalyzes reduction of dihydrobiopterin by
MADPH, and activity | the reduction of O, to H,0 and of
phenylalanine to tyrosine. This reaction is associated
with several defects of phenylalanine metabolism dis-
cussed in Chapter 30,

Hydroxyproline and Hydroxylysine. Hydroxy-
proline and hydroxylysine are present principally in
collagen. Since there is no tRNA for ecither hydroxy-
lated amino acid, neither dietary hydroxyproline nor
hydroxylysine is incorporated inte prowein. Both are
completely degraded {see Chaprer 30). Hydroxyproline
and hydroxylysine arise from proline and lysine, but
only after these amino acids have been incorporated
into peprides. Hydroxylation of pepride-bound prolyl
and lysyl residues is catalyzed by prolyl hydroxylase and
lvsyl hydroxylase of tissues, including skin and skeletal
muscle, and of granulatng wounds (Figure 28-11).
The hydroxylases are mixed-function oxygenases that
require substrate, molecular O,, ascorbare, Fe®*, and
oi-keroglutarate. For every mole of proline or lysine hy-
droxylated, one mole of o-ketoglutarare is decarboxy-
lated to succinate. One atom of O, is incorporated into
proline or lysine, the other into succimate (Figure
28-11) A dthcmnﬁ' of the vitamin C required for
these hydroxylases results in scurvy.

Valine, Leucine, and Isoleucine. While leucine,
wvaline, and isoleucine are all nurritionally essental

a-Ketogiutarate  ['#0] Succinate

Fett

.
Ascorbate *H?H
PO AP
Figure 28-11. The prolyl hydroxylase reaction. The
substrate is a proline-rich peptide. During the course of
the reaction, molecular oxygen is incorporated into

both succinate and proline, Lysyl hydroxylase catalyzes
an analogous reaction,

aming acids, tissue aminotransferases reversibly inter-
convert all three amino acids and their corresponding
t-keto acids. These o-keto acids thus can replace their
amino acids in the diew

Selenocysteine. While not normally considered
an amino acid Frr_':.'cnl in prmcim. !.clL'nm:_';'slui.nr_' =
curs at the active sites of several enzymes. Examples in-
clude the human enzymes thioredoxin reductase, glu-
tathione peroxidase, and the deiodinase that converts
lh‘_r'rn:k'lnu (i} tril::d::t]‘t}rmhjuc. Ul]li]u: hydru‘.typru]'ll‘lu
ar h].drum]u'mL WLILHUL}Siti.I'LL arises co-translation-
ally during its incorporation into peptides. The UGA
anticodon of the unusual RNA :ll_t.:gnau.d tRNA
n{::rhul]j-' hlgh:l].s STOP. The 1|.'JIl|l:,' ui 1]1:. ler_:lh syn-
thetic apparatus to identify a selenocysteine-specific
UGA codon invelves the selenocysteine insertion ele-
ment, a stem-loop structure in the untranslated region
:Jf the mENA, SL[LTEL‘IL'H}L-LIH& lRNﬁL ek is first Lhnrgul
with serine by the |Ig1'.n:. that I.I.'IAFLLS tRNA™ . Subse-
quent replacement of the serine oxygen by selenium
involves selenophosphate formed by :\cll.-n::]:rhu:iphar.u

synthase [FEgurL' 28-12).

H
H—5a —::H,—cl: —coo”
t!.lﬂ;
o]

I
Se o+ ATP ——= AMP + P,+H—Ee—:'—u
o
Figure 28-12. Selenocysteine (top) and the reaction
catalyzed by selenophosphate synthetase (bottom).
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SUMMARY

All vercebrares can form cermain amino acids from
amphibolic intermediates or from other dictary
amino acids, The intermediares and the amino acids
to which they give nise are t-ketoglutarare (Glu, Gln,
Pro, Hyp), oxaloacerare (Asp, Asn) and 3-phospho-
ghycerace (Ser, Gly).

Cysteine, tyrosine, and hydroxylysine are formed
from nutritionally essential amino acids. Serine pro-
vides the carbon skeleton and h::mw}-‘swint the sul-
fur for cysteine biosynehesis, Phenylalanine hydroxy-
lase converts phenylalanine to tyrosine.

Meither dietary hydroxvproline nor hydroxylysine is
incorporated into proceins because no codon or
tRMA dictates their insertion into peprides.

Pepridyl  hydroxyproline and  hydroxylysine  are
formed by hydroxylanon of pepridyl proline ar lysine
in reactions catalyzed by mixed-funciion oxidases
that require vitamin C as cofacror, The nutmtional
disease scurvy refleces impaired hydroxylation due to
a deficiency of vitamin C,

* Selenocysteine, an essential active site residue in sev-
eral mammalian enzymes, arises by co-rranslational
insertion of a previously modified tRNA.
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Catabolism of Proteins
& of Amino Acid Nitrogen

Victor W. Rodwell, PhD

BIOMEDICAL IMPORTANCE

This chaprer describes how the nicregen of amino acids is
converted to urca and the rare disorders thar accompany
defects in urea biosynthesis. In normal adules, nitrogen
intake marches nirrogen excrered. Posirive nitrogen bal-
ance, an excess of ingested over excreted nitrogen, ac-
companies growth and pregnancy. Megative nitrogen
balance, where ourput exceeds intake, may follow
surgery, advanced cancer, and kwashiorkor or marasmus,

While ammonia, derived mainly from the t-amino
nitrogen of amino acids, is highly toxic, tssues convert
ammonia to the amide nitrogen of nontoxic gluramine.
Subsequent deamination of glutamine in the liver re-
leases ammonia, which is then converted o nonroxic
urca. If liver function is compromised, as in cirrhosis or
hepariis, elevated blood ammonia levels generate clini-
cal signs and symproms, Rare merabolic disorders in-
volve each of the five urea cycle enzymes,

PROTEIN TURNOVER OCCURS
IN ALL FORMS OF LIFE

The continuous degradation and synthesis of cellular
proweins occur in all forms of life. Each day humans
turn over 1-2% of their toral body protein, principally
muscle protein. High rates of protein degradation occur
in tssues undergoing strucrural rearrangement—eg,
urerine tissue during pregnancy, tadpole tail tssue dur-
ing meramorphosis, or skeletal muscle in starvarion. Of
the liberated amino acids, approximarely 75% are reuti-
lized. The excess nirogen forms wrea. Since excess
amino acids are not stored, those not immediately in-
corporated into new protein are rapidly degraded.

PROTEASES & PEPTIDASES DEGRADE
PROTEINS TO AMINO ACIDS

The suscepribility of a protein to degradation is ex-
pressed as its half-life (¢,,,), the tme required o lower
its concentration to half che inital value. Half-lives of
liver proteins range from under 30 minutes o over 150
hours. Typical “housckeeping” enzymes have 7, values
of over 100 hours. By contrast, many key regulatory en-
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zymes have a 5 of 0.5-2 hours, PEST sequences, re-
gions rich in proline (), glutamate (E), serine (5), and
threonine (T), target some proteins for rapid degrada-
tion. Intracellular proteases hydrolyze internal pepride
bonds. The resulting peptides are then degraded to
amino acids by endopepridases that cleave internal
bonds and by aminopeptidases and carboxypeptidases
that remove amino acids sequentially from the amino
and carboxyl terminals, respectively. Degradation of
circulating, peprides such as hormones follows loss of a
stalic acid motety from the nonreducing ends of their
tzligmiaccharldr chains, A_'i]'al::lgl}rr_'::].tn:lttlm are internal-
tred by liver cell asisloglycoprotein receprors and de-
graded by lysosomal proteases termed cathepsing.

Extracellular, membrane-associated, and long-lived
intracellular ]Jml::ln.s are drgrn.d-m] in l].rsusurm:h' |:|:.-'
ATP-independent processes. By conuast, degradarion
of abnormal and other shore-lived proteins occurs in
the cytosol and requires ATT and ubiquitin. Ubiquitin,
so named because it is F!rl.‘SI:I'IL it a]] I:I:j(:lr}-‘[:li:i'l'_' |_'|:|]$, isa
small (8.5 kD) protein that argers many inracellular
proteins for degradation. The primary structure of
ubiquitin is highly conserved, Only 3 of 76 residues
dlﬂ':r berween yeast and human uh'u;.]ul'lin. Sﬂ':ml mal-
ecules of ubiquitin are attached by non-g-peptide
bands formed berween the {.':lJ'h[]}‘.J."l terminal of ubigui-
tin and the g-amino groups of lysyl residues in the tar-
get Pl'ﬂlfiil'l I:Fi.t:;un.- 201}, The residue present at s
amino terminal affects whether a protein is ubiquiri-
mated. Amino terminal Met or Ser retards whereas Asp
or Arg accelerates uhitluitin;:liun, Degradation accurs
in a mu]l!lr.':ita|‘_.."li1: E{HTIF[I'_')‘. of proteases known as the
proteasome.

ANIMALS CONVERT a«-AMINO NITROGEN
TO VARIED END PRODUCTS

Diifferent animals excrete excess nirrogen as ammonia,
uric acid, or urea. The aqueous environment of
teleastean fish, which are ammonorelic (excrete ammo-
nia), compels them to excrere warer continuously, facil-
itating excreton of highly toxic ammonia. Birds, which
must conserve water and maineain low weight, are uri-
cotelic and excrete wric acid as semisolid guano. Many
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Figure 29-1.

Partial reactions in the attachment of ubiquitin (UB) to

proteins, (1} The terminal COOH of ubiguitin forms a thicester bond with
an -5H of E, in a reaction driven by conversion of ATP to AMP and PP, Sub-
sequent hydrolysis of PP, by pyrophosphatase ensures that reaction 1 will
proceed readily. (2} A thioester exchange reaction transfers activated ubig-
uitin to E;. (3} E; catalyzes transfer of ubiquitin to £-amino groups of lysyl

residues of target proteins,

land animals, including humans, are urcotelic and ex-
crete nontoxic, water-saluble urea. High blood urea lev-
els in renal disease are a consequence—nort a cause—aof
impaired renal function,

BIOSYNTHESIS OF UREA

Urea biosynthesis occurs in four stages: (1) transamina-
tion, (2) oxidative deamination of glutamarte, (3) am-
monia transport, and (4) reactions of the urea cycle
{Figure 29-2),

Transamination Transfers c-Amino
Nitrogen to ci-Ketoglutarate,
Forming Glutamate

Transamination interconverts pairs of Gt-amino acids
and o-keto acids (Figure 29-3). All the protein amino

w-Aming acid a-Keto acid

TRANGAMINATION

o-Kaloglutarala L-Glulamate

CIXIDATIVE
DEAMINATION

MH, Co;
Urea

Figure 29-2. Overall flow of nitrogen in amino acid
catabolism,

acids except lysine, threonine, proline, and hydroxypro-
line participate in transamination. Transamination is
readily reversible, and aminotransferases also funcrion
in amino acid biosynthesis, The coenzyme pyridoxal
phosphate (PLP) is present ac the calytic site of
aminotransferases and of many other enzymes that act
on amine acids. PLP, a derivatve of vitamin B, forms
an enzyme-bound Schiff base intermediare that can re-
arrange in various ways, During transamination, bound
PLP serves as a carrier of amino groups. Rearrangement
forms an g-kero acid and enzyme-bound pyridoxamine
phospharte, which forms a Schiff base with a second
kero acid. Following removal of oi-amino nitrogen by
transamination, the remaining carbon “skeleron” is de-
graded by pathways discussed in Chaprer 30.
Alanine-pyruvare aminotransferase {alanine amino-
transferase) and gluramare-ce-ketoglutarare aminotrans-
ferase (glutamate aminotransterase) catalyze the cransfer

MHZ ﬁr
L a O~
Il I
o o
] -
H{,G._‘ o0 RI,EH-\‘ c~0"
Il Il
o o

Figure 29-3. Transamination, The reaction is freely
reversible with an equilibrium constant close to unity.
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of amine groups to pyruvare (forming alanine} or ro o
ketoglutarare {forming glutamace) (Figure 29-4). Each
aminotransterase is specific for one pair of substrates
but nonspecific for the ather pair. Since alanine is also a
substrare for glutamare aminotransferase, all the amino
nitrogen from amino acids that undergo rransamina-
tion can be concentrated in glutamare. This is impor-
rant because L-gluramarte is the only amino acid that
undergoes oxidative deamination ar an appreciable rare
in mammalian tissues. The formation of ammonia
from C-amino groups thus occurs mainly via the o-
amino nitrogen of L-glutamarte.

Transaminarion is not restricted o o-amino groups.
The d-amino group of arnithine—bur not the g-amine
group of lysine—readily undergoes transamination,
Serum levels of aminotransferases are elevared in some
disease states (see Figure 7-11).

L-GLUTAMATE DEHYDROGENASE
OCCUPIES A CENTRAL POSITION
IN NITROGEN METABOLISM

Transfer of amina n'll.mgcn i ﬂ-]{rmgluuratt forms 1-
glutamate. Release of this nitrogen as ammaonia & then
catalyzed by hepatic  L-glutamate  dehydrogenase
{GDH), which can use either NAD* or NADDP* (Fig-
ure 29-5). Conversion of (-amino nitrogen to ammo-
nia by the concened action of gluramate aminotrans-
ferase and GDH iz often termed “transdeamination,”
Liver GDH activity is allosterically inhibited by AT,
GTP, and NADH and activated by ADP. The reaction
::itah‘?.::d by GDH is i-rc:t|},.' reversible and functions also
in amino acid biosynthesis (see Figure 28-1),

Amino Acid Oxidases Also Remove
Nitrogen as Ammonia

While their physiologic role is uncertain, L-amino acid
oxicases of liver and kidney convert amino acids o an
-imino acid thar decomposes 1o an -keto acid with
release of ammonium ion I:Figl.m: 29-4). The reduced
flavin is reoxidized by molecular oxygen, forming hy-

Pyruvate a-Amino acld

L-Alaning I w-Kalo acid
w-Katoghutarats a-Amino acid
L-Glutamate

a-Haeto acid

Figure 28-4. Alanine aminotransferase {top) and
glutamate aminotransferase (hottom).

maD(Pt MAD{PIH + H*

<

L-Glutamata u-Katoglutarate

Figure 29-5. The L-glutamate dehydrogenase reac-
tion. MAD{P)" means that either NADY or NADPY can
serve as co-substrate, The reaction is reversible but fa-
vors glutamate formation.

drogen peroxide (H.O,), which then is split ro O, and
1,0 by caralase,

Ammonia Intoxication Is Life-Threatening

The ammonia produced by enteric bacteria and ab-
sorbed into porral venous blood and the ammonia pro-
duced by ussues are rapidly removed from circulation
by the liver and converted to urea. Only traces (10-20
Hg/dL) thus normally are present in peripheral blood.
This is essential, since ammonia is toxic o the central
nervous system. Should portal blood bypass the liver,
systemic blood ammonia levels may rise to toxic levels.
This occurs in severely impaired heparic funcrion or the
development of collateral links beoween the porral and
systemic veins in cirthosis, Symptoms of ammeonia in-
toxication include tremor, slurred speech, blurred vi-
sion, coma, and uldmarely death. Ammonia may be
toxic o the brain in part because it reacts wich o-kevo-
glutarate to form glutamate, The resulting depleced lev-
els of a-ketoglutarate then impair function of the oi-
carboxylic acid {TCA) cycle in neurons.

MHST MH.T
| oz -
C o & o
[l Il
o o
n=-Amino acid Flavin  Flavin-H, w-lmino acid
HL0
NH,
H. 0, o, ﬁf
C o
CATALAGE ) R g
|
10, CL
HO a-Keto acid

Figure 29-6. Oxidative deamination catalyzed by
L-amino acid oxidase (L-o-aming acid:0, oxidoreduc-
tase), The c-imino acid, shown in brackets, is nota
stable intermediate.



CATABOLISM OF PROTEINS & OF AMINO ACID NITROGEM | 245

Glutamine Synthase Fixes Ammonia
as Glutamine

Formation of gluamine is catalyzed by mitochondrial
glutamine synthase (Figure 29-7). Since amide bond
synthesis 15 coupled to the hydrolysis of ATP o ADP
and P, the reaction strongly favors glutamine synthesis.
Oine funcrion of glutamine 15 to sequester ammonia in
a nontoxic form,

Glutaminase & Asparaginase Deamidate
Glutamine & Asparagine

Hydrolytic release of the amide nitrogen of gluramane
as ammonia, catalyzed by glutaminase (Figure 29-8),
strongly favors glutamate formation, The concerted ac-
ton of glutamine synthase and glutaminase thus car-
alyzes the interconversion of free ammonium jon and
glutamine, An analogous reaction is catalyzed by 1-as-
Fﬁrﬂgiﬂaﬁ:.

Formation & Secretion of Ammonia
Maintains Acid-Base Balance

Excretion into urine of ammonia produced by renal tubu-
lar cells facilitares cation conservation and regulation of
acid-base balance. Ammonia production from ineracellu-
lar renal amine acids, espectally glutamine, increases in

metabaolic addosis and decreases in metabolic alkalosis.

UREA IS THE MAJOR END PRODUCT OF
NITROGEN CATABOLISM IN HUMANS

Synthesis of 1 mol of urea requires 3 mol of ATP plus
1 mol each of ammenium ion and of the c-amine nitro-
gen ol aspartate. Five enzymes catalyze the numbered

'I‘H"E
_D"‘“C"'BHE""GH{GH“‘G"' o
] Il
o )
L-Glutamate
Mg-ATP NH

GLUTAMINE
SYNTHASE

Mg-ADP H,0
+P

Hiﬂ‘mc JEHEKGH;"W"‘-‘G B
Il Il
[#] 4]
L-Glutamine
Figure 29-7. The glutamine synthase reaction
strongly favors glutamine synthesis.

&
Ht"“‘-c.-rfGH Zl“m {CHH‘_GJ‘)_
Il ]
o o
L-Glutamine

H.0
NH
]

NH
I

O E_,,GHZ-.‘E"IE,CH-.,_G_,CI' ;

5] o
L-Glutamate

Figure 29-8. The glutaminase reaction proceeds es-
sentially irreversibly in the direction of glutamate and
NH, T formation. Note that the amide nitrogen, not the
f-aming nitrogen, is remaoved.

reactions of Figure 29-9. OFf the six participating
amino acids, Macerylgluramare funcrions solely as an
enzyme activator. The others serve as carriers of the
atoms that uldmately become wrea. The major mera-
bolic role of ornithine, citrulline, and argininosueci-
nate in mammals is urea synchesis. Urea synchesis is a
cyclic process. Since the ornithine consumed in reac-
tion 2 is regenerated in reaction 3, chere is no net loss
or gain of ornithine, citrulline, argininosuccinare, or
arginine. Ammonium ion, CO,, ATP, and aspartate
are, however, consumed. Some reactions of urea syn-
thesis occur in the marrix of the mitochondrion, other
reactions in the cyrosol (Figure 29-9).

Carbamoyl Phosphate Synthase |
Initiates Urea Biosynthesis

Condensation of CO,, ammonia, and ATP w form
carbamoyl phosphate is catalyzed by mitechondrial
carbamoyl phosphate synthase T (reaction 1, Figure
29-9), A cywosolic form of this enzyme, carbamoyl
phosphate synthase I1, uses glutamine rather than am-
monia as the nirrogen donor and functions in pyrimi-
dine biosynthesis (see Chaprer 34). Carbamoyl phos-
phate synthase I, the rare-limiting enzyme of the urea
cyele, is active only in the presence of its allosteric acti-
vator N-acetylglutamate, which enhances the affinity
of the synthase for ATP. Formation of carbamoyl phos-
phate requires 2 mol of ATP, one of which serves as a
phosphate donor. Conversion of the second ATP w
AMP and pyrophosphate, coupled o the hydrolysis of
pytophosphate to orthophosphate, provides the driving
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Figure 29-9. Reactions and intermediates of urea biosynthesis, The nitrogen-containing groups that
contribute to the formation of urea are shaded. Reactions (0 and @ ocour in the matrix of liver mitochon-
dria and reactions 3, @, and & in liver cytosol. €O, {as bicarbonate), ammenium ion, omithine, and cit-

rulling enter the mitochondrial matrix via specific carriers (see heavy dots) present in the inner membrane of

liver mitochondria,

force for synthesis of the amide bond and the mixed
acid anhydride bond of carbamoyl phosphate. The con-
certed action of GDH and carbamoyl phosphate syn-
thase 1 thus shurdes nitrogen into carbamoyl phos-
phate, a compound with high group transfer poteniial,
The reaction proceeds stepwise. Reaction of bicarbo-
nate with ATP forms carbonyl phosphate and ADP.
Ammonia then displaces ADP, forming carbamare and
orthophosphate. Phosphorylation of carbamare by the
sccond ATP then forms carbamoyl phosphate.

Carbamoyl Phosphate Plus Ornithine
Forms Citrulline

L-Ornithine transcarbamoylase catalyzes transfer of
the carbamoyl group of carbamoyl phosphate w or-
nithine, forming citrulline and orthophosphare (reac-
tion 2, Figure 29-9). While the reaction occurs in the
mitochondrial matrix, both the formation of ernithine
and the subsequent metabolism of citrulline ke place
in the cytosol. Encry of ornithine into mitochondria
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and exodus of citrulline from mitechondria therefore
involve mitochondrial inner membrane transpore sys-
tems (Figure 29-9),

Citrulline Plus Aspartate
Forms Argininosuccinate

Argininosuccinate synthase links aspartate and cic-
rulling via the amino group of aspartate (reaction 3,
Figure 29-9) and provides the second nitrogen of urea.
The reaction requires ATT and involves intermediate
formation of citrulll-AMP. Subsequent displacement
of AMP by aspartace then forms civrulline.

Cleavage of Argininosuccinate
Forms Arginine & Fumarate

Cleavage of argininosuccinate, catalyzed by argini-
nosuccinase, proceeds with retention of nitrogen in
arginine and release of the aspartare skeleton as fu-
marate {reaction 4, Figure 29-9). Addicon of water w0
fumarare forms L-malare, and subsequent NAD®-
dependent  oxidation of malate forms oxaloacerare.
These two reactions are analogous to reactions of the
citric acid cycle {see Figure 16-3) bur are catalyzed by
cytasolic fumarase and malare dehydrogenase. Transami-
nation of oxaloacetate by glutamare aminotransferase
then re-forms asparrare. The carbon skeleton of aspartate-
fumarare thus acts as a carrier of the nitrogen of glura-
miate into a precursor of wrea,

Cleavage of Arginine Releases Urea
& Re-forms Ornithine

Hydrolytic cleavage of the guanidine group of arginine,
catalyzed by liver arginase, releases urea (reaction 5,
Figure 29-9). The other product, ornithine, reenters
liver mitochondria for additional rounds of urea syn-
thesis. Ornithine and lysine are potent inhibitors of
arginase, comperitive with arginine. Arginine also serves
as the precursor of the potent muscle relaxant nitric
oxide (NO) in a Ca™-dependent reaction caralyzed by
MO synthase (see Figure 49-15).

Carbamoyl Phosphate Synthase | Is the
Pacemaker Enzyme of the Urea Cycle

The acrivity of carbamoyl phosphate synthase [ is deter-
mined by MNeacerylglutamare, whose steady-state level is
dictated by its rate of synchesis from aceryl-CoA and
glutamate and its rate of hydrolysis to acetate and glu-
tamare. These reactions are catalyzed by N-acerylglu-
tamare synthase and MNacerylglutamare hydrolase, re-
spectively. Major changes in diet can increase the
concentrations of individual urea cyele enzymes 10-fold
to 20-fold. Starvarion, for example, elevares enzyme lev-
els, presumably o cope with the increased production

of ammonia that accompanies enhanced protein degra-
dation.

METABOLIC DISORDERS ARE
ASSOCIATED WITH EACH REACTION
OF THE UREA CYCLE

Merabolic disorders of urca biosynthesis, while ex-
tremely rare, illustrate four important principles: (1)
Defects in any of several enzymes of a merabolic path-
way enzyme can result in similar clinical signs and
symproms. {2) The identification of intermediates and
of ancillary products that accumulate prior to a mera-
bolic block provides insight into the reaction thart is im-
paired, (3) Precise diagnosis rchuirc.; quantitative assay
of the activity of the enzyme thought to be defecive.
(4) Rartional cherapy must be based on an understand-
ing of the underlying biochemical reactions in normal
and impaired individuals,

All defects in urea synthesis result in ammonia in-
toxication. Intoxicarion is more severe when the mera-
bolic block occurs ar reacrions 1 or 2 since some cova-
lent linking of ammonia to carbon has already occurred
if citrulline can be synthesized. Clinical symptoms
common to all urea cycle disorders include vomiting,
avoidance of high-protein foods, intermireent ataxia, ir-
ritability, lethargy, and mental retardation. The clinical
fearures and wearment of all five disorders discussed
below are similar. Significant improvement and mini-
mization of brain damage accompany a low-protein
diet ingested as frequent small meals to avoid sudden
increases in blood ammonia levels.

Hyperammonemia Type 1. A consequence of
carbamoyl phosphate synthase T deficiency (reac-
tion 1, Figure 29-9), this relatively infrequent condirion
{estimared frequency 1:62,000) probably is familial.

Hyperammonemia Type 2. A deficiency of or-
nithine transcarbamoylase (reaction 2, Figure 29-9}
produces this X chromosome-linked deficiency. The
mothers also exhibic hyperammonemia and an aversion
to high-protein foods. Levels of glutamine are elevated
in blood. cerebrospinal Auid. and urine, probably duc
to enhanced glutamine synthesis in response o elevared
levels of tssue ammonia.

Citrullinemia. In this rare disorder, plasma and
cerebrospinal fluid cicrulling levels are elevared and
1-2 g of citrulline are excreted daily. One patient lacked
detecrable arginimosuccinate synthase acriviry (reac-
tion 3, Figure 29-9). In another, the K, for citrulline
was 25 imes higher than normal. Cirrulline and argini-
nosuccinate, which conain nitrogen destined for urea
synthesis, serve as alternative carriers of excess nitrogen.
Feeding arginine enhanced excretion of citrulling in these
patients. Similarly, feeding benzoare diverts ammonia
nitrogen to hippurate via glycine (see Figure 31-1).
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Argininosuccinicaciduria. A rare discase charac.
terized by clevared levels of argininosuccinarte in blood,
cercbrospinal fluid, and urine is associated with friable,
tufted hair (trichorchexis nodosa). Both carly-onser and
late-onser types are known. The metabolic defect is
the absence of argininosuccinase (reaction 4, Figure
29-9), Diagnosis by measurement of erythrocyte argini-
nosuccinase activity can be performed on umbilical
cord blood or amniotic fluid cells. As for citrullinemia,
teeding arginine and benzoate promotes nitrogen excre-
tion.

Hyperargininemia. This defect is characterized by
elevated blood and cerebrospinal fluid arginine levels,
low ervthrocye levels of arginase (reactdon 5, Figure
29-9), and a urinary amino acid pattern resembling
that of lysine-cystinuria. This pattern may reflect com-
petition by arginine with lysine and cystine for reab-
sorption in the renal tubule. A low-protein dier lowers
plasma ammonia levels and abolishes lysine-cystinuria,

Gene Therapy Offers Promise for
Correcting Defects in Urea Biosynthesis

Gene therapy for rectification of defects in the enzymes
of the urea cycle is an area of active investigation. En-
couraging preliminary results have been obrained, for
example, in animal models using an adenoviral vector
to treat cicrullinemia.

SUMMARY

* Human subjects degrade 1-2% of their body protein
daily at rates that vary widely berween proteins and
with physiclogic state. Key regulatory enzymes often
have short half-lives,

* Proteins are degraded by both ATP-dependent and
ATP-independent pathways. Ubiquitin targers many
i]‘l.[ra'r_'i:“'u.[;lr Fru'[::ins i—[]r dl:gr:l:i:lliun, ].JI.'I'l.'l.' ﬂ:ll sur-
face receptors bind and internalize circulatlng asialo-
glyvcoproteins destined for lysosomal degradation.

* Ammonia is highly roxic. Fish excrete NH; directly;
birds convert WH; to uric acid. Higher vercebrares
convert NH; o urea.

* Transamination channels o-amino acid nitrogen into
glutamare. L-Glutamare dehydrogenase (GDH) oc-
cupics a central position in nitrogen metabolism,

* Glutamine synthase converss WH; to nontoxic gluta-
mine. Glutaminase releases NH, for use in urea syn-
thesis,

- NH}. {_.:024 and the amide hilrt:g:h of aspattate pro-
vide the atoms of urea.

. Hcﬁaﬁf urea synthesis takes place in part in the mi-
tochondrial macrix and in part in the cytosol. Inborn
errors of metabolism are associated with cach reac-
tion of the urea cycle.

* Changes in enzyme levels and allosteric regulation of
carbamoyl phosphate synthase by MN-acerylglutamare
regulate urea biosynthesis.,
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Catabolism of the Carbon Skeletons

of Amino Acids

Victor W. Rodwell, PhD

EIOMEDICAL IMPORTANCE

This chapter considers conversion of the carbon shele-
tans of the common L-amino acids to amphibolic inter-
mediaces and the metabolic discases or “inborn errors of
metabolism” associated with these processes. Left un-
treated, they can result in irreversible brain damage and
early mortality. Prenatal or early posmaral derection
and omely inigation of wearment thus are essenmal,
Many of the enzymes concerned can be detected in cul-
tured ammniotic fluid cells, which facilitaces early diag-
nosis by amniocentesis, Treatment consists primarily of
feeding dicts low in the amino acids whose catabolism
is impaired. While many changes in the primary struc-
ture of enzymes have no adverse effects, others modify
the three-dimensional structure of caralytic or regula-
tory sites, lower catalytic efficiency {lower V., or ele-
vare K}, or alter the affinity for an allosteric regulator
of activity. A varery of murations thus may give rise to
the same clinical signs and symproms,

TRANSAMINATION TYPICALLY INITIATES
AMINO ACID CATABOLISM

Removal of t-amino nitrogen by transamination (see
Figure 28-3) 15 the first carabolic reaction of amino
acids except in the case of proline, hydroxyproline,
threonine, and lysine. The residual hydrocarbon skele-
ton s then degraded to amphibolic intermediares as
outlined in Figure 30-1,

Asparagine, Aspartate, Glutamine, and Gluta-
mate. All four carbons of asparagine and asparrare
form oxaloacetate (Figure 30-2, wop). Analogous reac-
tions convert glutamine and glutamate o a-ketoglu-
tarate (Figure 30-2, battom). Since the enzymes also
fulfill anabolic funcrions, no metabalic defects are asso-
ciated with the catabolism of these four amino acids,

Proline. Proline forms dehydroproline, glutamare-
y-semialdehyde, glutamare, and, ulomarely, a-ketoglu-
tarate (Figure 30-3, rop). The metabolic block in type
I hyperprolinemia is ar proline dehydrogenase.

Arg

= His
Hyp w-Ketoglutarate | =— Glutamals e

Ala
Cys
Ser
Thr
[
Le
™ Citrate
Pyruvate

/

Citrate
cycle

\ Pra
lle
Succinyl-CoA Met
Wal

Acetoacelyl-Coh
,—L\ Oxaloacetals Fumarate H’
Leu, Lys, Wi i e
Phe, Trp, 1
Tyr Aspartate =— Azn
Figure 30-1. Amphibaolic intermediates formed from the carbon skeletons

of amino acids.
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There is no associated impairment of hydroxyproline
catabolism. The metabolic block in type Il hyperpro-
linemia is at glutamare-y-semialdehyde dehydroge-
nase, which also functions in hydroxyproline catabo-
lism. Both proline and hydroxyproline catabolism thus
are affected and A'-pyrroline-3-hydroxy-5-carboxylate
(see Figure 30-10) is excrered.

Arginine and Ornithine. Arginine is converted
ornithine, glutamare y-semialdehyde, and then o-ke-
toglutn.rate {Figure 30-3, bortom). Mutations in or-
nithine f-aminotransferase elevate plasma and wrinary
ornithine and cause gyrate a:rnpﬁ:.r of the retina.
Treatment involves restricting dietary arginine. In hy-
perornithinemia-hyperammonemia syndrome, a de-
fective mitochondrial ornithine-citrulline antiporter
(see Figure 29-9) impairs transport ol omithine into
mitochondria for use in urea synthesis.

Histidine. Catabolism ol histidine proceeds via
urocanate, d-imidarolone-5-propionate, and MNfor-
miminoglutamate (Figlu). Formimine group transfer to
etrahydrofolate forms gluramate, then o-ketoglu-
tatate (Figure 30-4). In folic acid deficiency, group
transler is impaired and Figlu is exereted. Excretion of
Figlu following a dose of histidine thus has been used
to detect folic acid deficiency. Benign disorders af histi-
dine catabolism include histidinemia and urocanic
aciduria associated with impaired histidase.

SIX AMINO ACIDS FORM PYRUVATE

All of the carbons of glycine, serine, alanine, and cys-
teine and two carbons of threonine form pyruvate and
subsequently aceryl-Cod.

Glycine. The glycine synthase complex of liver mi-
tochondria splits glyeine w CO, and NH* and forms
N NV'"-methylene tetrahydrofolate (Figure 30-5).

Glycinuria results [rom a defect in renal tubular re-
absorption. The defect in primary hyperoxaluria is the
failure to catabolize glyoxylate formed by deamination
ol glycine. Subsequent oxidation of glyoxylate to ox-
alate resules in urolithissis, nephrocalcinosis, and early
mortality from renal failure or E}rperteminn.

Serine. Fﬂl]ﬂwitls CORVETSION Lo El}'ci.ut', r:aial}'n:d
by serine hydroxymethyltransferase (Figure 30-3),
sering catabolism merges with thar ol glycine (Figure
30-6).

Alanine. Transamination of alanine lorms pyru-
vate. Perhaps for the reason advanced under glutamare
and aspartate catabolism, there is no known metabolic
defect of alanine carabolism, Cysteine. Cystine is First
reduced to cysteine by eystine reductase (Figure
30-7). Two different pathways then convert cysteine to
pyruvare {Figure 30-8).

There are numerous abnormalities of cysteine me-
tabolism. Cystine, lysine, arginine, and ornithine are
excreted in cystine-lysinuria (cystinuria), a defect in
renal reabsorption. Apart from cystine caleuli, eystin-
uria is benign. The mixed disullide of L-cysteine and
L-homocysteine (Figure 30-9) excreted by eystinuric
patients is more soluble than cystine and reduces for-
mation of cystine caleuli. Several merabolic defects
result in vitamin By-responsive or -unresponsive ho-
mocystinurias. Delective cartier-mediated transport
ol cystine results in eystinosis (cystine storage dis-
ease} with deposition of cystine crystals in tissues
and early mortality from acute renal failure. Despite
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epidemiologic dara suggesting a relationship berween

lasma homocysteine and cardiovascular  disease,
whether homocysteine represents a causal cardiovas-
cular risk factor remains controversial,

Threonine. Threonine is cleaved o aceraldehyde
and glycine. Oxidation of aceraldehyde 1o acetate is fol-
lowed by formation of acetyl-CoA (Figure 30-10). Ca-
tabolism of glycine is discussed above,

4-Hydroxyproline. Catabolism of 4-hydroxy-1-pro-
line forms, successively, 1-A'-pyrroline-3-hydroxy-5-car-
boxylate, y-hydroxy-1-glutamare-y-semialdehyde, erythro-
+-hydroxy-.-glutamate, and o-kero-y-hydroxyglutarate.
An aldol-type cleavage then forms glyoxylate plus pyru-
vate (Figure 30-11). A defect in 4-hydroxyproline de-
hydrogenase results in hyperhydroxyprolinemia,
which is benign. There is no associated impairment of
proline carabolism,

TWELVE AMINO ACIDS FORM
ACETYL-CoA

Tyrosine. Figurc 30-12 diagrams the conversion of
tyrosing to amphiboelic intermediares. Since ascorbare is
the reducrant for conversion of p-hydroxyphenylpyru-
vate to homogentisate, scorbutic patients excrete in-
completely oxidized products of ryrosine catabolism.
Subsequent catabolism forms malevlacetoacerare, fu-
marylaceroacetate, fumarare, aceroacerare, and  ulri-
mately acetyl-CoA.

The probable metabolic defect in type I tyrosine-
mia {tyrosinosis) is ar fumarylacetoacetate hydrolase
{reaction 4, Figure 30-12), Therapy employs a dier low
in tyrosine and phenylalanine. Untreated acute and
chronic fyrosinosis leads to death from liver failure. Al-
ternate metabolites of yrosine are also excreted in type
I1 tyrosinemia (Richner-Hanhart syndrome), 2 de-
fect in tyrosine aminotransferase (reaction 1, Figure
30-12), and in neonatal tyrosinemia, duc to lowered
p-hydroxyphenylpyruvare hydroxylase activity (reaction
2, Figure 30-12). Therapy employs a dier low in
protein.

Alkaptonuria was first described in the 16th cen-
tury. Characterized in 1859, it provided the basis for
Garrod's classic ideas concerning heritable merabolic
disorders. The defect is lack of homogentisate oxidase
(reaction 3, Figure 30-12). The urine darkens on expo-
sure to air due to oxidation of excrered homogentisate.
Late in the disease, there is arthritis and connective tis-
sue pigmentation (ochronosis) due o oxidation of he-
mogentisate to benzoquinone acetate, which polymer-
izes and binds o connective tssue.

Phenylalanine. Phenylalanine is first converted w
tyrosine (see Figure 28-10). Subsequent reactions are

those of tyrosine (Figure 30-12). Hyperphenylala-
ninemias arise from defects in phenylalanine hydroxy-
lase itself {type 1, classic phen}'ll;wmnu.rii or PKU), in
dihydrobioprerin reducrase {types IT and III), or in di-
hydrobioprerin biosynthesis (types IV and V) (Figure
28-10). Alernarive catabolites are excrered {Figure
30-13). DMNA probes facilitate prenatal diagnosis of de-
fects in phenvlalanine hydroxylase or dihydrobiopterin
reductase, A diet low in phenylalanine can prevent the

mental retardadon of PEU  {frequency 1:10,000
Chen, 000
r!m;f
L-Phenylalanine
u-Ketoglutarate

L-Glutamate

ngﬂ,m
[
a

Phenylpyruvate

MADH MADH « H'
MADH + H*

@’ ~coo @’ E“GH"
1
oH

Phenylacetate Phenyllactate
L-Glutaming
Ha0
H

CH,
Phenylacetylglutamine |

CONH,

Figure 30-13. Alternative pathways of phenylala-
nine catabolism in phenylketonuria, The reactions also
accur in normal liver tissue but are of minor signifi-
cance.
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I-Hydroxykynurenine

MH,,*

OH

HO o]
Xanthurenate

Figure 30-16. Formation of xanthurenate in vitamin
B deficiency. Conversion of the tryptophan metabolite
3-hydroxykynurenine to 3-hydroxyanthranilate is im-
paired (see Figure 30-15), A large portion is therefore
converted to xanthurenate.

hirths). Elevated blood phenylalanine may not be de-
tcctable undl 3—4 days postpartum. Falsc-positives in
premature infants may reflect delayed maturation of en-
gymes of phenvlalanine catabolism, A less reliable
screening  tost employs  FeCly w0 detect  urinary
phenylpyruvate. FeCly screening for PRU of the urine

of newborn infants is compulsory in the United Stares
and many other countries.

Lysine. Figure 3014 summarizes the catabolism of
lysine. Lysine first forms a Schiff base with ¢-ketoglu-
rarate, which is reduced 1o saccharopine. In one form
of periodic hyperlysinemia, clevated lysine competi-
tively inhibits liver arginase (sce Figure 29-9), causing
hyperammonemia. Restricting dietary lysine relieves the
ammonemia, whereas ingestion of a lvsine load precipi-
rates severe crises and coma. In a different periodic hy-
perlysinemia, lysine catabolites accumulate, bur even a
lysine load does not trigger hyperammonemia. In addi-
tion to impaired synthesis of saccharopine, some pa-
tients cannot cleave saccharopine.

Tryptophan. Trvprophan is degraded to amphi-
bolic intermediates via the kynurenine-anthranilare
pathway (Figure 30-15). Tryptophan oxygenase
{tryprophan pyrrolase) opens the indole ring, incor-
porates molecular oxygen, and forms N-formylkynure-
nine. An iron porphyvrin metalloprotein thatr is in-
ducible in liver by adrenal corticosteroids and by
uryptophan,  tryprophan  oxygenase is  feedback-
inhibited by nicotinic acid derivatives, including
NADPH. Hydrolytic removal of the formyl group of
Neformylkynurening, catalyzed by kynurenine formy-
lase, produces kynurenine. Since kynureninase re-
quires pyridoxal phosphate, excretion of xanthurenare
{Figure 30-16) in response to a tryprophan load is di-
agnostic of viamin B, deficiency, Hartnup disease re-
flects impaired intestinal and renal transport of trypto-
phan and other neutral amino acids. [mfu]c derivatives
of unahsorbed tryprophan formed by intestinal bacreria
are excreted. The defect limits rryprophan availabilicy
for niacin biosynthesis and accounts for the pellagra-
like signs and symproms.

coo™ oo™
'H:_N—lzl:—H "HM—C—H

&, &,

':I:'Ha H.O P+ PP, cI:H,

é + CH, Adaning 1\"‘- ""j * “é CH.  Adenine

I:I:Hg o L-METHIONINE ém -

Ribass ADENOSYL TRANSFERASE 2
HO  OH HO OH

L-Methlonine ATP S-Adenosyl-L-methlonine

Figure 30-17.

{“active methionine")

Formation of S-adenosylmethianine. ~CH, represents the high

group transfer patential of "active methionine,”
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Figure 30-18. Conversion of methionine to propi-
anyl-CoA,

Methionine. Merhionine reacts with ATP forming
S-adenosylmethionine, “active methionine” ({Figure
30-17). Subsequent reactions form propionyl-CoA
{Figure 30-18) and ultimarely succinyl-Cod (see Fig-
ure 19-2),

THE INITIAL REACTIONS ARE COMMON
TO ALL THREE BERANCHED-CHAIN
AMINO ACIDS

Reactions 1-3 of Figure 30-19 arc analogous to those
of farty acid catabolism, Following transamination, all
three @-keto acids undergo oxidative decarboxylation
catalyeed by mitochondrial branched-chain w-keto
acid dehydrogenase. This multimeric enzyme complex
of a decarboxylase, a transacylase, and a dihydrolipoyl
dehydrogenase closely resembles pyruvare dehydroge-
nase (see Figure 17-5), Its regulation also parallels that
of pyruvate dehydrogenase, being inactivated by phos-
phorylation and reactivated by dephosphorylation (see
Figure 17—,

Reaction 3 is analogous to the dehydrogenation of
fatty acyl-CoA thioesters (see Figure 22-3). In isova-
leric acidemia, ingestion of protein-rich foods ele-
vates isovalerate, the deacylation product of isovaleryl-
CoA. Figures 30-20, 30-21, and 30-22 illustrace the
subscquent reactions unique to each amino acid skele-
ton.

METABOLIC DISORDERS OF BRANCHED-
CHAIN AMINO ACID CATABOLISM

As the name implics, the odor of urine in maple syrup
urine disease (branched-chain ketonuria) suggests
maple syrup or burne sugar. The biochemical defect in-
volves the a-keto acid decarboxylase complex (reac-
tion 2, Figure 30-19). Plasma and wrinary levels of
leucine, isoleucine, valine, 0-kero acids, and o-hydroxy
acids (reduced tt-keto acids) are clevated. The mecha-
nism of toxicity is unknown, Early diagnosis, especially
prior to 1 weck of age. employs enzymatic analysis.
Prompt replacement of dietary prowein by an amino
acid mixwure that lacks leucine, isoleucine, and valine
averts brain damage and early morality.

Muration of the dihydrolipoate reducrase compo-
nent impairs decarboxylation of branched-chain -
keto acids, of pyruvate, and of G-ketoglutarate, In in-
termittent branched-chain ketonuria, the t-kero
acid decarboxylase retains some activity, and symp-
toms occur facer in life. The impaired enzyme in iso-
valeric acidemia is isovaleryl-CoA dehydrogenase
(reaction 3, Figure 30-19). Vomuting, acidosis, and
coma follow ingestion of excess protein. Accumulated
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Figure 30-22. Subsequent catabolism of the
methacrylyl-CoA formed from L-valine (see Figure
30-19), {o-KA, a-keto acid; c-AA, a-amino acid.)

isovaleryl-CoA is hydrolyzed to isovalerare and ex-
creced.

SUMMARY

* Excess amino acids are catabolized to amphibolic in-
termediates used as sources of energy or for carhohy-
drate and lipid biosynthesis,

* Transamination is the most commeon ininal reaction
of amino acid catabolism. Subsequent reactions re-
move any additional nitrogen and restructure the hy-
df[!carhﬂn Skl:l::lnl‘.l “’Jr c{,n\'tfﬁ;ﬂn €8] u!a]{l:ll:ﬂatf,
H-krtnglularul:. pyruvate, and Jctlyl-fxﬂ.

* Memabolic discases associated with glvcine catabolism
include glycinuria and primary hyperoxaluria.

* Twa distinct pathways convert cysteine to pyruvare,
Metabolic disorders of cysteine catabolism include
cystine-lysinuria, cystine storage discase, and the ho-
mocystinurias.

L T|1:|‘f.'.'uni:n|.' Eatﬂ.hﬂ]iﬁm l.'.nl:rgl:ﬁ wilJ‘l l]'l:“. (lll E|}'Li:l‘u:

alter threonine aldolase cleaves threonine to glycine
and aceraldehyde.

* Following transamination, the carbon skeleton of ty-
rosine is degraded to fumarate and aceroacerate.
Merabolic diseases of tyrosine catabolism include ry-
rosinosis, Richner-Hanhare syndrome, neonaral ty-
rosinemia, and alkapronuria.

* Membolic disorders of phenylalanine catabolism in-
clude phenylketonuria (PELU) and several hyper-
phenvlalaninemias,

= Nﬁ:ilhﬂﬂ' I‘Li'[n:gcn n”}'sjm: umll:rgt:lts (ra.nxa.l]lihal:iun.
L‘EIJ[‘HJ“C 'I'.Iiﬁl'_':lﬁﬂ L'IJ" ]j-':iint L'alallu]isrn int_'ll.:l.rll: PETi.—
odic and persistent  forms  of  hyperlysinemia-
Amimonemea.

* The catabolism of leucine, valing, and isoleucine pre-
sents many analogies to facry acid catabolism, Meta-
bolic disorders of branched-chain amino acid carabo-
lism include hypervalinemia, maple syrup urine
disease, intermittent branched-chain ketonuria, iso-
valeric acidemia, and methylmalonic aciduria,
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Conversion of Amino Acids
to Specialized Products

Victor W. Rodwell, PhD

BIOMEDICAL IMPORTANCE

Important produces derived from amino acids include
heme, purines, pyrimidines, hormones, neurotransmir-
ters, and biologically active peprides. In addivion, many
proteins contain amino acids thar have been modified
for a specific funcrion such as binding calcium or as in-
rermediates that serve to stabilize proteins—generally
structural proteins—Dby subsequent covalent cross-link-
ing. The amino acid residues in those proceins serve as
precursors for these modified residues. Small peprides
or peptide-like molecules not synthesized on ribosomes
fulfill specific functions in cells. Histamine plays a cen-
tral role in many allergic reactions. Neurorransmitters
derived from amino acids include yaminoburyrare,
5-hydroxytrypramine (serotonin), dopamine, norepi-
nephrine, and epinephrine. Many drugs used o trear
neurologic and psychiatric conditions affect the merab-
olism of these neurotransmireers.

Glycine

Merabolites and pharmaceuricals excrered as warter-
soluble glycine conjugares include glycocholic acid
{Chapter 24) and hippuric acid formed from the food
additive benzoare (Figure 31-1). Many drugs, drug
metabolites, and other compounds with carboxyl
groups are excrered in the urine as glycine conjugares,
Glycine is incorporated into creatine {see Figure 31-6),
the nitrogen and o-carbon of glycine are incorporated
into the pyrrole rings and the methylene bridze carbons
of heme (Chaprer 32), and the entire glycine molecule
becomes atoms 4, 5, and 7 of purines (Figure 34-1).

[3-Alanine

P-Alanine, a metabolite of cysteine (Figure 34=9), is
present in coenzyme A and as B-alany! dipeprides, prin-
cipally carmnosine (see below)., Mammalian rissues form
B-alanine from cyrosine (Figure 34-9), carnosine, and
anserine (Figure 31-2). Mammalizn tissues cransami-
nate f-alanine, forming malonare semialdehyde. Body
fluid and tissue levels of P-alanine, taurine, and
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P-aminotsoburyrate are elevated in the rare metabolic
disorder hyperbera-alaninemia,

[-Alanyl Dipeptides

The P-alanyl dipeptides canosine and  anserine
{(M-methylcarnosine)  (Figure 31-2) activate myosin
ATPase, chelare copper, and enhance copper uprake,
P-Alanyl-imidazole buffers the pH of anacrobically
contracting skeletal muscle, Biosynthesis of carnaosine is
catalyzed by carnosine synthetase in a two-stage reac-
tion that involves ininal formartion of an enzyme-bound
acyl-adenylate of f-alanine and subsequent transfer of
the f-alanyl moiety to 1-histidine,

ATP +[- Alanine — - Alanyl— AMP — +PP,
[3- Alanyl— AMP + L - Histidine — Carnosine + AMP

H}-‘dl‘[]l:.-':-i;s ol carnosine 1o ﬁ-a]an'lm.' and 1-histidine is
catalyzed by carnosinase, The  heritable  disorder
carnosinase deficiency is characterized by carnosinuria,

Homocarnosine (Figure 31-2), present in human
brain at h:ig]'u..'r levels than earnosine, is _li}"l'li]"ll_'!ijzt.‘d in
brain tissue by carnosine synthetase. Serum carnosinase
does not hydrolyze homocarnosine. Homocarnosinosis,
a rare genetic disorder, is associated with progressive
:il.'ra_'il.ic parapli.'gla and mental retardation.

Phosphorylated Serine, Threonine,
& Tyrosine

The phosphorylation and dephosphorylation of seryl,
threonyl, and tyrosyl residues regulare the activiry of
certain enzymes of lipid and carbohydrare merabolism
and the properties of proweins thar participare in signal
ransducrion cascades.

Methionine

S-Adenosylmethionine, the principal source ol methyl
reoups in the body, also contributes i carbon skeleron
for the biosynthesis of the 3-diaminopropane portions
ol the polyamines spermine and spermidine (Figure

31-4).
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Figure 37-1. Biosynthesis of hippurate. Analogous
reactions occur with many acidic drugs and catabolites.

Cysteine

1-Cysteine is a precursor of the thioethanolamine por-
tion of cocnzyme A and of the taurine thar conjugares
with bilc acids such as taurocholic acid (Chaprer 26).

Histidine

Deecarbanylation of histdine to histamine is catalyzed by
a broad-specificity aromaric L-amino acid decarboxylase
that also catalyzes the decarboxylation of dopa, 3-hy-
droxytryprophan, phenylalanine. tyrosine, and trypro-
phan. t-Methyl amino acids, which inhibir decarboxy-
lase activiry, find application as anthypertensive agenes.
Histidine compounds present in the human body in-
clude ergothioneine, carnosine, and dictary anserine

(Figure 31-2). Unnar}r levels of 3- m:'t]i].r]hll.rldln: are

unusually low in pacients with Wilson’s disease.

Ornithine & Arginine

Arginine is the formamidine donor for crearine synthe-
sis (Figure 31-0) and via ornithine 1o purrescine, sper-
mine, and spermidine (Figure 31-3) Arginine is also
the precursor of the intercellular signaling molecule ni-

Ergothioneine

O, _CH.___NH'
%?.-' "‘ﬂ-l,"
N’f\‘um* Ti‘
— CH o
LFE‘GHQ’ "'\‘I:l:.#"
4]

Carnosine

n%rc.-*-c”*n ~NHs*

CH:

Homocarnosine

Figure 371-2. Compounds related to histidine, The
boxes surround the components not derived from histi-
dine. The 5H group of ergothioneine derives from cys-
teine,

tric oxide (WO that serves as a neurotransmitter,
smooth muscle relaxant, and vasodilacor. Synthesis of
NO, catalyzed by NO synehase, involves the NADIPH-
dtpcnd.:nl! reaction :Jfl.-nnorininc with DJ o }ricld L-cit-
rulline and N,

Polyamines

The polyamines spermidine and spermine (Figure
314) funcrion in cell proliferation and growth, are
%n}w:h tactors for culured mammalian cells, and stabi-
ize intact cells, subcellular organelles, and membranes.
Pharmacologic doses of polyamines are hypothermic
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and hypotensive, Since they bear multiple positive
charges, polyamines associate readily with DMA and
RMNA. Figure 314 summarizes palyamine biosynthesis.

Tryptophan

Following hydroxylation of tryprophan o 5-hydroxy-
uyptophan by liver tyrosine hydroxylase, subsequent
decarboxylation  forms  serotonin  (5-hydroxytrypta-

Hy
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SPERMINE
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adenosina

H.
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mine), a potent vasoconstrictor and stimulator of
smooth muscle contraction. Catabolism of serotonin is
initiated by monoamine oxidase-catalyzed oxidacive
deamination to S-hydroxyindoleacetate. The psychic
stimulation that follows administration of iproniazid
results from s ability to prolong the action of sero-
tonin by inhibiting monoamine oxidase. In carcinoid
{argentaffinoma), tumor cells overproduce serotonin.
Urinary metabolites of serotonin in parients with carci-

Figure 31-4. Conversion of spermidine to spermine,
Spermidine formed from putrescine (decarboxylated
L-arnithine} by transfer of a propylamine moiety from
decarboxylated 5-adenosylmethionine accepts a
second propylamine moiety to form spermidine.
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Figure 37-5. Conversion of tyrosine to epinephrine

and norepinephrine in neuronal and adrenal cells. (PLF,

pyridoxal phosphate.)

noid include Neacerylserotonin glucuronide and the
alycine conjugarte of 5-hydroxyindoleacerare. Serotonin
and 5-methoxytryptamine are metabolized to the corre-
sponding acids by monocamine oxidase. N-Acerylation
of serotonin, followed by O-methylation in the pincal
body, forms melatonin. Circulating melaronin is taken
up by all rissues, including brain, bur is rapidly metabo-
lized by hydroxylation followed by conjugation with
sulfare or with glucuronic acid.

Kidney rissue, liver tissue, and fecal bacteria all con-
vert tryptophan to uyptamine, then to indole 3-acetate.
The principal normal urinary catabolites of tryprophan
are 5-hydroxyindoleacetare and indole 3-acetare,

Tyrosine

Meural cells convert tyrosing to epinephrine and norepi-
n:phr':m: I:Figu:n: 3 I—S:I. While dupa 15 also an interme-
diate in the formation of melanin, different enzymes
hydroxylate tyrosine in melanocyres. Dopa decarboxy-
lase, a pyridoxal phosphate-dependent enzyme, forms
dopamine. Subsequent hydroxylation by dopamine
f-oxidase then forms norepinephrine. In the adrenal
medulla, phenylethanolamine-N-methyltransferase ui-
lizes S-adenosylmethionine to methylate the primary
amine of narepinephring, E'urmihg t.']:rintphri.nt' {Figure
31-5). Tyrasine is also a precursor of tilodothyronine
and thyrexine {I:I'Laptrr 42).

Creatinine

Creatinine is formed in muscle from creatine phosphare
by irreversible, nonenzymatic dehydration and loss of
phosphate (Figure 31-6), The 24-hour urinary excre-
tion of creatinine is proportionate to muscle mass.
Glyveine, arginine, and methionine all participate in cre-
atine biosynthesis. Synthesis of creatine is completed by
methylation of guanidoacctate by S-adenosylmethio-
nine (Figure 31-6).

v-Aminobutyrate

y-Aminoburyrate (GABA) functions in brain tissue as
an inhibitory neurotransmicter by altering transmem-
brane potencial differences. It is formed by decarboxyla-
tion of L-glutamate, a reaction caralyzed by L-glutamare
decarboxylase (Figure 31-7). Transamination of
aminobutyrate forms succinate semialdehyde (Figure
31-7), which may then undergo reduction to -hydroxy-
butyrate, a reaction caralyzed by 1-lactare dehydro-
eenase, or oxidation to succinate and thence via the cit-
ric acid cyele to COy and H;O. A rare genetic disorder
of GABA merabolism invalves a defective GABA amino-
transferase, an enzyme thar participates in the catabo-
lism of GABA subsequent to its postsynaptic release in
brain tissue.
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SUMMARY

In addition w their roles in proreins and polypep-
tides, amino acids participate in a wide varery of ad-
ditional biosynthetic processes.

Glycine participates in the biosynthesis of heme,
puli:n{_'s. and creatine and is {_'un'ugglt'd tor bile acids
and to the urinary metabolites of many drugs.

In addirion o its roles in phospholipid and sphingo-
sine biosynthesis, serine provides carbons 2 and & of
purines and the methyl group of thymine.
S-Adenosylmethionine, the methyl group donor for
many biosyntheric processes, also participates directly
in spermine and spermidine biosynthesis.

Glutamate and ornithine form the neurotransmitter
aminobutyrate (GABA).

The thisethanolamine of coenzyme A and the rau-
rine of taurocholic acid arise from cysteine.

» Decarboxylation of histidine forms hisramine, and

several dipeprides are derived from histidine and
B-alanine.

Arginine serves as the formamidine donor for crea-
tine biosynthesis, parricipates in polyamine biosyn-
thesis, and provides the nitrogen of nitric oxide
(N,

Impartant typrophan metabolites include serotonin,
melanin, and melatonin.

Tyrosine forms both epinephrine and norepineph-
rine, and its iodination forms thyroid hormone,
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Porphyrins & Bile Pigments

Robert K. Murray, MD, PhD

BIOMEDICAL IMPORTANCE
T‘]"II'.' I.‘iI.M.'['Il.'I:I"I.II.‘i‘I.:I'_'rI uf I.I'I.L‘ tﬂl‘P[’l}'Ti.l]S i!nil li.'lr lhi.' 1!:”1.‘ I.'I‘i.[_:-

ments is presented in this I..']'I.:IPLL‘I. These topics are
closely related, because heme is synthesized from por-
r]w‘rim and iron, and the prndu:cts of degradation of
wme are the I.u[r. igments and iron.

Knowledge of Lﬁ'ﬂ biochemistry of the porphyrins
and of hum is basic o understanding the varied furc-
tions of J'Ii:]‘l‘!lu[_‘l]‘u[l_'in:'i (see below) in the body, The
porphyrias are a group of discases caused by abnormal-
iies in 1.]1|_' pullw.'a}' uF 1.:ius}'ht|'|.|_':iis {:rllu: VArious Flur—
phyrins, Although porphyrias are not very prevalent,
physicians must be aware of them. A much more preva-
lent clinical condition is jaundice, due o elevaton of
bilirubin in the Plasn‘m. T]"u's c]L".'a.l'l{:n is due to over-
production of bilirubin or to failure of ies excretion and
is secn in numerous diseases ranging from hemolytic
anemias to viral hcl.r;:li[is and to cancer of the pancreas.

METALLOPORPHYRINS
& HEMOPROTEINS ARE
IMPORTANT IN NATURE

Parphyrins are cyclic compounds formed by the linkage
of four pyrrole rdngs through —HC= methenyl
bri 3 {Figun: 32-1). A characterstic property of the
porphyrins is the formation of complexes with metal
1ons bound to the nitrogen atom of the pyrrole rings,
Examples are the iron porphyrins such as heme of he-
moglobin and the magnesium-containing parphyrin
chlorophyll, the photosynthetic pigment of plants.
Proteins that contain heme [htmupmttinﬂ} are
widely distributed in natre. Examples of their impor-
tance in humans and animals are listed in Table 32-1,

MNatural Porphyrins Have Substituent Side
Chains on the Porphin Nucleus

The porphyrins found in nawre are compounds in
which various side chains are substituted for the eighe
hydrogen atoms numbered in the porphin nucleus
shown in Figure 32-1. As a simple means of showing
these substitutions, Fischer proposed a shorthand for-
mula in which the methenyl bridges are omicred and
each pyrrole ring is shown as indicared with che eighr
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substituent positions numbered as shown in Figure
32-2. Various porphytins are represented in Figures
32-2,32-3, and 324,

The arrangement of the acetate (A) and propionate
(P} substicuents in the uroporphyrin shown in Figure
32-2 is asymmetric {in ring IV, the expected order of
the A and P substituents is reversed). A porphyrin with
this type of asymmetric substitution is classified as a
type Il porphyrin. A porphyrin with a completely sym-
metric arrangement of the substituents is classified as a
type | porphyrin. Only types | and 111 are found in na-
ture, and the type 111 serics is far more abundant {Figure
32-3)—and more important because it includes heme,

Heme and its immediate precursor, protoporphyrin
IX (Figure 32—4}, are both oype Il porphyrins {ie, the
methyl groups are asymmerrically distribured, as in rype
[l coproporphyrin), However, they arc sometimes
identified as belonging to serics [N, because they were
designated ninth in a series of isomiers postulated by
Hans Fischer, the pioneer worker in the field of por-
phyrin chemistry,

HEME IS SYNTHESIZED FROM
SUCCINYL-COA & GLYCINE

Heme is synchesized in living cells by a pathway that has
been much studied. The two starting marerials are suc-
cinyl-CoA, derived from the citric acid cycle in miro-
chondria, and the amino acid glycine, 1"}'T1d::|x,ﬂl phos-
phate is also necessary in this reaction o “activate”
glycine. The product of the condensation reaction be-
eween succinyl-CoA and glycine is a-amino-i-ketoadipic
acid, which is rapidly decarboxylated o form t-amino-
levulinate (ALA) (Figure 32-5). This reaction sequence
is catalyzed by ALA synthase, the ratc-controlling en-
gyme in porphyrin biosynthesis in mammalian liver,
Svnthesis of ALA occurs in mitochondria. In the cy-
tosal, two molecules of ALA arc condensed by the en-
zyme ALA dehydratase to form two molecules of warer
and onc of porphebilinogen (PBG) (Figure 32-5). ALA
dehydratase is a zinc-containing enzyme and is sensitive
to inhibition by lead, as can occur in lcad poisoning,

The formation of a cyclic wetrapyrrole—ie, a por-
phyrin—occurs by condensation of four molecules of
PBG (Figure 32—6). These four molecules condense in a
head-to-tail manner to form a lincar tetrapyrrole, hy-
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Figure 32-1. The porphin molecule, Rings are la-
beled I, 11, lIl, and IV, Substituent positions on the rings
are labeled 1, 2,3, 4, 5, 6, 7, and 8. The methenyl
bridges [—HC=} are labeled «, 3, v, and &.

droxymethylbilane (HMB). The reaction is catalyzed by
uroporphyrinogen 1 synthase, also named PBG deami-
nase or HMB synthase. HMB cyclizes spontancously o
form wroporphyrinogen I (lefi-hand side of Figure
32-6) or is converted o uroporphyrinogen IIT by the
action of uroporphyrinogen 111 synthase {righr-hand side
of Figure 32-6). Under normal conditions, the uropor-
ghwinugcn formed is almost exclusively the [11 isomer,
ut in cerain of the porphyrias (discussed below), the
type | isomers of porphyrinogens are formed in excess,
Mote that both of these uroporphyrinogens have
the pyrrole rings connected by methylene bridges

Table 32-1. Examples of some important human
and animal hemoproteins.'

Protein | Function
Hemoglobin i Transport of oxygen in blood
Myoglobin i Storage of oxygen in muscle
Cytochrame e | Invelverment in electron transpart chain

Cytochrome F450 | Hydroxylation of xencbiotics

Catalase i Degradation of hydrogen peroxide

Tryptophan | Ceiclation of trypotophan
pyrrolase :

"The functions of the above proteins are described in various
chapters of this text.
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Figure 32-2. Uroporphyrin lIl. A (acetate) =

—{H,CO0H; P (propionate) = —CH,CH,COOH,

{(—CH,—), which do not form a conjugared ring sys-
temn. Thus, these compounds are colorless (as are all
porphyrinogens). However, the ]1[:r|,3h} rinogens  are
readily auto-oxidized to their respective colored por-
phyrins, These oxidations are catalyred by lighe and by
the porphyrins that are formed.

Uroporphyrinogen I is converted to copropor-
phyrinogen 1T by decarboxylation of all of the acetate
I:J"L}I groups, which r;l'L.'Lng::i them to J'nct]'l].rl I:['v'[}l subs-
stituents. The reaction is catalyzed by uroporphyrino-
gen decarboxylase, which 15 also capable of converting
uroporphyrinogen I to coproporphyrinogen 1 (Figure
31—7]. (._'npn:rpurph}winug:h I then enters the mito-
chondria, where it is converted o protoporphyrinogen
Il and then o protoporphyrin L. Several steps are
invelved in this conversion, The mitechondnal ensyme
mpmparphyﬁungtn oxidase cat:tl}r!.::s the llt'l::lri'mx‘_','-
lation and exidation of two propionic side chaing o
form pr{:tnpnrph}rrinng:n. This enzyme is able to act
anly on type [ coproporphyrinogen, which would ex-
Pl:lin why t].rp:: [ meiﬂurph}'rimﬁ do not grncr:t“}-’ oCour
in nature. The oxidation of protoporphyrinogen to pro-
toporphyrin is catalyzed by another mitochondrial en-
zyme, pmmpurphynnu-gtu oxidase. In mammalian
liver, the conversion of mpnrpnrph}rr:nngcn i) Frul!u-
porphyrin requires molecular oxygen.

Formation of Heme Involves Incorporation
of Iron Into Protoporphyrin

The final step in heme synthesis involves the incorpora-
tion of ferrous iron into protoporphyrin in a reaction
catalyzed by ferrochelatase (heme synchase), another
mitochondrial enzyme (Figure 32-4).

A summary of the steps in the biosynthesis of the
porphyrin derivatives from PBG is given in Figure
32-8. The last three enzymes in the pathway and ALA
synchase are located in the mitochondrion, whereas the
other enzymes are cytosolic. Both erythroid and non-
erythroid ("housekeeping”) forms of the first four en-
zvmes are found. Heme biosynthesis occurs in most
mammalian cells with the exceprion of mawre erythro-
cytes, which do not contain mitochondria. However,
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Figure 32-3. Uraparphyrins and coproporphyrins. A {acetate); P (propionate); M

imethyl) =—CH.; V {vinyl) =—CH—CH,.

approximarely 85% of heme synthesis occurs in eryth-
roid precursor cells in the bone marrow and the major-
ity of the remainder in hepatocytes.

The porphyrinogens described above are colorless,
containing six extra hydrogen aroms as compared with
the corresponding colored porphyrins. These reduced
porphyrins (the porphyrinogens) and not the corre-
sponding porphyrins are the actual intermediates in the
biosynthesis of protoporphyrin and of heme.

ALA Synthase Is the Key Regulatory
Enzyme in Hepatic Biosynthesis of Heme

ALA synrhase occurs in borh hepartic (ALASL) and ery-
throid {ALAS2) forms, The rare-limiting reaction in the
synthesis of heme in liver is thar caralyzed by ALAS1
(Figure 32-5). a repulatory enzyme. It appears thar
heme, probably acring through an aporepressor mole-
cule, aces as a negative regulator of the synthesis of

ALASL. This repression-derepression mechanism is de-
picted diagrammarically in Figure 32-9. Thus, the rare
of synthesis of ALAS! increases greatly in the absence
of heme and is diminished in its presence. The turnover
rate of ALAS] in rac liver is normally rapid (half-life
abour 1 hour), a common feature of an enzvme catalyz-
ing a race-limiting reaction. Heme also affects ransla-
tion of the enzyme and its transfer from the cyrosol o
the mitochondrion.

Many drugs when administered o humans can re-
sult in a marked increase in ALASL. Most of these
drugs are metabolized by a system in the liver thar ur-
lizes a specific hemoprotein, cytochrome P450 (sce
Chaprer 53}, During their metabolism, the urilization
of heme by cytochrome P450 is greatly increased,
which in turn diminishes the intracellular heme con-
centration. This lareer event effects a derepression of
ALAS] with a corresponding increased rawe of heme
synthesis to meet the needs of the cells.

Mo MW
M 1] Fe® 1] M
\\“ - Fa*
P v FERAOCHELATASE P v
F M P M
Protoporphyrin I (IX) Heme
{parent pasphyrin of hame) {prasthetic group of kemoglaobing

Figure 32-4. Addition of iron to protoporphyrin to form heme.
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Figure 32-5. Biosynthesis of porphobilinogen. ALA synthase accurs in the mitochon-

dria, whereas ALA dehydratase is present in the cytosol.

Several facrors affect drug-mediated derepression of
ALAST in |1'1.':r—c§. the administration of glur_'u.ﬂ.- can
prevent it, as can the administrarion of hematin (an ox-
idized form of heme),

The importance of some of these regulatory mecha-
nisms 15 Further discussed hl:l-uv.' when the Purph}'rl;is
are described.

Regulation of the erythroid form of ALAS (ALAS2)
differs from thar of ALASL. For instance, it is not in-
i.I.IJCt'iJ h].r I!|.1:: drug:i that :alTl:L'l. ﬁl.."..’;l. and it dur_'i not
undergo feedback regulation by heme.

PORPHYRINS ARE COLORED
& FLUORESCE

The various porphyrinogens are colotless, whereas the
various porphyrins are all colored. In the study of por-
phyrins or porphyrin derivarives, the characteristic ab-
sorption spectrum thar each exhibits—in borh the visible
and the ultravioler regions of the specrrum-—is of grear
value. An example is the absorption curve for a solution
of porphyrin in 5% hydrochloric acid {Figure 32-10).
Mote particularly the sharp absorprion band near 400
nm. This is a distinguishing feature of the porphin ring
and is characteristic of all porphyrins regardless of the

side chains present. This band is termed the Soret band
after its :li;sr.'l:]'l.rctt'r, the French F]'I.}'.‘-ici..'il Charles Soret.

When [Jurph}'rins dissalved in strong mineral acids
or in organic solvents are illuminated by ulravioler
light, they emit a strong red Auorescence. This Auores-
cence 15 50 charactenistic that it is often wsed o detect
small amounes of free ]J[erhlrr[m The double bonds
joining the py rrrole rings in the porphyrins are responsi-
ble for the characteristic absorption and flunrescence of
these L:]I‘I‘.IFH:ILI:rLLi#. l]'n:ﬁc: :.{nuhlt bonds are absent in the
porphyrinogens,

An interesting application of the ph{:l:]d}rnamic
properties of Emrph}rn'ns is their possible use in the
treatment of certain Lypes of cancer, a Fr{:r_'::du re called
cancer phumr.htmpy. Tumors often tske up more por-
phyring than do normal tissues, Thus, EITALOpOr-
phyrin or other related compounds are administered to
a patient with an appropriate tumor. The tumaor is then
exposed to an argon laser, which excites the porphyrins,
producing cytotoxic effects,

Spectrophotometry Is Used to Test
for Porphyrins & Their Precursors

Coproporphyrins and uroporphyrins are of clinical in-
terest because they are excreced in increased amounts in
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Figure 32-6. Conversion of porphobilinogen to uro-
porphyrinogens. Uroporphyrinogen synthase | is also
called porphobilinogen (PBG) deaminase or hydroxy-
methylbilane (HMB) synthase.

thc parphyrias. These compounds, when present in
urine or feces, can be separated from cach other by ex-
traction with appropriste solvent mixtres. They can
then be idennfied and quancified wsing spectrophoro-
metric methods,

ALA and PBG can also be measured in urine by ap-
propriate colorimetric teses.

THE PORPHYRIAS ARE GENETIC
DISORDERS OF HEME METABOLISM

The porphyrias are a group of disorders due to abnor-
malities in the I'.I:II‘I'I\'-\'E}-' of hiusynrhﬁ'ﬁ of heme; r]'lt,'y
can be genetic or acquired, They are not prevalent, but
it is imporant o consider them in certain circum-
stances (eg, in the differennal diagnosis of abdominal

pain and of a variety of neuropsychiarric findings); oth-
erwise, patients will be subjected to inappropriace weart-
ments. It has been speculated that King George 111 had
a type of porphyria, which may account for his periodic
confinements in Windsor Castle and perhaps for some
of his views regarding American colonisis. Also, the
photosensitivity (favoring nocturnal activities) and se-
vere disfigurement exhibited by some victims of con-
genital erythropoietic porphyria have led o the sugges-
tion that these individuals may have been the
prototypes of so-called werewolves. No evidence to sup-
port this notion has been adduced.

Biochemistry Underlies the
Causes, Diagnoses, & Treatments
of the Porphyrias

Six major wpes of F!:]l‘[!]‘t]."l.‘la have besn described, re-
sulung from dl:prt";'ﬂnm in the activities of enzymes 3
lhr::ugh 8 shown in Figure 32-9 (see also Table 32-2),
J'-'L'.sa}' of the activity of one or more of these enzymes
uftmg an Jpprnprl:n: source (g, red blood u:“\] 15 thus
important in making a definitive diagnosis in a sus-
pected case of porphyria, Individuals with low activities
of enzyme 1 (ALAS2) df'.'elnll anemia, not porphyria
{see Table 32-2). Patiencs with low acrivites [:r:nz}rml:
2 (ALA dehydratase) have been reported, but very
rarely; the resulting condition is called ATA dehy-
dratase-deficient porphyria.

In general, the porphyrias deseribed are inherited in
an autosomal dominant manner, with the exception of
congenital erythropoietic porphyria, which is inherited
in a recessive made. The precise abnormalities in the
penes directing synthesis of the enzvenes involved in
heme biosynthesis have been determined in some in-
stances. Thus, the use of appropriate gene probes has
made possible the prenatal diagnosis of some of the
purph}-n.u

As is true of most inborn errors, the signs and symp-
toms of porphyria result from either a deficiency of
metabolic products beyond the enzymatic block or
from an accumulation of metabolices behind the block.

If the enzyme lesion oceurs early in the pathway
Friur to the formation ufpnrphyrinngcns {:g.. tmr.]r‘lm: 3
of Fiﬁm: 32-9, which is affecred in acure intermitene
porphyria), ALA and PBG will accumulate in body tis-
sues and  Auids {Figurl: 32-11). El:init_'u“y., E]a[i.l:l'll'_li
cumplaln of abdominal E]a.i.l'l and h:um]:::i}rr_'l'llalri{_'
symptoms. The precise biochemical cause of these
symptoms has not been determined but may relate to
elevated levels of ALA or PBG or to a deficiency of
heme.

On the other hand, enzyme blocks later in the path-
way result in the accumulation of the porphyrinogens
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Figure 32-8. 5teps in the biosynthesis of the porphyrin derivatives from porphobilinogen. Uropor-
phyrinogen | synthase is also called porphobilinogen deaminase or hydroxymethylbilane synthase,
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Figure 32-9. Intermediates, enzymes, and regulation of heme syn-
thesis. The enzyme numibers are those referred to in column 1 of Table
32-% Enzymes 1, 6, 7, and & are located in mitochondria, the others in
the cytosol, Mutations in the gene encoding enzyme 1 causes X-linked
sideroblastic anemia. Mutations in the genes encoding enzymes 2-8
cause the porphyrias, though only a few cases due to deficiency of en-
zyme 2 have been reported. Regulation of hepatic heme synthesis oc-
curs at ALA synthase (ALAST) by a repression-derepression mecha-
nism mediated by heme and its hypothetical aporepressar, The
dotted lines indicate the negative ((5)) regulation by repression, En-
zyme 3 is also called porphobilinogen deaminase or hydroxyrnethyl-
hilane synthase.
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Biochemical causes of the major

signs and symptoms of the porphyrias,

Table 32-2. Summary of major findings in the porphyrias.'

Enzyme Involved® | Type, Class, and MIM Number Major Signs and Symptoms Results of Laboratory Tests
1. ALA synthase ¥-linked sideroblastic anemia® | Anemia Red cell counts and hermoglobin
{erythroid form) {erythropaietic) (MIM decreased
201300
2. ALA dehydratase ALA dehydratase deficiency Abdominal pain, neurcpsychiatric | Urinary d-aminolevulinic acid
{hepatic) (MIM 125270) symptoms

3. Uroporphyrinogen |
synthase®

4, Uroporphyrinogen Il
synthase

5, Uroporphyrinegen
decarbonylase

6. Coproporphyrinogen
oxidase

7. Protoporphyrinogen
axidase

8. Ferrochelatase

Acute intermittent porphyria
{hepatic) {(MIM 176000)

Congenital erythropoietic
{erythropoietic) (MIM
263700}

Porphyria cutanea tarda (he-
patic) (MIM 178700)

Hereditary coproporphyria
{hepatic) {MIM 121300)

Variegate porphyria (hepatic)
{MIM 176200)

Protoporphyria lerythropoietic)
{MIM 177000}

Abdominal pain, neuropsychiatric
symptoms

Mo photosensitivity

Photosensitivity

Photosensitivity, abdominal pain,
neuropsychiatric symptoms

Photosensitivity, abdaominal pain,
neuropsychiatric symptoms

Photosensitivity

Urinary porphobilinogen positive,
uroporphyrin positive

Uraparphyrin positive, porphao-
bilinogen negative

Uraparphyrin positive, perpho-
hilinogen negative

Urinary parphobilinagen posi-
tive, urinary uroporphyrin
positive, fecal protopor-
phyrin pasitive

Urinary porphobilinogen posi-
tive, fecal protoparphyrin
positive

Fecal protoporphyrin posi-
tive, red cell protoporphyrin
positive

"Only the bischemical findings in the active stages of these diseasss are listed. Certain biochemical abnormalities are detectabls in the la-
tent stages of seme of the above conditions. Conditions 3, 3, and 8 are generally the most prevalent porphyrias.

The numbering of the enzymes in this table corresponds to that used in Figure 32-8
*¥-linked sideroblastic anemia is not a porphyria but is included here because A-aminolevulinic acid synthase is invalved.
“This enzyme is also called porphobilinegen deaminase or hydroxymethylbilane synthase.
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indicared in Figures 32-9 and 32-11. Their oxidarion
products, the corresponding porphyrin  derivatives,
cause photosensitivity, a reaction to visible light of
about 400 nm. The porphyrins, when exposed o lighe
of this wavelength, are thought w become “excited”
and then react with molecular oxypen o form oxygen
radicals. These latter species injure lysosomes and other
organelles. Damaged lysosomes release their degradarive
erzymes, causing variable degrees of skin damage, in-
cluding scarring,

The porphyrias can be classified on the basis of the
organs or cells that are most affected. These are gener-
ally organs or cells in which synthesis of heme is partic-
ularly active. The bone marrow synthesizes considerable
hemoglobin, and the liver is active in the synthesis of
another hemoprotein, cytochrome P450. Thus, one
classificarion of the porphyrias is to designare them as
predominandy either erythropoietic or hepatics the
types of porphyrias that fall into these two classes are so
characrerized in Table 32-2. Porphyrias can also be
classified as acute or cutaneous on the basis of their
clinical features. Why do specific types of porphyria af-
fect certain organs more matkedly than others? A par-
tial answer is that the levels of metabolites thatr cause
damage (g, ALA, PBG, specific porphyrins, or lack of
heme} can vary markedly in different organs or cells de-
pending upon the differing activities of their heme-
forming enzymes.

As described above, ALASI is the key regulatory en-
zyme of the heme biosynthetic pathway in liver. A large
number of drugs {eg, barbiturates, griseofulvin) induce
the enzyme. Most of these drugs do so by inducing cy-
tochrome P450 (see Chapter 53), which uses up heme
and thus derepresses (induces) ALASL. In patients with
porphyria, increased activities of ALAS! result in in-
creased levels of potentially harmful heme precursors
prior to the merabolic block. Thus, taking drugs thar
cause induction of cytochrome P450 (so-called micro-
somal inducers) can precipitate artacks of porphyria.

The diagnosis of a specific type of porphyria can
generally |:n: established by consideration of the clinical
and family history, the physical examination, and ap-
propriate laboratory tests. The major findings in che six
principal types of porphyria are listed in Table 32-2.

High levels of lead can affect heme metabolism by
combining with SH groups in enzymes such as fer-
rochelatase and ALA dehydracase. This affects por-
phyrin metabolism, Elevated levels of protoporphyrin
are found in red blood cells, and elevared levels of ALA
and of coproporphyrin are found in urine.

It is hoped that treatment of the porphyrias ar the
gene level will become possible. In the meantime, wear-
ment is essentially sympromaric. It is important for pa-
tients to avoid drugs that cause induction of cyto-

chrome P450. Ingestion of large amounts of carbohy-
drates (glucose loading) or administration of hematin (a
hydroxide of heme) may repress ALASI, resulting in di-
minished production of harmful heme precursors. Pa-
tients exhibiting photosensitivity may benefit from ad-
ministration of [-carotene; this compound appears
lessen production of free radicals, thus diminishing
photosensitivity. Sunscreens char fileer our visible lighe
can also be helpful to such parients.

CATABOLISM OF HEME
PRODUCES BILIRUBIN

Under physiologic conditions in the human adulr, 1-2
» 10% erythrocyres are destroved per hour. Thus, in |
day, a 70-kg human turns over approximately 6 g of he-
uglubm When hemoglobin is destroyed in the body,
in is degraded o it constiruent amino acids,
wh:ch are rewsed, and the iron of heme enters the iron
ool, also for reuse. The iron-free porphyrin portion of
eme is also degraded, mainly in rmreticulmndmhelial
cells of the liver, spleen, and bone marrow.

The catabolism of heme from all of the heme pro-
teins appears to be carried out in the micresomal frac-
tions of cells by a complex enzyme system called heme
oxygenase. By the time the heme derived from heme
proteins reaches the oxygenase system, the iron has usu-
ally been oxidized o the ferric form, constiruting
hemin. The heme oxygenase system is substrate-in-
ducible. As depicred in Figure 3212, the hemin is re-
duced to heme with NADPH, and, with the aid of
more MADPH, oxygen is added w the o-methenyl
bridge berween pyrroles 1 and II of the porphyrin. The
terrous iron is again exidized to the ferric form. With
the further addition of oxvgen, ferric ion is released,
carbon monoxide is pmnﬁced and an equimolar
quantity of biliverdin results from the splicing of the
terrapyrrole ring.

In birds and amphibia, the green biliverdin X is ex-
creted; in mammals, a soluble enzyme called biliverdin
reductase reduces the methenyl bridge berween pyrrole
I and pyrrole IV to a methylene group o produce
bilirubin, a yellow pigment (Figure 32-12).

It is estimated that | g of hemoglobin yields 35 mg
of bilirubin. The daily bilirubin formation in human
adules is approximarely 250-350 mg, deriving mainly
from hemoglobin bur also from ineffective erychro-
poiesis and from various other heme proteins such as
cytochrome P450,

The chemical conversion of heme o bilirubin by
reticuloendothelial cells can be observed in vivo as the
purple color of the heme in a hemaroma is slowly con-
verted to the yellow pigment of bilirubin.
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Figure 32-12. Schematic representation of the microsomal heme oxygenase system. (Modified from
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Bilirubin formed in peripheral tissues is transported
to the liver by plasma algumin_ The further metabolism
of bilirubin ocours primarily in the liver, It can be di-
vided into three processes: {1} uprake of bilirubin by
liver parunch}rmar cells, (2) conjugation of bilirubin
with glucuronare in the endoplasmic reticulum, and {3)
secretion of conjugated bilirubin into the bile. Each of
these processes will be considered separarely.

THE LIVER TAKES UP BILIRUBIN

Bilirubin is only sparingly soluble in water, but its solu-
bility in plasma is increased 'h].r noncovalent binding to
albumin, Each molecule of albumin appears to have
one high-affinity site and one low-affinity site for
bilirubin. In 100 mL of plasma, approximately 25 my
of bilirubin can be lighlh’ bound to albumin ac its high-
affinity site, Bilirubin in excess of this quantiey can be
bound only loosely and thus can easily be detached and
diffuse inte tssues, A number of compounds such as
antibiotics and other drugs compere with bilirubin for
the higl‘l—ai“nll}' hln{!ihg site on albumin, Tl‘ILL'i.. these
compounds can displace bilirubin from albumin and
have significant clinical effects.

In 1!]1’::: liver, the bilirubin is rermoved from albumin
and rtaken up at I!hc sinusoidal surface of the heparto-
cytes by a carrier-medisted saturable system. This facil-
itated transport system has a very large capacity, so
that even under pathologic conditions the system does
not appear to be rzl:-]'lrnitihg in the metabolism of
bilirubin,

Since this facilitated transport system allows the
::.]ui]lhrlum of bilirubin across the sinusoidal mem-
brane :.1['111:: ht]:utuc}.rt::. the net upta Lu: u['hi]lruhin wi“
be dependent upon the removal of bilirubin via subse-
guent metabolic pathways.

Once bilirubin enters the hcpumc_-,-t:ﬁ. it can bind to
certain L'}"lmil::li.c |:|1't.|n|l|:ins1 which ]'I.I:IF 1] kttp it solubi-
lized prior to conjugation. Ligandin (2 family of 1![;ll.L—
rathione S-transferases) and protein Y are the involved
proteins, TI‘I::}-‘ may also help to prevent efflux of biliru-
bin |::acL; inta the l'.ulunrj stream.

Conjugation of Bilirubin With Glucuronic
Acid Occurs in the Liver

Bilirubin is nonpolar and would persist in cells (eg,
bound to lipids} if not rendered warer-soluble. Hepato-
cyvres convert bilirubin 1o a polar form, which is readily
excreted in the bile, by adding glucuronic acid mole-
cules to it. This process is called conjugation and can
employ polar molecules ather than glucuronic acid (eg,
sulfare). Many steroid hormones and drugs are also

converted o water-soluble derivarives by conjugation in
preparation for excretion (see Chaprer 53).

The conjugation of bilirubin is catalyzed by a spe-
cific glucuronosyloransterase. The enzyme is mainly
located in the endoplasmic reticulum, uses UDP-
glucuronic acid as the glucuronosyl donor, and is re-
terred to as bilirubin-UGT. Bilirubin monoglucuronide
is an intermediate and is subsequently converted 1o the
diglucuronide (Figures 32-13 and 32-14). Most of the
bilirubin excreted in the bile of mammals is in the form
of bilirubin diglucuronide. However, when bilirubin
conjugates exist abnormally in human plasma {eg, in
obstructive jaundice), they are predominantly mono-
glucuronides. Bilirubin-UGT activity can be induced
by a number of clinically useful drugs, including phe-
nobarbiral. More information abour glucuronosylation
is presented below in the discussion of inherited disor-
ders of bilirubin conjugarion.

Bilirubin |s Secreted Into Bile

Secretion of conjugated bilirubin into the bile accurs by
an active transport mechanism, which is probably rate-
limiting for the entire process of hepatic bilirubin me-
tabolism. The protein involved 35 MRP-2 (multidrug
resistance-like protein 2}, also called muluspecific ar-
ganic anion transporter (MOAT). It is located in the
plasma membrane of the bile canalicular membrane
and handles 2 number of organic anions. It is a member
of the family of ATP-binding cassette (ABC) trans-
porters, The hepatic transport of conjugated bilirubin
into the bile is inducible by those same drugs thar are
capable of inducing the conjugation of bilirubin. Thus,
the conjugation and excretion systems for bilirubin be-
have as a coordinated functional unic,

Figure 32-15 summarizes the three major processes
involved in the transfer of bilirubin from blood to bile.
Sites that are affected in 2 number of conditions caus-
ing jaundice (see below) are also indicared.

o
'DD:::::HE:J}J:—m—:I:l g—ﬂ—cml-ww:w
he G,

e éHE.

Suligiyiiyh

Figure 32-13. Structure of bilinubin diglucuronide
tconjugated, “direct-reacting” bilirubin). Glucuronic
acid is attached via ester linkage to the two propionic
acid groups of bilirubin to form an acylglucuronide.



PORPHYRINS & BILE PIGMENTS [ 281
UDP-3L UCOSE
DEHYDADGENASE
UDP-Glucose 7T’ UDP-Glucuronic acid
ZNAD* ZMADH & 2H*
UDP-GLUCURONOSYL:
UDP-Glucuronic acid TRANSFERARE Bilirubin monaglucuronide
- +
) Bilirubin upe
Figure 32-14. Conjugation of bilirubin
with glucumni_c a:i_d. The glucuronate donor, M e
UDP-glucuranic acid, is formed from LUDP- UDP-Ghicuranls acid THANSFERASE Biirubin dighucuronide
glucose as depicted. The UDP-glucuronosyl- - + _ - +
transferase is also called bilirubin-UGT, Bt Monogiucurahide uoe

BLOOD
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1. UPTAKE

HEFATOCYTE ¥
Bilinukin
2. CONJUGATION
Neonatal jaundica
“Toxie” jaundice

Cngler-Majjar syndrome
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Bilirubin diglucuronide
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BILE DUCTULE Y
Bilirubin diglucuronide

Figure 32-15. Diagrammatic representation of the
three major processas (uptake, conjugation, and secre-
tion) involved in the transfer of bilirubin from blood to
bile. Certain proteins of hepatocytes, such as ligandin {a
family of glutathione S-transferase) and ¥ protein, bind
intracellular bilirubin and may prevent its efflux into the
blood stream. The process affected in 2 number of con-
ditions causing jaundice is also shown,

Conjugated Bilirubin Is Reduced to
Urobilinogen by Intestinal Bacteria

As the conjugated bilirubin reaches the terminal ileum
and the large intestine, the glucuronides are removed by
specific bacrerial enzymes (P-glucuronidases), and the
pigment is subsequently reduced by the fecal flora w a
Ernup of colotless tetrapyrrolic compounds called ure-
ilinogens (Figure 32-16). In the terminal ileum and
large intestine, a small fraction of the urobilinogens is re-
absorbed and reexcrered through the liver 1o constirute
the enterohepatic urobilinogen cycle. Under abnormal
conditions, particularly when excessive bile pigment is
formed or liver disease interferes with this intrahepatic
cycle, urobilinogen may also be excrered in the urine.
MWormally, most of the coloress urobilinogens
formed in the colon by the fecal flora are oxidized there
to urobilins {colored compounds) and are excreted in
the feces (Figure 32-16). Darkening of feces upon
standing in air is due o the oxidaton of residual uro-
bilinogens to urobilins.

HYPEREBILIRUBINEMIA CAUSES
JAUNDICE

When bilirubin in the blood exceeds 1 mg/dL (17.1
umol/L), hyperbilirubinemia exists. Hyperbilirubine-
mia may be due o the production of more bilirubin
than the normal liver can excrere, or it may result from
the failure of a damaged liver to excrete bilirubin pro-
duced in normal amounts. In the absence of heparic
damage, obstuction of the excretory ducts of the
liver—by prevenring the excretion of bilirubin—uwill
also cause hyperbilirubinemia. In all these siruations,
bilirubin accumulaces in the blood, and when it reaches
a cerrain concentration (approximately 2-2.5 mg/dL),
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Figure 32-16. Structure of some bile pigments,

it diffuses into the tissues, which then become yellow,
That condition is called jaundice or icterus,

In clinical studies of jaundice, measurement of
bilirubin in the serum is of great value. A method for
quantitatively assaying the bilirubin content of the
SETUM wils Hr:ir dn'i.t;l:d hy van den Hu:rgh h}r app“:atinn
of Ekrlich’s test for bilirubin in urnine. The Ehrlich reac-
ton 15 based on the coupling of diazotized sulfanilic
acid (Ehrlich’s diazo reagent) and bilirubin to produce
# reddish-purple azo compound. In the ariginal proce-
dure as described by Ehtlich, methanol was used w
provide a soluton in which both bilirubin and the
diazo regent were soluble. Van den Bergh inadvertendy
nmirtﬂi t]'u: m:rhannl nn an ncc:lsinn w]'u:n assay of hile
pigment in human bile was being avempred. To his
surprise, normal development of the color nccurred "di-
r::cl:|1_r'." This form of bilirmbin that would react withoue
the addition of methanol was thus termed “direct-
reacting.” It was then found that this same direct reac-
non would also eccur in serum from cases of jaundice
due to hiliar}r ohstruction. However, it was still neces-
sary to add methanol to detect bilirubin in normal
serum or that which was present in excess in serum
from cases of hemolytic jaundice where no evidence of
ohstruction was to be found, To that form of bilirubin
which could be measured only after the addition of
methanol, the term “indirect-reacting” was applied.

Tt was subsequently discovered cthat the indirect
bilirubin 15 “free” (unconjugated) bilirubin en route to
the liver from the reticuloendothelial tissues, where the
bilirubin was originally produced by the breakdown of
heme pnrph}'rin.li. Since this bilirubin 1 not water-solu-
ble, it requires methanol to initate coupling with the
diazo reagent. In the liver, the free hilirubin becomes
conjugated with glucuronic acid, and the conjugate,
hilirubin glucuronide, can then be excreted into the
hile. Furthermore, conjugated bilirubin, being water-

soluble, can react directly with the diazo reagent, so
thar the “direct hilirubin™ of van den B::rgh is actually a
bilirubin conjugate (bilirubin glucuronide),

Depending on the type of bilirubin present in
F]:_'ima—i:, un{.‘l::njugun:d or cnnjugﬂt::l—h}rp:rbi]iru-
hinemia may bhe classified as retention hﬂxrbi]im—
binemia, due to overproduction, or regurgitation hy-
perbilirubinemia, due o reflux intw the bloodstream
because of biliary ohstruction,

Because of ies hydrophobicity, only unconjugated
bilirubin can cross the blood-brain barrier into the cen-
tral nervous system; thus, encephalopathy due o hyper-
bilirubinemia {kernicterus) can occur only in connec-
tian wirh unmnjugﬁtﬂ[ bi]inLh'in. 3% ﬁ:und in rcrfnrlnn
hyperbilirubinemia. On the other hand, because of s
warer-solubility, only conjugated bilirubin can appear
in urine. Accordingly, chelurc jaundice (choluna is
the presence of hile p'lgrnl:nt.li in the urin:} OCCuts :ml].-'
m regurgitation  hyperbilirubinemia, and acholuric
jaundice occurs only in the presence of an excess of un-
conjugated bilirubin,

Elevated Amounts of Unconjugated
Bilirubin in Blood Occur in a Number
of Conditions

A. HEmoLYTIC ANEMIAS

Hemolvric anemias are important causes of unconju-
Eated hyperbilirubinemia, though unconjugated hyper-
ilirubinemia is usually only slight (< 4 mg/dL; < 68.4
Wmol/L) even in the event of extensive hemolysis be-
cause of the healthy liver's large capacirty for handling
bilirubin.

B. MeonaTAL “PHysioLoacic JaunDice”

This rransient condition is the most common cause of
unconjugated hyperbilirubinemia. It resules from an ac-



celerated hemolysis around the time of birth and an im-
mature heparic system for the uptake, conjugation, and
secretion of bilirubin, Not only is the bilirbin-UGT
activiry reduced, but there probably is reduced synthesis
of the substrate for thar enzyme, UDP- -glucuronic acid.
Since the increased amount of bilirubin is unconju-
gated, it is capable of penctrating the blood-brain bar-
rier when its concentration in plasma exceeds that
which can be dghtdy bound by albumin (20-25
mg/dL}. This can result in a h}fpcr’niiirubincmic toxic
encephalopathy, or kernicterus, which can cause men-
tal retardation. Because of the recognized inducibilicy
of this bilirubin-metabolizing system, phenobarbiral
has been administered to jaundiced neonartes and is ef-
fective in this disorder. In addition. exposure o blue
light (phototherapy) promotes the heparic excrerion of
unconjugated bilirubin by converting some of the
bilirubin to other derivatives such as maleimide frag-
ments and geometric isomers that are excreted in the

bile.

C. CriLER-Navar SYynDrOME, Tyee I;
CONGENITAL NONHEMOLYTIC JAUNDICE

Type I Crigler-Najjar syndrome is a rare autosomal re-
cessive disorder. [t is characterived by severe congenital
jaundice (serum balirubin usually exceeds 20 mg/dL}
due to mutations in the gene encoding bilimbin-UGT
activity in hepatic vssues, The disease is often fatal
within the first 15 months of life. Children with this
condition have been treated with phototherapy, resule-
ing in some reduction in plasma biliubin levels. Phe-
nobarbital has no effect on the formation of bilirubin
glucuronides in patients with type [ Crigler-INajjar syn-
drome. A liver transplant may be curative,

D. CricLER-NALAR SYNDROME, TYPE 1

This rare inherited disorder also results from mutations
in the gene encoding bilirubin-UGT, but some activity
of the enzyme is retained and the condition has 2 more
benign course than type 1. Serum bilirubin concentra-
tions usually do not exceed 20 mg/dL. Patents with
this condition can respond to treatment with large

doses of phenobarbiral,

E. GILEERT SYNDROME

Again, this is caused by mutations in the gene encoding
bilirubin-UGT, but approximately 30% of the en-
zyme's actvity is preserved and the condition 15 entirely
harmless.

F. Toxic HYPERBILIRUBINEMIA

Unconjugated  hyperbilirubinemia can result  from
toxin-induced liver dysfunction such as that caused by
chloroform, arsphenamines, carbon terrachloride, ace-
taminophen, hepatitis virus, cirthosis, and Amanit
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mushroom poisoning, These acquired disorders are due
to hepatic parenchymal cell damage, which impairs
CoOnjugation.

Obstruction in the Biliary Tree Is the
Commonest Cause of Conjugated
Hyperbilirubinemia

A. OBSTRUCTION OF THE BiLiary TREE

Conjugated hyperbilirubinemia commonly results from
hl{:::kagr af the hepatc or common bile duces, most
often due o a gallstone or to cancer of the head of the
prancreas. Because of the u]JEan:l:lJ'un. h'llirul'rih dig]u-
curonide cannor be excreted. Tt thus regurgitates into
the hepatic veins and lymphatics, and conjugated
bilirubin appears in the blood and urine {choluric jaun-
dice).

The term cholestatic jaundice is used w include all
cases of extrahepatic obstructive jaundice. It also covers
those cases of jaundice thar exhibic conjugated hyper-
bilirubinemia due o micro-ohstruction of intrahepatic
biliary ductules by swollen, damaged hepatocyres (eg, as

may ocour il.'! lnﬁr{.‘tiuuﬁ J'IEFH:[iiiS].

B. DuBIN-JOHNSON SYNDROME

This benign autosomal recessive disorder consists of
conjugated hyperbilirubinemia in childhood or during
adult life. The hyperbilirubinemia is caused by muta-
tions in the gene encoding MRP-2 (see above), the pro-
tein involved in the secretion of conjugated bilirubin
into bile. The eentrilobular hepatocytes contain an ab-
normal black pigment that may be derived from epi-
nephrine,

C. RoTOR SYNDROME

This is a rare benign condition characterized by chronic
conjugated hyperbilirubinemia and normal liver histol-
ogy. Its precise cause has not been identified, bur i is
thought to be due 10 an abnormality in hepatic storage.

Some Conjugated Bilirubin Can Bind
Covalently to Albumin

When levels of conjugated bilirubin remain high in
plasma, a fraction can bind covalently to albumin {delea
bilirubin}. Because it is bound covalently o albumin,
this fraction has a longer half-life in plasma than does
conventional conjugated bilirubin, Thus, it remains ele-
vated during the recovery phase of obstructive jaundice
after the remainder of the conjugated bilirubin has de-
clined to normal levels; this explains why some patients
continue to appear jaundiced after conjugated bilirubin
levels have recurned to normal.
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CHAPTER 32

Table 32-3. Laboratory results in normal patients and patients with three different causes of jaundice,

Condition Serum Bilirubin Urine Urobilinogen
Mormal | Direct: 0.1-0.4 mg/dL |04 mg/24 h
i Indirect: 0.2-0.7 mg/dL
Hemolytic anemia | T Indirect | Increased
Hepatitis ' T Direct and indirect | Decreased if micro-
| obstruction is
i present
Ohbstructive jaundice’ i T Direct Absent

Urine Bilirubin Fecal Urobilinogen
Absent 40-280 mg/2d h
Absent Increased
Present if micro- Decreased
obstruction accurs |
Present Trace to absent

The commaonest causes of obstructive (posthepatic) jaundice are cancer of the head of the pancreas and a gallstone lodged in the com-
mon bile duct, The presence of bilinubin in the wrine is sometimes referred to as choluria—therefore, hepatitis and obstruction of the
comman bile duct cause choluric jaundics, whereas the jaundice of hemolytic anemia is referred to as acholuric. The laboratary results in
patients with hepatitis are variable, depending on the extent of damage to parenchymal cells and the extent of micro-obstruction to bile
ductules. Serum levels of ALT and AST are usually markedly elevated in hepatitis, whereas serum levels of alkaline phosphatase are ele-

vated in obstructive liver disease.

Urobilinogen & Bilirubin in Urine
Are Clinical Indicators

Normally, there are mere traces of urobilinogen in the
urine. In complete obstruction of the bile duct, no
urahilinogen is found in the urine, since bilirubin has
no access to the incestine, where it can be converted o
urchilinogen. In this case, the presence of bilirubin
{conjugated) in the urine withour urobilinogen suggests
obsrructive jaundice, either intrahepatic or postheparic.

In jaundice secondary 1o hemolysis, the increased
production of bilirubin leads to increased production of
urobilinogen, which appears in the urine in large
amounts. Bilirubin is not usually found in the urine in
hemolytic jaundice (because unconjugared bilirubin
does not pass into the urine), so that the combination
of increased urobilinogen and absence of bilirubin is
suggestive of hemaolytic jaundice. Increased blood de-
struction from any cause brings about an increase in
urine urobilinogen,

Table 32-3 summarizes laboratory results obrained
on patients with three different causes of jaundice—he-
molytic anemia (a preheparic cause), heparits (a hepartic
cause), and obstruction of the common bile duct (a
posthepatic cause). Laboratory tests on blood (evalua-
tion of the possibility of a hemolviic anemia and mea-
surement of prothrombin time) and on serum leg, elec-
trophoresis of proteins; activities of the enzymes ALT,
AST, and alkaline phosphatase) are also important in
helping o distinguish berween prehepartic, heparic, and
posthepatic causes of jaundice,

SUMMARY

* Hemoproteins, such as hemoglobin and the ey
tochromes, contain heme. Heme is an iron-por-
phyrin compound (Fe™*-prowporphyrin  IX) in

which four pyrrole rings are joined by methenyl
bridges. The eight side groups (methyl, vinyl, and
propionyl substituents) on the four pyrrole rings of
heme are :i.rr:ingrr] in a xp::ciﬁr_' sefjuence.

Biosynthesis of the heme ring occurs in mitochondria
and cytosol via cight enzymaric steps. [t commences
with formartion of d-aminolevulinate (ALA)} from
succinyl-CoM and glycine in a reaction caralyzed by
ALA synthase, the regulatory enzyme of the pathway.
Genetically determined abnormalitics of seven of the
cight enzymes involved in heme binsynchesis resulr in
the inherited porphyrias. Red blood cells and liver
arc the major sites of metabolic expression of the por-
phyrias. Photosensitivicy and neurologic problems
are common complaines. Intake of certain com-
pounds (such as lead) can cause acquired porphyrias,
[ncreased amounts of porphyrins or their precursors
can be detected in blood and urine, facilitating diag-
nosis,

Catabolism of the heme r:ingr 15 initiated 11:|.r the en-
ayme heme oxygenase, producing a linear cecrapyr-
rale.

Biliverdin is an early product of carabolism and on
reduction yields bilirubin, The later is ransported
by albumin from peripheral tissues to the liver, where
it is raken up by Eepamf_'ﬂcs. The iron of heme and
the amino acids of globin are conserved and reuti-
lized.

In the liver, bilirubin is made water-soluble by conju-
gation with two molecules of glicuronic acid and is
secreted into the bile. The action of bacterial en-
gymes in the gue produces urobilinogen and urobilin,
which are excreted in the feces and urine,

Taundice is due to elevaton of the level of bilirubin
in the blood. The causes of jaundice can be classified



as preheparic (eg, hemolyric anemias), heparic (eg,
heparitis), and posthepatic {eg, obstruction of the
common bile duct). Measurements of plasma toral
and nonconjugated bilirubin, of winary wrobiline-
gen and bilirubin, and of cerrain serum enzymes as
well as inspection of swool samples help distinguish
berween these causes.
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