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BIOMEDICAL IMPORTANCE

Ln addition o pn‘widihg the monomer units from which
the long polypeptide chains of proteins are synthesized,
the L-g-amine acids and their derivatives participare in
cellular functions as diverse as nerve transmission and
the 11'|L15.}'|1Ll1r_'3.i3. of Pt:lrph:,'h't:s. Pur'lnl_':i, F}'rim'idiucs.
and urea. Short polymers of amine acids called peprides
perform prominent roles in the neuroendocrine system
as hormones, hormone-releasing factors, newromodula-
tors, of neurottansmiteers. While l.'m:lt:.'im coftain uh!}f
L-t-amino acids, microorganisms elaborate peprides
that contain both b- and [-0-amino acids. Several of
these peptides are of therapeutic value, including the an-
tibiotics bacitracin and gmrl‘li.r_'idi:n A and the antitumor
agent bleomycin, Certain other microbial peptides are
toxic. The cyanobacterial peprides  microcystin and
nodularin are lethal in large doses, while small quantities
promote the formation of I'lL'[_'!aLJ'L' wurnors. MNeither hu-
mans nor any other higher animals can synthesize 10 of
the 20 common L-G-amino acids in amounts adequare
to support infant growth or to maintain health in adules,
Consequently, the human diet must contain adequate
gquantities of these nuritionally essential amine zcil

PROPERTIES OF AMINO ACIDS

The Genetic Code Specifies
20 L-oe-Amino Acids

Of the over 300 naturally occurring amino acids, 20 con-
stitute the monomer units of proteins. While a nonre-
dundant three-letier genetic code could accommodare

more than 20 amino acids, its redundancy limits the
available codons to the 20 L-tt-amino acids listed in
Table 3-1. classified according 1o the polarity of their R
groups. Both one- and three-letter abbreviations for each
amino acid can be used to represent the amino acids in
peprides (Table 3-1). Some proteins contain addirional
amino acids that arise by modification of an amino acid
already present in a peptide. Examples include conver-
sion of peprdyl proline and lysine to 4-hydroxyproline
and S-hydroxylysine; the conversion of pepudyl glua-
mate o Y-carboxyplutamate; and the methylation,
formylation, accrylation, prenylation, and phesphoryla-
tion of certain aminoacyl residucs. These modifications
extend the biologic diversity of proteins by aleering their
solubility, stabilicy, and interaction with other proteins.

Only L-a-Amino Acids Occur in Proteins

"..'l;"irh T]‘ll: sale txctpt'mn :J'F gi:ﬂ:lm:. the l’:r,—-l::tri'mn of
amino acids is chiral. Although some protein amino
acids are dextrorotatory and some levarotatory, all share
the absolute configuration of L-glyceraldehyde and thus
are L-0t-amino acids, Several free L--amino acids fulfll
mmportant roles in metbolic processes. Examples in-
clude ornithine, cierulline, and argininn:iur.‘cirlatc that
participate in urea synthesis; tyrosine in formation of
thyroid hormones; and glutamare in neurotransmitter
hiosynthesis. D-Amino acids thar eccur naturally in-
clude free D-serine and D-aspartate in brain tissue,
D-alanine and D-glutamace in the cell walls of gram-
positive bacrena, and D-amino acids in some nonmam-
malian peptides and certain antibioncs,



Table 3-1. L- a-Amino acids present in proteins.,

_Mame | Symbol |  Stucturalformala | o e& | ok | e
With Aliphatic Side Chains E w-CO0H oMM, R Group
Glycine Gly (G H BT i 24 9.8
L |
NH; i
Alani Al — T 99
anine a [Al o, -SE=EEE :
M, i
e |
Vall val A :
i 1.2 97
aline al [V] 4l RS |
IF |
H,E\ !
CH=CH, SCH=co0 i
1 i
Leucing Leu[L] e 'Iu'Hg i : 23 a7
¢ |
CH, i
lsoleucine lle 1] o - i 23 98
;’ []
CH, NH;' E
2 = 2 5 5 s = = sl pepn e arpa b pap e aap
With Side Chains Containing Hydroxylic (OH] Groups :
Sering Ser [3] i:"" _?_I —co0 E 12 92 about 13
OH  NH," i
Threonine Thr(T] CH,— CH-SEH=C00" . 21 o1 about 13
OH | NH,' |
Tyrosine Tyr [¥] See below, i
With Side Chains Containing Sulfur Atoms '
Cysteine Cys[C] CH, —-1_'I:H —Caa" i 15 0.8 83
I i
SH | NH" !
pethionine Met [M] CH,— CH,—CH — 00" i 21 23
| | {
S—CH, | hH' |
With Side Chains Containing Acdidic Groups or Their Amides i
+ + [}
Aspartic acid Asp (D] i CH;'-."-'lil'l'-'qu_ . 20 09 ER
NH,* E
; |
Asparaging Asn [N HN— fl:_ cl-l;-:r:l-l —coo . 21 83
Nt i
0 hH, |
Glutamic acid Glu [E] 00C— CH, = CH, PR : 21 95 4.1
NH," {
Glutamine Ginfal HN—l—c—OL S | 22 EY
0 N, i
{continued)
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Table 3-1. L-z-Amino acids present in proteins., (continued)

Name Symbal Structural Formula i, pK; pit,
With Side Chains Containing Basic Groups o-CO0H a-fH;* R Group
Arginine Arg [R] - hl*_ CH, —CH, —CH, —'?-I —con 1.8 9.0 125

; =NH," NH,"
HH,
Lysine Lys[KI CHs = CH =, = CH: "SR 22 9.2 108
NH;+ NH:|+
Histidine His [H] =T - T 18 93 60
HM o™ NH,™
Containing AromaticRings | | o S
Histiding His [H] See above
Phenylalanine Phe [F] QCH: "?'I — oo ] 8.2
-NH:'
Tyrosine Tyr Y] 2.2 3.1 10.1
HO CH; —CH — 00
NL,;
Tryptophan Trp (W) 24 9.4
QWA
+
N HH,
I
H
Imino Acid
Praline Pra [Pl | . | 20 106
M oo™
H;

Molecules that contain an equal number of ioniz-

Amino Acids May Have Positive, Negative,
or Zero Net Charge

Charged and uncharged forms of the ionizable
—COOH and —NH;* weak acid groups exist in solu-
tion in protonic equilibriom;

R—COOH =R—C00™ +H'
R—NH; = R—NH,+ H*

While both B—COOH and B—NH,* are weak acids,
R—COOH is a far stronger acid than R—NH,*. A
physiologic pH (pH 7.4), carboxyl groups exist almost
entirely a8 B—COO™ and amino groups predomi-
nantly as R—NH.*. Figure 31 illustrates the effect of
pH on the charged stare of aspartic acid.

able groups of opposite charge and thar therefore bear
no net charge are ermed zwitterions. Amino acids in
blood and most tssues thus should be represented as in
A, below.

NH,* M,
o OH
] (1
0 o
A B

Structure B cannot exist in aqueous solution because at
any pH low enough 1o protonare the carboxyl group
the amino group would also be protonared. Similarly,
at any pH sufficientdy high for an uncharged amine
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L8] H 4] 4]
OH A o _H;E o
pK, = 2,00 pH. = 3.66 phy = 2.82
NH;" (- COOH) {COOH) i—NHs"
0 o
[#] o o
c D
In strong acid ﬁ.rm.mu pH 3; Around pH 6-8; In strong alkall
{oelow pH 1); net charge = 0 net charge = -1 {abowve pH 11);
net charge = +1 nat charge = =2

Figure 3-1. Protonic equilibria of aspartic acid.

group to predominate, a carboxyl group will be present
as B—COO". The uncharged representation B (above)
is, however, often used for reactions thar do not invelve
protonic equilibria,

pK, Values Express the Strengths
of Weak Acids

The acid strengths of weak acids are expressed as cheir
pK, (Table 3-1). The imidazole group of histidine and
the guanidino group of arginine exist as resonance hy-
brids with positive charge distribured berween both ni-
trogens (histiding) or all chree nitrogens {arginine) {Fig-
ure 3-2). The net charge on an amino acid—rthe
algebraic sum of all the positively and negatively
charged groups present—depends upon the p&, values
of its functional groups and on the pH of the surround-
ing medium, Alwering the charge on amino acids and
their derivatives by varying the pH facilicates the physi-
cal separation of amino acids, peprides, and proteins
{see Chapeer 4).

R R
%\N-‘H (}\N'—H
-
EN*:J'II NJ
/ 4
H H
R R R
[ I 1
MH MH BMNH
I -— | @ -— |l
||:|~—|~u-|E C=NH, C—NH,
& MH Mz MH;

Figure 3-2. Resonance hybrids of the protonated
forms of the R groups of histidine and arginine.

At Its Isoelectric pH (pl), an Amino Acid
Bears No Met Charge

The isoelectric species is the form of a molecule thar
has an equal number of positive and negarive charges
and thus is elecerically neurral. The isoelectric pH, also
called the pl, is the pH midway berween pK, values on
either side of the isoelecrric species. For an amino acid
such as alanine that has only two dissociating groups,
there is no ambiguity. The firse pK, (R—COOH) is
2.35 and the second pK, (R—NH,') is 9.69. The iso-
eleceric pH (pl) of alanine thus s

i pK;+pK; _2.35+969
2 2

= 6.02

For polyfunctional acids, pl is also the pH midway he-
tween the p&, values on cither side of the isoionic
species. For example, the pl for asparic acid is

pl= pﬂ’;;pﬁ? = 2,09; 396 _ 302

For lysine, pl is calculared from:

p|=Mﬂ.
2

Similar considerations apply to all polyprotie acids (eg,
proteins), regardless ::»é:| the number of dissociating

roups present, In the clinical laboratory, knowledge of
the pl guides selection of conditions for electrophoreric
separations. For example, electrophoresis ar pH 7.0 will
separate two molecules with pl values of 6.0 and 8.0
because ar pH 8.0 the molecule with a pl of 6.0 will
have a net positive charge, and that with pl of 8.0 a net
negative charge. Similar considerations apply to under-
standing chromatographic separations on lonic sup-
ports such as DEAE cellulose (see Ehapmr 4},
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pK, Values Vary With the Environment

The environment of a dissociable group affects its p&,
The p&, values of the R groups of free amino acids in
aqueous solution (Table 3-1) thus provide only an ap-
proximare guide to the p&, values of the same amino
acids when present in proteins. A polar environment
favors the cﬁ.arged form (RB—COO™ or B—NH,Y),
and a nonpolar environment favors the uncharged form
(B—COOH or B—NH,). A nonpolar environment
thus ratses the p&, of a carboxyl group (making it a
weaker acid) but forers char of an amino group (makin
it a seronger acid). The presence of adjacent :_'lurg,ei
groups can reinforce or counteract solvent effects. The
pE, of a funcrional group thus will depend upon its lo-
cation within a given protein. Variations in pX can en-
compass whole pH units (Table 3-2). p&] values thae
diverge from those listed by as much as three pH unirs
are common at the active sites of enzymes. An extreme
example, a buried aspartic acid of thioredoxin, has a
p&, above 9—a shife of over six pH unirs!

The Solubility and Melting Points
of Amino Acids Reflect
Their lonic Character

The charged funcrional groups of amine acids cnsurc
that they are readily solvated by—and thus soluble in—
polar solvents such as water and ethanol but insoluble
in nonpolar solvents such as benzene, hexane, or cther.
Similarly, the high amount of cnergy required 1o dis-
rupt the ionic forces that stabilize the crystal lattice
account for the high melting points of amino acids
(= 200 °C).

Amino acids do not absorb visible light and thus arc
colorless. However, tyrosine, phenylalanine, and espe-
cially tryprophan absorb  high-wavelength (250-290
nm} ultravioler light. Tryprophan therefore makes the
major concribution to the ability of most protcins o
absorb light in the region of 280 nm.

Table 3-2. Typical range of pk, values for
ionizable groups in proteins.

Dissaciating Group pK, Range
-Carboxyl 35-40
Man-o COOH of Asp or Glu 4048
Imidazole of His 6.5-7.4
SH of Cys B.5-5.0
OH of Tyr 9.5-10.5
o-Amino B.0-9.0
£-fmino of Lys 9.A-10.4
Guanidinium of Arg ~12.0

THE «-R GROUPS DETERMINE THE
PROPERTIES OF AMINO ACIDS

Since glycine, the smallest amino acid, can be accommo-
dated in places inaccessible o other amino acids, it ofien
occurs where peptides bend sharply. The hydrophobic R
groups of alanine, valine, leucine, and isoleucine and the
aromatic R groups of phenylalanine, tyrosine, and toyp-
tophan wvpically occur primarily in the interior of cy-
tosolic proteins. The charged R groups of basic and
acidic amine acids stabilize specific protcin conforma-
tions via lonic inccractions, or salt bonds, These bonds
also function in “charge relay” systems during engymaric
catalysis and clectron transport in respiring mitochon-
dria. Histidine plays unique roles in cnzymatic catalysis,
The p&, of its imidazole proton permits it to function at
neutral pH as cither a base or an acid cacalyst, The pri-
mary alcohol group of scrine and the primary thioalco-
hol (—SH) group of cysteine arc excellent nuclcophiles
and can function as such during enzymatic caralysis,
However, the sccondary alcohol group of threonine,
while a good nucleophile, does not fulfill an analogous
role in catalysis. The —OH groups of serine, tyrosine,
and threonine also participate in regulation of the actv-
ity of enzgymes whose catalytic activiey depends on the
phosphorylation state of these residucs,

FUNCTIONAL GROUPS DICTATE THE
CHEMICAL REACTIONS OF AMINO ACIDS

Each functional group of an amino acid exhibits all of
its characreristic chemical reactions. For carboxylic acid
groups, these reactions include the formartion of esters,
amides, and acid anhydrides; for amino groups, acyla-
tion, amidation, and csterification; and for —OH and
S5H groups, oxidarion and esterification. The most
important reaction of amino acids is the formarion of a

peptide bond (shaded bluc).
M : o
o \(u\"' 0
5H
e

Alanyl

Valine

Cysteinyl

Amino Acid Sequence Determines
Primary Structure

The number and order of all of the amino acid residues
in a polypepride constitute it primary  scructure.
Amino acids present in peprides are called aminoacyl
residues and are named by replacing the -ate or ~fne suf-
fixes of free amino acids wich - {eg, alany!, aspareyl, or-



rosyl). Peprides are then named as derivarives of the
carboxyl terminal aminoacyl residue. For example, Lys-
Leu-Tye-Gln is called lysp-leucptryrosplgluramine.
The -tne ending on glutamine indicates that its Ci-car-
boxyl group is #er involved in pepride bond formarion.

Peptide Structures Are Easy to Draw

Prefixes like mo- or scre- denote peprides with three or
cight residues, respectively, not those with three or
:'.ig]'lr. Frpl.id: I:muds. E'_'.-' mm-'l:nl!i.un, ]JEEJi:iI.{E!i are writ-
ten with the residue that bears the free o-amino proup
at the lefe. To draw a peptide, use a zigrag 1w represent
the main chain or backbone. Add the main chain atoms,
which occur in the n:p::aling urdtr: {I-nllmg:h. Ot-car-
bon, carbonyl carbon. Now add a h}rﬂmgcn atom 1o
cach o-carbon and 1o each peptide nitrogen, and an
oxygen to the carbonyl carbon. Finally, add the appro-
priat: R gr::up:i I:sl"latll:rj:l to each (-carbon atom,

N\ /c\ /cu\ .-"N\ /c
Ca N C =
0 'HE ®
R Vi

+
H3N=-..c/c A f"xc/cﬂﬂ_

H g H 0w
.‘ch! Q |
“ooc eH
Three-letter abbreviaions linked by straight lines
represent an unambiguous primary structure, Lines are
omitted for single-letter abbreviations.

Glu- Ala-Lys - Gly - Tyr - Ala
E A K G Y A

Where there is uncertainty about the order of a portion
of & polypepride, the questionable residues are enclosed
in brackets and scparated by commas,

Glu-Lys - (Ala, Gly, Tyr)-His- Ala

S5ome Peptides Contain Unusual
Amino Acids

In mammals, peptide hormones typically contain only
the @t-amino acids of proteins linked by standard pep-
tide bonds. Other peprides may, however, conrain non-
protein amino acids, derivatives of the prowin amino
acids, or amino acids linked by an atypical peptide
bond. For example, the amino terminal glutamare of
glutathione, which participates in procein folding and
in the mewabolism of xenobiotics (Chaprer 53), is
linked to cystcine by a non-at peptide bond (Figurc
3-3). The amino terminal glutamate of thytotropin-
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Figure 3-3. Glutathione (y-glutamyl-cysteinyl-

glycine). Mote the non-o peptide bond that links
Glu to Cys,

releasing hormone {TRH) is cyclized to pyroglutamic
acid, and the carboxyl group of the carboxyl terminal
prolyl residue is amidated. Peprides elaborared by fungi,
bacteria, and lower animals can conrain nonprotein
amino acids. The antibiotics ryrocidin and gramicidin §
are cyclic polypeptides that coneain |:1-pEen_f]nla.nine
and ornithine. The heprapepride opioids dermorphin
and delrophorin in the skin of South American rree
frogs contain D-tyrosine and D-alanine.

Peptides Are Polyelectrolytes

The pepride bond is uncharged ar any pH of physiologic
interest. Formation of peptides from amino acids is
therefore accompanied by a net loss of one positive and
ane negative charge per pepride bond formed. Peprides
nevertheless are charged ar physialogic pH owing to their
carboxyl and amino terminal groups and, where present,
their acidic or basic R groups. As for amino acids, the net
charge on a peptide depends on the pH of its environ-
ment and an the p& values of irs dissociating groups.

The Peptide Bond Has Partial
Double-Bond Character

Although peptides are written as if a single bond linked
the t-carbaxyl and t-nitrogen atoms, this bond in fact
exhibits partial double-bond character:

o [n)
I |
..rfc‘\.N..-"' -— f':*t,-rh..f
| I
H H

There thus 5 no freedom of rotaton about the bond
that connects the carbonyl carhon and the nitrogen of a
pepride bond. Consequently, all four of the colored
atoms of Figure 3—4 are coplanar. The imposed semi-
ngidiey of the peprde bond has imporeane conse-
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Figure 3-4. Dimensions of a fully extended poly-
peptide chain. The four atoms of the peptide bond
(colored blue) are coplanar, The unshaded atoms are
the ce-carben atom, the u-hydrogen atom, and the o-R
group of the particular amino acid. Free rotation can
occur about the bonds that connect the a-carbon with
the ce-nitrogen and with the c-carbonyl carbon (blue
arrows). The extended peolypeptide chain is thus a semi-
rigid structure with two-thirds of the atoms of the back-
bone held in a fixed planar relationship one to anather,
The distance between adjacent a-carbon atoms is 0.36
nm (3.6 A). The interatomic distances and bond angles,
which are not equivalent, are also shown, (Redrawn and
reproduced, with permission, from Pauling L, Corey LP,
Branson HR; The structure of proteins: Twe hydrogen-
bonded helical configurations of the polypeptide chain
Proc Matl Acad 5ci LU 5 A 195137205

guences for higher orders u[';mlein structure. Encir-
cling arrows (Figure 3-4) indicate free rotation abour
the remaining bonds of the polypeptide backbone.

Noncovalent Forces Constrain Peptide
Conformations

Folding of a peptide probably occurs coincident with
its hiosynthesis (sce Chaprer 38). The physiologically
active conformation reflects the amino acd sequence,
steric hindrance, and noncovalent interactions (eg. hy-
drogen bonding, hydrophobic inceractions)  berween
residucs, Common conformations include  o-helices
and P-pleated sheets (sec Chapeer 5).

ANALYSIS OF THE AMINO ACID
CONTENT OF BIOLOGIC MATERIALS

In order to determine the identity and quantity of each
amino acid in a sample of biologic marerial, it is first nec-
cssary to hydrolyze the pepride bonds thar link the amino
acids togecher by reatment with hor HCL The resultng

mixcure of free amino acids is then reared with G-amino-
N-hydroxysuccinimidyl carbamarte, which reacts with
their t-amino groups, forming fluorescent derivatives
that are then separated and idenrified using high-pressure
liquid chromatography (see Chaprer 5). Nlnh}dun. also
widely used for detecting amine acids, forms a purple
product with c-amino acids and a vellow adduce with
the imine groups of proline and hydroxyproline.

SUMMARY

= Both D-amine acids and non-tt-amine acids occur
in nature, bur only -G-amino acids are present in
proteins,

= All amino acids possess at least two weakly acidic
functional groups, R—NH,* and R—COOH,
Many also possess addinonal weakly acidic functional
groups such as —OH, —SH, guanidino, or imid-
azale groups,

* The p&; values of all functional groups of an amine
acid dictate its net charge ar a given pH. pl is the pH
at which an amine acid bears no net charge and thus
does not move in a direct current electrical field.

* Of the biochemical reactions of amino acids, the
most important is the formarion of pepride bonds,

* The R groups of amino acids determine their unique
biochemical functions, Amine acids arc classificd as
basic, acidic, aromatic, aliphatic, or sulfur-containing
based on the properties of their K groups.

* Peprides are named for the number of amine acid
residues present, and as derivatives of the carboxyl
terminal residue. The primary structure of a pe pude
is its amino acid sequence, starting from the amino-
terminal residue.

* The partial double-bond characrer of the bond thar
links the carbonyl carbon and the nitrogen of a pep-
tide renders four atoms of the pepride bond coplanar
and restricts the number of possible pepride confor-
mations.
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EIOMEDICAL IMPORTANCE

Proceins perform muldple cricically importane roles. An
internal protein nerwork, the cytoskeleton (Chaprer
49), maincains cellular shape and physical integrity.
Actin and myosin filaments form the conrracrile ma-
chinery of muscle {Chaprer 49). Hemoglobin crans-
ports oxygen (Chaprer 6}, while circulating antibodies
search out foreign invaders {Chaprer 50). Enzymes cat-
alyze reactions that generate energy, synthesize and de-
grade hiomolecules, replicate and transcribe genes,
process mRNAs, erc (Chaprer 7). Receprors enable cells
to sense and respond to hormones and other environ-
mental cues (Chaprers 42 and 43). An important poal
of molecular medicine is the idendfication of proteins
whose presence, absence, or deficiency is associared
with specific physiologic states or diseases. The primary
sequence of a prorein provides both a molecular finger-
prine for its identification and information thar can be
used to idenrify and clone the gene or genes thar en-

code it.

PROTEINS & PEPTIDES MUST BE
PURIFIED PRIOR TO ANALYSIS

Highly purified protein is essential for dererminarion of
its amino acid sequence. Cells contain thousands of dif-
ferent proteins, cach in widcly varying amounts, The
isolation of a specific protein in quantities sufficient for
analysis thus presents a formidable challenge thar may
require mulople successive  purification  technigues.
Classic approaches exploit differences in relative solu-
bility of individual proteins as a function of pH {iso-
electric precipitation),  polarity  (precipication wich
ethanol or acetone), or salt concentration (saltng our
with ammonium sulfate). Chromarographic separations
partition molecules berween two phases. one mobile
and the other stationary, For separation of amino acids
or sugars, the statonary phase, or marrix, may be a
sheet of fileer paper (paper chromarography) or a thin
layer of cellulose, silica, or alumina (thin-layer chro-

matography; TLC),

11

Column Chromatography

Column chromatography of proteins employs as the
ﬁtﬂ.ri.ﬂﬂur:r' phaﬂ' al cﬂlumn E{:nrnining .‘ilTH.i“ .*ip]'l.l:ric;ll
beads of modified cellulose, acrylamide, or silica whose
surfuce rypically has been coated with chemical func-
tional groups. These stationary phase matrices interact
with proteins based on their charge, hydrophobicity,
and ligand-binding properties. A protein mixture is ap-
plied to the column and the liquid mobile phase is per-
colated through it Small portions of the mobile phase
or cluant are collected as they emerge (Figure 4-1},

Partition Chromatography

Column chromatographic separations depend on the
relaive affinity of different proteins for a given station-
ary phase and for the mobile phase. Association be-
tween each protein and the marix is weak and rran-
sient. Proteins thar interact more swongly with the
stationary phase are retained longer. The length of time
that a protein is associated with g& stationary phase is a
funcrion of the composition of both the stationary and
mobile phases. Oprimal separation of the protein of in-
terest from other proteins thus can be achieved by care-
ful manipulation of the composition of the rwo phases.

Size Exclusion Chromatography

Size exclusion—or gel fileration—chromarography scp-
arates proteins based on their Stokes radius, the diam-
cter of the sphere they occupy as they tumble in solu-
tion, The Stokes radius is a funcrion of molecular mass
and shape. A tumbling clongated protein occupics a
larger volume than a spherical protein of the same mass.
Size exclusion chromartography employs porous beads
{Figure 4-2). The pores arc analegous to indentations
in a river bank. As objccts move downstream, those that
enter an indentation are retarded undl chey drift back
into the main current, Similarly, proteins with Stokes
radii too large to enter the pores {cxcluded proccins) re-
main in the flowing mobile phase and emcrge before
proteins thar can enter the pores (included proteins).
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Figure 4-1.
woir of mobile phase liquid, delivered either by gravity or using a pump. C: Glass or
plastic column containing stationary phase. F: Fraction collector for callecting por-
tions, called fractions, of the eluant liquid in separate test tubes.

Proteins thus emerge from a gel filtration column in de-
scending order of their Stokes radii,

Absorption Chromatography

For absarption chromatography, the protein mixture is
applied 1o a column under condinons where the pro-
tein of interest associates with the stationary phase so
tightly that its partition cocfficient is essennially unity,
Naonadhering molecules are first eluted and discarded.
Proceins are then sequentally released by disrupung the
forces thar seabilize the protein-stationary phase com-
plex, most often by using a gradient of increasing sale
concentration. The composition of the mobile phase is
altered gradually so that molecules are selectively re-
leased in descending order of their affinity for the sta-
tianary phase,

Components of a simple liquid chromatography apparatus. R: Reser-

lon Exchange Chromatography

In ion exchange chromatography, proteins interace with
the stationary phase by charge-charge interactions. Pro-
teins with a ner positive charge ar a given pH adhere o
beads with negatively charged funcrional groups such as
carboxylates or sulfares (cation exchangers). Similarly,
proteins with a net negarive charge adhere to beads with
positively charged functional groups, rypically tertiary or
quaternary amines (anion exchangers). Proteins, which
are polyanions, compete against monovalent ions for
binding to the support—thus the term “ion exchange.”
For example, proteins bind ro  diethylaminoethyl
(DEAE) cellulose by replacing the counter-ions {genet-
ally CI™ or CHyCOO") thar neurralize the protonared
amine. Bound proteins are selectively displaced by grad-
ually raising the concentration of monovalent ions in
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Figure 4-2,

TR

Size-axclusion chromatography. A: A mixture of large molecules

[diamonds) and small molecules (circles} are applied to the top of a gel filtration
column. B: Upon entering the column, the small molecules enter pores in the sta-
tionary phase matrix from which the large molecules are excluded, C: As the mo-
bile phase flows down the column, the large, excluded molecules flow with it
while the small molecules, which are ternporarily sheltered from the flow when in-
side the pores, lag farther and farther behind,

the maobile phase, Proteins elute in inverse order of the
ﬁtwngrh nf l‘l'l:."ir .lnl'l:r'-lct'inﬂﬁ "!'n"ir]'l. tl-lf Sﬂltllﬂnﬂr:r' Pha.,ﬂ'
Since the net charge on a protein is determined by
the pH (see Chaprer 3), sequennal elution of proceins
may be achicved by changing the pH of the mobile
thﬁl‘_‘. u'ﬂl.lt‘.'rnﬂri.‘urfl.}r. al FTﬂrEiTl can h‘." Suhjl:l:'[l:d Lo Con-
secutive rounds of ion exchange chromatography, each
at a different pH, such that proteins thar co-clute ar one
pH elute ar different salt concentrations at another pH,

Hydrophobic Interaction Chromatography

Hydrophobic interaction  chromatography  separates
proteing based on their tendency to associare with a sea-
tienary phase matrix coated with hydrophobic groups
{eg, phenyl Sepharose, ocryl Sepharose). Proteins with
exposed hydrophobic surfaces adhere to the matrix via
hydrophobic interactions that are enhanced by a mobile
phase of high ionic strength, Nonadherent proteins are
first washed away, The polarity of the mobile phase is
then decreased by gradually lowering the salt concentra-
tion. If the interaction between procein and stationary
phase is particularly strong, ethanol or glycerol may be
ac[dcl;l b0 t|1r: r:nuhilc phnﬁc o {El’.‘EH:.‘ISL‘ its pq‘||.1.rir_',' .:I.I'H.I
further weaken hydrophobic interactions.

Affinity Chromatography
J"L'Fﬁnir}' chmm:tmg[uphy t,'xpl{ri:.s r|'|<,: high ss;]ccri'.'ity af

oSt ]'.rmtc'ins for rhcir |'|E:|.n{|5. Enz}rmcs miey 11:: Pur'l-

fied by affinity chromatography using immobilized sub-
strates, products, coenzymes, or inhibitors. In theory,
only proteins thar interact with the immobilized ligand
adhere. Bound proteins are then eluted cither by compe-
titien with soluble ligand or, less selectively, by disrupt-
'ing Frﬂr{'iﬂ—ligunfl 'inTl:T;lEtiDrL'\ I.:Isil'lg Urca, gu:l.nid:inc
hydrachloride, rr|1'|{|iy acidic FH, or high salt concentra-
tipns, Stationary phase matnces available commercially
contain ]ig:lnd.s such as NAD* ar ATP anrllngs. ﬁmnng
the most powerful and widely applicable affinity matr-
ces are those used for the purificanion of suitably madi-
fied recombinane proteing, These include a MNi* matrix
that binds proteins with an stached polyhistidine “ag”
and a glut‘;lt[‘linrl(‘ m:ltrllx t]'l:“' b]nds &l r{:{:ﬂmhinﬂ.ﬂt Fru-
tein linked to glutsthione S-transferase,

Peptides Are Purified by Reversed-Phase
High-Pressure Chromatography

The stationary phase matrices used in classic column
chromatography are spongy marterials whose compress-
ibility limits flow of the mobile phase. High-pressure lig-
uid chromatography (HPLC) employs incompressible
silica or alumina microbeads as the stationary phase and
pressures of up o a few thousand psi. Incompressible
matrices permit both high flow rates and enhanced reso-
lution. HPLC can resolve complex mixtures of lipids o
peprides whose properties differ only slighty. Reversed-
phase HPLC exploits a hydrophobic stationary phase of
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aliphatic polymers 3-18 carbon aroms in length. Pepride
mixrures are eluted uwsing a gradient of a water-miscible
organic solvent such as acetonicrile or methanol.

Protein Purity Is Assessed by
Polyacrylamide Gel Electrophoresis
(PAGE)

The most widely used method for determining the pu-
rity of a protein 15 SDS-PAGE—polyacrylamide gel
clectrophoresis (PAGE) in the presence of the anionic
detergent sodium dodecyl sulface (SDS). Electrophare-
sis separates charged biomolecules based on the rares a
which they migrate in an applied clectrical ficld, For
SDS-PAGE, acrylamide is polymerized and cross-
linked to form a porous matrix. SD5 denatures and
binds to proteins at a ratio of one molecule of $138 per
rwo pepiide bonds, When used in conjuncion wich 2-
mercaptocthanol or dithiothreitol to reduce and break
disulfide bonds (Figure 4-3), D5 separates the com-
ponent polypeptides of multimeric proceins. The large
number of anionic $D5 molecules, cach beaning a
charge of =1, on cach polypeptide overwhelms the
charge contributions of the amino acid funcrional
groups. Since the charge-to-mass ratio of cach SD5-
polypepride complex is approximately equal, the physi-
cal resistance cach pepuide encounters as it moves

™,
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o HM
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/\cg HH
o
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Il |
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Figure 4-3. Oxidative cleavage of adjacent polypep-
tide chains linked by disulfide bonds {shaded) by per-
formic acid (left) or reductive cleavage by [i-mercap-
toethanal (right) forms two peptides that contain
cysteic acid residues or cysteinyl residues, respectively.

through the acrylamide marrix determines the rare of
migration. Since large complexes encounter greater re-
sistance, polypeprides separate based on their relative
molecular mass (M,). Individual polypeptides trapped
in the acrylamide gel are visualized by staining with
dyes such as Coomassie blue (Figure 4-4).

Isoelectric Focusing (IEF)

lonic buffers called ampholytes and an applied electric
ficld are used o generare a pH gradient within a poly-
acrylamide marrix. Applied proteins migrate uncil they
reach the region of l!ic matrix where the pH marches
their isoelectric point (pl), the pH at which a pepride’s
net charge is zero. 1EF is used in conjunction with SDS-
PAGE for two-dimensional electrophoresis, which sepa-
rates polypeptides based on pl in one dimension and
based on M, in the second (Figure 4-5). Two-dimen-
sional elecrropharesis is particularly well suired for sepa-
rating the components of complex mixtures of proteins,

SANGER WAS THE FIRST TO DETERMINE
THE SEQUENCE OF A POLYPEPTIDE
Marture insulin consists of the 2 1-residue A chain and

the 30-residue B chain linked by disulfide bonds. Fred-
erick Sanger reduced the disulfide bonds (Figure 4-3),

S E C HD

111 &
7348 = =

340
20 Ml wee S

Figure 4-4. Use of 505-PAGE to observe successive
purification of a recombinant protein. The gel was
stained with Coomassie blue. Shown are protein stan-
dards {lane 5) of the indicated mass, crude cell extract
(E}, high-speed supernatant liquid (H), and the DEAE-
Sepharose fraction (D). The recombinant protein has a
mass of about 45 kDa.

—
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Figure 4-5. Two-dimensional IEF-505-PAGE, The
gel was stained with Coomassie blue. A crude bacter-
ial extract was first subjected to isoelectric focusing
{IEF) in a pH 3-10 gradient. The |EF gel was then
placed horizontally on the top of an 505 gel, and the
proteins then further resolved by SD5%-PAGE. Notice
the greatly improved resolution of distinet palypep-
tides relative to ordinary SD5-

PAGE gel (Figure 44,

separated the A and B chains, and cleaved cach chain
into smaller peprides using trypsin, chymotrypsin, and
pepsin. The resulting peprides were then isolared and
treaced with acid to hydrolyze peptide bonds and gener-
ate peptides with as few as two or three amino acids.
Fach pepride was reacred with 1-fluoro-2, 4-dinitroben-
zene (Sanger’s reagent), which derivatizes the exposed
o-amino group of amino terminal residues, The amino
acid content of cach peptide was then determined.
While the g-amino group of lysine also reacts wich
Sanger's reagent, amino-terminal lysines can be distin-
guished from those ar other positions because they react
with 2 mol of Sanger's reagent. Working backwirds to
larger fragments enabled Sanger to determine the com-
plete sequence of insulin, an accomplishment for which
he received a Nobel Prize in 1938,

THE EDMAN REACTION ENABLES
PEPTIDES & PROTEINS
TO BE SEQUENCED

Pehr Edman introduced phenylisothiocyanate (Edman’s
reagent) to selectively label the amino-terminal residue
of a peptide. In contrast to Sanger's reagent, the
phenvlthiohydantoin (FTH) derivative can be removed
under mild conditions to generate 4 new amino terminal
residue (Figure 4-6). Successive rounds of derivatization
with Edman’s reagent can therefore be used to sequence
many residues of a single sample of peptide. Edman se-
quencing has been automated, using a thin film or salid
matrix to immobilize the peptide and HPLC o identify
PTH amino acids. Modern gas-phase sequencers can
analyze as litele as a few picomoles of pepride.

P IEE PR

Large Polypeptides Are First Cleaved Into
Smaller Segments

While the first 20-30 residues of a pepride can readily
be determined by the Edman metha:f most polypep-
tides contain several hundred amino acids. Conse-
quently, most polypeprides must first be cleaved inmo
smaller peprides prior to Edman sequencing. Cleavage
also may be necessary to circumvent postrranslational
modificaions thar render a protein's o-amino group
“blacked”, ar unteactive with the Edman reagent.

It usually is necessary to generare several peptides
using more than one method of cleavage. This reflects
both inconsistency in the spacing of chemically or enzy-
marically susceprible cleavage sires and rthe need for sers
of peprides whose sequences overlap so one can infer
the sequence of the polypepride from which they derive
(Figure 4-7). Reagenis for the chemical or enzymaric
cleavage of proteins include cyanogen bromide (CNEe),
trypsin, and Seaphylococcws aurens VB protease (Table
4-1). Following cleavage, the resulting peprides are pu-
rified by reversed-phase HPLC—or occasionally by
SDS-PAGE—and sequenced,

MOLECULAR BIOLOGY HAS
REVOLUTIONIZED THE DETERMINATION
OF PRIMARY STRUCTURE

Knowledge of DNA sequences permits deduction of
the primary structures of polypeptides. DNA sequenc-
ing requires only minute amounts of DNA and can
readily yield the sequence of hundreds of nucleorides,
To clone and sequence the IMNA that encodes a partic-
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Figure 4-6. The Edman reaction. Phenylisothio-
cyanate derivatizes the amino-terminal residue of a
peptide as a phenylthiochydantoic acid. Treatment with
acid in a nenhydroxylic solvent releases a phenylthio-
hydantain, which is subsequently identified by its chro-
matographic mobility, and a peptide one residue
shorter. The process is then repeated.

ular protein, some means of idencifying the correct
clone—eg, J-’.naw]edﬁ: of a portion of its nucleotide se-
guence—is essential. A hybrid approach thus has
emerged. Edman sequencing is used to provide a partial
amino acid sequence. Oligonucleotide primers modeled
o this partial sequence can then be used ro identify
clones or to amplify the appropriate gene by the poly-
merase chain reaction (PCR) (see Chapter 40). Once an
authentc DNA clone is obrained, its oligonucleotide

Peptide X Peptide ¥
Peptide Z
N

Carooxyl terminal  Amino terminal
portion of portion of
pejplice X peptide ¥

Figure 4-7. The overlapping peptide Z is used to de-
duce that peptides ¥ and ¥ are present in the original
protein in the order X — Y, not ¥ « X.

sequence can be determined and the genetic code used
to infer the primary strucrure of the encoded poly-
peptide,

The hybrid approach enhances the speed and coffi-
ciency of primary structure analysis and the range of
proteins that can be sequenced. It also circumyents ob-
stacles such as the presence of an amino-terminal block-
ing group or the lack of a key overlap peptide. Only a
few scgments of primary structure must be determined
by Edman analysis.

YMA scquencing reveals the order in which amine
acids are added to the nascent polypepride chain as it is
synthesized on the ribosomes, However, it provides no
information about postrranstational modificacions such
as proteolytic processing, methylation, glycosylation,
phosphorvlation. hydroxylation of proline and lysine,
and disulfide bond formation thar accompany marura-
tion, While Edman sequencing can detect the presence
of most posttranslational cvents, technical limitations
often prevent identification of a specific modification,

Table 4-1. Methods for cleaving polypeptides.

Method | Bond Cleaved

........................................................

Chymaotrypsin

Endoproteinase Lys-C | Lys-X

_Endaproteinase Arg-C

Endoproteinase Asp-M | X-Asp

W8 pratease Glu-¥, particularly where X is hydro-
phiobic

Hydroxylamine Asn-Gly

o-lodosobenzens Trp-X

Mild acid Asp-Fro
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MASS SPECTROMETRY DETECTS
COVALENT MODIFICATIONS

Muss spectrometry, which diseriminates molecules
based solely on their mass, is ideal for detecting the
phosphate, hydroxyl, and other groups on posttransla-
1J'un:||]3,' modified amino acids, Each adds a sP:.'c'Lrln:. and
readily identified increment of mass 1w the modified
amino acid (Table 4-2). For analysis by mass spec-
trometry, a sample in a vacuum is vaporized under
conditions where pr::tuhatiuh can  oocur, impznihg
positive charge. An clectrical field then propels the
caAlions lhmuFJ’n a magnetic field which deflects them
at a right angle 1o their original direction of flight and
focuses them onte a detector I[Fig,un: 4—3]. The H'I.:Ig-
netie foree required w defleet the path of each jonic
species onto the detecror, measured as the currene ap-
plied to the electromagner, is recorded. For dons of
identical net chargr_'. this force is Prupurl.:iuna.u: to their
miass. In a time-of-flight mass spectrometer, a briefly
applied electric field aceelerates the jons wowards a de-
tector thar records the time at which each ion arrives.
For molecules of identical charge, the velocity to which
they are aceelerated—and hence the tme required w
reach the detector—will be inversely proportionate two
their mass,

Conventional mass spectrometers gencrally are used
to determine the masses of molecules of 1000 Da or
less, whercas !Iimﬂ'—[!il-“i%}ﬂ sy Specloemelers ane
suited for determining the large masses of proteins,
The analysis of ]Jupt'ii's and proteins by mass spee-
tometry  initially  was  hindered by difficuliies in
volatilizing large organic molecules. However, matrix-
assisted ]z_'i:.'r—lﬁzl:.l;urp{jnn (MALDI) and electrospray
dispersion (eg, nanospray) permit the masses of even
large polypeptides (= 100,000 Da) o be determined
Wiﬁ'l extraordinary accuracy (£ 1 Da). Using electro-
spray dispersion, peptides eluting from a reversed-

Table 4-2. Mass increases resulting from
cammon posttranslational modifications.

Modification Mass Increase (Da)
Phosphorylation a0
Hydrowylation 16
Methylation 14
Acetylation 42
Myristylation 20
Palmitoylation 138
Glycosylation 162

Figure 4-8. Basic components of a simple mass
spectrometer, & mixture of molecules is vaporized in an
ionized state in the sample chamber 5. These mole-
cules are then accelerated down the flight tube by an
electrical potential applied to accelerator grid A. An ad-
justable electromagnet, E, applies a magnetic field that
deflects the flight of the individual ions until they strike
the detector, D. The greater the mass of the ion, the
higher the magnetic field required to focus it onto the
detector,

phase HPLC column are introduced directly into the
mass spectrometer for immediate determination of
their masses,

Peprides inside the mass spectrometer are broken
down into smaller units by collisions with neurral he-
lium atems ({collision-induced dissociation). and the
masses of the individual fragments are determined.
Since peptide bonds are much more labile than carbon-
carbon bonds, the most abundant fragmenes will differ
from one another by units equivalent o one or wo
amino acids, Since—with the exception of leucine and
soleucine—rthe molecular mass of cach amino acid is
unique, the sequence of the pepride can be recon-
structed from the masses of its fragments,

Tandem Mass Spectrometry

Complex pepride mixtures can now be analyzed with-
out prior purification by mndem mass spectromerry,
which employs the equivalent of two mass spectrome-
ters linked in series. The first spectrometer separates in-
dividual peptides based upon their differences in mass.
By adjusting the field strength of the first magnet, a sin-
gle pepride can be directed into the sccond mass spec-
trometer, where fragments are generated and cheir
masses determined. As the sensiciviey and versatility of
MAsS SPCCITOMETY conunue to mcrease, ic is displacing
Edman sequencers for the direct analysis of protein pri-
mary structure.
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GENOMICS ENABLES PROTEINS TO BE
IDENTIFIED FROM SMALL AMOUNTS
OF SEQUENCE DATA

Primary scructure analysis has been revolutionized by
genomics, the application of auromared oligonucleotide
sequencing and computerized dara retrieval and analysis
to sequence an organism’s entire genetic complement.
The first genome sequenced was thar of Haemophifus
influenzae, in 1995, By mid 2001, the complete
genome sequences for over 50 organisms had been de-
termined. These include the human genome and those
of several bacrerial pathogens: the resuls and signifi-
cance of the Human Genome Project are discussed in
Chaprer 54. Where genome sequence is known, the
task of determining a protein's DINA-derived primary
sequence is materially simplified. In essence, the second
half of the hybrid approach has already been com-
pleted. All that remains is o acquire sufficient informa-
tion to permit the open reading frame (ORF) rhar
encodes the protein o be retrieved from an [nrernet-
accessible genome daabase and identified. In some
cases, a segment of amino acid sequence only four or
five residues in length may be sufficient to idenrify the
correct CORE.

Compurterized search algorithms assist the identifi-
cation of the gene encoding a given protein and clarify
uncerrainties that arise from Edman sequencing and
mass spectrometry. By exploiting compurers o solve
complex puzzles, the specirum of information suitable
for identificarion of the ORF that encodes a particular
polypepride is greatly expanded. In pepride mass profil-
ing, for example, a pepride digest is introduced into the
mass spectrometer and the sizes of the peptides are de-
termined. A computer is then used to find an ORF
whose predicred protein product would, if broken
down into peptides by the cleavage method selecred,
produce a set of peprides whose masses match those ob-
served by mass spectrometry.

PROTEOMICS & THE PROTEOME

The Goal of Proteomics Is to Identify the
Entire Complement of Proteins Elaborated
by a Cell Under Diverse Conditions

While the seguence of the human genome is known,
the picture provided by genomics alone is both starie
and i.n{.'::lrnPl::l:.'. Proteomics aims to i:li:ntlf}' l]"n: entine
complement of proteins elaborated by a cell under di-
verse conditions. As genes are switched on and off, pro-
teins are synthesized in particular cell types ar specific
fifes L‘d“ grm?.'lh or d.iﬂ"::n:nt'l:ltiun and in r::sPnhsc iy
external stimuli. Muscle cells EXpress proteins oot ex-
pressed by neural cells, and the type of subunits present

in the hemoglobin tetramer undergo change pre- and
postpartum. Many proteins undergo postiranslational
modifications during maturaton into  funcrionally
competent forms or as a means of regulating their prop-
erties. Knowledge of the human genome therefore rep-
resents only the beginning of the rask of describing liv-
ing organisms in molecular detail and understanding
the dynamics of processes such as growth, aging, and
disease. As the human body conrains thousands of cell
types, cach containing thousands of proteins, the pro-
teome—the set of all the proteins expressed by an indi-
vidual cell ar a particular time—represents a moving
target of formidable dimensions.

Two-Dimensional Electrophoresis &
Gene Array Chips Are Used to Survey
Protein Expression

One goal of protcomics is the identification of proteins
whose levels of expression correlate with medically sig-
nificant events. The presumption is that proteins whose
appearance or disappearance is associated with a specific
physiologic condition or discase will provide insighes
into root causes and mechanisms. Determination of the
proteomes characreristic of each cell type requires the
utmost cfficiency in the isolation and identification of
individual proteins. The contemporary approach wti-
lizes robotic automation 1o speed sample preparation
and large two-dimensional gels to resolve cellular pro-
teins. Individual polypeptides are then extracted and
analyzed by Edman sequencing or mass spectroscopy.
While only abour 1000 proteins can be resolved on a
single gel, two-dimensional electrophoresis has a major
advantage in that it examines the proteins themselves,
An aleernative and complementary approach employs
gene arrays, sometimes called DINA chips, wo detect the
expression of the mBMNAs which encode proteins,
While changes in the cxpression of the mRNA encod-
ing a protein do not necessarily reflect comparable
changes in the level of the corresponding protein, gene
arrays are more sensitive probes than two-dimensional
gels and thus can examine more gene products,

Bioinformatics Assists ldentification
of Protein Functions

The functions of a large proportion of the proteins en-
coded by the human genome are presently unknown.
Recent advances in bioinformatics permit researchers to
compare amino acid sequences to discover clues o po-
tential properties, physiologic roles, and mechanisms of
action of proteins. Algorithms exploit the rendency of
nature to employ variations of a structural theme to
petform similar functions in several proteins (eg, the
Rossmann nucleoride binding fold 1o bind MAD{PYH,
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nuclear rargeting sequences, and EF hands o bind
Ca™). These domains generally are detecred in the pri-
mary structure by conservaton of particular amino
acids at key positions. Insights into the properties and
E'E::}'sjuingic role of a newly discovered protein thus may

inferred by comparing it primary structure with
thart of known proteins.

SUMMARY

* Long amino acid polymers or polypeptides constitune
the basie strucoural umie :}F]_Jl‘ﬂ[l:iil‘l_‘i, and the structure
of a protein provides insight into how it fulfills its
functions.

* The Edman reaction enabled amino acid sequence
analysis to be auromared. Mass specrromertry pro-
vides a sensitive and versatile tool for determining
primary structure and for the identification of post-
translational modifications.

* DNA doning and molecular biology coupled with
protein chemisiry provide a hybrid approach that
greaty increases the speed and efficiency for determi-
nation of primary structures of proteins,

* Genomics—the analysis of the entire oligonucleotide
ﬁtql.".'ncf H‘.F dan o ﬂjﬁnl‘ﬁ CUHIP[E[: g‘:nﬂif mater-
ial—has provided further enhancements.

* Compurter algorithms facilitate identificarion of the
open reading frames thar encode a given protwein by
using partial sequences and pepride mass profiling ro
search sequence darabases.

* Scientists are now trying to determine the primary
sequence and funcrional role of every protein ex-
pressed in a living cell, known as its proteome,

* A major goal is the identificacion of proteins whose
appearance or disappearance correlates with physio-
logic phenomena, aging, or specific diseases,
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Proteins: Higher Orders of Structure

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE

Proteins catalyze metabolic reactions, power cellular
mation, and form macromaolecular rods and cables thae
provide structural integrity to hair, bones, tendons, and
teeth. In nature, form follows function, The structural
variety of human proteins therefore reflects the mphis-
tication and diversity of their bislogic roles. Maturation
of a newly synchesized pul}fEcplidu inta a biologically
functional protein requires thart it be folded into a spe-
cific three-dimensional arrangement, or conformation.
Dhuring maturation, posttranslational modifications
may add new chemical groups or remove transiendy
needed ].'M:pt'tdc sepments. Genetic or nutritional defi-
ciencies that impede protein maturation are deleterious
Lix ]‘I.L.i]l.]'l Eul‘n.FlL's uF I.J'I.I..' ﬁ]rrhur include Cn:utzrr.'ldl-
Jakob disease, scrapie, Alzheimer's disease, and bovine
spongiform encephalopathy (mad cow disease). Scurvy
represents a nutritional deficiency that impairs protein
maturation.

CONFORMATION VERSUS
CONFIGURATION

The twerms configuration and conformation are often
confused, Configuration refers 1o the geometric rela-
li::—nshiE berween a given set of atoms, for example,
those that distinguish 1- from D-amino acids. Intercon-
version of L'ﬂnﬁg'nrarimmf alternatives requires breaking
covalent bonds. Conformation refers to the spatial re-
lationship of every atom in a malecule, Interconversion
between conformers occurs withour covalent bond rup-
ture, with retention of configuration, and typically via
rotation about single bonds.

PROTEINS WERE INITIALLY CLASSIFIED
BY THEIR GROSS CHARACTERISTICS

Scientists initially approached structure-function rela-
tionships in proteins by separating them into classes
based upon properties such as solubilicy, shape, or the
presence of nonprotein groups. For example, the pro-
teins that can be extracted from cells using solurions ar
physiologic pH and ionic strengeh are classified as sol-
uble. Extraction of integral membrane proteins re-
quires dissolution of the membrane with detergents.

30

Globular proteins are compact, are roughly spherical
or ovoid in shape, and have axial ratios (the ratio of
their shortest to longest dimensions) of not over 3.
Most enzymes are globular proweins, whose large inter-
nal volume provides ample space in which to con-
struct cavitics of the specific shape, charge, and hy-
drophabicity or hydrophilicity required to  bind
substrates and promote catalysis. By contrast, many
structural proteins adopt highly extended conforma-
tions. These fibrous proteins possess axial ratios of 10
or more,

Lipoproteins and glycoproteins contin covalentdy
bound lipid and carbohydrate, respectively. Myoglobin,
hemoglobin, cytochromes, and many other proteins
contain tightly associated metal fons and are termed
metalloproteins. With the development and applica-
tion of techniques for determining the amino acid se-
quences of proteins (Chapter 4), more precise classifica-
tion schemes have emerged based upon similarity, or
homology, in amino acid sequence and structure,
However, many early classification terms remain in
COMmon use.

PROTEINS ARE CONSTRUCTED USING
MODULAR PRINCIPLES

Proteins perform complex physical and caralyric func-
tiens by positioning specific chemical groups in a pre-
cise three-dimensional arrangement, The polypeptide
scaffold containing these groups must adopt a confor-
mation that is both funcrionally efficient and phys-
ically scrong. Ac first glance, the biosynchesis of
polypeprides comprised of tens of thousands of indi-
vidual atoms would appear to be extremely challeng-
ing, When one considers thar a cypical polypepride
can adopt = 10™ distinct conformations, folding into
the conformarion appropriate to their biologic func-
tion would appear w be even more difficult. As de-
scribed in Chaprers 3 and 4, synthesis of the polypep-
tide backbones of protcins employs a small ser of
commeon building blocks or modules, the amino acids,
joined by a common linkage, the pepride bond. A
stepwise modular pathway simplifies the folding and
processing of newly synthesized polypeprides into ma-
fure proteins.



THE FOUR ORDERS OF
PROTEIN STRUCTURE

The modular nature of protin syathesis and folding
are embadied in che concept of orders af protein seruc-
ture: primary structure, the sequence of the amino
acids 1n a polypeptide chain; secondary structure, the
ﬁ]Ming of short (3- wo 30-residue), CONUFUOLS SCEments
af polypeptide into geometrically ordered units; ter-
tiary structure, the three-dimensional assembly of sec-
ﬂl‘ld:l]’:,-' structural units o form larper functional units
such as the mawre polypepride :amf its component do-
mains: and quaternary structure, the number and
types of polypeptide units of oligomeric proteins and
their apatu] .m-angmnm

SECONDARY STRUCTURE

Peptide Bonds Restrict Possible
Secondary Conformations

Free rotation is possible about only two of the three co-
valent bonds of the polypeptide backbone: the ot-car-
bon {Co) to the carbonyl carbon {(Co) bond and the
Co o nitrogen bond (Figure 3=4). The parrial double-
bond character of the pepride bond that links Co o the
Ci-nitrogen requires that the carbonyl carbon, carbonyl
oxvgen, and o-nitrogen remain coplanar, thus prevent-
ing rotation. The angle abour the Co—N bond is
termed the phi (@) angle, and that abour the Co—Co
bond the psi () angle. For amino acids other than
glveine, most combinations of phi and psi angles are
disallowed because of steric hindrance (Figure 5-1).
The conformacions of proline are even more restricred
due to the absence of free rotation of the N—Cat bond.

Regions of ordered secondary strucrure arise when a
series of aminoacyl residues adopt similar phi and psi
angles. Extended segments of polypepude (eg. loops)
can possess a variety of such angles. The angles that de-
fine the two most common types of secondary suruc-
mre, the @& helix and the B sheer, fall within the lower
and upper lefi-hand quadrants of a Ramachandran
plot, respectively (Figure 5-1).

The Alpha Helix
The polypepride backbone of an o helix is owisted by

an equal amounr abourt each d-carbon with a phi angle
of approximarely —57 degrees and a psi angle of approx-
imately —47 degrees. A complete rn of the helix con-
tains an average of 3.6 aminoacyl residues, and the dis-
tance it rises per rurn {iss pirch) is 0.54 nm {Figure
5-2). The R groups of each aminoacyl residue in an o
helix face ourward (Figure 5-3). Proteins contain unl]..'
L-amine acids, for which a righr-handed o helix is by
tar the more stable, and only righe-handed o helices
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Figure 5-1. Ramachandran plot of the main chain

phi {®) and psi {*F) angles for approximately 1000
nonglycine residues in eight proteins whose structures
were solved at high resalution. The dots represent al-
lowable combinations and the spaces prohibited com-
binations of phi and psi angles. (Reproduced, with per-
rmilsson, from Richardson J5: The anatormy and taxonomy
of protein structures. Adv Protein Chem 1981:34:167)

occur in nature, Schematic diagrams of proteing repre-
sent @ helices as cylinders,

The stability of an @ helix arises primarily from hy-
drogen bonds formed berween the axygen of the pep-
tide bond carbonyl and the hydrogen atom of the pep-
tide bond nitrogen of the fourth residue down the
polypeptide chain (Figure 5—4}. The ability to form the
macimum number of hx’drﬂg:n bands, supplemented
by van der Waals interactions in the core of this tghtly
packed structure, provides the thermodynamic driving
torce for the formation of an o helix, Since the peptide
bond nitrogen of proline lacks a hydrogen atom to con-
tribute to 2 hydrogen bond, proline can only be stably
accommodated within the first twrn of an o helix.
When present elsewhere, proline disrupes the confor-
mation of the helix, producing a bend. Because of its
small size, glycine also often induces bends in o helices,

Many @ helices have predominantly hydrophobic R
groups on ane side of the axis of the helix and predomi-
nantly hydrophilic ones on the other. These amphi-
pathic helices are well adapred 1o the formacion of in-
terfaces between polar and nonpolar regions such as the
hydrephobic interior of a protein and its aqueous envi-
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Figure 5-2. Orientation of the main chain atoms of a
peptide about the axis of an o helix.

ronment. Clusters of amphipathic helices can creare a
channel, or pore, that Eﬂmi“ specific polar molecules
to pass through hydrophobic cell membranes.

The Beta Sheet
The second (hence "bera”) recognizable r%_ali[ar seC-

ondary structure in proteins is the f sheer. The amino
acid residues of a i sl;ee:. when viewed edge-on, form a
zigrag ur‘fleated parcern in which the R groups of adja-
cent residues point in opposite direcrions. Unlike the
compact backbone of the o helix, the pepride backbone
of the [} sheer is highly exrended. Bur Iilil:e the ot helix,
P sheews derive much of their stability from hydrogen
bonds berween the carbonyl oxygens and amide hydro-
Efns of peptide bonds. However, in contrast to the o
elix, these bonds are formed with adjacent segments of
P sheer (Figure 5-5).
Interacting [} sheets can be arranged either o form a

parallel (i sheer, in which the adjacent segments of the

Figure 5-3.  View down the axis of an o helix. The
side chains (R] are on the outside of the helix. The van
der Waals radii of the atoms are larger than shown here;
hence, there is almost no free space inside the helix,
[Slighth madified and reproduced, with permission, from
Stryer L Biochemistry, 3rd ed. Freeman, 1995. Cogyright

£ 1995 by W H. Freeman and Co)

polypeptide chain proceed in the same direction amino
to carboxyl, or an antiparallel sheer, in which they pro-
ceed in opposite directions (Figure 5-5). Either config-
uration permits the maximum number of hydrogen
bonds between scgments, or strands, of the sheer. Mose
P sheets are not perfectly flat burt tend to have a right-
handed twist. Clusters of twisted strands of 3 sheet
form the core of many globular proteins (Figure 5-6).
Schematic diagrams represent 3 sheets as arrows that
point in the amino to carboxyl terminal direction.

Loops & Bends

Roughly half of the residues in a "typical” globular pro-
tein reside in of helices and [ sheers and half in loops,
turns, bends, and other extended conformarional fea-
tures. Turns and bends refer o short segments of
amino acids thar join two units of secondary scrucrure,
such as owo adjacent strands of an antiparallel [ sheer.
AP rurn involves four aminocacyl residues, in which the
first residue is hydrogen-bonded 1o the fourth, resulting
in a tight 180-degree turn (Figure 5-7). Proline and
glycine often are present in [ turns.
Loops are regions that contain residues beyond the
minimum number necessary ro connect adjacent re-
ions of secondary srructure. Irregular in conformarion,
Fuups nevertheless serve key hi;ﬁ:gic roles. For many
enzymes, the loops that bridge domains responsible for
binding substrates often conain aminoacyl residues



Figure 5-4. Hydrogen bonds (dotted lines) formed
between H and O atoms stabilize a polypeptide in an
w-helical conformation. (Reprinted, with permission,
from Haggls GH et al: infroduction to Molecular Biology
Wiley, 1564

that participate in caralysis. Helix-loop-helix motifs
provide the oligonucleotide-binding porton of DNA-
binding proteins such as repressors and transcription
facrors. Strucrural morifs such as the heliv-loop-helix
morif thar are intermediate berween secondary and rer-
tiary structures are often termed supersecondary struc-
tures. Since many loops and bends reside on the surface
of proteins and are thus exposed to solvent, they consti-
tute readily accessible sites, or epitopes, for recogniton
and binding of antibodies.

While loops lack apparent strucrural regularity, they
exist in a specific conformation stabilized through hy-
drogen bonding, salt bridges, and hydrophobic interac-
tions with other portions of the protein. However, nor
all portions of proteins are necessarily ordered. Proteins
may contain "disordered” regions, often at the extreme
amino or carboxyl terminal, characterized by high con-
formarional Aexibilicy. In many instances, these disor-
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Figure 5-5. Spacing and bond angles of the hydro-
gen bonds of antiparallel and parallel pleated fi sheets.
Arrows indicate the direction of each strand. The hydro-
gen-danating c-nitrogen atoms are shown as blue cir-
cles. Hydrogen bonds are indicated by dotted lines. For
clarity in presentation, R groups and hydrogens are
omitted. Tep: Antiparallel [ sheet. Pairs of hydrogen
bonds alternate between being close together and
wide apart and are oriented approximately perpendicu-
lar to the palypeptide backbone, Bottem: Parallel |}
sheet. The hydrogen bonds are evenly spaced but slant
in alternate diractions.

dered regions assume an ordered conformartion upon
binding of a ligand. This structural flexibilicy enables
such regions to act as ligand-controlled switches thar af-
fect protein structure and funcrion.

Tertiary & Quaternary Structure

The rerm “rertiary strucrure” refers o the entire three-
dimensional conformarion of a polypeptide. It indicates,
in three-dimensional space, how secondary strucoural
fearures—helices, sheets, bends, murns, and loops—
assemnble to form domains and how these domains re-
late sparially to one another. A domain is a section of
protein scructure sufficient w Ecrﬁ.rrm a particular
chemical or physical task such as binding of a substrare
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Figure 5-6. Examples of tertiary structure of pro-
teins. Tap: The enzyme triose phosphate isomerase.
Mote the elegant and symmetrical arrangement of al-
ternating [ sheets and o helices, (Courtesy of | Richard-
son | Bottom: Two-domain structure of the subunit of a
homodimeric enzyme, a bacterial class || HMG-Cof re-
ductase, As indicated by the numbered residues, the
single polypeptide begins in the large domain, enters
the small domain, and ends in the large domain. (Cour-
tesy of C Lawrence, ¥V Bodwell, and C Stauffacher, Purdus
Liniversity,)
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Figure 5-7. A [i-turn that links two segments of an-
tiparallel i sheet. The dotted line indicates the hydro-

gen bond between the first and fourth amino acids of
the four-residue segment Ala-Gly-Asp-Ser.

ar other ligand. Other domains may anchor a protein o
a membrane or interact with a regulatory molecule thar
modulates its funcrion. A small polypeptide such as
triose phosphate isomerase (Figure 5-6) or myoglobin
{Chapter 6} may consist of a single domain, By contrase,
procein kinases contain two domains, Protein kinases
catalyze the wransfer of a phosphoryl group from ATP o
a pepride or protein. The amino terminal portion of the
polypeprtide, which is rich in [} sheer, binds ATP, while
the carboxyl terminal domain, which is rich in o helix,
binds the pepride or protein substrare {Figure 5-8). The
groups that catalyze phosphoryl cranster reside in a loop
positioned at the interface of the two domains.

In some cases, proteins are assembled from more
than one polypepride, or protomer. Quaternary struc-
ture defines che polypepride compaosition of a protein
and, for an oligomeric protein, the spatial relationships
berween its su%:units af protomers. Monomeric pro-
teins consist of a single polypeptide chain. Dimeric
proteins contain two polypeptide chains. Homodimers
contain two copies of the same polypeptide chain,
while in a hewerodimer the polypeprides differ. Greel
lerrers (o, 3, v exc) are used 1o distinguish differenc sub-
units of a heterooligomeric protein, and subscripts indi-
cate the number of each subunir type. For example, o,
designares a homoterrameric proein, and o,f.y a pro-
tein with five subunits of three different types.

Since even small proteins contain many thousands
of atoms, depictions of protein structure thar indicare
the position of every atom are generally o complex o
be readily interpreted. Simplified schemaric diagrams
thus are used ro depict key features of a protein’s ter-



Figure 5-8. Deomaln structure. Protein kinases con-
tain two domains. The upper, amino terminal domain
binds the phosphoryl donor ATP (light bluel. The lower,
carboxyl terminal domain is shown binding a synthetic
peptide substrate (dark blue).

tiary and quaternary structure. Ribbon diagrams (Fig-
ures 5-0 and 5-8) trace the conformation of the
polypepride backbone, with cylinders and arrows indi-
cating regions of o helix and [} sheer, respectively. In an
even simpler representation, line segments thar link the
o, carbons indicate the path of the polypepride back-
bone. These schemaric diagrams often include the side
chains of selected amino acids thar emphasize specific
structure-funcrion refationships,

MULTIPLE FACTORS STABILIZE
TERTIARY & QUATERNARY STRUCTURE

Higher orders of protein structure are stabilized primar-
ily—and often exclusively—by noncovalent interac-
tions. Principal among these are hydrophobic imerac-
tions that drive most hydrophobic amine acid side
chains into the interior of the protein, shiclding them
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trom warer, Other significant contributors include hy-
drogen bonds and salt bridges berween the carboxylares
of aspartic and gluramic acid and the oppositely
charged side chains of protonated lysyl, argininyl, and
histidyl residues. While individually weak relative o a
typical covalent bond of 80120 keal/mol, collectively
these numerous interactions confer a high degree of sta-
bility to the biologically funcrional conformarion of a
protein, just as a Velero fastener harnesses the cumula-
tive scrength of multiple plastic loops and hooks.

Some proteins contain covalent disulfide (5—35)
bonds that link the sulfhydryl groups of cysteinyl
residues. Formation of disulfide bonds involves oxida-
tien of the cysteinyl sulthydryl groups and requires oxy-
gen. Immpalypei:idc disulfide bonds further enhance
the stability of the folded conformation of a pepride,
while interpolypepride disulfide bonds stabilize the

quaternary structure of certain oligomeric proteins,

THREE-DIMENSIONAL STRUCTURE
IS DETERMINED BY X-RAY
CRYSTALLOGRAPHY OR BY

NMR SPECTROSCOPY

X-Ray Crystallography

Since the determination of the three-dimensional struc-
ture of myoglobin over 40 years ago, the three-dimen-
sional strucrures of thousands of proteins have been de-
termined by x-ray crystallography. The key to x-ray
crystallography is the precipitaton of a protein under
conditions in which it forms ordered crystals char dif-
frace x-rays, This is generally accomplished by exposing
small drops of the prowein soluton to various combina-
tions of pHl and precipitating agents such as sales and
organic solutes such as polyethylene glycol. A derailed
three-dimensional strucrture of a protein can be con-
structed from it primary scruccure using the partern by
which it diffraces a beam of monochromanic x-ravs.
While the development of increasingly capable com-
puter-based rools has rendered the analysis of complex
w-ray diffraction paterns increasingly facile, 2 major
stumbling block remains the requirement of inducing
highly purified samples of the protein of interest o
crystallize. Several lines of evidence, including the abil-
ity of some crystallized enzymes w caralyze chemical re-
actions, indicate that the vast majority of the structures
determined by crystallography faithfully represent the
structures of proteins in free soluton,

Nuclear Magnetic Resonance
Spectroscopy

Muclear magnetic resonance (NMR) spectroscopy, a
powerful complement to x-ray crystallography, mea-
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sures the absorbance of radio frequency electromagnetic
energy by certain atomic nuclei. "NMR-active” isotopes
of biologically relevant atoms include 'H, *C, "N, and
P, The frequency, or chemical shift, ar which a partic-
ular nucleus absorbs energy is a function of both the
functional group within which it resides and the prox-
imiry of other NMR-active nuclel. Two-dimensional
NMR spectroscopy permits a three-dimensional repre-
senation of a protein w be constructed by determining
the proximity of these nuclei to one another. NMR
spectroscopy analyzes proteins in aqueous solution, ob-
viating the need to form crystals. It thus is possible o
ohserve changes in conformarion thar accompany lig-
and binding or caralysis using NME spectroscopy.
However, only the spectra of relatively small proteins,
= 20 kDa in size, can be analyzed with current tech-

nology.

Molecular Modeling

An increasingly useful adjuncr ro the empirical derermi-
naton of the three-dimensional structure of proteins is
the use of computer technology for melecular model-
ing. The orpes of models creared take two forms. In the
first, the known three-dimensional strucrure of a pro-
tein is used as a remplate to build 2 model of the proba-
ble structure of a homologous procein. [n the second,
compurer software is used to manipulate the static
model provided by crystallography o explore how a
procein’s conformarcion might change when ligands are
bound or when temperature, pH, or ionic strengeh is
altered. Scientists also are examining the library of
available protein strucrures in an aempr o devise
computer programs that can predice the three-dimen-
sional conformation of a protein directly from its pri-
mary sequence.

PROTEIN FOLDING

The Native Conformation of a Protein
Is Thermodynamically Favored

The number of distinct combinations of phi and psi
angles specifying potential conformations of even a rel-
arively small—15-kDa—polypepride is unbelievably
vast. Proteins are guided chrough chis vast labyrinth of
possibilities by thermodynamics. Since the biologically
relevant—or narive—conformarion of a protein gener-
ally is thar which is most energetically favored, knowl-
edge of the native conformartion is specified in the pri-
mary sequence. However, if one were to wair for a

polypepride to find its native conformation by random
exploration of all possible conformations, the process
would require billions of years to complete. Clearly,
protein Faldinﬁ in cells takes place in a more orderly

and guided fashion.

Folding Is Modular

Protein folding generally occurs via a stepwise process.
In the first stage, the newly synthesized polypepride
emerges from fﬁmsames, and short segments fold inro
secondary structural units thar provide local regions of
organized scruceure. Folding is now reduced to the se-
lection of an appropriate arrangement of this relatively
small number of secondary structural elements. In the
second stage, the forces thar drive hydrophabic regions
into the interior of the protein away from solvent drive
the partially folded polypepride into a “molten globule”
in which the modules of secondary strucrure rearrange
to artive at the mature conformation of the protein.
This process is orderly bur nor rigid. Considerable flexi-
bility exists in the ways and in ﬁ‘m order in which ele-
ments of secondary structure can be rearranged. In gen-
eral, each element of secondary or supersecondary
structure facilitares proper folding by direcring the fold-
ing process oward the native conformartion and away
from unproductive alternarives. For oligomeric pro-
teins, individual protomers tend to fold before they as-
sociate with other subunics.

Auxiliary Proteins Assist Folding

Under appropriate conditions, many  proteins will
spontancoushy refold after being previously denatured
{ic, unfolded) by rtreatment with acid or  base,
chaotropic agents, or detergents. However, unlike the
folding process in vivo, refolding under laboratory con-
dirions 15 a far slower process, Moreover, some proteins
fail to spontancously refold in vitro, often forming in-
soluble aggregates, disordered comploxes of unfolded
or partially folded polypepndes held togecher by hy-
drophobic interactions. Aggregates represent unproduc-
tive dead ends in the folding process, Cells employ aux-
iliary proteins to speed the process of folding and to
guide it toward a productive conclusion,

Chaperones

Chaperone proteins participate in the folding of over
half of mammalian proteins. The hsp70 (70-kDa hear
shock protein) family of chaperones binds shorr se-
Tences of hydrophobic amino acids in newly syn-
thesized polypeprides, shielding them from solvent.
Chaperones prevent aggregation, thus providing an op-
porwunity for the formadon of aﬁpmpriate secondary
structural elements and their subsequent coalescence
into a molten globule. The hsp60 family of chaperones,
sometimes called chaperonins, differ in sequence and
structure from hsp?0 and is homologs. Hsp60 aces
later in the folding process, often rogether with an
hsp70 chaperone. The cenrral cavity of the donur-



shaped hsp6l chaperone provides a shelrered environ-
ment in which a polypeptide can fold undl all hy-
drophobic regions are buried in its interior, eliminating
aggregation. Chaperone proreins can also “rescue” pro-
teins that have become thermodynamically trapped in a
misfolded dead end by unfolding hydrophobic regions

and providing a second chance to fold productively.

Protein Disulfide Isomerase

Disulfide bonds berween and within polypeptides stabi-
lize tertiary and quaternary structure, However, disul-
fide bond formation is nonspecific. Under oddizing
conditions, a given cysteine can form a disulfide bond
with th vl residue, By
catalyzing disulfide exchange, the ruprure of an 5—35
bond and its reformation with a different partner cys-
teine, protein disulfide isomerase facilitates the forma-
tion of disulfide bonds that stabilize their native confor-
mation.

Proline-cis, trans-lsomerase

All X-Pro pepride bonds—where X represents any
residug—are synthesized in the wans configuration.
However, of the X-Pro bonds of marure proeins, ap-
proximately 6% are cis. The cis configuration is partic-
ularly common in B-rurns. Isomerizaton from trans to
cis is catalyzed by the enzyme proling-cfs, trans-iso-
merase (Figure 5-9).

SEVERAL NEUROLOGIC DISEASES
RESULT FROM ALTERED PROTEIN
CONFORMATION

Prions

The cransmissible spongiform  encephalopashics, or
prion diseases, are faral neurodegenerative diseases
characrerized by spongiform changes, astrocyric pli-
omas, and neuronal loss resulting from the deposition
of insoluble protein aggregares in neural cells. They in-
clude Creurzfelde-Jakob disease in humans, scrapie in
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Figure 5-9. lsomerization of the N-o, prolyl peptide
bond from a cis to a trans configuration relative to the
backbone of the polypeptide.
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sheep, and bovine spongiform encephalopathy (mad
cow disease) in carde. Prion diseases may manifest
themselves as infectious, genetic, or sporadic disorders.
Because no viral or bacterial gene encoding the patho-
logic prion protein could be identified, the source and
mechanism of transmission of prion disease long re-
mained elusive, Today it is believed that prion diseases
arc protein conformation diseases transmitted by alrer-
ing the conformarion, and hence the physical proper-
ties, of proteins endogenous to the host. Human prion-
related protein, PrP, a glvcoprotein encoded on the
short arm of chromosome 20, normally is monomeric
and rich in @ helix. Pathologic prion proteins serve as
the templates for the conformartional transformation of
normal PrP, known as PrPe, into PrPsc. PrPsc is rich in
[ sheer with many hydrophobic aminoacyl side chains
exposed to solvent, PrPfsc molecules therefore associare
strongly with one other, forming insoluble procease-re-
sistant aggregates. Since one pathologic prion or prion-
related protein can serve as remplate for the conforma-
tional transformartion of many times its number of Prlc
molecules, prion diseases can be rransmitted by the pro-
tein alone withour invelvement of DMNA or RNA.

Alzheimer's Disease

Refolding or misfolding of another protein endogenous
to human brain tissue, famyloid, is also a prominent
feature of Alzheimer’s disease. While the root cause of
Alzheimer’s disease remains elusive, the characteristic
senile pla:}ues and neurofibrillary bundles contain ag-
gregates of the protein J-amyloid, a 4.3-kDa polypep-
tide produced by proteolytic cleavage of a larger protein
known as amyloid precursor protein. In Alzheimer's
disease patients, levels of framyloid become elevated,
and this protein undergoes 2 conformarional trancfor-
mation from a soluble ¢ helix—rich state to a state rich
in [3 sheet and prone to sell-aggregation. Apolipopro-
tein E has been implicated as 2 potential mediator of
this conformational cransformation.

COLLAGEN ILLUSTRATES THE ROLE OF
POSTTRANSLATIONAL PROCESSING IN
PROTEIN MATURATION

Protein Maturation Often Involves Making
& Breaking Covalent Bonds

The maturation of proteins into their final seructural
state often involves the cleavage or formation (or both)
of covalent bonds, a process rermed posttranslational
modification. Many polypeptides are initally synrhe-
sized as larger precursors, called proproteins. The
“extra” polypeptide segments in these proproreins
often serve as leader sequences thar rarger a polypepride
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tor a particular organelle or facilivare its passage through
a membrane. Others ensure that the porentially harm-
ful activity of a protein such as the proteases trypsin
and chymotrypsin remains inhibited unil these pro-
teins reach their final destination. However, once tEc&e
transient requirements are fulfilled, the now superflu-
ous pepride regions are removed by selective proteoly-
sis. Other covalent modifications may take place thar
add new chemical funcrionaliries to a protein. The mar-
uration of collagen illustrates both of these processes,

Collagen Is a Fibrous Protein

Collagen 15 the most abundant of the fibrous proteins
that constitute more than 25% of the procein mass in
the human body, Other prominent fibrous proceins in-
clude keracin and myosin, These proteins represent a
primary source of structural strength for cells (ie, the
cytoskeleron) and tissues. Skin derives its strengrh and
flexibility from a enisscrossed mesh of collagen and ker-
arin fibers, while bones and teeth are burtressed by an
underlying nerwork of collagen fibers analogous o the
steel srands in reinforced concrere, Collagen also is
present in connective tissues such as ligamenss and ren-
dons, The high degree of tensile strength required to
fulfill these structural roles requires elongated proteins
characterized by repetitive amino acid sequences and a
regular secondary structure,

Collagen Forms a Unique Triple Helix

Tropocollagen consists of three fibers, each containing
about 1000 amine acids, bundled rogether in a unigue
conformation, the collagen wriple helix (Figure 5-10). A
mature collagen fiber [gims an Elungutef:nd with an
axial ratio of about 200, Three intentwined polypeptide
strands, which rwist o the left, wrap around one an-
other in a right-handed fashion to form the collagen
triple helix. The opposing handedness of this superhelix
and its component polypeptides makes the collagen
triple helix highly resistant 1o unwinding—the same
principle used in the steel cables of suspension bridges.
A collagen eriple helix has 3.3 residues per turn and a
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Figure 5-10. Primary, secondary, and tertiary struc-
tures of collagen.

rise per residue nearly owice thar of an o helix. The
R groups of each polypepride strand of the triple helix
pack so closely that in order to fir, one must be glycine.
Thus, every third amino acid residue in collagen is a
glycine residue. Stagpering of the three strands provides
appropriate  positioning of the requisite glycines
throughour the helix. Collagen is also rich in proline
and hydroxyproline, yielding a reperitive Gly-X-Y par-
tern (Figure 5-10) in which Y generally is proline or
hydroxyproline.

Collagen triple helices are stabilized by hydrogen
bonds berween residues in differens polypepride chains,
The hydroxyl groups of hydroxyprolyl residues also par-
ticipate in interchain hydrogen bonding. Addirional
stability is provided by covalent cross-links formed be-
rween modified lysyl residues both within and berween

polypepride chains.

Collagen Is Synthesized as a
Larger Precursor

Collagen is initially synthesized as a larger precursor
polypeptide, procollagen, Mumerous prolyl and lysyl
residues of procollagen are hydroxylated by prolyl hy-
droxylase and lysyl hydroxylase, enzymes that require
ascorbic acid (vicamin C). Hydroxyprolyl and hydroxy-
bysyl residues provide addinional hydrogen bending ca-
pability that stabilizes the mature protein, In addition,
glucosyl and galactosyl transferases atach glucosyl or
galactosyl residucs to the hydroxyl groups of specific
hydroxylysyl residues,

The central portion of the precursor polypepride
then associates with other molecules o form the char-
acteristic triple helix, This process 15 accompanicd by
the removal of the globular amine terminal and car-
boxyl terminal extensions of the precursor polypeptide
by selective proteolysis. Certain bysyl residues are modi-
ficd by lysyl owidase, a copper-containing protein that
converts £-amino groups to aldehydes, The aldchydes
can cither undergo an aldol condensation two form a
C==C double bond or to form a Schiff base (eneimine)
with the E-amino group of an unmodificd lysyl residue,
which 15 subsequently reduced to form a C—N single
bond. These covalent bonds cross-link the individual
polypeprides and imbue the fiber with exceprional
strength and rigidity.

Mutritional & Genetic Disorders Can Impair
Collagen Maturation

The complex series of events in collagen maruration
provide a model thar illuscrares rhei%.iolugic conse-
quences of incomplete polypepride mamration. The
best-known defect in collagen biosynthesis is scurvy, a
resule of a dietary deficiency of viamin C required by



prolyl and lysyl hydroxylases. The resulting deficit in
the number of hydroxyproline and hydroxylysine
residues undermines the conformational stabiliny of col-
lagen fibers, leading to bleeding gums, swelling joints,
poor wound healing, and ultimarely o death. Menkes”
syndrome, characterized by kinky hair and growth re-
tardation, refleces a dierary deficiency of the copper re-
?ujrnd by lysyl oxidase, which caralyzes a key step in
ormation of the covalent cross-links char screngrhen
collagen fibers.

Genetic disorders of collagen biosynthesis include
several forms of osteogenesis imperfecta, characrerized
by fragile bones. In Ehlers-Diahlos syndrome, a group
of connective tissue disorders thar involve impaired in-
tegrity of supporting structures, defects in the genes
that encode @ collagen-1, procollagen N-pepridase, or
lysvl hydroxylase result in mobile joins and sFlJ(in abnor-
maliries.

SUMMARY

* Proteins may be classified on the basis of the solubil-
ity, shape, or function or of the presence of a pros-
thetic group such as heme. Proteins perform complex
physical and catalyric Tunctions by positioning spe-
cific chemical groups in a precise three-dimensional
arrangement that is both functionally efficient and
physically strong,

* The gene-encoded primary structure of a polypepride
is the sequence of its amino acids. lts secondary
structure results from folding of polypeptides intw
hydrogen-bonded morifs such as the @ helix, the
[B-pleated sheer, B bends, and loops. Combinations
of these motifs can form supersecondary morifs.

* Tertiary structure concerns the relationships berween
secondary structural domains, Quaternary structure
of prowins with two or more  polypeprides
{oligomeric proteins) is a feature based on the spatial
relationships between various types of polypeprides,

* Primary structures are stabilized by covalent pepride
I.'H'."'l.l'];. Hlig['“:f urdcr:'i uf slructure are ELalﬂi]i.IEd I]‘}'
Wi:alt r{:rﬂ'_'.—ml.‘lltllpll: h}fLiruEtn 1‘[]]1.[_15.. S:Ilt {EI‘:CL['{J-
static) bonds, and association of hydrophobic R
grﬂup_li.

* The phi (@) angle of a polypepride is the angle abour
the C,—N bond; the psi (*¥) angle is thar abour the
C,-C, bond. Most combinations of phi-psi angles
are disallowed due w steric hindrance. The phi-psi
angles thar form the o helix and the [ sheer fall
within the lower and upper left-hand quadrants of a
Ramachandran plot, respectively.

* Protein folding is a poorly understood process.

Broadly speaking, short segments of newly synthe-
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sized polypeptide fold into secondary structural
units. Forces that bury hydrophobic regions from
solvent then drive the partally folded polypeptide
into a “molen globule” in which the modules of sec-
ondary structure are rearranged to give the native
conformation of the protein.

* Proteins thae assist folding include protein disulfide
isomerase, proline-eis, trans,-isomerase, and the chap-
erones that participate in the folding of over half of
mammalian proteins. Chaperones shield newly syn-
thesized polypeptides from solvent and provide an
environment for clements of secondary structure w
emerge and coalesce into molten globules,

bl Tl:r_'l'lnil:ju::-i iur "1.1.“.1}' L'l:r E‘J'lgh::r Drdt'rs l:ﬂ'h Fr{“.t!ln
strisetire include -ray Er}-‘ﬁla]l{:gl‘a]}h}" MMR spec-
troscopy, analytical ultracentrifugation, gel filtration,
and gel electrophoresis.

= Silk fibroin and collagen illustrate the close linkage of
protein structure and biologic function. Diseases of
collagen marurarion include Ehlers-Danlos syndrome
and the vitamin C deficiency discase scurvy,

* Prions—protein particles thar lack nucleic acid—
cause fatal transmissible spongiform encephalopa-
thies such as Creuszfeldi-]akob discase, scrapie, and
bovine spongiform encephalopathy. Prion diseases
involve an altered secondary-tertiary structure of a
naturally occurring procein, Pri’c. When IrPe incer-
acts with its pathologic isoform Pri’Se, 1ts conforma-
tion is transformed from a predominanty o-helical
structure to the [-sheer structure characteristic of

PrPSc.
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Proteins: Myoglobin & Hemoglobin

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE

The heme proteins myoglobin and hemoglobin main-
tain a supply of axygen essential for oxidarive merabo-
lism. Myoglobin, a monomeric protein of red muscle,
SIOFES DXYEEn as 3 reserve against oxygen deprivation.
Hemoglobin, a tetrameric protein of erythrocyres,
transports O o the rissues and rerurns CO, and pro-
tons to the lungs. Cyanide and carbon monexide kill
because they distupr the physiologic function of the
heme proteins cytochrome oxidase and hemoglabin, re-
spectively. The secondary-rertiary scructure of the sub-
units of hemaoglobin resembles myoglobin. However,
the tetrameric struceure of hemoglobin permits cooper-
arive interactions thar are central to its funcrion. For ex-
ample, 2,3-bisphosphoglycerate (BPG) promotes the
efficient release of O, by swabilizing the quaternary
structure of deoxyhemoglobin. Hemoglobin and myo-
globin illustrare both protein serucrure-funcrion rela-
tionships and the molecular basis of generic diseases
such as sickle cell disease and the thalassemias.

HEME & FERROUS IRON CONFER THE
ABILITY TO STORE & TO TRANSPORT
OXYGEN

Myoglobin and hemoglobin contain heme, a oyclic
tetrapyrrole consisting of four molecules of pyrrole
linked by et-methylene bridges, This planar network of
conjugated double bonds absorbs visible light and col-
ors heme deep red. The substituents at the f-positions
of heme are methyl (M), vinyl (V). and propionace (Pr)
groups arranged in the order M, V, M, V. M, Pr. Pr, M
(Figure 6-1). One atom of ferrous iron (Fe,") resides ar
the center of the planar tecrapyrrole, Other proteins
with metal-containing tetrapyrrole  prosthetic groups
include the cytochromes (Fe and Cu) and chlorophyll
(Mgl (see Chaprer 12). Owidacion and reduction of the
Fe and Cu atoms of oytachromes is essential o their bi-
ologic function as carriers of clectrons. By contrast, oxi-
dation of the Fe,” of myoglobin or hemoglobin tw Fe,'
destroys their binlogic activiry,
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Myoglobin Is Rich in o« Helix

Oxygen stored in red muscle myoglobin is released dur-
ing O, deprivation {eg, severe exercise) for use in mus-
cle mitochondria for acrobic synthesis of ATP (sec
Chapter 12). A 1533-aminoacyl residue polypeptide
(MW 17,000), myoglobin folds into a compact shape
thar measures 4.5 % 3.5 % 2.5 nm (Figure 6-2), Unusu-
ally high proportions, abour 75%, of the residues are
present in cight right-handed, 7-20 residue @ helices,
Starting at the amino terminal, these are termed helices
A-H. Typical of globular proteins, the surface of myo-
globin is polar, while—with only two exceprions—ithe
interior contains only nonpolar residucs such as Leu,
Val, Phe, and Met. The exceptions are His E7 and His
F&, the seventh and eighth residues in helices E and F,
which lie close to the heme iron where they funcion in
), binding,

Histidines F8 & E7 Perform Unique Roles in
Oxygen Binding

The heme of myoglobin lies in a crevice between helices
E and F oriented with its polar propionate groups fac-
ing the surface of the globin (Figure 6-2). The remain-
der resides in the nonpolar interior, The fifth coordina-
tion position of the iron is linked o a ring nitrogen of
the proximal histidine, His F&, The distal histidine,
His E7, lies on the side of the heme ring opposite o

His F&.

The Iron Moves Toward the Plane of the
Heme When Oxygen Is Bound

The iron of unoxygenated myoglobin lies 0.03 nm
(0.3 A) ourside che plane of the heme ring, toward His
F&. The heme therefore “puckers” slighedy. When O,
occupics the sixth coordination  position, the iron
moves to within 0.01 nm (0.1 A) of the plane of the
heme ring. Oniygenation of myoglobin thus is accompa-
nied by motion of the iron, of His F8, and of residues

linked to His F8.



Figure 6-1, Heme. The pyrrale rings and methylens
bricdge carbons are coplanar, and the iron atom (Fe,*}
resides in almost the same plane. The fifth and sixth co-
ordination positions of Fe,* are directed perpendicular
to—and directly above and below—the plane of the
heme ring. Observe the nature of the substituent
groups on the [ carbons of the pyrrole rings, the cen-
tral iron atorn, and the location of the polar side of the
heme ring (at about 7 o'clock) that faces the surface of
the myoglobin molecule,

Figure 6-2. A maodel of myoglobin at low resolution,

Only the c-carbon atoms are shown. The o-helical re-
gions are named A through H. (Based on Dickerson RE in
The Proteins, 2nd ed, Vol 2. Mourath H [editar]. Academic
Press, 1964 Reproduced with permission §
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Apomyoglobin Provides a Hindered
Environment for Heme lron

When O binds to myoglobin, the bond berween the first
oncygen atom and the Fe,* is perpendicular to the plane of
the heme ring. The bond linking the fist and sccond
oxygen atoms lies at an angle of 121 degrees o the plane
of the heme, orenting the second oxygen away from the
distal histidine (Figure 03, lch). lsolated heme binds
carbon monoxide (C0) 25,000 times more strongly than
oxygen. Since CO s present in small quanunes in the ar-
masphere and arises in cells from che caabolism of heme,
why is it that CO does not completely displace O, from
heme iron? The accepted explanation is that the apopro-
teins of myoglobin and hemoglobin create 2 hindered
environment. While CO can bind 1o isolated heme inoats
preferred orientation, ie, with all three atoms (Fe, C, and
O perpendicular to the plane of the heme, in myaglobin
and hemoglobin the distal histidine seerically precludes
this orientation. Binding ar a less favored angle reduces
the strength of the heme-CO bond to about 200 tmes
that of the heme-0, bond (Figure 6-3, night} ar which
level the grear excess of O, over CO normally present
dominates, Nevertheless, abour 1% of myoglobin tpi-
cally is present combined with carbon monoxide.

THE OXYGEN DISSOCIATION CURVES
FOR MYOGLOBIN & HEMOGLOBIN SUIT
THEIR PHYSIOLOGIC ROLES

Why is myoglobin unsuitable as an O, wansporr pro-
tein but well suited for O, storage? The relarionship
beeween the concentration, or partial pressure, of O,
(P0o,) and the quantiey of O, bound is expressed as an
O, saruration isotherm (Figure 6-4). The OXygen-

M M

0 (s}
4 &
o

Figure 6-3. Angles for bonding of oxygen and car-
bon monoxide to the heme iron of myoglobin. The dis-
tal E7 histidine hinders bonding of CO at the preferrad
{180 degree) angle to the plane of the heme ring.
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Figure 6-4. Oxygen-binding curves of both hemo-
glokin and myeoglobin. Arterial oxygen tension is about
100 mm Hg; mixed venous oxygen tension is about 40
mim Hg; capillary (active muscle) oxygen tension is
about 20 mm Hg; and the minimum cxygen tensicn re-
quired for cytochrome oxidase is about 5 mm Hg, Asso-
ciation of chains into a tetrameric structure (hemaoglo-
bin) results in much greater cxygen delivery than
would be possible with single chains. (Modified, with
permission, fiom Scriver CR et al feditons]: The Molecular
and Metabolic Bases of Inherited Dizsease, 7th ed
McGraw-Hill, 1995

binding curve for myoglobin is hvperbolic. Myoglobin
therefore loads O readily at the Po, of the lung capil-
lary bed (100 mm Hg). However, since myoglobin re-
lcases only a small fraction of its bound O, ac the Po,
values typically encountered in active muscle (20 mm
Hg} or other tissues (40 mm Hg), it represents an incf-
fective wvehicle for delivery of O, However, when
strenuous exercise lowers the Poy of muscle tissue o
abour 5 mm Hg, myvoglobin releases O, for mitochon-
drial synthesis of ATP, permitting continued muscular
activicy,

THE ALLOSTERIC PROPERTIES OF
HEMOGLOBINS RESULT FROM THEIR
QUATERNARY STRUCTURES

The properties of individual hemoglobins are conse-
guences of their quaternary as well as of their secondary
and tertiary structures. The quaternary structure of he-
maoglobin confers striking additional properties, absent
from monomeric m:|mE|ni:|in, which adnpts it toits
unigue biologic roles. The allosteric (Gk alfes “ather,”
ateror “space”) propertes of hemoglobin provide, in ad-
dition, a mode] for understanding other allosteric pro-
teins [see Chuph:r 11},

Hemoglobin Is Tetrameric

Hemoglobins are terramers comprised of pairs of rwo
different polypepride subunits, Greek lerers are used to
designate each subunit type. The subunit composition
of tﬁE principal hemoglobins are o, (HbA; normal
adult hemoglobin}, oy, (HbF; fetal hemoglobin), o,S,
{HbS; sickle cell hemoglobin), and 0,8, (HbAy; a
minor adult hemoglobin). The primary scructures of
the i, ¥, and & chains of human hemoglobin are highly
conserved.

Myoglobin & the [5 Subunits
of Hemoglobin Share Almost Identical
Secondary and Tertiary Structures

Diespite differences in the kind and number of amino
acids present, myoglobin and the ff polypepride of he-
moglobin A have almost identical sccondary and ter-
tiary strucrurcs. Similaritics include the location of the
heme and the cighe helical regions and the presence of
amino acids with similar propertics at comparable loca-
tions. Although it possesses seven rather than cight heli-
cal regions, the @ polypepride of hemoglobin also
closely resembles myoglobin,

Oxygenation of Hemoglobin
Triggers Conformational Changes
in the Apoprotein

Hemoglobins bind four molecules of O, per tetramer,
one per heme. A molecule of O binds to a hemoglobin
tetramer more readily if other O molecules are already
bound (Figure 6—4). Termed cooperative binding,
this phenomenon F:rmits hemoglabin to maximize
boch the quantty of O loaded ar the Poy of the Tungs
and the quantity of O released at the Poy of the pe-
ripheral tissues, Cooperative interactions, an exclusive
property of multimeric proteins, are critically impar-
tant to acrobic life.

P, Expresses the Relative Affinities
of Different Hemoglobins for Oxygen

The quantity Py, a measure of O, concentration, is the
partial pressure of O, that half-saturares a given hemo-
globin. Diepending on the organism, Py can vary
widely, but in all instances it will exceed the Po, of the
peripheral tissues, For example, values of Py, for HbA
and feral HBEF are 26 and 20 mm Hg, respectively. In
the placenta, this difference enables HBF to extract oxy-
gen from the HbA in the mother's blood. However,
HbF is suboprimal postpartum since its high affinity
for O, dictates thar it can deliver less O, wo the tissues.
The subunit composition of hemoglobin tetramers
undergoes complex changes during development. The



human ferus initially synthesizes a C€, tetramer. By the
end of the first trimescer, £ and 7y subunits have been re-
placed by o and € subunits, forming HBF (o,7,), the
hemoglobin of late fetal life. While synchesis of B sub-
units begins in the third rrimeseer,  subunits do not
completely replace ¥ subunits to yield adule HbA {o,3,)
until some weeks postpartum (Figure 6-5).

Oxygenation of Hemoglobin Is
Accompanied by Large
Conformational Changes

The binding of the first O, molecule to deoxyHb shifes
the heme iron towards the planc of the heme ring from
a position abour 0.6 nm beyond it (Figure 6-6). This
motion is transmitted to the proximal (F8) hisudine
and 1o the residucs attached thereto, which in turn
causes the ruprure of sale bridges berween the carboxyl
terminal residucs of all four subunits. As a consequence,
one pair of tt/f} subunits rotates 15 degrees with respect
to the other, compacting the tetramer (Figure 6-7).
Profound changes in sccondary, tertiary, and quater-
nary structure accompany the high-affinicy O,-induced
transition of hemoglobin from the low-affinicy T (tant}
state to the R (relaxed) state, These changes signifi-
cantly increase the affinity of the remaining unoxy-
genated hemes for Oy, as subsequent binding events re-
quirc the ruprure of fower sale bridges (Figure 6-8).
The terms T and R also are used o refer o the low-
affinity and high-affinity conformations of allosteric en-
zymes, respectively.
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Figure 6-5. Developmental pattern of the quater-
nary structure of fetal and newbormn hemeoglobins, (Re-
produced, with permission, from Ganong WF: Review of
Medical Physiolagy, 20th ed. McGraw-Hill, 2001))

PROTEINS: MYOGLOBIN & HEMOGLOEIN | 43

Histidine Fa
Fhelit.
W,
T
HO—

Porphyri
—— —

C—N
oW
HC_\Nf

o
%ﬂ
Figure 6-6. The iron atom moves into the plane of
the heme on oxygenation. Histidine F8 and its associ-
ated residues are pulled along with the iron atom.
{Slightly modified and reproduced, with permission,
from Stryer L: Biochemistry, 4th ed. Freeman, 1995.)

T form

Figure 6-7. During transition of the T form to the R
form of hermoglobin, one pair of subunits (o) ro-
tates through 15 degrees relative to the other pair
{1,/ ). The axis of rotation is eccentric, and the o/,
pair also shifts toward the axis somewhat. In the dia-
gram, the unshaded o, /B, pair is shown fixed while the
colared o, /P, pair both shifts and rotates,
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Figure 6-8. Trapsition from the T structure to the R structure, In this model, salt
bridges (thin lines) linking the subunits in the T structure break progressively as oxy-
gen is added, and even those salt bridges that have not yet ruptured are progressively
weakened (wavy lines). The transition from T to R does not take place after a fixed
number of oxygen molecules have been bound but becomes more probable as each
successive oxygen binds. The transition between the two structures is influenced by
protons, carbon dioxide, chlaride, and BPG; the higher their concentration, the more
oxygen must be bound to trigger the transition. Fully oxygenated moleculesin the T
structure and fully deoxygenated malecules in the R structure are not shown because
they are unstable. (Modified and redrawn, with permission, fram Perutz MF; Hemoalobin

structure and respiratony transport. 5ci Am [Dec] 1578,239.92)

After Releasing O, at the Tissues,
Hemoglobin Transports CO, & Protons
to the Lungs

In addition to transporting O from the lungs to pe-
ripheral tissues, hemoglobin transports CO, the by-
product of respiration, and protons from peripheral os-
carbamates formed with the amino terminal nitrogens

of the polypeptide chains,

0
l

H
CO,+ Hb—NH; = 2H" + Hb—N—C—0"

Carbamates change the charge on amino terminals
from positive to negative, favoring salt bond formarion
berween the o and i chains.

Hemoglobin carbamates account for abour 15% of
the CO, in venous blood. Much of the remaining CO,
is carried as bicarbonate, which is formed in erythro-
cvies by the hedration of CO, w carbonic acid
(H,COy), a process catalyzed by carbonic anhydrase, At
the pH of venous blood, H,C0, dissociates into bicar-
bonate and a proton,

CARBOMIC
ANHYIRASE

(Sponlanaous)
= H, 00, = = Ho0; + H*

OO, + HyO =

Carbonic
acid

Deoxyhemoglobin binds one proton for every two
O, molecules released, contiburting significantly to the
buffering capacity of blood. The somewhart lower pH of
peripheral ussues, aided by carbamarion, scabilizes the

T stare and thus enhances the delivery of O,. In the

lungs, the process reverses. As O, binds to deoxyhemo-
globin, protons are released and combine with bicar-
bonate to form carbonic acid. Diehydration of H,COy,
catalyzed by carbonic anhydrase, forms CO,, which is
exhaled. Binding of oxygen thus drives the exhalarion
of CO, (Figure 6-9). This reciprocal coupling of proton
and (1, binding is rermed the Bohr effect. The Bohr
effect s dependent upon cooperative interactions be-
tween the hemes of the hemoglobin tetramer. Myo-
globin, a monamer, exhibirs no Bohr effect,

Protons Arise From Rupture of Salt Bonds
When O, Binds

Protons responsible for the Bohr effect arise from rup-
ture of salt bridges during the binding of O, w T stare



Exhaled
200, + 2H0
CARBONIC
ANHYDIFASE
2HCO,
1L PERIPHERAL
2HEO, + 2H' Hb + 40, TISSUES
40y
2H* + 2HCO,
40 Hb = 2H" u
(buffer) 2H,CO,
LUNGS “ CARBONIC
ANHYDRASE
200, + 2H0
Generated by
the Krebe cycle

Figure 6-9. The Bohr effect. Carbon dioxide gener-
ated in peripheral tissues combines with water to form
carbonic acid, which dissociates into protons and bicar-
bonate ions. Deoxyhemoglobin acts as a buffer by
binding protons and delivering them to the lungs. In
the lungs, the uptake of axvgen by hemaoglobin re-
leases protons that combine with bicarbonate ion,
forming carbonic acid, which when dehydrated by car-
bonic anhydrase becomes carbon dioxide, which then
is exhaled.

hemoglobin, Conversion o the oxygenated R seare
breaks salt bridges invalving B-chain residue His 146
The subsequent dissociation of protons from His 146
drives the conversion of bicarbonare o carbonic acid
{Fipure 6-9). Up-un the release of 0, the T structure
and s sale bridges re-form. This conformartional
change increases the p& of the B-chain His 146
residues, which bind protons. By facilitating the re-for-
mation of salt I.'rl.‘idb"l.'_'i.. af iRCtease i Pnrmh concentra-
tion enhanees the release of O, ftom oxypenated (R
state) hemoglobin. Conversely, an increase in Po, pro-
motes proton release,

2,3-Bisphosphoglycerate (BPG) Stabilizes
the T Structure of Hemoglobin

A low Po, in peripheral tssues promotes the synthesis
in erythrocytes of 2,3-bisphosphoglycerate (BPG) from
the glycolytic intermediate 1,3-bisphosphoglycerate.
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The hemoglobin tetramer binds one molecule of
BEG in the central cavity formed by its four subunies.
However, the space between the H helices of the f
chains lining the cavity is sulficiendy wide o accom-
modate BPG only when hemoglobin is in the T staee.
BPG forms sale bridges with the terminal amino groups
of both P chains via Val NAT and with Lys EF6 and
His H21 (Figure 6-10). BPG therefore stabilizes de-
oxygenated (T state) hemoglobin by forming additional
salt bridges that must be broken prior to conversion to
the R state.

Residue H21 of the ¥ subunit of fetal hemoglobin
{HBF) is Ser rather than His. Since Ser cannot ﬁ:rm a
sale bridge, BPG binds more weakly to HbF than to
HbA. The lower stabilization alforded 1o the T state by
BPG accounts for HbF having a higher affinity for O,
than HbA

His H21
Lys EFs
BFG Val N&1
Wal MA1 a-MNH;"
Lys EFB

His H21%

Figure 6-10. Mode of binding of 2,3-bisphospho-
glycerate to human deoxyhemoglobin. BPG interacts
with three positively charged groups on each [§ chain,
{Based on Amone A: ¥-ray diffraction study of binding of
2 3-diphosphoghcerate to human deoxyhemaonlohin, MNa-
Ture 1972237146, Repraduced with permission )
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Adaptation to High Altitude

Physiologic changes thar accompany prolonged expo-
sure o high altrde include an increase in the number
of erythrocytes and in their concentrations of hemoglo-
bin and of BPG. Elevated BPG lowers the affinity of
HbA for O, (decreases Psy), which enhances release of
), ar the dssucs,

NUMEROUS MUTANT HUMAN
HEMOGLOBINS HAVE BEEN IDENTIFIED

Murations in the genes char encode the @ or b subunics
of hemoglobin potenually can affect its biologic func-
ton. However, almost all of the over 800 known mu-
tant human hemoglobing are both extremely rare and
benign, presentng no clinical abnormalitics, When a
muration docs compromise biologic function, the con-
dition is termed a hemoglobinopathy. The URL
hrepe/fglobin.cse.psu.edu/ (Globin Gene Server) pro-
vides information abour—and links for—normal and
mutant hemoglobins.

Methemoglobin & Hemoglobin M

In methemoglobinemia, the heme iron is ferric racher
than ferrous, Mcthemoglobin thus can neither bind nor
transport . Normally, the enzyme methemoglobin
reducrase reduces the Fey' of methemoglobin o Fe,',
Methemoglobin can arise by oxidation of Fe,* o Fey!
as a side cffect of agenes such as sulfonamides, from
hereditary hemoglobin M, or consequent to reduced
activity of the enzyme methemoglobin reducrase,

Doy A Daoxy &

Oxy 5

In hemoglobin M, histidine F8 (His F8) has been
replaced by tyrosine. The iron of HbM forms a righe
ionic complex with the phenolate anion of tyrosine thar
stabilizes the Fe,™ form, In t-chain hemoglobin M van-
ants, the R-T equilibrium favors the T state. Onygen
affinity is reduced, and the Bohr effect is absent.
P-Chain hemoglobin M varianes exhibic R-T swirching,
and the Bohr effect is therefore present.

Murations (eg. hemoglobin Chesapeake) that favor
the R state increase O, affinity. These hemoglobins
therefore fail w deliver adequate Oy o peripheral ts-
sucs, The resulung tissue hypoxia leads 1o poly-
cythemia, an increased concentration of erythrocytes,

Hemoglobin 5

In HbS, the nonpolar amino acid valine has replaced
the polar surface residue Glu6 of the [ subunit, gener-
ating a hydrophobic “sticky patch” on the surface of
the [ subunit of both oxyHbS and deoxyHbS, Both
HbA and HbS contin a complementary stcky pach
on their surfaces that is cxposed only in the deoxy-
genated, R state. Thus, at low Py, deoxyHbBS can poly-
merize to form long, insoluble fibers. Binding of deoxy-
HbA terminates fiber polymerization, since HbA lacks
the second sticky patch necessary to bind another Hb
molecule (Figure 6-11). These twisted helical fibers
distort the erythrocyte into a characteristic sickle shape,
rendering it vulnerable to lysis in the interstices of the
splenic sinusoids, They also cause multple sccondary
clinical effects. A low "0, such as thae ac high alarudes
exacerbates the tendency o polymerize.
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Figure 6-117.

Representation of the sticky patch (&) on hemoglobin & and its “receptor” |4)

on deaxyhemoglobin A and deoxyhemoglobin 5 The complementary surfaces allow deaxyhe-
mioglobin 5 to polymerize into a fibrous structure, but the presence of deosyhemoglobin A will
terminate the polymerization by failing to provide sticky patches. (Modified and reproduced, with
parmission, from Strver L Siochemistnyg dth ed, Freeman, 19495)



BIOMEDICAL IMPLICATIONS
Myoglobinuria

Following massive crush injury, myoglobin released
from damaged muscle fibers colors the urine dark red.
M}l‘u lobin can be detected in p[a_-.nu ih"u-.'uing a my-
ocardial infarction, bur assay of serum enzymes (see
Chapter 7) provides a more sensitive index of myocar-
dial injury.

Anemias

Anemias, reductions in the number of red blood cells or
of hemoglobin in the blood, can reflect impaired sym-
thesis of hemoglobin (eg, in iron deficiency; Chaprer
51) or impaired production of crythrocytes (cg, in folic
acid or vitamin By, deficiency; Chaprer 45). Diagnosis
of anemias begins with spectroscopic measurement of

blood hemaglobin levels.

Thalassemias

The generic defects known as thalassemias resulr from
the partial or rotal absence of one or more o or (8 chains
of hemoglobin, Over 750 different mutations have
been identified, but only three are common. Either the
€ chain {(alpha thalassemias) or [ chain (bera thal-
assemias) can be affecred. A superscripr indicares
whether a subunir is complerely absent (22" or B or
whether its synthesis is reduced (@' or §*). Apart from
marrow transplantation, treatment is sympromaric.

Cerrain mutant hemoglobins are common in many
populations, and a patient may inherit more than one
type. Hemoglobin disorders thus present a complex
pattern of clinical phenorypes. The use of DINA probes
for their diagnosis is considered in Chaprer 40.

Glycosylated Hemoglobin (HbA, )

When blood glucose enters the erythrocytes it glycosy-
lates the e-amino group of lysine residues and the
amino terminals of hemoglobin, The fraction of hemo-
glul}ih %l}"(‘ﬂ‘i}flalﬂd, nun‘naﬂ}r nl:uul 5%. 1% Pru orEion-
ate o blood glulr_m:. concentration. Since the half-life of
an erythrocyte is typically 60 days, the level of glycosy-
lated hu_mnglulam (HbA, ) reflects the mean blood glu-
cose concentration  over lh:: ptLLL-;J.:ng -8 weeks.
Measurement of HbA|_ therefore provides valuable in-
formation for management of diaberes mellivs.

SUMMARY

* Myoglobin is monomeric; hemoglobin is a retramer
of two subunit types (o[, in HbA). Despite having
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different primary structures, myoglobin and the sub-
units of hemoglobin have nearly idenrical secondary
and tertiary structures.

* Heme, an essentially planar, slightly puckered, cyelic
tetrapyrrele, has a central Fe,* linked to all four ni-
trogen atoms of the heme, to histidine FB, and. in
oxyidb and oxyHb, also 1o O,

* The O,-binding curve for myoglobin is hyperbalic,
but for hemoglobin it is sigmoidal, a consequence of
EDul.‘H.‘I.':H:i'-‘:: inlﬂﬂf[iﬂni i.l'.l lJ'“: tetramer. C.l.‘M::nFt'raU"-'-
it}’ maximizes the ahl[ity of ]'u:mug]ubin both to load
0, at the Po, of the lungs and to deliver O, at the
Po, of the tssues,

* Relative affinities of different hemoglobins for oxy-
gen arc expressed as Py the Po; thar halFsaruraces
them with O,. Hemoglobins saturate at the partial
pressures of their respective respiratory organ, eg, the
lung or placenta.

* On oxygenation of hemoglobin, the iron, histdine
F8, and linked residues move toward the heme ring.
Conformarional changes that accompany oxygena-
tion include muprure of salt bonds and loosening of
quaternary structure, facilitating binding of addi-
tional O,

* 2,3-Bisphosphoglycerate (BPG) in the central cavity
of deoxyHb forms salt bonds with the B subunies
that stabilize deoxyHb, On oxygenation, the central
cavity contracts, BI'G is :xtrud:} and the quaternary
siructune I.[J‘].\"I:r.l.'i.

* Hemoglobin also funcions in €O, and prowon
transport from tssues to lungs. Release of O, from
oxyHb ar the rissues is accompanied by uprake of
protons due to lowering of tll)‘u: pK, of histidine
residues.

* In sickle cell hemoglobin (HbS), Val replaces the [i6
Glu of HbA, creating a “sticky patch” that has a
complement on deoxyHb (but not on oxyHb). De-
oxvHbS  polymerizes ar low O, concentrations,
forming fibers that distort erythrocyres into sickle
shapes,

= Alpha and beta thalassemias are anemias that result
from reduced Frnrjucﬁnn of 0 and j} .‘il.'l.].!lil.‘.li.Lli ol
HbA, respectively.
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Enzymes: Mechanism of Action

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE

Enzymes are biologic polymers that catalyze the chemi-
cal reactions which make life as we know it possible.
The presence and maintenance of a Lul‘fﬂ.l}lL‘lL‘ ane bal-
anced set of enzymes is essential for the breakdown of
nutrients to supply energy and chemical building
blocks; the assembly of those building blocks into pro-
teins, DNA, membranes, cells, and tissues; and the har-
nessing of energy to power cell motility and muscle
contraction, With the exception of a few catalyiic RNA
J‘nulr_'culr_'n. ar ri:hu:._-,'hu:s.. thie vast majurit].-‘ of CHEymes
are proteins, Deficiencies in the quantity or catalytic ac-
tivity of key enzymes can result from genetic defeces,
nutritional deficits, or toxins. Defective enzymes can re-
sitlt From gr_'nl_'ti:.' mutations or infection |:r1.,' viral or bac-
terial pathogens (eg, Vibrio choleras). Medical scientists
address imbalances in enzyme activity by using pharma-
cologic agents to inhibit specific enzymes and are inves-
1ig;{ti.n.g t_';i.‘l'fli: thump}r as a means to t‘r_'mul].' deficits in
enzyme level or function,

ENZYMES ARE EFFECTIVE & HIGHLY
SPECIFIC CATALYSTS

The enzymes thar catalyze the conversion of one or
more compounds (substrates) into one or more differ-
ent compounds (products) enhance the rates of the
corresponding noncatalyzed reaction by factors of ar
least 10° Like all catalysts, enzymes are neither con-
sumed nor permanently altered as a consequence of
their participation in a reaction.

In addition to being highly efficient, enzymes are
also extremely selective ca:aﬁrsts. Unlike most catalysts
used in syncheric chemistry, enzymes are specific both
for the type of reaction caralyzed and for a single sub-
strate or 4 small ser of closely relared substraves. En-
zymes are also stereospecific caralysts and typically car-
alyze reactions only of specific stereoisomers of a given
compound—for example, D- bur nor L-sugars, 1- bur
not D-amino acids. Since they bind substrates through
ar least “three points of artachment,” enzymes can even
convert nonchiral subserares w chiral produces. Figure
7=1 illustrares why the enzyme-caralyzed reduction of
the nonchiral substrate pyruvate produces L-lacrare
rather a racemic mixmure of D- and L-lactate. The ex-
quisite specificity of enzyme caralysts imbues living cells
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with the ability o simultaneously conduct and inde-
pendently conwol a broad spectrum of chemical
processes,

ENZYMES ARE CLASSIFIED BY REACTION
TYPE & MECHANISM

A system of enzyme nomenclature that is comprehen-
sive, consistent, and ac the same tme easy o use has
proved elusive. The common names for most enzymes
derive from their most distinctive characeeristic: their
ability to catalyze a specific chemical reaction. In gen-
eral, an enzyme’s name consists of a term char identifies
the type of reaction catalyzed followed by the suffix
-ase. For example, dehydrogenares temove hydrogen
atoms, proteasss hydrolyze proteins, and isomeraies cat-
alyze rearrangements in configuration. One or more
modifiers usually precede this name, Unfortunacely,
while many mndil‘!::rs name the specific substrate in-
volved (xanthine oxidase), others identify the source of
the enzyme (pancreatic ribonuclease), specily its mode
of regulation (hormone-sensitive lipase), or name a dis-
tinguishing characteristic of its mechanism (a cysteine
protease). When it was discovered thar multple forms
of some enzymes existed, alphanumeric designators
were added 1w distinguish between them (eg, RNA
polymerase 1I; protein kinase CP). To address the am-
biguity and conlusion arising from these inconsistencies
in nomenclature and the continuing discovery of new
engymes, the lnternational Union of Biochemises (IUB)
developed a complex but unambiguous system of en-
zvme nomenclature, In the [UB syseem, cach enzyme
has a unigue name and code number thar reflect the
type of reaction catalyzed and the substrates involved.
Enzymes are grouped into six elasses, each with several
subelasses, For example, the eneyme commonly called
“hexokinase” is designated “"ATP:p-hexose-6-phospho-
transferase E.C. 2.7.1.1." This idenuifies hexokinase as a
memiber of class 2 {transferases), subelass 7 {transfer of a
phosphoryl group), sub-subelass 1 (aleohol is the phos-
phoryl accepeor). Finally, the term “hexose-6" indicates
that the aleohol phosphorylated is thar of carbon six of
a hexose. Listed below are the six IUB classes of en-
zymes and the reactions they catalyze.

1. Oxidoreductases catalyze oxidations and reduc-
tions.
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Subsirale

Enzyme sile

Figure 7-1. Planar representation of the “three-
point attachment” of a substrate to the active site of an
enzyme. Although atoms 1 and 4 are identical, once
atoms 2 and 3 are bound to their complementary sites
on the enzyme, only atom 1 can bind, Once bound to
an enzyme, apparently identical atoms thus may be dis-
tinguishable, permitting a stereespecific chemical
change.

2. Transferases catalyze transfer of groups such as
mtth}'| or g[}rc{:m}rl groups from a donor molecule
to an acceptor molecule,

3. Hydrolases catalyze the hydrolytic cleavage of
C—C, C—0O, C—N, P—0O, and cerrain other
bonds, including acid anhydride bonds.

4. Lyases catalyze cleavage of C—C, C—0, T—N,
and ather bonds by climination, leaving double
bonds, and also add groups to double bonds.

5. lsomerases I'.':It:!]}".{.l‘_‘ gtnm::l‘r'n: or  structural
I:I'Inngi:'i wi.lhi.n | ﬁ'i.r.l'g]f mﬂ]ﬂf_'u]f.

6. Li catalyze the joining wgether of two male-
cuﬁ-a:‘:ﬂupled to the hydrolysis of a pyrophospho-
ryl group in ATT or a similar nucleoside criphos-
phate.

Deespite the many advantages of the IUB system,
texts tend o refer to most enzymes by their older and
shorter, albeit sometimes ambiguous names.

PROSTHETIC GROUPS, COFACTORS,
& COENZYMES PLAY IMPORTANT
ROLES IN CATALYSIS

Many enzymes contain small nonprotein molecules and
metal ions that participate directly in substrate binding
or catalysis. Termed prosthetic groups, cofactors, and
coenzymes, these extend the repertoire of caralyric ca-
pabilities beyond those afforded by the limited number
of functional groups present on the aminocacyl side
chains of peptiE&s.

Prosthetic Groups Are Tightly Integrated
Into an Enzyme’s Structure

Prosthetic groups arc dlhtlngu ished by their tight, siable
incorporation into a protein’s structure by covalent or
noncavalent forces. Examples include pyridoxal phas-
phate, flavin mononucleonde (FMN), flavin - dinu-
cleotide (FAD), thiamin pyrophosphate, biotin, and
the metal ions of Co, Cu, Mg, Mn, S¢, and Zn. Metals
are the most common prosthetic groups, The roughly
one-third of all enzymes that conrain tighely bound
metal ions are termed metalloenzymes. Metal ions thar
participate in redox reactions generally are complexed
to prosthetic groups such as heme (Chapter 6) or iron-
sulfur custers (Chaprer 12). Metals also may facilitace
the binding and oricntation of substrates, the formation
of covalent bonds with reaction intermediazes {(Co™ in
cocnzyme By.), or interaction with substrates to render
them more electrophilic (eleciron-poor) or nocleo-
philic (clectron-rich),

Cofactors Associate Reversibly With
Enzymes or Substrates

Cofactors scrve functions similar to those of prosthetic
groups but bind in a transient, dissociable manner ci-
ther to the enzyme or to a substrate such as ATP. Un-
like the stably associated prosthetic groups, cofactors
therefore muse be present in the medium surrounding
the enzyme for catalysis to occur. The most common
cofactors also are metal ions. Enzymes that require a
metal ion cofactor are termed metal-activated enzymes
to distinguish them from the metalloenzymes for
which metal ions serve as prosthetic groups.

Coenzymes Serve as Substrate Shuttles

Coenzymes scrve as recyclable shuttles—or group
transfer reagenis—ithat transport many substraces from
their point of generation w their point of utlizaton,
Association with the cocnzyme also stabilizes substrares
such as hydrogen atoms or hydride ions char are unsca-
ble in the aqueous cnvironment of the cell. Ocher
chemical moictics transported by coenzymes include
methyl groups (folates), acyl groups {cocnzyme A}, and
oligosaccharides {dolichol).

Many Coenzymes, Cofactors, & Prosthetic
Groups Are Derivatives of B Vitamins

The water-soluble B vicamins supply important compao-
nents of numerous coenzymes. Many coenzymes con-
tain, in addition, the adenine, ribose, and phosphoryl
moieties of AMP or ADP ({Figure 7-2). Nicotinamide
and riboflavin are components of the redox coenzymes
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Figure 7-2. Structure of NAD' and NADP*. For
MAD*, R=H. For NADP*, R= PO,

NAD and NADP and FMN and FAD, respectively.
Pantothenic acid is a component of the acyl group car-
rier coenzyme A, As its pyrophosphare, thiamin partici-
pates in decarboxylation of ot-keto acids and folic acid
and cobamide coenzymes funcrion in one-carbon me-
tabolism.

CATALYSIS OCCURS AT THE ACTIVE SITE

The extreme substrate specificity and high catalytic efhi-
clency of enzymes reflect the existence of an environ-
ment that is :xquisirc[}r rnilnr:d to a .:'lnEll: reaction.
Termed the active site, this environment generally
takes the form of a deft or pocker. The scrive sites of
multimeric enzymes often are located at the interface
herween subunies and recruit residues from more than
one monomer. [ he three-dimensional acoive site both
shields substrates from solvent and facilicates caralysis.
Substrates bind ta the active site at a region comple-
mentary to a portion of the substrate that will mar un-
dergn chemical change during the course of the reac-
tion. This simultaneously aligns portions  of the
substrate that will undergo change with the chemical
tunctional groups of peptidyl aminoacyl residues. The
active site also hinds and orients cofacrors or prostheric
groups. Many amino acyl residues drawn from diverse

p::rtinn.t: of the pnl}?tptidc cham {Figun:: 7=3] con-
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Figure 7-3. Two-dimensional representation of a

dipeptide substrate, glycyl-tyrosine, bound within the
active site of carboxypeptidase A

tribute to the extensive size and three-dimensional chae-
acter of the active site.

ENZYMES EMPLOY MULTIPLE
MECHANISMS TO FACILITATE
CATALYSIS

Four general mechanisms account for che abilicy of en-
zvmes to achieve dramaric catalytic enhancement of the
races of chemical reacrions.

Catalysis by Proximity

For molecules w react, they must come within bond-
forming distance of one another. The higher their con-
centration, the more frequently they will encounter one
another and the greater will be the rate of their reaction.
When an enzyme binds substrate molecules in its active
site, it creates a region of high local substrate concentra-
tion. This environment also orients the substrate mole-
cules spanially in a posivion ideal for them o interact, re-
sulting in rate enhancemencs of ar least a thousandfold,

Acid-Base Catalysis

The ionizable funcrional groups of aminoacyl side
chains and {where present) of prosthetic groups con-
tribute to catalysis by acting as acids or bascs. Acid-base
caralysis can be cither specific or general. By “specific”
we mean only protons (H;0') or OH ions. In specific
acid or specific base catalysis, the rate of reaction is
sensitive to changes in the concentration of protons but
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independent of the concentrations of other acids (pro-
ton donors) or bases {proton acceptors) present in solu-
tion or at the active site. Reactions whose rates are re-
sponsive to alf the acids or bases present are said w be

subject to general acid or general base catalysis.

Catalysis by Strain

Enzymes that catalyze lytic reactions which involve
breaking a covalent bond typically bind their substrates
in a conformation slightdy unfavorable for the bond
that will undergo cleavage. The resulting strain
stretches or distorts the rargeted bond, weakening it
and making it more vulnerable to cleavage.

Covalent Catalysis

The process of covalent catalysis involves the formartion
of a covalent bond between the enzgyme and one or more
substrates. The modified engyme then becomes a reac-
tant, Covalent caralysis introduces a new reaction path-
way that 15 energetically more favorable—and thercfore
faster—than the reaction pathway in homogeneous so-
lution. The chemical modification of the emzyme is,
however, transient. On completion of the reaction. the
eneyme returns to its onginal unmodified state, Its role
thus remains catalytic. Covalent catalysis 15 particularly
common among enzymes that caralyze group rransfer
reactions, Residues on the enzyme thar participate in co-
valent catalysis generally are cysteine or serine and occa-
sionally histidine, Covalent catalysis often follows a
“ping-pong” mechanism—one in which the first sub-
sirate is bound and s product released prior to the
hinding of the second substrace (Figure 7—4).

SUBSTRATES INDUCE
CONFORMATIONAL CHANGES
IN ENZYMES

Early in the last century, Emil Fischer compared the
highly specific fit between enzymes and their substrates
to thar of a lock and its key, While the “lock and key
model” accounted for the exquisite specificity of en-
zyme-substrate interactions, the implied rigidicy of the

CHO CHoNH,
—_—=

Na
E—CHO——=E 4
Ala Pyr

.-.—.L.. E—CHENH?—"—F E

enzyme's active site failed to account for the dynamic
changes that accompany caralysis. This drawback was
addressed by Daniel Koshland's induced fit model,
which states thar when substrates approach and bind o
an enzyme they induce a conformational change, a
change analogous o plncing a hand (substrate) into a
glove (enzyme) (Figure 7-5). A corollary is thar the en-
zyme induces reciprocal changes in its substrates, har-
nessing the energy of binding to facilicare the ransfor-
mation of substrares into products. The induced fir
model has been amply confirmed by biophysical studies
of enzyme motion during substrace binding.

HIV PROTEASE ILLUSTRATES
ACID-BASE CATALYSIS

Engymes of the aspartic protease funl]}r, which n-
cludes the digestive enzyme  pepsing the  lysosomal
cathepsins, and the protease produced by the human im-
munadeficiency virus (HIV), share a common catalyric
mechanism, Catalysis involves two conserved  asparryl
residues which act as acid-base catalysts. In the first stage
::uf the r:al:t'lnn, an B.TP.'il't:ltl: ﬁ.lnn:t'lnn'lng a5 @ g:ru:r.ll ha_rf:
{Asp X, Figure 7-6) extracts a proton from a water mole-
cule, making it more nucleophilic. This resulting nucle-
ophile then attacks the electrophilic carbonyl carbon of
rh: F!l:l'l-l'.il:[l: I'hnm:[ t:lrgl:tﬂl Fr.rr h]ﬁdrnh'sis. fnnrm'lnE a
tetrahedral transition state intermediate. A second as-
partate (Asp Y, Figure 7-6) then facilicaces the decompo-
sitian of this teerahedral intermediate by donating a pro-
tomn oo th: am'lnn grou prndlu:l:d b}r ru]'lh.ln;: af t]'u:
pepeide bond. Two [IiHJ:r:nt active site aspartates thus
can act simultaneously as a general base or as a general
acic, This 15 possible because their immediate environ-
ment favors inni?_;stinn ﬁf ane but not the nthcr.

CHYMOTRYPSIN & FRUCTOSE-2,6-
BISPHOSPHATASE ILLUSTRATE
COVALENT CATALYSIS

Chymotrypsin

While catalysis by aspartic proteases involves the direct
hydralytic artack of water on a peptide bond, catalysis

Gilu
CHO
r

—_—

Kl.“:l Gilu

KG CHaNH,
E=—CHD

Figure 7=4. Ping-pong mechanism for transamination, E—CHO and E—CH_NH, represent the enzyme-
pyridoxal phosphate and enzyme-pyridoxamine complexes, respactively. (Ala, alanine; Pyr, pyruvate; KG,

oi-ketoglutarate; Glu, glutamate).



Figure 7-5. Two-dimensional representation of
Koshland's Induced fit model of the active site of a
lyase_Binding of the substrate A—B induces conforma-
tional changes in the enzyme that aligns catalytic
residues which participate in catalysis and strains the
bond between A and B, facilitating its cleavage.

by the serine protease chymorrypsin invalves prior for-
mation of a covalent acyl enzyme intermediare. A
highly reactive seryl residue, serine 195, participates in
a charge-relay nerwork with histidine 57 and asparcate
102, Far aparc in primary scrocoure, in the acrive site
these residues are within bond-forming distance of one
another, Aligned in che order Asp 102-His 57-Ser 195,
they constture a “charge-relay nerwork” thar funcrions
as a “proron shurle.”

Binding of substrate initiates proton shifts thar in ef-
tect cranster the hydroxyl proton of Ser 195 to Asp 102
{Figure 7-7). The enhanced nucleaphilicity of the seryl
oxygen facilitates irs amack on the carbonyl carbon of
the pepride bond of the substrate, forming a covalent
acyl-enzyme intermediare. The h}dmg&n on Asp 102
then shurtles through His 57 to the amino group liber-
ated when the pepride bond is cleaved. The portion of
the original pep:tde with a free amino group then leaves
the active site and is replaced by a warer molecule. The
charge-relay nerwork now activares the warer molecule
by withdrawing 2 proton through His 57 o Asp 102
The resulting hydroxide ion artacks the acyl-enzyme in-
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Figure 7-6. Mechanism for catalysis by an aspartic
protease such as HIV protease. Curved arrows indicate
directions of electron movement, (1) Aspartate X acts
as a base to activate a water molecule by abstracting a
protomn. (@ The activated water malecule attacks the
peptide bond, forming a transient tetrahedral interme-
diate, 3 Aspartate Y acts as an acid to facilitate break-
down of the tetrahedral intermediate and release of the
split products by donating a proton to the newly
formed amino group, Subsequent shuttling of the pro-
ton on Asp X to Asp ¥ restores the protease to its initial
state.
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Figure 7-7. Catalysis by chymotrypsin. (U The
charge-relay system remaoves a proton from Ser 195,
making it a stronger nucleophile, (2 Activated Ser 195
attacks the peptide bond, forming a transient tetrahedral
intermediate. & Release of the amino terminal peptide
is facilitated by donation of a proton to the newly
formed aming group by His 57 of the charge-relay sys-
tem, vielding an acyl-Ser 195 intermediate. @ His 57 and
Asp 102 collaborate to activate a water molecule, which
attacks the acyl-Ser 195, forming a second tetrahedral in-
termeadiate, 2 The charge-relay system donates a pro-
ton to Ser 195, facilitating breakdown of tetrahedral in-
termediate to release the carboxyl terminal peptide Y

termediate and a reverse proton shurtle returns a proton
to Ser 195, restoring its original stare. While modified
during the process of catalysis, chymotrypsin emerges
unchanged on completion of the reaction, Trypsin and
elascase employ a similar caralytic mechanism, bur the
numbers of the residues in their Ser-His-Asp proton

shuttdes differ.

Fructose-2,6-Bisphosphatase

Fructose-2,6-bisphosphatase, a regulatory enzyme of
g;lucanenfgenesis (Chapter 19), catalyzes the hydrolytic
release of the phosphate on carbon 2 of fructose 2,6-
hisphosphate. Figure 7-8 illustrates the roles of seven
active site residues. Caralysis involves a “catalytic triad”
of one Glu and two His residues and a covalent phos-
phohistidyl intermediate.

CATALYTIC RESIDUES ARE
HIGHLY CONSERVED

Members of an enzyme family such as the aspartic or
sering proteases employ a similar mechanism o catalyze
a common reaction type but act on different substrates,
Enzyme families appear w arise through gene duplica-
tion events that create a second copy of the gene which
encodes a particular enzyme. The proteins encoded by
the two genes can then cvolve independently to recog-
nize different substrates—resulting, for example, in
chymotrypsin, which cleaves peptide bonds on the car-
boxyl cerminal side of large hydrophobic amine acids;
and trypsin, which cleaves peptide bonds on the car-
boxyl terminal side of basic amina acids. The common
ancestry of engymes can be inferred from the presence
of specific amino acids in the same position in each
family member, These residues are said to be conserved
residues. Prowing that share a large number of con-
served residues are said to be homologous o one an-
other. Table 7-1 illustrates the primary structural con-
servation of two components of the charge-relay
network for several serine proteases. Among the most
highly conserved residues are those thar partcipate di-
rectly in catalysis,

ISOZYMES ARE DISTINCT ENZYME
FORMS THAT CATALYZE THE
SAME REACTION

Higher organisms often elaborate several physically dis-
tinct versions of a given engyme, cach of which cat-
alyzes the same reaction. Like the members of other
protein families, these protein caralyses or isozymes
arise through gene duplication. Isozymes may exhibic
subtle differences in properties such as sensitivity to



Figure 7-8. Catalysis by fructose-2,6-bisphos-
phatase, (1) Lys 356 and Arg 257, 307, and 352 stabilize
the guadruple negative charge of the substrate by
charge-charge interactions, Glu 327 stabilizes the posi-
tive charge on His 392, (2) The nucleophile His 392 at-
tacks the C-2 phosphoryl group and transfers it to His
258, forming a phosphoryl-enzyme intermediate, Fruc-
tase G-phosphate leaves the enzyme, (3) Nucleophilic
attack by a water molecule, possibly assisted by Glu 327
acting as a base, forms inorganic phosphate. (4) Inor-
ganic orthoephosphate is released from Arg 257 and Arg
307. (Reproducad, with permission, from Pilkis ) et al 6-
Phospholructo-2-kinasafructose- 2 6-bisphosphatase: 4
metabalic signaling enzyme. Annw Reyv Biochem
1995:64.799))
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particular regulatory factors (Chaprer 9) or substrare
affinity {eg, hexokinase and glucokinase) thar adape
them to specific tssues or circumstances, Some iso-
zymes may also enhance survival by providing a “back-
up” copy of an essential enzyme,

THE CATALYTIC ACTIVITY OF ENZYMES
FACILITATES THEIR DETECTION

The minute quantities of enzymes present in cells com-
plicntt determination of their presence and concentra-
tion. However, the ability to rapidly transform thou-
sands al molecules of a sp::r.tiu: substrate into F!I'L‘H’.IULH
imbues each enzyme with the ability to reveal its pres-
ence, Assays of the catalytic activity of enzymes are fre-
quently used in research and clinical laboratories.
Under zpph}prin.l: conditions I{.lil::: C]‘Laptrr H], the rate
of the catalytic reaction being monitored is proportion-
ate to the amount of enzyme present, which allows its
concentration to be inferred.

Enzyme-Linked Immunoassays

The sensitivity of enzyme assavs can also be exploited 1o
detect proteins thar lack caralytic activity. Enzyme-
linked immunoassays {ELISAs) use antbodies cova-
lendy linked o a “reporter enzyme” such as alkaline
phospharase or horseradish peroxidase, enzymes whose
products are readily derecred. When serum or other
samples to be rested are placed in a plastic microtiter
plate, the proteins adhere to the plastic surface and are
immobilized. Any remaining absorbing areas of the well
are then “blocked” by adding a nonanrigenic prorein
such as bovine serum albumin. A solution of andbody
covalently linked to a reporter enzyme is then added.
The antibodies adhere o the immobilized antigen and
these are themselves immobilized. Excess free antibody
molecules are then removed by washing, The presence
and quantity of bound annhndv are then determined
by adding the substraze for the reporter enzyme.

Table 7-1. Amino acid sequences in the neighborhood of the catalytic sites of several
bovine proteases. Regions shown are those on either side of the catalytic site seryl {5) and

histidyl (H) residues,

Enzyme i Sequence Around Serine &) Sequence Around Histidine
Trypsin DS CQDGOGGPYVCS GKIVVSAABCYKSG
ChymotrypsinAiS S CMGD E®GGPLVCKKNVVTAABGGYTT
ChymotrypsinB:5 5 CMGD @GGPLVCOQKNYVTAABCGYTT
Thrombin DACEGD®GGPF Y MEKESPIVLTAABCLLYFP
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NAD(P)*-Dependent Dehydrogenases Are
Assayed Spectrophotometrically

The physicochemical properties of the reactants in an
enzyme-catalyzed reaction dicrate the options for the
assay of enzyme activity. Specrophotometric assays ex-
ploit the abilicy of a substrate or product to absorb
light. The reduced coenzymes NADH and NADPH,
written as NAD(P)H, absorb light ar a wavelength of
340 nm, whereas their oxidized forms NAIDNPY do not
(Figure 7-9). When NAD{P)* is reduced, the ab-
sarbance ar 340 nm therefore increases in proportion
to—and ar a rate determined by—rthe quantiry of
NAD(FIH produced. Conversely, for a dehydrogenase
that catalyzes the oxidation of NAD(P}H, a decrease in
absorbance ar 340 nm will be observed. In cach case,
the rate of change in optical density ar 340 nm will be
proportionate o the quantity of engyme present.

Many Enzymes Are Assayed by Coupling
to a Dehydrogenase

The assay of enzymes whose reactions are not accompa-
nied by a change in absorbance or fluorescence is gener-
ally more difficule. In some instances, the product or re-
maining substrate can be rransformed into a more
readily detecred compound. In other instances, the re-
action product may have to be separared from unre-
acted substrate prior o measurement—a process facili-
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Figure 7-9. Absorption spectra of NADT and NADH.
Densities are for a 44 mg/L solution in a cell witha 1 cm
light path, NADP' and MADPH have spectrums analo-
gous to NAD™ and NADH, respectively.

tated by the use of radioactive substrates, An alternarive
strategy is to devise a synthetic substrate whose product
absorbs light. For example, p-nirrophenyl phosphare is
an artificial substrate for certain phosphatases and for
chymotrypsin that does nor absorb visible light. How-
ever, following hydrolysis, the resulting p-nitrophen-
vlate anion absorbs light ar 419 nm.

Anaother quire general approach is to employ a “cou-
pled” assay (Figure 7-10). Typically, a dcﬁ}rdmgcnase
whose substrate is the produce of the enzyme of interest
is added in catalytic excess. The rate of appearance or
disappearance of NAD(PIH then depends on the rare
of the enzyme reaction to which the dehydrogenase has

been coupled.

THE ANALYSIS OF CERTAIN ENZYMES
AIDS DIAGNOSIS

OF the thousands of different enzymes present in the
human body, those that fulfill functions indispensable
to cell vitality are present throughour the body tissues.
Other enzymes or isozymes are expressed only in spe-
cific cell types, during certain periods of development,
or in response 1o specific physiologic or pathophysio-
logic changes. Analysis of the presence and distribution
of enzymes and isorymes—whose expression is nor-
mally rissue-, time-, or circumstance-specific—often
aids diagnosis.

Glucosa

'/.- ATPR, Mg™

HEXOKINASE
\\. .I“-DP. Mgh
Glucose G-phosphate
/- NADF™
GLUCOSE4-PHOSPHATE
| DEHYDRADGENASE
\" MADPH + H*

&-Phosphegluconolactons

Figure 7-10. Coupled enzyme assay for hexokinase
activity. The production of glucose &-phosphate by
hexokinase is coupled to the oxidation of this product
by glucose-6-phosphate dehydrogenase in the pres-
ence of added enzyme and NADPT, When an excess of
glucose-6-phosphate dehydrogenase is present, the
rate of formation of NADPH, which can be measured at
340 nm, is governed by the rate of formation of glucose
6-phosphate by hexokinase.



Nonfunctional Plasma Enzymes Aid
Diagnosis & Prognosis

Certain enzymes, procnzymes, and cheir substrares are
present at all times in the drculadon of normal individ-
uals and perform a physiologic function in the blood.
Examples of these functional plasma enzymes include
lipoprotein lipase, pseudocholinesterase, and the proen-
zymes of blood coagulation and blood clot dissolution
(Chapeers 9 and 51). The majority of these enzymes are
synthesized in and secreeed by the liver.

Plasma also coneains numerous other enzymes that
perform no known physiologic function in bload.
These apparently nnnl!lnctiunal plasma enzymes arise
from the routine normal destruction of erythrocyres,
leukocytes, and other cells. Tissue damage or necrasis
resulting from injury or disease is generally accompa-
nied by increases in the levels of several nonfunctional
plasma enzymes. Table 7-2 lists several enzymes used
in diagnostic enzymology.

Isozymes of Lactate Dehydrogenase Are
Used to Detect Myocardial Infarctions

I-Lactate dehydragenase is a terrameric enzyme whose
four subunits accur in two isoforms, designated H (for

Table 7-2. Principal serum enzymes used in
clinical diagnosis. Many of the enzymes are not
specific for the disease listed.

Serum Enzyme Major Diagnostic Use

Aminotransferases

Aspartate aminotransfer- | Myocardial infarction
ase [AST, or SGOT)
Alanine aminotransferase | Viral hepatitis
{ALT, or SGPT)
Amylace Acute pancreatitis
Ceruloplasmin Hepatalenticular degeneration
(Wilson's disease)
Creatine kinase Muscle disorders and myocar-
dial infarction
Glutamyl transpeptidase | Various liver diseases
Lactate dehydrogenass Myacardial infarction
(isozymes]
Lipase Acute pancreatitis
Phosphatase, acid Metastatic carcinoma of the
prostate

Various bone disorders, ob-
structive liver diseases

Phosphatasa, alkaline
(isozymes)
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heart) and M {for muscle). The subunits can combine
as shown below to yield catalydcally active isozymes of
L-lactate dehydrogenase:

Lactate
Dehydrogenase

Isozyme Subunits
I, HHHH
Iy HHHM
I3 HHMM
I HMBAM
I MKMM

Distiner genes whose expression is differentially regu-
lated in various tissues encode the H and M subunirs.
Since heart expresses the H subunit almost exclusively,
isozyme 1) predominates in chis tissue. By contrast,
isozyme l; predominates in liver. Small quantitics of
lactate dehydrogenase are pormally present in plasma.
Following a myocardial infarction or in liver disease,
the damaged tissucs release characteristic lactate dehy-
drogenase isoforms into the blood. The resulting cleva-
tion in the levels of the I or 15 isozvmes is detected by
separating the different oligomers of lactare dehydroge-
nase by electrophoresis and assaying their catalytic ac-
tivity (Figure 7-11).

ENZYMES FACILITATE DIAGNOSIS
OF GENETIC DISEASES

While many diseases have long been known to result
from alterations in an individual's DNA, wools for the
detection of genctic mutations have only recently be-
come widely available, These techniques rely upon the
catalytic efficiency and specificity of enzyme catalyses.
For example, the polymerase chain reaction (PCR) re-
lies upon the ability of enzymes to serve as catalytic am-
plificrs to analyze the DNA present in biologic and
forensic samples. In the PCR technique, a thermostable
DMNA polymerase, directed by appropriate oligonu-
cleotide primers, produces thousands of copies of a
sample of DNA that was present initially ar levels too
low for direct detection.

The detection of restriction fragment length poly-
morphisms (RFLPs) facilicates prenatal dececrion of
hereditary disorders such as sickle cell trair. beta-
thalassemia, infant phenylketonuria, and Huntingion's
discase, Detection of RFLPs involves ceavage of dou-
ble-stranded DMNA by restriction endonucleases, which
can detect subtle aleerations in DNA char affect cheir
recognized sites, Chapeer 40 provides further derails
concerning the use of PCR and restriction enzymes for
diagnosis.
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Figure 7-11.

- ' . .

Mormal

AN

1

Mormal and pathologic patterns of lactate dehydrogenase (LDH) isozymes in human

serum. LDH isozymes of serum were separated by electrophoresis and visualized using the coupled reac-
tion scheme shown on the left, (MBT, nitroblue tetrazolium; PM3, phenazine methylsulfate). At right is
shown the stained electropherogram, Pattern A is serum from a patient with a myocardial infarct; B is nor-
mal serum; and C is serum from a patient with liver disease. Arabic numerals denote specific LDH isozymes.

RECOMBINANT DNA PROVIDES AN
IMPORTANT TOOL FOR STUDYING
ENZYMES

Recombinant DNA technology hias emerged as an im-
portant asset in the study of enzymes. Highly purified
samples of enzymes are necessary for the study of their
structure and function. The isolation of an individual
erzyme, particularly one present in low concencration,
from among the thousands of proteins present in a cell
can be extremely difficule. TF the gene for the enzyme of
interest has been cloned, it generally is possible o pro-
duce larpe quantities of its encoded protein in Erwche
erichia cofi ot yeast. However, not all animal proteins
can be expressed in active form in microbial cells, nor
do microbes p-uri'urm cettain posteranslational process-
ing tasks. For these reasons, a gene may be expressed in
:u%lurr:d animal cell systems employing the baculovirus
EXPression vector to transform cultured insect cells. For
maore details coneerning recombinant DNA rechniques,
see Chapter 40,

Recombinant Fusion Proteins Are Purified
by Affinity Chromatography

Recombinant DNA technology can alsa be used to cre-
ate modified proteins that are readily purified by affinity
chromatography, The gene of interest is linked to an
oligonucleotide sequence that encodes a carboxyl or
amino terminal extension to the encoded protein. The

resulting modified protein, termed a fusion protein,
contains a domain tailored to interact with a specific
affinity suppore. One popular JFPru.d.L':’EI is to attach an
aligonueleatide that encodes \151 consecutive histidine
residues. The expressed “His l-‘E. protein binds w chro-
m.:mgmplnc supports that contain an immobilized diva-
lene meral ion such as Ni**, Alernatively, the substrare-
hinding domain of glutathione 8- transferase (GST) can
serve as a "GST ag.” Figure 7-12 illustrares the purifi-
cation of a GST-fusion protein using an affinity support
containing bound glutathione, Fusion proteins also
::d'lun |_'m:urj|: i c]-n'uva.g,:: sile J‘m a highiy .'.].':r_':iﬁc F!TUIZI:JSL"
such as thrombin in the region thar links the owo por-
tions of the protein, Thii&wzmiu removal of the added

fusion domain following affinity purification.

Site-Directed Mutagenesis Provides
Mechanistic Insights

Once the ability w express a protein from s cloned
gene has been established, it is possible to employ site-
dirccted mutagenesis to change specific aminoacyl
residues by altering their codons, Used in combinarion
with kinetic analyses and x-ray crystallography, this ap-
proach facilitates identificarion of the specific roles of
given aminoacyl residues in substrate binding and catal-
vsis, For example, the inference that a partcular
aminoacyl residue funcrions as a general acid can be
tested by replacing it with an aminoacyl residue inca-
pable of donating a proton.
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Figure 7-12.  Use of glutathione S-transferase (G5T)
fusion proteins to purify recombinant proteins. (GSH,
glutathione.)
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SUMMARY

* Enzymes are highly effective and extremely specific
catalyses.

* Organic and morganic prosthene groups, cofactors,
Coenzymes, many of which are derivatives of B vita-
mins, serve as “shuteles,”
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* Caralytic mechanisms employed by enzvmes include
the introduction of strain, approximation of reac-
tants, acid-base caralysis, and covalent catalysis.

* Aminoacyl residucs that participate in catalysis are
highly conserved among all classes of a given enzyme
activicy,

* Substrates and EnEYImes induce mutual conforma-
tional changes in one another that facilitate substrate
recognition and caralyss,

* The catalytic acrivity of enzymes reveals cheir pres-
ence, facilicates their detecrion, and provides the basis
for enzyme-linked immunoassays.

* Many enzymes can be assayed spectrophotometri-
cally by coupling them to an NAD(P)*-dependent
dehydrogenase,

* Assay of plasma enzymes aids diagnosis and progno-
sis. For example, a myocardial infarction elevates
sErum [E"urflﬁ D! l;lﬂa“.' dth?drugﬂn-ﬂﬁ: i.‘i[]:ﬁ}fnlﬂ Il'

* Restriction endonucleases facilitate diagnosis of ge-
netic diseases by revealing restricrion fragment length
polymorphisms.

* Site-directed muragenesis, used w change residues
suspected of being importan in catalysis or substrate
binding, provides insights into the mechanisms of
enzyme action,

bl R.ﬂ_'[:lmh'ln:lnl Ilusi{“'l thll:ins ﬁul:]'l. a5 H'ls-iaggl:d or
GST fusion enzymes are readily purified by affinity
chromatography.
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Enzymes: Kinetics

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE
EﬂI}‘Tﬂf Hﬂm i:.‘i ll'l'l: ni:l.d IJ‘F IJi.I::II'.'I"I.L'FI'Iin.‘iLI'}" C{?I’IL’E[Ilﬂd

with the quantitative measurement of the rates of en-
gyme-catalyzed reactions and the systematic study of fac-
tors that affect these rates. Kinetic analyses permit scien-
tists 1o reconstruet the number and order of the
individual steps by which enzymes tansform substrates
into products. The study of enzyme kinetics also repre-

sents the principal way to identify potential therapeutic
agents that selectively enhance or :|111:JIJLL the rates of spe-
cific L'm'.yml_'-r_'alal}r.u:d processes, Tung]"l.Lr with site-
directed mutagenesis and other echniques thae probe
protein structure, kinetic analysis can also reveal details
of the catalytic mechanism. A complete, balanced set of
CREYIme activities is of fundamental iml:lurl.ancu for main-
taining homeostasis. An underseanding of enzyme kinet-
ics thus is important for understanding how physiologic
stresses such as anoxia, metabolic acdosts or alkalosis,

l{:xim. ane p]"l.:u'rna:.u]ugji_ agan'i afﬁ.'cl that 1}3]3.1“_':_'.

CHEMICAL REACTIONS ARE DESCRIBED
USING BALANCED EQUATIONS

A balanced chemical equation lists the inival chemical
species (substrates) present and  the new  chemical
:il}L‘L'i‘.'S {PrullI.JLL'.:I E}fnll’_'d rur il P;J.'l'ti.l'.'l.llilr EhL'l:I'l.iCH.l o=
action, all in their correct Fr::l:-urliun_l. or stoichiome-
try. For example, balanced equation (1) below describes
the reaction of one molecule each of substrates A and B
L] rurm one |.'|'|‘UIL";.'|JIL' L‘HI’.'!"I. urPruduLh P H.l]'l] Q.

A+B & P+Q (1}
The double arrows indicate reversibility, an inerinsic
property of all chemical reactions. Thus, for reaction
(1), if A and B can form P and Q, then P and Q) can
also form A and B. Designation of a particular reactane
as a "substrate” or "product” is therefore somewhar ar-
bitrary since the products for a reaction writren in one
direction are the substrates for the reverse reaction. The
term “produces” is, however, often wsed ro des'ti;na:e
the reacrants whose formation is thermodynamically fa-
vored. Reactions for which thermodynamic facrors
strongly favor formation of the products to which the
arrow points often are represented with a single arrow
as if they were "irreversible”;

&0

A+B = P+0Q (2)
Unidirectional arrows are also wsed to desenbe reac-
vians in living cells where the products of reaction (2)
are immediately consumed by a subsequent enzyme-
catalyzed reaction. The rapid removal of product ' or
() therefore precludes occurrence of the reverse reac-
vian, rendering equation (2) functionally irreversible
under physiologic conditions.

CHANGES IN FREE ENERGY DETERMINE
THE DIRECTION & EQUILIBRIUM STATE
OF CHEMICAL REACTIONS

The Gibbs free energy chanpe AG (also called either the

free energy or Gibbs energy) describes both the divec-
tigr in which a chemical reaction will tend 1o proceed
and the concentrations of reactants and products that
will be present ar equilibrium. AG for a chemical reac-
tion equals the sum of the free energies of formarion of
the reaction products AG, minus the sum of the free
energies of formation of the substrates AG;. AG" de-
notes the change in free energy that accompanies ransi-
tion from the standard state, one-molar concentrations
of substrates and producrs, to equilibrium. A more use-
ful biochemical term is AG", which defines AG” ar a
standard state of 1077 M protons, pH 7.0 (Chaprer 10).
IF the free energy of the products is lower than thar of
the substrates, the signs of AG” and AG" will be nega-
tive. indicating that the reaction as written is favored in
the direction left wo right. Such reactions are referred o
as spontaneous. The sign and the magnitude of the
free encrgy change determine how far the reaction will
proceed. Equation (3)

1]
AG” = —RTIn K,q

(3
—illuscrares the re]al:mn.shlp berween the equilibrium
constant K and AG", where R is the ¢ gas constant {1.98
ca]fmnlf“f( or 8.31 Ifnmlf"K} and T is the absolute
temperarure in degrees Kelvin. £ is equal ro the prod-
uc of the concentrations of the reaction produces, each
raised to the power of their stoichiomerry, divided by
the product of the substrates, each raised o the power
of their stoichiomerry.



For the reaction A + B—= P 4

_FQ (4)
" [AlB)

and i'u:r reaction ﬁ:l

A+A P (5)

_ ARk (6)
(a1

g

AG" may be calculated from equarion (3) if the con-
centrations of substrares and producrs present ar equi-
librium are known. If AG" is a negative number, K
will be greater than unity and the concentration of
produces ar equilibrium will exceed dchar of substrares. IF
AG" s positive, K will be less than uniry and the for-
mation of substrares will be favored.

Motice thar, since AG” is a funcrion exclusively of
the inital and final scates of the reacting species, it can
provide information only abour the direceion and equi-
libritem stare of the reaction. AG" is independent a?[he
mechanism of the reaction and therefore provides no
information concerning rates of reactions. Conse-
quenty—and as explained below-—although a reacrion
may have a large negarive AG" or AG”, it may nevers
theless take place ar a negligible rate.

THE RATES OF REACTIONS
ARE DETERMINED BY THEIR
ACTIVATION ENERGY

Reactions Proceed via Transition States

The Ei}l‘lﬂ.‘[.‘!t of the transition state s fundamental to
understanding the chemical and thermodynamic basis
of catalysis. Equation (7} depices a displacement reac-
tion in which an entering group E displaces a leaving
grﬁIJP L, areached initiall}f to B

E+R=L ﬁ E=R-+L (7}

Midway through the displacement, the bond berween
R and L has weakened but has not yer been complerely
severed, and the new hond between E and R is as et
incompletely formed, This transient intermediate—in
which neither free substrate nor product exists—is
termed the transition state, E---R---L. Dored lines
represent the “partial” bonds that are undergoing for-
mation and ruprure,

Reaction (7) can be thoughe of as consisting of two
“partial reactions,” the first corresponding to the forma-
tion (F) and the second to the subsequent decay (D) of
the transition state intermediate, As for all reactions,
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characreristic changes in free energy, AG,, and AG,, are
associated with each partial reaction.

E+R-L 2 E-R--L AGy [8)
E-R-L 2 E-R+L AGp (%)

E+R-L 2 E-R+L AG=AG. +AGy, (8-10)

Far the overall reaction (10), AG is the sum of AG, and
AG,. As for any equation of two terms, it s not possi-
ble to infer from AG either the sign or the magnitude
of AG, or AG,.

Muh}r reactions mvolve multiple transition states,
each with an associated change in free energy. For these
reactions, the overall AG represents the sum of all of
the free energy changes associated with the formation
and :J.i:r_':iy of afl of the transition states. Tlnfrcﬁ!lrc, it is
not possible to infer from the overall AG the num-
ber or type of transition states through which the re-
action proceeds. Stated another way; overall thermo-
dynamies tells us nothing aboue kinetics,

AG; Defines the Activation Energy

Regardless of the sign or magnitde of AG, AG, for the
overwhelming majority of chemical reactions has a pos-
itive sign. The formation of transition state intermedi-
ares therefore requires surmounting of energy barners.
For this reason, AG, is often termed the activation en-
ergy: E.... the energy required to surmount a given en-
ergy barrier, The case—and hence the frequency—with
which this barrier is overcome is inversely related o
E... The thermodynamic parameters thar determine
how fast a reaction proceeds thus are the AG, values for
formarion of the transition states through which the re-
action proceeds, For a simple reaction, where % means
“proportionarte to,”

Eﬂ
— {11)
Rate =g AT

The activation energy for the reaction proceeding in the
opposite direction to that drawn is equal o =AG

NUMEROUS FACTORS AFFECT
THE REACTION RATE

The kinetic theory—also called the collision theory—
of chemical kinetics states that for two molecules w
react they must (1) approach within bond-forming dis-
tance of one another, or "collide”; and (2) must possess
sulficient kinetic energy to overcome the energy barrier
for reaching the transition state. It therefore follows
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thar anything which increases the frequency or energy of
collision berween substrares will increase the race of the
reaction in which they participate,

Temperature

Raising the temperature increases the kinetic encrgy of
molecules. As illustrared in Figure 81, the toral num-
ber of molecules whose kinetic energy exceeds the en-
ergy barrier B, (vertical bar) for formation of produces
increases from low (A), through intermediace (B), to
high {C) temperarures. Increasing the kinetic energy of
molecules also increases their motion and therefore the
frequency with which they collide, This combination of
more frequent and more highly energetic and produc-
tive collisions increases the reaction race.

Reactant Concentration

The frequency with which melecules collide is directly
proportionate to their concentrations. For two different
molecules A and B, the frequency with which they col-
lide will double i the concentration of either & or B is
doubled. If the concentrations of both A and B are dou-
bled, the probability of collision will increase fourfold.
For a chemical reaction procecding at constant tem-
perature that invelves one molecule each of A and B,

A+B—=P 12)

the number of molecules that possess kinetic energy
sufficient to overcome the acrivarion energy barrier will
be a constant. The number of collisions with sufficient
encrgy to produce product P therefore will be direcdy
proportionate to the number of collisions berween A
and B and thus to their molar concentrarions, denored
by square brackers.

Rate = [A][B] (13
Similarly, for the reaction represenred by

A+2B—P (14)

Energy barrier

=¥ A
2z [|] |
/ \
0 =
e Kinetic enargy R
Figure B-1, The energy barrier for chemical

reactions,

which can also be written as

A+B+B—=P (15)
the corresponding rate expression is
Rate = [A][B][B] [16)

ar
Rate = [A][B]? (17)

For the general case when n molecules of A react with
m molecules of B,

nA+mB—P (18]
the rate expression is
Rate = [A]"[B]™ (19}

Replacing the proportionality constant with an equal
sign by introducing a proportionality or rate constant
k charactenistic of the reaction under study gives equa-
tions (20} and {21}, in which the subscripts 1 and -1
refer to the rate constants for the forward and reverse
reactions, respectively.

Rate, =k, [A]"[B]™ (20)
HQIE_|'—|'¢..1[P] (21]

H’Eq Is a Ratio of Rate Constants

While all chemical reactions are o some extent re-
versible, at equilibrium the prerall concentrations of re-
actants and products remain constant, At equilibrium,
the rate of conversion of substrates to products there-
fore equals the rate ar which products are converted o
substrares.

Rate, = Rate_, (22
Therefore,
ki [A]"[B]™ =k _[P] (23)
and
Lis [F]

e Bl [24)
ky  [A"[BI™

The ratio of k, to k_; is termed the equilibrium con-
stant, K. The following important properties of a sys-
tem at equilibrium must be kept in mind:

(1) The -.-qu':lihrium constant is a ratio of the reaction

rate constants (not the reaction rater).



{2) Ar equilibrium, the reaction rares (not the rare
constaner) of the forward and back reactions are
equal.

(3) Equilibrium is a dynamic state, Although there s
no met change in the concentration of substrates
or products, individual substrate and product
molecules are continually being interconverted.

{(4) The numeric value of the equilibrium constant
K, can be calculated either from the concentra-
1.'“.'"1.\- (ll SUIJLLI:".:S aml Fmducﬁ at Ei.'l u:l|[E'Jl‘ll.|.m oar

frcrl'n the ratio k ”L_]

THE KINETICS OF
ENZYMATIC CATALYSIS

Enzymes Lower the Activation Energy
Barrier for a Reaction

All enzymes accelerate reaction rates by providing tran-
sition states with a lowered AG, for formation of the
transition states. However, they may differ in the way
this is achieved. Where the mechanism or the sequence
of chemical steps ar the active site is essentially the same
as those for the same reaction proceeding in the absence
of a catalyst, the environment of the active site lowers
AG; by stahilizing the rransirion srare intermediares. As
discussed in Chaprer 7, stabilization can invelve (1)
acid-base groups suitably positioned o cransfer protons
to ot from the developing transition state intermediarte,
{2} suitably positioned charged groups or meral ions
thar stabilize developing charges, or (3) the imposition
of steric strain on substrates so thar their geomerry ap-
proaches that of the transition state. HIV protease (Fig-
ure 76} illuscrates caralysis by an enzyme thar lowers
the activarion barrier by stabilizing a transition state in-
termediate.

Caralysis by enzymes thar proceeds via a wnigue re-
acrion mechanism rypically occurs when the wansition
state intermediate forms a covalent bond with the en-

zvme (covalent catalysis). The catalytic mechanism of

the serine protease chymotypsin (Figure 7-7) illus-
trates how an enzyme urilizes covalent caralysis o pro-
vide a unique reaction pathway.

ENZYMES DO NOT AFFECTK,,

Enzymes accelerate reaction rares by lowering the acri-
vation barrier AG,. While they may undergo transient
modification during the process of catalysis, enzymes
emerge unchanged at the completion of the reaction.
The presence of an enzyme theretore has no effect on
AG" for the overall reaction, which is a funcrion solely
of the imitial and final states of the reactants. Equation
(25) shows the relationship berween the equilibrium
constant for a reaction and the standard free energy
change for thart reaction:
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AG" =—RTInKq (25)

[f we include the presence of the enzyme (E} in the cal-
culation of the equilibrium constant for a reaction,

A+B+Enz 2 P+Q+Enz {26)

the expression for the equilibrium constane,

- [FI[Q][Enz] 271
*1 " [A](B][Enz]

reduces to one identical wo that for the reaction in the
absence of the enzyme:

_[PlQ) (28)
o [AlB)

Enzymes therefore have no effect on ' )

MULTIPLE FACTORS AFFECT THE RATES
OF ENZYME-CATALYZED REACTIONS

Temperature

Raising the temperature increases the rate of both uncar-
3]}‘1::1 ET thz}rm:-cnta]}t:d reactions |:l}-' i.ncr:asjng the
kinetic energy and the collision frequency ol the react-
ing molecules. However, heat energy can also increase
the kinetic energy of the enzyme to a point thar exceeds
the energy barrier for Jisrhpting the noncovalent inter-
actions that maintain the enryme’s three-dimensional
structure. The polypeptide chain then begins to unfold,
or denature, with an accompanying rapid loss of car-
3]}'1.1'1 :u_'r.'nrllr.}f. The femperature range over which an
enzyme maineains a stable, caalyucally competent con-
formation depends upon—and typically moderately
exceeds—the normal emperature of the cells in which
it resides. Enz}.-m:s from Eumahs Ecl'l::ml[].' exhibit sta-
bility ar remperatures up o 45-35 "C. By conrrast,
enzymes from the thermophilic microorganisms that re-
side in voleanic hot springs or undersea hydrothermal
vents may be stable up to or above 100 °C.

The Q, or temperature coefficient, is the factor
by which the rate of a biologic process increases for a
10 "C increase in temperature. For the temperatures
aver which enzymes are stable, the rates of most bio-
logic processes typically double for a 10 °C tise in tem-
perature (Qhg = 2}, Changes in the rates of enzyme-
catalyzed reactions that accompany 3 rise o fall in h{:rjy
temperature constitute a prominent survival feature for
“cold-blooded” life forms such as lizards or fish, whose
body temperatures are dictated by the external enviran-
ment. However, for mammals and other homeothermic
organisms, changes in enzyme reaction rates with tem-
perature assume physiologic importance only in cir-
cumstances such as fever or hypothermia,
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Hydrogen lon Concentration

The rate of almost all enzyme-catalyzed reactions ex-
hibies a significant dependence on hydrogen ion con-
centration. Most intracellular enzynies einhi: aptimal
activiry at pH values berween 5 and 9. The relationship
of activity to hydrogen ion concentration (Figure 8-2)
reflects the balance berween enzyme denaturation at
high or low pH and effects on the charged state of the
enzyme, the substrares, or both, For enzymes whose
mechanism involves acid-base caralysis, the residues in-
volved must be in the appropriate state of protonation
for the reaction to proceed. The binding and recogni-
tion of substrare molecules with dissnciaEle groups also
typically involves the formarion of salr bridges with the
enzyme. The most common charged groups are the
negaive ca.rbaxyla:efmups and the positively charged
groups of proronated amines. Gain or loss of crirical
charged groups thus will adversely affect substrate bind-

ing and thus will retard or abolish caralysis.

ASSAYS OF ENZYME-CATALYZED
REACTIONS TYPICALLY MEASURE
THE INITIAL VELOCITY

Most measurements of the rates of enzyme-catalyzed re-
actions employ relatively short tme periods, conditions
that approximare initial rate conditions. Under these
conditions, only traces of product accumulate, hence
the rate of the reverse reaction is negligible, The initial

velocity (v;) of the reaction thus is cssencially thar of

Figure 8-2. Effect of pH on enzyme activity. Con-
sider, for example, a negatively charged enzyme (EH )
that binds a positively charged substrate (SH). Shown
is the proportion (%) of 5H™ "\ and of EH™ [///] a5 a
function of pH. Only in the cross-hatched area do both
the enzyme and the substrate bear an appropriate
charge.

the rate of the forward reaction. Assays of enzyme activ-
ity almost always employ a large (10°-107) molar excess
of substrate over enzyme. Under these conditions, v, is
proportionate to the concentration of enzyme. Measur-
ing the inirial velocity therefore permirs one o estimare
the quantity of enzyme present in a biologic sample.

SUBSTRATE CONCENTRATION AFFECTS
REACTION RATE

In what follows, enzyme reactions are treated as if they
had only a single substrate and a single product. While
most enzymes have more than one substrate, the princi-
ples discussed below apply with cqual validity to en-
zymes with multiple substrares.

For a rypical enzyme, as substrate concentration is
increased, v, increases until it reaches 2 maximum value
V... (Figure 8-3). When further increases in substrare
concentration do not further increase v, the enzyme is
said to be “sarurated” with substrare. MNote thar the
shape of the curve that relates activity o substrare con-
centration {Figure 8-3) is hyperbolic. At any given in-
stant, only substrate molecules that are combined with
the enzyme as an ES complex can be rransformed into
product. Second, the equilibrium constant for the for-
mation of the cnezyme-substrate complex is not infi-
nitely large. Therefore, even when the substrate is pre-
sent in excess (points A and B of Figure 8-4), only a
fraction of the enzyme may be presenr as an ES com-
plex. At points A or B, increasing or decreasing [5]
therefore will increase or decrease the number of ES
complexes with a corresponding change in v, Ar poinr
C (Figure 8-4), essendally all the enzyme is present as
the ES complex. Since no free enzyme remains available
for forming ES, further increases in [5] cannot increase
the rare of the reaction. Under these saturating condi-
tions, v; depends solely on—and thus is limited by
the rapidity with which free enzyme is released to com-
bine with more substrare.

Voo =
L p—— c
/ V2
v B e e e e e
B
gl
n: Vel
Y T TN (NN NN NN N N |
K 151
Figure 8-3. Effect of substrate concentration on the

initial velocity of an enzyme-catalyzed reaction.



Figure 8-4.
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Representation of an enzyme at low (A), at high (C), and at a substrate concentration

equal to K (B). Points A, B, and C correspond to those points in Figure 8-3,

THE MICHAELIS-MENTEN & HILL
EQUATIONS MODEL THE EFFECTS
OF SUBSTRATE CONCENTRATION

The Michaelis-Menten Equation

The Michaclis-Menten equation (29) illustrates in
T[]J.r.l'ltn]a.:.llcal Lerms [l'lt ﬂ:l.:".]uml'lip hl:l.‘.\.’cl.‘n il]i.l.iﬂ.] e-
action welocity v and substrate concentration [5],
shown graphically in Figure 8-3,

v, =—madS] (29)
Ko+ [5]

The Michaelis constant K, is the substrate concen-
tration at which v, is half the maximal velocity
(V,e/2) attainable at a particular concentration of
enzyme. K, thus has the dimensions of substrate con-
centration. The dependence of initial reaction velocicy
on [5] and &, may be illuscrated by evaluating the
Michaelis-Menten equation under three conditions.

(1) %When [S] is much less than K, (point A in Fig-
ures 8-3 and 84}, the term &, + [5] is essendially equal

it R’m, R:Fl.‘lcing Km + [‘;i with Km reduces t~r.|u:|.t'|:1n
{29) to

_ Va5 u,=M=["‘n—u][sr (30)
Kin

¥ 8] Ken

where = means “approximately equal to.” Since V,

and & are both constants, their ratio 15 a conseane. In
other words, when [5] is considerably below K, v =
k[S]. The inidial reaction velocity therefore is directly
proportionate w [S],

(2) When [S] is much greater than &7, (point C in
Figures 8-3 and 8-4), the term & + [5] is essencially

equal to [5]. Replacing & + |S] with [5] reduces equa-
tien (29} o

vz VST (31)
K+ 5] [s]

Thus, when [S5] greatly exceeds K, the reaction velocity
is maximal (V) and unaffected by further increases in
substrate conceneration,

(3) When [5] = & (point B in Figures 8-3 and

8-4).

v = Ymaxl5] _ VinaulS1 Vg (32)

YK+ IS 2081 2

Equation {32) states that when [5] equals K, the initial
velocity is hall-maximal. Equation (32} also reveals that
K, is—and may be determined experimentally from—
the substrate concentration ar which the inital velocity
is half-maximal.

A Linear Form of the Michaelis-Menten
Equation Is Used to Determine K, & V.,

The direct measurement of the numeric value of V,
and therefore the calculanon of &, often requires im-
practically high concentrations of substrate to achieve
saturating condidons. A lincar form of the Michaclis-
Mtntrn ::tluatllnn clln:umw:nl‘x thi.h' diﬂ'ii.'l.l.lt}" HI'IL{ Fr_'l-
mits ¥, and K, to be extrapolated from inidal veloc-
ity data obrained ar less than saruraning concentrations
of substrate. Starting with equation (29),

v= h"Ilmﬂ:u["-q;] 129)
Kyt [5]
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invert
l - KE+[53 (33)
lllrl vmnxlsl
facror
J . Ky B (34)
u| LI:'F'Iﬂ.ﬁ[sll klllI'I'Iah.[S]
and simplify
L [_.’Em_ AL (35)
Vi L [s] Vi

Equarion (33) is the equartion for a straight line, y = ax
+ b, where y= 1/fv, and » = 1/[5]. A plot of 1iv, as yas a
function of 1/[5] as » therefore gives a straight line
whose y intercepe is 1/V,,, and whose slope 1s K /V, ..
Such a plor is called a2 double rec:ipru-cal or
Lineweaver-Burk plot {Figure 8-5). Setting the y rerm
of equation (36) equal to zero and solving for & reveals
that the x intercepr is = 1/K,.

0= ax+b; therefore, x = e A (28]
a m

K, is thus most easily caleulated from the x intercept.

K, May Approximate a Binding Constant

The affinity of an engyme for its substrace is the inverse
of the dissociation constant &) for dissociation of the
enzyme substrace complex ES,

I':I
T
E+SES (37)
k_y
ket (38)
Ky
K
1 Slope = —2
"'-T.' P W
" i
.a-"-f-.’&
1 >3
i -
*_’_..-" Visar
g = (3
[5]

Figure 8-5. Double reciprocal or Lineweaver-Burk
plot of 1/, versus 1/]5) used to evaluate K, and V...

Stared another way, the smaller the endency of the en-
gyme and its substrate w alisociare, the grearer the affin-
ity of the enzyme for its substrate. While the Michaelis
constant K often approximares the dissociation con-
stant Ky, this is by no means always the case, For a typi-
cal enzyme-catalyzed reaction,

ki Kz
E+5 2 ESE+P (39)
ks
the value of [5] thar gives v, = 1, /2 is
[5]:@:;{;1 (40
kg
When k_; » ky, then
e T (a1)
and
k
[53.-.‘r1..=.,1{|:l (42}
-1

Hence, ]J'K L‘l:‘ll}" :I.I}'IJI'!H]EI'I.‘].II:H Ifﬁd under conditions
where the association and dissociztion of the ES com-
ph:x is rapid relative o the rate-limiting step in caraly-
sis, For the many enzyme-catalyzed reactions for which
ky + k; is mor approximately equal o k_j, T/E will
underestimate 1/K},

The Hill Equation Describes the Behavior
of Enzymes That Exhibit Cooperative
Binding of Substrate

While most enzymes display the simple saturation ki-
netics depicted in Figure 8-3 and are adequately de-
seribed h].f the Michaelis-Menten expression, some en-
zymes bind their substrates in 2 cooperative fashion
analogous to the binding of oxygen by hemoglobin
{Chapter 6). Cooperative behavior may be encountered
for multimeric enzymes that bind substrate ar multiple
sites, For enEymes that displa}’ Pu.tiiliw: v:lmpq:ral.:ix'llt}-' in
binding substrate, the shape of the curve that relates
changes in v; w ch.‘mgc:s in [8] is sigmoidal (Figure
5-0), Neither the Michaelis-Menten expression nor its
rlrr'wt'd duul}lt-rcclprm:a] p]uL\i can be vsed to I:'l.":ll.l.'l.:l.lt'
cooperative saturarion kinetics, Ensymologises therefore
employ a fraphic representation of the Hill equation
ariginally derived to describe the coaperative binding of
D: ]J}" h::mngl{:hln. F,c}ua!i:nh {4’-} ri:E:lfﬂil:nLli the Hill
:LLu:Hjun arranged in a form that pr:d':ct.'. a Elmlght line,
where k' isa complex constant,



Figure 8-6. Representation of sigmoid substrate
saturation kinetics,

“I_agi" = nlog(5]-log k’ (43)

Vinax =V
Equation (43) states chat when [S] is low relative o &',
the initial reaction velocity increases as the nth power
of [S].

A graph of log v/(V,, — v) versus log[S] gives a
straight line (Figure 8-7), where the slope of the line n
is the Hill coefficient, an empirical parameter whose
value is a funcuon of the number, I-:_incf
the interactions of the multiple substirare-hinding sites
on the eneyme. When n = 1, all binding sites behave in-
dependentdy, and simple Michaelis-Menten kinetie be-
havior is observed. If n is grearer than 1, the enzyme is
said to exhibit positive cooperativity. Binding of the

Log [5]

Figure 8-7. A graphic representation of a linear
form of the Hill equation is used to evaluate 5, the
substrate concentration that produces half-maximal
velocity, and the degree of cooperativity m.

. and strength of
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first substrare molecule then enhances the affinity of the
enzyme for binding additional substrate. The greater
the value for n, the higher the degree of cooperativity
and the more sigmoidal will be the plor of v, versus [5].
A perpendicular dropped from the point where the y
term log v/{V,_,, — v,) is zero intersects the x axis at a
substrate concentration termed Sgy, the substrate con-
centration that results in half-maximal velocicy. 5, thus
is analogous to the Py, for oxygen binding o hemoglo-
bin {Chaprer 6).

KINETIC ANALYSIS DISTINGUISHES
COMPETITIVE FROM
NONCOMPETITIVE INHIBITION

Inhibitors of the caralytic activities of eneymes provide
both pharmacologic agents and research tools for study
of the mechanism of enzyme acvion. Inhibitors can be
classified based upon their site of action on the enzyme,
on whether or not they chemically modify the enzyme,
or on the kinetic parameters they influence. Kinetically,
we distinguish two classes of inhibitors based upon
whether mising the substrate concentration does or
does not overcome the inhibition.

Competitive Inhibitors Typically
Resemble Substrates

The effects of competitive inhibitors can be overcome
by raising the concentration of the substrate. Most fre-
quently, in competitive inhibition the inhibitor, I,
binds 1o the substrare-hinding portion of the active site
and blocks access by the substrate. The souctures of
most classic competitive inhibitors therefore tend o re-
semble the structures of a substrate and thus are termed
substrate analogs. Inhibition of the enzyme succinare
dehydrogenase by malonare illustrates competitive inhi-
bition by a substrate analog. Succinate dehydrogenase
catalyzes the removal of one hydrogen atom from cach
of the rtwo methylene carbons of succinate (Figure 8-8).
Both succinate and fis strucoural analog malonate
{ T OOC—CH,—CO0O ) can bind to the active site of
succinate dehydrogenase, forming an ES or an El com-
plex, respectively, However, since malonare conains

|
M= =00 —2H H —ﬁ— Coo”
_—
“ooC—G—H e 0OC—C—H
H | DEHYDROGEMASE
Succinate Fumarate

Figure 8-8. The succinate dehydrogenase reaction.
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only one methylene carbon, it cannot undergo dehy-
drogenation. The formation and dissociation of the El
complex is & dynamic process described by

by

Enzl 2 Enz 41 (44)
k_y

for which the equilibrium constant K is

_Enz]lll Kk

= e I [45)
[Enzll k_,

In effect, a competitive inhibitor acts by decreasing
the number of free enzyme molecules available to
bind substrate, ie, to form ES, and thus eventually
to form product, a5 described below:

..‘:ﬁ;':_,..-:,_,.El

=% E-5

EvP (a6)

E

A competitive inhibitor and substrate exert reciprocal
cffects on the concentration of the El and ES com-
plexes. Since binding substrate removes frec enzyme
available to combine with inhibitor, increasing the [5]
decreases the concentrarion of the El complex and
raiscs the reaction velocity, The extent o which [5]
must be increased to completely overcome the inhibi-
tion depends upon the concentration of inhibitor pre-
sent, its affinity for the enzyme &, and the &, of the
crzyme for its substrace,

Double Reciprocal Plots Facilitate the
Evaluation of Inhibitors

Drouble reciprocal plows distinguish berween competi-
tive and noncomperitive inhibitors and simplify evalua-
tion of inhibition constants K. v, is determined ar sev-
eral substrate concentrations both in the presence and
in the absence of inhibitor. For classic competitive inhi-
bition, the lines that connect the experimental dara
poines meer at the y axis (Figure 8-9). Since the y incer-
cept is equal to 1/V] . this partern indicates thar when
1/[S] approaches 0, v; is independent of the presence
of i.nhitimr. More, however, thar the intercepr on the
x axis does vary with swhibiter concentration—and chac
since —1/&, " is smaller than /&, K" (the “apparent
K"} becomes larger in the presence of increasing con-
centrations of inhibitor. Thus, a competitive inhibitor
has no effect on V_,, but raises K, the apparent
K _ for the substrate.

¥
P
.'J//
i B .
IJI
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7
&
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g | SgsE
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SR I N Pl
K. E"? e
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Figure 8-9. Lineweaver-Burk plot of competitive in-
hibition. Note the complete relief of inhibition at high
[5] fie, bow 1/151).

For simple comperitive inhibiton, the intercept on
the x axis 15

= U]
= {2 (47
i Km " Hi ]

Once X has been determined in the absence of in-
hibitor, & can be calculated from equation (47), & val-
ues are used to compare different inhibitors of the same
enzyme. The lower the value for K, the more effective
the inhibitor, For example, the statin drugs char act as
competitive inhibitors of HMG-CoA reductase {Chap-
ter 26) have K values several orders of magnitude lower
than the K, for the substrate HMG-CoA.

Simple Noncompetitive Inhibitors Lower
V... but Do Not Affect i,

In noncompetitive inhibition, binding of the inhibitor
does not affect binding of substrate. Formation of bath
EI and EIS complexes is therefore possible. However,
while the enzyme-inhibitor complex can siill bind sub-
strate, its efficiency ar rransforming substrate o prod-
uct, reflected by V.. is decreased. Noncompetitive
inhibitors bind enzymes at sites distinee from the sub-
strate-binding site and generally bear linle or no strue-
rural resemblance o the substrate.

For simple noncompetitive inhibition, E and EI
possess identical aflinity for substrate, and the EIS com-
plex generates product at a negligible rate (Figure 8-10).
More complex noncompetitive inhibition occurs when
binding of the inhibitor does affect the apparent affinity
of the enzyme for substrate, causing the lines to inter-
cept in either the third or fourth quadrants of a double
reciprocal plot {not shown).



Figure 8-10. Lineweaver-Burk plot for simple non-
competitive inhibition,

Irreversible Inhibitors “Poison” Enzymes

In the above examples, the inhibitors form a dissocia-
ble, dynamic complex with the enzyme. Fully active en-
zyme can therefore be recovered simply by removing
the inhibitor from the surrounding medium. However,
a variery of other inhibitors act irreversibly by chemi-
cally modifying the enzyme. These modifications gen-
erally involve making or breaking covalent bonds with
aminoacyl residues essential for substrate binding, caral-
ysis, or maintenance of the enzyme’s functional confor-
marion. Since these covalent changes are relatively sta-
ble, an enzyme thar has been “poisoned” by an
irreversible inhibitor remains inhibited even after re-
moval of the remaining inhibitor from the surrounding
medium.

MOST ENZYME-CATALYZED REACTIONS
INVOLVE TWO OR MORE SUBSTRATES

While many cnzymes have a single substrace, many oth-
ers have two—and sometimes more than two—sub-
strates and products. The fundamencal principles dis-
cusscd above, while illustrared  for  single-substrace
enzymes, apply also to muldsubstrate enzymes. The
mathemarical cxpressions used to cvaluate multisub-
strate reactions are, however, complex, While deailed
kincric analysis of multsubstrate reactions cxceeds the
scope of this chaprer, two-substrate, owo-product reac-
tions {termed “Bi-Bi" reactions) arc considered below,

Sequential or Single
Displacement Reactions

In sequential reactions, both substrates must combine
with the enzyme to form a wernary complex before
catalysis can proceed (Figure 8-11, wop). Sequental re-
actions are sometimes referred to as single displacement
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EAB-EFQ EQ E

EAB-EPQ)

L
—
~— [0
i [

E EA-FP F FE-EQ E

Figure 8-11. Representations of three classes of Bi-
Bi reaction mechanisms. Horizontal lines represent the
engyme, Arrows indicate the addition of substrates and
departure of products. Top: An ordered Bi-Bi reaction,
characteristic of many NAD(PIH-dependent oxidore-
ductases. Center: & random Bi-Bi reaction, characteris-
tic of many kinases and some dehydrogenases, Bot-
tom: A ping-pong reaction, characteristic of
aminotransferases and serine proteases.

reactions because the group umll:rg::lng transfer is usu-
ally passed directly, in a single step, from one substrate
to the other, Sequential Bi-Bi reactions can be further
distinguished based on whether the two substrares add
in a random or in a compulsery order. For random-
order reactions, either substrate A or substrate B may
combine first with the enzyme to form an EA or an EB
complex (Figure 8-11, center). For compulsary-order
reactions, A must first combine with E before B can
combine with the FEA mmp]:x, One explanation for a
compulsory-order mechanism is thar the addition of A
induces a conformational change in the EnEyme that
a]i.gnx residues which recognize and bind B,

Ping-Pong Reactions

The twerm “ping-pong” applics to mechanisms in
which one or more products are released from the en-
zvme before all the substrates have been added. Ping-
pong reactions involve covalent catalysis and a tran-
sient, modified form of the enzyme (Figure 7-4).
Ping-pong Bi-Bi reactions are double displacement re-
actions. The group undergoing transfer is firsc dis-
placed from substrate A by the enzyme o form product
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P and a modified form of the enzyme (F). The subse-
quent group transfer from F 1o the second substrace B,
forming product € and regencrating E, constitutes the
second displacement (Figure 8-11, bottom).

Maost Bi-Bi Reactions Conform to
Michaelis-Menten Kinetics

Most Bi-Bi reacrions conform to a somewhat more
complex form of Michaelis-Menten kineties in which
V.., refers to the reaction rate attained when both sub-
SUELES Are pPresent ar saturating levels, Each substrare
has its own characteristic &, value which corresponds
to the concentration that vields half-maximal velociy
when the second substrate is present at saturating levels,
As for single-substrate reactions, duuhh*—r::clprur_'u] plots
can be used o determine V¥, and K. v, is measured as
a function of the concentration of one substrate (the
variable substrate) while the concentration of the other
substrare (the fixed substrate) is mainained constane, If
the lines obrained for several fixed-substrate concentra-
tions are plotted on the same graph, it is possible to dis-
tinguish between a ping-pong enzyme, which yields
parallel lines, and a sequential mechanism, which yields
a pattern of ineersecting lines (Figure 8—12).

Product inhibition studies are used to complement
kinetic aha]}'!icx :nd b disljngui!i]'i berween {:rdr_'rcd and
random Bi-Bi reactions. For example, in a random-
order Bi-Bi reaction, each product will be a competitive
inhibitor regardless of which substrate is designated the
variable substrate. Huxl.'c*-':.'r. I'::r i SL't[uur.lii;J mecha-
nism (Figure 8-11, bottom), only produce Q will give
the patcern indicative of competitve inhibiton when A
is the variable substrate, while only produce P will pro-
rju::t.' this Faltl:rh with B as the vari;h]a :ﬂil:!!itt:tlr_'. The

Figure 8-12. Lineweaver-Burk plot for a two-sub-
strate ping-pong reaction. An increase in concentra-
tion of one substrate {5,) while that of the other sub-
strate (5] is maintained constant changes both the x
and y intercepts, but not the slope.

other combinations of product inhibitor and variable
substrare will produce forms of complex noncomperi-
tive inhibiton,

SUMMARY

= The study of enzyme kinetics—the factors thar alfect
lhﬂ rates "EI cl‘l:ﬁ].fmr.'-::a.l!a.[}lﬂ"{] mﬂﬂliuny—ru\'ﬂt‘i th'
individual steps by which enzymes transform sub-
strates into products,

= AG, the overall change in free energy for a reaction,
is independent of reaction mechanism and provides
no information concerning raies of reactions.

* Enzymes do por affect K. K, a o of reaction
rate constants, may be calculated From the concentra-
tions of substrates and products ar equilibnum or
from the rato ki/k_;.

* Reactions proceed via transition states in which AG,
is the activation energy. Temperature, hydrogen ion
concentration, enzyme concentration, substrate con-
centration, and inhibitors all affece the rates of on-
ayme-catalyzed reactions,

* A measurement of the rate of an enzyme-catalyzred
reaction generally employs inital rate conditions, for
which the essential absence of product precludes the
reverse reaction.

= Alincar form of the Michaclis-Menten equation sim-
plifics determination of £, and V| ...

= A “:ru:ur i'{:rrn of the Hi|.| 4:{.|u:|.lit'rl1 15 used to evaluare
the cooperative suh.lalmtc—hirlding kinetics exhibited
by some multimeric enzymes. The slope n, the Hill
cocflicient, reflects the number, nature, and strength
ur the interactions ::li' the suhstralu-ljindlng xilr.'s. A



value of n greater than 1 indicares posirive coopera-
tivicy.

The effects of comperitive inhibitors, which typically
resemble substrates, are overcome by raising the con-
centration of the substrare. Noncompetitive in-
hibitars lower V), but do not affect K.

Substrates m:l].l' add in a random order {:ir.h::r suh-
strate may combine first with the enzyme) or in a
compulsory order {(subsrrate A must bind before sub-
strace B).

In ping-pong reactions, one or more products are re-
leased from the enzyme before all the substrates have

added.
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Enzymes: Regulation of Activities

Victor W. Rodwell, PhD, & Peter J. Kennelly, PhD

BIOMEDICAL IMPORTANCE
'-.I.-.I"I.L' ]gﬂl—cunlury PI]}'!iUl{FL‘“ C.JH.IJL{L' BL']TI:IHJ. 1.'[I'I.I.I]l'.'i.-

ated the conceprual basis for metabolic regulation. He
observed that living organisms respond in ways thar are
both quantitatively an u-mpumll[;* approptiate o per-
mit them o survive the mulr.lp]q: ::h;tllr.'ngcs pused by
changes in their external and internal environments,
Walter Cannon subsequently coined the term "homeo-
stasis” o describe the ability of animals 1w maintain a
constant. intracellular environment despite changes in
l|.‘:|¢.'ir enternal environment. We now L:mn.'.' Lhal ::rgan—
isms respond w changes in their external and internal
environment by balanced, coordinated changes in the
rates of spr_-ciﬁc metabolic reactions. Many human dis-
CEses, including cancer, LI:ia.l}l’.'lL'h', L'_','n.t:ic ﬁhruxi_'i, ane
Alzheimer’s disease, are characterized by rLguJaLur} dys-
functions eriggered by pathogenic agents or penetic mu-
tations. For example, many oncaogenic viruses claborate
qu.tn—r.j-'rmlm. inases  that l'l'lnr]il"l.l' lh:. n_gulal::r'.r
events which contral patterns of pUne expression, con-
tributing to the inidation and progression of cancer, The
woxin from Vibrio cholerae, the cavsative agent of cholera,
dizables whsut—ruspumv lehwz}’s in intestinal :.'F'llhu]i.ﬂ
cells by ADP-ribosylating the GTP-binding proteins
(C3-proweins) that link cell surface recepLors 1o a.dl_'njrl}-'l
cyclase. The consequent activation of the cyclase triggers
the ﬂtm’ ull watet into the ihl.r_'si.inL':i, rL'.tiu]ling i assive
diarchea and debydration. Yersina pestie, the causative
iLI]I. of pla claborates a procein-ryrosing  phos-
atase that Eﬁru]yﬂ_a hmphur].rl groups on key oy
l{:alu.iua] pmlum Ko ﬁ:.‘i]gL :Ji hl:lurs that contral I.J'I.L'
rates uilunz}rmu-u;lul}'ud reactions thus is essential to an
undrrﬁl;mding of the malecular basis of disease. This
chapter outlines the patterns by which metabolic
processes are controlled and Pl[:l'l."i.dt'_'. illustrative exam-
ples. Subsequent chaprers PI!'U'L"i.LI\'..' additional examples,

REGULATION OF METABOLITE FLOW
CAN BE ACTIVE OR PASSIVE

Enzymes that operate at their maximal rate cannot re-
spond to an increase in substrate concentration, and
can respond only 1o a precipitous decrease in substrare
concentration. For most enzymes, therefore, the aver-
age intracellular concentration of their substrate rends
tor be close to the K7, value, so thar changes in substrare
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concentration generate corresponding changes in me-
tabolite flux (Figure 9-1), Responses to changes in sub-
strate level represent an important but parsive means for
coordinating metabolice flow and maintaining homeo-
stasis in quiescent cells. However, they offer limited
scope for responding to changes in environmental vari-
ables. The mechanisms that regulate enzyme activity in
an active manner in response to internal and external
signals are discussed below,

Metabolite Flow Tends
to Be Unidirectional

Dyespite the existence of short-term  oscillacions in
metabalite concentrations and enzyme levels, living
cells exist in a dynamic steady state in which the mean
concentrations of metabolic intermediates remain rela-
tively constant over time (Figure 9-2), While all chemi-
cal reactions are to some extent reversible, in living cells
the reaction products serve as substraces for—and are
removed by—other enzyme-catalyred reacrions. Many
nominally reversible reactions thus occur unidirection-
ally. This succession of coupled metabolic reactions is
accompanied by an overall change in free energy that
favors unidirectional metabolite flow (Chaprer 10). The
unidircctional flow of metabolites through a pachway
with a large overall negative change in free energy is
analogous to the flow of warter through a pipe in which
one end is lower than the other, Bends or kinks in the
pipe simulate individual enzyme-catalyzed steps with a
small negative or positive change in free energy. Flow of
warter through the pipe nevertheless remains unidirec-
tional due to the overall change in height, which corre-
sponds to the overall change in free energy in a pachway
{Figure 9-3).

COMPARTMENTATION ENSURES
METABOLIC EFFICIENCY
& SIMPLIFIES REGULATION

In eukaryotes, anabolic and carabolic pathways that in-
terconvert common products may take place in specific
subcellular comparrments. For example, many of the
enzymes thar degrade proteins and polysaccharides re-
side inside organelles called lysosomes. Similarly, farty
acid biosynchesis occurs in the cyrosol, whereas farry
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Figure 9-1. Differential response of the rate of an
enzyme-catalyzed reaction, AV, to the same incremen-
tal change in substrate concentration at a substrate
concentration of K, (AV.) or far above K, (AV,).

acid oxidation takes place within mitochondria I:Eha[:-
ters 21 and 22). Srgn:g;u:'lurl of certain metabolic path-
'l.'.l':l:!."L within H]Jt‘l’.':i.‘ll.i:ﬂ:d. cell l}rp::-.\ can Pn}vid: further
physical compartmentation. Aleernatively, possession of
O OF MOTE Eigie Mermediates can prrmit .J.E]J:I]'tni]}
opposing palhwa}s to coexist even in the a

Fhwu_.zl barrers. For a:ump]r, rjﬁl.‘!][t many shared 1n-
termediates and eneymes, both glveolysis and gluconeo-
genesis are favored energetically. This cannot be true if
all the reactions were the same. IF one pathway was fa-
vored tl‘ltrgf.‘.‘[il::ll]ilr'. the other would be af.'c::-rn]:l:ln'l::d h}'
a Llunge in free energy G equal in magnitudr bue uE
posite in sign. Simultaneous spontaneity of both pat
ways results from substitution of one or more reactions
h} different reactions favored l.|1|:n'r:m]}-n:|.m1|::|.[|} in the
opposite direction. The glycolytic enzyme phospho-
fructokinase (Chaprer 17) is replaced by the gluco-
neagenic enzytne E:u:_tu_-.:-I - ]Jnl.ahn:.!.rhata_-.: (Chapter
I_}} The a].}l]l['r of enzymes to diseriminate between the
striscturally similar coenzymes WAD® and NADD also
resules in a form of companmentation, since it segre-

giﬂ:} ll'.lt' I‘.‘]L‘L’[FL‘IJ‘I!’E {!i- NJ"LDH 1.]1;]1. Are -I'JES[iI'H:‘IJ f-nr .l‘slTP

SETRCE H-I—

malecules
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molecules

Figure 9-2. Anidealized cell in steady state. Note
that metabolite flow is unidirectional.
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Figure 9-3. Hydrostatic analogy for a pathway with
a rate-limiting step (A) and a step with a AG value near
zero (B).

generation from those of NADPH that participate in
the reductive steps in many biosynthetic pathways.

Controlling an Enzyme That Catalyzes
a Rate-Limiting Reaction Regulates
an Entire Metabolic Pathway

While the flux of mewabolites through merabolic parth-
ways involves camalysis by numerous enzymes, active
control of homeostasis is achieved by regulation of only
a small number of enzymes. The ideal enzyme For regu-
latory intervention is one whose quantity or catalyric ef-
hciency dicrates thar the reaction ic caralyzes is slow rel-
ative to all others in the pathway. Decreasing the
:al‘nl].rrlr_' ::’Fﬁt:il:nc}f or r|1:.~ {||.1.anl"1r].r of the car:Ll].'.'.'l‘ for the
“bottleneck” or rate-limiting reaction immediarely re-
duces metabolite flux through the entire pathway. Con-
versely, an increase in either its quantity or catalytic ef-
ficien oy enhances ﬂu:t th mugl‘l the F!:It]'l.\'l.':l.}" as a whaole.
For example, aceryl-CoA carboxylase caralyzes the syn-
thesis of malonyl-CoA, the first committed reaction of
Fatty acid biosynthesis {Chapter 21), When synchesis of
malun}r| Coad s mhlhlh.-l:i 1u|.'m.-|:|urnl‘ reactions I!]'r Farh.r
acid u}rntht\.lh cease due to lack of substrates. FI‘IJ’:!."HII!‘-
thar catalyze rare-limiting steps serve as natural “gover-
nors” of metabolic Aux. Thus, they constitute efficient
targets for regulatory intervention by drugs. For exam-
ple, inhibition by “statin” drugs af HMG-CoA reduc-
tase, which catalyzes the rare-limiting reaction of cho-
lesterogenesis, curtails synthesis of cholesteral.

REGULATION OF ENZYME QUANTITY

The caralytic capacity of the rate-limiring reaction in a
metabolic pathway is the product of the concenrration
of enzyme molecules and cheir incrinsic caralydc effi-
ciency. It therefore follows char caralytic capacity can be
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influenced both by changing the quantity of enzyme
present and by alvering its incrinsic catalyric efficiency.

Control of Enzyme Synthesis

Enzymes whose concentrations remain essentially con-
stant over oime are termed constitutive enzymes. By
contrast, the concentratons of many other enzymes de-
pend upon the presence of inducers, typically sub-
strates or structurally related compounds, thar initiace
their synthesis, Escherichia coli grown on glucose will,
for example, only catabolize lactose after addition of a
P-galactoside, an inducer that initiates synthesis of a
El-g.;h.cm:irlasc and a galactoside permease (Figure 39-3).
Inducible enzymes of humans include tryprophan pyr-
rolase, threonine  dehydrase, tyrosine-te-ketoglutarate
aminotransferase, enzymes of the urea cyele, HMG-CoA
reductase, and cytochrome P450. Conversely, an excess
of a metabolite may curtail synthesis of its cognace
enzyme via repression. Both induction and repression
involve cis elements, specific DNA sequences located up-
stream of regulared genes, and  tans-acong regularory
proteins, The molecular mechanisms of inducton and
repression are discussed in Chapter 39,

Control of Enzyme Degradation

The absolute quantity of an enzyme reflects che nec bal-
ance berween enzyme synthesis and enzyme degrada-
tion, where &, and &, represent the rate constants for
the overall processes of synrhesis and degradation, re-
spectively. Changes in both the & and &, of specific
enzymes occur in human subjects.

Enzyms

()

Amina acids

Protein turnover represents the ner resule of en-
#yme synthesis and d:ﬁgmdntinn. By measuring the rates
of incarporation of PN labeled amino acids into pro-
tein and the rates of loss of °N from protein, Schoen-
heimer deduced chat body proteins are in a stace of "dy-
namic equilibrivm” in which they are continuously
synthesized and degraded. Mammalian proteins are de-
graded both by ATP and ubiquitin-dependent path-
ways and by ATP-independent pathways (Chaprer 29,
Susceptibility to protealytic degradation can be influ-
enced by the presence of ligands such as substrates,
coenzymes, or metal wons thar aleer protein contorma-
tian, Intracellular ligands thus can influence the rates it
which specific enzymes are degraded,

Enzyme levels in mammalian tissues respond o a
wide range of physiclogic, hormonal, or dietary factors,
For example, glucocorticoids increase the concentration
of tyresine aminotransferase by simulating &, and
glucagon—despite its antagonistic physiologic effects-
increases &, fourfold o fvefold. Regulation of liver
arginase can involve changes either in &, or in k. After
a protein-rich meal, liver arginase levels rise and argi-
nine synthesis decreases (Chaprer 29). Arginase levels
also rise in starvation, but here arginase degradation de-
creases, whereas &, remains unchanged. Similarly, injec-
tion of glucocorricoids and ingestion of wyprophan
both elevare levels of ryprophan oxygenase. While the
hormone raises &, for oxygenase synthesis, uyprophan
specifically lowers &, by stabilizing the oxygenase
against proteolytic digestion.

MULTIPLE OPTIONS ARE AVAILABLE FOR
REGULATING CATALYTIC ACTIVITY

In humans, the induction of protein synthesis is 4 com-
plex multistep process thar rypically requires hours to
produce significant changes in overall enzyme level. By
contrast, changes in intrinsic catalytic officency of-
fected by binding of dissociable ligands (allosteric reg-
ulation) or by covalent modification achicve regula-
tion of enzymic activity within seconds, Changes in
protein level serve long-term adaprive requirements,
whereas changes in catalytic efficiency are best suited
for rapid and transient aleerations in metabolite Aux.

ALLOSTERIC EFFECTORS REGULATE
CERTAIN ENZYMES

Feedback inhibition refers 1o inhibition of an enzyme
in a biosynchetic pathway by an end product of that
pathway. For example, for the biosynthesis of D from A
catalyzed by enzymes Enz, through Enz,,

Enz, Enz, Enz,
A == B =» C = D

high concentrations of D inhibit conversion of A 1o B.
Iniil:rl:inn results not from the "backing up” of inter-
mediares but from the ability of D to bind o and in-
hibit Enz,. Typically, D binds at an allosteric site spa-
tally distince from the cawlytic site of the rarger
enzyme. Feedback inhibitors thus are allosteric effectors
and rypically bear little or no structural similaricy to the
substrares of the enzymes they inhibic. In this example,
the feedback inhibitor D acts as a negative allosteric

effector of Enz,.



In a branched biosynchetic pathway, the initial reac-
tions participate in the synthesis of several products.
Figure 9-4 shows a hypothetical branched biosynthetic
ﬂathwa}' in which curved arrows lead from feedback in-

ibitors to the enzymes whose activiey they inhibit, The
sequences S, =+ AL S, = B 5, =2 Cand 5, =5 = D
each represent linear reaction sequences that are feed-
back-inhibited by their end products. The pathways of
nucleotide biosynthesis (Chaprer 34) provide specific
examples,

The kinetics of feedback inhibition may be comperi-
tive, noncompetitive, partially competitive, or mixed.
Feedback inhibitors, which frequenty are the small
molecule building blocks of macromolecules (eg, amino
acids for proteins, nucleotides for nucleic acids), typi-
cally inhibit cthe first committed step in a parcicular
biosynthetic sequence. A much-studied example is inhi-
bition of bacterial aspartate cranscarbamoylase by CTP
(see below and Chaprer 34).

Mulriple feedback loops can provide addirional fine
control. For example, as shown in Figure 9-5, the pres-
ence of cxcess product B decreases the requirement for
substrate S;. However, 5, is also required for synthesis
of A, C, and D. Excess B should therefore also currail
synthesis of all four end produces. To circumvent this
potential difficulty, each end product typically only
partially inhibits catalytic activicy. The effect of an ex-
cess of two or more end products may be strictly addi-
tive or, alternartively, may be grearer than their individ-
ual effect (cooperative feedback inhibirion).

Aspartate Transcarbamoylase Is a Model
Allosteric Enzyme

Aspartate transcarbamoylase (ATCase), the catalyst for
the first reaction unique to pyrimidine biosynthesis
{Figure 34-7), is feedback-inhibired by cytidine cri-

e
-
2 5 - 3 - g E‘Lf‘{;
P o

Y, Bg =t
K"\-\.__,_,.:—""

Figure 8-4. Sites of feedback inhibition in a
branched biosynthetic pathway. 5,-5. are intermedi-
ates in the biosynthesis of end products A-D, Straight
arrows represent enzymes catalyzing the indicated con-
versions. Curved arrows represent feedback loops and
indicate sites of feedback inhibition by specific end
products.
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Figure 9-5. Multiple feedback inhibition in a
branched biosynthetic pathway, Suparimposed on sim-
ple feedback loops (dashed, curved arrows) are multi-
ple feedback loops (solid, curved arrows) that regulate
enzymes comman to biosynthesis of several end prod-
uets,

phosphate (CTP). Following treatment with mercuri-
als, ATCase loses irs sensitivity to inhibidon by CTP
bur retains i full acavity for synthesis of carbamoyl as-
partate. This suggests that CTP is bound at a different
{allosteric) site from either substrate. ATCase consists
of multiple caralvric and regularory subunits. Each car-
alytic subunit contains four asparcate (substrare) sites
and each regulatory subunirt at least two CTP (regula-
tory) sites {Chapter 34).

Allosteric & Catalytic Sites Are
Spatially Distinct

The lack of structural similarity berween a feedback in-
hibitor and the substrate for the enzyme whose activiry
it regulates suggests that these effectors are not isosteric
with a substrate but allosteric ("occupy another
space”). Jacques Monod therefore proposed the exis-
tence of allosteric sives that are physically distince from
the catalytic site. Allosteric enzymes thus are those
whose activity ar the active sive may be modulated by
the presence of effectors ar an allosteric site. This hy-
pothesis has been confirmed by many lines of evidence,
including x-ray crystallography and site-directed mura-
genesis, Er:nmnsuzting the existence of spatially distinet
active and allosteric sites on a variety of enzymes,

Allosteric Effects May Beon K_,oron V__,

To refer to the kinetics of allosteric inhibirion as "com-
petitive” or "m:rnmmp-e:itive" with substrate carries
misleading mechanistic implications. We refer instead
o owo classes of regulared enzymes: K-series and V-se-
ries enzymes. For K-series allosteric enzymes, the sub-
strate saturation kinetics are comperitive in the sense
that K, is raised withour an effect on V.. For V-series

man*

allosteric enzymes, the allosteric inhibitor lowers V,
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withour affecting the K. Alweradons in K, or V.
probably result from conformational changes at the car-
alytic site induced by binding of the allosteric effector
at the allosteric site. For a Ke-series allosteric enzyme,
this conformarional change may weaken the bonds be-
rween substrate and substrate-binding residues. For a
V-series allosteric enzyme, the primary effect may be to
alter the orientation or charge of catalytic residues, low-
ering V. Intermediate effects on K, and V., how-

ever, may be observed consequent to ‘these conformas
tional changes.

FEEDBACK REGULATION
IS NOT SYNONYMOUS WITH
FEEDBACK INHIBITION

In both mammalian and bacterial cells, end produces
“feed back” and control their own synchesis, in many
instances by feedback inhibidon of an early biosyn-
thetic enzyme, We must, however, distinguish between
feedback regulation, a phenomenologic term devoid
of mechanistic implicarions, and feedback inhibition,
a mechanism for regulation of enzyme activicy, For ex-
ample, while dictary cholesterol decreases heparic syn-
thesis of cholesterol, this feedback regulation does not
involve feedback inhibition, HMG-CoA reductase, the
rate-limiting enzyme of cholesterologenesis, is affected,
but cholesteral does not feedback-inhibic its activiey.
Regulation in response to dietary cholesterol involves
curtailment by cholesterol or a cholesterol metabolice of
the expression of the gene that encodes HMG-CoA re-
ductase {enzyme repression) (Chaprer 26).

MANY HORMONES ACT THROUGH
ALLOSTERIC SECOND MESSENGERS

Nerve impulses—and binding of hormones o cell sur-
face receprors—elicic changes in the rate of enzyme-
catalvzed reactions within target cells by inducing the re-
lease or synthesis of specialized allosteric effectors called
second messengers. The primary or “first” messenger is
the hormene molecule or nerve impulse. Second mes-
sengers include 3°.5"-cAMP, synthesized from ATP by
the enzyme adenylyl cyclase in response to the hormone
epinephrine, and Ca™", which is stored inside the endo-
plasmie rediculum of most cells. Membrane depolariza-
tion resulting from a nerve impulse opens a membrane
channel thar releases calcium ion into the cyroplasm,
where it binds to and activares enzymes involved in the
regulation of contraction and the mobilization of stored
glucose from glycogen. Glucose then supplies the in-
creased energy demands of muscle contracrion. Other
second messengers include 3,5"-cGMP and polyphos-
phoinositols, preduced by the hydrolysis of inositol
phaspholipids by hormone-regulared phospholipases.

REGULATORY COVALENT
MODIFICATIONS CAN BE
REVERSIBLE OR IRREVERSIBLE

In mammalian cells, the two most common forms of
covalent modificarion are partial proteolysis and
phosphorylation. Because cells lack the ability ro re-
unite the two portions of a protein produced by hydrol-
vsis of a pepride bond, proteolvsis constitures an irre-
versible modification. By contrast, phosphorylation is a
reversible modificarion process, The phosphorylation of
proteins on seryl, threonyl, or tyrosyl residues, catalyzed
by protein kinases, is thermodynamically spontaneous,
Equally spontancous is the hydrolytic removal of these
phosphoryl groups by enzymes called protein phos-
pharases.

PROTEASES MAY BE SECRETED AS
CATALYTICALLY INACTIVE PROENZYMES

Certain proteins are synthesized and secreted as inactive
precursor proteins known as proproteins, The propro-
teins of enzymes are termed proenzymes or zymogens.
Selective proteolysis converts a proprotein by one or
more successive protealytic “clips” to a form thar ex-
hibits the characteristic activity ol the marture protein,
eg, its enzymatic activity. Proteins synthesized as pro-
proteins include the hormone insulin (proprotein =
proinsulin), the digestive enzymes pepsin, trypsin, and
chymotrypsin (proproteins = pepsinogen, wypsinogen,
and chymotrypsinogen, respectively), several factors of
the blood clotting and blood clor dissolution cascades
(see Chapter 51}, and the connective tissue protein col-

lagen (proprotein = procollagen).

Proenzymes Facilitate Rapid
Mobilization of an Activity in Response
to Physiologic Demand

The synchesis and secretion of proteases as catalytically
inactive proenzymes protects the tissue of origin (eg,
the pancreas]l from autodigestion, such as can occur in
pancreatitis. Certain physiologic processes such as di-
gestion are intermircent bur fairly regular and pre-
dictable. Others such as blood clor formarion, clor dis-
solution, and tissue repair are brought “on line” only in
response o pressing physiologic or pathophysiologic
need. The processes of blood clor formarion and dis-
solution clearly must be emporally coordinated w
achieve homeostasis. Enzymes needed intermirentdy
but rapidly often are secreted in an initally inaccive
torm since the secrerion process or new synthesis of the
required proteins |nighthh-e Ii‘nsuflﬁcien:::].r HPT fur] re-
sponse o a pressing pathophysiologic demand such as
ﬁlnsg nfl:rlEud. BEEE =
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Figure 9-6. Selective proteclysis and asseciated conformational changes form the

active site of chymotrypsin, which includes the Asp102-His57-5er195 catalytic triad.
Successive proteolysis forms prochymotrypsin (pro-CT), n-chymaotrypsin (m-CT), and ul-
timately c-chymaotrypsin ((-CT), an active protease whose three peptides remain asso-
ciated by covalent inter-chain disulfide bonds.

Activation of Prochymotrypsin
Requires Selective Proteolysis

Sclective proteolysis invalves one or more highly spe-
cific proteolytic clips that may or may not be accompa-
nied by separation of the resulting peprides. Most im-
portantly,  selective  proteolysis  often  results  in
conformational changes thar “creare” the caralytic sie
of an enzyme. Note that while His 57 and Asp 102 re-
side on the B pepride of o-chymotrypsin, Ser 195 re-
sides on the C pepride (Figure 9-6), The conforma-
tional changes that accompany selective proteolysis of
prochymatrypsin (chymotrypsinogen) align the three
residues of the charge-relay neowork, creating the car-
alytic site. More also thar contact and catalytic residucs
can be located on different peptide chains but sall be
within bond-forming distance of bound substrate,

REVERSIBLE COVALENT MODIFICATION
REGULATES KEY MAMMALIAN ENZYMES

Mammalian proteins are the targets of a wide range of
covalent modification processes. Modifications such as
ghycosylation, hydroxylaton, and farry acid acylanion
introduce new structural features into newly synthe-
sized proteins thar tend o persist for the liferime of the
pratein, Among the covalent modifications that regu-
late protein function (g, methylavon, adenylylation),
the most common by far is phosphorylation-dephos-
phorylation, Protein kinases phosphorylate proreins by

caral}'aln% transfer of the terminal phosphoryl group of
ATP o the hydroxyl groups of seryl, threonyl, or gyro-
syl residues, forming ()-phosphoseryl, O-phosphohre-
onyl, or O-phosphoryrosyl residues, respectively (Figure
9-7). Some protein kinases targer the side chains of his-
tidyl, lysyl, arginyl. and aspartyl residues. The unmodi-
fied form of the protein can be regenerated by hy-
drolytic removal of phosphoryl groups, caralyzed by
protein phosphatases.

A rypical mammalian cell possesses over 1000 phos-
phorylated proteins and several hundred protein kinases
and prorein phospharases thar caralyze their intercon-
version. The ease of interconversion of enzymes be.
tween their phospho- and dephospho- forms in part

ATP ADP

Mg~
Enz — Ser »—0OH
I Pl-hDSPHAT.i.SEI

fig=*
B H

@@= —o—ror

Figure 9-7. Covalent modification of a regulated en-
zyme by phosphorylation-dephosphorylation of a seryl
residue.
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accounts for the frequency of phosphorylation-dephos-
phorylation as a mechanism for regulatwory control.
Phosphorylation-dephosphorylation permits the func-
tional properties of the affected enzyme 1o be altered
only for as long as it serves a specific need. Once the
nced has passed, the enzyme can be converted back to
its original form, poised to respond to the next stimula-
tory event. A second factor underlying the widespread
use of protein phosphorylation-dephosphorylation lies
in the chemical properties of the phosphoryl group it-
self. In order to alter an enzyme's functional properties,
any modification of its chemical structure must influ-
ence the protein’s three-dimensional configuration,
The high charge density of protein-bound phosphoryl
groups—generally —2 ac physiologic pH ilI'IEIP their
propensity to form sale bridges with arginyl residues
make them porent agents for modifying protein struc-
wre and function. Phosphorylation generally rargers
amino acids distant from the catalytic sice iself. Conse-
quent conformarional changes then influence an en-
gyme's intrinsic caralytic efficiency or other properties,
In this sense, the sites of phosphorylation and 0Ef:‘r co-
valent meodifications can Ee considered another form of
allosteric sire. However, in this case the
gand” binds covalently to the protein.

“allosteric li-

PROTEIN PHOSPHORYLATION
IS EXTREMELY VERSATILE

Protein phosphorylation-dephosphorylation is a highly
versatile and selective process. Not all proteins are sub-
ject to phosphorylation, and of the many hydroxyl
groups on a protein’s surface, only one or a small subsert
are targeted. While the most common engyme function
affected is the protein's catalytic efficiency, phosphory-
lation can also alter the affinity for substrates, locarion
within the cell, or responsiveness to regulation by al-
Ins:fnc ligands. Phosphorylation can increase an en-
zyme's caralyric efficiency, converting it to its acrive
form in one protein, while phosphorylation of another
converts it into an inceinsically inefficient, or inacrive,
form (Table 9-1).

Many proteins can be phosphorvlated ar multiple
sites ar are subject ro regulation both by phosphoryla-
tion-dephosphorylation and by the binding of allosteric
ligands. Phosphorylation-dephosphoryladon ac any one
site can be catalyzed by muldple protein kinases or pro-
tein phosphatases. Many protein kinases and masthma
tein phosphatases act on more than one protein and are
themselves interconverted berween active and inacrive
forms by the binding of second messengers or by cova-
lent modification by phosphorylation-dephosphoryla-
tion.

The interplay berween protein kinases and protein
phosphatases, between the functional consequences of

Table 9-1. Examples of mammalian enzymes
whose catalytic activity is altered by covalent
phosphorylation-dephosphorylation.

Activity State’
Enzyme Low | High
Acetyl-Cod carboxylase EP E
Glycogen synthase EP E
Pyruvate dehydrogenase EP E
HMG-Coh reductase EF E
Glycogen phosphorylase E EF
Citrate lyase E EP
Fhosphorylase b kinase E EP
HMG-CoA reductase kinase E EP

'E, dephosphoenzyme; EP, phosphoanzyme,

hosphorylation ar different sites, or berween phosphory-
ra[jcn sites and allosteric sites provides the basis for
regulatory nerworks thar integrate multiple environ-
mental inpur signals to evoke an appropriate coordi-
nated cellular response. In these sophisricared regula-
tory nerworks, individual enzymes respond o different
environmental signals. For example, if an enzyme can
be phosphorylated at a single sive by more than one
procein kinase, it can be converted from a caralyrically
efficient to an inefficient (inactve) form. or vice versa,
in response to any one of several signals. If the protein
kinase is acrivated in response to a signal different from
the signal thar acrivates the protein phospharase, the
plxusp%uprmein becomes a decision node. The func-
tional oucpur, generally caralytic activity, reflects the
phusphur}-'lljariun state. This stare or degree of phos-
phorylation is derermined by the relative activities of
the protein kinase and protein phosphatase, a reflection
of Eﬂt presence and relative strength of the environ-
mental signals that ace through each, The ability of
many protein kinases and protein phospharases o rar-
ger more than one protein provides a means for an en-
vironmental signal w coordinately regulate muldple
metabolic processes. For example, the enzymes 3-hy-
droxy-3-methylglutaryl-CoA reductase and aceryl-Cod
carboxylase—the rate-controlling enzymes for choles-
terol and farry acid biosynchesis, respectively—are
phosphorylated and inactivated by the AMP-acrivared
procein kinase, When this protein kinase is activared ei-
ther through phosphorylation by yer another protein
kinase or in response to the binding of its allosteric acti-
varor 5-AMP, the two major pathways responsible for
the synthesis of lipids from aceryl-CoA both are inhib-
ited. Interconvertible enzymes and the enzymes respon-
sible for their interconversion do nor act as mere on
and off swirches working independently of one another.



They form the building blocks of biomolecular coms-
puters that maintain homeostasis in cells thar carry our
a complex array of metabolic processes that must be
regulated in response to a broad spectrum of environ-
mental factors.

Covalent Modification Regulates
Metabolite Flow

Regulation of enzyme activity by phosphorylation-
de hmphur_ﬁ'la[l{:n |'La.~. anal::gln Lo h:gulatlun b‘p‘ feed-
back inhibition. Both provide for short-term, r:sdl]y
reversible regulation of metabolite flow in response to
specific physiologic signals. Both act withour altering
gene ::'xprﬂisiun. Both act on :ar]y chrymes of a pro-
tracted, often biosynthetic metabolic sequence, and
both act ar allosteric rather than catalytic sites. Feed-
back inhibition, however, involves a single protein and
lacks hormonal and newral features, E}' contrast, r::gu.l:l-
ton of mammalian enzymes by phosphorylarion-
dephosphorylation involves several proteins and ATP

al‘ld. Il:i ul‘ld.l:r din:u:l Tll:lll':ll .:I.I'.I'I'J ]'HJFlTl[!IliII Eul'll"]].

SUMMARY

* Homeostasis involves maintaining o relanvely con-
stant intraccllular and intra-organ environment de-
spite wide flucruarions in the external environment
via appropriate changes in the rates of biochemical
reactions in response o physiologic need,

* The substrates for most enzymes are usually present
at a concentration close to & This facilitates passive
tu:llml [Ji- tj'“: rates DF F‘HJL{U‘.‘[ ilt:l:rl'l'.l.:l.['ll::ll'l r::‘].?u:mi:: fo
changes in levels of metabolic intermediares.

* Active control of metabolite flux involves changes in
the concentration, catalytic activity, or both of an en-
zvme that caralyzes a committed, rare-limiting reac-
tion,

* Selective proteolysis of catalytically inactive proen-
zymes initiaces conformational changes that form the
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active site. Secretion as an inactive proenzyme facili-
tates rapid mobilization of activity in respense to in-
jury or physiologic need and may protect the tssue
of origin (eg, autodigestion by proteases).

* Binding of metabolites and second messengers to
sites distinet from the catalytic site of enzymes rig-
gers conformational changes thar alwer V. or the

K,

s

* Phosphorvlation by protein kinases of specific seryl,
threonyl, or gyrosyl residues—and !illl:!!itf.lut‘r.l‘[ de-
Phl‘l.‘ip]‘iul’_'r"]allluh Ey rofein thx[:.l]'t:llasu—r:guhl:ﬁ
the activity of many Eurn:!n enrymes. The protein ki-
nases and ]l:hu_lipl'lala_m:ﬁ that participate in regulatory
cascades which respond 1o hormonal or second mes-
s::ngl::r h'ignals constitute a I"1:|ni:.1—4:|nrg:mirc Enmputrr"
that can process and integrate complex environmen-
tal information 1o produce an appropriare and com-
prehensive cellular response.
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