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1.1
Overview:

Cells and Cellular Compartments

Over three billion years ago, under conditions not entirely clear and in a time span difficult to comprehend, elements
such as carbon, hydrogen, oxygen, nitrogen, sulfur, and phosphorus formed simple chemical compounds. They
combined, dispersed, and recombined to form avariety of larger molecules until a combination was achieved that
was capable of replicating itself. These macromol ecules consisted of simpler molecules linked together by chemical
bonds. With continued evolution and formation of ever more complex molecules, the water environment around
some of these self-replicating molecules became enclosed by a membrane. This development gave these primordial
structures the ability to control their own environment to some extent. A form of life had evolved and a unit of three-
dimensional spacea cellhad been established. With the passing of time adiversity of cells evolved, and their
chemistry and structure became more complex. They could extract nutrients from the environment, chemically
converting these nutrients to sources of energy or to complex molecules, control chemical processes that they
catalyzed, and carry out cellular replication. Thus the vast diversity of life observed today began. The cell isthe
basic unit of lifein all forms of living organisms, from the smallest bacterium to the most complex animal.

The limiting outer membrane of cells, the plasma membrane, delineates the space occupied by a cell and separates
the variable and potentially hostile environment outside from the relatively constant milieu within. It isthe
communication link between the cell and its surroundings.

On the basis of microscopic and biochemical differences, living cells are divided into two major classes:
prokaryotes, which include bacteria, blue-green algae, and rickettsiae, and eukaryotes, which include yeasts, fungi,
and plant and animal cells. Prokaryotes have avariety of shapes and sizes, in most cases being 1/1000 to 1/10,000
the size of eukaryotic cells. They lack intracellular membrane-bound structures that can be visualized by a
microscope (Figure 1.1). The deoxyribonucleic acid (DNA) of prokaryotes is often segregated into a discrete mass,
the nucleoid region, that is not surrounded by a membrane or envelope. The plasma membrane is often invaginated.
In contrast, eukaryotic cells have a well-defined membrane surrounding a central nucleus and a variety of
intracellular structures and organelles (Figure 1.1b). Intracellular membrane systems establish distinct subcellular
compartments, as described in Section 1.4, that permit a unique degree of subcellular specidization. By
compartmentalization different chemical reactions that require different environments can occur simultaneously.
Many reactions occur in or on specific membranes, thus creating an additional environment for the diverse functions
of cells.

Besides these structural variations between prokaryotic and eukaryotic cells (Figures 1a and 1b), there are
differencesin chemical composition and biochemical activities. Prokaryotes lack histones, a class of proteins that
complex with DNA in eukaryotes. There are major structural differences in the ribonucleic acidprotein complexes
involved in biosynthesis of proteins between the cell types, as well as differences in transport mechanisms across the
plasma membrane and in enzyme content. The many similarities, however, are equally striking. The emphasis
throughout this book is on the chemistry of eukaryotes, particularly mammalian cells, but much of our knowledge of
the biochemistry of living cells has come from studies of prokaryotic and nonmammalian eukaryotic cells. The basic
chemica components and fundamental chemical reactions of all living cells are very similar. Availability of certain
cell populations, for example, bacteriain contrast to human liver, has led to much of our knowledge about some
cells; in some areas our knowledge is derived nearly exclusively from studies of prokaryotes. The universality of
many biochemical phenomena, however, permits many extrapolations from bacteria to humans.
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Figure1.1
Cellular organization of prokaryotic and eukaryotic cells.

(a) Electron micrograph of Escherichia coli, a representative
prokaryote; approximate magnification x30,000. Thereislittle
apparent intracellular organization and no cytoplasmic organelles.
Chromatin is condensed in a nuclear zone but not surrounded by a
membrane. Prokaryotic cells are much smaller than eukaryotic cells.
(b) Electron micrograph of athin section of aliver cell (rat hepatocyte),
arepresentative eukaryotic cell; approximate magnification
x7500. Note the distinct nuclear membrane, different
membrane-bound organelles or vesicles, and extensive membrane systems.
Various membranes create a variety of intracellular compartments.
Photograph (a) generously supplied by Dr. M. E. Bayer, Fox Chase Cancer
Institute, Philadel phia, PA; photograph
(b) reprinted with permission of
Dr. K. R. Porter, from Porter, K. R., and Bonneville, M. A. In:

Fine Sructure of Cells and Tissues. Philadelphia: Lea & Febiger, 1972.
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Before we dissect the complexities of mammalian cells and tissues in the following chapters, it is appropriate to
review some of the chemical and physical characteristics of the environment in which the various biochemical
phenomena occur. This environment places many constraints on the cell's activities. The concluding section outlines
the activities and roles of subcellular compartments.

-?‘5-+

g+

Figure 1.2
Structure of awater molecule.
The HOH bond angle is 104.5°. Both hydrogen
atoms carry a partia positive charge
and the oxygen a partial negative
charge, creating adipole.

1.2
Cdlular Environment:
Water and Solutes

All biological cells contain essentially the same building blocks and types of macromolecules. The general classes of
substances in cells are presented in Table 1.1. There are significant variations in concentration of specific
componentsin different cell types and in organelles of eukaryotic cells. Microenvironments are also created by
macromol ecules and membranes in which the composition differs from that of the surrounding milieu. Cells depend
on the external environment for nutrients required for replacement of components, growth, and energy needs. They
have a variety of mechanisms to cope with variations in composition of the external environment. Water is the one
common component of all environments. It is the solvent in which the substances required for the cell's existence are
dissolved or suspended. The unigque physicochemical properties of water make life on earth possible.

Hydrogen Bonds Form between Water Molecules

Two hydrogen atoms share their electrons with an unshared pair of electrons of an oxygen atom to form a water
molecule. The oxygen nucleus has a stronger attraction for shared electrons than hydrogen, and positively charged
hydrogen nuclei are left with an unequal share of electrons, creating a partial positive charge on each hydrogen and a
partial negative charge on oxygen. The bond angle between hydrogens and oxygen is 104.5°, making the molecule
electrically asymmetric and producing an electric dipole (Figure 1.2). Water molecules interact because positively
charged hydrogen atoms on one molecul e are attracted to the negatively charged oxygen atom on another, with
formation of aweak bond between two water molecules (Figure 1.3a). This bond, indicated by a dashed line, isa
hydrogen bond. A detailed discussion of noncovalent interactions between molecules, including electrostatic, van
der Waals, and hydrophobic, is presented on page 64. Five molecules of water form atetrahedral structure (Figure
1.3b), because each oxygen shares its electrons with four hydrogen atoms and each hydrogen with another oxygen. A
tetrahedral lattice structure isformed inice and givesiceits crystalline structure. Some hydrogen bonds are broken
asiceistransformed to liquid water. Each bond is relatively
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Figure 1.3
Hydrogen bonding.
(a) Hydrogen bonding,
indicated by dashed
lines, between two water
molecules.

(b) Tetrahedral
hydrogen bonding of five
water molecules. Water
molecules 1, 2, and 3
are in the plane of the
page, 4 is below, and

5isabove.
TABLE 1.1 Chemical Components of Biological
Cells
Component Range of Molecular
Weights

H20 18
Inorganic ions 23100

Nat, K+, Cl, SO42, HCO3

Ca2+, Mg2+, etc.
Small organic molecules 1001200

Carbohydrates, amino acids,

lipids, nucleotides, peptides
Macromolecules 50,0001,000,000,000

Proteins, polysaccharides,

nucleic acids
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weak compared to a covalent bond but the large number of hydrogen bonds between moleculesin liquid water isthe
reason for the stability of water. Liquid water actually has a definite structure due to hydrogen bonding that isin a
dynamic state as these bonds break and reform. Hydrogen bonds in water have a half-life of lessthan 1 x 1010 s.
Liquid water contains a significant number of hydrogen bonds even at 100°C, which accounts for its high heat of
vaporization; in the transformation from liquid to vapor state, hydrogen bonds are disrupted.

Water molecules hydrogen bond to different chemical structures. Hydrogen bonding also occurs between other
molecules and within a molecule wherever electronegative oxygen or nitrogen comes in close proximity to hydrogen
covalently bonded to another electronegative atom. Representative hydrogen bonds are presented in Figure 1.4.
Intramolecular hydrogen bonding occurs extensively in large macromolecules such as proteins and nucleic acids and
is partially responsible for their structural stability.

Many models for the structure of liquid water have been proposed, but none adequately explains al its properties.
Water Has Unique Solvent Properties

The polar nature and ability to form hydrogen bonds are the basis for the unique solvent properties of water. Polar
molecules are readily dispersed in water. Saltsin which acrystal lattice is held together by attraction of positive and
negative groups dissolve in water because el ectrostatic forces in the crystal can be overcome by attraction of charges
to the dipole of water. NaCl is an example where electrostatic attraction of individual Na+ and Cl atomsis overcome
by interaction of Nat+ with the negative charge on oxygen atoms, and Cl with positive charges on the hydrogen
atoms. Thus a shell of water surrounds the individual ions. The number of weak chargecharge interactions between
water and Nat+ and Cl ionsis sufficient to separate the two charged ions.

Many organic molecules that contain nonionic but weakly polar groups are soluble in water because of attraction of
these groups to molecules of water. Sugars and acohols are readily soluble in water for this reason. Amphipathic
molecules, compounds that contain both polar and nonpolar groups, disperse in water if attraction of the polar group
for water can overcome hydrophobic interactions of nonpolar portions of the molecules. Very hydrophobic

mol ecules, such as compounds that contain long hydrocarbon chains, however, do not readily disperse as single
moleculesin water but interact with one another to exclude the polar water molecules.

file:///D]/...extbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_5.htmI[11/10/2010 10:35:42 AM]



page_5

A Hydrony| group
.

o Wale
H algr

H Water

A Peptide chain

2] 3] R*
\G/ S Papdide ehain

v Thyming in DMNA

| | Mdening in DS

4 hS
B H

Figure 1.4
Representative hydrogen
bonds of
importance in biological systems.

Some Mol ecules Dissociate with Formation of Cations and Anions

Substances that dissociate in water into a cation (positively charged ion) and an anion (negatively charged ion) are
classified as electrolytes. The presence of charged ions facilitates conductance of an electrical current through an
agueous solution. Sugars or alcohols, which readily dissolve in water but do not carry a charge or dissociate into
charged species, are classified as nonel ectrolytes.

{1) CH3—CHOH— CHOOMa —=
Ma lackae

Ha* + CHa—CGHOH—CO0r
Laciate kon

(2] CHa— CHOH — CO0= + HY =—=
Lastabe icn

CHa— CHOH— GOOH
Lactiz acid

Figure 1.5
Reactions that occur when sodium
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|actate is dissolved in water.

Salts of alkali metals (e.g., Li, Na, and K), dissolved in water at low concentrations, dissociate completely; at high
concentrations, however, there is increased potential for interaction of anions and cations. With biological systems it
is customary to consider such compounds as totally dissociated because their concentrations are low. Salts of organic
acids, for example, sodium lactate, also dissociate totally and are classified as electrolytes; the dissociated anion,
lactate ion, reacts to alimited extent with a proton to form undissociated acid (Figure 1.5). When such salts are
dissolved in water, individual ions are present in solution rather than the undissociated salt. If a solution has been

prepared with

< previous page page 5 next page >

file:///D]/...extbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_5.htmI[11/10/2010 10:35:42 AM]



page_6
< previous page page 6 next page >

Page 6

several different salts (e.g., NaCl, K2S0O4, and Na lactate), the original molecules do not exist as such in solution,
only theions (e.g., Na+, K+, SO42 and lactate).

Many acids, however, when dissolved in water do not totally dissociate but rather establish an equilibrium between
undissociated and dissociated components. Thus lactic acid, an important metabolic intermediate, partially
dissociates into lactate anions and H+ as follows:

CHy;—CHOH—CO0H = CHy—CHOH=-C00- + H*

Because of their partial dissociation, however, such compounds have alower capacity to carry an electrical charge
on amolar basis when compared to those that dissociate totally; they are termed weak electrolytes.

Weak Electrolytes Dissociate Partially

In partial dissociation of aweak electrolyte, represented by HA, the concentration of the various species can be
determined from the equilibrium equation:

[IT7][A7]

K., =
- [F1A]

A represents the dissociated anion and sgquare brackets indicate concentration of each component in concentration
units such as moles per liter (mol L1) or millimol L1. The activity of each species rather than concentration should
be employed in the equilibrium equation but since most compounds of interest in biological systems are present in
low concentration, the value for activity approaches that of concentration. Thus the equilibrium constant is indicated

as ¥« toindicate that it is an apparent constant based on concentrations. The term %= isa function of the
temperature of the system, increasing with increasing temperatures. The degree of dissociation of an electrolyte
depends on the affinity of the anion for H+. There will be more dissociation if the weak dipole forces of water
interacting with the anion and cation are stronger than the electrostatic forces between anion and H+. From the

dissociation equation, it is apparent that %= will be a small number if the degree of dissociation of a substance is

small but large if the degree of dissociation is large. Obviously, for compounds that dissociate totally, a = cannot
be determined because at equilibrium there is no remaining undissociated solute.

Water |s a Weak Electrolyte

Water dissociates as follows:
HOH = H' + OH

A proton that dissociates interacts with oxygen of another water molecule to form the hydronium ion, H30+. For
convenience, in this book the proton will be presented as H+ rather than H30+, even though the latter is the actual

chemical species. At 25°C the value of %« for dissociation of water isvery small and is about 1.8 x 1016:

- [H])[OH ]
= 18X%X 100 = ———— 1.1
K, =18X1 .0 (1.1)

With such asmall *= an insignificant number of water molecules actually dissociate relative to the number of
undissociated molecules. Thus the concentration of water, which is55.5 M, is essentially unchanged. Equation 1.1
can be rewritten as follows:

Kl % [H,0) = [H7)[OH] (1.2)
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h“l X 155.5] iIsaconstant and is termed the ion product of water. Itsvalue at 25°Cis 1 x 1014. In pure water
the concentration of H+ equals OH, and by substituting [H+] for [OH] in the equation above, [H+] is1 x 107 M.
Similarly,
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[OH] isalso 1 x 107 M. The equilibrium of H20, H+, and OH always exists in dilute solutions regardless of the
presence of dissolved substances. If dissolved material alters either the H+ or OH concentration, as occurs on
addition of an acid or base, a concomitant change in the other ion must occur in order to satisfy the equilibrium
relationship. By using the equation for theion product, [H+] or [OH] can be calculated if concentration of one of the
ionsis known.

TABLE 1.2 Relationships Between [H +]
and pH and [OH] and pOH

[H +] (M) pH  [OH] (M)  pOH
1.0 0 14
1x1014
0.1(1x 101) 1 13
1x 1013
2 12
1x102 1x 1012
3 11
1x103 1x1011
4 10
1x104 1x 1010
5 9
1x 105 1x 109
6 8
1x 106 1x108
7 7
1x 107 1x 107
8 6
1x108 1x 106
9 5
1x 109 1x105
10 4
1x 1010 1x104
11 3
1x1011 1x103
12 2
1x 1012 1x102
130.1(1x 101) 1
1x 1013
14 1.0 0
1x 1014

The importance of hydrogen ionsin biological systems will become apparent in subsequent chapters. For
convenience [H+] isusually expressed in terms of pH, calculated as follows:

pH = ln}gm (1.3)

1

In pure water [H+] and [OH] are both 1 x 107 M, and pH = 7.0. [OH] is expressed as the pOH. For the equation
describing dissociation of water, 1 x 1014 = [H+][OH]; taking negative logarithms of both sides, the equation
becomes 14 = pH + pOH. Table 1.2 presents the relationship between pH and [H+].

The pH values of different biological fluids are presented in Table 1.3. In blood plasma, [H+] is 0.00000004 M or a
pH of 7.4. Other cations are between 0.001 and 0.10 M, well over 10,000 times higher than [H+]. Anincreasein
hydrogen ion to 0.0000001 M (pH 7.0) leads to serious medical consequences and is life threatening; a detailed
discussion of mechanisms by which the body maintains intra- and extracellular pH is presented in Chapter 25.

Many Biologically Important Molecules Are Acids or Bases
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The definitions of an acid and a base proposed by Lowry and Bransted are most convenient in considering biol ogical
systems. An acid is a proton donor and a base is a proton acceptor. Hydrochloric acid (HCI) and sulfuric acid
(H2S04) are strong acids because they dissociate totally, and OH ion is a base because it accepts a proton, shifting
the equilibrium

OH- + H* = H,0

When a strong acid and OH are combined, H+ from the acid and OH interact and are in equilibrium with H20.
Neutralization of H+ and OH occurs because the ion product for water is so small.

Anions produced when strong acids dissociate totally, such as Cl from HCI, are not bases because they do not
associate with protons in solution. When an organic acid, such aslactic acid, is dissolved in water it dissociates only
partially, establishing an equilibrium between an acid (proton donor), an anion of the acid, and a proton as follows:

Lactic acid = lactate™ + H-

Lactic acid isaweak acid. The anion is a base because it accepts a proton and reforms the acid. The weak acid and
the base formed on dissociation are referred to as a conjugate pair; other examples are presented in Table 1.4.
Ammonium ion (NH4+) is an acid because it dissociates to yield H+ and ammonia (NH3), an uncharged species,
which is a conjugate base. Phosphoric acid (H3PO4) is an acid and PO43 is a base, but H2PO4 and HPO42 are either
abase or acid depending on whether the phosphate group is accepting or donating a proton.

TABLE 1.3 pH of Some Biological

Fluids
Fluid pH
Blood plasma 74
Interstitial fluid 74
Intracellular fluid
_ 6.9
Cytosol (liver)
) Below 5.0

Lysosomal matrix
Gastric juice 1.53.0
Pancreatic juice 7.88.0
Human milk 74
Sdliva 6.47.0
Urine 5.08.0

The tendency of a conjugate acid to dissociate H+ can be evaluated from the %= . The smaller the value of %=, the
less the tendency to give up a proton and the weaker the acid; the larger a %, the greater the tendency to dissociate
aproton and the stronger the acid. Water is avery weak acid with a = of 1 x 1014 at 25°C.

A convenient method of stating the = isin the form of pK’, as

P = log L (1.4)
K
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TABLE 1.4 Some Conjugate AcidBase Pairs of Importance in
Biological Systems

Proton Donor (Acid) Proton Acceptor (Base)

CH3CHOHCOOH = H+ + CH3CHOHCOO
(lactic acid) (lactate)

CH3COCOOH = H+ + CH3COCOO
(pyruvic acid) (pyruvate)

HOOCCH2CH2COOH = 2H+ + OOCCH2CH2COO
(succinic acid) (succinate)

+H3NCH2COOH = H+ + +H3NCH2COO
(glycine) (glycinate)

H3PO4 = H+ + H2PO4

H2PO4 = H+ + HPO42

HPO42 = H+ + PO43

Glucose 6-PO3H = H+ + glucose 6-PO32

H2CO3 = H+ + HCO3

NH4+ = H+ + NH3

H20 =H++ OH

Note the similarity of this definition with that of pH; aswith pH and [H+], the relationship between pK’ and %« isan
inverse one, and the smaller %= the larger pK’. Representative values of *« and pK” for conjugate acids of
importance in biological systems are presented in Table 1.5.

A special case of aweak acid important in medicine is carbonic acid (H2CO3). Carbon dioxide when dissolved in
water isinvolved in the following equilibrium reactions:
M K,

CO; + H:0 = H,CO; == H' + HCOy

TABLE 1.5 Apparent Dissociation Constant and p K’ of Some Compounds of Importance in
Biochemistry

r
Compound K (M) pK’
Acetic acid (CH3COOH) 1.74 x 105 i7e
(CH;—CH—COOQH)
! 4.57 x 103
Alanine NH;’ 2.04 x 1010
2.34 (COOH)
9.69 (NH3+)
| 1.77 x 105
Citric acid COOH 3.89 x 106
3.09
3.74
541
6.45 x 103
5.62 x 105
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(HOOC—CH,—CH,—CH-—COOH)
|
NH;*

Glutamic acid
{CHE— COOH)
|

Glycine NH,"

Lactic acid (CH3CHOHCOOH)
Pyruvic acid (CH3COCOOH)

Succinicacid  (HOOCCH2CH2COOH)

Glucose 6-PO3H
H3PO4

H2PO4

HPO42

H2CO3

NH4+

H20

< previous page

2.14 x 1010

4.57 x 103
2.51 x 1010
1.38 x 104
3.16 x 103
6.46 x 105
3.31 % 106
7.76 x 107
1x102

2.0 x 107
3.4 x 1013
1.70 x 104
5.62 x 1010

1x 1014

page 8

2.19 (COOH)
4.25 (COOH)
9.67 (NH3+)

2.34 (COOH)
9.60 (NH3+)

3.86
2.50
4.19
5.48
6.11
2.0

6.7

12.5
3.77
9.25

14.0
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Carbonic acid is arelatively strong acid with a P** of 3.77. The equilibrium equation for this reaction is

. [H)HCO;) |
A5 = (H,CO.) (1.5)

Carbonic acid is, however, in equilibrium with dissolved CO2 and the equilibrium equation for thisreaction is

,_ _mco)

F T COLHLO] (1.6)

Solving Eq. 1.6 for H2CO3 and substituting for the H2CO3 in Eqg. 1.5, the two equilibrium reactions are combined
into one equation:
o [HHCOS]

| = (1.7
ESCOIHO|

Rearranging to combine constants, including the concentration of H20, simplifies the equation and yields a new
combined constant, 3, as follows:

e [HYHCO;)
K{Ki[H,0] = Ki = —=5 (1.8)

It is common practice to refer to dissolved CO2 as a conjugate acid; it is the acid anhydride of H2CO3. Theterm X:
has avalue of 7.95 x 107 and PXi = 61 |f the agueous system isin contact with an air phase, dissolved CO2 will
also bein equilibrium with CO2 in the air phase. A decrease or increase of one componentthat is, CO2 (air), CO2
(dissolved), H2CO3, H+ or H¢O: will cause achange in all the other components,

The HendersonHasselbalch Equation Defines the Relationship between pH and Concentrations of Conjugate Acid
and Base

A change in concentration of any component in an equilibrium reaction necessitates a concomitant change in every
component. For example, an increase in [H+] will decrease the concentration of conjugate base (e.g., lactate ion)
with an equivalent increase in the conjugate acid (e.g., lactic acid). Thisrelationship is conveniently expressed by
rearranging the equilibrium equation and solving for H+, as shown for the following dissociation:

Conjugate acid = conjugate base + H’

_ [H*)[conjugate base] (1.9)

K! - .
[conjugate acid]

F.'.I_

Rearranging Eq. 1.9 by dividing through by both [H+] and = |eads to

1 _ 1 [conjugate base]

=] Kt leonjugate acid)

(1.10)

Taking the logarithm of both sides gives

1 1 “onjugate base]
= log + log lc I]_ & ,
[H] K [conjugate acid]

log (1.11)
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Since pH = log V[H+] and PX" = 108 1K £q 111 becomes

[conjugate base]
[conjugate acid]

pH=pK' + log {1.12)

Equation 1.12, developed by Henderson and Hasselbalch, is a convenient way of viewing the relationship between
pH of a solution and relative amounts of conjugate base and acid present. Analysis of Eq. 1.12 demonstrates that
when the ratio of [base]/[acid] is1: 1, pH equalsthe pK’ of the acid becauselog 1 =0,

< previous page page 9 next page >
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HP 2= Ho POy~
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Figure 1.6
Ratio of conjugate [base]/[acid] asa
function of the pH.
When theratio of [base]/[acid] is1, pH
equals pK” of weak acid.

and thus pH = pK’. If pH is one unit less than pK’, the [base]/[acid] ratiois1: 10, and if pH is one unit above pK’,
the [base]/[acid] ratiois 10 : 1. Figure 1.6 isaplot of ratios of conjugate base to conjugate acid versus pH of several
weak acids; note that ratios are presented on alogarithmic scale.

Buffering Is Important to Control pH

When NaOH is added to a solution of aweak acid such as lactic acid, the ratio of [conjugate base]/[ conjugate acid]
changes. NaOH dissociates totally and the OH formed is neutralized by existing H+ to form H20. The decrease in
[H+] will cause further dissociation of weak acid to comply with requirements of its equilibrium reaction. The
amount of weak acid dissociated will be so nearly equal to the amount of OH added that it is considered to be equal.
Thus the decrease in amount of conjugate acid is equal to the amount of conjugate base that is formed. These series
of events are represented in titration curves of two weak acids presented in Figure 1.7. When 0.5 equiv of OH is
added, 50% of the weak acid is dissociated and the [acid]/[base] ratio is 1.0; pH at this point is equal to pK” of the
acid. Shapes of individual titration curves are similar but displaced due to differencesin pK” values. There is arather
steep risein pH when only 0.1 equiv of OH are added, but between 0.1 and 0.9 equiv of added OH, the pH changeis
only ~2. Thus alarge amount of OH is added with arelatively small changein pH. Thisiscalled buffering and is
defined as the ability of a solution to resist a change in pH when an acid or base is added. If weak acid were not
present, the pH would be very high with only a small amount of OH because there would be no source of H+ to
neutralize the OH.

The best buffering range for a conjugate pair isin the pH range near the p K’ of the weak acid. Starting from a pH
one unit below to a pH one unit above pK’, ~82% of aweak acid in solution will dissociate, and therefore an amount
of base equivalent to about 82% of original acid can be neutralized with achange in pH of 2. The maximum
buffering range for a conjugate pair is considered to be between 1 pH unit above and below the pK’. Lactic acid with
pK” = 3.86 is an effective buffer in the range of pH 3 to 5 but has no buffering capacity at pH = 7.0. The
HPO42/H2PO4 pair with pK’ = 6.7, however, is an effective buffer at pH = 7.0. Thus at the pH of the cell's cytosol
(~7.0), the lactatelactic acid pair is not an effective buffer but the phosphate systemis.
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0.8

0.6

04

Equivalanis of base added

Figure 1.7
Acidbase titration curves for lactic acid
(pK’ 3.86) and NH4+ (pK’ 9.25).
At pH equal to respective
pK” values, there will
be an equal amount of acid and base for
each conjugate pair.

Buffering capacity also depends on the concentrations of conjugate acid and base. The higher the concentration of
conjugate base, the more added H+ with which it can react. The more conjugate acid the more added OH can be
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neutralized by the dissociation of the acid. A casein point is blood plasmaat pH 7.4. For HPO 42/H2P0O4 the pK’ of
6.7 would suggest that this conjugate pair would be an effective buffer; the concentration of the phosphate pair,
however, islow compared to that of the HCO3/CO2 system with apK” of 6.1, which is present at a 20-fold higher
concentration and accounts for most of the buffering capacity. In considering the buffering capacity both the pK” and
the concentration of the conjugate pair must be taken into account. Most organic acids are relatively unimportant as
buffersin cellular fluids because their pK” values are more than several pH units lower than the pH of the cell, and
their concentrations are too low in comparison to such buffers as HPO42/H2PO4 and the HCO3/CO2 system.

The importance of pH and buffersin biochemistry and clinical medicine will become apparent, particularly in
Chapters 2, 4, and 25. Figure 1.8 presents

1.

Calculate tha ratio of HPOLE ! HaPOw= (pK=E.7) atpH 5.7, 6.7, and 8.7,

Solulion: pH = pi + log [HPO42-]
[HaPO]

5.7 = &.7 + log of ratio; rearranging
§.7= 6.7 ==1 = log of ratio

The antitpg of =1 = 0,1 or 190, Thus, HPOLE1H=PO,4~ = 1710 at pH 5.7. Using
the same procedura, the ratio at pH 6.7 = 171 and at pH B.7 = 10041

I ihe pH of Dlood is 7.1 and the HGOs~ concentration is B mb, what is the
conceniration of GOz in bload (pA* for HCO5/C 0w = 6117

Salution: pH = pK'+ log [HCOy7]
[C0:]

A =61+ kg & mhd / [COg); rearsanging

7.0 —6.1=1=log B mM/ [SOg).

The anfilog of 1 = 10. Thus, 10 = B mM / [GOxw). or [COg] = 8 mbi1t = 0.6 mbd.

At a normal blond pH of 7.4, the sum of [HGO5™] + [C0g] = 25.2 mb. What ia
the concentraion of HCOS™ and COs (pK” Tor HOO~ 0o = 8.1)7

Salutian: pH = pK + log [HCO5]
[C0z]
T =57 + bog [HEOy™] £ [G02]: rearranging

7.0—6.1=1.8=log [HEOg ]/ [C03].

The antileg of 1.3 is 20. Thua [HCCy] S [C02] = 20. Given [HOO ] + [CGa] =
25,2, soive Ivese two egualions Tor [COa] by rearranging the first equation:
[HCOsT] = 20 [CO4.
Substituting in the =econd equation,
20 [S0s] + [C0s] = 26.2

or
DDZ =1.2mM

Then substibating for GOz, 1.2 + [HSO5™] = 25.2, and salving. [HCOy™] = 24 mM.

Figure 1.8
Typical problems of pH and buffering.
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sometypica problems using the HendersonHassel balch equation and Clin. Corr. 1.1 is a representative problem
encountered in clinical practice.

CLINICAL CORRELATION 1.1
Blood Bicarbonate Concentration in Metabolic Acidosis

Blood buffersin anormal adult control blood pH at about 7.40; if the pH should
drop below 7.35, the condition is referred to as an acidosis. A blood pH of near
7.0 could lead to serious consequences and possibly death. Thusin acidosis,
particularly that caused by a metabolic change, it isimportant to monitor the
acidbase parameters of a patient's blood. Values of interest to a clinician include
the pH and HCO3 and CO2 concentrations. Normal values for these are pH =
7.40, [HCO3] = 24.0 mM, and [CO2] = 1.20 mM.

Blood values of a patient with a metabolic acidosiswere pH = 7.03 and [CO2] =
1.10 mM. What is the patient's blood [HCO3] and how much of the normal
[HCO3] has been used in buffering the acid causing the condition?

1. The HendersonHassel balch equation is

pH = pK' + log(IHCO, VICOD

The pK’ value for [HCO3]/[CO2] is 6.10.
2. Substitute the given values in the equation.

7.03 = 6.10 + log(IHCO;71/1.10 mM)

or

7.03 = 6.10 = 0.93
= log(IHCO; }/1.10 mM)

The antilog of 0.93is 8.5; thus

8.5 = [HCO; }/1.10 mM

or
[HCO; ] = 9.4 mM

3. Since the normal value of [HCO3] is 24 mM, there has been a decrease of 14.6
mmol of HCO3 per liter of blood in this patient. If much more HCO3 islost, a
point would be reached when this important buffer would be unavailable to buffer
any more acid in the blood and the pH would drop rapidly. In Chapter 25 thereis
adetailed discussion of the causes and compensations that occur in such
conditions.

1.3

file:///D]/.. xtbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%6201997/files/page_12.htmlI[11/10/2010 10:35:45 AM]



page_12
Organization and Composition of Eukaryotic Cells

As described above, eukaryotic cells are organized into compartments, each delineated by a membrane (Figure 1.9).
These are well-defined cellular organelles such as nucleus, mitochondria, lysosomes, and peroxisomes. Membranes
also form atubule-like network throughout the cell enclosing an interconnecting space or cisternae, asis the case of
the endoplasmic reticulum or Golgi complex. As described in Section 1.4, these compartments have specific
functions and activities.

The semipermeable nature of cellular membranes prevents the ready diffusion of many molecules from one side to
the other. Specific mechanisms in membranes for translocation of large and small, charged and uncharged molecules
allow membranes to modul ate concentrations of substances in various compartments. Macromolecules, such as
proteins and nucleic acids, do not cross biological membranes unless there is a specific mechanism for their
translocation or the membrane is damaged. Thus the fluid matrix of various cellular compartments has a distinctive
composition of inorganic ions, organic molecules, and macromol ecules. Partitioning of activities and components in
membrane-enclosed compartments and organelles has a number of advantages for the economy of the cell. These
include the sequestering of substrates and cofactors where they are required, and adjustments of pH and ionic
composition for maximum activity of biological processes.

The activities and composition of cellular structures and organelles have been determined with intact cells by a
variety of histochemical, immunological, and fluorescent staining methods. Continuous observation in real time of
cellular eventsin intact viable cellsis possible. Examples are studies that involve changes of ionic calcium
concentration in the cytosol by the use of fluorescent calcium indicators. Individual organelles, membranes, and
components of the cytosol can be isolated and analyzed following disruption of the plasma membrane. Permeability
of the plasma membrane can be atered to permit the release of subcellular components. Techniques for disrupting
membranes include use of detergents, osmotic shock, and homogenization of tissues, where shearing forces break
down the plasma membrane. In an appropriate isolation medium, cell organelles and membrane systems can be
separated by centrifugation because of differencesin size and density. Chromatographic procedures have been
employed for isolation of individual cellular fractions and components. These techniques have permitted isolation of
cellular fractions from most mammalian tissues. In addition, components of organelles such as nuclei and
mitochondria can be isolated following disruption of the organelle membrane.

In many instances the isolated structures and cellular fractions appear to retain the chemical and biochemical
characteristics of the structurein situ. But biological membrane systems are very sensitive structures, subject to
damage even under very mild conditions, and alterations can occur during isolation, which can lead to changein
composition of the structure. The dightest damage to a membrane alters its permeability properties, allowing
substances that would normally be excluded to traverse the membrane barrier. In addition, many proteins are only
loosely associated with membranes and easily dissociate when damage occurs (see p. 186).

Not unexpectedly, there are differences in structure, composition, and activities of cells from different tissues due to
the diverse functions of tissues. Major biochemical activities of the cellular organelles and membrane systems,
however, are fairly constant from tissue to tissue. Thus biochemical pathwaysin liver are often present in other
tissues. The differences between cell types are
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Muclear membranes

Nucleus -

apparatus
Mucleolus

Chrematin

Frise :
ribosomes Vacusle
Endopiasmic
reticulum
Mitochondnon
{hy Lyzsosomes  Cell membrane

Figure 1.9
() Electron micrograph of arat liver cell |abeled to indicate the major
structural components of eukaryotic cells and
(b) a schematic drawing of an animal cell.
Note the number and variety of subcellular organelles
and the network of interconnecting membranes enclosing channels, that is,
cisternae. All eukaryotic cells are not as complex in their appearance, but
most contain the major structures shown in the figure. ER, endoplasmic
reticulum; G, Golgi zone, Ly, lysosomes, P, peroxisomes, M, mitochondria.
Photograph (a) reprinted with permission of Dr. K. R. Porter from Porter,
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K. R., and Bonneville, M. A. In: Fine Structure of Cells and Tissues.
Philadelphia: Lea & Febiger, 1972; schematic
(b) reprinted with permission from Voet, D., and Voet,
J. G. Biochemistry, 2nd ed. New York: Wiley, 1995.

usually in distinctive specialized activities. Even within onetissue, cells of different origin have qualitative and
quantitative differencesin cell organelle composition.

Chemical Composition of Cells

Each cellular compartment has an agueous fluid or matrix that contains variousions, small molecular weight organic
molecules, different proteins, and nucleic acids. Localization of specific macromolecules, such as enzymes, has been
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Figure 1.10
Major chemical constituents of blood plasma
and cell fluid.

Height of left half of each column indicates
total concentration of cations; that of right half,
concentrations of anions. Both are expressed in
milliequivalents per liter (meq L1) of fluid. Note that
chloride and sodium valuesin cell fluid are questioned.
It is probable that, at least in muscle, the cytosol
contains some sodium but no chloride.
Adapted from Gregersen, M. I. In: P. Bard (Ed.),
Medical Physiology, 11th ed. St Louis, MO:
Mosby, 1961, p. 307.

determined but the exact ionic composition of the matrix of organellesis still uncertain. Each has adistinctly
different ionic composition and pH. The overall ionic composition of intracellular fluid, considered to represent the
cytosol primarily, compared to blood plasmais presented in Figure 1.10. Na+ is the major extracellular cation, with
a concentration of ~140 meq L1 (mM); very little Na+ is present in intracellular fluid. K+ isthe major intracellular
cation. Mg2+ is present in both extra- and intracellular compartments at concentrations much lower than Na+ and
K+. The mgjor extracellular anions are Cl and HCO3 with lower amounts of phosphate and sulfate. Most proteins
have a negative charge at pH 7.4 (Chapter 2), being anions at the pH of tissue fluids. Mgor intracellular anions are
inorganic phosphate, organic phosphates, and proteins. Other inorganic and organic anions and cations are present in
concentrations well below the milliequivalent per liter (millimolar) level. Except for very small differences created
by membranes and leading to devel opment of membrane potentials, the total anion concentration equals the total
cation concentration in the different fluids.

Intracellular concentrations of most small molecular weight organic molecules, such as sugars, organic acids, amino
acids, and phosphorylated intermediates, are in the range of 0.011.0 mM but can have significantly lower
concentrations. Coenzymes, organic molecules required for activity of some enzymes, are in the same range of
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concentration. Substrates for enzymes are present in relatively low concentration in contrast to inorganic ions, but
localizationin a
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specific organelle or cellular microenvironment can increase their concentrations significantly.

It is not very meaningful to determine the molar concentration of individual proteinsin cells. In many casesthey are
localized with specific structures or in combination with other proteins to create a functional unit. It isin arestricted
compartment that individual proteins carry out their role, whether structural, catalytic, or regulatory.

1.4
Functional Role of Subcellular Organelles and Membrane Systems

The subcellular localization of various metabolic pathways will be described throughout this book. In some cases an
entire pathway islocated in a single compartment but many are divided between two locations, with the
intermediates in the pathway moving or being translocated from one compartment to another. In general, organelles
have very specific functions and the enzymatic activities involved are used to identify them during isolation.

The following describes briefly some major roles of eukaryotic cell structures to indicate the complexity and
organization of cells. A summary of functions and division of labor within eukaryotic cellsis presented in Table 1.6
and the structures are presented in Figure 1.9.

TABLE 1.6 Summary of Eukaryotic Cell Compartments and Their Major

Functions
Compartment Major Functions
Plasma membrane _
Transport of ions and molecules
Recognition
Receptors for small and large molecules
Cell morphology and movement
Nucleus . ,
DNA synthesis and repair
RNA synthesis
Nucleolus _ ] )
RNA processing and ribosome synthesis
Endoplasmic _
reticulum Membrane synthesis
Synthesis of proteins and lipids for some organelles
and for export
Lipid synthesis
Detoxication reactions
Golgi apparatus

Modification and sorting of proteins for
incorporation into organelles and for export
Export of proteins

Mitochondria _
Energy conservation

Cellular respiration
Oxidation of carbohydrates and lipids
Urea and heme synthesis

Lysosomes . : :
Cdlular digestion: hydrolysis of proteins,

carbohydrates, lipids, and nucleic acids

Peroxisomes o ) ) _
Oxidative reactions involving O2

Utilization of H202

Microtubules and
Cell cytoskeleton
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microfilaments
Cell morphology
Cdl motility
Intracellular movements

Cytosol i - . :
Metabolism of carbohydrates, lipids, amino acids,
and nucleotides
Protein synthesis
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CLINICAL CORRELATION 1.2
Mitochondrial Diseases: Luft's Disease

A disease specifically involving mitochondrial energy transduction was first
reported in 1962. A 30-year-old patient was described with general weakness,
excessive perspiration, a high caloric intake without increase in body weight, and
an excessively elevated basal metabolic rate (a measure of oxygen utilization). It
was demonstrated that the patient had a defect in the mechanism that controls
mitochondrial oxygen utilization (see Chapter 6). The condition is referred to as
Luft's disease. Since that time, over 100 mitochondrial-based diseases have been
identified, including those involving a variety of enzymes and transport systems
required for the proper maintenance and control of energy conservation. Many
involve skeletal muscle and the central nervous system. Replication of
mitochondria depends on the mitochondrial DNA (mtDNA) and inheritance of
mitochondriais by maternal transmission. Mutations of mtDNA as well as nuclear
DNA lead to genetic diseases. Mitochondrial damage may also occur due to free-
radical (superoxides) formation which can damage mtDNA. Thus age-related
degenerative diseases, such as Parkinson's and Alzheimer's, and cardiomyopathies
may have a component of mitochondrial damage. For details of specific diseases
see Clin. Corr. 13.4 and 14.6.

Luft, R. The development of mitochondrial medicine. Proc. Natl. Acad. Sci. USA
91:8731,1994.

Plasma Membrane Is the Limiting Boundary of a Cell

The plasma membrane of every cell has a unique role in maintenance of that cell's integrity. One surfaceisin contact
with a variable external environment and the other with arelatively constant environment provided by the cell's
cytoplasm. Aswill be discussed in Chapter 5, the two sides of the plasma membrane, and all intracellular
membranes, have different chemical compositions and functions. A major role of the plasma membrane isto permit
entrance of some substances but exclude many others. With cytoskeletal elements, the plasma membrane isinvolved
in cell shape and movements. Through this membrane cells communicate; the membrane contains many specific
receptor sites for chemical signals, such as hormones (Chapter 20), released by other cells. The inner surface of
plasma membranes is the site for attachment of some enzymes involved in various metabolic pathways. Plasma
membranes from avariety of cells have been isolated and studied extensively; details of their structure and
biochemistry and those of other membranes are presented in Chapter 5.

Nucleus Is Ste of DNA and RNA Synthesis

Early microscopists divided the interior of cellsinto a nucleus, the largest membrane-bound compartment, and the
cytoplasm. The nucleusis surrounded by two membranes, termed the nuclear envelope, with the outer membrane
being continuous with membranes of the endoplasmic reticulum. The nuclear envel ope has numerous pores about 90
A in diameter that permit flow of all but the largest molecul es between nuclear matrix and cytoplasm. The nucleus
contains a subcompartment, seen clearly in electron micrographs, the nucleolus. The vast amount of cellular
deoxyribonucleic acid (DNA) islocated in the nucleus as a DNAprotein complex, chromatin, that is organized into
chromosomes. DNA isthe repository of genetic information and the importance of the nucleusin cell division and
for controlling phenotypic expression of genetic information iswell established. Biochemical reactionsin the
nucleus are replication of DNA during mitosis, repair of DNA following damage (Chapter 15), and transcription of
the information stored in DNA into aform that can be translated into cell proteins (Chapter 16). Transcription of
DNA involves synthesis of ribonucleic acid (RNA) that is processed into a variety of forms following synthesis. Part
of this processing occurs in the nucleolus, which isvery richin RNA.

Endoplasmic Reticulum Has a Role in Many Synthetic Pathways
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The cytoplasm of most eukaryotic cells contains a network of interconnecting membranes that enclose channels,
cisternage, that thread from the perinuclear envelope to the plasma membrane. This extensive subcellular structure,
termed endoplasmic reticulum, consists of membranes with arough appearance in some areas and smooth in other
places. The rough appearance is due to the presence of ribonucleoprotein particles, that is, ribosomes, attached on
the cytosolic side of the membrane. Smooth endoplasmic reticulum does not contain bound ribosomes. During cell
fractionation the endoplasmic reticulum network is disrupted, with the membrane resealing into small vesicles
called microsomes that can be isolated by differential centrifugation. Microsomes per se do not occur in cells.

A major function of ribosomes on rough endoplasmic reticulum is biosynthesis of proteins for export to the outside
of the cell and proteins for incorporation into cellular organelles such as the endoplasmic reticulum, Golgi apparatus,
plasma membrane, and lysosomes. Smooth endoplasmic reticulum isinvolved in membrane lipid synthesis and
contains an important class
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of enzymes termed cytochromes P450 that catalyze hydroxylation of avariety of endogenous and exogenous
compounds. These enzymes are important in biosynthesis of steroid hormones and removal of toxic substances (see
Chapter 23). Endoplasmic reticulum with the Golgi apparatus has arole in formation of other cellular organelles
such as lysosomes and peroxisomes.

The Golgi Apparatus Is Involved in Sequestering of Proteins

The Golgi apparatus is a network of flattened smooth membranes and vesicles responsible for the secretion to the
external environment of avariety of proteins synthesized on the endoplasmic reticulum. Golgi membranes catalyze
the transfer of carbohydrate and lipid precursors to proteins to form glycoproteins and lipoproteins and is a major
site of new membrane formation. Membrane vesicles are formed in the Golgi apparatus in which various proteins
and enzymes are encapsulated to be secreted from the cell after an appropriate signal. Digestive enzymes
synthesized by the pancreas are stored in intracellular vesicles formed by the Golgi apparatus and released when
needed in the digestive process (see p. 1059). The role in membrane synthesis also includes the formation of
intracellular organelles such as lysosomes and peroxisomes.

TABLE 1.7 Representative Lysosomal

Enzymes and Their Substrates
Type of Substrate and Specific Substrate
Enzyme

POLY SACCHARIDE-
HYDROLY ZING

ENZYMES
a-Glucosidase Glycogen
a-Flucosidase Membrane fucose

Galactosides
-Galactosidase Mannosides
a-Mannosidase Glucuronides
B -Glucuronidase  Hyaluronic acid and

Hyaluronidase chondroitin sulfates
Arylsulfatase Organic sulfates
Lysozyme Bacterial cell walls

PROTEIN-

HYDROLY ZING

ENZYMES
Cathepsins Proteins
Collagenase Collagen
Elastase Elastin
Peptidases Peptides

NUCLEICACID-

HYDROLY ZING

ENZYMES
Ribonuclease RNA
Deoxyribonuclease DNA

LIPID-

HYDROLY ZING

ENZYMES
Lipases Triglyceride and

cholesterol esters

Esterase Fatty acid esters

Phospholipase Phospholipids
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PHOSPHATASES
Phosphatase Phospho- monoesters
Phosphodiesterase  Phosphodiesters
SULFATASES
Heparan sulfate

Dermatan sulfate

Mitochondria Supply Most Cell Needs for ATP

Mitochondria appear as spheres, rods, or filamentous bodies that are usually about 0.51 pum in diameter and up to 7
um in length. The internal matrix, the mitosol, is surrounded by two membranes, distinctively different in
appearance and biochemical function. The inner membrane convolutes into the matrix to form cristae and contains
numerous small spheres attached by stalks on the inner surface. Outer and inner membranes contain different
enzymes. The components of the respiratory chain and the mechanism for ATP synthesis are part of the inner
membrane and are described in detail in Chapter 6. Major metabolic pathways involved in oxidation of
carbohydrates, lipids, and amino acids, and parts of special biosynthetic pathways involving urea and heme synthesis
are located in the mitosol. The outer membrane is relatively permeable but the inner membrane is highly selective
and contains avariety of transmembrane transport systems.

Mitochondria contain a specific DNA, with genetic information for some of the mitochondrial proteins, and the
biochemical equipment for limited protein synthesis. The presence of this biosynthetic capacity indicates the unique
role that mitochondria have in their own destiny. See Clin. Corr. 1.2 for descriptions of diseases attributed to deficits
in mitochondrial function.

Lysosomes Are Required for Intracellular Digestion

Intracellular digestion of avariety of substances occurs inside structures designated as lysosomes. They have asingle
limiting membrane and maintain a pH lower in the lysosomal matrix than that of the cytosol. Encapsulated in
lysosomesis a group of glycoprotein enzymeshydrolasesthat catalyze hydrolytic cleavage of carbon-oxygen,
carbonnitrogen, carbonsulfur, and oxygenphosphorus bonds in proteins, lipids, carbohydrates, and nucleic acids. A
partial list of lysosomal enzymesis presented in Table 1.7. Asin gastrointestinal digestion, lysosomal enzymes split
complex molecules into simple low molecular weight compounds that can be utilized by metabolic pathways of the
cell. Enzymes of the lysosome are characterized by being most active when the pH of the medium is acidic, that is,
pH 5 and below. The relationship between pH and enzyme activity is discussed in Chapter 4. The pH of the cytosol
iscloseto pH 7.0 and lysosomal enzymes have little activity at this pH.

< previous page page_ 17 next page >
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CLINICAL CORRELATION 1.3
Lysosomal Enzymes and Gout

Catabolism of purines, nitrogen-containing heterocyclic compounds found in
nucleic acids, leads to formation of uric acid, which is excreted in the urine (see
Chapter 12 for details). Gout is an abnormality in which there is excessive uric
acid production with an increase in uric acid in blood and deposition of urate
crystalsin joints. The consequences are clinical manifestationsin the joint,
particularly the big toe, including inflammation, pain, swelling, and increased
warmth. Uric acid is not very soluble and some of the clinical symptoms of gout
can be attributed to damage done by urate crystals. Crystals are phagocytosed by
cellsin the joint and accumulate in digestive vacuoles that contain lysosomal
enzymes. Crystals cause physical damage to the vacuoles, releasing lysosomal
enzymes into the cytosol. Even though the pH optima of lysosomal enzymes are
lower than the pH of the cytosol, they have some hydrolytic activity at the higher
pH. This activity causes digestion of cellular components, release of substances
from the cell and autolysis.

Weissmann, G. Crystals, lysosomes and gout. Adv. Intern. Med. 19:239, 1974; and
Burt, H. M., Kalkman, P. H., and Mauldin, D. Membranolytic effects of
crystalline monosodium urate monohydrate. J. Rheumatol. 10:440, 1983.

The enzyme content of lysosomes in different tissues varies and depends on specific needs of individual tissues. The
lysosomal membrane is impermeable to both small and large molecules and specific protein mediators in the
membrane are necessary for translocation of substances. Carefully isolated lysosomes do not catalyze hydrolysis of
substrates until this membrane is disrupted. The activities of lysosomal enzymes are termed "latent.” Membrane
disruption in situ can lead to cellular digestion, and various pathological conditions have been attributed to release of
lysosomal enzymes, including arthritis, alergic responses, several muscle diseases, and drug-induced tissue
destruction (see Clin. Corr. 1.3).

Lysosomes are involved in normal digestion of intra- and extracellular substances that must be removed by a cell.
Through endocytosis, external material istaken into cells and encapsulated in membrane-bound vesicles (Figure
1.11). The plasma membrane invaginates around formed foreign substances, such as microorganisms, by
phagocytosis and takes up extracellular fluid containing suspended material by pinocytosis. Vesicles containing
external material fuse with lysosomes to form organelles that contain the materials to be digested and enzymes
capable of carrying out the digestion. These vacuoles are identified microscopically by their size and often by the
presence of partially formed structures in the process of being digested. Lysosomes in which the
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Figure 1.11
Diagrammatic representation of the role of lysosomes in intracellular digestion of

substances internalized by phagocytosis (heterophagy)
and of cellular components (autophagy).
In both processes substances to be digested are enclosed in a membrane vesicle,

followed by fusing with a primary lysosome to form a secondary lysosome.
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enzymes are not as yet involved in the digestive process are termed primary lysosomes, whereas those in which
digestion of material is under way are secondary lysosomes or digestive vacuoles that will vary in size and
appearance.

CLINICAL CORRELATION 1.4
Lysosomal Acid Lipase Deficiency

Two phenotypic forms of agenetic deficiency of lysosomal acid lipase are known.
Wolman's disease occursin infants and is usually fatal by age 1, while cholesterol
ester-storage disease usualy is diagnosed in adulthood. Both are autosomal
recessive disorders. Thereis deposition of triacylglycerols and cholesterol esters
in tissues, particularly the liver. In the latter disease there is early onset of severe
atherosclerosis. Acid lipase catalyzes hydrolysis of mono-, di-, and triglycerols as
well as cholesterol esters. It isacritical enzyme in cholesterol metabolism,
serving to make available free cholesterol for cell needs.

Hegele, R. A, Little, J. A., Vezina, C., et al., Hepatic lipase deficiency: clinical,
biochemical, and molecular genetic characteristics. Atherosclerosis and
Thrombosis 13:720, 1993.

Cdll constituents are synthesized and degraded continuously, and lysosomes function in digesting this cellular

debris. The dynamic synthesis and degradation includes proteins and nucleic acids, as well as structures such as
mitochondria and endoplasmic reticulum. During this normal self-digestion process, that is, autolysis, cell substances
are encapsulated within a membrane vesicle that fuses with alysosome to compl ete the degradation. The overall
process is termed autophagy and is also represented in Figure 1.11.

Products of lysosomal digestion diffuse across lysosomal membranes and are reutilized by the cell. Indigestible
material accumulatesin vesicles referred to as residual bodies, whose contents are removed from the cell by
exocytosis. In some cases, residual bodies that contain a high concentration of lipid persist for long periods of time.
Lipid isoxidized and a pigmented substance, which is chemically heterogeneous and contains polyunsaturated fatty
acids and proteins, accumulatesin the cell. This material, lipofuscin, is also called the "age pigment" or "wear and
tear pigment" because it accumulatesin cells of older individuals. It occursin all cells but particularly in neurons and
muscle cells and has been implicated in the aging process.

Under controlled conditions lysosomal enzymes are secreted from the cell for the digestion of extracellular material;
an extracellular role for some lysosomal enzymes has been demonstrated in connective tissue and prostate gland and
in the process of embryogenesis. Thus they have arole in programmed cell death or apoptosis.

Absence of specific lysosomal enzymes occurs in a number of genetic diseases in which there is accumulation in the
cell of specific cellular components that cannot be digested. Lysosomes of affected cells become enlarged with
undigested material, which interferes with normal cell processes. Lysosomal storage diseases are discussed in
Chapter 10 (see p. 427); see Clin. Corr. 1.4 for adescription of a deficiency of lysosomal lipase.

Peroxisomes Contain Oxidative Enzymes Involving Hydrogen Peroxide

Most eukaryotic cells of mammalian origin and those of protozoa and plants have organelles, designated
peroxisomes or microbodies, which contain enzymes that either produce or utilize hydrogen peroxide (H202). They
are small (0.31.5 mm in diameter), spherical or oval in shape, with agranular matrix and in some cases a crystalline
inclusion termed a nucleoid. Peroxisomes contain enzymes that oxidize D-amino acids, uric acid, and various 2-
hydroxy acids using molecular O2 with formation of H202. Catalase, an enzyme present in peroxisomes, catalyzes
the conversion of H202 to water and oxygen and oxidation by H202 of various compounds (Figure 1.12). By
having both peroxide-producing and peroxide-utilizing enzymes in one compartment, cells protect themselves from
the toxicity of H202.
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Peroxisomes also contain enzymes involved in lipid metabolism, particularly oxidation of very long-chain fatty
acids, and synthesis of glycerolipids and glycerol ether lipids (plasmal ogens) (see Chapter 10). See Clin. Corr. 1.5
for adiscussion of Zellweger syndrome in which there is an absence of peroxisomes.

Peroxisomes of different tissues contain different complements of enzymes, and the peroxisome content of cells can
vary depending on cellular conditions.

[1) 2Hply —— 2Hz0+ Oz

(2] BHz + HaDo —— A+ 2H0

Figure 1.12
Reactions catalyzed by catalase.

Cytoskeleton Organizes the Intracellular Contents

Eukaryotic cells contain microtubules and actin filaments (microfilaments) as parts of the cytoskeletal network. The
cytoskeleton has arole in maintenance
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of cellular morphology, intracellular transport, cell motility, and cell division. Microtubules, multimers of the protein
tubulin, can be rapidly assembled and disassembled depending on the cell's needs. Two very important cellular
filaments, actin and myosin, occur in striated muscle and are responsible for muscular contraction (see Chapter 22).
Three mechanochemical proteinsmyosin, dynein, and kinesinconvert chemical energy into mechanical energy for
movement of cellular components. These molecular motors are associated with the cytoskeleton; the actual
mechanism for the energy conversion, however, has not been defined completely. Dynein isinvolved in ciliary and
flagellar movement, whereas kinesin is adriving force for the movement of vesicles and organelles along
microtubules.

CLINICAL CORRELATION 1.5
Zellweger Syndrome and the Absence of Functional Peroxisomes

Zellweger syndrome is arare, autosomal recessive disease characterized by
abnormalities of the liver, kidney, brain, and skeletal system. It usually resultsin
death by age 6 months. A number of seemingly unrelated biochemical
abnormalities have been described including decreased levels of glycerol-ether
lipids (plasmalogens) and increased levels of very long-chain fatty acids (C-24
and C-26) and cholestanoic acid derivatives (precursors of bile acids). These
abnormalities are due to the absence of functional peroxisomesin the afflicted
children. Peroxisomes are responsible for synthesis of glycerol ethers, for
shortening very long-chain fatty acids so that mitochondria can completely
oxidize them, and for oxidation of the side chain of cholesterol needed for bile
acid synthesis. Evidence indicates that there is a defect in the transport of
peroxisomal enzymes between the cytosol and the interior of peroxisomes during
synthesis. Cells of afflicted individuals contain empty ghosts of peroxisomes. The
disease can be diagnosed prenatally by assaying amniotic fluid cells for
peroxisomal enzymes or analyzing the fatty acids in the fluid.

Datta, N. S., Wilson, G. N., and Hajra, A. K. Deficiency of enzymes catalyzing
the biosynthesis of glycerol-ether lipidsin Zellweger syndrome. N. Engl. J. Med.
311:1080, 1984; Moser, A. E., Singh, I., Brown, F. R, Solish, G. |., Kelley, R. 1.,
Benke, P. J., and Moser, H. W. The cerebrohepatorenal (Zellweger) syndrome.
Increased levels and impaired degradation of very long chain fatty acids and their
use for prenatal diagnosis. N. Engl. J. Med. 310:1141, 1984; and Wanders, R. J.,
Schutgens, R.B., and Barth, P. G. Peroxisomal disorders: areview. J.
Neuropathol. Exp. Neurol. 54:726, 1995.

Cytosol Contains Soluble Cellular Components

The least complex in structure, but not in chemistry, is the organelle-free cell sap, or cytosol. It is here that many of
the chemical reactions of metabolism occur and where substrates and cofactors interact with various enzymes.
Although there is no apparent structure to the cytosol, the high protein content precludes it from being atruly
homogeneous mixture of soluble components. Many reactions are localized in selected areas where substrate
availability is more favorable. The actual physicochemical state of the cytosol is poorly understood. A major role of
the cytosol isto support synthesis of proteins on the rough endoplasmic reticulum by supplying cofactors and
energy. The cytosol also contains free ribosomes, often in a polysome form, for synthesis of intracellular proteins.

Studies with isolated cytosol suggest that many reactions are catalyzed by soluble enzymes, but in the intact cell
some of these enzymes may be loosely attached to one of the many membrane structures or to cytoskel etal
components and are readily released upon cell disruption.

Conclusion
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A eukaryotic cell isacomplex structure whose purpose is to replicate itself when necessary, maintain an
intracellular environment to permit a myriad of complex reactions to occur as efficiently as possible, and to protect
itself from the hazards of its surrounding environment. Cells of multicellular organisms also participate in
maintaining the well-being of the whole organism by exerting influences on each other to maintain all tissue and
cellular activitiesin balance. Thus, as we proceed to study the separate chemical components and activities of cells
in subsequent chapters, it isimportant to keep in mind the concurrent and surrounding activities, constraints, and
influences of the environment. Only by bringing together all the parts and activities of acell, that is, reassembling
the puzzle, will we appreciate the wonder of living cells.
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Questions
J. Baggot and C. N. Angstadt
1. Prokaryotic cells, but not eukaryotic cells, have:
A. endoplasmic reticulum.
B. histones.
C. nucleoid.
D. anucleus.
E. aplasmamembrane.
2. Factorsresponsible for the polarity of the water molecule include:
A. the similarity in electron affinity of hydrogen and oxygen.
B. the tetrahedral structure of liquid water.
C. the magnitude of the HOH bond angle.
D. the ability of water to hydrogen bond to various chemical structures.
E. the difference in bond strength between hydrogen bonds and covalent bonds.

3. Hydrogen bonds can be expected to form only between electronegative atoms such as oxygen or nitrogen and a
hydrogen atom bonded to:
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A. carbon.
B. an electronegative atom.
C. hydrogen.
D. iodine.
E. sulfur.

4. Which of the following is least likely to be soluble in water?
A. nonpolar compound
B. weakly polar compound
C. strongly polar compound
D. weak electrolyte
E. strong electrolyte

5. Which of the following is most likely to be partly associated in weak aqueous solution?
A. acohol
B. lactic acid
C. potassium sulfate (K 2S04)
D. sodium chloride (NaCl)
E. sodium lactate

6. Theion product of water:
A. isindependent of temperature.

B. has anumerical value of 1014 at 25°C.

C. isthe equilibrium constant for the reaction HOH — H" + OH

D. requiresthat [H+] and [OH] always be identical.

E. isan approximation that fails to take into account the presence of the hydronium ion, H30+.
7. Which of the following is both a Bransted acid and a Brensted base in water?

A. H2PO4

B. H2CO3

C.NH3

D. NH4+

E. Cl

Refer to the following information for Questions 8 and 9.

A. pyruvic acid pK’=2.50
B. acetoacetic acid pK’ = 3.6
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C. lactic acid pK’ = 3.86
D. B-hydroxybutyric acid pK" = 4.7
E. propionic acid pK” = 4.86

8. Which weak acid will be 91% neutralized at pH 4.867?

9. Assuming that the sum of [weak acid] + [conjugate base] isidentical for buffer systems based on the acids listed
above, which has the greatest buffer capacity at pH 4.86?

10. All of the following subcellular structures can be isolated essentially intact EXCEPT:
A. endoplasmic reticulum.
B. lysosomes.
C. mitochondria.
D. nuclei.
E. peroxisomes.
11. Biological membranes are associated with all of the following EXCEPT:
A. prevent free diffusion of ionic solutes.
B. release of proteins when damaged.
C. contain specific systems for the transport of uncharged molecules.
D. sitesfor biochemical reactions.
E. proteins and nucleic acids cross freely.
12. Mitochondria are associated with all of the following EXCEPT:
A. ATPsynthesis.
B. DNA synthesis.
C. protein synthesis.
D. hydrolysis of various macromolecules at low pH.

E. two different membranes.
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13. Analysis of the composition of the major fluid compartments of the body shows that:
A. the mgjor blood plasmacation isK+.
B. themajor cell fluid cationis Na+.
C. one of the mgjor intracellular anionsis Cl.
D. one of the mgjor intracellular anions is phosphate.
E. plasmaand the cell fluid are all very similar in ionic composition.
Refer to the following for Questions 1417.
A. peroxisome
B. nucleus
C. cytoskeleton
D. endoplasmic reticulum
E. Golgi apparatus
14. Consists of microtubules and actin fibers.
15. Oxidizes very long-chain fatty acids.
16. Connected to the plasma membrane by a network of membranous channels.

17. Transfers carbohydrate precursors to proteins during glycoprotein synthesis.

Answers

1. C Prokaryotic DNA is organized into a structure that also contains RNA and protein, called nucleoid. A, B, and D
arefound in eukaryotic cells, and E is an element of both prokaryotic and eukaryotic cells (p. 2).

2. C Water is apolar molecule because the bonding el ectrons are attracted more strongly to oxygen than to
hydrogen. The bond angle gives rise to asymmetry of the charge distribution; if water were linear, it would not be a
dipole (p. 4). A: Hydrogen and oxygen have very different electron affinity. B and D are consequences of water's
structure, not factors responsible for it.

3. B Only hydrogen atoms bonded to one of the electronegative elements (O, N, F) can form hydrogen bonds (p. 5).
A hydrogen atom participating in hydrogen bonding must have an electronegative element on both sides of it.

4. A In general, compounds that interact with the water dipoles are more soluble than those that do not. Thus ionized
compounds and polar compounds tend to be soluble. Nonpolar compounds prefer to interact with one another rather
than with polar solvents such as water (p. 5).

5. B Lactic acid isaweak acid, and weak acids dissociate only partially in agueous solution (p. 6) A: Alcohol is
fully associated. CE: These are salts and are considered to be fully dissociated under physiological conditions,
although at high concentration some association occurs.

6. B The constant is a function of temperature and is numerically equal to the equilibrium constant for the
dissociation of water divided by the molar concentration of water (p. 6). D: [H+] = [OH] in pure water, but not in
solutions of solutes that contribute H+ or OH.

7. A H 2P0O4 can donate a proton to become HPO42. It can also accept a proton to become H3PO4. B and D are
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Bronsted acids, C is aBrgnsted base. The Cl ion in water is neither (p. 8).

8. C If weak acid is 91% neutralized, 91 parts are present as conjugate base and 9 parts remain as the weak acid.
Thus the conjugate base/acid ratio is 10 : 1. Substituting into the HendersonHasselbalch equation, 4.86 = pK + log
(10/1), and solving for pH gives the answer (p. 9).

9. E The buffer capacity of any systemismaximal at pH = pK (p. 10). Buffer concentration also affects buffer
capacity, but in this case concentrations are equal.

10. A Gentle disruption of cellswill not destroy BE. The tube-like endoplasmic reticulum, however, is disrupted and
forms small vesicles. These vesicles, not the original structure from which they were derived, may be isolated (pp.
12, 16).

11. E (p. 17).
12. D Thisisalysosomal function (p. 17). Mitochondrial properties are described on p. 17.

13. D Phosphate and protein are the major intracellular anions. A, B, and E: Plasma and cell fluid are strikingly
different. The Na+ ion isthe major cation of plasma. C: Most chloride is extracellular (p. 14, Figure 1.10).

14. C (p. 19).

15. A Fatty acid oxidation occursin the mitochondria, but the oxidation of very long-chain fatty acids involves the
peroxisomes (p. 19).

16. B This describes only the nucleus (p. 16).
17. E Lipids, too, are attached covalently to certain proteinsin the Golgi apparatus (p. 17).
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2.8 Use of Amino Acid Analysisin Diagnosis of Disease

2.1
Functional Roles of Proteinsin Humans

Proteins perform a surprising variety of essential functions in mammalian organisms. These may be grouped into
dynamic and structural. Dynamic functions include transport, metabolic control, contraction, and catalysis of
chemical transformations. In their structural functions, proteins provide the matrix for bone and connective tissue,
giving structure and form to the human organism.

An important class of dynamic proteins are the enzymes. They catalyze chemical reactions, converting a substrate to
aproduct at the enzyme's active site. AlImost all of the thousands of chemical reactions that occur in living
organisms require a specific enzyme catalyst to ensure that reactions occur at a rate compatible with life. The
character of any cell is based on its particular chemistry, which is determined by its specific enzyme composition.
Genetic traits are expressed through synthesis of enzymes, which catalyze reactions that establish the phenotype.
Many genetic diseases result from altered levels of enzyme production or specific aterationsto their amino acid
sequence. Transport is another major function for proteins. Particular examples discussed in greater detail in this text
are hemoglobin and myoglobin, which transport oxygen in blood and in muscle, respectively. Transferrin transports
iron in blood. Transport proteins bind and carry steroid hormonesin blood from their site of synthesisto their site of
action. Many drugs and toxic compounds are transported bound to proteins. Proteins participate in contractile
mechanisms. Myosin and actin function in muscle contraction.

Proteins have a protective role through a combination of dynamic functions. Immunoglobulins and interferon are
proteins that protect the human against bacterial or viral infection. Fibrin stops the loss of blood on injury to the
vascular system.

Many hormones are proteins or peptides. Protein hormones include insulin, thyrotropin, somatotropin (growth
hormone), luteinizing hormone, and follicle-stimulating hormone. Many diverse polypeptide hormones have alow
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molecular weight (<5000) and are referred to as peptides. In general, the term protein is used for molecules
composed of over 50 amino acids and the term peptide is used for molecules of less than 50 amino acids. Important
peptide hormones include adrenocorticotropin hormone, antidiuretic hormone, glucagon, and calcitonin.

Proteins control and regulate gene transcription and translation. These include histones that are closely associated
with DNA, repressor and enhancer transcription factors that control gene transcription, and proteins that form a part
of the heteronuclear RNA particles and ribosomes.
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Structural proteins function in "brick-and-mortar” roles. They include collagen and elastin, which form the matrix of
bone and ligaments and provide structural strength and elasticity to organs and the vascular system. o-Keratin forms
the structure of epidermal tissue.

An understanding of both the normal functioning and the pathology of the mammalian organism requires a clear
understanding of the properties of the proteins.

2.2
Amino Acid Composition of Proteins

Proteins Are Polymers of a.-Amino Acids

It is notable that all the different types of proteins are initially synthesized as polymers of only 20 amino acids.
These common amino acids are defined as those for which at |east one specific codon exists in the DNA genetic
code. There are 20 amino acids for which DNA codons are known. Transcription and translation of the DNA code
result in polymerization of amino acids into a specific linear sequence characteristic of a protein (Figure 2.1). In
addition to the common amino acids, proteins may contain derived amino acids, which are usually formed by an
enzyme-facilitated reaction on a common amino acid after that amino acid has been incorporated into a protein
structure. Examples of derived amino acids are cystine (see p. 30), desmosine and isodesmosine found in elastin,
hydroxyproline and hydroxylysine found in collagen, and y-carboxyglutamate found in prothrombin.

Genas
containing
codons for Muclear
AMmin acids rerbrans

transariglion

mARNA containing
coden soquence
ol amine acids

translebon
¥

FProdein
with 1=}
AMn0 &CH SRGUENCE

Figure 2.1
Genetic information is transcribed
from aDNA
sequence into MRNA and then translated to
the amino acid sequence of a protein.

Common Amino Acids Have a General Sructure

Common amino acids have the general structure depicted in Figure 2.2. They contain in common a central alpha
(ov)-carbon atom to which a carboxylic acid group, an amino group, and a hydrogen atom are covalently bonded. In
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addition, the a.-carbon atom is bound to a specific chemical group, designated R and called the side chain, that
uniquely defines each of the 20 common amino acids. Figure 2.2 depicts the ionized form of a common amino acid
in solution at pH 7. The a.-amino group is protonated and in its ammonium ion form; the carboxylic acid group isin
its unprotonated or carboxylate ion form.

Side Chains Define Chemical Nature and Structures of Different Amino Acids

Structures of the common amino acids are shown in Figure 2.3. Alkyl amino acids have alkyl group side chains and
include glycine, alanine, valine, leucine, and isoleucine. Glycine has the simplest structure, with R = H. Alanine
contains a methyl (CH3) side chain group. Valine has an isopropyl R group (Figure 2.4). The leucine and isoleucine
R groups are butyl groups that are structural isomers of each other. In leucine the branching in the isobutyl side
chain occurs on the gamma (y)-carbon of the amino acid. In isoleucine it is branched at the beta (3)-carbon.

The aromatic amino acids are phenylaanine, tyrosine, and tryptophan. The phenylalanine R group contains a
benzene ring, tyrosine contains a phenol group, and the tryptophan R group contains the heterocyclic structure,
indole.

[nl iy
N ]
MHg —?H—H
R

Figure 2.2
General
structure
of the
common
amino
acids.
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Structures of the common amino acids. Charge forms are those present at pH 7.0.
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Figure 2.4
Alkyl side chains of valine, leucine, and isoleucine.
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Figure 2.5
Side chains
of aspartate

and glutamate.

In each case the aromatic moiety is attached to the a-carbon through a methylene (CH?2) carbon (Figure 2.3).

Sulfur-containing common amino acids are cysteine and methionine. The cysteine side chain group is a thiolmethyl
(HSCH2). In methionine the side chain is a methyl ethyl thiol ether (CH3SCH2CH?2).

There are two hydroxy (alcohol)-containing common amino acids, serine and threonine. The serine side chainisa
hydroxymethyl (HOCHZ2). In threonine an ethanol structure is connected to the a-carbon through the carbon
containing the hydroxy! substituent, resulting in a secondary alcohol structure (CH3CHOHCH).

#
MHz
Il

NHz— C—MNH —

Guanidinium group (charged form) of arginine

HE=—0C
Hli'f* H
"%G_f
H

Imidazelium group of histidine

Figure 2.6
Guanidinium and imidazolium groups
of arginine and histidine.

The proline side chain is unique in that it incorporates the a-amino group. Thus proline is more accurately classified
asan a-imino acid, since its a-amine is a secondary amine with its a-nitrogen having two covalent bonds to carbon
(to the a-carbon and side chain carbon), rather than a primary amine. Incorporation of the a.-amino nitrogen into a
five-membered ring constrains the rotational freedom around the NoCa bond in proline to a specific rotational
angle, which limits participation of proline in polypeptide chain conformations.

TABLE 2.1 Abbreviations for the

Amino Acids
Abbreviation
Amino Acid Three
Letter One
Letter
Ala A
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Alanine
o Arg R
Arginine
) Asn N
Asparagine
A D
Aspartic ¥
) Asx B
Asparagine or
aspartic
S C
Cysteine et
: Gly G
Glycine
] GIn Q
Glutamine
) Glu E
Glutamic
) GIx Z
Glutamine or
glutamic
o His H
Histidine
_ lle I
Isoleucine
] Leu L
Leucine
_ Lys K
Lysine
o Met M
Methionine
_ Phe F
Phenylalanine
. Pro P
Proline
) Ser S
Serine
. Thr T
Threonine
Trp W
Tryptophan
. Tyr Y
Tyrosine
. vd \
Valine

The amino acids discussed so far contain side chains that are uncharged at physiological pH. The dicarboxylic
monoamino acids contain a carboxylic group in their side chain. Aspartate contains a carboxylic acid group
separated by a methylene carbon (CH2) from the a-carbon (Figure 2.5). In glutamate (Figure 2.5), the carboxylic
acid group is separated by two methylene (CH2CH2) carbon atoms from the a-carbon (Figure 2.2). At physiological
pH, side chain carboxylic acid groups are unprotonated and negatively charged. Dibasic monocarboxylic acids
include lysine, arginine, and histidine (Figure 2.3). In these structures, the R group contains one or two nitrogen
atoms that act as a base by binding a proton. The lysine side chain is a N-butyl amine. In arginine, the side chain
contains a guanidino group (Figure 2.6) separated from the a-carbon by three methylene carbon atoms. Both the
guanidino group of arginine and the e-amino group of lysine are protonated at physiological pH (pH~7) and in their
charged form. In histidine the side chain contains a five-membered heterocyclic structure, the imidazole (Figure
2.6). The PX+ of the imidazole group is approximately 6.0 in water; physiological solutions contain relatively high
concentrations of both basic (imidazole) and acidic (imidazolium) forms of the histidine side chain (see Section 2.3).

The last two common amino acids are glutamine and asparagine. They contain an amide moiety in their side chain.
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Glutamine and asparagine are structural analogs of glutamic acid and aspartic acid with their side chain carboxylic
acid groups amidated. Unique DNA codons exist for glutamine and asparagine separate from those for glutamic acid
and aspartic acid. The amide side chains of glutamine and asparagine cannot be protonated and are uncharged at
physiological pH.

In order to represent the sequence of amino acidsin a protein, three-letter and one-letter abbreviations for the
common amino acids have been established (Table 2.1). These abbreviations are universally accepted and will be
used
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throughout the book. The three-letter abbreviations of aspartic acid (Asp) and glutamic acid (Glu) should not be
confused with those for asparagine (Asn) and glutamine (GIn). In experimentally determining the amino acids of a
protein by chemical procedures, one cannot easily differentiate between Asn and Asp, or between Gln and Glu,
because the side chain amide groupsin Asn and GIn are hydrolyzed and generate Asp and Glu (see Section 2.9). In
these cases, the symbols of Asx for Asp or Asn, and GlIx for Glu or Gin indicate this ambiguity. A similar schemeis
used with the one-letter abbreviations to symbolize Asp or Asn, and Glu or GIn.

i
i
Coo- : coo-
- i -
* i :
i - - ! HI= G =i,
: ! :
R | R
L-Canflguration : D-Configuration
Figure 2.7

Absolute con figuration of an amino acid.
Amino Acids Have an Asymmetric Center

The common amino acids with the general structure in Figure 2.2 have four substituents (R, H, COO, NH3+)
covalently bonded to the a.-carbon atom in the a.-amino acid structure. A carbon atom with four different
substituents arranged in a tetrahedral configuration is asymmetric and exists in two enantiomeric forms. Thus each of
the amino acids exhibits optical isomerism except glycine, in which R = H and thus two of the four substituents on
the a-carbon atom are hydrogen. The absolute configuration for an amino acid is depicted in Figure 2.7 using the
Fischer projection to show the direction in space of the tetrahedrally arranged a.-carbon substituents. The a-COO
group is directed up and behind the plane of the page, and the R group is directed down and behind the plane of the
page. The a-H and a-NH3+ groups are directed toward the reader. An amino acid held in thisway projectsits a-
NH3+ group either to the left or right of the a-carbon atom. By convention, if the o.-NH3+ is projected to the | eft,
the amino acid has an L absolute configuration. Its optical enantiomer, with a-NH3+ projected toward the right, has
a D absolute configuration. In mammalian proteins only amino acids of L configuration are found. The L and D
designations refer to the ability to rotate polarized light to the left (L, levo) or right (D, dextro) from its plane of
polarization. As the amino acids in proteins are asymmetric, the proteins that contain them also exhibit asymmetric
properties.
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Figure 2.8
Peptide bond formation.

Amino Acids Are Polymerized into Peptides and Proteins

Polymerization of the 20 common amino acids into polypeptide chainsin cellsis catalyzed by enzymesand is
associated with the ribosomes (Chapter 15). Chemically, this polymerization is a dehydration reaction (Figure 2.8).
The a-carboxyl group of an amino acid with side chain R1 forms a covalent peptide bond with the o.-amino group of
the amino acid with side chain R2 by elimination of a molecule of water. The dipeptide (two amino acid residues
joined by a single peptide bond) can then form a second peptide bond through its terminal carboxylic acid group and
the ai-amino of athird amino acid (R3), to generate a tripeptide (Figure 2.8). Repetition of this process generates a
polypeptide or protein of specific amino acid sequence (R1-R2-R3-R4-- - -Rn). The amino acid sequence of the
polypeptide chains is the primary structure of the protein, and it is predetermined by the DNA sequence of its gene
(Chapter 14). It isthe unique primary structure that enables a polypeptide chain to fold into a specific three-
dimensional structure that gives the protein its chemical and physiological properties.

i} T
R—C R =-—=R-—C R
C\T/ %Sllf
H H
| il
Figure 2.9

Electronic isomer
structures of a peptide bond.

A peptide bond can be represented using two resonance isomers (Figure 2.9). In structure I, a double bond is located
between the carbonyl carbon and carbonyl oxygen (C’=0), and the carbony! carbon to nitrogen (C’'N) linkageis a
single bond. In structure 11, the carbonyl carbon to oxygen bond (C’O) is a single bond and the bond located between
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the carbonyl carbon and nitrogen is a double bond (C’=N). In structure |1 there is a negative charge on the oxygen
and a positive charge on the nitrogen. Actual peptide bonds are a
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resonance hybrid of these two electron isomer structures, the carbonyl carbon to nitrogen bond having a 50%
double-bond character. The hybrid bond is supported by spectroscopic measurements and X-ray diffraction studies,
the latter showing that the carbonyl carbon to nitrogen peptide bond length (1.33 A) is approximately half-way
between that found for a CN single bond (~1.45 A) and a C=N double bond (~1.25 A).

A conseguence of this partial double-bond character is that, as for normal double-bond structures, rotation does not
occur about the carbonyl carbon to nitrogen of a peptide bond at physiological temperatures. Also, a consequence of
the C'=N double-bond's chemistry is that the atoms attached to C’ and N

al liein acommon plane. Thus a polypeptide chain is a polymer of peptide-bond planes interconnected at the -
carbon atoms. The a-carbon interconnects peptide bonds through single bonds that allow rotation of adjacent peptide
planes with respect to each other. Each amino acid residue contributes one o.-carbon (two single bonds and a peptide
bond, Figure 2.10) to the polypeptide chain. The term residue refers to the atoms contributed by an amino acid to a
polypeptide chain including the atoms of the side chain.

The peptide bond in Figure 2.11a shows a trans configuration between the oxygen (O) and the hydrogen (H) atoms
of the peptide bond. Thisisthe most stable configuration for the peptide bond with the two side chains (R and R")
also intrans. The cis configuration (Figure 2.11b) brings the two side chain groups to the same side of the C’=N
bond, where unfavorable repulsive steric forces occur between the two side chain (R) groups. Accordingly, trans-
peptide bonds are always found in proteins except where there are proline residues. In proline the side chain is
linked to its a.-amino group, and the cis- and trans-peptide bonds with the proline a-imino group have near equal
energies. The configuration of the peptide bond actually found for a proline in a protein will depend on the specific
forces generated by the unique folded three-dimensional structure of the protein molecule.

One of the largest natural polypeptide chainsin humansis that of apolipo-protein B-100, which contains 4536 amino
acid residues in one polypeptide chain. Chain length alone, however, does not determine the function of a
polypeptide. Many small peptides with less than ten amino acids perform important biochemical and physiological
functions in humans (Table 2.2). Primary structures are written in a standard convention and sequentially numbered
from their NH2-terminal end toward their COOH-terminal end, consistent with the order of addition of the amino
acid to the chain during biosynthesis. Accordingly, for thyrotropin-releasing hormone (Table 2.2) the glutamic acid
residue written on the left is the NH2-terminal amino acid of the tripeptide and is designated amino acid residue 1 in
the sequence. The proline is the COOH-terminal amino acid and is designated residue 3. The defined direction of
the polypeptide chain is from Glu to Pro (NH2-terminal amino acid to COOH-terminal amino acid).

Peptide bond for R;

H Og _
SN | /H S
C ~ Sty Dy ]";(i c. C

W1 | S {i‘ ri“l.m I +1
: R; H H
O
Figure 2.10

Amino acid residue.

Each amino acid residue of a polypeptide
contributes two single bonds and one peptide
bond to the chain. The single bonds are those

between the Co and carbonyl C” atoms, and the
Coand N atoms. See p. 43 for definition of ¢ and .
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(a) trans configuration

(b) cis configuration

Figure 2.11
(a) Trans-peptide bond and
(b) therare
cis-peptide bond.
The C’N have a partia
double-bond character.
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TABLE 2.2 Some Examples of Biologically Active Peptides

Amino Acid Sequence Name Function
1 3
pyroGlu-His-ProlNH,)®
Thyrotropin- Secreted by hypothalamus; causes anterior pituitary
releasing hormone gland to release thyrotropic hormone

1 9
H-Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly(NH, )°
I I

8 S
Vasopressin Secreted by posterior pituitary gland; causes kidney
(antidiuretic to retain water from urine
hormone)
q .
H-'I‘jfrnﬁly-GI}'aPhe-I:let-DH
Methionine Opiate-like peptide found in brain that inhibits
enkephalin sense of pain
1 10
pyroGlu-Gly-Pro-Trp-Lew-Glu-Glu-Glu-Glu-Glu -
11 17
Ala-Tyr-Gly=-Trp-Met- Asp-Phe( NI, 1%
I
505
Little gastrin Hormone secreted by mucosal cellsin stomach;
(human) causes parietal cells of stomach to secrete acid
1 10

H-His-Ser-Gln-Gly-Thr-Phe-The-Ser-Asp-Tyr-
Glucagon (bovine) Pancreatic hormone involved in regulating glucose

metabolism
i1 20
Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-Ala -Gln-
21 29
Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-OH
1 8
H-Asp-Arg-Val-Tvr-lle-His-Pro-Fhe-OH
Angiotensin [l Pressor or hypertensive peptide; also stimulates
(horse) release of aldosterone from adrenal cortex

H-irg-Pm-Pro—GLjr—Phﬂ—Ser-Pm—Pht—irg-OH
Plasma bradykinin Vasodilator peptide
(bovine)
H-z:’lsrg-Pm-L}'s-Pro-GIn—PhE—Ph&-G]}f—Lﬂu—I}'I%[{NHzJ
Substance P Neurotransmitter
aTheNH2 terminal Glu isin the pyro formin which itsy-COOH is covalently joined to its o-NH2 viaamide
linkage; the COOH terminal amino acid is amidated and thus aso not free.
b Cysteine-1 and cysteine-6 are joined to form a disulfide bond structure within the nonapeptide.
¢ The Tyr 12 is sulfonated on its phenolic side chain OH.
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Figure 2.12
Cystine bond formation.

Cystine Isa Derived Amino Acid

A derived amino acid found in many proteinsis cystine. It is formed by the oxidation of two cysteine thiol side
chains, joined to form a disulfide covalent bond (Figure 2.12). Within proteins disulfide links of cystine formed from
cysteines, separated from each other in the primary structure, have an important role in stabilizing the folded
conformation of proteins.

2.3
Charge and Chemical Properties of Amino Acids and Proteins

lonizable Groups of Amino Acids and Proteins Are Critical for Biological Function

lonizable groups common to proteins and amino acids are shown in Table 2.3. The acid forms are on the | eft of the
equilibrium sign and the base forms on the right side. In forming its conjugate base, the acid form rel eases a proton.
In reverse, the base form associates with a proton to form the respective acid. The proton dissociation of an acid is

L . . . r ! I - 'IIII '
characterized by an acid dissociation constant K=} with its corresponding P*= value: P = log,(1/Ky) .
Table 2.3 shows arange of P&« values for each acid group, asthe actual P&+ depends on the environment in which
an acid group is placed. For example, when a
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TABLE 2.3 Characteristic PX:= Values for the Common Acid Groupsin Proteins
Where Acid Group Is Found Acid Form Base Form Approximate pKa
Range for Group
, S , _ RNH3+ = RNH2+H+ 7.610.6
NH2-terminal residue in peptides, lysine Ammonium Amine
_ . ) RCOOH = RCOO+H+ 3.05.5
COOH-termi nal res due In peptl deS, Carboxy”c a:|d Carboxyl ate

glutamate, aspartate
RwNH-—nF_mNHJ R—N[—I—{E=NH + H
NH, NH;

Guanidinium Guanidino 11.512.5
Arginine
_ RSH = RS+ H+ 8.09.0
Cysteine Thiol Thiolate
B —IT: H R—(i':,z(I:H
HHRG{;NI[ I-]NH\C#N +H
H H
Imiackazolium = Imidazole 6.07.0
Histidine
Phienol = Phenolate 9.510.5
Tyrosine

positive-charged ammonium group (NH3+) is placed near a negatively charged group within a protein, the negative
charge stabilizes the positively charged acid form of the amino group, making it more difficult to dissociate its
proton. The PX: of the NH3+ will have a higher value than normal for an ammonium group in the absence of a
nearby negative charge stabilization. Factors other than charge that affect the P& of an acid group include polarity
of the environment, the absence or presence of water, and the potential for formation of hydrogen bonding. Also, the
acid groups (a-COOH or a-NH3+) at the ends of polypeptide chains typically have lower P&: values than the same
types of acid groups in the side chains (Table 2.4). The amino acids whose R groups contain nitrogen atoms (Lys
and Arg) are the basic amino acids, since their side chains have relatively high &= values and function as bases at
physiological pH. They are usually in their acid form and positively charged at physiological pH. Amino acids
whose side chains contain a carboxylic acid group have relatively low P&: values and are called acidic amino acids.
They are predominantly in their unprotonated forms and are negatively charged at physiological pH. Proteinsin
which theratio (XLys + XArg)/(ZGlu + ZAsp) is greater than 1 are referred to as basic proteins. Proteins in which the
aboveratioislessthan 1 arereferred to as acidic proteins.

TABLE 2.4 PX. of Side Chain and Terminal Acid
Groups in Protein Ribonuclease

NH3+ COOH
Sidechain Lysines= 10.2 Gluand Asp = 4.6
Chainend N-terminal =7.8 C-terminal = 3.8
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Page 32
lonic Form of an Amino Acid or Protein Can Be Determined at a Given pH

_ . conjugate base)
pH = pKa + log conjugate acid]

ar
_ conjugate base
PH —BKa =100 Joonioate acid]

Figure 2.13
HendersonHassel bal ch equation.
For amore detailed discussion
of thisequation, seep. 9.

From a knowledge of the P&« for each ionizable acid group in an amino acid or protein and the

HendersonHassel bal ch equation (Figure 2.13), the ionic form of the molecule can be calculated at agiven pH. This
isan important relationship as it shows the change in ionization state and charge of a molecule with pH. A molecule
will have different physiological activities with changesin pH and ionization state. For example, an enzyme may
require a histidine imidazole in its base form for catalytic activity. If the P&« of the catalytically essential histidinein
the enzyme is 6.0, at pH 6.0 one-half of the enzyme molecules are in the active base (imidazole) form and one-half
in the inactive acid (imidazolium) form. Accordingly, the enzyme exhibits 50% of its potential activity. At pH 7.0,
the pH is one unit above the imidazolium P*: and the ratio of [imidazol€e]/[imidazolium] is 10:1 (Table 2.5). Based
on thisratio, the enzyme exhibits 10/(10 + 1) x 100 = 91% of its maximum potential activity. Thus a change in pH
has a dramatic effect on the enzyme's activity. Most protein activities demonstrate similar pH dependency due to
their acid and base group(s).

Titration of a Monoamino Monocarboxylic Acid:
Determination of the Isoelectric pH

An understanding of a protein's acid and base forms and their relation to charge is made more clear by following the
titration of the ionizable groups for asimple amino acid. As presented in Figure 2.14, leucine contains an o.-COOH

=24 ' . ..
with pf‘” £ and an o-NH3+ group with PXa = 9.6 At pH 1.0 the predominant ionic form (form I) hasa
charge of +1 and migrates toward the cathode in an

TABLE 2.5 Relationship Between the
Difference of pH and Acid PX¥: and the Ratio of
the Concentrations of Base to Its Conjugate Acid

pH 2K, Ratio of Concentration of
(Difference Base to Conjugate Acid
Between pH and
PK,
0 1
1 10
2 100
3 1000
1 0.1
2 0.01
3 0.001
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Figure2.14

lonic forms of leucine.
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Titration curve of leucine.

electrical field. The addition of 0.5 equivalent of base half-titrates the a-COOH group of the leucine; that is, the ratio
of [COO]/[COOH] will equal 1. The HendersonHassel balch equation, with the second term on the right side of the
equation log10[ (base)/(acid)] = 10ogl0[1] = O at aratio of conjugate base to acid of 1 : 1, showsthat the pH (when the
o-COOH is haf-titrated) is directly equal to the pKa(a-COOH) (Figure 2.15).

Addition of 1 equivalent of base completely titrates the a-COOH but leaves the a-NH3+ group intact. In the
resulting form (11), the negatively charged a-COO and positively charged a-NH3+ cancel each other and the net
charge of thisionic formis zero. Form |1 is thus the zwitterion form, that is, the ionic form in which the total of
positive chargesis exactly equal to the total of the negative charges. As the net charge on a zwitterion moleculeis
zero, it will not migrate toward either the cathode or anode in an electric field. Further addition of 0.5 equivalent of
base to the zwitterion form of leucine (total base added is 1.5 equivalents) will then half-titrate the a-NH3+ group.
At this point in the titration, the ratio of [NH2]/[NH3+] = 1, and the pH is equal to the value of the P&: for the a-
NH3+ group (Figure 2.15). Addition of afurther 0.5 equivalent of base (total of 2 full equivalents of base added;
Figure 2.15) completely titrates the a-NH3+ group to its base form (a-NH2). The solution pH is greater than 11, and
the predominant molecular species has a negative charge of 1 (form [11).

It is useful to calculate the exact pH at which an amino acid is electrically neutral and in its zwitterion form. This pH
is known as the isoelectric pH for the molecule, and the symbol ispl. The pl value is a constant of acompound at a
particular ionic strength and temperature. For ssmple molecules, such as leucine, pl is directly calculated as the
average of thetwo PX: values that regulate the boundaries of the zwitterion form. Leucine has two ionizable groups
that regulate the zwitterion form boundaries, and the pl is calculated as follows:

pI= pR,COOH + pKONH;,” _ 24+ 906 _

8.0
2 2

At pH > 6.0, leucine assumes a partial negative charge that formally rises at high pH to afull negative charge of 1
(form [11) (Figure 2.14). At pH < 6, leucine has a partia positive charge until at very low pH it has acharge of +1
(form I) (Figure 2.14). The partial charge at any pH can be calculated from the HendersonHassel bal ch equation or
from extrapolation from the titration curve of Figure 2.15.

Titration of a Monoamino Dicarboxylic Acid

A more complicated example of the relationship between molecular charge and pH is provided by glutamic acid. Its
ionized forms and titration curve are
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Figure 2.16

lonic forms of glutamic acid.
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Figure 2.17
Titration curve of glutamic acid.

shown in Figures 2.16 and 2.17. In glutamic acid the a-COOH PX: = 22 they-COOH P&+ =13 and the a-NH3+
pK. =97 The zwitterion form is generated after 1.0 equivalent of base is added to the low pH form, and the
isoelectric pH (pl) is calculated from the average of the two P%= values that control the boundaries of the zwitterion
form:

22

o= 4.3

= 3,25

[

Accordingly, at values above pH 3.25 the molecule assumes a net negative charge until at high pH the molecule has
anet charge of 2. At pH < 3.25 glutamic acid is positively charged, and at extremely low pH it has a net positive
charge of +1.

General Relationship between Charge Properties
of Amino Acids and Proteins and pH

Analysis of charge forms present in other common amino acids shows that the relationship observed between pH
and charge for leucine and glutamate is generally true. That is, at a solution pH less than pl, the amino acid is
positively charged. At a solution pH greater than pl, the amino acid is negatively charged. The degree of positive or
negative charge is a function of the magnitude of the difference between pH and pl. Asaprotein isacomplex
polyelectrolyte containing multiple ionizable acid groups that regulate the boundaries of its zwitterion form,
calculation of a protein'sisoelectric pH fromits acid PX: values utilizing the HendersonHassel bal ch relationship
would be difficult. Accordingly, the pl values for proteins are always experimentally measured by determining the
pH value at which the protein does not move in an electrical field. pl values for some representative proteins are
givenin Table 2.6.
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TABLE 2.6 pl Values for Some
Representative Proteins

Protein o]
Pepsin ~1
Human serum abumin 59
ol-Lipoprotein 55
Fibrinogen 5.8
Hemoglobin A 7.1
Ribonuclease 7.8
Cytochrome-c 10.0
Thymohistone 10.6
< previous page page_ 34 next page >
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pH = p!, then protein charge negative
pH < pl, then protein charge positive

Figure 2.18
Relationship between solution
pH, protein pl, and protein charge.

Aswith the amino acids, at a pH greater than the pl, a protein has a net negative charge. At apH lessthan the pl, a
protein has a net positive charge (Figure 2.18). The magnitude of the net charge of a protein increases as the
difference between pH and p/increases. An example is human plasma a bumin with 585 amino acid residues of
which there are 61 glutamates, 36 aspartates, 57 lysines, 24 arginines, and 16 histidines. The titration curve for this
complex moleculeis shown in Figure 2.19. Albumin's pl = 5.9, at which pH its net charge is zero. At pH 7.5 the
imidazolium groups of histidines have been partially titrated and albumin has a negative charge of 10. At pH 8.6
additional groups have been titrated to their base forms, and the net charge is approximately 20. At pH 11 the net
charge is approximately 60. On the acid side of the pl value, at pH 3, the approximate net charge of albumin is +60.

Amino Acids and Proteins Can Be Separated Based on pl Values

The techniques of electrophoresis, isoel ectric focusing, and ion-exchange chromatography separate and characterize
biological molecules on the basis of differencesin their pl (see p. 34). In clinical medicine, separation of plasma
proteins by electrophoresis has led to the classification of the proteins based on their relative electrophoretic
mobility. The separation is commonly carried out a pH 8.6, which is higher than the pl values of the major plasma

proteins.
o
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Figure 2.19
Titration curve of human serum albumin at 25°C and an
ionic strength of 0.150.
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Redrawn from Tanford, C. J. Am. Chem. Soc. 72:441, 1950.

< previous page page_ 35 next page >

file:///D]/.. xtbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%6201997/files/page_35.htmI[11/10/2010 10:35:55 AM]



page_36
< previous page page 36 next page >

Page 36

(v 5 U ﬁ £ T T2 Lysozyme
C3-Anaphylatoxin

Prealbumin

CATHODE

ANODE

o ¥ 4/ o ol
oty-Acid glycoprolein Thyraxine-binding globulin Ratinol-binding protein Serum cholinesterase
tt4-T Glycoprolain Zn-uq-glycoprotein s HE glycoprotein 8 S-uy-glycoprotein
y-Antitrypsin G ghobulin Histidine-rich 3,8 S-u,-glycoprotain 4 Seug , Py -glycopratain
Transcortin Ceruloplasmin Haptoglobin Transcobatamin (1)
o -Anfichymotrypsin Infer-ce-trypsin inhibitar Pregnancy zone protein
,-B Glycoprolein Antithrambin 11 a-Macroglobulin
9.5 5-u,-glycoprotein Factor X (Stuart-Prower) P rothromidyin
Yitamin D-binding protein Transcobalamin | Antihemophilic factor
ity-Lipoproteins ca C1 inactivator
Cls
B fio T1 T2
Hamopexin Po-Microglobilin IgG IgG
Stercid-binding [-globulin f-Giyeoprotein I Igh Chy
Translerrin Po-Glycoprotein | gD Properdin
Pregnancy-specific ,-ghycopralein Fibrinogen IgE
Cold insoluble globulin Factor XI (PTA) Ight
Factor V' (Accelernin) Facler X/ {(Hageman) Amylase
Faclor VIl {Procenvertin) Factor Xl (FSF)
Factor X (Christmas) C3, C8, G7F
Plasminogen C3 Activator {{i.11)
3 Proactivator
Transcobalamin 1l
-Lipoproteins
Cir, C2
C4, C5

Figure 2.20
Electrophoresis pattern for plasma proteins at pH 8.6.
Plot shows the order of migration along the horizontal axis with proteins of highest mobility closest
to the anode. Height of the band along the vertical axis shows the protein concentration. Different
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major proteins are designated underneath their electrophoretic mobility peaks.
Reprinted with permission from Heide, K., Haupt, H., and Schwick, H. G. In: F. W. Putnam (Ed.),
The Plasma Proteins, 2nd ed., Vol. 111. New York Academic Press, 1977, p. 545.

Accordingly, the proteins are negatively charged and move toward the anode at a rate dependent on their net charge.
Major peaks observed in order of their migration are those of albumin, a1, a2, and B-globulins, fibrinogen, and the y1
and y2-globulins (Figure 2.20). Some of these peaks represent tens to hundreds of different plasma proteins that have a
similar migration rate at pH 8.6. However, certain proteins predominate in each peak and variation in their relative
amountsis characteristic of certain diseases (Figures 2.20 and 2.21; see Clin. Corr. 2.1).
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Figure 2.21
Examples of the electrophoretic mobility patterns observed
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for anormal individual and patients with abnormal concent-
rations of serum proteins, analyzed by agarose gel
electrophoresis.
Redrawn from McPherson, R. A. Specific proteins. In: J. B.
Henry (Ed.), Clinical Diagnosis and Management, 17th ed.
Philadel phia: Saunders Co, 1984.

CLINICAL CORRELATION 2.1
Plasma Proteins in Diagnosis of Disease

Electrophoretic analysis of the plasma proteins is commonly used in diagnosis of
disease. Electrophoresis of plasma buffered at pH 8.6 separates the magjor plasma
proteins as they migrate to the anode in the electric field into bands or peaks,
based on their charge differences (see text). Examples of abnormal electrophoresis
patterns are shown in Figure 2.21. An "immediate response” that occurs with
stress or inflammation caused by infection, injury, or surgical traumais shown in
pattern (b) in which haptoglobins in the a2 mobility hand are selectively
increased. A "late response” shown in pattern (c) is correlated with infection and
shows an increase in the t-globulin peaks due to an increase in immunoglobulins.
An example of a hypogammaglobulinemia due to an immunosuppressive disease
is shown in pattern (d). In hepatic cirrhosis there is a broad elevation of the t-
globulins with reduction of albumin, asin pattern (e). Monoclonal gammopathies
are due to the clonal synthesis of a unique immunoglobulin and giveriseto a
sharp t-globulin band, asin pattern ). Nephrotic syndrome shows a selective loss
of lower molecular weight proteins from plasma, asin pattern (g). The pattern
shows a decrease in albumin (65 kDa), but a retention of the bands composed of
the higher molecular weight proteins a.2-macroglobulin (725 kDa) and 3-
lipoproteins (2000 kDa) in the a2 band. Pattern (h) is from a patient with a
protein-losing enteropathy. The dlight increase in the o2 band in pattern (h) is due
to an immediate or late response from a stressful stimulus, as previously observed
in patterns (b) and (c).

Ritzmann, S. E., and Daniels, J. C. Serum protein electrophoresis and total serum
proteins. In: S. E. Ritzmann and J. C. Daniels (Eds.), Serum Protein
Abnormalities, Diagnostic and Clinical Aspects. Boston: Little, Brown and Co.,
1975, pp. 325; and McPherson, R. A. Specific proteins. In: J. B. Henry (Ed.),
Clinical Diagnosis and Management by Laboratory Methods, 17th ed.
Philadelphia: Saunders, 1984, pp. 204215.
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Page 38
Amino Acid Sde Chains Have Polar or Apolar Properties

The relative hydrophobicity of amino acid side chainsis critical for the folding of a protein to its native structure and
for the stability of the folded protein. Figure 2.22 plots the values of relative hydrophaobicity of the common amino
acids based on the tendency of each amino acid to partition itself in a mixture of water and a nonpolar solvent. The
scaleis based on avalue of zero for glycine. The side chains that preferentially dissolve in the nonpolar solvent
relative to glycine show a positive (+) hydrophobicity value, the more positive the greater the preference for the
nonpolar solvent. Most hydrophobic are those amino acids found buried in folded protein structures away from the
water solvent that interacts with the surface of a soluble protein. However, the general correlation is not perfect due
to the amphoteric nature of many of the hydrophobic amino acids that place the more polar portions of their side
chain structure near the surface to interact with the polar solvent water on the outside. In addition, contrary to
expectation, not all hydrophobic side chainsare in a buried position in afolded three-dimensional structure of a
globular protein. When on the surface, the hydrophobic groups are generally dispersed among the polar side chains.
When clustering of nonpolar side chains occurs on the surface, it is usually associated with a function of the protein,
such asto provide a site for binding of substrate molecules through hydrophobic interactions.

Most charged side chains are found on the surface of soluble globular proteins where they are stabilized by
favorable energetic interactions with the water solvent. The rare positioning of a charged side chain in the interior of
aglobular protein usually implies an important functional role for that "buried" charge within the nonpolar interior
in stabilizing conformation of the folded protein or participation in a catalytic mechanism.

Amino Acids Undergo a Variety of Chemical Reactions

Amino acidsin proteins undergo a variety of chemical reactions with reagents that may be used to investigate the
function of specific side chains. Some common chemical reactions are presented in Table 2.7. Reagents for amino
acid side chain modification have also been synthesized that bind to specific sitesin afolded protein’s structure, like
the substrate-binding site. The strategy
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Figure 2.22
Relative hydrophobicity of the amino acid side chains.
Based on the partition of the amino acid between organic
solvent and water. Negative values indicate preference for
water and positive values preference for nonpolar solvent
(ethanol or dioxane) relative to glycine (see text).
Based on data from Von Heijne, G., and Blomberg,
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C. Eur. J. Biochem. 97:175, 1979; and from Nozaki, Y.,
and Tanford, C. J. Biol. Chem. 246:2211, 1971.
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TABLE 2.7 Some Chemical Reactions of the Amino Acids
Reactive Group Reagent or Product
Reaction
Amine (NH2) groupsNinhydrin Blue colored product that absorbs at
540 nma
Fluorescamine Product that fluoresces
Carboxylic acid Alcohols Ester products
groups
Amines Amide products
Carbodiimide Activates for reaction with
nucleophiles
NH2 of Lys 2,3,6- Product that absorbs at 367 nm
Trinitrobenzene
sulfonate
Anhydrides Acetylates amines
Aldehydes Forms Shiff base adducts
Guanidino group of Sakaguchi reaction Pink-red product that can be used to
Arg assay Arg
Phenol of Tyr 12 lodination of positions ortho to

hydroxyl group on aromatic ring
Acetic anhydride Acetylation of OH

Satomof Met side CH3l Methyl sulfonium product
chain
[O] or H202 M ethionine sulfoxide or methionine
sulfone
SH of Cys | odoacetate Carboxymethyl thiol ether product

N-Ethylmaleimide Addition product with S
Organic mercurialsMercurial adducts
Performic acid Cysteic acid (SO3H) product
Dithionitrobenzoic Yellow product that can be used to
acid guantitate SH groups
Imidazole of Hisand Pauly'sreagent  Yellow to reddish product
phenol of Tyr
a Proline imino group reacts with ninhydrin to form product that absorbs light at
440 nm (yellow color).

isto model the structural features of the enzyme's natural substrate into the modifying reagent. The reagent bindsto
the active site like a natural substrate and, while within the active site, reacts with a specific side chain in the enzyme
active site. Thisidentifies the modified amino acid as being located in the substrate-binding site and hel ps identify
itsrole in the catalytic mechanism.

2.4
Primary Structure of Proteins

The primary structure (amino acid sequence) of aprotein isrequired for an understanding of a protein’s structure, its
mechanism of action at amolecular level, and its relationship to other proteins with similar physiological roles. The
primary structure of insulin illustrates the value of this knowledge for understanding a protein's biosynthesis and
physiological forms. Insulin is produced in pancreatic islet cells as a single chain precursor, proinsulin, with the
primary structure shown in Figure 2.23. The polypeptide chain contains 86 amino acids and 3 intrachain cystine
disulfide bonds. It istransformed into biologically active insulin by proteolytic modificationsin its primary structure
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asit is secreted from the islet cells. Proinsulin is cleaved by proteases present in theislet cells that cleave two
peptide bonds in proinsulin between residues 30 and 31 and 65 and 66. This releases a 35 amino acid segment (the
C-peptide)
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Figure 2.23
Primary structures of human proinsulin, insulin, and C-peptide.
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In proinsulin, the B-chain peptide extends from Phe at position 1 to Thr at
position 30, the C-peptide from Arg at position 31 to Arg at position 65, and the A-chain
peptide from Gly at position 66 to Asn at position 86. Cystine bonds from positions
710 72, 19t0 85, and 71 to 76 are found in proinsulin.

Redrawn from Bell, G. I., Swain, W. F,, Pictet, R., Cordell, B.,

Goodman, H. M., and Rutter, W. J. Nature 282:525, 1979.

and the active insulin molecule. The active insulin consists of two polypeptide chains (A and B) of 21 amino acids
and 30 amino acids, respectively, covalently joined by the same disulfide bonds present in proinsulin (Figure 2.23).
The C-
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TABLE 2.8 Variationin Positions A8, A9, A10,
and B30 of Insulin

Soecies A8 A9 Al10 B30
Human Thr Ser lle Thr
Cow Ala  Ser vd Ala
Pig Thr  Ser lle Ala
Sheep Ala Gly vd Ala
Horse Thr  Gly lle Ala
Dog Thr  Ser lle Ala
Chickena His Asn Thr Ala
Ducka Glu Amn Pro Thr

a Positions 1 and 2 of B chain are both Alain
chicken and duck; whereas in the other speciesin
the table, position 1 is Phe and position 2isVal in
B chain.

peptide is further processed in the pancresatic islet cells by proteases that hydrolyze a dipeptide from the COOH
terminal and a second dipeptide from the NH2 terminal of the C-peptide. The modified C-peptide is secreted into the
blood with the active insulin. Besides giving information on the pathway for formation of active insulin, knowledge
of primary structures shows the role of particular amino acids in the structure of insulin through comparison of the
primary structures of the insulins from different animal species. The aligned primary structures show aresidue
identity in most amino acid positions, except for residues 8, 9, and 10 of the A chain and residue 30 of the B chain.
Amino acidsin these positions vary widely in different animal insulins (Table 2.8) and apparently do not affect the
biological properties of the insulin molecule (see Clin. Corr. 2.2). Other amino acids of the primary structure are
rarely substituted, suggesting that they have an essential role in insulin function.

Comparison of primary structures is commonly used to predict the similarity in structure and function between
proteins. Sequence comparisons typically require aligning sequences to maximize the number of identical residues
while minimizing the number of insertions or deletions required to achieve this alignment. Two sequences are
termed homol ogous when their sequences are highly alignable. In its correct usage homology only refersto proteins
that have evolved from the same gene. Analogy is used to describe sequences from proteins that are structurally
similar but for which no evolutionary relationship has been demonstrated. Substitution of an amino acid by another
amino acid of similar

CLINICAL CORRELATION 2.2

Differencesin Primary Structure of Insulins Used in Treatment of Diabetes
Mellitus

Both pig (porcine) and cow (bovine) insulins are commonly used in the treatment
of human diabetics. Because of the differences in amino acid sequence from the
human insulin, some diabetic individuals will have aninitial allergic response to
the injected insulin as their immunological system recognizesthe insulin as
foreign, or develop an insulin resistance due to a high anti-insulin antibody titer at
alater stage in treatment. However, the number of diabetics who have a
deleterious immunol ogical response to pig and cow insulinsis small; the great
majority of human diabetics can utilize the nonhuman insulins without
immunological complication. The compatibility of cow and pig insulinsin
humans is due to the small number and the conservative nature of the changes
between the amino acid sequences of the insulins. These changes do not
significantly perturb the three-dimensional structure of the insulins from that of
human insulin. Pig insulin is usually more acceptable than cow insulin in insulin-
reactive individuals because it is more similar in sequence to human insulin (see
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Table 2.8). Human insulin is now available for clinical use. It can be made using
genetically engineered bacteria or by modifying pig insulin.

Brogdon, R. N., and Heel, R. C. Human insulin: areview of its biological activity,
pharmacokinetics, and therapeutic use. Drugs 34:350, 1987.
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CLINICAL CORRELATION 2.3
A Nonconservative Mutation Occursin Sickle Cell Anemia

Hemoglobin S (HbS) is avariant form of the normal adult hemoglobin in which a
nonconservative substitution occursin the sixth position of the 3-polypeptide
chain of the normal hemoglobin (HbA1). Whereasin HbA1 this position is taken
by a glutamic acid residue, in HbS the position is occupied by avaline.
Consequently, in HbS a polar side chain group on the molecul€'s outside surface
has been replaced with a nonpolar hydrophobic side chain (a nonconservative
mutation). Through hydrophobic interactions with this nonpolar valine, HbSin its
deoxy conformation polymerizes with other molecules of deoxy-HbS, leading to a
precipitation of the hemoglobin within the red blood cell. This precipitation makes
the red blood cell assume a sickle shape that resultsin a high rate of hemolysis and
alack of elasticity during circulation through the small capillaries, which become
clogged by the abnormal shaped cells.

Only individuals homozygous for HbS exhibit the disease. Individuals
heterozygous for HbS have approximately 50% HbA1 and 50% HbS in their red
blood cells and do not exhibit symptoms of the sickle cell anemia disease except
under extreme conditions of hypoxia

Individual s heterozygous for HbS have a resistance to the malaria parasite, which
spends a part of itslife cyclein red blood cells. Thisis afactor selecting for the
HbS gene in malarial regions of the world and is the reason for the high frequency
of thislethal genein the human genetic pool. Approximately 10% of American
blacks are heterozygous for HbS, and 0.4% of American blacks are homozygous
for HbS and exhibit sickle cell anemia.

HbS is detected by gel electrophoresis. Because it lacks a glutamate, it isless
acidic than HbA. HDbS therefore does not migrate as rapidly toward the anode as
does HbA. It is also possible to diagnose sickle cell anemia by recombinant DNA
techniques.

Embury, S. H. The clinical pathophysiology of sickle-cell disease. Annu. Rev.
Med. 37:361, 1986.

polarity (i.e., Va for llein position 10 of insulin) is called a conservative substitution and is commonly observed in
amino acid sequences of the same protein from different animal species. If a particular amino acid is always found at
the same position in these comparisons, then these are designated invariant residues and it can be assumed that these
residues have an essential role in the structure or function of the protein. In contrast, a nonconservative substitution
involves replacement of an amino acid by another of dramatically different polarity. This may produce severe
changes in the properties of the resultant protein or occur in regions that are apparently unimportant functionally
(see Clin. Corr. 2.3). Polarity is only one physical property of amino acids that determines whether a substitution
will significantly alter the protein's function. Other physical properties of importance are the volume and surface
area.

2.5
Higher Levels of Protein Organization

Primary structure of a protein refersto the covalent structure of a protein. It includes amino acid sequence and
location of disulfide (cystine) bonds. Higher levels of protein organization refer to noncovalently generated
conformational properties of the primary structure. These higher levels of protein conformation and organization are
defined as the secondary, tertiary, and quaternary structures of a protein. Secondary structure refers to the local
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three-dimensional folding of the polypeptide chain in the protein. The polypeptide chain in this context is the
covalently interconnected atoms of the peptide bonds and a.-carbon linkages that sequentially link the amino acid
residues of the protein. Side chains are not considered at the level of secondary structure. Tertiary structure refersto
the three-dimensional structure of the polypeptide. It includes the conformational relationships in space of the side
chains and the geometric relationship between distant regions of the polypeptide chain. Quaternary structure refers
to the structure and interactions of the noncovalent association of discrete polypeptide subunits into a multisubunit
protein. Not all proteins have a quaternary structure.

Proteins generally assume unique secondary, tertiary, and quaternary conformations as determined by their particular
amino acid sequence and termed the native conformation. Folding of the primary structure into the native
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conformation occurs, in most cases, spontaneously through noncovalent interactions. This unique conformation is
the one of lowest total Gibbs free energy kinetically accessible to the polypeptide chain(s) for the particular

conditions of ionic strength, pH, and temperature of the solvent in which the folding occurs. Chaperone proteins
may facilitate the rate of protein folding.

o-Carban

Feptice bond

2]
P
L

- Amid plang
4 i-C .
5. m-Laarban

Figure 2.24
Polypeptide chain showing ¢, v, and peptide bonds
for residue Ri within a polypeptide chain.
Redrawn with permission from Dickerson, R. E.,
and Geis, |. The Structure and Action of Proteins.
Menlo Park, CA: Benjamin, 1969, p. 25.

Proteins Have a Secondary Structure

The conformation of a polypeptide chain may be described by the rotational angles of the covalent bonds that
contribute to the polypeptide chain. These are the bonds contributed by each of the amino acids between (1) the
nitrogen and a-carbon and (2) the a.-carbon and the carbonyl carbon. The first of these is designated the phi (¢) bond
and the second is called the psi (y) bond for an amino acid residue in a polypeptide chain (Figure 2.24). The third
bond contributed by each amino acid to the polypeptide chain is the peptide bond. As previously discussed, dueto
the partial double-bond character of the ©'==N bonds, there is a barrier to free rotation about this peptide bond.

Regular secondary structure conformations in segments of a polypeptide chain occur when all ¢ bond angles in that
polypeptide segment are equal, and all the v bond angles are equal. The rotational anglesfor ¢ and y bonds for
common regular secondary structures are given in Table 2.9.

The a-helix and B-structure conformations for polypeptide chains are the most thermodynamically stable of the
regular secondary structures. However, a particular sequence may form regular conformations other than o-helical
or B-structure. There are also regions of unordered secondary structure, in which neither the ¢ bond angles nor the
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bond angles are equal. Proline interrupts a.-helical conformations since the pyrrolidine side chain of proline
sterically interacts with the amino acid preceding it in the polypeptide sequence when in an a-helical structure. This
repulsive steric interaction tends to prevent formation of a-helical structure in sections of a polypeptide chain that
contain proline.

Helical structures of polypeptide chains are characterized by the number of amino acid residues per turn of helix (n)
and the distance between a.-carbon atoms of adjacent amino acids measured parallel to the axis of the helix (d). The
helix pitch (p), defined as the product of n x d, then measures the distance between repeating turns of the helix on a
line drawn parallel to the helix axis (Figure 2.25):

h=nxd

o-Helical Structure

An amino acid sequence in an a-helical conformation is shown in Figure 2.26.

=4

Figure 2.25
The helix pitch (p) for a
helix withn = 4.

Each circleon aline repre-
sents an a-carbon from an
amino acid residue. Therise
per residue would be
p/n (see equation in text).
From Dickerson, R. E., and
Geis, |. The Sructure and
Action of Proteins. Menlo
Park, CA: Benjamin, 1969, p. 26.

TABLE 2.9 Helix Parameters of Regular Secondary Structures

Sructure Approximate BondResiduesper  Helix
Angles (°) turn, n Pitch,ap
¢ v (A)

. . 57 47 3.6 54
Right-handed a-helix
[3.613-helix)
310-helix +49 26 3.0 6.0
Parallel B-strand 119 +113 2.0 6.4
Antiparallel B-strand 139 +135 2.0 6.8
Polyproline typellb 78 +149 3.0 9.4
a Distance between repeating turns on aline drawn parallel to helix
axis.

b Helix type found for polypeptide chains of collagen.
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360° turn (n = 3.6). The peptide bond planesin the a-helix are parallel to the axis of the helix. In this geometry each
peptide forms two hydrogen bonds, one to the peptide bond of the fourth amino acid above and the second to the
peptide bond of the fourth amino acid below in the primary structure. Other a-helix parameters, such as the pitch (p),
aregiven in Table 2.9. In the hydrogen bonds between the peptide groups of an a-helical structure, the distance
between the hydrogen-donor atom and the hydrogen-acceptor atom is 2.9 A. Also, the donor, acceptor, and

hydrogen atoms are approximately collinear, in that they determine a straight line. Thisis an optimum geometry and
distance for maximum hydrogen-bond strength (see Section 2.7).
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Figure 2.26
An a-helix.

Redrawn with permission, based
on figure from Pauling, L. The
Nature of the Chemical Bond,

3rd ed. Ithaca, NY: Cornell
University Press, 1960.

The side chainsin an a-helical conformation are on the outside of the spiral structure generated by the polypeptide
chain. Due to the characteristic 3.6 residues per turn, the first and every third and fourth R group of the amino acid
sequence in the helix come close to the other. Helices often present separable polar and nonpolar faces based on
their amino acid sequences, which place polar or nonpolar side chains three or four amino acids apart in the
sequence, which folds into the a-helix. Thiswill give rise to unique functional characteristics of the helix. However,
if every third or fourth side chain that come close together have the same charge sign or are branched at their 3-
carbon (valine and isoleucine), their unfavorable ionic or steric interactions destabilize the helix structure. The a.-
helix may theoretically form its spiral in either aleft-handed or right-handed sense, giving the helix asymmetric
properties and correlated optical activity. In the structure shown, aright-handed a-helix is depicted; thisis more
stable than the left-handed helix.

B-Structure

A polypeptide chain in a B-strand conformation (Figure 2.27) is hydrogen bonded to another similar strand aligned
either in aparallel or antiparallel direction (Figure 2.28). Hydrogen-bonded -strands appear like a pleated sheet
(Figure 2.29). The side chains project above and below the pleated sheet-like structure.

Supersecondary Structures

Certain combinations of secondary structure can be observed in different folded protein structures. They are referred
to as structural motifs and include helix-turn-helix (see p. 108), leucine zipper (see p. 110), calcium binding EF hand
(seep. 209), and zinc finger (see p. 108). Even longer orderings may occur to form a domain (see below) such asthe
B-barrel and the immunoglobulin fold. These longer pattern lengths of secondary structure may include multiple
structural motifs and when commonly observed in more than one protein are referred to as supersecondary
structures.

Proteins Fold into a Three-Dimensional
Sructure Called the Tertiary Structure

Thetertiary structure of a protein is the three-dimensional structure of a protein. It includes the geometric
relationship between distant segments of primary structure and the relationship of the side chains with one another
in three-dimensional space. As an example of a protein'stertiary structure, the structure for trypsinis shownin
Figure 2.30. In Figure 2.30a the ribbon structure shows the conformation of polypeptide strands and the overall
pattern of polypeptide chain folding (supersecondary structure). The tertiary structure is then further built uponin
Figure 2.30b by showing the side chain groups and their interconnections with a stick model. Active site catalytic
side chains are shown in yellow, which include the hydroxymethyl group of serine (residue 177 in the sequence), the
imidazole of histidine (residue 40), and the carboxylate-containing side chain of aspartate (residue 85). Although
these catalytic residues
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Figure 2.27
Two polypeptide chains in a B-structure conformation.
Additional polypeptide chains may be added to generate more extended structure.
Redrawn with permission from Fersht, A. Enzyme Structure and Mechanism, San Francisco:
Freeman, 1977, p. 10.
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Figure 2.28
Example of antiparallel B-structure (residues 9398, 2833, and 1621 of
Cu,Zn superoxide dismutase).
Dashed line shows hydrogen bonds between carbonyl oxygen atoms and
peptide nitrogen atoms; arrows show direction of polypeptide chains from N terminal to
C terminal. In the characteristic antiparallel -structure, pairs of closely spaced interchain
hydrogen bonds alternate with widely spaced hydrogen bond pairs.
Redrawn with permission from Richardson, J. S. Adv. Protein Chem. 34:168, 1981.
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Figure 2.29

B-Pleated sheet structure between two polypeptide chains.
Additional polypeptide chains may be added above and below to generate
amore extended structure.
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Figure 2.30
Tertiary structure of trypsin.
(a) Ribbon structure outlines the conformation of the polypeptide chain.
(b) Structure shows side chains including active site residues (in yellow) with outline of polypeptide chain (ribbon) superimposed.
(c) Space-filling structure in which each atom is depicted as the size of its van der Waals radius. Hydrogen atoms are
not shown. Different domains are shown in dark blue and white. The active site residues are in yellow and intrachain
disulfide bonds of cystinein red. Light blue spheres represent
water molecules associated with the protein. This structure shows the density of packing within the interior of the protein.

are widely separated in the primary structure, the folded tertiary structure brings them together in space to form the catalytic site.
In Figure 2.30c a space-filling model shows C, N, and O atoms represented by balls of radius proportional to their van der Waals
radius.

The tertiary structure of trypsin conforms to the general rules of folded proteins (see Section 2.3). Hydrophobic side chains are
generaly in the interior of the structure, away from the water interface. lonized side chains occur on the outside of a protein
structure, where they are stabilized by water of solvation. Within the protein structure (not shown) are buried water molecules,
noncovalently associated, which exhibit specific arrangements. A large number of water molecules form a solvation shell around
the outside of the protein.

A long polypeptide strand often folds into multiple compact semi-independent folded regions or domains, each domain having a
characteristic compact geometry with a hydrophobic core and polar outside. They typically contain 100150 contiguous amino
acids. The domains of a multidomain protein may be connected by a segment of the polypeptide chain lacking regular secondary
structure. Alternatively, the dense spherical folded regions are separated by a cleft or less dense region of tertiary structure (Figure
2.31). There are two folded domainsin the trypsin molecule with a cleft between the domains
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that includes the substrate-binding catalytic site of the protein. An active site within an interdomain interface is an
attribute of many enzymes. Different domains within a protein can move with respect to each other. Hexokinase
(Figure 2.32), which catalyzes phosphorylation of a glucose molecule by adenosine triphosphate (ATP), has the
glucose-binding site in a region between two domains. When the glucose binds in the active site, the surrounding
domains move to enclose the substrate to trap it for phosphorylation (Figure 2.32). In enzymes with more than one
substrate or allosteric effector site (see Chapter 4), the different sites may be located within different domains. In
multifunctional proteins, each domain performs a different task.

Figure 2.31
Globular domains within proteins.
(a) Phosphoglycerate kinase has
two domains with arelatively narrow neck
in between.

(b) Elastase has two tightly
associated domains separated by a narrow
cleft. Each spherein the space-filling
drawing represents the o-carbon position for an
amino acid within the protein structure.
Reprinted with permission from Richardson,
J. S. Adv. Protein Chem. 34:168, 1981.

Homologous Three-Dimensional Domain Sructures Are Often Formed from Common Arrangements of Secondary
Sructures

A protein can adopt arange of conformations for a particular amino acid sequence. Although each native structure is
unique, a comparison of the tertiary structures of different proteins solved by X-ray crystallography shows similar
arrangements of secondary structure motifs that form the tertiary structures of domains. Thus proteins unrelated by
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function, sequence, or evolution show similar patterns of arrangement of their secondary structures or
supersecondary

Figure 2.32
Drawings of (a) unliganded form
of hexokinase and free glucose and
(b) the conformation of hexokinase with glucose
bound. In this space-filling drawing each
circle represents the van der Waals radius
of an atom in the structure. Glucose is
black, and each domain is differently shaded.
Reprinted with permission
from Bennett, W. S., and Huber, R. CRC Rev.
Biochem. 15:291, 1984.
Copyright © CRC Press, Inc., Boca Raton, FL.
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Figure 2.33
An example of an all a-folded domain.
In this drawing and those that follow
(Figures 2.342.36), only the
outline of the polypeptide chainis
shown. B-Structure
strands are shown by arrows with the
direction of the arrow showing the
N®C terminal
direction of the chain; lightning bolts
represent disulfide bonds, and circles
represent metal ion cofactors (when present).
Redrawn with permission from
Richardson, J. S. Adv. Protein
Chem. 34:168, 1981.

structures. A classification system for supersecondary patterns places common folding patterns for secondary
structures into structural families. The key super-secondary structures are formed because of the thermodynamic
stability of their folding patterns.

A common all-a structure is found in the enzyme lysozyme (Figure 2.33). Other examples of al-o structure arein
myoglobin and the subunits of hemoglobin, whose structures are discussed in Chapter 3. In this supersecondary
folding pattern, seven or eight sections of a-helices are joined by smaller segments of polypeptide chains that allow
the helices to fold back upon themselves to form a characteristic globular shape. Another common supersecondary
structure is the o, 3-domain structure shown by triose phosphate isomerase (Figure 2.34) in which the strands
(designated by arrows) are wound into a -barrel. Each B-strand in the interior of the B-barrel isinterconnected by
a-helical regions of the polypeptide chain on the outside of the molecule. A similar supersecondary structureis
found in pyruvate kinase (Figure 2.34). A different type of o,3-domain supersecondary structure is seen in lactate
dehydrogenase and phosphoglycerate kinase (Figure 2.35). In these the interior polypeptide sections participate in a
twisted-sheet B-structure. The B-structure segments are joined by o.-helix regions positioned on the outside of the
molecule to give a characteristic a,3-domain folding pattern. An all-B-domain supersecondary structure is present in
Cu,Zn superoxide dismutase, in which the antiparallel 3-sheet forms a Greek key B-barrel (Figure 2.36). A similar
pattern occurs in each of the domains of the immunoglobulins, discussed in Chapter 3. Concanavalin A (Figure 2.36)
shows an all-B-domain structure in which the antiparallel B-strands form a-barrel pattern called a"jellyroll.”
Protein structures used to define these classes have been observed by X-ray crystallographic analysis (Section 2.9),
primarily of globular proteinsthat are water soluble. Proteins that are not water soluble may contain different
supersecondary patterns (see Section 2.6).
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Sy
Pyruvate Kinase domain 1

Figure 2.34
Examples of o,3-folded domains in which
B-structural strands form a
B-barrel in the center of the
domain (see legend to Figure 2.33).
Redrawn with permission from
Richardson, J. S. Adv. Protein
Chem. 34: 168, 1981.

A Quaternary Structure Occurs When Several Polypeptide Chains Form a Specific Noncovalent Association

Quaternary structure refers to the arrangement of polypeptide chainsin a multichain protein. The subunitsin a
guaternary structure must be in noncovalent association, a.-Chymotrypsin contains three polypeptide chains
covalently joined together by interchain disulfide bonds into a single covalent unit and therefore does not have a

guaternary structure. Myoglobin consists of a single polypeptide chain and has no quaternary structure. However,
hemoglobin A
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Lactate Dehydrogenase demain 1 Phesphoglycerate Kinase domain 2

Figure 2.35
Examples of o,3-folded
domains in which -structure strands are in the form of
aclassica twisted B-sheet (see legend to Figure 2.33).
Redrawn with permission from Richardson, J. S. Adv. Protein Chem.
34:168, 1981.

Cu, Zn Superoxide Dismutase Concanavalin A

Figure 2.36
Examples of all B-folded domains (see legend to Figure 2.33).
Redrawn with permission from Richardson, J. S. Adv.
Protein Chem. 34:168, 1981.

contains four polypeptide chains (a232) held together noncovalently in a specific conformation as required for its
function (see Chapter 3). Thus hemoglobin has a quaternary structure. Aspartate transcarbamylase (see Chapter 13)
has a quaternary structure comprised of 12 polypeptide subunits. The poliovirus protein coat contains 60 polypeptide
subunits, and the tobacco mosaic virus protein has 2120 polypeptide subunits held together noncovalently in a
specific structural arrangement.
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2.6
Other Types of Proteins

The characteristics of protein structure, discussed above, are based on observations on globular, water-soluble
proteins. Other proteins, such as the fibrous proteins, are nonglobular and have alow water solubility; lipoproteins
and
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glycoproteins have a heterogeneous composition and may or may not be water soluble.
Fibrous Proteins Include Collagen, Elastin, a-Keratin, and Tropomyosin

Globular proteins have a spheroidal shape, variable molecular weights, relatively high water solubility, and a variety
of functional roles as catalysts, transporters, and control proteins for the regulation of metabolic pathways and gene
expression. In contrast, fibrous proteins characteristically contain larger amounts of regular secondary structure, a
long cylindrical (rod-like) shape, alow solubility in water, and a structural rather than a dynamic rolein the cell or
organism. Examples of fibrous proteins are collagen, a-keratin, and tropomyosin.

Distribution of Collagen in Humans

Collagen is present in all tissues and organs where it provides the framework that gives the tissues their form and
structural strength. Its importance is shown by its high concentration in all organs; the percentage of collagen by
weight for some representative human tissues and organs is 4% of the liver, 10% of lung, 1224% of the aorta, 50%
of cartilage, 64% of the cornea, 23% of whole cortical bone, and 74% of skin (see Clin. Corr. 2.4).

Amino Acid Composition of Collagen

The amino acid composition of collagen is quite different from that of atypical globular protein. The amino acid
composition of type | skin collagen and of globular proteins ribonuclease and hemoglobin are given in Table 2.10.
Skin collagen is comparatively rich in glycine (33% of its amino acids), proline (13%), the derived amino acid 4-
hydroxyproline (9%), and another derived amino acid 5-hydroxylysine (0.6%) (Figure 2.37). Hydroxyprolineis
unique to collagens being formed enzymatically from prolines within a collagen polypeptide chain. The enzyme-
catalyzed hydroxylation of proline requires the presence of ascorbic acid (vitamin C); thusin vitamin C deficiency
(scurvy) thereis poor synthesis of new collagen. Most hydroxyprolines in a collagen have the hydroxyl group in the
4-position (y-carbon) of the proline structure, although a small amount of 3-hydroxyprolineis also formed (Table
2.10). Collagens are glycoproteins with carbohydrate covalently joined to the derived amino acid, 5-hydroxylysine,
by an O-glycosidic bond through the 5-carbon hydroxyl group. Formation of 5-hydroxylysine from lysines and
addition of the carbohydrate to the 5-hydroxylysine occur after polypeptide chain formation but prior to the folding
of the collagen chainsinto their unique supercoiled structure.

H H

e Flt
Hgtl.“.- ClH— COOH  HeC CH—COoOH

H?------GH., Hed .-;l:H
aH OH
4-Hydraxyproline I-Hydrazyproline
o MHz

NHE_EHQ_':I:H_CHE_CHz_{I:_H
éD-DI |
5-Hydroxylysine
hHg
0= — CHp— CHp — GHa— ila— H
III LI?DDH
Blysine

Figure 2.37
Derived amino acids found in collagen.
Carbohydrate is attached to 5-OH
in 5-hydroxylysine by atype Il
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glycosidic linkage (see Figure 2.45).
Amino Acid Sequence of Collagen

The molecular unit of mature collagen or tropocollagen contains three polypeptide chains. Various distinct collagen
chains exist that make up the different

CLINICAL CORRELATION 2.4
Symptoms of Diseases of Abnormal Collagen Synthesis

Collagen is present in virtually al tissues and is the most abundant protein in the
body. Certain organs depend heavily on normal collagen structure to function
physiologically. Abnormal collagen synthesis or structure causes dysfunction of
cardiovascular organs (aortic and arterial aneurysms and heart valve malfunction),
bone (fragility and easy fracturing), skin (poor healing and unusual distensibility),
joints (hypermobility and arthritis), and eyes (dislocation of the lens). Examples
of diseases caused by abnormal collagen synthesis include EhlersDanlos
syndrome, osteogenesis imperfecta, and scurvy. These diseases may result from
abnormal collagen genes, abnormal posttranslational modification of collagen, or
deficiency of cofactors needed by the enzymes that carry out posttransl ational
modification of collagen.

Byers, P. H. Disorders of collagen biosynthesis and structure. In: C. R. Scriver, A.
L. Beaudet, W. S. Sly, and D. Valle (eds.), The Metabolic and Molecular Bases of
Inherited Disease, 7th ed. McGraw-Hill, 1995, Chap. 134.
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TABLE 2.10 Comparison of the Amino Acid Content of Human Skin Collagen (Type ) and
Mature Elastin with That of Two Typical Globular Proteinsa

Amino Acid Collagen (Human ) Ribonuclease =~ Hemoglobin
Skin) Elastin (Bovine) (Human)
(Mammalian)
COMMON AMINO PERCENT OF
ACIDS TOTAL
Ala 11 8 9
Arg 5 0.9 5 3
Asn 8 3
Asp 5 1 15 10
Cys 0 0 0 1
Glu 7 2 12 6
Gln 6 1
Gly [ ] 1] 2 4
His 0.5 0.1 4 9
lle 1 2 3 0
Leu 2 6 2 14
Lys 3 0.8 11 10
Met 0.6 0.2 4 1
Phe 1 3 4 7
Pro [11 ] 4 5
Ser 4 1 11 4
Thr 2 1 9 5
Trp 2 1 9 2
Tyr 0.3 2 8 3
vd 2 12 8 10
DERIVED AMINO
ACIDS
Cystine 0 0 7 0
3-Hydroxyproline 0 0
4-Hydroxyproline | 0
5-Hydroxylysine 0 0 0
: 0 0 0
Desmosine and
isodesmosine

a Boxed numbers emphasi ze important differences in amino acid composition between the
fibrous proteins (collagen and elastin) and typical globular proteins.

collagen types, each with their own genes. In some types, the three polypeptide chains have an identical amino acid
sequence. In others such astype| (Table 2.11), two of the chains are identical while the amino acid sequence of the
third chain is dlightly different. In type | collagen, the identical chains are designated a.1(l) chains and the third
nonidentical chain, a2(1). IntypeV collagen all three chains are different, designated a1(V), a2(V), and a3(V).
Different types of collagen differ in their physical properties due to differences in the amino acid sequence among
chains, even though there are large regions of homol ogous sequence among the different chain types. Collagen has
covalently attached carbohydrate and the collagen types differ in their carbohydrate component. Table 2.11
describes some characteristics of collagen types IV1; additional collagen types (designated up through type XV1)
have been reported.

The amino acid sequence of the chains of collagensis unusual. In long segments of all the collagen types glycine
occurs as every third residue and proline or hydroxyproline also occurs three residues apart in these same regions.
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Accordingly, the amino acid sequences Gly-Pro-Y and Gly-X-Hyp (where X and Y are any of the amino acids) are
repeated in tandem severa hundred times. In type | collagen, the triplet sequences are reiterated over 200 times,
encompassing over 600 amino acids within a chain of approximately 1000 amino acids.

< previous page page 51 next page >
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TABLE 2.11 Classification of Collagen Types

Type  Chain Designations Tissue Found Characteristics

I [ad(D)]2a2(1) _
Bone, skin, Low carbohydrate; <10
tendon, scar hydroxylysines per chain;
tissue, heart two types of polypeptide
valve, intestinal, chains
and uterine wall

I [al(1)]3 ,
Cartilage, 10% carbohydrate; >20
vitreous hydroxylysines per chain
- Ja2(11)]3 _
Blood vessels, Low carbohydrate; high
newborn skin, hydroxyproline and Gly;
scar tissue, contains Cys
intestinal, and
uterine wall
IV [al(1V)]3 _ ,
[a2(1V)]3 Basement High 3-hydroxyproline;
membrane, lens >40 hydroxylysines per
capsule chain; low Alaand Arg;
contains Cys, high
carbohydrate (15%)

VvV [al(V)]202(V) _
[a1(V)]301(V)a2(V)a3(V)Cell surfaces or High carbohydrate,
exocytoskeleton;relatively high glycine,
widely and hydroxylysine
distributed in
low amounts

VI
Aorticintima, Relatively large globular

placenta, domainsin telopeptide

kidney, and skin region; high Cysand Tyr;

in low amounts molecular weight
relatively low (~160,000);
equimolar amounts of
hydroxylysine and
hydroxyproline

Structure of Collagen

Polypeptides that contain only proline can be synthesized in the laboratory. These polyproline chains assume a
regular secondary structure in agueous solution in which the chain isin atightly twisted extended helix with three
residues per turn of the helix (n = 3). This helix with al trans-peptide bonds is designated the polyproline type 1
helix (see Figure 2.11 for differences between cis- and trans-peptide bonds). The polyproline helix has the same
characteristics as the helix found in collagen chains in regions of the primary structure that contain a proline or
hydroxyproline at approximately every third position. Since the helix structure in collagen is the same as that of
polyproline, the thermodynamic forces leading to formation of the collagen helix structure are due to the properties
of proline. In proline, the ¢ angle contributed to the polypeptide chain is part of the five-member cyclic side chain.
The five-member ring constrains the CaN bond to an angle compatible with the polyproline helix structure.

In polyproline type Il helix, the plane of each peptide bond is perpendicular to the axis of the helix. In this geometry
the peptide carbonyl groups are pointed toward neighboring chains and are correctly oriented to form strong
interchain hydrogen bonds with other chains of the collagen molecule. Thisisin contrast to the a-helix, in which the
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plane containing the atoms of the peptide bond is
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Figure 2.38
Diagram of collagen demonstrating necessity for glycine in every third residue
to allow the different chains to be in close proximity in the structure.
(a) Ribbon model for supercoiled structure of collagen with each

individual chainin apolyprolinetype Il helix.

(b) More detailed model of supercoiled conformation.
All a-carbon atoms are numbered and
proposed hydrogen bonds are shown by dashed lines.
Redrawn with permission from Dickerson, R. E., and Geis,
I. The Structure and Actions of Proteins,
Menlo Park, CA: Benjamin, 1969, pp. 41, 42.

parallel to the a-helix axis and the peptide bonds form only intrachain hydrogen bonds with peptide bondsin the
same polypeptide chain. The three chains of a collagen molecule, where each of the chainsisin apolyproline type I
helix conformation, are wound about each other in a defined way to form a superhelical structure (Figure 2.38). The
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three-chain superhelix has a characteristic rise (d) and pitch (p) as does the single-chain helix. The collagen
superhelix forms because glycines have a side chain of low steric bulk (R = H). Asthe polyproline type Il helix has
three residues per turn (n = 3) and glycineis at every third position, the glycines in each of the polypeptide chains

< previous page page_53 next page >
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are aligned along one side of the helix, forming an apolar edge of the chain. The glycine edges from the three
polypeptide chains associate noncovalently in a close arrangement, held together by hydrophobic interactions, to
form the superhelix structure of collagen. A larger side chain than that of glycine would impede the adjacent chains
from coming together in the superhelix structure (Figure 2.38).

In collagen molecul es the superhelix conformation may propagate for long stretches of the sequence, whichis
especialy true for type | collagen where only the COOH-terminal and NH2-terminal segments (known as the
telopeptides) are not in a superhelical conformation. The type | collagen molecule has alength of 3000 A and a
width of only 15 A, avery long cylindrical structure. In other collagen types, the superhelical regions may be broken
periodically by regions of the chain that fold into globular domains.

Formation of Covalent Cross-linksin Collagen

An enzyme present in extracellular space acts on the secreted collagen molecules (see p. 747) to convert some of the
g-amino groups of lysine side chains to 6-aldehydes (Figure 2.39). The resulting amino acid, containing an aldehydic
R group, isthe derived amino acid allysine. The newly formed aldehyde side chain spontaneously undergoes
nucleophilic addition reactions with nonmodified lysine e-amino groups and with the &-carbon atoms of other
alysine aldehydic groups to form linking covalent bonds (Figure 2.39). These covaent linkages can be between
chains within the superhelical structure or between adjacent superhelical collagen moleculesin a collagen fibril.

Elastin Is a Fibrous Protein with Allysine-Generated Cross-links

Elastin gives tissues and organs the capacity to stretch without tearing. It is classified as a fibrous protein because of
its structural function and relative insolubility. It is abundant in ligaments, lungs, walls of arteries, and skin. Elastin
does not contain repeating sequences of Gly-Pro-Y or Gly-X-Hyp and does not fold into either a polyproline helix or
asuperhelix. It appearsto lack aregular secondary structure, but rather contains an unordered coiled structure in
which amino acid residues within the folded structure are highly mobile. The highly mobile, kinetically free, though
extensively cross-linked structure gives the
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Figure 2.39
Covalent cross-links formed in collagen through allysine intermediates.
Formation of alysinesis catalyzed by lysyl amino oxidase.
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Formation of desmosine covalent cross-link in elastin from lysine and alysines.
Polypeptide chain drawn schematically with intersections of lines representing the placement of o-carbons.

protein arubber-like elasticity. Asin collagen, allysines form cross-linksin elastin. An extracellular lysine amino
oxidase converts lysine side chains of elastin to alysines. The amino oxidase is specific for lysines in the sequence -
Lys-Ala-Ala-Lys and -Lys-Ala-Ala-Ala-Lys-. Three allysines and an unmodified lysine in these sequences, from
different regionsin the polypeptide chains, react to form the heterocyclic structure of desmosine or isodesmosine.
The desmosines covalently cross-link the polypeptide chainsin elastin fibers (Figure 2.40).

o-Keratin and Tropomyosin

o-Keratin and tropomyosin are fibrous proteins in which each chain has an a-helical conformation. a-Keratin is
found in the epidermal layer of skin, in nails, and in hair. Tropomyosin is a component of the thin filament in muscle
tissue. Analysis of the a-helical sequences in both these proteins shows the tandem repetition of seven amino acid
segments, in which the first and fourth amino acids have hydrophobic side chains and the fifth and seventh polar
side chains. The reiteration of hydrophobic and polar side chainsin seven amino acid segmentsis symbolically
represented by the formulation (a-b-c-d-e-f-g)i, where residues a and d are hydrophobic amino acids, and residues e
and g are polar or ionized side chain groups. Since a seven amino acid segment represents two complete turns of an
a-helix (n = 3.6), the apolar residues at aand d align to form an apolar edge along one side of the a-helix (Figure
2.41). This apolar edge in a-keratin interacts with polypeptide apolar edges of other a-keratin chainsto form a
superhelical structure containing two or three polypeptide chains. Each strand also contains a polar edge, due to
residues e and g, that interacts with the water solvent on the outside of the superhelix and also stabilizes the
superhelical structure. Similarly, two tropomyosin polypeptide strands in a-helical conformation wind around each
other to form atropomyosin superhelical structure.

Thus collagen, a-keratin, and tropomyosin molecules are multistrand structures in which polypeptide chains with a
highly regular secondary structure (polyproline type Il helix in collagen, a-helix in a-keratin and tropomyosin) are
wound around each other to form arod-shaped supercoiled conformation. In turn, the supercoiled molecules are
aligned into multimolecular fibrils stabilized by covalent cross-links. The amino acid sequences of the chains are
repetitive, generating edges on the cylindrical surfaces of each of the chains that stabilize a hydrophobic interaction
between the chains required for generation of the supercoiled conformation.
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Figure 2.41
Interaction of an apolar edge of two chains
in o-helical conformation asin a-keratin
and tropomyosin.

Interaction of apolar a-d” and d-d residues of
two o-helices aligned parallel in an NH2-terminal
(top) to COOH-terminal direction is presented.
Redrawn from McLachlan, A. D., and Stewart,
M. J. Mol. Biol. 98:293, 1975.

< previous page page_ 55 next page >

file:///D]/.. xtbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%6201997/files/page_55.htmlI[11/10/2010 10:36:02 AM]



page_56
< previous page page_ 56 next page >

Page 56
Lipoproteins Are Complexes of Lipids with Proteins

Lipoproteins are multicomponent complexes of proteins and lipids that form distinct molecular aggregates with an
approximate stoichiometry between protein and lipid components within the complex. Each type of lipoprotein has a
characteristic molecular mass, size, chemical composition, density, and physiological role. The protein and lipid in
the complex are held together by noncovalent forces.

Plasma lipoproteins are extensively characterized and changes in their relative amounts are predictive of
atherosclerosis, amajor human disease (see Clin. Corr. 2.5). They have awide variety of rolesin blood including
transport of lipids from tissue to tissue and participating in lipid metabolism (see Chapter 9). Four classes of plasma
lipoproteins exist in normal fasting humans (Table 2.12); in the postabsorptive period afifth type, chylomicrons, is
also present. Lipoprotein classes are identified by their density, as determined by ultracentrifugation and by
electrophoresis (Figure 2.42). The protein components of a lipoprotein particle are the apolipoproteins. Each type of
lipoprotein has a

TABLE 2.12 Hydrated Density Classes of Plasma Lipoproteins
Lipoprotein Density (g Flotation Rate, & Molecular Weight Particle

Fraction mL1) (Svedberg units) (daltons) Diameter (A)
HDL 1.0631.210 HDL2, 4 x 105 70130
HDL3, 2 x 105 50100
LDL (or 1.0191.063 012 2 x 106 200280
LDL2)
IDL (or LDL 1) 1.0061.019 1220 4.5 % 106 250
VLDL 0.951.006 20400 5 x 106107 250750
Chylomicrons  <0.95 >400 1091010 103104

Source: Datafrom Soutar, A. K., and Myant, N. B. In: R. E. Offord (Ed.), Chemistry of
Macromolecules, 11B. Baltimore, MD: University Park Press, 1979.

CLINICAL CORRELATION 2.5
Hyperlipidemias

Hyperlipidemias are disorders of the rates of synthesis or clearance of lipoproteins
from the bloodstream. Usually they are detected by measuring plasma
triacylglycerol and cholesterol and are classified on the basis of which class of
lipoproteinsis elevated.

Type | hyperlipidemiais due to accumulation of chylomicrons. Two genetic forms
are known: lipoprotein lipase deficiency and ApoClI deficiency. ApoCllI is
required by lipoprotein lipase for full activity. Patients with type | hyperlipidemia
have exceedingly high plasmatriacylglycerol levels (over 1000 mg dL1) and
suffer from eruptive xanthomas (triacylglycerol depositsin the skin) and
pancredtitis.

Type |l hyperlipidemiais characterized by elevated LDL levels. Most cases are
due to genetic defectsin the synthesis, processing, or function of the LDL
receptor. Heterozygotes have elevated LDL levels; hence the trait is dominantly
expressed. Homozygous patients have very high LDL levels and may suffer
myocardial infarctions before age 20.

Type Il hyperlipidemiais due to abnormalities of ApoE, which interfere with the
uptake of chylomicron and VLDL remnants. Hypothyroidism can produce avery
similar hyperlipidemia. These patients have an increased risk of atherosclerosis.
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Type IV hyperlipidemiais the commonest abnormality. The VLDL levels are
increased, often due to obesity, alcohol abuse, or diabetes. Familial forms are also
known but the molecular defect is unknown.

TypeV hyperlipidemiais, like type |, associated with high chylomicron
triacylglycerol levels, pancrestitis, and eruptive xan-thomas.

Hyperchol esterolemia aso occursin certain types of liver disease in which biliary
excretion of cholesterol isreduced. An abnormal lipoprotein called lipoprotein X
accumulates. This disorder is not associated with increased cardiovascular disease
from atherosclerosis.

Havel, R. J,, and Kane, J. P. Introduction: structure and metabolism of plasma
lipoproteins. In: C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle (Eds.), The
Metabolic and Molecular Basis of Inherited Disease, 7th ed. New York:
McGraw-Hill, 1995, Chap. 56; and Goldstein, J. L., Hobbs, H. H., and Brown, M.
S. Familial hypercholesterolemia. In: C. R. Scriver, A. L. Beaudet, W. S. Sly, and
D. Vale (Eds.), The Metabolic and Molecular Bases of Inherited Disease, 7th ed.,
New York: McGraw Hill, 1995, Chap. 62.
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Lipoprotein conceniration

Figure 2.42
Correspondence of plasma lipoprotein density classes with electrophoretic
mobility in a plasma electrophoresis.

In the upper diagram an ultracentrifugation Schlieren pattern is shown. At the bottom,
el ectrophoresis on a paper support shows the mobilities of major plasma
lipoprotein classes with respect to o- and 3-globulin bands.

Reprinted with permission from Soutar, A. K., and Myant, N. B. In: R. E. Offord (Ed.),
Chemistry of Macromolecules, 11B. Baltimore, MD: University Park Press, 1979.

characteristic apolipoprotein composition, the different apolipoproteins often being present in a set ratio. The most
prominent apolipoprotein in high density lipoproteins (HDLS) is apolipoprotein A-I (ApoA-I) (Table 2.13). In low
den-

TABLE 2.13 Apolipoproteins of Human Plasma Lipoproteins (Values in Percentage of
Total Protein Present)a

Apolipoprotein HDL2 HDL3 LDL IDL VLDL Chylomicrons
ApoA-| 85 7075  Trace 0 03 03

ApoA-I| 5 20 Trace 0 00.5 01.5
ApoD 0 12 0 1
ApoB 02 0 95100 5060 4050 2022
ApoC-I 12 12 05 <1 5 510
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ApoC-lI 1 1 05 2.5 10 15
ApoC-IlI 23 23 05 17 2025 40
ApoE Trace 05 0 1520 510 5
ApoF Trace  Trace
ApoG Trace  Trace

Source: Datafrom Soutar, A. K., and Myant, N. B. In: R. E. Offord (Ed.), Chemistry of

Macromolecules, 11B. Baltimore, MD: University Park Press, 1979; Kostner, G. M. Adv.
Lipid Res. 20:1, 1983.

a Values show variability from different laboratories.
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sity lipoproteins (LDLs) the prominent apolipoprotein isApoB, which is also present in the intermediate density
lipoproteins (IDLs) and very low density lipoproteins (VLDLS). The ApoC family is aso present in high amountsin
IDLsand VLDLSs. Each apolipoprotein class (A, B, etc.) isdistinct (see Clin. Corr. 2.6). Proteins within a class do
not cross-react with antibodies to another class. The molecular weights of the apolipoproteins of the plasma
lipoproteins vary from 6 kDa (ApoC-1) to 550 kDa for ApoB-100. This latter is one of the longest single-chain
polypeptides known (4536 amino acids).

A model for aVLDL particleis shown in Figure 2.43. On the inside are neutral lipids such as cholesterol esters and
triacylglycerols. Surrounding thisinner core of neutral lipids, in ashell ~ 20 A thick, reside the proteins and the

o=l

R
i
s e 2%
o+ 2

e

LDL

Figure 2.43
Generalized structure of plasma lipoproteins.

(a) Spherical particle model consisting of a core of triacylglycerols (yellow E's) and
cholesterol esters (orange drops) with ashell ~ 20 A thick of apolipoproteins (lettered),

phospholipids, and unesterified cholesterol. Apolipoproteins are embedded with their

hydrophobic edges oriented toward the core and their hydrophilic edges toward the outside.
From Segrest, J. P, et a . Adv. Protein Chem. 45:303, 1994.
(b) LDL particle showing ApoB-100 imbedded in outer shell of
particle. From Schumaker, V. N., et al., Protein Chem. 45:205, 1994.
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CLINICAL CORRELATION 2.6
Hypolipoproteinemias

Abetalipoproteinemiais a genetic disease that is characterized by absence of
chylomicrons, VLDLSs, and LDLs due to an inability to synthesize apolipoprotein
B-100. Patients show accumulation of lipid dropletsin small intestinal cells,

mal absorption of fat, acanthocytosis (spiny shaped red cells), and neurological
disease (retinitis pigmentosa, ataxia, and retardation).

Tangier disease, an a-lipoprotein deficiency, is arare autosomal recessive disease
in which the HDL level is 15% of its normal value. Clinical features are due to the
accumulation of cholesterol in the lymphoreticular system, which may lead to
hepatomegaly and splenomegaly. In this disease the plasma cholesterol and
phospholipids are greatly reduced.

Deficiency of the enzyme lecithin:cholesterol acyltransferaseis arare disease that
resultsin the production of lipoprotein X (see Clin. Corr. 2.5). Also characteristic
of this disease is the decrease in the a-lipoprotein and pre-B-lipoprotein bands,
with the increase in the B-lipoprotein (lipoprotein X) in electrophoresis.

Kane, J. P, and Havel, R. J. Disorders of the biogenesis and secretion of
lipoproteins containing the B apolipoproteins. In: C. R. Scriver, A. L. Beaudet, W.
S. Sly, and D. Valle (Eds.), The Metabolic and Molecular Basis of Inherited
Disease, 7th ed. New York: McGraw-Hill, 1995, Chap. 57; and Assmann, G., von
Eckardstein, A., and Brewer, H. B. Jr. Familial high density lipoprotein
deficiency: Tangier disease. In: C. R. Scriver, A. L. Beaudet, W. S. Sly, and D.
Valle (Eds.), The Metabolic and Molecular Bases of Inherited Disease, 7th ed.
New York: McGraw-Hill, 1995, Chap. 64.

charged amphoteric lipids such as unesterified cholesterol and the phosphatidylcholines (see Chapter 10).
Amphoteric lipids and proteins in the outer shell place their hydrophobic apolar regions toward the inside of the
particle and their charged groups toward the outside where they interact with each other and with water.

This spherical structural model with a hydrophobic inner core of neutral lipids and amphoteric lipids and proteinsin
the outer shell appliesto all plasma lipoproteins, irrespective of their density class and particle size. The smaller
lipoprotein particles, such as HDLs, have a smaller diameter. As the diameter of a spherical particle decreases, the
moleculesin the outer shell make up agreater percentage of the total moleculesin the particle. The smaller HDL
particles would therefore be theoretically predicted to have a higher percentage of surface proteins and amphoteric
lipids than the larger VLDL particles. Thusthe HDL particle is 45% protein and 55% lipid, while the larger VLDL
particleis only 10% protein with 90% lipid (Table 2.14).

The apolipoproteins, with the exception of ApoB, have a high a-helical content when in association with lipid. The
helical regions have amphipathic properties. Every third or fourth amino acid in the helix is charged and forms a
polar edge along the helix that associates with the polar heads of phospholipids and the agueous solvent on the
outside. The opposite side of the helix has hydrophobic side chains that associate with the nonpolar neutral lipid core
of the phospholipid particle. The a-helical structure of part of ApoC-I1 is shown

TABLE 2.14 Chemical Composition of the Different Plasma Lipoprotein Classes

Lipoprotein Total  Total Percent Composition of Lipid Fraction

Class Protein Lipid Phospholipids Esterified Unesterified  Triacylglycerols
(%) (%) Cholesterol Cholesterol

HDL2a 4045 55 35 12 4 5

HDL3a 5055 50 2025 12 34 3
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LDL 2025 7580 1520 3540 710 710
IDL 1520 8085 22 22 8 30
VLDL 510 9095 1520 1015 510 5065
Chylomicrons 1525 9799 79 35 13 8489

Source: Datafrom Soutar, A. K., and Myant, N. B. In R. E. Offord (Ed.), Chemistry of
Macromolecules, 11B. Baltimore, MD: University Park Press, 1979.
a Subclasses of HDL.
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Paolar face Monpolar face

Figure 2.44
[llustration showing side chains of ahelical segment of apolipoprotein C-1
between residues 32 and 53.
The polar face showsionizable
acid residuesin the center and basic residues at the edge. On the other side of
the helix, the hydrophobic residues form a nonpolar longitudinal face.
Redrawn with permission from Sparrow, J. T., and Gotto, A. M., J. CRC Crit. Rev.
Biochem. 13:87, 1983.
Copyright © CRC Press, Inc., Boca Raton, FL.

in Figure 2.44. ApoB appears to have both a-helical and B-structural regions embedded in the phospholipid outer
core. The long 4536 amino acid polypeptide chain of ApoB-100 surrounds the circumference of the LDL particle
like abelt weaving in and out of the monolayer phospholipid outer shell (Figure 2.43). One ApoB molecule
associates per LDL particle.

Glycoproteins Contain Covalently Bound Carbohydrate

Glycoproteins participate in many normal and disease-related functions of clinical relevance. Many plasma
membrane proteins are glycoproteins. Some may be antigens, which determine the blood antigen system (A, B, O)
and the histocompatibility and transplantation determinants of an individual. Immunoglobulin antigenic sites and
viral and hormone receptor sites in plasma membranes are often glycoproteins. The carbohydrate portions of
glycoproteins in membranes provide a surface code for identification by other cells and for contact inhibition in the
regulation of cell growth. Changes in membrane glycoproteins can be correlated with tumorigenesis and malignant
transformation in cancer. Most plasma proteins, except albumin, are glycoproteins including blood-clotting proteins,
immunoglobulins, and many of the complement proteins. Some protein hormones, such as follicle-stimulating
hormone (FSH) and thyroid-stimulating hormone (TSH), are glycoproteins. The structural proteins collagen,
laminin, and fibronectin contain carbohydrate, as do proteins of mu-
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cous secretions that perform arole in lubrication and protection of epithelial tissue.

The percentage of carbohydrate in glycoproteinsis variable. IgG antibody molecules contain low amounts of
carbohydrate (4%), whereas glycophorin of human red blood cell membranes is 60% carbohydrate. Human gastric
glycoprotein is 82% carbohydrate. The carbohydrate can be distributed evenly along the polypeptide chain or
concentrated in defined regions. For plasma membrane proteins, typically only the portion located on the outside of
the cell has carbohydrate covalently attached. The carbohydrate attached at one or at multiple points along a
polypeptide chain usually contains less than 15 sugar residues and in some cases only one sugar residue.
Glycoproteins with the same function from different animal species often have homol ogous amino acid sequences
but variable carbohydrate structures. Heterogeneity in carbohydrate content can occur in the same protein within a
single organism. For example, pancreatic ribonuclease A and B forms have an identical primary structure but differ
in their carbohydrate composition.

Functional glycoproteins are also found in different stages of completion. Addition of complex carbohydrate units
occurs in a series of enzyme-catalyzed reactions as the polypeptide chain is transported through the endoplasmic
reticulum and Golgi network (see Chapter 17). Immature glycoproteins are sometimes expressed with intermediate
stages of carbohydrate additions.

Types of CarbohydrateProtein Covalent Linkages

Different types of covalent linkages join the sugar moieties and protein in aglycoprotein. The two most common are
the N-glycosidic linkage (type | linkage) between an asparagine amide group and a sugar, and the O-glycosidic
linkage (type Il linkage) between a serine or threonine hydroxyl group and a sugar (Figure 2.45). In type | linkage
the bond to asparagine is within the sequence Asn-X-Thr(Ser). Another linkage found in mammalian glycoproteins
isan O-glycosidic bond to a 5-hydroxylysine residue (type I11 linkage) found in collagens and in the serum
complement protein C1g. Less common linkages include attachment to the hydroxy! group of 4-hydroxyproline
(type 1V linkage), to a cysteine thiol side chain (typeV linkage), and to a NH 2-terminal a.-amino group of a
polypeptide chain (type VI linkage). High concentrations of type VI linkages are spontaneously formed with
hemoglobin and blood glucose in uncontrolled diabetics. Assay of the concentration of glycosylated hemoglobin is
used to follow changes in blood glucose concentration (see Clin. Corr. 2.7).

NHz
EHa0H CHOH CHa0OH |

O MH: Mz CHa
H o, I ! H o, ! H @
i N, l\H—E—GHg—flJ—EC-DH KH O—CHy —C — COOH b £5— CH
I I
OH H ;T/ OH  H Y OH H
H H CHz
HO\‘_/H HO I/ H HO 4 Y H |
1 CHa
H MH H MH H oH |
| I HzM —&2H
c=0 c=0 |
I | COOH
CHy CHy
Type | M-Glycosyl linkage to asparaging Tvpe I ChGlycosy linkage ko sarine Type Il O-Glycasyl linkage to S-wdroxylysine
Figure 2.45

Examples of glycosidic linkages to amino acids in proteins.
Typel isan N-glycosidic linkage through an amide nitrogen of Asn; type Il isan O-glycosidic linkage
through the OH of Ser or Thr; and type Il is an O-glycosidic linkage to the 5-OH of 5-hydroxylysine.
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CLINICAL CORRELATION 2.7
Glycosylated Hemoglobin, HbAlc

A glycosylated hemoglobin, designated HbA 1c, is formed spontaneously in red
blood cells by combination of the NH2-terminal amino groups of the hemoglobin
[-chain and glucose. The adehyde group of the glucose first forms a Schiff base
with the NH2-terminal amino group,

OH

I
—N=C—C—

[

H H

which then rearranges to a more stable amino ketone linkage,

H O
]
H H

by a spontaneous (nonenzymatic) reaction known as the Amadori rearrangement.
The concentration of HbA1c is dependent on the concentration of glucose in the
blood and the duration of hyperglycemia. In prolonged hyperglycemiathe
concentration may rise to 12% or more of the total hemoglobin. Patients with
diabetes mellitus have high concentrations of blood glucose and therefore high
amounts of HbA 1c. The changes in the concentration of HbA 1c in diabetic
patients can be used to follow the effectiveness of treatment for the diabetes.

Bunn, H. F. Evaluation of glycosylated hemoglobin in diabetic patients. Diabetes
30:613, 1980; and Brown, S.B., and Bowes, M. A. Glycosylated haemoglobins
and their role in management of diabetes mellitus. Biochem. Educ. 13:2, 1985.

2.7
Folding of Proteins from Randomized to Unique Structures:
Protein Stability

The Protein Folding Problem:
A Possible Pathway

The ability of aprimary protein structure to fold spontaneously to its native secondary or tertiary conformation,
without any information other than the amino acid sequence and the noncovalent forces that act on the sequence,

has been demonstrated. RNase will spontaneoudly refold to its native conformation after being denatured with loss of
native structure but without the hydrolysis of peptide bonds. Such observations led to the hypothesis that a
polypeptide sequence contains the properties sufficient to promote spontaneous protein folding to its unique active
conformation under the correct solvent conditions and in the presence of prosthetic groups that may be a part of its
structure. As described below chaperone proteins may facilitate the rate of protein folding. Quaternary structures
also assembl e spontaneoudly, after the tertiary structure of the individual polypeptide subunits are formed.

It may appear surprising that a protein folds into a single unique conformation given all the possible a priori
rotational conformations available around single bonds in the primary structure. For example, the a-chain of
hemoglobin contains 141 amino acids in which there are at least four single bonds per amino acid residue around
which free rotation can occur. If each bond about which free rotation occurs has two or more stable rotamer
conformations accessible to it, then there are a minimum of 4141 or 5 x 1086 possible conformations for the a.-chain
amino acid sequence.
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The conformation of aprotein isthat conformation of the lowest Gibbs free energy accessible to the amino acid
sequence within a physiological time frame. Thus folding is under thermodynamic and kinetic control. Although an
exact knowledge of de novo folding of a polypeptide is at present an unattainable goal, certain processes appear
reasonable. Thereis evidence that folding isinitiated by short-range interactions forming secondary structuresin
small regions of the polypeptide. Short-range interactions are noncovalent interactions that occur between a side
chain and its nearest neighbors. Particular side chains have a propensity to promote the formation of a-helices, 3-
structure, and sharp turns or bends (B-turns) in the polypeptide. The interaction of a side chain with its nearest
neighbors in the polypeptide determines the secondary structure
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into which that section of the polypeptide strand folds. Sections of polypeptide, called initiation sites, thus
spontaneoudly fold into small regions of secondary structure. The partially folded structures then condense with each
other to form a molten-globular state. Thisis a condensed intermediate on the folding pathway that contains much of
the secondary structure elements of the native structure, but alarge number of incorrect tertiary structure
interactions. Segments of secondary structure in the molten-globular state are highly mobile relative to one another,
and the molten-globular structureisin rapid equilibrium with the fully unfolded denatured state. The correct
medium- and long-range interactions between different initiation sites are found by rearrangements within the
molten-globule and the low free energy, native tertiary structure for the polypeptide chain isformed. With formation
of the native tertiary structure, the correct disulfide bonds (cystine) are formed. The rate-determining step for folding
and unfolding of the native conformation lies between the molten-globular state and the native structure.

Chaperone Proteins May Assist the Protein Folding Process

Cells contain proteins that facilitate the folding process. These include cis-trans-prolyl isomerases, protein disulfide
isomerases, and chaperone proteins. cis-trans-Protyl isomerases increase the rate of folding by catalyzing
interconversion of cis- and trans-peptide bonds of proline residues within the polypeptide chain. This alows the
correct proline peptide bond conformation to form for each proline as required by the folded native structure. Protein
disulfide isomerases catalyze the breakage and formation of disulfide cystine linkages so incorrect linkages are not
stabilized and the correct arrangement of cystine linkages for the folded conformation is rapidly achieved.

Chaperone proteins were discovered as heat shock proteins (hsps), afamily of proteins whose synthesisis increased
at elevated temperatures. The chaperones do not change the final outcome of the folding process but act to prevent
protein aggregation prior to the completion of folding and to prevent formation of metastable dead-end or
nonproductive intermediates during folding. They increase the rate of the folding process by limiting the number of
unproductive folding pathways available to a polypeptide. Chaperones of the hsp 70-kDa family bind to polypeptide
chains as they are synthesized on the ribosomes, shielding the hydrophobic surfaces that would normally be exposed
to solvent. This protects the protein from aggregation until the full chain is synthesized and folding can occur. Some
proteins, however, cannot complete their folding process while in the presence of hsp70 chaperones and are
delivered to the hsp60 family (GroEL in Escherichia coli) of chaperone proteins, also called chaperonins. The
chaperonins form long cylindrical multisubunit quaternary structures that bind unfolded proteinsin their molten-
globular state within their central hydrophobic cavity. Chaperonins have an ATPase activity, hydrolyzing ATP as
they facilitate folding. The folding processin E. coli is presented in Figure 2.46. Chaperone proteins are also
required for refolding of proteins after they cross cellular membranes. A system of chaperones existsto facilitate
protein transport into mitochondria and into and through the endoplasmic reticulum. Proteins cross the lipid bilayer
of the mitochondrial and endoplasmic reticulum membranes in an unfolded conformation, and local chaperones are
required to facilitate their folding.

Noncovalent Forces Lead to Protein Folding and Contribute to a Protein's Sability

Noncovalent forces cause a polypeptide to fold into a unique conformation and then stabilize the native structure
against denaturation. Noncovalent forces are weak bonding forces with strengths of 17 kcal mol1 (429 kJ mol1).
This may be compared to the strength of covalent bonds that have a bonding strength
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Figure 2.46
Chaperonin directed protein folding in E. coli.
(a) A proposed reaction cycle of the E. coli chaperonins
GroEL and GroES in protein folding.
(1) GroEL isacomplex of 14 subunits, each with ADP attached. An associated ring of
8 GroES subunits binds an unfolded polypeptide in its central cavity and ADP and GroES are rel eased.
(2) Each GroEL
subunit binds an ATP, weakening the interaction between unfolded polypeptide and GroEL . GroES is rebound on the opposite
face of GroEL.

(3) The 14 ATP are simultaneously hydrolyzed, releasing the bound polypeptide inside GroEL. The
polypeptide, which is probably in its molten-globular state, folds in a protected microenvironment, preventing
aggregation with other partially folded polypeptides.

(4) The polypeptideis released from GroEL after folding into its
native conformation.

(5) If the polypeptide fails to attain its native fold, it remains bound to GroEL and reenters the
reaction cycle at step 2. In the diagram GroEL turns over by 180°. GroES binds but does not hydrolyze ATP and
facilitates the binding of ATPto GroEL. It coordinates simultaneous hydrolysis of ATP and prevents escape of a partially
folded polypeptide from the GroEL cavity.
(b) A mode for the ATP-dependent release of an unfolded polypeptide from its
multiple attachment sitesin GroEL. ATP binding and hydrolysis mask the hydrophobic sites of GroEL (darker areas) that
bind to the unfolded polypeptide, thus permitting it to fold in an isolated environment.
Adapted from Hartl, R.-U, Hlodan, R., and Langer, T. Trends Biochem. Sci. 19:23, 1994. Figure
reproduced with permission from Voet, D., and Voet, J. Biochemistry, 2nd ed., New York: John Wiley, 1995.

of at least 50 kcal mol1 (Table 2.15). Even though individually weak, the large number of individually weak noncovalent
contacts within a protein add up to alarge energy factor that promotes protein folding.

Hydrophobic Interaction Forces

The most important noncovalent forces that cause a randomized polypeptide conformation to lose rotational freedom and fold
into its native structure are hydrophobic interaction forces. The strength of a hydrophobic interaction is not dueto an intrinsic
attraction between nonpolar groups, but rather to the properties of the water solvent in which the nonpolar groups are
dissolved. A nonpolar molecule or aregion of a protein molecule dissolved in water induces a solvation shell of water in
which water molecules are highly ordered. When two nonpolar side chains come together on folding of a polypeptide, the

surface area exposed to solvent is reduced and some of the highly ordered water
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TABLE 2.15 Bond Strength of Typical Bonds Found in
Protein Structures

Bond Type Bond Srength
(kcal mol1)
Covalent bonds >50
Noncovalent bonds 0.67
Hydrophobic bond 23
(i.e., two benzyl side chain groups of
Phe)
17
Hydrogen bond
16
lonic bond
(low dielectric environment)
<
van der Waals !
Average energy of kinetic motion (37°C) 0.6

molecules in the solvation shell are released to bulk solvent. Accordingly, the entropy of the system (i.e., net
disorder of the water molecules in the system) isincreased. The increase in entropy is thermodynamically favorable
and is the driving force causing nonpolar moieties to come together in agueous solvent. A favorable free energy
change of 2 kcal mol1 for association of two phenylal-anine side chain groups in water is due to this favorable water
solvent entropy gain (Figure 2.47).
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Figure 2.47
Formation of hydrophobic interaction between two phenylalanine side chain groups.
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Figure 2.48
Some common hydrogen
bonds found in proteins.

In transition from a random into aregular secondary conformation such as ana-helix or -structure, approximately
one-third of the ordered water of solvation about the unfolded polypeptide islost to bulk solvent. This approximates
0.50.9 kcal mol1 for each peptide residue. An additional one-third of the original solvation shell islost when a
protein that has folded into a secondary structure folds into atertiary structure. The tertiary folding brings different
segments of folded polypeptide chainsinto close proximity with the release of water of solvation between the
polypeptide chains.

Hydrogen Bonds

Another noncovalent force in proteins is hydrogen bonding. Hydrogen bonds are formed when a hydrogen atom
covalently bonded to an electronegative atom is shared with a second el ectronegative atom. The atom to which the
hydrogen atom is covalently bonded is designated the hydrogen-donor atom. The atom with which the hydrogen
atom is shared is the hydrogen-acceptor atom. Typical hydrogen bonds found in proteins are shown in Figure 2.48.
a-Helical and B-structure conformations are extensively hydrogen bonded.

The strength of a hydrogen bond is dependent on the distance between the donor and acceptor atoms. High bonding
energies occur when the distance is between 2.7 and 3.1 A. Of lesser importance, but not negligible, to bonding
strength is the dependence of hydrogen-bond strength on geometry. Bonds of higher energy are geometrically
collinear, with donor, hydrogen, and acceptor atoms lying in a straight line. The dielectric constant of the medium
around the hydrogen bond may also be reflected in the bonding strength. Typical hydrogen-bond strengths in
proteins are 17 kcal mol 1. Although hydrogen bonds contribute to thermodynamic stability of aprotein's
conformation, their formation may not be as major adriving force for folding aswe might at first believe. Thisis
because peptide bonds and other hydrogen-bonding groups in proteins form hydrogen bonds to the water solvent in
the denatured state, and these bonds must be broken before the protein folds. The energy required to break the
hydrogen bonds to water must be subtracted from the energy gained from formation of new hydrogen bonds between
atoms in the folded protein in cal culating the net contribution of hydrogen-bonding forces to the folding.

Electrostatic Interactions

Electrostatic interactions (also referred to asionic or salt linkages) between charged groups are important in the
stabilization of protein structure and in binding of charged ligands and substrates to proteins. Electrostatic forces are
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repulsive or attractive depending on whether the interacting charges are of the same or opposite sign. The strength
of an electrostatic force (Eel) is directly dependent on the charge (Z) of each ion and isinversely dependent on the
dielectric constant (D) of the solvent and the distance between the charges (rab) (Figure 2.49).

£y B 0

fab

Figure 2.49
Strength of

electrostatic
interactions.

Water has a high dielectric constant (D = 80), and interactions in water are relatively weak in comparison to the
strength of charge interactionsin the interior of a protein where the dielectric constant islow. However, most
charged groups of proteins remain on the surface of the protein where they do not interact with other charged groups
from the protein because of the high dielectric constant of the water solvent, but are stabilized by hydrogen bonding
and polar interactions to the water. These water interactions generate the dominant forces that lead to placement of
most charged groups of a protein on the outside of the folded structures.

Van der WaalsL ondon Dispersion Forces

Van der Waals and London dispersion forces are the weakest of the noncovalent forces. They have an attractive
term (A) inversely dependent on the 6th
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power of the distance between two interacting atoms (rab), and a repulsive term (B) inversely dependent on the 12th
power of rab (Figure 2.50). The A term contributes at its optimum distance an attractive force of less than 1 kcal
mol 1 per atomic interaction due to the induction of complementary partial charges or dipolesin the electron density
of adjacent atoms when the electron orbitals of the two atoms approach to a close distance. As the atoms come even
closer, however, the repulsive component (term B) of the van der Waals force predominates as the electron orbitals
of the adjacent atoms begin to overlap. The repulsive force is commonly called steric hindrance.

Ewpw= - a + %
l‘gb fab

Figure 2.50
Strength
of van
der Waals
interactions.

The distance of maximum favorable interaction between two atoms is the van der Waals contact distance, which is
the sum of the van der Waals radii for the two atoms (Figure 2.51). The van der Waals radii for atoms found in
proteins are given in Table 2.16.

The van der Waal s repulsive forces between atoms attached to a peptide bond are weakest at the specific ¢ and v
angles compatible with the a-helix and B-strand structures. Thus van der Waals forces are critical for secondary
structure formation in proteins. In folding into atertiary structure, the number of weak van der Waals interactions
that occur are in the thousands. Thus the total contribution of van der WaalsL. ondon dispersion forces to the stability
of afolded structure is substantial, even though a single interaction between any two atomsis less than 1 kcal mol1.

A special type of interaction (rt-€lectronmn-electron) occurs when two aromatic rings approach each other with
electrons of their aromatic rings favorably interacting (Figure 2.52). This interaction can result in attractive forces of
up to 6 kcal mol1. A number of w- aromatic interactions occur in atypical folded protein, contributing to the
stability of the folded structure.
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Figure 2.51
Van der WaalsL.ondon dispersion interaction
energies between two hydrogen atoms and two
(tetrahedral) carbon atoms.
Negative energies are favorable
and positive energies unfavorable.
Redrawn from Fersht, A. Enzyme
Sructure and Mechanism. San
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Denaturation of Proteins Leads to Loss of Native Structure

Denaturation occurs when a protein loses its native secondary, tertiary, and/or quaternary structure. The primary
structure is not necessarily broken by denaturation. The denatured state is always correlated with the loss of a
protein's function. Loss of a protein's function is not necessarily synonymous with denaturation, however, because
small conformational changes can lead

TABLE 2.16 Covalent Bond Radii and van der Waals Radii for Selected

Atoms
Atom Covalent Radius (A)  van der Waals Radius (A)a
Carbon (tetrahedral) 0.77 2.0
Carbon (aromatic) 0.69 along=bond 1.70
0.73 alongbond
Carbon (amide) 0.72to amide N 1.50
0.67 to oxygen
0.75tochanC
Hydrogen 0.33 1.0
Oxygen (O) 0.66 1.35
Oxygen (=0) 0.57 1.35
Nitrogen (amide) 0.60 to amide C 1.45
0.70 to hydrogen bond H
0.70tochanC
Sulfur, diagonal 1.04 1.70

Source: Fasman, G. D. (Ed.), CRC Handbook of Biochemistry and
Molecular Biology, 3rd ed., Sect. D, Vol. Il, Boca Raton, FL: CRC Press,
1976, p. 221.

a The van der Waal s contact distance is the sum of the two van der Waals

radii for the two atoms in proximity.
\
°

Figure 2.52
nt-Electronm-el ectron
interactions between

two aromatic rings.
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to loss of function. A change in conformation of a single side chain in the active site of an enzyme or a changein
protonation of a side chain can result in loss of activity, but does not lead to a complete |oss of the native protein
structure.

Even though conformational differences between denatured and native structures may be substantial, the free energy
difference between such structures can in some cases be as low as the free energy of three or four noncovalent
bonds. Thus the loss of a single hydrogen bond or electrostatic or hydrophobic interaction can lead to destabilization
of afolded structure. A change in stability of a noncovalent bond can, in turn, be caused by a changein pH, ionic
strength, or temperature. Binding of prosthetic groups, cofactors, and substrates also affects stability of the native
conformation.

Aming acids

rae ol synthass

¥
[protein]

rate of |denaturation

profein digest

Figure 2.53
Steady-state
concentration
of aproteinisdue
to itsrates of
synthesis and
denaturation.

The statement that the breaking of a single noncovalent bond in a protein can cause denaturation apparently conflicts
with the observation that the amino acid sequence can often be extensively varied without |oss of a protein's
structure. The key to the resolution of this apparent conflict isthe word "essential." Many noncovalent interactions
are not essential to the structural stability of the native conformation of a protein. However, substitution or
modification of an essential amino acid that provides a critical noncovalent interaction dramatically affects the
stability of a native protein structure.

The concentration of a protein in acell is controlled by its rate of synthesis and degradation (Figure 2.53).
Understanding the processes that control protein degradation is therefore as equally important as an understanding of
the processes that regulate protein synthesis. Under many circumstances the denaturation of a protein is the rate-
controlling step in its degradation. Cellular enzymes and organelles that digest proteins "recognize" denatured
protein conformations and eliminate them rapidly. In experimental situations, protein denaturation occurs on
addition of urea or detergents (sodium dodecy! sulfate or guanidine hydrochloride) that weaken hydrophobic
bonding in proteins. These reagents stabilize the denatured state and shift the equilibrium toward the denatured form
of the protein. Addition of strong base, acid, or organic solvent, or heating to temperatures above 60°C are also
common ways to denature a protein.

2.8
Dynamic Aspects of Protein Structure

While high-resolution X-ray diffraction experiments yield atomic coordinates for each atom in a protein structure,
experimental evidence from NMR, fluorescence spectroscopy, and the temperature dependence of the X-ray
diffraction reveals that the atoms in afolded protein molecule have a fluid-like dynamic motion and do not existin a
single static position. Rather than an exact location, the atomic coordinates obtained by X-ray diffraction represent
the time-averaged position for each atom. The time frame for position averaging is the length of time for data
collection, which may be several days. Thus the active conformation may differ from the average conformation. An
X-ray structure also shows small "defects’ in packing of the folded structure, indicating the existence of "holes" in
the structure that will allow the protein space for flexibility. The concept that each atom in a protein isin constant
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motion such as molecules within afluid, although constrained by its covalent bonds and the secondary and tertiary
structure, is an important aspect of protein structure.

Theoretical molecular dynamics cal culations describe the changes in coordinates of atomsin afolded protein
structure, with corresponding changes in position of regions of the structure due to summation of the movements of
atoms in that region. The dynamic motion computation is based on the solving of Newton's equations of motion
simultaneously for al the atoms of the protein and the solvent that interacts with the protein. The energy functions
used in the equation include representations of covalent and noncovalent bonding energies due to electrostatic forces,
hydrogen bonding, and van der Waals
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Figure 2.54
Fluctuation of structure of cytochrome c.
(a) Calculated fluctuation on a picosecond time scale of o-carbons within
each amino acid residue in the folded structure of cytochrome-c and
(b) experimentally observed fluctuation of each o-carbon of the
amino acid residues determined from the temperature dependency of the X-ray
diffraction pattern for the protein. Cytochrome-c has 103 amino acid residues.
The x-axis plots the amino acid residues in cytochrome-c from 1 to 103, and
the y-axis the fluctuation distances in angstroms.
Redrawn from Karplus, M., and McCammon, J. A. Annu. Rev. Biochem. 53:263, 1983.

forces. Individual atoms are randomly assigned a velocity from atheoretical distribution and Newton's equations are
used to "relax” the system at a given "temperature.” The calculation is a computationally intensive activity, even
when limited to less than several hundred picoseconds (1 ps = 1012 s) of protein dynamic time, and frequently
requires supercomputers. These calculations indicate that the average atom within atypical protein is oscillating
over adistance of 0.7 A on the picosecond scale. Some atoms or groups of atoms move smaller or larger distances
than this calculated average (Figure 2.54).

Net movement of any segment of a polypeptide over time represents the sum of forces due to rapid atomic
oscillations and the local jiggling and elastic movements of covalently attached groups of atoms. These movements
within the closely packed interior of a protein molecule are frequently large enough to allow the planar aromatic
rings of buried tyrosinesto flip. Furthermore, the small amplitude fluctuations provide the "lubricant” for large
motions in proteins such as domain motions and quaternary structure changes, like those observed in hemoglobin on
02 binding (see Chapter 3). The dynamic behavior of proteinsisimplicated in conformational changes induced by
substrate, inhibitor, or drug binding to enzymes and receptors, generation of allosteric effects in hemoglobins,
electron transfer in cytochromes, and in the formation of supramolecular assemblies such as viruses. The movements
may also have afunctional rolein the protein's mechanism of action.

29
Methods for Characterization, Purification, and Study of Protein Structure and Organization

Separation of Proteins on Basis of Charge

In electrophoresis, the protein dissolved in a solution buffered at a particular pH is placed in an electric field.
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Depending on the relationship of the buffer pH to the pl of the protein, the molecule moves toward the cathode () or
the anode (+) or remains stationary (pH = pl). Procedures for electrophoresis use supports such as polymer gels (e.g.,
polyacrylamide), starch, or paper. The inert supports are saturated with buffer solution, a sample of proteinis placed
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Figure 2.55
I soelectric focusing of hemoglobins from patient
heterozygous for HbS and B-thalassemia
Figure shows separation by isoelectric focusing of
HbA1c (HbA glycosylated on NH2 end, see
Clin. Corr. 2.7), normal adult HbA, fetal HbF, sickle cell HbS
(see Clin. Corr. 2.3), and the minor adult HbA 2.

(a) Isoelectric focusing carried out by capillary
electrophoresis with ampholyte pH range between 6.7 and 7.7
and detection of bands at 415 nm.

(b) Isoelectric focusing
carried out on gel with Pharmacia PhastSystem;
ampholyte pH range is between 6.7 and 7.7.

From Molteni, S., Frischknecht,

H., and Thormann, W. Electrophoresis
15:22, 1994 (Figure 4, partsA and B).

on the support, an electric field is applied across the support, and the charged proteins migrate in the support toward
the oppositely charged pole.

An electrophoresis technique with extremely high resolution is isoelectric focusing, in which mixtures of
polyaminopolycarboxylic acid ampholytes with a defined range of pl values are used to establish apH gradient
across the applied electric field. A charged protein migrates through the pH gradient in the electric field until it
reaches a pH region in the gradient equal to its pl value. At this point the protein becomes stationary and may be
visualized (Figure 2.55). Proteins that differ by aslittle as 0.0025 in pl values are separated on the appropriate pH
gradient.

A— CHz— COO
Megatively charged ligand: carboxymathyl
o GeHs

-
B—HN
| ™

H

CzHs
Fositively charged ligand: diethylaming
Figure 2.56
Two examples
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exchange
chromatography.

lon-exchange column chromatography is used for preparative separation of proteins by charge. lon-exchange resins
consist of insoluble materials (agarose, polyacrylamide, cellulose, and glass) that contain negatively or positively
charged groups (Figure 2.56). Negatively charged resins bind cations strongly and are cation-exchange resins.
Positively charged resins bind anions strongly and are anion-exchange resins. The degree of retardation of a protein
(or an amino acid) by aresin depends on the magnitude of the charge on the protein at the particular pH of the
experiment. Molecules of the same charge as the resin are eluted first in a single band, followed by proteins with an
opposite charge to that of theresin, in an order based on the protein's charge density (Figure 2.57). When itis
difficult to remove a molecule from the resin because of the strength of the attractive interaction between the bound
molecule and resin, systematic changesin pH or inionic strength are used to weaken the interaction. For example,
an increasing pH gradient through a cation-exchange resin reduces the difference between the solution pH and the pl
of the bound protein. This decrease between pH and pl reduces the magnitude of the net charge on the protein and
decreases the strength of the charge interaction between the protein and the resin. An increasing gradient of ionic
strength also decreases the strength of charge interactions and elutes tightly bound electrolytes from the resin.

7.8

Congenbialicn

T 1000 1500 2000
Elution walurme {ml)

Figure 2.57
Example of ion-exchange chromatography.
Elution diagram of an artificial mixture of
hemoglobinsF, A,
A2, S, and C on carboxymethyl Sephadex C-50.
From Dozy, A. M., and Juisman, T. H. J. J.
Chromatog. 40:62, 1969.

Capillary Electrophoresis

Electrophoresis within afused silica capillary tube has a high separation efficiency, utilizes very small samples, and
requires only several minutes for an assay. A long capillary tubeisfilled with the el ectrophoretic medium, the
sampleisinjected in a narrow band near the anode end of the tube, and the molecules of the sample are separated by

their mobility toward the negatively charged pole. The fused silicawall of the capillary has a negatively charged
surface to
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Figure 2.58
Generation of electro-osmotic flow toward cathode in capillary electrophoresis.

which an immobile cationic layer is fixed. An adjacent diffuse layer of cations moves toward the cathode in the
applied electric field and causes a flow of solvent toward the cathode. This electro-osmotic flow creates a " current”
that carries analyte molecules toward the cathode, irrespective of the analyte's charge (Figure 2.58). Molecules with
a high positive charge to mass ratio "swim" with the current and have the highest mobility, followed by neutral
molecules. Anionic molecules will be repelled by the cathode and will "swim" against the electro-osmotic flow.
However, the el ectro-osmotic current toward the cathode overcomes any negative migration, and anions also
migrate toward the cathode but at a slower rate than the cationic or neutral molecules.

In addition to zone electrophoresis, in which the separations are run in the presence of a single buffer, capillary
electrophoresis may be performed in the presence of ampholytes to separate proteins by isoelectric focusing, in the
presence of a porous gel to separate proteins by molecular weight, or in the presence of a micellar component to
separate by hydrophobicity. Detectors that utilize UV light, fluorescence, Raman spectroscopy, el ectrochemical
detection, or mass spectroscopy make the capillary method sensitive and versatile.

Separation of Proteins Based on Molecular Mass or Sze

Ultracentrifugation:
Definition of Svedberg Coefficient

A protein subjected to centrifugal force movesin the direction of the force at a velocity dependent on its mass. The
rate of movement is measured with an appropriate optical detection system, and from the rate the sedimentation
coefficient is calculated in Svedberg units (units of 1013 s). In the equation (Figure 2.59), v is the measured velocity
of protein movement, o the angular velocity of the centrifuge rotor, and r the distance from the center of the tube in
which the protein is placed to the center of rotation. Sedimentation coefficients between 1 and 200 Svedberg units
(S) have been found for proteins (Table 2.17). Equations have been derived to relate the sedimentation coefficient to
the molecular mass of a protein. One of the more simple equationsis shown in Figure 2.60, in which R isthe gas
constant, T the temperature, s the sedimentation coefficient, D the diffusion coefficient of the protein, # the partial
specific volume of the protein, and p the density of the solvent. The quantities D and # must be measured in
independent experiments. The equation assumes a spheroidal geometry for the protein. Because this assumption may
not be true and independent measurements of D and # are difficult, usually only the sedimentation coefficient for a
molecule is reported. A protein’'s sedimentation coefficient is a qualitative measurement of molecular mass.

_ v
T

Figure 2.59

Equation for
calculation of
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Figure 2.60
An equation relating the
Svedberg coefficient
to molecular weight.
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TABLE 2.17 Svedberg Coefficients for Some Plasma Proteins of Different
Molecular Weights

Protein s20, x 1013  Molecular Weight
(cmsl dynl)a
Lysozyme 15,00016,000
2.19
Albumin 69,000
4.6
Immunoglobulin G 6.67.2 153,000
Fibrinogen 341,000
7.63
Clq (factor of complement) 11 410,000
a2-Macroglobulin 820,000
19.6
Immunoglobulin M 1,000,000
1820
Factor V1I1 of blood coagulation 937 1,120,000

Source: Fasman, G.D. (Ed.), CRC Handbook of Biochemistry and
Molecular Biology, 3rd ed., Sect. A, Vol. Il. Boca Raton, FL: CRC Press,
1976, p. 242.

as20, x 1013 is sedimentation coefficient in Svedberg units, referred to
water at 20°C, and extrapolated to zero concentration of protein.

Molecular Exclusion Chromatography

A porous gel in the form of small insoluble beads is commonly used to separate proteins by size in column
chromatography. Small protein molecules penetrate the pores of the gel and have alarger solvent volume through
which to travel in the column than large proteins, which are sterically excluded from the pores. Accordingly, a
protein mixture is separated by size. The larger proteins are eluted first, followed by the smaller proteins, which are
retarded by their accessibility to alarger solvent volume (Figure 2.61). As with ultracentrifugation, an assumption is
made as to the geometry of an unknown protein in the determination of molecular mass. Elongated nonspheroidal
proteins give anomal ous molecular masses when analyzed using a standard curve determined with proteins of
spheroidal geometry.

Polyacrylamide Gel Electrophoresisin the Presence of a Detergent

If acharged detergent is added to a protein electrophoresis assay and electrophoresis occurs through a sieving
support, the separation of proteinsis based on protein size and not charge. A common detergent is sodium dodecy!
sulfate (SDS) and a common sieving support is cross-linked polyacrylamide. The dodecy! sulfates are amphophilic
C12 akyl sulfate molecules, which stabilize a denatured protein by forming a charged micellar SDS solvation shell
around its polypeptide chain. The inherent charge of the polypeptide chain is obliterated by the negatively charged
micelle of SDS molecules, and each proteinSDS solubilized aggregate has an identical charge per unit volume.
Negatively charged micelle particles move through the polyacrylamide gel toward the anode. Polyacrylamide acts as
amolecular sieve and the proteinmicelle complexes are separated by size; proteins of larger mass are retarded. A
single band in an SDS polyacrylamide electrophoresis experiment is often used to demonstrate the purity of a
protein. The conformation of the native structure is not a factor in the calculation of molecular mass, which is
determined by comparison to known standards that are similarly denatured. The detergent dissociates quaternary
structure into its constituent subunits. Only the molecular masses of the covalent polypeptide subunits within a
protein are determined by this method.
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Forous bead Small protein Large protein

Figure 2.61
Molecular exclusion chromatography.

A small protein can enter the
porous gel particles and will be retarded on
the column with respect to alarger protein

that cannot enter the porous gel particles.

HPLC Chromatographic Techniques Separate Amino Acids, Peptides, and Proteins

In high-performance liquid chromatography (HPLC), aliquid solvent containing a mixture of components to be
identified is passed through a column densely
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Figure 2.62
Separation of amino acids utilizing reverse-phase HPLC.

The x-axisistime of elution from column. Amino acids are derivatized by reaction
with dansyl chloride (DNS) so that they emit a fluorescence that is used to assay
them as they are eluted from the column.

Reprinted with permission from Hunkapiller, M. W.,

Strickler, J. E., and Wilson, K. J. Science 226:304, 1984.

Copyright © 1984 by American Association for the Advancement of Science.

packed with a small-diameter insoluble bead-like resin. In column chromatography, the smaller and more tightly
packed the resin beads, the greater the resolution of the separation technique. In HPLC, theresin is so tightly packed
that in order to overcome the resistance the liquid must be pumped through the column at high pressure. Therefore
HPL C uses precise high-pressure pumps with metal plumbing and columns rather than glass and plastics as used in
gravity chromatography. Resin beads are coated with charged chemical groups to separate compounds by ion
exchange or with hydrophobic groups to retard hydrophobic nonpolar molecules. In hydrophobic chromatography,
tightly associated nonpolar compounds are eluted from the hydrophobic beads in agueous sol vents containing
various percentages of an organic reagent. The higher the percentage of organic solvent in the eluent, the faster the
nonpolar component is eluted from the hydrophobic resin. This latter type of chromatography over nonpolar resin
beads s called reverse-phase HPL C (Figure 2.62). The HPL C separations have extremely high resolution and
reproducibility.

Affinity Chromatography

Proteins have a high affinity for their substrates, prosthetic groups, membrane receptors, specific noncovalent
inhibitors, and antibodies made against them. These high-affinity compounds can be covalently attached to an
insoluble resin and the modified resin used to purify its conjugate protein in column chromatography. In a mixture of
proteins eluted through the resin, the one of interest is selectively retarded.

General Approach to Protein Purification
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A protein must be purified prior to a meaningful characterization of its chemical composition, structure, and
function. Asliving cells contain thousands of genetically distinct proteins, the purification of a single protein from
the other cellular constituents may be difficult. The first task in the purification of aproteinis
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the development of a simple assay for the protein. Whether it utilizes the rate of a substrate transformation to a
product, an antibodyantigen reaction, or a physiological response in an animal assay System, a protein assay must
give a quantitative measurement of activity per unit of protein concentration. This quantity is known as the sample's
specific activity. The purpose of a purification procedure is to increase a sample's specific activity to the value
expected for the pure protein. A typical protocol for purification of a soluble cellular protein involves the disruption
of the cellular membrane, followed by a differential centrifugation in a density gradient to isolate the protein from
subcellular particles and high molecular weight aggregates. Further purification may utilize selective precipitation
by addition of inorganic salts (salting out) or addition of miscible organic solvent to the solution containing the
protein. Final purification will include a combination of techniques that separate based on molecular charge,
molecular size, and affinity.

CLINICAL CORRELATION 2.8
Use of Amino Acid Analysisin Diagnosis of Disease

There are anumber of clinical disordersin which a high concentration of amino
acidsisfound in plasmaand urine. An abnormally high concentration of an amino
acid in urineis caled an aminoaciduria. In phenylketonuria patients lack
sufficient amounts of the enzyme phenylal anine hydroxylase, which catalyzes the
transformation of phenylalanine to tyrosine. As aresult, large concentrations of
phenylalanine, phenylpyruvate, and phenyllactate accumulate in the plasma and
urine. Phenylketonuria occurs clinically in the first few weeks after birth, and if
the infant is not placed on a special diet, severe mental retardation will occur (see
Clin. Corr. 11.5). Cystinuriais a genetically transmitted defect in the membrane
transport system for cystine and the basic amino acids (lysine, arginine, and the
derived amino acid ornithine) in epithelial cells. Large amounts of these amino
acids are excreted in urine. Other symptoms of this disease may arise from the
formation of renal stones composed of cystine precipitated within the kidney (see
Clin. Corr. 11.9). Hartnup disease is a genetically transmitted defect in epithelial
cell transport of neutral amino acids (mono-amino monocarboxylic acids), and
high concentrations of these amino acids are found in the urine. The physical
symptoms of the disease are primarily caused by a deficiency of tryptophan.
These symptoms may include a pellagra-like rash (nicotinamide is partly derived
from tryptophan) and cerebellar ataxia (irregular and jerky muscular movements)
due to the toxic effects of indole derived from the bacterial degradation of
unabsorbed tryptophan present in large amounts in the gut. Fanconi's syndromeis
a generalized aminoaciduria associated with hypophosphatemia and a high
excretion of glucose. Abnormal reabsorption of amino acids, phosphate, and
glucose by the tubular cellsis the underlying defect.

Determination of Amino Acid Composition of a Protein

Determination of the amino acid composition is an essential component in the study of a protein's structure and
physiological properties. Analysis of the amino acid composition of physiological fluids (i.e., blood and urine) is
utilized in diagnosis of disease (see Clin. Corr. 2.8). A protein is hydrolyzed to its constituent amino acids by heating
the protein at 110°C in 6 N HCI for 1836 h, in a sealed tube under vacuum to prevent degradation of oxidation-
sensitive amino acid side chains by oxygen in air. Tryptophan is destroyed in this method and alternative procedures
are used for its analysis. Asparagine and glutamine side chain amides are hydrolyzed to unsubstituted carboxylic
acid side chains and free ammonia; thus they are counted within the glutamic acid and aspartic acid content in the
analysis.

Common procedures for amino acid identification use cation-exchange chromatography or reverse-phase HPLC to
separate the amino acids, which are then reacted with ninhydrin, fluorescamine, dansy! chloride, or similar

file:///D]/.. . xtbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%6201997/files/page_74.htmlI[11/10/2010 10:36:10 AM]



page_74

chromophoric or fluorophoric reagents to quantitate the separated amino acids (Figure 2.62). With some types of
derivatization, amino acids are identified at concentrations as low as 0.5 x 1012 mol (pmoal).

Techniques to Determine Amino Acid Sequence of a Protein

The ability to clone genes for proteins has led to the determination of the amino acid sequence of a protein as
derived from the DNA or RNA sequences (see Chapter 18). Thisis a much faster method for obtaining an amino
acid sequence. Sequencing of a protein, however, isrequired for the determination of modificationsto the protein
structure that occur after its biosynthesis, to identify a part of the protein sequence in order that its gene can be
cloned, and to identify a protein as the product of a particular gene (see Chapter 17). Determination of the primary
structure of a protein requires a purified protein. Many proteins contain several polypeptide chainsand it is
necessary to determine the number of chainsin the protein. Individua chains are purified by the same techniques
used in purification of the whole protein. If disulfide bonds covalently join the chains, these bonds have to be broken
(Figure 2.63).
E;:Hg tIJHz
5—5 — HOsS + SO

CHz '?H“
I

Cy=ztine bond Two cystaic acids

Figure 2.63
Breaking of disulfide bonds
by oxidation to cysteic acids.

Polypeptide chains are most commonly sequenced by the Edman reaction (Figure 2.64) in which the polypeptide
chain is reacted with phenylisothiocyanate, which forms a covalent bond to the NH2-terminal amino acid. In this
derivative, acidic conditions catalyze an intramolecular cyclization that results in cleavage of the NH2-terminal
amino acid from the polypeptide chain as a phenylthiohydantoin derivative. This NH2-terminal amino acid
derivative may be separated chromatographically and identified against standards. The polypeptide chain minus the
NH2-terminal amino acid is then isolated, and the
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Figure 2.64
Edman reaction.

Edman reaction is repeated to identify the next NH2-terminal amino acid. This series of reactions can theoretically
be repeated until the sequence of the entire polypeptide chain is determined but under favorable conditions can only
be carried out for 30 or 40 amino acids into the polypeptide chain. At this point in the analysis, impurities generated
from incomplete reactions in the reaction series make further Edman cycles unfeasible. Since most polypeptide
chainsin proteins contain many more than 30 or 40 amino acids, they have to be hydrolyzed into smaller fragments
and sequenced in sections.

Enzymatic and chemical methods are used to break polypeptide chains into smaller polypeptide fragments for
sequencing. The enzyme trypsin preferentially catalyzes hydrolysis of the peptide bond on the COOH-terminal side
of the basic amino acid residues of lysine and arginine within polypeptide chains. Chymotrypsin hydrolyzes peptide
bonds on the COOH-terminal side of residues with large apolar side chains. Other proteolytic enzymes cleave
polypeptide chains on the COOH-terminal side of glutamic and aspartic acid (Figure 2.65). Cyanogen bromide
specifically cleaves peptide bonds on the COOH-terminal side of methionine residues within polypeptide chains
(Figure

I T T 1 A
- 1
MHy—C—C N—'!ll—G—l\ld—(f—G"'ril—G—G ':'i\ll—E—C rfl—llz—c---m—c—mu—
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g
hydralyzed
R Reagent
Phe, Ty, ar Trp Chy malrypsin
Arg, Lys Trypsin
et Cyanogen bromide
T Hodosnbenzols acid
Lalu Staphylosaccus aurews endoprotease VB
Figure 2.65

Specificity of some polypeptide cleaving reagents.
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Figure 2.66
Ordering of peptide fragments from overlapping sequences
produced by specific proteolysis of a peptide.

2.65). To establish the amino acid sequence of alarge polypeptide, it is subjected to partial hydrolysis by one of the
specific cleaving reagents, the polypeptide segments are separated, and the amino acid sequence of each of the small
segments is determined by the Edman reaction. To place the sequenced peptides correctly into the complete
sequence of the original polypeptide, a sample of the original polypeptide is subjected to a second partia hydrolysis
by a different hydrolytic reagent from that used initially. This generates overlapping sequences to the first set of
sequences, leading to the complete sequence (Figure 2.66).

X-Ray Diffraction Techniques Are Used to Determine the Three-Dimensional Sructure of Proteins

X-ray diffraction enables determination of the three-dimensional structure of proteins at near atomic resolution. The
approach requires formation of a protein crystal, which contains solvent and is thus a concentrated solution, for use
asthe target. Our present understanding of the detailed components of protein structure derived from experiments
performed in this crystalline state correlate well with other physical measurements of protein structure in solution
such as those made using NMR spectroscopy (see p. 81).

Generation of the protein crystal can be the most time-consuming aspect of the process. A significant factor in both
experimental and computational handling of protein crystals, in contrast with most small molecule crystals, stems
from the content of the protein crystalline material. Proteins exhibit molecular dimensions an order of magnitude
greater than small molecules, and the packing of large protein molecules into the crystal lattice generates a crystal
with large "holes" or solvent channels. A protein crystal typically contains 4060% solvent and may be considered a
concentrated solution rather than the hard crystalline solid associated with most small molecules. This attribute
proves both beneficial and detrimental. The presence of solvent and unoccupied volume in the crystal alowsthe
infusion of inhibitors and substrates into the protein molecules in the "crystalline state” but also permits a dynamic
flexibility within regions of the protein structure. The flexibility may be seen as"disorder” in the X-ray diffraction
experiment. Disorder is used to describe the situation in which the observed electron density can be fitted by more
than asingle local conformation. Two explanations for the disorder exist and must be distinguished. The first
involves the presence of two or more static molecular conformations, which are present in a stoichiometric
relationship. The second involves the actual dynamic range of motion exhibited by atoms or groups of atomsin
localized regions of the molecule. An experimental distinction between the two explanations can be made by
lowering the environmental temperature of the crystal to a point where dynamic disorder is "frozen out”; in contrast,
the static disorder is not temperature dependent and persists. Analysis of dynamic disorder by its temperature
dependency using X-ray diffraction determinationsis an important method for studying protein dynamics (see
Section 2.8). Crystallization techniques have advanced so that crystals are now obtainable from less abundant
proteins. Interesting structures are reported for proteins in which specific amino
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acid residues have been substituted, of antibodyantigen complexes, and of viral products such as the protease
required for the infection of the human immunodeficiency virus (HIV) that causes acquired immunodeficiency
syndrome (AIDS). Many structures have been solved by X-ray diffraction and the details are stored in a database
called the Protein Data Bank, which isreadily accessible.

Diffraction of X-ray radiation by a crystal occurs with incident radiation of a characteristic wavelength (e.g., copper,
Ka = 1.54 A). The X-ray beam is diffracted by the electrons surrounding the atomic nuclei in the crystal, with an
intensity proportional to the number of electrons around the nucleus. Thus the technique establishes the electron
distribution of the molecule and infers the nuclear distribution. The actual positions of atomic nuclei can be
determined directly by diffraction with neutron beam radiation, an interesting but very expensive technique as it
requires a source of neutrons (nuclear reactor or particle accelerator). With the highest resolution now available for
X-ray diffraction determinations of protein structures, the electron diffraction from C, N, O, and S atoms can be
observed. The diffraction from hydrogen atomsis not observed due to the low density of electronsthat is, asingle
electronaround a hydrogen nucleus. Detectors of the diffracted beam, typically photographic film or electronic area
detectors, permit the recording of the amplitude (intensity) of radiation diffracted in a defined orientation. However,
the data do not give information about phases of the radiation, which are essential to the solution of a protein's
structure. Determination of the phase angles historically required the placement of heavy atoms (such asiodine,
mercury, or lead) in the protein structure. Modern procedures, however, can often solve the phase problem without
use of aheavy atom.

It is convenient to consider an analogy between X-ray crystallography and light microscopy to understand the
processes involved in carrying out the three-dimensional structure determination. In light microscopy, incident
radiation is reflected by an object under study and the reflected beam is recondensed by the objective lensto form an
image of the object. The analogy is appropriate to incident X rays with the notable exception that no known material
exists that can serve as an objective lens for X-ray radiation. To replace the objective lens, amplitude and phase
angle measurements of the diffracted radiation are mathematically reconstructed by Fourier synthesisto yield a
three-dimensional electron-density map of the diffracted object. Initially afew hundred reflections are obtained to
construct alow-resolution electron-density map. For example, in one of the first protein crystallographic structures,
400 reflections were utilized to obtain a 6-A map of myoglobin. At this level of resolution it is possible to locate
clearly the molecule within the unit cell of the crystal and study the overall packing of the subunitsin a protein with
aquaternary structure. A trace of the polypeptide chain of an individual protein molecule is made with difficulty.
Utilizing the low-resolution structure as a base, further reflections may be used to obtain higher-resolution maps. For
myoglobin, where 400 reflections were utilized to obtain the 6-A map, 10,000 reflections were needed for a 2-A
map, and 17,000 reflections for an extremely high-resolution 1.4-A map. Many of these steps are now partialy
automated using computer graphics. A two-dimensional slice through athree-dimensional electron-density map of
trypsinogen is shown in Figure 2.67. The known primary structure of the protein isfitted to the electron-density
pattern by refinement. Refinement is the computer-intensive process of aligning a protein's amino acid sequence to
the electron-density map until the best fit is obtained.

Whereas X-ray diffraction has provided extensive knowledge on protein structure, such a structure provides
incomplete evidence for a protein's mechanism of action. The X-ray determined structure is an average structure of a
molecule in which atoms are normally undergoing rapid fluctuations in solution (see Section 2.8). Thus the average
crystalline structure determined by X-ray
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Figure 2.67
Electron-density map at 1.9-A resolution of
active site region of proenzyme form of trypsin.

Active site amino acid residues are fitted onto density map.
Reprinted with permission from Kossiakoff, A. A., Chambers, J. L., Kay,
L. M., and Stroud, R. M. Biochemistry 16:654, 1977.
Copyright © 1977 by American Chemical Society.

diffraction may not be the active structure of a particular protein in solution. A second important consideration is
that it currently takes at least a day to collect data in order to determine a structure. On this time scale, the structures
of reactive enzymesubstrate complexes, intermediates, and reaction transition states of an enzyme can not be
observed. Rather, these structures must be inferred from the static pictures of an inactive form of the protein or from
complexes with inactive analogs of the substrates of the protein (Figure 2.68). Newer methods for X-ray diffraction
using synchrotron radiation to generate a X-ray beam at least 10,000 times brighter than that of standard X-ray
generators will enable collection of diffraction data to solve a protein structure on amillisecond time scale.
Application of the later X-ray techniques will enable scientists to determine short-lived structures and solve
mechanistic and dynamic structural questions not addressable by current technology.
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Figure 2.68
Stereo tracing of superimposed o-carbon backbone structure of HIV protease
with inhibitor bound (thick lines) and the native structure of HIV protease without
inhibitor bound (thin lines).
Redrawn with permission from Miller, M., Schneider, J.,
Sathyanarayana, B. K., Toth, M. V., Marshall, G. R., Clawson, L., Selk, L., Kent, S.
B. H., and Wlodawer, A. Science 246: 1149, 1989.
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Various Spectroscopic Methods Are Employed in Evaluating Protein Sructure and Function
Ultraviolet Light Spectroscopy

The side chains of tyrosine, phenylalanine, and tryptophan, as well as peptide bonds in proteins, absorb ultraviol et
(UV) light. The efficiency of light energy absorption for each chromophore is related to its molar extinction
coefficient (€). A typical protein spectrum is shown in Figure 2.69. The absorbance between 260 and 300 nmis
primarily due to phenylaanine, tyrosine, and tryptophan side chain groups (Figure 2.70). When the tyrosine side
chainisionized at high pH (the tyrosine R group has a %= = 11) the absorbance for tyrosine is shifted to a higher
wavelength (red shifted) and its molar absorptivity isincreased (Figure 2.70). Peptide bonds absorb in the far-UV
(180230 nm). A peptide bond in a-helix conformation interacts with the electrons of other peptide bonds above and
below it in the spiral conformation to create an exciton system in which electrons are delocalized. Theresultisa
shift of the absorption maximum from that of an isolated peptide bond to either alower or higher wavelength (Figure
2.71). Thus UV spectroscopy can be used to study changesin a protein's secondary and tertiary structure. Asa
protein is denatured (helix unfolded), differences are observed in the absorption characteristics of the peptide bonds
due to the disruption of the exciton system. In addition, the absorption maximum for an aromatic chromophore
appears at alower wavelength in an aqueous environment than in a nonpolar environment.

Tyr aned Trp side |
chain gbsarption

Paptide bend abscmplion

Absorption

200 R =
Wapalenglh {nm)

Figure 2.69
Ultraviolet absorption spectrum
of the globular protein o.-chymotrypsin.

The molar absorbency of a chromophoric substrate often changes on binding to a protein. This change in the binding
molecule's extinction coefficient can be used to measure its binding constant. Changes in chromophore extinction
coefficients during the enzyme catalysis of a chemical reaction are used to obtain the kinetic parameters for the
reaction.

Fluorescence Spectroscopy

The energy of an excited electron produced by light absorption is lost by various mechanisms and most commonly
asthermal energy in acollision process. In some chromophores the excitation energy is dissipated by fluorescence.
The fluorescent emission is always at alonger wavelength of light (lower energy) than the absorption wavelength of
the fluorophore. Higher vibrational energy
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Figure 2.70
Ultraviolet absorption for the aromatic chromophores in Phe, Tyr, Trp, and tyrosinate.
Note differences in extinction coefficients on left axis for the different chromophores.
Redrawn from d'Albis*, A., and Gratzer, W. B. In: A. T. Bull, J. R. Lagmado, J.O.
Thomas, and K.F. Tipton (Eds.), Companion to Biochemistry. London:
Longmans, 1974, p. 170.
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Figure2.71

Ultraviolet absorption of the

peptide bonds of a polypeptide chainin

o-helix, random coil, and antiparallel

B-structure conformations.

Redrawn from d'Albis, A., and Gratzer,

W.B. In: A.T. Bull, JR. Lagmado, J.O. Thomeas,
and K.F. Tipton (Eds.), Companion to Biochemistry.
London: Longmans, 1970, p. 175.
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Absorption and fluorescence electronic transitions.
Excitation is from zero vibrational level in ground state to various
higher vibrational levelsin the excited state. Fluorescenceis from

zero vibrational level in excited electronic state to various
vibrational levelsin the ground state.
Redrawn from d'Albis*, A., and Gratzer, W. B.
In: A. T. Bull, J. R. Lagmado, J. O. Thomas,
and K. F. Tipton (Eds.), Companion to
Biochemistry. London: Longmans, 1970, p. 166.

levels, formed in the excited electron state during the excitation event, are lost prior to the fluorescent event (Figure
2.72). If achromophoric molecule is present that absorbs light energy emitted by the fluorophore, the emitted
fluorescence is not observed. Rather, the fluorescence energy is transferred to the absorbing molecule. The acceptor
molecule, in turn, either emitsits own characteristic fluorescence or loses its excitation energy by an aternative
process. If the acceptor molecule loses its excitation energy by a nonfluorescent process, it is acting as a quencher of
the donor molecul€e's fluorescence. The efficiency of the excitation transfer is dependent on the distance and
orientation between donor and acceptor molecules.

1.5

Relative number of quania

5 1 .
280 320 0 400 440
Wavelength inm)

Figure 2.73
Characteristic fluorescence of aromatic
groupsin proteins.
Redrawn from d'Albis, A., and Gratzer, W. B.
In: A. T. Bull, J. R. Lagmado, J. O. Thomas,
and K. F. Tipton (Eds.), Companion to Biochemistry.
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London: Longmans, 1970, p. 478.

Fluorescence emission spectra for phenylaanine, tyrosine, and tryptophan side chains are shown in Figure 2.73. The
emission wavelengths for phenylalanine overlap with the absorption wavelengths for tyrosine. In turn, the emission
wavelengths for tyrosine overlap with the absorption wavelengths for tryptophan. Because of these overlapsin
emission and absorption wavelengths, primarily only tryptophan fluorescence is observed in proteins that contain all
of these amino acids. Excitation energy transfers occur over distances up to 80 A, which are typical diameter
distancesin folded globular proteins. On protein denaturation, the distances between donor and acceptor groups
become greater and decrease the efficiency of energy transfer to tryptophan. Accordingly, an increasein
fluorescence due to tyrosines and/or phenylalanines is observed on denaturation of a protein. Since excitation
transfer processes in proteins are distance and orientation dependent, the fluorescence yield is dependent on the
conformation of the protein. The greatest sensitivity of thisanalysis occursin its ability to detect changes due to
solvent or binding interactions rather than establish absolute structure.

Optical Rotatory Dispersion and Circular Dichroism Spectroscopy

Optical rotation is caused by differences in the refractive index and circular dichroism (CD) is caused by differences
in the light absorption between the clockwise and counterclockwise component vectors of a beam of polarized light
asit travels through a solution containing an optically active molecule
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such as an L-amino acid. In proteins the aromatic amino acids and the polypeptide chain generate an optical rotation
and CD spectrum (Figure 2.74). Because of the differences between a-helical, B-structure, and random polypeptide
spectra, circular dichroism has been a sensitive assay for the amount and type of secondary structure in a protein.
Newer developmentsin vibrational circular dichroism examine the CD in regions of the spectrum more sensitive to
protein backbone conformation.

HERDE:

‘-\:" Heiix

o[\

f I Sdructure

40 Raredarm coil

1890 2000 210 220 230 240 2RO
‘Wavelength {nm)

Figure 2.74
Circular dichroism spectrafor polypeptide
chainsin o-helix, B-structure, and random
coil conformations.

Redrawn from d'Albis*, A., and Gratzer, W. B.
In: A. T. Bull, J. R. Lagmado, J. O.
Thomas, and K. F. Tipton (Eds.),
Companion to Biochemistry.

London: Longmans, 1970, p. 190.

Nuclear Magnetic Resonance

With two-dimensional (2-D) NMR and powerful NMR spectrometersit is possible to obtain the solution
conformation of small proteins of approximately 150 amino acids or less. Multidimensional NMR and triple
resonance can extend the NMR to solve protein structures with up to 250 amino acids.

Conventional NMR techniques involve use of radiofrequency (rf) radiation to study the environment of atomic
nuclei that are magnetic. The requirement for magnetic nuclei is absolute and is based on an unpaired spin state in
the nucleus. Thus the naturally abundant carbon (12C), nitrogen (14N), and oxygen (160) do not absorb, while 13C,
15N, and 170 do absorb. The absorption bandsin an NMR spectrum are characterized by (1) a position or chemical
shift value, reported as the frequency difference between that observed for a specific absorption band and that for a
standard reference material; (2) the intensity of the peak or integrated area, which is proportional to the total number
of absorbing nuclei; (3) the half-height peak width, which reflects the degree of motion in solution of the absorbing
species; and (4) the coupling constant, which measures the extent of direct interaction or influence of neighboring
nuclei on the absorbing nuclei. These four measurements enable the determination of the identity and number of
nearest-neighbor groups that can affect the response of absorbing species through bonded interactions. They give no
information on through-space (nonbonded) interaction due to the three-dimensional structure of the protein. To
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determine through-space interactions and protein tertiary structure requires the use of nuclear Overhauser effects
(NOESs) and the application of the two-dimensional technique.

The major difference in two-dimensional versus one-dimensional (1-D) NMR is the addition of a second time delay
rf pulse. The technique first requires the identification in the spectrum of a proton absorbance from a particular
position in the protein structure. A maximum distance of approximately 5 A is the limit for which these through-
space interactions can be observed. Upon the generation of distance information for interresidue pairs through the
protein structure, three-dimensional protein conformations consistent with the spectra are generated. In this
calculation, a distance matrix is constructed containing ranges of distances (minimum and maximum) for as many
interresidue interactions as may be measured. Possible structures are generated from the data consistent with the
constraints imposed by the NMR spectra. Computational refinements of the initially calculated structures can be
made to optimize covalent bond distances and bond angles. The method generates afamily of structures, the
variability showing either the imprecision of the technique or the dynamic "disorder” of the folded structure (Figure
2.75). Such computations based on NMR experiments have yielded structures for proteins that do not significantly
differ from the time-averaged structure observed with X-ray diffraction methods.

Figure 2.75
NMR structure of the protein
plastocyanin from the French bean.

The structure shows superposition of eight

structures of the polypeptide backbone for

the protein, calculated from the constraints
of the NMR spectrum.
From Moore, J. M.,

Lepre, C. A., Gippert, G. P, Chazin, W. J.,
Case, D. A., and Wright, P. E. J. Mol.
Biol. 221:533, 1991. Figure generously

supplied by P. E. Wright.
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Other enhancements to NMR, which are applicable to the determination of protein structure, include the ability to
synthesize proteins containing isotopically enriched (e.g., containing 13C or 15N) amino acids, and development of
paramagnetic shift reagents to study localized environments on paramagnetic resonances, such as the lanthanide ion
reporting groups.
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Questions
J. Baggott and C. N. Angstadt
Refer to the following structure for Questions 1 and 2.

Gly —Ser—Cys— Glu—Asp— Asn—Cys—Arg

I I
g =

1. The peptide shown above:
A. hasargininein position 1 of the sequence.
B. contains a derived amino acid.
C.isbasic.
D. consists entirely of amino acids with charged or nonpolar side chains.

E. contains more amino acids with side chains that are charged than ones with electrically neutral side chains at
pH 7.0.

2. The charge on the peptide shown above is about:
A.2at pH>13.5.
B.latpH ~115.
C.+latpH~6.5.
D.+2at pH ~5.5.
E.Oat pH ~4.5.
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eq OH™

3. The figure above shows the titration curve of one of the common amino acids. From this curve we can conclude:
A. the amino acid contains two carboxyl groups.
B. at point B the amino acid is zwitterionic.

C. the amino acid contains an aromatic hydroxyl group.

D. point D corresponds to the P of an ionizable group.
E. at point E the amino acid has a net negative charge.
4. Which of the following can be used for a quantitative determination of amino acidsin general?
A. acetic anhydride
B. iodoacetate
C. ninhydrin
D. Pauly's reagent
E. the Sakaguchi reaction
5. Which of the following is a conservative substitution?
A. Vd for lle
B. Hisfor Pro
C.Aspfor Ala
D. Lysfor Leu
E. Ser for Ala
6. Which of the following has quaternary structure?
A. a-chymotrypsin
B. hemoglobin
C.insulin
D. myoglobin
E. trypsin
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Refer to the drawing for Questions 7 and 8.

Side chain o
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7. When group E contains a negatively charged carboxyl function, the structure is destabilized by:
A. danine at position A.

B. arginine at position B.
C. serine at position B.
D. proline at position D.
E. aspartate at position D.
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8. The properties of atom C are essential to which stabilizing force in the structure?
A. hydrogen bonding
B. steric effects
C. ionic attraction
D. disulfide bridge
E. none of the above
Refer to the following for Questions 911.
A. disulfide bond formation
B. hydrogen bonding
C. hydrophobic interaction
D. electrostatic interactions
E. van der Waals forces
9. Which interaction is NOT formed when protein subunits combine to form a quaternary structure?
10. Driven by the entropy of water.

11. Repulsive forces between atoms attached to a peptide bond are weakest when the ¢ and ¢ angles are compatible
with the a-helix and B-structures.

12. In collagen:
A. intrachain hydrogen bonding stabilizes the native structure.

B. three chains with polyproline type 11 helical conformation can wind about one another to form a superhelix
because of the structure of glycine.

C. the ¢ angles contributed by proline are free to rotate, but the ¢ angles are constrained by the ring.

D. regions of superhelicity comprise the entire structure except for the N and C termini.

E. cross-links between triple helices form after an intracellular enzyme converts some of the lysine to allysine.
13. Chaperone proteins:

A. dl require ATPto exert their effect.

B. cleave incorrect disulfide bonds, allowing correct ones to subsequently form.

C. guide the folding of polypeptide chains into patterns that would be thermodynamically unstable without the
presence of chaperones.

D. areinvolved in transport of proteins across mitochondrial and endoplasmic reticulum membranes.

E. act primarily on fully synthesized polypeptide chains, unfolding incorrect structures so they can refold
correctly.

14. Proteins may be separated according to size by:
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A. isoelectric focusing.
B. polyacrylamide gel electrophoresis.
C. ion-exchange chromatography.
D. molecular exclusion chromatography.
E. reverse-phase HPLC.
Refer to the following for Questions 1518.
A. primary structure
B. secondary structure
C. tertiary structure
D. quaternary structure
E. random conformation
15. All ¢ anglesare equal and al ¢ angles are equal.
16. May bring distant segments of a single polypeptide chain into close juxtaposition.
17. Unaffected by binding of a charged detergent, such as SDS.
18. Exemplified by the pB-structure (pleated sheet).
19. Changes in protein conformation can be detected rapidly by:
A. ultraviolet absorbance spectroscopy.
B. fluorescence emission spectroscopy.
C. optical rotatory dispersion.
D. circular dichroism.

E. al of the above.

Answers

1. B Cystine, formed by joining two cysteine residues through a disulfide bridge, is a derived amino acid (p. 30). A:
The convention isto write the N terminal to the left. Numbering begins at the N terminal, so glycineisin position 1
(p. 29). C: The peptide contains two acidic amino acids, glutamate and aspartate, and only one basic amino acid,
arginine, soitisacidic (p. 31). D and E: Cysteine is nonpolar and uncharged, and glutamate, aspartate, and arginine
are charged at physiological pH; serine and asparagine are polar but are not charged (p. 26).

2. EAt pH 4.5 the peptide isin the following ionic state: the N-terminal amino group is +1, the side chain carboxyls
of glutamate and aspartate each average about 0.5 (since this pH is about at their pK values), the side chain of
arginineis +1, and itsterminal carboxyl group is 1. The sumis zero (pp. 3033).

3. E The axes of thistitration curve are reversed from the presentation in the text. The abscissa shows that three
ionizable groups are present. The pK values, where the groups are 50% titrated, are at pointsA (pH ~ 2), C (pH ~
6.5), and E (pH ~ 9.5). Histidine is the only common amino acid with these pK values. At point B, its net chargeis 1
+1+1=+1 Atpoint E, the net chargeis1+ 0+ 0.5=0.5 (pp. 3134).

4. C A: Acetic anhydride acetylates tyrosyl residues. B: lodoacetate reacts with the SH of cysteine. D: Pauly's
reagent reacts only with histidine and tyrosine. E: The Sakaguchi reaction isfor arginine. (See Table 2.7.)
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5. A B: Hisand Pro both have ringsin their side chains, but the rings are very different. CE: In each of these pairs
the first amino acid is charged or polar, and the second has an aliphatic R group (p. 26).

6. B Quaternary structure consists of a specific noncovalent association of subunits having their own tertiary
structures (p. 44). Myoglobin is asingle polypeptide chain (p. 48). Insulin, trypsin (p. 40), and a.-chymotrypsin (p.

46) are multichain proteins covalently joined by cystine bonds, and, each chain having arisen from asingle
polypeptide chain by proteolytic cleavage.
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7. D Like chargesin the third or fourth position in either direction from the designated position destabilize the helix
due to charge repulsion. Thus aspartate at position D is harmless, whereas glutamate at position A or B would
destabilize. Alanine has a small side chain. Proline destabilizes the a-helix conformation and is usually not found in
either a-helix or B-structure (p. 44).

8. A Atom C is an amide nitrogen. The attached hydrogen atom participates in hydrogen bonding (pp. 4344).
Hydrogen bonds contribute to the stability of the structure (p. 43).

9. A Quaternary structure is stabilized exclusively by noncovalent interactions. Disulfide bonds are covalent (p. 48).

10. C Hydrophabic groups in contact with water result in formation of arelatively highly ordered solvation shell of
water around the group. If the hydrophobic groups come together, eliminating the bound water, the water becomes
more random, afavorable process (pp. 6466).

11. E Van der Waals repulsive forces (as opposed to the attractive element of van der Waals forces) are weakest at
these angles (p. 66).

12. B The close contacts in the interior of the triple helix are possible only when the R group of the amino acid at
that position is very small, that is, hydrogen. A: The hydrogen bonding in collagen isinterchain. C: The ¢ angleis
part of the proline ring and is not free to rotate. D: Although the statement is true of type | collagen, the superhelical
regionsin other collagen types may be broken by regions of globular domains (p. 52). E: The conversion and cross-
linking are extracellular.

13. D A: The hsp60 family of chaperonesis ATP-linked, but the hsp70 family is not. B: Disulfide isomerases
catalyze thisreaction. C: Thefinal product isthermodynamically stable; chaperones merely prevent unfavorable
intermediate interactions. E: Hsp70 chaperones react with nascent polypeptide chains as they are synthesized by the
ribosome. The protein may then be delivered to a hsp60 chaperone for facilitation of final folding (pp. 6263).

14. D AC separate molecules on the basis of charge (p. 72). E: Reverse-phase HPL C effects separations on the basis
of polarity (p. 73).

15. B This statement is a definition of secondary structure (p. 43).
16. C Thisis a conseguence of folding into a compact structure (p. 44).

17. A SDS hinding produces an extended conformation of a polypeptide chain due to charge repulsion, but no
peptide bonds are broken (p. 72).

18. B B-Structure is an important type of secondary structure (p. 44).

19. E A: Peptide bond absorption (180230 nm) in the a-helical conformation differs from that in other
conformations (p. 79). B: Excitation transfers become less efficient as donor and acceptor groups become further
apart, asin denaturation. C and D: These effects of optically active chromophors upon polarized light are sensitive to
environment; in addition, the peptide bond itself becomes part of an optically active system when it forms an
asymmetric structure like the a-helix (p. 80).
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31
Overview

In Chapter 2 we discussed the fundamentals of protein architecture, including structural organization and physical
properties of the amino acid constituents, hierarchical organization of primary, secondary, supersecondary, tertiary,
and quaternary structure, and energetic forces that hold these molecul es together and provide the flexibility observed
in their dynamic motion. Computational and experimental tools were introduced that enable the analysis of high-
resolution structural features and their conformational response to perturbations, which may be a simple alteration of
the solution environment or aspects of their interactions with other molecules that define their biological function.
The concept that structure and function are interrelated was introduced through examples of conservation of primary
structure with function, and the reoccurrence of elements of secondary, supersecondary, tertiary, and quaternary
structural patterns in molecules that may not share similar functional or evolutionary origin.

In this chapter we examine the specific relationships between structure and function in four protein families:
immunoglobulins, serine proteases, DNA-binding proteins, and hemoglobins. We pursue this study through the
examination of the variability in amino acid sequence, structural organization, and biological function. The
significance of the structurefunction relationship can best be appreciated through observation of the range of such
variations within specific protein families.

The immunoglobulin family provides examples of multidomain architecture that supports recognition and binding to
foreign molecules and leads to their sequestration. Diversity among family membersis the source of specific
molecular recognition and individual binding capabilities.

The serine proteases provide examples of afamily of enzymes that appear to have diverged to perform unique
physiological functions, frequently highly organized within enzyme cascade processes. Their inherent similaritiesin
catalytic mechanism and three-dimensional structure are acommon link.

DNA-binding proteins are multifamilies of proteins that bind to regulatory sitesin DNA and regulate gene
expression, an amazing feat as the mammalian genome contains approximately 100,000 unique genes. These
proteins contain unusual supersecondary structure motifs that allow them to selectively bind regulatory sites of
specific genes.

The hemoglobin family offers examples of a highly fine-tuned system that can accommodate small substitutions or
mutations, many of which have been studied asto their clinical implications. This family reveals the potential
diversity of amino acid sequence substitutions that can be tolerated and allow the protein to function in an acceptable
physiological manner.

3.2
Antibody Molecules:
The Immunoglobulin Superfamily

Antibody molecules are produced in response to invasion by foreign compounds that can be proteins, carbohydrates,
and nucleic acid polymers. An antibody molecule noncovalently associates with the foreign substance, initiating a
process by which the foreign substance can be eliminated from the organism.

Molecules that induce antibody production are antigens and may contain multiple antigenic determinants, small
regions of the antigen molecule that elicit the production of a specific antibody to which the antigen binds. In
proteins, an antigenic determinant may comprise only six or seven amino acids.

A hapten is a small molecule that cannot alone elicit production of specific antibodies but when covalently attached
to alarger molecule it acts as an antigenic determinant and induces antibody synthesis. Whereas hapten molecules
need attachment to alarger molecule to licit antibody synthesis, when
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detached from their carrier, they will retain the ability to bind strongly to antibody.

It is estimated that each human can potentially produce about 1 x 108 different antibody structures. All antibodies,
however, have asimilar structure. The determination of the structure has been accomplished from studies of
immunoglobulin primary structures and X-ray diffraction that show the three-dimensional structure of the antibody
molecule alone and in complex with antigen.

Structural studies of proteins require pure homogeneous preparations. Such samples of antibodies are extremely
difficult to isolate from blood because of the wide diversity of antibody molecules present. Homogeneous antibodies
can be obtained, however, by the monoclonal hybridoma technique in which mouse myeloma cells are fused with
mouse antibody-producing B lymphocytes to construct immortalized hybridoma cells that express a single antibody.

Antibody (Immunoglobulin) Molecules Consist of Four Polypeptide Chains

Antibody molecules are glycoproteins with four polypeptide chains, two identical copies of each of two nonidentical
polypeptide chains. Two light chains (L) of identical sequence combine with two heavy chains (H) of identical
sequence to form the structure (LH)2. In the most common immunoglobulin type, 1gG, the H chains have
approximately 440 amino acids (50 kDa). The smaller L polypeptide chains contain about 220 amino acids (25
kDa). The four chains are covalently interconnected by disulfide bonds (Figures 3.1 and 3.2). Each H chainis
associated with an L chain such that the NH2-terminal ends of both chains are near each other. Sincethe L chainis
half the size of the H chain, only the NH2-terminal half of the H chain is associated with the L chain.

In the other classes of immunoglobulins (Table 3.1) the H chains are slightly longer than those of the 1gG class. A
variable amount of carbohydrate (212%, depending on immunoglobulin class) is attached to the H chain.

Constant and Variable Regions of Primary Structure

Comparison of amino acid sequences of antibody molecules elicited by different antigens shows regions of sequence
homology and other regions of sequence variability. In particular, sequences of the NH 2-terminal half of L chains
and the
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Figure 3.1
Linear representation of four-chain 1gG antibody molecule.
Two H chains and two L chains are
co-oriented in their COOH-terminal to
NH2-terminal directions, as shown.
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Interchain disulfide bonds link heavy (H) chains,
and light (L) chainsto the H chains. Domains of the
constant (C) region of the H chain are
CH1, CH2, and CH3. The constant
region of the L chainis designated
CL, and variable (V) regions are
VH and VL of H and L chains, respectively.
Based on figure by Burton, D. R. In:

F. Calabi and M. S. Neuberger (Eds.), Molecular
Genetics of Immunoglobulin. Amsterdam: Elsevier,
1987, pp. 150.
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Figure 3.2
Diagrammatic structure for 1gG.
Light chains (L) are divided into domains VL (variable amino acid sequence) and CL
(constant amino acid sequence). Heavy chains (H) are divided into domains
VH (variable amino acid sequence) and CH1, CH2, and CH3. Antigen-binding sites are
VHVL. "Hinge" polypeptides interconnect domains.
Positions of inter- and intrachain cystine bonds are shown.
From Cantor, C. R. and Schimmel, P. R. Biophysical Chemistry, Part |. San Francisco:
Freeman, 1980. Re-printed with permission of Mr. Irving Geis, New York.

NH2-terminal quarter of H chains are highly variable between different antibody molecules. These NH2-terminal
segments are the variable (V) regions and designated VH and VL domains of H and L chains, respectively. Within
these V domains certain segments are "hypervariable." Three hypervariable regions of between 5 and 7 residues in
the VL domain and three or four hypervariable regions of between 6 and 17 residues in the VH domain are
commonly found. The hypervariable sequences are al so termed the complementarity-determining regions (CDRs) as
they form the antigen-binding site complementary to the topology of the antigen structure.

In contrast, the COOH-terminal three-quarters of H chains and the COOH-terminal half of L chains are homol ogous
in sequence with other H or L chains

TABLE 3.1 Immunoglobulin Classes
Classes of Approximate H Chain  Carbohydrate by Concentrationin
Immunoglobulin Molecular Mass  Isotype Weight (%) Serum
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(mg 100 mL1)

19gG 150,000 v, 53,000 23

6001800
IgA 170,000720,000a  a, 64,000 712

90420
IgD 160,000 d, 58,000

0.340
IgE 190,000 g, 75,000 1012

0.010.10
IgM 950,000a u, 70,000 1012

50190
a Forms polymer structures of basic structural unit.
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of the same class. These constant (C) regions with a homologous primary structure are designated CH and CL in the
H and L chains, respectively.

The CH regions determine the antibody class, provide for binding of complement proteins (see Clin. Corr. 3.1), and
are the site necessary for antibodies to cross the placental membrane. The V regions determine the antigen
specificity of the antibody molecule.

Immunoglobulinsin a Sngle Class Contain Common Homologous Regions

Differences in sequence of the CH regions between immunoglobulin classes are responsible for the characteristics

of each class. In some cases, the CH sequence promotes the polymerization of antibody molecules of the basic
molecular structure (LH)2. Thus antibodies of the IgA class are often covalently linked dimeric structures [(LH) 2]2.
Similarly, IgM molecules are pentamers [(LH) 2]5. The different H chains, designated t, o, 8, € and u, occur in 1gG,
IgA, IgM, IgD, and IgE classes, respectively (Table 3.1; see Clin. Corr. 3.2). Two types of L chain sequences are
synthesized, designated lambda (1) and kappa (k) chains, either of which are found combined with the five classes of
H chains.

1gG is the major immunoglobulin in plasma. Biosynthesis of a specific 1gG in significant concentrations takes about
10 days after exposure to a new antigen (see Clin. Corr. 3.3). In the absence of an initially high concentration of 1gG
to a specific antigen, antibodies of the IgM class, which are synthesized at faster

CLINICAL CORRELATION 3.1
The Complement Proteins

At least 11 distinct complement proteins exist in plasma. They are activated by
IgG or IgM antibody binding to antigens on the outer cell membrane of invading
bacterial cells, protozoa, or tumor cells. After the immunoglobulin-binding event,
the 11 complement proteins are sequentially activated and associate with the cell
membrane to cause alysis of the membrane and death of the target cell.

Many complement proteins are precursors of proteolytic enzymes that are present
in anonactive form prior to activation. Upon their activation, they will, in turn,
activate a succeeding protein of the pathway by the hydrolysis of a specific
peptide bond in the second protein, leading to a cascade phenomenon. Activation
of enzymes by specific proteolysis (i.e., hydrolysis of a specific peptide bond) is
an important general method for activating extracellular enzymes. For example,
the enzymes that catalyze blood clot formation, induce fibrinolysis of blood clots,
and digest dietary proteinsin the gut are all activated by a specific proteolysis
catalyzed by a second enzyme (see pp. 964, 1071).

Upon association to a cellular antigen the exposure of a complement-binding site
in the antibody's Fc region occurs and causes the binding of the C1 complement
proteins, which are a protein complex composed of three individual proteins. Clq,
Clr, and Cls. CIr and Cls undergo a conformational change and become active
enzymes on the cell surface. The activated Cl complex (Cla) hydrolyzes a peptide
bond in complement proteins C2 and C4, which then also associate on the cell
surface. The now active C2C4 complex has a proteolytic activity that hydrolyzes a
peptide bond in complement protein C3. Activated C3 protein bindsto the cell
surface and the activated C2C4C3 complex activates protein C5. Activated
protein C5 will associate with complement proteins C6, C7, C8, and six
molecules of complement protein C9. This multiprotein complex binds to the cell
surface and initiates membrane lysis.

The mechanism is a cascade in which amplification of the trigger event occurs. In
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summary, activated C1 can activate a number of molecules of C4C2C3, and each
activated C4C2C3 complex can, in turn, activate many molecules of C5 to C9.
The reactions of the classical complement pathway are summarized below, where
"a' and "b" designate the proteolytically modified proteins and aline above a
protein indicates an enzyme activity.

; Chg. Cir. Cis C2C4
IeGor IgM —— Cla ———

pate e Ca
C4b. C2a——

T L

C4b.C2a.C3b

Thereis an "aternative pathway" for C3 complement activation, initiated by
aggregates of IgA or by bacterial polysaccharide in the absence of
immunoglobulin binding to cell membrane antigens. This pathway involves the
proteins properdin, C3 proactivator convertase, and C3 proactivator.

A magjor role of the complement systemsis to generate opsoninsan old term for
proteins that stimulate phagocytosis by neutrophils and macrophages. The major
opsonin is C3b; macrophages have specific receptors for this protein. Patients
with inherited deficiency of C3 are subject to repeated bacterial infections.

Colten, H. R., and Rosen, F. S. Complement deficiencies. Annu. Rev. Immunol.
10:809, 1992; and Morgan, B. P. Physiology and pathophysiology of
complement: progress and trends. Crit. Rev. Clin. Lab. Sci. 32:265, 1995.
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CLINICAL CORRELATION 3.2

Functions of Different Antibody Classes

The IgA class of immunoglobulinsis found primarily in the mucosal secretions
(bronchial, nasal, and intestinal mucous secretions, tears, milk, and colostrum).
These immunoglobulins are the initial defense against invading vira and bacterial
pathogens prior to their entry into plasmaor other internal space.

The IgM classisfound primarily in plasma. They are the first antibodies elicited
in significant quantity on the introduction of aforeign antigen into a host's plasma
IgM antibodies promote phagocytosis of microorganisms by macrophage and
polymorphonuclear leukocytes and are also potent activators of complement (see
Clin. Corr. 3.1). IgM antibodies occur in many external secretions but at levels
lower than those of IgA.

The IgG class occurs in high concentration in plasma. Their response to foreign
antigens takes alonger period of time than that of IgM. At maximum
concentration they are present in significantly higher concentration than IgM.
Like IgM, IgG antibodies promote phagocytosisin plasma and activate
complement.

The normal biological functions of the IgD and IgE classes of immunoglobulins
are not known; however, the IgE antibodies play an important rolein alergic
responses such as anaphylactic shock, hay fever, and asthma.

Immunoglobulin deficiency usually causes increased susceptibility to infection.
X-linked agammagl| obulinemia and common variable immunodeficiency are two
examples. The commonest disorder is selective IgA deficiency, which resultsin
recurrent infections of sinuses and the respiratory tract.

Rosen, F. S., Cooper, M. D., and Wedgewood, R. J. P. The primary
immunodeficiencies. N. Engl. J. Med. 311:235 (Part 1); 300 (Part I1), 1984.
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Time course of specific antibody 1gM
and 1gG response to added antigen.
Based on afigurein Stryer,

L. Biochemistry. San
Francisco: Freeman, 1988, p. 890.

rates, will associate with the antigen and serve as the first line of defense until large quantities of 1gG are produced
(Figure 3.3; see Clin. Corr. 3.3).
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Repeating Amino Acid Sequences and Homol ogous Three-Dimensional Domains Occur within an Antibody

Within each of the polypeptide chains of an antibody molecule is a repeating pattern of amino acid sequences. For
the 1gG class, the repetitive pattern is observed between segments of approximately 110 amino acids within both L
and H chains. This homology isfar from exact, but clearly a number of amino acids match identically following
alignment of 110 amino acid segments. Other amino acids are matched in the sequence by having similar nonpolar
or polar side chains. Asthe H chains are about 440 amino acids in length, the repetition of the homologous sequence
occurs four times along an immunoglobulin H chain. Based on this sequence pattern, the chain is divided into one
VH region and three CH regions (designated CH1, CH2, and CH3) (see Figures 3.1 and 3.2). The L chain of about
220 amino acidsis divided into one VL region and one

CLINICAL CORRELATION 3.3
| mmunization

An immunizing vaccine can consist of killed bacterial cells, inactivated viruses,
killed parasites, a nonvirulent form of live bacterium related to a virulent
bacterium, a denatured bacterial toxin or recombinant protein. The introduction of
avaccine into a human can lead to protection against virulent forms of
microorganisms or toxic agents that contain the same antigen. Antigensin
nonvirulent material not only cause the differentiation of lymphoid cells so that
they produce antibody toward the foreign antigen but also cause differentiation of
some lymphoid cells into memory cells. Memory cells do not secrete antibody but
place antibodies to the antigen onto their outer surface, where they act as future
sensors for the antigen. These memory cells are like alongstanding radar for the
potentially virulent antigen. On reintroduction of the antigen at alater time, the
binding of the antigen to the cell surface antibody in the memory cells stimulates
the memory cell to divide into antibody-producing cells as well as new memory
cells. This reduces the time for antibody production that is required on
introduction of an antigen and increases the concentration of antigen-specific
antibody produced. It is the basis for the protection provided by immunization.

Recently introduced vaccines for adults include pneumococcal vaccine (to prevent
pneumonia due to Diplococcus pneumoniae), hepatitis B vaccine, and influenza
vaccine. The latter changes each year to account for antigenic variation in the
influenzavirus.

Flexner, C. New approaches to vaccination. Adv. Pharmacol. 21:51, 1990; and
Sparling, P. F.,, Elkins, C., Wyrick, P. B., and Cohen, M. S. Vaccines for bacterial
sexually transmitted infections: arealistic goal? Proc. Natl. Acad. Sci. U.SA.
91:2456, 1994,
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Page 93
CL region. Each of these sequence repeats contains an intrachain disulfide bond linking two cysteines (Figure 3.2).

Each of the 110 amino acid segments form separate structural domains of similar tertiary structure as shown by X-
ray diffraction studies. Each 110 segment of the H and L chains folds into a supersecondary structure with a unique
but similar arrangement of antiparallel B-strands, which generates a motif known as an immunoglobulin fold (Figure
3.4). Thismotif consists of 7 to 9 polypeptide strands that form two antiparallel B-sheets that are aligned face-to-
face. Globular domains result from the strong interaction between two immunoglobulin folds on two separate chains
(Figure 3.5). The associations are between domainsVLVH and CLCH1 inthe H and L chains. In the C-terminal

half of the H chains, the two chains associate to generate domains CH2CH2 and CH3CH3 (Figure 3.2). A "hinge"
polypeptide sequence interconnects the two CL CH1 domains with the CH2CH2 domain in the antibody structure.
Thus the antibody structure

b

Figure 3.4
Immunoglobulin fold.
() Schematic diagram of folding of a CL domain, showing
[-pleated sheet structure. Arrows show strands of [3-sheet and bar (blue) shows
position of cystine bond. Light arrows are for 3-strands in plane above and dark
arrows are -strands in plane below.
(b) Diagrammatic outline of arrangement of
B-strands in immunoglobulin fold motif. Examples are for 1gG variable and constant
regions. Thick arrows indicate 3-strands and thin lines loops that interconnect the
B-strands. Circles indicate cysteines that form intradomain disulfide bond. Squares show
positions of tryptophan residues that are an invariant component of the core of the
immunoglobulin fold. Boldface black letters indicate strands that form one plane of the
sheet, while other letters form the parallel plane behind the first plane.
(&) From Edmundson, A. B., Ely, K. R,, Abola, E. E., Shiffer, M., and Pavagiotopoul os,
N. Biochemistry 14:3953, 1975.
Copyright © 1975 by American Chemical Society.
Reprinted with permission.
(b) Based on afigure by Calabi, F. In: F. Calabi and M. S. Neuberger (Eds.),
Molecular Genetics of Immunoglobulin. Amsterdam: Elsevier, 1987, pp. 203239.
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Variable region Conslant region

Figure 3.5
o-Carbon = structure of Fab fragment of 1gG KOL showing VLVH and
CLCH1 domains interconnected by the hinge polypeptides.
From Huber, R., Deisenhofer, J., Coleman, P. M., Matsushima, M., and
Palm, W. In The Immune System, 27th
Mosbach Colloquium. Berlin: Springer-Verlag, 1976, p. 26.
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exhibits six domains, each domain due to the association of two immunoglobulin folds (Figures 3.2 and 3.6). The
NH2-terminal VLV H domains contain a shallow crevice in the center of a hydrophobic core that binds the antigen.
Hypervariable sequencesin theV domain crevices form loops that come close together and are the complementarity
binding site for the antigen (see Figures 3.6 and 3.7). The sequences of the hypervariable loops give a unique three-
dimensional conformation for each antibody that makes it specific to its antigenic determinant. Small changesin
conformation of the CDRs occur on antigen binding to VLV H domains, indicating that antigen binding induces an
optimum complementary fit to the variable CDR site. Antigen binding may also induce conformational changes
between VLVH domains and the other domains that activate effector sites, such asfor complement binding to the
CH2CH2 domain. The strength of association between antibody and antigen is due to noncovalent forces (see
Chapter 2). Complementarity of the structures of the antigenic determinant and antigen-binding site resultsin
extremely high equilibrium affinity constants, between 105 and 1010 M1 (strength of 714 kcal mol1) for this
noncovalent association.

There Are Two Antigen-Binding Stes Per Antibody Molecule

The NH2-terminal variable (V) domains of each pair of L and H chains (VLVH) comprise an antigen-binding site;
thus there are two antigen-binding sites per antibody molecule. The existence of an antigen-binding sitein each LH
pair is demonstrated by treating antibody molecules with the proteolytic enzyme papain, which hydrolyzes a peptide
bond in the hinge peptide of each H chain (see Figures 3.2 and 3.8). The antibody moleculeis cleaved into three
products. Two are identical and consist of the NH 2-terminal half of the H chain (VHCHL1) associated with the full L
chain (Figure 3.8). Each of these fragments binds antigen with a similar affinity to that of the intact antibody
molecule and is designated an Fab (antigen binding) fragment. The other product from the papain hydrolysisisthe
COOH-terminal half of the H chains (CH2CH3) joined together in a single covalent fragment by cystine bonds. This
isthe Fc (crystallizable) fragment, which exhibits no binding affinity for the antigen. The L chain can be dissociated
from its H chain segment within the Fab fragment by oxidation of disulfide bonds, which eliminates antigen binding.
Accordingly, each antigen-binding site must be formed from components of both the L chain (V L) and the H chain
(VH) domains acting together.

In summary, the major features of antibody structure and antibodyantigen interactions include the following: (1) The
polypeptide chains fold into multiple
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Figure 3.6
Model of an IgG antibody molecule.

Only the o-carbons of the structure appear. The two L
chains are represented by light gray spheres and the H chains
by lavender spheres. Carbohydrates attached to the two
CH2 domains are green and orange. The CDR regions
of the VHVL domains are dark red
in the H chains and pink in the L chains. The interchain
disulfide bond between the L and H chainsis a magenta
ball-and-stick representation (partially hidden). The
heptapeptide hinge between CH1 and CH2
domains, connecting the Fab and Fc units, are
dark red. The center of the C1g complement
sitein the CH2 domainsis yellow-green the protein
A docking sites at the junction of CH2
and CH3 are magenta, and the tuftsin binding
sitein CH2 isgray. Tuftsinis anatural tetrapeptide
that induces phagocytosis by macrophages and
may be transported bound to an immunoglobulin.
Protein A is a bacterial protein with a high affinity to
immunoglobulins.

Photograph generously
supplied by Dr. Allen B. Edmundson, from
Guddat, L. W., Shan, L., Fan Z-C,, et d.

FASEB J. 9:101, 1995.
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Figure 3.7
Hypervariable loops in immunoglobin.
(a) Schematic diagram showing

hypervariable loops (CDRS) in VLV H domain that form the

antigen-binding site.

(b) A cut through an antigen-binding site showing contributions of
different CDRs using CPK space-filling models of the atoms.
(a)From Branden, C. and
Tooze, J. Introduction to Protein Structure. New York Garland Publishing, 1991, p. 187.
(b) From Branden, C., and Tooze, J. Introduction to Protein Sructure. New York
Garland Publishing, 1991, p. 189, and attributed to Chothia, C. and Lesk, A. J. Mal.
Biol. 196:914, 1987.

domains, each domain having an immunoglobulin fold supersecondary structure motif. (2) Two immunoglobulin
folds on separate chains associate to form the six domains of the basic immunoglobulin structure. TheVL and VH
associate to form the two NH2-terminal domains that bind to antigen. (3) The antigen-binding site of the VLVH
domainsis generated by hypervariable loops (CDRs), which form a continuous surface with a complementary
topology to the antigenic determinant. (4) The strong interactions between antigen and antibody CDRs are
noncovalent and include van der Waals, hydrogen bonding, and hydrophobic interactions. lonic salt bridges
participate in antigenantibody associations to a much lesser extent. (5) Small conformational changes occur in the
VLVH domain upon association of antigen, indicating an "induced-fit" mechanism in association of antigen to
antibody. (6) The binding of antigen to the VLV H domains induces conformational changes between binding and
distant domains of the antibody. These allosteric movements ater the binding affinity of effector sites in the constant
domains such as that for binding of complement protein C1q to the CH2CH2 domain (see Clin. Corr. 3.1).
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Figure 3.8
Hydrolysis of 1gG into two Fab and one Fc fragments by papain, a proteolytic enzyme.
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The Genetics of the Immunoglobulin Molecule Have Been Determined

Genes that code for amino acid sequences of human 1gG L chains are located on different chromosomes than those
for IgG H. TheV and C regions of the L and H chains are specified by distinct genes. There are four unigue genes
that code for the C domains of the H chain in the 1gG antibody class. Each gene codes for a complete constant
region, thus coding for all the amino acids of the H chain except for the VH region sequence. These four genes are
known as gamma (y) genesthat is, v1, y2, y3, and y4that give rise to 1gG isotypes IgG1, 1gG2, 1gG3, and 1gG4.
Figure 3.9 presents the amino acid sequences of three y-gene proteins. There is a 95% homology in amino acid
sequence among the genes.

Itislikely that aprimordial gene coded for a single segment of approximately 110 amino acids, and gene duplication
events resulted in the three repeating units within the same gene. Mutations modified the individual sequences so
that an exact correspondence in sequence no longer exists. Each
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Amino acid sequence of the heavy chain constant regions
of the IgG heavy chain y1, y2, and y4 genes.
Domains of constant domain
CH1, hinge region H, constant domain CH2,
and constant domain CH3 are presented. Sequence for
v1isfully given and differencesin
v2 and y4 from y1 sequence are shown using
single-letter amino acid abbreviations. Dashed line ()
indicates absence of an amino acid in position correlated with
v1, in order to better align
sequences to show maximum homol ogy.

Sequence of y1 chain from Ellison, J. W., Berson,

B. J., and Hood, L. E. Nucleic Acid Res. 10:4071, 1982;
and sequences of the y2 and y4 genes from Ellison, J. and Hood,
L. Proc. Natl. Acad. ci. U.SA. 79:1984, 1982.
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immunoglobulin domain has asimilar domain length and immunoglobulin folding pattern stabilized by a cystine
linkage. Later in evolution gene duplications led to the multiple genes (y1, y2, y3, and y4) that code for the constant
regions of the IgG class H chains.

The Immunoglobulin Fold Is a Tertiary Structure Found in a Large Family of Proteins with Different Functional
Roles

The immunoglobulin fold motif is present in many nonimmunological proteins, which exhibit widely different
functions. Based on their structural homology they are grouped into a protein superfamily (Figure 3.10). For
example, the Class 1 mgjor histocompatibility complex proteins are in this superfamily, they have immunoglobulin
fold motif structures consisting of two stacked antiparallel 3-sheets enclosing an internal space filled mainly by
hydrophobic amino acids. Two cysteines in the structure form a disulfide bond linking the facing [3-sheets.
Transcription factors NF-«xB and p53 also contain an immunoglobulin fold motif. It can be speculated that gene
duplication during evolution led to distribution of the structural motif in the functionally diverse protein superfamily.

3.3
Proteins with a Common Catalytic Mechanism:
Serine Proteases

Serine proteases are afamily of enzymesthat utilize a single uniquely activated serine residue in their substrate-
binding site to catalytically hydrolyze peptide bonds. This serine can be characterized by the irreversible reaction of
its side chain hydroxyl group with diisopropylfluorophosphate (DFP) (Figure 3.11). Of
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Figure 3.10
Diagrammatic representation of immunoglobulin domain structures from
different proteins of immunoglobulin gene superfamily.

Proteins presented include heavy and light chains of immunoglobulins, T-cell
receptors, major histocompatibility complex (MHC) Class | and Class |1 proteins,
T-cell accessory proteinsinvolved in Class | (CDS) and Class 1| (CD4) MHC recogn-
ition and possible ion channel formation, a receptor responsible for transporting certain
classes of immunoglobulin across mucosal membranes (poly-1g),
2-micro-globulin, which associates with class |
molecules, a human plasma protein with unknown function
(0.1/B-glycoprotein), two
molecules of unknown function with a tissue distribution that includes
lymphocytes and neurons (Thy-1, OX-2), and two brain-specific molecules,
neuronal cell adhesion molecule (N-CAM) and neurocytoplasmic protein 3 (NCP3).
Reprinted with permission from Hunkapiller, T., and Hood, L. Nature 323:15, 1986.
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Reaction of diisopropylfluorophosphate (DFP) with the active-site serine in a serine protease.
all the serinesin the protein, DFP reacts only with the catalytically active serine to form a phosphate ester.
Proteolytic Enzymes Are Classified Based on Their Catalytic Mechanism

Proteolytic enzymes are classified according to their catalytic mechanism. Besides serine proteases, other classes
utilize cysteine (cysteine proteases), aspartate (aspartate proteases), or metal ions (metallo proteases) to perform
their catalytic function. Proteases that hydrolyze peptide bonds within a polypeptide chain are classified as
endopeptidases and those that cleave the peptide bond of either the COOH- or NH2-terminal amino acid are
classified as exopeptidases.

Serine proteases often activate other serine proteases from their inactive precursor form, termed a zymogen, by the
catalytic cleavage of a specific peptide bond in their structure. Serine proteases participate in carefully controlled
physiological processes such as blood coagulation (see Clin. Corr. 3.4),

CLINICAL CORRELATION 3.4

Fibrin Formation in aMyocardial Infarct and the Action of Recombinant Tissue
Plasminogen Activator (rt-PA)

Coagulation is an enzyme cascade process in which inactive serine protease
enzymes (zymogens) are catalytically activated by other serine proteasesin a
stepwise manner (the coagulation pathway is described in Chapter 22). These
multiple activation events generate catalytic products with adramatic
amplification of theinitial signal of the pathway. The end product of the
coagulation pathway is a cross-linked fibrin clot. The zymogen of the serine
protease components of coagulation include factor |1 (prothrombin) factor VI
(proconvertin), factor I X (Christmas factor), factor X (Stuart factor), factor Xl
(plasma thrombopl astin antecedent) and factor X1 (Hageman factor). The roman
numeral designation was assigned in the order of their discovery and not from
their order of action within the pathway. Upon activation of their zymogen forms,
the activated enzymes are noted with the suffix "a." Thus prothrombin is denoted
asfactor 11, and the activated enzyme, thrombin, isfactor Ila.

The main function of coagulation isto maintain the integrity of the closed
circulatory system after blood vessel injury. The process, however, can be
dangerously activated in amyocardial infarction and decrease blood flow to heart
muscle. About 1.5 million individuas suffer heart attacks each year, resulting in
600,000 deaths. A fibrinolysis pathway also exists in blood to degrade fibrin clots.
This pathway also utilizes zymogen factors that are activated to serine proteases.
The end reaction is the activation of plasmin, a serine protease. Plasmin acts
directly on fibrin to catalyze the degradation of the fibrin clot. Tissue
plasminogen activator (t-PA) is one of the plasminogen activators that activates
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plasminogen to form plasmin. Recombinant t-PA (rt-PA) is produced by gene
cloning technology (see Chapter 18). Clinical studies show that the administration
of rt-PA shortly after amyocardial infarct significantly enhances recovery. Other
plasminogen activators such as urokinase and streptokinase are also effective.

The GUSTO investigators (authors). An international randomized trial comparing
tour thrombolytic strategies for acute myocardial infarction. N. Engl. Med.
329:673, 1993; International Study Group (authors). In hospital mortality and
clinical course of 20,891 patients with suspected acute myocardial infarction
randomized between alteplase and streptokinase with or without heparin. Lancet
336:71, 1990; and Gillis, J. C., Wagstaff, A. J., and Goa, K. L. Alteplase. A
reappraisal of its pharmacological properties and therapeutic use in acute
myocardial infarction. Drugs 50:102, 1995.
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TABLE 3.2 Some Serine Proteases and Their Biochemical and

Physiological Roles

Protease Action Possible Disease Due to
Deficiency or Malfunction

Plasma _ , _ ,
kallikrein Coagulation (see Clin.  Cerebral infarction (stroke),

Factor Xlla  Corr. 3.4) coronary infarction, thrombosis,
Factor Xla bleeding disorders

Factor I Xa
Factor Vlla
Factor Xa
Factor lla
(thrombin)
Activated
protein C

Factor clr _ _ _
Factor Cis Complement (see Clin.  Inflammation, rheumatoid

Factor D Corr. 3.1) arthritis, autoimmune disease

Factor B

C3 convertase

Trypsin L .

Chymotryps n D|gest|on Pancreatitis

Elastase

(pancreatic)

Enteropeptidase

Urokinase Fibrinolysis, cell Clotting disorders, tumor

plasminogen  migreration, metastasis (see Clin. Corr. 3.5)

activator embryogenesis,

Tissue menstruation

plasminogen

activator

Plasmin

Tissue o

kallikreins Hormone activation

Acrosin o o
Fertilization Infertility

o -Subunit of  Growth factor activation

nerve growth

factor

v -Subunit of

nerve growth

factor

Granulocyte _ _ _
dlastase Extracellular protein and Inflammation, allergic response

Cathepsin G Peptide degradation, mast
Mast cell cell function

chymases
Mast cell
tryptases

fibrinolysis, complement activation (see Clin. Corr. 3.1), fertilization, and hormone production (Table 3.2). The
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protein activations catalyzed by serine proteases are examples of "limited proteolysis* because only one or two
specific peptide bonds of the hundredsin a protein substrate are hydrolyzed. Under denaturing conditions, however,
these same enzymes hydrolyze multiple peptide bonds and lead to digestion of peptides, proteins, and even self-
digestion (autolysis). Several diseases, such as emphysema, arthritis, thrombosis, cancer metastasis (see Clin. Corr.
3.5), and some forms of hemophilia, are thought to result from the lack of regulation of serine protease activities.

Serine Proteases Exhibit Remarkable Specificity for Site of Peptide Bond Hydrolysis

Many serine proteases exhibit preference for hydrolysis of peptide bonds adjacent to a particular class of amino acid.
The serine protease trypsin cleaves following basic amino acids such as arginine and lysine, and chymotrypsin
cleaves peptide bonds following large hydrophobic amino acid residues such

CLINICAL CORRELATION 3.5
Involvement of Serine Proteasesin Tumor Cell Metastasis

The serine protease urokinase is believed to be required for the metastasis of
cancer cells. Metastasis is the process by which a cancer cell leaves a primary
tumor and migrates through the blood or lymph system to a new tissue or organ,
where a secondary tumor grows. Increased synthesis of urokinase has been
correlated with an increased ability to metastasize in many cancers. Urokinase
activates plasminogen to form plasmin. Plasminogen is ubiquitously located in
extracellular space and its activation to plasmin can cause the catalytic
degradation of the proteins in the extracellular matrix through which the
metastasizing tumor cells migrate. Plasmin can also activate procollagenase to
collagenase, promoting the degradation of collagen in the basement membrane
surrounding the capillaries and lymph system. This promotion of proteolytic
degradative activity by the urokinase secreted by tumor cells allows the tumor
cellsto invade the target tissue and form secondary tumor sites.

Dano, K., Andreasen, P. A., Grondahl-Hansen, J., Kristensen, P, Nielsen, L. S,,
and Skriver, L. Plasminogen activators, tissue degradation and cancer. Adv.
Cancer Res. 44:139, 1985; Yu, H., and Schultz, R. M. Relationship between
secreted urokinase plasminogen activator activity and metastatic potential in
murine B16 cells transfected with human urokinase sense and antisense genes.
Cancer Res. 50:7623, 1990; and Fazioli, F., and Blasi, F. Urokinase-type
plasminogen activator and its receptor: new targets for anti-metastatic therapy?
Trends Pharmacol. Sci. 15:25, 1994.
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as tryptophan, phenylalanine, tyrosine, and leucine. Elastase cleaves peptide bonds following small hydrophobic
residues such as alanine. A serine protease may be called trypsin-like if it prefersto cleave peptide bonds of lysine
and arginine, chymotrypsin-likeif it prefers aromatic amino acids, and elastase-like if it prefers amino acids with
small side chain groups like alanine. The specificity for a certain type of amino acid only indicatesitsrelative
preference. Trypsin can also cleave peptide bonds following hydrophobic amino acids, but at a much slower rate
than for the basic amino acids. Thus specificity for hydrolysis of the peptide bond of a particular type of amino acid
may not be absolute, but may be more accurately described as arange of most likely targets. Each of the identical
amino acid hydrolysis sites within a protein substrate is not equally susceptible. Trypsin hydrolyzes each of the
multiple arginine peptide bonds in a particular protein at a different catalytic rate, and some may require a
conformational change to make them accessible.

Detailed studies of the specificity of serine proteases for a particular peptide bond have been performed with
synthetic substrates with fewer than 10 amino acids (Table 3.3). Because these substrates are significantly smaller
than the

TABLE 3.3 Reactivity of a-Chymotrypsin and Elastase Toward
Substrates of Various Structures

Structure Variation in Sde Chain Group )
(Chymotrypsin) Relative
Reactivitya
Glycyl H
ycy 1
H.C
> ScH—cH,—
Leucyl LHS
1.6x104
Methionyl CH3SCH2CH2
2.4 %104
Phenylalaninyl
Y y 4.3 x 106
Q_
Hexahydrophenylaaninyl
yaropheny Y 8.2 x 106
Tyrosyl
yrosy 3.7x 107
CH,—
i :N:
Tryptophanyl H
ypiopnany 4.3 x 107
Variation in chain length (elastase hydrolysis of Ala N-
terminal amide)b
Ac-AlaNH2
Ac-Pro-Ala-NH2
1
Ac-Ala-Pro-Ala-NH2
1.4x101
Ac-Pro-Ala-Pro-Ala-NH2
4.2 x 103
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Ac-Ala-Pro-Ala-Pro-Ala-
4.4 x 105
NH2

2.7 x 105
a Calculated from values of kcat/Km found for N-acetyl amino acid methyl
estersin chymotrypsin substrates.

b Calculated from values of kcat/Km in Thompson, R. C., and Blout, E. R.
Biochemistry 12:57, 1973.

< previous page page 100 next page >

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_100.htmI[11/10/2010 10:36:20 AM]



page_101
< previous page page 101 next page >

Page 101

Figure 3.12
Schematic diagram of binding of a polypeptide
substrate to binding site in a proteolytic enzyme.

P5, P4, ..., b are amino acid residues in the substrate

that are binding to subsites 5, $4, . . ., % inthe enzyme
with peptide hydrolysis occurring between Fi=Fi (arrow).
NH2-terminal direction of substrate polypeptide
chainisindicated by N, and COOH-terminal direction by C.
Redrawn from Polgar, L. In: A. Neuberger and K. Brocklehurst
(Eds.), Hydrolytic Enzymes. Amsterdam: Elsevier, 1987, p. 174.

natural ones, they interact only with the catalytic site (primary binding site S1, see below) and are said to be active-
site directed. Studies with small substrates and inhibitors indicate that the site of hydrolysisis flanked by
approximately four amino acid residues in both directions that bind to the enzyme and impact on the reactivity of the
bond hydrolyzed. The two amino acids in the substrate that contribute the hydrolyzable bond are designated Pr—P1
Thusin trypsin-like substrates P1 will be lysine or arginine and in chymotrypsin-like substrates PL will be a
hydrophobic amino acid. The other interacting residues in the substrate are |abeled P4P2 on the NH2-terminal side

of F.—Fi and the COOH-terminal residues to the scissile bond are substrate residues ¥==—¥: . Thus the residuesin the

substrate that interact with the extended active site in the serine protease will be Fi—Pr—Fr—P—Pi—Pi—Pi—Pi Tpe
complementary regionsin the enzyme that bind the amino acid residues in the substrate are designated subsites

8484 (Figure 3.12). It is the secondary interactions, outside S—51, with the substrate that ultimately determines a
protease's specificity toward a particular protein substrate. Thus the serine protease in coagulation, factor Xa, only
cleaves a particular arginine peptide bond in prothrombin, activating prothrombin to thrombin. It is the secondary
interaction that allows factor Xato recognize the particular arginine in the structure of prothrombin to be cleaved.

The interaction of the substrate residues Fi*Fi with the enzyme-binding subsites %5 are due to noncovalent
interactions. The substrate interacts with the enzyme-binding site to extend a 3-sheet structure between the
polypeptide chain in the enzyme and the polypeptide chain of the substrate, which places the scissile peptide bond
of the substrate into 5—5i (Figure 3.13).

Serine Proteases Are Synthesized in a Zymogen Form

Serine proteases are synthesized in an inactive zymogen form, which requires limited proteolysis to produce the
active enzyme. Those for coagulation are synthesized in liver cells and are secreted into the blood for subsequent
activation by other serine proteases following vascular injury. Zymogen forms are usually designated by the suffix
-ogen after the enzyme name; the zymogen form of trypsin is termed trypsin ogen and for chymotrypsin is termed
chymotrypsin ogen. In some cases the zymogen form is referred to as a proenzyme; the zymogen form of thrombin
is prothrombin.

Several plasma serine proteases secrete zymogen forms that contain multiple nonsimilar domains. Protein C,
involved in afibrinolysis pathway in blood, has four distinct domains (Figure 3.14). The NH2-terminal domain con-
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Figure 3.13

Schematic drawing of binding of pancreatic trypsin inhibitor to trypsinogen
based on X-ray diffraction data.
Binding-site region of trypsinogen
in the complex assumes a conformation like that of active trypsin with
inhibitor, which is believed to bind in a similar manner to a substrate in the
active enzyme-binding site. One cannot obtain X-ray structures of a natural
enzymesubstrate complex because substrate is used up at arate faster
than the time of the X-ray diffraction experiment (see p. 76). Note that
inhibitor has an extended conformation so that amino
acids P ProFs. Bss B - - By interact with
binding subsites S5, . . . , S3. Potentially hydrolyzable
bond in inhibitor is between Fi-Fi
Reprinted with permission from
Bolognesi, M., Gatti, B., Menegatti, E., Guarneri, M.,
Papa-mokos, E., and Huber, R. J. Mol. Biol. 162:839, 1983.
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Figure 3.14
Schematic of domain structure for protein C showing
multi- domain structure.

"GLA" refers to the y-carboxyglutamic residues
(indicated by tree structures) in the NH2-terminal domain, disulfide
bridges are indicated by thick bars, EGF indicates
positions of epidermal growth factor-like domains, and CHO
indicates positions where sugar residues are joined to the

polypeptide chain. Proteolytic cleavage sites leading to
catalytic activation are shown by arrows. Amino acid sequence
is numbered from NH2-terminal end, and catalytic
sites of serine, histidine, and aspartate are shown by
circled one-letter abbreviations S, H, and D, respectively.
Redrawn from afigurein Long, G. L. J. Cell. Biochem. 33:185, 1987.
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tains the derived amino acid, y-carboxyglutamic acid (Figure 3.15), which is enzymatically formed by carboxylation
of glutamic acid residues in a vitamin K-dependent reaction. The y-carboxyglutamic acids chelate calcium ions and
form part of abinding site to membranes. The COOH-termina segment contains the catalytic domains. Activation of
these zymogens requires specific proteolysis outside the catalytic domains (Figure 3.14) and is controlled by the
binding through the nine y-carboxyglutamic acid residues at the NH2-terminal end to a membrane.

Tooc DodT
R
CH

|
T

CH
S s
Qo0 NHg

Figure 3.15
Structure
of
the derived
amino acid
y-carboxy-
glutamic
acid (abbrev-
iation Gla), found
in NH2- terminal
domain of many
clotting proteins.

There Are Specific Protein Inhibitors of Serine Proteases

Evolutionary selection of this enzyme family for participation in physiological processes requires a parallel

evolution of control factors. Specific proteins inhibit the activities of serine proteases after their physiological role
has ended (Table 3.4). Thus coagulation is limited to the site of vascular injury and complementation activation leads
to lysisonly of cells exhibiting foreign antigens. Inability to control these protease systems, which may be caused by
adeficiency of aspecific inhibitor, can lead to undesirable consequences, such as thrombi formation in myocardial
infarction and stroke or uncontrolled reactions of complement in autoimmune disease. Natural inhibitors of serine
proteases, termed serpins for serine protease inhibitors, have evolved. Thisfamily of inhibitors occursin animals
that have the proteases, but surprisingly these inhibitors are also found in plants that lack proteases.

Serine Proteases Have Smilar SructureFunction Relationships

The complex relationships between structure and physiological function in the serine proteases require analysis of a
number of observations. (1) Only one serine residue is catalytically active and participates in peptide bond
hydrolysis. Bovine trypsin contains 34 serine residues with only one catalytically active or able to react with the
inhibitor DFP (see Figure 3.11). (2) X-ray diffraction and amino acid sequence homology studies demonstrate that
there are two residues, a histidine and an aspartate, that are always associated with the activated serine

TABLE 3.4 Some Human Proteins that Inhibit Serine Proteases

Inhibitor Action
o1-Proteinase e . : .
inhibitor Inhibits tissue proteases including neutrophil elastase;

deficiency leads to pulmonary emphysema

al-

Antichymotrypsin!nhibits proteases of chymotrypsin-like specficity from
neutrophils, basophils, and mast cellsincluding
cathepsin G and chymase
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Inter-o-trypsin . , o
inhibitor Inhibits broad range of serine protease activitiesin
plasma
a2-Antiplasmin . ,
Inhibits plasmin
Antithrombin I11 " , ,
Inhibits thrombin and other coagulation proteases

C1 Inhibitor o ]
Inhibits complement reaction

o2-
Macroglobulin ~ General protease inhibitor

Protease nexin | . _ ) )
Inhibits thrombin, urokinase, and plasmin

Protease nexin 11 » . :
Inhibits growth factor-associated serine proteases,

identical to NH2-terminal domain of amyloid protein
secreted in Alzheimer's disease

Plasminogen - _ _

activator inhibitor Inhibits plasminogen activators

I

Plasminogen " , , ,

activator inhibitor I nhibits urokinase plasminogen activator

[
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in the catalytic site. Based on their positions in chymotrypsinogen, these three invariant active site residues of serine
proteases are named Ser 195, His 57, and Asp 102. This numbering, based on their sequence number in
chymotrypsinogen, is used to identify these residues irrespective of their exact position in the primary structure of
any serine protease. (3) Eukaryotic serine proteases exhibit a high sequence and structural similarity with each other.
(4) Genes that code for serine proteases are organized similarly (Figure 3.16). In eukaryotic genes, exons are
segments of the genomic DNA that are combined into the final messenger RNA that carries the information for the
protein. The exons are separated by introns, which are spliced out of RNA and not present in the final messenger
RNA (see p. 703). The exonintron patterns of serine proteases show that each of the catalytically essential amino
acid residues (Ser 195, His 57, and Asp 102) are on different exons. The catalytically essential histidine and serine
are all amost adjacent to their exon boundary. The similarity in exonintron organization exists for the serine protease
family of enzymes among eukaryotic species. The cross-species homology in serine protease gene structure further
supports the concept that the serine proteases evolved from a common primordia gene. (5) The catalytic unit of
serine proteases exhibits two structural domains, of approximately equal size. The catalytic siteiswithin the
interface (crevice) between the two domains. (6) Serine proteases that function through direct interaction with
membranes typically have an additional domain to provide this specific function. (7) Natural protein substrates and
inhibitors of serine proteases bind through an extended specificity site. (8) Specificity for natural protein inhibitorsis
marked by extremely tight binding. The binding constant for trypsin to pancreatic trypsin inhibitor is on the order of
1013 M1, reflecting a binding free energy of approximately 18 kcal mol1. (9) Natural protein inhibitors are usually
poor substrates with strong inhibition by the inhibitor requiring hydrolysis of a peptide bond in the inhibitor by the

¥ H ] 5
Trypsinocpen .j + TS Pl i m____:
H D =3
Chymotrypsinogen I __—{ — i enes——— e

\ W o 5
Proclastase WL — | — oo — e [
¥ o 5
Kallikrein  I_——[____ ——
¥ H o =
uNGF ) — .

WNGF i e

1:H|_i_____?:
t-Pa

¥ K i] 5
Urokinase L e s
¥ H o 5
Factor X W B R
Figure 3.16

Organization of exons and introns in genes that code for serine proteases.
t-PA istissue plasminogen activator and NGF is nerve growth factor. Exons are shown by
boxes and introns by connecting lines. Position of the nucleotide codons for active-site serine,
histidine, and aspartate are denoted by S, H, and D, respectively. Red boxes, on left, show
regions that code for NH2-terminal part of polypeptide chain (signal peptide)
cleaved before protein is secreted. Light-colored boxes, on right, represent part of gene
sequence transcribed into messenger RNA (mRNA), but not translated into protein. Arrows
show codons for residues at which proteolytic activation of zymogen forms occurs.
Based on afigurein lrwin, D. M., Roberts, K. A., and MacGillivray, R. T. J. Mol. Biol.
20:31, 1988.
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protease. (10) Serine proteasesin eukaryotes are synthesized in zymogen forms to permit their production and transport in an inactive state to
their sites of action. (11) Zymogen activation frequently involves hydrolysis by another serine protease. (12) Severa serine proteases undergo
autolysis or self-hydrolysis. Sometimes the self-reaction leads to specific peptide bond cleavage and activation of the catalytic activity. At
other times autolysis leads to inactivation of the protease.

Amino Acid Sequence Homology occursin the Serine Protease Family

Much of our early knowledge of the serine protease family came from trypsin and chymotrypsin purified from bovine materials obtained from
adaughter-house. This has yielded a useful but nonintuitive nomenclature, which uses a sequence alignment against the amino acid sequence
of chymotrypsin, to name and number residues of other serine proteases. As mentioned previously, the catalytically essentia residues are Ser
195, His 57, and Asp 102. Insertions and deletions of the amino acids in another serine protease are compared to the numbering of residuesin
chymotrypsin. Alignment is made by algorithms that maximize sequence homology, with exact alignment of the essential serine, histidine,
and aspartate residues. These three residues are invariant in all serine proteases and the sequences surrounding them are invariant among the
serine proteases of the chymotrypsin family (Table 3.5).

Members of the chymotrypsin family also occur in prokaryotes. Thus bacterial serine proteases from Streptomyces griseus and Myxobacteria
450 have a structural and functional homology with chymotrypsin. A separate class of serine protease enzymes has been isolated, however,
from bacteriathat has no structural homology to the mammalian chymotrypsin family. The serine protease subtilisin, isolated from Bacillus
subtilis, hydrolyzes peptide bonds and contains an activated serine with a histidine and aspartate in its active site but the active

TABLE 3.5 Invariant Sequences Found Around the Catalytically Essentia Serine (S) and Histidine (H)
Enzyme Sequence (ldentical Residues to Chymotrypsin Arein Bold)
Residues Around Catalytically Essential Histidine

Chymotrypsin A L
Trypsin

Pancresatic elastase
Thrombin

Factor X

Plasmin
Plasmakallikrein
Sreptomyces trypsin
Subtilisin
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site arises from structural regions of the protein that bear no sequence or structural homology with the chymotrypsin
serine proteases. This serine protease is an example of convergent evolution of an enzyme catalytic mechanism.
Apparently a gene completely different from those that code for chymotrypsin-like serine proteases evolved the
same catalytic mechanism utilizing an active-site serine. The primary and tertiary structure, however, is different
from that of the trypsin- and chymotrypsin-like structure.

Tertiary Structures of Serine Proteases Are Smilar

Ser 195 in chymotrypsin reacts with diisopropylfluorophosphate (DFP), with a1:1 enzyme : DFP stoichiometry, that
inhibits the enzyme. The three-dimensional structure of chymotrypsin reveals that the Ser 195 is situated within an
internal pocket, with access to the solvent interface. His 57 and Asp 102 are oriented so that they participate with the
Ser 195 in the catalytic mechanism of the enzyme (see Chapter 4).

Structure determinations by X-ray crystallography have been carried out on many members of this class of proteins
(Table 3.6). Structural data are available for catalytically active enzyme forms, zymogens, the same enzyme in
multiple species, enzymeinhibitor complexes, and a particular enzyme at different temperatures and in different
solvents. The most complete analysis has been that of trypsin. Its X-ray diffraction analysis has yielded a three-
dimensional structure at better than 1.7-A resolution, which can resolve atoms at a separation of 1.3 A such asthe
C=0 separation of the carbonyl group (1.2 A). This resolution, however, is not uniform over the entire trypsin
structure. Different regions of the molecule have a variable tendency to be localized in space during the time course
of the X-ray diffraction experiment, and for some atoms in the structure their exact position cannot be as precisely
defined as for others. The structural disorder is especially apparent in surface residues not in contact with
neighboring molecules. Rapid methods for X-ray data acquisition (see Chapter 2) further support this observation of
dynamic fluctuation. Trypsin isglobular in its overall shape and consists of two domains of approximately equal size
(Figure 3.17), which do not penetrate one another. The secondary structure of trypsin has little a-helix, except in the
COOH-terminal region of the molecule. The structure is predominantly -structure, with each of the

TABLE 3.6 Serine Protease Structures Determined by X-
Ray Crystallography

Enzyme _ Inhibitors  Resolution
Soecies Present (A)
Source
Chymotrypsina  Bovine Yesb
ymomyp 1.67c
ChymotrypsinogenBovine No o
Elastase Porcine Yes .
25
Kallikrein Porcine Yes
2.05
Proteinase A S griseus No 15
Proteinase B S griseus Yes 18
Proteinasell  Rat No '
19
Trypsina Bovine Yesh
1.4c
Trypsinogena Bovine Yesb
YPSInog 1.65¢c

a Structure of this enzyme molecul e independently
determined by two or more investigators.

b Structure obtained with no inhibitor present (native
structure) and with inhibitors. Inhibitors used include low
molecular weight inhibitors (i.e., benzamidine, DFP, and

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_106.htmI[11/10/2010 10:36:23 AM]



page_106
tosyl) and protein inhibitors (i.e., bovine pancreatic trypsin
inhibitor).
¢ Highest resolution for this molecule of the multiple
determinations.
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ikl

Figure 3.17
Two views of the structure of trypsin showing tertiary structure of two domains.
Active-site serine, histidine, and aspartate are indicated in yellow.

domainsin a"deformed" B-barrel. Loop regions protrude from the barrel ends, being aimost symmetrically
presented by each of the two folded domains. These loop structures combine to form a surface region of the enzyme
that extends outward, above the catalytic site. These loops have a structural and functional similarity to the CDRs of
immunoglobulins.

Alignment of three-dimensional structures can be performed on serine proteases using a mathematical function that
compares structural equivalence and allows for insertion and deletion of amino acids in a particular sequence. The
data of Table 3.7 contrast the extent of structural superimposability with the homology of sequences brought into
coincidence by the structural superposition. This table shows the total number of amino acids and the number that
are statistically identical in each structure, by X-ray diffraction, in their topological position, even if they are
chemically different amino acids. Topologically equivalent amino acids have the same relationship in three-
dimensional space to the point where they cannot be distinguished from one another by X-ray diffraction. The last
column presents the number of amino acids that are chemically identical. In these structural alignments the regions
of greatest difference appear to be localized to the CDR-like loop regions, which extend from the 3-barrel domains
to form the surface region out from the catalytic site. The effect of

TABLE 3.7 Structural Superposition of Selected Serine Proteases and the Resultant Amino Acid
Seguence Comparison

Comparison Number of Amino Acids Number of Structurally Number of Chemically
in Sequence Equivalent Residues Identical Residues

Protease 1 Protease 2

Trypsin-elastase 223 240 188 81

Trypsin- 223 241 185 93

chymotrypsin

Trypsin-mast cell 223 224 188 69

protease

Trypsin- 223 232 194 84

prekallikrein

Trypsin-S griseus 223 180 121 25

protease
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Figure 3.18
Space-filling model of DNA in
B conformation showing major and
minor grooves.
Reprinted with permission from
Rich, A. J. Biomol. Sruct. Dyn.
1:1, 1983.

atering the amino acids in these loops is to alter the macromolecular binding specificity of the protease. It isthe
structure of the loop in factor Xa, for example, that allows it to specifically bind to prothrombin. Serpins interact
with different proteases based on their affinity for the loop structures. Bacterial proteases related to the eukaryotic
serine protease family contain the same two domains as do the eukaryotic family but lack most of the loop
structures. This agrees with the lack of arequirement of bacterial proteases for complex interactions that the
eukaryotic protease must carry out and the observation that bacterial proteases are not produced in a zymogen form.

Thus the serine protease family constitutes a structurally related series of proteins that use a catalytically active
serine. During evolution, the basic two-domain structure and the catalytically essential residues have been
maintained, but the region of the secondary interactions (loop regions) have changed to give the different proteins of
the family their different specificities toward substrates, activators, and inhibitors, characteristic of their important
physiological functions.

34
DNA-Binding Proteins

Regulatory sites exist in DNA that bind proteins that control gene expression. These sites contain a nucleotide
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sequence that binds regulatory proteins known as transcription factors. The specific DNA sequence, or transcription
factor binding element, is usually less than 10 nucleotides long. Noncoval ent interactions between the protein and
DNA allow the protein to recognize the nucleotide sequence and bind to a specific regulatory site. Thisis ahighly
selective feat as the human genome has up to 100,000 genes, each with its own regulatory sequences. While there
are huge gapsin our knowledge of how proteins regulate gene expression, some common structural motifs of DNA-
binding proteins are apparent.

Three Major Structural Motifs of DNA-Binding Proteins

Along the helical spiral of a DNA molecule in its most common form (B form) are two grooves, the major and
minor grooves (Figure 3.18) (see Chapter 14) to which the proteins must associate. A structural motif found in many
DNA-binding proteinsis the helixturnhelix (HTH). An HTH places one of its a-helices, designated the recognition
helix, across the major groove where side chain residues of the helix form specific noncovalent interactions with the
base sequence of the target DNA. The interaction appears to induce distortions in conformation of the B-DNA
binding site that better accommodate the interactions with protein. Nonspecific interactions are made between the
protein and sugarphosphate backbone of DNA. HTH proteins bind as dimers; thus there are two helixturnhelix
motifs per active regulatory protein. X-ray structures show the two helixturnhelix motifs protruding from the
structure of each monomer domain binding at two adjacent turns of the major groove in the DNA, making a strong
proteinDNA interaction (Figures 3.193.21).

The zinc-finger motif is another structure found in some DNA-binding proteins. Zinc-finger proteins contain
repeating motifs of aZn2+ atom bonded to two cysteine and two histidine side chains (Figure 3.22). In some cases
the histidines may be substituted by cysteines. The primary structure for the motif contains two close cysteines
separated by about 12 amino acids from a second pair of Zn2+ liganding amino acids (histidine or cysteine). The
three-dimensional structure of one zinc finger has been deduced by 1H-NMR (Figure 3.23). The motif contains an a-
helix segment that can bind within the major groove at its target sitein DNA and makes specific interactions with
the nucl eotide base sequence.
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Figure 3.19
Binding of a helixturn
helix motif into the major
groove of B-DNA.
The recognition
helix lies across the
major groove.
Redrawn from Schleif,
R. Science 241: 241, 1988.
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Figure 3.20
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Association of a
DNA-binding protein (dimer) with two
helixturnhelix motifs
into adjacent major grooves of B-DNA.
Redrawn from Brennan, R. G., and
Matthews, B. W. Trends Biochem.
Sci. 14:287, 1989 (Fig. 1b).
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Figure 3.21
X-ray crystalographic structure of
helixturnhelix motif lac repressor protein in
association with target DNA.

(a) Repressor is atetramer protein with individual
monomers colored green and violet (left), red
and yellow (right). The DNA targets are
colored blue (top). Recognition helices from dimer of
tetramer are shown to interact in adjacent major
grooves of target DNAs. Each dimer in tetramer
interacts with a discrete (separated) target consensus
sequence present in DNA.

(b) A different view of the same tetramer.
Reprinted with permission from
Lewis, M., Chang, G., Horton, N. C., Kercher, M.
A., Pace, H. C., Schumacher, M. A., Brennan,

R. G., and Lu, P. Science 271:1247, 1996.
Copyright 1996 American Association for the
Advancement of Science.
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Figure 3.22
Primary sequence of a zinc-finger motif
found in DNA-binding protein Xfin
from Xenopus.
Invariant and
highly conserved amino acids
in structure are circled in
dark red.
Redrawn from Lee,
M. S., Gippert, G. P,
Soman, K. V., Case, D. A.,
and Wright, P. E.
Science245:635, 1989.
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Figure 3.23
Three-dimensional structure obtained by
1H-NMR of zinc-finger motif from Xenopus
protein Xfin (sequence shown in Figure 3.22).
Superposition
of 37 possible structures derived from
calculations based on the IH-NMR. NH2
terminal is at upper left and COOH
terminal is at bottom right. Zinc is
sphere at the bottom with Cys residues
to the left and His residues to the right.
Photograph provided by Michael
Pique, and Peter E. Wright, Department
of Molecular Biology, Research
Institute of Scripps Clinic, La Jolla,
Cdlifornia.
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Figure 3.24
Leucine zipper motif of
DNA-binding proteins.

(a) Helical wheel analysis of the leucine-zipper
motif in DNA enhancer-binding protein.
The amino acid sequence in the wheel
analysisis displayed end-to-end down
the axis of a schematic o-helix structure.
The leucines (Leu) are observed in
alignment along one edge of the helix
(residues 1, 8, 15, and 22 in the
sequence).

(b) The X-ray structure, in
side view, in which the helices are
presented in ribbon form and side
chainsin stick form. Contacting
leucine residues in yellow and green.
(a) Redrawn from Landschulz, W. H.,
Johnson, P. F,, and McKnight, S. L.
Science 240:1759, 1988.

(b) Figure reproduced with permission from
D. Voet and J. Voet,
Biochemistry, 2nd ed. New
York: Wiley, 1995 and based on an
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X-ray structure by Peter Kim, MIT, and
Tom Alber, University of Utah School
of Medicine.

A third structural motif found in some of the DNA-binding proteinsis the leucine zipper. Leucine zippers are
formed from aregion of a-helix that contain at least four leucines, each leucine separated by six amino acids from
one another (i.e., Leu-X6-Leu-X6-Leu-X6-Leu, where X isany common amino acid). With 3.6 residues per turn of
the a-helix, the leucines align on one edge of the helix, with aleucine at every second turn of the helix (Figure 3.24).
The leucine-rich helix forms a hydrophobic interaction with a second leucine helix on another polypeptide chain
subunit, to "zipper" the two subunits together to form adimer (Figure 3.25). The leucine-zipper motif does not
directly interact with the DNA, as do the zinc-finger or helixturnhelix motifs. Mutations in the zipper motif show
that if the dimer is not formed by association of the monomers through the zipper, the protein will not bind to DNA
strongly. However, just adjacent to the o-helix of the zipper motif in the primary structures

HeN
Cam— o
g,

MHy

CO0OH —

Figure 3.25
Schematic diagram of two
proteins with leucine zippersin
antiparallel association.
DNA-binding domains containing a high
content of basic amino acids (arginines and
lysines) are shown in pink.
Redrawn from Landschulz, W. H., Johnson, P.

F., and McKnight, S. L.
Science 240:1759, 1988.
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Figure 3.26
Structure of the bZIP GCN4DNA complex.
(a) bZIP protein is adimer (polypeptide
chains colored blue) with each monomer joined by a
leucine-zipper motif. NH2 termini diverge to
allow the basic region of the sequence to interact in
the major groove of DNA target site (DNA colored red).
(b) Same interaction viewed down the DNA axis.
From Ellenberger, T. E., Brandl, C. J., Struhl, K., and
Harrison, S. C. Cell 71:1223, 1992.

there is a sequence containing a high concentration of basic amino acids, arginine and lysine. This evolutionary
conserved basic region interacts with the DNA. The positive charges of the arginine and lysine side chains are
drawn to the negatively charged DNA phosphate groups.

The yeast transcription factor GCN4 is one eukaryotic DNA-binding protein that contains the leucine-zipper (bZIP)
motif. It isadimer of two continuous a-helical subunits joined by aleucine-zipper interface. The a-helices cross at
thisinterface and then diverge with their two N-terminal ends separated to pass directly through different sides of the
same major groove of the DNA target site (Figure 3.26). Amazingly, there are no bends or kinksin the linear helical
structure of each subunit of the dimer. As discussed above, the DNA contact regions contain many positively

charged amino acid residues that interact with negatively charged phosphate groupsin the DNA.

Many regulatory proteins with the leucine-zipper motif have been shown to be oncogene products (Myc, Jun, and
Fos). Fos forms a heterodimer with Jun through a leucine-zipper interaction, and the Fos/Jun dimers bind to gene
regulatory sites. If these regulatory proteins are mutated or produced in an unregulated manner, the cell can be
transformed to a cancer cell.

DNA-Binding Proteins Utilize a Variety of Strategies for Interaction with DNA

The helixloophelix motif was the first motif to be identified for interaction with DNA. X-ray structural studies of
proteinDNA complexes show agreat variety of other mechanisms for proteinDNA association. The TATA box-
binding protein (TBP) associates with the TATA sequence of gene promoters. Association of TBP with the TATA
sequence forms the foundation for alarge protein complex that initiates gene transcription by RNA polymerase. The
X-ray structure of the C-terminal domain of the TBP bound to a TATA sequence shows that TBP contains two
domains, each composed of a curved antiparallel 3-sheet with a concave surface. The two-domain structure forms
the shape of a"saddle" that sits over the DNA double helix. The concave surface of the "saddle" distorts the B-DNA
structure and partially unwinds the DNA helix. This distortion, in turn, produces a wide open, though shallow, minor
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groove that interacts extensively with the under portion of the TBP saddle (Figure 3.27a). One critical protein that
forms a part of the initiation complex for RNA transcription is TFIIB. An X-ray structure shows TFIIB associates
with one of the "stirrups' of the TBP "saddle" in the TATA sequence complex (Figure 3.27 b).
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Figure 3.27
Structures of TBPDNA binary and TBPTFIIBDNA ternary complexes.
(a8) Computer model generated from X-ray structure of TBP interaction with DNA; o-helices and
B-strands are shown in red and blue, respectively, with the remainder in white,
(b) TBPTFIIBDNA complex. Proteins are depicted as o-carbon traces while the DNA
is shown as an atomic stick model. TFIIB first repeat is colored red and the second repeat magenta. One domain
of TBPislight blue while the second is dark blue. DNA-coding strand is colored green and noncoding strand is
inyellow. N and C termini of TBP and TFIIB are labeled when visible.
Courtesy of S. K. Burley.
Reprinted with permission from (a) Nikolov, D. B., Hu, S.-
H., Lin, J., Gasch, A., Hoffmann, A., Horikoshi, M., Chua, N.-H.,
Roeder, R. G., and Burley, S. K. Nature 360:40, 1992; and (b) Nikolov, D. B., Chen, H., Halay, E. D.,
Usheva, A. A., Hisatake, K., Leg, D. K., Roeder, R. G., and Burley, S. K. Nature 377:119, 1995.
Copyright 1992 and 1995 Macmillan Magazines Limited.

The p53 protein is atranscription factor that, on sensing damaged DNA, upregulates the expression of genes that
inhibit cell division, giving the cell time to repair the damaged DNA. Alternatively, it can instruct the cell to undergo
apoptosis (programmed cell death) if the DNA damage is too extensive for repair. This transcription factor is akey
tumor suppressor protein and mutant forms of p53 are found in the majority of human cancers. The DNA-binding
domain of p53 consists of two sheets of antiparallel B-strands like an immuno-globulin fold. This central fold
provides the scaffolding for the loopsheethelix motif and for the two large loops (15 and 32 residues) that interact
with the DNA. The a-helix (designated H2) of the loopsheethelix motif fits into a major groove with loop 1 (L1),
whileloop 3 (L3) interacts strongly with the adjacent minor groove (Figure 3.28a). Figure 3.28b shows the side
chains of the amino acids commonly found mutated in human cancers. Many mutations are in residues that interact
directly with the DNA, such asArg 248, which is a part of loop 3. Other common mutations are in residues within
the domain core required for protein stability, p53 binds as a tetramer to DNA (Figure 3.28¢).

NF-«B transcription factors are ubiquitous transcription factors of the Rel family. They regulate a variety of genes,
especially geneswith rolesin cellular defense mechanisms against infection and in differentiation. The NF-xB p50
protein has two domains interconnected by a 10 amino acid linker region (Figure 3.29a). Each domain contains a 3-
barrel core with antiparallel strands that have structural homology to the immunoglobulin fold motif. The C-terminal
domains provide the dimer interface, in which one surface of each immunoglobulin fold pack together to form the
subunit interface. Both N-terminal and C-terminal domains, as well as the loop that connects them, bind to the DNA
surface, contributing 10 loops (5 from each subunit in the dimer) that fill the entire major groove in the target DNA
(Figure 3.29). N-terminal domains also have an a-helical segment that forms a strong interaction in the minor groove
near the center of the target element. In contrast to many other DNA-binding proteins, the NF-xB p50 dimer does
not make contact with two separated sites
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Figure 3.28
Structure of p5S3DNA complex.

(8 Structure of p53 core domain complexed with DNA. B-Strands (S), a-helices (H), loops (L), and
zinc atom (sphere) are lettered and numbered. Helix (H2), loop 1 (L1), and loop 3 (L3)
associate in major and minor grooves of target DNA.

(b) Frequently mutated amino acid side chains commonly found in human cancers are colored yellow.
Zinc atom is colored red.

(c) Structure of tetramer p53 in association with DNA. Each monomer of tetramer bindsto a
discrete consensus binding site in the target DNA. Four core domains of the tetramer are
colored green, purple, yellow, and red-brown, and DNA is colored blue.

Reprinted with permission from Cho, Y., Gorina, S., Jeffrey, P. D., and
Pavletich, N. P. Science 265:346, 1994.

Copyright 1994 American Association for the Advancement of Science.
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Figure 3.29
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Structure of the NF-xB p50 homodimer to DNA.
Only residues 43 through 352 of both subunits are shown in structures. NF-xB p50 protein
binds as adimer. In each monomer, the N-terminal domain is colored yellow and the
C-terminal domain is colored red-brown. Orange insert in N-terminal domainisaregion
unigue to p50 and not present in other structures of Rel family of transcription factors.
(a) View along DNA axis.
(b) Alternative view of same complex.
Reprinted with permission from Miller, C. W., Rey, F. A., Sodeoka, M., Verdine, G. L., and Harrison, S. C.
Nature 373:311, 1995.
Copyright 1995 Macmillan Magazines Limited.
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on the DNA target. Rather, the contacts from one monomer combine with those of the second monomer to form a
continuous interaction through the single binding site in the DNA.

35
Hemoglobin and Myoglobin

Hemoglobins are globular proteins, present in high concentrations in red blood cells, that bind oxygen in the lungs
and transport the oxygen in blood to tissues and cells around the capillary beds of the vascular system. Hemoglobins
also transport carbon dioxide and protons from the tissues to the lungs. Hemoglobins carry and release nitric oxide
(NO), apotent vasodilator and inhibitor of platelet aggregation (see p. 995). In this section the structural and
molecular aspects of hemoglobin and myoglobin are described. The physiological roles of these proteins are
discussed in Chapter 25.

Human Hemoglobin Occursin Several Forms

A hemoglobin molecule consists of four polypeptide chains, two each of two different amino acid sequences. The
major form of human adult hemoglobin, HbA1, consists of two o chains and two B chains (a232). The o
polypeptide has 141 and the 3 polypeptide has 146 amino acids. Other forms of hemoglobin predominate in the
blood of the human fetus and early embryo (Figure 3.30). The fetal form (HbF) contains the same o, chainsfound in
HbA1, but a second type of chain (y chain) occursin the tetramer molecule and differsin amino acid sequence from
that of the B chain of adult HbA1 (Table 3.8). Additional forms appear in the first months after conception
(embryonic) in which the a chains are substituted by zeta () chains of different amino acid sequence and the ¢
chains serve asthe B chains. A minor form of adult hemoglobin, HbA 2, comprises about 2% of normal adult
hemoglobin and contains two o chains and two chains designated delta (5) (Table 3.8).

it o ]

il - T |

- e

A0
ool
Tedal
glahin
synthesis

an

20

A

e

™

\

24

s 1 &
Birl

Pasiconceptual ags (weeks]

Figure 3.30
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Changes in globin chain production during development.
Based on afigure in Nienhuis, A. W. and Maniatis, T. In: G. Stamatoyannopoulos, A. W.
Nienhuis, P. Leder, and P. W. Magjerus (Eds), The Molecular Basis of Blood
Diseases. Philadelphia: Saunders, 1987, p. 68, in which reference of
Weatherall, D. J., and Clegg, J. B., The Thalassemia Syndromes, 3rd ed.
Oxford: Blackwell Scientific Publications, 1981, is acknowledged.

TABLE 3.8 Chains of Human Hemoglobin

Devel opmental Symbol Chain
Sage Designations
Adult HbA1 a2B2
Adult HbA?2 0262
Fetus HbF o2y2
Embryo Hb Gower- (2e2
1
Embryo Hb Portland C2y2
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Myoglobin:
A Single Polypeptide Chain with One O2-Binding Ste

Myoglobin (Mb) isan O2-carrying protein that binds and releases O2 with changes in the oxygen concentration in
the sarcoplasm of skeletal muscle cells. In contrast to hemoglobin, which has four polypeptide chains and four O2-
binding sites, myoglobin contains only a single polypeptide chain and one O2-binding site. Myoglobin is a model for
what occurs when a single protomer molecul e acts alone without the interactions exhibited among the four O2-
binding sites in the more complex tetramer molecule of hemoglobin.
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Figure 3.31

Structure of heme.
A Heme Prosthetic Group Is at the Ste of O2 Binding

The four polypeptides of globin subunits in hemoglobin and the one of myoglobin each contain a heme prosthetic
group. A prosthetic group is a nonpolypeptide moiety that forms a functional part of a protein. Without its prosthetic
group, aprotein is designated an apoprotein. With its prosthetic group it is a holoprotein.

Heme contains protoporphyrin I X (see Chapter 24) with aniron atom in its center (Figure 3.31). Theiron atomisin
the ferrous (2+ charge) oxidation state in functional hemoglobin and myoglobin. The ferrous atom in the heme can
form five or six ligand bonds, depending on whether or not O2 is bound to the molecule. Four bonds are to the
pyrrole nitrogen atoms of the porphyrin. Since al pyrrole rings of porphyrin lie in acommon plane, the four ligand
bonds from the porphyrin to the iron atom will have atendency to lie in the plane of the porphyrin ring. The fifth
and the potentially sixth ligand bonds to the ferrous atom are directed along an axis perpendicular to the plane of the
porphyrin ring (Figure 3.32). The fifth coordinate bond of the ferrous atom is to a nitrogen of a histidine imidazole.
Thisis designated the proximal histidine in hemoglobin and myoglobin structures (Figures 3.32 and 3.33). O2 forms
asixth coordinate bond to the ferrous atom when bound to hemoglobin. In this bonded position the O2 is placed
between the ferrous atom to which it is liganded and a second histidine imidazole, designated the distal histidine. In
deoxyhemoglobin, the sixth coordination position of the ferrous atom is unoccupied.
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Ligand bonds to ferrous atom in oxyhemoglobin.

Figure 3.33
Secondary and tertiary structure characteristics
of chains of hemoglobin.

Proximal HisF8, distal HisE7, and Val E11 side
chains are shown. Other amino acids of polypeptide chain are
represented by a-carbon positions only; the letters M, V, and P

refer to the methyl, vinyl, and propionate side chains of the heme.
Reprinted with permission from Perutz, M. Br. Med. Bull.
32: 195, 1976.
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The porphyrin part of the heme is positioned within a hydrophobic pocket of each globin subunit. In the heme
pocket X-ray diffraction studies show that approximately 80 interactions are provided by approximately 18 residues
to the heme. Most of these noncovalent interactions are between apolar side chains of amino acids and the apolar
regions of the porphyrin. As discussed in Chapter 2, the driving force for these interactions is the expulsion of water
of solvation on association of the hydrophobic heme with the apolar amino acid side chains in the heme pocket. In
myoglobin additional noncovalent interactions are made between the negatively charged propionate groups of the
heme and positively charged arginine and histidine side chains of the protein. However, in hemoglobin chains a
difference in the amino acid sequence in this region of the heme-binding site leads to stabilization of the porphyrin
propionates by interaction with an uncharged histidine imidazole and with water molecules of solvent toward the
outer surface of the molecule.

X-Ray Crystallography Has Assisted in Defining the Structure of Hemoglobin and Myoglobin

The structure of deoxy and oxy forms of hemoglobin and myoglobin have been resolved by X-ray crystallography.
In fact, sperm whale myoglobin was the first globular protein whose full three-dimensional structure was determined
by this technique. Thiswas followed by the X-ray structure of the more complex horse hemoglobin molecule. These
structures show that each globin polypeptide in the hemoglobins and the single subunit of myoglobin are composed
of multiple a-helical regions connected by turns of the polypeptide chain that allow the protein to fold into a
spheroidal shape (Figure 3.33). The mechanism of cooperative associations of O2, discussed below, is based on the
X-ray structures of oxyhemoglobin, deoxyhemoglobin, and a variety of hemoglobin derivatives.

Primary, Secondary, and Tertiary Structures of Myoglobin and the Individual Hemoglobin Chains

The amino acid sequences of the polypeptide chain of myoglobin of 23 different animal species have been
determined. All myoglobins contain 153 amino acidsin their polypeptide chains, of which 83 areinvariant. Only 15
of these invariant residues in the myoglobin sequence are identical to the invariant residues of the sequenced
mammalian globins of hemoglobin. However, the changes are, in the great majority of cases, conservative and
preserve the general physical properties of the residues (Table 3.9). Since myoglobin is active as a monomer, many
of its surface positions interact with water and prevent another molecule of myoglobin from associating. In contrast,
surface residues of the individual subunitsin hemoglobin are designed to provide hydrogen bonds and nonpolar
contacts with other subunits in the hemoglobin quaternary structure. Proximal and distal histidines are preserved in
the sequences of al the polypeptide chains. Other invariant residues are in the hydrophobic heme pocket and form
essential nonpolar contacts with the heme that stabilize the hemeprotein complex.

While there is surprising variability in amino acid sequences among the different polypeptide chains, to afirst
approximation the secondary and tertiary structures of each of the subunits of hemoglobin and myoglobin are almost
identical (Figure 3.34). Significant differencesin physiological properties between a, B, v, and 6 chains of
hemoglobins and the polypeptide chain of myoglobin are due to rather small specific changesin their structures. The
similarity in tertiary structure, resulting from widely varied amino acid sequences, shows that the same tertiary
structure for a protein can be arrived at by many different sequences.
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TABLE 5.9 Amino Acid Sequences of Tluman Hemaglobin Chains and of Sperm Whale Myoglobin®
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Approximately 70% of the residues participate in the a-helical secondary structures generating seven helical
segmentsin the B chain and eight in the 3 chain. These latter eight helical regions are commonly lettered AH,
starting from the first (A) helix at the NH2-terminal end. The interhelical regions are designated asAB, BC, CD, . ..
, GH, respectively. The nonhelical region between the NH 2-terminal end and the A helix is designated the NA
region; and the region between the COOH-terminal end and the H helix is designated the HC region (Figure 3.33).
This naming system allows discussion of particular residues that have similar functional and structural rolesin
hemoglobin and myoglobin.

A Simple Equilibrium Defines O2 Binding to Myoglobin

The association of oxygen to myoglobin is characterized by a simple equilibrium constant (Egs. 3.1 and 3.2) In Eq.
3.2[MbQ2] isthe solution concentration of oxymyoglobin, [Mb] isthat of deoxymyoglobin, and [O2] isthe
concentration
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() bl

Figure 3.34
Comparison of conformation of
(a) myoglobin and
(b) B chain of HbA1.
Overall structures are very similar, except at NH2-terminal and COOH-terminal ends.
Reprinted with permission from Fersht,
A. Enzyme Structure and Mechanism. San Francisco: Freeman, 1977, pp. 12, 13.

of oxygen, in moles per liter. The equilibrium constant, Keg, will also have the units of moles per liter. As for any true equilibrium constant, the value of Keq
is dependent on pH, ionic strength, and temperature.

K

5]

Mb + O, == MbO, (3.1

_ Mbloy)
TN

(3.2)

Since oxygen isagas, it is more convenient to express its concentration as the pressure of oxygen in torr (1 torr is equal to the pressure of 1 mmHg at 0°C
and standard gravity). In Eq. 3.3 this conversion of units has been made: P50, the equilibrium constant, and pO2, the concentration of oxygen, being
expressed in torr.

_IMb] - g5,
T MbO.

(3.3)

An oxygen-saturation curve characterizes the properties of an oxygen-binding protein. In this plot the fraction of oxygen-binding sitesin solution that contain
oxygen (Y, Eqg. 3.4) is plotted on the ordinate versus pO2 (oxygen concentration) on the abscissa. The Y valueis simply defined for myoglobin by Eq. 3.5.
Substitution into Eq. 3.5 of the value of [MbO2] obtained from Eq. 3.3, and then dividing through by [Mb], resultsin Eq. 3.6, which shows the dependence
of Y on the value of the equilibrium constant P50 and the oxygen concentration. It is seen from Egs. 3.3 and 3.6 that the value of P50 is equal to the oxygen
concentration, pO2, when Y = 0.5 (50% of the available sites occupied)hence the designation of the equilibrium constant by the subscript 50.
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number of hinding sives occupied

= 8t , (3.4)
total pumber of binding sites in solution
= [f'r']t](.j_nl {j 5_}
MBI+ MO '
y= PO (3.6)

Py + pl);

A plot of Eq. 3.6 of Y versus pO2 generates an oxygen-saturation curve for myoglobin in the form of a rectangular
hyperbola (Figure 3.35).

PO pressure
in capillaries af B pressure
active muscla in lungs

Saluralion (¥ )

aQ 00
(bearr)

Figure 3.35
Oxygen-binding curves for myoglobin
and hemoglobin.

A simple algebraic manipulation of Eq. 3.6 leads to Eq. 3.7. Taking the logarithm of both sides of Eq. 3.7 resultsin
Eq. 3.8, the Hill equation. A plot of log ([Y/(1Y)] versuslog pO 2, according to Eqg. 3.8, yields a straight line with a
slope equal to 1 for myoglobin (Figure 3.36). Thisisthe Hill plot, and the slope (nH) is the Hill coefficient (see EQ.
3.9).

Yoo -
1-Y PR G
¥
log 1= log pO; — log P (3.8

Binding of O2 to Hemoglobin Involves Cooper ativity between the Hemoglobin Subunits

Whereas myoglobin has a single O2-binding site per molecule, hemoglobins, with four monomeric subunits, have
four heme-binding sites for O2. Binding of the four O2 molecules in hemoglobin isfound to be positively
cooperative, so that the binding of the first O2 to deoxyhemoglobin facilitates the binding of O2 to the other
subunits in the molecule. Conversely, dissociation of the first O2 from fully oxygenated hemoglobin, Hb(O2)4, will
make the dissociation of O2 from the other subunits of the tetramer easier.
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Figure 3.36
Hill plots for myoglobin and hemoglobin HbA 1.

Because of cooperativity in oxygen association and dissociation, the oxygen saturation curve for hemoglobin differs
from that for myoglobin. A plot of Y versus pO 2 for hemoglobin isasigmoidal line, indicating cooperativity in
oxygen association (Figure 3.35). A plot of the Hill equation (Eq. 3.9) gives avalue of the slope (nH) equal to 2.8
(Figure 3.36).

log

- ! v 1y log 0O, — constant {(3.9)
The meaning of the Hill coefficient to cooperative O2 association can be evaluated quantitatively as presented in
Table 3.10. A parameter known as the cooperativity index, R X, is calculated, which shows the ratio of pO2 required
tochangeY fromavaueof Y = 0.1 (10% of sitesfilled) to avalue of Y = 0.9 (90% of sitesfilled) for designated

Hill coefficient values found experimentally. For myoglobin, nH = 1, and an 81-fold change in oxygen concentration
isrequired to changefromY =0.1to Y = 0.9. For hemoglobin, where positive cooperativity is observed, nH = 2.8
and only a4.8-fold change in oxygen concentration is required to change the fractional saturation from 0.1 to 0.9.

The Molecular Mechanism of Cooperativity in O2 Binding

X-ray diffraction data on deoxyhemoglobin show that the ferrous atoms actually sit out of the plane of their
porphyrins by about 0.40.6 A. This is thought to occur because of two factors. The electronic configuration of the
five-coordinated ferrous atom in deoxyhemoglobin has a dlightly larger radius than the distance from the center of
the porphyrin to each of the pyrrole nitrogen atoms.

TABLE 3.10 Relationship Between Hill
Coefficient (nH) and Cooperativity Index
(Rx)

nH Rx Observation

0.5 65607 Negative substrate cooperativity
0.6 1520

0.7 533

0.8 243

09 132

1.0 81.0 Noncooperativity

1.5 18.7'4 Positive substrate cooperativity
20 9.0
28 4.8
35 35
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6.0 21

10.0 1.6

20.0 1.3

Source: Based on Table 7.1 in Cornish-
Bowden, A. Principles of Enzyme Kinetics.
London: Butterworths Scientific Publishers,
1976.
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Accordingly, theiron can be placed in the center of the porphyrin only with some distortion of the porphyrin
conformation. Probably a more important consideration isthat if the iron atom sitsin the plane of the porphyrin, the
proximal His F8 imidazole will interact unfavorably with atoms of the porphyrin. The strength of this unfavorable
steric interaction is due, in part, to conformational constraints on the His F8 and the porphyrin in the
deoxyhemoglobin conformation that forces the approach of the His F8 toward the porphyrin to a particular path
(Figure 3.37). These constraints become less significant in the oxy conformation of hemoglobin.

The conformation with the iron atom out of the plane of the porphyrin is unstrained and energetically favored for the
five-coordinate ferrous atom. When O2 binds the sixth coordinate position of the iron, however, this conformation
becomes strained. A more energetically favorable conformation for the O 2 liganded iron is one in which the iron
atom is within the plane of the porphyrin structure.

On binding of O2 to aferrous atom the favorable free energy of bond formation overcomes the repulsive interaction
between His F8 and porphyrin, and the ferrous atom moves into the plane of the porphyrin ring. Thisis the most
thermodynamically stable position for the now six-bonded iron atom; one axial ligand is on either side of the plane
of the porphyrin ring, and the steric repulsion of one of the axial ligands with the porphyrin is balanced by the
repulsion of the second axial ligand on the opposite side when the ferrous atom is in the center. If theiron atomis
displaced from the center, the steric interactions of the two axial ligands with the porphyrin in the deoxy
conformation are unbalanced, and the stability of the unbalanced structure will be lower than that of the equidistant
conformation. Also, the radius of the iron atom with six ligandsis reduced so that it can just fit into the center of the
porphyrin without distortion of the porphyrin conformation.

Since steric repulsion between porphyrin and His F8 in the deoxy conformation must be overcome on O2
association, binding of the first O2 is characterized by arelatively low affinity constant. However, when O2
association occurs to the first heme in deoxyhemoglobin, the change in position of the iron atom from above the
plane of the porphyrin into the center of the porphyrin triggers
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Figure 3.37

Steric hindrance between proximal histidine
and porphyrin in deoxyhemoglobin.
From Perutz, M. Sci Am., 239:92, 1978
Copyright © 1978 by Scientific American, Inc. All rights reserved.

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_120.htmI[11/10/2010 10:36:29 AM]



page_120

< previous page page 120 next page >

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_120.htmI[11/10/2010 10:36:29 AM]



page_121
< previous page page_ 121 next page >

Page 121

aconformational change in the whole molecule. The change in conformation resultsin a greater affinity of O2 to the
other heme sites after the first O2 has bound.

The conformation of deoxyhemoglobin is stabilized by noncovalent interactions of the quaternary structure at the
interface between o and 3 subunits in which the FG corner of one subunit noncovalently bindsto the C helix of the
adjacent subunit (Figure 3.38). In addition, ionic interactions stabilize the deoxy

[:N

Figure 3.38
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Quaternary structure of hemoglobin.
(a) a1P2 interface contacts between FG corners and C helix are shown.
(b) Cylinder
representation of o1 and 32 subunits in hemoglobin molecule showing o1 and 32
interface contacts between FG corner and C helix, viewed from opposite side of xy
plane from (a).
(a) Reprinted with permission from Dickerson, R. E., and Geis,
|. The Sructure and Action of Proteins. Menlo Park, CA:
Benjamin, Inc., 1969, p. 56.
(b) Reprinted with permission
from Baldwin, J., and Chothia, C. J. Mol. Biol. 129:175, 1979.
Copyright © 1979 by Academic Press, Inc. (London) Ltd.
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NH3z* —H10 a4 Lys

coo" "-00C — A4 a; Asp

/ “HgN— NAT oy Val

HC3 oz Arg CE

/

Gua* ----00C — HY tty Asp
COO~HsN —C5 ay Lys

\

HC3 B2 His
FG1 2 Asp— COO~ - "Im*

CD2 B, Glu—COO- -~ Gua* — FG4 oy Arg

Figure 3.39
Salt bridges between subunits in deoxyhemoglobin.
Im+ isimidazolium; Gua+ is guanidinium; starred residues
account for approximately 60% of alkaline Bohr effect.
Redrawn from Perutz, M. Br. Med. Bull. 32:195, 1976.
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conformation of the protein (Figure 3.39). These interactions of the deoxy conformation are now destabilized on the
binding of O2 to one of the heme subunits of a deoxyhemoglobin molecule. The binding of O2 pulls the Fe2+ atom
into the porphyrin plane and moves the His F8 toward the porphyrin and with it the F helix of which the HisF8isa
part. Movement of the F helix, in turn, moves the FG corner of its subunit, destabilizing the FG noncoval ent
interaction with the C helix of the adjacent subunit at an o132 or a231 subunit interface (Figures 3.38 and 3.40).

ko
FG1

(il £

Figure 3.40

Stick and space-filling diagrams drawn by computer graphics showing movements of residues
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in heme environment on transition from deoxyhemoglobin to oxyhemoglobin.

(a) Black line outlines position of polypeptide chain and His F8 in carbon monoxide hemoglobin, a model for
oxyhemoglobin. Red line outlines the same for deoxyhemoglobin. Position of iron atom shown by
circle. Movements are for an o subunit.

(b) Similar movementsin a3 subunit using space-filling diagram shown. Residue |abels
centered in density for the deoxyconformation.

Redrawn with permission from Baldwin, J., and Chothia, C. J. Mol. Biol. 129:175, 1979.
Copyright © 1979 by Academic Press, Inc. (London) Ltd.
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The FG to C intersubunit contacts act as a "switch," because they exist in two different arrangements with different
modes of contact between the FG corner of one subunit and the C helix of the adjacent subunit. The switchin
noncovalent interactions between the two positions involves a relative movement of FG and C in adjacent subunits
of about 6 A. In the second position of the "switch," the tertiary conformation of the subunits participating in the FG
to C intersubunit contact is less constrained and the adjacent subunit changes to a new tertiary conformation (oxy
conformation) even without O2 bound. This oxy conformation allows the His F8 residues to approach their
porphyrins on O2 association with aless significant steric repulsion than in the deoxy conformation (Figure 3.40).
Thus an O2 molecule binds to the empty hemes in the less constrained oxy conformation more easily than to a
subunit conformation held by the quaternary interactionsin the deoxy conformation.

In addition, Val E11 in the deoxy conformation of 3 subunitsis at the entrance to the O2-binding site, where it
sterically impedes O2 association to heme (see Figure 3.33). In the oxy conformation the hemein 3 subunits moves
approximately 1.5 A further into the heme-binding site, changing the geometric relationship of the O2-binding site
to the Val El1 side chain, so that the Val El1 no longer sterically interferes with O 2 binding. Thisis an important
additional factor that increases affinity of O2 for the oxy conformation of the 8 chain over that for the deoxy
conformation.

The deoxy conformation of hemoglobin is referred to asthe "tense” or T conformational state. The oxyhemoglobin
conformational formisreferred to asthe "relaxed" or R conformational state. The allosteric mechanism shows how
initial binding of the oxygen to one of the heme subunits of the tetrameric molecule pushes the molecular
conformation from the T to R conformational state. The affinity constant of O2 is greater for the R state hemes than
the T state by afactor of 150300, depending on the solution conditions.

The Bohr Effect Involves Dissociation of a Proton on Binding of Oxygen

The equilibrium expression for oxygen association to hemoglobin includes a term that indicates participation of H+
in the equilibrium.

Hb + 40, = Hhi0.), + 2H (3.10)
I K

Equation 3.10 shows that the R form is more acidic, and the H + dissociate when hemoglobin is changed to the R
form. The equivalents of H+ that dissociate per mole of hemoglobin depends on the pH of the solution and the
concentration of other factors that can bind to hemoglobin, such as Cl and bisphosphoglycerate (see Chapter 25). At
pH 7.4, the value of x may vary from 1.8 to 2.8, depending on the solution conditions. This production of H+ at an
akaline pH (pH > 6), when deoxyhemoglobin is transformed to oxyhemoglobin, is known as the alkaline Bohr
effect.

The H+ are derived from the partial dissociation of acid residues with P*: valueswithin 1.5 pH units of the solution

pH, which change from a higher to lower P:, on the change of the T to R conformation. For example, the HC3 His
146(B) in the deoxy (T) conformation is predominantly in its imidazolium form (positively charged acid form),
which is stabilized by afavorable interaction with the negatively charged side chain of the FG1 Asp 94() (Figure

3.39). Thision pair makes it more difficult to remove the imidazolium proton and thus raises the P*= of the
imidazolium to a higher value than normally found for afree imidazolium ion in solution, where a stabilization by a
proximal negatively charged group does not normally occur. However, on conversion of the protein to the R

conformation, the strength of thisionic interaction is broken and the imidazolium assumes alower PX:, The

decreasein PX: of histidine at blood pH resultsin conversion of some of its acid form to its conjugate base
(imidazole) form, with dissociation of H+ that forms a part of the Bohr effect. Breakage of

< previous page page 123 next page >

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_123.htmI[11/10/2010 10:36:30 AM]



page_124
< previous page page 124 next page >

Page 124

thision pair with release of protons accounts for 50% of the H+ released on conversion to the R conformation. Other

acid groups in the protein contribute the additional H+ due to analogous decreases in their P&+ values on changing
from the T to R conformation.

The equilibrium involving hydrogen ions produced by the Bohr effect has important physiological consequences.
Cells metabolizing at high rates, with high requirements for molecular oxygen, produce carbonic acid and lactic
acid, which act to increase the hydrogen ion concentration in the cell's environment. As the increase in hydrogen ion
concentration forces the equilibrium of Eq. 3.10 to the left, from the higher O2 affinity conformation (R) to the
lower affinity conformation (T), an increased amount of oxygen is dissociated from the hemoglobin molecule.
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Questions
J. Baggott and C. N. Angstadt
1. Haptens:
A. can function as antigens.
B. strongly bind to antibodies specific for them.
C. may be macromolecules.
D. never act as antigenic determinants.
E. can directly €licit the production of specific antibodies.
2.19G:
A. isfound primarily in mucosal secretions.
B. is one of the less common immunoglobulin types.
C. hasthe highest molecular weight of al the immunoglobulins.
D. contains carbohydrate covalently attached to the H chain.
E. plays an important role in allergic responses.
3. In the three-dimensional structure of immunoglobulins:
A. B-sheets align edge to edge.
B. in each chain (H and L) the C and V regions fold onto one another, forming CV associations.
C. CLVL associations form the complementary sites for binding antigens.
D. freeSH groups are preserved to function in tight binding of antigens.
E. hinge domains connect globular domains
4. Study of the papain hydrolysis products of an antibody indicates:
A. antibodies are bivalent.
B. the products have decreased affinity for antigens.
C. each antibody molecule is hydrolyzed into many small peptides.
D. the hypervariable sequences are in the hinge region of the intact molecule.

E. none of the aboveis true.
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5. Inimmunoglobulins all of the following are true EXCEPT:
A. there are four polypeptide chains.
B. there are two copies of each type of chain.
C. dll chains are linked by disulfide bonds.
D. carbohydrate is covalently bound to the protein.
E. immunoglobulin class is determined by the CL regions.
6. Serine proteases:
A. hydrolyze peptide bonds involving the carboxyl groups of serine residues.
B. are characterized by having several active sites per molecule, each containing a serine residue.
C. areinactivated by reacting with one molecule of diisopropyl-fluorophosphate per molecule of protein.
D. are exopeptidases.
E. are synthesized in an active form in eukaryotes.
7. The active sites of all serine proteases contain which of the following amino acid residues?
A. asparagine
B. y-carboxyglutamate
C. histidine
D. lysine or arginine
E. threonine
8. All of the following are characteristic of serine proteases as a class EXCEPT:
A. only one serineresidue is catalytically active.
B. natural protein substrates and inhibitors bind very tightly to the protease.
C. the genes that code for them are analogously organized.
D. catalytic units exhibit two structural domains of dramatically different size.
E. in eukaryotes, the serine proteases are produced initially as zymogens.
9. All of the following serine proteases exhibit sequence homology EXCEPT:
A. chymotrypsin.
B. elastase.
C. Streptomyces griseus protease.
D. subtilisin.
E. trypsin.
Refer to the following for Questions 1013.
A. helixturnhelix
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B. leucine zipper
C. zinc finger
D. dl of the above
E. none of the above

10. Not a DNA-binding motif.

11. Contains asingle a-helix.

12. Two domains form a 3-pleated sheet, which fits over the DNA double helix.

13. Found in proteins which bind to DNA.

14. The a-chain appearsin al norma human hemoglobins EXCEPT:
A. HbA1.
B. HbA2.
C. HbF.
D. Hb Gower-1.

15. Hemoglobin and myoglobin both have all of the following characteristics EXCEPT:
A. consist of subunits designed to provide hydrogen bonds to and nonpolar interaction with other subunits.
B. highly a-helical.
C. bind one molecule of heme per globin chain.
D. bind heme in a hydrophobic pocket.

E. can bind one O2 per heme.
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16. Hemoglobin, but not myoglobin, when it binds oxygen, exhibits:

A. ahyperbolic saturation curve.

B. aHill coefficient of 1.

C. positive cooperativity.

D. a cooperativity index of 81.

17. All of the following are believed to contribute to the stability of the deoxy or T conformation of hemoglobin
EXCEPT:

A. thelarger ionic radius of the six-coordinated ferrous ion as compared to the five-coordinated ion.
B. steric interaction of His F8 with the porphyrin ring.
C. interactions between the FG corner of one subunit and the C helix of the adjacent subunit.
D. avalyl residue that tends to block O2 from approaching the hemes of the -chains.
18. In the Bohr effect:
A. oxygen isreleased with increasing difficulty asthe pH decreases.
B. the R form of hemoglobin is more acidic than the T form.
C. histidine 146 (B) interacts with anearby ClI.
D. cellswith higher voluntary oxygen demand are deprived to ensure adequate oxygen for other tissues.

E. bisphosphoglycerate decreases the oxygen affinity of hemoglobin.

Answers

1. B Haptens are small molecules and cannot alone elicit antibody production; thus they are not antigens. They can
act as antigenic determinants if covalently bound to alarger molecule, and free haptens may bind strongly to the
antibodies thereby produced (p. 88).

2. D All immunoglobulins are glycoproteins. A: 1gA is associated with mucosal secretions. B: 1gG is the most
common immunoglobulin type. C: IgM has the highest molecular weight (Table 3.1, p. 90) E: IgE playsan
important rolein allergic responses (Clin. Corr. 3.2, p. 92).

3. E See Figures 3.43.7, p. 93. A: The B-sheets align face-to-face. D: Antigen binding is noncovalent.

4. A In these hydrolysis experiments, three fragments are produced: two identical Fab fragments, each of which
binds antigen with an affinity similar to that of the whole antibody molecule, and one Fc fragment, which does not
bind antigens (p. 92).

5. E There are two copies of each of two types of polypeptide chain (p. 89).

6. C Thisisthe distinguishing characteristic of the serine proteases, and of the serine hydrolasesin general. A: They
have various specificities (p. 99). B: There is only one active site per molecule (p. 103). D: They are all
endopeptidases (p. 98). E: In eukaryotes they are synthesized as inactive precursors, zymogens, or proenzymes (p.
105).

7. C (p. 103). A: Agpartate, not asparagine, isinvolved. B: y-Carboxyglutamate is essential to some of the serine
proteases, but it is not at the active site. D: These are the substrate specificities of the trypsin-like proteases.
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8. D The domains are of about equal size (p. 105).

9. D The bacterial protease subtilisin may be an example of converging evolution (p. 106). See also Table 3.7, p.
107.

10. B Theleucine zipper binds two subunits in a head-to-head manner but does not itself interact with DNA (p. 110).
11. C Seep. 108 and Figure 3.23.

12. E This describes the TATA box-binding protein (p. 112).

13.D

14. D Hb Gower-1 has the structure (2¢2 (p. 114, Table 3.8).

15. A Hemoglobin has four chains and four oxygen-binding sites, whereas myoglobin has one chain and one
oxygen-binding site. Each oxygen-binding siteis a heme (p. 115).

16. C Hemoglobin's Hill coefficient of 2.8 indicates positive cooperativity (p. 119). A: See p. 118, Figure 3.35. B:
Myoglobin has a Hill coefficient of 1. D: A cooperativity index of 81 indicates noncooperativity; hemoglobin's
lower value of 4.8 reflects cooperative oxygen binding (p. 119).

17. A Six-coordinated ferrousion has a smaller ionic radius than the five-coordinated species and just fitsinto the
center of the porphyrin ring without distortion (p. 120).

18. B His 146 (B) isamajor contributor to the Bohr effect. Thusits P*: will be lower (it will be a stronger acid) in
oxyhemoglobin (p. 123). E: Thisistrue but is unrelated to the Bohr effect.
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Chapter 4
Enzymes:

Classification, Kinetics, and Control
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Metal Cofactors Have Various Functions
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Regulatory Subunits Modulate the Activity of Catalytic Subunits
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4.2 The Physiological Effect of Changesin Enzyme Km Values

142
4.3 Mutation of a Coenzyme-Binding Site Resultsin Clinical Disease

152
4.4 A Case of Gout Demonstrates the Difference Between an Allosteric and
Substrate-Binding Site

166
4.5 Thermal Lability of Glucose-6-Phosphate Dehydrogenase Resultsin
Hemolytic Anemia

167
4.6 Alcohol Dehydrogenase | soenzymes with Different pH Optima

169
4.7 Identification and Treatment of an Enzyme Deficiency

169

4.8 Ambiguity in the Assay of Mutated Enzymes

4.1
Genera Concepts

Enzymes are specialized proteins that function in the acceleration of chemical reactions. Many reactions required for
normal activity of cells would not proceed fast enough at the pH and temperature of the body without these
specialized proteins. The term defining the speed of a chemical reaction, whether catalyzed or uncatalyzed, is rate or
velocity. Rate (velocity) is the change in amount (moles, grams) of starting materials or products per unit time.
Enzymes increase the rate by acting as catalysts. A catalyst increases the rate of achemical reaction but is not itself
changed in the process. An enzyme may become temporarily covalently bound to a molecule being transformed
during intermediate stages of the reaction but at the end of the reaction the enzyme will again bein itsoriginal form
asthe product is released.

Two important characteristics of enzyme catalysts are that the enzyme is not changed as aresult of catalysis and the
enzyme does not change the equilibrium constant of the reaction but simply increases the rate at which the reaction
approaches equilibrium. As will be discussed later, it accomplishes the rate increase by lowering the barrier to
reaction; that is, it lowers the energy of activation. Therefore a catalyst increases the rate but does not change the
thermodynamic properties of the system with which it isinteracting.

Several terms need to be defined before we enter into a discussion of the mechanism of enzyme action. An
apoenzyme is the protein part of an enzyme without any cofactors or prosthetic groups that may be required for the
enzyme to be functional. The apoenzyme is catalytically inactive. Not all enzymes require cofactors or prosthetic
groups. Cofactors are small organic or inorganic molecules that an apoenzyme requires for its activity. For example,
in lysine oxidase copper isloosely bound but is required for the enzyme to be active. A prosthetic group is similar to
a cofactor but istightly bound to an apoenzyme. For example, in the cytochromes, the heme prosthetic group is very
tightly bound and requires strong acids to disassociate it from the apocytochrome. Addition of a cofactor or
prosthetic group to the apoprotein yields the holoenzyme, that is, the active enzyme. The molecule acted upon by the
enzyme to form product is the substrate. Since most reactions are reversible, the products of the forward reaction
become substrates for the reverse reaction.

Enzymes have a great deal of specificity. For example, glucose oxidase will oxidize glucose but not galactose. The
specificity resides in a particular region on the enzyme surface, the substrate-binding site, a particular arrangement

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_128.htmI[11/10/2010 10:36:32 AM]



page_128

of amino acid side chainsin the polypeptide that is specialy formulated to
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bind a specific substrate. Some enzymes have broad specificity; glucose, mannose, and fructose are phosphorylated
by hexokinase, whereas glucokinase is specific for glucose. The substrate-binding site may contain the active site. In
some cases, however, the active site may not be within the substrate-binding site but may be contiguous to it in the
primary sequence. In other instances the active-site residues lie in distant regions of the primary sequence but are
brought adjacent to the substrate-binding site by folding in the tertiary structure. The active site contains the
machinery, in the form of particular amino acid side chains, involved in catalyzing the reaction.

Some enzymes have variants called isoenzymes (isozymes) that catalyze the same chemical reaction. soenzymes
are electrophoretically distinguishable because of mutations in one or more amino acids in noncritical areas of the
protein.

Some enzymes have aregion of the molecule, the allosteric site, that is not at the active site or substrate-binding site
but is a unigue site where small molecules bind and effect a change in the substrate-binding site or the activity
occurring in the active site. The binding of a specific small molecule at the alosteric site causes a change in the
conformation of the enzyme. This can cause the active site to become either more active or less active by increasing
or decreasing the affinity of the binding site for substrate. Such interactions regulate the enzyme's activity and are
discussed in detail on page 151.

4.2
Classification of Enzymes

The International Union of Biochemistry and Molecular Biology (IUBMB) has established a system whereby all
enzymes are classified into six major classes, each subdivided into subclasses that are further subdivided. In naming
an enzyme, the substrates are stated first, followed by the reaction type to which the ending -ase is affixed. For
example, alcohol dehydrogenase is alcohol:NAD+ oxidoreductase because it catalyzes an oxidationreduction
reaction and the electron donor is an alcohol and the acceptor is NAD+. Many common names persist but are not
very informative. For example, "aldolase" does not tell much about the substrates, although it does identify the
reaction type. We will use trivial names recognized by the lUBMB and that are in common usage. Table 4.1
summarizes the six major classes and subclasses of enzymes.

=
]
Q= H * MADT === R—i;—H + NADH + H~

R—4
!
Figure4.1
Oxidation of ethanol by acohol dehydrogenase.
Class 1
Oxidoreductases

These enzymes catalyze oxidationreduction reactions. For example, alcohol:NAD+ oxidoreductase (alcohol
dehydrogenase) catalyzes the oxidation of an alcohol to an aldehyde. It removes two e ectrons and two hydrogen
atoms from the alcohol to yield an aldehyde, and, in the process, the two electrons originally in the carbonhydrogen
bond of the alcohal are transferred to the NAD+, which isreduced (Figure 4.1). NAD+, whose structure is presented
in Figure 4.19, is a cofactor that mediates many biological oxidationreduction reactions. The redox sitein NAD+ is
shown in Figure 4.20. In addition to the alcohol and aldehyde functional groups, dehydrogenases also act on the
following functional groups as electron donors;: CH2CH2, CH2NH2, and CH=NH, as well as the cofactors NADH
and NADPH.
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GHeOH CHzOH
[ep-Glucose f=Gluconalactone
Figure 4.2

Oxidation of glucose by glucose oxidase.

There are other subclasses of the oxidoreductases. Oxidases transfer two electrons from the donor to oxygen,
resulting usually in hydrogen peroxide (H202) formation. For example, glucose oxidase catalyzes the reaction
shown in Figure 4.2. Cytochrome oxidase produces H20 rather than H202. Oxygenases catalyze the incorporation
of oxygen into a substrate. With dioxygenases both atoms of O2 are incorporated in a single product, whereas with
the monooxygenases a single oxygen atom is incorporated as a hydroxyl group
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TABLE 4.1 Summary of the Enzyme Classes and

Magjor Subclasses

1. Oxidoreductases 2. Transferases

Dehydrogenases
Oxidases
Reductases
Peroxidases
Catalase
Oxygenases
Hydroxylases

Transaldolase and
transketolase

Acyl, methyl, glucosyl, and
phosphoryltransferase
Kinases

Phosphomutases

3. Hydrolases 4.Lyases

Esterases Decarboxylases
Glycosidases Aldolases
Peptidases Hydratases
Phosphatases Dehydratases
Thiolases Synthases
Phospholipases Lyases
Amidases
Deaminases
Ribonucleases

5. Isomerases 6. Ligases
Racemases Synthetases
Epimerases Carboxylases
|somerases
Mutases (not
all)

Catechel

'

0OH

~
C=0
C\; [
oM

cis, cis-buconic acid

Figure 4.3
Oxygenation
of catechol by
an oxygenase.

next page >

Page 130

and the other oxygen atom is reduced to water by electrons from the substrate or from a second substrate that is not
oxygenated. Catechol oxygenase catalyzes the dioxygenase reaction (Figure 4.3); steroid hydroxylaseillustrates a

monooxygenase (mixed function oxygenase) reaction (Figure 4.4). Peroxidases utilize H202 rather than oxygen as
the oxidant. NADH peroxidase catalyzes the reaction
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NADH + H* + HO, = NAD- + 2H0

" f]p + MADPH + HY
Hal:

Progesierone l

+ NADP* « Hg0

Deoxycorticostarone

Figure4.4
Hydroxylation of progesterone by a monooxygenase.
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Catalase is unique in that H202 serves as both donor and acceptor. Catalase functions in the cell to detoxify H202:

Hids = Hidy = O + 2HO

Class 2
Transferases

These enzymes transfer functional groups between donors and acceptors. The amino, acyl, phosphate, one-carbon,
and glycosyl groups are the major moieties that are transferred. Aminotransferases (transaminases) transfer an amino
group from one amino acid to an a.-keto acid acceptor, resulting in the formation of a new amino acid and a new
keto acid (Figure 4.5). Kinases are the phosphorylating enzymes that catalyze the transfer of the y phosphoryl group

from ATP or another nucleoside triphosphate to alcohol or amino group acceptors. For example, glucokinase
catalyzes the phosphorylation of glucose (Figure 4.6).

COOH o COOH
l ! l MH
HG — Mg GHy—C—CO0H C=0 Nhz
| + ' . H— (—C00H
CH;:. = CH’E |
| I GH
CHz CHa
|
CO0H CoOH
L-Glutamie acid Pyruvic acld r-Ketaglutarle acid L-Alanine
{amino acids) {keto acida) [keto acidg) {amino acidz)
Figure 4.5
Examples of areaction catalyzed by an aminotransferase.
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H o od
DH
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Figure 4.6
Phosphorylation of glucose by a kinase.
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EHROH
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UDP-glucose Glycogen primer
l
CHa0H <I3" L?‘
H 0. H - Uridina—O—P — O—P —Cr
H /iﬁin I I
OHH# ™ o 0
H oH
Glycogen extended by one upp
glucasyl unlt
Figure 4.7

A transferase reactionsynthesis of glycogen.

Glycogen synthesis depends on glucosyltransferases, which transfer an activated glucosy! residue to a glycogen
primer. The phosphoester bond in uridine diphosphoglucose is labile, which alows the glucose to be transferred to
the growing end of the glycogen primer asindicated in Figure 4.7.

Although a polymer is synthesized, the reaction is not of the ligase type reaction; see Class 6.

Class 3
Hydrolases

This group of enzymes can be considered as a special class of the transferases in which the donor group is transferred
to water. The generalized reaction involves the hydrolytic cleavage of CO, CN, OP, and CS bonds. The cleavage of
a peptide bond is a good example of this reaction:

O o
l

A—C—NH—R, + HQ —+ R—C—0" + HyN—FR;

Proteolytic enzymes are a special class of hydrolases called peptidases.
Class4
Lyases

Lyases add or remove the elements of water, ammonia, or carbon dioxide. Decarboxylases remove the element of
CO2 from a.- or B-keto acids or amino acids:

g a o

|
R—C—C—0" + H¥—*R—C—H + CO,
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Dehydratases remove H20 in a dehydration reaction. Fumarase converts fumarate to malate (Figure 4.8).

IIZOEI' li',fJD'
GH HO——H
Hat) Fumarase
poo TR = H—C—H
I -
coo Coo
Fumarate L=Mialate
Figure 4.8

The fumarase reaction.
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Class5
| somerases

This very heterogeneous group of enzymes catalyze isomerizations of several types. These include cistrans and
aldoseketose interconversions. |somerases that catalyze inversion at asymmetric carbon atoms are either epimerases
or racemases (Figure 4.9). Mutases involve intramolecular transfer of a group such as a phosphoryl. The transfer
may be direct but can involve a phosphorylated enzyme as an intermediate. Phosphoglycerate mutase catalyzes
conversion of 2-phosphoglycerate to 3-phosphoglycerate (Figure 4.10).

CHzOH CHzOH
| |
C=0 . C=0
T Epimerase |
HOHEH - HOOH
I |
HZOH H-:IJG-H
I
Hz OO P2 HaCOP0,2-
My lulage D-Ribulase
S-phosphate S-phosphate
COOH COCH
|
HooH racemass HiousH
| —_— |
CHs CHs
p-Lactle acid L-Lactic acid
Figure 4.9

Examples of reactions catalyzed
by an epimerase and aracemase.

Class6
Ligases

Since to ligate means to bind, these enzymes are involved in synthetic reactions where two molecules are joined at
the expense of a "high-energy phosphate bond" of ATP. The term synthetase is reserved for this particular group of
enzymes. The formation of aminoacyl tRNAS, acyl coenzyme A, and glutamine and the addition of CO2 to pyruvate
are reactions catalyzed by ligases. Pyruvate carboxylase is a good example of aligase enzyme (Figure 4.11). The
substrates bicarbonate and pyruvate are ligated to form afour-carbon (C4) a-keto acid.

coo- o
H—C— O ﬁ—o-

I
HOMZC o

2-Phosphoglycarate

] L phosphoglyeeramutase

00
F rl; oH oo
<|:H2—o—||=-—ir
-'!:.

3-Fhosphoglycerate
Figure 4.10

Interconversion of the 2-
and 3-phosphoglycerates.
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| miotin |
ATF + HOOF + C=0 —= 0= 1+ ADF + P
[ [
CHs \?Hg
000
Pyruvate Oxalopcatate
Figure4.11
Pyruvate carboxylase reaction.

4.3
Kinetics

Kinetics Sudies the Rate of Change of Reactants to Products

Since enzymes affect the rate of chemical reactions, it isimportant to understand basic chemical kinetics and how
kinetic principles apply to enzyme-catalyzed reactions. Kineticsis a study of the rate of change of reactantsto
products. Velocity is expressed in terms of change in the concentration of substrate or product per unit time, whereas
rate refers to changesin total quantity (moles or grams) per unit time. Biochemists tend to use these terms
interchangeably.

The velocity of areaction A ® Pis determined from a progress curve or velocity profile of areaction. The progress
curve can be determined by following the disappearance of reactants or the appearance of product at severa
different times. In Figure 4.12, product appearance is plotted against time. The slope of tangents to the progress
curve yields the instantaneous velocity at that point in time. The initial velocity is an important parameter in the
assay of enzyme concentration. Note that the velocity changes constantly as the reaction proceeds to equilibrium,
where it becomes zero. Mathematically, the velocity is expressed as

—dla) _ dlPl (4.1)

Yielocily = ¢ =
: et e

Equiligrivim

Preduct, mel L1

Tirma

Figure 4.12
Progress curves for an enzyme- catalyzed
reaction. Theinitial velocity (V0) of the
reaction is determined from the slope of
the progress curve at the beginning of
the reaction. Theinitial velocity
increases with increasing substrate
concentration (S14) but reaches
alimiting value characteristic of each
enzyme. The velocity at any time, t, is
denoted as \t.
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and represents the change in concentration of reactants or products per unit time.

The Rate Equation

Determination of the velocity of areaction reveals nothing about the stoichiometry of the reactants and products or
about the reaction mechanism. An equation is needed that rel ates the experimentally determined initial velocity to
the concentration of reactants. Thisis the velocity or rate equation. In the reaction A ® B, the velocity equation is

— Al = p= HAL (4.2)
at

Thus the observed initial velocity depends on the starting concentration of A to the nth power multiplied by a
proportionality constant (k). The latter is known as the rate constant. The exponent nis usually an integer from 1to 3
that is required to satisfy the mathematical identity of the velocity expression.

Characterization of Reactions Based on Order

Another term useful in describing areaction is the order of reaction. Empirically the order is determined as the sum
of the exponents on each concentration term in the rate expression. In the case under discussion the reaction isfirst
order, since the velocity depends on the concentration of A to the first power, v=KkA]l. InthereactionA +B ® C,
if the order with respect to A and B is 1, that is, v = k|A]1[B]1, overall the reaction is second order. Note that the
order of reaction is independent of the stoichiometry of the reaction; that is, if the reaction were third order, the rate
expression could be either v = k[A][B]2 or v = [A]2[B], depending on the order in A and B. Since the velocity of the
reaction is constantly changing as the reactant concentration changes, first-order reaction conditions would not be
ideal for assaying an enzyme-catalyzed reaction because one would have two variables, the changing substrate
concentration and the unknown enzyme concentration.

If the differential first-order rate expression EqQ. 4.2 isintegrated, one obtains
b= 23og ([—a-][‘ﬁ_dw) (4.3)

where [A] istheinitial reactant concentration and [P] is the concentration of product formed at time t. The first-
order rate constant k1 has the units of reciprocal time. If the data shown in Figure 4.12 were replotted as log [P]
versus time for any one of the substrate concentrations, a straight line would be obtained whose slope is equal to
k1/2.303. The rate constant k1 should not be confused with the rate or velocity of the reaction.

Many biological processes proceed under first-order conditions. The clearance of many drugs from the blood by
peripheral tissuesis afirst-order process. A specialized form of the rate equation can be used in these cases. If we
define t1/2 as the time required for the concentration of the reactants or the blood level of adrug to be reduced by
one-half the initial value, then Eq. 4.3 reducesto

Boohe=231log (Ti—#) =23 %og 2 = 0.69 (4.4)
or

_Dog
ha =" (4.5)

Note that t1/2 is not one-half the time required for the reaction to be completed. The term t1/2 isreferred to as the
half-life of the reaction.
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Many second-order reactions that involve water or any one of the reactants in large excess can be treated as pseudo-
first-order reactions. In the hydrolysis of an ester,

0 0
| |
R—C—0—CH, + Hy0==R—C~0H + CH,0H

the second-order rate expression is

velocity = v = kylesterHO)! (4.6}

but since water isin abundance (55.5 M) compared to the ester (103102 M), the system obeys the first-order rate law
Eqg. 4.2, and the reaction appears to proceed as if it were afirst-order reaction. Reactions in the cell that involve
hydration, dehydration, or hydrolysis are pseudo-first-order.

The rate expression for the zero-order reaction is v = k0. Note that there is no concentration term for reactants;
therefore the addition of more reactant does not augment the rate. The disappearance of reactant or the appearance of
product proceeds at a constant velocity irrespective of reactant concentration. The units of the rate constant are
concentration per unit time. Zero-order reaction conditions only occur in catalyzed reactions where the concentration
of reactantsis large enough to saturate all the catalytic sites. Under these conditions the catalyst is operating at
maximum velocity, and all catalytic sites are filled; therefore addition of more reactant cannot increase the rate.

Reversibility of Reactions

Although most chemical reactions are reversible, some directionality isimposed on particular stepsin a metabolic
pathway by rapid removal of end product by subsequent reactions in the pathway. Many ligase reactions involving
the nucleoside triphosphates result in release of pyrophosphate (PPi). These reactions are rendered irreversible by the
hydrolysis of the pyrophosphate to 2 moles of inorganic phosphate, Pi. Schematically,

A =B+ ATP—wA—B + AMP + PP
PP, + H,0—»2P

Conversion of the "high-energy" pyrophosphate to inorganic phosphate imposes irreversibility on the system by
virtue of the thermodynamic stability of the products.

For reactions that are reversible, the equilibrium constant for
A+BR=0C
is

[C]

 [AIB] ST

K—-.-q
and can also be expressed in terms of rate constants of the forward and reverse reactions:

A4+B=C
k,

==K, (4.8)
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Equation 4.8 shows the relationship between thermodynamic and kinetic quantities. The term Kegisa
thermodynamic expression of the state of the system, while k1 and k2 are kinetic expressions that are related to the
speed at which that state is reached.
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Enzymes Show Saturation Kinetics
Terminology

Enzyme activity is usually expressed as micromoles (u mol) of substrate converted to product per minute under
specified assay conditions. One standard unit of enzyme activity (U) isthat activity that catalyzes transformation of
1 p mol minl. Specific activity of an enzyme preparation is defined as the number of enzyme units per milligram of
protein (u mol minl mg of proteinl or U/mg of protein). This expression, however, does not indicate whether the
sample tested contains only the enzyme protein; during enzyme purification the value will increase as contaminating
protein is removed. The catalytic constant, or turnover number, of an enzyme is equal to the units of activity per
mole of enzyme (u mol/min/mol of enzyme). Where the enzyme has more than one catalytic center, the catalytic
constant is often given on the basis of the particle weight of the subunit rather than the molecular weight of the
entire protein. The Commission on Enzyme Nomenclature of the International Union of Biochemistry and Molecular
Biology recommends that enzyme activity be expressed in units of moles per second, instead of micromoles per
minute, to conform with the rate constants used in chemical kinetics. A new unit, the Katal (abbreviated kat), is
proposed where 1 kat denotes conversion of 1 mol substrate per second. Activity can be expressed, however, as
millikatals (mkat), microkatals (u kat), and so forth. The specific activity and catalytic constant can also be
expressed in katals.

The catalytic constant or turnover number allows direct comparison of relative catalytic ability between enzymes.
For example, the constants for catalase and a-amylase are 5 x 106 and 1.9 x 104, respectively, indicating that
catalase is about 2500 times more active than amylase.

Maximum velocity, Vmax, is the velocity obtained under conditions of substrate saturation of the enzyme under
specified conditions of pH, temperature, and ionic strength. Vmax is a constant for a given enzyme.

Interaction of Enzyme and Substrate

Theinitia velocity of an enzyme-catalyzed reaction is dependent on the concentration of substrate (S) (Figure 4.12).
As concentration of substrate increases (S1$4), initial velocity increases until the enzyme is completely saturated
with substrate. If initial velocities obtained at given substrate concentrations are plotted (Figure 4.13), arectangular
hyperbolais obtained like that obtained for binding of oxygen to myoglobin as afunction of increasing oxygen
pressure. In general, arectangular hyperbolais obtained for any process that involves interaction or binding of
reactants or other substances at a specific but limited number of sites. The velocity of the reaction reaches a
maximum at the point at which all the available sites are saturated. The curvein Figure 4.13 isreferred

Maximum wvalcoity | — — — — = — — — — — — — — — -
[

Inital velceity of

prduct farmation

Substrate concentratien

Figure 4.13
Plot of velocity versus substrate
for an enzyme-catalyzed reaction.

Initial velocities are plotted against the substrate
concentration at which they were determined.
The curve is arectangular hyperbola, which
asymptotically approaches the maximum velocity
possible with a given amount of enzyme.
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to as the substrate saturation curve of an enzyme-catalyzed reaction and reflects the fact that an enzyme has a
specific binding site for the substrate. Enzyme (E) and substrate must interact in some way if the substrate isto be
converted to products. Initialy there is formation of a complex between the enzyme and substrate:

E+S+—ES (4.9)

The rate constant for formation of the ES complex is defined as k1, and the rate constant for disassociation of the ES
complex is defined as k2. So far, we have described only an equilibrium binding of enzyme and substrate. The
chemical event in which bonds are made or broken occurs in the ES complex. The conversion of substrate to
products (P) then occurs from the ES complex with arate constant k3. Therefore, Eq. 4.9 istransformed to

j.

E4 8 2B —"sE+P (4.10)

L._

Equation 4.10 isageneral statement of the mechanism of enzyme action. The equilibrium between E and S can be
expressed as an affinity constant, Ka, only if the rate of the chemical phase of the reaction, k3, is small compared to
k2; then Ka = kl/k2. Earlier we used Keq to describe chemical reactions. In enzymology the association or affinity
constant Ka is preferred.

— dEq

A
.-'-'.
-
.-‘--'_

_—
e
v /
r
3\'0/
i q\le i BE4
i 5 Tn
lll.Ill E (= -".__:I.-""'-f
' {:j.—f

o .
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;i"' e st

b ;',-" d\ln

/ g P il
/ it i
[

Product formed

Time

Figure 4.14
Progress curves at variable concentrations of
enzyme and saturating levels of substrate.
Theinitia velocity (vO) doubles as the enzyme
concentration doubles. Since the substrate
concentrations are the same, the final
equilibrium concentrations of product will be
identical in each case; however, equilibrium
will be reached at a slower rate in those assays
containing small amounts of enzyme.

Theinitial velocity, vO, of an enzyme-catalyzed reaction is dependent on amount of substrate present and on enzyme
concentration. Figure 4.14 shows progress curves for increasing concentrations of enzyme, where there is enough
substrate initially to saturate the enzyme at all levels. Theinitial velocity doubles as the concentration of enzyme
doubles. At the lower concentrations of enzyme, equilibrium is reached more slowly than at higher concentrations,
but the final equilibrium position is the same.
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From this discussion, we can conclude that the velocity of an enzyme reaction is dependent on both substrate and
enzyme concentrations.

Formulation of the MichaelisMenten Equation

In the discussion of chemical kinetics, rate equations were developed so that velocity of the reaction could be
expressed in terms of substrate concentration. This approach also holds for enzyme-catalyzed reactions, where the
goal isto develop arelationship that will allow the velocity of areaction to be correlated with the amount of
enzyme. First, arate equation must be devel oped that relates the velocity of the reaction to the substrate
concentration.

Development of this rate equation, known as the MichaelisM enten equation, requires three basic assumptions. The
first isthat the ES complex isin a steady state; that is, during the initial phases of the reaction, the concentration of
the ES complex remains constant, even though many molecules of substrate are converted to products viathe ES
complex. The second assumption is that under saturating conditions all of the enzyme is converted to ES complex,
and noneis free. This occurs when the substrate concentration is high. The third assumption isthat if al the enzyme
isin the ES complex, then the rate of formation of products will be maximal; that is,

Vi = &[ES] (4.11)

If we then write the steady-state expression for formation and breakdown of the ES complex as

g =Rtk (4.12)
g k2
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the rate expression obtained by suitable algebraic manipulation becomes

Velocity = v = K. T[S (4.13)

The complete derivation of this equation is at the end of this section. The two constants in this rate equation, Vmax
and Km, are unique to each enzyme under specific conditions of pH and temperature. For enzymesin which

ky < k) , Km becomes the reciprocal of the enzymesubstrate binding constant, and Vmax reflects the catalytic
phase of the enzyme mechanism as suggested by Eq. 4.11. Thus, in thismodel, activity of the enzyme can be
separated into two phases. binding of substrate followed by chemical modification of the substrate. This biphasic
nature of the enzyme mechanism isreinforced in the clinical example discussed in Clin. Corr. 4.1.

CLINICAL CORRELATION 4.1
A Case of Gout Demonstrates Two Phases in the Mechanism of Enzyme Action

The two phases of the MichaelisMenten model of enzyme action, binding
followed by modification of substrate, areillustrated by studies on afamily with
gout. The patient excreted three times the normal amount of uric acid per day and
had markedly increased levels of 5’-phosphoribosyl-a-pyrophosphate (PRPP) in
hisred blood cells. PRPPis an intermediate in the biosynthesis of AMP and GMP,
which are converted to ATPand GTP. Uric acid arises directly from degradation
of AMPand GMP. Assays in vitro revealed that the patient's red cell PRPP
synthetase activity was increased threefold. The pH optimum and the Km of the
enzyme for ATP and ribose 5-phosphate were normal, but Vmax was increased
threefold! Thisincrease was not due to an increase in the amount of enzyme;
immunologic testing with a specific antibody to the enzyme revealed similar
guantities of the enzyme protein asin normal red cells. This finding demonstrates
that the binding of substrate as reflected by Km and the subsequent chemical
event in catalysis, which isreflected in Vmax, are separate phases of the overal
catalytic process. This situation holds only for those enzyme mechanismsin

which &5 = £

Becker, M. A., Kostel, P. J., Meyer, L. J., and Seegmiller, J. E. Human
phosphoribosylpyrophosphate synthetase: increased enzyme specific activity in a
family with gout and excessive purine synthesis. Proc. Natl. Acad. Sci. U.SA.
70:2749, 1973.

Significance of Km

The concept of Km may appear to have no physiological or clinical relevance. The truth is quite the contrary. As
discussed in Section 4.9, al valid enzyme assays performed in the clinical laboratory are based on knowledge of Km
values for each substrate. In terms of the physiological control of glucose and phosphate metabolism, two
hexokinases have evolved, one with a high Km and one with alow Km for glucose. Together, they contribute to
maintaining steady-state levels of blood glucose and phosphate, as discussed on page 284.

In general, Km values are near the concentrations of substrate found in cells. Perhaps enzymes have evolved
substrate-binding sites with affinities comparable to in vivo levels of their substrates. Occasionally, mutation of an
enzyme-binding site occurs, or an isoenzyme with an altered Kmis expressed. Either of these events can result in an
abnormal physiology. An interesting example (Clin. Corr. 4.2) isthe expression of only the atypical form of
aldehyde dehy-drogenase in people of Asiatic origin.
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Note that if one allowstheinitial velocity, VO, to be equal to 1/2Vmax in Eg. 4.13, Km will be equal to [S]:

1 _ Vi [5]
fll"nlu = Km + [S]
K, + 8= M
[ -
Ka=13]

Thus, from a substrate saturation curve, the numerical value of Km can be derived by graphical analysis (Figure
4.15). Here the Kmis equal to the substrate concentration that gives one-half the maximum velocity.

W

o

v,

22
Li
¥, )
Figure 4.15

Graphic estimation of Km for
the vO versus [§] plot.
Km is the substrate concentration at
which the enzyme has
half-maximal activity.

Linear Form of the MichaglisMenten Equation

In practice the determination of Km from the substrate saturation curve is not very accurate, because Vmax is
approached asymptotically. If one takes the reciprocal of Eq. 4.13 and separates the variables into a format
consistent with the equation of a straight line (y = mx + b), then

I _ Ky 1, 1

== X — +
E_-'l-] Iy’n-ﬂ [S] Vr".nm

A plot of thereciprocal of theinitial velocity versus the reciprocal of theinitial substrate concentration yieldsaline
whose slope is Km/ Vmax and whose y-intercept is 1/Vmax. Such aplot is shown in Figure 4.16. It is often easier to
obtain the Km from the intercept on the x-axis, which is /Km.

Thislinear form of the MichaelisMenten equation is often referred to as the lineweaverBurk or double-reciprocal
plot. Its advantage is that
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1y |

=W,

15]

Figure 4.16

Determination of Km and Vmax from the Line

weaver Burk double-reciprocal plot.
Plots of the reciprocal

of theinitial velocity versus the reciprocal of

the substrate concentration used to determine
theinitial velocity yield aline whose

x-intercept is VKm.

CLINICAL CORRELATION 4.2
The Physiological Effect of Changesin EnzymeKm Values

The unusual sensitivity of Asians to alcoholic beverages has a biochemical basis.
In some Japanese and Chinese, much less ethanol is required to produce
vasodilation that resultsin facial flushing and rapid heart rate than is required to
achieve the same effect in Europeans. The physiological effects are due to
acetaldehyde generated by liver alcohol dehydrogenase.

CH.,CH.OH + NAD® = CH.CHO + H' + NADH

Acetaldehyde is normally removed by a mitochondrial aldehyde dehydrogenase
that convertsit to acetate. In some Asians, the normal form of the mitochondrial
aldehyde dehydrogenase, with alow Km for acetaldehyde, is missing. These
individuals have only the cytosolic high Km (lower affinity) form of the enzyme,
which leads to a high steady-state level of acetaldehyde in the blood after alcohol
consumption. This accounts for the increased sensitivity to alcohol.

Crabb, D. W., Edenberg, H. J., Bosron, W. F,, and Li, T.-K. Genotypes for
aldehyde dehydrogenase deficiency and alcohol sensitivity: The ALDH22 aleleis
dominant. J. Clin. Invest. 83:314, 1989.

statistically significant values of Km and Vmax can be obtained directly with six to eight data points.
Derivation of the MichaelisMenten Equation

The generalized statement of the mechanism of enzyme action is

k

E+S—ES—>E+7P (4.10)

o)

If we assume that the rate of formation of the ES complex is balanced by its rate of breakdown (the steady-state
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assumption), then we can write
E"fqu'L'.'r.l':E.:_l'.'L == lI;\:"1[‘-“’“[;:]
II'.1|'f'.'l.':':l\{-;.il:'-.‘\.‘_'l == kzl-ESJ + ;\?:[IES] = [E'S]{'{J.‘.' + '{Ji‘}
If we set the rate of formation equal to the rate of breakdown, then
&[SIE] = [ESKE + &)

After dividing both sides of the equation by k1, we have

[SIE] = [ES] [%] (4.14)
1

If we now define the ratio of the rate constants (k2 + k3)/k1 as Km, the Michaelis constant, and substitute it into Eq.
4.14, then

[SIEl = [ESIK,, (4.15)

Since [E] is equal to the free enzyme, we must express its concentration in terms of the total enzyme added to the
system minus any enzyme in the [ES] complex; that is,

[E] = {IE] — [ESD

Upon substitution of the equivalent expression for [E] into Eq. 4.15 we have
[SIC(E] — [ESD = [ES]K,,

Dividing through by [S] yields

[ESIA,
5]

[E|] - [ES] =

and dividing through by [ES] yields
[E) Ko B _K, K.t

Es T Es s 5 (410
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We now need to obtain an alternative expression for [Et/[ES], since [ES] cannot be measured easily, if at al. When
the enzyme is saturated with substrate al the enzyme will be in the ES complex, and none will be free, [Et] = [ES],
and the velocity observed will be the maximum possible; therefore, Vmax = k3. When [Et] is not equal to [ES], v =
k3[ES]. From these two expressions we can obtain the ratio of [Et]/[ES]; that is,

[EI':| — LT:'.-:x-":'{;-j — ﬁ

[Es]  w'k, v

(£17)

Substituting this value of [Et]/[ES] into Eq. 4.16 yields aform of the MichaelisMenten equation:

Vo _ Ky +18]
Pe [5]
or
_ _Viwl8]
K, +18]

An Enzyme Catalyzes Both Forward and Reverse Directions of a Reversible Reaction

Asindicated previously, enzymes do not alter the equilibrium constant of a reaction; consequently, in the reaction

|
h‘l

S=p

k;

the direction of flow of material, either in the forward or the reverse direction, will depend on the concentration of S
relative to P and the equilibrium constant of the reaction. Since enzymes catalyze the forward and reverse reactions,
aproblem may arise if product has an affinity for the enzyme that is similar to that of substrate. In this case the
product can easily rebind to the active site of the enzyme and will compete with the substrate for that site. In such
cases the product inhibits the reaction as concentration of product increases. The LineweaverBurk plot will not be
linear in those cases where the enzyme is susceptible to product inhibition. If the subsequent enzyme in a metabolic
pathway removes the product rapidly, then product inhibition should not occur.

Product inhibition in a metabolic pathway provides a limited means of controlling or modulating flux of substrates
through the pathway. As the end product of a pathway increases, each intermediate will aso increase by mass
action. If one or more enzymes are particularly sensitive to product inhibition, output of end product of the pathway
will be suppressed. Reversibility of a pathway or a particular enzyme-catalyzed reaction is dependent on the rate of
product removal. If the end product is quickly removed, then the pathway may be physiologically unidirectional.

Multisubstrate Reactions Follow Either a PingPong or Sequential Mechanism

Most enzymes utilize more than one substrate, or act upon one substrate plus a coenzyme and generate one or more
products. In any case, a Km must be determined for each substrate and coenzyme involved in the reaction when
establishing an enzyme assay.

Mechanistically, enzyme reactions are divided into two major categories, pingpong or sequential. There are many
variations on these major mechanisms. The pingpong mechanism can be represented as follows:

P, B
1 l
E+ A » EA E’ E'B P+ E
< previous page page 140 next page >
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where substrate A reacts with E to produce product P1, which is released before the second substrate B binds to the
modified enzyme E’. Substrate B is then converted to product P2 and the enzyme is regenerated. A good example of
this mechanism is the transaminase-catalyzed reaction (see p. 448) in which the a-amino group of amino acidl is
transferred to the enzyme and the newly formed a-keto acidl is released, as the first product, followed by the
binding of the acceptor a-keto acid2 and release of amino acid2. Thisreaction isoutlined in Figure 4.17.

Aming acidq \ \

c—ketoacidy
m—ketoacid:

Amino acids ’/

Figure 4.17
Schematic representation of the trans-aminase reaction
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mechanism: an example of a ping-pong mechanism.
Enzyme-bound pyridoxal phosphate (vitamin
B6 coenzyme) accepts the o-amino group from the first
amino acid (AA1), which is then released from the enzyme as an
o-keto acid. The acceptor a-keto acid
(AA2) isthen bound to the enzyme, and the bound amino group is
transferred to it, forming a new amino acid, which is then released from the
enzyme. The terms "oxy" and "keto" are used interchangeably.
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CLINICAL CORRELATION 4.3
Mutation of a Coenzyme-Binding Site Resultsin Clinical Disease

Cystathioninuriais a genetic disease in which y-cystathionase is either deficient or
inactive. Cystathionase catalyzes the reaction:

Cystathionine = cysteine + a-ketobutyrate

Deficiency of the enzyme leads to accumulation of cystathionine in the plasma.
Since cystathionase is a pyridoxa phosphate-dependent enzyme, vitamin B6 was
administered to patients whose fibroblasts contained material that cross-reacted
with antibody against cystathionase. Many responded to B6 therapy with afal in
plasmalevels of cystathionine. These patients produce the apoenzyme that reacted
with the antibody. In one patient the enzyme activity was undetectable in
fibroblast homogenates but increased to 31% of normal with the addition of 1 mM
of pyridoxal phosphate to the assay mixture. It is thought that the Km for
pyridoxal phosphate binding to the enzyme was increased because of a mutation
in the binding site. Activity is partially restored by increasing the concentration of
coenzyme. Apparently these patients require a higher steady-state concentration of
coenzyme to maintain y-cystathionase activity.

Pascal, T. A., Gaull, G. E., Beratis, N. G., Gillam, B. M., Tallan, H. H., and
Hirschhorn, K. Vitamin B 6-responsive and unresponsive cystathionuria: two
variant molecular forms. Science 190:1209, 1975.

In the sequential mechanism, if two substrates A and B can bind in any order, it is arandom mechanism; if binding
of A isrequired before B can be bound, then it is an ordered mechanism. In either case the reaction is bimolecular;
that is, both A and B must be bound before reaction occurs. Examples of these mechanisms are found among the
dehydrogenases in which the second substrate is a coenzyme (NAD+, FAD, etc.; see p. 143). Release of products
may or may not be ordered in either mechanism.

44
Coenzymes:
Structure and Function

Coenzymes are small organic molecules, often derivatives of vitamins, that function with the enzyme in the catalytic
process. Often the coenzyme has an affinity for the enzyme that is similar to that of the substrate; consequently, the
coenzyme can be considered to be a second substrate. In some cases, the coenzyme is covalently bound to the
apoenzyme and functions at or near the active site in catalysis. In other enzymes the role of the coenzymefalls
between these two extremes.

Several coenzymes are derived from the B vitamins. Vitamin B 6, pyridoxine, requires little modification to form the
active coenzyme, pyridoxal phosphate (see p. 1121). Clinical Correlation 4.3 points out the importance of the
coenzyme-binding site and how alterations in this site cause metabolic dysfunction.

In contrast to vitamin B6, niacin requires major alteration in mammalian cells to form a coenzyme, as outlined in
Section 12.9.

The structures and functions of the coenzymes of only two B vitamins, niacin and riboflavin, and of ATP are
discussed in this chapter. The structures and functions of coenzyme A (CoA) (see p. 514), thiamine (see p. 1119),
biotin, and vitamin B12 are included in those chapters dealing with enzymes dependent on the given coenzyme for
activity.
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Adenosine Triphosphate May Be a Second Substrate or a Modulator of Activity

Adenosine triphosphate (ATP) often functions as a second substrate but can also serve as a cofactor in modulation of
the activity of specific enzymes. This compound is central in biochemistry (Figure 4.18) and it is synthesized de
novo in all mammalian cells. The nitrogenous heterocyclic ring is adenine. The combination of the base, adenine,
plus ribose is known as adenosine; hence ATP is adenosine that has at the 5’-hydroxyl atriphosphate. The
biochemically functional end is the reactive triphosphate. The terminal phosphateoxygen bond has a high free
energy of hydrolysis, which means that the phosphate can be transferred from ATP to other acceptor groups. For
example, as a cosubstrate ATPis utilized by the kinases for the transfer of the terminal phosphate to various
acceptors. A typical example is the reaction catalyzed by glucokinase:

Glucose + ATF — glucosa B-phosphate + ADP

ADP s adenosine diphosphate.

o o o
I I I
TO—P—0—P~0—F—0—CH: o
| | | T .
o o o CiH H

C
; :\"é‘%""”"'egH
H oH
Figure 4.18

Adenosine triphosphate (ATP).
ATP also serves as amodulator of the activity of some enzymes. These enzymes have binding sites for ATP,
occupancy of which changes the affinity or reactivity of the enzyme toward its substrates. In these cases, ATP acts as
an alosteric effector (see p. 151).

NAD and NADP are Coenzyme Forms of Niacin

Niacin is pyridine-3-carboxylic acid. It is converted to two coenzymes involved in oxidoreductase reactions. They
are NAD (nicotinamide adenine dinucleo-
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tide) and NADP (nicotinamide adenine dinucleotide phosphate). The abbreviations NAD and NADP are convenient
to use when referring to the coenzymes regardless of their state of oxidation or reduction. NAD+ and NADP+
represent the oxidized forms, and NADH and NADPH represent the reduced forms. Some dehydrogenases are
specific for NADP and others for NAD; some function with either coenzyme. This arrangement allows for
specificity and control over dehydrogenases that reside in the same subcellular compartment.

NAD+ consists of adenosine and N-ribosyl-nicotinamide linked by a pyrophosphate linkage between the 5’-OH
groups of the two ribosyl moieties (Figure 4.19). NADP differs structurally from NAD in having an additional
phosphate esterified to the 2’-OH group of the adenosine moiety. Both coenzymes function as intermediatesin
transfer of two electrons between an electron donor and an acceptor. The donor and acceptor need not be involved in
the same metabolic pathway. Thus the reduced form of these nucleotides acts as a common “pool™ of electrons that
arise from many oxidative reactions and can be used for various reductive reactions.

ﬁcam "
% )

R

04 oH = NADF™ comaing
P02 on Ihis
2" 0OH group

Figure 4.19
Nicotinamide adenine dinucleotide (NAD+).

The adenine, ribose, and pyrophosphate components of NAD are involved in binding of NAD to the enzyme.
Enzymes requiring NADP do not have a conserved aspartate residue present in the NAD-binding site. If the
aspartate were present, a chargecharge interaction between the negative charged aspartate and the 2’-phosphate of
NADP would prevent binding. Since there is no negatively charged phosphate on the 2’-OH in NAD, thereis
discrimination between NAD and NADP binding. The nicotinamide reversibly accepts and donates two electrons at
atime. It isthe active center of the coenzyme. In oxidation of deuterated ethanol by alcohol dehydrogenase, NAD+
accepts two electrons and the deuterium from the ethanol. The other hydrogen is released as a H+ (Figure 4.20).

The binding of NAD+ to the enzyme surface confers a chemically recognizable "top side" and "bottom side” to the
planar nicotinamide. The former is known as the A face and the latter as the B face. In the case of alcohol
dehydrogenase, the proton or deuterium ion that serves as atracer is added to the A face. Other dehydrogenases
utilize the B face. This particular effect demonstrates how enzymes can induce stereospecificity in chemical
reactions by virtue of the asymmetric binding of coenzymes and substrates.

FMN and FAD Are Coenzyme Forms of Riboflavin

The two coenzyme forms of riboflavin are FMN (flavin mononucleotide) and FAD (flavin adenine dinucleotide).
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The vitamin riboflavin consists of the heterocyclic ring, isoalloxazine (flavin) connected through N-10 to the alcohol
ribitol (Figure 4.21). FMN has a phosphate esterified to the 5-OH group of ribitol. FAD is structurally analogous to
NAD in having adenosine linked by a pyrophosphate linkage to a heterocyclic ring, in this case riboflavin (Figure
4.22). Both FAD and FMN function in oxidoreduction reactions by accepting and donating 2e in the isoalloxazine
ring. A typical example of FAD participation in an enzyme reaction is the oxidation of succinate to fumarate by

succinate
1—; D=— A GHE\
::H;-—-:’:"'D . Bt S5 H—————+ R—N ;\" * C=0 4 M
] — == H=—EB HY
o COMHE CONHG
Deuteroathanol HADH NADD Acctaldehyde
Figure 4.20
Stereo specific transfer of deuterium from deuterated ethanol to NAD+.
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Flavin menenuclectide (FME)

Figure4.21
Riboflavin and flavin mononucleotide.

hHza

Flavin adenine dinuclaatide (FAD)

Figure 4.22
Flavin adenine dinucleotide (FAD).

dehydrogenase (see p. 236) (Figure 4.23). In some cases, these coenzymes are 1e acceptors, which lead to flavin
semiquinone formation (afreeradical).

Flavin coenzymes tend to be bound much tighter to their apoenzymes than the niacin coenzymes and often function
as prosthetic groups rather than as cofactors.
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Figure 4.23
FAD as a coenzyme in the succinic
dehydrogenase reaction.

Metal Cofactors Have Various Functions

Metals are not coenzymes in the same sense as FAD, FMN, NAD +, and NADP+ but are required as cofactorsin
approximately two-thirds of all enzymes. Metals participate in enzyme reactions by acting as Lewis acids and by
various modes of chelate formation. Chelates are organometallic coordination complexes. A good example of a
chelate is the complex between iron and protoporphyrin I X to form a heme (see p. 115). Metalsthat act asLewis
acid catalysts are found among the transition metals like Zn, Fe, Mn, and Cu, which have empty d electron orbitals
that act as electron sinks. The alkaline earth metals such as K and Na do not possess this ability. A good example of
ametal functioning asaLewis acid isfound in carbonic anhydrase, a zinc enzyme that catalyzes the reaction

C0y + HO = HCO,

Thefirst step (Figure 4.24) can be visualized as the in situ generation of a proton and a hydroxyl group from water
binding to the zinc (Lewis acid function of zinc). The proton and hydroxyl group are then added to the carbon
dioxide and carbonic acid is released. Actually, the reactions presented in sequence may occur in a concerted
fashion, that is, all at one time.

Metals can also promote catalysis either by binding substrate and promoting electrophilic catalysis at the site of
bond cleavage or by stabilizing intermediates in the reaction pathway. In the case of carboxypeptidase and
thermolysin, zinc proteases with identical active sites, the zinc functions to generate a hydroxyl group from water,
and then to stabilize the transition state resulting from attack of the hydroxyl on the peptide bond. Figure 4.25
depicts the generation of the active-site hydroxyl by zinc. As shown, Glu 270 functions as

< previous page page 144 next page >

file:///D]/...tbook%200f%20Biochemistry%20with%20Clinical%20Correlations%204th%20Ed%201997/files/page_144.htmI[11/10/2010 10:36:40 AM]



page_145
< previous page page 145 next page >

Page 145

abase in plucking the proton from water. Stabilization of the tetrahedral transition state by zinc is shown in Figure
4.26. The positive zinc provides a counterion to stabilize the negative oxygens on the tetrahedral carbon.
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Figure 4.24
Zinc functionsas a
Lewis acid in carbonic anhydrase.

Role of the Metal As a Structural Element

The function of ametal as aLewis acid in carbonic anhydrase and carboxypeptidase requires chelate formation.
Various modes of chelation occur between metal, enzyme, and substrate that are structural in nature, but in which no

acid catalysis occurs.
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Figure 4.25
Zinc in the mechanism of reaction of carboxypeptidase A.
Enzyme -bound zinc generates a hydroxyl nucleophile
from bound water, which attacks the carbonyl of the
peptide bond as indicated by the arrows. Glu 270 assists
by pulling the proton from the zinc-bound water.
Redrawn from Lipscomb, W. N. Robert A.
Welch Found. Conf. Chem. Res.

15:140,1971.
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Figure 4.26

Stabilization of the transition state of the
tetrahedral intermediate by zinc.
Positive charge on the zinc
stabilizes the negative charge that develops on
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the oxygens of the tetrahedral carbon in the

transition state. The tetrahedral intermediate
then collapses as indicated by the arrows,
resulting in breakage of the peptide bond.
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Figure 4.27
Mg2+ATP.

In several kinases, creatine kinase being the best example, the true substrate is not ATP but Mg 2+ATP (Figure 4.27).
In this case, Mg2+ does not interact directly with the enzyme. It may serve to neutralize the negative charge density
on ATP and facilitate binding to the enzyme. Ternary complexes of this conformation are known as "substrate-
bridged" complexes and can be schematically represented as EnzSM. A hypothetical scheme for the binding of
Mg2+ATP and glucose in the active site of hexokinase is presented in Figure 4.28. All kinases except muscle
pyruvate kinase and phosphoenol pyruvate carboxykinase are substrate-bridged complexes. In pyruvate kinase,
Mg2+ chelates ATP to the enzyme as shown in Figure 4.29. Absence of the metal cofactor resultsin failure of ATP
to bind to the enzyme. Enzymes of this class are "metal-bridged" ternary complexes, EnzSM. All metalloenzymes
are of thistype and contain atightly bound transition metal such as Zn2+ or Fe2+. Several enzymes that catalyze
enolization and elimination reactions are metal-bridged complexes.

In addition to the role of binding enzyme and substrate, metals may also bind directly to the enzyme to stabilizeit in
the active conformation or perhaps to induce the formation of a binding site or active site. Not only do the strongly
chelated metals like Mn2+ play arole in thisregard, but the weakly bound alkali metals (Na+ or K+) are also
important. In pyruvate kinase, K+ induces an initial conformation change, which is necessary, but not sufficient, for
ternary complex formation. Upon substrate binding, K+ induces a second conformational change to the catalytically
active ternary complex asindicated in Figure 4.29. Thus Na+ and K+ stabilize the active conformation of the
enzyme but are passive in catalysis.

Role of Metals in Oxidation and Reduction

Ironsulfur proteins, often referred to as nonheme iron proteins, are a unique class of metalloenzymes in which the
active center consists of one or more clusters of sulfur-bridged iron chelates. The structures are presented on page
252. In some cases the sulfur comes only from cysteine and in others from both cysteine and free ionic sulfur. The
free sulfur is released as hydrogen

Figure 4.28
Role of Mg2+ as a substrate-bridged complex in the
active site of the kinases.
In hexokinase the termina phosphate of ATPis transferred to
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glucose, yielding glucose 6-phosphate. Mg2+ coordinates
with the ATPto form the true substrate and in addition may
labilize the terminal PO bond of ATPto facilitate transfer
of the phosphate to glucose. There are specific binding
sites (light blue) on the enzyme (darker blue) for glucose
(upper l€eft) in red as well as the adenine and ribose
moieties of ATP (black).
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sulfide upon acidification. These nonheme iron enzymes have reasonably low redu