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The naarly colorless icefish is the only adult vertebrate that lacks hemoglobdn, [t can
survive without this otherwise essential oxygen-binding protein because in the cold
{—1.8"C) Antarclic watars whare it lives, tha fish consumas |itte cxygen and the
salublity of axygen is relatvely high. [© Deug Allans/Petar Amold. |ne.]

The preceding two chapters have painted a broad picture of the chemical and
physical properties of proteins but have not delved deeply into their physio-
logical functions. Nevertheless, it should come as no surprise that the struc-
tural complexity and variety of proteins allow them to carry out an enormous
array of specialized biological tasks. For example, the enzyme catalyses of vir-
tually all metabolic reactions are proteins (we consider enzymes in detail in
Chapters 11 and 12). Genetic information would remain locked in DNA were
it not for the proteins that participate in decoding and transmitting thar in-
formation, R:ma.rluhly. the thousands of proteins that participate in building,
supporting, rnnﬁ,numg. transporting, and mnnfurmmg cellular components
act with incredib d and accuracy and in many cases are subject to mul-
tiple regulatory mechanisms,

The specialized functions of proteins, from the fibrous proteins we exam-
ined in Section 6-1C to the precisely regulated metabolic enzymes we discuss
in later chapters, can all be understood in terms of how proteins bind 1o and
interact with other components of living systems. In this chapter, we focus on
three sets of proteins: the oxygen-binding proteins myoglobin and hemoglo-
bin, the actin and myosin proteins responsible for muscle contraction, and an-
tibody molecules. The molecular structures and physiological roles of these

roteins are known in detail, and their proper functioning is vital for human

ealth, In addition, these proteins serve as models for many of the proteins
we will examine later when we discuss metabolism and the management of
genetic information.




1 Oxygen Binding to Myoglobin and Hemaglobin

KEY CONCEPTS

+ Myoglobin, with ita asingle heme prosthetic group, exhibita a hyperbolic Os-binding
curve.
Hemoglobin can adopt the deoxy (T} or oy (R) confarmation, which differ in
Og-binding affinity.
Oxygen binding iriggers conformational changes in hemoglobin so that oxygen
binds to the protein cooparatively, yielding a sigmoidal binding curve,
The Bohr effect and BPG alter hemoglobin'a Og-binding affinity.
Mutations can change hemoglobin's Oy -binding properties and cause dissase.

We begin our study of protein function with two proteins that reversibly bind
molecular oxygen (O3). Myoglobin, the first protein whose structure was
determined by X-ray crysallography, is a small protein with relatively simple
oxygen-binding behavior. Hemoglobin, a tetramer of myoglobin-like polypep-
rh{:ga.‘ is a murge complicated pms::in that functions as i iphis:iut:dpﬂs}}:z:ii
for delivering oxygen to tissues throughout the body. The efficiency with
which hemoglobin binds and releases O is reminiscent of the specificity and
efficiency of metabolic enzymes. It is worthwhile to study hemoglobin's struc-
ture and function because many of the theories formulated to explain O; bind-
ing to hemoglobin also explain the control of enzyme activity.

A Myoglobin Is a Monomeric Oxygen-Binding Protein

Myoglabin is a small intracellular protein in vertebrate muscle, Its X-ray strue-
ture, determined by John Kendrew in 1959, revealed that most of myoglobin's
153 residues are members of eight o helices (traditionally labeled A through H)
that are arranged to form a globular protein with approximate dimensions
44 X 44 x 25 A (Fig. 7-1).

FIG. 7-1 Structure of sperm whale myoglobln, This | B3-residue monomeric prabein
cansisis of eight a helicas, labeled A through H, that are connected by short polypeptide
links (tha last half af what was arginally thought to be the EF camer has been shawn to
farm @ sharl halix that is dassgnated the F' halich The heme group is shown in red.
|Inustration, Iring Gels. Image from the Iving Gels Collecton/Haward Hughes Medical
Institute. Rights awned by HHMI. Reproduction by permizsian only) ﬂ See Kinemaga
Exarcisa 8-1,
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FIG. 7-2 Tha hama group, Tha canlral
Fal(lly mbom is shown ligereded to the four W atoms
of the porphyrin ring, whose pyrole groups are
Inbalad A=D, The heme & & conjugabed system,
sa all the Fe—N bords are equivalent, The Fe{ll)
I8 algo liganded to & His side chain and, whan (1
Is prasant, ta Og, The slx ligands sme arcanged at
the commrs of an oclahedran cenfered on the Fo
lon {octabdial geometry),

~00C = CHy = CH,
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Myoglobin Contains a Heme Prosthetic Group. Myoglobin, other members
of the globin family of proteins (Section 5-4B), and a variety of other proteins
such as cytochrome ¢ (Sections 5-4A and 6-2D) all contain a single heme group
{(Fig. 7-1). The heme is tightly wedged in a hydrophobic pocket between the E
unﬁ‘l‘ helices in mﬁ:gllbirﬁh[{c hr:ﬁyﬂ.‘lk rinydg ij:‘rm uﬁlmr is 2 porphyrin
derivative containing four pyrrole groups (labeled A-D) linked by methene
bridges (other porphyrins vary in the substituents attached to rings A-D). The
Fe(ll}) atom at the center of heme is coordinated by the four porphyrin N atoms
and one N from a His side chain (called, in a nomenclature peculiar o myo-
globin and hemoglobin, His F8 because it is the eighth residue of the F helix).
A molecule of oxygen (O);) can act as a sixth ligand to the iron atom. His E7
{the seventh residue of helix E) hydrogen bonds to the O; with the geometry
shown in Fig. 7-3. Two hydrophobic side chains on the O-binding side of the
heme, Val E11 and Phe CD1 (the first residue in the segment between helices
C and D). help hold the heme in place. These side chains presumably swing
aside as the protein “breathes” (Section 6-4A), allowing O; to enter and exit.
When exposed to oxygen, the Fe(ll) atom of isolated heme is irreversibly
oxidized to Fe(lll), a form that cannot bind Oy, The protein portion of myo-
globin {and of hemoglobin, which contains four heme groups in four globin
chains) prevents this oxidation and makes it possible for O, to bind reversibly
to the heme group. Oxygenation alters the electronic state of the Fe(ll)~heme
complex, as indicated by its color change from dark purple (the color of hemo-
globin in venous blood) to brilliant scarlet (the color of hemoglobin in arterial
blood). Under some conditions, the Fe(ll) of myoglobin or hemoglobin becomes
oxidized to Fe(lll) to form metmyoglobin or methemoglobin, respectively;
these proteins are responsible for the brown color of old meat and dried blood.
In addition to Oy, certain other small maolecules such as CO, NO, and
H,5 can bind to heme groups in proteins. These other compounds bind with

FIG. 7-3 Tha hema complex in myoglobin. In the upper drawing, aloms are
raprasented in space-filling form (H stoms are nat shawn), The lower drawing shows the
cormespanding skalelal madel with a dashed line rapresanting the hydragen bond batwesen
His E7 and tha baund Qg [Based an an X-ray struciure by Siman Phillips, MRC Laboratary
of Malecular Biology, Cambridge, UK. POBId 1MBEC) ) See Kinemage Exercise &-1.




much high:r a.fE.nit}r than Uz. which accounts for their mxicil:_lr. O, for ex-
ample, has 200-fold greater affinity for hemoglobin than does O,

Myoglobin Binds O, to Facilitate Its Diffusion. J"thhuugh m].rugluhin Wias
orginally thought to be only an oxygen-stora rotein, it is now a nt
I.']'I.:IEIZ i) m}r,::";ar pi_pmfng:mf mf:ru to faci 3|?:.::'r.-.-' a.g;;r E’_ﬁﬂan in muscle [t]'E:cFil-Tr::lst
rapidly respiring tissue under conditions n-f]'ugh :::rtmn}l The rate at which
Dy can diffuse from the capl]]an:s to the tissues is limited by its low solubil-
ity in aqueous solution (~10 M in blood). Myoglobin increases the
effective solubility of O3 in muscle cells, acting as a kind of molecular bucket
brigade to boost the O, diffusion rate. The oxygen-storage function of myo-
globin is probably significant only in aquatic mammals such as seals and
whales, whose muscle m}'nglnhin concentrations are around 10-fold greater
than thoss in terrestrial mammals (which s one reason why Kendrew chose
the sperm whale as a source of myoglobin for his X-ray crystallographic stud-
ies). Nevertheless, mice in which the gene for myoglobin has been “knocked
out” appear to be normal, aJ.I‘J.'ID'LI.El'I their muscles are |iE|1I.1:r in color than
those of wild-type mice. However, closer scrutiny revealed several compensa-
tory adaptatiun_i in these mice, inc]ud.ing a greater concentration of red blood
cells and increased ca|:|-il|:|r}r d:nsit}r in their muscles. Moreover, many of the
mutant embryos died in wiers due to cardiovascular defects. Vertebrates also
EXPrEsS WD recently discovered Elnhins: ncutngluhin, which is present
mainly in brain, retina, and endocrine tissues, and cytoglobin, which occurs
In most tissues, N:urugluhin protects neurons {nerve cells) from dam:lg:
under conditions of ischemia I:in:ldn:'uat: blood flow, such as in a stroke),
most likely by preventing reperfusion injury (the damagc caused by the oxy-
gen radicals generated when blood ﬂmv is rl:stun:d} ytoglobin may have

similar functions.

Myoglobin's Oxygen-Binding Curve Is Hyperbolic. The revemible binding
of O o mynglnl:lin (Mb) is described by a simplc :quilihrium reaction:

Mb + Oy == Mb0,
The dissociation constant, X, for the reaction 1s
[MB][O:]
[MbO, |
Note that biochemists usually express equilibria in terms of dissociation con-
stants, the reciprocal of the association constants favored by chemists. The O,
dissocianion of m].rug]ubin can be characterzed IJ‘_',' its fractional samration,
]":}1, which iz defined as the fraction of Grbinding_ S1LES uccupiucl by O
[MbO, ]
[Mb] + [MbO,]
¥, ranges from zero (when no O; is bound to the myoglobin molecules) o

one (when the binding sites of all the myoglobin molecules are occupied).
Equation 7-1 can be rearranged to

K= [7-1]

Yo, =

[7-2]

: Mb][O
(MbO,] = [Mb][O,] 73]
K
When this expression for [MbO] is substruted into Eq 7-2, the fractional
saturation becomes

[Mb][O,]

K

[Mb][O,]
K

H‘.-, -
[Mb] +
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Yo, = X0, (7-5
Since O is a gas, its concentration is conveniently expressed by its partial
pressure, pO; (also called the oxygen ension). Equation 7-5 can therefore be
expressed as

Yo, = e 76
T K+ 0,

This equation describes a rectangular byperbola and is identical in form to
the equations that describe & hormone binding to itr cell-surface receptor or a small
mialecular substrate binding to the active site af an engyme. This hyperbolic func-
tion can be represented graphically as shown in Fig. 7-4, At low pOy, very
littke O binds to myoglobin (¥, s very small). As the pO; increases, mare
0, binds o myoglobin, At very anh Oy, virally all the O,-binding sites
are oceupied and myoglobin is said o be saturated with O,

The steepness of the hyperbola for a simple binding event, such as O,
binding to myoglobin, increases as the value of K decreases. This means that
the lower the value of K, the vighter is the binding K is equivalent to the con-
centration of ligand at which half of the binding sites are occupicd. In other
words, when pO, = K myoglobin is half-saturated with oxygen. This can be
shown algebraically by substituting pO; for Kin Eq. 7-6:

0 0
S . TP e WY (7-7]
K+ p0; 250,

SAMPLE CALCULATION 7-1 Thus, K can be operationally defined as the value of pO, at which ¥ = 0.5
, (Fig, 7-4),

- A whar oxygen concentration will myo- It is convenient to define K as pog, that is, the oxygen pressure at which

Yo,

. globin be 75% sarurated with oxygen!  myoglobin is 50% saturated. The py, for myoglobin is 2.8 vorr (760 torr =
§ 1 atm). Over the physiological range of pO; in the blood (100 torr in arte-
 Rearrange Eq, 7-6 and lev pyy = 28 tore. gl blood and 30 torr in venous blood), myoglobin is almost fully saturated
| po, with oxygen; for example, ¥, = 0.97 at pO; = 100 torr and 0.91 at 30 rorr
" e * pO; - (see Sample Calculation 7-1), Consequently, myoglobin efficiently relay axygen
POy = Ko (psa + pO3) o from dhe capilfaries vo muscle cells,

K

Myoglobin, a single polypeptide chain with one heme group and hence
POL = Yo, p + Yo, 00, one n:y:}]n-hinding fllrc,r; irpuifu] model for other hindinnl pri:n:im. Even
PO = Fo,pUa = Koo - proteins with multiple binding sites for the same small molecule, or ligand,
PO, = _Yopa | may gencrate hyp:rfu:liu binding curves like myoglobin's. A hyperbolic bind-
(1= k) - ing curve ocours when ligands interact independently with their binding sites. In
(0.75)(2.8 torr) - practice, the affinity of a ligand for its binding protein may not be known,
i - W " Z :qu‘ur}.:cting a binding curve such as the one shown in Fig. 7-4 may provide

i this information.

¥,
FIG. 7-4 Oxygen-binding curve of myoglobin. Myagiobin is halt-saturated t

with Qg [ ¥, = 8} al an oxygen parial prossure (pO,) af 28 tarr (dashaed
Knmal, Tha hyparbols shaps of myaglobin's binding curva |s typical of the simple
binding af a smsll moleculs to & pratain. The background @ shaded fa indicabs
tha cabor change that myaglobin undergoes as it binds 0.

P | How mugh dees fractional salurstion change batwesn pO; values al
Band 18, and 18 and 28 torr?
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B Hemoglobin Is a Tetramer with Two Conformations

Hcmng]u-hih.. the intracellular pruttin that Eiws red blood cells their color, is
one of the best-characterized proteins and was one of the frst proteins o be
associated with a specific physiological function (oxygen transport). Animals
that are oo |:|1'E|: (=1 mm thick) for aimplc diffusion to deliver sufficient oxy-
gen to their tissues have circulatory systems containing hemoglobin or a pro-
tein of similar function that does so (Box 7-1).

Mammalian h:mugluhjn. as we saw in Fig, 6-33, is an ﬂ:;ﬂ.; tetramer (a
dimer of af protomers), The a and B subunits are structurally and evolution-
arily related to each other and to myoglobin. The structure of hemoglobin was
determined by Max Perutz (Box 7-1). Only about 18% of the residues are
identical in myoglobin and in the & and B subunits of hemoglobin, but the
three polypeptides have remarkably similar tertiary structures (hemoglobin
subunits follow the myoglobin helix-labeling system, although the « chain has
no D helix). The af protomers of hemoglobin are symmetrically related by a
2-fold rotation (i.c., a rotation of 180° brings the protomers into coincidence).
In addition, hemoglobin's structurally :imllaal o and B subunits are related by

an approximate 2-fold rotation {pseudosymmetry) whose axis is perpendicu-
lar to that of the exact 2-fold rotation. Thus, hemoglobin has exact C; sym-
metry and pseudo- [ symmetry (Secton 6-3; objects with Dy symmetry have

............ mn -
in uhmm

TIE R TR PR RRT R R IEEE R o T A e A R P R R

Other Oxygen-Transport Proteins

The presence of Og in the earth's atmosphere and its utility in the
axidation of metabolic fuels have driven the evolution of various
machanisms for storing and transporting oxygen. Small organisms
rely on ditfusion to supply their respiratory oxygen needs.
Howewer, since the rate at which a substance diffuses varies
imversely with the square of the distance it must diffuse, organ-
isms of =1-mm thickness overcome the constraints of diffusion
with circulatory systems and boost the limited solubility of Og in
water with specific Og-transport proteins

Many invertebrates. and even some plants and bacteria, contain
heme-based Oy-binding proteins. Single-subunit and multimeric
hemoglobins are found both as intreceliular proteins and as estra-
cellular componants of blood and other body fluids. The existence
of hemoglobin-like proteins in some species of bacteria is evi-
dence ot gene franster from animals to becteria at one or more
points during evalution. In bacteris, these proteins may function as
sensors of environmental conditions such as local Oy concentra-
tion. In z=ome leguminous plants, the so-celled leghemoglobins
hind O that would otherwise interfere with nitrogen fixation car-
ried out by bacteria that colonize plant root nodules (Section
21-Th. The chlorocruorins, which occur in some annelids (e.g,
earthworms), contain a somewhat differently dervatized porphyrin
than that in hemoglobin, which accounts for the green color of
chloracruarins.,

The twao other types of Og-binding proteins. hamerythrin and
hamocyanin (naither of which contains heme groups), occur anly
in invertebrate animals. Hemerythrin, which oocurs in only a few
species of marine worms, is an intracellular protein with & subunit
mass of ~13 kD It contains two Fe atoms liganded by His and
acidic residues. It is violet-pink when mxygenated and colorless
when deoxygenated.

Hemocyanins, which ane exclusively extracellular, transport Oy in
mollusks and arthropods. The molluscan and arthropod hemocyanins

are large multimenc proteins that differ in their primary through
quaternary structures. Howevear, thair oxygen-binding sites are highly
similar, consisting of a pair of copper atoms, each liganded by three
His residues

“og 0

In this model of the Og-binding site of hemocyanin from the
horseshoe crab Limuivs polyphemus, atoms are colored according
to type with C gray, N blue, O rad, and Cu purple. The otharwise
colorless complex furns blue when it binds O,

Hemocyanins must be present at high concentrations in order
to function effidenty as moygen carriers. For example, octopus
hamolymph (jts agquivalent of blond) contains about 100 mg/mL
hemocyanin. In order fo minimize the asmotic pressure of so0 much
protein, hemocyanins torm multimernc structures with masses as
great as 9 % 105 D in some species. Hemocyanins are often the
predominant extracellular protein and may therefore have addi-
tional functions as buffers against pH changes and osmotic fluctu-
ations. In soma invertebrates. hemocyanins may serve as a
nutritional reserve, for example, during metamorphosis or molting.

[Figure based on an ¥-ray structure by Wim Hol University of
Washington Schaoal of Medicine. PDBid 10XY)




Max Parutz (1914-2002) The
determination of the three-dimensional
structures of proteins hes becoma so
commanplace that it is difficult to
appreciate the chellenges that faced the
first protein crystallographers. Max Perutz
was a pioneer in this area, spending
meny years determining the structure of
hemoglebin af atomic resolution and then
using this information to explain the
physiological function of the protein.

In 1834, two years before Perutz
began his doctoral studies in Cambridge, L0, Bemal and Dorothy
Crowfoot Hodghkin hed placed a crystal of the protein pepsin in an
¥-ray beam and obtained a diffraction patterm. Perute tried the
sama expariment with hemoglobin, chosen because of its
sbundance, ease of crysielization, and obvious physiclogical
impaortance. Hemoglobin crystals yielded diffraction pattems with
thousands of diffraction maxima {called reflections), the result of
¥-ray scattering by the thousands of atoms in each protein
molecule. At the time, X-ray crystallography hed been used to
determine the structures of molecules containing no more than
around 40 etoms, so the prospect of using the technigue to
determing the atomic structure of hemoglobin seemed impossibla,
Mevertheless, Feruiz took on the challenge and spent the rest of
hig long carear working with hemoglobin,

In X-ray crystallography, the intensities and the positions of the
reflections can be readily determined, but the values of thair
phases {the relative positions of the wawe peaks, the knowledge
of which is as important as wave amplitude for image
reconstruction) cannot be directly measured, Although
computetional techniquas for determining the values of the phases
had been developed for small molecules, methods for salving this
so-called phase problem for such complex entities as proteins
seemed hopelessly oul of reach. In 1862, Perutz realized that the
methad af isomarphous replacement might sulfice ta solve the
phase problem for hemaglobin, In this methed, & heavy atom such
BS B Hﬂ"i'I jon, which is rich in electrons (the particles that scatter
Xerays), must hind to specific sites on the protein without
significantly dizturbing its structure (which would change the

positions of the reflections). If this causes measurable changes in
the intensities of the reflactions, these differences would provide
the information to determine their phases. With trepidation
followed by jubilation, Perutr abserved that Hg-doped hemoglobin
crystals indeed yielded reflections with measurabla changes in
intensity but no changes in position. il it took another § years
to obtein the three-dimensional structure of hemoglobin at low
{5.5-A) resolution and it was not until 1968, some 30 years after
he began the project, that he determined the structure of
hemoglobin at near atomic (2.8-A) resolution. In the meantime,
Perutr's colleague John Kendrew used the method of
isomorphous replacement to sole the structure of myoglobin, a
smaller and simpler relative of hemoglobin. For thair
groundbreaking wark, Perutz and Kendrew ware awarded the
1862 Mobel Prize in Chemistry

For Perutz, obtaining the structure of hemoglobin was only part
of his goal of understanding hemoglobin. For example, functional
studies indicated that the four oxygen-binding sites of hemoglobin
interacted, as if they were in close contact, but Perutz's structure
showed that the binding sites lay in deep and widely separated
pockets. Perutr was also infrigued by the fact that crystals of
hemoglabin prepared in the absence of cuygen would crack when
they were exposed to air (the result, it turns out, of a dramatic
contormational change). Although many other researchers also
tumed their attention to hemoglobin, Perutz was foremost among
them in ascribing axygen-binding behavior fo protein structural
teatures. He also devoted considerable effort to relating functional
abnormalities in mutant hemaglobins to structural changes.

Farulz's groundbreaking work on the X-ray crystallography of
proteing paved the way for other studies, For example, the first
M-ray structure of an enzyme, lysozyme, was determined in 1965,
The nearly 80,000 macromoleculsr structures that have bean
obtained since then owe a debt to Perufz and his decision to
pursue an “impossible’ task and fo follow through on his structural
work to the point where he could use his results to explain
biological phenomena.

Perute, W.F, Rassmare, MG, Culis, AF, Muirmead, B, Wil G, and Marih, ACT,
Emchure af haamogictan: A thies-d al Fouriesr syih i BE A resciiion,
anlained by X-ray aralvais Mamre 180, 416-4232 {1860)

the rotational symmetry of a tetrahedron). The hemoglobin molecule has over-
all dimensions of abour 64 x 55 X 50 A,
Onygen binding alters the structure of the entire hemoglobin tetramer, so

the structures of dea

in (Fig. 7-54) and exybhemoglobin (Fig. 7-56

are noticeably different. In both forms of hemoglobin, the a and B subunits form
extensive contacts: Those at the e~ interface (and its 0;—P; symmetry equiv-
alent) involve 35 residues, and those at the a =B, (and o) interface involve
19 residues. These associations are predominantly hydrophobic, although numer-
ous hydrogen bonds and several ion pairs are also involved. Note, however, that
the =0z and B,=B; interactions are tenuous ar best because these subunit pairs
are separated by an ~20-A-diameter solvent-filled channel that parallels the
50-A length of hemoglobin's exact 2-fold axis (Fig. 7-5).

When oxygen binds to hemoglobin, the a,—B; (and a,—B,) contacis shift,
producing a change in quaternary structure. Oxygenation rotates one off




dimer ~15° with respect to the other aff dimer (gray arrows in Fig. 7-58),
which brings the B subunits closer together and narrows the solvent-filled cen-
tral channel (Fig. 7-5). Some atoms in the o,—B; and a-P, interfaces shif
by as much as 6 A (oxygenation causes such extensive quarernary structural
changes that crystals of deoxyhemoglobin shatter on ﬂEmur: to O4). This

structural rearrangement is a crucial element of hemoglo
hEI'.Il'\'iDr.

ins u:].rgcn-hind'lng
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FIG. 7-8 Hamoglobin structure. (4)
Decxyhemaglobn and (b] asyhamoglabin, The
i, pratomar is ralated to the agfiz protomar
by & 2-fold axis af symmatry (lenbcwar spmbol],
which is perpendicular 1o the page. Oxygenatian
causas ane protomear to rotate - 15% ralatve to
tha ather, bringing the B chains closer togather
lcompare the langths of the dauble-headed
arrows] and shifting the contects betwean
subumits &t the a,<f5 and ag=B, interfaces
[same of the relevant side chains are drawn in
black]. The large gray arrows in Part b indicate
tha malecular mavemants that accompany
oygenation. [llustration, Ining Geis. Image fram
tha Irving Gais Collecbon/Howard Hughes
Medical Institute. Rights ownad by HHMI.
Repraductian by permission anly) ﬂ Sew
Kinamage Exercises 6-2 and 6-3.
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C Oxygen Binds Cooperatively to Hemeglobin

Hemoglobmn has a py; of 26 wourr (ie., hemoglobin is half-saturated with O,
at an oxygen partial pressure of 26 worr), which is nearly 10 nimes greater chan
the po; of myoglobin. Moreover, hemoglobin does not exhibit a myo-
globin-like hypetbolic axygen-binding curve. Insead. O, binding o
h:mu;]nhu: 15 described |:|'r a 'q-nuﬂ {S-!h.l_ptd] cHrve
(Fig. 7-6). This permits she blood o deliver much mare O to the m-
suer than if hemoglobin bhad a Iryperbolic curve with the same po,
(dashed curve in Fig. 7-6). For example, hemoglobin is nearly fully
saturated with O, ar arverial axygen pressures (¥, = 0.95 at 100
tlllTj h“l ﬂﬂlr lhﬂu[ I:I.ﬂf-ﬂtl.'nlltd Ar VTS ﬂIrFﬂ. 'Plﬂﬂll'tl
{ ¥io, = 0.55 ar 30 woer). This 0.40 difference in oxygen sruration. a

measure of hemaglobin’s ability to deliver Q2 from the lungs w
the tisues, would be only 025 if hemoglobin exhibited hy ic

binding behavior.

P Sarn prEssung ative imtevacnion between binding stes. This means thar the binding

(201}

0 20 40 &0 B30 100
POy ftam

FG 7-8 Oxypen-binding curre of
hamoglobin. in whoke blood hemoglobin s
hal-saturated ot an ovygen pressure of 26 tom.
The normal sea level values of human arteral
and verdass ply are indcated (atmospheric pOy
B 160 borr af sea kevell The Oy-binding cune
for mwpogicbin is intuded for comparson. The
dashed ine & a hyperbolc O, -hinding curse with
the sama ., as hemoglobin. The background is
shaded to rslicate e color change that
hamogichin undergoes as it bnds EI;.' See
fhe Animated Figumes.

of a ligand to one mte affeces the binding of additional kigands to the

120 other sites. In the case of hemoglobin, O, binding 1o one subunit
increases the Oz affinny of the remaining subunats. The inirial

of the oxygen-banding curve (Fig. 7-6) is low, as hemoglabin subunits -
pendently compete for the first ;. However. an O, molecule bound o one of
h:rl::Ehhh'l subunits increases the Op-binding affiiry of its other subunats,

thereby acCounEing for the InCreasing ilnp-r of the middle portion of the

sigmaondal curve.

The Hill Equation Describes Hemoglobin's O,-Binding Curve, The earliess
attempe to analyze hemoglobin's sigmeoddal O, dissociation curve was formu-
lated by Archibald Hall in 1910. Hill assumed that hemoglolun (Hb) bound
n molecules of (), in a single step,

Hb + #0, — HKO,),
that is, with infinite cooperanvity. Thus. in analogy wath the dervation of

Eq 7-6.
2.)"

o (psa)® + (pO4) vl
whach is known as the Hill equation. Like Eq. 7-6, st descnbes the degree of
saturation of hemoglobin as a funcoon of pO); (see Sample Calculanion 7-2).

Infinite O, binding cooperativity, as Hill assumed. 1s a physcl impossi-
bility. Nevertheless, # may be taken 1o be a nonintegral parameter related o
the degree of cooperammvty amaong interacting hemoglobin subunats rather than
the number of subunsts that bind O; in one step. The Hill equation can then
be taken as a uscful empincal curve-firting relationship rather than as an in-

d.i.l:ﬂ.l?ﬂr d? & F.II'E-J.I].IT .I'ﬂ.ﬂd-!l ﬂf l‘]ﬂi IIDd.LI",

SAMPLE CALCULATION T-2

Calculare che fracrinnal sourarion of hemoglobin ar @0: = 50 1orr and & = 5.

Un:liq_iindh.n.u = M poar.
(pO,)"
(psal™ + (pO,)°
. i50)* 115,000
(26)" + (50)°  17.576 + 125,000

Fo,

O.8E




The quantisy n, the Hill comstant, mcreases wish the degree of cosperativiey
of & reaction and therefore provides a conveniens although simplistic characeeriza-
@ bgand-bindng raction. If n = 1, Eq 7-B describes a hyperbola as
. T-6 for obin, and the O,-binding reaction & said to be non-

lfnﬁ-l,t]wrmthni;:hnih:duhnn[_ COOpera-
tive, because O binding increases the affinity of m for further O,
hu:lu‘|cmpcmmrumfmt:mﬂuhmtﬂutn=lr]u:nl.mhu'nfﬂ:
hmlug sites in hemoglobin). Conversely, of » < 1, the reaction 15 sasd w be
cooperative, because O): binding would then reduce the affinity of

in for subsequent O, binding, o ki

The Hill coefficient, . and the value of py; that best descrabe b
ben’s sarumnon curve can be hscally determned rearm . T=R.
Fum,dmd:bﬁsidnhylﬁ- ' w——

et

does

(#0O.)" ( #O:)"
Yo [l v (00 Gl T(OJ
1 = ¥o, 1=k, . {20:)"
(o)™ + (»02)"
Factoring out the [{(psa)” + (p02)"] 1erm grves
Yo, )" _Kk 0;)"
1 - Yo, b'w!‘ + 'IE:]:} ] = (p0,)° ;:‘!o]- i

T:hng:bnlngnfl:n:hndupdtk:huunqnunn.

¥

lﬂs(l _";, ) = nlag pO; — nlogpy,
Ly

The lincar ploc of log[¥o, /(1 — ¥o,)] versus log pO:, the Hill Iltul'lil-li
slope of » and an mtercepr on the log pO; aus ,!l,ulmull the bin-
ear equation y = mx + & describes a line with a slope of »r and an x intercept

of =k m).
FiFuI:T."ilnmﬂu:Hﬂ.lﬂmfu
For myoglobin, the plot is lnear with a
nﬂ!ﬂ;ﬂunflmnshhndﬂm:hnﬂﬂxmnnn#empuwum'm

[7-11)
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FIG. 7-7 HHE pilots for myoglobin and
purified hamogiobin. MNoke Fat Fis s a bg-log
plot & g0y = gen Yo )" — Yo ) = °. [The pus
far hamogicksn o wvo IS Pighar Bhan the Sep of
purihied hemogiobin due o its binding of certain
subttarces present in e red cell (see balowl]
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Helix F

#Jﬁqﬁ'r

FIG. 7-8 Movements of the heme and F
halix during tha T — R transition in
hamoglobin. In the T form {biwe), the Fe is 0.8

A abave the center of the domed porphyrin fing.

On assuming the R farm {red), the Fe moves
into the plare aof the now wundomed ponphyring
whera it can mare tightly bird Oz and, in daing
5a, pulls His F8 and its attached F helix with

it. G See Kinemage Exercise §-4 and tha
Animated Figuras.

deriving the Hill equation, its Hill plot is essentially linear for values of ¥,

between 0.1 and 0.9. When pO, = p. ¥y, = 0.5, and

I'::. b 0.5 s
1= ¥ 1 =405

As can be seen in Fig. 7-7, this is the region of maximum slope, whose value
is customarily taken to be the Hill coefficient, ». For normal human hemo-
globin, the Hill coefficient is between 2.8 and 3.0; that is, hemoglobin's oxy-
gen binding is highly, but not infinitely, cooperative. Many abnormal
hemoglobins exhibit smaller Hill coefficients (Section 7-1E), indicating that
they have a less than normal degree of cooperativiry.

At ¥, values near zero, when few hemoglobin molecules have bound even
one 03; molecule, the Hill plot for hemoglobin assumes a slope of | (Fig, 7-7,
lower asymprote) because the hemoglobin subunits independently compete for
0, as do molecules of myoglobin. At ¥, values near 1, when at least three of
hemoglobin’s four Oy-binding sites are occupied, the Hill plot also assumes a
slope of 1 (Fig. 7-7, upper asymptote) because the few remaining unoccupied
sites are on different molecules and therefore bind O independentdy.

Extrapolating the lower asymptote in Fig. 7-7 to the horizontal axis in-
dicates, according to Eq. 7-11, that psy = 30 torr for binding the first O,
to purified hemoglobin. Likewise, extrapolating the upper asymptote yields
F'iup= 0.3 torr Fnul!;]bind.in hemoglobin's Ff:unh %};. '['hﬂr:hr}}:mf:ﬁ f}_.?;:nn!:
te hemaglobin with 100-fold greater affinity than the first. This difference, as
we will see below, is entirely due to the influence of the globin chain on the
0, affinity of heme.

D Hemoglobin's Two Conformations Exhibit
Different Affinities for Oxygen

The cooperativity of oxygen binding ro hemoglobin arises from the effect of
the ligand-binding state of one heme group on the ligand-binding affinity of
another. Yet the hemes are 25 to 37 A apart—too far to interact electronically.
Instead, information about the O,-binding status of a heme group is mechan-
ically transmitted to the other heme groups by motions of the protein. These
movements are responsible for the different quaternary structures of oxy- and
deoxyhemoglobin depicted in Fig. 7-5.

1.0 [7-12]

Oxygen Binding to Hemoglobin Triggers a Conformational Change from T
to R On the basis of the X-ray structures of oxy- and deoxyhemoglobin, Perutz
formulated a model for hemoglobin oxygenation. fn the Perutz mechanism,
hemaglobin has two stable conformational states, the T state (the conformation of
deaxyhemaglobin) and the R state (the conformation of exybemoglobin). The con-
formations of all four subunies in T-state hemoglobin differ from those in the
R stare. Oxygen binding initiates a series of coordinated movements that result
in a shift from the T state to the R state within a few microseconds:

1. In the T state, the Fefll) in each of the four hemes is situated ~0.6 A
out of the heme plane because of a pyramidal doming of the porphyrin
group toward His F8 and because the Fe—N__,, ... bonds are too
long to allow the Fe to lic in the porphyrin plane f]'fig. 7-8). O, bind-
ing changes the hemes electronic state, which shortens the
Fe—N uiphyrin bonds by ~0.1 A and causes the porphyrin doming to
subside. Consequently, during the T — R transition, the Fe(ll}) moves
into the center of the heme plane.

2. The Fe(ll) drags the covalently linked His F8 along with it. However,
the direct movement of His FB by 0.6 A toward the heme plane would
cause it to collide with the heme. To avoid this steric clash, the
attached F helix tilts and translates by ~1 A across the heme plane.




3. The changes in terdary structure are coupled to a shife in the arrange-

ment of hemoglobin’s four subunits. The largest change produced by
the T — R transition is the result of movements of residues at the
o —f; and o;—f, interfaces, thae is, at the interface between the two
protomeric units of hemoglobin, In the T state, His 97 in the B chain
contacts Thr 41 in the a ﬁuin I:I"ig. 7-94). In the B stare, His 97 con-
tacts Thr 38, which is positioned one turn back along the C helix
I:Fi“. 7-98). In both conformations, the “knobs™ on one subunit mesh
nicely with the “grooves” on the other, An intermediate position would

147

Section 1 Cwypgen Bnding o
Myaglobe and Hamoghobin

Wi

|'I||I-|

Asp G1 (89}

fud T Babe |deony)

FIG. T-8 Changes at the a,=fi; interface during the T — R
tranaltion In hamaglobin, {s) The T stale and () the R siate. In the
uppar dramoings, the © hallx 2 rapresaniad by a purple ribbon, the

coniacking residuss lorming the o | C-p,FG contact are shown in ball-

and-slick form colomed by atom type (C grean, N blus, asd QO red],
and thair van dar Waals surfaces are aullined by like-oolored dots,
Thix bowons drawings aee the corresponding schematc disgrams of b
wC=fFG contact, Upan a T — R transformation, the figFG regian
shifts by are furn along the o C bl with no stable inlermediais

Ry et on
e

Aan 04 (103§
Asp G1 (04

b) R Stabe (axy)

(nate haw in bath canbormations the knobs formed by e slde chans
al His 87R and Asp G8Q Kt betwean the grooves on the C halis
farmed by tha side chains of Thr 3Ba, Th 41a, and Pro 4da). The
subunits are joined by different hydrogen bonds in the bwo quabernary
states. Figure 7-B provides another view al these interactions, [Based
an X-ray sbruchures by Glulio Farmd Mas Perits, snd Boag Shkmnen,
MRC Laboratory of Malecular Biology, Cambridge, UK. PDBids (a)
2HHE and (8] 1HHO.] ) See Kinemage Exercise 8-8,
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FIG. 7-10 MNetworks of lon pairs and hydrogen bands in
dacwyhemoglobin, These bands, which involve the last twa
residues of (a) the a chains and (b} the B chains, are ruplured in the
T = R transibon. Twa groups that became parbially deprotonated in

fbJ [§ Chaslns a

C-tarminal

Asp

By B,

the R state (part of the Bohr affect) are indicated by white plus signs.
[Wustration, Irdng Geis. Image from the Irving Gais Collecton/Haward
Hughes Medical Institute. Rights awned by HHML Reproduction by
permissian anly|

be severely strained because it would bring His 97 and Thr 41 too
close rugﬂhrr (i.e., knobs on knohs).

4, The C-terminal residues of each subunic {.ﬁ.lg l41la and His 1468) in
T-stare h:rnug]uh'm each pr:l.rticiparc in a nerwork of intra- and intersub-

unit ion pairs (Fig. 7-10) that stabilize the T state. However, the con-
formational shift in the T — R transition tears away these jon pairs in

a process that is driven by the energy of formation of the Fe—Q, bonds.

The essential feature of hemoglobin's T — R transition is that ity subunits
are so tightly coupled thar large tertiary structural changes within one subunit can-
not oconr without guaternary structural changes in the entire tetrameric protein.
Hemoglobin is limited o only two quaternary forms, T and R, because the
intersubunit contaces shown in Fig. T7-9 act as a blnary switch that permits
only two stable positions of the subunits relative to each other. The inflexibil-
ity of the o,—B; and a,—P; interfaces requires that the T — R shift occur si-
multaneously at both the o,—B; and a;—B; interfaces. Mo one subunit or
dimer can greatly change its conformation independently of the others.

We are now in a posidon o structurally ratonalize the cooperativity of oxy-
gen binding to hemoglobin, The T state of hemoglobin has low O affinicy,
maostly because of the 0.1 A greater length of its Fe—O; bond relative to that
of the R state (see the blue structure shown in Fig. 7-8). Experimental evidence
indicates that when at least one O, has bound to each ap dimer, the strain in
the T-state hemoglobin molecule is sufficient to tear away the C-terminal ion
pairs, thereby snapping the protein into the R state. All the subunits are thereby
simultaneously converted to the R-state conformation whether or not they have
bound O3. Unliganded subunits in the R-state conformation have increased oxy-
gen affinity because they are already in the O,-binding conformation. This ac-
counts for the high O, affinity of nearly sarurated hemoglobin.

The Bohr Effect Enhances Oxygen Transport The conformational changes

in hemoglobin that occur on oxygen hind.ing decrease the p&K's of several
Eroups. I that the tendency for a group to ionize ELEPEI‘ICE-’ on its micro-
environment, which may include other ionzable Eroups. For cxajn];lh:, in T-state

hemoglobin, the N-terminal amino groups of the a subunits and the




C-terminal His of the B subunits are positively charged and participate in ion
pairs (see Fig. 7-10). The formation of ion pairs increases the pK values of
these groups (makes them less acidic and therefore less likely to give up their
protons). In R-state hemoglobin, these ion pairings are absent, and the pK's
of the groups decrease (making them more acidic and more likely to
give up protons). Consequently, under physiological conditions, hemo-
globin releases ~0.6 protons for each O, it binds. Conversely, increas-
ing the pH, that is, removing protons, stimulates hemoglobin to bind
more Oy (Fig. 7-11). This phenomenon is known as the Bohr effect
after Christian Bohr (father of the physicist Niels Bohr), who first
reported it in 1904, 3
The Bohr effect has important physiological functions in trans-
porting O3 from the lungs to respiring tissue and in transporting the
CO; produced by respiration back to the lungs (Fig. 7-12). The CO,
roduced by respiring tissues diffuses from the tissues to the capillar-
tes. This dissolved CO, forms bicarbonate (HCO;Z) only very slowly,
by the reaction

CO, + H,0 == H* + HCO;

However, in the erythrocyte (red blood cell; Greek: erythrose, red + dyros, a
hollow vessel), the enzyme carbonic anhydrase greatly accelerares this reac-
tion. Accordingly, most of the CO; in the blood is carried in the form of bi-
carbonate (in the absence of carbonic anhydrase, bubbles of CO, would form
in the blood).

In the capillaries, where pO; is low, the H™ generated by bicarbonate for-
mation is taken up by hemoglobin in forming the ion pairs of the T state,
thereby inducing hemoglobin to unload its bound O,. This H' uptake, more-
over, facilitates CO, transpore by stimulating bicarbonate formartion.
Conversely, in the lungs, where pO; is high, O, binding by hemoglobin dis-
rupts the T-state ion pairs to form the R state, thereby releasing the Bohr pro-
tons, which recambine with bicarbonate to drive off COy, These reactions are
closely matched, so they cause very little change in blood pH (see Box 2-2).

he Bohr effect provides a mechanism whereby additional oxygen can be
supplied to highly active muscles, where the pO, may be <20 torr. Such mus-
cles generate lactic acid (Section 15-3A) so fast that they lower the pH of the
blood passing through them from 7.4 o 7.2, At a pO; of 20 torr, hemoglo-
bin releases ~10% more O3 at pH 7.2 than it does at pH 7.4 (Fig. 7-11).
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FIG. 7-11  The Bohr effect Tha O, affinity
of hamaglobin increases with increasing pH
Tha dashed line indicates the pOy in activaly
rospiring muscle. [Aler Banasch, RE. and
Baresch, R, Adv Froten Chem 28, 212
(1974)) @ See the Animated Figures.

FIG. 7-12 Tha roles of hamoglobin and myoglobin in O, and that of hemaglobin). This increases the rate at which O can diffuse
€O, transport Owygen is inhaled into the lungs at high pQy, whee i@ fram the capillaries to the tisswes by, in effect, increasing its solubility,
binds to hamaoglobin in the blood. The Og s then transported to The Ho and COy {mostly as HCO, ) are than returned to the (ungs,
respiring tissue, whera the pOy; s low, The O therefore dissociates whare tha COg is exhaled.

fram tha Hb and diffuses into the tissues, wherae it s used to oxidize

maiabalic fuels o COy and HyO. In rapidly respiring muscla tissee, 11| Explain how
the Og first birds o myaglobin (whose oapgen alfinity is higher than hemaoglobin,

carbonic anhydrase affects CO, transport by
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FIG. 7-13 The effects of BPG and CO,
on hamoglobin's Oy dissoclation cun,
Strippad hamoglobin (adf] has higher O affinity
than whale blood (red curvel Adding BPG ar
Oy or both la hemaglabn shifts the
dissocintion curve back 1o the nght {lowers
harreglabin's Qg atfinity). [Afer Kilmarting 1y
and Rossl-Bemardi, L., Physol, Rev B3, BB4
(1973)] ) See the Animated Figures.

€O, also modulates O, binding to hemoglobin by combining reversibly
with the N-terminal amino groups of blood proteins to form carbamates:

R—NH; + CO, #==t R—NH—COO~ + H"

The T (deoxy) form of hemoglobin binds more CO; as carbamate than does
the R (oxy) form. When the CO; concentration is high, as it is in the capil-
laries, the T state is favored, stimulating hemoglobin to release its bound O,
The protons released by carbamate formation further promote O, release
through the Bohr effect. Although the difference in CO; binding between the
oxy and deoxy states of hemoglobin accounts for only —5% of the total blood
COy, it is nevertheless responsible for around half the CO; transported by the
blood. This is because only ~10% of the total blood CO); is lost through the

lungs in each circulatory cycle.

Bisphosphoglycerate Binds to Deoxyhemoglebin Highly purified
{("stripped”) hemoglobin has a much greater oxygen affinity than hemoglobin in
whole blood (Fig. 7-13). This observation led Joseph Barcroft, in 1921, o spec-
ulate thar blood contains some other substance besides CO, thar affects oxygen
binding to hemoglobin. This compound is p-2,3-bisphosphoglycerate (BPG).

0, L0

H—EI-‘— 0Py
H=—C=—0P0,]
I
H
n-2,3-Blaphosphoglycerate (BPG)

BPG binds tightly w deoxyhemoglobin but only weakly to oxy-
hemoglobin. The presence of BPG in mammalian erythrocytes there-
fore decreases hemoglobin' oxygen affinity by keeping it in the deoxy
conformation. In other vertebrates, different phosphorylated com-
pounds elicit the same effect.

BPG has an indispensable physiological function: In arerial
blood, where pO; is ~ 100 torr, hemoglobin is ~95% saturated
with O3, but in venous blood, where pO); is ~ 30 torr. it is only
55% saturated (Fig. 7-6). Consequently, in passing through the
capillaries, hemoglobin unloads ~40% of its bound O, In the ab-
sence of BP'G, little of this bound O, would be released since he-
moglobin's O, affinity is increased, thus shifting its O; dissociation
curve significantly toward lower pO), (Fig. 7-13, lff). BPG also
plays an important role in adapration to high altitudes (Box 7-3).

The X-ray structure of a BP'G—deoxyhemoglobin complex
shows that BPG binds in the central cavity of deoxyhemoglobin
{(Fig. 7-14). The anionic groups of BPG are within hydrogen-
bonding and ion-pairing distances of the N-terminal amino
groups of both B subunits. The T — R transformation brings the
two BH helices together, which narrows the central cavity {com-
pare Figs. 7-5a an:f?-'lﬂ and expels the BPG. It also widens the

FIG. 7-14 Binding of BPG to deoxyhamoglobin, BPG (red] binds in

hemaglobin's central cavity The BPG. which has a charga of =5 under

. Physiclogical conditions, (& surraunded by eight cationic groups (Biuve) extending
4 from tha twa @ subunits, In the R stabe, the ceniral cavily is too narow fo

! cantain BPG. Soma of the won pairs and hydrogen bonds that help statalize the

Lo T state (Fig, 7-108) ace indicatad at the lawar right, [|lustration, Inving Gels.

Image from the Irving Geis Collection/Howard Hughes Medical Instiute. Rights

owned by HHMI. Reproduction by permission anly] ) See Kinemage

Exarcise 83
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Atmospheric pressure decreases with alfitude. so that the axygen
pressura at 3000 m (10000 feet) is only —1 10 torr. TO% of its
sea-level pressure. A vanety of physiological responses are re-
quired to maintain normal oxpgen delvery {without adaptation. pO;
levels of 85 torr or less result in mental impairment]).

High-altitude adaptation is a complex process that imohes
increases in the number of endhrocytes and the amount of hemo-
glohin per erythrocyte. It normally requires several weeks o com-
plete. e, as is clear to anyone who has climbed to high altitude,
even a |1-day stay there results in & noticeable degree of adapta-
tion. This effect results from a rapid increase in the amount of
BFS synthesizad in enthrocytes (from —~4 mM to —B mM; BPG
cannat cross the erythrocyte membrane). As illustrated by plots of
¥o, wvarsus py,, the high alfitude—induced increase in BPG causes
the Oy-binding curve of hemoglobin to shift from its sea-level
position (bfack line) fo a lower affinity position (red’ tne).

-
Al sea level the difference between arterial and venous pO. is i T Pen= 31 toer (high BPG)

0 torr (100 forr — 30 tor), and hemoglobin unloads 38% of its H“\\

bound (. However, when the arterial pOo drops to 55 tom, as it s = 26 tar (normal BPG)

does at an attitude of 45600 m, hemoglobin would be able to un-
loed only 309 of its O,. High-altitude adaptation (which decreases
the amount of g that hemoglobin can bind in the lungs but, to &
greater extent, incresses the amount of Oy, it releases at the tis-
sues) allows hemoglobin to deliver & near-nommal 37% of its bound
;. BPG concentrations also increasa in individuals suffering from
disorders that limit the ceygenation of the blood (hypooda), such
as various anemias and cardiopulmonary insufficiency

The BFS concentration in erythrocytas can be adjusted mare hemoglohin levels and, often, enlarged right ventricles (reflecting

p0y (o)

rapidly than hemoglobin can be synthesized (Box 15-2; erythro- increased cardiec output), compared to individuals from low-
cytes lack nuclei and therefore cannot synthesize proteins). An altitude populations.

altered BPE lavel is also 8 more sensitive regulator of oxygen In contrast to the mechanism of human adaptation to high
delivery than an altered respiratary rate. Hyperventilation, another altitude, most mammals that nomally live at high altitudes (ag. the
early response to high altitude, may lead to respiratory alkalosis llama) have genetically altered hemoglobins that have higher Og-

{Box 2-2). Interestingly, individuals in long-established Andean and  binding affinities than do their sea-level cousins. Thus, both raising
Himalayan populations exhibit high lung capacity, along with high and lowering hemoglobin's pgy can provide high-afttude adeaptation.

distance berween the |3 MN-terminal amino Eroups from 16 o 20 J!L.. which
Er:vcnts their simultaneous hyd n hundinlgcwirjl BI'G's phosphate gmurs.

PG therefore binds to and stabilizes unl}r the T conformation of EIEITlEE -
bin by cross-linking its B subunits. This shifts the T = R equilibrium to-
ward the T state, which lowers hemoglobins O; affinicy.

Fetal Hemoglobin Has Low BPG Affinity. The cffects of BP'G also help sup-
ply the fetus with oxygen. A fetus obtains its O, from the maternal arcula-
tion via the placenta. The concentration of BP'G is the same in adult and feeal
erythrocytes, but BI'G binds more tightly to adult hemoglobin than to fetal
hemoglobin. The higher oxygen affinity of fetal hemoglobin facilitates the
transfer of (4 to the fetus,

Fetal hemoglobin has the subunit composition oy, in which the y sub-
unit is a variant of the B chain (Section 5-4B). Residue 143 of the B chain
of adult ]'l.:n'u:lglul:ri.n has a catonic His residue, whereas the | chain has an
uncharged Ser residue. The absence of this His eliminates a pair of interac-
tions that stabilize the B'"G—deoxyhemoglobin complex (Fig. 7-14).

Hemoglobin Is a Model Allosteric Protein. The cooperativity of oxygen
binding to hemoglobin is a classic model for the behavior of many other
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multisubunit proteins (including many enzymes) that bind small molecules.
In some cases, binding of a ligand to one site increases the affinity of other
binding sites on the same protein (as in O binding to hemoglobin). In other
cases, a ligand decreases the affinity of other binding sites (as when BPG bind-
ing decreases the O, affinity of hemoglobin). All these effects are the result of
al ric interactions (Greek: aflles, other + sterees, solid or space). Allasteric
.eﬁ-r.n. in which the Hmﬁnl ﬂf.rr fl;gﬂ'nd' At one e qﬁ.ﬁr the .El.ind'jn_; uf.unﬂh‘:rr
ﬁpmf At another site, grwﬂ_}- r:quirr Interaciions amang bty nfu.'i:ﬂm.rrir
proteins. The T = R transition in hemoglobin subunits explains the difference
in the oxygen affinities of oxy- and deoxyhemoglobin, Other proteins exhibit
similar conformational shifts, although the molecular mechanisms thar underie
these phenomena are not completely understood.

Two models that account for cooperative ligand binding have received the
most attention. One of them, the symmetry model of allosterism, formulated
in 1965 by Jacques Monod, Jeffries Wyman, and Jean-Pierre Changeux, is de-
fined by :I-: following rules:

1. An allosteric protein is an oligomer of symmetrically related subunits
{although the a and B subunits of hemoglobin are only pscudosym-
metrically relaced).

2, Each oligomer can exist in two conformational states, designated R and
T; these states are in equilibrium.

3. The ligand can bind to a subunit in either conformation, Cnly the con-
fnrmh'un.rrf n‘mngr afters the nﬁni.l:p ﬁlr the ﬁpmdr.

4. The mofecular spmmeiry .uf.rf.lr ‘pmtﬂ'n it conseried Jurjng the rﬂnﬁmn—
tional change. The subunits must therefore change conformation in a
concerted manner; in other words, there are no oligomens that simul-
tancously contain R- and T-state subunits,

The symmetry model is diagrammed for a tetrameric binding protein in
Fig. 7-15. If a ligand binds more righI:{ to the R state than to the T state,
ligand binding will promote the T =+ R shift, thereby increasing the affin-
ity of the unliganded subunits for the ligand.

One major objection to the symmetry model is that it is difficult to be-
lieve that oligomeric symmetry is perfectly preserved in all proteins, that is, that
the T =+ R shift occurs simultancously in all subunits regardless of the num-
ber of ligands bound. In addition, the symmetry model can account only for
positive cooperativity, although some proteins exhibit negative cooperativiry.

An alternative o the symmetry model is the sequential model of alloster-
ism, proposed by Daniel Koshland, According to this model, ligand binding
induces a conformational change in the subunit to which it binds, and conp-
erative interactions arise Ihmugrthl: influence of those conformational changes
on neighboring subunits. The conformational changes occur sequentially as
e ]ip,hd-h'md'lh“ sites are ll‘,:li:ll].'lil'l! (Fig. 7-16), The |ig;.|nd-|:im1in5 affin-
ity of a subunit varies with its conformation and may be higher or lower than
that of the subunits in the ligand-free protein. Thus, proteins thar follow the
sequential model of allosterism may be positively or ncﬁ;:tiw:ly cooperative.

If the mechanical coupling between subunits in the sequential model is
particularly strong, the conformational changes occur simultancously and the
IIIiEIIf‘I‘I:I‘ reraing it sYmmetry, as in the symmetry model, Thus, the symme-
try maodel of allosterism may be considered o be an extreme case of the more
general sequential model.

FIG. T-18 The symmaetry model of alloateriem. Squares and circles raprasant
T- ared R-atate subunits, respactively, al a tetramarc protein, The T and R states ame in

equilibrium regardless of the number of ligands {reprasented by 5) that have bound o the
pratein, All the subunits must be in edher the T ar the R farm; the madael doss nat allow
combinations of T- and R-siata subunits i the sama profein,




FIG. 7-18 The sequential model of allosterlsm. Ligand binding prograssively
induces conformalional changes in the subunits, with the greatest changes occurring in ’”"r , TW -
those subunis that have bound ligand. The symmairy of the oligomeric proten s not
preserved in this process as it is in e symmalry modal,

Oxygen binding to hemoglobin exhibits features of both models. The quater-
nary T = R conformational change is concerted, as the symmetry model requires.
Yet ligand binding to the T state does cause small tertiary structural changes, as
the sequential model predicts. These minor conformational shifts are undoubeedly
responsible for the buildup of strin that eventually triggers the T —» R transition.
It therefore appears that the complexity of ligand-protein interactions in hemo-
globin and other proteins allows binding processes to be fine-tuned to the needs
of the organism under changing internal and external conditions, We will revisit
allosteric effects when we discuss enzymes in Chapter 12

T E Mutations May Alter Hemoglobin's Structure and Function

Before the advent of recombinant DNA techniques, mutant hemoglobins pro-
vided what was an almost unique opportunity to study structure=function re-
lationships in proteins. This is because, for many years, hemoglobin was the
only protein of known structure that had a large number of well-characterized
naturally occurring variants, The examination of individuals with physiolog-
ical disabilities, together with the routine electrophoretic screening of human
blood samples, has led to the discovery of over 1000 variant hemoglobins,
>90% of which result from single amino acid substitutions in a globin
polypeptide chain. Indeed, about 5% of the world's human population are car-
riers of an inherited variant hemoglobin.

Not all hemoglobin variants produce clinical symptoms, but some abnor-
mal hemoglobin molecules do cause debilitating diseases (=-300,000 individu-
als with serious hemoglobin disorders are born every year; naturally occurring
hemoglobin variants that are lethal are, of course, never observed). Table 7-1
lists several hemoglobin variants, Mutations that destabilize hemoglobin’s terti-
ary or quaternary structure alter hemoglobin'’s oxygen-binding affinity (ps;) and

TABLE 7-1 Soma Hemoglobin Yariants

MName” Mutation Effect

Hammersmith Phe C42)F =+ Ser Weakens heme binding

Bristal Yal E1H{G6T]E = Agp Weakens heme binding

Bibba Leu HI9(1 3o =+ I'ro Disrupts the H helix

Savannah Gily BO(24)E —» Wal Disrupts the B-E helix interface

Philly Tyr CLHASE = Phe Drisrups hydrogen bonding ar the o= B interface

Boston His E7{58)0 = Tyr Promotes methemoglobin formation

Milwaukee Yal E11H{6T1E = Glu Promotes methemoglobin formation

bwrate His FA(AT)o =+ Tyr Promotes methemoglobin formation

Yakima Asp GHPE =+ His [srupts a hydrogen bond that stabdlizes the T conformation
Kansas Asn GA(102)E = The [Hsrupis a hydrogen bond that stabdlizes the B conformarion
“Hemogloban varianes are usually named after the place whee they were dusoovened (2.5, hemoglobin Boston).
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reduce its cooperativity (Hill coefficient). Moreover, the unstable hemoglobins
are degraded by the erythrocytes, and their degradation products often cause
the erythrocytes to lyse (break open). The resulting hemolytic anemia (ane-
mia is a deficiency of red blood cells) compromises O delivery to tissues.

Certain mutations at the Oj-binding site of either the a or B chain
favor the oxidation of Fe(ll) to Fe(lll). Individuals carrying the resulting
methemoglobin subunit exhibit cyanosis, a bluish skin color, due 1o the pres-
ence of methemoglobin in their arterial blood. These hemoglobins have re-
duced cooperativity (Hill coefficient =~ 1.2 compared to a maximum value of
2, since only two subunits in each of these methemoglobins can bind oxygen).

Mutations that increase hemoglobins oxygen affinity lead to increased
numbers of erythrocytes in order to compensate for the less than normal
amount of oxygen released in the tissues. Individuals with this condition,
which is named polycythemia, often have a ruddy complexion.

A Single Amino Acid Change Causes Sickle-Cell Anemia. Muost harmiul
hemoglobin variants occur in only a few individuals, in many of whom the
mutation apparently originated. However, ~10% of African-Americans and as
many as 25% of black Africans carry a single copy of (are heterozygous for)
the gene for sickle-cell hemoglobin (hemoglobin §). Individuals who carry
two copies of (are homozygous for) the gene for hemoglobin § suffer from
sickle-cell anemia, in which d:ulyhrmug]uhin 5 forms insoluble flaments
that deform erythrocyres (Fig. 7-17). In this paintul, debilitating, and ofen
fatal discase, the rigid, sickle-shaped cells cannot casily pass through the cap-
illaries. Consequently, in a sickle-cell “crisis,” the blood flow to some tissues
may be mrnp]ttc]y blocked, rnulting in tissue death, In addivon, the mechan-
ical fragility of the misshapen cells results in hemolytic anemia. Heterozygotes,
whose hcmug]uhin is 40 ]'u-n'mglnhin 5 ua.u:l]]y lead a normal life, al-
thu'u.gh their rrythruq-'t:: have a shorter than normal lifetime,

In 1945, Linus Pauling hypothesized thar sickle-cell anemia was the result
of a mutant ]wmug]::l:in. and i 1949 he showed that the mutant h:mng]ul:lin
had a less negative ionic charge than normal adult hemoglobin. This was the
first evidence that a disease could result from an alteration in the molecular struc-
ture of a pmlcin. Furthermore, since sickle-cell anemia is an inherited discase,
a defective Eene must be rcspnna.ihlc for the abnormal pmtc'm. Mevertheless, the
maolecular defect in sickle-cell hemoglobin was not identified uneil 1956, when
Yemon |n3;r.l.m showed that he ohin 8 contains Val rather than Glu at the
sixth position of each B chain. This was the first time an inherited discase was
shown to arise from a .q;lrciﬁt amino acid :.'h.l.ngc in a protein,

The X-ray structure of d:n:yhﬂnughhin 5 has revealed that one mutant
Wal side chain in each h:muﬂlnhin § verramer nestles into a hrdru];lhnhic Fncltﬂ
on the surface of a ﬂ- subunit in another htmuglnhin tetramer (Fig. 7-18), This
intermolecular conact allows h:ms]nhin S tetramers to form linear puijrm:r:..
Aggregates of 14 strands that wind around each other form fibers extending
throughout the length of the erythrocyte (Fig. 7-19). The hydrophobic pocket
on the B subunit cannot accommodate the normally occurring Glu side chain,
and the pocket is absent in oxyhemoglobin, Consequently, neither normal he-
moglobin nor oxyhemoglobin § can polymerize. In fact, hemoglobin § fibers
dissolve cs.i-cnti:l“y inlt:lﬂr..].rn.:l.':l.l.il:,.r on nlygl:nati::n. S0 NOne are present n ar-
terial blood, The d:mgcr of siclr.linﬂ 5 Ereatest when :rytilrncytcs pass thmugh

FiG. 7-17 Scanning slectron micrographs of human erythrocyles. (a] Normal
erythrocyles are flexible, biconcave disks thal can folerate slight distorbions as they pass
through the capilanies (many of which have smaller diameters than enthrocytes)

(b)) Sickled enythracyles from an individual with sickle-cell anemia are elongated and rig«d
and cannct easily pass through capillanes, [(a] © Susumu Mihinaga /Photo Researchers, Inc.;
(b} Bl Langcores Photo Researchers, Inc]
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Myagloben and Hemoglsbin
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FIG. 7-18 Siructure of a deoxyhemoglobin 8§ fiber, (sl The arrangemani of
decxyhemaglobin 5 molecubes in the fiber. Only three subunits of each decsyhemaglobin 5
molecule ara shawn, {b) The side chain af the mutan! Vel 8 in the B chain of one
hemaglobin 5 molecule {yallaw knob in Part a) binds to a hydrophoble pocket on the @
subunit of & mesghbarning deoyhemaglobin 5 moleculs. [|lustration, Ining Geds, Image fram
the Irving Geis Collection/Howard Hughes Maedical instilule. Rights awned by HHMI
Repraduction by permission only]

the capillaries, where deoxygenation occurs. The polymerization of hemoglobin
5 molecules is time and concentration dependent, which explains why blood
How hlm;hﬁ: OCOUS u\nl}r !Fﬂt‘.l.l:l.ic:l“]f (in a sickle-cell “crisis™),

Interestingly, many hemoglobin 5 homozygotes have only a mild form of
sickle-cell anemia because they express relatively high levels of feral hemoglo-
bin, which contains ¥ chains rather than the defective E chains, The fetal he-
maoglobin dilutes the hemoglobin 5, making it more difficult for hemoglobin
5 to aggregate during the 10-20 s it takes for an erythrocyte to travel from

the tissues o the ]ung: for rl:mtm:n;].r'mn, The administration of hylltnl}rm‘m
boiye

i
HyN—C —NH — 0

h—r'
FIG. 7-19 Elsctron micrograph of
the first and as yet the only effective trearment for sickle-cell anemia, amelio-  9#0xyhemoglobin S fibers spilling out of &

Hydroxyurea

ruptured erythrocyte, [Courfesy of Roberi

rates the S¥mpioms of sickle-cell anemia h}- INCFEAsIng the fraction of cells con- Joveghs. Universily 6f Chicagey

ra.'lning feval hrmnglnhin {althuugh the mechanism wh:rr_by h}'ﬂmxyu.rﬂ acts
is unknown),

Hemoglobin § Protects Against Malarla. Before the advent of modern pal-
liative thl:mpi:!l.. individuals with sickle-cell anemia rarl:[].r survived to maturity.
Matural selection has not minimized the prevalence of the hemoglobin § vari-
ant, however, because heteroxygotes are more resistant to malaria, an often
lethal infectious disease, OF the 2.5 billion people living within malaria-endemic
arcas, 100 million are clinically ill with the disease at any given time and around
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FIG. T-20 Correspondence between

malaria and the sickle-call gene. The blue
areas of the map indicate regions whare malaria

is or was prevaleni, The pink areas represent the
distribution of the gene for hemoglotin 5 Note
the overlap { purpde) of the distributions.

ﬂHEEI{PnIHT

D&a.::nh& the Qg hlndmg; bﬁ‘mwut uI m!,nn h

glakin in terma of pOy and K How is

K defined?

Explain the siructural basis for cooperative
oxygen binding to hamoglobin.

Sketch a binding curve (% bound ligand
veraus ligand concentration) for coopera-
tive and noncooperative binding.

Explain why the Oz-binding bahavior of
myoglobin and hemoglobin can be
summad up by a single numbar (the peg).
Could a binding protein have a Hill con-
stant of zero?

Describe how myoglobin and hemoglobin
function in delivering Oy from the lungs to
ragpining tissues,

What is the physiologicel relevance of the
Bohr effect and BPG?

Elplnin why mutations can increase or
decrease tha cxygen affinity and coopera:
tivity of hemoglobin, How can the body
compenaate for these changes’?

B Sickie-cell gana

| million, mostly very young children, die from it each year. Malaria is caused
h‘].' the maosquito- -borne protozoan M.ﬂ'm.ﬂdmmﬁd rum, which resides within
an erythrocyte during much of its 48-h life cycle. Infected erythrocytes adhere
to capillary walls, causing death when cells impede blood flow to a vital organ.

The regions of equatorial Africa where malaria is a major cause of
death coincide closely with those areas where the sickle-cell gene is preva-
lent (Fig. 7-20), thereby suggesting that the sickle-cell gene confers resistance
to malaria. How does it do so! Plasmodia increase the acidity of infecred
erythrocytes by ~0.4 pH units. The lower pH favors the formation of de-
oxyhemoglobin via the Bohr effect, thereby increasing the likelihood of
sickling in erychrocytes that contain hemoglobin §. Erythrocytes damaged
by sickling are normally removed from the circulation by the spleen.
During the early stages of a malarial infection, parasite-enhanced sickling
probably allows the spleen to preferentially remove infected erythrocytes.
In the later stages of infection, when the parasitized erythrocytes attach o
the capillary walls (presumably to prevent the spleen from removing them
from the circulation), sickling may mechanically disrupt the parasice.
Consequently, heterozygous carriers of hemoglobin S in a malarial region
have an adaprive advantage: They are more likely to survive to marurity
than individuals who are homozygous for normal hemoglobin, Thus, in
malarial regions, the fraction of the population who are heterozygotes for
the sickle-cell gene increases until their reproductive advantage is balanced
by the correspondingly increased proportion of homozygotes (who, with-

out modern medical treatment, die in childhood).

2 Muscle Gontraction

HET EDHCEPTS

. My'uiln s n m{nr prnlam ﬁ'll.t mdargnu nunfnrmaﬂunﬂ :'.hangua u |t h]rdrdy;ua
ATP.

* The sliding filament model of muscle contraction describes the movement of thick
filaments relative to thin filaments,

+ The globular protein actin can form structures such as microfilamenta and the thin
filaments of musacle.

One of the most striking characreristics of living things is their capacity for
organized movement. Such phenomena occur at all structural levels and in-
clude such diverse vectorial processes as the separation of replicated chromo-
somes during cell division, the beating of flagella and cilia, and, most
obviously, muscle contraction, In this section, we consider the structural and
chemical basis of movement in striated muscle, one of the best understood
mobility systems.
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The voluntary muscles, which include the skeletal muscles, have a striared
(striped) appearance when viewed by light microscopy (Fig. 7-21). Such mus-
cles consist of long multinucleated cells (the muscle fibers) that contain par-
allel bundles of myofibrils (Greek: myosr, muscle; Fig. 7-22). Electron
micrographs show that muscle striations arise from the banded structure of
multiple in-register myofibrils, The bands are formed by alternating regions of
greater and lesser electron density called A bands and I bands, respectively
(Fig. 7-23), The myofibril's repeating unit, the sarcomere (Greek: sarkos,
flesh), is bounded by Z disks at the center of each | band. The A band is cen-
tered on the H zone, which in turn is centered on the M disk, The A band
containg 150-A-diameter thick filaments, and the | band contains 70-
A-diameter thin filaments. The two sets of filaments are linked by cross-
bridges where they overlap,

A contracted muscle can be as much as one-third shorver than its fully ex-
tended length. The contraction results from a decrease in the length of the
sarcomere, caused by reductions in the lengths of the [ band and |ﬁ: H zone

FIG. 7-21 Pholomicrograph of & musche fiber. Tha longitudingl axis of tha Bbar s
orizontal (perpendicular ta the sinations). The aliemating pattern of dedk A& bands and light
| bands fram multiple inregister myafibrils @ cleardy walble, |J.C. Revy, CNRIAPhoto
Rossarcharm

feed Inidi vkl
muscla fiber {call)

Sarcamare

ol? Mtyorf beril

FIG, T-22 Skeleinl muscle organization, & muscle (a) consists ol bundles of muscle
liswrs (B, sach of which |8 a long, thin, matbicecleated call () thal may run the lengih of
the muscls, Muscke fibeis contin bundies of laterally skgned myolibrils (a6} which in tum
consisl of bundes of allamaling thick and thin filements,
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FIG. T-23 Anstomy of the myofibril Tha
alnctron micragraph shows parts of thres
myafibrile, which are separsted by hardontal
gaps. Tha sccampanying interpretes drawing
shows the magor features of the myolibr; the
light | band, which confains onby thin filamanis;
the A band, whose dark H zone containg anly
thick filaments and whase darker oube
sagmants conlain owardapping thick and thin
filmmaents; the £ disk, 1o which the thin Hlaments
ara anchared; and tha M disk, which arises fram
& bulge al the center of each thick flamant The
mypolibril's functional wnit the sarcomens, |5 the
region batwaan bwo succassive £ disks
[Caurtesy of Hugh Husdey, Brandeds Unnersity]

FIG. 7-24 Myofibril contraction. {a) Elactron micragraphs
showing myafibrils in progressively mare contracted states. The
langths of the | band and H zore decreasa on cantraction, whereas
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(Fig. 7-244). These observations, made by Hugh Husxley in 1954 (Box 7-4),
are explained by the sliding filament model in which interdigitated thick and
thin filaments slide past each other (Fig. 7-24 ). Thus, during a contraction,
a muscle becomes shorter, and because its total volume does not change, it
also becomes thicker.

Thick Filaments Consist Mainly of Myosin. Vertebrate thick filaments are
composed almost entirely of a single type of protein, myosin, which consists
of six polypeptide chains: two 220-kD) heavy chains and two pairs of differ-
ent light chains, the so-called essential and regulatory light chains (ELC and
RLC) that vary in size between 15 and 22 kD, depending on their source. X-
Ray structure determinations by Ivan Rayment and Hazel Holden of the N-

terminal half of the myosin heavy chain, the so-called myosin head, reveals

1] = =

{b) Interprative drawings showing interpanetrating sets of thick and
thin filaments shding past each ather. [Courtesy of Hugh Huslay,
Brandeis University]

the lengths af the thick and thin flamanis remain constant.




Hugh Huxley (1924-) The mechanizm
of muscle action has fascinated scientists
for hundreds it not thousands of years, The
first close lock at muscle fibers cama in
1682, when Antoni van Lesuwaenhoek's
early microscope revealed a pattern of thin
longitudinal fibers, In the modern era,
research on muscle has followed one of
two approaches, First, it is possible io study
| muscle as an enargy-transducing system, in
i\ which metabolic enargy is genarated and

consumed. This line of research received a
fremendous boost in the 1830s with the discovery that ATF is the
energy source for muscle contraction, The second approach
inyolves {reating muscle as a mechanical system, that is, sorting
out its reds and levers, Uitimately, a malecular appreach united the
mechanical and anergetic aspecis of muscle research, The
insights of Hugh Huxley made this possible,

The molecular charactarization of muscle did not occur
overnight, In 1E58, Willi Kihne isolated & profeinacecus
substance from muscle fissue that he named *myosin® (almost
cerfainly a mixture of many prolﬂins], but it tended to aggregate
and was therefore not as popular & study subject as the more
soluble proteins such as hemoglobin, A major breakthrough in
muscle protain chemistry came in 1841, whan the Hungarian
biochemist Albert Stent-Gybrgyi showed that two types of protein
could be extractad from ground muscle by a solution with high
salt concentration (Szent-Gyérgyl also confributed to the
elucidation of the citric acid cycle; Box 17-1) Extraction for 20
minutes yielded & protein he named myosin A but which is now
called myasin. However, extraction evernight vielded a second
protein which he named myosin B but is now called aclomyosin,
It soon became apparent that myosin B was & mixture of two
proteins, myosin and a new protein which was named actin.
Further work showed that threads of actomyosin contracted 1o
=1 0% of thair original langth in the presence of ATR Since actin
and myosin alone do not contract in the prasance of ATF the
confraction must have resulled from their interaction. Howeaver, it
took ancther decade 1o develop a realistic model of how myosin
and actin inferact,

A number of theories had been advanced lo explain muscle
confraction. According to one fheory, the cytoplasm of muscle
cells moved like that of an amosba Other theories proposed that
muscle fibers took up and gave off water or repellad and
attractad other fibers electrostatically, Linus Fauling, who had
recantly discoverad the siructures of the o« halix and B sheet
(Box 6-1) ventured that myosin could change its length by
shifting between the two protein conformations. Huxley formulated
an slegant—and corract—explanation in his sliding filament modal
for muscle contraction,

In 1948, Huxley began his doctoral research at Cambrdge
University in the United Kingdom, in the laboratory of John
Kendrew (who 10 years later determined the first X-ray structure
of B pratein, that of myoglabin; Section T-1A) Thae, through
Xeray studies on frog muscle fibers, Huxley established that the
X¥eray diffraction pattern changes with the muscle's physiological

state. Furthermare, he showed that muscle contained two sels of
parallel fibers, rather than one, and that these fibers were linked
together by multiple cross-inks. These observations became the
germ for further research, which he camied out at MIT in 1853
and 1954, He teamed up with Jean Hanson, a Briton who was
also working at MIT. Hanson made good use of her knowledge of
muscle physiology ana her expertise in phase-contrast microscopy,
a technigue that could visualize the banded pattems of muscle
fibers, Huxley and Hanson observed rabbit muscle fibers under
different exparimental conditions, making precise measurements of
the width of the A and | bands in sarcomeres {Fig. 7-23)L In one
experiment, they extracted myosin from the muscle fiber, noted
the loss of the dark A band, and concluded that the A band
congists of myosin. When they exiracted both actin and myosin, all
identifiable structure was lost, and they concluded that actin is
prazent throughout the sarcomere,

When ATP was added, the muscle slowly contracted, and
Huxlay and Hanson were able 1o measure the shortening of the
| band. The A band maintained a constant length but became
darker, A muscle fiber under the microscope could also be
stretched by pulling on the coverslip. As the muscle “relaxed, the
| band increased in width and the A band became less dense.
Measurements were made for muscle fibars confracted to 60% of
their original length and stretched to 190% of thair original length.

Tha key to the sliding filamant model that Huxley described
and subsequently refined is that the ingividual molecy les {that is,
their sbservable fibrous forms) do not shrnk or extend buf instesd
slide past sach other Ouring contraction, actin filaments {thin
filaments) in the | band are drawn irto the A band, which consists
of stationary myosin-containing filaments (thick filaments). During
stretching the actin filaments withdraw from the & band. Similar
conclusions were reached by the team of Andrew Huxley [no
relation o Hugh} and Rolf Niedergerke, who examined the
contraction of living frog muscle fibers, Both groups publishea
their wark in back-to-back papers in Mature in 1954,

Hugh Huxley went on to supply additional details to his sliding
filament model For example, he showed that myosin forms cross-
bridges with actin fibers. However, these bridges are asymmetric,
peinting in opposite directions in the two halves cf the sarcomere,
This arrangemant allows myoasin to pull thin filaments in opposite
diractions toward the center of the sarcomere [Fig. 7-24)

While Huxley was describing tha mechanism of muscle
contraction, Watson and Crick discovered the structure of DMA,
and Max Perulz made a decisive breakihrough in the use of heavy
metal atoms to solve the phase problem in his Xeray studies of
hemoglobin (Box V-21 Collectively, these discovenas indicaled the
tremendous potential for describing biclogical phenomena in
molecular terms, Subsequant studies of muscle confraction have
used slectron microscopy, X-ray crystallography, and anzymology to
probe the fine detais of the sliding filament model, including the
structure of myosin's lever arm, the composition of the thin
filament and the exact role of ATF in triggering conformational
changes that generats mechanical force,

Husdeyx, HE, and Hansan, J. Changes in e cross-winaber s of muscle during cor-
Iraction ard stedch and Mar siruclural iniemprelabion, Natws TFS, ST3-678 (1964),
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FIG. 7-285 Structure of myosin, (a) A ribbon diagram of the myosin haad fram
chickan muscle. The haavy chain (s represented by a ribhon disgrem embedded in is semi-
transparant molecular surtace with ditferant portions green, blue. and red. The essential and
regulatary light chains, RLE and ELC, are drawn in wormm form with each colored in rainbow
order from its N-terminus (bive) to its C-terminus {red) A sulfate ian, shawn in space-filling
form (C red and § yallow), occupies the binding site of ATF's f-phosphate group. An RLC-
baund Ca”" ion (lower leff] s represented by a cyan sphere, [Based on an X-ray structure
by Ivan Rayment and Hazel Halden, University of Wisconsin, PDBid 2MYS) (b) Diagram of
the myasin malecule, s two identical heavy chains (green and orenge) each have an
N-terminal globular head and an a-helical tail. Between the head and tad is an a helix the
lever arm, that associates with the two kinds of light chains (magenta and pelow]. The tails
wind arqund each other to form a 1 600-A<ong parallel coded cail,

that it forms an elongated (55 X 165 A) globular head ro which one subunit
each of ELC and RLC bind (Fig. 7-254). The C-terminal half of the heavy
chain forms a long fibrous o-helical wail, two of which associate to form a lefe-
handed coiled coil. Thus, myesin consists of a 1600-A-long rodlike segment with
two globular heads (Fig. 7-25£). The amino acid sequence of myosin’s a-helical
tail 15 characeeristic of coils such as those in keratin (Section 6-1C): It has a
seven-residue pseudorepeat, a-b-c-d-e-fog with nonpolar residues predominat-
ing at positions a and o

FIG. 7-26 Structura of the thick filament (&) Electron (b} Drawing of a thick filament, in which several hundred myosin
micragraph showing the myesin heads projecting from the thick maolecules form & staggered array with their globular heads painting
filament. [From Trinick, J. and Ellictt, A, £ Mol Sl 131, 135 (1977)]  away fram the filament.




Under physiological conditions, several hundred myosin molecules aggre-
gate to form a thick filament. The rodlike rails pack end 1o end in 2 regular
staggered array, leaving the globular heads projecting to the sides on both ends
(Fig. 7-26). These myosin heads form the cross-bridges to thin filaments in
intact myofibrils. The myosin head. which is an ATPase (ATP-hydrolyzring en-
zyme), has its ATP-binding site located in a 13-A-decp V-shaped pocker.

Thin Fllaments Consist Mainly of Actin. Thin flaments consist mainly of
polymers of actin, the most abundant cyrosolic protein in cukaryotes. In s
monomeric form, this ~375-residuc protein is known as G-actin (G for glob-
ular); when polymerized, it is called F-actin (F for fibrous). Each actin sub-
unit has binding sites for ATP and a Ca*™ or Mg*" ion that are located in a2
decp cleft (Fig. 7-27). ATP hydrolysis to ADP + P, is not required for actin
polymerization but occurs afierward (Secrion 7-2C).

The fibrous nature of F-actin and its variable fiber have thwarted
its crystallization in a manner suitable for X-ray crystallographic analysis.
Consequently, our current understanding of the atomic structure of F-actin is
based on electron micrographs (Fig. 7-284) together with low resolution mod-
els based on X-ray studies of oriented gels of F-actin into which high resolu-
tion atomic models of G-actin have been finted (Fig. 7-288). These models
indicate that the actin polymer is 3 double-stranded helix of subunits in which
each subunit contacts four others. Each actin subunit has the ame head-wo-

FIiG. 7-27 X-Ray siructure of rabbit
muscle G-actin in complex with ATP and a
Ca** ion The four domaing of the protein ane
colored Cyln, Manents, orange and pellow, snd
e M- and C-termirs are labeled. The ATP whech
is drawn i space-filing form with C green, N
blue, O red, and P orange, bings af the botiom
of a deep cleft between the domains. The Ca™"
on 15 representad by & bght green sphere.
[Based on an X-ray strocture by Leslie Burtnak,
Urweersity f Batish Columia, Vaneouwer, British
Cohsmbia PDBid 3HEBT)

FIG. T-28 Structure of the actin filament
(&) Cryceleciren racroscopy—based image. The
rapomynsa Binding sites (see below) are Blue
[Courtesy of Daniel Safer, Unwersity of
Pennsyharsa, and Ronald Miligan, The Scripps
Research Insbiute. La Jolla, Califarnia] (b Model
based on fitting & known X-ray structure of
G-actw to & crpoEM-based image of F-actn,
representad by five consecutive actin - ADP
Subets drawn i nbbon form, each with a
different color, embedded n thes semiransgarent
molecular surface. The ADPs are dreswn o
space-filing form with C green, N blue O red,
and P orange The central subumet (magents) is
oriented &3 is the G-actin in Fig. 7-27 [Based an
& structure by Keich Namba Osaks Lneesrsity,
Japar. PDBid 3MFFR]
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FIG. T-2@ Model of the mycsin=actin
Inlmrmctbon, This space-filling model was
congructad from tha X-ray strectumes of sctin
mnd the myasin hosd snd sbsciran mecragraphs
ol thair camples. Tha sclin flamaent s st tha top,
Thie myosin haavy chsin s colored as in Fig,
T-26 wnd the light chaine arm yallow and
magente The coldad-call tel s not shown, An
ATP-binding sita i located in a clett in the blua
domuin al the myosin head, In a myafibnl, avary
mchin monomer has the polantial o bind &
myauin haad, ard the thick filamant has many
myonin heads projacting frem b [Modifiad from a
drmwing by lvan Raymeni aod Huel Halden,
Lindvargity af Wisconsin,)

tail orientation (e.g., all the nucleotide-binding defts open upward in Fig, 7-284),
so the assembled fAber has a distinet polarity, The end of the fiber roward
which the nut]mljdr-hinding sites open is known as the (=) end, and its
opposite end is the (+) end. The (+) ends of the thin filiment bind to the
Z disk (Fig. 7-23).

Each of muscle F-actin's monomeric units can bind a single myosin head
(Fig. 7-29), probably by ion p:irinE and the association of hydrophobic
patches on cach protein, Electron micrographs indicate thar the myosin heads
bound o an F-actin flament all have the same orientation I:I'ig. T-30) and
that in thin filaments that are still arcached o the 2 disk, the myosin heads
all point away from the Z disk.

Tropomyosin and Treponin Are Thin Filament Components. Myosin and
actin, the major components of muscle, account for 60 to 70% and 20 to
25% of rotal muscle protein, respectively. OF the remainder, two proteins that
are associated with the thin filaments are particularly prominens:

1. Tropomyosin, a homodimer whose two 284-residue a-helical subunits
wrap around cach other to form a parallel coiled coil that extends
nearly the entire 400-A length of the molecule (a portion of which
is shown in Fig. 6-158). Multiple copies of these rod-shaped proteins
are joined head-to-tail to form cables wound in the grooves of the
F-actin helix such that each tropomyosin molecule contacts seven con-
secutive actin subunits in a quasi-equivalent manner (Fig. 7-30).

FIG. 7-30 Cryoalectron microscopy=based imaga at «28-k resclution of a thin
filamant decorated with myosin heads. F-actin is red. tropomyosin is blue, tha myoasin
matar damain is yellow, and the essential light chain is green. The helical flameant has &
pitch {rise per turn) of 370 A [Courtesy of Ronald Milligan, The Scripps Research Institute,
La Jolla, Californial




2. Troponin, which consists of three subunits: TnC, a C:11+—|Jj.'nd'll1£ pro-
tein; Tnl, which binds to actin; and TaT, an :|::|ngat:d molecule,
which binds to tropomyosin at its head-to-tail junctions. The X-ray
structure of troponin in mmpl:'x with four Ca*™ ions {Fig. 7-31), de-
termined by Robert Fletterick, reweals that Tnl closely resembles the
mynsin ligj‘ﬂ chains and that the inhibitory segment of Tnl binds to
TnC’s rigid central helix in this Ca®*-activared seare.

The srapom _p'a.-rfn—rmpam'n fﬂ?ﬂlﬂ'f.ﬂl', as we will see below, regu!ﬂ':ﬂ muscle contrac-
tion by controlling the acoews of the myeosin heads to their binding sites on actin.

Muscle Containg Numerous Minor Proteins That Organize lts Structure.
Other pmt:i.ns serve to form the £ disk and the M disk and o Organize the
arrays of thick and thin filaments. For instance, a-actinin, a rodlike homo-
dimeric prntl:j.n that cross-links F-actin flaments, 15 localized in the Z disk’s
interior and is therefore thought to attach oppositely oriented thin filaments
to the 7 disk.

One of the more unusual muscle proteins, titin, the longest known polypep-
tide chain (34,350 residues), is c-umP-usud of ~300 Tepeating g[ﬂbula.r domains.
Threr to six non molecules associate with each thick filament, spa.nnj.ng the 1-
pm distance between the M and Z disks. Titin is believed to function as 2 mo-
lecular bungee cord to keep the thick filament centered on the sarcomere:
D'uring muscle contraction, it COMpresses as the sarcomere shoreens, but when
the muscle relaxes, titin resists sarcomere extension past the starting point.

Nebulin, which is also extremely large (6669 residues), is a mainly a-helical
protein that is associated with the thin filament. It is th.uught to set the IE%Eh
of the thin flament by acting as a template for actin polymerization. This
lcngth is held constant by h'npumndulul,, which caps the (=) end of the thin
filament {the end not artached to the Z disk), thtrcb}r Frmnting further actin
polymerization and depolymerization. CapZ (also called B-actinin) is an
c-actinin-associated heterodimer that similarly caps the (+) end of F-actin.

The M disk (Fig. 7-23) arises from the local enlargement of in-register

thick filaments. Twoe proteins that are associated with this structure,
myomensin and M-protein, bind to titin and are therefore likely to partici-
pate in thick ﬁl:lmtnl: a_m:mhly. as does the thick filament—associated m-_rnl'in—
lnmll protein C.
2l il::nm: muscular dystrophy (DMD) and the less severe Becker mus-
¥ mla.-r dystrophy (BMD) arc both sex-linked muscle-wasting discases. In
DMD, which has an onser age of 2 wo 5 years, muscle degeneration exceeds
muscle regencration, causing progressive muscle weakness and ultimately
death, l:}.rpicall}r due o r:spirnmr].r disorders or heart failure, LI.II.].B“.]." |:r_|,' age 25.
In BMD, the onset age is 5 to 10 years and there is an overall less progres-
sive course of muscle dcg:n:mtiun and a |nngtr (somerimes normal) life span
than in indwviduals with DMD,

The gene responsible for DMDVBMD encodes a 3685-residue protein
named dystrophin, which has a normal abundance in muscle tissue of
0.002%, Individuals with DMD usually have no detectable dystrophin in their
muscles, whereas those with BMD mostly have dystrophins of altered sizes.
Evidently, the dystrophins of individuals with DMD are rapidly degraded,
whereas those of individuals with BMD are semifuncrional.

Dystrophin is 3 member of a family of flexible rod-shaped proreins chat
includes utELc r actin-binding cyroskeleral components, Dystrophin associates
on the inner surface of the muscle plasma membrane with a rransmembrane
glycoprotein complex, where it helps anchor F-actin to the extracellular ma-
trix and thereby protects the plasma membrane from being tomn by the me-
chanical stress of muscle contraction. Although such small rears are common
in muscle cells, they occur much more frequently in dystrophic cells, leading

to a greatly increased rate of cell death.

3
Sectlon 2 Muscle Contraction

FIG. 7-31 X-Ray siructure of chicken
skalatal muscle roponin. TnC is red, Tnl is
blue, and TnT is gald. The four Ca®" ions bound
by TnC are represanted by cyan spheres. [Based
on &n ¥-ray structure by Robert Flettenck,
University af Calfornia at San Francisea. POBid
1¥TZ]
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B Muscle Contraction Occurs when Myosin Heads Walk
up Thin Filaments

In order 1o complete our description of muscle contraction we must deter-
mine how ATF hydrolysis is coupled to the sliding filament model. IF the shid-
ing filament model is correct then it would be impossible for a myosin
cross-bridge to remain attached to the same point on a thin flament during
muscle contraction. Rather, it must repeatedly detach and then reartach iself
at a new site further along the thin filament toward the Z disk. This, in wurn,
sugpests that msenlar fersion ﬁ‘_-;mrmrm' thraweh the fnteraciion nfmrmn'n -
briclges wivh thin filaments, The actual contractile force is provided by ATT hy-
drolysis. Thus, myosin is 2 meter protein that converts the chemical energy
of ATP hydrolysis o the mechanical energy of movement. Edwin Taylor for-
mulated 3 model for mymjn—mcdiqt:d ATP hydru]yiis. which has been refined
l|:|:rl_',r the structural studies of H.I"!I'll!l‘ll. Holden, and Ronald Miﬂipn ax Follows
'"lg, 7-A1):

1. ATP binds to a myosin head in a manner that causes myosin's actin-
him.'linﬁ site (o apen up and release its bound acrin.

2. Myuosin's sctive site (distinet from s actin-binding sire) closes around
the ATT The resulting hydrolysis of the AT 1o ADP + P, “cocks” the
myosin head. thar is. puts it into its “high energy” conformation in
which i 1s a.pprmtim:lcl}' pcrprnd.'brul:lr to the thick flament,

The myosin head binds weakly w an actin monomer that is closer 10

the Z disk than the one to which it had been bound previously.

. Mymin releases [‘I,, which causes s 4|;tjn-|:indin5 site o close, [I'MHI!I]T
increasing s affinity for actin,
The resulting transient state is immediately followed by the power
stroke, a conformational shift thar sweeps the myosin head's C-terminal
tail by an estimared ~100 A woward the Z disk relative to the actin-
binding site on its head, thus ranslating the atached thin filament by
this distance roward the M disk.

6. ADP is relcased, thercby completing the cycle.

Because the reaction cycle invalves several steps, some of which are irre-
versible (e.g., ATP hydrolysis and I, release), the entire cycle is unidirectional.
The =500 myosin heads on every thick filament asynchronously cycle through
this reaction sequence about five times cach per second during a strong mus-
cular contraction. The myouin beasds thereby “walk™ or “row™ wp adjacent thin
[filaments voward the Z disk with the concomitant contraction of the muicle.

Although myosin is dimeric, its two heads function independently.

Calcium Triggers Muscle Contraction. Highly punfied actin and myosin can
contract less of the Ca®* concentration, bu preparations containing in-
tact thin filaments contract only in the presence of Ca®*, due 1o the regula-
tory action of troponin C (Fig. 7-31). Stimulation of a myofibril by a nerve
il‘l‘ll.ﬂ..l.llil.' results in the release of Ca™' from the Il.rl:ﬂh.lmlt reticulum (a -
tem of flattened vesicles derived from the endoplasmic reticulum). As a result,
the intracellular [Ca®"] increases from ~10 7 10 ~107" M. The higher

FIG. 7-32 Machanism of force generation in muscle (Dpposie) The myomn hesd
‘walks” up the actin then filament through & unidirectional cpche process thal s diven by
ATP hydrolbysis to ADP and P, Only one myosin head |s shown Tha actin monamer o
wihach the myosin hesd s baurd at tha baginning al the cpcle & mane dardkdy colored for
refarance. [Alter Rayment, | and Holdan, H, Cur. Opin Siruct Bl 3, GIQ{WQHI]‘
See the Animated Figures.
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FIG. T-33 Comparison of the positions of iropomyosin on the thin filament in
the sbsance and presence of Ca®". In this superpasilion of cryoaleciron microscopy—based
images, iha F-actin filamani is gold, the tropomyasn in the absance of Ca”" s rad, and
that in b presence of Ca”' & green [Courtesy of Wilem Lehman, Boston Univeraily
School of Medicine]

calcium concentration triggers the conformational change in the wroponin-
tropamyosin complex that exposes the im: an actin where the myosin head
binds (Fig. 7-33). When the myofibril [Ca®*] is low (Ca*" Ii rapld{y pumped
back into the sarcoplasmic reciculum by ATP-requiring Ca™' pumps; Section
10-3B), the troponin-tropomyosin complex assumes its resting conformation,
blocking myosin binding 1o actin and causing the muscle to relax,

C Actin Forms Microfilaments in Nonmuscle Cells

Although actin and myosin are most prominent in muscle, they also occur in
other tissues. In fact, actin is ubiquitous and is usually the mose abundant cy-
toplasmic protein in cukaryotic cells, ypically sccounting for 5 to 10% of their
total protein. Nonmuscle actin forms = 70-A-diameter fibers known as micro-
filaments that can be visualized by immunofluorescence microscopy (in which
a fluorescent-tagged amtibody is used to “stain” the actin to which it binds; Fig.
7-34). In nonmuscle cells, actin plays an essential role in many processes, in-
cluding changes in cell shape, cell division, endocytoais, and organelle transport,

Micraofllament Treadmilling Can Mediate Locomatlon. ATT-(-actin binds
to bath ends of an F-actin filament but with a grearer affinity for its (+) end
{hence its name). This polymerization activates F-actin subunits 1o hydralyze
their bound ATT to ADP + ', with the subsequent dissociation of P, The
resulting conformation change reduces the affinity of an ADP=F-actin subunit
for its neighboring subunits relative to that of ATP=F-actin. Since F-
actin—catalyzed AT hydrolysis occurs more slowly than actin polymerization
and F-actin's bound nucleotide does not exchange with those in solution (ics
nucleatide-binding site is blocked by its associated subunits), F-actin's more
recently polymerized and hence predominantly ATP-containing subunics
oceur largely ar its (+) end, whereas its (=) end consists mainly of less re-
cently polymerized and hence predominantdy ADP-containing subuniws, The
lesser affinity of ADP-containing actin subunit for F-actin results in their net
dissociation from the (=) end of the polymer.

The steady state (when the microfilament maintaing a constane length)
occurs when the net rate of addition of subunits ar the (+) end maiches the
net rate of dissaciation of subunits at the (=) end. Then, mbunie thar have

FIG. T-34 Actin microfilaments, The
mscrafilamants in a fibrablas) rasting on tha
fwrface of @ cullure dish e ravaalad by
Immunofluarescance mEoacopy using a
fluorascantly labssbsd anbibody to acling Whian
thi call besging to mova, tha fdamaend s
disassamble. |[Courtesy of Jahn Wicter Small,
fustrian Academy of Sciances, Selburg.)




FIG, 7-36 Microfllament treadmilling, In the steady slate, actin manamers continually
add bo the {+} and of the filamant (el bul dissoclate af the same rate from the (=) end
(righih. Tha filament theraby maintans a constant lengih while its component monsmars
tranglocabe fram lal to right,

FIG. 7-38

07
Section 2 Musck Confraction

Scanning slectron micrograph of s crawiing macrophage. The lsading

dge of this white blood call (toph & rufllad whene (1 has bacome deteched from the
surface and is in fhe process of extending. The cell's tralling adge or taill (hotior), which
is 8l aflached bo fhe surlace, is gradusly beng pulled toward the leading edge. The
rate of actin polymerizabon is greales! ol the keading sdga, The macrophsge s in fhe
course af engulling Staprploccus sp. baciaria {orange pobuates] by a process known as
phagocytoats. [© Eye of Sciance/Phote Reseschars, Ine)

added to the (+ ) end move toward the (=) end where they disociate, a procen
called tremdmilling (Fig. 7-35). Thus, a fAuorescently labeled actin monomer
is seen to move from the (+) end of the microfilament toward its (=) end.
Treadmilling is driven by the free energy of ATP hydrolysis and hence is not
at equilibrium.

The directional growth of actin filaments exerts force against the plasma
membrane, allowing a cell to extend its cytoplasm in one direction. If the cy-
toplasmic protrusion anchors itself to the underlying surface, then the cell can
use the adhesion point for traction to advance further. In order for the cell o
crawl, however, the trailing edge of the cell must release its contacts with the
surface while newer contacts are being made at the leading edge (Fig. 7-36).
In addition, as microfilament polymerization proceeds at the leading edge, de-
polymerization must occur chtwicrc in the cell, since the pool of G-actin is
limited, A variety of actin-binding proteins modulate the rate of actin depoly-
merization and repolymerization in pive,

Actin-mediated cell locomotion, that is, amoeboid motion, is the most
primitive mechanism of cell movement. Nevertheless, virtually all eukaryotic
cells undertake some version of it, even if it involves just a small parch of actin
near the cell surface. More extensive microfilament rearrangements are essen-
tial for cells such as neutraphils (2 type of white blood 'l-"ﬂ'ﬁ-:l that travel rela-

tively long distances to sites of infection or inflammation,

CHECKPOINT

Explain how myosin structure relates to its

function as & molor prolen,

Draw a diagram of the componants of &
sarcomans, including the looations of all
the proteine mantioned in the text, Which
componants are globular and which are
fibroua?

Explain the molecular basis of the sliding
filmrmant model of muscle coniraction,
What are the roles of Ca®' and ATP in
miuscle contrecton?

|s it possible to construct & fibrous profein
from plobuler subunite?

Dascribe the process of treadmiling in a
ricrofilarment,

How doss & microfilamant ditfer from the
thin filamant in & myofbl?

Dascribe the process of actin polymerization
and depolymerzation during o crewling.
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FIG. 7-37 Primary and secondary
immuna miaponsas. Antbodies to antigan A
appaar in the bbeod lallawing primany
Immunizatian an day O and secondary
Immunizataon an day Q8. Antigen B is ncludad in
tha sacondary (/mmunizakon o demonstrate tha
spcilicity of iImmunological memory for antigan
A, The secandary respanse to antigen A is both
fasbar wrd greatar than the premery responsa,

3 Antibodies

KEY CONCEPTS

#  The humoral immune responss (8 madiated by antibodies, which include constant
domains as well as variable domains that recognize specific antigens,

+  Antibody gone rearrangement and hypermutation contribute 1o antibody diversity,

All organisms are continually subject to attack by other organisms, including
disease-causing microorganisms and viruses. In higher animals, these
pathogens may penetrate the physical barrier presented by the skin and mu-
cous membranes (a first line of defense) only to be identified as foreign in-
vaders and destroyed by the immune system. Two types of immunity have
been distinguished:

1. Cellular immunity, which plays a role in fighting most pathogens and
is particularly effective ar eliminating virally infected cells, 1s mediated by
T lymphocytes or T cells, so called because they marure in the thymus,
. Humoral immunity (#umor is an archaic term for fluid), which is most
effective againse bacterial infections and the extracellular phases of viral
infections, is mediated by an enormously diverse collection of related
proteins known as antibodies or immunoglobulins, Antibodies are
produced by B lymphocytes or B cells, which in mammals mature in

the bone marrow.

In this section we focus on the structure, function, and generation of antibodies,

The immune response iz triggered by the presence of a foreign macromolecul,
affen a protein or mrgh}dmm ot as an antigen, B cells display immunoglob-
ulins on their surfaces, If a B cell encounters an antigen that binds to its par-
ticular immunoglobulin, it engulfs the antigen-antibody complex, degrades ir,
and displays the antigen fragments an the cell surface. T cells then stimulare the
B cell wo proliferate. Most of the B cell progeny are circulating cells that secrere
large amounts of the antigen-specific antibody, These antibodies can bind to ad-
ditional antigen molecules, thereby marking them for destruction by other com-
ponents m"ﬁw immune system. Although most B cells live only a few weeks
unless stimulated by their corresponding antigen, a few long-lived memory B
cells can recognize antigen several months or even many years later and can
mount a more rapid and massive immune response (called a secondary response)
than B cells that have not yet encountered their antigen (Fig. 7-37).

A Antibodies Have Constant and Variable Regions

The immunoglobuling form a related but enormously diverse group of
proteins. All immunoglobuling contain ar least four subunits: two identical

1" drtigan A
<" antigan A s

1" arligen B

Antibodkes
to &

Anlibodias
m
i 'l L




=~23-kD light chains (L) and two identical 53- to 75-kD heavy chains
{H). These subunits associate by disulfide bonds and by noncovalent inter-
actions to form a roughly Y-shaped symmetric molecule with the formula
(LH); (Fig. 7-38).

The five classes of immunoglobulin (Ig) differ in the type of heavy chain
they contain and, in some cases, in their subunic structure (Table 7-2), For
example, IgM consists of five Y-shaped molecules arranged around a central
J subunit IgA occurs as monomers, dimen, trimers, and tetramers, The var-
ious immunoglobulin classes also have different physiological functions. IgM
is most effective against microorganisms and is the fint immunoglobulin w
be secreted in response o an antigen. 1gG, the most common immunaglob-
ulin, is equally inxlrihutﬂl between the blood and the extravascular Huid.
IgA occurs predominantly in the intestinal trace and defends againse
pathogens by adhering to their antigenic sites so ax to block their attach-
ment ta epithelial {outer) surfaces. IgE, which is normally present in the
blood in minute concentrations, protects against parasites and has been im-
plicated in allergic reactions. IgE}, which is also present in small amounts,
has no clearly known function, Our discussion of antibody structure will fo-
cus on lgG.

IgGs can be deaved through limited protealysis with the enzyme papain into
three ~50-kD) fragments two identical Fab fragments and one Fe ent.
The Fab fragments are the “arma” of the Y-shaped antibody and contain an en-

TABLE 7-2 Classea of Human Immunoglabuling
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Seclion 3 Anbhadies

FiG. 7-38 X-Ray structure of an antibody,
Tha protein is shown in nbbon ferm with ils two
haavy chains gald and cyan and (18 bwa light
chaing baolh magenta, (s teo dendicsl
carbohydrate chang ars drawn in space-filling
farm with C grean, N blus, and O red The
anfigen-tinding sites arm located af the eds of
tha two mpprosimataly horontal Fak arma
Tarmesd by the associstion of the light chains
with tha hewey chsing, This paricwlar wnisody
racognizes caning lymphoma (a type of cancar)
and in tharapaufically useful against |t [Basad an
an K-ray struciure by Alaxander MePheson,
Univaraity of Califormis at insne. POBId

11GT] @D See Intersctive Exercise 3.

|1| How many discrele proteln domains are
vislble in this model?
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FIG, T-38 Diagram of human
immunoglobulin G {lga). Each light chain
containg a variable (V) and a constant ()
rageon, and aach heavy chaln contang cne
variable (¥} and thres consiant (G 1, C,2, and
C3) raglans, Esch of tha vanable and consfant
damains confming & disulfde bond, and the fow
palypeptida chains are binkad by disulfidea bonds.
Hypervariable loops, thrae 0 aach variable
daoman (fuzzy Meas), determing anligan spacificity.
Tha proteciybic anzyme papan clesves IgG af
the hnge region 1o yleld twa Fab fragments and
ana Fe fragment, CHO represents carbohydiate
chains, [llusiration, Irdng Gels, Image from Iving
Gals Colleciion/Howard Hughes Meadical
Institute, Rights ownad by HHMI. Reproduchion
by parmissian only]

% chin Cul
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tire L chain and the N-terminal half of an H chain {l"iﬂ. 7-39), These fr:gmtnu.
contain IgG's antigen-binding sites (the “ab” in Fab stands for antigen dinding).
The Fc pmri-nn. {“c" because i n'pt:lhzr_: ::l:li|].r} denves from the “stem” of ¢
antibody and consists of the C-terminal halves of two H chains, The arms of the
Y are connecved to the stem h}' 1 Hexible hingc n:gjun. The hingc :mg]:s may
vary, so an antibody molecule may not be perfectly symmetrical (e.g. Fig. 7-38),

Mthnush all IH{} molecules have the same overall structure, Isﬂ's that rec-
aniz-r different antigens have different amino acid sequences, The light chains
ot different antibodies differ mmt]y in their M-terminal halves, These pnl}r]xp-
tides are thercfore said to have a variable region, ¥V (residues | to ~108), and
a constant region, Cy (residues 109 1o 214). Comparisans of H chains, which
have ~446 residues, reveal thar H chains also have a variable region, ¥y, and
a constant region, Cy. As indicated in Fig. 7-39, the Cy region consists of
three ~110-residue segments, Cyl, Gy, and Cyd, which are homologous to
each other and to C, In fact, all the constant and variable regions resemble
cach other in sEquETCe and in d.i.iulﬁdr-hnmling [patecrn. These similaritics SUg-
Best that the six different humn]ug}' units of an IEG evolved thmugh the du-
F]ji.':ltil]n of a I:rjml::r:lj:] gene cnnnclins an ~ 1 10-residue pratein,

B Antibodies Recognize a Huge Variety of Antigens

The immunng]uhu]i.n hnmu]umr units all have the same characteristic
hn.nmnul]uhl.ﬂin fold: a sandwich mmpm:d of three- and four-stranded an-
tiparallel 3 sheets that are linked by a disulfide bond (Fig. 6-298), Nevertheless,
the basic immunng]nl:ruli.n structure must accommodate an enonmous variety of
antigens, The ability to recognize antigens resides in three loops in each variable
domain (Fig. 7-40). Most of the amino acid variation among antibodies is con-
centrated in these three short segments, called h}'l:lnrmh]:llt sequences, As h}r-
puth::izﬂi b}f Elvin Kabat, the h],r[u-n':lri:lhlf sequences line an immurmglnhu]in's
:mtign?n-l'nim:l.in.fI site, 50 that their amino acids determine s bindi ng SFI!L'iFN."HT.

Scientists have determined the :‘{-r:].r structures of Fab rragm:nt: from
monoclonal antibhodies (Box 7-5) and munuspﬂ:jﬁt antibodies isolated from




Hyperyvar abla
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rm:itntn with multiple myeloma (a disease in which a cancerous B cell pro-
iferates and produces massive amounts of a single immunoglobuling
immunoglobulins purified from ordinary blood are heterogeneous and hence
cannot be used for detailed structural studies), As predicted by the positions
of the hypervariable sequences, the antigen-binding site is located at the tp
of each Fab fragment in a crevice between its V| and V) domains,

The association between antibodies and their antigens involves van der
Waals, hydrophobic, hydrogen bonding, and ionic interactions, Their dissoci-
ation constants range from 107 w 107" M, comparable (or even greater)
in strength to the associations between enzymes and their substrates, The speci-
ficity and strength of an antigen-antibody complex are a function of the
exquisite structural complementarity between the antigen and the antibody
{e.g.. Fig. 7-41). These are also the fearures that make antibodies such useful
laboratory reagents (Fig. 5-3, for example).

Most immunaglobuling are divalent molecules; that is, they can bind two
identical antigens simultancously (IgM and IgA are multivalent). A foreign
substance or organism usually has multiple antigenic regions, and a typical im-
mune respanse generates a mixture of antibodies with different specificities,
Divalent binding allows antibodies to cross-link antigens to form an extended
lattice (Fig. 7-42), which hastens the removal of the antigen and wriggers B
cell praliferation,

Antlbody Diversity Results from Gene Rearrangement and Mutation. A
novel antigen does not direct a B cell to begin manufacturing a new im-
munoglobulin to which it can bind, Rather, an amigen stimulaves the prolifer-
ation of a preexisting B cell whose antibodies happen to recognize the anvigen. The
jmmu?'-i s;m:m hl:E the potential to pmduu‘pfn tnnm‘:‘f:: number :fi?diﬁcr-
ent antibodies, probably >10'". Even though this number is so large that an
individual can synthesize only a small fraction of its potential immunoglobu-
lin repertaire during its lifetime, this fraction is still sufficient to react with
almost any antigen the individual might encounter. Yet the number of
immunoglobulin genes is far too small to account for the observed level of an-
tibody dwersity. The diversity in antibody sequences arises instead from ge-
netic changes during B lymphocyte development.

Each chain of an immunoglobulin molecule is encoded by multiple DNA
segments: V, |, and C segments for the light chains, and V., D, |, and C seg-
ments for heavy chains. These segments are joined together by somatic

FIG. 7-42 Antigen cross-linking by antibodies, A misture of drealent antibodies that
recognizes the several different anfigenic regions of an Intreding parlicle such as a toxin
molecula or & bacterium can form an estansive latice of anbgen and antibody molecwles,

amn
Seclion 3 Anbbadies

FIG, 7-40 Immunoglobulin folds in & light
chaln. Bolh the conslant and variable damains
consisl ol m sandwich of a lour=-sbransded
anfipmaliel B sheat (higp) snd a thees-siranded
anfiparaliel { sheet {orange) that are linked by o
disutfide bond (pafow). The positions of tha

ihraa hyparvaniabhe sequances in tha varsbie
darmmin are isdcated [Afar Schiffer, M., Girling,
RL, Elg KR, and Edmundsan, AR, Biochamisiy
12, 46328 (1073)]

FIG. 7-41 Intersction betwesn an sntigen
and an antibody. This X-ray structese shows a
portion of tha salvent-accesaible surlface of a
rmonoclanal antibody Fab fragment (greas) with &
shick moded ol & bownd nine-residue fragmeani of
ifs paplide antigan (lavende), [Courlesy of lan
Wilson, The Scripps Research Institule, La Jaolla,
Calformia, POBId 1HMM |
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Monoclonal Antibodies

Introducing a foreign molecule into an enimal induces the synthe-
sis of large amounts of antigen-specific but heterogeneous anti-
bodies. One might expect that a single lymphocyte from such an
animal could be cloned (allowed to reproduce) fo yield a hanest
of homogeneous immunoglobulin molecules. Unfortunately, m-
phocytes do not grow continuously in culture. In the late 1970s,
however, César Milstein and Georges Kohler developed a tach-
nique for immaortalizing such cells so that they can grow continu-
ously and secrete vidually unlimited quantities of a specific
antibody: T:,'piEEI":,', ymphocytes from a mouse that hes been im-
munized with a particular antigen are harvested and fused with
mouse myaloma cells (a fypa of biood system cancer), which can
multiply indefinitely {see figure). The cells are then incubated in & Mutant mouse myeloma Some mouse lymphocytes
salectiva medium that inhibits the synthesis of purines, which ara cells unable to grow in from splaan (blwe) make
essential for myeloma growth [the myeloma cells lack the enzyme galactive medium ariti oy to X
hypoxanthina phosphoribosyl transferasa (HPRT), which could
otharwise parficipate in a purine nucleotide salvage pathway;
Section 23-10]. The only cells that can grow in the selective x'mf;‘:“m':;ﬁn“mm
medium are tused cells, known as hybridoma calls, that combine
the missing HPRT (it is supplied by the lymphocyte) with the
immortal attributes of the myeloma cells. Clones derived from e CE @ @
single fused cells are then screened for the presence of antibod- F 4 k. Unfumsd calls de
ies to the original antigen. Anfibody-producing cells can be grown | L OO
in large quantities in tissue culture or as samisolid tumars in W —
mouse hosts, s, e ol o
L ] {purpla cells make

Monocknal antibodies are used to purify macromolecules antibadias ta X)
(Saction 5-2), to identify infectious diseases, and to tast for the
presence of drugs and other substances in body fissues. Because
of thair purity and specificity and, to some extent, their biocompat-
ibality, monoclonal antibodies also hold considerable promise as
therapeutic agents against cancer and other diseases. In fact, the
monoclonal antibody known as Herceptin binds specifically to
the growth factor receptor HER2 that is overexpressed in about
one-quarter of breast cancers. Herceptin binding to HERZ blocks
its growth-signaling activity, thereby causing the tumar to stop
growing or even regrass,

Other monoclonal antibodies have bean devaloped to bind to
and interfere with components of the inflammatary response in
ordar fo treat the symptoms of diseases such as rheumatoid
arthritis. In some cases, these ‘biologic® drugs have been geneti-
cally angineared to make tham less mousalike and more human-
like and theratora less likaly to be recognized and rejected as
toraign by the patient's own immune systam,

Culture singla calls n
separate walls.

Tast aach well for
antibody o X

recombination during B cell development before being transeribed and trans-
lated into protein. The process is called somatic (Greek: soma, body) ta dis-
tinguish it from the recombination that occurs in reproductive cells. Because
there are multiple versions of the V, D, ], and C segments in the genome, the
combinatorial possibilities are enormous. In addition, the recombination
process sometimes adds or deletes nucleotides at the junctions between gene
segments, further contributing to the diversity of the encoded protein. The
generation of antibody diversity is further discussed in Section 28-300.
Additional changes can occur after a B cell has encountered its antigen and
begun secreting antibody molecules. As the antibody-producing B cells divide,
their rate of immunoglobulin gene mutation increases dramatically, favoring the
substitution of one nucleotide for another and leading to an average ui‘Eunr




TABLE 7-3 Soma Antibody-Mediated Autoimmune Diseases

Disease Target Tissue

Major Symproms

Addison’s dizease Adrenal corex
Gravis” disease Thyroid gland

Insulin-dependent diabetes mellirus Pancreatic [ cells

Myasthenia gravis Acerylcholine receprors ar nerve—muscle
A Ddpaes

Rheumatoid arthritis Connective tisile

Systemic lupus erythematosus DA, phospholipids, ather e
Components

Low blood glucose, muscle weakness, Ma™ loss,

K" retention, increased suscepaibility to stress

Owversecsetion of thyroid hormone resulting in

increased appetite accompanied by weight lnss

Loss of ability to make insulin

Progressive muscle weakness

Inflammation and degeneration of the joins

Rash, joint and muscle pain, anemia, kidney

damage, mental dysfuncrion

amino acid c]ung: far Every cell gcn:mtiun. This pracess, which is called
somatic hypermutation, permits the antigen specificity of the antibody to be
fine-tuned over many cell generations, because the rate of B cell proliferation

increases with the antigtn—binding nﬁinir_l,r of the antil:-udy it pmdu:ﬁ.

=i~ Tha Immuna System Loses lis Tolerance in Autoimmune Dissases.
? Another remarlable property of the immune SYStEm 15 that is power is un-
leashed unl}r ag:u'nst fnrcig;'t substances and not nga'mst any of the tens af thou-
sands of endogenous (sclf) molecules of various sorts. Virtually all
macramolecules are pub:ntia]l].r nntig:nic, as can be demonstrated b].r trans-
planting tissues from one individual to another, even within a species. This
inmmpatib:ility presents obvious d!alh:ngcs for rh:mpiu rangi.n.g from routine

blood transfusions to organ transplants.

The mechanism whereby an individual’s immune system distinguishes self
from non-self is not completely understood but indudes the elimination of =l
reactive B and T cells before they are fully mature. Self-tolerance begins to de-
velop around the time of birth and must be ongoing, since new lymphocytes
arse rhruughnut an individual’s lifetime. Dcus:innn"].r. the immune system loses
talerance to some of its self-antigens, resulting in an autoimmune discase.

All the bady's organ systems are theoretically susceptible to attack by an
immune system that has lost its self-tolerance, but some tissues are atcacked
mare often than others. Some af the most common antibody-mediated
autoimmune diseases are listed in Table 7-3 (ather autoimmune diseases re-
sult mainly from inappropriate T cell activation). The symptoms of a particu-
lar discase reflect the type of tissue with which the autcantibodies react or, in
the case of systemic diseases, the accumulation of antigen—antibody complexes
in multiple locations. In general, autoimmune diseases are chronic, often with
periods of remission, and their clinical severity may differ among individuals.

The loss of tolerance to one’s awn antigens may resule from an innace mal-
funcrioning of the mechanism by which the immune system distinguishes self
from non-self, Fﬂ!!jhl}" prﬂ:ipitat:d b}' an event, such as trauma or infection,
in which tissues that are normally sequestered from the immune system are
:xpnsl:cl to ]].-mphuq.rtﬂ. For :m.rnph:, br:achj.ng the blood—brain barrier may
allow lymphaocytes access ta the brain or spinal cord, and injury may allow ac-
cess to the spaces at joints, which are not normally served by blood vessels.
There is alsa evidence that some autoimmune diseases are caused by antibod-
ies to certain viral or baceerial antigens that cross-react with endogenous sub-
stances because of chance antigenic similarities. Some diseases, such as systemic
lupus erythematosus, represent a more genenalized breakdown of the immune
system, so that antibodies to many endogenous substances {eg., DNA and

phospholipids) may be g:n:mt:d.

CH ECI{PQIHT

'il"u'i‘l:llm.lt H:tuhng &t Flg. ?~'39 dm:wa d.qrun
of an Igl3 molecule and identify the heavy
and light chaina, the conatant and vanable
domaing, and the antigen-hinding sitaia).
Explain how a aingle human can paoten-
tially generale bilions of different antibody
malecules.

Whal are some factors that mighl con-
tribute 1o the development of an suto-
immune dissasa?

Why do the symptoms of an autoimmune
diseses oflen differ between individuala?
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Summary

1 Oxypen Binding to Myoplobin and Hemaglobin

Myoglobin, a monomeric heme-conmining muscle protein,
severilbly binds a single Oy molecule.

Hemoglobin, a etramer with pieudo- Dy symmetry, has distincily
different conformations in its oy and deovy aares,

Ousygen binds w hemoglobin in a sigmoidal Fashion, indicaring
coaperutive binding.

O binding w o heme group induces a conformational change in
the entire hemoglobin molecule thar includes movements at the
subunit interfaces and the disruprion of jon pairs, The result is a
shile from the T o the R aate,

G0y promates O dissociation from hemoglobin through the
Buohr effect, BPG decreases hemoglobin Oy affinity by binding
[T :.In:u:l:rh:mus'uhin.

The symmetry and sequential models of alloaerism explain how
binding of a ligand at one site affects binding of another ligand
at 3 dilferent site,

Hemoglobin varants have revealed structuse—function relation-
ships, Hemaglobin 5§ produces the symprams of dckle-cell anemia
by farming rigid fibers in its deasy form,

2 Muscle Contraction

The thick filamenes of 2 sarcomere are composed of the moar pro-
eein. myosin and the thin Aliments are composed mainly of actin,

The heads of mypasin malecules in thick Alaments Form bridges 1o

actin in thin Alaments such thar the detachment and reavachmens
of the myosin heads cvse the thick and thin filaments o dide
past each other during musele contraction. The contractile force
derives Tram conformational changes in myosin that are eriggered
by ATP hydrolysis,

In ponmuscle cells, actin forms microfilamenis, which are com-
ponents of the cytoskeleton, Microfilaments are dynamic st
tueres whase growth and regression are responsble for certain pypes
of cell mavement,

3 Antibodies

The immune system responds to foreign macromalecules through
the production of antibodies (lmmunoglobuling,

The Yeshaped IgG molecule consists of two heavy and two ligh
chains, The two antigen-binding sies are formed by the hyper-
varighle sequences in the variable domains at the ends of o heavy
aned 2 lighe chain,

Antibiody divendry results from somatic recombination dusing B
cell development and from somatic hypermutation,
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Problems

1. Estimate & from the following dara describing ligand binding v
4 predein.

[Ligand] (mb) ¥

0.25 030
0.5 0.45
0.8 0.56
1.4 0686
2.2 .80
3.0 0.3
4.5 0.86
L 0.93

1. Which et of binding data is likely o represent cooperative
ligand binding 1o an olignmeric prowein?

{a} [Ligand] (mM) ¥ (bd [Ligand] (mbd}

.1 0.3 0.2 0.1
0.2 0.5 0.3 0.3
0.4 a7 0.4 0.6
07 0% 0.6 0.8

. In active muscles, the pCy may be 10 wrr ar the cell surface and
1 tore at the mitochondria (the organelles where oxidavive
metabolism oceurs). Use Eq. 7-6 1o show how I'I'i:f'L'IEILIhiIl
{5 = 2.8 vorr) facilivates the diffusion of O through these cells.

- IF myoglobin had the same po; value as hemoglobin, how well
woruld v facilivare O diffusion under the conditions described in
Prablem 32

. Use Eq. 7-8 v estimare the fractiomal saturaion of hemoglobin
when Oy is (a) 20 wer, (b) 40 woer, and (c] 60 o

. Caleulare the pgy value for hemoglobin if ¥, = 0.82 when
FOy = 25 worr,

. Dvinking a few drops of a commercial preparation called
“vimmin 3," which consios of owygen and sodium chloride dis-
solved in water, is daimed w increase the concentration of oxy-
gen in the body. (a) Use your knowledge of oxpgen transpon o
evaluare this claim. {b) Would vitamin O be more or less effec-
tive il it were infused directly into the bloodstream?

. Explain why long-distance runners prefer vo train ar high alide
even when the race is 1o be held ar sea level. Why must dhe run-
ners spend more than a day or vwo ar the higher elevarion?

. Some primitive animals have a hemoglobin thar consiss of wa
idbertical subumnits. Skewch an oxygen-binding curve for this protein,

. Whar i the likely range of the Hill consant for the hemoglobin
described in Problem 92

. In humans, the urge v breathe results fram high concentrations

!'l‘- (.T.}z i l|!|.I 1!||||ur.]; I!l'len.' af¢ ho dirn.'l j.'lll!.r:mlu!lnjl SE RO nF

bloed p03;. Skindivers often hyperventilate (hreathe rmpidly and
deeply for several minutes] just before making a dive in the be-
liel thar this will increase the 0, convent of their blood, (a) Does
it dio so? (b) Use your knowledge of hemoglobin function 1o eval-
uate whether this pracrice is wseful.

. The crocodile, which can remain under water withour breathing

for up o 1 h, drowns i air-breathing prey and then dines ar is
leisure. An adapeation thar aids the crocodile in doing so is dha
it can utilize virpeally 100% of the O in is blood whereas hu-
mans, fof example, cn exiract only —659% of the 0 in their
blood. Crocodile Hb does not bind BPG. However, crocodile
deoxyHb prefesentially binds HCOY . How does this help the
crocodile obain s dinner?

. 1s the pg; higher or lower than normal in (1) hemoglobin Yakima

and (h) hemoglohin Kansas? Explain.

. In hemoglobin Rainier, Tyr 1450 is replaced by Cys, which forms

a disulfide bond with another Cys residue in the same subunit.
This prevents the formation of jon pairs thar normally stabilize
the T state. How does hemaglobin Rainier differ from normal
hemoglobin with respect o (1) onygen affiniry, (b) the Bohr
glfect, and (¢) che Hill constant?

. Hemoglobin 5 homoxygotes whao are severely anemic ofwen have ef-

evated levels of BPG in their erythrocymes. I this a beneficial effect?

. In the varant hemoglobin C, glutamare av position 6 of the

B chain has been replaced with lysine. (1) Would you expect this
mutant hemoglobin o polymerize as hemoglobin 5 does? () Red
blood cells contining hemoglobin C have a shoreer lifespan than
fed blood cells cotaining mormal huhlnslut‘rl'll. Hew migh.l this

affect a person’s resistance o malaria?

. 18 myposin a fibrous prodein or 3 globular protein? Explain.

. In avrianed muscle, cells undergo mitosis (nuclear division) with-

out cyrokinesis {cellular division), giving rise to large multinucle-
ate cells. Explain why muscle cells would be less effective if
cytokinesis occurred with every round of miosis.

. A myosin head can underge five ATT hydmolysis cydes per see-

ond, each of which moves an sctin monomer by — 100 A, How
is it possible for an envire sarcomere o shoren by 1000 A in this
same period?

. Rigor mords, the stiffening of muscdes after death, is caused by

d.l."l.'lln'ti:ﬁ af cellular ATP Describe the molecular basis of t'lgur.

. Explain why a microfiliment is polar whereas a filament of keratin

is mat,

. Cells contain an assortment of proteins that promote microfila-

ment disassembly during cell shape changes. How can such pro-
teins distinguish newly synthesized microfilaments from older
microfilaments?

. Give the approximate molecular masses of an immunoglobulin G

modecule analymed by {a) gel Giliration chromarography, (b) SD5-
PAGE, and (¢} SD5-PAGE in the presence of 2-mercaproethanol.

. Many fish produce a werrameric [ghd. If each H chain has a mass

of 70 k[, each light chain has a mass of 25 kD, and each | chain
has a mass of 15 kD, what is the approximate mass of the [ghi
malecule?

. Explain why the wvariation in ¥, and ¥y domaing of

immunoglobuling is largely confined wo the hypervariable loops,

. How many hypervariable loops are present in (a) lgG and (b) [ghd?

. Why do antibodies raised against a native protein sometimes Fail

to hind o the corresponding denamred proein?

. Antibodies raised agains @ macromolecular anvigen usually produce

an anvigen—antibody precipitae when mised with thatr antigen,
Explain why no precipitae forms when (a) Fab fragments from




those amibodies are mixved with the antigen: (b) antibodies raised
aymingt a small anvigen are mixed with that small antigen; and (c)
the :.l'll.ih:li}- is in great excess over the antigen and vice vers

. Some bacterla Pr-ud.u:r proteses that can cleave the hinge regon
ur |!|.‘|. mn||:|i‘|.1||::|. withnul! Jﬂpr;t':ﬂg u.nq.i;m I'lirldin!. Eul'llu.in wh:r
these proteases would give the bacteria a bemer chance of stan-
ing an infection,

. Individuals with SYSbERIC ]upl.u er}lthumall‘mws {SLE) [m:!u:.'u an-
tibodies w DNA and phosphaolipids. (a) Explain why normal in-
dividuals do ot make antibodies o these substances, (b) During
a normal response o a viral or bacterial infection, the immune sys-
tem produces lasge amounts of antigen-specific antibodies, and the
resulting antigen-antibody complexes are subsequently removed
Fram the circulation and degraded, Explain why aniigen—antbody
complexes acoumulate i the tissues of individuals with SLE,

CASE STUDIES wwwwiispcomicollagaiost

Case 8 Hermoglobin, the Oxygen Carrier

Focus concepl: A mulation in the gene for hemoglobin results in
an attersd protein responsible for the disease sickle-cell anamia
An underatanding of the biocheristry of the disease may suggest
poasible treatmants,

Prarequisite: Chapler 7

+ Hemoglobin atructure and function

Case § Allosteric Interactions in Crocodile
Hamoglobin

Focus concepl: The affect of allosleric modulalors on cxygen affin-
ity for crocodile hemoglobin differa from that of other species.

Prerequisita: Chaplar 7

* Hemoglobin structure and function

Cate W The Biclogical Roles of Mitric Oxide

Focus concept: Mitric oxide, a small lipophilic molecule, acts as a
second massenger in blood vessals,

Prerequisite: Chapter 7

* Hemoglobin structure and function

MORE TO EXPLORE puyngpen up information about

hamoglobin varianta. Why don't they generate the same aymg-
toma? How da the aymptoma of thalassemias differ? Which hamo-
globin variania appear 1o offer & selective advantage under cernain
conditiona? (b) In addition to myoain, which imteracts with actin fil-
aments, cells coniain several aiher motor protein eaystems. Describe
ihe airucture and eclivity of tha molor proteina kinesin and dynein,
Againet what fibrous proteins do ihey exerl iorce? How do these
sysiems differ from the actin-myosin aystem? (c) Explain how im-
munaological memary is exploited in the developmeni ol vaccines
for viral and bactarial infections. What lactors make a vaccing most
eflective in preventing dissase?
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