
Lassen - Exhibit 1038, p. 1

 
THE IMMUNE SYSTEM IN HEALTH AND DISEASE

i1FrWeSha
Ps

7

-

a

*

"

"

a

b
t

CHARLES A JANEWAY«»«PAUL TRAVERS

 



Lassen - Exhibit 1038, p. 2

 

Immuno
iologye

THE IMMUNE SYSTEM IN HEALTH AND DISEASE

Charles A. Janeway, Jr.

Yale University School of Medicine

G

Paul Travers

Anthony Nolan Research Institute, London

&

Mark Walport

Imperial College School of Medicine, London

on)

Mark J. Shlomchik

Yale University School of Medicine

Sots

 
 

4
<
o

a*
<oOp a

& Franci®

Lassen - Exhibit 1038, p. 2



Lassen - Exhibit 1038, p. 3

Vice President: Denise Schanck
Text Editors: Penelope Austin, Eleanor Lawrence
Managing Editor: Sarah Gibbs
Editorial Assistant: Mark Ditzel

Managing Production Editor: Emma Hunt
Production Assistant: Angeia Bennett
New Media Editor: Michael Morales

Copyeditor: Len Cegielka
Indexer: Liza Furnival

Illustration and Layout: Blink Studio, London
Manufacturing: Marion Morrow, Rory MacDonald

© 2001 by Garland Publishing.
All rights reserved. No part of this publication may be reproduced,stored in a retrieval
system or transmitted in any form or by any means—electronic, mechanical, photocopying,
recording, or otherwise—withoutthe prior written permission of the copyright holder.

Distributors:

Inside North America: Garland Publishing, 29 West 35th Street,
New York, NY 10001-2299.

Inside Japam Nankodo Co.Ltd., 42-6, Hongo 3-Chrome, Bunkyo-ku,
Tokyo, 113-8410, Japan.
Outside North America and Japan: Churchill Livingstone, Robert Stevenson House,
1-3 Baxter's Place, Leith Walk, Edinburgh, EH1 3AF.

ISBN 0 8153 3642 X (paperback) Garland
ISBN 0 4430 7098 9 (paperback) Churchill Livingstone
ISBN 0 4430 7099 7 (paperback)International Student Edition

Library of Congress Cataloging-in-Publication Data
Immunobiolegy : the immune system in health and disease / Charles A, Janeway,dr....
[et al.].-- 5th ed.

p. cm.
Includes bibliographical references and index.
ISBN 0-8153-3642-X (pbk.)
1. Immunology. 2. Immunity. |. Janeway, Charles. ||. Title.

QRi81 1454 2001
616.07'9--de21

2001016039

This book was produced using QuarkXpress 4.11 and Adobe Illustrator 9.0

Published by Gariand Publishing, a memberof the Taylor & Francis Group,
29 West 35th Street, New York, NY 10001-2299.

Printed in the United States of America.
15 1413 1211109876543 2

Lassen - Exhibit 1038, p. 3



Lassen - Exhibit 1038, p. 4

 

PART!|AN INTRODUCTION TO IMMUNOBIOLOGY AND INNATE IMMUNITY

Basic Concepts in Immunology

Innate Immunity

PART Il|THE RECOGNITION OF ANTIGEN

Antigen Recognition by B-cell and T-cell Receptors

 
The Generation of Lymphocyte Antigen Receptors

Antigen Presentation to T Lymphocytes

Oo2©}Oo©=SSSs o>©»© 57oUtmoOo==os=oBo0o® 2oa5== afwmp
PARTfll|THE DEVELOPMENT OF MATURE LYMPHOCYTE RECEPTOR

REPERTOIRES

Chapter 6—Signaling Through Immune System Receptors

The Development and Survival of Lymphocytes

PART IV|THE ADAPTIVE IMMUNE RESPONSE

Chapter8 —T Cell-Mediated Immunity

Chapter9 The Humoral Immune Response

QO =DosSsa a N

Chapter 10 Adaptive Immunity to Infection

PART V|THE IMMUNE SYSTEM IN HEALTH AND DISEASE

Chapter 11 Failures of Host Defense Mechanisms

Chapter 12 Allergy and Hypersensitivity

Chapter 13 Autoimmunity and Transplantation

Chapter 14 Manipulation of the Immune Response

Afterword Evolution of the Immune System:Past, Present, and Future,
by Charles A. Janeway, dr.

Appendix! Immunologists’ Toolbox

Appendix Il CD Antigens

AppendixIll Cytokines and their Receptors

Appendix IV Chemokines andtheir Receptors

Appendix V_ Immunological Constants

Biographies

Glossary

Index

 
Lassen - Exhibit 1038, p. 4



Lassen - Exhibit 1038, p. 5

 
| THE RECOGNITION

OF ANTIGEN

 
Lassen - Exhibit 1038, p. 5



Lassen - Exhibit 1038, p. 6

“=

Antigen Recognition by B-cell
and T-cell Receptors

Wehave learned in Chapter 2 that the body is defended by innate immune
responses, but these will only work to control pathogens that have certain
molecular patterns or that induce interferons and other secreted yet non-
specific defenses. Mostcrucially, they do not allow memory to form as they
operate by receptors that are coded in the genome. Thus,innate immunity is
good for preventing pathogens from growingfreely in the body, but it does
not lead to the most importantfeature of adaptive immunity, which is long-
lasting memory ofspecific pathogen.

To recognize and fight the wide range of pathogens an individual will
encounter, the lymphocytes of the adaptive immunesystem have evolved to
recognize a great variety of different antigens from bacteria, viruses, and
other disease-causing organisms. The antigen-recognition molecules of B
cells are the immunoglobulins,or Ig. These proteins are produced by B cells
in a vast range of antigen specificities, each B cell producing immunoglobulin
of a single specificity (see Sections 1-8 to 1-10). Membrane-bound
immunoglobulin on the B-cell surface serves as the cell’s receptor for anti-
gen, and is known asthe B-cell receptor (BCR). Immunoglobulin of the same
antigen specificity is secreted as antibody by terminally differentiated B
cells—the plasmacells. The secretion of antibodies, which bind pathogensor
their toxic products in the extracellular spacesof the body, is the main effector
functionofB cells in adaptive immunity.

Antibodies werethefirst molecules involved in specific immunerecognition to
be characterized andarestill the best understood. The antibody molecule has
two separate functions: one is to bind specifically to molecules from the
pathogen that elicited the immune response; the otheris to recruit other cells
and molecules to destroy the pathogen once the antibody is boundtoit. For
example, binding by antibody neutralizes viruses and marks pathogens for
destruction by phagocytes and complement, as described in Section 1-14.
These functions are structurally separated in the antibody molecule, one part
of which specifically recognizes and binds to the pathogen or antigen whereas
the other engages different effector mechanisms. The antigen-binding region
varies extensively between antibody molecules and is thus known as the
variable region or V region, The variability of antibody molecules allows each
antibody to bind a different specific antigen, and the total repertoire of anti-
bodies madeby a single individual is large enough to ensure that virtually any
structure can be recognized. The region ofthe antibody molecule that engages
theeffector functions of the immunesystem does notvary in the same way and
is thus knownas the constant regionor C region.It comes in five main forms,
which are each specialized for activating different effector mechanisms. The
membrane-bound B-cell receptor does not have these effector functions, as
the C region remains inserted in the membraneoftheBcell. Its function is as
a receptor that recognizes and binds antigen by the V regions exposed on
the surface of the cell, thus transmitting a signal that causes B-cell activation
leading to clonal expansion andspecific antibody production.
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Fig. 3.1 Structure of an antibody
molecule. Panela Illustrates a

ribbon diagram based on the X-ray
crystallographic structure of an IgG
antibody, showing the course of the
backbones of the polypeptide chains.
Three globular regions form a Y. The
two antigen-binding sites are at thetips
of the arms, which are tethered to the
trunk of the Y by a flexible hinge region.
A schematic representation of the
structure in a is given in panel b,
illustrating the four-chain composition
and the separate domains comprising
each chain. Panel c shows a simplified
schematic representation of an antibody
molecule that will be used throughout
this book. Photograph courtesy of
A. McPherson and L. Harris.

The antigen-recognition molecules of T cells are made solely as membrane-
bound proteins and only function to signal T cells for activation. These
T-cell receptors (TCRs) are related to immunoglobulins bothin their protein
structure—having both V and C regions—andin the genetic mechanism that
produces their great variability (see Section 1-10 and Chapter 4). However,
the T-cell receptor differs from the B-cell receptor in an important way:
it does not recognize and bind antigen directly, but instead recognizes short
peptide fragments of pathogen protein antigens, which are bound to MHC
molecules on the surfaces of other cells.

The MHC molecules are glycoproteins encodedin the large cluster of genes
known as the major histocompatibility complex (MHC)(see Sections 1-16
and 1-17). Their most striking structural feature is a cleft running across
their outermost surface, in which a variety of peptides can be bound. As we
shall discuss further in Chapter 5, MHC molecules showgreat genetic varia-
tion in the population, and each individual carries up to 12 of the possible
variants, which increases the range of pathogen-derived peptides that can
be bound. T-cell receptors recognize features both of the peptide antigen
and of the MHC molecule to which it is bound. This introduces an extra

dimension to antigen recognition by T cells, known as MHCrestriction,
because any given T-cell receptoris specific not simply for a foreign peptide
antigen, but for a unique combination of a peptide and a particular MHC
molecule. The ability of T-cell receptors to recognize MHC molecules, and
their selection during T-cell developmentfor the ability to recognize the
particular MHC molecules expressed by an individual, are topics we shall
return to in Chapters 5 and 7.

In this chapter we focus on the structure and antigen-binding properties of
immunoglobulins and T-cell receptors. Although B cells and T cells recognize
foreign molecules in two distinct fashions, the receptor molecules they use
for this task are very similar in structure. Wewill see howthis basic structure
can accommodate great variability in antigen specificity, and how it enables
immunoglobulins and T-cell receptors to carry out their functions as the
antigen-recognition moleculesof the adaptive immuneresponse.

Thestructure of a typicalantibodymolecule.

Antibodies are the secreted form ofthe B-cell receptor. An antibodyis identical
to the B-cell receptorof the cell that secretes it except for a small portion of
the C-terminus of the heavy-chain constant region, In the case of the B-cell
receptor the C-terminus is a hydrophobic membrane-anchoring sequence,
andin the case of antibodyit is a hydrophilic sequencethat allows secretion.
Since they are soluble, and secreted in large quantities, antibodies are easily
obtainable and easily studied. For this reason, most of what we know about
the B-cell receptor comes from the study of antibodies.

Antibody molecules are roughly Y-shaped molecules consisting of three
equal-sized portions, loosely connected bya flexible tether. Three schematic
representations of antibody structure, which has been determined by X-ray
crystallography, are shown in Fig. 3.1. The aim of this part of the chapteris to
explain howthis structure is formed and howit allows antibody molecules to
carry out their dual tasks—binding on the one handto a widevariety of anti-
gens, and on the other handto a limited numberof effector molecules and
cells. As we will see, each of these tasks is carried out by separable parts ofthe
molecule. The two armsofthe Y end in regions that vary between different
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The structure of a typical antibody molecule  
antibody molecules, the V regions. These are involved in antigen binding,
whereas the stem ofthe Y,or the C region,is far less variable andis the part
that interacts with effector cells and molecules.

All antibodies are constructed in the same way from paired heavy andlight
polypeptide chains, and the generic term immunoglobulinis used forall such
proteins. Within this general category, however, five different classes of
immunoglobulins—IgM, IgD, IgG, IgA, and IgE—can be distinguished by
their C regions, which will be described more fully in Chapter 4. More subtle
differences confined to the V region accountfor the specificity of antigen
binding. Wewill use the IgG antibody molecule as an example to describe the
general structural features of immunoglobulins.

3-1 IgG antibodies consistof four polypeptide chains.

IgG antibodies are large molecules, having a molecular weight of approximately
150 kDa, composed of two different kinds of polypeptide chain. One, of ;

approximately 50 kDa, is termed the heavy or H chain, and the other, of 25 |
kDa, is termed thelight or L chain (Fig. 3.2). Each IgG molecule consists of
two heavy chains and twolight chains, The two heavy chains are linked to
each other by disulfide bonds and each heavy chainis linked to a light chain
by a disulfide bond. In any given immunoglobulin molecule, the two heavy
chains and the twolight chains are identical, giving an antibody molecule 1
two identical antigen-bindingsites (see Fig. 3.1), and thus theability to bind |
simultaneously to twoidentical structures.

Two types of light chain, termed lambda(A) and kappa(x), are foundin anti-
bodies. A given immunoglobulin either has « chains or A chains, never one of
each. No functional difference has been found between antibodies having i

or « light chains, and eithertypeoflight chain may be found in antibodies of |
any of the five major classes. The ratio of the two types oflight chain varies
from species to species. In mice, the average x to A ratio is 20:1, whereas in
humans it is 2:1 and in cattle it is 1:20, The reason for this variation
is unknown. Distortions of this ratio can sometimes be used to detect

the abnormalproliferation of a clone of B cells. These would all express the
identical light chain, and thus an excess of ) light chains in a person might
indicate the presenceofa B-cell tumor producing A chains.

By contrast, the class, and thusthe effector function, ofan antibody,is defined
by the structure ofits heavy chain. There are five main heavy-chain classes or
isotypes, some of which have several subtypes, and these determine the func-
tional activity ofan antibody molecule.Thefive major classes ofimmunoglob-
ulin are immunoglobulin M (IgM), immunoglobulin D (IgD), immunoglobulin
G (IgG), immunoglobulin A (IgA), and immunoglobulin E (IgE). Their heavy
chains are denoted by the corresponding lower-case Greekletter (p, 6, y, @,
and €, respectively). lgG is by far the most abundant immunoglobulin and has
several subclasses (IgGl, 2, 3, and 4 in humans). Theirdistinctive functional
Properties are conferred by the carboxy-terminal part of the heavy chain,
whereit is not associated with the light chain. We will describe the structure
and functionsof the different heavy-chain isotypes in Chapter4, The general
Structural featuresofall the isotypes are similar and wewill consider IgG,the
Most abundantisotypein plasma, as a typical antibody molecule.

Fig. 3.2 immunoglobulin molecules light chains (yellow) joined by disulfide
are composed of two types of protein bonds so that each heavy chain is linked
Chain: heavy chains and light chains. to a light chain and the two heavy chains

'mmunoglobulin molecule is made are linked together.
UP of two heavy chains (green) and two
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Chapter 3: Antigen Recognition by B-cell and T-cell Receptors  
3-2. Immunoglobulin heavy and light chains are composed of constant

and variable regions.

The amino acid sequences of many immunoglobulin heavy andlight chains
have been determined and reveal two important features of antibody mole-
cules. First, each chain consists of a series of similar, although not identical,
sequences, each about 110 amino acids long. Each of these repeats corre-
spondsto a discrete, compactly folded region of protein structure known as
a protein domain. Thelight chain is made up of two such immunoglobulin
domains, whereasthe heavy chain ofthe IgG antibody containsfour(see Fig,
3.1a). This suggests that the immunoglobulin chains have evolved by repeated
duplication of an ancestral gene correspondingto a single domain.

The second important feature revealed by comparisons of amino acid
sequencesis that the amino-terminal sequences of both the heavy andlight
chains vary greatly between different antibodies. The variability in sequence
is limited to approximately the first 110 amino acids, corresponding to the
first domain, whereas the remaining domains are constant between
immunoglobulin chains of the same isotype. The amino-terminal variable or
V domainsof the heavy andlight chains (Vq and V,, respectively) together
make up the V region of the antibody and confer onit the ability to bind
specific antigen, while the constant domains (C domains) of the heavy and
light chains (Cy and C;, respectively) make up the C region (see Fig. 3.1b, c).
The multiple heavy-chain C domains are numbered from the amino-terminal
end to the carboxy terminus, for example Cj;1, Cy2, and so on.

3-3. The antibody molecule can readily be cleaved into functionally
distinct fragments.

The protein domains described above associate to form larger globular
domains, Thus, when fully folded and assembled, an antibody molecule
comprises three equal-sized globular portions joined by a flexible stretch of
polypeptide chain known asthe hingeregion (see Fig. 3.1b). Each arm ofthis
Y-shaped structure is formed by the association of a light chain with the
amino-terminal half of a heavy chain, whereasthe trunk ofthe Y is formed by
the pairing of the carboxy-terminal halves of the two heavy chains. The asso-
ciation of the heavy andlight chains is such that the Vj; and V,, domains are
paired, as are the Cy1 and C;, domains. The Cy3 domainspair with each other
but the Cy2 domains do notinteract; carbohydrate side chains attached to
the Cy2 domainslie between the two heavy chains. The two antigen-binding
sites are formed by the paired Vy and V;, domains atthe ends of the two arms
of the Y (see Fig. 3.1b).

Proteolytic enzymes (proteases) that cleave polypeptide sequences have been
used to dissect the structure of antibody molecules and to determine which
parts of the molecule are responsible forits various functions. Limiteddigestion
with the protease papain cleaves antibody molecules into three fragments
(Fig. 3.3). Two fragments are identical and contain the antigen-binding activity.
These are termed the Fab fragments, for Fragment antigen binding, The Fab
fragments correspond to the two identical arms of the antibody molecule,
which contain the completelight chains paired with the Vj, and C,1 domains
of the heavy chains. The other fragment contains no antigen-bindingactivity
but was originally observed to crystallize readily, and for this reason was
named the Fc fragment, for Fragment crystallizable. This fragment corre-
spondsto the paired ©);2 and C3 domainsandis the part of the antibody
molecule that interacts with effector molecules and cells. The functional
differences between heavy-chain isotypes lie mainly in the Fc fragment.
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The structure of a typical antibody molecule 
Fig. 3.3 The Y-shaped immunoglobu-
lin molecule can be dissected by
partial digestion with proteases.
Papain cleaves the immunoglobulin
molecule into three pieces, two Fab
fragments and one Fc fragment (upper
panels). The Fab fragment contains the
V regions and binds antigen. The Fc
fragmentis crystallizable and contains C
regions, Pepsin cleaves immunoglobulin
to yield one F(ab’)s fragment and many |
small piecesof the Fe fragment, the |
largest of whichis called the pFc’ frag- i
ment (lower panels). F(ab’)is written
with a prime becauseit contains a few
more amino acids than Fab, including
the cysteines that form the disulfide
bonds.
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The protein fragments obtained afterproteolysis are determined bywhere the
protease cuts the antibody moleculein relationto the disulfide bonds thatlink
the two heavy chains. These lie in the hinge region between the Cy] and Cq2
domains and,as illustrated in Fig. 3.3, papain cleaves the antibody molecule
on the amino-terminal sideof the disulfide bonds. This releases the two arms

of the antibody as separate Fab fragments, whereas in the Fe fragment the
carboxy-terminal halves of the heavy chains remain linked.

Another protease, pepsin, cuts in the same general region of the antibody
molecule as papain but on the carboxy-terminal side of the disulfide bonds
(see Fig. 3.3). This produces a fragment, the F(ab’)2 fragment,in which the
two antigen-binding arms of the antibody molecule remain linked. In this
case the remainingpart of the heavy chainis cut into several small fragments.
The F(ab’), fragment has exactly the same antigen-binding characteristics as
the original antibody but is unable to interact with any effector molecule.It is
thus of potential value in therapeutic applications of antibodies as well as in
Tesearch into the functional role ofthe Fc portion.

Genetic engineering techniques also now permit the construction of many
different antibody-related molecules. One importanttypeis a truncated Fab
Comprising only the V domain of a heavy chain linked by a stretch of
synthetic peptide to a V domain ofalight chain. This is called single-chain Fv,
named from Fragmentvariable. Fv molecules may becomevaluable thera-
Peutic agents because of their small size, which allows them to penetrate
tissues readily, They can be coupled to protein toxins to yield immunotoxins
with potential application, for example, in tumor therapy in the case of a Fy
Specific for a tumor antigen (see Chapter14).
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Chapter 3; Antigen Recognition by B-cell and T-cell Receptors

Fig. 3.4 Antibody arms are joined by
a flexible hinge. An antigen consisting
of two hapten molecules (red balls in
diagrams) that can cross-link two
antigen-binding sites is used to create
antigen:antibody complexes, which can
be seen in the electron micrograph.
Linear, triangular, and square forms are
seen, with short projections or spikes.
Limited pepsin digestion removes these
spikes (not shown in the figure), which
therefore correspond to the Fc portion of
the antibody; the F(ab‘)z pieces remain
cross-linked by antigen. The interpre-
tation of the complexes is shown in the
diagrams. The angle between the arms
of the antibody molecules varies, from
0°in the antibody dimers, through 60°
in the triangular forms, to 90° in the
square forms, showing that the
connections between the arms are

flexible. Photograph (x 300,000)
courtesy of N.M. Green.

3-4 =molecule is flexible, especially at the hingen

The hinge region that links the Fe and Fab portions ofthe antibody molecule
is in reality a flexible tether, allowing independent movementof the two Fab
arms, rather than a rigid hinge. This has been demonstrated by electron
microscopy of antibodies bound to haptens. These are small molecules of
various sorts, typically about the size of a tyrosine side chain. They can be
recognized by antibody but are only able to stimulate production of anti-
hapten antibodies when linked to a larger protein carrier (see Appendix |,
Section A-1). An antigen madeof two identical hapten molecules joined by a
short flexible region can link two or more anti-hapten antibodies, forming
dimers, trimers, tetramers, and so on, which can be seen by electron
microscopy (Fig. 3.4), The shapes formed by these complexes demonstrate
that antibody molecules are flexible at the hinge region, Someflexibility is
also found at the junction between the V and C domains, allowing bending
and rotation of the V domain relative to the C domain. For example, in the
antibody molecule shown in Fig. 3.1a, not only are the two hinge regions
clearly bent differently, but the angle between the V and C domainsin each of
the two Fab arms is also different. This range of motion has led to the junction
between the V and C domains being referred to as a ‘molecular ball-
and-socketjoint.’ Flexibility at both the hinge and V—C junction enables the
binding of both arms of an antibody molecule to sites that are various
distances apart, for example, sites on bacterial cell-wall polysaccharides.
Flexibility at the hinge also enables the antibodies to interact with the
antibody-binding proteins that mediate immuneeffector mechanisms.

 Angle between arms is 0°

 Angle between arms is 90° '
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The structure of a typical antibody molecule [

 
 
 
 
 

 
 

 

 
 

4.5 The domains of an immunoglobulin molecule have similar structures.

‘As we saw in Section 3-2, immunoglobulin heavy and light chains are
~omposed ofa series of discrete protein domains. These protein domainsall

nave a similar folded structure. Within this basic three-dimensional struc-
ture, there are distinct differences between V and C domains.The structural
gimilarities and differences can be seen in the diagram ofa light chain in Fig.
35. Fach domain is constructed from two B sheets, which are elements of
protein structure made up of strands of the polypeptide chain (f strands) |
wacked together; the sheetsare linked by a disulfide bridge and together form
aroughly barrel-shaped structure, known as a B barrel. The distinctive folded
eructure of the immunoglobulin protein domain is known as the

immunoglobulin fold.
Both the essential similarity of V and C domains andthecritical difference
‘between them are most clearly seen in the bottom panels of Fig. 3.5, where
‘the cylindrical domains are opened outto reveal how the polypeptide chain

folds to create each of the B sheets and howit forms flexible loops asit |changes direction. The main difference between the V and C domains is that
the V domain is larger, with an extra loop. Wewill see in Section 3-6 that theflexible loops of the V domains form the antigen-binding site of the |
immunoglobulin molecule.

Fig. 3.5 The structure of immuno-
globulin constant and variable
domains. The upper panels show
schematically the folding pattern of the
constant (C) and variable (V) domains
of an immunoglobulin light chain. Each
domain is a barrel-shaped structure in
which strands of polypeptide chain
(B strands) running in opposite directions
(antiparallel) pack together to form two
f sheets (shown in yellow and green in
the diagram of the C domain), which are
held together by a disulfide bond. The
way the polypeptide chain folds to give
the final structure can be seen more

clearly when the sheets are opened
out, as shownin the lower panels. The
B strandsare lettered sequentially with
respect to the order of their occurrence
in the amino acid sequence of the
domains; the order in each B sheet is
characteristic of immunoglobulin
domains. The B strands C’ and C”that
are found in the V domains but not in

the C domains are indicated by a blue
shaded background. The characteristic
four-strand plus three-strand (C-region
type domain)or four-strand plusfive-
strand (V-region type domain) arrange-
ments are typical immunoglobulin
superfamily domain building blocks,
found in a whole range of other
proteins as well as antibodies and
T-cell receptors.
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Chapter 3: Antigen Recognition by B-cell and T-cell Receptors 

Manyofthe amino acids that are common to C and V domains of immuno.
globulin chains lie in the core of the immunoglobulin fold and are critical to
its stability. For that reason, other proteins having sequences similar to those
of immunoglobulins are believed to form domains ofsimilar structure, and in
many cases this has been demonstrated by crystallography. These
immunoglobulin-like domains are present in many other proteins of the
immune system, and in proteins involved in cell-cell recognition in the
nervous system and other tissues. Together with the immunoglobulins and
the T-cell receptors, they make up the extensive immunoglobulin superfamily,

Summary.

The IgG antibody molecule is made up of four polypeptide chains, comprising
twoidentical light chains and twoidentical heavy chains, and can be thought
of as forming a flexible Y-shaped structure. Each of the four chains has a
variable (V) region at its amino terminus, which contributes to the antigen-
binding site, and a constant (C) region, which determines the isotype. The
isotype of the heavy chain determines the functional properties of the
antibody, The light chains are bound to the heavy chains by many non-
covalent interactions and by disulfide bonds, and the V regions of the heavy
and light chains pair in each arm ofthe Y to generate two identical antigen-
bindingsites, which lie at the tips of the armsof the Y. The possession of two
antigen-bindingsites allows antibody molecules to cross-link antigens and to
bind them much morestably. The trunk of the Y, or Fe fragment, is composed
of the carboxy-terminal domainsof the heavy chains. Joining the armsof the
Y to the trunk are the flexible hinge regions. The Fe fragment and hinge
regions differ in antibodies of different isotypes, thus determining their
functional properties. However, the overall organization of the domainsis
similarin all isotypes.

Theinteractionoftheantibodymoleculewith
specificantigen.

We have described the structure of the antibody molecule and how the V
regions of the heavy and light chains fold and pair to formthe antigen-binding
site. In this part of the chapterwewill look at the antigen-binding site in more
detail. We will discuss the different ways in which antigens can bind to anti-
body and address the question of how variation in the sequences of the
antibody V domains determines the specificity for antigen.

3-6 Localized regions of hypervariable sequence form the antigen-
bindingsite.

The V regionsofany given antibody moleculediffer from thoseofevery other.
Sequence variability is not, however, distributed evenly throughout the V
regions but is concentrated in certain segmentsofthe V region. The distribution
ofvariable aminoacids can be seen clearly in whatis termed a variability plot
(Fig. 3.6), in which the amino acid sequences of many different antibody
V regions are compared. Three segments of particular variability can be
identified in both the V,; and V,, domains. They are designated hypervariable
regions and are denoted HV1, HV2, and HV3.In the light chains these are
roughly from residues 28 to 35, from 49 to 59, and from 92 to 103, respectively.
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The interaction of the antibody molecule with specific antigen
 

 

 
The most variable part of the domain is in the HV3 region. The regions
between the hypervariable regions, which comprise the rest of the V domain,
show less variability and are termed the framework regions. There are four
such regions in each V domain, designated FR1, FR2, FR3, and FR4.

The framework regions form the f sheets that provide the structural frame-
work of the domain, whereas the hypervariable sequences correspond to
three loops at the outer edge ofthe f barrel, which are juxtaposedin the folded
domain (Fig. 3.7). Thus, not only is sequence diversity concentrated in
particular parts of the V domainbutit is localized to a particular region on the
surface of the molecule. When the Vj; and V;, domains are paired in the anti-
body molecule, the hypervariable loops from each domain are brought
together, creating a single hypervariable site at the tip of each arm of the
molecule. This is the binding site for antigen, the antigen-binding site or
antibody combiningsite. The three hypervariable loops determine antigen
specificity by forming a surface complementary to the antigen, and are more
commonly termed the complementarity-determining regions, or CDRs
(CDR1, CDR2, and CDR3). Because CDRs from both Vy, and V;, domains con-
tribute to the antigen-bindingsite,it is the combination ofthe heavy and the
light chain, and noteither alone,that determinesthe final antigen specificity.
Thus, one way in which the immunesystem is able to generate antibodies
of different specificities is by generating different combinations of heavy-
and light-chain V regions. This means of producing variability is known as
combinatorial diversity; we will encounter a second form of combinatorial
diversity when we considerin Chapter 4 how the genes encoding the heavy-
and light-chain V regions are created from smaller segments of DNA.

3-7 Antibodies bind antigens via contacts with amino acids in CDRs, but
the details of binding depend upon the size and shapeofthe antigen.

In early investigations of antigen binding to antibodies, the only available
Sources of large quantities of a single type of antibody molecule were tumors
of antibody-secreting cells. The antigen specificities of the tumor-derived
fmodies were unknown, so many compoundshad to be screened to identify

Bands that could be used to study antigen binding. In general, the substances

 
Fig. 3.6 There are discrete regions
of hypervariability in V domains. A
variability plot derived from comparison
of the amino acid sequences of several
dozen heavy-chain and light-chain V
domains. At each amino acid position
the degree of variability is the ratio of
the numberof different amino acids
seenin all of the sequences together
to the frequency of the most common
amino acid. Three hypervariable regions
(HV1, HV2, and HV3) are indicated
in red and are also knownas the

complementarity-determining regions,
CDR1, CDR2, and CDR3. They are
flanked by less variable framework
regions (FR1, FR2, FR3, and FR4,
shownin blue or yellow).
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Variability
50

FAI HVi FR2 HV2 FRG 
Fig. 3.7 The hypervariable regions antibody molecule, the pairing of a heavy
lie in discrete loops of the folded and a light chain brings together the
structure. When the hypervariable hypervariable loops from each chain to
regions (CDRs) are positioned on the create a single hypervariable surface,
structure of a V domain it can be seen which forms the antigen-binding site at
that they lie in joops that are brought the tip of each arm.
together in the folded structure. In the

found to bind to these antibodies were haptens (see Section 3-4) such as
phosphorylcholine or vitamin K;. Structural analysis of complexes of anti-
bodies with their hapten ligands provided thefirst direct evidence that the
hypervariable regions form the antigen-binding site, and demonstrated the
structural basis ofspecificity for the hapten. Subsequently,with the discovery
of methods of generating monoclonal antibodies (see Appendix I, Section
A-12), it became possible to make large amountsof pure antibodies specific
for manydifferent antigens. This has provided a more general picture of how
antibodies interact with their antigens, confirming and extending the view of
antibody-antigen interactions derived from the study of haptens.

The surface of the antibody molecule formed by the juxtaposition of the
CDRsof the heavy andlight chains creates the site to which an antigen binds.
Clearly, as the amino acid sequences of the CDRs are different in different
antibodies, so are the shapes of the surfaces created by these CDRs, As a
generalprinciple, antibodies bind ligands whose surfaces are complementary
to that of the antibody. A small antigen, such as a hapten or a short peptide,
generally binds in a pocket or groove lying between the heavy- andlight-
chain V domains(Fig. 3.8, left and center panels). Other antigens, such as a
protein molecule, can be of the samesize as, or larger than, the antibody
moleculeitself, and cannotfit into a groove or pocket. In these cases, the
interface between the two molecules is often an extended surface that

involves all of the CDRs and, in somecases,part of the framework region of
the antibody(Fig. 3.8, right panel). This surface need not be concave but can
be flat, undulating, or even convex.

3-8 Antibodies bind to conformational shapes on the surfaces of
antigens.

The biological function of antibodies is to bind to pathogens and their
products, andto facilitate their removal from the body. An antibody generally
recognizes only a small region on the surface of a large molecule such as a
polysaccharide or protein. The structure recognized by an antibodyis called
an antigenic determinantor epitope. Someof the most important pathogens
have polysaccharide coats, and antibodies that recognize epitopes formed by
the sugar subunits of these molecules are essential in providing immune
protection from such pathogens. In many cases, however, the antigens that
provoke an immuneresponseare proteins. For example, protective antibodies
against viruses recognize viral coat proteins. In such cases, the structures
recognized by the antibody are located on the surface of the protein. Such
sites are likely to be composed of amino acids from different parts of the
polypeptide chain that have been brought together by protein folding.
Antigenic determinants of this kind are known as conformational or
discontinuous epitopes because the structure recognized is composed of
segmentsof the protein that are discontinuousin the aminoacid sequence of
the antigen but are brought together in the three-dimensional structure. In
contrast, an epitope composed of a single segment of polypeptide chain is
termed a continuous or linear epitope. Although most antibodies raised
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against intact, fully folded proteins recognize discontinuous epitopes, some
will bind peptide fragments of the protein. Conversely, antibodies raised
against peptides of a protein or against synthetic peptides corresponding to
part of its sequence are occasionally found to bind to the natural folded
protein. This makes it possible, in some cases, to use synthetic peptides in

vaccines that aim at raising antibodies against a pathogen protein.

3-9 Antigen-antibody interactions involve a variety of forces.

“The interaction between an antibody and its antigen can be disrupted by
high salt concentrations, extremes of pH, detergents, and sometimes by

_competition with high concentrationsof the pure epitopeitself. The binding
istherefore a reversible noncovalent interaction. The forces, or bonds,
involvedin these noncovalentinteractions are outlined in Fig. 3.9.

- Electrostatic interactions occur between charged amino acid side chains, as
n salt bridges. Interactions also occur between electric dipoles, as in

hydrogen bonds, or can involve short-range van der Waals forces. High salt
‘concentrations and extremes of pH disrupt antigen-antibody binding by
Weakening electrostatic interactions and/or hydrogen bonds. This principle
Semployedin the purification of antigens using affinity columns of immobi-

i antibodies, and vice versa for antibody purification (see Appendix I,
‘ion A-5). Hydrophobic interactions occur when two hydrophobic surfaces

cometogether to exclude water. The strength of a hydrophobicinteraction is

aeeportional to the surface area that is hidden from water. For someantigens,hydrophobic interactions probably account for mostof the binding energy.
_,) Some cases, water molecules are trapped in pockets in the interface
between antigen and antibody. These trapped water molecules may also

Contribute to binding, especially between polar aminoacid residues.

 
 

 
 

 
 

 
 

 
 
 
 

 

The Contribution of each of these forces to the overall interaction depends on
aeParticular antibody and antigen involved. A striking difference between
rote interactions with protein antigens and most other natural
asi “In-protein interactions is that antibodies possess many aromatic amino
ot their antigen-binding sites. These amino acidsparticipate mainly in

Mio a Waals and hydrophobic interactions, and sometimes in hydrogen
Hes. In general, the hydrophobic and van der Waals forces operate over very

 
Fig. 3.8 Antigens can bind in pockets
or grooves, or on extended surfaces
in the binding sites of antibodies.
The panels in the top row show
schematic representations of the
different types of binding site in a Fab
fragment of an antibody: left, pocket;
center, groove; nght, extended surface.
Below are examples of each type. Panel
a: space-filling representation of the
interaction of a small peptide antigen
with the complementarity-determining
regions (CDRs) of a Fab fragment as
viewed looking into the antigen-binding
site, Seven amino acid residues of the
antigen, shownin red, are boundin the
antigen-binding pocket. Five ofthe six
CDRs(H1, H2, H3, L1, and L3) interact
with the peptide, whereas L2 does not.
The GDRloops are colored as follows:
L2, magenta; L3, green; H1, blue; H2,
pale purple; H3, yellow. Panel b: in a
complex of an antibody with a peptide
from the human immunodeficiency virus,
the peptide (orange) binds along a
groove formed between the heavy- and
light-chain V domains (green). Panel c:
complex between hen egg-white
lysozyme and the Fab fragmentof its
corresponding antibody (HyHel5). Two
extended surfaces come into contact,
as can be seen from this computer-
generated image, where the suriace
contourof the lysozyme molecule
(yellow dots) is superimposed on the
antigen-binding site. Residues in the
antibody that make contact with the
lysozyme are shownin full (red); for
the rest of the Fab fragmentonly the
peptide backbone is shown(blue). All
six CDRsof the antibody are involved
in the binding. Photographs a and b
courtesy of|.A. Wilson and R.L. Stanfield.
Photograph c courtesy of S. Sheriff.
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Fig. 3.9 The noncovalentforces that
hold together the antigen:antibody
complex. Partial charges found in

 
electric dipoles are shown as 5*or &. Attraction between
Electrostatic forces diminish as the opposite charges
inverse square of the distance separating
the charges, whereas van der Waals Hydrogen shared
forces, which are more numerousin between electronegative
most antigen-antibody contacts, fall off atoms (N,O)
as the sixth power of the separation and
therefore operate only over very short
ranges. Covalent bonds never occur cioikis around molecitas
between antigensand naturally Van der Waals forces oppositely polarize
produced antibodies. neighboring atoms

 

  
 

Fluctuations in electron

   
  
   
 

Hydrophobic groups interact
unfavorably with water and  tend to pack together to aoc
exclude walter molecules. fs
The attraction also involves atvan der Waals forces oO

HH 

short ranges and serve to pull together two surfaces that are complementary in
shape:hills on one surface mustfil into valleys onthe other for good binding to
occur. In contrast, electrostatic interactions between charged side chains, and
hydrogen bonds bridging oxygen and/or nitrogen atoms, accommodate
specific features or reactive groups while strengthening the interaction overall.

For example, in the complex of hen egg-white lysozyme with the antibody
D1.3 (Fig. 3.10), strong hydrogen bonds are formed betweenthe antibody and
a particular glutaminein the lysozyme molecule that protrudes between the
Vy and Vj, domains. Lysozymes from partridge and turkey have another
amino acid in place of the glutamine and do not bind to the antibody.In the
high-affinity complex of hen egg-white lysozyme with another antibody,
HyHel5 (see Fig. 3.8c), two salt bridges between twobasic arginines on the
surface of the lysozyme interact with two glutamic acids, one each from the
Vi, CDRI and CDR2loops. Again, lysozymesthat lack oneofthe twoarginine
residues show a 1000-fold decrease in affinity. Although overall surface
complementarity must play an important part in antigen-antibody inter-
actions, specific electrostatic and hydrogen-bonding interactions appear to
determine antibodyaffinity. In most antibodies that have been studied at this
level of detail, only a few residues make a major contribution to the binding
energy. Genetic engineering by site-directed mutagenesis can furthertailor
an antibody’s binding to its complementary epitope. 
Fig. 3.10 The complex of lysozyme A glutamine residue of lysozyme, shown
with the antibody D1.3. The interaction in red, protrudes between the two V
of the Fab fragment of D1.3 with hen domains of the antigen-binding site and
egg-white lysozyme is shown,with the makes hydrogen bonds importantto the
lysozyme in blue, the heavy chain in antigen—antibody binding. Original
purple and thelight chain in yellow. photograph courtesy of R.J. Poljak,
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 tallographic analysis of antigen:antibody complexes has demon-
Eethet the hypervariable loops (complementarity-determining

of immunoglobulin V regions determinethe specificity ofantibodies.
protein antigens, the antibody molecule contacts the antigen over a
: rea ofits surface that is complementary to the surface recognized

antigen. Electrostatic interactions, hydrogen bonds, van der Waals
and hydrophobicinteractions canall contribute to binding. Amino
e chains in most or all of the hypervariable loops make contact with
and determine both the specificity and theaffinity of the interaction.

parts of the V region play little part in the direct contact with the
.1 but provide a stable structural framework for the hypervariable
and help determine their position and conformation. Antibodies
against intact proteins usually bind to the surface of the protein and

contact with residuesthat are discontinuousin the primary structure
molecule; they may, however, occasionally bind peptide fragments

e protein, and antibodies raised against peptides derived from a
n can sometimes be used to detect the native protein molecule.

des binding to antibodies usually bind in the cleft between the
ons of the heavy and light chains, where they make specific contact
some, but not necessarily all, of the hypervariable loops. This is also
sual mode of binding for carbohydrate antigens and small molecules
as haptens.

 

 
 
 

 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

contrast to the immunoglobulins, which interact with pathogens andtheir
ic products in the extracellular spaces of the body, T cells only recognize

n antigens that are displayed on the surfaces of the body's own cells.
antigens can derive from pathogens such as viruses orintracellular
a, which replicate within cells, or from pathogens or their products

cells have internalized by endocytosis from the extracellularfluid.

$ can detect the presence ofan intracellular pathogen because infected
display on their surface peptide fragments derived from the

logen's proteins. These foreign peptides are delivered to the cell
face by specialized host-cell glycoproteins. These are encodedin a large

t of genes that were first identified by their powerful effects on the
he response to transplanted tissues. For that reason, the gene

nplex wascalled the major histocompatibility complex (MHC), andthe
tide-binding glycoproteins are still known as MHC molecules. The
Ognition of antigen as a small peptide fragment bound to an MHC
lecule and displayed at the cell surface is one of the most distinctive
tres of T cells, and will be the focusof this part of the chapter. How
tide fragments ofantigen become complexed with MHC molecules will

nsidered in Chapter5.

* part of the chapter we will describe the structure and properties of the
cell antigen receptor, T-cell receptor, or TCR for short. As might be expected

their function as highlyvariable antigen-recognition structures, T-cell
s Hors are closely related to antibody molecules in the structure of their
€s. There are, however, important differences between T-cell receptors

theenoslobulins that reflect the special featuresofantigen recognition
Cell receptor,andits lack of effector functions.
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antigen-bindingsite

 
Fig. 3.11 The T-cell receptor
resembles a membrane-bound Fab

fragment. The Fab fragmentof
antibody molecules is a disulfide-linked
heterodimer, each chain of which
contains one immunoglobulin C domain
and one V domain; the juxtaposition of
the V domains forms the antigen-binding
site (see Section 3-6). The T-cell
receptoris also a disulfide-linked
heterodimer, with each chain containing
an immunoglobulin C-like domain and
an immunoglobulin V-like domain. As in
the Fab fragment, the juxtaposition of
the V domains forms the site for antigen
recognition.

carbohydrate

o@. chain fi chain

constant
region (C)

hinge (H)
as

Tdbee
cytoplasmic tail

disulfide bond

 

3-10 The antigen receptor onT cells is very similar to a Fab fragment of
immunoglobulin.

T-cell receptors werefirst identified using monoclonal antibodies that boung
only one cloned T-cell line but not others and that could specifically inhibi,
antigen recognitionby that clone of T cells, or specifically activate them (see
Appendix I, Section A-19). These clonotypic antibodies were then used to
showthat each T cell bears about 30,000 antigen-receptor molecules onits
surface, each receptor consisting of two different polypeptide chains, termed
the T-cell receptor « (TCRa) and B (TCRB) chains,linked by a disulfide bond,
These o:B heterodimers are very similar in structure to the Fab fragmentof an
immunoglobulin molecule (Fig. 3.11), and they accountfor antigen recogni-
tion by mostTcells. A minority of T cells bear an alternative, but structurally
similar, receptor madeupofa different pair of polypeptide chains designated
y and 6, y:6 T-cell receptors appear to have different antigen-recognition
properties from the o:f T-cell receptors, and the function of y:6 T cells in
immuneresponsesis not yet entirely clear. In the rest of this chapter, we shall
use the term T-cell receptor to mean the o:B receptor, except where specified
otherwise. Both types of T-cell receptor differ from the membrane-bound
immunoglobulin that serves as the B-cell receptor: a T-cell receptor has only
one antigen-binding site, whereas a B-cell receptor has two, and T-cell
receptors are never secreted, whereas immunoglobulin can be secreted as
antibody.

Ourinitial insights into the structure and function ofthe a:T-cell receptor
came from studies of cloned cDNA encodingthe receptorchains. The amino
acid sequences predicted from T-cell receptor cDNAs show clearly that both
chains of the T-cell receptor have an amino-terminalvariable (V) region with
homology to an immunoglobulin V domain, a constant (C) region with
homology to an immunoglobulin C domain, and a short hinge region con-
taining a cysteine residue that forms the interchain disulfide bond(Fig. 3.12).
Each chain spansthelipid bilayer by a hydrophobic transmembrane domain,
and endsin a short cytoplasmic tail. These close similarities of T-cell receptor
chains to the heavy andlight immunoglobulin chainsfirst enabled prediction
of the structural resemblance of the T-cell receptor heterodimer to a Fab
fragment of immunoglobulin.

Recently, the three-dimensional structure of the T-cell receptor has been
determined. Thestructure is indeed similar to that of an antibody Fab frag-
ment, as was suspected from earlier studies on the genes that encodedit. The
T-cell receptor chains fold in much the same wayas those of a Fab fragment
(Fig, 3.13a), although the final structure appearsa little shorter and wider.
There are, however, somedistinct differences between T-cell receptors and
Fab fragments. The moststriking difference is in the C,, domain, where the
fold is unlike that of any other immunoglobulin-like domain. The halfof the
domainthatis juxtaposed with the Cz domain forms a f sheet similar to that

Fig. 3.12 Structure of the T-cell
receptor. The T-cell receptor hetero-
dimeris composed of twotrans-
membrane glycoprotein chains, « and 6.
The extracellular portion of each chain
consists of two domains, resembling
immunoglobulin V and C domains,
respectively. Both chains have carbo-
hydrate side chains attached to each
domain. A short segment, analogous
to an immunoglobulin hinge region,

connects the immunoglabulin-like
domains to the membrane and contains

the cysteine residue that forms the
interchain disulfide bond. The trans-
membrane helices of both chains are

unusual|n containing positively charged
(basic) residues within the hydrophobic
transmembrane segment. The o. chains
carry two such residues; the B chains
have one.
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found in other immunoglobulin-like domains, but the other half of the
“domain is formedof loosely packed strands and a short segmentofo helix
(Fig. 3.13b), The intramolecular disulfide bond, which in immunoglobulin-

like domains normally joins two B strands, in a Ca domainjoins a B strand to
this segmentofo helix.

There are also differences in the way in which the domainsinteract. The
interface between the V and C domains ofboth T-cell receptor chains is more
extensive than in antibodies, which may makethe hinge joint between the
domainsless flexible. And the interaction between the Cy, and Cg domainsis
distinctive in being assisted by carbohydrate, with a sugar group from the Cy,
domain making a number of hydrogen bonds to the Cg domain (see Fig.
3.13b). Finally, a comparison of the variable binding sites shows that,
although the complementarity-determining region (CDR) loops align fairly
closely with those of antibody molecules, there is some displacementrelative
to those of the antibody molecule (Fig. 3.13c). This displacementis particu-
larly marked in the Vg CDR2 loop, whichis oriented at roughly right angles to
the equivalent loopin antibody V domains,as a result of a shift in the B strand
that anchors one end ofthe loop from oneface of the domain to the other. A
Strand displacementalso causes a change in the orientation of the Vg CDR2
loop in two of the seven Vz domains whosestructures are known.As yet, the
crystallographic structures of only seven T-cell receptors have been solved to

this level of resolution, so it remains to be seen to what degree all T-cell
Teceptors share these features, and whether there is more variability to be
discovered,

3-11 AT-cell receptor recognizes antigen in the form of a complex of a
foreign peptide bound to an MHC molecule.

Antigen recognition by T-cell receptors clearly differs from recognition by
“cell receptors and antibodies. Antigen recognition byBcells involves direct

binding of immunoglobulinto theintact antigenand,as discussed in Section
3-8, antibodies typically bind to the surface of protein antigens, contacting
amino acids that are discontinuous in the primary structure but are brought
together in the folded protein. T cells, on the other hand, were found to
Tespond to short contiguous amino acid sequences in proteins. These
Sequences were often buried within the native structure of the protein and
thus could not be recognized directly by T-cell receptors unless some unfolding
Of the protein antigen and its ‘processing’ into peptide fragments had
9Ccurred (Fig, 3.14).

 
Fig. 3.13 The crystal structure of an
o:B T-cell receptor resolved at 2.5 A.
In panels a and b the a chain is shown
in pink and the 6 chain in blue. Disulfide
bonds are shown in green.In panel a, the
T-cell receptoris viewed from the side as
it would sit on a cell surface, with the
CDRloops that form the antigen-binding
site (labeled 1, 2, and 3) arrayed across
its relatively flat top. In panel b, the C,,
and Cy domains are shown, The Cx
domain does not fold into a typical
immunoglobulin-like domain; the face of
the domain away from the Cg domain is
mainly composed of irregular strands of
polypeptide rather than § sheet. The
intramoleculardisulfide bond joins a
B strand to this segment of o helix.
The interaction betweenthe C,, and Cy
domains is assisted by carbohydrate
(colored grey and labeled on the figure),
with a sugar group from the C,, domain
making hydrogen bonds to the Cj domain.
In panel c, the T-cell receptor is shown
aligned with the antigen-binding sites
from three different antibodies. This view

is looking downinto the binding site.
The V,, domain of the T-cell receptor is
aligned with the Vi domains of the
antigen-binding sites of the antibodies,
and the Vg domainis aligned with the Vx
domains. The CDRsof the T-cell receptor
and immunoglobulin molecules are
colored, with CDRs1, 2, and 3 of the
TCR shown in red and the HV4 loop in
orange. For the immunoglobulin V
domains, the CDR1 loops of the heavy
chain (H1) and light chain (L1) are shown
in light and dark blue, respectively, and
the CDR2 loops (H2, L2)in light and dark
purple, respectively. The heavy-chain
CDR3 loops (H3)are in yellow; thelight-
chain CDR3s (L3) are in bright green.
The HV4 loopsof the TCR (orange)
have no hypervariable counterparts in
immunoglobulins. Photographs courtesy
of|.A. Wilson.
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Fig. 3.15 The outline structures of the
CD4 and CD8 co-receptor molecules.
The CD4 molecule contains four
immunoglobulin-like domains, as shown
in diagrammatic form in panel a, and as
a ribbon diagram of the structure in
panel b. The amino-terminal domain,
Dj, is similar in structure to an immuno-
globulin V domain. The second domain,
Do, although clearly related to an
immunoglobulin domain,is different from
both V and C domains and has been
termed a C2 domain. Thefirst two

domains of CD4 form a rigid rodlike
structure that is linked to the two

carboxy-terminal domainsbya flexible
link. The binding site for MHCclass||
molecules is thoughtto involve both the
D, and Ds domains. The CD8 molecule
(panels a and c) is a heterodimerof an
«@ and a B chain covalently linked by a
disulfide bond; an alternative form of
CD8exists as a homodimerof « chains.
The heterodimeris depicted in panela,
while the ribbon diagram in panelcis
of the homodimer. CD8o: and CD88
chains have very similar structures,
each having a single domain resembling
an immunoglobulin V domain and a
stretch of polypeptide chain, believed to
be in a relatively extended conformation,
that anchors the V-like domain to the
cell membrane.

Fig. 3.14 Differences in the recognition
of hen egg-white lysozyme by
immunoglobulins and T-cell receptors,
Antibodies can be shown by X-ray
crystallography to bind epitopes on the
surface of proteins, as shownin panel a,
where the epitopes for three antibodies
are shown on the surface of hen egg
lysozyme (see also Fig. 3.10). In contrast,
the epitopes recognized by T-cell
receptors need notlie on the surface of
the molecule, as the T-cell receptor

recognizes not the antigenic protein itself
but a peptide fragmentof the protein.
The peptides corresponding to two T-cell
epitopes of lysozyme are shownin panel
b, one epitope, shownin blue, lies on
the surfaceof the protein but a second,
shownin red, lies mostly within the core
and is inaccessible in the folded protein.
Forthis residue to be accessible to the
T-cell receptor, the protein must be
unfolded and processed. Panel a
courtesy of S. Sheriff.

Thenatureofthe antigen recognized by T cells becameclear with therealization
that the peptides that stimulate T cells are recognized only when boundto an
MHCmolecule. Thesecell-surface glycoproteins are encoded by genes within
the major histocompatibility complex (MHC). The ligand recognized by the T
cell is thus a complex of peptide and MHC molecule. The evidenceforinvolve-
mentofthe MHC in T-cell recognition of antigen wasatfirst indirect, but it has
recently been proved conclusively by stimulating T cells with purified
peptide:MHC complexes. The T-cell receptor interacts with this ligand by
making contacts with both the MHC molecule andthe antigen peptide.

3-12 T cells with different functions are distinguished by CD4 and CD8
cell-surface proteins and recognize peptides boundto different
classes of MHC molecule.

Tcells fall into two major classes that have different effector functions. The
two classes are distinguished by the expression of the cell-surface proteins
CD4 and CD8. These two types of Tcell differ in the class of MHC molecule
they recognize. There are two classes of MHC molecule—MHCclass I and
MHC class 1—which differ in their structure and expression pattern on

 

cb4
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tissues of the body (see Section 3-13). CD4 and CD8 were known as markers
for different functional sets of T cells for some time before it became clear

that they play an importantpart in the direct recognition of MHCclassII and
MHCclass I molecules, respectively. CD4 binds to the MHCclassII molecule
and CD8 to the MHCclass I molecule. During antigen recognition, depending
on the type of T-cell, CD4 or CD8 molecules associate on the T-cell surface
with the T-cell receptor and bindto invariantsites on the MHCportion of the
composite MHC:peptide ligand. This binding is required for the Tcell to
make an effective response, and so CD4 and CD68arecalled co-receptors.

CD4 is a single-chain molecule composed of four immunoglobulin-like
domains(Fig, 3.15). The first two domains (D) and D2) of the CD4 molecule
are packedtightly togetherto form a rigid rod some 60 A long, whichis joined
by a flexible hinge to a similar rod formed by the third and fourth domains
(Dy and Dy). CD4 binds MHCclass II molecules througha region thatis located
mainly on a lateral face ofthe first domain, D). Because CD4 bindstoasite
on the $2 domain of the MHCclassII moleculethat is well away from thesite
where the T-cell receptor binds (Fig. 3.16a), the CD4 molecule and the T-cell
Teceptor can bind the same peptide:MHCclass II complex. CD4 interacts
strongly with a cytoplasmic tyrosine kinase called Lek, and can deliverthis
tyrosine kinase into close proximity with the signaling components of the
T-cell receptor complex. This results in enhancementof the signalthat is
generated when the T-cell receptor binds its peptide:MHCclassII ligand, as
we will discuss further in Chapter 6. When CD4andthe T-cell receptor can
simultaneously bind to the same MHCclass II:peptide complex, the sensitivity
of a T cell to antigen presented by MHCclass II molecules is markedly
creased; the T-cell in this case requires 100-fold less antigen for activation.

CD4 binding to an MHCclass [1 molecule on its own is weak, andit is not
clear whether such binding wouldbe able to transmit a signal to the interior
of the T cell. As shownin Fig. 3.17, CD4 can form homodimers througha site
'n the Dy domain, whichleaves the MHC-bindingsite free to interact with an
MHC class II molecule. Thus, the CD4 dimer could cross-link two MHC class

! molecules and thus the two T-cell receptors bound to them. Whetherthe
dimerization of CD4 is important in its co-receptor function is not known
at present.

Fig. 3.16 The binding sites for CD4
and CD8 on MHCclassIl and class |

moleculeslie in the immunoglobulin-
like domains. The binding sites for
CD4 and CD8 on the MHCclassII and
class | molecules, respectively, lie in the
immunoglobulin-like domains nearest
to the membrane and distant from the

peptide-binding cleft. In panel a, the
binding site for CD4 is shown as a
bright green surface.It lies at the base
of the Bo domain of an MHCclassII
molecule and is distant from the

peptide-binding site at the top of the
molecule, The a chain of the MHC class

ll molecule is purple, and the B chainis
white. In panel b, the binding site for
CD8is also shown as a green surface,
at the base of the ag domain of the
MHCclass | molecule. The « chain of
the class | molecule is white, and the
e-microglobulin is purple. Photographs
courtesy of GC. Thorpe.

 
Fig. 3.17 CD4 is capable of forming
dimers. The structure of the extra-
cellular domains of the CD4 molecule

has been determined by X-ray
crystallography. Two molecules of CD4
can interact with each other through
their D4 domains, forming homodimers.
The site that binds MHC class|!
molecules remains available in such
dimers.
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Fig. 3.18 CD8 binds to a site on MHC
class | molecules distant from that to

which the T-cell receptor binds. The
relative positions of the T-cell receptor
and CD8 molecules bound to the same
MHCclass | molecule can be seenin

this hypothetical reconstruction of the
interaction of an MHC class | molecule

(the a chain is shownin green; Bo-
microglobulin (dull yellow) can be seen
faintly in the background) with a T-cell
receptor and CD8. The « and f chains
of the T-cell receptor are shownin pink
and purple, respectively. The CDB
structure is that of a CD80. homodimer,
but is colored to representthe likely
orientation of the subunits in the hetero-
dimer, with the CD80 subunit in red and
the CD86 subunit in blue. Photograph
courtesy of G. Gao.

Although CD4 and CD8 both function as co-receptors, their structures are
quite distinct. The CD8 moleculeis a disulfide-linked heterodimerconsisting
of an a, and a f chain, each containing a single immunoglobulin-like domain
linked to the membraneby a segmentof extended polypeptidechain (see Fig.
3.15). This segmentis extensively glycosylated, which is thought to be impor-
tant in maintaining this polypeptide in an extended conformation and
protecting it from cleavage by proteases. CD80, chains can also form homo-
dimers, although these are not found when the CD8fchainsare present.

CD8 binds weakly to an invariant site in the a3 domain of an MHCclass |
molecule (Fig. 3.16b), which is equivalentto the site in MHCclass II molecules
to which CD4 binds. Althoughonly the interaction of the CD80, homodimer
with MHCclass I is so far known in detail, it is clear from this that the MHC

class I bindingsite of the CD8 of heterodimer will be formed by theinteraction
of the CD8q and 6 chains. In addition, CD8 (most probably through the «
chain) interacts with residues in the base of the a2 domain of the MHCclass

I molecule. Binding in this way, CD8 leaves the upper surface of the MHC
class I molecule exposed and free to interact simultaneously with a T-cell
receptor, as shown in Fig. 3.18. Like CD4, CD8 also binds Lck through the
cytoplasmic tail of the a chain and brings it into close proximity with the
T-cell receptor. And as with CD4, the presence of CD8increases the sensitivity
of T cells to antigen presented by MHCclass I molecules by about 100-fold.
Thus, CD4 and CD8 have similar functions and bind to the same approximate
location in MHC class I and MHC class II molecules even though the
structures of the two co-receptorproteins are only distantly related.

3-13 The two classes of MHC molecule are expressed differentially on
cells.

MHCclass I and MHCclass II molecules havea distinct distribution among
cells that reflects the different effector functions oftheT cells that recognize
them (Fig. 3.19). MHC class I molecules present peptides from pathogens,
commonlyviruses, to CD8 cytotoxic T cells, which are specialized to kill any
cell that they specifically recognize. As viruses can infect any nucleated cell,
almost all such cells express MHC class I molecules, although the level of
constitutive expression varies from onecell type to the next. For example,
cells of the immune system express abundant MHCclass I on their surface,
whereasliver cells (hepatocytes) express relatively low levels (see Fig. 3.19).
Nonnucleated cells, such as mammalian red bloodcells, expresslittle or no
MHCclassI, and thustheinterior ofred bloodcells is a site in which an infec-

tion can go undetected by cytotoxic T cells. As red blood cells cannot support
viral replication, this is of no great consequenceforviral infection, but it may
be the absence ofMHCclass|that allows the Plasmodiurn species that cause
malariatolive in this privilegedsite.

In contrast, the main function of the CD4 T cells that recognize MHCclassII
molecules is to activate othereffector cells of the immune system. Thus MHC
class II molecules are normally found on B lymphocytes, dendritic cells, and
macrophages—cells that participate in immune responses—butnot on other
tissue cells (see Fig. 3.19). When CD4T cells recognize peptides bound to MHC
class II molecules on B cells, they stimulate the B cells to produce antibody
Likewise, CD4 T cells recognizing peptides bound to MHCclass II molecules
on macrophagesactivate thesecells to destroy the pathogensin their vesicles
Weshall see in Chapter 8 that MHCclass II molecules are also expressed on
specialized antigen-presenting cells in lymphoid tissues where naive T cells
encounter antigen andarefirst activated. The expression of both MHCclass I
and MHCclass II molecules is regulated by cytokines,in particular interfer-
ons, released in the course of immune responses. Interferon-y (IFN-y), for
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example, increases the expression of MHCclass | and MHCclass II molecules,
and can induce the expression of MHCclass II molecules oncertain cell types
that do not normally express them. Interferons also enhance the antigen-
presenting function of MHCclass I molecules by inducing the expression of
key components of the intracellular machinery that enables peptides to be
loaded onto the MHC molecules.

3-14 The two classes of MHC molecule have distinct subunit structures
but similar three-dimensional structures.

The two classes of MHC molecule differ from each otherin their structure
and also have different distributions on the cells of the body. Their different
Structures enable the two classes of MHC molecules to serve distinct func-

lions in antigen presentation, binding peptides from different intracellular
Sites and activating different subsets of T cells, as we will see in Chapter5,

pite their differences in subunit structure, however, MHC classI and class
I molecules are closely related in overall structure. In both classes, the two
Paired protein domains nearest the membrane resemble immunoglobulin
domains, whereas the two domainsdistal to the membranefold together to
freate a long cleft, or groove, which is the site at which a peptide binds.
Purified peptide: MHCclass I and peptide:MHCclass II complexes have been

acterized structurally, allowing us to describe in detail both the MHC
Molecules themselves and the way in whichthey bind peptides.

 Antigen recognition by T cells

Fig. 3.19 The expression of MHC
molecules differs between tissues.
MHC class | molecules are expressed
on all nucleated cells, although they are
most highly expressed in hematopoietic
cells. MHC class || molecules are

normally expressed only by a subset
of hematopoietic cells and by thymic
stromal cells, although they may be
expressed by othercell types on
exposure to the inflammatory cytokine
interferon-y. “In humans, activated T
cells express MHCclass || molecules,
whereas in mice, all T cells are MHC
class ||-negative. f In the brain, most
cell types are MHCclass I!-negative
but microglia, which are related to
macrophages, are MHC class II-positive.
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Fig. 3.20 The structure of an MHC
class | molecule determined by X-ray
crystallography. Panel a shows a
computer graphic representation of a
human MHC class | molecule, HLA-A2,
which has been cleaved from the cell
surface by the enzyme papain, The
surface of the molecule is shown, colored
according to the domains shownin
panels b-d and described below. Panels
b and c showaribbon diagram ofthat
structure. Shown schematically in panel
d, the MHCclass | molecule is a hetero-
dimer of a membrane-spanning o chain
(molecular weight 43 kDa) bound
noncovalently to Bz-microglobulin
(12 kDa), which does not span the
membrane. The a chain folds into three

domains: 07, oi, and og. The a3 domain
and fio-microglobulin show similarities in
amino acid sequence to immunoglobulin
GC domains and have similar folded
structures, whereas the a; and a2
domains fold together into a single
structure consisting of two segmented
a, helices lying on a sheet of eight
antiparallel § strands. The folding of the
oy, and o2 domains creates a long cleft
or groove, which is the site at which
peptide antigens bind to the MHG
molecules. The transmembraneregion
and the short stretch of peptide that
connects the external domains to the

cell surface are not seen in panels a
and b as they have been removed by
the papain digestion. As can be seenin
panel c, looking down on the molecule
from above, the sides of the cleft are
formed from the inner faces of the two

@ helices; the B-pleated sheet formed by
the pairing of the a and a» domains
createsthe floor of the cleft. We shall
use the schematic representation in
panel d throughoutthis text.
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MHCclass I structure is outlined in Fig. 3.20. MHC class |] molecules consist
of two polypeptide chains, a larger o chain encoded in the MHCgenetic
locus, and a smaller noncovalently associated chain, B2-microglobulin,
whichis not polymorphic and is not encoded in the MHClocus. Only the
class | a chain spans the membrane. The complete molecule has four
domains, three formed from the MHC-encoded @ chain, and one contributed

by B2-microglobulin. The a3; domain and f§:-microglobulin have a folded
structure that closely resembles that of an immunoglobulin domain. The
most remarkable feature of MHC class I molecules is the structure ofthe folded

a, and a» domains. These two domains form the walls of a cleft on the
surface of the molecule; this is the site of peptide binding. Theyalsoaresites
of polymorphisms that determine T-cell antigen recognition (see Chapter5).

An MHCclassII molecule consists of a noncovalent complex oftwo chains, ©
and B, both of which span the membrane(Fig. 3.21). The MHC classII @ and
B chains are both encoded within the MHC.The crystallographic structure of
the MHCclass IT molecule shows thatit is folded very muchlike the MHC
class I molecule. The major differenceslie at the ends of the peptide-binding
cleft, which are more open in MHC class II molecules compared with MHC
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Fig. 3.21 MHCclass II molecules
resemble MHCclass | molecules in
overall structure. The MHCclass Il

molecule is composedof two trans-
membrane glycoprotein chains, o
(34 kDa) and § (29 kDa), as shown
schematically in panel d. Each chain
has two domains, and the two chains
together form a compact four-domain
structure similar to that of the MHC

class | molecule (compare with panel d
of Fig. 3.20). Panel a shows a computer
graphic representation of the surface of
the MHCclassII molecule, in this case
the human protein HLA-DR1, and panel
b showsthe equivalent ribbon diagram.
The ag and 82 domains,like the a3 and
B2-microglobulin domains of the MHC
class | molecule, have amino acid
sequence and structural similarities
to immunoglobulin C domains; in the
MHCclass || molecule, the two domains
forming the peptide-binding cleft are
contributed by different chains and are
therefore not joined by a covalent bond

peptide-binding (see panels c and d). Another important
cleft difference, not apparentin this diagram,

is that the peptide-binding groove of the
MHG class|| molecule is open at both
ends.

  
 
 

 
     
 

class [ molecules. The main consequenceofthis is that the ends of a peptide
bound to an MHCclass I molecule are substantially buried within the mole-
cule, whereas the ends of peptides bound to MHCclass II moleculesare not.
Again, the sites of major polymorphism are located in the peptide-binding
cleft, which in the case of an MHCclassII molecule are formed by the o, and
6, domains (see Chapter5).

In both MHCclass I and class II molecules, bound peptides are sandwiched
between the two a-helical segments of the MHC molecule (Fig. 3.22). The
T-cell receptor interacts with this compoundligand, making contacts with
both the MHC molecule andwith the peptide fragmentofantigen.

3-15 Peptides are stably bound to MHC molecules,and also serve to
stabilize the MHC molecule on the cell surface. |

An individual can be infected by a wide variety of different pathogens the
Proteins of which will not generally have peptide sequences in common. If
T cells are to be alerted to all possible infections, then the MHC molecules
©n eachcell (both class I and class II) must be able to bind stably to many
different peptides. This behavior is quite distinct from that of other peptide-
binding receptors, such as those for peptide hormones, which usually bind

Se —e a ps - |
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Fig. 3.22 MHC molecules bind
peptides tightly within the cleft. When
MHC moleculesare crystallized with a
single synthetic peptide antigen, the
details of peptide binding are revealed.
In MHC class | molecules (panels a and
c) the peptide is bound in an elongated
conformation with both ends tightly
bound at either end of the cleft. In the

case of MHC classI! molecules (panels
b and dg), the peptide is also bound in an
elongated conformation but the ends of
the peptide are nottightly bound and the
peptide extends beyondthe cleft. The
upper surface of the peptide: MHC
complex is recognized by T cells, and
is composed of residues of the MHC
molecule and the peptide. In repre-
sentations c and d, the electrostatic
potential of the MHC molecule surface
is shown, with blue areas indicating a
positive potential and red a negative
potential.

 
only a single typeofpeptide. Thecrystal structures of peptide:MHC complexes
have helped to show howa single binding site can bind peptides with high
affinity while retaining the ability to bind a widevariety ofdifferent peptides.

An importantfeature of the binding of peptides to MHC moleculesis that the
peptide is bound as an integral part of the MHC molecule’s structure, and
MHC molecules are unstable when peptides are not bound. Thestability of
peptide binding is important, because otherwise, peptide exchanges occur-
ring at the cell surface would prevent peptide:MHC complexes from being
reliable indicators of infection or of uptake ofspecific antigen. As a result of
this stability, when MHC molecules are purified from cells, their bound
peptides co-purify with them, and this has enabled the peptides bound by
specific MHC molecules to be analyzed. The peptides are released from the
MHCmolecules by denaturing the complexin acid, and can then be purified
and sequenced. Pure synthetic peptides can also be incorporated into
previously empty MHC molecules and the structure of the complex
determined,revealing details of the contacts between the MHC molecule and
the peptide. From the sequences of peptides bound to specific MHC
molecules, combined withstructural analysis of the peptide:MHC complex,a
detailed picture of the binding interactions has been built up. We will first
discuss the peptide-binding properties of MHC class I molecules.

3-16 MHC class | molecules bind short peptides of 8-10 amino acids by
both ends.

The bindingofa peptidein the peptide-binding cleft of an MHCclass I molecule
is stabilized at both ends by contacts between atomsin the free amino and
carboxy termini of the peptide andinvariantsites that are found at each end
of thecleft of all MHCclass I molecules(Fig. 3.23). These contacts are thought
to be the main stabilizing contacts for peptide:-MHC class | complexes
because synthetic peptide analogues lacking terminal amino and carboxyl
groupsfail to bind stably to MHC class I molecules. Other residues in the
peptide serve as additional anchors. Peptides that bind to MHCclass I
molecules are usually 8-10 aminoacids long. The peptidelies in an elongated
conformation along the groove; variations in peptide length appear to be
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accommodated, in most cases, by a kinking in the peptide backbone.
However, two examples of MHCclass | molecules where the peptideis able
to extend outof the groove at the carboxy terminus suggest that some length
variation may also be accommodatedin this way.

These interactions give all MHCclass I molecules their broad peptide-binding
specificity. In addition, MHC molecules are highly polymorphic. There are
hundreds of different versions, or alleles, of the MHC class I genes in the
human population as a whole, and eachindividual carries only a small selec-
tion of them. The main differences between the allelic MHC variants are

found at certain sites in the peptide-binding cleft, resulting in different
amino acids in key peptide interaction sites in the different MHC variants.
The consequenceofthis is that the different MHCvariants preferentially bind
different peptides. The peptides that can bind to a given MHCvariant have
the same or very similar amino acid residues at two or three particular
positions along the peptide sequence. The amino acid side chains at these
positions insert into pockets in the MHC moleculethatare lined by the poly-
morphic aminoacids. Because the binding of these side chains anchors the
peptide to the MHC molecule,the peptide residues involved have been called
anchorresidues. Both the position and identity of these anchorresidues can
vary, depending on the particular MHC class I variant that is binding the
peptide. However, most peptides that bind to MHCclass I molecules have a
hydrophobic (or sometimes basic) anchor residue at the carboxy terminus
(Fig. 3.24), Changing an anchorresidue can preventthe peptide from binding
and, conversely, most synthetic peptidesofsuitable length that contain these
anchorresidues will bind the appropriate MHCclass I molecule, in most
Cases irrespective of the amino acidsat other positions in the peptide. These
features of peptide binding enable an individual MHC class I molecule to
bind a widevariety of different peptides, yet allow different MHCclassIallelic
Variants to bind different sets of peptides.

Fig. 3.23 Peptides are bound to MHC
class | molecules by their ends. MHC
class | molecules interact with the back-

bone of a bound peptide (shown in
yellow) through a series of hydrogen
bonds and ionic interactions (shown as
dotted blue lines) at each end of the
peptide. The amino terminus of the
peptideis to the left; the carboxy terminus
to the right. Black circles are carbon
atoms; red are oxygen; blue are nitrogen.
The amino acid residues in the MHC
molecule that form these bonds are
common to all MHC class | molecules
and their side chains are shownin full

(in gray) upon a ribbon diagram of the
MHCclass | groove. A cluster of tyrosine
residues commonto all MHC class |

molecules forms hydrogen bondsto the
amino terminus of the bound peptide,
while a second cluster of residues forms

hydrogen bonds andionic interactions
with the peptide backboneat the carboxy
terminus and with the carboxy terminus
itself.

BicOLOs
BicLeees
BellOs

BE@clrCELLOS
BB:/@FlCELLHOSa
B-@clLLLLTes
B@LEbEK@s

Fig. 3.24 Peptides bind to MHC
molecules through structurally
related anchorresidues. Peptides
eluted from two different MHC class|
molecules are shown. The anchor

residues (green) differ for peptides that
bind different alleles of MHC class|
molecules but are similar for all peptides
that bind to the same MHC molecule.

The upper and lower panels show
peptides that bind to twodifferent alleles
of MHC class | molecules. The anchor

residues that bind a particular MHC
molecule need not beidentical, but are
always related (for example, phenyl-
alanine (F) and tyrosine (Y) are both
aromatic amino acids, whereas valine

(V), leucine (L), and isoleucine (|) are
all large hydrophobic amino acids).
Peptides also bind to MHC class |
molecules through their amino (blue)
and carboxy (red) termini.
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Fig. 3.25 Peptides bind to MHC class
Il molecules by interactions along the
length of the binding groove. A
peptide (yellow; shown as the peptide
backbone only, with the amino terminus
to the left and the carboxy terminus to
the right), is bound by an MHC class1
molecule through a series of hydrogen
bonds (dotted blue lines) that are
distributed along the length of the peptide.
The hydrogen bonds toward the amino
terminus of the peptide are made with
the backbone of the MHCclass |! poly-
peptide chain, whereas throughout the
peptide's length bonds are made with
residues that are highly conserved in
MHC class || molecules, The side
chains of these residues are shown in

gray upon the ribbon diagram of the
MHCclass II groove.

116 | Chapter 3: Antigen RecognitionbyB-cell and T-cell Rjee| hapter 3: Antigen Recognition by | . eceptors

3-17 The length of the peptides bound by MHC classII molecules is not
constrained.

Peptide binding to MHCclass I molecules has also been analyzed by elution
of bound peptides and by X-ray crystallography, and differs in several ways
frompeptide binding to MHCclass | molecules. Peptides that bind to MHC
class [I molecules are at least 13 amino acids long and can be muchlonger.
The clusters of conserved residues that bind the two ends of a peptide in
MHC class I molecules are not found in MHCclass I molecules, and the ends

of the peptide are not bound. Instead, the peptidelies in an extended confor-
mation along the MHC class II peptide-binding groove. It is held in this
groove both by peptideside chains that protrudeinto shallow and deep pock-
ets lined by polymorphic residues, and by interactions between the peptide
backbone and side chains of conserved aminoacids that line the peptide-
binding cleft in all MHC class II molecules (Fig. 3.25). Although there are
fewer crystal structures of MHCclass [I-bound peptides than of MHCclass I,
the available data show that aminoacid side chains atresidues1, 4, 6, and 9

of an MHCclass [l-bound peptide canbeheld in these binding pockets.

The binding pockets of MHCclass II molecules are more permissivein their
accommodation of different amino acid side chains than are those of the

MHCclass I molecule, makingit more difficult to define anchor residues and
predict which peptides will be able to bind particular MHCclass I] molecules
(Fig. 3.26). Nevertheless, by comparing the sequences of known binding
peptides,it is usually possible to detect a pattern of permissive amino acids
for each ofthedifferent alleles of MHCclass II molecules, and to model how

the aminoacids of this peptide sequence motif will interact with the amino
acids that make up the peptide-binding cleft in the MHC class II molecule.
Because the peptide is bound by its backbone and allowed to emerge from
both ends of the binding groove thereis, in principle, no upperlimit to the
length of peptides that could bind to MHC class I! molecules. However,it
appears that longer peptides bound to MHCclassII molecules are trimmed
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Fig. 3.26 Peptides that bind MHCclass II molecules are lengths of these peptides can vary, and so by convention the
variable in length and their anchorresidues lie at various first anchor residue is denoted as residue 1. Note thatall of the
distances from the ends of the peptide. The sequences of a peptides share a negatively charged residue (aspartic acid (D)
set of peptides that bind to the mouse MHCclass|! A* allele are or glutamic acid (E)) in the P4 position (blue) and tend to have a
shownin the upper panel. All contain the same core sequence hydrophobic residue (for example, tyrosine (Y), leucine (L),
butdiffer in length. In the lower panel, different peptides binding proline (P), phenylalanine (F)) in the P9 position (green).
to the human MHCclass I! allele HLA-DR3 are shown. The

by peptidases to a length of 13-17 aminoacids in mostcases. Like MHCclass
I molecules, MHCclass II molecules that lack bound peptide are unstable,
but the critical stabilizing interactions that the peptide makes with the MHC
class II molecule are not yet known.

3-18 The crystal structures of several MHC:peptide:T-cell receptor
complexesall show the same T-cell receptor orientation over the
MHC;peptide complex.

At the time that the first X-ray crystallographic structure of a T-cell receptor
was published, a structure of the same T-cell receptor bound to a
peptide:MHC class I ligand was also produced. This structure (Fig. 3.27),
which had been forecast by site-directed mutagenesis of the MHCclass I
molecule, showed the T-cell receptor aligned diagonally over the peptide and
the peptide-bindinggroove,with the T-cell receptor o chain lying over the a2
domain and the amino-terminal end of the bound peptide, the T-cell
receptor f chain lying over the «; domain and the carboxy-terminal end of
the peptide, with the CDR3 loopsofboth T-cell receptor « and T-cell receptor
B meeting over the central aminoacids of the peptide. The T-cell receptoris
threaded through a valley between the two high points on the two surrounding
© helices that form the walls of the peptide-bindingcleft.

Analysis of other MHCclass I:peptide:T-cell receptor complexes and of the
Single example so far of an MHC class II:peptide:T-cell receptor complex (Fig.
3.28) showsthatall of them havea very similar orientation,particularly for
the V, domain, although somevariability does occur in the location and
Orientation of the Vs domain.Inthis orientation, the V,, domain makes contact
Primarily with the amino terminus of the bound peptide, whereas the Vj
domaincontacts primarily the carboxy terminusof the bound peptide. Both

ereaarea
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Fig. 3.27 The T-cell receptor binds to
the MHC:peptide complex. Panela: the
T-cell receptor binds to the top of the
MHC:peptide complex, straddling,in the
case of the class | molecule shown here,
both the a; and a2 domain helices. The
CDRs of the T-cell receptor are indicated
in color; the CDR1 and CDA2 loops of
the B chain in light and dark blue,
respectively; and the CDR1 and CDR2
loopsof the a chain in light and dark
purple, respectively. The a chain CDRS
loop is in yellow while the § chain CDR3
loop is in green. The B chain HV4 loop is
orange. Panel b: the outline of the T-cell
receptor antigen-binding site (thick black

surface of the MHC:peptide complex
(the peptide is shaded dull yellow). The
T-cell receptor lies diagonally across the
MHC:peptide complex, with the a and
6 CDRS loops of the T-cell receptor
(3a, 3B, yellow and green, respectively)
contacting the center of the peptide.
The a chain CDA1 and CDR2 loops (1a,
2c, light and dark purple, respectively)
contact the MHC helices at the amino

terminus of the bound peptide, whereas
the 8 chain CDR1 and CDR2 loops (18,
26, light and dark blue, respectively)
make contact with the helices at the

carboxy terminus of the bound peptide.
Courtesy of |.A. Wilson. line) is superimposed uponthe top

chains also interact with the a helices of the MHC class I molecule (see Fig.
3.27). The T-cell receptor contacts are not symmetrically distributed over the
MHC molecule, so whereas the V,, CDR1 and CDR2 loopsare in close contact
with the helices of the MHC:peptide complex around the amino terminus of
the bound peptide, the B-chain CDR1 and CDR2 loops, which interact with the
complex at the carboxy terminus of the bound peptide, have variable contri-
butions to the binding. This suggests that the Ve contacts are responsible for
the conserved orientation of the T-cell receptor on the MHC:peptide complex.

Comparison of the three-dimensional structure of the T-cell receptor to that
of the same T-cell receptor complexed to its MHC-peptide ligand could
address the question of whetherthe T-cell receptor, like some other receptors,
undergoes a conformational change,or ‘induced fit,’ in its three-dimensional
structure whenit binds its specific ligand. To date,there is no certain answer,
owing to the limitations of the available structures. For one thing, all the
T-cell receptors analyzed to date have either been boundto ligands that do
not produce activation, or are bound to ligands that can activate them, but
the comparable unliganded receptor structures are not available. Also, the
crystals of the T-cell receptorare all formed at 0 °C or below, which locks the
receptorinto a single conformation. However, subtly different peptides can
have strikingly different effects when the sameT cell recognizes either of the
two peptides complexed with MHC. This could be dueto differences in how
T-cell receptor conformationis altered by binding the two related yet differ-
ent ligands. Recent evidence also suggests that the temperature at which the
T-cell receptor binds to a particular peptide;MHC complex makes a large
difference in the extent of T-cell receptor aggregation; protein conformation
is affected by temperature, and so these differences may well result from a
conformational change.

From an examination of these structures it is hard to predict whether the
main binding energy is contributed by T-cell receptor contacts with the
boundpeptide, or by T-cell receptor contacts with the MHC molecule.It is
known that alterations as simple as changing a leucine to isoleucine in the
peptide are sufficient to alter the T-cell response from strong killing to
absolutely no responseat all. Studies show that mutationsof single residues
in the presenting MHC molecules can have the sameeffect. Thus, the
specificity of T-cell recognition involves both the peptide and its presenting
MHCmolecule. This dual specificity underlies the MHCrestriction ofT-cell
responses, a phenomenom that was observed long before the peptide-
binding properties of MHC molecules were known. Wewill recountthe story
of how MHCrestriction was discovered when wereturn to the issue of how

MHC polymorphism affects antigen recognition by T cells in Chapter 5.
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Another consequenceofthis dual specificity is a need for T-cell receptors to
be able to interact appropriately with the antigen-presenting surface of MHC
molecules. It appears that there is some inherent specificity for MHC
molecules encoded in the T-cell receptor genes, as well as selection during
T-cell developmentfor a repertoire of receptors able to interact appropriately
with the particular MHC molecules present in that individual. We will be
discussing the evidencefor this in Chapter 7.

3-19 Adistinct subset of T cells bears an alternative receptor made upof
y and 6 chains.

During the search for the gene for the T-cell receptor o chain, another T-cell
receptorlike gene was unexpectedly discovered. This gene was named T-cell
receptor ¥, and its discovery led to a search for further T-cell receptor genes.
Another receptor chain was identified using antibody to the predicted
sequence of the 7 chain and wascalled the 6 chain. It was soon discovered
that a minority population of T cells bore a distinct type of T-cell receptor
madeup of y.6 heterodimers rather than of heterodimers. The development
of these cells is described in Sections 7-13 and 7-14.

To date, there is no crystallographic structure of a y:5 T-cell receptor,
although it is expectedto be similar in shape to a:$ T-cell receptors. 7:3 T-cell
receptors may be specialized to bindcertain kindsofligands, including heat-
shock proteins and nonpeptide ligands such as mycobacteriallipid antigens.
It seems likely that 7:6 T-cell receptors are not restricted by the ‘classical’
MHCclass I andclass II molecules. They maybind the free antigen, much as
immunoglobulins do, and/or they may bind to peptides or other antigens
presented by nonclassical MHC-like molecules. These are proteins that
resemble MHCclass I molecules butare relatively nonpolymorphic. Westill
knowlittle about how y:5 T-cell receptors bind antigen and thus how these
cells function, and whattheirrole is in immuneresponses. The structure and
rearrangementofthe genesfor 7.6 T-cell receptors is covered in Sections 4-13
and 7-13 andthe functionsofy:6 T cells are considered in Chapter8.

Summary.

The receptor for antigen on most T cells, the:T-cell receptor, is composed
of two protein chains, T-cell receptor a and T-cell receptor B, and resembles
in many respects a single Fab fragment of immunoglobulin. T-cell receptors
are always membrane-bound.«:f T-cell receptors do not recognize antigen in
its native state, as do the immunoglobulin receptors of B cells, but recognize a
composite ligand of a peptide antigen bound to an MHC molecule. MHC
molecules are highly polymorphic glycoproteins encoded by genes in the
major histocompatibility complex (MHC). Each MHC molecule binds a wide
variety of different peptides, but the different variants each preferentially
recognize sets of peptides with particular sequence and physical
features, The peptide antigen is generated intracellularly, and boundstably
in a peptide-bindingcleft on the surface of the MHC molecule. There are two
classes of MHC molecules and these are bound in their nonpolymorphic
domains by CD8 and CD4 moleculesthat distinguish twodifferent functional
classes of o:6 T cells. CD8 binds MHCclass I molecules and can bind simul-
taneously to the same class I MHC:peptide complex being recognized by a
T-cell receptor, thus acting as a co-receptor and enhancing the T-cell
response; CD4 binds MHC class II molecules and acts as a co-receptor for
T-cell receptors that recognise class II MHC:peptideligands. T-cell receptors
‘nteractdirectly with both the antigenic peptide and polymorphic features of
the MHC molecule that displays it, and this dual specificity underlies the

 
Fig. 3.28 The T-cell receptor interacts
with MHC class | and MHC class Il
molecules in a similar fashion. The

structure of a T-cell receptor binding to
an MHCclass II molecule has been

determined, and shows the T-cell receptor
binding to an equivalent site, and in an
equivalent orientation, to the way that
TCRs bind to MHC class | molecules

(see Fig. 3.27). The structure of the
molecules is shown in a cartoon form,
with the MHC class II a and 6 chains
shown in light green and orange
respectively. Only the Va and Vg
domains of the T-cell receptor are
shown,colored in blue. The peptide
is colored red, while carbohydrate
residues are indicated in gray. The TCR
sits in a shallow saddle formed between

the MHCclass || a and B chain o-helical
regions, at roughly 90° to the long axis
of the MHCclass || molecule and the
bound peptide. Courtesy of
E.L. Reinherz.
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Chapter 3: Antigen Recognition by B-cell and T-cell Receptors 
MHCrestriction of T-cell responses. A second type of T-cell receptor,
composed of ay and a 6 chain,is structurally similar to the o:8 T-cell receptor
but appears to bind different ligands, including nonpeptideligands. It is not
thought to be MHCrestricted. It is found on a minority populationofT cells,
the y:6 T cells, whose biological functionis still not clear.

Summary to Chapter3.

B cells and T cells use different, but structurally similar, molecules to recognize
antigen. The antigen-recognition moleculesof B cells are immunoglobulins,
and are made both as a membrane-bound receptorfor antigen, the B-cell
receptor, and as secreted antibodies that bind antigens andelicit humoral
effectorfunctions. The antigen-recognition molecules ofT cells, on the other
hand, are made only as cell-surface receptors. Immunoglobulins and T-cell
receptors are highly variable molecules, with the variability concentrated in
that part of the molecule, the variable (V) region, that binds to antigen
Immunoglobulins bind a wide variety of chemically different antigens,
whereas the major o:$ form of T-cell receptors will recognize only peptide
fragments of foreign proteins bound to the MHC molecules that are ubiqui-
tous on cell surfaces.

Binding of antigen by immunoglobulins has chiefly been studied using
antibodies. The binding of antibody to its corresponding antigen is highly
specific, and this specificity is determined by the shape and physicochemical
properties of the antigen-binding site. The part of the antibody thatelicits
effector functions, once the variable part has boundan antigen,is located at
the other end of the molecule from the antigen-bindingsites, and is termed
the constant region. There are five main functionalclasses of antibody, each
encoded by a different type of constant region. As we will see in Chapter9,
these in turn interact with different components of the immune system to
incite an inflammatory response and eliminate the antigen.

The T-cell receptor differs in several respects from the B-cell immuno-
globulins. Among the most important of these differences is the absence of a
secreted form of the receptor. This reflects the functional differences between
T cells and B cells. B cells deal with pathogens and their protein products
circulating within the body; secretion of a soluble antigen-recognition mole-
cule by the activated B cell after antigen has been encountered enables them
to mopupantigeneffectively throughoutthe extracellular spaces of the body.
T cells, on the other hand,are specialized for cell-cell interactions. They either
Kill cells that are infected with intracellular pathogens and that bearforeign
antigenic peptides on their surface, or interact with cells of the immune
system that have taken up foreign antigen and are displaying it on the cell
surface. They thus have no requirementfor a soluble, secreted receptor.

An additional distinctive feature of the T-cell receptor compared with
immunoglobulins is that it recognizes a composite ligand made upofthe
foreign peptide bound to a self MHC molecule.This forces T cells to interact
with infected bodycells to become activated. Each T-cell receptor is specific
for a particular combination of peptide and a self MHC molecule.

MHCmolecules are encoded bya family of highly polymorphic genes and,
although each individual expresses several, this represents only a small
selection of all possible variants. During T-cell development, the T-cell
receptorrepertoireis selected so that theTcells of each individual recognize
antigen only in conjunction with their own MHC molecules. Expression of
multiple variant MHC molecules each with a different peptide-binding
repertoire helps ensure that T cells from an individualwill be able to recognize
at least some peptides generated from nearly every pathogen.
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