Recognition of Foreign
Molecules by the
[mmune System

The immune system in vertebrates provides a defense mechanism against
foreign parasites such as viruses and bacteria. Three main properties are essential
1o its operation: specific recognition of foreign molecules, which also involves
discrimination between self and nonself; the ability to destroy the foreign
parasite; and a memory mechanism that results in a more rapid response to a
second infection by the same microorganism.

Foreign invaders are recognized through specific and tight binding of the
proteins of the immune system to molecules specific to the foreign organisms,
The sites on foreign molecules that are recognized by the immune system are
called antigenic determinants, and they interact with two different classes
of antigen receptors on the surface of the two major cell types of the immune
system, Antibedies, which are also known as immunoglobulins, act as
antigen receptors on the surface of B cells, which are stimulated by antigen
Ibinding to secrete antibodies into the bloodstream (Figure 12.1a). A related,
though quite distinct molecule, the T-cell receptor, acts as the antigen re-
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Figure 12.1 (a) The clonal
selection theory. An antigen
{red) activates those B cells
that have immunoglobulin
molecules on their surfaces
that can recognize and bind
the antigen. This binding
triggers production of a clone
of identical B cells that secrete
soluble antigen-binding
immunoglobulins inte the
biood stream. {b) T cells
recognize foreign viral antigens
(red), through a T-cell receptor
(blue) that can bind degraded
fragments of the antigen when
they are associated with an
MHC molecule (green). The
polypeptide chains of both T-
cell receptors and MHC
molecules are folded into
immunoglobulin-like domains,
represented as ellipsoids in the
diagram.
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ceptor for T cells one of whose principal functions is to recognize and destroy
virus-infected cells (Figure 12.1b).

Antibody molecules at the surface of B cells recognize and bind intact
soluble molecules or molecules on the surface of invading microorganisms. This
stimulates the B cells first to multiply and to differentiate and then to synthesize
and to secrete into the blood more copies of the antibody. The soluble antibody
molecules bind to the cognate antigen and the complexes are recognized and
removed by macrophages.

T cells, by contrast, directly destroy infected cells, and their receptors
recognize antigenic determinants only when presented as part of a complex
with a third important class of protein molecules, the molecules encoded by the
major histocompatibility complex, or MHC, on the surface of cells. MHC
molecules are so called because of the part they play in transplant rejection: each
individual catries a selected set of MHC molecules on the surface of his or her
cells, and the difference in the precise set of MHC molecules carried by the cells
of different individuals forms the basis of discrimination between self and
nonself. The physiological function of the MHC molecules, however, is to bind
to degraded fragments of antigen generated inside infected cells and display
them for recognition by T cells. .

Thus T-cell receptors exist only on the surface of T cells, and the antigenic
determinants they recognize are peptides derived from foreign proteins and
complexed with MHC molecules on the surfaces of cells. Antibodies, by
contrast, exist both as cell surface and as secreted soluble molecules and interact
directly with intact antigens by forming very specific antigen-antibody com-
plexes. Antibodies are the most structurally diverse of all known proteins, and
any antigen presented to the immune system triggers the production of many
different and specific antibodies.

In this chapter we will see that all three of the molecules directly involved
in the specific recognition of antigen—immunoglobulin, the T-cell receptor,
and the molecules of the MHC—belong to a family of proteins that seems to
have evolved by duplication and diversification from a single ancestral domain.
Because antibodies are naturatly produced in very large quantities as soluble
molecules, the crystal structure of immunoglobulin was solved long before
either of the other two mdlecules could be approached, and hence the presumed
ancestral domain structure is known as an immunoglobulin or immunoglobu-

Figure 12,2 (a) The immunoglobulin
molecule, IgG, is built up from two copies each
of two different polypeptide chains, heavy (H)
and light (L). The L chain folds into two
domains: V, with variable sequence between
different 1gG molecules and C, with constant
sequence. The H chain folds into four domains:
one variable V,, and three constant domains,
C,, G, and C,;. Disulfide bridges connect the
four chains. The antigen binding sites are at the
ends of the variable domains. (b} Schematic
polypeptide chain structure of different
immunoglobulin molecules. IgM is a pentamer
where the heavy chains have one variable
domain and four constant domains. An
additional polypeptide chain, the J chain,
(black bar) is associated with the pentameric
molecule. The J chain also links two units to
form the dimeric IgA. IgG, IgD and IgE are
monomeric immunoglobulin motecules.
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lin-like domain. The T-cell receptor has only just become available in soluble Figure 12.3 Certain regions within the 110
amine acid variable domains show a high

sorm for crystallization, but the crystal structure of an. MHC molecule is now 5 ; e ™ >
known. We examine the three-dimensional structures of antibodies and their EgICe OF SEqUENCE ¥arta it reglons

. d di he relati hip b h ic basis for th determine the antigen specificity and are called
bound antlgens an . lscgss the relationship etheen the g.e_netlc as.ls‘ or the hypervariable regions or complementarity
diversification of antibodies and the structural basis for specific recognition. We  getermining regions, CDR (a). There are three
also describe strategies for the design of novel antibodies inciuding antibodies  such regions, CDR1-CDR3, in each variable
with enzymatic function. Finally, we examine the structure of an MHC molecule  domain. The sequences of a large number of
and show that the structural principles for recognition and binding of antigens variable domains in L chains have been

to MHC are quite different from those of antibodies and that they reflect the compared, and the sequence variability is
plotted as a function of residue number along

special requirement for co-recognition of MHC and antigen by the T-cell polypeptide chain in (b). The three large

receptor. peaks in this diagram correspond to the three
hypervariable regions in (a): CDR1-CDR3. [{b)
Adapted from T.T. Wu and E.A. Kabat, J. Exp.

The polypeptide chains of antibodies are divided Med. 132: 211, 1970.]
into domains

The basic structure of all immunoglobulin (Ig) molecules comprises two
identical light chains and two identical heavy chains linked together by
disulfide bonds (Figure 12.2a). There are two different classes, or isotypes, of
light chains, & and «; there is no known functional distinction between light-
chain isotypes. Heavy chains, by contrast, have five different isotypes that
divide the immunoglobulins into different functional classes, 1gG, 1gM, IgA,
IgD, and IgF (Figure 12.2b}), each with different effector properties in the
climination of antigen. Each class of heavy chains can combine with either of
the two different classes of light chains.

Immunoglobulins of class G, 1gG, which is the major type of immuno-
globulin in normal human serum and which we will discuss in this chapter, are
monomers of the basic unit. Fach chain of an 1gG molecule is divided into
domains of about 110 amino acid residues. The light chains have two such
domains, and the heavy chains have four.

The most remarkable feature of the antibody molecule is revealed by
COmparison of the amino acid sequences from many different immunoglobulin
I8G molecules. This comparison shows that the amino-terminal domain of each
Polypeptide chain is highly variable whereas the remaining domains have
Constant sequences for each class. Alight chainis thus built up from one amino-
terminal variable domain (VL) and one carboxy-terminal constant domain (Cp)
and a heavy chain from one amino-terminal variable domain (Vy), followed

Y three constant domains (Ca1, Cryp, and Cus).
_ The variable domains are not uniformly variable throughout their lengths:
M particular, three small regions show much more variability than the rest of
;he chain; they are called hypervariable regions or complementarity de-
ermining regions, COR1-CDR3 (Figure 12.3). They vary both in size andin
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sequence between different immunoglobulins. These are the regions that
determine the specificity of the antigen-antibody interactions. The remaining
parts of the variable domains (except a fourth hypervariable region of unknown
function in the heavy chain) have quite similar amino acid sequences. In fact,
all variable domains show significant overall sequence homology and hence
evolutionary relationships among each other. Similarly, the different constant
domains—C; , Cpi1, Cuz, and Cyz—show significant (30-40%) sequence identity
to each other and to constant domains from immunoglobulin chains of
different classes. This strongly suggests that the genes that code for current
constant domains arose by successive gene duplication of an ancestral antibody
gene. In contrast, there is no significant sequence homology between constant
and vartable domains, even though, as we will see, there are striking structural
similarities. Before describing the structures of the immunoglobulin domains,
however, we must pause to outline the genetic mechanisms underlying the
variability of immunoglobulin molecules.

Antibody diversity is generated by several different mechanisms

It has been estimated that a human body generates 50 million new antibody-
producing B cells every day. The vast majority of these cells producean antibody
molecule that is unique to that cell and its progeny. The genetic information for
this diversity is contained in about 1,000 small segments of DNA. The elucida-
tion of the mechanisms for the generation of this antibody diversity is one
of the truly outstanding achievements of modern biology.

The gene segments encoding the variable and constant regions of antibod-
ies are clustered in three gene pools, one for the class G heavy chain and one for
each of the two light-chain isotypes, on separate chromosomes. In the heavy-
chain gene pool, the variable domain is encoded by three types of segments, V,
D, and J (Figure 12.4). V codes for approximately the first 90 residues, D for the
hypervariable region CDR3, and ] for the remaining 15 residues of the variable
domain.

There are about 1,000 different V segments, about 10 different D segments
of variable lengths, and about 4 different ] segments in the heavy-chain gene
pool. The DNA for the variable domain of a new B cell is assembled by random
joining of one of each of these segments into a single continuous exon (Figure
12.5). This process is called combinatorial joining, and there areabout 40,000
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Figure 12.4 Variable domains in
immunoglobulins (and T-cell receptors) are
made by combinatorial joining of gene
segments. Three such segments, V, D, and j, ar
joined to make the variable domain of a hey $
chain. In the mouse the gene-segment pog| for
an H chain contains about 1,000 V segmenty
12 D segments, 4 ] segments, and an ordemd'
cluster of C segments, each encoding a differen,
class of H chains.

Figure 12.5 The V-] joining process involved

in making 2 x light chain in the mouse. In the

germ-line DNA the cluster of 4 ] gene segments
is separated from the C gene segment by 2 shott
intron and from the about 250 V gene segments
by long regions of DNA. During B-cell 8
development the chosen V gene segment (V3)F
moved to lie precisely next to the chosen J
segment (J3). The “extra” ] gene (J4) and th
intron sequence are transcribed along with
V3, J3, and C segments and then removed

RNA splicing to generate mRNA molecules

e
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diffefent ways it can occur. Furthermore, the joining of these segments is not

recise. This creates additional diversity, called junctional diversity, where
recombines with V and J. In addition, extra nucleotides can be added during
the joining procedure, giving still further diversity. The I segment encodes
cD3, which is thus a focus of particular diversity in the heavy chain.

The newly created V-D-] exon becomes joined to one of the eight C
segments that encode the constant region domains of the heavy chain as
separate €XOns. Usually, a variable region is first expressed in an IgM molecule.
Later, further genetic rearrangements will delete the mu () exons encoding the
1gM constant region, and the variable region will become joined to a second set
of constant-region exons, most commonly those encoding IgG.

The genetic mechanisms underlying light-chain diversity are similar except
that there are no D segments, and the diversity of CDR3 therefore depends
largely upon junctional diversity generated during V-] joining.

By these genetic mechanisms it has been estimated that at least 90,000
different heavy chains and 3,000 different light chains can be produced. We will
see that from structural considerations it is reasonable to assume thatalmostany
heavy chain can combine with almost any light chain to produce a functional
antibody. Since the antigen binding sites are built up from the CDR regions of
both chains, this ability of light and heavy chains to combine and form
functionally viable pairs generates considerable additional diversity. By this
combinatorial association the number of different antibody molecules that a
new B cell can choose from is increased to 3,000 x 90,000 = 270 million. The
actual number of antibody molecules with different antigen binding sites is,
however, several orders of magnitude higher because of yet one more mecha-
nism for increasing diversity in mature B cells. In these cells point mutations can
beintroduced into the exons for the variable domains by somatic hypermutation.

All immunoglobulin domains have similar
three-dimnensional structure

Complete IgG molecules are difficult to crystallize, presumably because of the
conformational flexibility in the hinge region between Cyy; and Cyz of the heavy
chains (Figure 12.2). When an IgG molecule is treated mildly with the proteo-
Iytic enzymes papain or pepsin, however, the heavy chains are cleaved in the
hinge region to give two identical Fab fragments and one Fc fragment (Figure
12.6) that can be crystallized relatively easily. The Fab molecule comprises one
complete light chain that is linked by a disulfide bridge to a fragment of the
heavy chain consisting of Vi and Cy:. The Fc molecule comprises Cyz and Cy3
from both heavy chains, which are also linked by disulfide bridges. All detailed
~ high-resolution x-ray structural information on immunoglobulins have been
f)btained from structure determinations of Fab, Fc, or similar fragments includ-
ing those of complexes with antigen. Until recently, because of the extreme
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Figure 12.6 Enzymatic cleavage of
immunogiobulin IgG. The enzyme papain splits
the molecule in the hinge region vielding two
Fab fragments and one Fc fragment.
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diversity of serum antibodies, the only source of homogeneous immunoglobulins
in quantities large enough for sequence and x-ray studies was a naturally
occurring tumor, myeloma, which produces large quantities of a single im-
munoglobulin. Today monoclonal antibodies directed against almost any
antigen can be routinely produced in large amounts using hybridoma techniques.

The first detailed description of an immunoglobulin domain was obtained
before the advent of monoclonal antibody technology by Allen Edmundson
and collaborators at Argonne National Laboratories, U.5.A. The high-resolution
structure they determined in 1973 was that of a Bence-Jones protein, a tumor-
derived molecule that is a dimer of two light chains. Roberto Poljak and
collaborators, at Johns Hopkins Medical School, Baltimore, determined also in
1973 the first high-resolution structure of an intact immunoglobulin Fab
fragment, and the same year David Davies and collaborators at the U.S. National
Institutes of Health (NIH) demonstrated the binding of an antigenic detexmi-
nant to the antigen binding site in a Fab fragment. Since then the structures of
various other proteolytic fragments of immunoglobulin molecules have been
solved to high resolution, and the structures of a few intact IgG molecules have
been solved to low or medium resolution. All of the domains, both constant and
variable, from both heavy and light chains, have proved to have a similar
structure, which has become known as the immunoglobulin fold.

The immuncglobulin fold is best described as two.
antiparallel § sheets packed tightly against each other

All constant domains are built up from seven B strands arranged so that four
strands form one B sheet and three strands form asecond sheet (Figure 12.7). The
sheets are closely packed against each other and joined together by a disulfide
bridge from B strand 6 in the three-strand sheet to § strand 2 in the four-strand
sheet. The topology of the sheets is quite simple, as can be seen from the
topological diagrams in Figure 12.7. Even though the actual structure consists
of two separate B sheets, it is convenient to regard the topology in the form of
a Greek key barrel.

The loopsare short, and asa result, a majority of the residues of the domain
are in the two § sheets. These framework residues have the same structure in all
constant domains of all immunoglobulins that have been studied. In other
words, the structure is the same in both heavy and light chains.

Most of the invariant residues of the constant domain, including the
disulfide bridge, are found in the sheets of the framework region. These
invariant residues have two important functions. One is to form and stabilize
the framework by packing the B sheets through hydrophobic interactions to
give a hydrophobic core between the sheets. Their second function involves
interactions between constant domains of different chains to form a complete
immunoglobulin molecuie.

The remaining residues that are not part of the framewotk region form the
loops between the B strands. These loops may vary in length and sequence
between immunoglobulin chains of different classes but are constant within
each class; the sequence of the loops is invariant. The functions of these loops
are not known, but they are probably involved in the effector functions of
antibodies. When an antibody-antigen complex has been formed, signals are
mediated through the Fc region to different systems, such as phagocytic cells or
the complement system, which will destroy the complex. These activities are
triggered by specific interactions of ligands with the constant domains of
immunoglobuiins.

The overall structure of the variable domain is very similar to that of the
constant domain but there are nine B strands instead of seven. The two addi-
tional B strands are inserted into the loop region that connects f strands 3 and
4 (red in Figure 12.8). Functionally, this part of the polypeptide chain is
important since it contains the hypervariable region CDR2. The two extra B
strands provide the framework that positions CDR2 close to the other two
hypervariable regions in the domain structure (Figure 12.8).
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Figure 12.7 The constant domains of
immunoglobulins are folded into a compressed
antiparallel § barrel built up from one three-
stranded f sheet packed against a four-stranded
sheet {a). The topological diagrams (b) show the
conmnected Greek key motifs of this fold.
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The hypervariable regions are clustered in loop regions at one
‘end of the variable domain

The specificity of immunoglobulins is determined by the sequence and size of
the hypervariable regions in the variable domains. From amino acid sequence
comparisons of several hundred different variable domains these hypervariable
regions have been defined as amino acids 24-34, 50-56, and 89-97 in the light
chains and 31-35, 50-65, and 95-102 in the heavy chains. In the three-
dimensional structures these residues occur in the loop regions that connect 3
strands 2-3, 3b-3c, and 6-7. We can see in Figure 12.8 that these loop regions
are clustered together in space, at one end of the  sheets. CDR2 and CDR3 are
hairpin loops between B strands 3b-3¢ and 6-7 in the five-strand p sheet. The
third hypervariable region CDR1isa crossover connection from f strand 2 in the
four-strand sheet to strand 3 in the five-strand sheet. All strands in the five-
strand sheet thus contribute loops to the hypervariable regions, whereas only
one strand from the four-strand sheet is involved. The additional loop at this
end of the sheet, between p strands 4 and 5 in the four-strand sheet, does not
have variable sequence and does not participate in antigen binding. It is thus
apparent that loops from the five-strand p sheet contribute more residues to the
complete antigen binding site than the four-strand sheet.

~ The variable domains of immunoglobulins are excellent examples of the
Important structural principle discussed in Chapter 4 in connection with o/p-
barrel structures. Functional residues in protein molecules are frequently
Provided by loop rtegions that are attached to one end of a stable structural
framework built up mainly by secondary structure elements. In o/p-barrel
SFI‘UCtures this framework is built from eight parallei B strands surrounded by
Cight helices, whereas in the variable domains of immunoglobulins it consists
ofnine antiparallel B strands arranged in two sheets packed against each other.
he fact that there exists an aimost unlimited number of sequence variations in
the l'C'Op regions of antibodies demonstrates that the folding of the structural
famework is quite insensitive to changes in the functional loop regions. Such
DPP regions are ideal candidates for attempts to design novel protein molecules
With predetermined function by recombinant DNA technigues. It has already
®en shown by these techniques that stable domains are formed when CDR
90ps from one species are inserted into a framework from a different species.
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Figure 12.8 (a) Comparison of the structures
of the constant and variablie domains of
immunoglobulins. B strands labeled 1-7 have
the same topelogy and similas structures. There
are two extra P strands, 3b and 3c (red) in the
variable domair. The loop between these
strands contain the hypervariable region CDR2.
The remaining CDR regions are at the same end
of the barrel in the loops connecting p strands 2
and 3 and strands 6 and 7. A disulfide bond
bridges strand 2 in one sheet with strand 6 in
the other sheet in both the constant and the
variable domains. {b) The 3 strands viewed end
on, illustrating that one p sheet has the same
four f strands in the two domains.
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However, in order to engineer a predetermined function, itisnecessary to know
how constant the B-sheet framework is and how accurately one can predict and
model the conformations of CDR loops.

Comparison of the known structures of variable domains have shown that
about 70 residues in the light chain and about 80 residues in the heavy chain
form the B-sheet frameworks that have very similar structures. Therefore, all
variable domains would be expected to have the same framework structures for
homologous residues. Given the framework, the key question to all attempts to
model variable domains of known sequence and unknown structure is then the
following: Can the structure of CDR loops vary randomly, or are there certain
preferred conformations that can be deduced from the lengths and sequences
of these regions?

Cyrus Chothia at MRC, Cambridge, UK., and Arthur Lesk at EMBL,
Heidelberg, have attempted to answer this question by a careful analysis of the
CDR-loop conformations in the known structures. For each observed conforma-
tion they identified those residues that were mainly responsible for maintaining
the conformation, either through interaction with framework residues or
through their ability to assume unusual conformations. Examples of the latter
are Gly or Pro. For a preserved conformation these residues should be conserved
or very conservatively substituted. Examination of the sequences of variable
domains of unknown structure showed that many have CDR loops that are
similar in size to those of one of the known structures and contain identical
residues at the sites responsible for the observed conformation. These results
have interesting implications for the molecular mechanisms involved in the
generation of antibody diversity, in addition to their value in modeling and
design of new antibodies. For five of the six hypervariable regions of most
immunoglobulins (CDR3 of the heavy chain is an exception) there seems to be
only a small repertoire of main-chain conformations, most of which are known
from the set of immunoglobulin structures so far determined. Sequence varia-
tions within the hypervariable regions modulate the surface that these canonical
structures present to the antigens. Sequence variations within both the frame-
work and the hypervariable regions shift the canonical structures relative to
each other by smail but significant amounts.

We will give three examples from their analysis, which is further described
in Chapter 16. The loop between [ strands 3b and 3¢ in CDR2 of the light chain
is three residues long in all known sequences. This loop has very similar
conformation in the known structures, and 95% of the 250 known sequences
of mouse and human light chains fit the sequence constraints of this canonical
structure. There is thus a high probability that this loop has the same conforma-
tion in almost all immunoglobulins. Four different conformations of CDR2
from the heavy chain has been found in the 10 x-ray structures that were
analyzed. For each of these conformations there are specific constraints at one
ot two positions in the amino acid sequence of this hypervariable region, which
ranges from three to six residues. For 236 of the 300 known sequences of heavy
chains the sequence of the CDR2 loop fits one of these constraints and would
therefore be expected to have one of these four canonical CDR2-loop structures.
The CDR3 loop of the heavy chain, however, varies in length from 6 to 14
residues in the known sequences and forms a long hairpin loop. For such large
loops many conformations are possible. The one actuaily found will depend
both on the size of the loop and on the packing against the rest of the protein.
This loop, therefore, is difficult to predict and model correctly.

The antigen binding site is formed by close association of the
hypervariable regions from both heavy and light chains

Fab fragments contain one arm of the 1gG molecule with an intact antigen
binding site. In these molecules, as in intact IgG, the light chain is associated

with the heavy chain in such a way that Cy, associates with Cyp and Vi, with Vg~

{(Figure 12.9}. These associations are very tight and extensive. The segments of
the light and heavy polypeptide chains that join Vi, to 1 and Vy to Cy have
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few contacts. As a result, the Fab fragment consists of two globular regions, one
formed by the two constant domains and the otherby the two variable domains.
Together, they make an elongated molecule. The hypervariable regions of both
the light and heavy chains are close together at one end of this elongated
molecule. We will now examine more closely how these domains associate.

The constant domains associate by interactions between the four-stranded
8 sheets in both C and Cpi1. The sheets are closely packed with mainly hydro-
phobic residues in the interface. The directions of the [ strands in the two
domains are almost at right angles to each other (Figure 12.10). This mode of
Packing B sheets against each other occurs frequently within the core of single
domains that are built up from two § sheets, for example, in retinol-binding
protein discussed in Chapter 5, but they are rather unusual for domain-domain
associations. The effect of this packing is to bury the central regions of the four-
strand [ sheets away from the solvent. Each four-strand [} sheet has the three-
strand @ sheet of the same domain on one side and the four-strand B sheet from
the second domain on its other side (Figure 12.10}. This places rather stringent
Constraints on the sequence of these regions and most of the residues that occur
In the interface are, in fact, conserved. In addition, residues that form the
hYdl”ophobic core within each domain are in genetal conserved.

The variable domains associate in a very different manner. It is obvious
from Figure 12.11 that if they were associated in the same way as the constant
domains, via the four-strand B sheets, the CDR Joops, which are linked mainly
10 the five-strand p sheet, would be too far apart on the outside of each domain
o contribute jointly to the antigen binding site. Thus in the variable domains
the five-strand B sheets form the domain-domain interaction area. Furthermore,
the relative orientation of the p strands in the two domains is closer to parallel
than in the constant domains (Figure 12.11), and the curvature of the five-
Strand § sheets is such that they do not pack tightly against each other. Instead,
€ach sheet forms half a barrel. When the two sheets associate, four of the five
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Figure 12.9 (a) The variable and constant
domains in the light chain of immunoglobulins
are folded into two separate globular units. In
both domains the four-stranded § sheet is blue
and the other sheet is green. The hypervariable
CDR regions are at one end of this elongated
molecule. (b) In the Fab fragment as well as in
the intact immunoglobulin molecules the
domains associate pairwise 3o that Vg interacts
with Vi, and Cp with Cp_ By this interaction the
CDR regions of both variable domains are
prought close to each other and together form
the antigen binding site.

Figure 12.10 Schematic diagrams of the
packing of the four-stranded P sheets of the
constant domains Cyy and Cr in an Fab
fragment of IgG. The sheets are viewed
perpendicular to the f strands in (a) and end-on
in (b), where the four-stranded § sheet is blue.
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strands from both domains complete a barrel structure of eight antiparallel §

strands (Figure 12.12).
The sheets associate in such a way that CDR loeps from both sheets are at

the same end of the barrel. These six CDR loops form the complete antigen
binding site, which extends over a large surface outside the top of the barrel
(Figure 12.13).

>

The antigen binding site binds haptens in crevices and
protein antigens through large flat surfaces

The six CDR loops from the two chains at the rim of the eight-strand barzel
provide an ideal arrangement for generating antigen binding sites of different
shapes depending on the size and sequence of the loops. They can create flat
extended binding surfaces for protein antigens or specific deep binding cavities
for small hapten molecules.
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'L3) and from the heavy chain (H1-H3), ar¢ at

Figure 12.11 The two variable domains v,

and V1 are packed against each other so thy, |
the six hypervariable regions are close to gacy, '
other. (a) Schematic diagram of the packing o¢
the five-stranded 3 sheets of Vg and V; ip IgG
Only four of the B strands are involved jn ~
packing the variable domains against each

other. Strand 3¢ is not involved. (b) SChEmatjc
diagram of the strands viewed end-on in the
variable domain. Hypervariable loop regiong are
red. {¢) Diagram illustrating hypothetica}
packing of the variable domains through the;;
four-stranded sheets. The hypervariable Tegions
would be far apart.

Figure 12.12 Schematic diagram of the parrel
arrangement of four B strands from eacht of the
variable domains in Fab. The six hypervafiable
regions, CDR1-CDR3 from the light chait (L1~

one end of this batrel. (From J. Novotny €t al,
Biol. Chem. 258: 14435, 1983.)



i
L2{49-53)

H1{26-33)

H3(96~1004) O

Figure 12.13 Drawing of a space-filling
model (a) of the hypervariable regions of an
Fab fragment. The superpositions of five
sections are shown, cut through a model as
shown in (b). Tt is clearly seen that all six
hypervariable regions (L1-L3, H1-H3)
contribute to the surface shown here. (From
L3(91-96) Gk C. Chothia and A. Lesk, J. Mol. Biol. 196: 914,

L127-32) H2(52-58) 1987.)

Haptens, a special class of antigens, are smail molecules that induce
specific antibody production when they are attached to a protein thatacts asa
carrier. Phosphorylcholine is one such. It has been widely used in the investi-
gation of immune responses. The specific binding of this hapten to an Fab
fragment has been studied crystallographically by David Davies and co-workers
at NIH, U.S.A. The binding cavity isabout 15 A wide at the mouth and 12 A deep.
It is lined by residues from all CDR loops except the short CDR2 from the light
chain. A number of side chains from these loops bind phosphorylcholine
(Figure 12.14} in a manner that is very similar to that of a substrate or inhibitor
binding to an enzyme.

In enzyme-catalyzed reactions substrates in their transition state bind very
tightly to the enzyme and are positioned close to polar or charged side chains
that participate in catalyzing the enzymatic reaction. It has recently been

Figure 12.14 Schematic representation of the
specific interactions between
phosphorylcholine (brown) and the protein
side groups (green) in Fab. The binding cavity is
in a cleft between the light and the heavy
chains. Choline binds in the interior while the
phosphate group is toward the surface.
(Adapted from E.A, Padlan et al.,
Immunochemistry 13: 945, 1976.)
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Figure 12.15 Space-tilling representation !
complex between lysozyme (green) and the Fa
fragment of a monoclonal antilysozyme (b,
and yellow). The Fab fragment and the arttiger,
{lysozyme) have been separated in this diagr,
and their combining surfaces are viewed eng. '
on. Atoms that are in contact in the compley
are colored red both in Fab and lysozyme,
except Gln 121 in lysozyme, which is violet,
The diagram illustrates the large size of the
interaction surfaces. (After A.G. Amit et a,,
Science 233: 749, 1986; courtesy of R. Poljak )

possible to induce production of antibodies with enzymatic activity by choos- =
ing haptens that are analogues of the transition state of the substrate for a

chemical reaction. When a transition-state analogue is used as a hapten, it |
induces an array of different antibodies that bind the hapten specifically. Some
of these antibodies happen to have charged or polar side chains suitably placed
to promote catalytic reactions of a corresponding substrate. These antibodies
can be isolated as monoclonals and improved upon by recombinant DNA
techniques. This approach seems to be one promising way to convert antibodies
into enzymes with completely novel catalytic functions not previously present
in living organisms. ]

The analysis of hapten binding to antibodies was possible before mono-
clonal antibodies became available because some myeloma proteins bind
haptens. Thus hapten binding was studied as early as 1974. Once monoclonal
antibodies with any chosen specificity could be produced, it became possiblein
principle tostudy the interactions of antibodies with protein antigens. However,
the path from a cell line to a high-resolution three-dimensional antigen-
antibody structure is long, and not until 1986 was the first such investigation
reported by Roberto Poljak and co-workers at the Pasteur Institute, France. They
chose a lysozome-Fab complex because the structure of the enzyme lysozyme
was known and its antigenic properties had been extensively studied.

The shape of the interaction area between lysozyme and the CDR loops of |
the antibody is quite different from the hapten-binding crevice. The interaction
extends over a large area with maximum dimensions of about 20 x 30 A (Figure
12.15). It is an irregular rather flat surface with small protuberances and
depressions that are complementary in the antigen and the antibody. Residues
from all six CDR loops contribute to the antibody surtace and residues from two
stretches of the polypeptide chain of lysozyme, 18-27 and 116-129, form the
antigen surface, There are 17 antibody residues that make close contact with 16
lysozyme residues. These residues pack against each other with a density similar
to that found in the interior of protein molecules. Exchange of some of these
residues would sterically interfere with packing or abolish bonding contacts and
therefore cannot be tolerated. For example, Gln 121 in lysozyme protrudes from
the lysozyme surface and fits snugly into a cleft between the CDR3 loops of Vg
and Vi {(Figure 12.16). On the other hand, there are some imperfections in the
form of holes in the interaction area. Appropriate changes in the CDR loops
could fill these holes and produce an even better fit. This is the sort of
adjustment that can presumably occur through somatic mutations in the
antibody genes and would account for the observation that a second immuni-
zation often gives rise to higher-affinity antibodies.

i
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Two of the 17 antibody residues that make contact with the lysozyme
antigen are from framework regions. These are residues bordering CDR in the
sequence, indicating that the functional distinction between framework and
CDR residues is not absolute in the border between the two regions. But at the
physical center of the interaction area is CDR3 of the heavy chain, which makes
a proportionally greater contribution to the formation of this area than any of
the other CDR loops. Four residues in the heavy-chain CDR3 participate in
interactions with lysozyme, and they are all encoded in the D segment, the
special significance of which now becomes clear. CDR3 of the heavy chain is the
principal focus of the somatic mechanisms for generating antibody diversity
and is central to the specific recognition of protein antigens. It is also the loop
that eludes the predictive formula of Chothia and Lesk.

The surface of lysozyme that interacts with the antibody is built up by
residues from two different regions of the polypeptide chain and is critically
dependent on an intact three-dimensionatl structure of the protein, Yet immu-
nization with isolated peptides from a protein molecule can induce antibodies
that also bind to the intact protein. The peptides that induce these antibodies
must presumably adopt the same conformation as in the intact protein;
otherwise the known structures of protein-antibody complexes tell us nothing
about the mechanism of this recognition.

The structure of lysozyme in the complex is the same as that in crystals of
free lysozyme. No conformational changes of the main chain are seen even in
the regions that bind to the antibody. The binding area in lysozyme, the
antigenic determinant, is inregions exposed tosolvent, but these regionsarenot
particularly flexible. The structure of the Fab fragment complexed to lysozyme
is very similar to the structure of other Fab fragments not bound to their
cotresponding antigen. This implies that no gross conformational changes
occur upon antigen binding. This is only partly true for a second antigen-
antibody complex, the structure of which was determined by Peter Colman and
collaborators, CSIRO, Melbourne, Australia, where the antigen was the influenza
virus protein neuraminidase, whose structure is described in Chapter 5. In this
¢omplex there is a difference within the interaction area between Vi and Vi
such that the CDR loops have been displaced about 3 A compared with other Fab
Structures. It is not known if this difference is due to antibody variability or to
changes induced by antigen binding. In addition, the structure of the antigen,
Neuraminidase, has been somewhat distorted so that itis no longer catalytically
active, On the whole, however, it seems that the classical “lock-and-key”
description is an adequate first-order simplification to describe the interaction
of antibodies with protein antigens. There is no evidence so far of major
conformational changes induced by binding of antigen to antibody, but small
local structural changes may occur to increase the complementarity between
the interacting surfaces of antigen and antibody.
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Lysozyme

Figure 12.16 Detailed views of the
environment of GIn 121 in the lysozyme-
antilysozyme complex. Gln 121 in lysozyme is
colored green both in the space filling
representation to the left and in the ball and
stick model to the right. This side chain of the
antigen fits into a hole between CDR3 regions
of both the heavy (Tyr 101) and the light (Ttp
92) chains as well as CDR1 from the light chain
(Tyr 32). (After A.G. Amit etal, Science 233:
751, 1986.)
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Fab 1 Fab | idiotype Fab 3 anti-anti-idiotype

The structure of an idiotype-anti-idiotype complex
has been determined

The characterization of the interaction between antigen and antibody as a flat
surface provides a satisfactory structural explanation of idiotype-anti-idiotype
reactions in immunology. An idiotope is an antigenic determinant in the
variable domains of an antibody. An idiotype in antibody 1 can induce the
production of antibody 2 whose CDR loops bind to the CDR loops of antibody
1. This is called an idiotype-anti-idiotype reaction (Figure 12.17). Networks
of anti-idiotype and anti-anti-idiotype interactions have been proposed as a
mechanism for regulating immune responses, but extensive interactions of this
sort were hard to envisage on the basis of the cleftlike antigen binding site
suggested by the phosphorylcholine complex. However, an interaction area in
the form of a flat surface can easily accommodate idiotype-anti-idiotype
reactions. 7

It is also easily imaginable that the anti-idiotype of antibody 2 can
structurally mimic the antigenic determinant that induced antibody 1, an idea
that has provided the basis for an innovative strategy for isolating receptor
molecules by raising antibodies against their ligands and then raising anti-
idiotypic antibodies against those antibodies. If the anti-ligand antibody
mimics the binding site of the receptor, then an anti-idiotypic antibody may
recognize the original binding site in the receptor molecule.

This attractive hypothesis has only partly been validated by a recent
structure determination by the group of Roberto Poljak of an idiotype-anti-
idiotype complex. Poljak has managed to crystallize the complex between the
Fab fragment shown in Figure 12.15 and the Fab fragment of one of its anti-
idiotype immunoglobuling. Since the first Fab fragment was derived from a
monoclonal antibody against lysozyme, it was expected that its anti-idiotype
would mimic lysozyme and show similar interactions with the idiotype. This is
not the case.

The structure of the complex shows that the CDR regions of the idiotype
interacts with the CDR regions of the anti-idiotype as predicted (Figure 12.18).
The details of these interactions are, however, not the same as in the idiotype-
lysozyme complex. The anti-idiotype Fab fragment is oriented in the complex
in such a way that its L chain occupies the same interaction area with the

Figure 12.17 Schematic diagram illustrating
the idiotype-anti-idiotype reaction.

Figure 12.18 The three-dimensional structure
of a complex between Fab fragments from an
idiotype immunoglobulin and its anti-idiotype.
The idiotype Fab fragment (L chain, yellow; H
chain, orange) is from a monoclonal antibody
against lysozyme. The anti-idiotype Fab
fragment (L chain, light blue; H chain, dark
blue) is from a monoclonal antibody against
the idiotype. The interaction between these two
Fab fragments takes placé largely through the
hypervariable regions of both fragments.
(Courtesy of R. Poljak.)
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idiotypeas lysozyme does in its complex. The interactions between the idiotype
and the H chain of the anti-idiotype have no countérpart in the lysozyme
complex. The amino acid residues from the anti-idiotype L chain that are
nvolvedin thisinteraction are different from those oflysozymein its interaction
with the idiotype. Details of this interaction are not available at the time of
writing this book, since the structure is not refined, but it is quite clear that the
pinding interactions are different in the lysozyme complex compared to the
anti-idiotype complex.

An IgG molecule has several degrees of
conformational flexibility

farly physicochemical and electron microscopy studies suggested that the Fab
arms were flexible and could move relative to each other and to the Fc stem of
intactIgG molecules. The region of the heavy chains that connects Cy; with Cpyz
and therefore Fab with Fc is called the hinge region. The amino acid sequence
of thisregion includes the cysteine residues that form S-S bridges between heavy
chains and has a high proportion of proline residues that frequently are found
in flexible regions of proteins. The flexibility of the hinge region is important
for the function of immunoglobulins, but it makes immunoglobulins difficult
to crystallize. Therefore, it has been expedient to use antibodies from which the
hinge has been deleted.

Medium-resotution x-tay studies of an IgG molecule lacking its hinge
region, and therefore with Fc rigidly attached to Fab, has provided the picture
of an 1gG molecule shaped like a T with the Fab arms at right angles to the Fc
stem; this structure, however, may not be representative for a functionally intact
IgG molecule that includes the hinge region. The Cys and Cyz domains of each
of the heavy chains associate in Cpz:Cpz and Cpz:Cyz pairs. The Cp3 pair as-
sociate in the same way as the Cyq:Cr pair discussed previously. In conirast,
there is no protein-protein interaction between the Cps domains: instead, a
carbohydrate chain is attached to each Crz domain in the interface region and
forms a weak bridge between them.

In crystals of IgG molecules with intact hinge regions only the Fab moiety
and the beginning of the hinge region are visible: the C-terminal residues of the
hinge region and the Fc parts of the molecules are disordered. From a careful
study of one such molecule and a proteolytic fragment containing two joined
Fab arms, Robert Huber and co-workers in Munich, Germany, have deduced
that there are at least four different orientations of the Fc region in the crystal.
The crystal thus contains a random mixture of at least four different conforma-
tions of the same IgG molecule. Furthermore, the orientation of the two Fab
arms is such that the intact [gG molecule must resemble a Y more than a T. This
shows that the hinge region is a flexible link that allows the Fab arms to move
relative both to each other and to Fc. This flexibility has important functional
consequences. It means that the two antigen binding sites at the tips of the Fab
arms can move relative to each other to bind antigenic determinants separated
by different distances and in different orientations. It also provides flexibility to
the Fe region relative to the Fab that facilitates the effector functions of 1gG.

There is another flexible region in the IgG molecule that is functionally
more obscure. The region of the polypeptide chain that links the variable
domain to the adjacent constant domain, the so-called switch peptide, can
have different conformations. As a result the variable and constant regions of
Fab are oriented differently with respect to each other. This orientation can be
defined by the angle between the local twofold axes that relates Vy to Vi and
ChrtoCy, respectively (Figure 12.19). This “elbow” angleis different in different
Fab structures and varies from 132° to 172°, Even the same Fab molecule can
have different “elbow” angles in different crystal forms. It has been suggested
that antigen binding might trigger a change in the “elbow” angle and thereby
Tansmit a signal through Cy to the Fe effector region. There is, however, no
€Xperimental evidence to substantiate this idea. In contrast, no comelation has
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Figure 12.19 Schematic diagram illustrating
the “elbow” angle between the variable and
constant domains in immunoglobulins.

/
switch peptide
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been observed between the size of the “elbow” angle and antigen binding. These
results strongly suggest that the observed spread of “elbow” angles reflects an
inherent flexibility in Fab with no specific biclogical function.

The structure of a human MHC molecule has provided
insights into the molecular mechanism of T-cell activation

Few protein crystal structures have had such a direct impact as that of the human
class | MHC antigen, human lymphocyte antigen A2 (HLA-AZ2), which was
determined by Pamela Bjorkman in the group of Don Wiley at Harvard
University. MHC molecules are crucial to the activation of T cells, which play
a major role in immune defense. T-cell activation is initiated when the an-
tigen receptors on the surface of these cells bind foreign antigens in combina-
tion with MHC molecules on the surface of other cells. T-cells are also activated
by foreign MHC molecules on the surface of cells from a genetically different
individual. An individual’s own MHC molecules do not normally activate that
individual's T cells because all T cells bearing potentially self-reactive receptors
are eliminated during ontogeny.

There have been major questions in understanding these observations at
the molecular level, primarily the following: How can a very limited number of
MHC molecules recognize and bind an almost unlimited number of antigens
and present them to T-cell receptors in such a way that they discriminate
between self and nonself? Do the T cells see antigen and MHC molecules, which
are firmly attached to the surface of cells, as a single structure or as two separate
entities? These questions were immediately answered by the structure of one
HLA molecule, in combination with many years of detailed molecular genetic
analysis of T-cell-MHC interactions. Furthermore, the structure allows us now
to ask very specific questions about the immune system and answer them by
site-directed mutagenesis of MHC molecules.

Recognition of antigen is different in MHC
compared to immunoglobulins

The class I MHC molecules are plasma membrane proteins expressed in all cells
and which are composed of two polypeptide chains: a heavy chain that spans
the membrane bilayer and a noncovalently attached light chain. Thelight chain
is invariant, but the class I MHC heavy chain is the most genetically poly-
morphic protein known. Fach human individual has three class I genes, and
each of those genes has a very large number of alleles so that any given
individualis likely to have six different class I molecules out of an estimated total
of about 100 in the human population. Exactly how this polymorphism
contributes to the recognition of antigen by T cells is a major question to which
a general answer emerged from the HLA-A2 structure.

The light chain of the class I heterodimer, which is called B2 microglobulin
{B2m) has amino acid sequence homology to the immunoglobulint constant
domains and essentially the same three-dimensional structure. The extracellu-
lar portion of the heavy chainis divided into three domains, ¢1, 2, and o3, each
about 90 amino acids long. The carboxy-terminal domain a3 also shows se-
quence and structural homology to immunoglobulin constant domains, whereas
a1 and o2 have quite different structures. The extracellular portion of HLA-A2
composed of al, 62, a3, and f2m was removed from the cells by proteolytic
digestion and crystallized for high-resolution x-ray analysis.

The structure is divided into two globularregions (Figure 12.20). One region
is built up from the two immunoglobulin-like domains o3 and Bzm. Since a3 is
attached to the membrane in the intact HLA molecule, this region is closest to
the cell surface. These domains are paired through their four-strand B sheets but
in detail quite differently from the pairing of the constant domains Cy1:Cy and
Cp3:Cus in IgG.

The second region, which presumably is facing away from the surface and
which contains the antigen binding site, is composed of domains al and oZ2.
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Each domain has a very similar structure, which is quite simple (Figure 12.21).
Starting from the N terminus the chain forms four up-and-down antiparallel B
strands called a “W” followed by a helical region across the B strands on one side
of the B sheet. The two domains associate by their “W” regionsin such a way that
they are hydrogen bonded to each other in an antiparalle] fashion. By this
association the structure of the complete region has a “floor” of a continuous
eight-strand antiparallel § sheet (Figure 12.21). This floor sits on top of the
immunoglobulin-like domains o3 and fzm. The two helical regions are above
the floor almost paratlel to each other and separated by a large distance, about
18 A from center to center. A large crevice that faces the solution is thus formed
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Figure 12.20 (a) Schematic representation
of the path of the polypeptide chain in the
structure of HLA-AZ. Disulfide bonds are
indicated as two connected spheres. The
molecule is shown with the membrane
proximal immunoglobulin-like domains (a3,
Bzm) at the bottom and the polymorphic al
and o2 domains'at the top. (b} The domain
arrangement in HLA-A2. (Adapted from P.J.
Bjtrkman et al., Nalure 329: 506, 1987.)

Figure 12.21 Schematic representation of the
top surface of HLA-A2. The ol (yellow} and o2
(green) dornains are viewed from the top of the
molecule, showing the empty antigen binding
site as well as the surface that is presumably
contacted by a T-cell receptor. {(Adapted from
P.J. Bjorkman et al., Nature 329: 512, 1987.}
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with the floor forming its bottom and the helices its sides. This crevice is the
antigen bindingsite. In the actual structure that was determined this crevice was
occupied by an unknown antigen, probably a short peptide.

Itis immediately obvious from this structure that the HLA molecule and the
antigen bind to the T-cell receptor as one entity. The antigen is presented in the
form of a short peptide that binds in the crevice and exposes some of its side
chains to the receptor. The dimensions of the crevice, 25 Along, 10 A wide, and
11 A deep, allow the binding of peptides of 8 residues if they are in an extended
form and of about 20 residues if they are folded into an o helix.

The constraints of this binding pocket are wholly consistent with immuno-
logical studies showing that T cells sensitized to cells bearing a specific class [
MHC molecule and infected with influenza virus will recognize cells bearing the
same MHC incubated with short peptides from influenza virus proteins. It
is believed that intracellular pathogens such as viruses betray their presence
when fragments of viral proteins escape from the infected cells and become
associated with the MHC molecules on the surface. In other cases, extracellular
pathogens or foreign proteins may be internalized by cells, degraded in their
lysosomes, and returned to the cell surface for presentation to T cells in
association with MHC. In either case, the HLA structure reveals the nature of the
antigen-MHC complex, and the effect of MHC polymorphism on their function
can be more clearly understood.

The polymorphisms are due to a large number of point mutations at specific
positions in the amino acid sequences of the a1 and o2 domains. Insight into
the structural basis for this polymorphism was provided in 1989 by Don Wiley’s
group. They determined the structure of a second MHC molecule, HLA-Aw68,
which is related to HLA-AZ. The principal differences between the two structures
are in the size and precise location of 13 amino acids (Figure 12.22) that have
been mutated. Five of these differences (orange in Figure 12.22) are located on
the central p strands of the “floor.” They all point up between the two helical
regions and would be buried if the binding site were occupied. Anocther five
mutations have occurred (red in Figure 12.22) on the sides of the helices facing
the binding site and are thus also in a position to bind foreign antigens.
Although each of these individual amino acid differences in the binding cleft
causes only local structural changes, confined to the actual side-chain differ-
ence, the 10 substitutions taken together substantially transform the shape and
charge of parts of the cleft but leave other parts unchanged (Figure 12.23).
Several pockets that extend from the groove beneath the o helices change
drastically and presumably cause major changes in specificity for side chains of
the peptide antigen.

One amino acid difference between HLA-AZ and HLA-Aw68 is at residue 62
(blue in Figure 12.22), whose side chain is at the top face of the helix in ol and

Figure 12.22 Schematic diagram illustrating

the location of amino acid differences between

two HLA-A molecules that are responsible fof |
their polymorphic difference. Residues that
point into the antigenic binding site are orange
and red. Residue 62 (blue) may be involved I
interactions with the T-cell receptor. (Adapte
from P.J. Bjérkman et al., Nature 329: 506,
1987.)
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oints toward the solvent. This residue is a strong candidate for making direct
contacts with the T-cell receptor and may possibly be involved in the dis-
crimination between self and foreign HLA. Thus an immufe response involving
T cells depends on whether, first, a peptide derived from the pathogen can be
successtHY bound in the MHC antigen pocket of any of an individual’s six class
[ moiecules and, second, whether any of his or her T-cell receptors can recognize
the resulting combination of antigen with the remaining exposed polymorphic
residues.

Wwe now have the following picture of T-cell activation: by HLA. The T-cell
receptot, which is composed of four immunoglobulin-like domains, probably
has a binding surface similar to the antibody binding surface. This T-cell-
receptor surfacerecognizes a large surface of the HLA molecule. The HLA surface
is composed of a pattern of side chains from the top of the two helical regions
in HLA as well as side chains from the bound peptide antigen between the
helices. The pattern of side chains on this surface that is given by self-HLA and
foreign antigens is recognized by the T-cell receptor, which binds the complex
with consequent activation of T cells. T cells bearing receptors that bind self-
HLA and seli-antigen never mature but are destroyed inside the thymus.

Conclusion

1gG antibody molecules are composed of two light chains and two heavy chains
joined together to form a T- or Y-shaped molecule. Each light chain has one
variable domain and one constant domain, while each héavy chain has one
variable and three constant domains, All domains have a similar three-dimen-
sional structure known as the immunoglobulin fotd. The stem of the molecule
is formed by association between two constant domains from each of the heavy
chains. Each arm is formed by association between a light chain and the amino-
terminal half of a heavy chain. The hinge region between the stem and the arms
is flexible and provides possibilities for different relative orientations of the arms
and stem.

The constant domain has a stable framework structure composed of two
antiparallel p sheets comprising seven p strands, four in one sheet and three in
the other. The variable domains have a similar framework structure but
comprising nine B strands, five in one sheet and four in the other. The three
hypervariable regions are in loops at one end of the five-strand § sheet. The variable
domains associate at the end of the arms through their five-strand P sheets in
such a way that the hypervariable loop regions from both domains are close
together at the top of a barrel of B strands from both the light and the heavy
chains,

This arrangement of the hypervariable loop regions can form antigen
binding sites of different shapes depending on the size and sequence of the
loops. Haptens induce antibodies with binding cavities, and protein antigens
induce antibodies with extended binding surfaces, which contain grooves or
Pockets for protruding antigen residues.

The lysozyme-antilysozyme interaction area is a large irregular comple-
Mentary surface where antibody residues from all six hypervariable regions
make close contacts with lysozyme residues from two different regions of the
Polypeptide chain. No gross conformational changes occur in antibody or
antigen when they bind together. The third hypervariable region of the heavy
thain is in a central position of the interaction area and makes a large number
of contacts with the antigen. This region corresponds to the D gene segment,
Which, through junctional diversity and addition of nucleotides during the
fecombination events, has the largest sequence variation of the hypervariable
regions.

HLA molecules of class I, which bind foreign antigens and activate T-cell
'®Ceptors, are composed of one light chain, fzm, and one transmembrane heavy
thain. The extracellular portion of the heavy chain is divided into three
domains a1, a2, and «3. The light chain and «3, both of which have the im-
muHOglobulin fold, associate to form one region of the HLA molecule close to
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Figure 12.23 Comparison of the antigen

T

binding site in HLA-A2 (a) and HLA-Aw68 (b).
The blue regions illustrate the shapes of the
cleft between the two o helices, and the red
tegions are pockets beneath the helices that

might bind side chains from the antigen
peptides. (Adapted from T.P.J. Garret et al.,
Nature 342: 692, 1989.)
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the cell surface, Domains o2 and o3, which have the same unique fold, associate
to form a second region, which contains the antigen binding site. This site has
a floor of antiparallel § strands with two o helices on top of the floor separated
by 18 A. Antigens in the form of peptides 8-20 residues long bind in the crevice
between these helices. Residues from the B strands on the floor and from the two
helices on the sides contribute to antigen binding. HLA and antigen thus
present to the T-cell receptors a large binding surface composed of side chains
from the peptide antigen flanked by side chains from the two helices of HLA.
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