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“I

Antigen Recognition by B-cell

and T-cell Receptors

We have 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. Most crucially. they do not allow memory to form as they
operate by receptors that are coded in the genome. 'l'hus. innate immunity is
good for preventing pathogens from growing freely in the body. but it does
not lead to the most important feature of adaptive immunity. which is long-
lasting memory of specific pathogen.

To recognize and tight the wide range of pathogens an individual will
encounter, the lymphocytes of the adaptive Immune system 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 lg. These proteins are produced by B cells
in a vast range of antigen specificities. each B cell producing immunogiobulin
of a single specificity [see Sections 1-8 to 140]. Membrane-bound
immunoglobulin on the B-ceil surface serves as the cell’s receptor for and
gen. and is known as the B-oeil receptor (BCR). immunogiobulin of the same
antigen specificity is secreted as antibody by terminally differentiated B
cells—the plasma cells. The secretion of antibodies. which bind pathogens or
their toxic products in the extracellular spaces of the body, is the main effector
function of B cells in adaptive immunity.

Antibodies were the first molecules involved in specific immune recognition to
be characterized and are still 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 other is to recruit other cells
and molecules to destroy the pathogen once the antibody is bound to it. 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 made by a single individual is large enough to ensure that virtually any
structure can be recognized. The region of the antibody molecule that engages
the effector functions ofthe immune system does not vary in the same way and
is thus known as the constant region or 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 membrane of the B cell. Its function is as
a receptor that recognizes and binds antigen by the V regions exposod on
the surface of the cell. thus transmitting a signal that causes B-cell activation
leading to clonal expansion and specific antibody production.
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Fig. 3.1 Structure 01 an antibody
molecule. Panel a illustrates a

ribbon diagram based on the X-ray
crystallographic structure of an IgG
antibody. showing the course of the
backbones ol the polypeptide chains.
Three globular regions form a Y. The
two antigsnbindlng sites are at the tips
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 tour-chain composition
and the separate domains comprising
each chain. Panel c shows a simplified
schematic representation oi 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 '1‘ cells for activation. These

T-cell receptors (TCRs) are related to immunoglobulins both in their protein
stntcture—having both V and C regions—and in the genetic mechanism that
produces their great variability (see Section 1-10 and Chapter 4]. However.
the T-cell receptor diliers 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 encoded in the large cluster of genes
known as the major histocompatibility complex (MHC) (see Sections 1~16
and l-l'r‘]. 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 show great 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 MHC restriction.
because any given Tvcell receptor is 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 development for 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 pr0perties of
immunoglobulins and T~cell receptors. Although B cells andT cells recognize
foreign molecules in two distinct fashions. the receptor molecules they use
for this task are very similar in structure. We will see how this 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 moleCules of the adaptive immune response.

Theeshucture ot a "typical,.an't'_l'b'_otly-=molecul_e._

Antibodies are the secreted form of the B-cell receptor. An antibody is identical
to the B-cell receptor of 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.
and in the case of antibody it is a hydrophilic sequence that 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 recaptor comes from the study of antibodies.

Antibody molecules are roughly Y-shaped molecules consisting of three
equal-sized portions. loosely connected by a 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 ofthe chapter is to
explain how this structure is formed and how it allows antibody molecules to
carry out their dual tasks—binding on the one hand to a wide variety of anti—
gens. and on the other hand to a limited number of effector molecules and
cells. As we will see. each of these tasks is carried out by separable parts ofthe
molecule. The two arms of the Y end in regions that vary between different
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antibody molecules, the V regions. These are involved in antigen binding,
whereas the stern of the Y. or the C region. is far less variable and is the part
that interacts with effector cells and molecules.

All antibodies are constructed in the same way from paired heavy and light

polypeptide chains, and the generic term immunoglobulin is used for all such
proteins. Within this general category, however, five different classes of
immunoglobulins—IgM, IgD, lgG, IgA, and igE—can be distinguished by
their C regions. which will be described more fully in Chapter 4. More sublle
differences confined to the V region account for the specificity of antigen
binding. We will use the IgG antibody molecule as an example to describe the

general structural features of lmmunoglobulins.

3.1 lgG antibodies consist of tour polypeptide chains.

lgG antibodies are large moleculu, having a molecular might of approximately
150 kDa. composed of mo 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 the light or L chain (Fig. 3.2). Each IgG molecule consists of
two heavy chains and two light chains. The two heavy chains are linked to
each other by disulfide bonds and each heavy chain is linked to a light chain

by a disulfide bond. In any given immunoglobuiin molecule, the mo heavy
chains and the two light chains are identical, giving an antibody molecule
two identical antigen-binding sites (see Fig. 3.1), and thus the ability to bind
simultaneously to two identical structures.

Two types oflight chain, termed lambda [7L] and kappa [it], are found in anti-
bodies. A given irn munoglobulin either has it chains or it chains, never one of
each. No functional difference has been found between antibodies having it
or K light chains, and either type of light chain may be found in antibodies of
any of the five major classes. The ratio of the two types of light chain varies
from species to species. In mice, the average it to 1 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 abnormal proliferation of a clone of B cells. These would all express the
identical light chain, and thus an excess 051 light chains in a person might
indicate the presence of a B-cell tumor producing 7t chains.

By contrast. the class, and thus the effector function. ofan antibody. is defined
by the structure of its heavy chain. There are five main heavy~chain classes or
lsotypes, some of which have several subtypes. and these determine the func-
tional activity ofan antibody molecule. The five major classes oflmmunoglob—
ulin are immtmoglobulln M (13M), immunoglobulin D (IgD), immunoglobulin
G [IgGL immunoglobulin A (IgA), and immunoglobulin E [lgE}. Their heavy
chains are denoted by the corresponding lower-case Greek letter to, 5, 7. 0t,
and E. respectively] . lgG is by far the most abundant immunoglobulin and has
several subclasses [IgGl, 2, 3, and 4 in humans). Their distinctive functional
Properties are conferred by the carboxy— terminal part of the heavy chain,
Where it is not associated with the light chain. We will describe the structure
and hmctions of the different heavy-chain isotypes in Chapter 4. The general
Snuctural features of all the isotypes are similar and we will consider IgG. the
1Mist abundant isotype in plasma. as a typical antibody molecule.

Fig. 3.2 Immumglobulin molecules light chains (yellow) joined by disuliida
Ire 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
Each ll‘l'Imunoglobulin molecule ls made are linked together.
“9 0! Mo heavy chains {green} and two

The structure oi atypical aiiflbody molecule
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CW3: Antlgan Recognition by 3-09]! and T-cell Receptors  

3-2 lmmunoglobuiin heavy and light chains are composed of constant
and variable regions.

The amino acid sequences of many immunoglobulin heavy and light 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-
sponds to a discrete, compactly folded region of protein structure known as
a protein domain. The light chain is made up of two such immunoglobulin

domains. whereas the heavy chain ofthe IgG antibody contains four {see Fig
3.1a]. This suggests that the immunoglobulin chains have evolved by repeated
duplication of an ancestral gene corresponding to a single domain.

The second important feature revealed by comparisons of amino acid
sequences is that the amino-terminal sequences of both the heavy and light
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 bemeen
Immune-globulin chains of the same isotype. The amino-terminal variable or
V domains of the heavy and light chains NH and V[_, respectively] together
make up the V region of the antibody and confer on it the ability to bind
specific antigen. while the constant domains (C domains) of the heavy and
light chains {CH and CL. 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 CHI. C32. and so on.

3-8 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 as the hinge region (see Fig. 3.11:}. Each arm of this
Y-shaped structure is formed by the association of a light chain with the
amino-terminal half of a heavy chain. whereas the trunk of the Y is formed by
the pairing of the carbon-terminal halves of the two heavy chains. The asso-
ciation of the heavy and light chains is such that the V1.1 and VL domains are
paired. as are the CH1 and CL domains. The CH3 domains pair with each other
but the C32 domains do not interact; carbohydrate side chains attached to
the C32 domains lie between the two heavy chains. The two antigembinding
sites are formed by the paired VH and V1, domains at the ends of the two arms
of the Y {see Fig. 3.11)).

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 for its various functions. Limited digestion
with the protease pepsin 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 complete light chains paired with the V" and CHI domains
of the heavy chains. The other fragment contains no antigen-binding activitl'r
but was originally observed to crystallize readily. and for this reason was
named the Fc fragment. for Fragment crystallizabie. This fragment corre-

sponds to the paired (1.42 and CHS domains and is 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 at a typical antibody mime 
Flg. 3.3 The Y-shaped Immunoglobu-
Iin molecule can be dissected by
partial digestion with pretenses.
Papsln cleaves the immunogiobulin
molecule into three places. two Fab
iregmenis and one Fe fragment (upper
panels). The Feb fragment contains the
V regions and binds antigen. The Ft:
iragment is crystallizabie and contains 0
regions. Pepsin cleaves immunoglobuiin
to yield one Flair): fragment and many i
small pieces of the Fc fragment, the !
largest of which is called the ch’ trsg- -
ment (lower panels). Home is written
with a prime because it contains a law
more amino acids than Fab. including
the cysteines that form the disuiflde
bonds.

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 
 

 
 
 

 

 

The protein fragments obtained afierproteolysis are determined byud'rere the
protease cuts the antibody molecule in relation to the disulfide bonds that link
the two heavy chains. These lie in the hinge region heaveen the CH1 and Caz
domains and, as illustrated in Fig. 3.3, pepsin cleaves the antibody molecule
on the amino-terminal side of the disulfide bonds. This releases the two arms

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

another protease. pepsin, cuts in the same general region of the antibody
molecule as pepsin but on the carboxy-terminal side of the disulfide bonds
(See Fig. 3.3). This produces a fragment, the Ftah’la fragment. in which the
MD antigen-binding arms of the antibody molecule remain linked. In this
case the remaining part of the heavy chain is cut into several small fragments.
The Half}; fragment has exactly the some antigen-binding characteristics as
the original antibody but is unable to interact with any effector molecule. it is
thus of potential valuein therapeutic applications of antibodies as well as in
research into the functional role ofthe Fc portion.

Genetic engineering techniques also now permit the construction of many
diiierent antibody-related molecules. One important type is a truncated Feb
comprising only the V domain of a heavy chain linked by a stretch of
ii.‘intltetitr peptide to n v domain of a light chain. This is called sings-chain Fv.
named From Fragment variable. Fv molecules may become valuable theta-
heath: agents because of their small size, which allows them to penetrate
tissues readily. They can be coupled to protein toxins to yield inununotorrins
Wm"! Potential application, for example. in tumor therapy in the case of a Fv
aIliftiifit: for a tumor antigen [see Chapter 14).
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Chapter 3: Antigen Matthieu by B-oeil end T-oell Receptors

Fig. 3.4 Antibody arms are joined by
I. flexible hinge. An antigen oonehting
of two hapten molecules {red balls in
diagrams} that can cross-ilnk two
antigen-binding sites is used to create
antigenmntlbody complexes. wrflch can
be seen in the electron micrograph.
Linear. triangular. and square tonne are
seen. with short projeoiions or spikes.
Limited pepsin digestion removes these
spikes (not shown in the figure}, which
therefore correspond to the Fe portion of
the antibody; the Fieb’}: pieces remain
cross-linked by antigen. The Interpre-
tation oi the oomplexes is show In the
diagrams. The angle between the suns
ot the embody molecules varies. from
0' In the antibody dimers. through 80'
in the triangular tonne, to 90' in the
square iomts. showing that the
connections between the arms are

flexible. Photograph (1:. 300.000}
courtesy of NM. Green.

3-4 mmmunoglobulin 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 movement of 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 i.
Section A-l]. An antigen made of two identical hapten molecules joined by a
short fletdble region can link turn or more anti-hapten antibodies. forming
dimers. trimers. ten-emote. 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. Some flexibility 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 Mo hinge regions
clearly bent difl‘erently. but the angle between the V and C domains in 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 'molecmar ball-
and-socket joint.’ 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.
Fletdbility at the hinge also enables the antibodies to interact with the
andbody—bmding proteins that mediate immune effector mechanisms.

 Anglebetweenarntsleo"
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35 The contains of an immunoglobulin molecule have similar structures.

As we saw in Section 3-2. immunoglobulin heavy and light chains are
60me of a series of discrete protein domains. These protein domains all
have a similar folded structure. Within this basic three-dimensional struc-
tore. there are distinct differences between V and C domains. The structural
.gmlarilies and differences can be seen in the diagram of a light chain in Fig.
1-3.5. Each domain is cooso‘ucted from two [3 sheets. which are elements of
weight structure made up of strands of the polypeptide chain {B strands) .
3.... cited together: the sheets are linked by a disulfide bridge and together form
litmus”? barrel-shaped strttoture. known as a [3 barrel. The distinctive folded

cture oi' the immunoglobulin protein domain is known as the

magnetization fold.

{Both the essential similarity of V and C domains and the critical difi'erence

Wen them are most clearly seen in the bottom panels of Fig. 3.5. where ‘
-the cylindrical domains are opened out to reveal how the polypeptide chain

fluids to create each of the [5 sheets and how it forms flexible loops as it ‘.hhanges direction. The main difierence between the V and C domains is that
‘hevdomain is larger. with an extra loop. We will see in Section 3-6 that the

sflexihle loops of the V domains form the antigen-binding site of the ‘
. immunoglobulin molecule.

 
Fig. 3.5 The atruchire oi immuta-
9lobulin constant and variable
domains. The upper panels show
schematically the raiding pattern of the
constant (C) and variable (V) domains
of an lmmunoglobulln light chain. Each
domain is a barrel-shaped structure in
which strands oi polypeptide chain
([5 strands) running in opposite directions
(antiparallai) pack together to form two
B sheets (shown In yellow and green in
the diagram of the C domain). which are
held together by a disulflde bond. The
way the polypeptide ci'lain folds to give
the fine] structure can be seen more

clearly when the sheets are opened
out. as shown in the lower panels. The
B strands are lettered sequentially with
respect to the order at their occurrence
in the amino acid sequence of the
domains: the order in each B sheet is
characteristic of immunoglobulin
donains. The ii strands C‘ and C" that
are found in the V domains but not in

the 0 domains are indicated by a blue
shaded background. The characteristic
four-ahead plus three-strand (Ci-region
type domain) or four-stand plus five-
slrand (V-reglon type domain) arrange-
ments are typical lrnmumglohuiin
superiamily domain bonding blocks.
found in a whole range of other
proteins as well as antibodies and
T-ceil receptors.
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Chapter 3: Antigen Hamilton by B-celt and T-oall Receptors 

Many of the 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 of similar 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 immunuglobufln superfamily.

Summary.

The [36 antibody molecule is made up of four polypeptide chains. comprising
two identical light chains and two identical heavy chains. and can be thought
of as forming a flexible Y-s'httped 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 isolype. 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 of the Y to generate two identical antigen-
binding sites. which lie at the tips of the arms of the Y. The possession oftwo
antigen-binding sites allovvs antibody molecules to cross-link antigens and to
bind them much more stably. The tmnlt of the Y. or Fc fragment. is composed
of the coronary-terminal domains orthe heavy chains. lolning the arms of the
Y to the tnmk are the flexible hinge regions. The Fc fragment and hinge
regions differ in antibodies of different isotypes. thus determining their
functional properties. However. the overall organization of the domains is
similar in all isotypes.

Theintermfonpftheanflbodymoleculewlih
smiles-oer:

We have described the structure of the antibody molecule and how the V
regions of the heavy and light chains fold and pair to form the antigen-binding
site. In this part of the chapter we will 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 hypervarieble sequence form the antigen-

bintling site.

The V regions ofany given antibody molecule differ from those ofevery other.
Sequence variability is not, however. distributed evenly throughout the V
regions but is concentrated in certain segments of the V region. The distribution
ofvariable amino acids can be seen clearly in what is 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 VL domains. They are designated hypervariable
regions and are denoted HVI, HVZ. and HUB. 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 oithe antibody molecule with specific antigen  
Fig. 3.6 There are discrete regions
at hypervariabllity In V domains. A
variability plot derived from comparison
at the amino acid sequences of several
dozen heavy-chain end light-chain v
domains. At each amino acid position
the degree of variability is the ratio ot
the number of different amino acids
seen in ati oi the sequences together
to the frequency of the most common
amino acid. Three hypervariabte regions
{HV1. HV2, and HVS) are indicated
lnredandareateoimownaethe

complementarity-determining regions.
CD81. CD82. and CDFI3. They are
flanked by less variable framework
regions (FFt1l FFt2. PBS. and Filo.
shown in blue or yellow}.204030501me 6080103120

Residue Herbie

 

 
The most variable part of the domain is in the HVB 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 FRI. F112. PBS. and FR4.

The framework regions form the [3 sheets that provide the structural frame
work of the domain. whereas the hyperveriable sequences correspond to
three loops at the outer edge of the [3 barrei. which are juxtaposed in the folded I
domain (Fig. 3.7]. Thus. not only is sequence diversity concentrated in
particular parts of the V domain but it is localized to a particular region on the l
surface of the molecule. When the V1.1 and VL domains are paired in the anti- I
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 i
antibody combining site. 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
[CURL CDRZ. and CD33). Because (mm from both VH and VL domains con-

tribute to the antigen-binding site. it is the combination ofthe heavy and the
light chain. and not either alone. that determines the final antigen specificity.
Thus, one way in which the immune system 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 consider in 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 shape of the antigen.

In early investigations of antigen binding to antibodies. the only available
Sources of large quantities ofa single type of antibody molecule were tumors
0" antibody-secreting cells. The antigen specilicities ol' the tumor-derived
Elltibotlics were unknown. so many compounds had to be screened to identify
Sands that could be used to study antigen binding. in general. the substances

Lassen - Exhibit 1038, p. 14



Lassen - Exhibit 1038, p. 15

@\ Chapter 3: antigen Recognition by B-cell and Test! Receptors 

'FH1 Hli'i FFL? HVZ F93 HUSH-l4

 
Fig. 3.7 The hypervariable regions antibody molecule. the pairing of a heavy
lie in discrete loops at the folded and a light chain brings together the
structure. When the hypervariable hyperveneble loops from each chain to
regions (CDFts) are positioned on the create a single hyperverlable surface.
structure of a V domain it can be seen which tonne the antigen-binding site at
that they lie in leaps that are brought the tip of each arm.
together in the lolded structure. In the

found to bind to these antibodies were haptens (see Section 3-4) such as
phosphoryicholine or vitamin K1. Structural analysis of complexes of anti-
bodies with their ltaptcn ligands provided the first direct evidence that the
hypervariable regions form the antigen-binding site. and demonstrated the
structural basis ofspeciiicity for the hapten. Subsequently. with the discovery
of methods of generating monoclonal antibodies {see Appendix 1. Section
A-12). it became possible to make large amounts of pure antibodies specific
for many different 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
CDRs of the heavy and light chains creates the site to which an antigen binds.
Clearly, as the amino acid sequences of the (1085 are dlfl'erenl in different
antibodies. so are the shapes of the surfaces created by these CDRs. As a

general principle. 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- and light-
chain V domains (Fig. 3.8, left and center panels). Other antigens. such as a
protein molecule. can be of the same size as. or larger than. the antibody
molecule itself. and cannot fit 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 some cases. 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 suriaces of
antigens.

The biological function of antibodies is to bind to pathogens and their
products. and to 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 antibody is called
an antigenic determinant or epitope. Some of 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 immune response are 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
segments of the protein that are discontinuous in the amino acid 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. Aithough most antibodies raised
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fi’g'ainst intact. l'nlly folded proteins recognize discontinuous epitopes. some
will bind peptide fragments of the protein. Conversely, antibodies raised

against peptides oi a protein or against synthetic peptides corresponding to
5*. of its sequence are occasionally found to bind to the natural folded
- retain. this makes it possible. in some cases. to use synthetic peptides in

.ty'itccines 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 pit. detergents. and sometimes by

|1§ompetition with high concentrations of the pure epitope itself. The binding

figs-therefore a reversible noncovalent interaction. The forces, or bonds.
tiitvolved in these noncovalent interactions are outlined in Fig. 3.9.

IriElectt-ostatir interactions occur between charged amino acid side chains. as
it salt bridges. Interactions also occur between eiectric dipoles, as in

‘ ‘_ ydrogen bonds. or can involve short-range van der Waals Forces. High salt
licoricentralions and extremes oi pl—l disrupt antigen-antibody binding by
(weakening electrostatic interactions andtor hydrogen bonds. This principle
"-?l$"eml110yed in the purification ofantigens using affinity colttmns of immobi-

- antibodies. and vice versa for antibody purification (see Appendix l.
' 011 A' 5]. i-lydmphobic interactions occur when two hydrophobic surfaces

--- 1119 together to exclude water. The strength of a hydrophobic interaction is

'Emportional to the surface area that is hidden from water. For some antigens.
Wophobic interactions probably account for most of the binding energy.

some cases. water molecules are trapped in pockets in the interface
Moan antigen and antibody. These trapped water molecules may also

~00ntrlbute to binding. especially between polar amino acid residues.

@113 Contribution of each of these forces to the overall interaction depends on
1";13aflicttlar antibody and antigen involved. A striking difference between

Imietfldy Iltlcrztctions with protein antigens and most other natural
L'ii'cids ft'Pl'Oietn utteractions is that antibodies possess many aromatic amino

-._ in than antigen-binding sites. These amino acids participate mainly in
der Waais and hydrophobic interactions. and sometimes in hydrogen“as

' n ' 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 suriaces
in the binding sites of antibodies.
The panels in the top row show
schematic representations oi the
dltlerent types of binding site in a Fat:
fragment of an antlbody: left. pocket:
center. groove: right. extended surtace.
Below are examples oi each type. Panei
a: space-filling representation of the
interaction at a small peptide antigen
with the complementarity-determining
regions (CDRs) of a Fab tragmont as
viewed looking into the antigen-binding
site. Seven amino acid residues of the
antigen. shown in red. are bound in the
antigen-binding pocket. Five of the six
CDRs{H1. H2. H3. L1. and L3) interact
with the peptide. whereas L2 does not.
The CDR loops 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 atong a
groove termed between the heavy- and
light-chain V domains {green}. Panel c:
complex between hen egg-white
iysozyme and the Fab fragment of no
corresponding antibody (HyHelS). Two
extended sudaces come into contact.
as can be seen from this computer-
generaled Imago. where the sudden
contour of the lysozyme molecule
(yellow dots) is superimposed on the
antigen-binding site. Residues in the
antibody that make contact with the
lysozyme are shown in lull {red}; for
the rest at the Fab iragmertt only the
peptide backbone is shown [blue]. All
six CDRs oi the antibody are involved
in the binding. Photographs a and b
courtesy of LA. Wilson and RL. Stanfield.
Photograph c courtesy of S. Sheriti.
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Fig. 3.9 The noncovalent [areas that
hold together the antigenmntibody
complex. Partial charges found in
etectric dipoles are shown as 6" or 5'.
Electroatatic forces diminish as the

inverse square of the distance separating
the charges. whereas van der Waals
iorces. which are more numerous in

most antigen—antibody contacts, tall off
as the sixth power of the separation and
theretore operate only over very short
ranges. Covalent bonds never occur
between antigens and naturally
produced antibodies.

 

Attractitin between
neonate charges 

Hydrogen shared
between electronegatlve
atoms {ND} 

 
  
  
  

  
 

Fluctuations in electron
clouds around molecules

Vin “f Walls 1m UDDOSitEly puma
nerd-towing atone

 
 Hydrophobic gmups nieract

uninvorabty with water and  tendto ondrtogetherto 5— o<fl
exclude water molewtes. .5-
The attraction also involves 5+van der Waals forces 0

HAH 

short ranges and serve to pull together two surfaces that are complementary in
shape: hills on one surface must lit into valleys on the other for good binding to
occur. in contrast. electrostatic interactions henveen charged side chains. and
hydrogen bonds bridging oxygen and!or nitrogen atoms. accommodate
specific features or react ivc groups while strengthening the interaction overall.

For example. in the complex of hen egg-white lyaozyme with the antibody
D] .3 iFig. 3.10}. strong hydrogen bonds are formed hetwcen the antibody and
a particular gltttaminc in the tysozymc molecule that protrudes between the
V” and Vi, domains. l..ysozymes front partridge and turkey have another
amino acid in place oitho glotarnine and do not bind to the antibody. in the
high-affinity complex of hen egg-white lysozymc with another antibody.
I-lyHcl5 (see Fig. 3.8c]. two soil ltridgcs between two basic arginittes on the
surface of the lysozyn'lc interact with two glutamic acids. one each from the
V” CDR] and CDlt2 loops. Again. lysozyntes that lack one ol'the two arginine
residues show a litUtJ-i’old decrease in allinity. Although overall surface
complementarity must play an important part in antigen—antibody litter—
actions, specific electrostatic and hydrogen-bonding interactions appear to
determine antibody affinity. 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 rntttagcncsis can further tailor
an antibody's binding to its complementary epitopc.

Fig. 3.10 The complex 0! lysozyme A giutamine residue of Iysozyme. shown
with the antibody Di .3. The Interaction in red. protrudes between the two v
of the Fab fragment of D1.3 with hen domains at the antigen-binding site and
egg—white iysozyme is shown. with the makes hydrogen bonds important to the
lysozyme in blue. the heavy chain in antigen~antibody binding. Original
purple and the light chain in yellow. photograph courtesy of Rd. Poljak.
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tallographic analysis ofantigenmntibody complexes has demon-
' was”: the hypervariable loops (complementsrity-‘determining

of immunoglobulin V regions determine the specificity ofantibodies.
r retain antigens. the antibody molecule contacts the antigen over a
1‘ n38 of its surface that is complementary to the surface recognized

antigen Electrostatic interactions. hydrogen bonds. van der Words
and hydrophobic interactions can all contribute to binding. Amino
b chains in most or all of the hypervariable loops make contact with
'and determine both the specificity and the affinity of the interaction.

tin!“ of the V region play little part [It the direct contact with the
II 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

moment with residues that are discontinuous in the pri mary structure
' olecule: they may. however. occasionally bind peptide fragments

'g protein. and antibodies raised against peptides derived from a
' can sometimes he used to detect the native protein molecule.

fies binding to antibodies usually bind in the cleft between the
arts of the heavy and light chains. where they make specific contact
'ome. but not necessarily all. of the hypervariable loops. This is also

sue] mode ofbinding for carbohydrate antigens and small molecules
as haptens.

 

 
 

 
 
 

 
 

 
 
 
 

 
 
 
 

 

 
 

contrast to the immunoglohulins. which interact with pathogens and their
... products in the extracellular spaces of the body, '1‘ cells only recognize

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

cells have internalized by endocytosis from the extracellular fluid.

- can detect the presence of an intracellular pathogen because infected
display on their surface peptide fragments derived from the
film's proteins. These foreign peptides are delivered to the cell

r- . by Specialized host-cell glycoproteins. These are encoded in a large
r of genes that were first identified by their powerful effects on the
ne response to transplanted tissues. For that reason. the gene

__ Pies was called the major bletocornpattbllity complex (MHC). and the
._tlde-binding glycoproteins are still known as MHC molecules. The
.‘Eflition of antigen as a small peptide fragment bound to an MHC
locale and displayed at the cell surface is one of the most distinctive

ms of T cells. and will be the focus of this part of the chapter. How
tide fragments orantlgel'l become complexed With MHC molecules will

nsidered in Chapter 5.

. part 01' the chapter we will describe the structure and properties of the
Bell “Ellie" receptor. T~cell receptor. or 'I'CR for short. he might be expected

their function as highly variable antigen-recognition structures. T-cell
-. in“ are closely related to antibody molecules in the structure of their

_ . The“? are. however. important differences beMeen T-cell receptors
.1, 1m“"fl-"mgltlhulins that reflect the special features of antigen recognition

'2 . e T-cell receptor. and its lack of effector functions.
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Fig. 3.11 The T-oell receptor
resembles a membrane-bound Fab

fragment. The Feb fragment of
antibody molecules is a disultide-tinlted
haterodimer. each chain of which
contains one immunogiobulin 0 domain
and one V domain; the juxtaposition of
the V domains forms the antigon'binding
site {see Section 3-6}. The T-oell
receptor is aisc a disuliideiinksd
hetero-dimer. with each chain containing
an lmmunoglobulin C~llke domain and
en immunoglobul‘tn V-like domain. As in
the Fab fragment. the iuxtaposition of
the V domains tonne the site tor antigen
recognition.

or drain [i chain

 

3-10 The antigen receptor on T celis is very similar to a Fab iragment of

immunoglobulin.

T-cell receptors were first identified using monoclonal antibodies that bound
only one cloned T—cell line but not others and that could specifically inhibit
antigen recognition by that clone of T cells, or specifically activate them (See
Appendix 1. Section A49). These clonotypic antibodies were then used to
show that each T cell hears about 30.000 antigen~receptor molecules on its
surface, each receptor consisting of two different polypeptide chains. termed
the T—cell receptorot (TCRotl and fl (TCRBJ chains. linked by a disulfide bond
These ocii heterodi mers are very similar in structure to the Fab fragment of an
immunoglobulin molecule (Fig. 3.11}, and they account for antigen recugni-
tion by most '1" cells. A minority of T cells hear an alternative, but structuraily
similar. receptor made up of it different pair of polypeptide chains designated
7 and 8. 7:5 T-cell receptors appear to have different antigen~recognition
properties from the (3:3 T-cell receptors, and the function of 7:5 T cells in
immune responses is not yet entirely clear. in the rest of this chapter. we shall
use the term T~cell receptor to mean the och receptor. except where specified
otherwise. Both types of T-cell receptor differ from the membrane-bound
immunoglobulin that serves as the Bucell 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 es
antibody.

Our initial insights into the structure and function of the anti T‘ccll receptor
came from studies of cloned cDNA encoding the receptor chains. The amino
acid sequences predicted from T-cell receptor cDNAs show clearly that both
chains of the T-cell receptor have an aminonerrninal variable {Vi region with
homology to an immunoglohulin V domain. a constant (C) region with
homology to an immunoglobulin LI domain. and a short hinge region con-
taining a cysteine residue that forms the interchain disulfide bond (Fig. 3.12].
Each chain spans the lipid hilaycr by a hydrophobic transmembrane domain.
and ends in a short cytoplasmic tail. These close similarities of T—cell receptor
chains to the heavy and light immunoglobuiin chains first 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. The structure is indeed similar to that of an antibody Fab frag—
ment. as was suspected from earlier studies on the genes that encoded it The
T-cell receptor chains fold in much the same way as those of a Fab fragment
(Fig. 3.13ai. although the final structure appears a little shorter and wider.
There are. however. some distinct differences between T-cell receptors and
Fab fragments. The most striking difference is in the Co. domain. where the
fold is unlike that of any other immunoglobulin-Iike domain. The half of the

domain that is juxtaposed with the Cp domain forms a [3 sheet similar to that

 

Fig. 3.12 Structure of the T-cell
receptor. The T-ceii receptor hetero-
dimer is composed of two trans-
membrane glycoprotein chains. 0. and ii.
The extracellular portion oi 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 immunoglobmin-Ilke
domains to the membrane and contains

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

unusual in containing positively charged
(basic) residues within the hydrophobic
transmembrane segment. The at chains
carry two such residues; the [i chains
have one.
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.r ' and in other immunoglobulin-like domains. but the other half of the
I omain is formed of loosely packed strands and a short segment of or helix

({Fjg. 3.13b). The intramolecular disulfide bond. which in immunoglobulin-
filte domains normally joins two [3 strands. in a Ca domain joins a ll strand to
I this segment of a. helix.

.jrhere are also differences in the way in which the domains interact. The
interface between the V and (3 domains ofboth T-cell receptor chains is more
jadensive than in antibodies. which may make the hinge joint between the
ardomains less flexible. And the interaction between the Cu and Cg domains is
.‘distinctive in being assisted by carbohydrate. with a sugar group from the (3..

domain making a number of hydrogen bonds to the Cg domain [see Fig.
.-3.13bl. Finally. a comparison of the variable binding sites shows that.
although the complementarity-determining region {CD8} loops align fairly
dosely with those of antibody molecules. there is some displacement relative
to those of the antibody molecule (Fig. 3.13cl. This displacement is particu-
larly marked in the V... (3th loop. which is oriented at roughly right angles to
the equivalent loop in antibody V domains. as a result of a shift in the B strand
that anchors one end of the loop from one face of the domain to the other. A

jsi-strand displacement also causes a change in the orientation of the Vg CDRZ
loop in two of the seven V5 domains whose structures are known. As yet. the
crystallographic structures of only seven T—cell receptors have been solved to

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

3-11 A T-cell receptor recognizes antigen in the lorm of a complex of a
foreign peptide bound to an “RC molecule.

Midge" recognition by T-cell receptors clearly differs from recognition by
B-cell receptors and antibodies. Antigen recognition byB calls involves direct
binding of immunoglobulin to the intact antigen and. as discussed in Section
3-3. antibodils typically bind to the surface of protein antigens. contacting
amino acids mat are discontinuous in the primary structure but are brought
t“Blather in the folded protein. T cells. on the other hand. were found to
resPDtiCi to short contiguous amino acid sequences in proteins. These
slililllences 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
Occurred (Fig. 3.14}.

Fig. 3.13The crystal otnsctltre of an
we T-coll receptor resolved at as A.
In panels a and b the a chain is shown
In pink and the £3 chain in blue. Disulfitle
bonds are shown in green. In panel a. the
T-oeil receptor ls vleived from the dds as
It would sit on a cell surface. with the
CDR loops that term the antigen-binding
site (labeled 1. 2. and 3) arrayed across
its relatively flat top. In panel in, the 0..
and Cg domains are shown. The 0..
domain does nottold into atypical
immunoglobulIn-llko domain: the face of
the domain away from the Cg domain is
molly composed at irregular strands of
polypaMdo remember! 5 street. The
lntramolecular oisdl'ide bond joins a
Deirend to this segment cl 0. helix.
The Interaction between the 0.. and Cg
domains ls assisted by carbohydrate
(colored grey and labeled on the figure}.
with a sugar group from the 0.. domain
making hydrogen bonds to the Cp domain.
In panel 0. the T-oell receptor is shown
aligned with the antigen-binding sites
from three different antibodies. This view

is inciting down into the binding site.
The V" domain at the T-cell receptor is
aligned mm the VL domains of the
antigenblnding sites oi the antbooies.
and the V5 domain ls aligned with the V...
domains. The CD35 of the Tocoll receptor
and immunoglobulin molecules are
colored. with 0085 1, 2. end 3 of the
TCFi shown in red and the HW loop in
orange. For the Immunoglobulln V
domains. the com loops of the heavy
chain (Hi) and light chain (Lil are shown
In light and dark blue, respectively. and
the CDFQ loops (H2. L2) In light and dark
purple. respectively. The heavy-chain
CDRS loops (H31 are in yellow; the light-
chain CDFlas (L3) are in bright green
The HV4 loops'cfihe TOR (orange)
have no hypervarlable counterparts In
immunoglobulins. Photographs courtesy
of LA. Wilson.

Lassen - Exhibit 1038, p. 20



Lassen - Exhibit 1038, p. 21

108 } Chapter 3: Antigen Recognition by B-celi and T-ceil Receptors  

 
Fig. 3.15 The outllne structures at the
004 and CBS co-receptor molecules.
The CD4 molecule contains four
immunoglobuiin-like domains. as shown
In diagrammatic form in panei a. and as
a ribbon diagram of the structure in
panel b. The amino-terminal domain.
0:. is similar In structure to an immune-
globulin V domain. The second domain.
02. although clearly related to an
immunogiobulin dcmain. is different from
both V and C domains and has been
termed a 02 domain. The first two

domains at 004 form a rigid rodillte
structure that is linked to the two

carboxy-terminal domains by a flexible
link. The binding site for MHC class II
molecules is thought to involve both the
D1 and De domains. The (308 molecule
[panels a and c) is a heterodimer of an
or and a [1 chain covalently linked by a
disulfide bond; an eltemative form of
CD8 exists as a homodimer of or chains.
The hetercdimer is depicted in panel a.
while the ribbon diagram in panel c is
or the homodimer. 008cc and 008B
chains have very similar structures,
each having a single domain resembling
an lmmunoglobulin V domain and a
stretch of polypeptide chain. believed to
be in a relatively extended conlormation.
that anchors the V-like domain to the
cell membrane.

Fig. 3.14 Dlflerencee in the recognition
of hen egg-while lysozyme by
immunoglobulins and T-cell receptors.
Antibodies can be shown by X-ray
crystallography to bind epitopes on the
suriace of proteins. as shown in 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 not lie on the suriace oi
the molecule. as the T-cell receptor

recognizes not the antigenic protein itself
but a peptide iragrnent of the protein.
The peptides corresponding to two T-cell
epilopes oi Iysozyme are shown in panel
in. one epitope. shown in blue. lies on
the surface of the protein but a second.
shown in red. lies mostiy within the core
and is inaccessible in the folded protein.
For this residue to be accessible to the
T—celi receptor. the protein must be
unfolded and processed. Panel a
courtesy of S. Sheriff.

  

The nature ofthe antigen recognized by T cells became clear with the realization
that the peptides that stimulate T cells are recognized only when bound to an
MHC molecule. These cell~surface glycoproteins are encoded by genes within
the major histocompatibility complex [Ml-1C]. The ligand recognized by the ”1‘
cell is thus a complex of peptide and MHC molecule. The evidence for involve-
ment olthe MHC in T-ceii recognition of antigen was at first indirect. but it has
recently been proved conclusively by stimulating T cells with purified
peptide:MHC complexes. The T-celi receptor interacts with this ligand by
making contacts with both the MHC molecule and the antigen peptide.

3-12 1‘ cells with dillerent functions are distinguished by CD4 and CBS
cell-surface proteins and recognize peptides bound to difierent
classes oi MHC molecule.

‘1' cells fall into two major classes ll‘lill have different effector functions. The
two classes are distinguished by the expression of tilt: cell-surface proteins
(204 and C08. Those two types all cell differ in the class of Ml-IC molecule
they recognize. 'l’horc on: two classes of Milt: molccqu—MHC class I and
MHC class Ilfiwhich differ in their structure and expression pattern on

 

CDd
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Milt. classll.'lHC class; ll

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

that they play an important part in the direct recognition of MHC class ii and
MHC class 1 molecules, respectively. CD4 binds to the MHC class II molecule
and CBS to the MHC class] molecule. During antigen recognition, depending
on the type of T—cell. CD4 or C08 molecules associate on the T—cell surface
with the T-cell receptor and bind to invariant sites on the MHC portion ofthe
composite MHC:peptide ligand. This binding is required for the T cell to
make an effective response. and so CD4 and CD8 are called can-receptors.

CD4 is a single-chain molecule composed of tour immunoglobulin-likc
domains (Fig. 3.15}. The first two domains [D1 and D3) of the CD4 molecule
are packed tightly together to form a rigid rod some 60 fit long. which is joined
by a flexible hinge to a similar rod formed by the third and fourth domains
(D3 and D4}. CD4 binds MHC class II molecules through a region that is located
mainly on a lateral face of the first domain, D1. Because C04 binds to a site
on the [33 domain of the MHC class II molecule that is well away from the site
where the T—cell receptor binds (Fig. 3.16s). the CD4 molecule and the T—cell
receptor can bind the same peptide:MHC class II complex. CD4 interacts
strongly with a cytoplasmic tyrosine kinase called Lek. and can deliver this
tyrosine kinase into close proximity with the signaling components of the
T-cell receptor complex. This results in enhancement of the signal that is
generated when the ‘i-cell receptor binds its peptide:Ml-IC class ll ligand. as

we will discuss further in Chapter 6. When CD4 and the T—cell receptor can
Simultaneously bind to the same MHC class l'l:peptide Complex. the sensitivity

fill a T cell to antigen presented by MHC class II molecules is markedly
increased; the Tscell in this case requires loo-fold less antigen for activation.

(ID-l binding to an MIIC class ll molecule on its own is weak. and it is not
Clear whether such binding would he able to transmit a signal to the interior
of the 1‘ cell. As shown in Fig. 3.1T. (SIN can l'orln honiodirners through a site
I“ the l); domain. which leaves the Ml-lC—hinrling site free to interact with an
Ml It.‘ class [i molecule. Thus. the (11).! tlitner could cross—link two MHL‘ class

ll I'nnli‘t'ules and thus the two 'l‘vcell receptors bound to them. Whether the
dIInr-rrmtion of (:04 is important in its co-receptor function is nol known
:11 fill-sent.

Fig. 3.16 The binding sites for CD4
and CBS on MHC class II and class I

molecules lie in the immunoglobulin—
like domains. The binding sites for
CD4 and 008 on the MHC class ll and
class I molecules. respectively. lie in the
immunoglobulin-Iilte domains nearest
to the membrane and distant from the

peptidebinding cleft. In panel a. the
blndlng site for CD4 is shown as a
bright green surface. It lies at the base
of the B2 domain oi an MHC class ll
molecule and is distant from the

peptide-binding site at the top oi the
molecule. The or chain of the MHC class

II molecule is purple, and the Behain is
while. In panel b. the binding site for
CD8 is also shown as a green surface.
at the base oi the as domain of the
MHC class 1 molecule. The or chain of
the class I molecule is white. and the
fig-microglobulln is purple. Photographs
courtesy of C. Thorpe.

 
Fig. 3.1? GEM is capable of torming
dimers. The stmcture of the extra—
cellular domains of the 004 molecule

has been determined by X-ray
crystallography. Two molecules of CD4
can interact with each other through
their D4 domains. torming homodimers.
The site that binds MHC class ll
molecules remains available in such
dimers.
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Fig. 3.13 CD6 binds to a stile on MHC
class i molecules distant from that to

which the T—cell receptor binds. The
relative positions at the T-cell receptor
and CD8 molecules bound to the same
MHC class i molecule can be seen in

this hypothetical reconstmction of the
Interaction of an MHC class I molecule

{the or chain is shown in green: 32'
microgiobulin (dull yellow} can be seen
faintly in the background) with a T—cell
receptor and 008. The a and IS chains
of the T-cell receptor are shown in pink
and purple. respectively. The CD8
structure Is that of a 0080i homodimer.
but is colored to represent the likely
orientation oi the subunits In the hetero-
dimer. with the 0080: subunit in red and
the COBB subunit in blue. Photograph
courtesy of G. Geo.

Although CD4 and CD8 both function as CO-fBCeptOIS. their structures are

quite distinct. The CD8 molecule is a disulfide-linked heterodirner consisting
ofan or and a B chain. each containing a single immunoglobulin-like domain

linked to the membrane by a segment of extended polypeptide chain (see Fig.
3.15). This segment is 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-
dlrners, although these are not found when the CDSB chains are present.

CD8 binds Weakly to an invariant site in the as domain of an MHC class I
molecule (Fig. 3.16b]. which is equivalent to the site in MHC class II moleculea
to which CD4 binds. Although only the interaction of the CDBDI. homodirner
with MHC class I is so far known in detail. it is clear from this that the MHC.

class I binding site of the CD8 cell heterodimar will be formed by the interaction
of the CDBot and l] chains. In addition. CD8 (most probably through the or
chain) interacts with residues in the base of the (12 domain of the MHC close

I molecule. Binding in this way. C08 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 Lek through the
cytoplasmic tail of the or chain and brings it into close proximity with the
T-cell receptor. And as with CD4. the presence of CD8 increases the sensitivity
of T cells to antigen presented by MHC class 1 molecules by about IOU-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-receptor proteins are only distantly related.

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

MHC class I and MHC class II molecules have a distinct distribution among
cells that reflects the different effector functions of the T cells that recognize
them (Fig. 3.19). MHC class I molecules present peptides from pathogens.
commonly viruses. 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 clase [ molecules. although the level of
constitutive expression varies from one cell type to the next. For example.
cells of the immune system express abundant MHC. class I on their surface.
whereas liver cells (hepatocytes) express relatively low levels {see Fig. 3.19).
Nonnucleated cells. such as mammalian red blood cells. express little or no
MHC class I. and thus the interior ofred blood cells 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 consequence for Viral infection. but it may
be the absence ofMHC. class I that allows the Piosmodium species that cause
malaria to live in this privileged site.

In contrast. the main function of the CD4 T cells that recognize MHC class II
molecules is to activate other effector cells of the immune system. Thus MHC
class 11 molecules are normally found on B lymphocytes. dendritic cells. and
macrophages—cells that participate in immune responses—but not on other
tissue cells (see Fig. 3.19}. When CD4 T cells recognize peptides bound to MHC
class I] molecules on B cells, they stimulate the B cells to produce antibody
Likewise. CD4 T cells recognizing peptides bound to MHC class II molecules
on macrophages activate these cells to destroy the pathogens in their vesicles
We shall see in Chapter 8 that MHC class II molecules are also expressed on
specialized antigen-presenting cells in lymphoid tissues where naive T cells
encounter antigen and are first activated. The expression of both MHC class I
and MHC class II molecules is regulated by cytolcines. in particular interfer-
ons, released in the course of immune responses. Interferon-tr (IFN-y}. for
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example. increases the expression of MHC class I and MHC class II molecules.
and can induce the expression of MHC class I] molecules on certain cell types
that do not normally express them. Interferons also enhance the antigen-
ptlescnting function of MHC class I molecules by inducing the expression of
key components of the intracellular machinery that enables peptides to be
loaded onto the MHC molecules.

344 The two classes of “HG molecule have distinct subunit structures
but similar three-dimensional structures.

The two classes of MHC molecule diifer from each other in their structure

and also have different distributions on the cells of the body. ‘I‘heir different
structures enable the two classes of MHC molecules to serve distinct func-

tions in antigen presentation. binding peptides from different intracellular
Bites and activating dtfierent subsets of T cells. as we will see in Chapter 5.
Deepite their differences in subunit structure, however, MHC class i 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 domains distal to the membrane fold together to
Create a long cleft. or groove. which is the site at which a peptide binds.
PUrilied pcptide:M]-IC class i and peptide:Ml-IC class 1] complexes have been
characterized structurally. allowing us to describe in detail both the MHC
moiecules themselves and the way in which they bind peptides.

antigen recognition by T cells

Fig. 3.19 The expmselon of MHC
molecules differs between tissues.
MHC class I molecules are expressed
on all nucleated cells. although they are
most hlghly expressed In hemaiopoietlc
cells. MHC class II molecules are

normally expressed only by a subset
of hematopoietic cells and by thymic
shame] cells. although they may be
expressed by other cell types on
exposure to the inflammatory Wine
Interferonqr. 'In humans. activated T
cells express MHC class II molecules.
“morass in mice. all T cells are MHC
class ll-negetlve. 1' In the brain. Inosl
cell types are MHC class Il-negatlve
but microglla. which are related to
macrophages. are MHC class li-posilive.
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Fig. 3.20 The structure of an MHC
class I molecule determined by lit-ray
crystallography. Panel a shows a
computer graphic representation ol a
human MHC class I molecule. HLA—A2.
which has been cleaved from the cell
surlace by the enzyme papain. The
surface of the molecule is shown. colored
according to the domains shown in
paneis b—d and described below. Panels
b and c show a ribbon diagram of that
structure. Shown schematically in panel
d, the MHC class I molecule is a hetero-
dimer of a membranespanning or chain
{molecular weight 43 kDa) bound
noncovaienlly to Bg-rnicroglobulln
(12 kDaJ, which does not span the
membrane. The or chain folds Into three

domains: on. dig. and 0:3. The as, domain
and fig-microglobulin show similarities in
amino acid sequence to immunoglobulin
0 domains and have similar folded
structures. whereas the on and or;
domains told together into a single
structure consisting oi two segmented
o. helices lying on a sheet oi eight
antlparallel It strands. The folding ol the
on and or: domains creates a long cleft
or groove. which is the site at which
peptide antigens bind to the MHC
molecules. The transmembrane region
and the short stretch of peptide that
connects the external domains to the

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

or helices; the h-plested sheet formed by
the pairing of the on and (:2 domains
creates the floor of the cleft. We shall
use the schematic representation in
panel d throughout this text.

 

peptide-bindingcleft

 

 
peptide-bindhg

_ dell

 
  

 

MI IC. class I structure is outlined in Fig. 3.20. MHC class I molecules consist
of two polypeptide chains. a larger 0: chain encoded in the MHC genetic
locus. and a smaller noncovalently associated chain. Bg-rnicroglobulln.
which is not polymorphic and is not encoded in the MHC locus. Only the
class i a chain spans the membrane. The complete molecule has four
domains. three formed from the MI lC-encodcd or chain. and one contributed

by Blamicroglobulin. The on domain and flg-rnicroglobulin have a folded
structure that closely resembles that of an intmunogiohulin domain. The
most remarkable feature of MHC ciass l molecules is the structure ol'the folded

or. and a: domains. These two domains form the walls of a cleft on the

surface of the molecule: this is the site ol'pcptide binding. They also are sites
of polymorphisms that determine 'l'-ce|| antigen recognition {see Chapter 5}.

An MHC class II molecule consists of a noncovalcnt complex oftwo chains. or
and 3. both of which span the membrane (Fig. 3.2”. The MHC class II cc and
[ichains are both encoded within the mic. The crystallographic structure of
the MHC class [I molecule shows that it is folded very much like the MHC
class I molecule. The major differences lie at the ends of the peptide—binding
cleft. which are more open in MHC class II molecules compared with MHC
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class 1 molecules. The main consequence of this is that the ends of a peptide
bound to an MHC class I molecule are substantially buried within the mole-
cule. whereas the ends of peptides bound to MHC class ll molecules are not.
Again, the sites of major polymorphism are located in the peptide-binding
cleft. which in the case ofan MHC class 1] molecule are formed by the 0n. and
[5] domains (see Chapter 5).

In [10th MHC class I and class II molecules, bound peptides are sandwiched
between the two ot~helical segments of the MHC molecule (Fig. 3.22). The
T-cell receptor interacts with this compound ligand. making contacts with
both the MHC molecule and with the peptide fragment of antigen.

345 Peptides are stablyr bound to MHC molecules, and also serve to
stablllze 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
1' cells are to be alerted to all possible infections, then the MHC molecules
on each cell [both class I and class II) must be able to bind stably to manyr

different peptides. This behavior is quite distinct from that of other peptide-
bHiding receptors, such as those for peptide hormones. which usually bind

I¥

Fig. 3.21 MHC class II molecules
resemble MHC class I molecules to
overall structure. The MHC class II

molecule is composed of two trans—
membrane glycoprotein chains. or
{34 kDal and B (29 koa), as shown
schematically in panel a. Each chain
has two domains. and the two chains
together form a compact four-domain
stmcture similar to that of the MHC

class I molecule (compare with panel d
of Fig. 3.20). Panel a shows a computer
graphic representation oi the surface of
the MHC class II molecule. In this case
the human protein HLA-DFH. and panel
I: shows the equivalent ribbon diagram.
The 0.2 and 332 domains. like the on and
Brmlcroglobulln domains ol the MHC
class I molecule. have amino acid
sequence and structural simflan‘ties
to lmmunoglobulin C domains: in the
MHC class ll molecule. the two domains
tom-ting the peptideabinding cleft are
contributed by diflerenl chains and are
therefore not joined by a covalent bond
(see panels c and d]. Another important
difiarence. not apparent in this diagram.
is that the peptide-binding groove of the
MHC class ll molecule is open at both
ends.

Antigen recognition bchells l 113: l
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Fig. 3.22 MHC molecules bind
peptides tightly within the cleft. When
MHC molecules are crystallized with a
single synthetic peptide antigen. the
details of peptide binding are revealed.
in MHC class I molecules (panels a and
c] the peptide is bound in an elongated
conformation with both ends tightly
bound at either end of the etch. In the

case of MHC class II molecules (panels
b and d), the peptide is also bound in an
elongated conformation but the ends of
the peptide are not tightly bound and the
peptide extends beyond the 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 type of peptide. The crystal structures of peptideMHC cumpchtEs
have helped to show how a single binding site can bind peptides with high
affinity while retaining the ability to bind a wide variety of different peptides.

An important feature of the binding of peptides to MHC molecules is 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. The stability of
peptide binding is important. because otherwise, peptide exchanges occur-
ring at the cell surface would prevent peptiderMHC complexes from being
reliable indicators of infection or of uptake of specific 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
MHC molecules by denaturing the complex in 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 with structural analysis of the peptide:Ml-IC 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 i molecules bind short peptides of 8-10 amino acids by
both ends.

The binding ofa peptide in the peptide-binding cleft of an MHC class I molecule
is stabilized at both ends by contacts between atoms in the free amino and
carboxy termini of the peptide and invariant sites that are found at each end
of the cleft of all MHC class [molecules (Fig. 3.23]. These contacts are thought
to be the main stabilizing contacts for peptide:MHC class I complexes
because synthetic peptide analogues lacking terminal amino and carboxyl
groups fail to bind stably to MHC class I molecules. Other residues in the
peptide serve as additional anchors. Peptides that bind to MHC class i
molecules are usually 3—10 amino acids long. The peptide lies 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 MHC class I molecules where the peptide is able
to extend out of the groove at the carboxy terminus suggest that some length
variation may also be accommodated in this way.

These interactions give all MHC class I molecules their broad peptide-binding
specificity. In addition. MHC molecules are highl}r polymorphic. There are
hundreds of different versions. or alleles. of the MHC class i genes in the
human population as a whole. and each individual 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 consequence of this is that the different Ml-lC variants preferentially bind
different peptides. The peptides that can bind to a given MHC variant 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 molecule that are lined by the poly-
morphic amino acids. Because the binding of these side chains anchors the
Peptide to the MHC molecule. the peptide residues involved have been called
anchor residues. Both the position and identity of these anchor residues can
vary, depending on the particular MHC class I variant that is binding the
peptide. However, most peptides that bind to MHC class I molecules have a
hydrophobic [or sometimes basic) anchor residue at the carboxy terminus
(Fig. 3.24}. Changing an anchor residue can prevent the peptide from binding
and. conversely. most synthetic peptides of suitable length that contain these
anchor residues will bind the appropriate MHC class I molecule, in most
Cases irrespective of the amino acids at other positions in the peptide. These

features of peptide binding enable an individual MHC class 1 molecule to
bind a wide variety of different peptides, yet allow different MHC class I allelic
variants to bind different sets of peptides.

 
 

  

  

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

bone oi a bound peptide (shown In
yellow} through a series of hydrogen
bonds and ionic interactions (shown as
dotted blue lines) at each end or the
peptide. The amino terminus of the
peptide is 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 I molecules
and their side chains are shown in full

(In grey) upon a ribbon diagram of the
MHC class I groove. A chlster of tyrosine
residues common to all MHC class 1

molecules forms hydrogen bonds to the
amino terminus oi the bound peptide.
while a second cluster of residues forms

hydrogen bonds and ionic interactions
with the peptide backbone at the carbonylr
terminus and with the carboxy terminus
itself.

IEEHHOEEOI
IHEIHOEEOI
UflEEEOEEOI

IIOEHIEHIOI
IEOEEEEIEOI

IEOHIIIIIOI
IEOHEBMEEOI

Fig. 3.24 Peptides blnd to MHC
molecules through structurally
related anchor residues. Peptides
eluted from Mo difierent MHC class I
molecules are shown. The andtor

residues [green] differ for peptides that
bind diflerent alleles ol MHO class I
molecules but are similar for all peptides
that bind to the same MHC molecule.

The upper and lower panels show
peptides that bind to two different alleles
of MHC class I molecules. The anchor

residues that bind a particular MHC
molecule need not be identical. but are
always related (for example. phenyl-
alanine [F) and tyrosine {Y} are both
aromatic amino acids. whereas valine

(V). loucine (L). and isoleucine {I} are
all large hydrophobic amino acids).
Peptides also bind to MHC class I
molecules through their amino {blue}
and carboxy (redl termini.
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Fig. 3.25 Peptides bind to MHC class
ll 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 tenninus to
the right), is bound by an MHC class II
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 oi the peptide are made with
the backbone of the MHC class II poly—
peptide chain. whereas throughout the
peptide‘s length bonds are made with
residues that are highly consented In
MHC class II molecules. The side
chains of these residues are shown in

gray upon the ribbon diagram of the
MHC class II groove.

it: I} c a— ' n ' B-cel decsllFt.l 4 hater .Anttgen acognllron by I - eceptors

3~17 The length of the peptides bound by till-l0 class II molecules is not
constrained.

Peptide binding to MHC class I] molecules has also been analyzed by elution
of bound peptides and by X-ray crystallography. and differs in several ways
from peptide binding to MHC class I molecules. Peptides that bind to Milt:
class II molecules are at least 13 amino acids long and can be much longer.
The clusters of conserved residues that bind the two ends of a peptide in
MHC class 1 molecules are not found in MHC class II molecules. and the ends

of the peptide are not bound. Instead, the peptide lies in an extended confor-
mation along the MHC class II peptide-binding groove. It is held in this
groove both by peptide side chains that protrude into shallow and deep pock~
ets lined by polymorphic residues. and by interactions between the peptide
backbone and side chains of conserved amino acids that line the peptide-
binding cleft In all MHC class 11 molecules (Fig. 3.25). Although there are
fewer crystal structures of MHC clues ll-bound peptides than of MHC class i.
the available data show that amino acid side chains at residues 1. 4. ii. and 9

ofan MHC class ll-bound peptide can be held in these binding pockets.

The binding pockets of MHC class [I molecules are more permissive in their
accommodation of different amino acid side chains than are those of the

M HC class 1 molecule, making it more difficult to define anchor residues and
predict which peptides will be able to bind particular MHC class 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 of the different alleles of MHC class II molecules. and to model how

the amino acids of this peptide sequence motif will interact with the amino
acids that make up the peptide-binding cleft in the MHC class ll molecule.
Because the peptide is bound by its backbone and allowed to emerge from
both ends ol’ the binding groove there is. in principle. no upper limit to the
length of peptides that could bind to MHC class it molecules. However. it
appears that longer peptides bound to MHC class ll molecules are trimmed
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Fig. 3.26 Peptides that bind MHG class II molecules are lengths of these peptides can vary. and so by convention the
variable in length and their anchor residues Ile at various first anchor residue is denoted as residue 1. Note that all of the
distances from the ends of the peptlde. The sequences of a peptides share a negatively charged residue (aspartic acid (D)
set oi peptides that bind to the mouse MHC class II A" allele are or glutamlc acid {Ell In the P4 position {blue} and tend to have 3
shown in the upper panel. All contain the same core sequence hydrophobic residue (for example. tyrosine (Y). leucine (L).
but differ in length. In the lower panel. dlfierent peptides binding proline (P). phenylalanine [F)) In the P9 postdoc (green).
to the human MHC class II allele HLA-DFIS are shown. The

by poptidases to a length of 13—17 amino acids in most cases. Like MHC class
I molecules. MHC class 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 lmown.

3-18 The crystal structures of several ”HezpoptidezT-oell receptor
complexes all 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 1 ligand was also produced. This structure (Fig. 3.27].
WhiCh had been forecast by site-directed mutagenesis of the MHC class 1
molecule. showed the T-cell receptor aligned diagonally over the peptide and
the peptide-binding groove. with the T-cell receptor or chain lying over the or:
domain and the amino-terminal end of the bound peptide, the T-cell
receptor {3 chain lying over the or; domain and the carboxynerminal end of

the peptide. with the CDR3 loops of both T-cell receptor or and T-cell receptor
l5 meeting ever the central amino acids of the peptide. The T—cell receptor is
threaded through a valley bmeen the two high points on the two surrounding
a helices that form the walls of the peptide-binding cleft.

analysis of other MHC class I:peptide:T-cell receptor complexes and of the
Slnglc example so far of an MHC class II:peptide:'I‘-cell receptor complex (Fig.
3-23} shows that all of them have a very similar orientation. particularly for
the Vol domain. although some variability does occur in the location and
Orientation of the VI; domain. In this orientation. the V... domain makes contact
Primarily with the amino terminus of the bound peptide. whereas the VI;
domain contacts primarily the carboxy terminus of the bound peptide. Both

—
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Fig. 3.27 The T—eetl receptor binds to
the MHC:peptlde complex. Panel a: the
T—cell receptor binds to the top of the
MHC—zpeptide complex. straddling. in the
case of the class I molecule shown here.
both the 0:1 and org domain helices. The
CDfis oi the T-ceil receptor are indicated
in color. the CDl-‘it and CDFIE loops of
the {5 chain in light and dart: blue.
respectively: and the CDFti and CDFI2
loops of the or chain In light and dark
purple. respecthrely. The 0‘. chain CDFl3
loop is in yellow while the [5 chain CDFlS
icon is in green. The [3 chain HV4 loop is
orange. Panel b: the outline of the T-oell
receptor antigen-binding site (mick black

surface oi the MHC:peptlde complex
(the peptide is shaded dull yellow}. The
T-cell receptor lies diagonally across the
MHC:peptll:le complex. with the o. and
B CDFta loops of the T-cell receptor
(30:. as. yellow and green. respectively)
contacting the center of the peptide.
The or chain ODE-t1 and 0082 loops (1 or.
20:. light and dark purple. respectively}
contact the MHC helices at the amino

terminus of the bound peptide. whereas
the fi chain GDFH and CDR2 loops tip.
213. light and dark blue. respectively)
make contact with the helices at the

carboxy terminus of the bound peptide.
Courtesy of LA. Wilson. line} is superimposed upon the top

chains also interact with the ct helices of the MHC class 1 molecule {see Fig,
3.27). The T-cell receptor contacts are not symmetrically distributed over the
MHC molecule. so whereas the V“ CDRI and CDR2 loops are in close contact
with the helices of the MHC:peptide complex around the amino terminus of
the bound peptide, the B~chsin CDRl and C0112 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 V.1 contacts are responsible for
the conserved orientation of the T-ccll 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-peptlde ligand could
address the question of whether the T~cell receptor. like some other receptors.
undergoes a conformational change, or ‘induced fit.‘ in its three-dimensional
structure when it 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 bound to 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 receptor are all formed at O "C or below. which locks the
receptor into a single conformation. However. subtly different peptides can
have strikingly different effects when the same T cell recognizes either of the
two peptides complexed with MHC. This could be due to differences in how
T~cell receptor conformation is altered by binding the two related yet differ-
ent ligands. Recent evidence also suggests that the temperature at which the
T-ccll receptor binds to a particular peptideMHC 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
confonnational change.

From an examination of these strucmres it. is hard to predict whether the
main binding energy is contributed by T-cell receptor contacts with the
bound peptide. or by T-cell receptor contacts with the MHC molecule. it is
brown that alterations as simple as changing a leucine to isaleucine in the
peptide are sufficient to alter the T-cell response from strong killng to
absolutely no response at all. Studies show that mutations of single residues
in the presenting MHC molecules can have the same effect. Thus, the
specificity of T-cell recognition involves both the peptide and its presenting
MHC molecule. This dual specificity underlies the MHC restriction ofT-cell
responses. a phenomenom that was observed long before the peptide-
binding properties of MHC molecules were known. We will recount the story
of how MHC restriction was discovered when we return to the issue of how

MHC polymorphism affects antigen recognition by T cells in Chapter 5.
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Antigen recognition by T cells 

Another consequence of this 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 development for a repertoire of receptors able to interact appropriately
with the particular MHC molecules present in that individual. We will be
discussing the evidence for this in Chapter 7.

3-19 A distinct subset ofT cells bears an alternative receptor made up of
yand 5 chains.

During the search for the gene for the T-cell receptor ct chain. another T-cell

receptorlilte gene was unexpectedly discovered. This gene was named T-cell
receptor 1. 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 y chain and was called the 5 chain. It was soon discovered
that a minority population of T cells bore a distinct type of T-cell receptor
made up 0f715 heterodimers rather than tell heterodlmers. The development
of these cells is described in Sections 7-13 and 7-14.

To date, there is no crystallographic structure of a 1:8 T-cell receptor,

although it is expected to be similar in shape to cell T—cell receptors. 7:5 'l‘vcell
receptors may be specialized to bind certain kinds of ligands. including heat-
shock proteins and nonpeptide ligands such as mycobacterial lipid antigens.
it seems likely that 1".8 T-cell receptors are not restricted by the 'classical'
MHC class I and class II molecules. They may bind the free antigen, much as
immunoglobulins do, andlor they may bind to peptides or other antigens
presented by neoclassical MHC—lilte molecules. These are proteins that
resemble MHC class i molecules but are relatively nonpolymorphic. We still
know little about how 7:5 T~cell receptors bind antigen and thus how these
cells function. and what their role is in immune responses. The structure and
rearrangement of the genes for 7:8 T-cell receptors is covered in Sections 4-13
and 7-13 and the functions of $3 T cells are considered in Chapter 8.

Summary.

The receptor for antigen on most T cells. the cell T-cell receptor. is composed
of two protein chains, T-cell receptor tr and T-cell receptor B. and resembles

in many respects a single Fab fragment of immunoglobuiin. T-cell receptors
are always membrane-bound. ccfl 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 histocompatibillty 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 bound stably
in a peptide-binding cleft on the surface of the MHC molecule. There are two
classes of MHC molecules and these are bound in their nonpolyrnorphic
domains by CD3 and CD4 molecules that distinguish two different hmctional
Classes of cell T cells. CD8 binds MHC class [ 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-rcceptor and enhancing the T-cell
l'l‘alponse: CD4 binds MHC class it molecules and acts as a co-receptor for

T-Cell receptors that recognise class ll MHC:peptide ligands. T-cell receptors
interact directly 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 I and MHC class II
molecules in a similar fashion. The

structure of a T-cell receptor binding to
an MHC class Ii molecule has been

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

(see Fig. 32?). The structure of the
molecules is shown in a cartoon form.
with the MHC class It or and [3 chains
shown in light green and orange
respectively. Only the V... and V9
domains oi the T-coll receptor are
shown. colored in blue. The peptide
is colored red. Mills carbohydrate
residues are indicated in gray. The TCH
sits in a shallow saddle formed between

the MHC class It at and B. chain tit-helical
regions. at roughly 90' to the long axis
of the MHC class II molecule and the
bound peptide. Courtesy of
E.L. Fleinherz.

 or? '
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Chapter 3: Antigen Recognition by B-cell and Tech Receptors 
MHC restriction of T-cell responses. A second type of T—cell receptor,
composed of a y and a 5 chain, is structurally similar to the cell T-cell receptor
but appears to bind different ligands. including nonpeptide ligands. [t is not
thought to be MHC restricted. It is found on a minority population ofT cells.
the 7:8 T cells. whose biological function is still not clear.

Summary to Chapter 3.

B cells and T cells use different. but structurally similar. molecules to recognize
antigen. The antigen-recognition molecules of B cells are immunoglobuiins.
and are made both as a membrane-bound receptor for antigen. the B-cell
receptor. and as secreted antibodies that bind antigens and elicit humeral
effector functions. 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
lmrnunoglobulins bind a wide variety of chemically different antigens.

whereas the major cop 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 that elicits
effector functions. once the variable part has bound an antigen. is located at
the otlier end of the molecule from the antigen—binding sites. and is termed
the constant region. There are five main functioual classes of antibody. each
encoded by a different type of constant region. As we will see in Chapter 9.
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 mop up antigen effectively throughout the 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 bear foreign
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 requirement for a soluble. secreted receptor.

An additional distinctive feature of the 'l‘—cell receptor compared with
immunoglobulins is that it recognizes a composite ligand made up of the
foreign peptide bound to a self MHC molecule. This forces T cells to interact
with infected body cells to become activated. Each T-cell receptor is specific
for a particular combination of peptide and a self MHC molecule.

MHC molecules are encoded by a 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
receptor repertoire is selected so that the T cells 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 individual will be able to recognize
at least some peptides generated from. nearly every pathogen.
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