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ABSTRACT

This report represents a supplement to two recent publications in Human Immunology on the design of
the eplet version of HLAMatchmaker [1, 2]. It is addresses stereochemical modeling of crystallized
complexes of antibodies and different protein antigens and contributions of amino acid residues to

antigen-antibody binding energy.
STRUCTURAL ANALYSIS TOOLS

Studies on complexes of protein antigens and antibody domains (Fab and Fv) have provided detailed
stereochemical descriptions of antigen-antibody recognition, interactions and shape complementarity.
The Entrez Molecular Modeling Database (MMDB) of the National Center for Biotechnology

Information (NCBI) stores on its website (http://www.ncbi.nim.nih.gov/Structure) an extensive

collection of crystallographic structures of antibody-antigen complexes that can be viewed with the
Cn3D structure and sequence alignment software program [3]. The atomic coordinates of these
molecular complexes are stored as specific PDB codes in the Protein Data Bank. The Cn3D
molecular viewer identifies the locations of selected residues and their exposure on the molecular
surface. This determines the shapes of epitopes defined by clusters of residues in linear and
discontinuous sequences. The Cn3D program has also a “select by distance” (in Angstroms)
command that permits an assessment of the sizes of epitopes and paratopes and the intermolecular
distances between them.

Sequence differences between antigenic proteins and corresponding self-proteins of the antibody

producer were determined on the website (http://www.ncbi.nlm.nih.gov/BLAST) with the Basic Local

Alignment Search Tool (BLAST) [4]. The “space fill’ command of the Cn3D molecular viewer was
used to identify on antigenic proteins, surface-exposed residues as potential contact sites for
antibody.

Determinations of epitope structures were based on experimental findings reported in the literature
about binding energy in antigen-antibody complexes selected for this analysis. This information was

then applied to develop structural models of functional epitopes with the Cn3D molecular viewer.



STRUCTURAL ASPECTS OF THE ANTIGEN-ANTIBODY INTERFACE

The specific reactivity of antibody is determined by about 50 hypervariable amino acid residues in two
variable domains (VH and VL) of heavy and light chains. Both VH and VL domains display high
sequence diversity in three complementarity-determining regions (CDRs) separated by relatively
conserved intervals termed framework regions [5, 6]. These CDRs form loops that constitute the
antigen-binding site;: CDR-H3 and CDR-L3 lie generally in the center of the traditional antigen binding
site and CDR-H1, CDR-H2, CDR-L1, and CDR-L2 form the outside border [7-13]. CDR-H3 exhibits by
far the greatest sequence diversity and plays a dominant role in determining the specificity and affinity
of antibody. The other CDRs adopt limited sets of main-chain conformations referred to as canonical

structures [8, 14].

Crystallographic models of antigen-antibody complexes have shown that small numbers of residues in
the CDR loops make contact with a protein antigen [12, 15, 16]. Conversely, protein antigens have
small clusters of amino acid residues that constitute the contact sites for the CDR loops. The resulting
interface on average involves about 15-22 amino acid residues of the protein antigen and a similar
number of antibody residues. The overall contact area on antigen ranges from 650 to 900 A% In
comparison, an HLA molecule seen from the top (i.e. binding groove) has a surface area of about 750
AZ,

STRUCTURAL AND FUNCTIONAL DEFINITION OF AN EPITOPE

Considering this information about the structure of the antigen-antibody interface we must address the
guestion what constitutes an epitope. In 1960, Niels Jerne coined the term epitope when he proposed
that an antigen particle carries several epitopes [17]. Many epitopes are antigenic determinants
expressed on the molecular surface of antigen [18-21]. Others are hidden epitopes (or cryptotopes)
that become immunologically available after fragmentation or denaturation of antigen. Processed
antigenic peptides presented by major histocompatibility complex molecules to T-cells belong to this
group and should be considered cryptotopes rather than T-cell epitopes [22]. Two groups of protein
epitopes have been proposed: continuous (or linear) epitopes involving a single continuous amino acid
sequence and, discontinuous epitopes that comprise amino acids separated in the primary sequence
but clustered together on the molecular surface by folding of the native protein [23, 24]. Mapping
studies of antibody reactivity patterns with natural variants and mutated protein antigens have
generated information about the location of epitopes and have also suggested that epitopes can

generally be defined by small numbers of amino acid residues.

Stereochemical analyses of crystals of antigen-antibody complexes have led to a structural definition
of an epitope as that part of the antigen that is contacted by the CDR loops of antibody [15]. This
means that with about 15-22 contact residues, a structural epitope comprises a rather large area on
the antigen surface and involves many amino acid residues that make contact with a large group of

residues on CDRs collectively referred to as the paratope of antibody. Direct contact between epitope



and paratope residues is established through electrostatic forces such as hydrogen bonds, salt
bridges, van der Waals forces of hydrophobic surfaces and shape complementarity [18-21]. The
interface has also bound water molecules or other co-factors that contribute to the specificity and

affinity of antigen-antibody interactions [25].

The binding energy of an antigen-antibody complex is primarily mediated by a small subset of contact
residues in the epitope-paratope interface [20, 26, 27]. Substitutions of such “energetic” residues [28]
as seen in naturally occurring antigenic variants or induced by site-directed or alanine scanning
mutagenesis lead often to dramatic decreases in the binding of antigen to antibody [29-31]. Mapping
studies have located energetic residues in “hot spots” of epitopes and paratopes, i.e. regions made up
of small numbers of residues that contribute most of the binding energy [32]. Energetic residues are
often located in the center of the epitope-paratope interface [33]. Contact residues in periphery of the
interface make generally minor contributions to the binding energy; their replacements have frequently
little effect on the binding with antigen. The considerable flexibility of CDR3 loops allows a mutual
adaptation of both epitopes and paratopes, making it possible for a single antibody molecule to
interact with a large number of related antigens [34]. This concept helps to understand the structural

basis of serological cross-reactivity.

Thus, the binding or functional activity of an epitope involves a small subset of energetic residues
centrally located in the structural epitope and contacted by the specificity-determining CDRs [35]. The
assignment of a functional epitope on an antigenic protein should consider two criteria. In order to be
immunogenic, a functional epitope must have at least one non-self residue, i.e. the antibody
producer's homologous proteins must have a different residue in the corresponding sequence
position. Such residue must be on the molecular surface so it can make contact with the specificity-

determining CDR

In the epitope-paratope interface, the energetic residues of a functional epitope are often in close
contact with the energetic residues of the specificity-determining CDRs. The latter can be identified by
site directed mutagenesis of CDR loops [32, 35, 36] and constitute what might be called the functional
paratope. Although CDR-H3 plays often a dominant role, other CDRs with energetic residues may

provide important contacts with epitope. [12]

The question must be raised how many and which residues might define a functional epitope. Such

information would be useful in the design of a model for structurally based HLA compatibility.
IDENTIFICATION OF FUNCTIONAL EPITOPES ON PROTEIN ANTIGENS

There is an extensive literature on the structural analysis of crystallized antigen-antibody complexes.
This report addresses only anti-protein antibodies that have well-characterized reactivity patterns with

natural antigenic variants and mutated antigens. In addition, sequence information about the antibody



producer’'s own structurally similar proteins will permit an assessment addressing which residues of
the antigenic protein are non-self.

The murine antibody response to hen egg white lysozyme (HEL) represents an excellent model to
address the assignment of functional epitopes. A great variety of HEL-specific monoclonal antibodies
(mAbs) have been tested with structurally defined, naturally occurring antigenic variants (from different
avian species) and HEL variants produced by site-directed mutagenesis. These findings have
generated information about serological cross-reactivity patterns between structurally related
lysozymes and residues associated with serological determinants. Extensive studies of a few dozen
crystallized HEL-antibody complexes have provided detailed information about the epitope-paratope

interface and how residue substitutions can affect the interactions between antibody and antigen.

HEL is a 129-residue, antiparallel a-helical protein internally cross-linked by four disulfide bonds [37].
A BLAST analysis of HEL and two mouse lysozymes, type P intestinal [38] and type M milk [39],
identifies 49 non-self residues on HEL (they are indicated with the superscript "), 30 of them are
visible on the molecular surface and would therefore be antibody-accessible (Table 1). This rather
large number of exposed non-self residues is consistent with the experimental evidence for multiple
epitopes on HEL antigen [40-43].

Table 1 Amino Acid Sequences of Mouse and Avian Lysozymes
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Reactivity patterns with various avian lysozymes and mutated HEL antigens have shown that anti-HEL
mADbs react with serological determinants in one of four distinct antigenic regions that cover most of

the lysozyme surface [40, 43]. Detailed structural information has become available on antigen-



antibody complexes with mAbs specific for epitopes representative of three regions. This analysis

addresses the reactivity of five HEL-specific mAbs (Table 2).

HEL-D1.3 The reactivity patterns of this mAb with natural lysozyme variants and mutated HEL have
indicated that the D1.3 reacts with an epitope that includes the 117-121 sequence in one of the loops
of HEL [43]. In the crystalline antigen-antibody complex, the CDRs of D1.3 make contact with 16
residues in the 18-27 and 117-125 sequence segments of HEL [44, 45]. The paratope of D1.3 has 9
VH and 8 VL contact residues.  Alanine scanning has indicated that HEL residues 121Q "°, 125R,
1241 and 119A dominate the energetics of binding with D1.3 [33, 46, 47].  Turkey egg lysozyme
differs from HEL by one amino acid in the interface (121H versus 121Q"°) and has a 400-fold lower
affinity with D1.3 than HEL [42, 48]. Other lysozymes that differ at position 121 (Glutamine to
predominantly histidine) are non-reactive suggesting that the non-self 121Q"° residue plays a critical
role in the binding with D1.3.

Thus, the functional D1.3 epitope can be defined by the sequence 119A, 121Q"°, 1241 and 125R
(Table 2). The functional paratope of D1.3 has five energetic residues; three of them, H100D, H101Y
and H102R are on CDR-H3.

Table 2 Residue descriptions of interfaces of eight crystallized protein antigen-antibody complexes

FDE Antigen Monoclonal Mumber of Mumber of Functional Paratope  Residues in Functional
Antibody Residues Contact Residues Residues ! Epitope 2
Structural  in H and L Chains
Epitope

1WFE Hen Egy D1.3 16 H:9 L& H: 1000, 101%, 102R 1194, 1210% 124],
Lysozyme L: 32, 92wy, 125R

3HFL Hen Egy HyHEL-5 13 H: 12 LB H: 35E, 50E 45RY= BERY=
Lysozyme Loy, 3G, 92R

JHFM Hen Egy HyHEL-10 20 Ho13 L9 H: 32D, 50%, 98wy 20%, 21R, 93N=, 97 k=
Lysozyme L 49, 53Y

1FBI Hen Egy F9.13.7 15 H:14 L4 H: 52D, 545, 1005 20%, 73R, ORkM=
Lysozyme L 32%, 92

100G Hen Egy HyHEL-B3 21 Ho10 L9 H: 33%, 98Wy 20%, OEl= g7 =
Lysozyme L 32N, 50

TWE Haorse EB 10 H: & LB H: 33%, 50R BOKM B2E** 103N,
Cytochrome © L: 31M, 32, 50N 104E

1JEH Interfaronqy AR 14 H:13 L9 H: 99Y%, 102H A9y, 50GNE 51w
Receptor L. 30%, 920 9BYWY  mopons gopes

1 The numbering of COR residues is according to the Kabat systemn [123] H1: 31-35, H2: 80-65, H3: 95-102, L1: 24-34, |2 50-56.

2 Mon-self residues are marked as %

HyHEL-5 The reactivity pattern with different avian lysozymes suggests that this mAb is specific for a
serological determinant associated with residue 68R"° and residues 45 to 48 [40, 49]. In the
crystalline complex, the structural epitope recognized by HyHEL-5 comprises 13 contact residues in
three sequences 41-53, 67-70 and 79-84 [50]. The surface of this epitope is relatively flat except for a
protruding ridge made up of 45R™° and 68R"°; these residues interact with H50E of CDR-H2 and
H35E of CDR-H1. Studies on mutated HEL and natural variants have shown that 45R"® and 68R"®



make the highest energetic contacts with HyHEL-5 [36, 51, 52]. These findings suggest that the
functional epitope recognized by HyHEL-5 involves 45R"° and 68R"® (Table 1). None of the five
energetic contact residues are on CDR-H3 [36, 51, 52] suggesting that this CDR plays a minor role in
the specific reactivity of HyHEL-5.

HyHEL-10 Studies with avian variants of lysozyme have suggested that HEL residues 19N, 21R,
101D, 102G and/or 103Q contribute to the binding with this mAb [40]. Two crystal structures (PDB
3HFM and PDB 1C08) have shown that these residues are included in the 20-residue structural
epitope that contacts the 22 contact residues of HyHEL-10 [53, 54]. Site-directed mutations of 20Y,
21R, 93N™° and 97K™® caused markedly reduced affinity with HyHEL-10 [55-58]. These residues
appear to define the functional epitope recognized by HyHEL-10 (Table 1). The most energetic 97K"°
interacts with H32D [59].

HEL-F9.13.7 Although HEL-F9.13.7 reacts with a similar structural epitope as HyHEL-10, this mAb
has little sequence similarity at any of their CDRs and its binding energetics is also different [60].
HEL-F9.13.7 has 18 CDR contact residues that interact with 15 residues of the structural HEL epitope.
The CDR-H3 of both mAb reacts with the HEL hot spots 20Y and 96K"® but F9.13.7 reacts also with a
third HEL hot spot 73R"® through its CDR-H1. Alanine scanning mutagenesis identified three highly
energetic residues that bind to HEL-F9.13.7, namely 20Y, 73R"® and 96K"® [60]. The crystal complex
shows that 20Y and 96K™® interact with H52D, H53S and H100S whereas 73R"® contacts L32Y and
L92Y [57]. These findings suggest that the functional HEL-F9.13.7 epitope can be defined by 20Y,
73R™ and 96K"®,

HyHEL-63 This mAb reacts with an epitope that also overlaps with the HyHEL-10 epitope [61].
Alanine substitutions of HEL residues 96K"°, 97KM® and 20Y caused a considerable reduction of
binding energy [56]. These residues are located at the center of the interface. In contrast, alanine
substitutions of HEL residues 21R and 101D had much less effect on the binding energy of the
complex [62]. Thus, the functional epitope recognized by HyHEL-63 includes 20Y, 96K"® and 97K">.

The following examples involve different protein antigens:

Horse Cytochrome C A mouse mAb E8 was raised against horse cytochrome C (hCytC) [63].

Sequence comparison with mouse cytochrome C shows that this 105-residue antigenic protein has six
non-self residues (Table 3); all of them are exposed on the molecular surface and can elicit specific
antibodies [18] [64]. Crystallographic analysis of the hCytC-FabE8 complex has shown that the
structural E8 epitope constitutes a patch of ten residues located in three sequence segments of
hCytC, namely 36F+37G, 60K"*+61E+62E™° and 96A+99K+100K+103D [65]. The two non-self
residues 60K"® and 62E"° and are located in the center of the interface. Rat cytochrome C has an
identical sequence as mouse cytochrome C and does not bind E8 [66]. Highly homologous
cytochrome C from cow, rabbit, guanaco and dog, which have different residues in positions 60, 62

and/or 103, react poorly with E8 [66, 67]. A fourth and evolutionarily conserved residue 104E makes



also a significantl contribution to the binding with E8 [65]. Thus, the functional E8 epitope consists of
60K"® and 62E™° and two self-residues 103K and 104E. The E8 paratope has six VL and five VH

residues in the CDR loops, five of which make contact with the functional epitope.[65].

Table 3 Amino Acid Sequences of Horse and Mouse Cytochrome C

1 2 3 4 5
0 0 0 0 0
Horse GDVEKGKK1 FVQKCAQCHT VEKGGKHKTG PNLHGLFGRK TGQAPGFTYT
Mouse GDVEKGKKI FVQKCAQCHT VEKGGKHKTG PNLHGLFGRK TGQAAGFSYT
1
6 7 8 9 0
0 0 0 0 0
Horse DANKNKGITW KEETLMEYLE NPKKYIPGTK MIFAGIKKKT EREDLIAYLK KATNE
Mouse DANKNKGITW GEDTLMEYLE NPKKYIPGTK MIFAGIKKKG ERADLIAYLK KATNE

Human Interferon-y Receptor The murine mAb A6 reacts with the first domain of human IFNyR [68].

BLAST analysis of this domain has shown that human and mouse IFNyR [69] have 42 of 92 residue
differences, 35 of them involve positions on the molecular surface. Simultaneous mutations of five
residues (48, 53, 54, 55, and 57) from non-self to self and a deletion in positions 50-53 of three
residues absent in mouse IFNyR, led to a drastically reduced binding with A6 [70]. In the crystallized
complex of FabA6 with the first domain of IFNyR shows 14 residues in the structural epitope that make
contact with 13 VH and 9 VL residues [70]. CDR-H3 and CDR-L3 have tight interactions with IFNyR
residues 49Y, 50G"°, 51V™°, 52KM® and 53N™° in the center of the interface. The functional epitope

for A6 appears to comprise these five residues; all of them except 49Y, are non-self.

Table 4 Amino Acid Sequences of Human and Mouse First Interferon Gamma Receptor Domain

1 2 3 4 5 6
0 0] 0 0 0 0
Human TADLGPS SVPTPTNVTI ESYNMNPIVY WEYQIMPQVP VFTVEVKNYG VKNSEWIDAC
Mouse TEDPEPP SVPVPTNVLI KSYNLNPVVC WEYQNMSQTP IFTVQVKVY- —-SGSWTDSC

1
7 8 9 0
0 0 0 0
Human INISHHYCNI SDHVGDPSNS LWVRVKARVG QKESAYAKSE EFAVSRDG
Mouse TNISDHCCNI YGQIMYPDVS AWARVKAKVG QKESDYARSK EFLMCLKG

TOPOGRAPHY OF FUNCTIONAL EPITOPES ON PROTEIN ANTIGENS



In these seven crystal models, the structural epitopes consist of 10 to 21 amino acid residues in
contiguous patches on the protein surface (Table 1). Small subsets ranging from 2 to 5 highly
energetic contact residues in mostly central locations are considered to constitute the functional
epitopes. These residues are largely in discontinuous sequences and at least one of them is non-self.
This analysis has also shown that about 4-5 highly energetic antibody residues might define the
functional paratopes. As expected, the CDR-H3 loops play frequently but not always a major role and

other CDRs are involved in the binding with functional epitopes.

The next step of this analysis was an assessment of the shapes and sizes of functional epitopes and
the locations of contact residues in the interface. Paratopes comprise energetic residues listed in
Table 1 and CDR residues within 3.5 A of the functional epitope. Figure 1 illustrates the Cn3D
modeling results for functional epitopes (left column), the corresponding paratope (middle column) and
the residues in the interface (right column). Functional epitope residues seem to cluster in two distinct

shapes, namely as a single patch or a two-patch shape.
In four cases, the functional epitope has the shape of a single patch (Figure 1).

HEL-D1.3 The four residues of the functional HEL-D1.3 epitope form a single patch that is well
exposed on the HEL surface (Figure 1a). The centrally located 121QM° protrudes from the HEL
surface. The other residues 119D, 1241 and 125R are within 3.0 A of 121Q"°. The functional
paratope has three residues H101Y, L92W and L32Y that are less than 3.5 A away from the functional
HEL-D1.3 epitope.

HyHEL-5 The two residues 45R“® and 68R" of this functional epitope form a single patch (Figure 1b).
Although their sequence positions seem quite distant, these residues are only 3.5 A apart from each
other. In the functional paratope, CDR-L3 makes the closest contact (<3.5 A) with both 45R™® and
68R"° and the VH residue H50E interacts primarily with 68R"®.

HyHEL-63 This functional epitope is defined by three residues 20Y, 96K and 97K"® that form a
single patch (Figure 1c). Although 20Y and the other two residues seem far removed in sequence,
they are only 3.5 A apart. Three residues on the functional paratope, L32N, L50Y and H33Y are less
than 3.5 A away from the functional epitope. The CDR-H3 residue H98W is 4.0 A from 97K.

IFNYR-A6 The five residues of this functional epitope cluster as a patch in which 52K™° has a central
position and the other residues are within 3.4 A (Figure 1d). In the functional paratope, CDR-H3
interacts with 49Y"°, 50G"°, 51V"° and 52K™° whereas CDR-L3 binds to 49Y and 54N"°,

These four patches are centrally located within the structural epitope (not shown) and their residues

are 3-3.5 A apart from each other.



Functional Epitope Functional Paratope Functional
on Antigen on Antibody Eptope- Paratope

HEL-D13 En HYHEL-D13COR

&

HELS Ep HYHELSCDR

HEL-<G Ep HyHEL-S3CDR

£

INFyR-A5 Ep INFyR-E COR

-

Figure 1 Locations of energetic residues on antigen surface (functional epitope), antibody surface
(functional paratope) and in the epitope-paratope interface

The three remaining functional epitopes in Table 2 have a two-patch shape (Figure 2).
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Functional Epitope Functional Paratope Functional
on Antigen on Antibodw Epitope- Paratope
a
Py IC-EE B FCYTC-EECOR
b
HEL-F2.137 En HEL-F2.127 CPR
C
HyH EL-10 En HYHEL-10GDR

Figure 2 Two-patch shapes energetic residues on antigen surface (functional epitopes),
antibody surface (functional paratopes) and in the epitope-paratope interface

hCytC-E8 This functional epitope has two distinct patches (Figure 2a). One patch comprises 60K"®
and 62E™° which are 3.3 A apart and which make contact with VH residues H50N, H57N and H100D.
The second pair consists of two self-residues 103N and 104E that interact with VL residues L30H and
L92W. These two patches are well separated as shown by the 11.5 A distance between 60K"® and

103N. The closest distance between the corresponding VH and VL contact residues is about 9.5 A.

HEL-F9.13.7  This functional epitope has two well-separated patches, each of which has a non-self
residue (Figure 2b). Residues 20Y and 96K™® are 3.1 A apart and form one patch that makes contact
with H52D and H54S. The second patch has the highly energetic 73RM that protrudes from the

molecular surface. This residue makes contact with H100S, L92Y and L32Y. The distance between

10
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73KM° and 96K™ is about 13 A, whereas the CDR-H2 residues H52D and H54S are about 15 A away
from H100S in CDR-HS3.

HyHEL-10  The four residues of this functional epitope separate into two patches: 93N"°+97K"® and
20Y+21R (Figure 2c). These patches are about 7.5 A apart. The first is a 3.3 A patch comprised of
discontinuous sequence residues 93N"° and 97K™°. CDR-H1 and CDR-H3 makes contact with 97K"®
and CDR-L2 residues make contact with 93N"°. The 20Y+21R patch has only self-residues and their

contact involves primarily the VL CDR loops.

This analysis shows patches of highly energetic residues that are 3-3.5 A apart from each other.
There are three configurations: 1) most common are single patches with one or more non-self
residues (Figure 1). Other study models have also shown an abundance of single patches [71, 72]. 2)
Two patches and both of them have at least one non-self residue (Figure 2a). 3) A combination of a
patch with one (or more) non-self residues and a patch consisting of only self residues (Figures 2b and
2c). Although a single patch consists of a short linear or discontinuous sequence of residues
clustered closely together, it can make contact with several different CDR residues (Table 1 and
Figure 1). These CDR residues might constitute the “functional” paratope that plays a determining role

in the specific interaction with the functional epitope represented by a patch.
DISCUSSION

The above models of antigen-antibody complexes illustrate how structural epitopes contain patches
of surface residues that play a dominant role in determining recognition by specific antibody. These
residues cluster about 3-3.5 A from each other. Non-self residues in these patches could be
considered the driving force of functional epitopes in terms of immunogenicity (i.e. the ability to elicit
antibody formation) and antigenicity (i.e. the ability to react with antibodies). The redesign of
HLAMatchmaker incorporates these concepts. Instead of using triplets (i.e. linear sequences of three
amino acid residues), the new algorithm considers patches of residues in linear and discontinuous
sequences. Details are presented elsewhere [1].

Acknowledgement: This study is supported by grant Al-55933 from the National Institutes of Health
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