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ABSTRACT There are now several
crystal structures of antibody Fab frag-
ments complexed to their protein anti-
gens. These include Fab complexes with
lysozyme, two Fab complexes with influ-
enza virus neuraminidase, and three Fab
complexes with their anti-idiotype Fabs.
The pattern of binding that emerges is
similar to that found with other protein-
protein interactions, with good shape
complementarity between the interacting
surfaces and reasonable juxtapositions of
polar residues so as to permit hydrogen-
bond formation. Water molecules have
been observed in cavities within the in-
terface and on the periphery, where they
often form bridging hydrogen bonds be-
tween antibody and antigen. For the most
part the antigen is bound in the middle of
the antibody combining site with most of
the six complementarity-determining res-
idues involved in binding. For the most
studied antigen, lysozyme, the epitopes
for four antibodies occupy -45% of the
accessible surface area. Some conforma-
tional changes have been observed to ac-
company binding in both the antibody and
the antigen, although most of the infor-
mation on conformational change in the
latter comes from studies of complexes
with small antigens.

There has been a dramatic increase over
the last 5 years in the number of Fab
structures that have been determined by
x-ray diffraction. It has been estimated
that there are now >50 structures known
to a resolution of between 3.0 and 2.0 A,
although the coordinates of many of these
are not yet available in the Protein Data
Bank (Chemistry Department, Brook-
haven National Laboratory, Upton, NY).
By contrast, the structures of Fab com-
plexes with protein antigens, the subject of
this review, have risen more slowly and
have been restricted to a small group of
antigens, notably hen egg white lysozyme
(HEL) and influenza virus neuramini-
dase.
There have been a number of recent

reviews of antibody structure and anti-
body-antigen associations (1-11). Braden
and Poljak (11) in a recent review pay
particular attention to the water molecules
that surround the antibody-antigen inter-
face and how these might influence the
specificity. Whereas many of the general
principles of these interactions, such as the

shape complementarity of the interacting
surfaces, are now well established, the
increasing data base, including the exam-
ination of complexes with mutant anti-
body or antigen, the calorimetric analyses
of binding, and the application of new

techniques to epitope mapping, add in-
creasing detail to this picture. In this brief
review, we shall describe the structures
that are now available and discuss the
results in terms of the mechanism of an-

tibody-antigen recognition and binding.

Structures of Complexes with Protein
Antigens

HEL. The most studied antigen has
been HEL, and there are now five struc-
tures reported for complexes with this
antigen. They are D1.3 (12-15), HyHEL-5
(16, 69), HyHEL-10 (17), D11.15 (18), and
D44.1 (19).
The Fab (13) and Fv (14, 15) fragments

of D1.3 have been studied as complexes
with lysozyme. The structure of the iso-
lated Fv has also been determined. The
complex of the Fab of D1.3 with the Fab
of an anti-idiotype to D1.3 has also been
determined (20). The high resolution of
the D1.3 Fv-HEL crystals permitted the
identification of many water molecules,
about 50 of which are located around the
interface. Four water molecules are com-

pletely buried in the interface, with some
located in the variable region light chain-
heavy chain (VL-VH) interface. Titration
calorimetry has been used to measure the
thermodynamic parameters of the inter-
action (15). The reaction is enthalpically
driven with some opposition from a neg-
ative entropy contribution, and it has been
proposed that the bound waters play a

major enthalpic role in the binding of
antibody to antigen.
HyHEL-5 binds to a different epitope

(Fig. 1) at the center of which are two
arginine residues, Arg-45 and Arg-68,
which are close to two glutamic acid res-
idues on the Fab heavy chain, Glu-H35
and Glu-H50 (16, 69). The binding to
lysozynme is quite strong, with an associa-
tion constant of 4 x 1010 M-1 (23). The
HyHEL-5-lysozyme complex contains
several water molecules that are fully or

partially buried in the interface. A cavity
of about 250 A3 is located between the VH
and VL domains very close to the interface
with lysozyme. This cavity contains three
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water molecules between the VL and VH
chains that contact only the Fab, together
with a fourth water that makes hydrogen
bonds to the bound lysozyme as well as VH
and VL. The cavity in the HyHEL-5-
lysozyme complex is located deeper in the
VH-VL interface than that in the D1.3-
lysozyme complex (15). Two other water
molecules are located in a channel extend-
ing from bulk solvent into the lysozyme-
Fab interface where they are involved in
hydrogen bonding between the lysozyme
and the Fab. An additional two waters are
located on the interface periphery and
serve as a bridge between two residues on
the lysozyme and two on the Fab.
The association of HyHEL-5 with HEL

has also been studied by titration calorim-
etry (24). The reaction is enthalpically
driven with an unfavorable entropic con-
tribution. The result is consistent with the
loss of mobility upon association of the
mobile complementarity-determining re-
gions (CDRs), but it is concluded that the
assignment of thermodynamic effects to
particular intermolecular contacts is pres-
ently uncertain.
A lysozyme complex with Fab D44.1 has

recently been reported at 2.5 A (19). This
antibody, for which the structure of the
uncomplexed Fab has also been deter-
mined at 2.1 A, binds to a lysozyme
epitope that is remarkably similar to that
of HyHEL-5. The interactions between
the VH residues Glu-H35 and -H50 and
the Arg-45 and -68 of lysozyme are also
qualitatively similar, although only two of
the remaining hydrogen-bonding interac-
tions are the same. The binding of the
D44.1 to lysozyme, 1.4 x 107 M-1 (25), is
significantly weaker than that of Hy-
HEL-5, which might be explained by the
existence of two hydrophobic holes within
the interface.
HyHEL-5, D1.3, and a third monoclo-

nal antibody (mAb), HyHEL-10 (17),
form a group of epitopes that are essen-

tially nonoverlapping. The epitopes for
these and for another anti-lysozyme Fab,
D11.15 (18), are shown in Fig. 1. For
D11.15 the epitope partially overlaps that
of D1.3. Together these four epitopes
cover 45% of the molecular surface area

Abbreviations: HEL, hen egg white lysozyme;
VL and VH, variable region light and heavy
chains; CDR, complementarity-determining
region; mAb, monoclonal antibody; HGH, hu-
man growth hormone.
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FIG. 1. RIBBONS diagram (21) of lysozyme surrounded by dot-surfaces representing the buried surface of the antigen when bound by the four
antibodies HyHEL-5 (purple), HyHEL-10 (red), D1.3 (yellow), and D11.15 (blue). The buried surfaces were estimated with the program MS (22).
Taken together, the four antibodies bury -45% of the total molecular surface of the lysozyme molecule. Note the extensive overlap between the
areas buried by D1.3 and D11.15, which amounts to -25% of the individual areas buried by either of the two antibodies.

of the lysozyme. Examination of lysozyme
epitopes by epitope mapping with a panel
of 49 mAbs was able to account for >80%
of the lysozyme surface (26). These data
support the conclusion that the entire
surface of HEL is potentially antigenic.

Influenza Virus Neuraminidase. Influ-
enza virus neuraminidase is a tetramer of
60-kDa glycosylated polypeptide chains
that is found attached to the membrane of
the virus. A soluble form of the head can
be released from the virus by protease
digestion, and the crystal structure of this
fragment of the N2 subtype neuramini-
dase has been determined (27, 28). The
structure of the complex of the N9 neur-
aminidase and the Fab fragment of mAb
NC41 has also been determined (29-31).
The antibody is attached to the upper
surface of the enzyme adjacent to the
active-site pocket. The interface is exten-
sive, with 1755 A2 of combined surface
area buried (Table 1). Five of the six

CDRs as well as light chain framework
region 2 (FR2) make contact with the
neuraminidase. As has been noted for
other antibody-antigen complexes (1), the
heavy chain makes more extensive contact
with the antigen. They report no buried
waters and emphasize the shape comple-
mentarity of the interacting surfaces. Two
sugar residues from the carbohydrate at-
tached to Asn-200 of an adjacent mono-
mer are partly buried in the interface,
contributing 38 A2 to the interface.
The structure of a second antibody,

NC10, has been crystallographically de-
termined complexed to whale neuramin-
idase N9 (33, 34). The neuraminidase
epitope for NC10 overlaps that for NC41,
but although '80% of each of the buried
surface areas on the neuraminidase is
contributed by residues common to both
epitopes, these two antibodies bind quite
differently to the neuraminidase. Only
four of the CDRs of NC10 make contact

with the antigen; Hi and L2 do not.
Although CDR Hi has the identical se-
quence in the two antibodies and appears
to occupy the same location relative to the
neuraminidase, the details of the structure
reveal that in NC10, this CDR does not
contact the antigen, whereas in CD41 it
does. In the complex with NC10, carbo-
hydrate attached to Asn-200 on an adja-
cent monomer is observed to form part of
the epitope. One sugar residue from the
oligosaccharide makes six contacts with
NC10, and two other mannose residues
have buried surface in the interface al-
though they make no contact with the
antibody. The buried carbohydrate sur-
face area is 92 A2, making 13% of the total
buried surface of the neuraminidase.

Histidine-Containing Phosphocarrier
Protein. The structure of the complex of
the protein HPr, the histidine-containing
phosphocarrier protein of the phos-
phoenolpyruvate:sugar phosphotransfer-

Table 1. Antibody-antigen interface

Aromatic resids and contacting
Buried areat, H bonds,t no. Amino acids,*§ no. atoms,I no.Burled area , ' ~~~ ~~~~~Salt'A2 Antibody Antigen Main- linksat Contacting Buried Antibody Antigen

Antibody* VL VH Ag Main Side Main Side main no. VL VH Ag VL VH Ag Atoms Resids Atoms Resids
HyHEL-5 350 415 745 7 10 5 12 1 3 6 12 13 14 18 23 28 5 2 1
HyHEL-10 310 415 775 3 14 7 10 1 1 9 11 15 14 16 27 37 8 9 3
D1.3 275 330 635 3 12 7 8 1 0 8 9 16 13 12 24 35 9 2 1
D11.15 215 400 560 3 3 3 3 2 3 4 8 10 11 13 21 29 6 5 1
Jel42 200 420 650 4 4 1 7 1 0 5 14 13 8 17 21 19 8 3 1
NC4111 420 480 855 3 9 5 7 0 0 10 10 20 15 21 32 28 8 9 1
*Antibody-antigen coordinates from HyHEL-5, Protein Data Base (PDB) code 3HFL; HyHEL-10, PDB code 3HFM; D1.3, PDB code 1VFB;
D11.15, PDB code 1JHL; Jel42, PDB code 1JEL; and NC41, PDB code 1NCA.

tBuried surfaces were calculated by the program MS (22) with a probe of 1.7-A radius and are reported here for the VL and VH domains of the
antibody and for the antigen (Ag).
tHydrogen bonds, salt links, and contacting atoms as calculated by the program CONTACSYM (32). Contacting pairs of atoms are defined as those
atom pairs that are located within the sum of the van der Waals radii of the two atoms plus 11% or are involved in hydrogen bonds or salt links
(32). Main, main chain; side, side chain.
§The number of contacting and buried amino acids calculated with CONTACSYM (32) and MS (22), as appropriate. They are reported separately for
the VL and VH domains of the antibody and the antigen (Ag). The designation "buried" implies that the residue is at least partially inaccessible
to bulk solvent because of the proximity of the interface surfaces of the antibody and the antigen. A probe of 1.7-A radius was used in the MS
calculation.
lAromatic residues (resids) [His, Phe, Trp, Tyr] and atoms in contact as reported by CONTACSYM (32) for the antibody and the antigen.
"Calculations reported for the neuraminidase-NC41 complex consider protein-protein interactions only. Contributions to the surface due to the
bound carbohydrate have been omitted.
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ase system of Escherichia coli, and the
mAb Jel42 has been determined (35). The
interface has solvent-excluded surfaces of
650 A2 on HPr and 620 A2 on the antibody,
consistent with the smaller size of the HPr
(88 amino acid residues). One water mol-
ecule was observed buried in the inter-
face. The antibody combining site is de-
scribed as having a depression comple-
mentary to the HPr molecule rather like a
baseball glove with the CDR Li and CDR
L3 forming the thumb and with the heavy
chain CDRs in the depression. CDR L2
does not contact the HPr.
Antibody Anti-Idiotype Complexes. The

variability of the antibody CDRs results in
new antigenic determinants that can in
turn lead to the production of new anti-
bodies, anti-idiotypic antibodies. The po-
tential role of these antibody interactions
in regulation of the immune system has
been the subject of many investigations
and much speculation (36, 37). The crys-
tallographic determination of several id-
iotype-anti-idiotype complexes permits
an examination of some of the structural
aspects of these interactions. In addition
to the possible regulatory role, there is
also interest in the mechanisms by which
anti-idiotypes can engage in mimicry
through the formation of "internal im-
ages" (reviewed in ref. 38). Since both the
antigen and the anti-idiotype antibody,
Ab2, bind to the same antibody, Abl, the
potential for imaging exists, and func-
tional imaging has been demonstrated for
ligands that themselves interact with re-
ceptor molecules (reviewed in ref. 39). A
possible example of internal imaging has
been observed by Garcia et al. (39), who
examined an anti-anti-idiotype Fab, Ab3,
that binds strongly to the antigen, angio-
tensin II. In the complex with Ab3, the
angiotensin II, an octapeptide, adopts a
conformation that resembles the CDR3 of
a light chain, suggesting a possible mech-
anism for the interactions in which a CDR
of Ab2, presumably CDR3 of the light
chain, would carry a similar conformation.
Three structures have been reported for

complexes between antibody Fabs and
their anti-idiotype Fabs. The first involves
the anti-lysozyme antibody D1.3, permit-
ting a comparison of the antibody (Abl)
complexed with the antigen and with Ab2
(20). The complex interface is similar to
those observed in other antibody-protein
interactions. The anti-idiotype antibody
binds to 13 amino acids on D1.3, mainly
from the CDRs; 7 of these amino acids
make contacts with lysozyme. The two
surfaces demonstrate considerable shape
complementarity with about 800 A2 of
each surface buried in the interface. The
main chain conformation of the D1.3
CDRs in the complex shows no important
differences from the complex with ly-
sozyme, although the side chains of three
CDR residues differ considerably. The
authors were unable to find structural

evidence for an internal image. The resi-
dues common to the anti-idiotype and to
lysozyme carry out different functions for
the most part in the two complexes. They
observe that the epitope on lysozyme con-
tains an a-helix, which is unlikely to be
found in the CDRs of antibodies, so that
for this example mimicry is unlikely to be
observed.
The association of D1.3 with two anti-

idiotypic antibodies, E225 and E5.2, has
been studied by titration calorimetry (40).
For E5.2 the results are similar to those
observed for HyHEL-5 and D1.3 with
HEL and for many other protein-protein
interactions (41)-namely, a negative en-
thalpy change accompanied by a negative
entropy change. However, for E225, which
binds weakly to D1.33 (Ka = 2 x 105 M- 1),
the reaction is entropy-driven with only a
small positive enthalpy change.
A more recent study has been reported

of an anti-idiotype Fab complexed with
the Fab of an antibody against the E2
peplomer, a glycoprotein from feline peri-
tonitis virus (42). Again the shape comple-
mentarity between the two interacting
surfaces is good, and no waters are ob-
served in the interface although the res-
olution is low (2.9 A) for reliable water
observation. In this complex the heavy
chains of the antibodies dominate the
interactions, accounting in both cases for
about three-quarters of the interacting
surfaces. The structure of the antigen is
not known, but the antibody binds to
antigen on Western blots, where it is prob-
ably denatured. Each of the CDRs Li and
Hi ofAb2, which both interact extensively
with Abl, contain six amino acids that
virtually mimic sequences within the an-
tigen. When Ab2 is injected into mice, it
elicits the production of Ab3s that have
feline infectious peritonitis virus-neutral-
izing properties. It is tempting to speculate
again that this similarity between the
CDRs of Ab2 and corresponding regions
of the antigen might provide an explana-
tion for internal imaging. However, exper-
imental support for this model will require
the determination of the antigen structure
complexed to Abl.
A third complex of an antibody Fab with

anti-idiotype Fab has been reported (43)
in which the antibody is specific for a cell
wall homopolysaccharide. The authors
conclude that the putative polysaccharide-
binding cleft on the Abl is too narrow and
deep to allow comprehensive contact with
Ab2, thus accounting for the inability of
the Ab2 to carry an internal image of the
antigen.

Amino Acid Composition of Antibody
Combining Sites

The question of whether antibody com-
bining sites have unusual amino acid com-
positions has been addressed by several
groups. Kabat et al. (44) analyzed the

relative frequency of different amino ac-
ids in the CDRs and observed that aspar-
agine and histidine residues were about
twice as likely to appear in the CDRs as in
the framework. Padlan (45) calculated an
amino acid propensity for the CDRs
(based on the frequency with which the
amino acid was observed in the CDRs
versus its frequency in the framework
residues of the variable domains) and
noted that asparagine and histidine were 8
times more likely to appear in the CDRs
than in the framework and that tyrosine
residues were 3 times more likely to be
present. Padlan also enumerated the an-
tigen-contacting residues in the paratope
and observed a high proportion of ty-
rosine and tryptophan. Janin and Chothia
(46) compared the interacting surfaces of
four antibody-protein complexes with a
group of protease-inhibitor complexes.
They observed very similar properties for
the two sets of interacting surfaces, the
major difference being the high density of
aromatic residues in the antibody-combin-
ing sites. Mian et al. (47) examined the
antigen-binding residues in six crystallo-
graphically determined antibody-antigen
complexes and concluded that trypto-
phan, tyrosine, serine, and asparagine res-
idues were most abundant.

Recently, Lea and Stuart (48) measured
the percentage contribution of the differ-
ent amino acid species to the total acces-
sible surface of the CDRs and compared
this with the corresponding values for a
control group of proteins and for four
picornaviruses. They found that the serine
residues within the immunoglobulin
CDRs have a significantly higher frac-
tional surface area contribution than the
control group. Using this criterion, they
also concluded that the above-average
contribution of tyrosine to the CDRs is
barely statistically significant and that his-
tidine and asparagine have average con-
tributions. Padlan (45) did not observe a
high propensity for serine, and the differ-
ences between his data and those of Lea
and Stuart can probably be accounted for
by the different criteria used to define the
relative amino acid contributions, such as
the greater abundance of serine in the
framework residues that Padlan used as a
control.

Table 1 shows a summary of the physical
properties of the interfaces for the six
complexes for which coordinates are avail-
able in the Protein Data Bank. It is clear
that a high percentage (34%) of the anti-
body-contacting residues are aromatic in
character; of these more than two-thirds
are tyrosine residues. In contrast, the con-
tacting residues on the antigens contain
relatively few that are aromatic. Fig. 2
shows the contacting aromatic residues
observed in the HyHEL-10-lysozyme
complex (7, 17). These include Tyr-H33,
which penetrates the substrate binding
groove of lysozyme.
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FIG. 2. RIBBONS diagram (21) of the HyHEL-10-lysozyme complex showing the aromatic residues in the combining site that contact the antigen.
This figure prepared by Susan Chacko.

Padlan (7, 45) also calculated from the
x-ray data the fractional solvent exposures
of the individual amino acid species in the
CDRs of seven antibodies and compared
these with their corresponding exposures
when in the framework region of the Fv
fragments. He observed that the aromatic
residues tyrosine and tryptophan in the
CDRs were significantly more solvent-
exposed.

Epitope Mapping

Crystallographic investigations of anti-
body-antigen complexes provide an op-
portunity to compare predictions from
epitope mapping with direct observation
of the contacting residues. There have
been extensive studies of epitopes by the
use of peptides in which an antibody pro-
duced in response to a protein antigen can
be examined for binding to peptides from
that antigen. For HEL, these methods
have recently been reviewed (49). The
epitope for lysozyme with HyHEL-5 was
successfully predicted (50) based on the
availability of a library of avian lysozymes
that were presumed to have approxi-
mately the same tertiary structure, but
with small differences in the amino acid
sequences. This method is of course lim-
ited by the diversity of the available li-
brary. The application of mutagenesis
techniques has now become a powerful
method for epitope mapping (51, 52).
There has been an interesting applica-

tion of site-directed mutagenesis to distin-
guish between two structures that had
been proposed for the protein HPr (53).
The three-dimensional structure had been
determined by two-dimensionalNMR and
by x-ray diffraction (54, 55), and there
were major differences between the two
structures. The effect of mutations on the
binding of two antibodies, Jel42 and Jel44,
revealed that when the putative epitope
was mapped on each of the proposed
structures, the epitope for Jel44 was only
consistent with the two-dimensional
NMR structure of HPr for which it gave a
contiguous binding surface. In contrast,
the model derived from x-ray diffraction
produced a scattered distribution of these
residues in which some were buried and
others were surrounded by noninvolved
residues. Subsequently the epitope pre-
dicted in these experiments for Jel42 was
confirmed by an x-ray diffraction analysis

of the complex of the Fab with HPr, in
which the structure observed for HPr was
that determined by the NMR analysis
(35). Of the 14 amino acid residues that
interact with the Jel42 binding site, 9 were
correctly identified.
The epitope on cytochrome c for a

monoclonal antibody has been defined by
hydrogen exchange in two-dimensional
NMR (56). This method can be used for a
protein antigen when the protein is small
enough for the 1H NMR resonances to be
determined. Eleven residues in three dif-
ferent segments of sequence were identi-
fied that formed a structurally related
patch on the surface with a water-
accessible surface area of about 750 A2.
There has been a preliminary report of the
crystallization of an antibody Fab to cy-
tochrome c, both free and complexed with
the antigen (57).

Conformational Changes that
Accompany Complex Formation

The interaction of antibody with antigen
involves conformational changes in both
the antibody and the antigen that can
range from insignificant to considerable.
In general, the formation of a complex will
adopt many of the characteristics of in-
duced fit, similar to those seen in other
macromolecular interactions. The
changes that may occur in the antibody
upon binding consist of combinations of
simple side-chain movements, concerted
movements of individual CDRs, and dis-
placement of VH relative to VL. Most of
the information on conformational
changes upon antigen binding has come
from nonprotein antigens, where the an-
tibody has also been crystallized in the
absence of antigen. Each of the kinds of
movement described above has been ob-
served for these complexes and these have
been reviewed (10, 58, 59). Some of the
conformational changes observed are
quite large, with the largest VH-VL rear-
rangement occurring in an Fab complex
with a human immunodeficiency virus pep-
tide (59). Changes of this nature will con-
siderably complicate attempts to model
antibody combining sites.
For protein antigens, the antibody D1.3

has been examined as an unbound Fv
fragment, as an Fab and an Fv complexed
to lysozyme, and as Fab complexed to
E225, an anti-idiotope. The differences

between the bound and unbound Fv struc-
tures are minimal and include small ad-
justments of the side chains together with
a small movement of VH relative to VL
(14). The interaction of the variable do-
mains has been reviewed (5), and it was
noted that the contacting surface between
VH and VL contained #40% contribution
from the CDRs. This can result in signif-
icant differences in the angle of rotation
between VH and VL, which varies from
165° to 1800. Changes in this angle were
originally hypothesized for the NC41-
neuraminidase complex (29), and substan-
tial changes have now been observed in
several instances when Fabs are com-
plexed to small ligands (10, 59). The dif-
ferences between unbound and bound
D1.3 in its complex with E225 (20) include
several significant side-chain movements
of the D1.3 antibody relative to the un-
complexed structure (40).
We have analyzed four of the crystal

complexes with lysozyme that clearly dem-
onstrate that the interaction of antibody
with antigen can produce significant con-
formational changes in the antigen, mainly
in regions that are demonstrably flexible.
Lysozyme alone can be crystallized in a
number of crystal forms. A comparison of
the tetragonal (60), monoclinic (61), and
triclinic (62) forms, which provide four
independent structures, demonstrates the
flexibility of the surface loops. When the
two independent molecules in the mono-
clinic form are superimposed, they have a
rms deviation of 0.64 A for the Cc, atoms,
but the Cc, atoms of Gly-71 and Gly-102 are
displaced by 3.68 A and 3.40 A, respec-
tively, from the corresponding position in
the other molecule. In a similar compar-
ison of the triclinic and tetragonal mole-
cules, with overall rms = 0.65 A, the
relative displacements of the Co atoms of
Thr-47 and Asn-103 are 2.73 A and 2.64 A,
respectively. Residue Thr-47 in the tet-
ragonal crystal makes a packing contact
with a neighboring molecule that might
explain the observed conformational dif-
ference for that residue.

In a similar manner we have compared
the conformations of the lysozyme mole-
cules bound to HyHEL-5 (69), HyHEL-10
(17), D1.3 (15), and D11.15 (18). The rms
match against the mean set of coordinates
for the ensemble was 0.54 A. The largest
Ca separation for the superimposed ly-
sozymes was 8.17 A between the Gly-102

10 Review: Davies and Cohen



Proc. Natl. Acad. Sci. USA 93 (1996) 11

residues of D1.3 and D11.15. There were
also differences of 2.48 A between the
Pro-70 and 2.16 A between the Thr-47 Ca
atoms of HyHEL-5 and HyHEL-10. These
are substantial changes that confirm the
flexibility in these regions of lysozyme
noted in the uncomplexed molecules. The
HyHEL-5 epitope includes both Thr-47
and Pro-70. Gly-102 is part of the buried
interface in HyHEL-10, D1.3, and D11.15.
In D1.3 the residues Gly-102 and Asn-103
are displaced by 8 A from their positions
in HyHEL-10 and D11.15 so as to partic-
ipate in the interface surface. The flexi-
bility therefore permits the enhancement
of the complementarity at these three
points on the antigen surface.

Mutational Effects on Antibody-Antigen
Binding

Mutations in either antibody or antigen
can be used to analyze the contributions of
individual residues to the formation of the
complex. There have been several such
studies where the binding effects have
been correlated with the known three-
dimensional structure.
The power of mutational analysis has

been demonstrated in a comparison of the
structural and functional epitopes for the
human growth hormone (HGH)-receptor
system by a mutational analysis of the
interacting residues on the HGH in which
each residue in turn was replaced by ala-
nine (51, 52). It was found that only one-
quarter of the buried side chains could
account for most of the binding energy.
The predominant role of these side chains
is to slow the dissociation of the complex.
A similar analysis of the receptor epitope
(52, 63) revealed a complementary hot
spot on the receptor surface where there
is a hydrophobic region dominated by two
tryptophan residues, which accounts for
more than three-quarters of the binding
energy.
Chacko et al. (64) have examined the

changes in the HyHEL-5-lysozyme com-
plex that accompany the "conservative"
substitution of lysine for arginine at posi-
tion 68 of lysozyme. The mutation pro-
duces a decrease by a factor of 1000 in the
binding from 101l to 108 M-1, as was
observed in the binding to bob-white
quail, which has this mutation in the
epitope region (65). Comparison of the
crystal structures of the complex shows
that essentially no changes take place in
the interior of the interface except in the
immediate vicinity of the mutation site,
and there is little change in the buried
surface area. A water molecule replaces
the two nitrogens of the guanidinium
group of the arginine and partly compen-
sates for the loss of the two salt bridges
between the Arg-68 and Glu-H50. The net
result of the substitution is a loss of hy-
drogen bonding in that the side-chain
amino group of the lysine is unable to

make the same bonding arrangement as
the guanidinium group of the arginine.

Tulip et al. (66) examined two com-
plexes of mutant neuraminidase with
NC41. The mutations Asn-329 -> Asp and
Ile-368 -- Arg produced only a slight
reduction in affinity. Both structures dem-
onstrate that local structural rearrange-
ments can be used to accommodate these
amino acid substitutions.

Chitarra et al. (18) have determined the
structure of a complex of pheasant ly-
sozyme (PHL) with the Fv of D11.15, an
antibody generated against chicken ly-
sozyme that binds about 4 or 5 times better
to pheasant and guinea fowl lysozyme.
The Fv contacts involve all three heavy
chain CDRs but only the third CDR of the
light chain. There are two amino acid
differences that might cause the observed
difference in binding. The first is
Asn(HEL)-113 -- Lys(PHL) where the
lysine makes nonpolar contacts with Tyr-
H57. However, modeling the asparagine
in this position indicates that it too could
make nonpolar contacts with the anti-
body. The second difference is Gln(HEL)-
121 -- Asn(PHL), where the Asn-121 is
3.9 A away from light chain Ser-L30.
Modeling with a glutamine in this position
shows that it could make a hydrogen bond
with Ser-L30. These results illustrate the
difficulty of providing a structural expla-
nation for complexes where the differ-
ences in binding energies are so small.
The effect on the D1.3 lysozyme com-

plex of a substitution of leucine for tryp-
tophan in position 92 of the light chain has
been reported (67). This change results in
a decrease in affinity by a factor of about
1000. They measure a change in the AH of
association of 3.8 kcal and state that the
entropy is not affected. The structure
shows that in the mutant complex, the
space occupied by the tryptophan is taken
up by two water molecules and the buried
area in the complex decreases by about
150 A2.

Conclusion

In view of the enormous diversity of the
immune response, it is perhaps presump-
tuous to expect that the few examples
discussed above can totally describe anti-
body-antigen interactions. However, from
these results it is apparent that these as-
sociations have much in common with
other protein-protein interactions (2, 68).
The results from thermodynamic, struc-
tural, and mutational analyses demon-
strate many similarities with those ob-
served for other protein systems. The only
significant difference seems to be in the
clustering of aromatic residues in the an-
tibody combining site, and it is interesting
that the recent mutational study of the
HGH receptor (52) identifies a hot spot of
binding at the two tryptophans in the
middle of the receptor interface.

We are grateful to Drs. Edward Padlein and
Susan Chacko for helpful discussions.
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