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Immunology

Structure of an antibody-antigen complex: Crystal structure of the
HyHEL-10 Fab-lysozyme complex !

(x-ray crystallography/complementarity /discontinuous epitope)

EDUARDO A. PADLAN*, ENID W. SILVERTON*, STEVEN SHERIFF*T, GERSON H. COHEN*,

SANDRA J. SMITH-GILLY, AND DAVID R. DAVIES*

*Laboratory of Molecular Biology, National Institute of Diabetes, Digestive and Kidney Diseases, and ¥Laboratory of Genetics, National Cancer Institute,

National Institutes of Health, Bethesda, MD 20892

Contributed by David R. Davies, April 24, 1989

ABSTRACT The crystal structure of the complex of the
anti-lysozyme HyHEL-10 Fab and hen egg white lysozyme has
been determined to a nominal resolution of 3.0 A. The antigenic
determinant (epitope) on the lysozyme is discontinuous, con-
sisting of residues from four different regions of the linear
sequence. It consists of the exposed residues of an a-helix
together with surrounding amino acids. The epitope crosses the
active-site cleft and includes a tryptophan located within this
cleft. The combining site of the antibody is mostly flat with a
protuberance made up of two tyrosines that penetrate the cleft.
All six complementarity-determining regions of the Fab con-
tribute at least one residue to the binding; one residue from the
framework is also in contact with the lysozyme. The contacting
residues on the antibody contain a disproportionate number of
aromatic side chains. The antibody-antigen contact mainly
involves hydrogen bonds and van der Waals interactions; there
is one ion-pair interaction but it is weak.

The interaction of antibodies with protein antigens has been
the subject of several recent crystallographic investigations.
These include complexes of hen egg white lysozyme with the
Fab fragments of the monoclonal anti-lysozymes D1.3 (1) and
HyHEL-5 (2) and a Fab complex with influenza neuramini-
dase (3). From these data a common pattern of interaction is
emerging (4) in which there is a high degree of complemen-
tarity between the interacting surfaces of the antibody and
antigen; the epitope is made up of several small, discrete
segments of the polypeptide chain; and relatively small
conformational changes occur in the antigen as a result of
binding. Here we report the x-ray analysis of HyHEL-10
Fab-lysozyme, in which the antigenic site differs from the
two previous examples. The results complement the previous
studies but differ from them in several ways.

HyHEL-10 is an IgGl(x) antibody specific for hen egg
white lysozyme. The affinity of HyHEL-10 for hen egg white
lysozyme, as estimated by PEG immunoprecipitation, is 1.5
x 10 M~! (M. E. Denton and H. A. Scheraga, personal
communication), slightly lower than that of HyHEL-S, thus
making HyHEL-10 intermediate in affinity between HyHEL-
5and D1.3.8

HyHEL-10 expresses a member of the Vy36-60 variable
gene segment family, the DQS52 diversity gene segment, and
the Jy3 joining gene segment in the heavy (H) chain and a
V.23 gene and J,.2 in the light (L) chain (9). Thus, HyHEL-10
is structurally distinct from HyHEL-5 (which expresses
VuJ558 and V,4) and D1.3 (which expresses VyQ52 and
V.12/13).

The nublication costs of this article were defraved in nart hv nage charee

OCKET

LARM

MATERIALS AND METHODS i

Crystals of the complex of HyHEL-10 Fab with hen egg white
lysozyme, grown as described (11), exhibit the symmetry of
space group P2,2,2; with a = 57.47, b = 118.73, ¢ = 137.68
A and one Fab-lysozyme complex per asymmetric unit,
Intensity data were collected with the Mark II multiwire
detector system at the University of California, San Diego
(12). The R factor relating the intensities of symmetry-related
reflections (12) was 0.066. The data set used in the structure
analysis had 12,501 reflections beyond 10.0-A spacings with F:
= 3¢(F). These constitute about 78% of the theoretically
observable reflections between 10.0- and 3.1-A spacin%f; an
additional 5% of the reflections between 3.1 and 3.0 A are
present in this data set. ‘
The structure was determined by molecular replacement
(13) using a predecessor of the program package MERLOT
(14). Rotation and translation searches were performed in-
dependently (15) for the lysozyme, Fv (module containing Vi
and V,, the variable domains of the H and L chains), and
C./Cql (constant domain of L chain/first constant domain
H chain) portions of the structure. In the search for tl}e.
orientation of the lysozyme and the Fv, the highest peaks il
the rotation function turned out to be the correct peaks.
correct peak in the rotation search for the C; /Cyl was qﬂly
the seventh highest. The translation search gave unambigu=
ous results in all three cases. Details of the molecular
replacement analysis will be published elsewhere (8.5,
E.A.P., G.H.C., and D.R.D.). The molecular probes that
proved useful in the analysis were hen egg white lysozyme
from the refinement analysis of Diamond (16) [Protein Datd
Bank (PDB) File 6LYZ], the Fv of McPC603 (17) (PDB File
IMCP), and the C, /Cy;1 of HyHEL-5 (2) (PDB File 2HFL):
The orientations and positions of the various parts of
complex were refined with coreLs (18) allowing the Vi, Vi
Cp and Cy1 domains and lysozyme to move independenﬂ)’-
The structure was then subjected to restrained least-squares

i

Abbreviations: H, heavy; L, light; V. and Vy, variable domain$ o

L and H chains; Cpand Cyl, constant domain of L chain and fifs’

constant domain of H chain; Fv, module containing Vi and lfl"

CDR, complementarity-determining region; CDRn-L or CDRA-t%:

nth CDR of L or H chain. "

Present address: Squibb Institute for Medical Research, P.O- Bo
4000, Princeton, NJ 08543-4000.

§Using PEG immunoprecipitation at pH 7.2, Denton and Schemg
determined association constants of 1.5 x 10° M~! and 2.5 * )
M~ for HyHEL-10 and HyHEL-5, respectively. Lavoie ¢f d: o0
determined association constants of ~4 x 10° M~ and =1.4 % l'on
M~ at pH 8.2 by the method of Friguet et al. (6). The associal

: ~iguet €l
constant for D1.3 Fab, also determined by the method of pnguch 3
al_hac hesn renartad () ac 4 § % 107 M—1at nH 7 4- more receNtis
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inement using the program PROLSQ (19, 20) and model program FRODO (22). The final R value was 0.24 with devi-
suilding on the basis of oMIT maps (21) using the graphics ations from ideality of 0.011 A for bond lengths and of 0.034

Fic. 1. Stereo diagrams. (a)
a-Carbon trace of the HyHEL-10
Fab-lysozyme complex. Lyso-
zyme is shown in white, V. in
yellow, Vg in light blue, Cy_inred,
and Cyl in dark blue. (b) Same as
a and showing the interacting sur-
faces: the surface covering the
epitope in green and the surface
covering the contacting residues
from the Fab in magenta. At left,
the complex is as it is in the crystal
structure; in the middle and at
right, the lysozyme has been sep-
arated from the Fab by 7 A and by
14 A, respectively. (¢) Backbone
of HyHEL-10 Fv and lysozyme
with the contacting side chains
from HyHEL-10 shown in red and
those from the lysozyme shown in
yellow. The rest of the helical re-
gion (lysozyme residues 88-99)
and Vi are shown in light blue,
and Vy is shown in dark blue. (d)
HyHEL-10 Fv showing the CDRs
in yellow and the contacting resi-
dues in red. V_is on the left (light
blue) and Vy is on the right (dark
blue). (¢) The HyHEL-10 epitope
on lysozyme showmg the contact-
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A for angle distances and with a deviation from planarity of
0.004 A. The refined coordinates have been deposited in the
Protein Data Bank (23) (File 3HFM). The error in atomic
positions was estimated (24) to be 0.4 A.

Molecular surface representations were computed with the
program Ms (25) using a probe radius of 1.5 A and standard van
der Waals radii (26). Atomic contacts were defined according
to the criteria of Sheriff et al. (27). The various domains of
HyHEL-10 Fab were compared with the following immuno-
globulin structures: McPC603 and J539 (28) (PDB File 1FBJ),
HyHEL-5 and D1.3 (courtesy of R. Poljak, Pasteur Institute),
KOL (29) (PDB File 1FB4), NEW (30) (PDB File 3FAB), and
REI (31) (PDB File 1REI). Least-squares superposition of
structures was accomplished with the program ALIGN (written
by G.H.C.); only «a carbons were used in the superpositions.
ALIGN reports the individual deviations and the rms deviation
between structurally equivalent pairs of atoms. The number-
ing scheme used here for the HyHEL-10 residues follows the
convention of Kabat et al. (32).

RESULTS

Overall Structure. Fig. 1a shows the a-carbon trace of the
HyHEL-10 Fab-lysozyme complex. The contact between
lysozyme and HyHEL-10 involves the complementarity-
determining regions (CDRs) of the antibody with the exterior
of the lysozyme helix (residues 88-99) and some surrounding
amino acid residues. The two interacting surfaces (Fig. 1b) are
strikingly complementary so that solvent is completely ex-
cluded from the interface. The helix in the epitope is oriented
diagonally across the combining site so that its N terminus
interacts with the second CDR of the L chain (CDR2-L)
whereas its C terminus and the segment beyond it interact
mainly with CDR1-H and CDR2-H (Fig. 1 ¢ and d; Table 1).

The Epitope. The lysozyme epitope for HyHEL-10 is quite
discontinuous, consisting of residues coming from distant
parts of the linear sequence but made contiguous by the
folding of the protein. The area of lysozyme that is in contact
with the antibody is 774 AZ.

The lysozyme residues that contact the antibody are His-
15, Gly-16, Tyr-20, and Arg-21, which are on one side of the
helix; Thr-89, Asn-93, Lys-96, Lys-97, and Ile-98, which

Table 1. HyHEL-10 residues in contact with lysozyme
HyHEL-10 residue* Lysozyme residue(s)
Vi

Gly-30 Gly-16

Asn-31 (h) His-15, Gly-16, Lys-96

Asn-32 (h) Gly-16, Tyr-20

Tyr-50 Asn-93, Lys-96

GIn-53 (h) Thr-89, Asn-93

Ser-91 (m) Tyr-20

Asn-92 (m,h) Tyr-20, Arg-21

Tyr-96 (h) Arg-21

Vi

Thr-30% Arg-73

Ser-31 (h) Arg-73, Leu-75

Asp-32 (s) Lys-97

Tyr-33 (h) Trp-63, Lys-97, 1le-98, Ser-100, Asp-101

Tyr-50 (h) Arg-21, Ser-100

Ser-52 (h) Asp-101

Tyr-53 (h) Trp-63, Leu-75, Asp-101

Ser-54 Asp-101

Ser-56 Asp-101, Gly-102

Tyr-58 (h) Arg-21, Ser-100, Gly-102

Trp-95 Arg-21, Lys-97, Ser-100

*Nature of interaction is indicated in parentheses: m. main-chain
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constitute the external surface of the helix; Ser-100, Asp-101
and Gly-102, which extend beyond the helix; Trp-63, whio
is in the active-site cleft; and Arg-73 and Leu-75, which ar
on the other side of the cleft (Fig. le). In addition, Asn-I
Asn-103, and Ala-107 are partly buried by the interaction with
the antibody, although not in actual contact by the criterig we
have used. Four of these residues participate in the contaof
with the antibody only through their main-chain atoms (Hjs.
15, Gly-16, 1le-98, and Gly-102). Most of the contacting
residues are polar and five of them are charged.

Structure of the Combining Site. The surface of HyHEL-1g
that interacts with lysozyme is unusual in that it is pot
noticeably concave and contains no pronounced grooves o
cavities. On the contrary, the surface has a large protrusion,
which fits into the active-site cleft of lysozyme. This protru-
sion is formed by the side chains of Tyr-33 from CDR1-H and
Tyr-53 from CDR2-H (Fig. 1b). The interacting surface of the
antibody contains a disproportionate number of aromatic side
chains that point outward and that interact with the antigen
(Fig. 1c; Table 1). Large numbers of aromatic residues have
also been observed in the combining sites of McPC603 (17)
and D1.3 (1) and in the presumed binding site of the human
class I major histocompatibility antigen A2 (33).

All six CDRs participate in the interaction with the lyso-
zyme. The CDRs of the L chain contribute 8 residues to the
contract and those of the H chain contribute 10. One addi-
tional residue from the H chain, Thr-30, comes from the
framework. CDR2-H has the largest number of contacting
residues with 6, while CDR3-H has only 1 (Table 1). For 3 of
the residues (Gly-30, Ser-91, and Asn-92, all from the L
chain), only their main-chain atoms are involved in the
contact. Seven of the contacting residues have aromatic side
chains: Tyr-50 and -96 from the L chain; Tyr-33, -50, -53 and
-58 and Trp-95 from the H chain. Only one side chain, that of
Asp-32 of the H chain, is charged. In addition to the 19
contacting residues, Ser-93 and Trp-94 of the L chain are
partly buried by the interaction with the antigen. The surface
area on the antibody that is buried by the interaction with the
lysozyme is 720 AZ.

Conformational Changes in the Antigen. No major confor-
mational changes occur in the structure of the lysozyme when
it binds to HyHEL-10. Comparison of the complexed lyso-
zyme with the uncomplexed structure (coordinates of tetrag:
onal lysozyme courtesy of D. C. Phillips) gives a rms deviation
of 0.47 A for corresponding « carbons, with significant dii"feﬁ
ences occurring at positions 47, 101, and 102 having deviations
of 1.44, 1.80, and 2.13 A, respectively. Larger differences aré
found for the side chains, most notably with the aromatic ring
of Trp-62, which has been rotated by 150 degrees about the
CP—C bond presumably in order to avoid close steric inter
actions with a tyrosine side chain from the antibody.

Forces Between the Antibody and the Antigen. The com-
plementarity of the contacting surfaces of HyHEL-10 and
lysozyme is so great that there are no cavities in the inlej’fa‘;e
large enough to accommodate a water molecule. The intef”
action between the two proteins (Fig. 1c) consists of polar
and apolar interactions; of the 126 pairwise atomic contacts

Table 2. Hydrogen bonds between HyHEL-10 and lysozyme€

Vi Lysozyme Vi Lysozyme
Asn-31 OD1 Lys-96 NZ Thr-30 O Arg-73 NH1
Asn-32ND2  Gly-16 0 Ser-31 OG Arg-73 NHI
GIn-53 OE1 Asn-93 ND2 Tyr-33 OH Lys-97 0
GIn-53 NE2  Asn-93 OD1 Tyr-50 OH  Arg-21 NHL:

Ser-100 0
Ser-91 O Tyr-20 OH Tyr-53 O Asp-101 891
Y .. V.. W . Y PR L L . .. 0 NTY N 109
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