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Epitope Recognition by Diverse Antibodies Suggests
Conformational Convergence in an Antibody Response

Deepak T. Nair,* Kavita Singh,* Zaved Siddiqui,” Bishnu P. Nayak, Kanury V. S. Rao," and
Dinakar M. Salunke®*

Crystal structures of distinct mAbs that recognize a common epitope of a peptide Ag have been determined and analyzed in the
unbound and bound forms. These Abs display dissimilar binding site structures in the absence of the Ag. The dissimilarity is
primarily expressed in the conformations of complementarity-determining region H3, which is responsible for defining the epitope
specificity. Interestingly, however, the three Abs exhibit similar complementarity-determining region conformations in the Ag
binding site while recognizing the common epitope, indicating that different pathways of binding are used for Ag recognition. The
epitope also exhibits conformational similarity when bound to each of these Abs, although the peptide Ag was otherwise flexible.
The observed conformational convergence in the epitope and the Ag binding site was facilitated by the plasticity in the nature of
interactions. The Journal of Immunology, 2002, 168: 2371-2382.

concerns recognition and neutralization of the foreign PAFGANSTNPD). All these Abs recognized a common four-res-

Ags by Abs. Three-dimensional structures of the mAbsidue stretch (DPAF) as an immunodominant epitope. The immune
and their complexes with the corresponding Ags of diverse origingesponse against this peptide, derived from the large surface Ag of
have provided critical insights regarding humoral immune recogthe hepatitis B virus, has been extensively characterized (13). The
nition (1-3). These studies have contributed immensely toward théhree mAbs selected for structural studies were derived from the
understanding of different aspects of an immune response, such apleen of the highest responder among a group of animals immu-
repertoire shift, affinity maturation, idiotype networks, and cross-nized with the peptide PS1CT3, in which CT3 segment of the
reactivity (4—8). However, the mechanistic aspects of Ag recogpeptide represents a T cell epitope. The Abs PC283, PC282, and:
nition and neutralization in a polyclonal response would be besPC287 belong to the isotypes IgG1, 1gG3, and IgG1, respectively 5
studied at the level of an ensemble of Abs recognizing the(14). Furthermore, the differences in the V region sequences, in-
same Ag. cluding those of the complementarity-determining regions

Complexes of different Abs raised against the same protein Ag(CDRs} of both H and L chains of the Abs, are evident (Fig. 1).
but recognizing independent epitopes, have enabled mapping the The Abs used in this study represent an oligoclonal subset of the &
antigenic determinants (9-12). Although remarkable structural inpolyclonal response mounted against PS1 in an individual animal. g
sights have been gained from all these studies, the correlation dfhe crystallographic analyses of these Abs in their bound and un- =
structural information with the mechanistic aspects of a polyclonabound forms should, therefore, provide an insight into the struc- &
Ab response requires further exploration. It has been observed thairal features associated with a polyclonal humoral response. »
different extents of conformational changes occur in Abs as well a\mong the three Abs, structure of the complex of PS1 with the Ab 7,
Ags on binding (1). The role of such changes in defining an im-PC283 was reported earlier (15). Structure of the bound as well as &
munodominant epitope needs to be further addressed. The immuative forms of the other two Abs, PC282 and PC287, has now =
nodominant nature of an epitope manifests itself due to the relabeen determined. Comparison of the Ag-bound and unbound Ab
tively high immunogenicity of that epitope. Despite the extensivestructures suggests involvement of diverse modes of Ab activation
structural work on the Ag-Ab interactions, the structural basis offor Ag binding. The ensemble of structures shows that the immune
immunodominance is still a puzzle. response converges to an equivalent set of CDR conformations
To relate structural, mechanistic, and functional aspects of theecognizing the epitope in a common conformation with uniformly

humoral immune response, we have used a panel of murine mARsgh affinity and specificity. The convergence in conformation of
both Ab and Ag observed in this study indicates that the structural
repertoire is limited, but effective.

he primary function of the humoral immune response derived from the secondary response to a peptide Ag, PS1 (HQLD g
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HEAVY CHAIN

H1
283 QVALQ ESGPG LVKPS QSLSL TCTVT GYSIT SDYAW NWIRQ
282 QVTLA QSGPG LVKPS QSLSL TCTVT AYSIT SDYAW NWIRQ
287 QVKLQ QSGPG LVKPS QSLSL TCTVT GYSIT SDYAW NWIRQ

| | | | | T |

5 10 15 20 25 30 35 35a 39

283 FPGNK LEWMG YIRNG GSTTY NPSLA SRISI TRDTS KNQFF
282 FAGQV LEWMG YISYS GSTSY NPSLK SRISI TRDTS KNQFF
287 FPGNK LEWMA YISYS GSTSY NPSLK SRISI TRDTS KNQFF

44 435 54 59 64 69 T4 79

283 LQLNS VTTED TATYY CARGG TGFTY WGAGT
282 LQLNS VTTED TATYY CARGG TGFPY WGQGT
287 LQLNS VTTED TAIYY CARGG TGFDY WGAGT

82a b ¢ 86 91 96 101 106

LIGHT CHAIN

Ll
283 DIVLT QSPKS MSMSV GERVT LSCKA SENVG TYVSW YQQOKP
282 DIVLT QSPKS MGMSV GEAVT LNCKA SENVG TYVSW YQQKP
287 DIVLT QSPKS MSMSV GEAVT LSCKA SENVD TYVSW YQOQORP

5 10 15 20 25 30 35 40

283 EQSPK LLIYG ASNRY TGVPD RFTGS GSATD FTLKI SSVQA
282 GQSPV LIIYG ASNRY TGVPD RFTGS GSATD FTLTI SSVQA
287 EQPPA LLIYG ASNRY TGVPD RFTGS GSATD FTLTI SSVQA

45 50 55 60 65 70 75 80

283 EDLAD YHCGQ TYSYP —TFGG GTKLA
282 DDDAD YYCGQ SYSGP LTFGG GTKLE
287 EDLAD YHCGQ SYSYP LTFGG GTKLE

| | | |

85 90 95 100 105
FIGURE 1. Comparison of the V region sequences of the three Abs. The
CDRs are labeled and identified by underlining. The differences in the se-
quence are highlighted in bold. The residue numbering is according to Kabats
scheme.

5 ul peptide/Fab (10 mg/ml Fab). For the complexes, peptide:Fab molar
ratio of 20:1 was used. Crystals of the PC287 Fab-PS1 and PC282 Fab-PS1
complexes were obtained with a reservoir solution containing 20%

Table|. Crystal data and refinement statistics®

PEG3000 and 20% PEGB8000, respectively. The crystals of unliganded
PC282 and PC287 were grown from a reservoir solution having 10%
PEG3000 and 15% PEGB8000, respectively. To obtain crystals of PC283 in
its native state, crystallization experiments were set up at three different pH
values and two different temperatures, using a variety of precipitants, salts,
and organic solvents, and using both hanging and sitting drop methods
without any success. Microseeding from precipitate and cross seeding also
did not lead to crystals.

Data collection

The x-ray intensity datawere collected on Image Plate (Marresearch, Ham-
burg, Germany) installed on a rotating anode x-ray source (RIGAKU) op-
erated at 40 kV and 70 mA (CuKa radiation) with a Ni monochromator.
The crystal data and the intensity statistics are shown in Table I. It was
inferred from calculations of the Matthews constant (Vm) (16) that thereis
one molecule in the asymmetric unit for al the crystals. The intensity data
were processed using DENZO and merged using SCALEPACK (17).

Sructure determination

Molecular replacement was conducted with the PC283 structure as the
probe model using AMoRe (18) for both the complexes. The PC282 in-
tensity data gave a good correlation coefficient (Cr = 45.3%), and subse-
quent refinement was conducted using this model. However, a lower C
(22.6%) was obtained with PC287-PS1 data. It was envisioned that the
relative orientation of the V and H superdomains in the PC287 molecule,
defined by its elbow angle, is substantially different from that of the PC283
Fab. Hence, molecular replacement was conducted with a number of dif-
ferent Fab molecules available in the PDB. The model having PDB code
1F58 gave avery good Cr (60%) with the PC287-PS1 intensity data. It was
observed, as predicted, that the elbow angle of 1F58 is very different from
that of the PC283 Fab. The elbow angle of PC283 was changed to match
that of 1F58. Molecular replacement using the modified PC283 Fab struc-
ture yielded a Cr of 68%, and, hence, further refinement was conducted
using this model.

For the two unliganded datasets, the refined model of each Fab from the
complex structures was used to carry out molecular replacement. As ex-
pected, a high C (~70%) was obtained for both the Abs, and subsequent
refinement was conducted using the corresponding models.

Refinement

Further refinement was conducted using CNS (19). Both conventional
Reryst @d Rypee (20) values (10% of total reflections) were used to monitor
refinement progress. Initialy, rigid body refinement was conducted for the

PC282 PC287
Property Complex Native Complex Native

Space group P2, P2, C2 Cc2
Cell constants a="526A a="526A a=736A a=737A

b =695A b=729A b=716A b=715A

c=594A c=596A c=877A c=877A

B = 95.6° B = 100.5° B =981° B = 98.1°
Maximum resolution A 25 1.8 25 2.2
Total observations 62432 378203 62464 157194
Unique reflections 14014 36471 13521 14215
Rerge (%) 10.2 (47.1) 7.2(47.1) 10.7 (41.1) 10.0(51.5)
Completeness (%) 84 (83.2) 91 (83.2) 86 (82.1) 85 (81.8)
Multiplicity 45 10.3 4.6 8
Average (1)/(Sigl) 49(11) 10.5(3.4) 55(2.1) 6.4 (2.5)
No. of protein atoms 3230 3230 3276 3276
No. of peptide atoms 53 — 68 —
No. of solvent atoms 91 130 158 159
Rerys (%0) 20.9 (30.9) 20.3(29.8) 19.7 (37.1) 20(38.1)
Riree (%0) 27.7 (32.5) 23.3(33.4) 27.2 (40.7) 24.9 (40.3)
Refinement range (A 50-25 50-1.8 50-2.5 50-2.2
rmsd bond lengths (A) 0.007 0.005 0.007 0.009
rmsd angles (°) 1.529 1.379 1517 1.593
Ramachandran plot
Allowed regions (%) 97.4 98.1 96.8 97.6
Generously allowed regions (%) 15 11 24 13
Disallowed regions (%) 11 0.8 0.8 11

2The numbers given in parentheses denote the last shell statistics for the corresponding x-ray data or refinement parameter.
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whole Fab molecule. On defining V,, V, C,, and C, domains as discrete
units, the rigid body refinement led to a substantial drop in the R,y and
Riree- The model was further refined using positional refinement protocol of
CNS. Electron density maps were displayed with the help of program O
(21) on O, (Silicon Graphics, Mountain View, CA), and the sequence of
PC283 was slowly changed to that of the corresponding Abs during iter-
ative refinement. The side chains and backbone conformations of the CDR
loops were rebuilt iteratively as the density in these regions improved.
Subsequently, clear and empty density could be seen in the Ag-combining
site into which the peptide PS1 was gradually built. Initialy, the stretch
DPAF could be unambiguously fitted into the electron density, and the rest
of the peptide could be built subsequently as the refinement progressed.
Water molecules were then added using the water__pick program in CNS.
The overall quality of the model was checked with PROCHECK (22). For
the native structures, a similar refinement protocol was followed. Final
refinement statistics for the four structures are given in Table I.

Analysis

The sequence alignment of the V regions of the L and H chains was con-
ducted using CLUSTALW (http://www2.ebi.ac.uk/). The V regions of the
three Abs were structurally aligned using the HOMOLOGY module of
INSIGHTII (Molecular Simulations, San Diego, CA). The intrapeptide and
Ab-peptide contacts were determined using CONTACT program (23). To
determine the van der Waals contacts, a cutoff of 4 A was used. The
potential hydrogen bonds listed out by the CONTACT program were con-
firmed visually in INSIGHTII. The solvent accessible area was calculated
using ACCESS__ SURF module of MS| software (Molecular Simulations),
based on the Lee-Richards algorithm (24), using a probe radius of 1.4 A. The
shape correlation stetistic was calculated using program S, to quantitate
complementarity between the DPAF epitope and the three Abs (25). The struc-
tureswere compared with each other by cal culating root mean square deviation
(rmsd) in the position of both Ca atoms and all atoms.

Results
Ag structure in different Ab environments

The structure of PS1 bound to PC282 and PC287 were both de-
termined at a resolution of 2.5 A (Fig. 2). Seven residues from
GIn®® to Gly®" and eight residues from His'® to Gly®" could be
unambiguously traced into the electron density in the 2Fo-Fc map
for the PC282-PS1 and PC287-PS1 complexes, respectively. In both
the structures, the conformation of the residues Asp®-Pro®-Ala®-Phe’
represents a B-turn. The hydrogen bond corresponding to this
B-turn is formed between the backbone carbonyl oxygen of Asp®®
and backbone nitrogen of Phe’". This B-turn constitutes the site of
primary interactions with the Abs. In the two complexes, the
stretch GIn?” to Phe’™ is present in the binding site, while the
residue Gly®" of the peptideis raised above the Ag-combining site.

The structure of the PC283-PS1 complex in which al the resi-
dues of the peptide could be traced into the electron density has
already been reported (15). Thus, the stretch QLDPAFG could be
unambiguously defined in all the three complexes. To compare the
peptide conformations, the PS1 structures were aligned in space by
superimposing the V domains of the three Fab molecules. The
aligned structures of the common stretch QLDPAFG are shown in
Fig. 3A. A pairwise comparison of the conformation of the peptide
when bound to different Abs was conducted by calculating rmsd
values in the position of Ca atoms as well as all atoms. The rmsd
values suggest that the side chain and main chain conformation in
case of the residues Pro®F, Ala®", and Phe’® are similar, with al
rmsd values being within 0.5 A. Conformations of the residues
GIn?®, Leu®”, Asp™, and Gly®F are considerably different in case
of PS1 bound to PC282 and PC287 compared with the peptide
bound to PC283. For Asp*”, the side chain orientation is dif-
ferent in the case of PC283 but similar in the other two com-
plexes. However, the pairwise rmsd values for deviation in the
position of Ca atoms of the DPAF stretch are within 0.9 A. This
stretch shows B-turn conformation in all the three complexes
(Fig. 3A). The presence of a turnlike conformation in peptides

2373

FIGURE 2. Structures of Fab-peptide complexes. Stereoscopic view of
the structures of the three Fab-peptide complexes displayed using second-
ary structure rendering.

bound to Abs has been seen in the structures of a majority of
Fab-peptide complexes (1, 15).

Structures of the Abs in the Ag-bound state

The V and C domains are nearly in line with each other in case of
PC287, with an elbow angle of 172°. In case of PC283 and PC282,
the two superdomains are at an angle with each other, with elbow
angles of 147° and 142°, respectively. Thus, the Fab molecules
show differences in the relative orientations of the V and C super-
domains (Fig. 2). The solvent inaccessible area of the interface
between the V,, and V, domains was measured to be 1594 A2 in
case of PC283, 1488 A2 in case of PC282, and 1719 A? in case of
PC287. It has been suggested that the differencesin V-V, inter-
face area reflect the differences in the rotational relationships be-
tween the two V domains (1, 26). However, the V domain can be
superimposed without the need for any transformation on either
the Vi, or the V, domain in the three Abs. Thus, the relative
orientation of the V, and V| domains is the same in the bound
forms of al the complexes.

The V domains of the three Abs when structurally aligned ac-
cording to the strands that compose the 3-sheets, as shown in Fig.
3B, gave an overall rmsd of 0.5 A in the position of Ca atoms. A
pairwise comparison of the CDR conformations was conducted.
The rmsd values in the position of Ca atoms of all the CDRs,
except L3, werewithin 0.5 A, and hence the variation in their main
chain conformation was marginal. Although there are a number of
replacement changes in case of CDR L1, H1, and H2, the main
chain conformation shows only minor variation. The rmsd values
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FIGURE 3. The conformational convergence
of the epitope and the paratope. A, Stereoscopic
drawing of the bound conformation for the resi-
dues HQLDPAFG of PS1 from the complexes of
PS1 with PC283 (black), PC282 (dark gray), and
PC287 (light gray). B, Stereoscopic drawing of
the structural alignment of the CDRs of the three
Abs in the bound state, PC283 (black), PC282
(dark gray), and PC287 (light gray).

for Ca atoms of CDR L3 between PC282 and PC283 and between
PC287 and PC283 are 2.34 and 2.5 A, respectively, which are
primarily due to an insertion, Leu®®", in CDR L3 in case of PC287
and PC282. The pairwise rmsd values, after exclusion of Leu®®-
and a residue before and after, were within 0.9 A, indicating that
the magjor difference in the conformation of CDR L3 is localized
near thisinsertion, with the other residues having similar backbone
conformation (Fig. 3B).

The V region sequences of the three Abs were compared against
the database of mouse V, D, and J germline gene segments using
the IgBLAST program (27). For the H chain V gene segment, very
high scores were obtained with the genes VH36—60 and NC1-A7
in case of al the Abs. For the L chain VV gene segment, the genes
19-20 and 19-29 gave high scores with the three Abs. For the H
chain J segment, the JH2 gene, and for the L chain any of the JK
genes, except JK3, could have been used in each of the three Abs.
Among the D segments, Q52 showed homology with the corre-
sponding region in the H chain of al the Abs. Overall, the CDR
sequences of PC282 and PC287 show more similarity to each other
than with those of PC283. Although it is possible that the three
have originated from independent naive B cells, it is likely that
PC283 may have matured from a progenitor distinct from that of
the other two Abs.

Ag-Ab interactions

The residues of the three Fab molecules, which show contacts with
the peptide residues, are shown in Table Il and in Fig. 4. It is
obvious from the table that the majority of the interactions in all
the three cases are formed by the DPAF stretch of the peptide. The
table shows that Leu®” and Asp®® interact with a different set of
residues in case of PC287 and PC282 compared with those in case
of PC283. The residues of the hypervariable loops that interact

with Pro®", Ala®®, and Phe’” are spatially conserved, and in some
cases, are also identical. Thisistrue even for residues of CDR L3,
which show a margindly different conformation in the case of
PC283 relative to that seen in PC282 and PC287. Furthermore,
Table Il reveals that the number of contacts formed by the similar
Ab residues are dlightly different in the three complexes, indicating
that there are subtle differences in the conformations of the hyper-
variable loop and peptide residues.

The hydrogen-bonding interactions between peptide and Ab
in case of all the three complexes are shown in Table I11. There
is a salt bridge formed in case of PC283 between Asp?* side
chain and the guanidinium group of Arg®" in the PC283-PS1
complex. In the case of PC282 and PC287, thereis a Ser residue
at this position in the CDR H2, whose short side chain nullifies
any possibility of such an interaction. The side chain of the
Asp?® residue forms a hydrogen bond with Ser®*-:OH and
Gly®8":N in both the cases. The hydrogen bond formed by
Ala®™:N with the backbone oxygen atom of the residue present
at position L91 is conserved in al three cases. The residue
Tyr®" forms hydrogen bonds with different residues of the pep-
tide (Ala°F and Gly® in the case of PC282 and PC287; Phe’™™
in the case of PC283) in all three cases.

Water molecules could be placed in the electron density maps
of the PC282 and PC287 complexes. In case of PC282-PS1
complex, awater molecule forms hydrogen bonds with Asp*® of
peptide and Gly®°- of Ab. Even though the residues that are
present around this water molecule are the same in both the
complexes, the PC287-PS1 complex structure does not show
electron density for water at the similar position. The presence
of interfacial water molecules at different positions in the same
Ab to bind different peptide ligands has been observed earlier
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FIGURE 4. Plagticity of the peptide-Ab interactions. Stereoscopic diagram exhibiting interacting residues (within a 4-A distance) of the three Abs,
PC282, PC283, and PC287, shown in thin stick, and the stretch QLDPAFG of PS1 shown in thick stick representation. The bridging water molecule present

in case of PC282 is shown as a black circle.

(28). However, in the present case, locally dissimilar interac-
tions, water mediated and otherwise, are used in a similar mi-
croenvironment for binding the same ligand in different
receptors.

The Ag-combining site (paratope) surfaces are predominantly
hydrophobic due to the presence of aromatic amino acids (Fig.
5). This is consistent with the trend that has been observed to
datein Ab-Ag complexes (3, 29, 30). In all the three complexes,
the epitope is present in a groove in the Ag-combining site, as
has been observed for other Ab-peptide complexes (2, 31, 32).
The PC283 paratope surface, however, shows a number of fea-
tures unique from that seen in the other two Abs. The presence
of a highly hydrophilic patch (formed by Arg®** with which
Asp?* interacts) and a hydrophobic groove (into which Leu®" is
inserted) are features unique to PC283 paratope. The features

conserved in all the three complexes include the shallow,
slightly hydrophobic cavity in which Pro® is present, the hy-
drophobic groove in which Ala®F is present, and the hydropho-
bic cup into which the aryl ring of Phe’® is inserted (Fig. 5).
However, it is clear from the figure that the dimensions of the
similar topological features in the three complexes do show
subtle differences.

The complementarity between the three Abs and the immuno-
dominant epitope DPAF was quantitated by calculating the shape
correlation statistics (S.) (25). The S, values are cal cul ated to be on
ascale of 0to 1, with the value of 1 indicating maximum comple-
mentarity. For the PC283, PC282, and PC287 complexes, the S,
valueswere 0.76, 0.75, and 0.79, respectively. Hence, the extent of
complementarity achieved for the minimal epitopeishigh and sim-
ilar in the three Abs.
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Table Il. van der Waals contacts between peptide and Ab?

PC283 PC282 PC287
Peptide No. of No. of No. of
Residue interactions Residue interactions Residue interactions Residue
His'® 8 Y32L (8) — 4 D32H (4)
GIn?® 12 Y49L (4) —
N53L (2)
TI7H (6)
Leus 34 Y32L (4) 6 Y33H (2) 1 G96H (1)
Y49L (5) G95H (2)
G50L (2) G96H (2)
TI1L (2)
G96H (7)
T97H (9)
G98H (7)
Asp?® 3 R52H (2) 16 Y32L (3) 19 Y32L (8)
G96H (1) S91L (6) SO1L (4)
G96H (4) G96H (4)
TI7H (2) TI97H (3)
G98H (1)
Pro®® 14 Y32L (10) 7 Y32L (4) 17 Y32L (6)
TI1L (2) SO1L (2) SO1L (4)
Y92L (3) Yo2L (1) YO2L (7)
Alat® 13 TI1L (3) 15 SO1L (4) 12 SO1L (5)
YO92L (3) Yo2L (5) Y92l (3)
SO3L (2) SO3L (2) SO3L (1)
P95L (1) L96L (1) L96L (1)
Y50H (4) Y50H (3) Y50H (2)
Phe™™ 25 TI1L (2) 21 L96L (2) 23 L96L (3)
A34H (4) A34H (1) A34H (2)
N35aH (1) N35aH (2) N35aH (1)
Y50H (6) Y50H (6) Y50H (3)
R52H (1) G95H (2) G95H (5)
G95H (5) G96H (6) G96H (4)
G96H (5) FI99H (2) G98H (1)
FO9H (1) FO9H (4)
Gly®” — 13 Y50H (1) 2 Y50H (2)
Serlt 17 Y92 (12)
S93L (5)
Thr? 21 SO3L (8)
Y94 (13)
Asn®® 18 D1L (7)
E27L (2)
S93L (6)
Y94L (3)

2 The interactions shown with the different Abs by the peptide stretch QLDPAFG are highlighted in bold. The total number
of interactions formed by each peptide residue is shown in separate columns. The number of interactions shown by each Ab

residue is shown in parentheses.

Ab structures in the Ag-free state

The structure of the PC282 Fab molecule in the unliganded native
state has been determined at aresolution of 1.8 A. Cell parameters
of the crystals of PC282 in the bound and unbound forms are
similar. The elbow angle of the Fab in its native state is 141°,
which is two degrees less than that in the bound state. The solvent
inaccessible areaof the V-V, interfaceis 1529 A2 as compared with
1488 A in the complex. When the V,, domains in the bound and
unbound structures are superimposed, then to overlap the VV, domains
a rotational transformation of —4°, 3°, and —3° dong x-, y-, and
z-axes, respectively, has to be conducted. Thus, there is only a dight
rearrangement in the domain organization on Ag binding.

The V domains of the bound and unbound forms were struc-
turally aligned according to the strands that compose the
B-sheets, and this alignment is shown in Fig. 6A. The rmsd in
position of Ca and all atoms of the different CDRs showed that
the conformation of L2, H1, and H2 is unchanged on peptide
binding. The CDR H3, however, shows a movement of ~4.7 A.
Thus, this CDR undergoes a considerable change in conforma-

tion to facilitate peptide binding. The structural alignment of
the bound and unbound states of PC282 showed that this CDR
moves outward, leading to the formation of the hydrophobic
cup in which the aryl ring of Phe’” is present. Comparison of
the paratope surfaces of the native and bound states shows that
there is a significant change on peptide binding, as can also be
seen from Fig. 5. The volume of the hydrophobic cup in which
Phe’™ is present is considerably less in the native state. The
changes in the CDR H3 conformation constitute a significant
rearrangement of the PC282 Ag-combining site on peptide
binding. Hence, this binding event can be classified as follow-
ing the “induced fit” or “handshake” mechanism (33).

The structure of PC287 in the unbound form has been solved to
aresolution of 2.2 A. The unit cell parameters of crystals of the
bound and unbound forms are identical. The elbow angle is 172°
and does not change on peptide binding. The solvent inaccessible
areaof the V,-V, interface is 1631 A2 as compared with 1719 A?
in the complex. The alignment of the V domains of PC287 in the
bound and unbound structures is shown in Fig. 6B. In case of
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Table I1l.  Hydrogen bonding interactions between peptide and Ab

Peptide Atom PC283 Atom PC287 Atom PC282 Atom

His'™:N Tyr®?-:0H

GIn®”:NE2 Tyr*-:0H

Asp™N Gly*®".0 Gly*®":0

Asp*:0D2 Arg®":NH2 Gly®":N Gly®":N
Ser’t:0G Ser®t:0G

Alg®”N Thrott:0 Ser®-:0 Ser®:0

Ala®”:0 Tyr°H:0H Tyr*H:0H

Phe™™.0 Tyr**":0H

Gly®™:N Tyr®*":0H Tyr*":0H

Ser'™0G Ser®-:0G

Thr'2”.0G1 Tyr%*:0OH

PC287, the rmsd values indicate that the main chain conformations
of all the CDRs are the same in both bound and unbound forms, as
isevident from Fig. 6B. In addition, the values suggest that the side
chain conformation of only CDR L3 residues changes significantly
on peptide binding. The structural aignment of the bound and un-
bound states revedls that this is due to the side chain of the residue
Tyr®* of CDR L3, which flips outward, away from the Ag-combin-
ing Site on peptide binding. This residue does not exhibit any inter-
actions with the peptide in the bound state, but its outward flip pre-
vents steric clashes with Ala®® of the peptide. The side chain as well
as main chain conformations of the other CDR residues show only
minor variaions on peptide binding. The paratope surfaces differ
significantly between the bound and unbound states primarily due to
the conformation of Tyr®*-, which islocated over the groovein which
Alg® is present in the bound state. The side chain of the Tyr**- aso
covers the hydrophobic cup in which Phe™ is present to some extent.
This hydrophobic cup is also occluded by water molecules present
near its rim. The comparison of the bound and native structures

PC282

FIGURE 5. Comparison of the surface
features of the paratope in bound and un-

bound forms. The Connolly surface of the

Abs decorated with the hydropathy feature

with acolor spectrum, in which red to blue

stands for hydrophobic to charged, respec-

tively, is shown. Peptide is displayed in

the stick representetion in the bound

forms. A, PS1 complexed with the Abs. B, B
Native Abs.

2377

suggests that the changes that facilitate ligand binding are the
Tyr®*" side chain movement and the exclusion of two water mol-
ecules. Relative to the substantial rearrangements that are seen in
case of PC282, the binding event of PC287 and PSL1 follows alock
and key mechanism. It has been proposed earlier that for binding
eventsinvolving only changesin side chain rotation, the term “mu-
tua fit” is more appropriate (2).

For both PC282 and PC287, the crystal packing in the bound
and unbound forms is similar and does not interfere with the
conformation of the CDRs in either case. Despite the high se-
quence identity of CDR H3 between PC282 and PC287 Abs,
their behavior on peptide binding is very different. A consider-
able outward movement of CDR H3 was observed in the
former, while the latter showed no conformational change. The
analysis of residues involved in stabilizing the paratope struc-
ture shows that Pro is present at H100 in case of PC282, while
this position is occupied by Asp in PC287. The side chain of
A forms asalt bridge with that of Arg®* and forms hydrogen-
bonding interactions with the side chain of Thr®* in both the bound
and unbound forms of PC287 (Fig. 7). In case of PC282, however, the
Pro residue cannot form such anetwork of bondsto hold Thr®™" inthe
same position in bound and unbound states. Hence, in the absence of
the peptide, the CDR H3 falls toward the center of the groove in the
case of PC282. This conformation is stabilized by hydrogen-bonding
interactions between backbone carbonyl oxygen of Thr¥™" and the
hydroxyl oxygen of Ser®*-. In contrast, in PC287, the network of
polar interactions formed between Arg®*, Thr™, and Asp*® holds
the CDR H3 in the same conformation in both absence and presence
of peptide.

We were not able to crystallize unliganded PC283 despite mul-
tifarious efforts; a large number of conditions and methods have
been attempted without any concrete success. It may be noted that

PC287 PC283
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FIGURE 6. Conformational com-
parison of the Ab paratope in Ag-free

and bound forms. Stereoscopic dia

gram showing superimposition of the

CDRs of native (light gray) and com-

plex (black) forms of PC282 (A) and B
PC287 (B). The CDR backbone confor-
mations are highlighted by superimpo-

sition of the ribbon drawing on the cor-
responding stick representations.

extensive and unusual interactions between the epitope and para-
tope were observed in case of PC283-PS1 complex, implying pos-
sible role of Ag for stabilizing the paratope structure (15). There-
fore, it can be surmised that the Ag-combining site could be
flexible in the absence of the Ag in this case. The mechanism of
PC283 binding probably involves a disorder-order transition of the
CDR loops on ligand binding.

Discussion

Diverse Abs exhibit equivalent topologies while recognizing a
common immunodominant peptide epitope in similar
conformation

The Fab-peptide crystal structures provide a description of
epitope-paratope interactions and conformational features of PS1
when bound to the three independent Abs. In all the complexes, the
major energetic contribution to Ab binding of PS1 comes from
interactions formed by the four residues DPAF. The murine im-
mune response against PS1 progresses in such away that, although
the primary response is directed against diverse determinants, the
Abs in the secondary response are unanimous in their specificity
for the stretch DPAF (14). Thisimmunodominant nature of DPAF
isin accordance with the observation that the same residues exhibit
maximum interactions with the paratope in all the three cases.
For peptide Ags, the inherent flexibility could facilitate adapt-
ability while binding to diverse paratopes from the preimmune
repertoire and, thus, be instrumental in eliciting an immune re-
sponse (34, 35). It was shown that the peptide PS1CT3, against
which mAbs were generated, does not have a single definite con-
formation in aqueous solution, as observed from the proton-de-
coupled **C nuclear magnetic resonance and circular dichroism
studies (14, 36). PS1 did not indicate propensity for any regular
secondary structure, when analyzed experimentally and computa-
tionaly. Therefore, a priori, it was anticipated that the ability of

PS1 to take up a multitude of conformations would be relevant in
defining the immunodominant nature of the DPAF epitope. Con-
trary to this, however, DPAF existsin asimilar conformationin all
the three complexes.

The DPAF segment adopts a 3-turn conformation when bound to
any of the three Abs. Diverse peptide epitopes, when bound to cor-
responding Abs, exist in a variety of different conformations. How-
ever, the B-turn conformation is observed statistically more often (1,
15). In the B-turn conformation, dl the side chains are directed out-
ward on the same side of the main chain, and the side chains of
nonconsecutive amino acids come in close proximity. This enables a
large number of side chain interactions with the Ab, ensuring higher
specificity. It may, therefore, be inferred that the structural properties
that make this particular sequence immunodominant are optimally
presented by adopting the B-turn conformation.

Differences exist in the sequences and quaternary arrangements
of the superdomainsin the three Abs. However, the backbone con-
formations of the hypervariable loops are remarkably similar in the
bound state. In other words, asimilar set of CDR conformations is
used to stabilize a common conformation of the epitope. It appears
that the selection pressures during Ab maturation filter out a com-
mon conformational solution to the problem of binding the same
epitope. There have been several crystal structures illustrating in-
teractions of Abs with a protein Ag wherein each of the Abs rec-
ognizes a different epitope (9). In contrast, the hapten molecules,
which are small and rigid, would be expected to bind different Abs
in similar orientation exhibiting common interactions. This has
indeed been observed in case of two different Abs against a tran-
sition state analog hapten derived from the same immune response
(37). Unlike proteins and haptens, peptidyl Ags are relatively flex-
ible, and it would have been expected that the polyclonality of the
Ab response may actually arise from the conformational polymor-
phism associated with such linear peptides. Indeed, Churchill et al.
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FIGURE 7. Comparison of CDR H3 conformation. Stereoscopic diagrams of the CDR H3 conformation in the three complex structures, PC282 (A),
PC287 (B), and PC283 (C), and of the two unliganded structures, PC282 (D) and PC287 (E). The residues are shown in stick representation, and hydrogen
bonds are shown as black lines. The residues critical for structural distinctions are labeled.

(38) have shown that two Abs against a peptide from the hemag-
glutinin of influenza virus, derived from the same germline pro-
genitor, exhibit similar conformations of the CDRs. In the present
study, the three Abs show similar CDR conformations even though
they are derived from at least two different germline B cells.

Different pathways of binding are used by diverse Abs for Ag
recognition

We have determined the native unliganded structures of two of the
three Abs. It is evident that these two Abs show distinct structural
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characteristics that are prominently expressed in the CDR H3. It
has been established that, among all the CDRs from L as well as
H chain, the CDR H3 exhibits maximum sequence and hence con-
formational variability. Variation in H3 alone is adequate to render
protective immunity against diverse pathogens (39). Thus, the
structural variations in CDR H3 are essentially designed for de-
fining specificity. It is, therefore, intriguing that such structural
variations are observed between PC282 and PC287 in their
unliganded form.

Attempts have been made to classify CDR H3 conformations
into canonical classes even though this loop adopts a wide range of
conformations (40, 41). The part of the loop proximal to the frame-
work region has been referred to as torso, and the tip region has
been termed apical. In majority of the cases, presence of an Arg
residue at H94 position is a signature for a bulged torso confor-
mation (42, 43). Although the presence of Asp at 100H stabilizes
this conformation through a salt bridge with Arg®*, the absence of
Asp does not affect this particular conformation of CDR H3. How-
ever, from our observations, it appears that presence of Asp at this
position in the CDR can influence the apical region conformation.
In case of unliganded PC287, the side chain of Asp'®® forms a
salt bridge with that of Arg®* and shows hydrogen bonding with
the side chain of Thr®"'. However, because the Asp is replaced by
Pro, in case of PC282 this polar interaction is not possible.
Accordingly, the CDR H3 falls over the groove in PC282 and is
stabilized in an alternate conformation through a hydrogen bond
involving backbone carbony! of Thr®™ and the Ser®* of CDR L3.
In case of PC283, Thr is present at the corresponding position,
suggesting a different apical conformation for this loop. Thus, the
apical region conformation of CDR H3 would be substantially dif-
ferent in the three Abs, and this can prevent their classification in
the same canonical class.

The network of polar interactions formed between Arg®*,
Thro™", and Asp®®* holds the CDR H3 in PC287 in the same
conformation in both absence and presence of peptide. The ab-
sence of such interactionsin PC282 leads to a significant difference
in the conformation of CDR H3 in the bound and unbound state.
Similarly, PC283 also might have a different conformation for this
loop in the liganded and unliganded forms. In any case, for PC283,
although it could not be crystallized in the Ag-free state, there is
indirect evidence to suggest that the paratope in this case may
exhibit flexibility. Overall, the sequence differencesin the CDR H3
and consequent differences in the polar interactions present in the
unbound state lead to different conformations of this CDR in the three
Abs. However, on binding the identica epitope DPAF, the confor-
mation of this CDR in the three Abs is similar. There is an explicit
shift from different to similar in case of CDR H3 conformation.
Hence, when the three Abs are taken together, it is evident that, on
epitope stabilization, the CDR H3 converges to a common con-
formation. In case of the other five CDRS, also it is seen that the
rmsd in the position of Ca atoms decreases on peptide binding,
albeit to asmaller extent. Thus, the CDRsin the three Abs undergo
changes of varying degrees, leading to conformational conver-
gence on Ag binding.

The entire ensemble of structures shows that the core of the
peptide-binding groove in the three Abs is highly hydrophobic. In
the absence of the Ag, it might, therefore, require shielding from
the solvent. Apparently, thisis achieved by the movement of CDR
H3 over the core of the paratope in case of PC282. Similar con-
formational changeis not possible in case of PC287; this shielding
is, therefore, achieved, to an extent, by the flipping of the aromatic
ring of Tyr®". Such ashielding is perfectly achieved on PS1 bind-
ing. It can, therefore, be anticipated that the inherent hydrophobic
features of the DPAF epitope provide enormous strength in selec-

tivity and may define an additiona property relevant for immu-
nodominance in this case.

The three Abs exhibit different levels of structural aterations to
ultimately arrive at asimilar set of CDR conformations to bind the
immunodominant epitope in a common conformation with com-
parable affinities in the physiological range. They appear to rec-
ognize the Ag in three different ways. One involves more of alock
and key mechanism (PC287), the other involves an induced fit
mechanism (PC282), and the third probably involves a disorder to
order transition (PC283). Even if the two Abs for which we have
determined the crystal structure, with bound Ag and without, were
to be considered, interesting implications emerge. It is obvious that
the paratope is aready preorganized for receiving the Ag in one
case (PC287), while a significant change in the conformation is
necessary in the other (PC282). It is possible that PC282 and
PC287 may have matured from the same progenitor. In which
case, it isintriguing that they exhibit independent structuresin the
absence of the Ag and yet converge over to a common structure
when bound to the Ag. It has been shown that preorganization of
the Ag-combining site can lead to drastic improvement in the af-
finity during Ab maturation (5). However, in the present case, the
affinities exhibited by the two Abs toward the peptide are compa-
rable. The water structure in the vicinity of the paratope is different
in the Ag bound and unbound forms of the two Abs. Thus, the
reorganization of solvent may have been exploited to compensate
for conformational changes to achieve similar binding affinities.

Conformational convergence of Ag-Ab recognition is facilitated
by the plasticity of interactions

The complementarity achieved for the minimal epitope is similar
in the three Abs. The affinities between the Abs and the epitope, as
measured through dissociation constants, have been found to bein
the order of 1077 M (44). Thus, the immune system has success-
fully selected and matured a set of Abs that can bind the DPAF
epitope with high specificity and affinity. Structures of the com-
plexes exhibit similar main chain conformation for the epitope as
well asthe Ab CDRs. There are a number of common interactions
in the three complexes. It is seen that the Asp™ residue of the
peptide shows a conformational switch to optimally fulfill its po-
tential to form stabilizing interactions. Thus, the flexible nature of
the peptide is exploited to compensate for the changes in the para-
tope to optimize the quality and quantity of Ag-Ab interactions.
Also, dissimilar amino acids are present in the three paratopes at
equivalent positions interacting with the epitope. A solvent mole-
cule plays a critical role in improving Ag-Ab complementarity in
one case, but not in the other two cases. The sequence changes in
the paratope may aso be compensated, to an extent, through qua-
ternary structural variations in the Ab domains. Thus, there is a
degree of plasticity evident in the epitope-paratope association
modulated by the nature and conformations of certain side chains
and the solvent interactions.

It has been observed earlier that the Ab paratope, especially the
germline paratope, does exhibit plasticity (8, 44). The ability of
different peptides to bind to the same Ab either by changing struc-
ture, or through presence of cementing water molecules, is docu-
mented (8, 28). The degree of plasticity seen in the three Fab-
peptide complex structures described in this work is qualitatively
similar to that observed in other physiological interactions (45,
46). The sequence variations in the CDRs of the three Abs do not
lead to significant differences in the main chain conformation due
to the observed leeway in interactions. Thus, the conformational
convergence of the epitope and the paratopes has direct correlation
with the plasticity of Ag-Ab interactions.
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Is the structural convergence in epitope-paratope recognition
designed for the optimization of immune response?

It is expected that the Ab response in an individual against a flex-
ible epitope would involve a set of genetically heterogeneous Abs,
which bind to different parts and conformations of the epitope
through diverse CDR conformations and interactions involving
different Ab clones. Additionally, it is likely that PC283 could
have evolved from a progenitor distinct from that of the other two
Abs, and hence two independent naive mature B cells have
evolved through somatic mutation into a set of three combining
sites. If aflexible peptide binds to separate naive B lymphocytes,
one would naturally expect them to lead to independent paratopes.
The conformational convergence observed in ours and other re-
lated studies gives rise to the hypothesis that the immune system,
of anindividual mouse, might encourage, against an individual Ag,
a single effective binding mode for successful neutralization, re-
sulting in similar conformations of CDRs of different Abs and
cognate Ags.

It appears that the immune system evolves high-affinity recep-
torsonly to asingle conformation of the epitope even though linear
peptides adopt multiple conformations in solution. The dominant
hydrophaobic features in the Ag-binding site may have been re-
sponsible for this effect. This could have been achieved by select-
ing clones with predominantly hydrophobic features and having
similar topology to stabilize the common B-turn conformation of
the DPAF epitope. Focusing on a single epitope may be an effec-
tive and ingenious way of neutralizing the Ag than addressing the
conformationa repertoire of the Ag in a one-to-one fashion.

The instructional theory regarding Ag-Ab recognition empha-
sized that the Ab is folded using Ag as a template (47, 48). In the
present study, the Abs converge to a common scaffold while bind-
ing to a single conformation of the Ag, even though they have
different paratope conformations in the unliganded form. This di-
rectly relates to the instructional theory and is consistent with the
observations made by Wedemayer et a. (5) while comparing the
Ag recognition by germline Ab with that by its affinity-matured
descendant.

To summarize, in the present study, we examined binding in-
teractions between a conformationally flexible epitope and three
distinct Abs. Our finding that there exists conformational conver-
gence of the epitope as well as that of the paratope in al the three
cases was particularly surprising. Notably, each of these Abs was
found to follow an independent pathway in recognizing the Ag and
use a certain level of plasticity to attain the common goal. While
the conformational convergence of the epitope could be correlated
with itsimmunodominance, our observation that the Ab also molds
itself in accordance with the optimal conformation of the peptide,
which is otherwise flexible in solution, describes a unique feature
of Ab maturation responses. In addition to this, directed maturation
against an energetically favored conformation of an epitope may
be an ingenious way of limiting the structural repertoire of the
paratope while effectively neutralizing the Ag. It is therefore
tempting to suggest that restricted conformational repertoire on Ag
binding may be helpful in minimizing the probability of the gen-
eration of self-reactive Abs and thus enhancing self/nonself
resolution.

References

1. Wilson, I. A., and R. L. Stanfield. 1994. Antibody-antigen interactions: new
structures and new conformational changes. Curr. Opin. Sruct. Biol. 4:857.

2. Webster, D. M., A. H. Henry, and A. R. Rees. 1994. Antibody-antigen interac-
tions. Curr. Opin. Sruct. Biol. 4:123.

3. Davies, D. R,, and G. H. Cohen. 1996. Interactions of protein antigens with
antibodies. Proc. Natl. Acad. Sci. USA 93:7.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

27.

28.

29.

30.

3L

32.

33.

35.

36.

2381

Brown, M., M. A. Schumacher, G. D. Wiens, R. G. Brennan, and
M. B. Rittenberg. 2000. The structural basis of repertoire shift in an immune
response to phosphocholine. J. Exp. Med. 191:2101.

. Wedemayer, G. J, P. A. Patten, L. H. Wang, P. G. Schultz, and R. C. Stevens.

1997. Structural insightsinto the evolution of an antibody combining site. Science
276:1665.

. Braden, B. C., B. A. Fields, X. Ysern, W. Dal’Acqua, F. A. Goldbaum,

R. J. Poljak, and R. A. Mariuzza. 1996. Crystal structure of an Fv-Fv idiotope-
anti-idiotope complex at 1.9 A resolution. J. Mol. Biol. 264:137.

. Bentley, G. A, G. Boulot, M. M. Riottot, and R. J. Poljak. 1990. Three-dimen-

siona structure of an idiotope-anti-idiotope complex. Nature 348:254.

. Keitel, T., A. Kramer, H. Wessner, C. Scholz, J. Schneider-Mergener, and

W. Hohne. 1997. Crystallographic analysis of anti-p24 (HIV-1) monoclonal an-
tibody cross-reactivity and polyspecificity. Cell 91:811.

. Bentley, G. A. 1996. The crystal structures of complexes formed between ly-

sozyme and antibody fragments. EXS 75:301.

Fischmann, T. O., G. A. Bentley, T. N. Bhat, G. Boulot, R. A. Mariuzza,
S. E. Phillips, D. Tello, and R. J. Poljak. 1991. Crystallographic refinement of the
three-dimensional structure of the FabD1.3-lysozyme complex at 2.5-A resolu-
tion. J. Biol. Chem. 266:12915.

Padlan, E. A., E. W. Silverton, S. Sheriff, G. H. Cohen, S. J. Smith-Gill, and
D. R. Davies. 1989. Structure of an antibody-antigen complex: crystal structure
of the HyHEL -10Fab-lysozyme complex. Proc. Natl. Acad. Sci. USA 86:5938.
Li, Y., H. Li, S. J. Smith-Gill, and R. A. Mariuzza. 2000. Three-dimensional
structures of the free and antigen-bound Fab from monoclonal antilysozyme an-
tibody HyHEL-63. Biochemistry 39:6296.

Rao, K. V. S. 1999. Selection in a T-dependent primary humoral response: new
insights from polypeptide models. APMIS 107:807.

Agarwal, A., S. Sarkar, C. Nazabal, G. Balasundaram, and K. V. S. Rao. 1996.
B cell responses to a peptide epitope. |. The cellular basis for restricted recog-
nition. J. Immunol. 157:2779.

Nair, D. T., K. Singh, N. Sahu, K. V. Rao, and D. M. Salunke. 2000. Crystal
structure of an antibody bound to an immunodominant peptide epitope: novel
features in peptide-antibody recognition. J. Immunol. 165:6949.

Matthews, B. W. 1968. Solvent content of protein crystals. J. Mol. Biol. 33:491.
Otwinowski, Z., and W. Minor. 1997. Processing of X-ray diffraction data col-
lected in oscillation mode. Methods Enzymol. 276:307.

Navaza, J. 1994. AMoRe: an automated package for molecular replacement. Acta
Crystallogr. A 50:157.

Bringer, A. T., P. D. Adams, G. M. Clore, W. L. DelLano, P. Gros,
R. W. Grosse-Kunstleve, J. Jian-Sheng, J. Kuszewski, M. Nilges, N. S. Pannu, et
a. 1998. Crystallography and NMR system: a new software suite for macromo-
lecular structure determination. Acta Crystallogr. D 54:905.

Brunger, A. T. 1993. Assessment of phase accuracy by cross validation: the free
R value: methods and applications. Acta Crystallogr. D 49:24.

Jones, T. A., and M. Kjeldgaard. 1994. O: The Manual. Uppsala University,
Uppsaa

Laskowski, R. A., M. W. MacArthur, D. S. Moss, and J. M. Thornton. 1993.
PROCHECK: a program to check the stereochemical quality of protein struc-
tures. J. Appl. Crystallogr. 26:283.

Collaborative Computational Project, Number 4. 1994. The CCP4 suite: pro-
grams for protein crystallography. Acta Crystallogr. D 50:760.

Lee, B., and F. M. Richards. 1971. The interpretation of protein structures: es-
timation of static accessibility. J. Mol. Biol. 55:379.

Lawrence, M. C., and P. M. Colman. 1993. Shape complementarity at protein/
protein interfaces. J. Mol. Biol. 234:946.

. Stanfield, R. L., M. Takimoto-Kamimura, J. M. Rini, A. T. Profy, and

I. A. Wilson. 1993. Magjor antigen-induced domain rearrangements in an anti-
body. Structure 1:83.

Altschul, S. F.,, T. L. Madden, A. A. Schéffer, J. Zhang, Z. Zhang, W. Miller, and
D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation of pro-
tein database search programs. Nucleic Acids Res. 25:3389.

Ochoa, W. F., S. G. Kako, M. G. Mateu, P. Gomes, D. Andreu, E. Domingo,
I. Fita, and N. Verdguer. 2000. A multiply substituted G-H loop from foot-and-
mouth disease virus in complex with a neutralizing antibody: a role for water
molecules. J. Gen. Virol. 81:1495.

Padlan, E. A. 1990. On the nature of antibody combining sites: unusual features
that may confer on these sites an enhanced capacity for binding ligands. Proteins
7:112.

Stites, W. E. 1997. Protein-protein interactions: interface structure, binding ther-
modynamics and mutational analysis. Chem. Rev. 97:1233.

Padlan, E. A. 1996. X-ray crystallography of antibodies. Adv. Protein Chem.
49:57.

MacCalum, R. M., A. C. R. Martin, and J. M. Thornton. 1996. Antibody-antigen
interactions: contact analysis and binding site topography. J. Mol. Biol. 262:732.
Stanfield, R. L., and I. A. Wilson. 1994. Antigen-induced conformational changes
in antibodies: a problem for structural prediction and design. Trends Biotechnol.
12:275.

. Getzoff, E. D., J. A. Tainer, R. A. Lerner, and H. M. Geysen. 1988. The chemistry

and mechanism of antibody binding to protein antigens. Adv. Immunol. 43:1.
Berzofsky, J. A. 1985. Intrinsic and extrinsic factors in protein antigenic struc-
ture. Science 229:932.

Nayak, B. P., R. Tutgja, V. Manivel, R. P. Roy, R. A. Vishwakarma, and
K. V. S. Rao. 1998. B cell responses to a peptide epitope. V. Kinetic regulation
of repertoire discrimination and antibody optimization for epitope. J. Immunol.
161:3510.

TT0Z ‘92 A2\ uo 6o’ jounwiw i [:Mmmm Wwo.l) papeo jumoq


http://www.jimmunol.org/

2382

37.

38.

39.

40.

41.

Buchbinder, J. L., R. C. Stephenson, T. S. Scanlan, and R. J. Fletterick. 1998. A
comparison of the crystallographic structures of two catalytic antibodies with
esterase activity. J. Mol. Biol. 282:1033.

Churchill, M. E., E. A. Stura, C. Pinilla, J. R. Appel, R. A. Houghten, D. H. Kono,
R. S. Balderas, G. G. Fieser, U. Schulze-Gahmen, and I. A. Wilson. 1994. Crystal
structure of a peptide complex of anti-influenza peptide antibody Fab26/9: com-
parison of two different antibodies bound to the same peptide antigen. J. Mol.
Biol. 241:534.

Xu, J. L., and M. M. Davis. 2000. Diversity in the CDR3 region of V(H) is
sufficient for most antibody specificities. Immunity 13:37.

Oliva, B., P. A. Bates, E. Querol, F. X. Aviles, and M. J. Sternberg. 1998.
Automated classification of antibody complementarity determining region 3 of
the H chain (H3) loops into canonical forms and its application to protein struc-
ture prediction. J. Mol. Biol. 279:1193.

Morea, V., A. Tramontano, M. Rustici, C. Chothia, and A. M. Lesk. 1998. Con-
formations of the third hypervariable region in the V,, domain of immunoglobu-
lins. J. Mol. Biol. 275:269.

42.

43.

44.

45.

46.

47.

48.

CONFORMATIONAL CONVERGENCE IN EPITOPE RECOGNITION

Shirai, H., A. Kidera, and H. Nakamura. 1996. Structural classification of
CDR-H3 in antibodies. FEBS Lett. 399:1.

Morea, V., A. Tramontano, M. Rustici, C. Chothia, and A. M. Lesk. 1997. An-
tibody structure, prediction and redesign. Biophys. Chem. 68:9.

Manivel, V., N. C. Sahoo, D. M. Salunke, and K. V. S. Rao. 2000. Maturation of
an antibody response is governed by modulations in flexibility of the antigen-
combining site. Immunity 13:611.

Chen, L., and P. B. Sigler. 1999. The crystal structure of a GroEL/peptide com-
plex: plasticity as a basis for substrate diversity. Cell 99:757.

Jain, D., K. J. Kaur, and D. M. Salunke. 2001. Plasticity in protein-peptide rec-
ognition: crystal structures of two different peptides bound to concanavalin A.
Biophys. J. 80:2912.

Breinl, F., and F. Haurowitz. 1930. Chemische Untersiichung des Prazipitales aus
Hamoglobin und Anti-Hamogl obin-Serum und Bemerkungeniiber die Nature der
Antikorper. Z. Phys. Chem. 192:45.

Pauling, L. 1940. A theory of the structure and process of the formation of
antibodies. J. Am. Chem. Soc. 62:2643.

TT0Z ‘92 A2\ uo 6o’ jounwiw i [:Mmmm Wwo.l) papeo jumoq


http://www.jimmunol.org/

