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Summary

Correlation between the promiscuity of the primary
antibody response and conformational flexibility in a

germline antibody was addressed by using germline
antibody 36-65. Crystallographic analyses of the

36-65 Fab with three independent dodecapeptides pro-

vided mechanistic insights into the generation of anti-
body diversity. While four antigen-free Fab molecules

provided a quantitative description of the conforma-
tional repertoire of the antibody CDRs, three Fab mol-

ecules bound to structurally diverse peptide epitopes
exhibited a common paratope conformation. Each

peptide revealed spatially different footprints within
the antigen-combining site. However, a conformation-

specific lock involving two shared residues, which
were also associated with hapten binding, was dis-

cernible. Unlike the hapten, the peptides interacted
with residues that undergo somatic mutations, sug-

gesting a possible mechanism for excluding ‘‘nonspe-
cific’’ antigens during affinity maturation. The ob-

served multiple binding modes of diverse epitopes
within a common paratope conformation of a germline

antibody reveal a simple, yet elegant, mechanism for
expanding the primary antibody repertoire.

Introduction

Antigen recognition and subsequent affinity maturation
fundamentally interface physical principles of molecular
interactions with the physiological processes associ-
ated with self-nonself discrimination. Although a large
body of crystallographic data generated over the past
two decades has facilitated understanding of the struc-
tural basis of immune recognition itself, data with regard
to the primary antibody response have been limited
(Wedemayer et al., 1997; Yin et al., 2001, 2003; Romes-
berg et al., 1998; Nguyen et al., 2003). As a result, the
portrait of the downstream processes that lead to evolu-
tion of antibody affinity after the initial encounter of the B
cell receptor with the antigen is fuzzy.

The naive primary immune repertoire involves a vast
array of B lymphocytes possessing germline antibody
receptors. This repertoire can respond to any incoming
antigen without having been previously exposed to it.
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Recognition of the incoming antigen requires the gener-
ation of a vast array of unique specificities in the naive
repertoire. Explanations for the diversity of the antibody
repertoire have mostly explored genetic recombination
processes in germline gene segments (Tonegawa,
1983). Enigmatically, however, the numbers of function-
ally active antibody genes generated in an individual,
and the B lymphocytes that bear them, are far too few
when compared with the range of potential antigens en-
countered (Cook and Tomlinson, 1995). Therefore, addi-
tional mechanisms are likely to exist to recognize the
practically infinite antigenic distribution by using a lim-
ited antibody repertoire.

Logically, such mechanisms would require a given
germline antigen receptor to engage multiple antigens.
Indeed, utilization of wider conformational space for
generating diverse specificities has been proposed as
a possible mechanism and is supported by thermody-
namic data (Manivel et al., 2000). In other words, the in-
trinsic conformational flexibility of the germline antibody
was suggested to facilitate its binding to multiple anti-
gens. A similar structural plasticity for the combining
site of the T cell receptor (TCR), governing its interaction
with the cognate peptide-MHC complex, has also been
suggested (Garcia et al., 1998). However, while the ex-
istence of flexible antigen-combining sites has been
widely recognized, the role of conformational flexibility
in the adaptive immune system has not yet been struc-
turally elucidated. Whether such a property would even-
tually prove beneficial to immune function will largely
depend on the degree of flexibility inherent to the anti-
gen-combining site (paratope). It was with the intent of
quantitatively analyzing this issue and deciphering the
correlation of the flexibility of the paratope on one
hand, and the pluripotency of the initial antibody re-
sponse on the other, that the present study was under-
taken.

We have structurally investigated how a germline an-
tibody can bind a diverse set of antigens and analyzed
the implications of this crossreactivity. The system
used for these studies was a germline monoclonal anti-
body, 36-65, which was initially identified in the context
of an immune response against the hapten p-azophenyl-
arsonate (Ars). The antibody has been used extensively
for addressing specificity and affinity in the antibody re-
sponse (Strong et al., 1991; Parhami-Seren et al., 1993;
Vora et al., 1998; Robertson et al., 1982). Mature anti-
body 36-71 against Ars is derived from germline anti-
body 36-65 through somatic hypermutation, accumulat-
ing 19 changes during the process of affinity maturation
(Sharon et al., 1989). Antibody 36-65 has an affinity for
the hapten (Ars) of 8.1 mM (Kd), which showed a 40-
fold decrease when the temperature was increased
from 25ºC to 35ºC, implying the existence of conforma-
tional flexibility in the germline antibody. In contrast, the
corresponding mature antibody 36-71 had an affinity of
0.06 mM (Kd) for the hapten, which upon increasing the
temperature to 35ºC, changed only marginally, effec-
tively indicating relative rigidity in the affinity-matured
antibody (Manivel et al., 2000).
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The recognition of a variety of unrelated antigens by
a germline antibody and its implications for the genera-
tion of diversity in the primary antibody response and
subsequent affinity maturation were subjected to crys-
tallographic investigations. A series of independent
peptides, which bind to germline antibody 36-65 with
affinities comparable to that of Ars, was selected by
screening a 12-mer phage-displayed random peptide li-
brary (Manivel et al., 2002). Crystallographic studies in-
volving germline antibody 36-65 in the antigen-free form
and in complex with three distinct dodecapeptides
reported here provide direct molecular images corre-
sponding to the conformational variability extant in an in-
dividual germline antibody. However, contrary to expec-
tations, a single conformational state of the paratope was
alone found to be capable of recognizing these diverse
independent dodecapeptides. The observed variety in
the modes of epitope juxtaposition while interacting
with the paratope indicates the generation of antibody
diversity, even within a single conformational state.

Results

Cocrystallization of the 36-65 germline antibody Fab with
unrelated synthetic dodecapeptides was attempted in

Table 1. Binding Affinities and Amino Acid Sequences of

the Dodecapeptides Derived from a Phage-Displayed Random

Peptide Library against Germline Antibody 36-65

Clone Number Peptide Sequence Kd (mM)

65-37.18 (Rll) RLLIADPPSPRE 0.15

65-37.28 (Kla) KLASIPTHTSPL 0.12

65-04.04 (Slg) SLGDNLTNHNLR 0.21

Data are taken from Manivel et al. (2002).
order to obtain high-resolution images of the germline
antibody Fab-peptide complexes and to compare them
with those of the antigen-free germline antibody. After
exploring nine independent peptides of relatively high
affinity, we succeeded in obtaining diffraction-quality
crystals for three 36-65 Fab-peptide complexes (Table
1) in addition to the crystals of the antigen-free germline
36-65 Fab.

The Database

Crystal data and refinement statistics for all four of the
structures are shown in Table 2. The structure of each
of the Fab molecules has four standard immunoglobulin
folds, two each for the heavy and the light chains, re-
spectively. All of the complementarity-determining re-
gions (CDRs) and disulfide bridges were clearly visible
in the electron density and could be reliably deciphered.
Molecular replacement for the unliganded germline anti-
body Fab was carried out by using the structure of affin-
ity-matured antibody 36-71 (Strong et al., 1991). The two
molecules in the asymmetric unit of the native antibody
(Nat-Fab) were named Nat-AB and Nat-LH. Ribbon
drawings describing the structures of the two Fab mol-
ecules of Nat-Fab are shown in Figure 1. Structural prop-
erties of the two independent Fab molecules quantified
in terms of elbow angles and VH-VL interfaces for this
structure as well as the other structures are listed in
Table S1 (see the Supplemental Data available with
this article online).

The structure of the complex of peptide Kla with Fab
(Kla-AB), determined at 2.5 Å resolution, is shown in
Figure 1. The asymmetric unit contained a single mole-
cule of the complex. Nine residues of the peptide, Ser4–
Leu12, with unit occupancy were evident in the electron
density. The Rll-Fab complex had two molecules, Rll-LH
Table 2. Crystallographic Parameters of the Four Crystal Structures Involving a Germline Antibody 36-65 Fab Fragment

Parameter Antigen-free Kla Rll Slg

Space group P21 P21 P21 P21

Cell constants (Å)

a 75.0 54.2 53.3 53.1

b 73.7 77.0 145.8 144.9

c 85.8 59.1 71.3 71.0

b 113.9º 102.0º 104.4º 104.3º

Maximum resolution (Å) 2.7 2.5 2.9 3.0

Resolution range (last shell Å) 2.8–2.7 2.59–2.5 3.0–2.9 3.11–3.0

Completeness (%) 85.3 (86.7)a 94.2 (96.3) 83.0 (82.1) 94.9 (95.9)

Number of observed reflections 60,734 45,923 97,679 60,062

Number of unique reflections 23,857 15,724 23,421 19,662

Multiplicity 2.54 2.9 4.17 3.04

Average(I)/(sI) 6.91 (1.9) 5.1 (1.7) 6.87 (2.2) 4.0 (1.4)

Rmerge (%) 9.5 (31.9) 10.4 (31.3) 13.0 (41.4) 12.0 (32.3)

Number of solvent atoms 137 55 78 103

Rcryst (%) 22.5 24.5 23.0 24.5

Rfree (%) 26.5 26.4 26.4 26.4

B factors (protein) 18.4 21.0 23.6 34.0

B factors (peptide) — 55.5 64.8 50.0

Rms deviation (bond length) 0.013 0.008 0.012 0.010

Rms deviation (bond angle) 1.79 1.68 1.83 1.73

Ramachandran plot

Allowed regions (%) 96.5 97.4 96.9 96.6

Generously allowed region (%) 2.3 1.6 2.1 2.3

Disallowed region (%) 1.2 1.1 0.9 1.1

a Numbers in parentheses correspond to the highest-resolution shell.
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Figure 1. Seven Crystallographically Inde-

pendent Molecules of the 36-65 Germline

Antibody Fab

(A) The four antigen-free states of the anti-

body are shown in a ribbon drawing, high-

lighting the secondary structure. The CDRs

of the corresponding molecules represented

as Connolly surfaces are decorated accord-

ing to hydropathy features (red, hydrophobic;

blue, charged) and are shown in a view per-

pendicular to that of the ribbon drawing.

(B) The three peptide bound states shown in

the ribbon drawing, highlighting secondary

structural features. CDRs of the correspond-

ing molecules represented as Connolly sur-

faces are decorated according to hydropathy

features (red, hydrophobic; blue, charged)

and are shown in a view perpendicular to

that of the ribbon drawing. Peptide molecules

in each case are shown as green sticks.
(Figure 1A) and Rll-AB (Figure 1B), in the asymmetric
unit. While Rll-AB showed electron density correspond-
ing to the entire peptide with an occupancy of 0.8, Rll-LH
did not show any significant electron density corre-
sponding to the peptide at the antigen-combining site
(Figure S1). The structure of the Slg-Fab complex also
revealed two molecules, Slg-LH (Figure 1B) and Slg-
AB (Figure 1A), in the asymmetric unit. Electron density
for 10 residues of the peptide (occupancy of 0.7) bound
to Slg-LH was evident. However, no electron density for
the peptide was observed in the case of Slg-AB. Addi-
tionally, the molecular packing in both Rll-LH and Slg-
AB was such that adequate space was not available
for accommodating the peptide within the antigen-com-
bining site. The electron density maps of the peptides
observed in the structures of the three Fab-peptide
complexes, Kla-Fab, Rll-Fab, and Slg-Fab, are shown
as stereoscopic images in Figure S2. In all three Fab-
peptide complexes, the electron density for the heavy
chain loop Ser136H–Asn141H was ambiguous, as in
many other reported antibody Fab structures (Young
et al., 1997). Comparisons of the CDR conformations
of the two Fab molecules in the asymmetric units of
each of the crystal structures, Nat-Fab, Rll-Fab, and
Slg-Fab, showed differences to varied extents in each
structure (Figure S3).

Thus, a database of seven Fab molecules (Figure 1)
was available from the four crystal structures deter-
mined. These included the three antigen bound Fab mol-
ecules, Kla-AB, Rll-AB, and Slg-LH, in which bound pep-
tide had been identified and the four antigen-free
molecules, Nat-AB, Nat-LH, Rll-LH, and Slg-AB. The
Fab molecules Nat-AB and Nat-LH are from the Fab
crystallized in the absence of the antigen, while the
remaining two were from the crystal structures of the
Rll-Fab complex (Rll-LH) and the Slg-Fab complex
(Slg-AB). The high sensitivity of the germline antibody
affinity to environmental perturbations (Manivel et al.,
2000) may have been responsible for some loss in anti-
gen-antibody affinity under the crystallization condi-
tions. Lower effective affinity combined with the steric
constraints in the antigen-combining site could have fa-
cilitated absence of the peptide (as evident from the
electron density map) in one of the two molecules in
the asymmetric unit, enabling us to consider Rll-LH
and Slg-AB as antigen-free states.

Antigen-free Germline Antibody Structures
Analysis of the four antigen-free Fab molecules from
three crystal structures revealed the structural diversity
associated with the germline antibody (Figure 1). The el-
bow angles of the four molecules show a range of 7.5º,
varying from 171.3º to 178.8º (Table S1). Analysis of
the VH-VL interface in terms of buried surface area, one
of the parameters determining diversity in binding abili-
ties, was found to exhibit a much larger distribution for
the antigen-free structures (1528–1768 Å2) compared
to the antigen bound structures (1558–1656 Å2).
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Figure 2. Stereoscopic Representation of

CDR Loop Conformations of the Antigen-

free and Antigen Bound Fab Molecules of

Antibody 36-65

(A) Superimposition of CDR regions of four

antigen-free Fab molecules represented as

thin ribbons. The color codes are: red, Nat-

AB; green, Nat-LH; blue, Slg-AB; orange,

Rll-LH.

(B) Superimposition of CDR regions of the

three antigen bound Fab molecules shown

as thin ribbons. The color codes are: blue,

Slg-LH; green, Kla-AB; orange, Rll-AB.

(C and D) The CDRs H2 and H3 of (C) antigen-

free and (D) antigen bound molecules corre-

sponding to (A) and (B), respectively, are

highlighted with backbone as well as side

chain conformations superimposed.
The surface features of the CDRs of the four Fab
molecules decorated with hydropathy features are
shown in Figure 1A. No two molecules exhibit similar
topologies; differences are apparent in the charge dis-
tribution and the hydropathy features. Both backbone
conformations and side chain orientations contribute
to these differences. Topological differences could be
correlated with differences in the backbone conforma-
tions, which were evident upon the superimposition of
the Ca atoms of each of these molecules (Figure 2A). It
was found that the conformations of CDR loops H2 and
H3 were substantially different in each of the antigen-
free molecules. Upon superimposition of the CDRs of
the two independent molecules, Nat-AB and Nat-LH,
a maximum Ca distance of 3.4 and 2.4 Å was observed
between the corresponding Ca atoms of CDRs H2 and
H3, respectively (Figure S4A). The Ca rmsds over the
entire loops were 1.2 and 1.0 Å for H2 and H3, respec-
tively. The backbone and side chain conformational
variations observed in CDRs H2 and H3 are shown in
Figure 2C.
Peptide Antigen Bound Germline

Antibody Structures
As the CDRs in the germline structures were found to ex-
ist in multiple conformations, we sought to investigate if
this conformational diversity was indeed exploited while
binding to disparate antigens. Surprisingly, the surface
analysis of the Fab molecules in the bound form indi-
cated similarity of their paratope topologies (Figure 1B).
This similarity was even more perceptible from the Ca

superimposition (Figure 2B), with CDRs H2 and H3
showing an excellent overlap in the three antigen bound
structures (Figures 2B and 2D). The rmsds of Ca atoms
on pairwise CDR superimpositions were found to be
consistently below 0.3 Å for H2 and less than 0.5 Å for
H3. The maximum Ca distance for corresponding resi-
dues also did not exceed 0.9 Å in any of the pairs (Fig-
ure S4A). Thermal parameters (B factors) were analyzed
for all seven molecules. The B factors for CDRs H2 and
H3 of peptide bound molecules were significantly lower
than those for the antigen-free molecules. This is evident
from the comparison of the B factors for the antigen
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Figure 3. Residues of Germline Antibody 36-65 Involved in Peptide Binding

(A–C) Interactions of the peptides (A) Kla, (B) Rll, and (C) Slg with the Fab in corresponding crystal structures. Residues of the Fab molecules

(within 4 Å of the bound peptide) are shown as red sticks, and the peptides are shown as sticks in elemental colors. The only common interacting

residues, Tyr50 and Tyr106, among the three complex structures are highlighted with a circle.
bound and antigen-free Fab molecules in the crystal
structures of Rll-Fab (Figure S4B) and Slg-Fab (Fig-
ure S4C).

A comparison of the mode of binding of the three pep-
tide antigens to antibody 36-65, highlighting the resi-
dues involved in the interaction, is shown in Figure 3.
All three of the peptides were seen bound to indepen-
dent residues on spatially different sections of the
CDRs in entirely unrelated conformations (Figure 1B).
Although the thermal parameters of the peptides are rel-
atively higher than those of the CDRs of corresponding
Fab molecules (Table 2; Figure S4), the interactions
were specific, as many hydrogen bonding and salt
bridge contacts were observed (Table S2).

Although all three peptides exhibited contacts with
CDRs H3 and H2, as well as with the light chain CDRs,
the degree of involvement differed. Broadly, while Kla
wound around CDRH3 in a loop-like conformation, con-
tacting residues Ser99H, Tyr101H, Tyr102H, Gly103H,
Gly104H, and Tyr106H, the peptide, Slg, which lies in
an extended conformation positioned at the interface
of the variable heavy and light chain domains of the
Fab, showed major interactions with CDRH2 and mainly
contacted Asn52H, Asn55H, Tyr57H, and Lys59H. In
contrast with the primarily heavy chain contacts of the
other two peptides, Rll, which resembles a hairpin,
folded through the middle at Asp6, predominantly inter-
acted with CDRL3 of the antibody; this interaction in-
volved residues Asn92L, Thr93L, Leu94L, and Arg96L.
Additionally, several hydrophobic residues of Rll are in-
volved in intrapeptide interactions, rendering them rela-
tively solvent inaccessible. In all, 26 residues of the Fab
CDRs were involved in interacting with the peptides in
one case or the other. However, only 2 among these
26 residues, Tyr50H and Tyr106H, were common among
the 3 Fab-peptide complexes, underscoring the distinct
modes of binding (Table S2).

Comparison between Antibody Binding
by the Hapten p-Azophenylarsonate

and the Peptide Antigens
The binding modes of the three peptides with germline
antibody 36-65 were analyzed in the context of that of
the hapten, Ars, with the corresponding affinity-matured
antibody 36-71 (Strong et al., 1991). A model of 36-71
Fab bound to Ars built on the basis of a low-resolution
electron density map of the complex of Ars with 36-71
Fab and biochemical data (Parhami-Seren et al., 1993;
Sompuram and Sharon, 1993; Strong et al., 1991) was
used for this purpose. In spite of binding at different spa-
tial locations in independent modes, each one of the
peptides managed to interleave at least 1 residue within
the Ars binding site, critically flanked by residues Tyr50H
and Tyr106H (Figure 3). Comparisons of the side chain
conformations of residues in the vicinity of the Ars bind-
ing site in the four antigen-free germline antibody Fab
molecules showed that they had significant differences
with each other as well as with corresponding residues
of affinity-matured antibody 36-71 (Figure 4B). On the
other hand, the antigen bound antibodies showed better
superimposition, in favor of the conformation of the af-
finity-matured antibody (Figure 4C).

We analyzed the nature of antibody-peptide binding in
the present study in light of the known Fab-peptide crys-
tal structures. The buried interfacial areas upon binding,
958, 633, and 720 Å2 in the case of Kla-AB, Rll-AB, and
Slg-LH, respectively, were similar to those in other pep-
tide-antibody complexes (Wilson and Stanfield, 1993;
Webster et al., 1994). The buried surface area contribu-
tions of the heavy chain in Kla-AB and Slg-LH were more
than 80%, while that of Rll-AB was about 25%. Although
antigen binding predominantly involves the heavy chain,
exceptions showing major contributions from the light
chain do exist (Nair et al., 2000). Interactions of 20 inde-
pendent antibodies bound to their corresponding pep-
tide antigens, highlighting the footprints of their interac-
tions, were compared with the corresponding footprints
in germline antibody 36-65 (Figure 5). It was evident from
the comparison that the Fab molecules generally use
a subset of residues for binding to independent pep-
tides from the larger pool of residues that define the
CDRs. Although most of the peptides primarily interact
with residues from CDRH3, those from other regions
were also involved. Diverse regions were buried by dif-
ferent antigenic peptides while binding to their corre-
sponding antibodies.
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Discussion

Degenerate recognition specificity of the primary anti-
body response has been a focus of attention in the con-
text of affinity maturation in T-dependent humoral im-
mune responses (Manivel et al., 2000; Yin et al., 2003).
The seven Fab molecules of germline antibody 36-65

Figure 4. Structural Properties of the Interacting Surface of the

36-65 Fab in the Context of Antigen Binding

(A) Superimposition of the three peptides bound to germline anti-

body 36-65 onto the surface of affinity-matured antibody 36-71; res-

idues that mutate during affinity maturation are shown in red. The

hapten, Ars, is shown in magenta as balls and sticks.

(B and C) Superimposition of the residues within a 5 Å radius of the

arsonate binding site in (B) antigen-free structures and (C) antigen

bound structures.
in different crystallographic environments described
here provide valuable insights into the generation of di-
versity and the antigen-driven education of the primary
antibody response during affinity maturation. While an-
tigen-free molecular structures of 36-65 Fab provided
a quantitative description of the conformational reper-
toire of the CDRs, the peptide antigen bound structures
facilitated deciphering of the structural intricacies of
degenerate specificity associated with germline anti-
bodies.

Observed Conformational Flexibility in Antigen-free
Germline Antibody 36-65 Is Not Utilized while

Recognizing Multiple Independent Antigens
While conformational isomerism was observed in ma-
ture antibodies during antigen binding (Foote and Mil-
stein, 1994), germline antibodies were suggested to be
even more flexible (Manivel et al., 2000). In the case of
germline antibody 36-65, we have been able to structur-
ally image the anticipated conformational variability of
CDRs in the absence of antigen. Variability was evident
in terms of elbow angles, VH-VL interfaces, as well as the
surface features. The wide conformational heterogene-
ity observed in the four independent molecular struc-
tures of the same germline antibody Fab illustrates the
extent of structural diversity in a typical germline anti-
body paratope. Indeed, the two molecules (Nat-AB
and Nat-LH) in the Fab crystals obtained in the absence
of any antigen show the largest conformational variation
amongst the antigen-free Fab molecules and establish
the range of variability that exists in the antigen-combin-
ing site of germline antibody 36-65.

Having confirmed the conformational heterogeneity
in the germline antibody CDRs, we next sought to eluci-
date its correlation with polyspecificity. Although poly-
specificity has been observed in affinity-matured anti-
bodies (Foote and Milstein, 1994, Keitel et al., 1997,
James et al., 2003), it is anticipated to an even greater
extent in germline antibodies. Direct correlation of con-
formational flexibility and polyspecificity has been pro-
posed in germline antibodies (Wedemayer et al., 1997;
Manivel et al., 2002). The affinity-matured antibodies
SPE7 (James et al., 2003) and 2D10 (Goel et al., 2004),
both of which bind varied antigens, have been shown
to adopt multiple conformational states in equilibrium.
In affinity-matured antibodies, conformational flexibility
may be the cause and polyspecificity may be the effect.
In contrast, germline antibodies show pluripotency as
a physiological prerequisite and are expected to pos-
sess the ability to bind diverse antigens as part of the
pristine antibody response.

Exploitation of the observed flexibility in germline an-
tibody structures to bind diverse antigens could be ad-
dressed by simply comparing the mode of binding of
germline antibody 36-65 with three independent peptide
antigens. Surprisingly, CDRs of the three peptide bound
Fab molecules, which were conformationally divergent
in the antigen-free Fab structures, showed an excellent
overlap in terms of both side chain and backbone con-
formations. Thus, while the germline antibody exhibited
conformational heterogeneity in the absence of any an-
tigen, it exists in a common conformation in all three of
the peptide bound structures.
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Figure 5. Comparison of the Footprints of

Phage Display-Derived Peptides on Germline

Antibody 36-65 with Other Peptide-Antibody

Complexes Derived from the PDB

(A) The three dodecapeptides, Kla, Rll, and

Slg, bound to germline antibody 36-65.

(B) The binding of 20 different peptide anti-

gens to their corresponding antibodies. The

structures are identified by their PDB codes.

The paratope of the antibody molecule is

shown as Connolly surfaces (blue), and the

surface area buried upon peptide binding is

highlighted (red).
Conformational Congruence while
Binding to Diverse Antigens of the Otherwise

Flexible Germline Paratope May Be Linked
to the Evolution of Specificity

It was pertinent to address why a common structure
should be adopted upon binding, particularly since the
potential for structure modulation was found to be intrin-
sic to germline antibody 36-65. Any possibility that
the common paratope conformation could be achieved
through molecular mimicry in epitope-paratope inter-
actions would be viable only if structural similarity in epi-
topes leads to similar modes of interaction with the par-
atope. While the three structurally independent peptides
utilized vastly different spatial distributions on the anti-
body paratope for binding to the germline antibody, in-
teractions with two residues of the antibody, Tyr50H
and Tyr106H, were conserved among all three of the
Fab-peptide complexes. Incidentally, these residues
have also been suggested to be critical for binding of
the hapten, Ars, to affinity-matured antibody 36-71
(Sompuram and Sharon, 1993). However, the modes of
binding of the four antigens, including Ars, to these
two tyrosines were very different. Whereas Ars bound
through the stabilization of p-p interactions sandwich-
ing the phenyl ring between Tyr50H and Tyr106H, Kla in-
serted a hydrophobic residue, Leu12, between them. An
acidic residue, Asp6, was involved in Rll, and Slg utilized
the peptide backbone for binding. Hence, the three pep-
tides did not show any structural similarity, nor was
there any correlation found in the epitope-paratope in-
teractions involving them.
Thus, while the broad recognition potential of the
germline antibody was evident, an epitope interaction
involving contacts with only two shared residues of the
paratope seems to be adequate for maintaining the sta-
bility of a given conformational state. In that sense, the
two common tyrosine residues may define a conforma-
tion-specific ‘‘lock’’ in the germline antibody, which fa-
vors a particular conformational state for the CDRs. It
is not essential that every unrelated antigen binding to
the germline antibody will be involved in activating the
‘‘critical’’ residues, which lock a particular conformation.
Binding of porphyrin and jeffamine to a germline anti-
body (Yin et al., 2003) showed two distinct conforma-
tional states, implying that jeffamine does not bind to
the critical set of residues that may correspond to the
porphyrin-specific paratope conformation. It has been
suggested that primary germline antibodies bind to
a given antigen through one of many preexisting iso-
mers. In fact, the canonical conformations that have
been characterized in affinity-matured antibody reper-
toires against diverse antigens (Chothia and Lesk,
1987; Chothia et al., 1989) may correspond to some of
these preexisting conformational states in the germline.

Analysis of antibodies of known structures suggests
a lack of correspondence between the residues in con-
tact with the antigen and those modified by somatic
mutations. This is explained in terms of mutations in
contacting residues having an adverse effect on the an-
tigen-antibody interactions (Ramirez-Benitez and Alma-
gro, 2001). Indeed, the residues of germline antibody 36-
65 that undergo mutations leading to mature antibody



Immunity
436
36-71 are considerably distant from the Ars binding site.
While the three peptides used here bound to antibody
36-65 with comparable affinities, none of them was rec-
ognized by affinity-matured antibody 36-71 (Manivel
et al., 2002). Analysis of the interactions of the paratope
with the peptide antigens may provide an explanation
for this observation. Some of the residues of the germ-
line antibody that undergo somatic mutations in the pro-
cess of evolving higher affinity toward Ars are seen to be
involved in peptide binding. Elimination of these interac-
tions during affinity maturation might explain exclusion
of binding of the peptides in an antibody matured to
be specific for Ars (Figure 4A), providing an elegant
mechanism of excluding otherwise ‘‘nonspecific’’ anti-
gens during affinity maturation.

Recognition of diverse antigens by a single paratope
structure would only be possible by compromising on
the stringency in the nature of interactions otherwise as-
sociated with specific recognition. The relatively pliable
initial encounter of the antigen in the primary antibody
response may, in fact, facilitate such pluripotency. The
persistence of antigen during affinity maturation of anti-
bodies (Wang et al., 2000) would enable the continuing
interaction of the antigen with conformation-specific
residues, such as Tyr50H and Tyr106H in the present
case, to suitably lock the structural state for antigen rec-
ognition. This structural state would then be further sta-
bilized through somatic mutations during affinity matu-
ration. Thus, the conformation-specific interactions
built in within the antigen-combining site may well be
utilized for modulating antibody specificity during affin-
ity maturation.

Juxtapositional Variety in Epitope-Paratope

Interaction Is Involved in the Generation
of Diversity in the Primary Antibody Response

Distribution of the three dodecapeptides over the para-
tope surface indicated widespread utilization of the
antigen-combining region. Each one of the peptide anti-
gens binds to a different part of the paratope, defining
a footprint of that antigen, while the CDR conformations
remain identical in each case. This ability of the anti-
body, wherein multiple antigens can be recognized
through differential juxtapositioning, has implications
for the generation of diversity. Interestingly, the foot-
prints of the dodecapeptide epitopes on germline anti-
body 36-65 resembled those of other independent pep-
tide antigens when bound to their corresponding
antibodies. A comparison of 20 independent affinity-
matured antibodies bound to their corresponding pep-
tide antigens showed that the antibody molecules
generally use a subsite from within the larger combining
region for binding to independent antigens. Each one of
these affinity-matured antibodies would have arisen
from germline precursors in which the initial peptide
binding would have taken place in the conformation
and the spatial location finally observed in the affinity-
matured antibody. Apparently, the entire antigen-com-
bining region is equipped with a propensity for inter-
action. Taking into account the spatial distribution of
the bound peptides on the mature antibody paratope
and the likely ability of the precursor germline antibody
to use the entire antigen binding region, it can be ex-
trapolated that germline antibodies commonly utilize
alternative juxtapositions for enhancing binding ability.

Although genetic recombinations principally account
for antibody and TCR diversity, the immune response
is still limited by the number of possible unique combi-
nations and circulating lymphocytes. Crossreactivity is
thus a necessary requirement to overcome bottlenecks
in a rapid immune response due to limiting frequencies
of particular specificities (Mason, 1998). Crossreactivity
as a solution to this discrepancy between the limited
germline repertoire and the vast antigenic space was
believed to arise from the conformational flexibility of
the antibody (Manivel et al., 2002). However, our analysis
has illustrated that within a given conformational state of
the antigen-combining site, diverse modes of antigen
recognition are possible, suggesting yet another way
of generating diversity. This is also consistent with the
suggestion that the B cell receptors in the primary reper-
toire possess a bipartite binding site in which CDR H3
acts as an antigen-specific core, whereas other CDRs
contribute in an opportunistic fashion (Davis, 2004). In
a broader context, diversity in enzymatic reactions
through similar active site conformations is more com-
mon than the promiscuity mediated by conformational
diversity (James and Tawfik, 2003). Similarly, in epitope-
paratope interactions, independent antibodies prefer
a common conformation while binding to a flexible anti-
gen even if they assume different structures in the ab-
sence of the antigen (Nair et al., 2002). Multifunctionality
without involving conformational flexibility may actually
be preferred since the generation of diverse structures
from the same sequence would involve complex folding
issues.

To summarize, while four antigen-free Fab structures
quantitatively defined the conformational repertoire of
the CDRs, analysis of the antigen bound Fab structures
offered mechanistic insights into the generation of anti-
body diversity. Although the flexibility in the CDRs was
structurally apparent, it was striking that a single para-
tope conformation recognized multiple independent
epitopes such that the binding of dissimilar antigens
represented autonomous epitope footprints on the anti-
body-combining site. The two common antibody resi-
dues may actually define a conformation-specific lock
associated with one among multiple conformational
states of the germline antibody. Thus, the observed mul-
tiple binding modes of independent epitopes within a
single paratope conformational state reveal, to the best
of our knowledge, a novel mechanism—wherein variety
in the paratope-epitope juxtaposition was exploited—for
expanding the germline antibody repertoire.

Experimental Procedures

Peptides

Several independent peptides selected from a panel of phage-

displayed peptides shown to bind to the germline antibody (Manivel

et al., 2002) were used for cocrystallization experiments. Reason-

ably high affinity for germline antibody 36-65 and excellent aqueous

solubility were the two criteria used for selecting the peptides from

the panel. The 12-mer peptides were synthesized by the solid-phase

method on an automated peptide synthesizer (431A; Applied Bio-

systems, Foster City, CA). Cleavage was performed by using tri-

fluoroacetic acid (Sigma-Aldrich). Crude peptides were purified on

a Delta Pak C18 column (Waters, Milford, MA) by using a linear
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gradient of acetonitrile containing 0.1% trifluoroacetic acid. The

peptides were characterized by mass spectroscopy.

Antibody

Hybridoma cells secreting IgG 36-65 and suspended in 500 ml Dul-

becco’s phosphate-buffered saline (DPBS) were injected into the

peritoneal cavity of male BALB/c mice g irradiated (400 rads) and

primed with Freund’s incomplete adjuvant 72 hr prior to injecting

the hybridoma cells. A total of 5 3 105 to 5 3 106 hybridoma cells

were injected into each mouse. Ascitic fluid could be tapped from

the peritoneal cavity of mice after w4–5 days. The animal experi-

ments were approved by the Institutional Animal Ethics Committee.

Fab Preparation

The IgG was purified from mouse ascitic fluid. A 40% ammonium

sulfate precipitation was followed by resuspension of the precipitate

in 10 mM Tris (pH 8.5). Further purification of the IgG was carried out

by ion exchange chromatography by using a DEAE 5PW anion

exchange column. Fab fragments of the antibody were prepared

by papain digestion of the purified IgG at pH 7.1, and the Fab was

purified from the digestion mix by using DEAE anion exchange chro-

matography. The purity was checked by SDS-PAGE, and the con-

centration of the Fab was estimated by protein assay (Bio-Rad,

Hercules, CA) by using BSA as the standard.

Crystallization

Initial crystallization trials for the native Fab crystals involved the ex-

ploration of various precipitants, typically metal salts in combination

with polyethylene glycols of various molecular weights. Combina-

tions of ZnCl2 with polyethylene glycol (8.0 kDa) initially gave reason-

able crystals that diffracted to a resolution of 3.0 Å or better. The final

data, however, were collected from crystals grown in polyethylene

glycol (8.0 kDa) in the absence of ZnCl2 after shifting pH from 7.1

to 6.7 and changing the buffer from 50 mM Tris to 50 mM cacodylate.

The native as well as the Fab-peptide cocrystals were obtained by

hanging drop vapor diffusion at 28ºC by using a starting Fab concen-

tration of 10 mg/ml. A 25-fold molar excess of the peptide was used

for obtaining the Fab-peptide cocrystals with minor variations of the

above-described conditions.

Data Collection

Data were collected on a MAR 300 image plate (Marresearch, Ger-

many) installed on a rotating anode X-ray source (Rigaku, Japan)

operating at 2.8 kW for the native and the Fab complexes with the

peptides Slg and Rll. The data for the Fab complex of the peptide

Kla was collected on a MAR345dtb (Marresearch, Germany) with

a rotating anode generator (Rigaku, Japan) at 5 kW. The crystals in

each case were cryo-protected by soaking in mother liquor contain-

ing 25% glycerol and were flash frozen. Data were processed with

DENZO (Otwinowski and Minor, 1996) and scaled with scalepack

for the native dataset and for Rll. Data was processed and scaled

with AUTOMAR (Marresearch, Germany) for the Fab-peptide com-

plexes of Kla and Slg.

Structure Determination

The structure was determined by molecular replacement by using

AmoRe (Navaza, 1994), and affinity-matured anti-Ars antibody

36-71 was used as the probe model in the antigen-free germline an-

tibody. The antigen-free germline intensity data gave a good corre-

lation coefficient (CF = 42.3%), and subsequent refinement was con-

ducted by using this model. A progressive improvement in the

correlation coefficient, CF, was obtained as the structure solution

for each successive antigen bound germline intensity dataset was

obtained. The highest correlation coefficient (CF = 66.3%) was ob-

tained for the Fab-peptide complex of Slg, which had similar unit

cell dimensions as the probe model, the Fab-Rll complex. Subse-

quent refinement was done starting with the corresponding models.

Refinement

Further refinement was conducted with CNS (Brunger et al., 1998)

for each of the structures. Both conventional Rcryst and Rfree

(Brunger, 1993) values (10% of total reflections in each case) were

monitored during the refinement. Initially, rigid body refinement

was carried out for the whole Fab molecule, and, subsequently,
VH, VL, CH, and CL domains were treated as discrete units. The model

was further refined by using the positional refinement protocol of

CNS. Initial attempts at utilization of NCS were abandoned due to

its failure in aiding refinement. This was rationalized in terms of con-

formational differences arising due to flexibility in germline anti-

bodies. Electron density maps were displayed with the help of pro-

gram O (Jones et al., 1991), and the sequence of the affinity-matured

antibody was slowly changed to that of the germline antibody during

iterative refinement. As the refinement progressed, the peptides

could be built into the electron density within the respective

antigen-combining sites. Water molecules were added by using

the water_pick program in CNS. The overall quality of the model

was checked with PROCHECK (Laskowski et al., 1993) and

WHATCHECK (Hooft et al., 1996). Final refinement statistics for the

four crystal structures are given in Table 2.

Supplemental Data

Supplemental Data including tabulations of epitope-paratope con-

tacts, structural properties of the Fab molecules, sections of the

electron density maps corresponding to the paratope as well as

the epitopes, and the comparison of the independent molecules

within the asymmetric units of three different structures in terms of

conformational superimpositions, Ca distances, and the tempera-

ture factors of the CDRs are available at http://www.immunity.

com/cgi/content/full/24/4/429/DC1/.
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