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ABSTRACT The structures of concanavalin A (ConA) in complex with two carbohydrate-mimicking peptides, 10-mer
(MYWYPYASGS) and 15-mer (RVWYPYGSYLTASGS) have been determined at 2.75 Å resolution. In both crystal structures
four independent peptide molecules bind to each of the crystallographically independent subunits of ConA tetramer. The
peptides exhibit small but significant variability in conformations and interactions while binding to ConA. The crystal structure
of another similar peptide, 12-mer (DVFYPYPYASGS), in complex with ConA has been determined (Jain, D., K. J. Kaur, B.
Sundaravadivel, and D. M. Salunke. 2000. Structural and functional consequences of peptide-carbohydrate mimicry. J. Biol.
Chem. 275:16098–16102). Comparison of the three complexes shows that the peptides bind to ConA at a common binding
site, using different contacting residues and interactions depending on their sequence and the local environment at the
binding site. The binding is also optimized by corresponding plasticity of the peptide binding site on ConA. The diversity in
conformation and interactions observed here are in agreement with the structural leeway concerning plasticity of specific
molecular recognition in biological processes. The adaptability of peptide-ConA interactions may also be correlated with the
carbohydrate-mimicking property of these peptides.

INTRODUCTION

Concanavalin A (ConA) has been extensively exploited as a
model for understanding protein-carbohydrate recognition
(Naismith et al., 1994, 1996; Loris et al., 1996; Moothoo et
al., 1999). It can also be useful for analyzing the plasticity
of protein-peptide interactions, as it also binds to a variety
of different peptides of significantly diverse sequences and
lengths with comparable affinities. Several different pep-
tides containing Tyr-Pro-Tyr as the consensus sequence
motif were identified as ConA ligands based on the screen-
ing of a large and diverse peptide library expressed on the
surface of filamentous phage (Oldenberg et al., 1992; Scott
et al., 1992). The peptides were shown to bind to ConA with
affinities comparable to that of methyl �-D-mannopyrano-
side, a well-characterized carbohydrate ligand of ConA. It
was also shown that binding of the 12-mer peptide to ConA
could be competitively inhibited by methyl �-D-mannopy-
ranoside in a dose-dependent manner and that the poly-
clonal antibodies against peptide cross-react with sugar, and
vice versa (Kaur et al., 1997), suggesting possible topolog-
ical equivalence between the two ligands. Furthermore, the
crystal structure of 12-mer in complex with ConA revealed
that the peptide binding sites were independent of the
methyl �-D-mannopyranoside binding site, although the
functional mimicry was observed between the two (Jain et
al., 2000b; Kaur et al., 2001). However, the structural rela-
tionship between 12-mer peptide and carbohydrate moiety

in terms of surface topology and their interactions with
ConA was evident by independent comparison of the two
ligands (Jain et al., 2000a).
Two other peptides, 15-mer and 10-mer, have been char-

acterized to bind to ConA with affinities comparable to
those of the 12-mer and methyl �-D-mannopyranoside; 15-
mer peptide was identified by screening the phage display
library (Oldenberg et al., 1992), and 10-mer peptide was a
result of subsequent rational design (Kaur et al., 1997).
Here, we report the crystal structures of 15-mer and 10-mer
as crystalline complexes of ConA and delineate the residues
dictating specificity of ConA-peptide interactions in each
case. Analysis of the structures and interactions of the four
crystallographically independent peptide molecules in each
of the two complexes, and comparison of the binding modes
for these and the earlier-determined 12-mer peptide, reveal
possible structural confines of plasticity associated with
protein-peptide recognition.

MATERIALS AND METHODS

Peptide synthesis and purification

The peptides were synthesized, on an automated peptide synthesizer model
431A (Applied Biosystems, Foster City, CA), as described earlier (Kaur et
al., 1997) using solid phase 9-fluorenylmethyloxycarbonyl (Fmoc) chem-
istry. The crude peptides were purified on a Waters Deltapak reverse-phase
C18–100 Å (19 � 300 mm, 15 �m, spherical) column on a preparative
HPLC (Waters, Tokyo, Japan) using a linear gradient of water and aceto-
nitrile. The absorption was monitored at 214 nm. Characterization was
performed by molecular mass determination using a single quadruple mass
analyzer (Fisons Instruments, Altrincham, UK).

Crystallization and data collection

Co-crystallization of ConA (Sigma, St. Louis, MO) at a concentration of
0.32 mM and peptides (15-mer and 10-mer) was carried out using a
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hanging drop method. Crystals of 10-mer complex were obtained using
sodium sulfate as the precipitating agent at pH 7.5, and 15-mer was
crystallized in ammonium sulfate at pH 9.0; 50 mM Tris buffer was used
in both cases and 20-fold molar excess of peptide has been used for
crystallization. The crystallization plates were maintained at room temper-
ature. Crystals grew between 10 and 15 days.
The x-ray intensity data for various ConA-peptide complex crystals

were collected on an Image Plate detector (Marresearch, Hamburg, Ger-
many) installed on a rotating anode x-ray source (Rigaku, Tokyo, Japan)
operated at 40 kV and 70 mA. The cell dimensions were large, and
therefore the crystal-to-detector distance was kept at 235 mm, and 0.25°
oscillation frames were recorded to spatially resolve the spots. The data
sets were collected up to 2.75 Å resolution in each case. For the 15-mer–
ConA complex the diffraction data were collected from two different
crystals, processed separately using DENZO (Otwinowski, 1993), and
subsequently merged using SCALEPACK. The space group symmetry for
both the complexes is C2221.

Structure determination and refinement

The dimer of the tetrameric ConA in complex with methyl �-D-mannopy-
ranoside (5CNA) (Naismith et al., 1994) was used as a probe model for
rotation/translation function calculations between 8–4 Å resolution. The
coordinates for sugar were removed before attempting molecular replace-
ment using AmoRe (Navaza, 1994). The solution was unambiguous and
showed presence of two dimers within the asymmetric unit.
The initial model was subjected to rigid body refinement in X-PLOR to

refine orientation and position of the starting model in the unit cell.
Initially, dimer was treated as a rigid body and subsequently each monomer
was treated independently as a rigid body. The individual atoms were then
refined by several cycles of conventional positional refinement with overall
B-values. Higher resolution data up to 2.75 Å were added in a stepwise
fashion. Both conventional R-factor (Rcryst) and the free R-value (Rfree)
(Brünger, 1992) were used to monitor the progress of refinement. An
independent set of reflections (10% for 10-mer and 5% for 15-mer) was set
aside for Rfree value calculation. CNS (Brünger et al., 1998) was used in the
later stages of refinements. Some of the loops of the ConA model were
rebuilt in the electron density and were displayed with the help of O (Jones
et al., 1991) on O2 (Silicon Graphics Inc., Mountain View, CA). Non-
crystallographic symmetry restraints with a weight of 120 kCal mol�1 Å�2

were used for ConA throughout the refinement. This was followed by
iterative rebuilding of the peptide models on the basis of 2Fo-Fc and Fo-Fc
maps. The average occupancies of the residues in the peptides were slightly
lower (between 0.7 and 0.8) than the average occupancy of the protein
residues, although they were distinctly above the solvent densities. The
Fo-Fc and 2Fo-Fc electron density maps were calculated using the CCP4
package (CCP4, 1994). Water molecules were included in the model using
an electron density cutoff of 2.5� in Fo-Fc and 1� in 2Fo-Fc, and if they
were within 3.5 Å from one or more nitrogen or oxygen atoms of the
protein or other water molecule.

RESULTS

Overall structures

The structures of ConA–15-mer and ConA–10-mer com-
plexes have been determined and analyzed extensively. The
crystals are isomorphous to those of the ConA–12-mer
complex (Jain et al., 2000b). Table 1 shows the refinement
statistics of the two complexes. The asymmetric unit in both
cases contains four monomers arranged as two dimers (AB
and CD) of ConA. The four crystallographically indepen-
dent monomers (A, B, C, D) in the asymmetric unit bind to

four peptide molecules (P, Q, R, S), respectively. The sub-
scripts “15” and “10” are used hereafter for distinguishing
the two peptides in 15-mer and 10-mer complexes, respec-
tively. Fig. 1 depicts the representative Fo-Fc electron den-
sity maps of one of the conformations of the two peptide
ligands. The three-dimensional structure of ConA in com-
plex with 15-mer and 10-mer agrees well with the 12-mer
bound form in overall features (Jain et al., 2000b).
The structure of ConA is similar in both complexes,

although some local conformational differences in certain
loop regions were observed. The root-mean-square (rms)
deviations among four ConA subunits within the asymmet-
ric unit for 15-mer and 10-mer complexes lie within 0.47 Å
and 0.38 Å, respectively. The structures were unambigu-
ously assigned, with the exception of the region consisting
of residues 116–124, which had comparatively weaker elec-
tron density. Besides this region, another loop (residues
200–206) shows variations in conformation within the
asymmetric unit. This loop is involved in peptide binding.
The backbone conformation of this loop in A and B subunits
is equivalent to D and C subunits, respectively. The rms
deviation for this loop between A and B subunits is 1.64 Å
in case of 10-mer and 1.98 Å in case of 15-mer. Apart from
the differences in the backbone conformation, there are
smaller but noticeable differences in side-chain orientations
in the residues of this loop in different subunits.
The molecular packing in the crystals is such that the

symmetry environments of P and Q are quasi-equivalent to
S and R conformations, respectively. The conformations P
and S bind to ConA such that the contacts with symmetry-
related molecules are not significant. These correspond to
the P1 binding mode as defined earlier for the 12-mer–
ConA complex (Jain et al., 2000b). The Q and R confor-
mations are sandwiched between two crystallographically
related ConA monomers, and hence exhibit symmetry con-

TABLE 1 Crystal data and refinement statistics of ConA in
complex with 15-mer and 10-mer

Ligand 15-mer 10-mer

Cell constants (Å) a � 103.11 a � 102.96
b � 118.55 b � 118.33
c � 254.99 c � 253.60

Space group C2221 C2221
Maximum Resolution (Å) 2.75 2.75
Completeness (%) 78.2 85.5
No. of independent reflections 31696 33187
Multiplicity 2 2
Average (I)/(SigI) 6.2 12.7
Completeness in last shell (2.75–2.88Å) (%) 27 37
Rmerge (%) 10.2 6.0
No. of solvent atoms/asymmetric unit 258 307
rms deviation bond length (Å) 0.008 0.007
rms deviation bond angles (degrees) 1.711 1.587
Rcryst (%) 19.5 18.8
Rfree (%) 24.0 22.2
B factors, overall (Å2) 35.79 40.22
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tacts, which significantly influence the peptide conforma-
tions and their interactions. This mode of peptide binding
has been referred to as the P2 binding mode in the case of
the ConA–12-mer complex. Thus, the peptide binding sites
of the subunits A and D, corresponding to P1 binding mode,
are solvent-exposed; those of the B and C, corresponding to
P2 binding mode, are relatively buried due to crystal pack-
ing in all three structures.

Conformation and interactions of the 15-mer

The overall conformation of 15-mer in the asymmetric unit
is similar in all four cases (Fig. 2 A). The N-terminal
residues Arg-1–Tyr-6 of the peptide in all four conforma-
tions are extended with a loop formed by residues Gly-7–
Leu-10, such that the C-terminus comes in close proximity
to the N-terminus. The rms deviation of the C� superimpo-
sition of the peptide conformations independent of ConA is
lower (1.69 Å) between the P15 and S15 as compared to
between Q15 and R15 (3.13 Å). The peptide conformation is
stabilized by several intramolecular interactions involving
both side chain and main chain atoms. The side chain of
N-terminal Arg1:P15 forms an intrapeptide salt bridge with

a terminal carboxylate group. The backbone structural
changes between the four conformations, P15, Q15, R15, and
S15, are more prominent for the N-terminal Arg-1, Val-2,
and the C-terminal Ala-12–Ser-15 of the peptide, and the
rest of the peptide conformation is identical within the two
pairs. The superimposition of the four conformations of
15-mer using residues Trp-3–Ala-12 is shown in Fig. 2 A.
The P15 and S15 conformations of 15-mer interact with

the respective ConA subunit through Arg-1–Thr-11 at the
primary peptide binding site. The Ala-12–Ser-15 stretch
does not show any interactions with ConA in both confor-
mations. Although the P15 and S15 bind at equivalent local
environments, there are minor but notable differences in
their interactions with ConA, particularly at the N-terminus,
as is evident from Table 2. The interactions of Tyr-4–
Thr-11 of the peptide are, nonetheless, conserved in both the
conformations. The conformational variations were also
reflected in the hydrogen-bonding pattern. The residues
Ser-8 and Tyr-9 of the peptide form five conserved hydro-
gen bonds in the two cases. In addition, the Val-2:P15 main
chain forms a hydrogen bond with the Asn-44:A15 side chain.
This interaction is absent in S15. Similarly, S15 contains two
extra hydrogen bonds that are absent in P15. These include the

FIGURE 1 Stereoscopic view of the Fo-Fc difference electron density map of the 15-mer and 10-mer bound to ConA.
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bond between the main chain Trp-3:S15 and side chain of
Asn-44:D15, and between the side chains of Thr-11:S15 and
Asp-71:D15. The rms deviation between the two conforma-
tions of the peptide on ConA superimposition is 2.5 Å. The
buried surface area of P15 is higher than S15, although that
of ConA in the two cases is comparable (Table 3).
The Q15 and R15 are sandwiched between two subunits of

ConA and show extensive interactions with symmetry equiv-
alents of A15 and B15 subunits, respectively. The differences in
the conformations of Q15 and R15 are reflected in their inter-
actions as well. The interactions of these conformations with
ConA at the primary peptide-binding site involve residues
Trp-3–Ser-15 in the case of Q15, and Arg-1–Tyr-9 in the case
of R15 (Table 2). The contacts of Trp-3, Tyr-4, Ser-8, and
Tyr-9 of the peptide are conserved in the two cases. The Gly-7
shows no interactions in either case. The Q15 and R15 confor-
mations share two conserved hydrogen bonds formed by Ser-8
and Tyr-9 of the peptide. Q15 forms five additional hydrogen
bonds at the C-terminus and R15 forms four hydrogen bonds at

the N-terminus and one at the C-terminus. The rms deviation
between Q15 and R15 is 4.97 Å after ConA superimposition.
The surface area buried is comparable for Q15 and R15 (Table
3). The buried surface areas of the peptide conformations in
both cases are also close to buried surface areas of the respec-
tive ConA subunits, indicating a better complementarity in
these subunits as compared to P15 and S15. The detailed inter-
actions of each of the four conformations with their respective
ConA subunits are depicted in Fig. 2 B.
Although the local environments of the peptide binding

sites of A (and D) and B (and C) in crystals are different,
certain similarities in their interactions with the correspond-
ing peptide molecules could be observed. Trp-3 of 15-mer
interacts with Asn-44 in all four subunits. Most of the ConA
residues interacting with Tyr-4, Ser-8, and Tyr-9 are con-
served. Two hydrogen bonds are conserved between the P1
and P2 binding modes. The rms deviation between P15 and
Q15 and between R15 and S15 is 4.93 Å and 5.03 Å, respec-
tively, after ConA superimposition.

FIGURE 2 Stereoscopic view of the comparison of the independent peptide conformations and interactions of 15-mer within the asymmetric unit. (A)
The least-squares superimposition of the four peptide conformations P, Q, R, and S using residues Trp-3–Ala-12. (B) The four ConA subunits along with
their respective bound peptides (drawn as ribbons) are superimposed. Only the interacting residues of ConA within 4 Å distance of the ligand are shown
in each case. The P, S, R, and Q are colored in decreasing order of the gray value.
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TABLE 2 van der Waals contacts for the three peptides

15-mer P S Q R 10-mer P S Q R 12-mer P S Q R

R1 G45 M1 G45 D1
K46 K46 K46

K200 K200
V2 N44 N44 Y2 N44 N44 V2 N44 N44 N44 N44

G45 G45 G45
K200 K200 K200 K200 K200 K200

S201 S201 S201 S201 S201
P202
S204

W3 Q43 W3 F3
N44 N44 N44 N44 N44 N44 N44 N44 N44 N44

G45 G45 G45
K46 K46 K46 K46

S201 S201 S201 S201
P202 P202 P202 P202

D203 D203
Y4 N41 N41 Y4 Y4

M42 M42 M42 M42
Q43 Q43 Q43 Q43 Q43 Q43 Q43
N44 N44 N44 N44 N44 N44 N44 N44 N44 N44 N44 N44

K46 K46 K46 K46 K46
S204 S204 S204 S204

P5 N44 N44 P5 N44 N44 N44 P5 N44 N44 N44 N44
S201 S201

S204 S204 S204 S204 S204 S204 S204
H205 H205
P206 P206 P206 P206 P206

Y6 T11 T11 Y6 Y6 T11 T11
Y12 Y12
P13 P13
P23 P23 P23 P23
M42 M42 M42 M42

Q43 Q43
N44 N44 N44 N44

S204 S204 S204
H205 H205 H205 H205 H205 H205

P206 P206 P206 P206 P206 P206
G7 P23 P23 P7 P23 P23

W40 W40
M42 M42 M42 M42

N44 N44
P206 P206

S8 Y8 Y22 Y22
P23 P23 P23 P23 P23 P23
K39 K39 K39 K39 K39 K39
W40 W40 W40 W40 W40 W40
N41 N41 N41 N41 N41 N41
M42 M42 M42 M42

Y9 K39 K39 K39 K39
N41 N41 N41 N41

L10 K39 K39
N41

T11 D71 D71 D71
A12 A7 N41 N41 A9

M42 M42
Q43 Q43
K46 K46

N69
A70
D71

S13 S8 N41 S10
Q43 Q43 Q43 Q43

N69
A70

G14 Q43 G9 G11
P68
N69
A70

S15 S10 N41 S12
Q43 Q43 Q43 Q43

K46 K46 K46 K46
A70
D71
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Conformation and interactions of the 10-mer

The 10-mer shows significant conformational variations
while binding to the four different subunits of ConA. The
N-terminal region Met-1–Tyr-6 of the peptide is extended in
all four conformations. This part of the peptide shows less
variability in terms of backbone angles. The overall confor-
mations of P10 and S10 are similar, which is reflected in the
low rms deviation (0.79 Å) between the two, calculated
independent of ConA. The peptide in these two conforma-
tions adopts a folded structure such that the N- and C-

terminal residues show intramolecular contacts. However,
in the case of Q10 and R10 the C-terminus is also extended
and interacts with the symmetry-related molecule, and
hence has different conformations with a higher rms devi-
ation of 3.03 Å, when peptide conformations are superim-
posed independent of ConA. Superimposition of all four
conformations of the 10-mer using residues Tyr-2–Tyr-6 is
shown in Fig. 3 A.
In the case of P10 and S10 almost the entire peptide

interacts with the corresponding ConA subunit, except
Met-1 and Gly-9 (Table 2). Interactions of Tyr-2, Trp-3, and
Pro-5–Ala-7 are conserved in the two conformations. P10
and S10 form five conserved hydrogen bonds with ConA.
These are formed by the N-terminal residues of the peptide.
In addition, Ser-10:P10 forms a hydrogen bond with Lys-
46:A10. Similarly, two other hydrogen bonds, between Ala-
7:S10 and Asn-41:D10 and between Ser-8:S10 and Asn-41:
D10, are absent in the case of P10. The rms deviation on
superimposition of the corresponding ConA subunits for the
two peptides is 1.99 Å. The buried surface area shows

TABLE 3 Buried surface area of four conformations of
15-mer and 10-mer in Å2

Conformation

15-mer 10-mer

Peptide ConA Peptide ConA

P 723.6 565.2 352.2 324.9
Q 533.5 576.2 250.1 255.8
R 554.9 559.7 326.4 306.6
S 685.4 562.9 455.8 407.2

FIGURE 3 Stereoscopic view of the comparison of the independent peptide conformations and interactions of 10-mer within the asymmetric unit. (A)
The least-squares superimposition of the four peptide conformations P, Q, R, and S using residues Tyr-2–Tyr-6. (B) The four ConA subunits along with
their respective bound peptides (drawn as ribbons) are superimposed. Only the interacting residues of ConA within 4 Å distance of the ligand are shown
in each case. The P, S, R, and Q are colored in decreasing order of the gray value.
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significant differences in the two cases, with S10 being more
than P10, as seen in Table 3.
The Q10 and R10 conformations are sandwiched between

two crystallographically related ConA subunits such that
they show extensive van der Waals contacts with the sym-
metry-related ConA and the peptide. The primary peptide
binding site interactions in the two cases include N-terminal
residues Met-1:Q10–Pro-5:Q10 and Trp-3:R10–Tyr-4:R10. In
addition, Ser-10:R10 also shows interactions. Conserved
interactions were observed only for Trp-3 between the two
conformations. The residues Tyr-2 and Tyr-6–Gly-9 show
no contacts at all in either case (Table 2). The Trp-3 in Q10
and R10 form a conserved hydrogen bond with the Asn-44
side chain of the corresponding ConA subunit. In addition,
three more hydrogen bonds are formed by Ser-10:Q10 that
are absent in R10. The rms deviation between R10 and S10 is
5.53 Å on ConA superimposition. The buried surface area is
lower for Q10 than R10. Fig. 3 B shows the comparison of
the interactions of the four conformations of the peptide.
The local packing environments of the peptide binding

sites of A (and D) and B (and C) show very few similarities
in their interactions with the corresponding peptide mole-
cules. Trp-3 of peptide interacts with Asn-44 in all four
subunits. None of the hydrogen bonds appears to be con-
served between the two binding modes. The rms deviation
between P10 and Q10 and between R10 and S10 is 5.05 Å and
5.53 Å, respectively, after ConA superimposition.

Comparison of different ConA binding peptides

Comparison of the conformations and interactions of vari-
ous peptide ligands—10-mer, 12-mer and 15-mer—bound
to ConA exhibits striking differences due to varying lengths

and sequences, yet they bind at a common site on ConA.
The sequence comparison of the three peptide ligands
shows that first six residues can be aligned in each case,
although the nature of the first residue varies significantly.
Beyond these residues, 15-mer contains five extra residues
that form a loop (Table 2). Corresponding residues are
absent in 10-mer, and only two residues are present in
12-mer. The sequence Ala-Ser-Gly-Ser, present at the C-
terminus, is common to all the three peptides. Structural
comparison of the peptides shows substantial conforma-
tional overlap at the N-termini, while differences in confor-
mation are obvious toward the C-termini, presumably due to
the insertion of varying lengths in 15-mer and 12-mer. The
interaction of the P conformation with corresponding ConA
in the three peptides is depicted in Fig. 4.
The van der Waals contacts of each of the three peptides,

15-mer, 10-mer, and 12-mer, with ConA are listed in Table
2. Despite the differences, there are certain conserved con-
tacts in the cases of all three peptides. Conserved contacts
were observed for the residues of the loop in 15-mer and
12-mer. Gly-7 of the 15-mer and the corresponding Pro-7 of
the 12-mer, and Ser-8 of the 15-mer and Tyr-8 of the
12-mer, show significant conserved interactions. Whereas
the 15-mer exhibits no contacts, for the last four residues, a
few contacts were observed to be conserved between 10-
mer and 12-mer. None of the hydrogen bonds is conserved
among all three peptides in these two conformations. A
comparison of the buried peptide binding sites (Q and R) in
the case of the three peptides shows only two conserved
contacts: one shown by Trp-3 of the 15-mer and 10-mer and
Phe-3 of the 12-mer with Asn-44 of ConA, and the other
shown by Tyr-4 of the three peptides and Asn-44 of ConA.

FIGURE 4 Stereoscopic view of the superimposition of the structures and interactions of the peptides bound to the A subunit of ConA in three different
crystal structures. Interactions of the three peptides (drawn in ribbons) with the corresponding ConA residues within 4 Å distance of the peptides. The 12-,
10-, and 15-mers are shown in decreasing order of the gray value. The corresponding ConA residues are shown in thin sticks.
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However, none of the hydrogen bonds is conserved between
the peptides in P2 mode as well.

DISCUSSION

Molecular recognition may exhibit a certain level of degen-
eracy within the realm of specificity because complemen-
tarity of shape and charge can be achieved in more than one
way in receptor-ligand recognition (Wilson and Jolliffe,
1999; Morton and Matthews, 1995; Sundberg and Mari-
uzza, 2000; Sleigh et al., 1999; McEvoy et al., 1998). In
several instances a receptor is designed to bind to a number
of different ligands: e.g., chaperone proteins (Chen and
Sigler, 1999), the MHC molecules (Garcia et al., 1998),
polyreactive antibodies (Keitel et al., 1997; Stanfield et al.,
1999), and many enzymes (Trautner and Noyer-Weidner,
1992; Bone et al., 1989). When a receptor binds to more
than one ligand at a common site, specific recognition could
still be achieved either through conservation of a set of
crucial interactions (Arevalo et al., 1993; Katz, 1995) or by
using altogether different contacting residues of receptor by
each ligand (Keitel et al., 1997). Flexibility in the nature of
ligand and/or receptor can facilitate such variability in in-
teractions. The most interesting feature of the present study
is that the three different peptides bind to ConA at four
independent subunits in two different local environments,
showing variations in conformations and interactions. In
addition, differences were also observed in the peptide
conformations bound at the equivalent crystal environ-
ments. Thus, the adaptability in structure and interactions
was observed at three different levels in ConA-peptide
system: a ligand bound in two crystallographically indepen-
dent but equivalent environments, a ligand bound in two
quasi-equivalent environments, and different ligands bound
in equivalent environments.
The structure and interactions of the 10-mer and 15-mer

bound to the ConA subunits in the pairs of equivalent
environments show small but significant differences. The
variations were more pronounced at the N-terminal two
residues and the C-terminal four residues. Intriguingly, the
two peptide molecules bound at the exposed sites (P and S)
are conformationally closer to each other than those bound
at the buried sites (Q and R). However, the structure and
interactions in the case of 12-mers within these sites were
identical (Jain et al., 2000b). The buried surface area on
peptide-ConA binding, in the equivalent environments,
shows significant differences in the case of the 10-mer, and
small differences in the case of the 15-mer, consistent with
the variations in the corresponding peptide conformations.
Albeit, it is anticipated that the ligand would bind to the
receptor in identical conformation in the equivalent envi-
ronments; significant variability was observed in the present
model system. The rms deviations in the range of 2 to 5 Å
observed in case of the two molecules bound at equivalent

sites represent the extent of leeway available in the ConA-
peptide recognition without compromising the specificity.
The peptide binding sites in P1 as compared to P2 modes

are quasi-equivalent in all three complexes involving 15-,
10-, and 12-mer due to different crystal packing environ-
ments. In P2 mode, the C-terminus of the peptide shows
extensive interactions with the symmetry-related ConA sub-
unit. Hence, the structures of the peptides and their interac-
tions with ConA in this mode are influenced by symmetry
contacts, unlike in the case of P1 mode. The buried surface
area in the P1 mode is significantly higher than in the P2
mode for all the three peptides. This is consistent with the
fact that the peptides in P2 mode are also stabilized by the
interactions with the symmetry-related molecule in the crys-
tals. The rms deviation between P1 and P2 modes is �5 Å
in the case of any of the three peptides. Thus, the peptides
exhibit distinct features in terms of structure and interac-
tions in the two quasi-equivalent modes such that the con-
formational integrity of the ligand is compromised to main-
tain the specificity of interactions.
The three peptides having fairly different sequences in

terms of length and nature of residues that exhibit functional
mimicry with carbohydrate ligands (Kaur et al., 1997, 2001)
bind to ConA at the same site. They evince significant
conformational diversity while overall structural features
were shared between them. This diversity may be correlated
with their binding affinities to ConA, with Kd values rang-
ing between 0.046 and 0.23 mM (Oldenberg et al., 1992;
Kaur et al., 1997). The affinities of these peptides are
comparable to that of a well-characterized carbohydrate
ligand, methyl �-D-mannopyranose (Kd � 0.089 mM).
Thus, the peptides bind to ConA at the same site with
comparable affinities involving different sets of residues. A
correlation of the extent of variation in the sequences and
lengths of the peptides with their conformations and inter-
acting residues in ConA was apparent.
The conserved interacting part of the three ConA binding

peptides is the Tyr-Pro-Tyr segment, which accounts for
more than half the buried surface area of the peptide in most
of the cases. Because conformational variability was mini-
mal for the Tyr-Pro-Tyr segment, it was considered possible
that this segment is responsible for the overall specificity of
the peptides toward ConA. Possibly, it serves as an anchor
for the rest of the peptide to adapt itself for binding to the
protein. The maximum rms deviation between them is 2.4
Å, taking all atoms of the motif for superimposition (Table
4). Although the backbone in all the cases superimposes
well, there are variations in the side chain conformations
that may be induced due to interactions and conformations
of the flanking residues. In the context of the conserved
Tyr-Pro-Tyr segment in the ConA binding peptides, it was
interesting to see the conformational preferences for the
Tyr-Pro-Tyr motif in protein structures. Forty-one unique
Tyr-Pro-Tyr segments were identified by sequence search in
the Brookhaven protein data bank (PDB). Least-square su-
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perimposition of the backbone atoms led to the identifica-
tion of two distinct conformational patterns consisting of
two-thirds of the Tyr-Pro-Tyr segments showing either type
III �-turn (17 structures) or polyproline type II conforma-
tion (14 structures) consistent with the similar analysis in
the aromatic-proline-aromatic motif (Nagpal et al., 1999).
However, the conformation of the Tyr-Pro-Tyr motif ob-
served in the ConA binding peptides does not belong to
either of these patterns. Interestingly, the extent of variation
observed in the case of these three peptides within the
Tyr-Pro-Tyr motif is the same as that found in case of the
two structural patterns identified for this motif from PDB.
Adaptability was also evident in the peptide binding site

of ConA. The conformations of the loop (200–206) in the
equivalent environments within P1 mode or within P2 mode
are identical, and show rms deviations within 0.5 Å. How-
ever, there are differences in the conformation of the loop
between the two quasi-equivalent environments. In fact, the
loop conformation is significantly different in P1 mode
compared to that in the unliganded ConA (Hardman and
Ainsworth, 1972). Earlier studies have shown that this loop
is largely disordered in the ConA-trimannose complex (Na-
ismith and Field, 1996). However, the loop is well-ordered
in ConA-peptide complexes. Thus, inherent flexibility of
this segment indirectly contributes to the plasticity of the
peptide binding site, which may be responsible for its ability
to bind to peptides of different sequences and lengths. There
are several other examples in which conformational vari-
ability in the receptor is exploited for binding (Rees et al.,
2000; Chen and Sigler 1999).
To conclude, the present study reveals plasticity in pep-

tide-ConA recognition. Assessment of the conformations
adopted by various peptide ligands for binding to ConA
shows significant degrees of conformational flexibility as-
sociated with the peptide binding. It is possible that, in
solution, the peptide in complex with a single ConA mole-
cule may be fluctuating among a range of conformations.
Thus, the ability of ConA to present a broad spectrum of
peptides requires a compromise between conformational
space occupied by peptides and specificity of interactions.
Conformational variability in the peptides allows a unique
binding pattern in each case, yet maintaining the specificity
conferred by the Tyr-Pro-Tyr motif. It has been shown
earlier that the 15-mer, 12-mer and 10-mer mimic the ConA

binding carbohydrates in terms of antibody response (Kaur
et al., 1997, 2001). The aromatic nature of the Tyr-Pro-Tyr
motif of these peptides corresponds to the aromaticity as-
sociated with the carbohydrate moieties (Jain et al., 2000a).
This implies that the conformation adopted by the Tyr-Pro-
Tyr in these peptides may resemble a region of the complex
carbohydrates in some way on cell surfaces that bind to
ConA. In fact, the adaptability observed in peptide-ConA
recognition is akin to the flexibility seen earlier for ConA-
carbohydrate binding (Moothoo et al., 1999; Loris et al.,
1996), and it may also be contributing to the molecular
mimicry exhibited by them.
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