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ABSTRACT: A novel protocol for protein homology modeling is described, in which uncertainty in protein
structure is resolved by applying the criterion that the protein must bind to a complementary ligand. A
diverse library of protein models is created and then screened by docking with ligands of known
conformation. The more accurate protein models form higher-quality docked complexes, and the quality
of the fit is used to select the best models. The effectiveness of this technique with both natural and
unnatural ligands is demonstrated by modeling the Fv fragment of an antibody and comparing the results
to known crystal structures.

Knowledge of protein structure is assuming a central role
in research and industry today. Recent advances in genomics
have led to the sequencing of thousands of new genes from
a variety of different organisms (1). An understanding of
the functions of these proteins requires an appreciation of
their structures. This realization has inspired the field of
structural genomics and the development of better and faster
methods of protein structure determination (2-4), with
advances in high-throughput NMR1 spectroscopy and X-ray
crystallography of proteins (4, 5).

However, not all proteins are amenable to these experi-
mental techniques, and experiment must be supplemented
by theoretical protein structure prediction. Currently, the most
accurate method for protein structure prediction is compara-
tive modeling (homology modeling) (6-11). The accuracy
of this technique is limited by the level of similarity between
the target protein and the known protein(s) used to construct
the model (10). Thus, models based on more distantly related
proteins, with lower degrees of sequence similarity, are less
accurate. In addition, small areas of divergence within two
sequences that are similar overall, such as variable loops,
are difficult to construct accurately.

We propose a novel protocol in which knowledge of the
bound conformation of a ligand may be incorporated into a
conventional comparative modeling protocol (6-11). The
ligand conformation will provide additional constraints on

the shape and charge distribution of the binding site on the
protein, leading to a more accurate model. The bound
conformation of a ligand may be determined by NMR
spectroscopy using the transferred nuclear Overhauser effect
(trNOE) (12-16). This conformation may then be used to
screen a library of protein models by computational docking.
The quality of the docked complexes formed may be used
to rank the models, with the most accurate models being
the ones best able to bind the ligand. The goal of greater
accuracy is very important if protein models are to be used
in the design of drugs, vaccines, and diagnostic agents.

In our protocol, protein models within the library will share
some aspects of their structure, while other aspects will be
varied according to the most uncertain or ill-defined areas
of the particular protein. One of the greatest challenges in
comparative modeling is the treatment of variable loops
within a structurally conserved framework (10, 17-20).
These occur where there are insertions or deletions relative
to the known structure, or where there are certain regions
with very low levels of sequence similarity. There are many
possible, reasonable conformations even for a short loop
within a protein, and it is often difficult to distinguish
between these possibilities using force field methods. These
differences may be quite significant in constructing a model,
as variable loops often contribute to binding sites and/or
active sites on the protein, and are important in determining
specificity and function.

Antibodies are ideal test cases for comparative modeling.
Built on a conserved structural framework, the immuno-
globulin fold, they nevertheless exhibit a high degree of
variability in their surface loops. Six hypervariable loops,
or complementarity-determining regions (CDRs), define the
binding site; their variation in sequence and structure is
responsible for the ability of antibodies (Abs) to recognize
an immense variety of different molecules (21). Therefore,
although a reasonable alignment with the framework of the
immunoglobulin fold may often be obtained, the binding site
itself presents a considerable challenge to the computational
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chemist. Another complication is that the binding site is
created by the association of two domains (VH and VL), the
relative orientation of which varies between different anti-
bodies (21). The method described here provides an effective
protocol for dealing with these variables and obtaining more
accurate models.

As a test case, we chose to model the anti-Shigella flexneri
Y monoclonal antibody (mAb) SYA/J6 (22). The crystal
structures of the Fab fragment, native and in complex with
two carbohydrate ligands and one peptide ligand, have been
determined to high resolution (23, 24). The carbohydrate and
peptide ligands use different subsets of specific hydrophobic
and hydrogen bonding interactions within the binding site
(N. K. Vyas et al., manuscript in preparation). These contacts
and the overall shapes of the ligands are powerful tools for
screening protein models by computational docking.

MATERIALS AND METHODS

Construction of Antibody Libraries.The framework of the
antibody model was constructed using SYBYL 6.6/Composer
software (7) (Tripos, Inc.). Homologous sequences were
found by searching a customized database containing rep-
resentative structures from the Protein Data Bank (25) and
all known antibody structures (as of October 2000). Eight
and four homologous sequences were used to construct the
templates for the light and heavy chains, respectively.
Homologous proteins used to construct the template were
limited to those determined by X-ray crystallography with a
resolution ofe2.5 Å. Higher weights were assigned to more
similar sequences and/or higher-resolution structures. For the
heavy chain, a sequence with a lower overall level of
sequence identity (45%) was included with three others of
much greater identity (79-89%) to enforce the choice of a
structure with the same canonical class in CDR H3 (26).
All sequences of homologues chosen for the light chain
template wereg90% identical to the SYA/J6 light chain.
The level of sequence identity was measured with SYBYL
6.6/Composer (7) using the Dayhoff 250 matrix (27).
Structurally variable regions were defined as the CDR loops
by the Kabat definition (28) as follows: L1, L24-L34; L2,
L50-L56; L3, L89-L97; and H1, H31-H35. To enforce
the correct sequence alignment, the variable regions en-
compassing H2 and H3 were defined as H52A-H55 and
H92-H102, respectively. After construction of structurally
conserved and structurally variable regions, brief energy
minimizations [50 steps, using the conjugate gradient method
and the CVFF force field (29) within Insight II 2000
(Accelrys, Inc.)] were performed, to gradually relieve
strain: all side chains, all side chains and all atoms of
variable loops, and, finally, all atoms.

After construction of each chain, the heavy and light chains
were superimposed on a known structure to derive a
combined model. The structure chosen for superimposition
was 1QKZ (30), because of its high overall level of sequence
identity (91 and 64% identical in the light and heavy chains,
respectively), and the same canonical class as SYA/J6 in
the CDR L3 and H3 loops. The models of each chain were
superimposed on the structure of 1QKZ using framework
(non-CDR) residues. The model was then further optimized
by brief energy minimizations (50 steps, conjugate gradient
method, all CDR atoms, and all side chains; followed by 50

steps, conjugate gradient method, all atoms). The H3 loop
which had been added temporarily during construction of
the model was then excised to leave the constant framework
for the library.

Individual models differing in H3 loop conformation were
generated by performing a database search within SYBYL
6.6/Biopolymer (Tripos, Inc.) for residues H92-H102, using
the method of Claessens et al. (31). Candidate loop confor-
mations were grafted onto the framework with small adjust-
ments of the anchor residues of the loop (anchor melding)
(7). Side chains of the loop were checked for steric
interactions with the framework and were adjusted accord-
ingly. Torsional angles of the CTR (H92-H94) and MDY
(H100A-H102) side chains were copied from the donating
antibody. The atoms of the loop in each model were adjusted
by 100 steps of energy minimization (Powell method), while
the rest of the framework was held fixed, followed by 700
steps of minimization (Powell method) for the whole protein.
The conformations of some side chains of the light chain
loops (L27D, L28, L30, L32, L34, and L91-L94) were
adjusted to be similar to the light chain homologues and to
the crystal structure. This served to maintain hydrogen
bonding networks near the binding site and corrected for
errors in side chain positioning introduced during model
construction. The models were then energy-minimized for
another 400 iterations. During optimizations, the models were
assigned Kollman all-atom charges (32), and the Tripos force
field (33) was used. Tripos force field energies were
measured within SYBYL 6.6 and refer to the internal
potential energy of the resulting protein model, measured
after optimization. These energies include the standard
components of the force field: bond stretching, angle
bending, out-of-plane bending, torsional, van der Waals, and
electrostatic components (33). The rmsd values with respect
to the crystal structure were measured using ProFit version
2.2 (A. C. R. Martin, http://www.bioinf.org.uk/software/
profit; 34). Molecular graphics were performed with Insight
II 2000 (Accelrys, Inc.) and SYBYL 6.6 (Tripos, Inc.). All
models were checked for quality with PROCHECK (35).

Models differing in relative domain rotation were gener-
ated by separating the VH and VL chains of the original model
framework and superimposing each on the two chains of a
template antibody, usingR-carbon atoms of non-CDR
residues. The H3 loop was constructed, using the correct loop
conformation from SYA/J6, and the models were optimized
in a manner similar to that described for the first series of
models. Optimization consisted of brief energy minimizations
(50 steps, Powell method, Tripos force field; all atoms, H3
loop; all atoms of H3 loop and side chains of the rest of the
protein; all atoms of the protein) followed by longer energy
minimization (1700 steps) for the rest of the protein. The
relative amount of rotation in each model was measured with
respect to the crystal structure within Insight II as follows.
The model was superimposed on the crystal structure using
R-carbon atoms of the light chain; the additional rotation
and translation required to superimpose the heavy chains
were then measured (36, 37).

Computational Docking of Antibody Models with Ligands.
Computational docking simulations were performed with
AutoDock 3.0 (38). This program uses rapid search methods
in combination with a grid representation of the protein. The
scoring function is an empirical binding free energy force
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field that includes van der Waals, electrostatic, hydrogen
bonding, torsional, and desolvation free energy terms (38).
Its accuracy has been demonstrated in several studies of
known receptors (38, 39). Ligand conformations were
extracted from the crystal structures of the corresponding
Fab-ligand complexes and were assigned AMBER all atom
potentials and charges (32) within Insight II 2000 (Accelrys,
Inc.). The conformation ofâ-maltopentaose was extracted
from the coordinates ofBacillus subtilisR-amylase com-
plexed with maltopentaose (PDB entry 1BAG) (40). The
protein models were assigned Kollman all atom potentials
and charges (32) within Sybyl 6.6/Biopolymer (Tripos, Inc.).
Grid maps representing the proteins were constructed using
60 × 60 × 60 points, with grid point spacing of 0.375 Å,
and centered on the ligand, which was manually positioned
within the binding site. Antibody-ligand complexes were
generated from this starting point using a Lamarckian genetic
algorithm (LGA) (38). Parameters for LGA docking were
as recommended in the AutoDock manual. For each antibody
model-ligand pair, 500 LGA docking runs were performed.
The binding modes were clustered using a rmsd cutoff of
2.0 Å with respect to the starting position; the intermolecular
energy of the lowest-energy cluster was used for all plots in
this study. Intermolecular energy refers to the potential
energy of the interactionbetweenthe protein and ligand [van
der Waals, electrostatic, hydrogen bonding, and desolvation
free energy components (38)]; it does not include the internal
energies of the protein and ligand themselves, as these do
not change during rigid docking. Correlation coefficients (r)
were calculated using the VassarStats web site (http://
faculty.vassar.edu/lowry/VassarStats.html;41).

RESULTS AND DISCUSSION

Construction of Libraries of Antibody Models. The first
step in constructing a library of models is to build a
framework which will be held constant in all the models
while other regions are varied. In this case, the framework
consisted of the structurally conservedâ-strands of the
immunoglobulin fold and, in addition, the first five hyper-
variable loops of the antibody, which can be modeled
accurately based on known canonical loop structures (42-
45). Diversity in this library could then be incorporated by
varying the conformation of the third hypervariable loop of
the heavy chain (CDR H3), a loop which varies greatly in
sequence and structure, and which is often the most important
in binding ligands (26, 46). The CDR H3 loop of the antibody
SYA/J6 is relatively long, and therefore presents a useful
challenge.

The framework for the library, consisting of the structurally
conserved regions and five of the six hypervariable loops
(Figure 1a), was constructed using current comparative
modeling procedures. Comparison with the crystal structure
showed that this portion was modeled accurately (rmsd)
0.90 Å, all backbone atoms). A library of models was then
generated by grafting various possible loop conformations
onto this framework. A database loop search was performed
to identify possible conformations for residues H92-H102
(CDR H3 and the three preceding residues), resulting in 11
different conformations which could reasonably fit into the
framework (Table 1 and Figure 1b,c). The correct loop
conformation from the crystal structure (24) was added to
this group of possibilities. Each loop was added to the

FIGURE 1: (a) Framework which was constant for all models in
the first library, consisting of the structurally conserved regions
and five of the six hypervariable loops (heavy chain, dark blue;
light chain, light blue). The varied region, including the CDR H3
loop, consisted of residues H92-H102. (b) Framework and five
representative loop conformations. The correct (crystallographically
determined) conformation of the CDR H3 loop (dark blue) and
four other loop conformations from models in the library are shown,
in the positions where they were grafted into the framework. (c)
Detailed view of the loop conformations in panel b. The loops are
labeled with the PDB entry of the antibody from which the loop
conformation was taken.
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framework to produce a model. The accuracy of each model
was measured by calculating the root-mean-square deviation
in position (rmsd) of the CR atoms of the loop residues, with
respect to their positions in the antibody crystal structure.
The rmsd value provides an estimate of how greatly each
model deviates from the true structure. For example, the
correct model, in which the correct conformation of the H3
loop had been grafted into the constant framework of the
library, has an rmsd of the loop CR atoms of 0.69 Å, with
respect to those of the crystal structure (Table 2); the
corresponding value for the least accurate model is 3.01 Å.

Screening of Models by Docking with Ligands. A selection
criterion must be applied to choose between different
possible, reasonable loop conformations. We propose that

the ability of a protein model with a particular loop
conformation to dock with a complementary ligand is a
useful criterion. As a test, our library of antibody models
was screened by computational docking with known ligands.
The pentasaccharideL-Rha-R-(1f2)-L-Rha-R-(1f3)-L-Rha-
R-(1f3)-D-GlcNAc-â-(1f3)-L-Rha-OMe (ABCDA′, 1,
Scheme 1) is a natural ligand in that it corresponds to a
fragment of theS. flexneriY O-antigen polysaccharide, the
natural target of the antibody. The trisaccharideL-Rha-R-
(1f3)-2-deoxy-L-Rha-R-(1f3)-D-GlcNAc-OMe (BC*D,2,
Scheme 1) is an analogue that contains a site of deoxygen-
ation in the central rhamnose ring, but binds with a higher
affinity than the pentasaccharide1 to SYA/J6 (24). The
peptide ligand MDWNMHAA (3, Scheme 1) was discovered
by phage display library screening with SYA/J6 and is not
related to the natural antigen, but is specifically recognized
by the antibody (47).

The ligands were docked with the antibody models in the
library using AutoDock 3.0 (38), as described in Materials
and Methods. The docking calculations were performed with
the ligand constrained in the known conformation, while its
orientation within the binding site was varied. Predicted
binding modes for the pentasaccharide ligand, obtained from
these experiments, are shown in Figure 2. The binding mode
is predicted correctly for the best model (Figure 2a); the
crystal structure of the complex is shown for comparison.
The corresponding complex with the peptide ligand is also
predicted correctly (Figure 3a). The correct pattern of
hydrogen bonding and hydrophobic interactions is predicted
in each case, although this pattern is quite different for each
ligand. No water molecules were included with the models,
as the prediction of their positions is computationally
intensive (48). Hydrogen bonds mediated by water molecules
are therefore lost in the modeled complexes. However, the
overall positioning of the ligands is maintained by other
driving forces incorporated into the force field: direct
protein-ligand hydrogen bonds and hydrophobic interac-
tions. These interactions are reflected in the calculated
intermolecular potential energy (energy of interaction be-

Table 1: Loops from the Protein Database Which Provided
Different Possible Conformations for the CDR H3 Loop

a Sequence homology, measured in Sybyl 6.6/Composer, using the
Dayhoff 250 matrix (27), for the database loop vs the SYA/J6 loop.

Table 2: Accuracy of the Models with H3 Loop Conformational
Variation

source
protein

rmsd
of loopa

rank
by rmsd
of loop

sequence
homologyb

(%)

rank as in Composer
(by sequence

homology and fit)c

SYA/J6 0.69 1 100 1
1IGT 1.62 2 81 3
2JEL 1.72 3 62 12
1FSK 1.81 4 73 9
1C5D 2.16 5 74 6
1JHL 2.20 6 88 2
2FBJ 2.42 7 66 11
1AR1 2.43 8 74 8
7FAB 2.55 9 71 10
1YUH 2.63 10 74 7
1MFE 2.88 11 77 5
1NFD 3.01 12 81 4

a The rmsd of CR atom positions of the CDR H3 loop, with respect
to those in the X-ray crystal structure, after superimposition of each
model on the crystal structure using all other CR atom positions.
b Sequence homology, measured in Sybyl 6.6/Composer, using the
Dayhoff matrix (27), for the database loop vs the SYA/J6 loop.c The
rms fit between the database loop anchor residues (the two residues
preceding and one following the loop; N, CR, and C atoms) and those
in the framework is used to distinguish database loops which have the
same level of sequence homology; i.e., the loop with the highest level
of sequence homology is ranked the highest, and in the case of equal
levels of sequence homology, the loop with the lower rms fit is chosen
first.

Scheme 1: Ligands Used for Screening the Library of
Antibody Models
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tween protein and ligand), which is highly favorable (-11.90
kcal/mol for the complex between the pentasaccharide and
best model).

As the loop conformation in the models deviates from its
true conformation, some of these favorable interactions are
necessarily lost. For the models quite close to the true loop
conformation, this may result in the loss of only a few
interactions. Interactions between the ligand and other CDR
loops may be maintained, despite the change in the shape
of CDR H3. An example is shown in Figure 2b for the
pentasaccharide ligand and third-best antibody model (rmsd
of loop) 1.72 Å). Several of the important hydrogen bonds,
namely, Rha A′ O3-His L27D Nε1, Rha B O3-Ala H97
O, and Rha C O2-Thr L91 Oγ (24), are maintained in the
predicted complex. The key hydrophobic interaction between
the GlcNAc DN-acetyl methyl group and the pocket formed
by Tyr L32 and His L27D (24) is also maintained. The
change in CDR H3 conformation affects only a few specific

interactions; for example, the Rha C O2-Gly H99 O and
GlcNAc D HN-Thr L91 O hydrogen bonds are lost.
Although there is a slight increase in the Rha C C6-Met
H100A Cγ van der Waals contact distance, compensating
hydrophobic contacts occur between the ligand and the
backbone of the changed loop (Figure 2b).

The less accurate models have CDR H3 loop conforma-
tions that are very different from the true structure (rmsd of
loop ) 2-3 Å). Large changes in the overall shape of the
binding site, and the loss of more of the intermolecular
interactions, are observed. For example, as shown in Figure
2c, the H3 loop conformation from the 11th-ranked model
(rmsd) 2.88 Å) results in a much smaller binding site, so
that only two residues of the pentasaccharide can be
accommodated properly, and none of the correct hydrogen
bonds can be formed. The rest of the pentasaccharide lies
toward the edge of the binding site and along the outer
surface of the protein, and the methyl groups of Rha B and

FIGURE 2: Predicted binding modes of the pentasaccharide ligand (1). Residues lining the combining site are shown in ribbon format, while
atoms of the side chain are also shown for selected residues making specific contacts. Hydrogen bonds are shown as red dashed lines, while
hydrophobic residues are colored green and represent patches of hydrophobic contact with the ligand. (a) AutoDock-predicted complex of
the pentasaccharide ligand (1) with the correct model, consisting of the conserved antibody framework with the correct H3 loop conformation.
The X-ray crystallographic position of1 is shown for comparison (colored gray). (b) Predicted complex of1 and the third-best model (loop
rmsd) 1.72 Å). Many of the important interactions are predicted correctly, as the change in the conformation of CDR H3 is relatively
small. The binding site of the model is represented as a ribbon (blue) with selected side chains in green. The ribbon structure of the same
residues in the crystal structure is also shown (purple); the crystallographically determined position of1 is shown for comparison (gray
lines). (c) Predicted complex of1 and the 11th-ranked model (loop rmsd) 2.88 Å). The very different conformation of CDR H3, highlighted
in blue, results in a much smaller binding site that can accommodate only two residues of the pentasaccharide. None of the correct hydrogen
bonds can be formed, although other hydrogen bonds are possible in this modeled complex. The Rha B and C and GlcNAc D methyl
groups are exposed to the solvent, and the hydrophobic pocket formed by His L27D and Tyr L32 cannot be occupied by the ligand, because
of the large change in the shape of the binding site. (d) Predicted complex of1 with the 12th-ranked model (loop rmsd) 3.01 Å). The
longer, narrower binding site causes the loss of hydrogen bonds to the Rha B and C residues and the exposure of the Rha C hydrophobic
face to solvent.
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C and GlcNAc D are forced to be exposed to water. A much
less favorable intermolecular energy (-8.60 kcal/mol)
reflects that this is not a realistic binding mode.

Another possible, but incorrect, loop conformation results
in a much longer, narrower binding site in the 12th-ranked
model (rmsd) 3.01 Å; Figure 2d). In this case, the ligand
still maintains some of the correct interactions with the other
CDRs; two hydrogen bonds, Rha A′ O3-His L27D Nε1 and
Rha B O4-Tyr L32 O, are possible, and the hydrophobic
contacts of the GlcNAc D and Rha C methyl groups are
maintained. However, the ligand cannot contact the backbone
of CDR H3, and three hydrogen bonds are lost. In addition,
the hydrophobic face of Rha C becomes partially exposed
to solvent. Again, this is reflected in a much less favorable
intermolecular energy (-8.69 kcal/mol).

The changes in the H3 loop conformation have similar
effects on the docked complexes with the peptide ligand.
Thus, the predicted complex with the correct model is very

similar to the crystallographic structure of the complex
(Figure 3a). Similar structures are obtained with the second-
to fourth-ranked models, as the contacts between the peptide
and CDR H3 are not extensive. With increasing deviation
from the true loop conformation, the modeled complexes
become less plausible; for example, in the 11th-ranked
model, the small binding site can accommodate only two of
the eight peptide residues, while the rest are placed partially
or completely outside the binding site (Figure 3b).

A general trend is apparent, as shown in Figure 4a. The
calculated intermolecular energies increase (become less
favorable) as the models become more inaccurate. For both
the pentasaccharide and peptide ligands, the correct model
has the most favorable intermolecular energy of all models
in the library. The second to fourth models, with rmsd values
of <2 Å, have somewhat higher energies, while for the less
accurate models, the energies are even higher. If the energy
of the docked complexes is used as the criterion to rank the
models in the library, a good correlation is observed between
this ranking and the true ranking based on the rmsd of the
H3 loop atoms (Figure 4b). Ther values provide a numerical
measure of this correlation; these values are 0.52, 0.36, and

FIGURE 3: Predicted binding modes of the peptide ligand (3). (a)
AutoDock-predicted complex of the peptide ligand with the correct
model. The X-ray crystallographic position of3 is shown for
comparison (colored gray). Areas of the binding site with important
hydrophobic contacts to the ligand are colored green. (b) AutoDock-
predicted complex of3 with the 11th-ranked model (loop rmsd)
2.88 Å). The small size of the binding site prevents entry of the
ligand, and only Met 1 and Trp 3 are accommodated within the
site; the rest of the peptide is partially or completely exposed to
solvent.

FIGURE 4: (a) Calculated intermolecular energies from AutoDock
3.0 for each model in the library, in complex with pentasaccharide
(1), trisaccharide (2), and peptide (3) ligands, plotted against the
accuracy of each model, as measured by the rms deviation of CR
atom positions of the CDR H3 loop with respect to their positions
in the crystal structure. The CR traces of loops from the library
(black) with different rmsd values, with respect to the crystal
structure (gray), are plotted on the graph for a visual comparison
of the loops. (b) Ranking of the models based on the intermolecular
energies of their complexes with the ligands, plotted against the
true ranking based on the rmsd of CR atom positions.
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0.76 for 1-3, respectively (pentasaccharide, trisaccharide,
and peptide, respectively). As a control, the models were
screened with an unrelated ligand, maltopentaose, and no
such correlation was observed (r ) 0.035; Figure S1 of the
Supporting Information).

Not surprisingly, the complexes of the ligands with the
Ab crystal structure are lower in energy by 1-2 kcal/mol
than those of the best model. This most likely reflects errors
resulting from the comparative modeling procedure, such as
differences in side chain positioning or in backbone confor-
mation. These errors appear to have a greater effect on the
positioning of the smaller trisaccharide ligand. The correct
binding mode was identified, as for the other ligands, but
additional incorrect binding modes were also generated. We
conclude, therefore, that the larger ligands have greater
discriminating power due to their characteristic shapes. If
the ligand is large, there is little room available in the binding
site to place it in the wrong orientation, and such binding
modes are correctly evaluated by the program as being much
less favorable.

Comparison with Existing Methods. The method of
screening for complementarity with ligands produces a
ranking of the protein models that is more accurate than that
obtained using other criteria. For example, if loop conforma-
tions are generated by a database search, the level of
sequence similarity between the target loop and the database
loop may be used as a criterion. This may be combined with
the rms fit of the anchor positions of the loop, as in Composer
(7). However, this procedure does not necessarily lead to an
accurate ranking. While a high level of sequence homology
is a good indication of structural similarity in regions of
regular secondary structure, this may not necessarily be true
in loop or turn regions of proteins, especially in the highly
variable H3 loop of antibodies. Conversely, similar loop
structures may be adopted by several different sequences,
as in the examples of other canonical loops of the antibody
binding site (42-45). Therefore, we compared the ranking
of loops in our library by ligand docking to the ranking
obtained by other criteria. In Table 2 and Figure 5a, the
sequence similarity between each of 12 loops in the protein
database, which provided the loop conformations for the 12
models, and the sequence of the loop in mAb SYA/J6 is
given. There is no apparent correlation between the level of
sequence similarity in the source loop and the actual
similarity of the loop conformation to the crystal structure
conformation observed for SYA/J6. For example, the third
most similar loop (rmsd) 1.72 Å) is actually the least similar
in sequence, and would have been ranked last out of all the
models by the Composer criteria. Conversely, the loop which
would have been chosen by considering sequence homology
and fit is actually one of the worse models (sixth in closeness
to the crystal structure, rmsd) 2.20 Å). Use of the criterion
of sequence homology results in only a weak correlation
between the predicted ranking and the true ranking (based
on accuracy) of the models in the library (Figure 5c). Ther
value for these data is 0.126, reflecting a very weak
correlation.

Energy criteria may also be used to select the best loop
conformation for a given model. The force field energies
calculated for the models in the library are shown in Figure
5b (the force field energy refers to the internal potential
energy of the protein model itself, as estimated by the Tripos

force field; see also Materials and Methods). There is no
apparent correlation between the calculated energy of the
model and the closeness of the loop to the true structure.
All of the conformations are reasonable and fit plausibly into
the framework of the model. Again, there is no observable
correlation between the predicted ranking of the models and
the true ranking based on accuracy (Figure 5c); ther value
of 0.035 reflects that this is not a useful predictive criterion.
This is not unexpected, as the potential energy landscape of

FIGURE 5: Correlations obtained with other criteria. (a) Accuracy
of the models in the first library (CDR H3 loop variation), as
measured by the rmsd of loop CR atom positions with respect to
their positions in the crystal structure, vs the sequence homology
between the loop in the database (source of the conformation for
each model) and the SYA/J6 loop. The CR traces of loops from
the library (black) with different rmsd values, with respect to the
crystal structure (gray), are plotted on the graph for a visual
comparison. (b) Accuracy of the models in the first library (CDR
H3 loop variation), vs the potential energy of each model, calculated
with the Tripos force field. (c) Ranking of the models based on
the sequence homology and rms fit of the loop anchor residues, as
in the Composer program, and ranking of the models based on the
force field energy, vs the true rank, based on the loop CR rmsd.
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a protein is highly complex, and there are many possible
loop conformations that are correct by potential energy
criteria but do not correspond to the native structure. Current
force fields are often unable to discriminate between a native
loop conformation and various other possible, reasonable
loop conformations (refs20 and49 and references therein).

In contrast, effective discrimination between the correct
and incorrect models is achieved by screening with ligands,
using our protocol. For each ligand, a significant correlation
is observed between the predicted ranking of the models and
the true ranking based on accuracy (Figure 4b). Therefore,
the quality of fit with a ligand is a useful criterion that could
be applied to identify models with accurate loop conforma-
tions. We propose that this method could be applied
effectively, when a bound-ligand conformation has been
determined by trNOE NMR spectroscopy, to derive informa-
tion about the shape of the binding site of the protein
receptor, and to produce accurate protein models.

Orientation of Domains.Another difficult problem in the
comparative modeling of antibodies is that of choosing the
correct orientation of the VH and VL domains (49, 50). The
amount of rotation and translation relating these domains
may vary considerably between different Abs, and even
between native and bound forms of the same Ab. A summary
of these quaternary structural changes for Abs whose bound
and free structures are known was reported by Stanfield et
al. (36). These authors also showed that the rotations did
not occur about any particular axis of the antibody, and that
the axis of rotation varied between different Abs (36). This
variation may be relevant to mechanisms of antigen recogni-
tion. For example, changes in the VH-VL interface may
accompany antigen binding and may serve to optimize
interactions with the antigen (37). The variation in quaternary
structure also presents a challenge in comparative model-
ing: how should the two domains be brought together as
accurately as possible, as their relative orientation may
considerably affect the shape of the binding site? For
construction of a model, a framework may be chosen by
using an average template based on several Abs (50). The
VH and VL chains are constructed separately, superimposed
on this template, and then subjected to further optimization
(50). Alternatively, the Ab with the sequence most identical
to that of the target Ab may be chosen as a template (49).
We chose to investigate whether the correct domain orienta-
tions could be identified by docking with known ligands, in
a manner analogous to the selection of correct loop confor-
mations. Therefore, a series of seven models varying in
relative domain orientation was constructed (Table 3). Each
model had the correct H3 loop conformation, obtained by

grafting the loop conformation from the crystal structure onto
the model framework. However, the framework itself was
varied by superimposing the VH and VL domains on different
template antibodies (Figure 6a). The amount of rotation was
measured with respect to the crystal structure, as described
in Materials and Methods.

These models were screened by computational docking
with the pentasaccharide and peptide ligands (1 and3). The
resulting changes in the shape of the combining site were
found to be less severe than those produced by changes in
the H3 loop conformation but, nevertheless, affected the
intermolecular energies of the complexes. The most signifi-
cant effect was a variation in the distance between the sides
of the site (Table 3); the rotation caused changes in the
distance between the light chain loops and the heavy chain
loops, which comprise the binding site. As for the first
library, the quality of docked complexes generally decreased
with increasing deviation of the models from the crystal
structure. The trend is shown in Figure 7, where the
intermolecular energy of the complexes is plotted versus
accuracy, measured by the amount of rotation relative to the
crystal structure. For small rotational angles, minor reposi-
tioning of the ligand could occur to maintain a favorable,
accurate docked complex. Thus, binding modes that were
nearly correct (and complexes of lowest energy) were
obtained with the three best antibody models, with rotation
of the heavy chain ofe7° (Figure 6b). With increased
rotation, the positions of residues at the narrowest portion
of the binding groove, for example, Trp H33, Arg H52, and
Thr L91, were such that the groove became too narrow to
accommodate the ligands correctly (Table 3). In the models
with a heavy chain rotation of 8-10°, incorrect, higher-
energy complexes resulted, with the ligand displaced from
its correct position or forced out of the binding site (Figure
6c, pink). One exception to the general trend of increasing
intermolecular energy with increasing deviation from the
crystal structure was observed at a rotational angle of 13°;
at this point, the width of the groove became great enough
that ligands could again enter the site. Repositioning of the
ligands compensated, to some extent, for the other changes
in side chain positions of the antibody, and lower-energy
complexes were again obtained. Some of these complexes
had errors such as missing hydrogen bonds and hydrophobic
contacts, but the binding modes were closer to the true
structure than those found for the 8-10° models. Finally,
when the rotation was increased even further to 21°, the
changes in side chain positions became more significant and
minor movement of the ligand could no longer compensate
for the error; unrealistic complexes were obtained for the

Table 3: A Series of Models Varying in Domain Orientation

source protein
rotation relative to

crystal structure (deg)
translation relative to
crystal structure (Å)

Trp H33 CZ3-Thr L91
O distance (Å)

sequence identity,
heavy chain (%)a

sequence identity,
light chain (%)a

crystal structure, SYA/J6 - - 7.67 - -
SYA/J6 0.99 0.45 7.99 - -
1JHL 5.50 1.71 7.99 50 55
1MRE 7.02 0.94 8.03 50 94
1SM3 8.09 1.75 6.72 89 38
1FLR 9.53 0.14 6.63 81 92
1GGI 12.71 1.69 7.40 43 67
1GGC 20.65 1.63 5.37 43 67

a Percentage of exact amino acid identity.
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least accurate antibody model. Similar trends were observed
for both pentasaccharide and peptide ligands (Table 3 and
Figure 7).

In this series of models, the quality of docked complexes
correlated well with accuracy. It is noteworthy that the quality
of the models did not correlate with the level of sequence
identity between the template and target antibodies. For
example, the sequence of Ab 4-4-20 (PDB entry 1FLR) (51)
is 92 and 81% identical to that of SYA/J6 in the light and
heavy chains, respectively, greater than any of the other Abs
used as templates for the rotation series (Table 3). However,
because of the positions of certain side chains, this amount
of rotation led to the narrowest binding site, and incorrect
binding modes were obtained with this model. Therefore,
the level of sequence identity within the subset of residues
involved in the VH-VL interface may be a better guide than
the overall level of sequence identity, for the choice of a
template antibody. Although the CDR residues comprise only
∼25% of the interface (21), they may have significant effects
on its structure (37); therefore, similarity in these regions
should also be considered. Again, we note that when there
is uncertainty, a series of models representing various
possibilities may be constructed and evaluated on the basis
of their complementarity to known ligands. We find that the

highest-quality complexes, those with the best complemen-
tarity and most favorable binding energy, generally represent
the highest-quality protein models, in terms of closeness to
the true protein structure. These models would also be the

FIGURE 6: (a) Stereoview of the seven models with varying domain orientation. The models were superimposed using the CR atoms of
residues L2-L108 of the light chain. A CR trace of the models is shown with the light chain in light blue and the heavy chain in dark blue.
(b) Docked complexes calculated for the pentasaccharide (1) in the binding sites of the three most accurate antibody models. The correct
model (framework based on the X-ray structure of SYA/J6; 0.99° rotation) is shown in ribbon representation (purple), and selected side
chains are shown (green). The two models with the least domain rotation relative to the crystal structure are also shown (dark blue, 5.5°
rotation; light blue, 7.02° rotation). Hydrogen bonds are indicated as dashed lines. The models were superimposed using the CR atoms of
all CDR residues. Similar binding modes are found for these three models. (c) Docked complex calculated for one of the less accurate
antibody models, with 9.53° rotation (magenta ribbon, pink side chains). The ligand (pink) is displaced due to narrowing of the binding
site. The binding mode predicted for the correct model is shown for comparison (purple for the binding site, green for side chains, and
white for pentasaccharide).

FIGURE 7: Calculated intermolecular energies of the complexes of
the pentasaccharide (1) and peptide (3) ligands with each model in
the second library, in which the models have the correct CDR H3
loop conformation but vary in the relative orientation of the VH
and VL domains, plotted vs accuracy of the models, estimated by
the amount of rotation relative to the crystal structure.
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most useful in analyzing factors responsible for ligand
recognition, and in the design of new ligands (antigens or
inhibitors).

General Applicability of the Method.The quality of fit
with a known ligand is a useful criterion that could be applied
to identify the most accurate models out of a series. We
propose that this method could be applied effectively, when
a bound-ligand conformation has been determined by
transferred nuclear Overhauser effect (trNOE) NMR spec-
troscopy, to derive information about the shape of the binding
site of the protein receptor, and to produce accurate protein
models. The transferred nuclear Overhauser effect (12-16)
has been shown to be useful in investigating bound ligand
conformations (52-56). TrNOE NMR-derived conforma-
tions have even been combined with protein crystal structures
(57-61) or with protein models (62, 63) to generate models
of the mode of interaction. However, to the best of our
knowledge, this study is the first example ofthe use of the
known conformation of a ligand as a screening tool for
protein modelssin effect, to indirectly deriVe information
about the protein structure.This protocol provides a method
of incorporating more experimental data to discriminate
between possibilities of similar likelihood at the level of
theory used. The method works because of the complemen-
tarity of fit between the protein binding site and the ligand.

As in any application of computational methods, there are
certain possibilities for error which must be considered. In
preliminary studies, we found that incorrect positioning of
side chains within the binding site sometimes prevented
proper positioning of the bound ligand if there was a close
interaction with that area of the binding site. Therefore, side
chain conformations should be modeled carefully, with
torsional angles being taken from the homologous known
proteins wherever possible; several possibilities should be
evaluated in the case of substitutions for which no structure
is known. Modern methods for the choice of the most likely
side chain conformations could also be effective (64). Our
protocol should be considered not as a way of obtaining final
answers, but as a way of rapidly identifying accurate protein
models that could then be subjected to further optimization.

It should also be noted at this point that in our test case,
antibody SYA/J6, there are no significant differences between
the free and ligand-bound Fab structures (24). The structure
of the antibody, including the binding site, is very similar in
the free state and when bound to any of the ligands1-3.
This “lock-and-key” type of interaction is observed for many
protein-ligand systems (65), but there are also many
examples for which rearrangements of the protein accompany
binding (65, 66). In such cases, our method would necessarily
only produce an accurate model of the bound structure.
Although the bound structure is only part of the “story” of
any protein-ligand interaction system, it is likely to be of
greater interest than the free structure in terms of understand-
ing the basis of binding, examination of specific inter-
molecular interactions, and design of other ligands and
inhibitors.

CONCLUSIONS

The complementary fit of protein and ligand provides a
quick screening process in protein modeling. A library of
many different possible models may be screened to identify

one or a few of the most likely possibilities, which give rise
to the best shape of the binding site. Loop conformations
for a library may be generated by several different methods;
here, a database search has been used, but simulated
annealing or conformational searching is also useful (refs
18-20 and references therein). Our method provides a fast
route to the identification of correct or nearly correct loop
conformations. Beginning the modeling process by identify-
ing one or a few of these would allow more computational
effort to be focused on refining and optimizing these nearly
correct models.

Our protocol is not limited to high-affinity ligands, as those
described above have affinity constants of 105-106 M-1 (24).
The protocol is not limited to “natural” ligands and could
be applied using enzyme inhibitors, haptens, or even larger
molecules such as proteins. As shown in our study, medium-
to larger-sized ligands, such as peptides or oligosaccharides,
appeared to have greater discriminating power with respect
to this particular binding site. The ligand size that is most
appropriate will likely be determined by the size of the
binding site on the protein; for example, a cavity-shaped
binding site on an enzyme that acts on small substrates, or
the combining site of an anti-hapten antibody, would be
complementary to smaller ligands.

The power of our method is that the uncertainty inherent
in current protein modeling techniques is not avoided, nor
is excess computer time spent trying to resolve it. Rather, it
is incorporated directly into the library to be evaluated. Thus,
diversity may be incorporated into the library according to
the specific problem. Although the modeling of loop
conformations is one of the most common challenges (10,
17-20), there are many other variables which could be
incorporated into the library, including side chain torsional
angles, the relative orientation of domains or individual
secondary structure elements, or even different sequence
alignments, in the case of more distantly related proteins.
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