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Abstract: Free-energy perturbation (FEP) simulations have been applied to a series of analogues of the natural
trisaccharide epitope ofSalmonellaserotype B bound to a fragment of the monoclonal anti-Salmonellaantibody
Se155-4. This system was selected in order to assess the ability of free-energy perturbation (FEP) simulations
to predict carbohydrate-protein interaction energies. The ultimate goal is to use FEP simulations to aid in the
design of synthetic high affinity ligands for carbohydrate-binding proteins. The molecular dynamics (MD)
simulations were performed in the explicit presence of water molecules, at room temperature. The AMBER
force field, with the GLYCAM parameter set for oligosaccharides, was employed. In contrast to many modeling
protocols, FEP simulations are capable of including the effects of entropy, arising from differential ligand
flexibilities and solvation properties. The experimental binding affinities are all close in value, resulting in
small relative free energies of binding. Many of the∆∆G values are on the order of 0-1 kcal mol-1, making
their accurate calculation particularly challenging. The simulations were shown to reasonably reproduce the
known geometries of the ligands and the ligand-protein complexes. A model for the conformational behavior
of the unbound antigen is proposed that is consistent with the reported NMR data. The best agreement with
experiment was obtained when histidine 97H was treated as fully protonated, for which the relative binding
energies were predicted to well within 1 kcal mol-1. To our knowledge this is the first report of FEP simulations
applied to an oligosaccharide-protein complex.

Introduction

An ever increasing number of biological processes, ranging
from cell-cell interactions necessary for fertilization of mam-
malian eggs to the immune system’s reaction to foreign antigens,
are being reported that depend on the recognition of specific
carbohydrates by other molecules.1-3 Despite the significance
of these processes, the underlying mechanisms remain largely
undetermined. A detailed understanding of carbohydrate rec-
ognition requires the ability to perform structure-function
studies. Unfortunately, these studies have been hampered in part
by the extremely time-consuming nature of carbohydrate
synthesis. Computational methods have a long history of
application to carbohydrate conformational analysis,4-10 and
more recently to the study of carbohydrate-protein com-

plexes.11-13 Although the ability to predict the effects of
chemical modification on ligand-receptor binding affinity
remains one of the most challenging areas in computational
chemistry, free-energy perturbation (FEP) is perhaps the most
promising computational approach.14 In contrast to computa-
tional approaches based on energy minimization, which are
enthalpy driven, the dynamics-based FEP approach includes both
entropic and enthalpic contributions to the binding energy.
Entropic contributions play a significant role in carbohydrate-
binding free energies.15 The accuracy of the computed free
energy depends in part on the similarity of the initial and final
states of the simulation.16 This similarity extends not only to
the structures of the solutes, but to the solvent as well. By
computing the free energy relative to a reference state, it is
possible to minimize some of the systematic errors. The
application of relative free-energy simulations to protein-ligand
binding studies, with groups of closely related ligands, can lead
to predicted relative binding energies that are accurate to within
approximately 1 kcal mol-1.17-20 To our knowledge, only two
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reports exist of the application of FEP simulations to carbohy-
drate-protein complexes. In a report by Zacharias et al., FEP
simulations were applied to study the differential binding
between arabinose and fucose with arabinose binding protein
(ABP).13 More recently, Liang et al. examined the binding of
mannose versus galactose with a mannose binding protein
(MBP).11 Both systems involved the binding of monosaccharides
to lectins and led to data that were consistent with experiment.
ABP and MBP are well-studied carbohydrate-binding lectins,
which display extensive networks of intermolecular hydrogen
bonds.21,22 The binding between MBP and mannose is also
mediated by coordination to a calcium ion.

In contrast to ABP and MBP, the interaction between the
carbohydrateO-antigen ofSalmonellaserogroup B and mono-
clonal antibody (mAb) Se155-4 is remarkably hydrophobic. The
hydrophobic character arises from the presence of a 3,6-
dideoxypyranosyl residue (abequose, Abe) in the carbohydrate
epitope. This system has been studied in solution by NMR and
in the solid state with X-ray diffraction and is perhaps the most
extensively characterized carbohydrate-antibody complex.23,24

As part of an epitope-mapping study, several analogues of the
natural ligand have been synthesized and their free energies of
binding to the Fab fragment of Se155-4 reported.25,26 To date,
none of the synthetically modified antigens displays significantly
greater affinity for the antibody than the naturally occurring
antigen, thus the ligands can be coarsely classified as either
binding, all with similar affinities, or not binding. Because of
the biological significance of carbohydrate-antibody interac-
tions, as well as the extent of the existing structural and
thermodynamic data available for this system, it provides a
valuable test case for computational methods. We undertook
simulations of this system in order to quantify the ability of
free-energy perturbation (FEP) methods, employing our GLY-
CAM parameter set,27 to reproduce the subtle differences in
binding affinities of the known analogues of this carbohydrate
antigen. The ultimate goal of these studies is to apply FEP
simulations in the prediction of novel high affinity ligands.

For this investigation we selected several analogues, which
probe the effects of changes in direct hydrogen bonds, solvent-
mediated hydrogen bonds and van der Waals interactions
between the antigen and the antibody. By testing the ability of
the FEP simulations to reproduce the binding affinities of
structures containing these modifications, we have obtained an
estimate of the general applicability of these calculations. Three
different carbohydrate parameter sets (all variants of the
GLYCAM model) and two protein parameter sets (based on
the AMBER model) were employed in the simulations.

Computational Approach

During binding, the ligand, receptor, and solvent all undergo
extensive conformational and orientational changes. The complexity
of this process severely limits the accuracy of a directly computed∆G
value. Furthermore, biological binding processes occur over time scales
beyond the reach of most simulation methods. However, it is frequently
only necessary to know the relative energy of binding (∆∆G12 in
Scheme 1) to assess the ability of one ligand to compete with another
for binding to a common receptor. Due to the complexities associated
with the binding phenomenon,∆∆G values are rarely computed as
the difference between the∆G values for the physical processes. Instead,
∆∆G values are derived from the nonphysical mutation of one ligand
into the other. This approach does not require knowledge of the
mechanism of binding, but relies only on knowledge of the properties
of the bound and free states for each ligand. This protocol relies on
the fact that the total free energy for any closed thermodynamic cycle
is zero by definition, and that such a cycle may include steps that
represent nonphysical processes (see Scheme 1).

From the thermodynamic cycle it can be seen that the relative free
energies for the theoretical mutation (∆∆G34) are identical to the
experimental relative free energies (∆∆G12). The theoretical free
energies can be readily calculated in a FEP simulation, although they
are not experimentally measurable. The theoretical∆∆G34 represents
the preference for the ligands to bind to the protein, relative to remaining
in solution. Over the course of a free-energy simulation, the change in
free energy is recorded as state A is slowly converted into state B.28

The ability to mutate one system into another is clearly a nonphysical
process, but is nevertheless feasible in a theoretical model, in which
each system is defined by a set of equations. In a stepwise FEP
simulation the free-energy difference between states A and B is
computed by dividing the states into nonphysical intermediate states.
These intermediate states are characterized by a coupling parameterλ,
such thatλ ) 0 corresponds to State A,λ ) 1 to B, and all intermediate
states to a linear combination of A and B. The free energy of the
individual states is computed from the Hamiltonian (H).

The total free-energy difference between states A and B is given by
the sum of the free energies at each state

Computational Details. All simulations were performed using the
Amber 4.1 program,29 running on an Origin 2000 computer from Silicon
Graphics Inc. Initial coordinates for the antibody Fv fragment of murine
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antibody Se155-4 complexed with the trisaccharide antigen:R-D-
Galp(1-2)[R-D-Abep(1-3)]-R-D-Manp(1-OMe) (1) were retrieved from
the Brookhaven protein database (pdbid) 1mfa).

The all-atom AMBER force field was employed for the protein,30

augmented by the GLYCAM parameter set for oligosaccharides and
glycoproteins.27 Water was treated explicitly with the TIP3P model.31

A cutoff distance of 8 Å was employed for all nonbonded interactions.
In principle, the use of a larger nonbonded cutoff distance would be
desirable; however, we chose to select a value that offered a reasonable
compromise between accuracy and simulation times. A larger value is
not practical, given the large size of this system and the desire to
compute the binding energies for several ligands. Two features
compensate in part for any errors arising from our choice of cutoff
distance. First, in the GLYCAM_98R parameter set restrained elec-
trostatic potential (RESP) charges were used. These charges are
considerably lower in magnitude than the ESP charges used in
GLYCAM_93. The use of RESP charges decreases the distance over
which electrostatic interactions are significant. Second, some cancel-
lation of errors may be expected as a result of the fact that we are
computing ∆∆G values. A constant dielectric of unity was used
throughout. All of the bond lengths were constrained to their initial
values with the SHAKE algorithm.32

Force Field Parameters.The GLYCAM_93 partial atomic charges
were computed by fitting the classical coulomb model to quantum
molecular electrostatic potentials computed at the 6-31G* level (ESP-
charges). We have shown that this approach is consistent with the TIP3P
water model.27 MD simulations performed with this protocol have been
shown to lead to conformational ensembles that are consistent with
solution NMR data.33,34 In contrast, the AMBER PARM91 parameter
set for proteins and nucleic acids employed ESP-charges computed from
a STO-3G wave function, which results in charges that are lower in
magnitude than the corresponding charges computed from a 6-31G*
wave function. Independently, each parameter set performs well;
however, there is an apparent inconsistency in the treatment of
electrostatic interactions when the parameter sets are combined for
studying carbohydrate-protein complexes. The precise extent to which
this inconsistency influences computed binding free energies is
unknown; however, it may be expected to lead to an underestimation
of the electrostatic interactions.

After our development of the GLYCAM_93 parameters, a revised
version of the AMBER protein parameters was reported, in which the
STO-3G charges were replaced by charges computed at the 6-31G*
level (PARM94). The PARM94 parameters were also developed for
application with a 1-4 scaling factor of 0.833 (SCEE) 1.2), in contrast
to a value of 0.5 (SCEE) 2.0) recommended for use with the PARM91
parameters. To be consistent with PARM94, we modified our GLY-
CAM_93 parameters for use with a 1-4 scaling factor of 0.833. These
parameters are referred to as GLYCAM_98.

Although the partial atomic charges for both GLYCAM and
PARM94 were derived by fitting to molecular electrostatic potentials
computed at the 6-31G* level, during the derivation of the PARM94
charges a restrained fitting procedure was employed leading to so-
called RESP-charges.35 The restrained fitting procedure reduces the
excessive polarity often exhibited with ESP-charges. We have per-
formed the FEP simulations both with (GLYCAM_98R) and without
(GLYCAM_98 and GLYCAM_93) RESP-charges (charges provided
in Supporting Information, Tables S1 and S2). The RESP-charges were
generated from the 6-31G* quantum mechanical data by fitting with
the RESP module of AMBER,35 employing a single stage fitting and
a restraint weight of 0.01. In contrast to the majority of carbohydrate

parameter sets, the GLYCAM model treats every atom uniquely insofar
as the partial atomic charges are concerned. This leads to partial charges
that reflect both the hydroxyl group configurations and the linkage
positions. We believe this treatment provides a more complete
description of electrostatic interactions, which are particularly relevant
to carbohydrate-protein complexes.

Mutation of the Ligand in the Combining Site of the Protein. A
spherical droplet of water with a radius of 18 Å was placed over the
complex using the CAP option of AMBER, centered on the center of
mass of the ligand. All water molecules within 2.5 Å of any solute
atom were removed. This approach was selected because it involved
fewer water molecules (∼350) than a full periodic boundary treatment
(∼3300) and thus was less computationally intensive. Compared to a
test periodic boundary simulation the droplet simulations appeared to
be approximately 6-fold faster. Nevertheless, each droplet simulation
required approximately 125 h of CPU time. Complete motional freedom
was given to the waters, the ligand, and any protein residues within
4.5 Å of any atom in the ligand. This active-site region incorporated
102 amino acid residues. Although the droplet model does not lead to
a thermodynamically rigorous treatment of the molecular complex, it
has been successfully applied in free-energy simulations.11,13The success
of this protocol benefits from the fact that the thermodynamic cycle
leads to a cancellation of systematic errors.

The energy of the water molecules was minimized with 500 cycles
of steepest descent followed by 3500 cycles of conjugate gradient
minimization during which all of the atoms in the antibody and ligand
were kept frozen. This was followed by energy minimization of the
entire system, following the same minimization protocol. The MD
simulations employed a 1 fs integration time step. The water was
subjected to a simulated annealing sequence in which the water
molecules were heated from 0 to 300 K in 10 ps, equilibrated for 10
ps, and then cooled to 0 K in 10 ps. Theentire complex was then
heated to 300 K in 10 ps and equilibrated for a further 10 ps before
beginning the FEP mutation.

The mutations were performed through 11 windows, using a stepwise
perturbation with double-wide sampling. A period of 10 ps was allowed
for equilibration at each window, followed by a 20 ps period for data
collection. The mutations were performed in both a forward and reverse
direction. The trajectory at the end of the forward run was equilibrated
for 50 ps prior to performing the mutation in the reverse direction.
The hysteresis in the energy between the initial state and the state at
the end of the reverse mutation was used to estimate the error associated
with the computed free energies.

Mutation of the Ligand in Water. The ligand was immersed in a
periodic box of 789 water molecules. Minimization and simulated
annealing were performed as for the complex. The system was then
warmed from 0 to 300 K over 50 ps followed by equilibration at 300
K for 1000 ps. The configuration at the end of this long MD simulation
was used as the starting point for the FEP mutations. The mutations
were performed in 21 windows using a stepwise perturbation with
double-wide sampling. A period of 10 ps for equilibration was allowed
at each window, followed by a 5 psperiod for data collection. The
mutations were performed in both forward and reverse directions. Total
simulation time for each mutation was approximately 32 h, on a single
R10000 CPU.

Discussion

The antigen specificity of Se155-4 is determined by a 3,6-
dideoxy-pyranosyl (abequosyl, Abe) residue (see Figure 1),
which occupies a cavity approximately 8 Å deep by 7 Å wide
at the interface between the light and heavy chains of the
antibody hypervariable region. This interaction exhibits a very
high degree of shape and charge complimentarity between the
protein and the carbohydrate. On the basis of the reported data,
changes in the functionality of the Abe residue have the largest
effect on binding, whereas changes within either the galactosyl
or mannosyl residues have little impact.26

Experimental studies have identified three OH groups that
participate in the antibody-oligosaccharide hydrogen bonding
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interactions. They are Abe O-4, Abe O-2, and Man O-4. There
is a hydrogen bond from Man O-4 to His-97H. Both OH groups
of the Abe residue form part of a network of hydrogen bonds
involving Trp-96L and a bound water molecule. The bound
water molecule acts as a bridge between the antigen and the
antibody. Notably, the Gal residue does not contribute signifi-
cantly to the binding free energy; derivatives with the Gal
replaced by a methyl or methoxymethyl group are almost as
active as the native trisaccharide.

Antibody Structural Details. Distortion of the binding site
could adversely affect the accuracy of the computed free
energies. This distortion would manifest itself as a change in
the backbone conformation, or a large change in the side chain
orientations. Some deviation from the crystal conformation is
always expected in a MD simulation, if for no other reason than
the fact that the crystal structure contains interdomain contacts
that are generally absent in the MD simulation. Moreover,
interactions with water molecules can cause the protein side
chains to reorient and can cause a displacement of the backbone
atoms relative to the solid-phase structure, measured as the root-
mean-squared (rms) differences. Large rms values can indicate
a significant change in the conformation, which may be a result
of improper simulation conditions; particularly possible with a
localized droplet treatment of the solvent. To quantify the extent
to which the protein remained in a conformation similar to that
observed in the X-ray diffraction structure, we computed the
rms deviations between the simulated (see Scheme 2) and
experimental (see Figure 1) structures. The average rms value,
regardless of the bound trisaccharide ligand, was 1.1 Å for the
backbone atoms, when computed with the GLYCAM_93
parameters. The corresponding value for the simulations em-
ploying the GLYCAM_98R parameters was 0.8 Å. In both cases
the rms values for the side chain atoms were approximately
40% higher. Notably, the simulations involving bound mono-
saccharide ligands led to larger distortions in the protein, of
approximately 35%, in both the backbone and side chain
positions.

The larger deviations associated with the monosaccharide
ligands, may be due to the fact that the crystal structure was
determined in the presence of the oligosaccharide. There is no
X-ray structure of the complex containing only a monosaccha-
ride ligand. It is reasonable to expect the amino acid side chains
to adopt alternative conformations in the absence of the Gal
and Man residues, although little change in the backbone

conformation would be expected. This is consistent with the
computed rms values.

Ligand Conformation. Initial modeling studies of the wild-
type ligand (1) with the CHARMm force field, performed in
vacuo, were unable to identify either a single conformation or
an ensemble of conformations that was consistent with the
experimental NMR NOE intensities for the trisaccharide in
solution.24 The authors of that work concluded that in solution
this trisaccharide is flexible, in contrast to what has been
observed for other small oligosaccharides.24 Using the data from
the last 500 ps of a 600 ps MD simulation of the wild-type
trisaccharide ligand, we have applied the isolated spin-pair
approximation to compute the NOE intensities. Although this
is a relatively short trajectory, the ensemble of structures
produced during the simulation reasonably reproduced the
experimental NMR intensities (see Table 1). Intra-residue NOEs
are highly dependent on pyranoside ring conformation but do
not contribute to an understanding of the overall conformation.
Conversely, the inter-residue NOEs are highly dependent on
the orientation between the carbohydrate residues. In the
development of the GLYCAM parameters, relatively little
attention was focused on their ability to reproduce subtle details
of the pyranoside ring geometry, such as ring puckering. The
agreement between experimental and computed intra-residue
NOEs is reasonable but suggests room for improvement in the
parameters. The inter-residue NOEs are well-reproduced by the
GLYCAM parameters. The initial CHARMm modeling was

Figure 1. Hydrogen bonds between the wild-type antigen (1) and the
residues in the combining site of the Fab fragment of Se155-4.26

Scheme 2

Table 1. Experimental and MD-derived Relative NOE Intensities
for the Ligand1 in Solution

interacting spins
experi-
ment24

calculated NOE
〈r-3〉2

GLYCAM_93

calculated NOE
〈r-3〉2

GLYCAM_98R

Man H-1 Man H-2 100a 100 100
Gal H-5 94b 52 70

Gal H-1 Gal H-2 100 100 100
Man H-2 139 99 108
Abe H-3 11 26 16
Abe H-5 41 24 52

Abe H-1 Abe H-2 100 100 100
Man H-3 126 72 112

Abe H-3 Abe H-4 100 100 100
Abe H-2 46 77 76
Abe H-5 46 59 58
Gal H-1 14 14 9

a Estimated relative error(20%.24 b Inter-residue NOEs are pre-
sented in boldface.
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performed using energy minimization in the absence of water,
and it now appears that inclusion of water is necessary for an
accurate description of the conformations and dynamics of this
trisaccharide. An analysis of the hydrogen bonds formed during
the simulation indicated that a direct inter-residue hydrogen bond
between Abe-O2 and Gal-O2 was present for less than 8% of
the simulation time, regardless of which parameter set was
employed. Water-bridged hydrogen bonds between Abe-O2 and
Gal-O2 (50% with GLYCAM_93, less than 5% with GLY-
CAM_98) or between Abe-O2 and Man-O4 (29% with GLY-
CAM_93, 43% with GLYCAM_98) were detected. Notably,
the direct inter-residue hydrogen bond is present in the Fab-
antigen complex, but is replaced by a water-bridged hydrogen
bond in the Fv-antigen complex.23,26

The values of the glycosidic torsion angles for the Gal-Man
and Abe-Man linkages were computed over the course of the
trajectory and are presented in Table 2 and Figure 2. Standard
deviations of less than 15° are typical of glycosidic angles
confined to a single conformation.34 In these simulations the
φ-angles adopt conformations close to those seen in the bound
state (see Table 2). Theψ-angles show more variability, and
the average values are slightly further from those of the bound
state. The trajectories indicate the presence of several confor-
mational states in solution, particularly for theψ-angles. The
ψ-angles associated with the Abe-Man linkage show distinctly
different preferences between the two carbohydrate parameter
sets. The newer parameters based on RESP-charges indicate

this angle strongly prefers a value of approximately 30°, whereas
the earlier model predicts a preference for approximately-30°.
These differences are reflected in the computed values for the
inter-residue NOE between proton H-1 in Abe and proton H-3
in Man (see Table 1). A value of approximately 30° brings the
Abe-O2 and Man-O4 hydroxyl groups sufficiently close to allow
formation of a water-bridged hydrogen bond. Earlier data from
modeling performed in vacuo suggested that upon binding the
major conformational change occurred about the Gal-Man
linkage.24 Our data suggest that it is theψ-angle of the Abe-
Man linkage that changes most significantly upon binding. Not
surprisingly, the bound trisaccharide exhibits reduced motion
about each of the linkages, and theψ-angles no longer display
more motion than theφ-angles. The data in Tables 1 and 2
indicate that the newer GLYCAM_98R parameters reproduce
the ligand geometries and NMR data somewhat better than the
earlier GLYCAM_93 parameter set.

Geometry of the Antigen-Antibody Complex. The ac-
curacy of the simulated complex may be judged in part by the
degree to which the hydrogen bonds between the antigen and
the antibody are reproduced. The MD data were analyzed for
the complexes involving ligands1-6 (see Figure 1 and Scheme
2) and the distances between hydrogen bonded atoms are
presented in Table 3. Included for comparison are the corre-
sponding distances determined crystallographically for the
complex with ligand1. Interatomic distance provides a general
measure of the strength of a hydrogen bond, with a distance

Table 2. Torsion Anglesa for Bound and Free Ligand1

bound free

glycosidic linkage experiment23 GLYCAM_93 GLYCAM_98R GLYCAM_93 GLYCAM_98R

φ (Gal-Man) -40 -38 ( 11 -50 ( 9 -40 ( 12 -42 ( 10
ψ (Gal-Man) 24 22( 10 24( 10 43( 27 44( 14
φ (Abe-Man) -47 -60 ( 10 -51 ( 7 -56 ( 11 -43 ( 15
ψ (Abe-Man) -15 -34 ( 10 -15 ( 12 -24 ( 26 15( 28

a In degrees, for the angles defined as:φ ) φH ) H1-C1-O1-CX, ψ ) ψH ) C1-O1-CX-HX.

Figure 2. MD trajectories for the wild-type ligand in water. (A) Glycosidic torsion angles for the Gal-R-(1f2)-Man linkage computed with the
GLYCAM_93 parameters. (B) Glycosidic torsion angles for the Abe-R-(1f3)Man linkage computed with the GLYCAM_93 parameters. (C) As
in (A), but computed with the GLYCAM_98R parameters. (D) As in (B), but computed with the GLYCAM_98R parameters.
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between non-hydrogen atoms of less than approximately 3.2 Å
defining a moderately strong hydrogen bond and 3.2-4.0 being
a weak interaction.36 The MD data are in good agreement with
the experiment and indicate that the glycosyl residues near the
surface of the protein are more flexible than those buried in the
combining site. This is shown particularly well by the magnitude
of the standard deviations. In addition to the length of the
hydrogen bond, the standard deviation provides some in-
dication of the strength, with deviations of 0.1-0.2 Å character-
izing a strong interaction. For the weaker interactions, the
GLYCAM_98R parameter set combination performs better than
the earlier parameters, suggesting that the RESP-charges are
superior to the unrestrained ESP-charges. The enhanced agree-
ment obtained with this parameter combination also reflects an
improved description of the protein, resulting from the use of
the PARM94 versus PARM91 protein parameters. Most hy-
drogen bonds between the antibody and wild-type antigen were
very well reproduced, even those involving water molecules.
In the sc-Fv crystal structure, the N-δ atom of His-97H is
involved in a very long hydrogen bond (3.9 Å) with Abe-O2
and a short hydrogen bond with Man-O4. The former was
conserved throughout most of the simulations, whereas the latter,
stronger interaction surprisingly was not. This general behavior
was not dependent on the protonation state of this residue. His-
97H is exposed directly to solvent and in some of the simulations
underwent a modest conformational change, which caused a
disruption of these interactions. Interestingly, other weak
hydrogen bonds were consistently reproduced. The hydrogen
bonds to the Man and Gal residues were generally predicted to
be longer than those found in the crystal structure; however,
these residues are located only in a shallow groove on the
antibody surface and are more subject to movement than the
Abe residue.

Notably, the crystallographically determined distance between
the Gal-O2 and Abe-O2 hydroxyl oxygen atoms (4.4 Å) in the
Fv-antigen complex was well-reproduced in the simulations.
A water molecule in the solid-state structure is located between
the Gal-O2 and Abe-O2 atoms; however, during the simulations
a water molecule was found to be present in this position for
less than 5% of the simulation. This observation may help to
explain the two modes of binding observed experimentally for
the wild-type ligand, namely that in the Fab-antigen complex
Abe-O2 forms a direct hydrogen bond with Gal-O2, whereas
in the Fv-antigen complex these two groups form a water-
bridged interaction. The MD results suggest that coordination
to the water molecule is not necessary for the ligand confor-
mational change.

Binding Free Energies. As we were unable to infer the
protonation state of His-97H from hydrogen bond length analysis
alone, we performed the FEP simulations with either N-δ, N-ε,
or both nitrogen atoms protonated (see Table 4). Each proton-
ation state is possible, given that the pKa value of histidine is
approximately 7.0.37 A charged histidine residue in the binding
site has been predicted for other carbohydrate-protein com-
plexes.13 In the crystal structures of the Fab and Fv fragments
of Se155-4, it is the N-δ atom of His-97H that forms a hydrogen
bond with the O-4 atom of the mannosyl residue,24 rather than
the more commonly protonated N-ε position.37 If this histidine
residue were diprotonated, it could function as a proton donor
in interactions with Man-O-4 and with Abe-O-2, which would
be consistent with the observed affinity of the 2-methoxy-Abe
(5) analogue. In the absence of further experimental data, all
other histidine residues were treated as nonionized, with the
single proton being located at the generally preferred site. The
value for the relative binding free energy for ligand5 computed
with a diprotonated His-97H (0.41( 1.0 kcal mol-1) was the

(36) Jeffrey, G. A.An Introduction to Hydrogen Bonding; Oxford
University Press: Oxford, 1997.

(37) Creighton, T. E.Proteins. Structures and Molecular Properties, 2nd
ed.; W. H. Freeman: New York, 1993.

Table 3. Computeda Average Hydrogen Bond Lengthsb between Ligands and Amino Acid Residues in the Combining Site of Se155-4

hydrogen bond
(experiment)24 wild-type

4-deoxy-Man
(3)

6-deoxy-Man
(4)

2-deoxy-Abe
(2)

2-methoxy-Abe
(5)

3-deoxy-L-Ara
(6)

Abe O-2-Gly98H N 3.0 (0.2)c,d 2.9 (0.1) 3.0 (0.2) 5.5 (0.8) 4.9 (0.6)
(2.8) 3.1 (0.3)e 3.0 (0.2) 3.1 (0.3) 4.4 (0.4) 3.2 (0.2)

Abe O-2-Gal O-2 4.4 (0.4) 6.0 (0.4) 4.6 (0.7) g g
(4.4)f 4.9 (0.5) 3.4 (0.6) 4.4 (0.5)

Abe O-2-His34L N-ε 3.7 (0.6) 3.6 (0.5) 3.0 (0.3) 3.5 (1.1) 3.3 (0.5)
(3.8) 3.8 (0.6) 3.7 (0.5) 3.9 (0.6) 3.4 (0.5) 3.9 (0.4)

Abe O-2-His97H N-δ 4.1 (0.6) 3.9 (0.5) 4.0 (0.6) 4.7 (0.7) 6.9 (1.3)
(3.9) 5.1 (0.6) 4.4 (0.7) 4.9 (0.7) 4.8 (0.8) 6.1 (0.4)

Abe O-4-Trp98L N-ε 2.9 (0.1) 2.9 (0.1) 2.9 (0.2) 3.0 (0.1) 6.2 (0.7) 3.0 (0.2)
(3.0) 2.9 (0.1) 2.9 (0.1) 2.9 (0.1) 2.8 (0.1) 3.3 (0.5) 3.0 (0.2)

Abe O-4-His35H N-ε 3.7 (0.3) 3.5 (0.3) 3.5 (0.3) 3.5 (0.3) 5.3 (0.4) 3.8 (0.3)
(3.7) 3.6 (0.3) 3.4 (0.2) 3.5 (0.2) 3.5 (0.3) 4.0 (0.5) 3.7 (0.3)

Abe O-5-Trp33H N-ε 3.6 (0.6) 3.4 (0.2) 3.8 (0.5) 4.5 (0.4) 4.3 (0.5) 4.0 (0.5)
(3.7) 3.8 (0.4) 3.7 (0.3) 3.6 (0.3) 3.9 (0.3) 3.8 (0.5) 3.4 (0.3)

Man O-4-His97H N-δ 3.8 (1.0) 4.0 (0.6) 3.7 (0.6) g g
(2.7) 4.9 (0.6) 4.4 (1.0) 3.4 (1.0)

Gal O-2-Trp93L N-ε 4.6 (0.3) 4.8 (0.3) 2.9 (0.2) 2.8 (0.1) g g
(2.8) 3.1 (0.3) 4.2 (0.6) 3.1 (0.3) 3.4 (0.6)

Gal O-4-Asn96L O-δ 6.3 (1.7) 5.9 (0.6) 9.0 (1.3) 9.9 (1.1) g g
(3.6) 3.1 (0.6) 5.8 (0.6) 3.8 (0.9) 6.5 (1.1)

Wat1-Abe O-5 3.2 (0.4) 3.2 (0.3) 3.2 (0.4) 3.1 (0.3) 5.0 (0.3) 3.3 (0.3)
(3.1) 3.3 (0.3) 3.2 (0.3) 3.1 (0.2) 3.1 (0.2) 3.5 (0.5) 3.0 (0.2)

Wat1-Gly96H O 2.8 (0.2) 2.8 (0.1) 2.7 (0.1) 2.9 (0.2) 2.8 (0.2) 2.8 (0.1)
(2.9) 2.9 (0.2) 2.9 (0.2) 2.9 (0.2) 2.7 (0.1) 3.0 (0.2) 3.2 (0.2)

Wat1-Tyr99H O 3.2 (0.5) 3.1 (0.5) 3.2 (0.5) 3.2 (0.4) 3.4 (0.7) 3.3 (0.6)
(3.1) 3.0 (0.3) 3.0 (0.3) 3.1 (0.3) 3.2 (0.4) 3.0 (0.3) 2.8 (0.2)

a Derived from 50 ps trajectories, either prior to (for the wild-type antigen) or after (for the synthetic analogues) the FEP simulation.b Distances
between heavy atoms in Å.c Based on the GLYCAM_93 parameters.d Standard deviations in parentheses.e Based on the GLYCAM_98R parameters.
f Bridging water position is only partially occupied in the simulations, and thus only the distance between the heavy atoms in the antigen is reported
here.g Ligand present only as a monosaccharide in the experiment and in the corresponding simulation.
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closest of the simulations to the experimental value (-0.14(
0.2 kcal mol-1), however, it differed in sign. Although the
GLYCAM_98R simulations did not reproduce the slightly
higher affinity reported for 2-methoxy-abequose, the experi-
mental value is very close to zero and falls within our error
estimates. As we wish to apply this method in the search for
significantly better binding ligands (∆∆G < -0.5 kcal mol-1)
slightly underestimating the relative affinity may be acceptable.
At this time there are no known stronger binding ligands
available for evaluation.

To further assess the protonation state of His-97H we have
performed a linear regression analysis of the computed versus
experimental data. Although the two data points obtained by
immunoassay are somewhat qualitative, they are also very
significant due to their relatively large∆∆G values (.1.8 and
.2.4 kcal mol-1, respectively). To incorporate the immunoassay
data into the regression analysis we have assumed that the
reported values represent lower bounds. The correlation was
relatively insensitive to the error estimate assigned to these two
points. For the∆∆G values computed with GLYCAM_93 this
analysis produced correlation coefficients between the computed
and experimental data of approximately 0.4, 0.2, and 0.8 for
protonation at each of the possible sites in His-97, namely, N-ε

or N-δ or both N-ε and N-δ, respectively. The corresponding
values for the data obtained from GLYCAM_98R were 0.4,
0.3, and 0.80. It is apparent that both GLYCAM_93 and
GLYCAM_98R perform similarly, and both are more consistent
with a model in which HIS-97H is diprotonated.

As anticipated from the electrostatic treatment, the GLY-
CAM_93 carbohydrate parameters with the PARM91 protein
parameters performed poorly on mutations involving removal
of a hydroxyl group. For the simulations based on the newer
AMBER and GLYCAM parameters it was apparent that using
unrestrained charges (ESP-charges) for the carbohydrate led to
a very poor reproduction of the relative binding energies, and
only a few mutations were performed with this parameter
combination. In particular, it appeared that the ESP-charge
model underestimated the destabilizing effect of forming a
deoxy-derivative. Notably, the charge model had little effect
on the simulations involving the 3-deoxy-L-Ara (6) analogue.
This is not unexpected since this mutation involves the loss of
the methyl group at the 5-position in Abe. The methyl group is

nonpolar and has almost zero net charge in both the ESP
(-0.087 au) and RESP (-0.025 au) parametrizations.

The experimental binding free energy of the 4-deoxy-Man
(3) derivative is lower than that of the wild-type trisaccharide
by 0.85 kcal mol-1.26 This is consistent with the fact that this
OH group is involved in a hydrogen bond with the antibody
(see Figure 1), and its removal should disfavor binding. The
calculated ∆∆G showed only a weak dependence on the
protonation state of His-97H, being between 0.22 and 0.52 kcal
mol-1. This reflects in part the fact that this hydrogen bond
length was consistently overestimated in our simulations.
Interestingly, the calculated∆∆G for the 2-deoxy-Abe (2)
derivative, which interacts weakly with His-97H, showed a
strong dependence on the protonation state. The 2-OH group
of the Abe residue is also involved in a water-mediated inter-
residue hydrogen bond with Gal-O2 and a direct hydrogen bond
with the main chain amide NH of Gly-98H. Immunoassays
indicate that ligand2 is weaker than ligand1 by more than 1.8
kcal mol-1. The FEP simulations correctly predict that this
analogue will not bind as strongly as the wild-type ligand, with
the best agreement (1.61 kcal mol-1) being obtained for the
diprotonated His residue.

The 6-OH group of the Man residue is not in close contact
with the antibody, and experimentally the removal of this
hydroxyl group has only a small effect on binding. Again the
best agreement (0.0 kcal mol-1) with experiment (0.50 kcal
mol-1) was obtained with His-97H being diprotonated. Simula-
tions performed for the other protonation states suggest that the
deoxy-analogue would be preferred over the wild-type. It should
be noted that this mutation presents a particularly demanding
case. In the bound orientation, the hydroxymethyl group of the
Man residue extends away from the protein surface into the
solvent. Thus, there is no obvious reason for binding to the
protein to be disfavored. This example suggests that the FEP
simulations are more accurate when the mutation results in a
change in a direct interaction between the protein and the
carbohydrate. Under the present approximate treatment of
solvation and nonbonded interactions, the FEP simulations may
not be able to reproduce extremely subtle effects related
primarily to differential interactions with solvent.

The contribution of the methyl group at the 5-position in the
Abe residue was estimated by measuring the binding energy of

Table 4. Comparison of Computed and Experimental∆∆Ga Values in kcal mol-1

calculated∆∆G

ligand (experiment)26
protonation site

in His-97H GLYCAM_93 GLYCAM_98 GLYCAM_98R

2-deoxy-Abe- N-ε 0.98( 0.4 -0.70( 0.9 0.63( 0.6
(2) N-δ 0.86( 0.4 0.05( 1.0
(.1.8)b N-ε, N-δ 1.93( 0.5 1.61( 0.5

4-deoxy-Man- N-ε 0.37( 0.5 -0.55( 0.6 0.52( 0.6
(3) N-δ -0.58( 0.8 0.22( 0.2
(0.85( 0.3) N-ε, N-δ 0.91( 0.8 0.22( 1.0

6-deoxy-Man- N-ε 0.26( 0.6 -0.38( 0.5 -0.79( 1.1
(4) N-δ 0.85( 0.7 -0.46( 0.6
(0.50( 0.2) N-ε, N-δ 1.01( 0.2 0.00( 0.7

2-methoxy-Abe- N-ε 2.45( 2.0 - 1.04( 1.0
(5) N-δ 3.16( 1.4 1.17( 1.5
(-0.14( 0.2)c N-ε, N-δ -1.18( 1.3 0.41( 1.0

3-deoxy-L-Ara N-ε 1.27( 0.2 1.72( 1.3 1.74( 0.5
(6) N-δ 1.00( 0.4 3.64( 0.1
(1.4( 0.7)c N-ε, N-δ 0.50( 1.0 0.88( 1.3

Tyv- N-ε 8.09( 1.0 - 3.50( 0.5
(7) N-δ 4.28( 1.0 4.68( 0.5
(.2.4)b N-ε, N-δ 8.15( 1.0 4.88( 0.5

a Relative to a value of 0.0 kcal mol-1 for the wild-type ligand.b Estimated by immunoassay.c Experimental value measured for theR-methyl
glycoside.
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3-deoxy-L-arabinose (6) relative to that of abequose (8).
Experimentally, the replacement of the methyl group of abe-
quose with a hydrogen atom weakens the binding by 1.4 kcal
mol-1. The loss of a methyl group naturally leads to a loss of
enthalpy arising from van der Waals interactions, and some gain
of entropy, from an increase in the motional freedom of the
protein residues in the binding pocket. For the diprotonated His-
97H simulations, the calculated∆∆G was 0.88 kcal mol-1. This
mutation appeared to be less sensitive to the parameter selection
or to the protonation state, which is consistent with its apolar
character. The large value for the∆∆G predicted for the N-δ
protonation state was apparently due to a conformational change
in the combining site, further suggesting that protonation at N-δ
alone is unlikely.

The mutation of the abequosyl residue to tyvelosyl (7),
equivalent to epimerization at C-2 and C-4, leads to a large
relative binding energy. This is particularly relevant because it
is epimerization at the C-2 and C-4 positions in the 3,6-
dideoxypyranosyl residue that generates the immunodominant
sugars that differentiate betweenSalmonellaserotypes A, B,
and D1.38 This differentiation is achieved through very high
shape and charge complimentarity in the combining site of the
antibody proteins. There is no calorimetrically determined
relative binding energy for the ligand7; however, immunoassays
have estimated that it must be much greater than 2.4 kcal
mol-1.26 Our simulations clearly indicate that this ligand is
strongly disfavored, regardless of the protonation state of His-
97H.

The negative relative binding free energies for the deoxy-
analogues, computed with the GLYCAM_98 parameters with
ESP-charges, imply that these analogues have a stronger
preference for binding to the protein rather than remaining in
the solvent, relative to the wild-type ligand. This is the reverse
of the observed experimental behavior. This reversal is con-
sistent with an underestimation of the strength of hydrogen
bonds between the carbohydrate and the protein. In terms of
the force field, this behavior may mean either that the O-H
attraction is too low, or that the O-O repulsion is too high. On
the basis of simulations of condensed phase crystals of
carbohydrates and by employing several parameter sets, we
believe it is the latter that is responsible for the poor performance
of the ESP-charge model.39 The use of lower magnitude partial
atomic charges in the RESP model restores the agreement with
experiment and is further support for the hypothesis that the
ESP-charges lead to excessive O-O repulsions between the
protein and the carbohydrate. The current simulations are based
on the crystal structure of the sc-Fv antibody fragment, whereas

the thermodynamic data were acquired with the Fab fragment.
The extent of the discrepancy in binding energies that this
difference introduces is unknown; however, the geometric
similarity of the binding regions of the sc-Fv and Fab fragments
is very high. For the wild-type ligand, the binding energy is
essentially identical for the sc-Fv and Fab fragments.40

Conclusions

In general, the GLYCAM_98R parameters performed com-
parably to the earlier version GLYCAM_93, both in terms of
structures and energies of the antibody-ligand complexes;
however ,the former provided an improved model for the wild-
type ligand in solution. We found that the use of unrestrained
ESP-charges combined with the standard 1-4 scaling value of
0.833 uniformly overestimated the stability of the deoxy-
analogues. When RESP-charges were employed for the glycosyl
residues, the overall agreement with experiment was restored.

The simulations reported here are consistent with the reported
NMR data for the wild-type ligand in solution and with the
crystallographic data for the Fv-antigen complex. The simula-
tions indicate that the free oligosaccharide displays a moderate
amount of internal flexibility, which manifests itself as oscil-
lations around well-defined average glycosidic torsion angles.
The bound conformation is encompassed within the observed
conformations for the free ligand. The conformation and
intermolecular hydrogen bond patterns computed for the bound
ligand are in excellent agreement with the reported crystal-
lographic data for the antibody-ligand complex.

Comparison with the calorimetrically determined binding
energies indicates that the average absolute error in the relative
free energies computed by GLYCAM_93 and GLYCAM_98R
are 0.62 kcal mol-1 and 0.55 kcal mol-1, respectively, for the
model in which HIS-97 is diprotonated. Although based on a
limited number of mutations, the FEP simulations appear to
reproduce the very subtle differences in binding among the
known ligands, and we believe FEP simulations may be
successfully employed in the design of higher affinity ligands.
We are pursuing these simulations at present.

The GLYCAM parameters are freely available upon request
to rwoods@ccrc.uga.edu.
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