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Water-mediated interactions play a key role in carbohydrate-lectin binding, where the interactions involve
a conserved water that is separated from the bulk solvent and present a bridge between the side chains of the
protein and the carbohydrate ligand. To apply quantum mechanical methods to examine the role of conserved
waters, we present an analysis in which the relevant carbohydrate atoms are modeled by methanol, and in
which the protein is replaced by a limited number of amino acid side chains. Clusters containing a conserved
water and a representative amino acid fragment were also examined to determine the influence of amino acid
side chains on interaction energies. To quantify the differential binding energies of methanol versus water,
quantum mechanical calculations were performed at the B3LYP/6-311++G(3df,3pd)//B3LYP/6-31+G(d)
level in which either a methanol molecule was bound to the conserved water (liganded state) or in which a
water molecule replaces the methanol (unliganded state). Not surprisingly, the binding of a water to clusters
containing charged amino acid side chains was more favorable by 1.55 to 7.23 kcal/mol than that for the
binding of a water to the corresponding pure water clusters. In contrast, the binding energy of water to clusters
containing polar-uncharged amino acid side chains ranged from 4.35 kcal/mol less favorable to 4.72 kcal/
mol more favorable than for binding to the analogous pure water clusters. The overall trend for the binding
of methanol versus water, in any of the clusters, favored methanol by an average value of 1.05 kcal/mol. To
extend these studies to a complex between a protein (Concanavalin A) and its carbohydrate ligand, a cluster
was examined that contained the side chains of three key amino acids, namely asparagine, aspartate, and ar-
ginine, as well as a key water molecule, arranged as in the X-ray diffraction structure of Con A. Again, using
methanol as a model for the endogenous carbohydrate ligand, energies of-5.94 kcal/mol and-5.70 kcal/
mol were obtained for the binding of methanol and water, respectively, to the Con A-water cluster. The ex-
tent to which cooperativity enhanced the binding energies has been quantified in terms of nonadditive three-
body contributions. In general, the binding of water or methanol to neutral dimers formed cooperative clusters;
in contrast, the cooperativity in charged clusters depended on the overall geometry as well as the charge.

Introduction

Water plays a ubiquitous role in stabilizing biomolecular
structure and facilitating biological function. In both proteins
and protein-ligand complexes, water molecules may occupy
specific positions on the protein surface, and moreover, water
molecules have been found in ligand-binding sites, bridging the
interaction between the protein and the ligand.1-3 The presence
of conserved water molecules is not unique to proteins, but has
also been observed in RNA, in which a water molecule can
mediate the hydrogen-bonding interactions between two base
pairs.4 Water-mediated ligand binding is a common feature in
X-ray structures of carbohydrate-lectin complexes, including
the well-studied Concanavalin A (Con A)-trimannoside sys-
tem.5,6 The focal point of this study is to determine the extent
to which the properties of water in protein-(conserved water)
complexes differ from those in pure water clusters, and to assess
the extent to which these differences may contribute to ligand
affinity.

Considerable experimental and theoretical data are available
pertaining to the quantification of intermolecular interactions
in water.7-18 The focus of a substantial portion of this research
has been the water dimer, which, because of its size, has
facilitated treatment with high-levelab initio methods.17 One

of the most well-studied heterodimers is the methanol-water
system, which has a theoretical binding energy of-5.9 kcal/
mol at the complete basis set (CBS) limit at the level of second-
order Møller Plesset (MP2) pertubation theory,19 which may
be compared to-5.0 kcal/mol for the water dimer at the CBS
limit of the coupled-cluster level with single and double
substitutions, with triple excitations included perturbatively
(CCSD(T)).20 The binding energy is enhanced upon formation
of the corresponding trimers, from the three individual mono-
mers, to-10.8 kcal/mol at the MP4 level for the water trimer
and-11.5 kcal/mol at the Gaussian-2 (G2)(MP2) level for the
(H2O)2-CH3OH trimer.21,22 More recent computations for the
water trimer yield a binding energy of-15.8 kcal/mol at the
CBS limit of MP4 theory.23

Studies of the water trimer by Xantheas et al. revealed that
the total two-body interaction energy is-11.57 kcal/mol, in
which -2.40 kcal/mol results from three-body (cooperative)
interactions.24 Notably, the magnitude of the three-body interac-
tion depended on the orientation of the monomers in the trimer.
A similar study on water-mediated base-pairing in RNA revealed
that 9-13% of the interaction energy was due to cooperativity
(at both the MP2 and HF levels of theory).4 In this work, we
report the effect of cooperativity on a variety of small biologi-
cally relevant clusters, employing the analysis utilized by
Xantheas24 to quantify the contribution from cooperativity. The
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dimers investigated here each contain one water molecule, as
well as a representative fragment of one of the following side
chains: asparagine or glutamine, arginine, aspartate or glutamate,
lysine, threonine or serine, and tyrosine. While this study does
not present an exhaustive analysis of all possible configurations,
each structure has been shown to be a minimum on the potential
energy surface.

It has been established that MP2 theory gives reasonable
results for energies and geometries of hydrogen-bonded com-
plexes.25 However, to extend this study to larger complexes,
density functional theory was chosen over the more time-
consuming MP2 computations. Calculations employing the
B3LYP functional have been shown to yield good agreement
with MP2 geometries and structures for hydrogen-bonded
complexes, including water clusters.26,27Geometries of neutral
N-H‚‚‚O hydrogen-bonded complexes, also computed with the
B3LYP functional, have been shown to agree with experimental
data.28 In addition, agreement with experiment for density
functional theory is well established for strongly bound ionic
complexes, involving either negatively or positively charged
ions, such as the OH-(H2O) and the H3O+(H2O) complexes.29,30

Overall, it has been determined that diffuse functions must be
included in order to determine accurate binding energies and
structures for hydrogen-bonded complexes when utilizing this
methodology.25,31

Con A is a widely studied carbohydrate-binding protein (lec-
tin) and has been used frequently as a model to study carbo-
hydrate-protein complexation due to its affinity for oligosac-
charides terminating in glucopyranosyl residues.32 X-ray dif-
fraction data are available for several Con A-carbohydrate com-
plexes, including those with methylR-D-glucopyranoside,33

methyl R-D-mannopyranoside,34 and a methyl 3,6-di-O-(R-D-
mannopyranosyl)-R-D-mannopyranoside (trimannoside).6 In all
three complexes, water-mediated hydrogen-bond networks are
formed.1,6,33,34In the Con A-trimannoside complex, a conserved
water interacts with three key amino acids, namely, asparagine,
arginine, and aspartate. In this study, a single methanol molecule
is used to provide a minimal approximation of the carbohydrate
ligand.1,6

Desolvation entropy will not be accounted for in this study
although it is known to play a significant role in carbohydrate
binding to Con A.1,35-38 The structure of bulk water is known
to become more ordered when around methanol relative to that
of water, which results in a favorable desolvation entropy in
the case of methanol, relative to water.39 For each cluster, the
entropic contribution of methanol will be assumed to be
consistently greater in all cases, relative to water, resulting in a
more favorable free energy by enhancing the calculated enthalpic
differences. Furthermore, variation in enthalpies for the binding
of different carbohydrate ligands to Con A correlates directly
with the number of hydrogen bonds formed.1,37 Therefore, by
conserving the number of hydrogen bonds in the formation of
either water or methanol complexes, the enthalpic contribution
will reflect the influence of the ligand rather than the number
of hydrogen bonds formed.

Methods

All structures were optimized at the B3LYP level of
theory40,41 with a 6-31+G(d) basis set utilizing the Gaussian
98 suite of programs.42 For all species under investigation,
frequency analyses were performed at the same level of theory
to ensure all structures were minima and to determine the zero-
point vibrational energies (ZPVEs). The ZPVEs were subse-
quently scaled by an empirical factor of 0.9775.43 In addition,

single-point energy calculations were performed with the
6-311++G(3df,3pd) basis set.

All systems may be described by the same binding reaction,
in which either methanol or water binds to a preexisting dimer
as shown in eq 1:

The completely corrected value for the binding energy was
obtained by summing the energy calculated from the Boys-
Bernardi scheme,44 the relaxation correction,4,45 and the ZPVE
correction. This is the value referred to in the text unless
otherwise noted. Because of the large structural changes
observed between the isolated monomer and that in the cluster
geometry, it was necessary to compute the relaxation energies.45

Three-body interaction terms were determined utilizing the
method of Xantheas.46

The following nomenclature was adopted throughout the rest
of the text. The one-letter amino acid abbreviations are used to
represent the AA-water dimers. In the case that there is a
second, less stable dimer it is indicated by a prime. Inclusion
of a superscript C represents a cyclic motif, while a superscript
L a linear motif. In the cyclic complexes the binding moiety is
specified with a superscript a, b, or c. For example, the notation
to illustrate the linear trimer formed by the binding of HOR
(RdCH3) to the tyrosine-H2O dimer will be abbreviated as
YR)CH3

L . In general, the hydrogen bonding distances are de-
fined as the distance from the oxygen acceptor to the donating
hydrogen unless otherwise stated.

In the case ofYL, the expected linear cluster where tyrosine
acted as a hydrogen-bond donor collapsed to the cyclic cluster.
Therefore, the binding energy is calculated with respect to the
dimer, which is in the same hydrogen-bonding arrangement,
Y′. Additionally, five more of the neutral clusters,NRa

C , NRb
C ,

NL ′, YRb
C , andTRb

C were calculated with respect to,N′, N′′, N′′,
Y′, and T′, respectively, to be consistent with the hydrogen-
bonding arrangement. In the cyclic complexes more than just
the lowest energy complex was analyzed to provide an overview
of the different hydrogen-bond arrangements as well as the small
barrier between the possible complexes.

The Cartesian coordinates for the Con A-trimannoside
complex were retrieved from the RCSB Protein Database
(1CVN.pdb).6 Hydrogen atoms were added to the X-ray
coordinates using the Builder Module of InsightII. The protein
complex was simplified to contain only the truncated amino
acids and the trimannoside ligand that participate in the hydro-
gen-bonding interactions at the binding site. Two copies were
made of the simplified complex. In the first copy, the triman-
noside ligand was replaced by methanol, aligned with the carbon
atom (C2) and the hydroxyl group (HO-2) of the central
mannosyl residue. Hydroxyl group HO-2 is involved in hydrogen-
bonding interactions with the protein, via a conserved water
molecule. In the second copy, the trimannoside ligand was
replaced by a water molecule, which was formed from hydroxyl
group HO-2. Initially, the non-hydrogen atoms of the amino
acids as well as the conserved water were frozen during geom-
etry optimization in order to maintain the configuration present
in the crystal structure while allowing the hydrogen positions
to relax. An additional optimization allowed the whole complex
to be fully optimized in order to determine the effects of ZPVE.

Results and Discussion

Water Clusters. At the B3LYP/6-31+G(d) level the average
internuclear O‚‚‚O distance was 2.77 Å in the water trimer,

AA-H2O + HOR f AA-H2O-HOR (R) H, CH3) (1)
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which compared favorably with theoretical results obtained at
the MP2//aug-cc-pVDZ level (2.80 Å),13,16although both values
underestimate the experimental value of 2.85 Å.8 When
methanol was substituted for one water in the water trimer, the
hydrogen bond formed between methanol, acting as an ac-
ceptor, and the neighboring water decreased in length by 0.02
Å relative to that in the water trimer. In contrast, when metha-
nol acted as a donor, the hydrogen-bond distance increased by
the same amount, relative to the corresponding hydrogen bond
in the water trimer. These results agree with previous studies
that showed that the strongest hydrogen bond in the (H2O)2-
CH3OH trimer occurs when methanol acts as an acceptor,
whereas in the weakest methanol acts as a donor.21

The binding energy for the water trimer from the water dimer
and the water monomer was-5.96 kcal/mol. Upon substitution
of a single water monomer for methanol, three different (H2O)2-
CH3OH trimers are formed, the a-, b-, and c-complexes shown
in Figure 1. The average binding energy of methanol to the
water dimer was more favorable than water with a value of
-6.82 kcal/mol, shown in Table 1. This difference in energy is
in agreement with previous theoretical results that showed the
dissociation energy to be about 1 kcal/mol more negative for
(H2O)2-CH3OH than for (H2O)3.21

The cooperativity terms are favorable for the binding of
methanol, or water, to the water dimer. The cooperativity term
was-2.94 kcal/mol for the water trimer, which is in agreement
with previous calculations at the MP2/aug-cc-pVTZ level that
yielded -2.45 kcal/mol.24 In contrast, when methanol bound
to the dimer the magnitude of the cooperativity term depended
on which of the three complexes was formed. The largest
enhancement (-3.37 kcal/mol) was seen in the a-trimer, whereas
the enhancement in the b- and c-trimers was approximately
-2.88 kcal/mol. This was expected because the methyl group
in the a-trimer projected into the plane opposite to both of the
water protons that were not participating in the hydrogen-
bonding interactions, thus avoiding any possible unfavorable
stereoelectronic interactions. Previous calculations of the three-
body interaction energy for the a-trimer, at the G2(MP2) and
B3LYP/ 6-311+G(3df,2p) levels, yielded-3.0 and-2.9 kcal/
mol, respectively.21

Uncharged Clusters.For each of the three uncharged dimers,
more than one local minima was determined to be consistent
with the hydrogen-bonding networks of the larger clusters. The
differences in the cluster geometries of both the tyrosine (Y)
and threonine (T) dimers were based on the ability of the
hydroxyl groups in these amino acid side chains to act as either
donor or acceptor atoms in hydrogen-bond formation. The
threonine side chain preferred to be an acceptor, by 0.94 kcal/
mol, while the tyrosine side chain preferred to be a donor, by

2.15 kcal/mol, which is expected on the basis of the lower pKa

of the phenolic proton (Table 2). In both cases, the hydrogen-
bond distances were shorter in the more energetically favored
structures, although the O-H‚‚‚O angles were also slightly more
distorted from linearity, to values of 172.40° and 170.26° for
Y andT, respectively.

Within all four linear trimers,Y, NL, NL ′, andTL, similar
structural trends were observed, and are shown in Figure 2. For
example, upon substituting methanol for water, the AA-
(conserved water) hydrogen bond typically did not change in
length significantly, with only a slight decrease in the methanol-
water hydrogen bond length relative to that of water-water, of
approximately 0.02 Å, and an average deviation of 1.23° in the
O-H‚‚‚Omeoh/waterangle. This modest geometrical difference is
consistent with the 0.69 kcal/mol favorable increase in binding
energy when methanol is the ligand, relative to water. The
uncharged cyclic trimers (YC, NC, andTC) behaved similarly
to the (H2O)2-CH3OH trimers. For example, when the ligand
acted as an acceptor, the binding of methanol resulted in a
stronger hydrogen bond, relative to the binding of water. In

Figure 1. Hydrogen-bond distances (Å) in the water trimer (in bold),
as well as in three possible (H2O)2-CH3OH trimers, at the B3LYP/
6-31+G(d) level. The subscripts a, b, and c refer to the position of the
binding species in the cyclic complex. The values in parentheses were
previously obtained at the MP2(full)/6-311+G(d,p) level.21

TABLE 1: Binding Energy and Cooperativity Terms a

binding
energy

three-body
interactionenergy

complex RdH RdCH3 RdH RdCH3

hydrogen
bonds

formedb

water
a- -5.95 -6.83 -2.94 -3.37 2
b- -5.97 -6.78 -2.94 -2.89 2
c- -5.97 -6.86 -2.94 -2.86 2
tyrosine
YaR

C -5.55 -6.38 -2.74 -2.77 2
YbR

C -7.22 -8.25 -2.74 -2.62 2
YL -3.69 -4.24 -1.55 -1.49 1
asparagine
NaR

C -8.80 -9.62 -4.31 -4.19 2
NbR

C -10.68 -11.59 -4.31 -4.13 2
NL -1.61 -2.30 0.14 0.13 1
NL′ -3.69 -4.59 -1.26 -1.41 1
threonine
TaR

C -5.21 -6.81 -2.84 -2.75 2
TbR

C -7.41 -7.43 -2.84 -2.77 2
TL -4.28 -4.92 -1.92 -1.88 1
lysine
KB -13.19 -15.06 2.20 2.83 1
KL -11.11 -12.78 -3.76 -4.45 1
aspartate
DC -11.94 -13.42 1.22 1.86 2
arginine
RaR

C -7.53 -9.36 0.18 -0.01 2
RbR

C -7.51 -8.75 0.18 0.73 2
RL -9.64 -11.00 -3.71 -4.41 1
Con Ac -12.83 -12.85 -1.13 -0.75 2
Con Ad -5.70 -5.94 -0.84 -0.65 2

a All energies are in kcal/mol; positive values represent repulsive
terms.b Number of hydrogen bonds formed involving the binding
moiety. c Partially optimized complex.d Fully optimized complex.

TABLE 2: Energy Difference between the Low Energy
Neutral AA -(Conserved Water) Clusters

complex energya ∆Eb

T -231.579570 0.00
T′ -231.578074 0.94
Y -423.385781 0.00
Y′ -423.382359 2.15
N -285.782341 0.00
N′ -285.778791 2.23
N′′ -285.774871 4.69

a Hartrees.b kcal/mol.
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contrast, when the ligand acted as a donor, the hydrogen bond
was stronger for water than for methanol.

Complexation of either methanol or water to the uncharged
amino acid-water clusters resulted in binding energies that
ranged from-11.59 to-1.61 kcal/mol. The same energetic
trend is not seen in both cyclic and linear clusters due to the
presence of separate atoms acting as the donor and the acceptor
in the cyclic asparagine complex, which is a more favorable
interaction than the same atom acting as both the donor and
acceptor as in tyrosine and threonine. Formation of neutral cyclic
clusters is more favorable than for the corresponding neutral
linear cluster. Inclusion of the relaxation energy, which is
generally larger for the cyclic clusters due to the inherently
strained geometry in the cyclic clusters, decreased the separation
between the two types. The three clusters,YRb

C , TRb
C , andNL ′,

were higher in energy thanYRa
C , TRa

C , and NL, respectively
(Table 3), due to the less favorable hydrogen-bonding network
present. As a result, the dimer utilized in the binding energy
calculations is consistent with the hydrogen bond network
present in the trimer, but is not the lowest energy structure. In
all cases this results in a more favorable binding energy relative
to that of the corresponding calculation utilizing the lowest
energy dimer.

Overall, neutral clusters exhibited favorable three-body
interaction energies, except for the case ofNL. NL is unique
from all other neutral clusters because the conserved water acts
as both a donor to the carbonyl oxygen and an acceptor for the
amide group of the asparagine side chain. Addition of a second
water increases the length of the hydrogen bond with the
carbonyl group and slightly decreases the length of the hydrogen

bond involving the amide group. Since the three-body term is
unfavorable, the weakening of the carbonyl-(conserved water)
hydrogen bond dominates the energy.

Charged Clusters.For the three charged clusters investigated
here, only one energy minimum was found for each dimer. The
aspartate-H2O and lysine-H2O dimers each had one distinct
structure,D andK , respectively, while the arginine-H2O dimer
had the possibility of a second structure containing only one of
the two hydrogen bonds that are present in structureR (Figure
3). At the level of theory utilized here, this second putative
structure collapsed toR, which agrees with previous studies of
related systems where the minimum structure contained two
hydrogen bonds.47 Linear and cyclic structures were found to
be minima for the arginine-(H2O)2 cluster, while the linear

Figure 2. Geometries for the polar uncharged clusters, where the
hydrogen-bond distances are defined top to bottom as Ra ) Rb ) H,
Ra ) CH3 and Rb ) H, and Ra ) H and Rb ) CH3, and all angles are
in degrees. TheN/Q clusters refer to the representative fragments from
either asparagine or glutamine, but will be only be referred to asN in
the text. Likewise, TheS/T clusters refer to the representative fragments
from either serine or threonine, but will only be referred to asT in the
text.

Figure 3. Geometry of the charged clusters, where the hydrogen-bond
distances are defined from top to bottom as Ra ) Rb ) H, Ra ) CH3

and Rb ) H, and Ra ) H and Rb ) CH3, and all angles are in degrees.
The D/E clusters represent the representative fragments from the
aspartate and glutamate clusters, but will only be referred to as D in
the text.

TABLE 3: Energy Comparison between Low Energy
AA-(conserved water)-HOR (RdH,CH3) Clusters

complex energya ∆Eb cluster energya ∆Eb

YR)H
C -499.864594 0.00 YRa)CH3

C -539.174669 0.00

YR)H
L -499.857603 4.39 YRb)CH3

C -539.174657 0.01

YR)CH3

L -539.167162 4.71

NR)H
C -362.263666 0.00 NRa)CH3

C -401.573377 0.16

NR)H
L -362.252544 6.98 NRb)CH3

C -401.573635 0.00

NR)H
L ′ -362.24968 8.78 NR)CH3

L -401.562891 6.74

NR)CH3

L ′ -401.560236 8.41

TR)H
C -308.059153 0.00 TRa)CH3

C -347.369102 0.00

TR)H
L -308.055461 2.32 TRb)CH3

C -347.369029 0.05

TR)CH3

L -347.365001 2.57

KR)H
B -249.237748 0.00 KR)CH3

B -288.549756 0.00

KR)H
L -249.235109 1.66 KR)CH3

L -288.546821 1.84

DR)H
C -381.59955 0.00 DR)CH3

C -420.910217 0.00

RR)H
C -398.145732 1.82 RRa)CH3

C -437.457414 1.62

RR)H
L -398.148638 0.00 RRb)CH3

C -437.456554 2.16

RR)CH3

L -437.459989 0.00

a Hartrees.b kcal/mol.
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structure for aspartate-(H2O)2 collapsed to the cyclicDC cluster
during geometry optimization.

The KB cluster was unique in that both waters were bound
directly to the amino acid side chain without a water-water
hydrogen bond. In this branched structure both of the
N-H‚‚‚O angles remained close to linearity (see Figure 3).48

In both of the lysine-(H2O)-(CH3OH) clusters, as well in the
linear arginine-(H2O)-(CH3OH) cluster, the hydrogen bond
that directly involved methanol was stronger than the corre-
sponding interaction found in the lysine-(H2O)2 cluster, reveal-
ing a more favorable interaction with methanol.

Both aspartate and arginine formed true cyclic structures,
which are comparable geometrically to the water trimer. Upon
formation of DC and RC, the average hydrogen-bond lengths
decreased relative to those in the isolated dimers. This was
mostly due to the strained configuration of the dimers, in which
water acted as either a double acceptor or a double donor. In
both structures, the shortest hydrogen bond corresponded to the
one involving an N-H‚‚‚O or O-H‚‚‚O angle that remained
close to linearity. The hydrogen-bond distances in both cyclic
structures were similar to those in the water trimer. Small
fluctuations in hydrogen-bond lengths of less than 0.05 Å were
observed upon the replacement of water by methanol. In contrast
to the neutral clusters, the hydrogen bond was not always
stronger when methanol was acting as an acceptor. For example,
in DC, the strongest hydrogen bond existed when methanol
donated to the aspartate.

The binding energies of water to each of the charged AA-
H2O dimers ranged from 1.55 to 7.23 kcal/mol more favorable
than the binding energy of water to (H2O)2. According to the
binding energies, the strength of the water interactions with the
complexes may be ranked from weakest to strongest asRRb

C >
RRa

C > RL > KL > DC > KB. The formation of the two cyclic
arginine clusters relied on the breaking of one of the hydrogen
bonds in the dimer, to form two new hydrogen bonds in the
trimer. This bond breaking may have contributed to the 2.08
kcal/mol destabilization of the complex relative to the linear
arginine cluster. The binding energy of water to either the lysine
or aspartate clusters was at least 1.5 kcal/mol more favorable
than that to the arginine cluster. This may possibly be due to
the more localized charge in the lysine and aspartate clusters,
relative to the case of arginine. Further, the more favorable
binding of water toDC relative toRL is consistent with the
observation that water prefers to act as a bi-donor rather than a
bi-acceptor.22 Theoretical measurements and experimental cal-
culations have shown that for the related structures of (H2O)2OH-

and (H2O)2H3O+ the formation of the positively charged cluster
is more favorable, which agrees with our findings that the
formation of the cyclic lysine cluster was more favorable than
that of the cyclic aspartate cluster.49,50

The binding energy of the branched lysine cluster (-13.2
kcal/mol) was more favorable than that for the linear cluster
(-11.1 kcal/mol),which is also in agreement with previous
calculations that revealed the branched structure to be 2.5 kcal/
mol more stable than the linear structure.48 The conserved water
was in approximately the same position in both lysine trimers.
Therefore, the majority of the difference in binding energy is
related to the interactions involving the bound water. In the
branched structure the bound water directly interacted with the
charged entity, helping to stabilize the complex, while the bound
water in the linear structure was not involved in direct
interactions with the ammonium group.

The binding energies of methanol to each of the charged AA-
H2O dimers were from 1.92 to 8.23 kcal/mol more favorable

than the binding of methanol to the water dimer. The binding
energies followed the same trend regardless of whether the
ligand was methanol or water, however the differences in
binding energies were more substantial in the case of methanol.
Overall, the average binding energy of methanol to the charged
clusters was 1.58 kcal/mol more favorable than that of water,
which represents a favorable increase of 0.78 kcal/mol from
the uncharged clusters.

The magnitude of the cooperative effects varied significantly
among the charged clusters. For example, bothKL and KB

contain the lysine side chain, but had three-body terms that were
opposite in sign. Only in the case of the linear charged clusters
was cooperativity consistently favorable. In the cases ofKB,
RC, andDC, the addition of the ligand to form the cyclic or
branched structures involved a direct interaction between the
ligand and the amino acid side chains. Although this helped to
stabilize the charged side chains, the (conserved-water)-AA
hydrogen bond was weakened, resulting in unfavorable coop-
erativity. In contrast, when the ligand bound to form the linear
clustersKL andRL, the ligand interacted only with the conserved
water and as a result, the conserved water was polarized and
the (conserved-water)-ligand hydrogen bond was strengthened.
This configuration resulted in favorable cooperativity. In general,
the charged linear clusters exhibited more cooperativity than
the charged cyclic clusters, which is in contrast to the results
for the uncharged clusters.

Protein-Carbohydrate Interactions. Due to the absence
of the hydrogen atoms in the X-ray diffraction data, donor-
acceptor hydrogen-bond relationships had to be inferred. By
assuming that arginine-228 and asparagine-14 residues must be
donor groups and that aspartate-16 provides the acceptor group,
it was possible to locate the approximate positions of all
hydrogen atoms. The geometry of the fully optimized Con
A-(conserved water)-CH3OH complex did not differ signifi-
cantly from that of the Con A-(conserved water)-H2O
complex, with a RMSD of 0.27 Å for the heavy atoms, see
Figure 4. The RMSD between the crystal structure and the Con
A-(conserved water)-H2O complex was 0.63 Å, while that
with the Con A-(conserved water)-CH3OH complex was 0.65
Å.

The interactions between the aspartate side chain and both
the conserved and bound water in the Con A complex is similar
to DC; however, in the Con A complex the conserved water is
further coordinated to other side chains. These additional in-
teractions decrease the strength of the hydrogen bond between
the aspartate side chain and the ligand, while increasing the
strength of the two hydrogen bonds involving the conserved
water. The result is a conserved water that is more polarized,
yielding a more favorable configuration in the Con A complex.

Figure 4. The cluster representative of the Con A binding site, with
the trimannoside in A and the truncated sugar (RdCH3) in B. The three
truncated amino acids shown are asparagine, aspartate, and arginine.
The O‚‚O distances are shown in groups of three (in bold), with RdH,
RdCH3, and the experimental value from top to bottom, respectively,
while the O‚‚H distances are shown for RdH and RdCH3 from top to
bottom, respectively.
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Comparison of the asparagine side chain in the Con A complex
to that in NL reveals no significant differences. The arginine
side chain in the Con A complex is in a less favorable
configuration than inRL due to the presence of only one
hydrogen bond in the Con A complex relative to two inRL.
Therefore, the presence of additional side chains makes a larger
impact on the geometries of the charged residues than on the
neutral residues.

Initially, the Con A complex was partially optimized, while
holding the heavy atoms of the side chains and the conserved
water in their crystallographically determined positions to
determine a biochemically relevant binding energy. In analogy
with the smaller clusters, one would expect the hydrogen bonds
in the Con A system to strengthen upon the binding of methanol,
in comparison to the binding of water. However, the hydrogen-
bond distances for both methanol and water were equivalent.
There was only a negligible difference of 0.02 kcal/mol in the
binding energy of methanol to the Con A cluster, relative to
the case of water, for the partially optimized complex corre-
sponding to the lack of difference in the geometry of the two
complexes. Allowing the complex to optimize fully yielded
similar geometries, but the difference increased to 0.24 kcal/
mol, which can therefore be attributed mostly to the inclusion
of ZPVE. As a result, the magnitude of the binding energy most
likely corresponds to that of the partially optimized complex,
while the difference corresponds to the fully optimized complex.

Overall, the interplay between neutral and charged amino
acids with the conserved water may be relatively insensitive to
the methanol ligand that is present (where the number of
hydrogen bonds is equivalent for both structures) but is
dependent on the number and type of amino acid side chains.
This small energetic difference suggests a situation where the
binding equilibrium may be dominated by entropic contributions,
which have been shown to be favorable and significant for
carbohydrate-lectin binding.1,35-38,51

Conclusions

Binding of HOR to the uncharged linear clusters was either
approximately the same as, or not as favorable as, binding to
(H2O)2, while relative to (H2O)2, binding to the charged linear
clusters was always favorable. This correlated directly with the
consistently more favorable three-body interaction energy in the
linear charged clusters. In contrast, the binding of both water
and methanol was more favorable for the charged cyclic clusters
than for the uncharged cyclic clusters, despite the possible
unfavorable three-body term that is mainly due to the charge
stabilization over the complex. The binding of either methanol
or water to the Con A complex, which contained both neutral
and charged amino acid side chains with a total net charge of
zero, was found to be similar to that of binding to the water
dimer. Overall, the formation of neutral complexes exhibited
cooperativity, with the exception of the previously noted aspara-
gine complex, while the exhibition of cooperativity in charged
clusters depended on both geometry and presence of charge.

The effect of the corrections to the binding energies was
substantial, especially in the case of ZPVE and relaxation. It
has been established that the inclusion of ZPVE is necessary to
accurately determine the binding energy of hydrogen-bonded
water complexes.52 In general, the exclusion of ZPVE yielded
a binding energy for methanol that was slightly more negative
than that for the binding of water. For all trimers, the ZPVE
was larger in the case where water was the ligand, relative to
methanol, increasing these energetic differences. This is clearly
illustrated in the difference obtained between the partially and

fully optimized Con A binding energies, where ZPVE was only
computed for the fully optimized structure. Relaxation was
extremely important in the cases where the AA-H2O dimers
could form two hydrogen bonds. Also, for the AA-H2O dimers
investigated here, if it was possible to allow the formation of
two hydrogen bonds, the resulting complex was, not surpris-
ingly, energetically more favorable than the complex containing
only one hydrogen bond.

The addition of methanol consistently stabilized all of the
complexes relative to the addition of a second water molecule.
This is in agreement with experimental and theoretical findings
that clusters formed with methanol are energetically more
favorable than pure water clusters.53 Therefore, to the extent
that methanol served as a model carbohydrate, our results
confirmed that water-carbohydrate interactions were generally
more favorable than water-water interactions. However, this
energetic difference was quite small, reaffirming that entropic
contributions are significant in the binding of carbohydrates to
proteins.
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