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ABSTRACT: The presence of an aromatic residue (Trp, Phe, Tyr) facing the nonpolar face of galactose is
a common feature of galactose-specific lectins. The interactions such as those between the C-H groups
of galactose and theπ-electron cloud of aromatic residues have been characterized as weak hydrogen
bonds between soft acids and soft bases, largely governed by dispersive and charge transfer interactions.
An analysis of the binding sites of several galactose-specific lectins revealed that the spatial position-
orientation of galactose relative to the binding site aromatic residue varies substantially. The effect of
variations in position-orientations of galactose on the interaction energies of galactose-aromatic residue
complexes has not been determined so far. In view of this, MP2/6-311G++** calculations were performed
on galactose- and glucose-aromatic residue analogue complexes in eight position-orientations. The
results show that the strength of the C-H‚‚‚π interactions in galactose-aromatic residue complexes is
comparable to that of a hydrogen bond. Rather than the type of aromatic residue, the position-orientation
of the saccharide appears to be more critical in determining the strength of their interactions. Earlier
studies have found the binding site aromatic residue to be critical, but its role was not clear. This study
shows that the aromatic residue is important for discriminating galactose from glucose, in addition to its
contribution to binding energy.

The presence of an aromatic residue (Trp, Phe, Tyr) facing
the nonpolar face of galactose (Gal) is a common feature of
Gal-specific lectins (1-9). Several experimental studies have
underscored the critical role played by the aromatic residue
in galactose-binding sites. While reengineering the saccharide
specificity of mannose-binding protein (MBP-A), it was
observed that the introduction of a tryptophan substantially
increased the affinity for galactose (10). In a few other
proteins, mutation of the aromatic residue led to a significant
decrease/loss of affinity for galactose (11-19). A comparison
of the binding sites of the two Gal-specific proteins,
reengineered MBP-A (PDB code 1AFA) and tunicate C-type
lectin (1TLG), shows that the binding sites of the two
proteins can be superposed on each other, with the exception
of a tryptophan (Figure 1). However, the altered position of
tryptophan leads to a “flipping” of galactose in the binding
site, resulting in differences in the interactions of galactose
with the rest of the binding site.

The interactions of galactose with the aromatic residue
are mediated by the nonpolar C-H atoms. The interactions
between the nonpolar C-H groups and theπ-electron cloud

of aromatic residues have been characterized as weak
hydrogen bonds between soft acids and soft bases, largely
governed by dispersive and charge transfer interactions (20,
21). Recently, the interaction energies of glucose- and
galactose-3-methylindole complexes were found to be-5.2
and -2.7 kcal/mol, respectively, from MP2 calculations
performed at the 6-31+G(d) level; the position-orientations
of the saccharide relative to the aromatic residue used in
this study were the same as those observed in the binding
site of â-galactosidase fromEscherichia coli(9).

A statistical analysis of 78 nonhomologous, pyranoside-
binding proteins (excluding sialic acids and phosphorylated
saccharides) showed that the pyranoses tend to bind near
the aromatic ring centers; however, neither a preferential
saccharide orientation nor a preferential interaction of the
pyranose with the polar side chains of tryptophan and
tyrosine was found in this study (4). An analysis of the
binding sites of several Gal-specific lectins also revealed that
the spatial position-orientation of galactose relative to the
binding site aromatic residue varies substantially (22).
Various experimental studies have shown that the binding
site aromatic residue is critical, but its role in sugar binding
is not clear. In view of this, the present study was undertaken
to determine the interaction energies of galactose- and
glucose (Glc)-aromatic residue analogue complexes using
ab initio quantum chemical methods. The interaction energies
were calculated in eight position-orientations observed in
various saccharide-protein complexes (Table 1). The posi-
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tion-orientations have been selected from six galactose-
specific proteins, one glucose-specific protein, and one
protein which can bind to either galactose or glucose. The
complexes of glucose in position-orientations observed in
galactose-specific proteins are hypothetical complexes since

glucose does not bind to these proteins; similarly, the
complex of galactose in the position-orientation observed
in glucose-specific protein is also a hypothetical complex
(Table 1). The results show that the interaction energies of
saccharide-aromatic residue analogue complexes are com-

FIGURE 1: Superposition of the binding site residues of the reengineered MBP-A (PDB ID 1AFA; shown in black) over those of tunicate
C-type lectin (1TLG; shown in gray). Both of the proteins are members of the C-type animal lectin family and are specific to galactose.
The superposition was done with respect to Asp211 (in 1AFA) and Asp108 (in 1TLG). The binding sites of the two proteins are superposable
except for the aromatic residue (Trp189 in 1AFA and Trp100 in 1TLG). The two proteins have no sequence similarity, and only a short
stretch, containing the binding site residues, can be aligned by using a very highE-value of 100000. The residues, which interact with
galactose, are shown in bold in the sequence alignment. The residues aligned in sequence superpose on each other: Gln185-Glu86, Asp187-
Ser88, Asn210-Asp107, and Asp211-Asp108 (residues of 1AFA are given first followed by those in 1TLG). However, the sequentially and
spatially equivalent residues do not have the same interactions with the bound galactose because of the flipping of the saccharide in the
binding site.

Table 1: BSSE Corrected Interaction Energies for the Saccharide-Aromatic Residue Complexes

interaction energy (kcal/mol)c

PDB IDa
aromatic
residue

bound
sugar

sugar
specificity

-CH2OH group
conformation

position
(r,θ,φ)b

orientation
(Φ,Θ,Ψ)b Gal Glc-I Glc-II Glc-III

1SLT Trp68 galactose galactose gt 5.1,150,-3 19,64,209 -3.2 23.8d 22.4d 24.9d

1HLC Trp65 galactose galactose gt 4.9,143,5 37,48,199 -3.6 19.0d 19.2d 19.6d

2AAI Trp37 galactose galactose gg 5.3,38,-17 61,113,12 -3.8 62.3d 40.5d 49.3d

1GAN Trp69 galactose galactose gt 4.7,152,-15 29,50,191 -5.7 7.0d 7.9d 8.5d

7CEL Trp376 glucose glucose gg 4.2,22,88 225,137,333 -6.6d -8.1 -5.4 -5.2
1GCA Trp183 galactose galactose, glucose gt 4.4,162,45 191,41,178 -7.5 -8.2 -4.6 -4.9
1AX1 Phe131 galactose galactose gt 4.1,8,-102 302,137,5 -4.2 0.1d 2.7d 3.3d

1BZW Tyr125 galactose galactose gt 4.3,8,-51 316,122,13 -4.7 17.4d 18.9d 18.3d

a From the Protein Data Bank (52). The names of the protein and the resolution at which the structure were determined are as follows: 1SLT,
S-lectin (1.9 Å); 1HLC, S-lac lectin (2.9 Å); 2AAI, ricin B chain (2.5 Å); 1GAN, toad ovary galectin (2.23 Å); 7CEL,â1f4-glucan cellobiohydrolase
(1.9 Å); 1GCA, periplasmic glucose/galactose receptor (1.7 Å); 1AX1,Erythrina corallodendronlectin (1.95 Å); and 1BZW, peanut lectin (2.7 Å).
b The bound galactose can be at different positions relative to the binding site aromatic residue; at any position, the saccharide can be in different
orientations. The position of the bound sugar relative to the binding site aromatic residue is specified by polar coordinates of the centroid of the
pyranose ring. The orientation of the bound sugar relative to the binding site aromatic residue is specified in terms of the Euler rigid body rotation
angles (25). Both the position and orientation have been defined in a frame of reference defined within the aromatic residue (22). c The interaction
energy is for the complex of the specified sugar with the aromatic residue analogue. The BSSE uncorrected interaction energy values for galactose
and glucose are given in Table S1.d These are hypothetical complexes, i.e., complexes of glucose in position-orientations observed in galactose-
specific proteins and vice versa.
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parable to that of a hydrogen bond. It is also found that the
aromatic residue plays a role in discriminating galactose from
glucose in galactose-specific proteins.

METHODS

Software and Hardware. All calculations were performed
using the software GAMESS (23). Geometry optimizations
were performed on either an Intel Xeon 2.4 GHz dual
processor system or a 16 node P4-1.6 GHz Linux cluster or
a 34 dual-processor node Intel Xeon 3.2 GHz Linux cluster.
MP2 calculations were performed on PARAM Padma, a
parallel supercomputer designed and developed by the Center
for Development of Advanced Computing, India’s national
initiative in high-performance computing (24).

Reason for Choosing the Analogues of Aromatic Residues
for Interaction Energy Calculations. The main chain atoms
of the aromatic residue and the galactose-binding pocket
occur on different sides of the aromatic ring (22). In view
of this, it is assumed that the main chain atoms make little
or no contribution to the interaction energy and the side chain
analogues of the aromatic residues, viz., 3-methylindole (for
tryptophan), toluene (for phenylalanine), andp-hydroxy-
toluene (for tyrosine), were considered for the interaction
energy calculations.

Choice of Position-Orientation and Saccharide Confor-
mation.An infinite number of positions and, at each such
position, an infinite number of orientations of the saccharide
relative to the aromatic residue are theoretically conceivable.
However, it is practically not possible to calculate the
interaction energies in all such position-orientations. Hence,
only the position-orientations observed in eight saccharide-
protein complexes were used for interaction energy calcula-
tions in the present study. Theâ-anomer of the saccharide
with its pyranose ring in the4C1 conformation was consid-
ered. The exocyclic-CH2OH group was considered to be
in the same conformation as observed in the corresponding
protein-saccharide complex.

Galactose interacts with the aromatic residue either through
the set of atoms C3-H, C4-H, C5-H, and C6-H or
through the set of atoms C1-H, C3-H, and C5-H. The
positions of these methine hydrogen atoms are fixed for the
4C1 conformation of the pyranose ring. The conformations
of the hydroxyl groups of galactose were set arbitrarily.
However, in the case of glucose, the equatorial orientation
of the hydroxyl group at C4 causes this hydroxyl group to
be close to the aromatic residue in position-orientations
observed for galactose in Gal-specific proteins. Hence, three
different conformations of the hydroxyl hydrogen atoms
(Figure 2) were considered for calculating the interaction
energies of the complexes of glucose.

Specifying the Position-Orientation of Saccharide Rela-
tiVe to the Aromatic Residue.The position of the saccharide
was specified by the polar coordinates. At any given position,
the orientation of the saccharide was specified by the Euler
rigid body rotation angles (25). Both the position and
orientation were specified in a frame of reference defined
within the aromatic residue as described previously (22). The
stereoviews of the 8 galactose- and 24 glucose-aromatic
analogue complexes used for single point energy calculations
are shown in Figure S1.

Geometry Optimization and Interaction Energy Calcula-
tion. The geometry optimized at the UHF/6-31G** basis set

level (26) was taken as the starting point for further
optimizations at higher basis set levels i.e., RHF/6-311G**
followed by RHF/6-311G++**. The HONDO/Rys integral
calculation routine was used to achieve faster convergence.
The convergence criterion used for optimization at the
6-311G++** level is that the largest component of the
energy gradient should be less than 5× 10-6 Hartree/Bohr.
The geometry obtained from optimization at the 6-311G++**
basis set level was used to generate saccharide-aromatic
residue analogue complexes with defined position-orienta-
tions and to perform single point energy calculations at the
MP2/6-311G++** level. The interaction energy was cal-
culated asEA-B - (EA,gB + EB,gA), whereEA-B, EA,gB, and
EB,gA are energies of the saccharide (molecule A)-aromatic
residue analogue (molecule B) complex, of the saccharide
in the presence of the ghost aromatic analogue, and of the
aromatic analogue in the presence of the ghost saccharide,
respectively. The ghost molecule is generated by assigning
zero nuclear charge to all of its atoms.

Galactose was optimized by setting the-CH2OH group
to either thegt or ggconformation; thetg conformation was
not considered since it is not observed in any of the eight
protein-saccharide complexes considered in this study
(Table 1). Glucose also was separately optimized with the
-CH2OH group in either thegt or gg conformation.

The protein structures under consideration have been
determined at different resolutions (see footnotea to Table
1), because of which the internal geometries of the aromatic
residue and of the bound saccharide are not same and are
also not optimal. In view of this, the aromatic residue
analogue and the saccharide have been separately optimized,
and these optimized structures have been taken for single

FIGURE 2: Ball-and-stick representation showing the geometry-
optimized (RHF/6-311G++** level) conformations of galactose
(top row) and glucose (middle and lower rows). The conformation
of the -CH2OH group is specified asgt or gg. In the gg
conformation, the-CH2OH group is gauche to both the ring oxygen
and C4 atoms. In thegt conformation, the-CH2OH group is gauche
to the ring oxygen atom and trans to the C4 atom.
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point energy calculations at the MP2/6-311++G** level of
theory. This will give the interaction energy of the complex
for the specified position-orientation and specified confor-
mation of the-CH2OH group.

Optimization of the Saccharide-Aromatic Analogue Com-
plex.The individually optimized saccharide and the aromatic
residue analogues were brought together in the desired
position-orientation to form a complex. Optimization of
such a complex was performed at either the MP2/6-31+G*
level or the B3LYP/6-31+G* level of theory. HONDO/Rys
polynomial code was used for calculating the integrals. The
linear dependence threshold defined by QMTTOL in
GAMESS was set to 1.0× 10-6 (for B3LYP) or 3.0× 10-6

(for MP2). The OPTTOL parameter, which specifies the
termination criterion for optimization, was set to 5× 10-4

(for B3LYP) or 6.5× 10-4 (for MP2). Single point energy
of the minimized complex at the MP2/6-31+G* level of
theory was used to calculate the interaction energy between
the saccharide and aromatic residue.

RESULTS AND DISCUSSION

Optimization of the Saccharide-Aromatic Residue Com-
plex at the B3LYP/6-31+G* LeVel of Theory.Optimization
of the galactose-3-methylindole complex in 1GAN posi-
tion-orientation and of the glucose-3-methylindole complex
in 7CEL position-orientation at the B3LYP/6-31+G* level
of theory resulted in a decrease of the interaction energy by
1.2 kcal/mol (Table 2). The RMS deviation between the
initial and optimized structures is very small, indicating the
absence of any significant changes in the geometry/relative
position-orientation due to optimization (Table 2; Figure
3A,B). The galactose-3-methylindole complex in 1GAN
position-orientation was also optimized at the MP2/6-
31+G* level of theory, and the optimized structure and the
interaction energies are very similar to those obtained by
optimizing at the B3LYP/6-31+G* level of theory (Table
2).

The interaction energies of various saccharide-aromatic
residue analogue complexes in position-orientations ob-
served inâ-galactosidase-saccharide complexes have been
calculated at different levels of theory (9). In this study also
it was observed that optimization did not result in any
significant changes in the geometry of the interacting
moieties; optimization was performed at the HF/MINI level
with a less stringent termination criterion than has been used

Table 2: Interaction Energies Calculated at the MP2/6-31+G* Level for Saccharide-Aromatic Residue Complexes before and after
Optimization

interaction energy (kcal/mol)b RMSD (Å)c

PDB ID complex no. of stepsa initial final saccharide 3-methylindole complex

Optimization at MP2/6-31+G*
1GAN galactose/3-methylindole 42 -4.8 -6.1 0.05 0.05 0.06

Optimization at B3LYP/6-31+G*
1GAN galactose/3-methylindole 57 -4.8 -6.0 0.06 0.07 0.10
7CEL glucose/3-methylindole 63 -7.1 -8.3 0.07 0.05 0.10
2AAI glucose/3-methylindole 53 66.4 -4.5 0.10d 0.10d 1.71d

a The total number of steps in the optimization run.b The interaction energy is for the complex of the specified sugar with the aromatic residue
analogue. The BSSE corrected interaction energy values are reported. The initial and final interaction energies were calculated at MP2/6-31+G*
for the initial and the optimized structures.c Root mean square deviation between the initial and the final optimized structures. The structures were
superposed using the atoms of the aromatic residue analogue as reference atoms for calculating the RMSD for the complex.d The small RMSD
values indicate that the geometries of the saccharide and the aromatic residue before and after optimization are very nearly the same. The large
RMSD for the complex (1.7 Å) is primarily because of the change in the position-orientation of the saccharide relative to the aromatic residue.

FIGURE 3: Stereoviews of the superposed saccharide-aromatic
residue analogue complexes before (shown in gray) and after
(shown in black) optimization at the MP2/6-31+G* level of
theory: (A) galactose-3-methylindole complex in 1GAN position-
orientation; (B) glucose-3-methylindole complex in 7CEL posi-
tion-orientation; (C) glucose-3-methylindole complex in 2AAI
position-orientation.
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in the present study. It was also noted by these authors that
the changes in the absolute interaction energies of the
saccharide-3-methylindole complexes due to optimization
are not dramatic (9).

Optimization was also performed for the hypothetical
complex of glucose-3-methylindole in 2AAI position-
orientation (Table 1). The 2AAI position-orientation is
observed for galactose in the binding site of ricin B, a
galactose-specific protein. In this complex, glucose is placed
in the same position-orientation as that found for galactose.
The single point energy calculated at the MP2/6-31+G* level
of theory for the initial structure used for optimization is 66
kcal/mol. This unrealistically high interaction energy is due
to the close proximity of the C4-hydroxyl group to the
aromatic ring (Table 3). The repulsion is relieved by buckling
of 3-methylindole and flattening of the pyranose ring near
C4 during the initial stages of optimization (Figure S2). On
further optimization, the saccharide moves away from
3-methylindole with the concomitant restoration of the
geometries of the two molecules (Figure 3C; Table 2). The
interaction energy is stabilizing in the new position-
orientation obtained after optimization. These results, how-
ever, are NOT unexpected since this is a hypothetical
complex. In principle, repulsion can be relieved either by
retaining the position-orientation and adjusting the confor-
mations of the interacting hydroxyl groups or by a change
in the relative position-orientation. During the optimization
of the glucose-3-methylindole complex in 2AAI position-
orientation, the saccharide changes its position and orientation
relative to the aromatic residue (Figure 3C).

For the galactose-3-methylindole complex in 1GAN
position-orientation and for the glucose-3-methylindole
complex in 7CEL position-orientation, the interaction
energies calculated for the initial complex at the MP2/6-
311++G** level (Table 1) are comparable to that for the
optimized complex calculated at the MP2/6-31+G* level
(Table 2). As noted earlier, optimization of the complex did
not result in any significant changes in the geometry of the
molecules; only the position-orientation changed in the
complex, which initially had repulsion. Optimization of the
entire saccharide-aromatic residue analogue complex at
either the B3LYP or MP2 level of theory is computationally
very demanding. In view of these observations, the other
complexes were not optimized; instead, single point energy
calculations were performed at the MP2/6-311++G** level
of theory.

The Single Point Interaction Energy at the MP2/6-
311++G** LeVel of Theory for the Gal-Aromatic Residue
Analogue Complex Is Comparable to That of a Hydrogen
Bond. The Gal-aromatic residue analogue interactions,
mediated by multiple C-H groups, are negative and stabiliz-
ing in all of the eight position-orientations. The interaction
energies range from-3.2 to -7.5 kcal/mol (Table 1) and
are thus comparable to the energy of a hydrogen bond (27-
32). The variations in the interaction energies of the various
complexes can be attributed to the differences in the number
and geometry (distance, angle, and dihedral angle; defined
in the footnotes to Table 4) of the interactions. The
interaction energies seem to correlate well with the average
deviations fromDplane, θ, and ω individually (Table 4).
However, because of the participation of multiple C-H
groups in the interactions, the interaction energy relates to

Table 3: Intermolecular Atomic Distances (Å) in Aromatic
Analogue-Glucose Complexesa

conformation I conformation II conformation III

1SLT Position-Orientation (Complex with 3-Methylindole)
Cε2‚‚‚O4 2.67 Cε2‚‚‚O4 2.56 Cε2‚‚‚O4 2.58
Cú2‚‚‚O4 2.19 Cú2‚‚‚O4 2.11 Cú2‚‚‚O4 2.17
Cη2‚‚‚O4 2.41 Cη2‚‚‚O4 2.43 Cη2‚‚‚O4 2.43
Cδ2‚‚‚HO4 2.43 Hú2‚‚‚O4 2.42 Cú2‚‚‚HO4 1.85
Cε2‚‚‚HO4 1.81 Cú2‚‚‚HO4 2.32 Cη2‚‚‚HO4 2.18
Cú2‚‚‚HO4 1.76 Cη2‚‚‚HO4 2.06
Cη2‚‚‚HO4 2.31

1HLC Position-Orientation (Complex with 3-Methylindole)
Cú2‚‚‚O4 2.51 Cú2‚‚‚O4 2.37 Cú2‚‚‚O4 2.41
Cη2‚‚‚O4 2.30 Cη2‚‚‚O4 2.23 Cη2‚‚‚O4 2.24
Cú3‚‚‚O4 2.96 Cú3‚‚‚O4 2.95 Cú3‚‚‚O4 2.90
Hη2‚‚‚O4 2.44 Hη2‚‚‚O4 2.40 Hη2‚‚‚O4 2.45
Cε2‚‚‚HO4 2.34 Cη2‚‚‚HO4 2.36 Cη2‚‚‚HO4 2.25
Cú2‚‚‚HO4 1.65
Cη2‚‚‚HO4 1.66
Cú3‚‚‚HO4 2.39

2AAI Position-Orientation (Complex with 3-Methylindole)
Cδ2‚‚‚O4 2.62 Cδ2‚‚‚O4 2.64 Cδ2‚‚‚O4 2.63
Cε2‚‚‚O4 2.16 Cε2‚‚‚O4 2.19 Cε2‚‚‚O4 2.12
Cú2‚‚‚O4 2.94 Cú2‚‚‚O4 2.95 Cú2‚‚‚O4 2.85
Nε1‚‚‚O4 2.03 Νε1‚‚‚O4 2.06 Nε1‚‚‚O4 2.01
Cδ1‚‚‚O4 2.43 Cδ1‚‚‚O4 2.45 Cδ1‚‚‚O4 2.48
Cγ‚‚‚O4 2.77 Cγ‚‚‚O4 2.79 Cγ‚‚‚O4 2.84
Hε1‚‚‚O4 2.44 Ηε1‚‚‚O4 2.47 Hε1‚‚‚O4 2.40
Cε2‚‚‚HO4 1.76 Cδ2‚‚‚HO4 2.09 Cε2‚‚‚HO4 2.38
Cú2‚‚‚HO4 2.41 Cε2‚‚‚HO4 2.12 Cú2‚‚‚H62 2.49
Nε1‚‚‚HO4 1.47 Nε1‚‚‚HO4 2.42 Cη2‚‚‚H62 2.49
Cδ1‚‚‚HO4 2.38 Cγ‚‚‚HO4 2.42 Nε1‚‚‚HO4 1.91
Hε1‚‚‚HO4 1.66 Cδ1‚‚‚HO4 1.84

Cγ‚‚‚HO4 2.29

1GAN Position-Orientation (Complex with 3-Methylindole)
Cε2‚‚‚O4 2.94 Cε2‚‚‚O4 2.81 Cε2‚‚‚O4 2.83
Cú2‚‚‚O4 2.48 Cú2‚‚‚O4 2.37 Cú2‚‚‚O4 2.42
Cη2‚‚‚O4 2.58 Cη2‚‚‚O4 2.54 Cη2‚‚‚O4 2.55
Cε2‚‚‚HO4 2.01 Cη2‚‚‚HO4 2.47 Cú2‚‚‚HO4 2.36
Cú2‚‚‚HO4 1.75 Cη2‚‚‚HO4 2.48
Cη2‚‚‚HO4 2.09

7CEL Position-Orientation (Complex with 3-Methylindole)
none none none

1GCA Position-Orientation (Complex with 3-Methylindole)
Cδ2‚‚‚HO4 2.47 Cγ‚‚‚O4 2.96 none
Cδ1‚‚‚HO4 2.41
Cγ‚‚‚HO4 2.32

1AX1 Position-Orientation (Complex with Toluene)
Cδ2‚‚‚O4 2.96 Cδ2‚‚‚O4 2.90 Cδ2‚‚‚O4 2.87
Cγ‚‚‚O4 2.72 Cγ‚‚‚O4 2.62 Cγ‚‚‚O4 2.66
Cδ1‚‚‚O4 2.90 Cδ1‚‚‚O4 2.76 Cδ1‚‚‚O4 2.83
Cε1‚‚‚HO4 2.47
Cε2‚‚‚HO4 2.48
Cδ2‚‚‚HO4 2.20
Cγ‚‚‚HO4 2.06
Cδ1‚‚‚HO4 2.20

1BZW Position-Orientation (Complex withp-Hydroxytoluene)
Cε1‚‚‚O4 2.82 Cε1‚‚‚O4 2.68 Cε1‚‚‚O4 2.75
Cε2‚‚‚O4 2.91 Cε2‚‚‚O4 2.85 Cε2‚‚‚O4 2.80
Cδ2‚‚‚O4 2.59 Cδ2‚‚‚O4 2.57 Cδ2‚‚‚O4 2.53
Cγ‚‚‚O4 2.37 Cγ‚‚‚O4 2.35 Cγ‚‚‚O4 2.37
Cδ1‚‚‚O4 2.50 Cδ1‚‚‚O4 2.39 Cδ1‚‚‚O4 2.47
Cε1‚‚‚HO4 2.04 Cη2‚‚‚O4 2.90 Cη2‚‚‚O4 2.90
Cε2‚‚‚HO4 2.10 Cδ2‚‚‚HO4 2.33 Cγ‚‚‚HO4 2.10
Cδ2‚‚‚HO4 2.09 Cγ‚‚‚HO4 2.24 Cδ1‚‚‚HO4 2.08
Cγ‚‚‚HO4 2.07
Cδ1‚‚‚HO4 2.03
Cú‚‚‚HO4 2.08

a Only those atom pairs that are within the following distance cutoffs
are listed here: both are non-hydrogen atoms,e3 Å; one of the atoms
is hydrogen,e2.5 Å; and both atoms are hydrogens, 2.0 Å. No atom
pair was found to be below these distance cutoffs in the complexes of
galactose in any of the position-orientations.
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the overall geometry in a complex way. The interaction is
most stabilizing in the 1GCA and 7CEL position-orienta-
tions, and all of the interacting C-H atoms point directly
(ω ≈ 90) to a carbon atom in these complexes (Table 4).
Interestingly, the 1GCA position-orientation is observed in
the glucose/galactose transport protein (Kd ) 0.2 µM; 33),
and the 7CEL position-orientation is observed in an enzyme.
All of the other position-orientations that have lesser
stabilization energies are derived from lectins, which bind
to monosaccharides in a shallow surface groove with weaker
affinity (Kd values in the millimolar range;3).

Although the interaction energies for all the position-
orientations are negative, and hence stabilizing, significant
variations (-3.2 to -7.5 kcal/mol) are observed in these
energies. This clearly shows that, although the aromatic
residue contributes favorably to binding, the extent of
contribution is highly dependent on the position-orientation
of galactose relative to the aromatic residue. This, in turn,
is dictated by rest of the binding site, since galactose has to
optimize its interaction with respect to all of the residues in
the binding site, not just the aromatic residue.

The Nature of the Aromatic Residue Seems Less Critical
than the Position-Orientation.The interaction energies of
the complexes of Gal with the three aromatic residue
analogues are in the same range (Table 1), although it is
known that the C-H‚‚‚π interactions are influenced by the
nature of the molecule contributing theπ-electron cloud (21,
34). Thus, the nature of the aromatic residue seems less
critical than the position-orientation of the saccharide
relative to the aromatic ring. However, tryptophan is found
more frequently in Gal-binding sites than phenylalanine or
tyrosine. A likely reason for this is that the larger surface
area of tryptophan offers a wider range of position-
orientations for galactose to optimize its interactions with
the rest of the binding site without incurring any energetic
penalty.

The Results ProVide an Energetics-Based Explanation for
the Experimental ObserVations on the Site-Specific Mutations
of Aromatic Residues in Gal-Specific Proteins and the Role
of Aromatic Amino Acids in Distinguishing between Glucose
and Galactose.(1) The loss of the C-H‚‚‚π interactions
caused by mutating the aromatic residue reduces the enthalpy
and hence the free energy of binding. The interactions of
the C-H groups of Gal with nonaromatic amino acid
residues are much weaker than those with the aromatic
residues. The calculated strengths of the Gal-aromatic
analogue interactions are in the same range as those
calculated for hydrogen bonds (20, 27-32). It has been
shown that the loss of a hydrogen bond leads to significant
increase in dissociation constant (35-37). In view of this, it
is not surprising that mutating the aromatic residue has led
to loss of binding in sugar-binding proteins (10, 12-19).
Experimentally also it has been observed that mutating the
aromatic residue has a similar effect as that of mutating a
hydrogen bonding residue in sugar-binding sites (11, 13, 14,
38).

(2) Due to the apolar nature of the aromatic residue and
of theb face of galactose, binding of galactose to the protein
results in significant hydrophobic burial (the interaction
energies calculated in the present study do not include this
contribution). Such a hydrophobic burial also makes a
favorable contribution to free energy of binding. It is to be

Table 4: Key C-H‚‚‚π Interactions in the Gal-Aromatic Residue
Analogue Complexesa

distance (Å) from
atom/centroid/bondb

C-H
group nearest

second
nearest Dplane(Å)c θd ωe

1SLT Position-Orientation
(-3.2 kcal/mol; Complex with 3-Methylindole)

C4-H 2.4 (Cú2) 2.5 (Cú2-Cη) 2.4 16 88
C3-H 3.2 (Cε2-Nε1) 3.4 (Cε2-Cú2) 2.7 57 41

1HLC Position-Orientation
(-3.6 kcal/mol; Complex with 3-Methylindole)

C4-H 2.4 (Cú2-Cη) 2.5 (Cη) 2.4 24 81
C5-H 2.8 (Cε2) 2.8 (Cε2-Nε1) 2.8 29 92
C3-H 2.8 (Cú2) 3.0 (Cε2-Cú2) 2.1 49 45

2AAI Position-Orientation
(-3.8 kcal/mol; Complex with 3-Methylindole)

C4-H 2.3 (Cε2-Nε1) 2.4 (Nε1-Cδ1) 2.3 11 88
C6-HR 2.6 (Cú2-Cη) 2.7 (Cη) 2.6 24 96
C3-H 3.6 (Nε1-Cδ1) 3.7 (Cε2-Nε1) 2.8 49 70
C5-H 3.3 (Cú2) 3.4 (Cε2-Cú2) 2.8 60 56

1GAN Position-Orientation
(-5.7 kcal/mol; Complex with 3-Methylindole)

C3-H 2.9 (Cε2-Nε1) 3.1 (Cε2-Cú2) 2.4 31 57
C4-H 2.6 (Cú2) 2.6 (Cú2-Cη) 2.6 26 86
C5-H 2.8 (centroid; 5-

membered ring)
2.9 (Cδ2-Cε2) 2.8 21 89

7CEL Position-Orientation
(-6.6 kcal/mol; Complex with 3-Methylindole)

C1-H 3.0 (Cε3) 3.1 (Cú3-Cε3) 2.9 19 76
C3-H 2.9 (Cú3) 2.9 (Cη-Cú3) 2.8 18 74
C5-H 2.5 (centroid;

entire ring)
2.5 (centroid; 6-

membered ring)
2.5 11 91

1GCA Position-Orientation
(-7.5 kcal/mol; Complex with 3-Methylindole)

C3-H 2.7 (Cε3) 2.7 (Cú3-Cε3) 2.6 19 98
C4-H 3.2 (Cδ2-Cγ) 3.2 (centroid; 5-

membered ring)
3.1 36 86

C5-H 2.9 (Cε2-Cú2) 3.0 (Cε2) 2.9 17 101

1AX1 Position-Orientation
(-4.2 kcal/mol; Complex with Toluene)

C3-H 2.6 (Cε1) 2.6 (Cδ1-Cε1) 2.4 26 66
C4-H 2.8 (Cγ-Cδ1) 2.9 (Cη) 2.8 29 92
C5-H 2.7 (Cη) 2.9 (Cη-Cε2) 2.7 23 97

1BZW Position-Orientation
(-4.7 kcal/mol; Complex withp-Hydroxytoluene)

C4-H 2.5 (centroid of
the ring)

2.6 (Cγ-Cδ1) 2.4 21 91

C5-H 3.0 (Cη) 3.0 (Cη-Cε2) 2.9 36 103
C6-HS 3.2 (Cε2-Cδ2) 3.3 (Cε2) 3.0 35 110
C3-H 2.8 (Cε1) 3.0 (Cδ1-Cε1) 2.6 73 40

a Only those interactions for which any one of the distances ise3.1
Å and θ < 70° andω < 120° are listed here. The definitions of the
various geometric parameters and the cutoff values forθ and ω are
the same as specified by Nishio et al. (21); for distance, cutoff values
of 3.1 Å have been used instead of 3.05 Å.b The distances between
the hydrogen atom of the C-H group and all the atoms, bonds, and
centroid of the aromatic ring were calculated. The nearest and second
nearest are shown here. The midpoint was considered while calculating
the distance of the hydrogen atom from the bond. In 3-methylindole,
the centroid was calculated for the entire ring system and also for the
5- and 6-membered rings separately. The atom nomenclature is same
as that used for the corresponding atoms in tryptophan, tyrosine, and
phenylalanine.c Perpendicular distance of the hydrogen atom to the
plane of the aromatic ring. The interaction energy correlates with the
average deviation ofDplanefrom 2.9 Å (sum of the van der Waals radii
of carbon and hydrogen atoms; ref21) with a correlation coefficient
of 0.82. d Angle H-C-(nearest atom/centroid/bond of aromatic resi-
due). The interaction energy correlates with the average deviation ofθ
from 0 (i.e., when C-H‚‚‚nearest C atom are collinear) with a
correlation coefficient of 0.88.e The angle between the plane of the
aromatic ring and the plane formed by the hydrogen atom, nearest and
second nearest bond/centroid/bond. The interaction energy correlates
with the average deviation ofω from 90 with a correlation coefficient
of 0.97.
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noted that the experimentally observed binding free energies
(∆Gapp) are determined not only by the interaction energy
(enthalpies or∆Gbind) but also by other factors such as
desolvation energy and conformational reorganization energy
(32, 39). Determining the individual contribution of each of
these factors to the observed binding free energies is not
possible because of which the computed interaction energies
can only be qualitatively related to the results of site-specific
mutation studies.

(3) The aromatic residue plays a role in selectivity also,
i.e., in discriminating galactose from glucose. Comparing the
interaction energies for the Glc-aromatic residue analogue
complexes with the corresponding Gal complexes indicates
that the glucose-aromatic residue interactions are unfavor-
able (positive interaction energy; Table 1) in position-
orientations observed for galactose in Gal-specific proteins.
The interaction energies for the complexes of glucose are
favorable (i.e., negative) in 1GCA and 7CEL position-
orientations. This is not surprising, since the former posi-
tion-orientation is observed in glucose/galactose transporter
protein, which binds both glucose and galactose in the same
orientation (33); the latter position-orientation is observed
in a glucose-specific enzyme (40).

Galactose has two nonpolar surface patches: the first patch
is constituted by the hydrogen atoms bonded to C1, C3, and
C5 atoms. The second patch, which can also be viewed as
an extension of the first patch, is constituted by the hydrogen
atoms bonded to C4, C5, and C6. The latter is discernible in
galactose by virtue of the axial C4-OH group. The equa-
torially placed C4-OH group destroys this nonpolar surface
patch in glucose (Figure S1). The binding site architecture
in galactose-specific proteins has evolved in such a way that
the rest of the binding site residues (i.e., residues excluding
the aromatic residue) restrict galactose to interact with the
aromatic residue through the second hydrophobic patch. In
proteins such as the periplasmic glucose/galactose receptor,
which bind both glucose and galactose, the binding site
architecture is such that the aromatic residue interacts with
the first nonpolar surface patch.

The equatorially oriented hydrogen atom bonded to Gal-
C4 interacts with the aromatic residue in many position-
orientations, and this is replaced by the bulkier and polar
hydroxyl group in glucose. Hence, the interaction energy for
the glucose-aromatic residue analogue complex is higher
in many position-orientations observed for galactose in
galactose-protein complexes. Among the hypothetical com-
plexes of glucose (Table 1), the interaction energy is highest
in the 2AAI position-orientation due to the close proximity
of the C4-hydroxyl group to the aromatic ring (Table 3).
Even though the 1AX1 position-orientation is observed for
galactose in a Gal-specific protein, the interaction energy is
0.1 kcal/mol; the larger distance of the Glc-O4-H from
the aromatic ring in this case alleviates the repulsion. In
conformation I, the C4-O4-H atom is pointing toward the
aromatic ring. The interaction energy is higher when glucose
is in conformation II or III, possibly due to the repulsion
between the lone pair of electrons of the O4 atom and the
aromatic ring.

The Interaction Energies Calculated Using DFT and MP2
Correlate Well.An earlier study from our laboratory had
reported the relative interaction energies of the complexes
of galactose and of glucose with the aromatic residue

analogues; the calculations were performed using density
functional theory at U-B3LYP/6-31G**, and the relative
interaction energies for 51 position-orientations were com-
pared without any reference to the strength of the interactions
(26). The interaction energies calculated using MP2 theory
at the 6-311G++** level correlate well (correlation co-
efficient ) 0.98) with those calculated for the same
complexes using density functional theory (U-B3LYP/
6-31G**; Figure 4). Thus the trends in the interaction
energies observed in the present study seem to be applicable
to the galactose- and glucose-aromatic residue complexes
in the remaining 43 position-orientations also.

The interaction energies calculated using the MP2 method
are more negative than those obtained using the DFT method
because the former adequately assesses dispersive interac-
tions (41-45) but the latter does not (46-49). Since the
aromatic residue-sugar interactions are predominantly gov-
erned by C-H‚‚‚π interactions, which are largely dispersive
in nature, the stabilization from these interactions has not
been completely accounted for by DFT methods.

In summary, this study shows that the role of the aromatic
residue in galactose-binding sites is in detecting the subtle
differences in the hydrophobic patches of galactose and
glucose. The knowledge of the origin of the binding energy
is crucial for understanding the balance of forces that drive
binding. Hence this study will be a valuable guide for rational
design of sugar-binding sites. In addition, the results can be
used for protein redesign studies, as those published recently
by Hellinga and co-workers (50, 51).
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SUPPORTING INFORMATION AVAILABLE

Uncorrected BSSE interaction energies of galactose- and
glucose-aromatic analogue complexes in various position-

FIGURE 4: Correlation of the interaction energies calculated using
MP2/6-311G++** (this study) with those obtained using DFT/6-
31G** (26) for the galactose- and glucose-3-methylindole
complexes (correlation coefficient) 0.98). Only those position-
orientations for which the MP2-calculated interaction energy is
negative (Table 1) have been plotted. The correlation coefficient
is 0.97 if only the complexes of galactose are considered.
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orientations (Table S1), stereoviews of the complexes of
galactose and glucose in conformations I, II, and III with
the aromatic residue analogues in the eight position-
orientations (Figure S1), and structures obtained during the
intermediate stages of optimization of the glucose-3-
methylindole complex in the 2AAI position-orientation
showing the buckling of the aromatic ring and flattening of
the pyranose ring at C4 (Figure S2). This material is available
free of charge via the Internet at http://pubs.acs.org.
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