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Aromatic residues play a key role in saccharide-binding sites. Experimental studies have given an estimate
of the energetics of saccharide—aromatic residue interactions. In this study, dependence of the energetics
on the mutual position-orientation (PO) of saccharide and aromatic residue has been investigated by
geometry optimization of a very large number (164) of complexes at MP2/6-31G(d,p) level of theory. The
complexes are of Tyr and Phe analogs with o/B-p-Glc, B-p-Gal, o-pD-Man and o/f-L-Fuc. A number of
iso-energy POs are found for the complexes of all six saccharides. Stacking and non-stacking modes of
binding are found to be of comparable strengths. In general, complexes of p-OHTol are stronger than
those of Tol, and those dominated by OH---O interactions are more stable than ones dominated by CH:--xt
interactions. The strengths of OH---O/r interactions, but not those of CH:--xt, show large variations. Even
though an aromatic residue has a large variety of POs to interact with a saccharide, distinct preferences are
found due to anomeric and epimeric differences. An aromatic residue can interact from either the a- or
b-face of Glc, but only through the b-face with Gal, its C4-epimer. In contrast, stacking interaction with
Man (C2-epimer of Glc) requires the participation of the -CH,OH group and free rotation of this group,
as is observed in solution, precludes all modes of stacking interactions. It is also found that an aromatic
residue can be strategically placed either to discriminate or to accommodate (i) anomers of Glc and of Fuc
and (ii) Gal/Fuc. Thus, analysis of the optimized geometries of by far the largest number of complexes,
and with six different saccharides, at this level of theory has given insights into how Nature cleverly uses
aromatic residues to fine tune saccharide specificities of proteins. These are of immense utility for protein

engineering and protein design studies.

Introduction

Several biochemical, spectroscopic and crystallographic studies
have established the importance of aromatic residues in carbo-
hydrate-binding sites.' In fact, E. coli maltoporin has a platform
of aromatic residues on which maltose slides while moving
across the membrane.” Analyses of the 3-D structures of binding
sites in proteins showed that Trp has the highest propensity
among the twenty amino acid residues to be in a carbohydrate-
binding site.®> Saccharides can interact with Trp and other aro-
matic residues through H-bonding interactions such as NH---O,
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OH:-- and CH---O. In addition, a saccharide can ‘stack’ on an
aromatic residue through CH---m interactions. In fact, stacking
often seems to be the preferred mode of interaction.

A number of experimental and computational studies have
investigated the interactions between saccharides and aromatic
residues in general and the contribution of CH---m interaction to
the affinity and specificity of binding in particular.*”’ Changes in
the chemical shifts (6) of the pyranose ring H atoms brought
about by the addition of aromatic molecules (e.g., benzene and
Trp) have been used to infer CH---m mediated stacking inter-
actions.* From such studies, it has been deduced that (i) galac-
tose, but not mannose, can stack against benzene ring,**“ (ii) the
anomers of galactose differ in the way they interact with Phe or
Trp, but the anomers of glucose interact in the same way, and
(iii) galactose can stack on benzene in water but not in DMSO or
acetonitrile.*” The gas phase interactions of methylglycosides of
glucose, galactose and fucose with toluene, investigated by infra
red ion-dip (IRID) measurements, showed that multiple modes
of interactions are possible.” The interactions between a sacchar-
ide and an aromatic residue have also been investigated when
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these moieties are part of dicarboxy cyclohexanediol® or a
12-residue B-hairpin.6 In these studies, no differences were
found in the interactions due to a change in the configuration at
C4 atom (i.e., glucose versus galactose); also, no differences
were found in the interactions of glucose with Trp and Phe. In
the case of end-protected phenylalanine, the methylglycoside
derivatives of saccharides were found to interact only through
the backbone -NH and —CO groups, there were no interactions
through the phenyl ring.”*”

The enthalpies of solvation of saccharides or their derivatives
with benzene have been measured by calorimetric methods.***
The enthalpy of solvation of mannose (~ —18 kcal mol™") was
found to be less than that of galactose (~ —21 kcal mol™"). The
difference in the solvation enthalpies (2.4 kcal mol™") has been
suggested to arise due to CH---m interactions.* Using NMR
spectroscopy, AH for the binding of B-1,4-linked (GlcNAc); to
the peptide AcAMP2, or its Phe — Trp or 2-naphthyl-Ala var-
iants, was found to range between —10.8 and —15.3 kcal mol™".°
In addition, this study found that the association constant and
binding enthalpy increase with the size of the aromatic group
and that the association weakens when Phe is replaced by
4-fluoro-Phe.

Quantum chemical calculations on saccharide—aromatic
residue complexes have also been employed to quantify CH---n
interactions. The calculations have been performed at different
levels of theory: MP2/6-31G(d,p),* MP2/6-31+G(d),'® MP2/6-
3114G(d),"  MP2/6-311+G(d,p),'*>  MP2/6-311++G(d,p),"?
CCSD(T)“[mt,'4 MO05-2X with Dunnings basis sets,'”” DFT-D/
TZV2D'® and DFT-D BP/def-TZVPP.'” The saccharides con-
sidered in these studies are glucose, galactose, xylose and
fucose, and the aromatic residues are Trp, 3-methylindole
(3-Meln; Trp analog), p-hydroxytoluene (p-OHTol; Tyr analog),
toluene (Tol; Phe analog), benzene and coronene. The interaction
energy depends on the relative position-orientation (PO) of the
saccharide and the aromatic residue. In some of these studies,
the POs have been taken from high-resolution structures of
protein—carbohydrate complexes and these POs correspond to
stacking mode of the interaction. In all these studies, the inter-
action was found to be stabilizing, with the magnitude varying
between 2 and 12 kcal mol™", except when glucose is taken in a
PO observed for galactose.'**

Experimental studies on model systems have been able to
indicate whether or not a saccharide can interact with an aromatic
residue through stacking.* Some of the studies have also been
able to find the enthalpy of interaction.*®° However, the mode
of binding cannot be deduced from these studies. The ab initio
calculations reported so far have considered only a limited
number of POs, especially those observed in protein—carbo-
hydrate complexes.'®!” However, it is of relevance to determine
other POs in which a saccharide can stack favorably on an aro-
matic residue. Such data provide knowledge about the potential
energy surface of this binary complex and in turn, can be used to
understand such phenomena as the energetics of transport across
an aromatic platform as found in maltoporin.'® In view of this,
interaction energies for the saccharide—aromatic residue com-
plexes have been calculated in a very large number of POs
obtained by Monte Carlo sampling (Table 1). The six diastereo-
meric hexoses o-p-glucose, B-p-glucose, B-p-galactose, o-D-
mannose, o-L-fucose and B-L-fucose have been considered to

Table 1 The number of complexes optimized

Aromatic residue

Saccharide p-OHTol Tol
o-D-Glucose 22 214
B-p-Glucose 18 9
B-p-Galactose 12 10
o-D-Mannose 12 10
o-L-Fucose 12 12¢
B-L-Fucose 13 13¢
Total 89 75

“In these cases, two different initial geometries converged to the same
geometry after optimization. Hence, data are given for only 72
complexes.

delineate differences, if any, in the patterns of interactions due to
changes in the configurations of carbon atoms i.e., anomers
(o0 versus B of glucose and fucose), and C2 (glucose and
mannose) and C4 (glucose and galactose) epimers (Fig. 1). In
the present study, interaction energies are reported with p-OHTol
(Y-series of complexes) and Tol (F-series of complexes). These
data have been compared with those for the complexes of these
six hexopyranoses with 3-Meln (W-series of complexes)
reported recently.'”

Based on the observation that the main chain atoms of the aro-
matic residue and bound galactose are on opposite sides of the
aromatic ring in galactose-specific proteins, it has been suggested
that the contribution of the main chain atoms to the interaction
energy will be negligible.”® Hence, p-OHTol and Tol were used
as analogs of tyrosine and phenylalanine, respectively (Fig. 1).
The saccharides are in the pyranose form and in their respective
preferred chair conformations: *C; for p-glucose, p-galactose
and p-mannose, and 'C, for L-fucose. The initial structure used
for conformational sampling of a-p-glucose—p-OHTol complex
was taken from a protein—carbohydrate complex. The o-p-
glucose—Tol complex was generated by replacing the —OH group
of p-OHTol by a hydrogen atom. The other complexes were gen-
erated from these two by suitably changing the configuration of
the appropriate carbon atom(s) of a-p-glucose. All the 12 differ-
ent aromatic—saccharide complexes were subjected to stochastic/
Monte Carlo sampling. The initial geometries for geometry
optimization were chosen such that the intra-molecular inter-
actions are primarily of CH---w type. The conformation of the
—OH and —CH,OH groups were chosen such as to maximize
intra-molecular H-bonding with the objective that OH---n inter-
actions are minimized. This was because the primary objective
of this study is to explore the stacking interactions between sac-
charides and aromatic residues.

Results
Stability of the complexes

The presence of the —OH group makes the Y-series complexes
stronger than those of F-series for a given saccharide. Between
9 and 22 geometries were optimized for each saccharide and
aromatic residue analog pair (Table 1). Details of the various
interactions in the binary complexes of the Y- and F-series are
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Structures of, and atom nomenclatures employed for, p-OHTol and Tol (fop row, left to right), a-p-glucose, B-p-glucose and B-p-galactose

(middle row, left to right), and o-pD-mannose, o-L-fucose and B-L-fucose (bottom row, lefi to right). The atom names for p-OHTol and Tol are the same
as those used for the equivalent atoms in tyrosine and phenylalanine, respectively. The conformations of -OH, —CH; and -CH,OH groups have been
set arbitrarily for the purpose of this illustration. Only non-hydrogen atoms are labeled. Color scheme: C — black, O — red, and H — ivory.

given in Tables S1 and S2,7 respectively, and the renderings of
these complexes, along with the distances for key inter-atomic
interactions, are given in Fig. S1-S12.1 Interaction energies were
computed for all the 161 binary complexes (Table 2). In general,
the complexes of p-OHTol are more stable than those of Tol for
a given saccharide. This stabilization is to the extent of 3.8 to
7.8 keal mol™" at the upper bound of the interaction energy spec-
trum and 0.4 to 2.4 kcal mol™" at the lower bound (Fig. 2). This
additional stabilization is obviously due to the —OH group of p-
OHTol. The interaction energies reported for POs found in
protein—carbohydrate complexes are also in the same range,
although the basis sets used in these studies are slightly different:
MP2/6-311+G(d)"" and MP2/6-311++G(d,p).'**

Types and strengths of interactions

There is no correlation between the type and strength of inter-
actions. Overall, four types of interactions are seen: CH---w,
CH---O, OH:--m and OH---O. As expected, py., decreases as the
distance between the interacting atoms increases (Fig. S13+) and
higher py,, implies stronger interactions. All the interactions that
have ppe, >0.0150 au. are of OH---O type; however, the

converse is not true i.e., pyp is not greater than 0.0150 for all the
OH---O interactions (Tables S1 and S2t). For the CH---O and
OH---O interactions, the CH and OH groups can be from either
the saccharide or the aromatic residue. In the W-series, the
NH---O interactions have lower py,, compared to OH---O in the
Y-series, since the H-N atom is restricted to being in the plane
of the aromatic ring. The —OH group of p-OHTol acts as a
H-bond donor rather than as an acceptor in most of its inter-
actions. The OH---x interaction is observed in the F-series (16
instances in 72 complexes) more often than in the Y-series (14
instances in 89 complexes); however, its frequency is highest in
the W-series (29 instances in 65 complexes) because of the two
ring aromatic system. The OH:--n and CH:--n interactions with
Prvep >0.0150 are found only in the W-series.'”

The CH---O type of interactions are weaker and are restricted
to the Y-series complexes. The CH:--O interactions occur less
frequently than the CH---x type. Most of the CH---O interactions
are by the —CHj; group of p-OHTol and Tol (equivalent to CB of
Tyr and Phe); the CH groups of the aromatic ring and saccharide
participate in only a few complexes. The CH:--O interactions
wherein the C-H is from a saccharide are observed only in the
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Table 2 Interaction energies (in kcal mol™") for the complexes of saccharides with p-OHTol (Y-series) and Tol (F-series)”

o-D-Glucose B-p-Glucose B-p-Galactose o-D-Mannose o-L-Fucose B-L-Fucose

Y-1a -16.40 Y-2a —13.02 Y-3a —14.35 Y-4a —12.04 Y-5a —10.32 Y-6a -13.69
Y-1b —14.49 Y-2b —12.04 Y-3b -13.02 Y-4b —11.47 Y-5b —-10.16 Y-6b -9.96
Y-1¢ —13.63 Y-2¢ —12.04 Y-3¢ —13.02 Y-4¢ —11.04 Y-5¢ —-10.14 Y-6¢ —8.48
Y-1d —12.31 Y-2d —11.65 Y-3d —12.66 Y-4d —10.43 Y-5d -8.91 Y-6d -7.37
Y-1e -11.50 Y-2e —11.45 Y-3e -12.20 Y-4e -10.28 Y-5e —6.86 Y-6e —-7.06
Y-1f —11.50 Y-2f -11.37 Y-3f -11.27 Y-4f -9.18 Y-5f —6.86 Y-6f —6.49
Y-1g —-10.16 Y-2¢g -11.33 Y-3g -11.25 Y-4g —8.94 Y-5g —6.68 Y-6g —6.30
Y-1h -9.95 Y-2h —11.04 Y-3h —11.04 Y-4h —6.53 Y-5h —6.51 Y-6h —6.30
Y-1i -9.66 Y-2i -9.89 Y-3i —-10.83 Y-4i —6.24 Y-5i —5.87 Y-6i —6.20
Y-1j -9.23 Y-2j -9.89 Y-3j -9.25 Y-4j —-5.99 Y-5j —-5.70 Y-6j —5.95
Y-1k -8.73 Y-2k -7.30 Y-3k -7.97 Y-4k =573 Y-5k —5.62 Y-6k —5.80
Y-11 —8.49 Y-21 —6.79 Y-31 —6.70 Y-41 —4.88 Y-51 -5.15 Y-61 —5.80
Y-1m -8.41 Y-2m —6.64 Y-6m -5.21
Y-1n -8.16 Y-2n —6.01

Y-1o -7.83 Y-20 -5.50

Y-1p -7.83 Y-2p -5.43

Y-1q —7.66 Y-2q -5.07

Y-1r —7.66 Y-2r —4.38

Y-1s —6.73

Y-1t —6.34

Y-1u —6.17

Y-1v —6.07

F-1a —8.58 F-2a -8.22 F-3a -7.26 F-4a -7.12 F-5a —6.50 F-6a —6.70
F-1b —-8.06 F-2b —6.87 F-3b —-6.81 F-4b =7.12 F-5b —6.34 F-6b —6.12
F-1c =775 F-2¢ —6.59 F-3c —-6.74 F-4c —6.33 F-5¢ —6.16 F-6¢ —6.02
F-1d —6.76 F-2d -6.31 F-3d —6.42 F-4d —5.58 F-5d —6.10 F-6d —5.94
F-le —6.17 F-2e¢ —5.73 F-3e —6.35 F-4e -5.56 F-5e —5.57 F-6e —5.73
F-1f —6.10 F-2f -5.59 F-3f —6.25 F-4f -5.16 F-5f -5.35 F-6f —5.66
F-1g -5.92 F-2g =5.11 F-3g =597 F-4g —4.95 F-5g -5.26 F-6g -5.51
F-1h —5.74 F-2h —4.76 F-3h —5.87 F-4h —4.63 F-5h -5.26 F-6h -5.22
F-1i -5.72 F-2i -3.47 F-3i =573 F-4i —4.26 F-5i -5.12 F-6i —4.94
F-1j -5.49 F-3j -5.37 F-4j —4.13 F-5j —4.70 F-6j —4.94
F-1k -5.39 F-5k —4.16 F-6k —4.88
F-11 —5.37 F-61 —4.82
F-1m —5.25

F-1n -5.12

F-lo —4.96

F-1p —4.90

F-1q —4.86

F-1r —4.32

F-1s —4.03

F-1t -3.70

“The geometry optimized complexes are arranged in the increasing order of interaction energies and numbered as Y-(1a-1v), F-(1a-1t),.... The Y-
series consists of Y-1, Y-2, Y-3, Y-4, Y-5 and Y-6 which are complexes of p-OHTol with o-p-glucose, B-p-glucose, B-p-galactose, o-p-mannose, o-L-
fucose, and B-L-fucose respectively. Similarly for the F-series. In three cases of F-series, two different initial structures converged to the same structure

after geometry optimization; these final structures are F-1d, F-5g and F-6c.
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Fig. 2 Interaction energies of the various complexes of Y-series (left panel) and F-series (right panel).
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Fig. 3 Cumulative frequency graphs for the electron densities (o, % 1072) of 385 interactions found in the 89 complexes of the Y-series, 282 inter-
actions found in the 75 complexes of the F-series and 276 interactions found in the 65 complexes of the W-series.

(B)

Fig. 4 Superposition of the complexes Y-1o and Y-1r (A) and Y-5e and Y-5f (B) using p-OHTol as the reference. It can be seen that the saccharide
can interact with p-OHTol from either of the two sides of the planar ring due to the symmetrical disposition of the n-electron cloud. In (B), the two
complexes are related to each other by C2 symmetry (CG—CZ axis) and have the same interaction energy. Other such symmetry-related pairs of binary
complexes are {Y-le, Y-1f}, {Y-1lo, Y-1p}, {Y-1q, Y-1r}, {Y-3b, Y-3c}, {F-4a, F-4b}, {F-5g, F-5h} and {F-6i, F-6j}. In each of these cases, the

corresponding initial geometries did not have any symmetry relationship.

Y-series and not in the F- or W-series for obvious reason. Only a
few complexes have more than one CH---O interaction. The
CH---O and multiple CH---n interactions are found mostly in
complexes that span the lower spectrum of interaction energies.

F-series complexes tend to be weaker than those of Y- and W-
series. Cumulative frequency graphs were plotted for the 385
interactions found in the 89 complexes of the Y-series, the 282
interactions found in the 75 complexes of the F-series and the
276 interactions found in the 65 complexes of the W-series
(Fig. 3). It is clear from these graphs that the strongest inter-
actions are found in the Y-series. The highest p,, found for an
interaction is 0.0344 in the Y-series and 0.0132 a.u. in the
F-series [0.0274 a.u. in the W-series]. Only 31% of all the inter-
actions found in the Y-series have pyo, >0.0100 a.u. In the F-
and W-series, these are 9 and 38%, respectively. This suggests

that the interactions of saccharides with Tol are more likely to be
weaker than those with p-OHTol or 3-Meln.

Symmetry of the aromatic ring and symmetry-related POs

Symmetry-related complexes exist in the Y- and F-series, but
not in the W-series. The m-electron cloud is distributed symme-
trically across the plane of the aromatic ring. In addition, p-
OHTol and Tol are symmetrical about the axis passing through
the CG and CZ atoms (Fig. 1). Studies with model systems have
shown that the aromatic ring can serve as an acceptor of C—H
groups from both sides.'” Consequently, it is not surprising that
(1) the saccharides can interact from both above and below the
plane of the aromatic ring without compromising on the inter-
action energy (Fig. 4A) and (ii) a few pairs of binary complexes
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Fig. 5 Representative non-stacking complexes taken from the Y-series. The OH:--O and OH---n interactions are dominant in these complexes.
Shown here are the binary complexes of p-OHTol with (A) o-p-glucose (Y-1a), (B) B-p-galactose (Y-3i) and (C) B-L-fucose (Y-6¢). Other complexes

of this nature are Y-(1¢, 2b, 2d, 2i, 3a, 3d, 3e, 3h, 4a, 4d, 4e, and 6a).

are related by symmetry (Fig. 4B). Understandably, such sym-
metry-related complexes are not observed in the W-series.

Diversity of binding poses

A variety of stacking and non-stacking modes are available for
binding. Visualization of the geometry optimized complexes
(Fig. S1-S127) clearly shows that a saccharide can interact with
an aromatic residue in a large variety of poses. The saccharide
stacks clearly on the aromatic ring (vide infra) in many of these
poses whereas in few others, there is no stacking. An aromatic
ring can interact with a saccharide either from above or below
the pyranose ring (stacking type) or along the periphery (non-
stacking type). Clearly, CH---xt interactions are prevalent in the
former, whereas OH:--O and OH---& interactions predominate in
the latter mode of binding and often give rise to non-stacking
geometry.

Non-stacking complexes. These complexes are primarily
stabilized by OH---O and OH---r interactions (Fig. 5, Table S17)
and the H-bond donor is often the —OH group of p-OHTol
(Fig. S1-S67). The hydroxyl hydrogen atoms deviate from the
plane of the aromatic ring (CZ-OH dihedral angle: 10-50°) to
facilitate the formation of a strong OH---O interaction. py, for
these interactions ranges between 0.0344 to 0.0177 a.u.
(Table S17). Although CH:--m interactions are also seen in some
of these complexes, they are weaker than the OH---O interactions
present in the same complex. In fact, glucose and galactose
prefer to interact with end-protected phenylalanine through
OH:--:O and NH::-O interactions, rather than through CH:--x
interactions in the gas phase.”*” The complex Y-2q is an
unusual non-stacking complex wherein the complex is essen-
tially stabilized by CH:--O interactions. In the F-series, non-
stacking binding pose is observed only in F-(1a, 1b and 3d)
(Table S2+). In these complexes, the —OH group of the sacchar-
ide forms OH---& interaction (Fig. S7, S97). In the W-series, the
non-stacking complexes are dominated by NH---O and/or
OH---& interactions.

Stacking complexes. Most of the complexes obtained on
optimization are in stacking geometries and the extent of

stacking varies: from full or partial stacking of the pyranose ring
to stacking of the —-CH,OH group along with one C—H group
from the pyranose ring. These complexes span a wide range of
interaction energies. The interaction energies of the stacking and
non-stacking type of complexes are comparable. This is so even
for the fucose—benzene complexes: the interaction energies
[ECCSD(T)(limit)] for the non-stacking (OHTC mediated) type are
between —5.5 and —4.0 kcal mol™" and for the stacking type
(CH---n mediated), between —4.9 and —4.4 kcal mol™'.'*
However, unlike the fucose—benzene study where only four POs
were considered for each type, in the present study, the number
of complexes which are of stacking type is far more than that of
non-stacking type (Tables S1 and S2+).

Non-stacking complexes are stronger than stacking complexes
due to stronger OH/NH:--O and OH:--r interactions. All the
types of interactions present in non-stacking complexes are also
present in stacking complexes. “Are the strengths of interactions
stabilizing the non-stacking complexes different from those in
stacking complexes?” To answer this question, the cumulative
frequency graphs for the strengths (pycp) of interactions were
examined for each type of interaction by including/excluding the
non-stacking complexes (Fig. 6). Clearly, the difference between
stacking and non-stacking complexes lies primarily in the
number of OH---O/NH---O and OH:--x interactions of higher
strength. It is found that (i) a larger number of OH:--O inter-
actions of relatively higher py,, are present in non-stacking com-
plexes than in stacking complexes in the Y-series. Similarly, for
the NH:--O type interactions in the W-series. (ii) In the Y-series,
the stronger OH---m interactions are present in non-stacking com-
plexes, whereas in the F- and W-series, the strength of OH---nt
interaction is similar in both stacking and non-stacking com-
plexes. (iii) A few interactions in stacking complexes can be as
strong as those in non-stacking complexes.

The strengths of OH:--O type of interactions show largest
variation. The cumulative frequency plots show that the pyp
values of the OH---O interaction show the largest variation and
those of CH:--:O show the least variation. By implication, a
CH---O interaction may be inferred to contribute to the same
extent in different complexes. In contrast, the contribution of an
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Fig. 6 Cumulative frequency graphs for the electron densities (ppep * 107) of the OH---O/NH---O (A), OH---xt (B), CH---O (C) and CH---1t (D)
interactions observed in the Y-series (red square), F-series (green triangle) and W-series (violet circle). The graphs were plotted either by considering
all the complexes (filled symbols) or by excluding the non-stacking complexes (unfilled symbols).

OH---O interaction can be either substantial or insignificant.
Thus, as such, presence of OH---O interaction in a protein—
carbohydrate complex does not indicate how important it is,
especially when the data is from X-ray crystallography, since the
location of hydrogen atoms cannot be precisely determined in
such studies.

Asymmetry of the pyranose ring and preferred stacking modes

The size and location of the apolar patch is related to the con-
formation of the —-CH,OH group and configuration of the pyra-
nose ring carbon atoms. The nature of atoms in the a-face and
b-face of a pyranose ring depends on the configuration of the
carbon atoms and the conformation of the pyranose rings (Fig. 1
and Fig. S147). The size/area of the apolar patch in the a/b-face
of a saccharide depends on the configuration of the carbon atoms
and the conformation of the —CH,OH group, which rotates
freely in solution. The three staggered rotamers gg, gt and g
(Fig. S15%) are populated to various extents.>' For example, the
apolar patch formed by C3-H, C4-H and C5-H atoms in B-p-
galactose can be extended if the -CH,OH group is in gg or gt
conformation.

Saccharides display very distinct stacking preferences. The
stacking complexes were analyzed to gain insight into the prefer-
ences for binding through a-face or b-face and the apolar patch
involved in stacking (Table 3). Overall, the interaction energies
of the a-face and b-face complexes are, in general, comparable
to each other, although in some cases the most stable complex is

either from the a-face or b-face. The preference for a-face or
b-face is absolute in the case of B-p-galactose (only through the
b-face) and B-L-fucose (only through the a-face) (Fig. 7). Even
a-L-fucose prefers to interact through the a-face since interaction
through the b-face is seen in only one complex with p-OHTol
(Y-5¢) and 3-Meln (W-5j). a-p-Glucose and B-p-glucose can
interact through either the a-face or b-face (Fig. 7). However,
o-D-glucose for b-face interaction and B-p-glucose for a-face
interaction require the participation of the —CH,OH group
(Table 3). Even though a-p-mannose also can interact through
either a- or b-face, the participation of the —CH,OH group is
critical for its interaction because of the axial -OH group on C2
(a-face) and C1 (b-face) atoms. Free rotation of the —CH,OH
group, as happens in solution, precludes all the modes of stack-
ing interactions. This explains the observation that galactose, but
not mannose, can stack against benzene.**¢

The stacking complexes in the Y-series were superposed on
each other using aromatic ring as the reference (Fig. S167).
Such a superposition was performed separately for the stacking
complexes of F- and W-series also. No specific PO is preferred
by any of the six saccharides, implying that any of the six
saccharides can interact with the aromatic residue from a
given position. In contrast, superposition of all the stacking com-
plexes of a saccharide with any of the three aromatic residues
p-OHTol, Tol, and 3-Meln showed dramatic patterns and
preferences:

(1) Comparison of the complexes of o-p-glucose and B-p-
glucose (Fig. 8A, B; Movie S1t) and of o-L-fucose and B-L-
fucose (Fig. 8E, F; Movie S2t) shows that the configuration of
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Table 3  Apolar patches that interact with the aromatic residue®

alb Face

Saccharide  interaction Descriptions of apolar patch interaction

o-D- a AP-124 (mainly), AP-466 (few cases)

Glucose b AP-356 or AP-566. At least one C6—H
projects towards the centroid of the
aromatic ring

B-p- a AP-246

Glucose b AP-135. C1-H, C3-H and C5-H are
perpendicular to the aromatic ring in
some complexes. In others, any one of
these three C—H groups projects towards
the centroid of the aromatic ring

B-p- a No stacking

Galactose b AP-135 or AP-345 with/without the
participation of C6-H

o-D- a AP-466

Mannose b AP-566 in the Y- and F-series, AP-356

in the W-series
o-L-Fucose a AP-345. One of the three C—H groups
projects towards the centroid of the
aromatic ring in the F- and Y-series; two
such interactions in the W-series
b AP-12 in both Y-5c and W-5a

AP-135 or AP-345, with/without the
participation of C6—H
b No stacking

B-L-Fucose a

“For brevity, abbreviations such as “AP-124” are used to refer to apolar
patches. “AP” denotes “apolar” and “124” indicates that this apolar
patch is formed by the C1-H, C2-H and C4-H groups.

the anomeric carbon determines the POs that allow favorable
interactions. Thus, an aromatic residue can be used for anomeric
discrimination in the case of glucose and fucose.

(i1) The distinctive differences in the preferred binding modes
of B-p-glucose and B-p-galactose (Fig. 8B, D; Movie S31) and
of a-p-glucose and a-p-mannose (Fig. 8A, C; Movie S41) shows
that the aromatic residue can also be used to discriminate
epimers.

(iii) Even though B-p-galactose and B-L-fucose (6-deoxy-L-
galactose) use similar regions for stacking due to their topologi-
cal similarities, some differences do exist because, upon super-
position, C3 and C2 atoms of galactose overlap on the C5 and
05 atoms of fucose and vice versa (Fig. 8D, F; Movie S57).
Thus, the position of the aromatic residue can be tuned either
to accommodate both galactose and fucose (using AP-135)
or to discriminate between them (using the —CH; and —OH

groups).

Intramolecular H-bonds and interaction energies in stacking
complexes

The —OH groups, when not engaged by other interactions, can
contribute to stability by additional interactions. The —OH and
—CH,OH groups of a saccharide can form an arc of intramolecu-
lar hydrogen bonds: O1::-:02::-:O3---:04---06 (Fig. 1) depending
on the conformation of the —OH/~CH,OH groups and the
configuration of the carbon atoms. In the case of a-p-mannose,
the —OH group at C1 cannot participate in intramolecular hydro-
gen bonding due to its axial orientation. Instead, it can partici-
pate in OH---n (Tol, p-OHTol, 3-Meln) or OH---O (p-OHTol)

Y6 F-6 wW-6
Y5 X F-5 W-5 X
Y4 co ® 00 o F4 00000 w4 o o w©oo ?'
Y-3 A A A A A F-3 AAMMA W-3 A AMAAA gh
Y2 = mmm ] F-2 I mmm w-2 EEE @
Y1 O © F-1 o W w1 9O 4
Y6 o @@OO F6 oQ@O W6 o0 00 ©®
Y5 X X XX F-5 M MKK w5 KRKKKK
Y4 [e]e] F4 000 W4 [o] 000 ?h
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Interaction Energy (kcal/mol)

Fig. 7

Interaction energies (along the horizontal axis) for the stacking complexes of the Y-series (left panel), F-series (middle panel) and W-series

(right panel). A different symbol has been used for each saccharide merely to assist in visual association of the data for the same group of complexes
in the upper and lower halves of each panel. Nomenclature of the various complexes viz., Y-1, Y-2, efc. are as described in the footnote to Table 2.

The interaction energies are from Table 2 for Y- and F-series.
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(A)

(B)

(D)

(E)

(F)

Fig. 8 Stereo views of the superposed stacking complexes of o-p-glucose (A), B-p-glucose (B), o-p-mannose (C), B-p-galactose (D), a-L-fucose (E)
and B-L-fucose (F) with all the three aromatic residues. The atoms of the pyranose rings were used as reference for structural superposition. p-OHTol is
rendered in cyan, Tol in magenta and 3-Meln in yellow. The carbon and oxygen atoms of the saccharides are in green and red, respectively. Hydrogen
atoms have been omitted for visual clarity. The saccharides are oriented in the same way in all the six panels to enable visual comparison of binding

preferences.

interaction. These intermolecular H-bonds affect the interaction
energy of binary complexes. However, NMR spectroscopic
studies of glucose, galactose and lactose at temperatures as low
as —20 °C have shown that the hydroxyl protons are more or less
free rotors, except for the —OH group at glucose:C3 when it par-
ticipates in inter-residue hydrogen bond (O3-H---O5') in
lactose®® although some of the C—-O torsions show biased
sampling.”> The —CH,OH group also can rotate freely in
solution.

The interaction energies of the complexes F-3a and F-3c
differ from each other by 0.5 kcal mol™" (Table 2). The C-H
groups at C3, C4 and CS5 participate in CH---n interactions in
both these complexes (Fig. 9A). However, in F-3¢, the C6-H
group also interacts with the aromatic residue. Despite this
additional CH:--n interaction, F-3c¢ is less stable (by ~0.5 kcal
mol™") than F-3a. This is presumably because of the intramole-
cular H-bonds formed by the —OH groups of the saccharide in
F-3a (Fig. S17t). The conformation of the -CH,OH group does

not obviously affect the interaction energy if the PO is such that
the aromatic ring is away from this group (Fig. 9B and 9C).

Potential energy surface of the complexes

Potential energy surfaces of saccharide—aromatic residue com-
plexes are shallow. Some pairs of binary complexes have very
similar POs. Even such small differences in the POs may lead to
gain/loss of interactions (Fig. 10). For example, the O4-H---OH
interaction is absent in Y-2m (—6.64 kcal mol™") but is present
in Y-2k (—=7.30 kcal molfl) (Table S1t). Comparison of F-5¢
(—6.16 kcal mol™") and F-5e (—5.57 kcal mol™") shows that the
C6-H---CEl interaction is absent in the latter whereas the
C3-H---CD2 interaction is marginally stronger in the former
(Table S27). Such is also the case between W-(4l, 4m) (—7.95,
—7.08 kcal mol™!). Both W-(6f, 6i) (—=9.04, —8.17 kcal mol™})
have a CH:--m interaction mediated by AP-345 and a CH---O
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(A) (B) ©)

Fig. 9 Superposition of pairs of complexes which differ from each other in the conformation of the —OH and/or —CH,OH groups of the saccharide.
(A) B-p-Galactose—toluene complexes F-3a (cyan) and F-3¢ (magenta). The -CH,OH group is in gg and gf conformations in F-3a and F-3c¢, respect-
ively (Fig. S97). (B) a-p-Glucose—p-OHTol complexes Y-1k and Y-Im wherein the -CH,OH group is in gf and gg conformations, respectively
(Fig. S17). (C) a-p-Glucose—Tol complexes F-1i and F-1j wherein the -CH,OH group is in 7g and gt conformations, respectively (Fig. S77).

Fig. 10 Structural superposition of pairs of complexes which differ from each other marginally in their PO. (A) Y-(2k, 2m), (B) F-(5¢, 5e), (C)
W-(41, 4m) and (D) W-(6f, 6i). The atoms of the pyranose rings were used as reference for superposition. In all the four cases, the interaction energies
of the superposed binary complexes differ from each other by <1 kcal mol™".

interaction. But the marginal change in the PO results in the gain There are also pairs of POs that have quite different POs but
of a C6-H---N1 interaction in W-6f>* As can be seen, the have comparable interaction energies. Many of these are in the
changes in interaction energies are <1.00 kcal mol™' due to upper end of the interaction energy spectra. For example, in the
these marginal differences in the POs. Y-5 series, the interaction is through different POs in Y-(5a, 5b,
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A)

(B)

Fig. 11  Structural superposition of complexes which differ substantially from each other in their positions. (A) Y-(5a, 5b, 5d) and (B) F-(6a, 6¢, 6d,
6g). The atoms of the pyranose rings were used as reference for superposition. The difference in interaction energies of the superposed binary com-
plexes is not more than 1.00 and 1.50 kcal mol™" for (A) and (B), respectively. Hydrogen atoms are not shown for visual clarity.

Fig. 12 Representative stacking complexes are from Y, F, and W series dominated by CH---n interactions (cyan dotted lines). (A) Y-6m, (B) F-5i and

(C) W-5e.

5¢) but the interaction energies are comparable (—10.32, —10.16
and —10.14 kcal mol™", respectively) (Fig. 11A). Another such
example comes from the F-6 series (Fig. 11B): F-(6a, 6c¢, 6d,
6g) [-6.70, —6.02, —5.94, —5.51 kcal mol™']. This indicates that
comparable interaction energies can still be obtained by substan-
tial change in positions indicating that the PES is shallow; a
similar inference was drawn recently from a DFT-D study on the
complexes of benzene and saccharides.'” These are the iso-
energy points on the potential energy surface (PES); however,
data from the present study is inadequate to draw any inferences
on the path joining such iso-energy points and the energy bar-
riers between them.

Effect of the size of the acceptor group on strength of CH---xt
interactions

Larger surface area of the aromatic residue enables partici-
pation of multiple C—H groups leading to stronger complexes.
Some of the binary complexes in the Y- and F-series, especially
with fucose, are stabilized by only CH---m interactions (up to

four such interactions). The size of the aromatic ring becomes
relevant in these cases. The interaction energies of such com-
plexes range between —5.00 and —6.00 kcal mol™" (Fig. 12).
The occurrence of four CH---x interactions is more frequent in
the W-series and the interaction energy is around —8.00 kcal
mol™". These complexes are more stable than those in the Y- or
F-series by about 2 to 3 kcal mol™" because of the two rings. In
fact, in model systems wherein the saccharide is constrained to
interact with the aromatic residue in stacking mode, it has been
observed that the binding enthalpy increases with the size of the
aromatic ring and that the association weakens when Phe is
replaced by 4-fluoro-Phe.’

Discussion

Stacking of saccharides on aromatic residues is observed in a
number of carbohydrate-binding proteins. Site-specific mutagen-
esis studies of binding-site aromatic residues have shown that
stacking interactions play a very important role in binding and
specificity. Molecular mechanics force fields and most
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functionals of density functional theory are inadequate to capture
the energetics of stacking interactions due to the presence of dis-
persion component. Several ab initio quantum chemical and
experimental studies have been performed to quantify the contri-
bution of stacking interactions to binding. Experimental studies
have provided the enthalpies of solvation of model saccharides
by solvents such as benzene, or free energy changes associated
with the addition of aromatic residues to a solution of sacchar-
ides. The computations are for gas phase but only a limited
number of POs have been considered so far. The interactions of
the C—H groups with the & electron cloud, which are at the heart
of stacking, change depending on the mutual PO of saccharide
and aromatic residue and also on the configuration of the pyra-
nose ring atoms. Hence, in the present study, interaction energies
at the MP2(full)/6-31G(d,p) level have been computed for a very
large number of POs and by considering six diastereomeric hex-
opyranoses, which permits the delineation of the differences in
energetics between some of the anomers and epimers. This, by
far, is the largest number of complexes (saccharide and aromatic
analogs) for which calculations of such a high level have been
reported.

This study was initiated with the primary objective of explor-
ing stacking interactions between saccharides and aromatic resi-
dues, their energetics and contributions to affinity/specificity.
Hence, the initial geometries were chosen so that the interactions
are primarily of CH---n type. However, the initial PO changed
substantially during geometry optimization and the interaction
was through a ‘normal’ hydrogen bond [the term ‘normal’
hydrogen bond is used here vis-a-vis a short strong or low-
barrier hydrogen bond].® Such complexes are categorized as
non-stacking complexes. This turned out to be fortuitous since it
allowed comparison of the energetics of interaction through
stacking with that of a normal hydrogen bond mediated inter-
action. Both types of interactions are observed in model sys-
tems’“” and protein—carbohydrate complexes.?**” For example,
fucose interacts simultaneously with one tryptophan residue
through OH---O type interaction and through CH:--n type inter-
action with another tryptophan in the binding sites of Aleuria
aurantia®® and Ralstonia solanacearum®’ lectins. Methylglyco-
sides of glucose and galactose interact only through OH---O and
NH---O interactions with end-protected phenylalanine in the gas
phase.”*? The interactions of these methylglycosides with
toluene in the gas phase were found to be mediated by either
CH---mt or OH:- & interactions depending upon the configuration
at the anomeric carbon atom and the C4 ring carbon.”®

The —OH and —CH,OH groups are free to rotate and interact
during optimization. They may form OH:--O/n interactions
thereby stabilizing the binary complex. These interactions may
form along with (stacking type) or without (non-stacking type)
CH---m interactions. In principle all the stacking complexes from
lower to upper bound interaction energy spectra (Table 2) can
still be favored in binding sites because the —OH groups may
interact with binding site residues other than the stacking aro-
matic residue.

Even though multiple atom pairs are involved in interactions
in a binary complex, the interaction energy is comparable to
those reported for a single ‘normal’ hydrogen bond.*® Thus,
mutating a binding-site aromatic residue is equivalent to mutat-
ing a hydrogen bond. However, it is to be borne in mind that, be

it a saccharide—aromatic residue interaction or a normal hydrogen
bond, the energetics of binding of ligands to proteins either in
dilute solutions or in cellular environments will be different from
the in vacuo or gas phase condition under which the interaction
energies have been computed.

The interaction energies of stacking complexes of the three
aromatic residues are comparable to each other. This does not
necessarily mean that replacing one aromatic residue by any of
the other two will not have any effect. A Tyr may have restricted
conformational freedom due to the —OH group forming
H-bonds. A Phe, without such restriction, is relatively free to
move allowing for a fine tuning of its interacting with the sac-
charide. On the other hand, the —OH group of Tyr can contribute
to binding by interacting with a C—H group of saccharide. A Trp,
because of its larger surface area, has the advantage of allowing
the saccharide many more POs to interact with.

The utility of these data for protein engineering can be
gleaned further by a comparison of some of the binary com-
plexes. Structural superposition of Y-Tu (—6.17 kcal mol™") and
Y-1v (—6.07 kcal mol™') shows that the aromatic residue
occupies the same position in both the complexes but the
location of the CB and —OH groups are different (Fig. 13A). The
types and strengths of interactions are same except that an
additional CH---O interaction is present in Y-lu. Other such
pairs are Y-4¢ (—11.04 kcal mol_l) and Y-4g (—8.94 kcal mol_l)
(Fig. 13B), F-3f (—6.25 kcal mol™") and F-3h (-5.87 kcal
mol™") (Fig. 13C) and F-5b (—6.34 kcal mol™') and F-5i
(—5.12 kcal mol_]) (Fig. 13D). The differences in the locations
of the CPB atoms in these pairs show that, in proteins, the aro-
matic residue can approach the saccharide from different direc-
tions without much compromise in the energy of interaction with
the aromatic residue.

The interaction energy can also be fine tuned by a change in
orientation. The saccharide can interact with the aromatic system
at the same position but in a different orientation. Such a change
in orientation can affect the strength of CH--- interaction mar-
ginally. For instance F-5b and F-5i are interacting with the aro-
matic residue with the same set of CH atoms (AP-4356)
displaying four CH---m interactions (Fig. 13D). Even though the
position is the same, orientations are different leading to changes
in the distance between the C—H groups and acceptor; this leads
to a difference in the interaction energy to the tune of ~1.2 kcal
mol ™.

The results obtained in this study, and the inferences drawn
from them, have implications for biological processes such as
transport. Maltoporin has a layer of aromatic residues on which
maltose can slide along with other polar residues. During trans-
port, maltose continuously forms and breaks hydrogen bond
with the polar residues. It has been inferred from earlier model-
ing studies that maltose encounters ~4.0 kcal mol™' energy
barrier during transpor‘[.18 As maltose slides, its position-orien-
tation with respect to the aromatic residues changes and simul-
taneously, the hydrogen bonds are also broken/re-made. A fine
balance between the energetic penalty of breaking of hydrogen
bonds and the gain of interaction energy through stacking inter-
actions ensures the smooth transport. This requires that the sac-
charide interacts with the aromatic residue in many different POs
with comparable interaction energies. The calculations reported
in the present study support this possibility.

This journal is © The Royal Society of Chemistry 2012
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(D)

Fig. 13 Superposition of pairs of binary complex that differ from each other only in the orientation of the aromatic ring (¢f. location of the Cp atom).
(A) Y-1u and Y-1v; (B) Y-4¢ and Y4g; (C) F-3f and F-3h and (D) F-5b and F-5i.

Conclusions

The present MP2 calculations on a diverse set of saccharide—aro-
matic residue complexes encompassing as many as 164 com-
plexes give a reasonable estimate of gas phase interaction
energies. The geometry optimized complexes display a wide
range of POs, which include both stacking and non-stacking
modes of interaction. All the possible types of interactions viz.,
OH---O, CH:--O, OH:--w and CH:--x are observed in these com-
plexes. Non-stacking complexes are dominated by OH---O and
OH---m interactions. The complexes at the lower end of the inter-
action energy spectrum are dominated by multiple CH---m inter-
actions. The frequency of occurrence of OH---m interaction is
highest in the W-series followed by F- and Y-series. The inter-
actions of saccharides with Tol are more likely to be weaker than
those with p-OHTol or 3-Meln. The saccharides can interact
from both above and below the plane of the aromatic ring
without compromising on the interaction energy. The aromatic
residue interacts with the saccharide either through a-face or
b-face or in some cases from both a/b-faces and different stack-
ing modes are preferred by different saccharides. The energetics

of the binary complexes dominated by CH---m interactions is
found to be dependent on (1) the area of apolar patch, (ii) the
size of the aromatic ring (3-Meln versus p-OHTol/Tol).

Computational details

Software. Macromodel 9.5%° was used for obtaining the initial
geometry viz., PO of the saccharide with respect to the aromatic
residue analog GAMESS?® or Gaussian09°'“ was used for geo-
metry optimization. Most of the calculations have been per-
formed using GAMESS. Gaussian09 was used to take advantage
of the parallel computing facility that became available during
the later stages of the study. Gaussian03° 1 was used for counter-
poise (CP) correction to minimize basis set superposition error
(BSSE). AIM2000°? was used for AIM analysis.

Conformational search. The saccharides were taken to be in
the pyranose form and in their respective preferred chair
conformations: *C; for p-pyranoses, and 'C, for L-pyranoses.
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The initial structure used for conformational sampling of o-p-
glucose—p-OHTol complex was taken from a protein—carbo-
hydrate complex (pdb id 1MPM). The other eleven saccharide—
aromatic complexes were obtained by (i) suitably modifying the
configurations of the relevant pyranose ring carbon atoms and
(1) replacing the —OH group of p-OHTol by —H. These initial
structures were used for conformation search by the hybrid
Monte Carlo minimum/low mode search method. The search
consisted of 50 000 steps in vacuum.

Geometry optimization and energy calculation. Conformers
in which the saccharide has stacking interaction with the aro-
matic residue were selected from conformational search output
for geometry optimization at the MP2/6-31G(d,p) level of
theory. Harmonic vibrational frequency calculations were per-
formed to characterize the nature of the stationary points. The
MP2 calculations with a moderate size basis set such as 6-31G
(d,p) have been reported to give rise to higher stabilization of
complexes due to large BSSE.>* A larger basis set can be used
to overcome BSSE, but this becomes computationally expensive
for systems such as those considered in the present study (about
40 atoms). Hence, the counterpoise method was used to mini-
mize BSSE.** The optimized structures were subjected to single
point energy calculation as well as single point counterpoise cor-
rection at the MP2(full)/6-31G(d,p). In the present study, 50%-
BSSE corrected®® energy values have been used for all discus-
sion. The optimized Cartesian coordinates for all the binary com-
plexes are provided in the ESI.{

Characterization of interactions. AIM2000 was used for ana-
lyzing the relative strengths of various interactions in the opti-
mized complexes. Bader’s theory of atoms in molecules (AIM)
is one of the widely used quantum mechanical tools to under-
stand the H-bonding interaction.>® The wave functions of the
optimized complexes were first generated at the MP2(full)/6-
31G(d,p) and topological analyses were performed. The key par-
ameters such as the electron densities at the bond critical points
(Pvep) along the bond paths of the interacting atoms between sac-
charide and aromatic system have been identified. The pycp
values are reported in atomic unit (a.u.).
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