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Contribution of C-H…  Interactions to the Affinity and Specificity of Carbohydrate 
Binding Sites 
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Abstract: X-ray crystallographic studies have shown that C-H groups of saccharides interact with aromatic amino acid residues in bind-
ing sites in proteins. Such C-H…pi interactions have been shown to be dominated by London’s dispersion interactions. The strength of 
interaction depends on a number of factors: (i) the nature of aromatic residue and saccharide, (ii) the form (acyclic, pyranose or furanose) 
and conformation of the saccharide, (iii) the functional groups present in modified saccharides (e.g., N-acetyl group), and (iv) the mutual 
position-orientation of the interacting moieties; this, in turn, determines the number of interacting C-H groups and the geometry of inter-
action. The strength of interaction also depends on the surrounding medium and on the microenvironment in a protein’s binding sites. A 
variety of experimental techniques such as isothermal titration calorimetry, turbidity measurements, NMR spectroscopy, infrared ion de-
pletion spectroscopy and fluorescence spectroscopy have been used to investigate C-H…pi interactions. Quantum chemical calculations 
of saccharide - aromatic systems have shown that their interaction is stabilizing. The interaction energy ranges between 1 and 12 kcal/mol 
and is thus comparable in strength to a conventional hydrogen bond. However, experiments that mimic double mutant cycles are needed
to be designed, and performed, to determine the contribution of C-H…pi interactions to the affinity of glycans to proteins and the glycan 
specificity of proteins. 
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Non-Covalent Interactions 
All non-covalent interactions are essentially electrostatic in  

nature. They are categorized into different types such as dipolar, 
hydrogen bonding and van der Waals for convenience of study. 
Several experimental and computational methods have been devel-
oped, and used extensively, to probe these non-covalent interac-
tions. Knowledge gained from such studies is useful to understand 
enthalpy changes and, in turn, free energy changes associated with 
biological processes. 

Carbohydrate - Protein Interactions 
All the chemical entities, viz., molecules and trace elements, 

that constitute a biological system are essential for that system. 
Abundance, absence, shortage or modification of even one of the 
chemical entities may lead to abnormalities in the system. However, 
some molecules are deemed more important than others merely 
because of the range of biological processes they participate in. 
Carbohydrates and proteins are two such biological molecules. 
Non-covalent interactions between these molecules include both the 
conventional and non-conventional interactions. The former are 
mediated primarily by the hydroxyl groups of saccharides and the 
latter, by the C-H groups. 

Aromatic Residues in Saccharide-Binding Sites 
X-ray crystallographic studies have shown that one or more of 

the aromatic residues tryptophan, tyrosine, phenylalanine and his-
tidine are present in the saccharide-binding site(s) of several pro-
teins [1]; protein engineering studies have shown that these residues 
play a role in determining the affinity of the glycan to protein and 
the saccharide-specificity of the protein (Table 1). In proteins such 
as maltoporin, the aromatic residues form a layer on which the 
maltotriose slides through [2]. 

Participation of C-H Groups and Aromatic Residues in Hydro-
gen Bonding Interactions 

Aromatic amino acids and C-H of methylene and methyl groups 
are often treated as apolar and thought to participate only in van der 
Waals interactions. However, it is known since the early 1950s that  
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aromatic compounds can form hydrogen bonds with such molecules 
as chloroform and methanol-d [3,4]. Participation of aromatic resi-
dues and of C-H groups in hydrogen bonding interactions is now 
reported in many processes including folding and recognition of 
biomolecules [5-9].

C-H…  Interactions 
Experimental and theoretical studies have shown that the nature 

of the C-H…  interaction is different when the C-H group is from 
an alkane / alkene as compared to when it is from an alkyne  
[10-15]. The former is of van der Waals type with a small contribu-
tion from electrostatic interaction whereas the latter is a hydrogen 
bond type with a large contribution from electrostatic interaction. 
The latter are also referred to as ‘activated’ C-H…  interaction and 
these are characterized by an upfield (blue) shift of the stretching 
vibrational frequency of the hydrogen atom [16]. Ab initio calcula-
tions of fucose-benzene complex showed that electrostatic contribu-
tion to the C-H…  interaction is relatively small because of which 
the orientational dependence is rather weak [17].   

Interactions of Saccharides with Proteins 
A monosaccharide can interact with an aromatic residue 

through (i) O-H… , O-H…O, O…H-N or C-H…O hydrogen bonds 
and/or (ii) C-H…  interactions (the atom/group before the “…”
symbol is from the monosaccharide and after the symbol are from 
the aromatic residue). The latter are generally referred to as stack-
ing interactions [18]. X-ray crystallographic studies have shown 
that only in some of the carbohydrate-binding proteins the aromatic 
residue interacts with the saccharide through C-H…  stacking. In 
others, the orientation of the aromatic ring with respect to the 
pyranose ring is such that stacking interaction is not possible; they 
interact through conventional hydrogen bonding interactions e.g., 
Trp62 in the complex of Escherichia coli maltodextrin / maltose-
binding protein with maltose (PDB id 1ANF) [19]. 

Stacking Interactions 
The interaction between an aromatic residue and a saccharide is 

often described as stacking interaction. ‘Stacking’ as such does not 
denote any non-covalent interaction; it merely indicates that the two 
interacting moieties are ‘piled’ one on top of another. A recent 
compilation of data from experimental and computational studies 
on the energetics of stacking interactions between various types of 
molecules shows that the nature and extent of contribution of the 
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different types of non-covalent interactions to stacking varies  
depending on the interacting molecular species [20]. A systematic 
study using ‘dangling’ end bases showed that base stacking interac-
tions in nucleic acids is a combination of dispersion, dipolar and 
hydrophobic interactions [21]. Such a systematic dissection of the 
stacking interaction between an aromatic amino acid and a mono-
saccharide has not been carried out so far. Dispersion interaction 
will certainly be an important contributor [22], since the stacked 
saccharide and aromatic residue will be in close proximity of each 
other. However, the contribution from dipolar interaction may  
depend on the nature of the aromatic amino acid: benzene (cf. 
phenylalanine) does not have a dipole whereas indole (cf. trypto-
phan) has [23]. Recent high-level ab initio calculations 
[ECCSD(T)(limit)] of fucose-benzene complex indicated that the disper-
sion interaction has a major contribution to the interaction energy; 
the contribution from electrostatic interactions is relatively small 
[17]. 

Hydrophobic effect also will contribute to stacking interaction 
between an aromatic residue and a saccharide. The extent of contri-
bution will be context dependent: if the aromatic residue is an inde-
pendent molecule in an aqueous solution, then the contribution of 
the hydrophobic effect can be expected to be substantial (cf. dan-
gling end experiments on self-complementary oligonucleotides) 
[21]. If the aromatic residue is part of the binding site of a protein, 
then the contribution from the hydrophobic effect will depend on 
the extent of solvent accessibility of the aromatic residue. As for the 
saccharide, when this ‘polar and soluble’ saccharide stacks against 
an aromatic residue, the solvent accessibility of the C-H groups will 
be the determining factor. 

Electrostatic Potential of Aromatic Residues 
The electrostatic potentials of indole, phenol and benzene [24] 

are illustrative of those of tryptophan, tyrosine and phenylalanine. 
In these molecules, the electrostatic potential is symmetric with 
respect to the plane of the aromatic ring and thus the ‘stacking’ 
saccharide can approach the aromatic ring from either of the two 

sides of the ring. The electrostatic potential surfaces of benzene, 
phenol and the 6-membered ring of indole are quite similar to each 
other. The presence of nitrogen in the 5-membered ring of indole 
makes the potential near this atom relatively positive but overall, 
the available surface area for saccharide to interact through C-H
interactions is more in indole compared to that in either benzene or 
phenol. 

Data from experimental studies on the interaction of wild type 
and mutant AcAMP2 with chitooligosaccharides illustrate the influ-
ence of (i) the surface area available for stacking and (ii) the elec-
trostatic potential on the strength of C-H  interactions [25]. 
AcAMP2 is a 30-residue peptide which resembles hevein domains 
and these domains are small (30-45 residues), plant proteins that 
bind to chitin. It has been found that the residues Phe18, Tyr20 and 
Tyr27 of AcAMP2 interact with the bound saccharide through van 
der Waals interactions and C-H  stacking. The binding of chi-
totriose to wild-type AcAMP2 and the mutants Phe18Trp, Phe18 
Naphthylalanine and Phe18Pff+Tyr20Pff (Pff=4-fluorophenyl-
alanine) was investigated by NMR spectroscopy and thermody-
namic analyses. It was found that larger the aromatic group, the 
higher the association constant and the binding enthalpy. The bind-
ing affinity was found to decrease in the protein which has fluori-
nated aromatic residue. This is not surprising considering the effect 
of the electron-withdrawing fluorine substituents on the electro-
static potential of the aromatic ring [24]. 

Apolar Patch in the Pyranose Ring form of Saccharides 
Most of the studies on C-H  interactions in protein-

carbohydrate complexes pertain to the pyranose ring form of the 
saccharide. This ring form can be thought to have an a-face and a b-
face. Viewing the pyranose ring (i) along an imaginary axis that is 
parallel to the axially oriented groups and (ii) in such a manner that 
the ring atom numbering is clockwise, the top part (or the near side) 
of the pyranose ring is considered to be the a-face and the bottom 
part (or the far side) to be the b-face (Fig. 1) [18]. The nature of 

Table 1. Some of the Experimental Studies Which Demonstrated the Contribution of Aromatic Residues to Affinity and Specificity of Carbohydrate 
Binding Sites 

 Saccharomycopsis fibuligera -amylase [67] 
The Trp, Leu or Asn mutants at Y83 show higher transglycosylation activity and reduced hydrolysis activity 

 Dolichos biflorus lectin DBL [68] 
L127F mutation increases affinity for galactose 

 Maackia amurensis isoectins MAL and MAH [69]  
Y45, Y131 and Y136+Y221 interact with NeuAc, Gal and Glc, respectively, of sialyllactose. Y221 in MAL is replaced by Ala in MAH and this residue is responsible for 
the difference in the fine specificity of the isolectins 

 Family 2a carbohydrate-binding module from Cellulomonas fimi xylanase 10A [70] 
An aromatic residue at position 72 and Trp at 54 are required for the effective binding of crystalline cellulose to the carbohydrate-binding module 

 Human lysozyme [71] 
Comparison of wild-type and Tyr63Leu mutant showed that the stacking interaction with Tyr63 is essential for positioning the substrate in productive binding mode 

 Pokeweed (Phytolacca americana) lectin PL-D2 [72] 
Methyl of the N-acetyl group stacks against His72 (A chain) 

 Escherichia coli -galactosidase [73] 
Site-specific substitution of Trp999 by Phe, Tyr, Gly or Leu led to greatly decreased affinities for substrates / inhibitors that bind in the ‘shallow’ mode. These mutants had 
less affinity for glucose also (as a substrate for the transgalactoside reaction)  

 Lewis 3- and 3/4-fucosyltransferases [74] 
Trp in the acceptor binding motif: 3/4-activity; Arg instead of Trp, only 3-activity 

 Escherichia coli maltooligosaccharide-specific LamB-channel (maltoporin) [2] 
Mutation of one or more of Y6, Y41, W74, F229, W358 and W420 led to a substantial decrease of the stability constant of maltopentaose binding. 

 Jacalin [75] 
Tyr78 stacks against mannose 

 Human salivary -amylase [76] 
Aromatic residues in the seconary saccharide-binding site play an important role in bacterial binding and starch hydrolytic activity 

 Coprinopsis cinerea CGL3 [77] 
R81W mutant binds to lactose, instead of chitooligosaccharides 
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atoms / functional groups that constitute the a- and b-faces depends 
on (i) the configuration of the ring carbon atoms and (ii) the con-
formation of the pyranose ring. 

Fig. (1). Schematic of an aldohexose showing the a-face and b-face of the 
pyranose ring form. 

The b-face of -D-galactopyranose in the 4C1 conformation has 
an apolar patch formed by the C-H groups of the pyranose ring 
(Fig. 2a). This patch may be further extended by the C-H groups of 
the exocyclic hydroxymethyl group; the number of C-H groups 
participating in the apolar patch depends on the conformation of the 
-CH2OH group. In comparison, the apolar patch in the b-face of -
D-glucopyranose is less pronounced, even though the conforma-
tions of the pyranose ring and -CH2OH group are same (Fig. 2b).
This is obviously due to the changes in the configurations of C1 and 
C4 atoms.  

The conformation of the exocyclic group becomes irrelevant 
vis-à-vis the apolar patch in 6-deoxysugars such as fucose (6-
deoxygalactose). In Nature, the D-enantiomer of galactose is preva-
lent whereas for fucose, it is the L-enantiomer. The -anomer of L-
fucopyranose prefers the 1C4 conformation and in this, the apolar 
patch is in the a-face (Fig. 2c). This apolar patch is similar to that in 
the b-face of -D-galactopyranose (Fig. 2a) except for the absence 
of the C1-H, due to the -anomeric configuration of fucose. 

As mentioned above, the b-face of -D-galactopyranose has an 
apolar patch. The -OH groups at C1, C2 and C3 are equatorially 
oriented (Fig. 2a). Hence, the a-face has only C2-H and C4-OH. In 
contrast, D-glucopyranose has apolar patches on both the a-face 
(Fig. 2d) and b-face (Fig. 2b). The number of C-H groups constitut-
ing the apolar patch, however, depends on the configuration of the 
anomeric carbon atom and the conformation of the -CH2OH group. 

The -anomer of D-mannopyranose is more common in bio-
logical systems than the -anomer. In this saccharide, the C3-H and 
C5-H atoms on the b-face seem to make an apolar patch, especially 
if the -CH2OH group is in the gg conformation (Fig. 2e). However, 
the axially oriented C1-OH group also becomes part of the same b-
face. In the a-face, C1-H, C4-H and C6-H (only one of the two) are 
the only C-H groups (Fig. 2f).

Effect of Changes in Configuration on Stacking Propensity 
It can thus be seen that the location and extent of the apolar 

patch is very much related to the nature of the saccharide (cf. glu-
cose, galactose, mannose), anomeric configuration (cf. - and -
glucopyranose) and the conformation of the -CH2OH group. This 
apolar patch, in turn, determines how the saccharide can interact 
with the aromatic residue through C-H  stacking. Thus, an aro-
matic residue can interact with (i) galactose through the b-face (Fig. 
2a), (ii) glucose through both the a-face or b-face (Figs. 2b and 2d),
(iii) mannose either through C4-H in the a-face (Fig. 2f) or through 
the -CH2OH group, and (iv) fucose through the a-face (Fig. 2c).
The two experimental studies mentioned below illustrate this rela-

tionship between the configuration / conformation of the pyranose 
ring and its stacking preferences. 

The molecular complexes of toluene formed at low temperature 
with the - and -anomers of glucose, galactose and fucose were 
investigated using infrared ion depletion spectroscopy [22]. The 
spectrum for the complex of -MeGlc (methylglucopyranose) was 
found to be completely different from that of -MeGlc. -MeGlc 
interacts with toluene through O-H  interactions. On the other 
hand, -MeGlc interacts through C-H  interactions but it was not 
possible to determine if the a-face or the b-face is involved. How-
ever, the interactions were found to be through C-H  in the case 
of -MeFuc (a-face), -MeFuc (a-face) and -MeGal (b-face) [22]. 

The interactions of methoxy and acetyl derivatives of galactose 
and mannose with benzene were investigated using microcalorime-
try and NMR spectroscopy [26]. It was found that methyl 2,3,4,6-
tetra-O-methyl- -D-galactopyranoside interacted with benzene 
through C-H  interactions whereas the corresponding -anomer 
or the derivative which has acetyl groups instead of methyl groups 
did not interact at all. 

C-H  Stacking and Specificity 
A saccharide interacts with amino acids other than the aromatic 

residue in the binding site of a protein. These interactions, which 
are primarily through the -OH groups, determine the placement of 
the saccharide with respect to the aromatic residue within the bind-
ing site. Thus, the bound saccharide has to optimize not only C-
H  stacking but also the interactions of the -OH groups. The 
‘mode’ in which a saccharide interacts with an aromatic residue can 
be specified by defining the position-orientation (PO) of the saccha-
ride relative to the aromatic residue [27]. The POs of the bound 
saccharide in the binding site of Glc/Man-specific (Glc-POs) and 
Gal-specific (Gal-POs) were used to calculate the interaction ener-
gies of saccharide - aromatic residue analogue complexes using 
quantum chemical methods [28]. It was found that in Glc-POs, the 
interaction energies of galactose and glucose with the aromatic 
residue analogue are comparable to each other. In contrast, in Gal-
POs, the interaction energies of glucose are unfavourable. This 
implies that the architecture of galactose-binding site is such that 
the C-H  stacking is unfavourable for binding glucose. Thus, the 
differences in the mode of interaction of the aromatic residue due to 
the location and composition (i.e., the number of C-H groups) of 
the apolar patch in the saccharide can be related to saccharide speci-
ficity. 

The aromatic residue seems to be especially important for affin-
ity and specificity in galactose-binding proteins (see, for example, 
[29-34]. An analysis of the 3-D structures of 18 galactose-specific 
proteins belonging to seven non-homologous protein families (i.e., 
proteins which are not evolutionarily related) showed that the pres-
ence of an aromatic residue in the binding site is one of the key 
features shared by these proteins [35]. 

Less Preferred Conformations of the Pyranose Ring 

Monosaccharides such as glucose, galactose and mannose are 
generally taken to be in the pyranose ring form and in the preferred 
4C1 conformation. While this is true, as evidenced by the numerous 
x-ray crystallographic studies of mono- and di-saccharides, and 
protein-saccharide complexes [36], other conformations are also 
possible for the pyranose ring. 

Besides the two chair forms, the pyranose ring can exist in any 
of the various boat, skew-boat and half-chair forms [37,38]. The 
pyranose ring is in the half-chair conformation in the active sites of 
lysozyme [39,40] and Bacillus circulans D229N-E257Q double 
mutant CGTase [41]. Transitions between the chair and boat forms 
have been implicated to take place when amylose is subjected to 
tensile stress [42]. The uronic acid derivative of idose (i.e., having a 
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-COOH group instead of -CH2OH at C5) is a constituent of gly-
cosaminoglycans. Because of its peculiar configuration, iduronic 
acid exists as a mixture of different chair and skew-boat conforma-
tions [43]. This, in turn, influences the conformation of the gly-
cosaminoglycans. The iduronic acid moiety in heparan sulfate 
fragment bound to antithrombin is in the 2SO conformation [44]. An 
interesting example of the ‘co-existence’ of both the 4C1 and 1C4
conformations of glucopyranose is found in one of the crystal struc-
tures of permethyl -cyclodextrin [45]. The apolar patch consisting 
of C-H groups in the non-chair conformations of the pyranose ring, 
will obviously, depend on the configuration and conformation of 
the saccharide. 

Spatial Disposition of C-H Groups in the Furanose Ring Form 
Other than the pyranose ring form, monosaccharides can exist 

in acyclic, furanose and heptanose forms also. Of these, the five-
membered furanose ring form is more common. Galactofuranose 
has been reported to be present in prokaryotes and lower eukaryotes 
(see, for example, [46]). A furanose ring can exist in either enve-
lope or twist conformation [47] and can interconvert between some 
of these conformations [48]. In hexofuranoses, the exocyclic group 
at C4 is -CHOH-CH2OH, unlike pentofuranoses (just the -CH2OH 
group). Depending upon the conformation of this moiety, its C-H 
groups will either be towards the a- face or b-face (Fig. 3). 

A recent x-ray crystallographic study of the furanose-specific 
sugar transport protein YtfQ from Escherichia coli showed that the 
furanose ring form can also stack against the aromatic residues. In 
this complex, a single molecule of galactofuranose was found to be 
sandwiched between Trp16 and Phe170 (PDB id 2VK2) [49]. The 
conformation of the bound galactofuranose can not be ascertained 
from this structure; the furanose ring atoms along with the C2-O 
and C3-O atoms are essentially coplanar. However, the configura-
tion of C2 and C3 atoms in galactose is such that in the furanose 

form, the C2-H (a-face) and C3-H (b-face) atoms are trans to each 
other, and hence, are placed on opposite sides of the furanose ring 
(Fig. 3). C1-H will be on the same side of the furanose ring as  
C2-H, if the configuration of the anomeric carbon is .

Fig. (3). Stick representation depicting the a-face of -D-galactofuranose. 
The conformations of the furanose ring (2E) and of the -OH and exocyclic -
CHOH-CH2OH groups have been chosen randomly. 

With the aim of probing C-H  interactions between mono-
saccharides and aromatic compounds, the effect of monosaccha-
rides as co-solvents in increasing the solubility of adenine was in-
vestigated by a combination of experimental and computations 
methods [50]. Based on molecular mechanics calculations, it was 
inferred that the saccharides interact with adenine through C-H
interactions, thereby preventing their aggregation through vertical 
stacking. The ability of the saccharides to increase the solubility of 
adenine followed this order: Galactose = lactose > sucrose > glu-
cose = maltose > ribose > fructose. The weak co-solvent effect of 

Fig. (2). Stick representations depicting the b-face of -D-galactopyranose (a), b-face of -D-glucopyranose (b), a-face of -L-fucopyranose (c), a-face of -
D-glucopyranose (d), b-face of -D-mannopyranose (e) and a-face of -D-mannopyranose (f). The pyranose rings are in the preferred conformations: 1C4 for 
fucose and 4C1 for all others. The conformation of the exocyclic -CH2OH group is gg, gg, gt, gg and gt in (a), (b), (d), (e) and (f), respectively; in this notation, 
the letters g (gauche) and t (trans) specify the conformation of the exocyclic oxygen atom with respect to the ring oxygen and C4 atoms, respectively, of the
pyranose ring. The conformations of the -OH groups have been chosen randomly. In this figure and Figure 3, (i) the molecules were rendered using Open-
Source PyMol 0.99rc6 using coordinates that are generated in-house based on standard geometry; (ii) only some of the atoms have been labelled; and (iii) the 
carbon, oxygen and hydrogen atoms are coloured teal blue, red and white, respectively. 
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fructose was attributed to the absence of apolar patch in -D-
fructofuranose [50]. 

Taken together, the data from the x-ray crystallographic study 
of the YtfQ-Galf complex (stacking possible for galactofuranose) 
[49] and the study on the effect of monosaccharides on the solubil-
ity of adenine (stacking not possible for fructofuranose) [50] show 
that the configuration and conformation are key determinants of  
C-H  stacking involving the furanose form also. 

C-H  Interactions in Modified Saccharides 
The enormous structural diversity observed for glycans in  

Nature arises due to the possibility of (i) alternative anomeric link-
ages and (ii) using different -OH groups for forming glycosidic 
linkages. In addition, diversity also arises from the various types of 
functional group modifications, one of which is the replacement of 
an -OH group by an N-acetyl group. The -CH3 in the acetyl moiety 
of 2-acetylamino-2-deoxy-saccharides also can interact with an 
aromatic residue through C-H  interactions, even though it can 
not be part of the apolar patch on either the a- or b-face. An exam-
ple of this can be seen in the complex of Urtica dioica agglutinin 
with tri-N-acetylchitotriose (Tyr30 and Tyr76; PDB id 1EHH) [51]. 

Strength of C-H  Stacking in Model Systems 
Quantum chemical calculations of saccharide - aromatic sys-

tems have been carried out to quantify the strength of C-H  inter-
actions. It is to be noted that the PO of the saccharide relative to the 
aromatic residue determines the number of interacting C-H groups 
and the geometry of interaction. The interaction energies for differ-
ent saccharide - aromatic residue analogue complexes have been 
calculated using quantum chemical methods [27,28,52-57]. In these 
studies, the energies were computed for POs that are observed in 
various protein-carbohydrate complexes. The level of theory, basis 
sets and the POs used in these studies are not the same. The interac-
tion energy was found to be stabilizing and to vary between ap-
proximately 1 and 12 kcal/mol. These values are comparable to 
those obtained by conventional hydrogen bonds. However, C-H
stacking interactions (dominant dispersion component) are weakly 
directional unlike the conventional hydrogen bonds (dominant elec-
trostatic component) [17]. 

The interaction energies of tryptophan with different saccha-
rides (tetraacetyl -D-Glc, tetraacetyl -D-Gal, triacetyl N-acetyl- -
D-glucosamine, N-acetyl- -D-glucosamine and tetramethyl- -D-
glucose) and of tetraacetyl -D-Glc with different aromatic residues 
(Trp, naphthalene, phenylalanine and cyclohexane as a control) in 
the context of a -hairpin have been determined by NMR spectros-
copy: the magnitude varied between -0.5 to -0.8 kcal/mol [58]. 
These values are lower than those obtained from computational 
methods (see above). This difference can be attributed to the pres-
ence of solvent in the experimental study, since the energies calcu-
lated by the computational methods are for the gas phase. It is 
known that even conventional hydrogen bond energies are reduced 
in presence of solvent water (see, for example, [59]). 

Strength of C-H  Stacking in a Protein Environment 
The binding of xylans and xylooligosaccharides (Xyl)n, n=2 to 

6 to two enzymatically inactive xylanases has been investigated by 
isothermal titration calorimetry and the thermodynamic data have 
been interpreted in light of the 3-D structures available from x-ray 
crystallographic studies [60]. Xylose is an aldopentose and is in the 
pyranose form in xylans. Xylopyranose is like glucopyranose ex-
cept that it has a hydrogen atom in place of  the exocyclic -CH2OH 
group of glucose. The stacking interaction between xylopyranose 
and the aromatic residues Tyr and Trp were found to contribute 
about -100 to -150 cal/mol.K each to Cp. However, the strength of 
the C-H  stacking is not known from this study. In this context, it 

is instructive to consider the outcome of the experimental studies 
performed to determine the strength of other types of non-covalent 
interactions in protein environment. 

Numerous studies have investigated the strength of conven-
tional hydrogen bonds and cation  interactions both in gas phase 
and in an aqueous medium. The general consensus appears to be 
that the hydrogen bond becomes weaker in presence of water. 
However, there are fewer studies on the determination of the con-
tribution of hydrogen bonds [61,62] and cation  interactions 
[63,64] in a protein environment. Overall, these studies indicate that 
the strength of the same type of hydrogen bond may vary depending 
upon the geometry and context in which the hydrogen bond is 
formed. A double-mutant cycle analyses of bacteriorhodopsin 
showed that most hydrogen bonding interactions in membrane pro-
teins are modestly stabilizing; it is suggested that this may be due to 
sub-optimal hydrogen bonding geometries, adverse entropic costs 
and increase in the local dielectric constant [65]. The strength of the 
Arg138-Glu52 and Arg138-Glu128 salt bridges in the gate region 
of the OmpA ion-channel were found to be -5.6 and -0.6 kcal/mol, 
respectively [66]. Collectively, the outcome of these studies suggest 
that the contribution of C-H  stacking, especially vis-à-vis con-
ventional hydrogen bonding, to the binding affinity of a saccharide 
to protein may vary. Experiments which mimic the double mutant 
cycle analysis (used for measuring the interaction energy between 
two amino acid side chains) have to be designed and executed to 
gain further insights into the contribution of C-H  interactions to 
the affinity of glycans to proteins and the glycan specificity of pro-
teins. 
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