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Abstract Glycoproteins are an important class of proteins that play a significant role in
many cellular events. In the present study, we analyze the influence of C–H…O interactions
in relation to other environmental preferences in glycoproteins. CH…O interactions are
now accepted as a genuine hydrogen bond. Main chain–main chain interactions are
predominant. Proline residues stabilize strands by C–H…O interactions in glycoproteins.
Majority of the C–H…O interacting residues were conserved and had one or more
stabilization centers. CH…O interactions might be responsible for the global conforma-
tional stability, since long-range CH…O contacts were predominant. The results presented
in this study might be useful for structural stability studies in glycoproteins.
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Introduction

Glycoproteins are increasingly being discovered to play salient roles in biological
carbohydrate–protein recognition systems [1]. Glycoproteins are involved in various
cellular events such as cell–cell recognition, adhesion, growth regulation, inter- and
intracellular routing, neurodevelopment, protection against neurodegeneration, and synaptic
plasticity [2–5]. Misfolding of normal cellular glycoproteins to pathogenic and protease
resistant isoforms is the hallmark of prion diseases [6]. Glycoproteins play a major role in
primary and secondary homeostasis [7, 8]. Glycoproteins are considered as very sensitive
antigenic markers for the immunodiagnostic tools such as enzyme linked immunosorbent
assays [9]. Antigenic variation, a very important immune evasion strategy among
microorganisms, is brought about by changes in the expression of surface glycoproteins
[10, 11]. Glycoproteins are also involved in limiting the entry of potentially harmful
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substances into the brain [12]. There a number of very significant biological events
involving glycoproteins.

CH…O interactions are now accepted as a genuine hydrogen bond [13, 14]. C–H…O
interactions play a significant role in the stability of a large number of biomolecular
complexes and crystal structures [15–17]. C–H…O interactions are now understood to be
present in many biological systems, including proteins [18–22], nucleic acids [23–29], and
carbohydrates [30]. C–H…O interactions have also been implicated in the interaction of
nucleic acids with proteins [31, 32], drug binding [33–35], the stability and specificity of
trans-membrane helices [36], the mechanism of serine protease catalysis [37], crystal
engineering [38–40], and super-molecular assemblies [16].

Even though there are a lot of information available in the literature regarding the
functional, microbiological, and molecular biology aspects of glycoproteins, there are no
reports on computational aspects of glycoproteins in particular C–H…O interactions. Our
group has recently reported the influence of non-canonical interactions in the structural
stability of RNA-binding proteins [41–43], interleukins [44–46], and comparisons on the
role of cation–π interactions in RNA binding, lipid binding, and glycoproteins [47]. We
think that this report will be a good continuation and supplement to our earlier articles on
non-canonical interactions. Ours is probably the first such attempt on computational
analysis of C–H…O interactions in glycoproteins, and our results will be useful for further
investigations on this class of proteins, which is diverse in its functions.

Materials and Methods

Data Set

We have selected all available non-homologous crystal structures of glycoproteins from the
protein data bank (PDB) [48] for our investigation. The sequence identity among the proteins
in the dataset was less than 40%, and the three dimensional structures of these proteins have
been solved with ≤2.5 A° resolution. We have excluded homologous glycoproteins from the
study to avoid redundancy. The PDB IDs of the glycoproteins investigated in the present
study are as follows: 1DYL-A, 1G9M-G, 1HNG-A, 1JND-A, 1UZG-A, 1WCQ-A, 1X3W-A,
1YUK-B, 1Z8Y-A, 2F40-A, 2F4M-A and 2VSG-A.

C–H…O H-bonds

We used a stand-alone program to identify the C–H…O interactions [49]. This program
uses four different geometric criteria that are defined based on distances and angles of the
atoms under consideration, which is depicted in Fig. 1. The default distance parameters
between C…O=C and H…O=C are ≤3.8 and ≤3.3 A°, respectively. The default parameters
for the angles C–H…O and H…O=C are ≥120 and ≥903 A°, respectively. The program
uses ‘REDUCE’ [50] to fix hydrogen atoms and ‘matrix2png’ [51] to create color coded
interaction matrix. The coding for the program is done in PERL and the web interface is by
CGI-PERL.

C–H…O interaction types are represented by a two-letter code in which the first letter
indicates the donor atom and the second the acceptor: M and S represent the main- and
side-chain atoms, respectively. C–H…O interactions are classified into four types, namely,
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main- to main-chain C–H…O interactions, main- to side-chain C–H…O interactions, side-
to main-chain C–H…O interactions, and side- to side-chain C–H…O interactions, which
are abbreviated as MM C–H…O, MS C–H...O, SM C–H…O, and SS C–H…O,
respectively.

Secondary Structure and Solvent Accessibility

The structure and function of proteins is determined by two important intermediate factors.
They are secondary structure preference and solvent accessibility patterns. In order to
obtain the preference and pattern of each C–H…O interaction-forming residue in
glycoproteins, we conducted a systematic and careful analysis based on their location in
different secondary structures and their solvent accessibility. We obtained the information
about secondary structures and solvent accessibility of the proteins using the program DSSP
[52]. Solvent accessibility was divided into three classes: buried, partially exposed, and
exposed indicating respectively the least, moderate, and high accessibility of the amino acid
residues to the solvent [53, 54].

Sequential Distance

It will be very useful to evaluate the contribution of short, medium, and long-range contacts
in the formation of C–H…O interactions. The C–H…O interacting residues coming within
a sphere of 8 A° was computed as described earlier [55–57]. For a given residue, the
comparison of the surrounding residue is analyzed in terms of the location at the sequence
level. The contribution from <±4 are treated as short-range contacts, >±4 to <±20 as
medium-range contacts and >±20 are treated as long range contacts [58].

Conservation Score

Conservation score is a useful parameter for the identification of conserved residues in a
protein sequence. We computed the conservation score of C–H…O interacting amino acid
residues in each glycoprotein in the data set using the ConSurf program [59].

Stabilization Centers

Stabilization centers are clusters of residues that are involved in medium or long-range
interactions [60]. Residues can be considered part of stabilization centers if they are
involved in medium or long-range interactions and if two supporting residues can be

Fig. 1 Geometric criteria used to
identify C–H…O interactions
[49]
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selected from both of their flanking tetra peptides, which, together with the central residues,
form at least seven out of the nine possible contacts [61].

Results and Discussion

C–H…O H-bonds

There are four types of C–H…O interactions as described above [49]. The C–H…O
interactions in glycoproteins are presented in Fig. 2. We found that 80% of the interactions
were MM C–H…O interactions, 7% of the interactions were MS C–H…O interactions, 9%
of the interactions were SM C–H…O interactions, and the remaining 4% interactions were
SS C–H…O interactions. The major contribution to C-H...O interactions was mainly from
MM C–H…O interactions and the contribution of MS and SS C–H…O interactions was
minimal. From these observations, we consider the contribution of MM C–H…O
interactions to be significant and hence may play an important role in determining the
structural stability of glycoproteins. The MM C–H…O interaction between Asn 392 and
Phe 361 in glycoprotein PDB ID 1G9M-G is shown in Fig. 3. There was an average of 70
C–H…O interactions per protein and an average of one significant C–H…O interaction for
every five residues in the glycoproteins studied. The donor amino acid residues involved in
C–H…O interactions are presented in Fig. 4. The contribution from aliphatic residues was
predominant in MM C–H…O interaction. It might be due to the fact that apart from their
higher natural occurrences, the CαH group of aliphatic residues is directly adjacent to a pair
of electronegative groups and hence serves as a relatively stronger proton donor compared
to other C (sp3) H groups that lack any substitution from electronegative groups. It is
among the most prevalent C–H group involving the C–H…O interaction, and therefore,
many investigations of C–H…O interactions focus on the C–H groups as donors [62]. In
MS C–H…O interactions the donor atom contribution was mainly from Gly. In the case of
SM C–H…O and SSC–H…O interactions the donor atom contribution was from Pro, Lys,
and His. The increased contribution of Lys, Pro, and His residues in SS and SM C–H…O
interactions might be due to the fact that the CεH of Lys, CδH of Pro, and the CεH of His
participating in side-chain C–H…O H-bonding interactions [62].

The acceptor amino acid residues involved in C–H…O interactions are presented in
Fig. 5. The acceptor atom contribution for MM C–H…O interactions was predominantly
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from Val, Leu, Ser, Ile, Ala, and Gly residues, even though all naturally occurring amino
acids were observed as acceptor residues. The contribution of acceptor atoms for MS C–
H…O interactions were from Glu, Asp, Asn, and Gln residues. All the 20 amino acids
contributed acceptor atoms in SM C–H…O interactions. The acceptor atom contribution for
SS C–H…O interactions was only from Asp, Glu, Asn, and Gln.

All the naturally occurring amino acids had donor and acceptor atoms that were involved
in C–H…O interactions. The contribution of MM C–H…O mediated interactions was
higher in C–H…O interactions as compared to MS C–H…O, SM C–H…O, and SS C–H…
O interactions irrespective of the amino acids involved. In terms of total donor atom
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Fig. 3 PyMol view of MM C–
H…O interaction in glycoprotein
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contribution to C–H…O interactions, the highest contribution of donor atoms was mainly
from aliphatic residues. Pro, Lys, and His residues were involved as donor residues in all
the four types of C–H…O interactions. In the case of acceptor atom contribution to C–H…
O interactions, all the 20 naturally occurring amino acids were seen as acceptor residues in
MM C–H…O and MS C–H…O interactions. Glu, Gln, Asp, and Asn were involved as
acceptor residues in all the four types of C–H…O interactions in glycoproteins.

Secondary Structure Preferences

The occurrence of weak interactions has been observed at the terminus of the secondary
structural units, in particular α-helix and β-sheets [63, 64]. These interactions play a
definitive role in stabilizing the proteins. The propensity of the amino acid residues to favor
a particular conformation has been well documented. Such conformational preference is not
only dependent on the amino acid alone but is also dependent on the local amino acid
sequence. We analyzed the secondary structure preference of each amino acid, which
participated in all the four different types of C–H…O interactions. The secondary structure
preferences of each of the amino acids involved in C–H…O interactions are depicted in
Fig. 6. We found that, Lys, Glu, Ser, and Thr preferred to be in helix, while other amino
acid residues preferred strand conformation. Pro residues preferred to be in strands and
helices. Even though the secondary structure preferences of most of the amino acids
involved in C–H…O interactions were consistent with the information available in
literature, it was interesting to observe that a significant percentage of Pro residues favored
strand and helix conformation. From this observation, we infer that Pro residues might
stabilize strands and helices by C–H…O H-bonding in glycoproteins. Similar findings were
also reported in globular and transmembrane proteins [20] as well as in other protein
structures and complexes [65].
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Solvent Accessibility

We estimated the solvent accessibility of the amino acid residues that are involved in C–
H…O interactions. The relation between the amino acid residues in C–H…O interactions
and solvent accessibility are depicted in Fig. 7. The solvent accessibility of amino acid
residues has been categorized as buried, partially exposed, and exposed [53, 54]. We found
that of the different amino acids that were involved in C–H…O interactions, Arg, Asn, Asp,
Gln, Glu, His, Lys, Ser, Thr, Tyr, and Trp were in the exposed regions. Pro preferred to be
in partially exposed region. Ala, Cys, Gly, Ile, Leu, Met, Phe, and Val residues were in the
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buried regions. We found that most of the polar amino acid residues involved in C–H…O
interactions were solvent exposed and most of the non-polar residues involved in C–H…O
interactions were excluded from the solvent. Hence, the polar residues might contribute
significantly to the stability of glycoproteins.

Sequential Separation

The contribution of C–H…O interactions in glycoproteins could define either the local or
the global stability of the proteins. Therefore, there is a need to evaluate the contribution of
C–H…O interactions. The sequential distance between residues that contributed donor and
acceptor atoms to C–H…O interactions was calculated, and results are presented in Fig. 8.
Of the C–H…O interactions, 69%, 17% and 14% were found to be long-, medium-, and
short-range interactions. Long-range C–H…O interactions are the predominant type of
interactions in glycoproteins. The contribution of short-range interactions is comparatively
less in all the four types of C–H…O interactions studied. These results indicate that long-
range C–H…O interactions might contribute significantly to the global conformational
stability of glycoproteins.

Conservation Score

Conservation score was computed based on the comparison of the sequence of a PDB chain
with the proteins deposited in Swiss-Prot [66] and finding the ones that are homologous to
the PDB sequence. The number of PSI-BLAST iterations and the E value cutoff used in all
similarity searches were 1 and 0.001, respectively. All the sequences that are evolutionarily
related with each one of the proteins in the data set were used in the subsequent multiple
alignments. Based on these protein sequence alignments the residues are classified into nine
categories from highly variable to highly conserved. Residues with a score of 1 are
considered highly variable and residues with a score of 9 are considered highly conserved.
Conservation score of the amino acid residues involved in C–H…O H-bonding in
glycoproteins were computed, and the scores are depicted in Fig. 9. Conservation score, ≥6
is the cutoff value used to identify the stabilizing residues. Conservation scores for the
glycoprotein IDs 2F40-A and 2VSG-A could not be computed, as there were not many
homologs. Majority of residues involved in C–H…O H-bonding had a higher conservation
score, and so these residues might be conserved. From these observations, we were able to
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infer that most of the amino acid residues that are involved in C–H…O H-bonding might be
conserved in glycoproteins.

Stabilization Centers

Stabilization centers in glycoproteins were computed, and the results are presented in
Fig. 10. We found that significant percentage of amino acid residues that are involved in C–
H…O H-bonding interactions had one or more stabilization centers in addition to their
contribution to C–H…O interactions. From this observation, we infer that these residues
might contribute additional stability to the glycoproteins in addition to their participation in
C–H…O interactions.

Conclusion

In the present study, we have analyzed the roles played by C–H…O interactions in the
structural stability of glycoproteins. There was an average of one significant C–H…O
interaction for every five residues and an average of 70 C–H…O interactions per protein in
the glycoproteins studied. We found that MM–CH…O interactions are the predominant
type of interactions in glycoproteins. The higher contribution of aliphatic residues to C–
H…O interactions might be due to the reason that the CαH groups of aliphatic residues are
directly adjacent to a pair of electronegative groups and hence serves as a relatively stronger
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proton donor compared to other C–H groups that lack any substitution from electronegative
groups. Similarly, the higher contribution of Lys, Pro, and His residues in SS and SM C–
H…O interactions might be due to the ability of CεH of Lys, CδH of Pro, and the CεH of
His to participate in side-chain C–H…O interactions. It was interesting to observe that Pro
residues favored strand and helix conformation. It is noteworthy to mention that Pro
residues might stabilize helices and strands by C–H…O H-bonding. We observed that most
of the C–H…O interacting polar amino acid residues were solvent exposed, and most of the
C–H…O interacting nonpolar residues were excluded from the solvent. Hence, the polar
residues might contribute significantly to the stability of glycoproteins, as the contribution
of the global energy is much greater in solvation. We found that long-range C–H…O
interactions are the predominant type of interactions, and they might contribute
significantly to the global conformational stability of glycoproteins. It was interesting to
observe that most of C–H…O interacting residues had a higher conservation score and one
or more stabilization centers. Since the C–H…O H-bonds occur frequently, cumulatively,
these interactions might provide significant energy for protein stability. On the whole, we
infer that our results on C–H…O H-bonds in glycoproteins might be helpful in
understanding their role and importance in the structural stability of glycoproteins and as
well as for further experimental studies in glycoproteins.
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