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ABSTRACT
Stability of therapeutic proteins contributes significantly towards the discovery of new drug molecules. We have investigated the role of C‐H…O
interactions on the structural stability of therapeutic proteins. In our study we have analyzed the interactions in a set of 48 therapeutic proteins. A
total of 1099 interactions were observed with an average of 23 C‐H...O interactions per therapeutic protein. The analysis of the position of
interacting residues in therapeutic proteins showed that C‐H…O interactions are mainly formed by long range contacts. Phe has the highest
occurrence among the donor residues while Glu has the highest occurrence among the acceptor residues. The C‐H…O interaction residues involved
in these proteins were found highly conserved with more than 50% of the interacting residues either as a donor or as a acceptor having
conservation score of ≥6. The results obtained in the present study should be useful in understanding the contribution of C‐H...O interactions
towards the structural stability and specificity of therapeutic proteins.
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INTRODUCTION
The importance of therapeutic proteins has grown rapidly since the
emergence of the biotechnology industry more than 30 years ago.
There are approximately 140 therapeutic proteins approved in the
United States and Europe and an additional 500 in clinical trials 1,
with an even large number in preclinical development. In recent
years, the number of recombinant proteins used for therapeutic
applications has increased dramatically. This increasing trend has
driven the development of a variety of improvements in protein
expression and stability analysis. Therapeutic proteins had several
advantages over small molecules (e.g. higher affinity/specificity to
target and lower toxicity profiles) and antibodies (e.g. room
temperature storage and better tissue penetration because of their
smaller size). However, the widespread use of therapeutic proteins
is hampered by their rapid elimination from the circulation. Despite
being better than small chemical drugs, the overall stability of
therapeutic proteins is still very low. Because of low stability and
selectivity, a high dosage of peptides is essential in order to elicit the
proper therapeutic effects which is often not economical and is
beyond the clinically acceptable level. Therefore stability is a major
factor to be considered for choosing the potential therapeutic
proteins 2.
Although the three dimensional structure of a bio macromolecules
determined by its covalent structure, i.e. its amino acid sequence, the
forces responsible for the folding and stabilization of the structure
are mainly non‐covalent in nature. Covalent interactions play a key
role in chemistry while non‐covalent interactions play a decisive
role in bio disciplines. These non‐covalent interactions include
hydrogen bonds (H‐bonds), electrostatic interactions and the so‐
called hydrophobic effect. Many excellent and theoretical
perspectives of hydrogen bond in protein have appeared in the
literature 3,4,5. In their standard incarnation hydrogen bonds result
from the approach of a proton donor molecule toward an acceptor,
forming a bridge of the sort A‐H...B. The donor A atom is thought to
be very electronegative, e.g., O or N, as is the acceptor atom B, which
must also contain at least one lone pair of electrons by which the
bridge is formed. Another type of hydrogen bond that has
undergone a resurgence of attention is that characterized by a CH
donor, in place of the more common OH or NH groups. When first
proposed many years ago 6,7, there was some resistance due to the
low electro negativity of C which was presumed to make it a weak
proton donor. However, Support was later added to this idea on the

basis of IR data 8,9,10 and the geometry of molecular complexes in the
gas phase 11,12,13 and in crystalline environment 14,15. This type of
interaction called C‐H...O interactions. This C‐H...O hydrogen bond
systems share numerous features with the more traditional
hydrogen bonds, such as geometric preference, NMR chemical shifts,
and electron density patterns. It is only now gaining wide
acceptance as a genuine hydrogen bond 16,17. The importance of this
C‐H...O interactions is not limited to small molecules but has been
extended to biological system. Possibilities of C‐H...O interactions
have also been investigated in nucleic acid and carbohydrate
structures 18 and are involved in protein‐nucleic acid interactions 19.
These interactions are also observed at protein‐protein interfaces
20,21 and could be relevant in the ligand‐binding sites 22, where the
ligands are observed to use their stronger hydrogen bond
capabilities for use with the protein residues, leaving the weaker C‐
H...O interactions to bind water 23. Moreover, these interactions do
not necessarily disappear when the solid loses its regular structure,
as C‐H...O interactions can persist into the liquid phase 24,25. Such a
type of continuous upshot prompted us to study the C–H...O
interactions in the structural stability of therapeutic proteins.
Recently, we published our results on the cation–π and C‐H...π
interactions in the structural stability of therapeutic proteins 26,27.
However, there has been no analysis of C‐H...O interactions in the
structural stability of therapeutic proteins. It is the objective of the
present paper to carry out just this sort of systematic analysis of the
nonconventional C‐H...O interactions in which an therapeutic
proteins structures were stabilized. It is noteworthy to mention here
all the 48 therapeutic proteins in our data set showed significant
number of C‐H…O interactions and hence we emphasize that this
investigation is very significant in the sense that, C‐H…O interactions
in therapeutic proteins do play a major role in structural stability.
We strongly hope that the ingenuity and success of the discovery
efforts discussed above bode well for the future prospects of finding
new therapeutics which could results into massive reductions in
therapeutics development time.
MATERIALS AND METHODS
Data set
We have considered a set of 49 therapeutic proteins from the
Protein Data Bank (PDB) 28 for our investigation. The details of
which are given in Table 1. According to the structural classification
of proteins, 42% of the proteins come under alpha group, 29%
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comes under beta 11% comes under alpha and beta and
remaining18% comes under small proteins in the therapeutic
protein data set.
CH…O Interactions
C‐H...O interactions were identified using the program available for
this purpose called HBAT 29. The C‐H...O interactions considered here
were between all possible donor C‐H groups in the therapeutic
proteins structures (Cα‐H, Cali‐H and Caro‐H) and oxygen containing
proton acceptor molecule. The oxygen atoms in proteins are of the
hydroxyl, carbonyl and carboxyl type. In terms of their electro
negativity, this increases in the order O‐H<C=O<C‐O−. The distances

from C and H to the main chain carbonyl O is ≤ 3.8 Å and ≤ 3.3 Å and
the angles CH...O and H...O=C is ≥ 120◦ and ≥ 90◦ respectively.
The 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‐chain and side‐chain atom
respectively. We classified the C‐H...O interactions into four types
namely, main‐chain to main‐chain C‐H...O interactions (MM‐C‐H...O),
main‐chain to side‐chain C‐H...O interactions (MS‐CH...O), side‐chain
to main‐chain C‐H...O interactions (SM‐C‐H...O) and side‐chain to
side‐chain C‐H...O interactions (SS‐C‐H...O) 29. The position and
geometry is adapted from earlier work of Babu 30.

Fig. 1: PyMOL view of CH...O interaction between Phe (715) (Hot pink) and Glu (714) (Green) in therapeutic proteins 1BML.

Sequential distance
The definition of short, medium and long‐range interactions in a
protein is based on (i) the amino acid residues and (ii) their
respective locations in the sequence. For each residue, the
sequential distance of surrounding residues (within a sphere of 8 Å
radius) was analyzed 31,32,33. The residues that are within a distance

76

80
Percentage of interactions

of two residues are considered to contribute to short‐range
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contribute to medium‐range and those more than four residues
apart contribute to long‐range interactions. This classification
enables us to evaluate the contribution of short range, medium‐
range and long‐range contacts in the formation of C‐H...O
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Fig. 2: CH...O interaction types and contribution in therapeutic proteins

Fig. 3: Donor amino acids contribution to the stability
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Table 1: The PDB codes and total number of interactions in therapeutic proteins data set.
S.
No
1
2
3
4
5
6
7
8
9
10
11
12

PDB Code

TNI

1BML
1BMP
1C4P
1CA9
1CD9
1CN4
1DDJ
1EER
1ES7
1GNC
1HTZ
1I4D

37
15
14
20
8
37
41
11
11
6
27
28

S.
No
13
14
15
16
17
18
19
20
21
22
23
24

PDB code

TNI

1I4Z
1M4C
1M47
1M48
1M49
1N8Y
1N8Z
1NBP
1PGG
1PGR
1PW6
1PY2

33
18
11
15
14
53
41
13
78
6
11
12

S.
No
25
26
27
28
29
30
31
32
33
34
35
36

PDB code

TNI

S.No

PDB code

TNI

1QQR
1QRZ
1QVN
1R46
1R47
1REU
1REW
1RHG
1RJX
1TPG
1WAQ
1YY8

14
40
11
60
67
13
12
6
23
8
14
35

37
38
39
40
41
42
43
44
45
46
47
48

1Z92
2B5I
2ERJ
2GMF
2GOO
2H62
2H64
2IWG
2OSL
1YYG
3BMP
3INK

10
13
20
8
14
15
13
23
31
60
16
14

TNI: Total Number of Interactions

Conservation Score
We computed the conservation score of C‐H...O interacting amino
acid residues in each therapeutic protein structure using the
ConSurf program 35. This program computes the conservation based
on the comparison of the sequence of a PDB chain with the proteins
deposited in Swiss‐Prot 36 and finds 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 highly conserved.
RESULTS
CH…O Interactions
The C‐H...O interactions were calculated using the program HBAT 29
and total number of interactions in each therapeutic proteins listed
in Table 1. The selected group of therapeutic proteins show a total of
1099 interactions, there was an average of 23 C‐H...O interactions
per therapeutic protein. The PyMOL view of C‐H...O interaction in
therapeutic proteins, PDB Code 1BML were shown in Figure 1.
Figure 2 shows the various types of C‐H...O interactions in
therapeutic proteins data set. It shows that, SM‐C‐H...O interactions
are the predominant type of interaction in the therapeutic protein
data set. The preferences of amino acid residues that are involved in
C‐H…O interactions were analyzed and the results are presented in
Fig. 3 and Fig. 4. We observed that Phe has the highest occurrence,

around 40.90%, followed by Tyr, around 37.62% whereas minimum
occurrence, only 21.47%, was observed for Trp. In acceptor
residues, Glu has highest occurrence with 13.11% whereas Trp has
minimum occurrence with 0.48%.
Distribution of interatomic distances
Another important issue is related to interatomic distances. The
currently accepted van der Waals’ radii for an oxygen atom (1.5 Å)
and a carbon bonded hydrogen (1.2 Å) were taken into account,
statistical analysis showed that an average, the H...O hydrogen bond
distance is 0.3 Å shorter than the sum of the atomic van der Waals’
radii. The H...O and C...O interatomic distances studied in the
therapeutic proteins data set shown in Fig. 5 and 6 Briefly, these
parameters were: the distance C...O, representing the donor‐
acceptor distance; the distance H...O, or the hydrogen bond distance;
the crystallographic refinement programs treat close C...O distances
as repulsive, and as a consequence, the distribution analyzed in our
study may be effectively biased. The linearity of CH...O contacts is a
function of the C...O distances: the more linear the hydrogen bond,
the longer the donor acceptor distance, even though the bond
energy may change only slightly. Finally, even though 67 percentage
of the H...O distance should ideally be less than 2.8 Å, Coulombic
attraction is a long range force inversely proportional to the
interatomic distance; therefore, longer distances may still represent
significant cohesive interactions. Nonetheless, All cohesive
interatomic interactions, whatever their specific nature, contribute
to the overall stability of any macromolecule. However, it is
interesting to note that, the maximum interactions observed in the
range of 2.4‐2.8Å is identical to the earlier reports given by Taylor
and Kennard 37.

Fig. 4: Acceptor amino acids contribution to the stability
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Fig. 5: Observed distribution of CH...O interactions as a function of interatomic (H...O) distance in the therapeutic proteins data set

Fig. 6: Observed distribution of CH...O interactions as a function of interatomic (C...O) distance in the therapeutic proteins data set

Fig. 7: Sequential distance analysis
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Fig. 8: Conservation scores of donor and acceptor amino acids involved in CH...O interaction

Interaction range
We classified the C‐H...O interactions into three categories named
short, medium and long range interactions based on the position of
donor and acceptor residues. It is clear from Fig. 7 that long range
interactions are the predominant in the set of therapeutic proteins.
Almost 64.4% of interactions fall in the group of long range contacts
followed by 16.83% and 15.77% interactions were from short and
medium range interactions respectively.
Computation of conservation score
We used the ConSurf program to compute the conservation score of
amino acid residues involved in C–H….O interactions in therapeutic
proteins and the results are shown in Fig. 8. 12% of the amino acid
residues that contributed donor atoms in C–H….O interactions had
the highest conservation score of 9, while 50% of the amino acid
residues had a conservation score, in the range of 6–8. Thus, 62% of
the donor amino acid residues had a higher conservation score. In
the case of amino acid residues that contributed acceptor atoms in
C–H….O interactions, 23% of the acceptor amino acid residues had
the highest conservation score of 9, while 32% of the amino acid
residues had a conservation score, in the range of 6–8. Thus, 55% of
the acceptor amino acid residues had a higher conservation score.
From these observations, we were able to infer that most of the
amino acid residues involved in C–H….O interactions might be
conserved in therapeutic proteins.
DISCUSSION
All cohesive interatomic interactions, whatever their specific nature,
contribute to the overall stability of any macromolecule. Hydrogen
bonds, however, are known to play a key part in many other
phenomena, including enzymatic catalysis. Here we have
investigated the role of C‐H...O interactions in the structural stability
of therapeutic proteins. The selected group of therapeutic proteins
show a total of 1099 interactions, there was an average of 23 C‐H...O
interactions per therapeutic protein. The geometry of these
interactions demonstrates that the C‐H...O interactions are preferred
to be long range contacts. More than 55% of the interacting residues
either as a donor or a s acceptor had a high conservation score of 6‐
9. This high conservation of amino acid residues may in some cases
be linked to their involvement in C–H….O interactions and to the
stability or the function of the protein 38. In terms of energetic
contribution, theoretical ab initio calculations 39,40,41,42 have clearly

revealed that the energy of these C‐H...O interactions is less than the
energy of a conventional hydrogen bond (O/N‐H...O). Even though
the C‐H...O bond is not only comparable in strength to a traditional
hydrogen bond but cumulatively can make a quantitatively greater
energetic contribution to folding and stability. The frequency of
occurrence and extent of conservation obtained in the present study
unequivocally shows that the C‐H…O interactions cannot and must
not be neglected. Hence, without ambiguity, we can confirm that C–
H….O interactions play an important role in the structural stability of
therapeutic proteins.
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