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Abstract

A detailed analysis of the occurrence of the C—H- - -O
hydrogen bonds in sheet regions of proteins has
been presented. 11 unique protein structures with
resolution 1.3 A containing /3-sheets show a widespread
presence of C—H:--O hydrogen bonds. These have
average C°- - -O, CH- - -O distances and a C*—H- - -O
angle of 3.29, 2.38 A and 143°, respectively. As in
the case of N—H---O hydrogen bonds, parallel and
antiparallel 3-sheet regions show the same hydrogen-
bond geometry. An inverse correlation is observed
between the hydrogen-bond geometries involving the
C3—H:---O0=C and the N;;—H:.--O=C suggesting
that C—H- - -O hydrogen bonds may act as an additional
stabilizing factor. The propensity of different amino-
acid residues to form such hydrogen bonds varies
and shows a clear preference for valine and threonine.
C—H- - -O hydrogen bonds involving side chains also
occur extensively in [3-sheet regions.

1. Introduction

C—H. - -O hydrogen bonds have now been widely ac-
cepted to contribute to the stability of interactions in
small-molecule structures (Desiraju, 1991; Jeffrey &
Saenger, 1991; Steiner & Saenger, 1993; Taylor & Ken-
nard, 1982). A recent report based on small-molecule
structures has indicated that water molecules, when
not involved in other hydrogen bonds or coordination,
show systematic involvement in C—H-:--O hydrogen
bonds. The possibility of C—H-:--O hydrogen bonds
contributing to the stability of nucleic acid base pairs and
providing secondary hydrogen bonds in base pairs has
been pointed out by Leonard, McAuley-Hecht, Brown,
& Hunter (1995). However, even a recent analysis of
stability of (-sheets in proteins has primarily considered
only N—H- - -O main-chain hydrogen bonds in addition
to side-chain interactions (Yang & Honig, 1995).

The question as to whether C—H---O hydrogen
bonds are found in protein structures has been addressed
recently (Nagarajan & Pattabhi, 1995; Derewenda, Lee
& Derewenda, 1995). Our studies on heterochiral
peptides have also shown that C—H-:--O hydrogen
bonds can be formed in addition to N—H- - -O hydrogen
bonds in (-sheets (Nagarajan, Pattabhi, Johnson,
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Durani & Bobde, 1997). In this context, the high-
resolution structures (<1.3A) in the Protein Data
Bank (Bernstein et al., 1977), including those with
hydrogen coordinates, have been analysed for C—H- - -O
interactions that satisfy the C—H- - -O hydrogen-bonding
criteria established in the studies referred to earlier.
Derewenda et al. have, in general, dealt with C—H- - -O
interactions in protein structures representing different
categories of secondary and tertiary folds. Here, we
focus on [-structures using only data from very high
resolution structures and provide additional insights and
information on the role of C—H- - -O hydrogen bonds
in stabilizing them. The occurrence of such hydrogen
bonds involving side chains in [3-sheet regions and the
propensity of different amino-acid residues to take part
in C—H- - -O hydrogen bonds have also been explored.

2. Materials and methods

The protein structures with resolutions better than 1.3 A
were selected from the April 1995 release of the PDB.
11 of them had (-sheet regions and were non-identical
structures. The relevant details on these structures are
listed in Table 1. Three of the structures (1CBN, 5PTI,
7RSA) had H atoms included in the structure refinement.
For 1CUS, N—H H atoms alone have been included
in the PDB entry. Hence, C* H atoms of 1CUS and
all H atoms for the remaining structures were fixed at
geometrically expected positions using the BIOSYM soft-
ware, Biopolymer module (Biosym Technologies, 1993).
In all instances, there was no disorder or problems asso-
ciated with the residues identified as having C—H- - -O
interactions. Based on the C—H- - -O hydrogen-bonding
parameters suggested in the literature (Desiraju, 1991;
Taylor & Kennard, 1982; Steiner, 1995), a stringent set
of criteria namely, C---O <3.5A and C—H- - -O angle
>130°, were used for selection of possible hydrogen
bonds. The criteria suggested by Baker & Hubbard
(1984) were used for delineating N—H- - -O hydrogen
bonds.

3. Results and discussion

Statistical information pertaining to the C*—H- - -O and
N-—H- . -O hydrogen bonds in the 3-sheet regions in the
11 structures are given in Table 2 and Figs. 1 and 2.
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Table 1. Protein set used in C—H. - -O hydrogen bond calculations

PDB code Name Resolution (A) R
1CBN Crambin 0.83 0.11
SPTI Trypsin inhibitor 1.0 0.20
TRSA RNase A 1.26 0.15
2SN3 Scorpion 1.2 0.19
neurotoxin
8RXN Rubredoxin 1.0 0.15
1IGD Protein G 1.1 0.19
1IFC Intestinal fatty 1.19 0.17
acid binding
protein
1ARB Anchromobacter 1.2 0.15
protease
1YCC Cytochrome ¢ 1.23
1CUS Cutinase 1.25
1CSE Subtilisin 1.2 0.18
Carlsberg

Method of
refinement Remarks* Reference
RLS HPDB 1
RLS HPDB 2
RLS HPDB 3
RLS HF 4
RLS HF 5
RLS HF 6
X-PLOR HF 7
RLS HF 8
RLS HF 9
X-PLOR NHPDB 10
HAF
EREF HF 11

* HPDB, H atoms from PDB. HF, H atoms fixed. (Using BIOSYM software Biopolymer module. Biosym Technologies, 1993.) NHPDB, NH H
atoms from PDB. HAF, C® H atoms fixed. RLS, restrained least squares (Hendrickson & Konnert, 1980). EREF, energy refinement (Jack &

Levitt, 1978). X-PLOR, (Briinger, 1992).

References: (1) Teeter, Roe & Heo (1993); (2) Wlodawer, Walter, Huber & Sjolin (1984); (3) Wlodawer, Svensson, Sj6lin & Gilliland (1988);
(4) Zhao, Carson, Ealick & Bugg (1992); (5) Dauter, Sieker & Wilson (1992); (6) Derrick & Wigley (1994); (7) Scapin, Gordon & Sacchettini
(1992); (8) Tsunasawa, Masaki, Hirose, Soejima & Sakiyama (1989); (9) Louie & Brayer (1990): (10) Martinez, De Geus, Lauwereys,
Matthyssens & Cambillau (1992); (11) Bode, Papamokos & Musil (1987).

Table 2. Average values of the C*---0,C*H--- O,
N---O,NH---0O distances and the C*—H-.-0,
N—H ... 0 angles in the data set

N, number of structures.
N—H- - -O hydrogen bonds.

n, number of C—H.--O as well as

Cc— N—

C..-0 H---O CH.:-O N-.:O H-O NH.-O
N n (A) ©) (A) (A) ) (A)
Antiparallel sheet
9 49 3.27 141 237 2.89 158 1.94
Parallel sheet
3 27 3.31 146 2.36 2.95 162 2.00
Summary
Minimum  2.91 130 2.01 2.73 137 1.70
Maximum  3.50 160 2.82 3.23 175 2.84
Average 3.29 143 2.38 2.93 160 1.97
E.s.d. 0.11 6 0.13 0.10 9 0.17

The average hydrogen-bond parameters remain nearly
the same irrespective of whether the sheets are parallel
or antiparallel.

The carbonyl O atoms are the acceptors and the C—H
proton preferentially approaches the acceptor oxygen
along one of its lone pair orbitals. In all cases the
C*—H of the ith residue of one strand and the N—H
of the (i + 1)th residue of the same strand are hydrogen
bonded to the same carbonyl O atom of the opposite
strand. This is true of antiparallel, parallel and mixed
sheets (see, for example, Fig. 3). There is no unusual
deviation in these regions from the normal (-strand
conformations observed in proteins. Similarly there is

no preference for any specific regions of sheet for the
formation of C—H- - -O hydrogen bonds. The interstrand
distance calculated between the carbonyl O atom to the
centre of the peptide group is a constant with respect to
© as well as 7 (2.89 £0.05 A) indicating that ¢ and v
are correlated in such a way that the interstrand distance
is maintained in [3-sheets.

A cross distribution of the C—H.--O and the
N—H. - -O hydrogen-bond parameters (Fig. 4) reveals
that there is an approximate inverse relation between
them, especially the C---O versus N---O and CH-.--O
versus NH---O distances. In general, for example, if
the NH---O distance is large there is a tendency for
the CH- - -O distance to be small. There are exceptions,
probably dictated by the particular environment of inter-
actions. Thus, there appears to be thus a compensatory
mechanism to provide stability to the [3-sheets.

In addition to the main-chain C*—H- - -O hydrogen
bonds, there is evidence for hydrogen bonds involv-
ing side-chain C atoms and main-chain carbonyl O
atoms in [3-sheet regions. This observation and the
inverse correlation between C—H---O and N—H---O
geometry clearly suggests that C*—H- - -O interactions
observed in (-sheets do not result from mere steric
disposition. Fig. 5 shows the distribution in C—H---O
hydrogen bonds involving side chains. Unlike the main-
chain C—H- - -O interactions, C—H- - -O distances and
C—H- - -0 angles peak at 2.55 A and 130°, respectively.
Hence, these interactions are, in general, much weaker
than the C*—H- - -O interactions. All the same they are
likely to contribute to the structural stability.
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4. Amino-acid preferences

An analysis of the amino-acid preference for the for-
mation of C—H- - -O hydrogen bonds in 3-sheet regions
was carried out. The calculations were performed for the
entire data set without making any distinction between
parallel and antiparallel 3-sheets. The number of hydro-
gen bonds involving each amino acid was normalized
with respect to the total number present in the protein
as,

= h, N,
Pu=g. W,

where h, is the number of C—H- - -O hydrogen bonds
formed by a particular amino acid. H,, is the total

C—H: - -O HYDROGEN BONDS IN S-SHEETS

number of C—H- --O hydrogen bonds in the data set.
N, is the number of a particular type of amino acid
present in the data set. N, is the total number of amino
acids in the data set.

The values of Py, x 100, given in Fig. 6, were eval-
uated separately for C*—H. - -O hydrogen bonds and
those involving side chains. In Fig 6(a), which shows the
population distribution of various amino acids with re-
spect to C*—H- - -O hydrogen bonds, one can see a clear
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Fig. 1. The distribution of C*—H- - -O hydrogen-bond parameters
observed in B-sheet regions in the protein structures listed in Table 1.
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preference for threonine and valine. Though glycine
occurs very frequently in sheets, surprisingly C* atoms
of glycine do not take part in C—H- - -O interactions at
all. This may be because of the high flexibility of glycyl
residues which may cause the C* protons to deviate
from the hydrogen-bonding positions. Fig. 6(b) gives the
residue-wise distribution of C—H. - -O hydrogen bonds
involving side-chain atoms and shows a preference for
valine and tyrosine.

S. Conclusions

The present analysis clearly shows that C—H- - -O hy-
drogen bonds can offer additional stability to sheet
regions and act as a compensating factor if there is a
weak N—H- - -O interaction. In this context, the obser-
vation of Wishart, Sykes & Richards (1991) on NMR
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Fig. 5. Distribution of the parameters of the C—H- - -O hydrogen bonds
involving side chains in .3-sheets.
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chemical shifts is of interest. They have shown that there
is a linear correlation between hydrogen-bond strength
and amide proton chemical shifts. Their analysis shows
that for helical regions the difference in chemical shift
viz Ad (=0obs — Ore» O, being the chemical shift for
random coil) is negative and has the lowest hydrogen-
bond energy, whereas for 3-sheet regions Aé is positive
and has higher hydrogen-bond energy. The NMR data-
base on some of the proteins used in this analysis
(NMR Database, University of Wisconsin, Madison)
show downfield shift for C* protons in the /3-sheet
region (A¢ is positive) and upfield shift in the helix
region (A¢é is negative). This, along with the observation
of Wishart et al., appears to indicate that C*—H protons
form stronger hydrogen bonds in /3-sheet regions than in
the «-helical regions. This inference agrees with that of
Derewenda et al. (1995) that ‘short C—H- - -O contacts
in helices appear to be rather esoteric in character and
relatively few in number’. The propensity for C—H- . .0
interactions in (3-sheets is such that the contribution
from these hydrogen bonds to structural stability is
more substantial in sheets than in any other region of
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Fig. 6. The observed amino-acid preference of (¢) C* and (b) side-

chain C atoms for forming C—H- - -O hydrogen bonds (see text for
details).
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proteins. Thus, the present study emphasizes the need for
taking into account C—H- - -O interactions in proteins
especially in the modelling of (3-sheet regions.
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