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The concept of CH    O hydrogen bonds has recently gained much interest, with a number of reports indicating the signi®cance of these non-classical hydrogen bonds in stabilizing nucleic acid and protein structures.
Here, we analyze the CH    O interactions in the protein ± DNA interface,
based on 43 crystal structures of protein± DNA complexes. Surprisingly,
we ®nd that the number of close intermolecular CH    O contacts
involving the thymine methyl group and position C5 of cytosine is comparable to the number of protein± DNA hydrogen bonds involving nitrogen and oxygen atoms as donors and acceptors. A comprehensive
analysis of the geometries of these close contacts shows that they are
similar to other CH    O interactions found in proteins and small molecules, as well as to classical NH    O hydrogen bonds. Thus, we suggest
that C5 of cytosine and C5-Met of thymine form relatively weak CH    O
hydrogen bonds with Asp, Asn, Glu, Gln, Ser, and Thr, contributing to
the speci®city of recognition. Including these interactions, in addition to
the classical protein± DNA hydrogen bonds, enables the extraction of
simple structural principles for amino acid ±base recognition consistent
with electrostatic considerations.
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Introduction
Speci®c binding of proteins to DNA regulatory
elements plays a central role in the control of many
cell processes. Speci®city is achieved by surface
shape complementarity between the protein binding domain and the DNA grooves, as well as by
speci®c contacts involving the amino acid sidechains and the DNA bases, mainly through hydrogen bonds. By de®nition, hydrogen bonds are
formed between two electronegative atoms sharing
a proton between them, where one of the participants is the donor and the other is the acceptor of
the proton (Pauling, 1960). Usually, nitrogen atoms
and oxygen atoms are involved in such interactions. However, there is growing evidence of the
formation of weak attractive CH    O hydrogen
bonds, ®rst detected in the high resolution crystal
structures of organic compounds (Sutor, 1962;
Taylor & Kennard, 1982; Desiraju, 1991).
Although for many years little attention has
been paid to these non-classical hydrogen bonds in
biological macromolecules, recently a number of
reports have indicated the signi®cance of these
0022±2836/98/151129±12 $25.00/0/mb981660

interactions for stabilizing nucleic acid and protein
structures (reviewed by Wahl & Sundaralingam,
1997). Wahl et al. (1996) discovered a novel U  U
base-pair (denoted the Calcutta base-pair) in an
RNA hexamer crystal structure that is stabilized by
a non-conventional C5-H   O2 bond in addition to
a conventional N3-H    O4 hydrogen bond. Interstrand CH    O hydrogen bonds are also presumed
to stabilize the intercalated cytosine-rich DNA
quadruplex structure (Berger et al., 1996). CH    O
and CH    N interactions in the major groove
involving C5 of cytosine and C5-Met of thymine
were postulated to account for the speci®c recognition between the nucleic acid helices during
recombination (Zhurkin et al., 1994). The importance of CH    O interactions in proteins is also evident from a recent analysis of 13 high resolution
protein crystal structures (Derewenda et al., 1995).
In their study Derewenda and coworkers showed
that many short CH   O interactions in proteins
exhibit stereochemical features typical of hydrogen
bonds. Bella & Berman (1996) identi®ed two repetitive patterns of CH    O hydrogen bonds in the
collagen triple-helix, which are believed to be sig# 1998 Academic Press Limited
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ni®cant for stabilizing the structure. In the present
study we explore the existence and possible role of
CH   O hydrogen bonds within protein± DNA
complexes.
Recently, we analyzed and characterized the
intermolecular hydrogen bonds in a data set of 28
crystal structures of transcription factor± DNA
complexes (Mandel-Gutfreund et al., 1995), in an
attempt to reveal general principles that determine
speci®c recognition between bases and amino acid
residues. In that study only conventional hydrogen
bonds were considered between atoms in the DNA
grooves and the amino acid side-chains, as initially
proposed by Seeman et al. (1976). Our results indicated, however, that these hydrogen bonds by
themselves are not suf®cient to account for the
amino acid ±base preferences observed in crystal
structures, and that electrostatic effects may also
play a signi®cant role. Independently, it was

suggested that electrostatic interactions are important for discriminating between the bases and for
increasing the selectivity of nucleic acid recognition
in recombination (Rao & Radding, 1994; Zhurkin
et al., 1994). As the next step, here we use an
extended data set of 43 crystallographically solved
protein± DNA complexes (Table 1), and examine
also interactions that involve position C5 in cytosine, C5(Cyt), and the corresponding position in
thymine, occupied by a methyl group, C5M(Thy).
We consider only the interactions in the major
groove, since they are more abundant compared
with those in the minor groove (the latter will be
analyzed separately). We show that CH groups in
the major groove are rather frequently involved in
close contacts with protein atoms, mostly oxygen.
Stereochemical analysis of the contacts indicates
that their features are similar to the weak CH   O
hydrogen bonds observed in small molecules and

Table 1. List of DNA-protein complexes used in the analysis
Binding motif
Enzymes

Helix
turn
helix

Homeo-domain

Zinc
finger
Hormone
receptors
Leucine
zippers
Basic
helix±loop ±
helix
b sheet
Ribbon
helix±helix
Others

Complex
EcoRI endonuclease/DNA
EcoRV endonuclease/DNA
PvuII endonuclease/DNA
Hin recombinase/DNA
l Repressor/OL1
434 Repressor/OR1
434 Repressor/OR2
434 Repressor/OR3
434 Cro/OR1
CAP/DNA
trp repressor/operator
trp repressor/operator
Pou/Oct-1
Paired domain/DNA
Pax/DNA
MATa2/operator
MAT a1-MAT a2/DNA
eve/DNA
Engrailed/DNA
TTK/DNA
Zif268/DNA
Gli/DNA
Estrogen receptor/DNA
Glucocorticoid receptor/DNA
GCN4/ATF/CREB
GCN4/AP-1
C-Fos-C-Jun/DNA
Max/DNA
USF/DNA
e47/E-box
MyoD/DNA
TBP/TATA box (CYC1)
TBP/TATA box (Adenovirus)
Human TATA box
met J repressor/operator
Arc repressor/operator
p53/DNA
E2/E2-Bs
HNF-3/DNA
GAL4/DNA
PPR1-DNA
PurR/DNA
NF-kb/DNA

Reference
(Kim et al., 1990)
(Kostrewa & Winkler, 1995)
(Cheng et al., 1994)
(Feng et al., 1994)
(Beamer & Pabo, 1992)
(Aggarwal et al., 1988)
(Shimon & Harrison, 1993)
(Rodgers & Harrison, 1993)
(Mondragon & Harrison, 1991)
(Parkinson et al., 1996)
(Otwinowski et al., 1988)
(Lawson & Carey, 1993)
(Klemm et al., 1994)
(Xu et al., 1995)
(Wilson et al., 1995)
(Wolberger et al., 1991)
(Li et al., 1995)
(Hirsch & Aggarwal, 1995)
(Kissinger et al., 1990)
(Fairall et al., 1993)
(Elrod-Erickson et al., 1996)
(Pavletich & Pabo, 1993)
(Schwabe et al., 1993)
(Luisi et al., 1991)
(Konig & Richmond, 1993)
(Ellenberger et al., 1997)
(Glover & Harrison, 1995)
(FerreÂ-D'AmareÂ et al., 1993)
(FerreÂ-D'AmareÂ et al., 1994)
(Ellenberger et al., 1994)
(Ma et al., 1994)
(Kim et al., 1993)
(Kim & Burley, 1994)
(Nikolov et al., 1996)
(Somers & Phillips, 1992)
(Raumann et al., 1994)
(Cho et al., 1994)
(Hegde et al., 1992)
(Clark et al., 1993)
(Marmorstein et al., 1992)
(Marmorstein & Harrison, 1994)
(Schumacher et al., 1994)
(Muller et al., 1995)

NDB file

Ê)
Resolution (A

PDE001
PDE014
PDE017
PDE009
PDR010
PDR004
PDR011
PDR015
PDR001
PDR023
PDR009
PDR013
PDT019
PDR018
PDE025
PDT005
PDT028
PDT031
PDT004
PDT011
PDT039
PDT008
PDRC03
PDRC01
PDT007
PDT002
PDT014
PDT023
PDT027
PDT020
PDT016
PDT012
PDT009
PDT034
PDR008
PDR012
PDR022
PDV001
PDT013
PDT003
PDT017
PDR020
PDT022

2.5
2.0
2.6
2.3
1.8
2.5
2.5
2.5
2.5
2.5
1.9
2.4
3.0
2.5
2.0
2.7
2.5
2.0
2.8
2.8
1.6
2.6
2.4
2.9
3.0
2.9
3.05
2.9
3.1
2.8
2.8
2.5
1.9
1.9
2.8
2.6
2.2
1.7
2.5
2.7
3.2
2.7
2.6

Forty-three crystal protein±DNA complexes were analyzed. The coordinate ®les were extracted from the Nucleic Acid Database,
NDB (Berman et al., 1992). For consistency, each complex included in the data set was represented by the minimal unit required for
speci®c recognition, regardless of the number of units crystallized (i.e. in the case of proteins which bind the DNA as homodimers,
the dimer was included, while proteins which bind the DNA as monomers were included only once).
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in recent studies of protein and nucleic acid structures. It is thereby suggested that these CH    O
interactions contribute to the speci®city of nucleoprotein recognition. Furthermore, re-evaluation of
the amino acid ± base preferences in the solved protein ±DNA complexes, including CH   O interactions, emphasizes the importance of electrostatic
considerations in speci®c recognition.

Results and Discussion
Frequencies of protein ± DNA interactions at
the atomic level
A detailed inspection of the protein± DNA interface is crucial for understanding the mode of recognition between the two molecules. Surprisingly,
an unexpectedly large number of close contacts is
observed between the protein oxygen and the
DNA base edge carbon atoms (especially the
methyl group of thymine (C5M) and the corresponding position C5 in cytosine). Two such contacts, C5M(Thy)   O and C5(Cyt)    O, are
illustrated in Figure 1. Our analysis shows that for
the A  T pairs the number of C5M(Thy)  O conÊ is approxitacts observed at a distance of 43.0 A
mately half the number of the classical
N6(Ade)    O hydrogen bonds (Figure 2(a)). At
Ê these numbers are comparable,
distances 43.5 A
and at longer distances the C5M   O contacts
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dominate. We presume that at shorter distances
these contacts could account for weak CH   O
hydrogen bonds, while at longer distances they are
probably less speci®c and may not re¯ect direct
contacts. Yet, the high occurrence of these distant
contacts suggests that there is a high probability
for protein oxygen to be in the vicinity of the thymine methyl groups due to the exposure of these
groups in the major groove.
In the case of G C pairs, position N4 of cytosine
is the most attractive for the protein oxygen at the
Ê (Figure 2(b)). Howshort distances 43.0 to 3.5 A
Ê the number of
ever, at the longer distances 44.0 A
contacts between the protein oxygen atoms and
atoms N4 and C5 become comparable. In the case
of cytosine these interactions occur almost exclusively with the carbonyl (O) and carboxyl (Oÿ)
groups of the amino acid side-chains and not with
the hydroxyl groups, unlike thymine (where the
hydroxyl OH groups are found in approximately
50% of all the cases, see Table 2).
In principle, it is possible to interpret these contacts to be a consequence of the attraction between
the oxygen and neighboring DNA positions, thus
presuming that the C5    O contacts are secondary
rather than primary interactions. In particular, in
the case of cytosine it is likely that the oxygen
would be attracted to the amino group at position
N4. In fact, out of 21 C5(Cyt)    O interactions

Figure 1. (a) Stereo view of an interaction between the amino acid Glu32 and the dinucleotide AC in the complex
Ê)
between the 434 repressor and the operator OR1 (Aggarwal et al., 1988). The proposed hydrogen bond (2.96 A
Ê ) between the other
between atoms OE2(Glu) and C5(Cyt) is shown in broken lines. In addition, a close contact (2.7 A
oxygen atom of Glu and a carbon atom of the sugar ring in the preceding adenosine is also shown, the H   O disÊ . (b) Stereo view of the interaction between Gln29 and the dinucleotide TG in the 434 Cro± OR1 comtance is 1.62 A
Ê ) between NH2(Gln) and O6(Gua), and the
plex (Mondragon & Harrison, 1991). The classical hydrogen bond (3.0 A
Ê ) between OE1(Gln) and C5M(Thy) are shown in broken lines.
proposed weak hydrogen bond (2.94 A
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Figure 2. Protein ± DNA contacts
in the major groove. Number of
interactions of the protein oxygens
((a) and (b)), nitrogens ((c) and (d))
and carbons ((e) and (f)) with the
DNA atoms exposed in the major
groove for A T pairs (left) and
G C pairs (right). The lines with
open squares, circles, triangles and
®lled squares are for distances
Ê,
43.0, 43.5, 44.0, and 44.5 A
respectively.

(Table 2), 13 involve both the C5 and N4 positions
while eight interactions are with the C5 alone. In
the case of thymine, one should distinguish among
the possible interactions with neighboring positions depending on the type of protein oxygen
involved. While all oxygen types (OH, O  /Oÿ)
can form contacts with neighboring bases, the
hydroxyl OH can also participate in hydrogen
bonds with position O4 of thymine or with backbone oxygen atoms via its hydrogen. Accordingly,
out of 18 OH groups that interact with C5M(Thy)
(Table 2), 15 are localized so that they can form
hydrogen bonds with DNA oxygen atoms, but
they do not interact as acceptors with neighboring
positions. Out of 23 oxygens of the O  /Oÿ type
(Table 2), three interact with a neighboring base,
while 20 are in contact only with the methyl
group. Thus, a signi®cant fraction of the interactions between the protein oxygen atoms and the
C5(Cyt)/C5M(Thy) do not involve other donor
groups and appear per se to be attractive.
Ê ) observed
The number of close contacts (43.5 A
between the protein nitrogen atoms (representing

mostly amino groups) and the DNA major groove
positions is consistent with what could be expected
based on electrostatic considerations (Figure 2(c)
and (d)). Moreover, the interactions with positions
N7 and O6 of guanine (Figure 2(d)) are the most
abundant, probably due to the overall negative
charge of guanine that attracts the positively
charged amino acids, as was suggested by Hunter
(1993) and emphasized in recent studies (Choo &
Klug, 1994; Suzuki, 1994; Lustig & Jernigan, 1995;
Mandel-Gutfreund et al., 1995). Interactions that
involve the protein nitrogen atoms and the DNA
carbon atoms become especially noticeable at longÊ the
er distances. For example, at distances 44.5 A
number of interactions C5M(Thy)    N exceeds the
number of all other interactions with protein nitrogen atoms (Figure 2(c)). These interactions could
be facilitated by the attraction between the protein
NH groups and the phosphate oxygen atoms of
the DNA backbone or the neighboring O4(Thy)
positions in the groove. An alternative explanation
could be that this kind of interaction is due to a
relatively weak electrostatic attraction between the
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Table 2. Angles and distances for NH    O and CH    O contactsa

Ê)
N6(Ade) (3.5 A
Ê)
(3.2 A
Ê)
(3.0 A
Ê)
N4(Cyt) (3.5 A
Ê)
(3.2 A
Ê)
(3.0 A
C5(Cyt)
C5M(Thy) () Oÿ & O
C5M(Thy) () OH
C5M(Thy) () all O

d, H   O
Ê)
(A

D, C/N  O
Ê)
(A

f
(deg.)

x
(deg.)

2.3(0.4)
2.1(0.3)
2.0(0.1)
2.2(0.4)
2.1(0.3)
1.9(0.2)
2.4(0.3)
2.4(0.4)
2.4(0.2)
2.4(0.3)

3.1(0.2)
3.0(0.2)
2.8(0.1)
3.0(0.3)
2.9(0.2)
2.8(0.2)
3.2(0.1)
3.2(0.3)
3.3(0.2)
3.3(0.2)

146(25)
146(25)
152(21)
145(28)
149(25)
155(22)
136(21)
145(25)
143(20)
144(23)

126(15)
128(16)
130(11)
118(29)
121(29)
128(26)
118()23
110(29)
131(25)
119(29)

yd
(deg.)

yp
(deg.)

No. of
contacts

15(12)
24(17)
38
17(13)
24(19)
26
15(13)
24(21)
14
20(19)
35(21)
56
20(19)
34(21)
46
16(16)
33(22)
29
23(20)
43(23)
21
39(29)
46(26)
23
17(19)
29(19)
18
29(27)
39(19)
41
Ê between the heavy atoms. NH   O
Means and standard deviations for angles and distances are given for close contacts 43.5 A
Ê , and means and standard deviations were calculated for each of
interactions were classi®ed by N   O distances 43.0, 43.2, 43.5 A
these data sets. In the case of C5(Cyt) all CH   O interactions were considered as a single set. In the case of thymine the protein carbonyl (O) and carboxyl (Oÿ) groups, and the hydroxyl (OH) oxygens were analyzed separately, to make the comparison with cytosine easier, as C5(Cyt) interact with the (O) and (Oÿ) groups in 20 cases of 21. f is de®ned as the angle C5/N4-H  O for
cytosine, N6-H   O for adenine and C5M-H  O for thymine. x is de®ned as the angle H   O-C. yd and yp are the DNA and protein elevation angles, respectively (see Methods).
a
The hydrogens were built as described in Methods.
deg., degree.

nitrogen and the methyl hydrogen atoms, analogous to that proposed for the amino groups
(Sponer & Kypr, 1994; Sponer et al., 1996).
With regard to the contacts involving protein
carbon atoms, the C5/C5M  C contacts dominate,
probably owing to the hydrophobic effect
(Figure 2(e) and (f)). As expected, the number of
these interactions is signi®cant only at distances
larger than the sum of van der Waals' radii of two
Ê . In fact, these interactions
carbon atoms, 3.5 A
Ê:
become overwhelming at the distances 44.5 A
there are 456 contacts C5M(Thy)   C (data not
shown) and 135 contacts C5(Cyt)    C (Figure 2(f)).
This resembles the observed preferences in proteins
for favorable charged pairs at close approach and
hydrophobic pairs at longer distances (Bahar &
Jernigan, 1997). A noticeable number (80) of interactions between the protein carbon atoms and the
DNA positions occupied by oxygen were also
Ê (40 contacts
observed at distances less than 3.5 A
with O4(Thy) and 40 with O6(Gua), see Figure 2(e)
and (f)). Although these numbers are modest compared with the C   C interactions, they are similar
to the number of classical hydrogen bonds, such as
N6(Ade)    O(protein). Interestingly, the protein
carbon atoms interact very often also with the NH2
Ê
group of cytosine, especially at distances 44.5 A
(191 contacts, Figure 2(f)).
Geometric features of the close
CH    O contacts
To further characterize the nature of the C5    O
interactions observed between position C5/C5M in
the DNA major groove and the protein oxygen
atoms, the geometric features of all close contacts
Ê ) were studied. The inter-atomic distances
(43.5 A
and angles of these ``bonds'' were calculated and
the mean values were compared with the values
obtained for classical NH   O hydrogen bonds in
our data set. Since in most of the structures only

the heavy atoms were determined, hydrogens were
built for both the CH    O and NH    O interactions (see Methods). A summary of the mean
values and standard deviations of bond angles and
inter-atomic distances obtained for the CH    O
and NH    O interactions is given in Table 2.
Contacts via the C5 group of cytosine
Ê for C5(Cyt)H    O
The H    O distances 2.45 A
contacts are in good agreement with earlier observations for CH    O interactions in high resolution
protein crystal structures (Derewenda et al., 1995)
and in small molecules (Taylor & Kennard, 1982).
Naturally, these distances are large compared with
the corresponding distances in NH    O hydrogen
bonds (Table 2). Similarly, the C    O distances
obtained directly from the crystallographic data,
are also larger than the N    O distances, due to
Ê ) compared with
the larger size of carbon (1.75 A
Ê
nitrogen (1.55 A). These observations suggest that
CH groups in the DNA major groove can form
hydrogen bonds with the protein oxygen atoms,
but, however, these bonds are weaker than conventional hydrogen bonds. This is supported by
recent ab initio calculations of the imidiazole ± water
interactions, that estimate the CH    O hydrogen
bond energy as 2 to 3 kcal/mol compared with
7 kcal/mol for the NH    O bond (Ornstein &
Zheng, 1997).
The angles calculated for the C5    O contacts in
the protein ±DNA complexes are also in agreement
with the geometries of other CH    O hydrogen
bonds reported previously. Although the mean
value of the f angle (C5-H    O), 136 , does not
fall within the range usually accepted for hydrogen
bonds (140 to 180 ), this is mainly due to the
extremely low values (f < 120 ) found in some
structures. This may imply that the data set of
C5    O interactions is actually composed of two
sub-groups, only one of which corresponds to
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``real'' hydrogen bonds (with f  140 to 180 ), as
was suggested for the CH   O interactions in proteins (Derewenda et al., 1995). It should be noted
that the mean f angle (N4-H   O) observed for
the NH    O interactions is also rather low (145 to
155 ), although somewhat higher than that for
CH    O contacts (Table 2). Some of the NH    O
interactions exhibit geometries unacceptable for
hydrogen bonds (8 of 38 for adenine and 10 of 56
for cytosine), perhaps due to low resolution structures.
The x angle (H   O-C) is quite close to the ideal
value for the XH   O hydrogen bonds (120 ),
implying that the proton is directed toward the
oxygen lone electron pair. Furthermore, the angles
observed for CH    O interactions are closer to the
ideal geometry than those observed for NH    O
interactions (Table 2). The DNA elevation angles yd
are relatively low for both CH   O and NH    O
interactions (yd  15 to 23 ), indicating that the
protein oxygen atoms lie very close to the base
planes. The protein elevation angles yp are somewhat higher, 24 to 43 , especially for the CH    O
contacts, suggesting that in this type of interaction
the proton is positioned away from the plane of
the carbonyl/carboxyl group. This deviation from
planarity can also be explained by the relatively
low resolution of the complexes and the repulsive
C    O potentials used in crystallographic re®nement (Derewenda et al., 1995).
Contacts involving the thymine methyl group
In the case of thymine, the CH    O interactions
were divided into two subgroups, one involving
carbonyl (O) and carboxyl (Oÿ) oxygen atoms of
proteins, and the other involving the hydroxyl
groups OH (Table 2). Based on electrostatic considerations, we expect that when interacting with
thymine, the hydroxyl groups would approach the
methyl group from the center of the base, contacting the two major groove positions simultaneously
(C5M and O4), while carbonyl and carboxyl oxygens can approach C5M group only from the edge
of the base-pair, avoiding repulsion from the negatively charged oxygen O4. (This distinction was
not made in the case of cytosine: ®rst, since the
rationale for dividing the contacts into such subgroups does not hold when an NH group is in the
neighboring position N4; and second, since in most
of the cases the interactions with C5(Cyt) involve
carbonyl or carboxyl oxygen atoms only.) Using
our method of placing the methyl protons
(described in Methods), the H    O and C    O distances are similar to those obtained for cytosine
(Table 2). Notice that for carbonyl/carboxyl the
standard deviations are always larger than for
hydroxyl. This is consistent with the above notion
that the hydroxyl can make double contacts with
the thymine groups O4 and C5M, and therefore
would be preferably located between positions 4
and 5. On the contrary, carbonyl/carboxyl can
interact with various DNA groups in addition to
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C5M(Thy), such as the adjacent base or the sugarphosphate backbone, and thus its localization is
less certain.
The f angles for C5M(Thy)    O contacts are larger than for cytosine, and closer to the ideal geometry with f  180 (especially for carbonyl/
carboxyl, see Table 2). In this case the higher f
values can be explained by repulsion between the
carbonyl/carboxyl group and O4(Thy). On the
other hand, the elevation angles yd and yp are relatively high in the case of thymine, especially for
the interactions that involve the carbonyl group.
Notice, however, that in this case the protein oxygen does not have to be in the base plane for the
energetically favorable interaction with the methyl
proton (see Figure 1(b)).
Finally, the analysis of the hydrogen bond parameters indicates that both in CH    O interactions
and in the classical NH    O hydrogen bonds the
values are very widely dispersed and do not
always agree with the ideal hydrogen bond parameters (Table 2). Nevertheless, although our
sample is rather limited, the results for CH    O
interactions in both cytosine and thymine do
resemble observations made on low weight compounds having CH   O hydrogen bonds (Taylor
& Kennard, 1982), as well as those on high resolution protein structures (Derewenda et al., 1995;
Bella & Berman, 1996). In the case of thymine this
is somewhat surprising, since methyl groups are
less polarized than the aromatic carbon atoms, and
are rarely found to be involved in CH    O interactions in nucleic acids (Wahl & Sundaralingam,
1997). Thus, in our case it remains debatable
whether the C5M(Thy)    O contacts should be
described as CH    O hydrogen bonds, or as intermediates between weak hydrogen bonds and
strong van der Waals' interactions.
Distribution of C5    O distances
Analysis of the inter-atomic distances in the
C5    O DNA ± protein contacts provides further
insight into the nature of these interactions. To
characterize these contacts in the DNA ±protein
interface, the interatomic distances in the range
Ê (hydrogen bonds) to 6.0 A
Ê (long range
from 2.6 A
interactions) were studied. Here again the C5    O
contacts are compared to N    O and C    C interactions. Figure 3 shows the normalized frequency
distribution of distances of pairwise contacts (see
Methods). As expected, for short distances (less
than the sum of the van der Waals' radii of two
carbon atoms) the probability for C5    C contacts
is rather low. As the distance increases, these contacts become abundant and represent about 60% of
Ê the
all interactions involving C5. Starting at 4.0 A
frequency of these contacts reaches a plateau that
roughly corresponds to the fraction of protein carbon atoms in the DNA ± protein interface. The pattern of the N    O interactions is in a sense a
mirror image of the C   C pro®le and re¯ects the
strong attraction between the two groups. Up to a
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Figure 3. Normalized frequency
distributions of distances for pairwise contacts (N    O, C   C,
C    O). Dotted line is for N   O
pairs ( N4(Cyt)/N6(Ade) and protein oxygens); broken line is for
C    C pairs (C5(Cyt)/C5M(Thy)
and protein carbon atoms); continuous line is for C    O pairs
(C5(Cyt)/C5M(Thy) and protein
oxygen atoms). Notice that the
C    O curve has a pro®le that is
intermediate between those for
``classical'' hydrogen bonds N   O
and ``non-speci®c'' interactions
C    C.

Ê these interactions dominate, but
distance of 3.2 A
then decrease with a sharp slope, until beyond the
Ê their fraction remains approxidistance of 3.8 A
mately 20% of all interactions involving NH
groups in DNA.
The pattern of the C5    O interactions resembles
that of N    O. The slope for the C5   O interactions is very steep and somewhat broken, probably as a consequence of the scarce data. Starting
Ê this pro®le is intermediate
from a distance of 3.2 A
between the other two (C5   C and N   O), and
Ê it reaches a plateau at
at a distance of 4.2 A
approximately the same level as for the N   O
interactions. The level of the plateau re¯ects the
fraction of protein oxygen atoms in the DNA ±protein interface. Notice that in the interval between
Ê there is a shift of 0.2 A
Ê between the
3.2 and 4.2 A
graph for the N    O and that for the C5    O,
which corresponds to the greater van der Waals'
Ê ) compared with oxygen
radius of carbon (1.75 A
Ê ). The similarity between the two distri(1.55 A
bution patterns, for C5   O and N  O interactions, is in accord with the data presented in
Table 2, and indicates the close relationship
between the two types of contacts. These results
are entirely consistent with the similar analysis of
CH    O interactions in high resolution protein
crystal structures (Derewenda et al., 1995), which
demonstrated the intermediate characteristics of
these interactions compared to N  O and C    C
contacts.
In the current study we have used crystallographically solved protein± DNA complexes of transcription factors and restriction enzymes. These
include different DNA binding motif families with
various numbers of representatives in each family.
In order to verify that our ®ndings are not biased,
we repeated the above analysis using a data set
that includes only one representative from each
binding motif family, and all structures in the

``Others'' category in Table 1. The normalized frequency distributions obtained for this limited data
set practically coincide with those presented in
Figure 3 (data not shown).
Electrostatic considerations in
amino acid ±base recognition
In search of general principles for speci®c amino
acid ±base recognition, we and others noticed earlier that electrostatic considerations may play a signi®cant role (Choo & Klug, 1994; Suzuki, 1994;
Lustig & Jernigan, 1995; Mandel-Gutfreund et al.,
1995). By considering the C5    O close contacts
Ê ) as part of the protein± DNA hydrogen
(43.5 A
bonding network, this conjecture is reinforced. We
obtained a total of 391 interactions between the
amino acid side-chain tips and the DNA base
edges in the major groove (54 of which are
CH    O interactions), involving 276 different pairs
of amino acid ± base.
To link the observed frequencies of the pairs of
amino acid ±base with simple physico-chemical
properties of the participants, the DNA bases and
the amino acid residues have been arranged
according to their charges on the major groove
edge and the side-chain tip, respectively . For this
purpose, the bases were ranked by their net
charges in the major groove, G < A 4 T < C, guanine being the most negative and cytosine the
most positive (Tables 3 and 4). The amino acids
were divided into four major groups according to
their chemical properties (Table 3). These groups
were arranged according to the charges on the
side-chain tips, (Oÿ) < (OH) < (O  /NH) < (N),
see Table 5. Histidine was classi®ed separately
because of its pH-dependent properties. Aliphatic
amino acids were excluded, although in principle
they can form weak CH    O hydrogen bonds with
oxygen atoms on the DNA base edges, e.g.
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Table 3. Occurrences of pairs of amino acid ±DNA base in 43 X-ray complexes
A. Classical hydrogen bonds
aa group

Base

Oÿ
OH/SH
O  /NH
N
His

B. Classical hydrogen bonds and CH  O interactions

G

A

T

C

aa group

0
6
12
79

1
9
40
9

0
7
17
15

17
4
8
0

Oÿ
OH/SH
O  /NH
N

6

2

3

0

Base

His

G

A

T

C

0
6
12
79

1
9
40
9

6
23
29
15

21
4
11
0

6

2

3

0

A. Pairs of amino acid±base, formed by classical hydrogen bonds as postulated by Seeman et al. (1976). Hydrogen bonds with a
Ê between acceptor and donor atoms in the major groove were included. B. Inclusion of CH  O interacmaximum distance of 3.5 A
Ê ) in addition to the classical hydrogen bonds. Bases are arranged according to their net charge in the major groove,
tions (43.5 A
from the negative (left) to the positive (right), see Table 4. Amino acids are divided into four major groups (aa groups), depending
on the acceptor/donor propensity of the side-chain tip and ordered according to charge: (Oÿ), Asp, Glu; (OH/SH), Ser, Thr, Tyr
and Cys; (O  /NH), Asn, Gln; (N), Arg, Lys (see Table 5). Histidine was classi®ed separately due to its pH-dependent properties.
Bold and underlined letters indicate the highest numbers in each row, showing the preferred base for each amino acid group. The
relatively large number of interactions between the O  /NH group of amino acids and thymine in B is indicated in italics. Notice
the obvious diagonals across the Table, indicating the consistency of the amino acid preferences with their electrostatic properties,
which is much more emphasized in B where CH  O interactions are included.

O4(Thy). However, this type of contact is beyond
the scope of our present study and will be discussed elsewhere.
Arranging the data according to the relative
charges of the participants in a 4  5 Table highlights the obvious diagonal across the Table (from
right top to left bottom), indicating the consistency
of the amino acid ±base preferences with their electrostatic properties (Table 3B). Interestingly, without the C5-H   O interactions included, this
pattern is weaker and no preference is found for
the (OH) group of amino acids (Table 3B),
suggesting that these weak hydrogen bonds can
contribute to the speci®city of recognition via the
C5 groups of pyrimidines. Moreover, the proposed
Table 4. Base edge charges in the major groove
Scale

G

Renugopalakrishnan et al. (1971) ÿ0.54
Pearlman & Kim (1990)
ÿ1.01
Cornell et al. (1995)
ÿ0.45

A

T

ÿ0.09
ÿ0.01
0.07

ÿ0.04
0.28
ÿ0.03

C
0.33
0.78
0.39

To calculate the net partial charges in the major groove, the following heavy atoms were considered together with the
attached protons: adenine, N7, C5, C6, N6; thymine, O4, C4,
C5, C5(Met); guanine, N7, C5, C6, O6; and cytosine, N4, C4,
C5. Three sets of charges were used. Notice that the only discrepancy between the three sets of charges occurs for adenine
and thymine: the potentials by Cornell et al. (1995) give the
order A > T (underlined) in contrast to the other potentials.

Table 5. Amino acid tip charges
Scale
Momany et al. (1975)
Cornell et al. (1995)

(OH/SH)

(O  /NH)

(ÿ0.14)±(ÿ0.17)
(ÿ0.16)±(ÿ0.27)

0.03±0.04
(ÿ0.01)±0.04

Two sets of charges were used; both predict the more negative
charges on the amino acid tips in the (OH/SH) group. The
group (OH/SH) contains Ser, Thr, Cys and Tyr; tips include
the O, S and H atoms. The group (O  /NH) contains Asn and
Gln; tips include the amino groups, carbonyl oxygens and the
adjacent carbons (Cg in Asn and Cd in Gln).

attractive interactions between C5M(Thy) and protein oxygen atoms can explain experimentally
observed amino acid ± base preferences that otherwise remain unaccounted for (e.g. see Choo &
Klug, 1994). In their selection studies Choo & Klug
(1994) used sequence variants of the zif268 second
zinc ®nger to screen libraries of all possible DNA
triplet binding sites. Close inspection of their
results (Figure 1, Choo & Klug, 1994) indicates that
in most cases Ser and Thr interact often with thymine, as predicted by our scheme (Table 3B). The
relatively large number (29) of pairs between
amino acids (O  /NH) and thymine in Table 3B,
is likewise consistent with the experimentally
observed preferences of Asn and Gln for thymine,
in addition to the anticipated preference for adenine (Choo & Klug, 1994). Notice that considerations based only on classical hydrogen bonds fail
to account for this (O  /NH)    (Thy) preference
(Table 3A). Similar amino acid ±base preferences
are also obtained for the limited set of data (see
above), when only one representative from each
binding motif family is used. Overall, Table 3
emphasizes that electrostatic considerations are
useful for elucidating general guidelines for amino
acid ±base recognition.

Conclusions
The concept of CH    O hydrogen bonds has
been debated for many years, since the conjecture
of Pauling (1960), who proposed that the difference
in the boiling point between tri¯uoroacetyl chloride and acetyl chloride is due to a hydrogen bond
involving a methyl group in the latter (reviewed
by Desiraju, 1991). However, in recent years evidence has accumulated that these bonds may have
signi®cant implications in various biochemical processes (reviewed by Wahl & Sundaralingam, 1997).
In this paper, based on 43 crystal structures of protein ±DNA complexes, we demonstrate the exist-
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ence of numerous intermolecular contacts between
the DNA major groove atoms C5(Cyt)/C5M(Thy)
and protein oxygen atoms. A comprehensive analysis of the geometry of these close contacts exhibits
features that are similar to other CH    O interactions found in proteins and small molecules, as
well as to the NH    O hydrogen bonds observed
in our data set. This similarity indicates that at
least part of the CH   O contacts described here
can be considered as hydrogen bonds.
As was suggested recently for protein structures
(Derewenda et al., 1995), further re®nement of protein ±DNA complexes based on new potential functions, treating CH    O interactions as attractive
rather than repulsive, would result in a better
agreement of the CH    O bond geometries with
the stereochemical features of classical hydrogen
bonds. We propose that CH   O interactions, considered here for the ®rst time in protein± DNA
complexes, contribute to speci®c recognition of
DNA target sites by proteins, and play a role in the
modulation of gene expression. The functional
advantage of these novel interactions may be
related to their weakness. Indeed, the nucleo-protein recognition based entirely on strong hydrogen
bonds, would make gene regulation hardly possible, due to the expected low dissociation rates of
the complexes. The CH   O interactions not only
facilitate attraction of the cognate sequences to
each other, but at the same time make this attraction relatively weak, and therefore, more readily
reversible. These interactions, being weaker and
thus less selective compared with classical hydrogen bonds, are also likely to play an important role
in the recognition of a range of DNA target sites
by the same protein. Overall, including these
CH    O interactions together with the conventional hydrogen bonds between amino acid side-chains
and the DNA groove edges reveals more consistently the base ± amino acid preferences, and has
direct implications for molecular design experiments.

Methods
Ê
Geometric features of the short contacts 43.5 A
These were considered for selected interactions,
including the CH    O and NH    O contacts (Table 2).
Since in most cases the X-ray data do not provide the
positions of hydrogen atoms, they were built according
to strereochemical criteria. For all groups, the C ± H bond
Ê and the N ± H bond as
length was de®ned as 1.08 A
Ê . The hydrogen for C5(Cyt) was positioned along
1.00 A
the bisector of the angle C4-C5-C6, while for the amino
groups N4(Cyt) and N6(Ade) the two hydrogen atoms
were built in the plane of the base in sp2 hybridization
geometry (forming three angles of 120 ). The three
hydrogens of C5M(Thy) were placed as in ideal sp3 (tetrahedral) hybridization; the ®rst proton (with respect to
which the other two hydrogens were positioned) was
located as close as possible to the interacting protein oxygen, leaving a rotational freedom for the CH3 group.

Figure 4. Geometric parameters characterizing the
CH    O and NH    O interactions. The dihedral angles
wd[C-C/N-H    O] and wp[H    O-C-X] are used to calculate the elevation angles yd and yp (see Methods).
X stands for nitrogen in the case of interaction with the
peptide carbonyl, and for carbon in the case of interaction with the side-chain oxygen (carbonyl in Asn and
Gln, carboxyl in Asp and Glu, and hydroxyl in Ser, Thr
and Tyr).

Each of the above contacts was characterized by six
geometric parameters, illustrated in Figure 4. The ®rst
four parameters, the distance between the heavy atoms
C/N   O (D), the length of the hydrogen bond H   O
(d), the donor angle f de®ned as C/N-H   O, and the
acceptor angle x, de®ned as H-O-C(protein), are standard and frequently used for characterization of hydrogen bonds (Jeffrey & Saenger, 1991). In addition, two
dihedral angles, wd and wp, de®ned, respectively, by
atoms [C-C/N-H    O] and [H    O-C-X], were used to
calculate the elevation angles yd and yp from the relationships: sin yd  sin f sin wd; sin yp  sin x sin wp. These
notations and de®nitions are consistent with those introduced earlier by Taylor & Kennard (1982) and
Derewenda et al. (1995) to analyze CH   O interactions
in small molecules and proteins, respectively.
Normalized frequencies of C    O, N   O and
C   C interactions
Ê in
For a series of distances, ranging from 2.6 to 6.0 A
Ê , the number of contacts of each type
increments of 0.2 A
was computed and normalized (Figure 3). For each distance, normalization was obtained by dividing the number of speci®c contacts at this distance by the total
number of contacts between the corresponding DNA
atom with all protein atoms. For example, the normalized number of C5(Cyt)    O interactions at the distance
Ê is given by the number of pairs (C5, O) for those
3.0 A
protein oxygen atoms that are at the distance of 2.8 to
Ê from C5, divided by the number of interactions
3.2 A
between C5(Cyt) and all protein atoms at the same distances. This kind of normalization is essential due to irregularities of the convex and concave shapes interacting
at the protein ± DNA interface.
Charges on the amino acid tips and DNA base edges
To calculate the net charges for the bases in the major
groove, three different scales of atomic charges were considered (Renugopalakrishnan et al., 1971; Pearlman &
Kim, 1990; Cornell et al., 1995) (Table 4). There is an
almost complete agreement in the ranking of the bases
by their charges according to all three scales used,
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G < A 4 T < C. The only exception concerns the ranking
of adenine versus thymine based on the charges of
Cornell et al. (1995), according to which adenine is more
positive than thymine by 0.1 (Table 4); however, the
other two sets of partial charges predict that adenine is
more negative than thymine by 0.1 to 0.3. Thus, we use
the relationship A 4 T for ranking the bases in Table 3.
The amino acids are divided into several categories
and arranged depending on their donor/acceptor propensity and the partial charges on their tips (Table 3).
Evidently, the charged amino acids should be located at
the opposite ends of this scale: Asp and Glu (denoted
Oÿ) are the most negative and acceptor-prone, while Lys
and Arg (denoted N) are the most positive and donorprone. To rank the neutral amino acids (denoted OH/SH
and O  /NH), which can serve both as donors and
acceptors of protons, the net charges on their tips were
calculated according to two sets of potential functions
(Momany et al., 1975; Cornell et al., 1995). Notice that
although the partial charges in the two sets differ quite
substantially, the overall charges are consistent with
each other (Table 5): in both cases side-chains in the
(OH/SH) group are more negatively charged than in the
(O  /NH) group. Thus, the four groups of amino acids
are ranked in the following order according to the net
charges on their tips: (Oÿ) < (OH/SH) < (O  /
NH) < (N).
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