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Abstract

We investigate the frequencies of hydrogen bonds in protein secondary structure, includ-
ing ones involving sidechains. We study the effect of wrapping on the frequency of these
bonds. We show that hydrogen bonds between the mainchain and sidechains occur most
frequently when there are nearby structural defects due to a lack of wrapping.

It is remarkable that there are more mainchain-mainchain hydrogen bonds than ones in-
volving sidechains [9] in protein structure as represented in the Protein Data Bank (PDB). To
investiage this, and to assess the effect of wrapping [1, 2, 3, 4] on formation of hydrogen bonds
involving sidechains, we experimented with a prototype code developed by an intern from École
Polytechnique, Thuong Van Du Tran, who visited the University of Chicago in the summer
of 2006. This code was a precursor to the code Wrappa [5, 6]. Since wrapping for hydrogen
bonds involving sidechains has not yet been extensively studied, we simply followed norms for
mainchain-mainchain hydrogen bonds [6].

We used a subset of the PDB called PDBSelect [7], generated in 2006, consisting of 1547
proteins complexes (PDB files). This data set has only 68,917 hydrogen bonds between sidechains
and mainchains, contrasted with 233,879 mainchain-mainchain hydrogen bonds. All data was
restricted to intramolecular hydrogen bonds within a single chain for simplicity, since the basic
PDBSelect unit is a chain. Thus it would be difficult to know what to do to limit bias if a
neighboring chain might have a structure redundant with another chain in the data set. In
addition, there are 33,021 sidechain-sidechain hydrogen bonds, 152 of which involve terminal
oxygens. If we classify bonds according to whether the sidechain is the donor (S-M) or acceptor
(M-S), then we find that 30,640 of the total hydrogen bonds between sidechains and mainchains
have the sidechain as acceptor (M-S), not including another 75 which involve terminal oxygens.
Correspondingly, the remainder (38,277) are S-M bonds.

The rotameric diversity of most sidechains [8] indicates a torsional flexibility that is consid-
erably greater than that allowed by the backbone rotational degrees of freedom. Thus one might
expect that sidechain hydrogen bonds would play a dominant role in protein structure. However,
the above data shows that the opposite is true. This may be due to the higher entropic cost as-
sociated with freezing the position of the sidechain in order to form a hydrogen bond. To be sure
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we are counting things correctly, we now consider carefully how to compare the opportunities for
hydrogen bonding of different types.

1 Hydrogen bond counting

In thinking about the likelihood of finding one type of bond versus another in proteins, there
are two ways of looking at the question. Above, we have taken the view that is suitable for
the following question: when looking at a protein, are we more likely to see mainchain-only
hydrogen bonds than ones involving sidechains? This is a useful question to ask, since it says
something about the contributors to the energy of binding among the various types of hydrogen
bonds. But there is a different point of view we could take. We might instead be interested in
the likelihood of a particular donor or acceptor being involved in a hydrogen bond. This is a
different question because the numbers of donors and acceptors are different for the mainchain
versus the sidechains. Exploring this question reveals typical issues that have to be dealt with
when datasets are examined from different perspectives.

Some of the differences in numbers of mainchain-mainchain hydrogen bonds versus bonds
involving sidechains can be explained by the differences in the number of hydrogen bond donors
and acceptors. Every mainchain unit can form hydrogen bonds, but not all sidechains can.
There are about one-third fewer (thirteen out of twenty) donors and acceptors for sidechains
than mainchains. Note that the counts are simplifed because there are both thirteen donors and
thirteen acceptors for sidechains. If the numbers were different, it would be more difficult to
compare them with the mainchain donors and acceptors.

Making a correction for the differences in numbers of donors/acceptors narrows the gap
between numbers of mainchain-only hydrogen bonds and hydrogen bonds involving sidechains
somewhat, but the observed difference is still substantial. To account for the deficit in donors
and acceptors, we can multiply the number of M-S and S-M bonds by 20/13 ≈ 1.54, the ratio of
potential donors/acceptors for M-S or S-M versus M-M bonds. The resulting number corresponds
to ‘virtual’ bonds that would exist if the numbers of donors and acceptors were the same, and
these numbers can be directly compared with the number of M-M bonds. Combining the number
of M-S and S-M bonds (68,917) and multiplying by the factor 20/13, we get about 106K ‘virtual’
bonds. For the sidechain-sidechain bonds, we need to multiply by (20/13)2 ≈ 2.37, yielding
about 78K ‘virtual’ bonds, for a total of 186K ‘virtual’ bonds. Thus the likelihood of forming
mainchain-mainchain bonds could be viewed as about a quarter more frequent than formation
of a sidechain bond. Nevertheless, in terms of energy budget, the mainchain-mainchain bonds
remain dominant.

The likelihood of finding a sidechain involved in a hydrogen bond depends on the likelihood
of finding that sidechain in a protein. Thus a more careful analysis would involve the frequencies
of individual residues in proteins. We leave this task as Exercise 5.2.

2 Proline-like configurations

Proline is the unique cyclic sidechain that forms a second covalent bond to the backbone. This
forms a very rigid configuration which thus has special properties. However, other residue con-
figurations can form ring-like structures with somewhat the same character, based on hydrogen
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Figure 1: Distribution of wrapping for hydrogen bonds in a subset of the PDB Select structures.
Bonds involving self-attachment, which have a significantly smaller desolvation domain, have
been excluded. Solid line (line 1): M-M; large-dash line (line 2): M-S; small-dash line (line 3):
S-M; dotted line (line 4): S-S. Desolvation radius 6 Å.

bonds formed by the sidechains with the nearby amide or carbonyls on the backbone. We review
this interesting behavior here and note the relationship to wrapping.

One feature of hydrogen bonds between mainchains and sidechains is that a large portion of
them involve a bond between the sidechain and the amide or carbonyl of their own peptide, or
of a neighboring peptide in the sequence. In this way, these sidechains form a structure that is
similar to that of proline, but with the covalent bond in proline replaced by a weaker hydrogen
bond.

One thing that characterizes such local attachments is that they tend to be underwrapped
compared to hydrogen bonds between sidechains and mainchains that are more distant in se-
quence. The distribution of wrapping of all hydrogen bonds in this set of protein structures is de-
picted in Figure 1. First of all, we need to say how the wrapping of bonds involving sidechains was
computed. To keep within the framework used for estimating wrapping of mainchain-mainchain
bonds [6], we used a desolvation domain consisting of spheres centered at the two Cα carbons
of the corresponding peptides. However, it should be noted that hydrogen bonds involving
sidechains are quite different, and it is likely that a different metric would be more appropriate
(and accurate).

We see that the wrapping of all hydrogen bonds involving sidechains is less than that
for mainchain-mainchain bonds, with the deviation greatest for the M-S bonds for which the
sidechain forms the acceptor of the bond, the donor being a mainchain amide group. An under-
wrapped mainchain amide or carbonyl would be a likely target for water attachment. Thus the
structural defect associated with underwrapping appears to be corrected by certain sidechains
making hydrogen bonds with the exposed backbone amides or carbonyls. Moreover, the forma-
tion of the hydrogen bond also removes the sidechain from water exposure as well. The major
contributors (see Table 6) to this motif are Thr, Ser and Asp, which have relatively little sidechain
flexibility, so only a limited amount of entropy is lost in these associations.
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(a) (b)

Figure 2: Ball and stick representation of the main atoms. Oxygens in red, nitrogen in blue,
carbons in light grey, and hydrogen in white. Hydrogen positions have been estimated. (a)
B-GLU306 sidechain in the PDB file 1NDM, including the C-O group from peptide 305. (b)
B-GLU306 (lower right) and B-GLU 405 (upper left) complex in the PDB file 1NDG, including
the C-O groups from sidechains 305 and 404.

We should note that we are only considering sidechain bonds that are formed within the same
chain. That is, the intermolecular bonds formed between different chains are not counted here.

2.1 Self connections

Some sidechains can form a hydrogen bond with their own mainchain peptide group. For example,
Asp and Glu can form hydrogen bonds between their terminal oxygens and the NH group on the
backbone. An example of this is found in the PDB file 1NDM in the bond between the NH and
OE1 of B-GLU306. In this bond, the N-O distance is only 2.78 Å and the angle between the
NH and the CO is quite favorable. This is depicted in Figure 2(a). A similar bond is formed by
A-GLU81 in 1NDM, and the N-O distance is only 2.37 Å. In the homologous structure in 1NDG,
we find the second of these motifs (A-GLU81) repeated, as well as two more: A-GLU123 and
B-GLU301. But the simple motif involving B-GLU306 becomes a complex of two Glu’s (B-GLU
306 and B-GLU 405) with symmetric mainchain-sidechain bonds (N-H bonded to OE’s) between
the two as well as a self-bond (B-GLU 405), as shown in Figure 2(b).

The analogous type of bond can be formed with Gln, as in 1MPA (H-GLN113) and 1WEJ (H-
GLN109). Although the turn is tighter, this motif also occurs with Asp: in 2H1P (H-ASP480)
and in 2BSR (A-ASP106). And similarly, the motif occurs with Asn: in 1CU4 (L-ASN138),
1E4W (P-ASN4) and 1JRH (I-ASN53).

A similar type of motif can occur with Asn, in which the terminal amide group bonds with the
backbone oxygen of the same residue, such as in 1IC4 (Y-ASN37), 1JRH (I-ASN62) and 1MPA
(H-ASN3). With Thr, the terminal OH group can bond with the backbone oxygen of the same
residue as well, as in 1NDM (B-THR431) and 1DQM (H-THR132). With Ser, the terminal OH
group can bond with the backbone oxygen of the same residue as well, as in 2H1P (L-SER32)
and 1IGC (L-SER202).

The terminal NH3 group on lysine can bond with its own backbone oxygen, as occurs in
1WEJ (H-LYS136). A related type of motif can occur with Gln, in which the terminal amide
group bonds with the oxygen of the preceding residue, such as (A-GLN89 NE2 — A-GLN90 O)
in both PDB files 1NDG and 1NDM. This can also happen with Ser, with the terminal oxygen
bonding with the next backbone amide group, as in 1DQJ (C-SER86 N—C-SER85 OG).

4



offset residue type donor acceptor frequency wrapping corrected
0 ASN M-S N OD1 116 8.5 14.4
0 HIS M-S N ND1 236 9.0 15.3
0 GLN M-S N OE1 267 10.2 17.3
0 ASP M-S N OD1 478 8.7 14.7
0 GLU M-S N OE1/2 981 10.5 17.8
0 CYS S-M SG O 24 8.0 13.6
0 LYS S-M NZ O 55 9.6 16.3
0 SER S-M OG O 67 6.8 11.5
0 THR S-M OG1 O 79 8.3 14.1
0 GLN S-M NE2 O 83 11.0 18.7
0 ASN S-M ND2 O 119 7.7 13.0
0 ARG S-M Nx O 224 10.0 17.0
0 ARG S-M NH2 O 19 9.7 16.4
0 ARG S-M NE O 65 9.7 16.4
0 ARG S-M NH1 O 140 10.1 17.1

Table 1: Observed local hydrogen bonds between a residue and its own mainchain amide or
carbonyl groups. The bonds made by arginine are further subdivided according to the specific
hydrogen bond donor group. The corrected wrapping values in the final column are simply the
wrapping value times 1.7, to account for the difference in size of desolvation domain (desolvation
radius 6 Å). See Figure 3 parts (a) and (b).

In Table 1, we tabulate the occurrences all of the observed local bonds where the sidechain
bonds to its own backbone. This data is taken from a subset of the PDB Select database con-
sisting of 1547 proteins complexes (PDB files) having 68,994 hydrogen bonds between sidechains
and mainchains. (This is to be contrasted with a total of 233,879 mainchain-mainchain hydrogen
bonds, and 33,217 sidechain-sidechain hydrogen bonds, 152 of which involve terminal oxygens.)
If we classify bonds according to whether the sidechain is the donor (S-M) or acceptor (M-S),
then we find that 30,642 of the total hydrogen bonds between sidechains and mainchains have
the sidechain as acceptor (M-S), not including another 75 which involve terminal oxygens. Corre-
spondingly, the remainder (38,277) are S-M bonds. Thus the special bonds tabulated in Table 1
represent 2,729 (2,078 M-S and 651 S-M) hydrogen bonds, or about 4% of the total hydrogen
bonds between sidechains and mainchains (6.7% of M-S and 1.7% of S-M).

The hydrogen bonds in Table 1 appear at first to be extremely underwrapped, but it must
be remembered that in the case of a self-bond, the definition of the desolvation domain would
involve only one sphere. Thus the desolvation domain is about 40% smaller than a desolvation
domain consisting of two spheres centered on Cα’s separated by 6 Å (for a sphere radius of
6 Å). Thus we might increase the wrapping numbers by about 70% in order to get a realistic
comparison. With this correction (listed in the last column in Table 1), the bonds still appear
slightly underwrapped.

The average amount of wrapping found in the same set of protein complexes was 17.8 for
M-S hydrogen bonds and 19.9 for S-M hydrogen bonds (for a desolvation sphere radius of 6 Å),
with the bonds removed from the calculation that involve the same residue, due to the smaller
desolvation domain in that case. The distribution is shown in Figure 1. Adjusting these for a 40%
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Figure 3: Hydrogen bond-forming sidechain configurations in the case of (a) zero-offset,
mainchain-sidechain (M-S) bonds; (b) zero-offset, sidechain-mainchain (S-M) bonds; (c) +1 off-
set, mainchain-sidechain (M-S) bonds; and (d) -1 offset, sidechain-mainchain (S-M) bonds. See
Table 1 for (a) and (b) and Table 2 for (c) and (d).

decrease in volume of the desolvation domain would suggest expected values of 10.7 (M-S) and
11.9 (S-M), respectively. For reference, the mean wrapping of mainchain-mainchain hydrogen
bonds for this data set is 21.4 and 20.5 for sidechain-sidechain hydrogen bonds. Thus we see that,
in general, sidechain hydrogen bonds are less well wrapped than mainchain-mainchain bonds,
with M-S hydrogen bonds significantly less well wrapped.

In particular, we see that both Glu and Gln are about as well wrapped when they make M-S
hydrogen bonds to their own backbone amide groups as M-S hydrogen bonds are in general. On
the other hand, Asp and Asn tend to be significantly less well wrapped when they make M-S
hydrogen bonds to their own backbone amide groups compared with M-S hydrogen bonds are in
general. The residues of Asp and Asn themselves contribute one less wrapper to the desolvation
domain, but even adding one to the corrected wrapping values (to account for the additional
intrinsic wrapper in the sidechains of Glu/Gln versus Asp/Asn) leaves their mean wrapping
values more than two lower than the average of M-S hydrogen bonds in general.

On the other hand, all of the sidechains that form S-M bonds to their own carbonyl groups
are, on average, significantly underwrapped compared to the average wrapping (19.9) of S-M
bonds. The only exception to this is Gln, whose average wrapping in this configuration is only
one less than the average.

2.2 Nearest neighbor connections

The configuration of the sidechains relating to the data in Table 1 is depicted in Figure 3(a-b). We
can see that these are the two closest possible mainchain locations for hydrogen bonding by the
sidechain. But we also realize that other locations are also quite close, involving nearest sequence
neighbors. These possible hydrogen bonds are depicted in Figure 3(c-d). In Table 2, we list all of
the observed local bonds that can occur where the sidechain bonds to the nearest position on the
backbone of its sequence neighbor. The special bonds tabulated in Table 2 represent 1,321 M-S
and 920 S-M hydrogen bonds, or about 4.3% of M-S and 2.4% of S-M hydrogen bonds. Thus
the combined M-S bonds involving sidechain hydrogen bonds with the amide group on either the
same peptide or the subsequent peptide constitute 11% of all M-S hydrogen bonds.

The desolvation domains for sequence-neighbor residues will also be slightly smaller in size.
The mean separation of Cα’s in sequence neighbors is about 3.84 Å, and thus the desolvation
domain (with radius 6 Å) is about 13% smaller in volume that a desolvation domain where
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offset residue type donor acceptor frequency wrapping
+1 HIS M-S N ND1 38 12.0
+1 GLN M-S N OE1 69 14.1
+1 THR M-S N OG1 95 13.5
+1 SER M-S N OG 105 13.3
+1 GLU M-S N OE1/2 138 14.9
+1 ASN M-S N OD1 249 14.1
+1 ASP M-S N OD1/2 627 15.0
-1 ASN S-M ND2 O 19 16.2
-1 CYS S-M SG O 38 14.8
-1 GLN S-M NE2 O 42 15.7
-1 LYS S-M NZ O 120 15.6
-1 ARG S-M Nx O 179 15.0
-1 ARG S-M NH2 O 42 15.3
-1 ARG S-M NE O 54 15.2
-1 ARG S-M NH1 O 83 14.7
-1 THR S-M OG1 O 236 14.7
-1 SER S-M OG O 286 14.7

Table 2: Observed local hydrogen bonds between the residue and the nearest mainchain amide or
carbonyl groups of its sequence neighbors. The bonds made by arginine are further subdivided
according to the specific hydrogen bond donor group. Nx refers to the collection of the three
NH groups; the frequency is the sum of the frequencies and the wrapping is the average. See
Figure 3 parts (c) and (d).

the Cα’s are a typical 6 Å apart. However, even with this correction, the amount of wrapping
depicted is still significantly depressed from the expected averages (17.8 for M-S and 19.9 for
S-M hydrogen bonds). Indeed, the volume of the desolvation domain depends on the distance
between Cα atoms used in its definition, but taking a 6 Å separation as typical, we see that when
the separation varies from 5 Å to 7 Å, the corresponding volume variation is no more that 6%
(for a desolvation radius of 6 Å), cf. Exercise 5.1.

The next closest positions for a residue to make hydrogen bonds with the mainchain of its
sequence neighbor are depicted in Figure 4. In Table 3, we list all of the observed local bonds
that can occur where the sidechain bonds to the nearest position on the backbone of its sequence
neighbor. The special bonds tabulated in Table 2 represent 64 M-S and 842 S-M hydrogen bonds,
or about 0.2% of M-S and 2.2% of S-M hydrogen bonds.

There are a few examples of bonds that occur only rarely in the dataset considered here.
These are collected in Table 4.

2.3 Further neighbors

By contrast, once we look beyond nearest sequence neighbors, the picture changes dramatically.
There are 7,969 M-S hydrogen bonds between the sidechain of residue k and the amide group
on peptide k + 2. This represents over a quarter of all M-S bonds in this dataset. Three fifths
of them involved either Asp or Asn. However, the mean wrapping for these hydrogen bonds is
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Figure 4: Configuration of the (a) +1 offset sidechains for the sidechain-mainchain (S-M) con-
figuration, and the (b) -1 offset sidechains for the mainchain-sidechain (M-S) configuration. See
Table 3.

offset residue type donor acceptor frequency wrapping
+1 CYS S-M SG O 21 14.0
+1 GLN S-M NE2 O 22 13.8
+1 ASN S-M ND2 O 48 13.6
+1 LYS S-M NZ O 62 13.7
+1 SER S-M OG O 177 11.1
+1 THR S-M OG1 O 217 13.2
+1 ARG S-M Nx O 295 16.3
+1 ARG S-M NH2 O 35 15.9
+1 ARG S-M NE O 45 15.9
+1 ARG S-M NH1 O 215 16.5
-1 ASN M-S N OD1 6 11.0
-1 GLN M-S N OE1 8 10.1
-1 GLU M-S N OE1/2 50 11.6

Table 3: Observed local hydrogen bonds between the residue and the next nearest mainchain
amide or carbonyl groups of its sequence neighbors. The bonds made by arginine are further
subdivided according to the specific hydrogen bond donor group. Nx refers to the collection of
the three NH groups; the frequency is the sum of the frequencies and the wrapping is the average.
See Figure 4.

offset residue type donor acceptor frequency wrapping
0 THR M-S N OG1 1 13.0
-1 HIS S-M NE2 O 1 8.0
-1 TRP S-M NE1 O 1 12.0
-1 HIS M-S N ND1 2 9.5
-1 THR M-S N OG1 2 9.0
-1 ASP M-S N OD1 3 15.7

Table 4: Rarely observed local hydrogen bonds between the residue and various nearby mainchain
amide or carbonyl groups of its sequence neighbors.
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offset residue type donor acceptor frequency wrapping
0 ASN M-S N OD1 116 (14.4)
0 ASP M-S N OD1 478 (14.7)

+1 ASN M-S N OD1 249 14.1
+1 ASP M-S N OD1/2 627 15.0
+2 ASN M-S N OD1 1613 14.9
+2 ASP M-S N OD1 3175 14.2

Table 5: Comparison of wrapping for Asp and Asn M-S bonds in different contexts. Wrapping
values for bonds to their own peptide are the corrected values, shown in parentheses, from Table 1.

still low: 14.2 for Asp and 14.9 for Asn. In Table 5, we compare the data on these configurations
with the data on Asp and Asn that bond with closer neighbors. In these configurations, Glu and
Gln are relatively less frequent, occurring only 153 and 48 times, respectively. Ser (1530) and
Thr (1052) are more strongly represented in this group, while His (279) and Cys (117) are less
other commonly occurring sidechains found in k + 2 M-S bonds. The number of S-M bonds in
this configuration is much smaller, having only 1180 occurrences. Similarly there are only 128
M-S, and 708 S-M, hydrogen bonds between the sidechain of residue k and peptide k − 2.

3 All sidechain hydrogen bonds

To amplify the assessment of attachments of sidechains to mainchain amides and carbonyls
on peptides nearby in sequence, we now analyze sidechain hydrogen bonds with mainchains in
general. In Table 6, we collect some pertinent statistics, again drawn from the same subset of
1547 proteins complexes from the PDB Select database.

Some explanations are required for the data in Table 6. The column ‘type’ indicates whether
the sidechain forms a bond with an amide (M-S) or a carbonyl (S-M). That is, the first letter
indicates the hydrogen bond donor and the second letter indicates the hydrogen bond acceptor.
The column ‘count’ gives the total number of residues of this type in the PDB Select subset
studied. The column ‘bonds’ indicates the number of hydrogen bonds of the specified within the
total dataset.

The mode ‘M ’ refers to the distribution of sequence distances between a sidechain and main-
chain making a hydrogen bond. More precisely, we form the frequency distribution of sidechains
with sequence number i that are bonded to the mainchain amide or carbonyl of peptide i+ j as
a function of j. These distributions are highly peaked (cf. Figure 7), and the mode provides a
useful statistic to characterize them. The mode M of this distribution of sequence distances is
the number such that the largest number of sidechains i makes bonds with peptide i + M . For
example, M = 0 means that the majority of the sidechains are bonded to their own mainchain.

The distribution of all sequence distances for all types of sidechains is shown in Figure 5.
We see that it is heavily concentrated on small distances, and Figure 6 provides a view of the
distribution in this region. From this, we conclude that a substantial fraction of the distribution
is concentrated for distances of magnitude ten or less, and that the character of the distribution
changes outside this region. There is a significant difference in the distributions for M-S versus
S-M bonds, and these differences are contrasted in Figure 6 as well.

9



res. type count bonds M %-loc NNW in-W out-W %-out
ARG S-M 63565 8913 5 14.49 15.87 17.61 20.00 64.31
ASN M-S 52997 4571 2 67.11 14.66 15.78 18.63 25.86
ASN S-M 1688 4 19.98 14.37 17.90 19.08 58.41
ASP M-S 68906 10185 2 61.04 14.91 15.44 18.09 25.51
CYS M-S 29731 285 2 66.20 NA 14.83 15.97 24.91
CYS S-M 1052 4 69.36 14.43 21.26 20.24 16.83
GLN M-S 49222 1745 -3 28.27 13.53 17.69 20.26 42.92
GLN S-M 1365 2 31.16 15.05 17.47 20.12 47.91
GLU M-S 84047 4555 0 31.40 14.07 16.70 19.89 36.55
HIS M-S 27377 784 2 77.14 11.90 16.88 19.23 16.20
HIS S-M 763 3 8.14 8.00 19.24 19.77 79.03
LYS S-M 85292 4191 3 21.26 14.96 18.13 20.17 61.66
SER M-S 71354 4496 2 69.12 13.42 15.45 17.94 21.57
SER S-M 8298 4 59.46 13.31 16.60 18.45 24.57
THR M-S 65455 3272 2 69.58 13.48 15.68 19.08 22.68
THR S-M 9127 4 64.09 14.14 17.61 19.11 21.96
TRP S-M 16203 1119 5 15.30 12.00 25.08 26.98 70.78
TYR M-S 39743 747 -5 13.14 NA 24.72 26.78 74.97
TYR S-M 1761 4 10.34 NA 25.19 27.38 80.01

Table 6: Key: ‘type’ of bond (see text); ‘count’ is the number of residues of this type in the PDB
Select subset; ‘bonds’ is the number of hydrogen bonds of the specified type involving this residue;
M is the mode of the distribution of sequence distances between a sidechain and mainchain
making a hydrogen bond (the largest number of sidechains i are bonded to the mainchain amide
or carbonyl of peptide i + M); %-loc= percentage of hydrogen bonds with sequence distances
of the form M ± i for |i| ≤ 2; NNW=average wrapping for the nearest neighbors (sidechain i
bonded to the mainchain amide or carbonyl of peptide i±1; NA indicates that there are no such
bonds); in-W=average wrapping for sidechain i bonded to the mainchain amide or carbonyl of
peptide i+ j for 1 < |j| ≤ 10; out-W=average wrapping for sidechain i bonded to the mainchain
amide or carbonyl of peptide i + j for |j| > 10; %-out=percent of sidechains i bonded to the
mainchain amide or carbonyl of peptide i+ j for |j| > 10;

The subsequent column (%-loc) helps to characterize further the distribution of sequence
distances between a sidechain and mainchain making a hydrogen bond. It gives the percentage
of sidechains with sequence number i that are bonded to the mainchain amide or carbonyl of
peptide i + M + j for |j| ≤ 2. When this percentage is large, it indicates how peaked the
distribution is around its mode M . The smaller percentages indicate distributions that are more
spread out. Typical distributions are highly peaked around the mode, as indicated in Figure 7
for the M-S bonds for Thr, Ser and Asp. The distributions for the S-M bonds for Thr and Ser
are similar but just shifted to the right by two units, corresponding to having M = 4.

The column NNW gives the average wrapping for sidechains i bonded to mainchains i ± 1.
If there are no such hydrogen bonds, then an average cannot be formed, and this is indicated in
the table by NA. This special group is singled out due to the fact that the desolvation domain
is about 13% smaller than is typical. This was done to avoid contamination of the assessment
‘in-W’ of the wrapping of hydrogen bonds between sidechains with sequence number i that are
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Figure 5: Distribution of sequence distances between donors and acceptors in hydrogen bonds
between mainchains and sidechains. Both M-S and S-M bonds are included.

bonded to the mainchain amide or carbonyl of peptide i+j for 1 < |j| ≤ 10. Self-bonding (i = j)
was also eliminated in computing the ‘in-W’ statistics (these data are found in Table 1).

In most cases, the ratio of in-W to NNW is about what would be expected due to the slight
difference in sizes of the desolvation domains. In the cases where there is a significant difference,
the set of sidechains i bonded to mainchains i ± 1 is quite small. The column ‘out-W’ lists the
average wrapping of hydrogen bonds between sidechains with sequence number i that are bonded
to the mainchain amide or carbonyl of peptide i+ j for |j| > 10. These are the hydrogen bonds
without any bias due to locality in sequence. The distribution of sequence distances extends
into the hundreds in each direction. The percentage of such hydrogen bonds is indicated by
%-out. In some cases, this is the minority of bonds, but the percentages are still large enough
in the important cases to give a good estimate of the average wrapping for non-local sidechain-
mainchain bonds of the particular types.

What is most striking about the data in Table 6 is that the local average wrapping, as indi-
cated by NNW and in-W, is significantly less than the non-local average wrapping, as indicated
by out-W. That is, the indicated sidechain-mainchain hydrogen bonds are far more likely to occur
with nearby sidechain-mainchain pairs when there is a local wrapping deficit. These sidechains
tend to correct the wrapping defect by forming hydrogen bonds with the mainchain.

A significant fraction of certain residues are devoted to these local bonds formed in under-
wrapped environments. For example, 19% of threonine residues form sidechain bonds with the
mainchain, as do 18% of the serines and 15% of aspartates. The majority of these bonds are
made with near sequence neighbors and are deficiently wrapped.

The distribution of distances for arginine is somewhat of an exception from the others. It
is still quite localized, as indicated in Figure 8. However, it is spread more broadly over -10 to
+10, rather than being concentrated in a region ±2 around its mode (M = 5).
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Figure 6: Distribution of sequence distances between donors and acceptors in hydrogen bonds
between mainchains and sidechains. Solid line: S-M bonds; dashed line: M-S bonds.
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Figure 7: Distribution of sequence distances for M-S hydrogen bonds for Thr (solid line), Ser
(dashed line) and Asp (dotted line).
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Figure 8: Distribution of sequence distances between donors and acceptors in arginine S-M bonds.

4 Unusual hydrogen bonds

4.1 Hydrophobic pairs

When Val is paired with Val in a backbone-backbone hydrogen bond it is frequently the case that
there is a pair of bonds. For example in 1CU4, there are both H-VAL133N—H-VAL180O and
H-VAL180N—H-VAL133O bonds. This type of pair is also found in 1CU4 and 1E4W (133,180
and 194,203), 1F90 (138,193 and 210,219), 1IGC (143,190 and 204,213), 1JRH (210,219), 1MPA
(144,191 and 205,214), 1WEJ (140,187 and 201,210), 2CII (199,249), and 2H1P (443,490 and
504,513).

A similar Met pair is in 1MPA (20,81), and a His pair is found in 1G6V (94,119). The Ile pair
(34,51) appears in 1CU4. Tyr pairs appear frequently: the pair (142,172) appears in both 1CU4
and 1E4W, the pair (7,99) appears in 2BSR, 2BSS, 2BVO, and 2BVQ, and the pair (36,87) is
in 1JRH. Phe pairs are also common: (208,241) in 2BSR, 2BSS, 2BVO, and 2BVQ; (30,62) in
2BSR and 2CII; and (36,87) in 1E4W.

4.2 Unusual trios

The trio of arginines (75,79,83) appears in 2BSR, 2BSS, and 2BVO. These are involved in a
sequence of mainchain hydrogen bonds: A-ARG 83 N — A-ARG 79 O, A-ARG 79 N — A-ARG
75 O. A similar trio of lysines (9,55,103) is in 1IGC. Such a trio of residues forms an unusual
charged structure. A similar type of trio also occurs with Phe: H-PHE32 N — H-PHE29 O ,
H-PHE29 N — H-PHE27 O is found in 1IGC.

5 Exercises

Exercise 5.1 Let Vρ,R be the volume of the desolvation domain when the desolvation radius is
ρ and the separation between the Cα is R. When R ≥ 2ρ, Vρ,R = 2Vρ,0. Compute the change

13



in volume in the desolvation domain as a function of the separation of the Cα atoms used in
its definition. Define a separation parameter r = R/2ρ, so that r = 0 is the case when the
desolvation spheres coincide, and r = 1 is the point at which they become completely separated.
Verify that the ratio of volumes φ(r) = Vρ,R/Vρ,2ρ may be written as

φ(r) = 1
2

+ 3
4
(r − 1

3
r3) (1)

and is in particular independent of ρ.

Exercise 5.2 Repeat the analysis in Section 1 but count the potential frequency of bond formation
by including the relative frequencies of each amino acid.

Exercise 5.3 Sidechains that form local attachments to the mainchain presumably alter the local
structure. Determine if the φ and ψ angles, or other mechanical properties, are different when
these local attachments are formed.

Exercise 5.4 Examine the statement that sidechains make fewer hydrogen bonds as the ro-
tameric diversity of the unbound sidechain increases. In particular, consider Asp and Glu (resp.,
Asn and Gln) to confirm the statement (see Table 6).
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