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Abstract

Background: The hydrogen bond patterns between mainchain atoms in protein structures not only give rise to
regular secondary structures but also satisfy mainchain hydrogen bond potential. However, not all mainchain atoms
can be satisfied through hydrogen bond interactions that arise in regular secondary structures; in some locations
sidechain-to-mainchain hydrogen bonds are required to provide polar group satisfaction. Buried polar residues that are
hydrogen-bonded to mainchain amide atoms tend to be highly conserved within protein families, confirming that
mainchain architecture is a critical restraint on the evolution of proteins. We have investigated the stabilizing roles of
buried polar sidechains on the backbones of protein structures by performing an analysis of solvent inaccessible
residues that are entirely conserved within protein families and superfamilies and hydrogen bonded to an equivalent
mainchain atom in each family member.

Results: We show that polar and sometimes charged sidechains form hydrogen bonds to mainchain atoms in the
cores of proteins in a manner that has been conserved in evolution. Although particular motifs have previously been
identified where buried polar residues have conserved roles in stabilizing protein structure, for example in helix
capping, we demonstrate that such interactions occur in a range of architectures and highlight those polar amino acid
types that fulfil these roles. We show that these buried polar residues often span elements of secondary structure and

provide stabilizing interactions of the overall protein architecture.

Conclusions: Conservation of buried polar residues and the hydrogen-bond interactions that they form implies an
important role for maintaining protein structure, contributing strong restraints on amino acid substitutions during
divergent protein evolution. Our analysis sheds light on the important stabilizing roles of these residues in protein
architecture and provides further insight into factors influencing the evolution of protein families and superfamilies.

Background

As Pauling and Corey realised, satisfaction of hydrogen
bonding potential of polypeptide mainchain functions is
one of the major factors that give rise to the p-strand and
a-helix [1,2]. These regular elements of secondary struc-
ture give their names to the main features of protein
structure: classical B-sheets, a-helical bundles, af-Ross-
man fold, af-barrel and many others. Hydrogen bonding
also plays important roles in the intricate and sometimes
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elaborate arches and turns which link a-helices and p-
strands [3-5].

However, these elegant architectures still leave many
mainchain functions unsatisfied in their potential to form
hydrogen bonds: an early survey of hydrogen bonding in
proteins revealed that ~40% of mainchain atoms do not
form hydrogen bonds with other mainchain atoms [6]. In
general these occur in four different circumstances:

(1) Where strands and helices terminate, requiring
"capping” [6-10].

(2) Where helices and strands bulge [11,12] or bend
[13,14].
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(3) In polyproline or irregular, twisted strands [15,16]
(4) In arches and turns [3-5,17,18].

Water molecules or sidechains can usually satisfy the
hydrogen bonding potential of mainchain functions that
are at the protein surface in a variety of ways and so the
residues are often substituted in evolution. However, in
the smaller proportion of functions that must be satisfied
from the core of the protein, this is achieved by buried
sidechains of polar residues.

Analysis of the substitution patterns of amino acids
within homologous protein families has revealed that
buried polar residues that are hydrogen-bonded to main-
chain amide atoms are highly conserved, more so than
those polar residues forming hydrogen bonds to main-
chain carbonyl atoms or other sidechains [19,20]. Fur-
thermore, analysis of the median sequence entropy of
buried amino acid residues has shown that buried polar
sidechains, for which the hydrogen bond capacity is satis-
fied, are the most conserved amino acid residues within
proteins [21]. The number of hydrogen bonds to main-
chain amide groups also influences the conservation of
buried satisfied polar residues, with those forming two or
more being significantly more conserved than those
forming only one or none [21]. Together, these results
imply that the hydrogen bond functions maintained by
these conserved buried polar groups have an important
role in maintaining protein architecture. Figure 1 shows
an example of conservation of sequence and local envi-
ronment for the beta/gamma crystallin family. In the
crystallins, the hydrogen bonds provided by a buried and
conserved serine help to stabilize a B-hairpin structure;
this is the serine that recurs in each of the four domains
of B and y crystallins and is part of the signature motif
that has allowed recognition of distant homologues [22].

Previous in silico analyses of the stabilizing roles that
polar sidechains have on the backbone of protein struc-
tures have tended to focus on a particular architectural
context [13,23,24]. Bordo and Argos [25] identified recur-
ring patterns and amino acid types involved in sidechain-
to-sidechain and sidechain-to-mainchain interactions.
However, the conservation of polar residues and the
three-dimensional (3D) arrangements of the sidechain-
to-mainchain hydrogen bonds were not considered.
What then are the features of sidechain-to-mainchain
hydrogen bonds formed by polar sidechains? Which
amino acids are involved? What kinds of structures do
these buried polar residues maintain? Are they local to a
secondary structure or do they link between different
helices and strands, stabilizing tertiary structure?

In this report we focus purely on buried polar residues
that are entirely conserved within protein families and
superfamilies, hydrogen bonding to a mainchain atom in
each family member. We hypothesise that such buried
sidechain-to-mainchain hydrogen bonds satisfy main-
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chain hydrogen bonding potential where secondary
structures cannot be formed, and in so doing become
irreplaceable elements of the overall architecture. In
order to test this hypothesis we characterize the nature
and tertiary structural context of these conserved and
buried polar residues. We show that polar sidechains
which bridge to mainchain functions in the cores of pro-
teins have conserved tertiary structural roles in homo-
logues. Like the elements of secondary structure, they are
born of the need to satisfy hydrogen bonding but, in
achieving this, they become key, conserved structural fea-
tures of many well-known protein architectures. Some
are joists or braces, spanning the helices and strands,
while others form truss-like structures that support com-
plex loop structures (Figure 2).

Results and Discussion

Buried polar residues stabilizing protein architecture
through conserved interactions

In HOMSTRAD [26], a database of structurally aligned
families, 143 families have five or more members with
high resolution structures, 131 of which are non-redun-
dant i.e. their sequence alignments do not overlap - see
Additional file 1, Table S1. Of these, 65 have conserved
and buried polar residues, providing a total of 233 align-
ment positions where the equivalent residue in each
structure forms a hydrogen bond through its sidechain to
a mainchain atom - see Additional file 2, Table S2. The
frequency of occurrence for the polar amino acids at
these 233 alignment positions are shown in Table 1. We
have examined the propensity with which such conserved
and buried polar residues participate in various architec-
tural motifs - shown in Table 2. We have focused on inter-
actions that are conserved in families, on the assumption
that these have had a selective advantage and may teach
us about important factors that determine protein archi-
tectures.

Interactions with the N-terminal regions of a-helices
For conserved and buried polar residues making hydro-
gen bonds to mainchain NH functions in the N-terminal
regions of a-helices, cysteine has the highest propensity
to form such interactions, followed by negatively charged
aspartate, histidine and glutamate (Table 2 and see Addi-
tional file 3, Figure S1A - grey bars); surprisingly, neutral
residues such as serine, threonine and asparagine have
higher propensities when solvent accessible positions are
considered (Table 2 and see Additional file 3, Figure S1A -
white bars) [8,27,28]. This may reflect the importance of
the charged hydrogen bond in regions of low dielectric
strength, as well as its interaction with the helix dipole
[29].

Local capping effects of buried aspartates occurring
either upstream (Figure 3A-B) or downstream (Figure
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Figure 1 Serine residues in the B/y crystallin family which are conserved both in sequence and in their structural environment. A) Superim-
posed cartoon representation of 5 members of the family. Four serine sidechains each form hydrogen bonds to mainchain atoms in a 3-hairpin, which
are conserved across the family. For clarity, one serine is shown (in magenta) in B) [PDB: 1a5d] C) [PDB: 4gcr] D) [PDB: 2bb2] E) [PDB: 1prs] and F) [PDB:
1bd7]. The conservation of these sidechain-to-mainchain interactions implies that they have an important role in the mainchain architecture of these
proteins. G) Shows selected regions of a multiple sequence alignment of the /y crystallins containing the four conserved and buried serine residues
(highlighted by red stars). The local structural environment of each residue in the alignment is displayed using JOY annotation [32]. Pictures of protein
structures were produced using Pymol and clipping was used for improving figure clarity [35].

3C-D) from their hydrogen bonded partner have been
well described, but less attention has been paid to aspar-
tates that are hydrogen bonded to the N-terminal residue
of a helix via a distant interaction (Figure 3B, E-F), pro-

viding structures that often resemble joists. Similar
hydrogen bonded interactions are made by cysteines with
N-terminal residues, except that cysteine mostly occurs
upstream (Figure 3D, G) or interacts distantly (Figure 3H)


http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1a5d
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=4gcr
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=2bb2
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1prs
http://www.rcsb.org/pdb/cgi/explore.cgi?pdbId=1bd7

Worth and Blundell BMC Evolutionary Biology 2010, 10:161
http://www.biomedcentral.com/1471-2148/10/161

roof \/
joist \/

column
column

DA<<I>[>R m
Figure 2 Architectural frameworks that are similar to the stabiliz-
ing structures formed by buried and conserved polar sidechains.
Schematic diagrams of: A) a joist that spans two columns and supports
the roof above; B) Vertical K-bracing which is used to provide stability

to walls; C) Tri-bearing, D) Polynesian and E) double cantilever trusses
are used to support structures such as roofs and bridges.

and is rarely observed to occur downstream from the N-
terminal residue (Figure 3I).

Interactions with the C-terminal regions of a-helices

In a similar way to the aspartates that interact with N-ter-
minal regions of a-helices, the charged residue, arginine,
has the highest propensity to form capping interactions
that are both conserved and buried at the C-termini of a-
helices, while at the same time compensating for the helix
dipole (Table 2 and see Additional file 3, Figure S1B - grey

Table 1: Shows the frequency of occurrence for each polar
amino acid in the 233 conserved positions.

Amino Acid Number
Arg 98
Asn 133
Asp 313
Cys 161
Gln 68
Glu 86
His 121
Lys 39
Ser 155
Thr 174
Trp 92
Tyr 144

The analysis only considered conserved positions containing
polar amino acids therefore the frequency of occurrence for non-
polar amino acids is zero.
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bars). Interestingly, all conserved, buried arginine resi-
dues that interact with C-terminal residues do so dis-
tantly (Figure 4), often with the arginine itself also being
found within a capping region of a different helix (Figure
4D-F). This feature often occurs when the C-termini of
multiple helices are aligned (Figure 4D-F), no doubt pro-
viding favourable interactions with the negative helix
dipoles by helping to offset charge repulsion between two
or more helix C-termini.

Interactions with edge strands

The polar amino acids with the highest propensities for
interacting with edge strands are arginine, asparagine,
glutamine and cysteine (Table 2 and see Additional file 3,
Figure S2A - white bars). However, of conserved, buried
polar residues making hydrogen bonds to mainchain
atoms in edge strands, tyrosine has the highest propen-
sity to form such an interaction, followed by cysteine,
arginine, asparagine and threonine, although the propen-
sities are rather low (Table 2 and see Additional file 3, Fig-
ure S2A - grey bars). Without the hydrogen bonds from
buried, conserved sidechains, these mainchain atoms in
edge strands would otherwise form no hydrogen bonds
(Figure 5). They include strands in -barrels that are stag-
gered and have no neighbouring strands (Figure 5B-C).

Interactions from within edge strands

Arginine, followed by tyrosine and threonine (Table 2 and
see Additional file 3, Figure S2B - white bars) have the
highest propensity to form hydrogen bonds to main-
chains within edge strands. However, amongst conserved
and buried residues within edge strands, tryptophan has
the highest propensity, followed by glutamine, histidine
and asparagine (Table 2 and see Additional file 3, Figure
S2B - grey bars). Asparagine and tryptophan often inter-
act (locally) with regions connecting regular secondary
structures e.g. PB-turns and P-hairpins (Figure 6A-C),
while glutamine can bridge the gap between two strands
in B-barrel structures (Figure 6E-F).

Interactions with centre strands

The mainchains in centre strands are sometimes unable
to form hydrogen bonds with the neighbouring strand.
Examples include where two strands curve away from
each other (Figure 7A), where the neighbouring strand is
shorter than the central strand in question (Figure 7B-E),
or where the mainchain atom is at the terminus of a
strand (Figure 7B,C,E) or part of a B-barrel (Figure 6E).
These mainchain functions are often satisfied by side-
chain hydrogen bonds. Of polar residues that are con-
served and buried and carrying out this role, cysteine,
glutamine, threonine, asparagine and serine have the
highest propensity to form such interactions (Table 2 and
see Additional file 3, Figure S2C - grey bars). In some
cases the sidechains act as "braces"; for example, the thre-
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Table 2: Propensity of polar residues forming sidechain hydrogen bonds to mainchain atoms in various architectural

contexts.
Propensity of polar residues forming sidechain hydrogen bonds to mainchain atoms

Amino  Within Within Within From Within From Within Within Within Within
Acid helix helix edge edge central central 310 B-hairpins polyproli coil

N-termini C-termini strands strands strands strands helices ne helices regions

Con Al Con All Con Al Con Al Con Al Con All Con Alll Con All Con All Con Al
Arg 1.05 046 1438 644 3.17 329 171 325 034 173 3.07 342 3.02 352 148 269 6.11 370 248 3.52
Asn 130 288 1.14 184 3.12 320 320 200 244 244 306 230 158 241 113 305 254 243 185 257
Asp 484 3.04 0.61 054 265 120 227 206 097 144 242 146 3.04 228 637 297 174 143 520 252
Cys 9.86 220 4.52 140 3.83 266 093 222 509 406 039 253 899 259 451 170 155 084 594 197
GIn 0.11 122 044 180 233 298 6.19 223 487 186 167 210 09 169 104 180 155 3.06 052 1.96
Glu 194 140 000 006 000 082 0.00 064 057 048 235 078 081 079 0.08 093 080 1.19 090 0.99
His 237 113 089 250 097 224 408 214 082 208 181 222 145 262 190 189 471 238 266 208
Lys 0.00 0.13 0.60 199 0.00 105 0.00 088 125 051 0.00 1.12 0.15 1.18 0.00 067 040 100 0.13 097
Ser 153 343 065 215 047 192 261 201 232 322 246 175 1.09 201 358 223 076 203 090 195
Thr 153 364 070 205 291 181 068 225 343 329 048 237 065 188 075 223 062 188 1.19 1.81
Trp 081 023 036 128 206 131 653 201 184 183 184 183 341 123 388 140 293 125 358 1.30
Tyr 1.06 068 056 1.23 404 177 030 237 1.03 126 3.14 237 420 137 0.07 091 3.12 184 160 139

Columns headed "Col" display the propensities of conserved buried polar residues.
Columns headed "All" display the propensities of all polar residues forming the indicated interaction (regardless of solvent accessibility or

conservation).

onines of the conserved aspartic proteinases Asp-Thr-Gly
triplet, where the strands diverge after the threonine on
either side of the pseudo dyad in the eukaryotic enzymes
or the dyad of the dimeric retroviral enzymes (Figure 7F).

Interactions from within centre strands
Of conserved, buried polar residues within centre strands
forming hydrogen bonds to mainchain atoms, tyrosine
has the highest propensity to form such interactions, fol-
lowed closely by arginine, asparagine, serine, aspartate
and glutamate (Table 2 and see Additional file 3, Figure
S2D - grey bars). We see a different pattern however
when we consider all polar amino acids in centre strands
that form hydrogen bonds to mainchain atoms - arginine
has the highest propensity to form this type of interaction
followed by cysteine, tyrosine, threonine and asparagine
(Table 2 and see Additional file 3, Figure S2D - white
bars). Asparagine, aspartate, glutamate, serine and
tyrosine are more commonly found to form hydrogen
bonds to mainchain atoms from within edge strands
when conservation and solvent accessibility are consid-
ered whereas threonine and cysteine are less common.
The conserved, buried polar residues within centre
strands that form hydrogen bonds to mainchain atoms
tend to occur at the termini of strands more often than in
the middle of the strand (Figure 8). They often interact

with coils (Figure 8A-D), B-turns (Figure 8E) and poly-
proline, forming truss-like structures that support the
coil-like regions they are interacting with. Others are
observed to interact with helix capping regions (Figure
8F-G) and neighbouring strands in p-barrels, forming
structures that resemble joists (Figure 8H-I).

Interactions to residues within 3,, helices

Cysteine has the highest propensity of buried, conserved
polar residues to form hydrogen bonds to mainchain
atoms in 3;, helices, followed by tyrosine, tryptophan,
aspartate and arginine (Table 2 and see Additional file 3,
Figure S3 - grey bars). This differs to all polar amino acids
interacting with 3;, helices where arginine, histidine,
cysteine and asparagine have the highest propensities
(Table 2 and see Additional file 3, Figure S3 - white bars).
There is less of a clear preference for the 3,, helices to
hydrogen bond with particular polar sidechains than in
a-helices, probably due to the greater plasticity in these
helices, which usually comprise only two or three turns
(Figure 9).

Interactions with beta hairpins

In B-hairpins, mainchain atoms that are hydrogen-
bonded to conserved and buried sidechains have a high
propensity to interact with aspartate, cysteine, trypto-
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Figure 3 Examples of hydrogen bond interactions from con-
served, buried polar residues that involve N-terminal regions of
a-helices. Representative structures were chosen for each family
based on resolution; residues are coloured by atom type with buried,
conserved polar residues shown in magenta. Hydrogen bonds are
shown in black. Two examples of aspartates that hydrogen bond for-
ward to N-termini residues in A) the glyceraldehyde 3-phosphate de-
hydrogenase family [PDB: 1gd1] and B) the beta-lactamase family [PDB:
1btl]. The aspartate in B) also forms distant interactions to another helix
N-terminus. Two examples of aspartates hydrogen bonding back to N-
terminal residues as well as to coils in the C) alcohol dehydrogenases
[PDB: 20hx] and D) matrix metalloproteinases [PDB: 1hfc]. The latter
panel also displays an example of a cysteine hydrogen-bonding for-
ward to an N-terminal residue. Two examples of aspartates forming
distant hydrogen bonds to N-terminal residues in E) bacterial serine
proteinases [PDB: 2sgal and F) chalcone and stilbene synthases [PDB:
1hnjl. G) Cysteine residue that hydrogen bonds forward to an N-termi-
nal region in cytochrome P450 s [PDB: 1jfb]. H) Cysteine in zinc binding
domain in Lin-11, Isl-1 and Mec-3 [PDB: 1ctl] that forms distant hydro-
gen bonds to an N-terminal residue. ) Cysteine hydrogen bonding
back to N-terminal residues in the alcohol dehydrogenase family [PDB:
20hx]. Pictures of all polar sidechain examples were produced using
Pymol and clipping was used for improving figure clarity [35].

phan and serine (Table 2 and see Additional file 3, Figure
S4 - grey bars). We see a similar pattern when we con-
sider all polar amino acids forming hydrogen bonds to
mainchain atoms in B-hairpins; asparagine has the high-
est propensity to form this type of interaction followed by
aspartate, arginine, serine and threonine (Table 2 and see
Additional file 3, Figure S4 - white bars). Therefore,
although asparagine, arginine and threonine often form
hydrogen bonds to mainchain atoms within p-hairpins,
these interactions tend not to be conserved in buried
positions.

The conserved buried polar residues that form hydro-
gen bonds to mainchain atoms in [-hairpins almost

Figure 4 Examples of hydrogen bond interactions from con-
served, buried arginine residues to mainchain atoms in a-helix C-
terminal regions. Representative structures were chosen for each
family based on resolution; residues are coloured by atom type with
buried, conserved polar residues shown in magenta. Hydrogen bonds
are shown in black. Two examples of arginine residues forming hydro-
gen bonds to C-terminal regions of a-helices from coil regionsin A) the
eukaryotic-type carbonic anhydrase family [PDB: 1kog] and B) the per-
oxidise family [PDB: 2cyp]. C) An arginine in a B-sheet forms two hydro-
gen bonds to a C-terminal region in the chalcone and stilbene
synthases [PDB: 1i88]. D) An arginine in the N-terminal region of an a-
helix forms hydrogen bonds to C-terminal regions of two helices in the
annexin family [PDB: 1axn]. Two examples of arginine residues in C-ter-
minal regions of a-helices that form hydrogen bonds to C-terminal re-
gionsin other helices in E) the cytochrome P450 s [PDB: 1jfb] and F) the
cyclodextrin glycosyltransferases [PDB: 1ghp]. In the latter case a sec-
ond arginine within a 3-sheet also interacts with C-terminal residues of
a third short helix.

always interact distantly with mainchain atoms that
would otherwise form no hydrogen bonds (Figure 10).
Some of the B-hairpin structures are extremely long and
complex (Figure 10A-C).

Interactions with polyproline

From the set of conserved, buried polar residues hydro-
gen-bonded to mainchain atoms of polyproline-type heli-
ces, arginine is most common, followed by histidine,
tyrosine and tryptophan (Table 2 and see Additional file
3, Figure S5 - grey bars). Arginine also has the highest
propensity to form this interaction when we consider all
residues forming this type of interaction, followed by glu-
tamine, asparagine and histidine (Table 2 and see Addi-
tional file 3, Figure S5 - white bars). A similar result has
previously been observed where hydrogen bonds from
sidechains to mainchains in polyproline were most fre-
quently formed by arginine followed by glutamine, aspar-
agine, serine and threonine [15].

Polyproline helices are extended and most often occur
on the surface of proteins [30]; it is therefore not surpris-
ing that the conserved, buried residues that form hydro-
gen bonds come from a residue distant in the sequence.
Typical examples are shown in Figures 11A and 11B from
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Figure 5 Examples of hydrogen bond interactions from con-
served, buried residues to mainchain atoms in edge strands. Rep-
resentative structures were chosen for each family based on
resolution; residues are coloured by atom type with buried, conserved
polar residues shown in magenta. Hydrogen bonds are shown in black.
A) An arginine in the peroxidases which forms hydrogen bonds to an
edge strand [PDB: 1gpal. B) An example of asparagine forming a hydro-
gen bond to a strand in a 3-barrel (classified as edge strands) in the xy-
lose isomerise family [PDB: 1bxb]. C) A cysteine forms a hydrogen bond
with a strand in a 3-sheet in the Zinc-binding domain present in Lin-
11, 1sl-1, Mec-3 protein family [PDB: 1a7i]. Two examples of threonines
forming hydrogen bonds to edge strands in D) the pyridine nucle-
otide-disulphide oxidoreductases (class 1) [PDB: 3grs] and E) the alde-
hyde oxidase and xanthine dehydrogenase (domains 3&4) family [PDB:
1n62]. F) A tyrosine in cyclodextrin glycosyltransferases forms a hydro-
gen bond to an edge strand [PDB: 1ghp].

the o/B hydrolases and the alcohol dehydrogenases,
respectively. In such a mode, the polar residues form
truss-like structures that help to stabilize the irregular
polyproline helices.

Interactions with coil regions

Cysteine and aspartate clearly have the highest propen-
sity to form hydrogen bonds to coil regions out of buried
conserved polar residues (Table 2 and see Additional file
3, Figure S6 - grey bars). However, arginine has the high-
est propensity to perform this role when all positions are
considered, followed by asparagine and aspartate (Table 2
and see Additional file 3, Figure S6 - white bars). A previ-
ous analysis of intra-coil sidechain-to-mainchain hydro-
gen bonds revealed that aspartate, serine, asparagine and
threonine are the polar residues that most commonly
form this type of interaction, with 80% of these cases
being at solvent-exposed sites [25].

Polar sidechains frequently form hydrogen bonds to
coil regions, often in very elaborate loop structures that
form extended turns and arches [3-5] (Figures 3A,C-D,H;
4A-B,E; 5D,F; 6A,C,D; 8A-F). However, there are also
instances where the conserved and buried residues only
form hydrogen bonds with mainchain atoms in coil
regions, indicating that stabilization of these irregular

Figure 6 Examples of hydrogen bond interactions from con-
served, buried residues within edge strands to mainchain atoms.
Representative structures were chosen for each family based on reso-
lution; residues are coloured by atom type with buried, conserved po-
lar residues shown in magenta. Hydrogen bonds are shown in black. A)
An asparagine forms hydrogen bonds to mainchain atoms in a type IV
B-turn in aspartate/ornithine carbamoyltransferases [PDB: 1oth]. With-
in the cyclodextrin glycosyltransferases [PDB: 1ghp] B) an asparagine
forms hydrogen bonds to mainchain atoms within a complicated -
hairpin structure (strands and hairpin shown in purple). C) A trypto-
phan forms hydrogen bonds to a turn joining two (3-strands in the cy-
clodextrin glycosyltransferases [PDB: 1ghpl]. D) Histidine forming
hydrogen bonds to a 3, helix in the Cu/Zn superoxide dismutase fam-
ily [PDB: 2aps]. Two examples of glutamine residues forming hydrogen
bonds to mainchain atoms in another strand within a 3-sandwich in E)
the picornavirus coat protein family (also forms hydrogen bonds to
mainchain atoms within a 3, helix and coil region) [PDB: 2plv] and F)
the immunoglobulin domain (V set) light chain family [PDB: 6fab].

regions by polar sidechains is important enough for them
to be conserved during evolution (Figure 12).

Conclusions

We have previously demonstrated that buried polar resi-
dues, although small in number, tend to be more con-
served when their hydrogen-bonding potential is satisfied
or where they form hydrogen bonds to mainchain atoms
[21]. Conservation of these residues and the interactions
that they form implies that they are important for main-
taining protein structure and hence provide restraints on
amino acid substitutions during divergent evolution. We
have shown that conserved, buried polar residues have
conserved roles in stabilizing the tertiary structure of
proteins by forming hydrogen bonds to mainchain atoms.
The conservation of these sidechain-to-mainchain hydro-
gen bonds implies that mainchain architecture is a crucial
restraint on the evolution of proteins and that the interac-
tions are retained as an essential part of the protein fold.
The structural motifs that we have examined have been
shown to have particular propensities for polar residues
which form hydrogen bonds with mainchain atoms.
Although local sidechain-to-mainchain interactions have
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Figure 7 Examples of hydrogen bond interactions from con-
served, buried residues to mainchain atoms in centre strands.
Representative structures were chosen for each family based on reso-
lution; residues are coloured by atom type with buried, conserved po-
lar residues shown in magenta. Hydrogen bonds are shown in black. A)
A serine residue within a coil forming hydrogen bonds to two strands
that have deviated away from each other in the haloperoxidases [PDB:
1b6g]. Examples of polar residues that form hydrogen bonds to an ad-
jacent strand that extends further than its neighbour, including serines
in B) the pancreatic ribonuclease family [PDB: Zrsa] and C) the cyclo-
dextrin glycosyltransferases [PDB: 1ghp], D) a threonine in the alde-
hyde oxide and xanthine dehydrogenases (domains 1&2) [PDB: 1fo4]
and E) a cysteine in the papain family cysteine proteinase [PDB: 1mem].
F) Two threonines that form hydrogen bonds to each other's main-
chain amide atoms as well as atoms within strands (one central, one
edge) in the aspartic proteinases [PDB: 3app].

been the focus of most previous studies, the propensity
for sidechain-to-mainchain hydrogen bond formation is
often met by distant interaction. For example, we observe
that arginine frequently caps the C-termini of a-helices
through a distant interaction. We have shown that buried
polar residues maintain 3D relationships between sec-
ondary structures where mainchain-to-mainchain hydro-
gen bonds cannot play a role and that similar stabilizing
structures recur in different architectures. The key roles
of these stabilizing interactions in maintaining protein
structures have been previously demonstrated in a few
cases, for example in the tyrosine corner [31], but we have
shown here that there are many others important for
maintaining protein stability.

Although it is generally unfavourable to bury hydro-
philic amino acids in the core of proteins, this is counter-
balanced by the need to satisfy mainchain atom
hydrogen-bond potential. The interactions that the polar
residues form when providing these supporting roles are
often quite complex and can be thought of as analogous
to features in our own built 3D environment. Many form
joists, bridging between the elements of secondary struc-
ture (for example, Figures 3B, 4D-F, 5B-C, 7A-E), analo-
gous to those that bridge columns and support structures
above them in man-made buildings (Figure 2A). Other
sidechains act as braces, tethering two strands at the

" A

Figure 8 Examples of hydrogen bond interactions from con-
served, buried residues in centre strands to mainchain atoms.
Representative structures were chosen for each family based on reso-
lution; residues are coloured by atom type with buried, conserved po-
lar residues shown in magenta. Hydrogen bonds are shown in black.
Examples of coils that are supported by hydrogen bonds from polar
residues at the end of central strands, including A) an aspartate in the
aldehyde oxidase and xanthine dehydrogenases (domains 3&4) [PDB:
1n62], two glutamates in B) the alcohol dehydrogenases [PDB: 20hx]
and Q) the isocitrate and isopropylmalate dehydrogenases [PDB: 1cnz]
and D) an arginine in the serine proteinase inhibitor family [PDB: 1hle].
E) A tyrosine residue in the pancreatic lipase family forms a hydrogen
bond with a type IV 3-turn [PDB: 1bu8]. Two cases where mainchain at-
oms in helices are satisfied by hydrogen bonds from F) an asparagine
in eukaryotic-type carbonic anhydrases [PDB: 1kog] and G) a glutamate
in the NADH ubiquinone oxidoreductases. Examples of mainchain at-
oms in 3-barrel strands that are satisfied by hydrogen bonds from H)
an aspartate in PDZ domain proteins [PDB code 1be9] and 1) a serine in
the aldo/keto reductases [PDB: 1ads].

/

point at which they diverge (Figure 7F and Figure 2B).
Buried hydrogen bonded polar sidechains often maintain
triangulated structures, supporting distorted helices and
complex loop structures (Figures 31, 6A,C, 8A-C, 11A-B):
these provide a striking parallel with the trusses support-
ing the roofs of buildings (Figure 2C-E). Remarkably,
these structural features have been highly conserved in
their respective architectural histories, despite the varia-
tion in surface structures. Both are hidden from view and
remain unappreciated, except by the cognoscenti. We
hope that this paper will help bring understanding of
these important structural features of protein architec-
ture to a wider audience.

Methods
Dataset

Protein families containing five or more members were
selected from HOMSTRAD where the family alignment
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Figure 9 Examples of hydrogen bond interactions from con-
served, buried residues to mainchain atoms in 3, helices. Repre-
sentative structures were chosen for each family based on resolution;
residues are coloured by atom type with buried, polar residues shown
in magenta. Hydrogen bonds are shown in black. A) Two arginines in
the cyclodextrin glycosyltransferases family which hydrogen bond to
two 3;, helices [PDB: 1d3c]. B) A tryptophan that forms a hydrogen
bond to a 3,4 helix in the papain family cysteine proteinases [PDB
Imem]. C) Two aspartates that form a hydrogen bond to each other's
respective mainchain amide atom group in a 3, helix in the pancreatic
lipases [PDB: 1bu8]. D) A cysteine forms a hydrogen bond with a 3, he-
lix in the aldehyde oxidase and xanthine dehydrogenase family (do-
mains 1&2) [PDB: 1n62] E) Three cysteines that form a complex with an
iron sulphate (4Fe-4S) cluster also form hydrogen bonds to 3,4 helices
that form the binding site [PDB: 1e3d]. F) A tyrosine within a central
strand forms a hydrogen bond to a mainchain carbonyl within a 3, he-
lix in the immunoglobulin domain (V set) family [PDB 2rhe].

Figure 10 Examples of hydrogen bond interactions from con-
served, buried residues to mainchain atoms in B-hairpins. Repre-
sentative structures were chosen for each family based on resolution;
residues are coloured by atom type with buried, conserved polar resi-
dues shown in magenta. Hydrogen bonds are shown in black. Exam-
ples of polar sidechains interacting distantly to form hydrogen bonds
with mainchain amide groups in 3-hairpins including, A) an aspartate
in the ribulose bisphosphate carboxylases [PDB: 1gk8], B) a tryptophan
in the eukaryotic-type carbonic anhydrases [PDB: 1ca2] and C) a serine
in the legume lectins [PDB: 2Itn]. D) An aspartate in the cyclodextrin
glycosyltransferases forms a hydrogen bond to an edge strand as well
as forming local interactions to a type 12:12 B-hairpin [PDB: 1ghp]. Two
examples of polar residues forming hydrogen bonds with mainchain
atoms in 3-hairpins via a local interaction including, E) a cysteine in the
azurin/plastocyanin family and F) a serine in the glycosyl hydrolase
family 11 [PDB: 1xnb].

contained a conserved, buried polar residue and where
the sidechain of the polar residue forms a hydrogen bond
to a mainchain atom in each family member. The JOY[32]
alignment of each family within HOMSTRAD was used
to identify families that met these criteria. JOY's default
relative accessibility cut-off (7% or less) was used to
define solvent inaccessible (buried) residues. In order to
avoid redundancy, where protein families overlapped, the
family with the highest sequence coverage was chosen for

the analysis.

Identification of hydrogen bond partners

Hydrogen bond partner(s) to the conserved, buried polar
residues were identified using the program, HBOND (].
Overington, unpublished). HBOND identifies all possible
hydrogen bonds based on a distance criterion (3.5A

between donor and acceptor).

Identification of structural motifs

We used the program, PROMOTIF, to identify the struc-
tural context of the conserved polar residues and their
interaction partners [33]. The following motifs were iden-

tified:

1. a-helices (N-terminal and C-terminal residues
were identified based on the following positional cri-
teria: N-(N+1) to N-(N+3) for N-terminal residues
and N-3 to N+1 for C-terminal residues (where N is
the length of the helix).

2. 3 helices

Figure 11 Examples of hydrogen bond interactions from con-
served, buried residues to mainchain atoms in polyproline heli-
ces. Representative structures were chosen for each family based on
resolution; residues are coloured by atom type with buried, conserved
polar residues shown in magenta. Hydrogen bonds are shown in black.
Two examples of arginines forming hydrogen bonds to polyproline
helices in A) the a/(3 hydrolases [PDB: 2bce] and B) the alcohol dehy-
drogenases - polyproline interaction on the right [PDB: 20hx]. C) Two
tyrosines in the eukaryotic serine proteinases [PDB: 1avw] forming hy-
drogen bonds to polyproline helices which form an interaction site
with trypsin.
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Figure 12 Examples of hydrogen bond interactions from con-
served, buried residues to mainchain atoms in coils. Representa-
tive structures were chosen for each family based on resolution;
residues are coloured by atom type with buried, conserved polar resi-
dues shown in magenta. Hydrogen bonds are shown in black. Three
examples of polar residues forming hydrogen bonds to coils including,
A) a cysteine in the high potential iron-sulphur protein family [PDB:
lisu], two asparates in B) the glycosyl hydrolase family 10 [PDB: 1tax]
and C) the serine/threonine protein kinases [PDB: 1hcl].

3. B-strands - edge strands were distinguished from

centre strands by referring to the number of hydrogen

bonding partner strands. Strands defined as having >1

hydrogen bonding partner strand were defined as

centre and all others as edge.

4. B-hairpins

5. Coil regions

We also identified polyproline helices using the pro-

gram SEGNO[34].

Calculation of residue propensities

The propensity of a particular residue type x to form
hydrogen bonds to mainchain atoms in a particular archi-
tectural context P, was calculated using the following

equation:
("arch(x)/N(x) )
Parch(x) =
( Narch(total) / N (total) )
where 7, is the number of residues of type x form-

ing hydrogen bonds to mainchain atoms in a particular
architectural context, N, is the number of residues of
type x in the dataset of 131 families, 71,, is the total
number of residues forming hydrogen bonds to main-
chain atoms in a particular architectural context and
Ntotap 1s the total number of residues in the dataset of 131
families.

Propensities were calculated for:

(i) Polar residues which are entirely conserved, buried
in each family member and forming a hydrogen bond to a
mainchain atom group in each family member. These
numbers were therefore derived from the 233 alignment
positions identified in the 66 families.

(ii) All polar residues in the 131 family set, regardless of
solvent accessibility and conservation but where the polar
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residue forms a hydrogen bond to a mainchain atom
group.

Additional material

Additional file 1 Table of the 131 non-redundant families which were
used in the analysis.

Additional file 2 Table of the families and their members that were
used in the analysis.

Additional file 3 Figures S1 to S6 show the propensity of polar amino
acids to form hydrogen bonds to mainchain atoms in the various
architectural contexts analysed.
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