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Abstract—β-Hairpins are widespread in proteins, and it is possible to find them both within β-sheets and sep-
arately. In this work, a comparative analysis of amino acid sequences of β-strands within strongly twisted
β-hairpins from different structural protein subclasses has been conducted. Strongly twisted and coiled β-hair-
pin generates in the space a right double helix out of β-strands that are connected by a loop region (connec-
tions). The frequencies of amino acid residues on the internal (concave) and external (convex) surfaces of
strongly twisted β-hairpins have been determined (220 β-hairpins from nonhomologous proteins were stud-
ied). The concave surface of these β-hairpins is mainly generated by hydrophobic residues, while the convex
surface by hydrophilic residues; accordingly, the alternation of hydrophobic internal and hydrophilic external
residues is observed in their amino acid sequences. Amino acid residues of glycine and alanine (especially in
places of the largest twisting of the strands) were anomalously frequently found in internal positions of
strongly twisted and coiled β-hairpins. It was established that internal positions never contain the proline res-
idues, while external positions in the twisting region contain them in a relatively large amount. It was demon-
strated that at least one amino acid residue in αL- or ε-conformation is required for generation of relatively
short (up to 7 amino acid residues) connection. As a rule, these positions are occupied by glycines. Thus, not
only the alternation of hydrophobic and hydrophilic amino acid residues, but also the presence of one or two
glycine residues in the connection region and the excess of glycines and alanines in the places of the largest
strand twisting on the concave surface, as well as the presence of prolines on the convex surface, are required
to generate a strongly twisted and coiled β-hairpin.
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INTRODUCTION
β-Hairpin is one of the simplest and most fre-

quently found structural motifs in proteins. It is gener-
ated by two adjacent by the chain β-strands that are
folded on each other and connected by a loop region
(connection) that results in the generation of antipar-
allel β-structure enclosed by hydrogen bonds. β-Hair-
pins are found in structural globular proteins both in
isolated form and within other structural motifs, e.g.,
abcd- and abCd-units, S- and Z-shaped β-sheets,
ββ-hairpins and 3β-corners, etc. β-Hairpins can be
right or left if looking on from the one selected side
(for example, from the side of hydrophobic nucleus).
In the right hairpins, the second strand by the chain is
located on the right relative to the first one; whereas in
the left hairpins, the opposite is observed. Most β-hair-
pins and β-sheets have twisted, not f lat structures,
which resembles the right propeller (if one is looking
along the β-strands) [1]. The twisting degree of
β-sheets in proteins is different, but at the average
dihedral angle between neighboring β-strands is close

to –20° [1, 2]. In strongly twisted β-sheets, β-strands
should be twisted as well as coiled (in order to generate
a large contact surface without damaging the hydro-
gen bond system) [2, 3]. As demonstrated by the anal-
ysis, many β-hairpins in proteins have this strongly
twisted and coiled structure, which can be presented
as a kind of right double helix with a concave and con-
vex surface. A distinctive feature of such right double
helixes is that they are always generated by right β-hair-
pins (if one looking from the side of the concave sur-
face) [4]; i.e., the second strand by the chain will
always be located to the right relative to the first strand
(Fig. 1a). Left β-hairpins do not generate such right
double helices and they are not found in proteins in
strongly twisted form [4]. However, it should be noted
that both right and left β-hairpins, which can be f lat or
weakly twisted, are widespread in proteins. The struc-
ture of one of the proteins with strongly twisted and
coiled β-hairpin obtained by means of RasMol pro-
gram [5] is presented on Fig. 1b.
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Long β-hairpins can be folded on themselves, gen-
erating ββ-corner, and these hairpins are also right if
looking from the concave surface [4]. Strongly twisted
and coiled β-hairpins are most frequently found in
β-barrels, toxins, inhibitors, SH3-domains, and
Wrap- proteins.

In the present study, we conducted a detailed anal-
ysis of the primary structure of strongly twisted and
coiled β-hairpins. It was demonstrated that glycines,
alanines, valines, isoleucines, leucines, phenylala-
nines, and tyrosines are mainly located on hydropho-
bic internal hairpin surface; in addition to hydrophilic
and charged amino acid residues, all proline residues
(available in the sequence) are located on the external
surface. The types of connections most typical of
strongly twisted β-hairpins and amino acid residues
required for their development were determined. The
data obtained will be useful both for predicting the
spatial structure of the protein based on the primary
structure and for constructing artificial proteins.

EXPERIMENTAL
The proteins for the study containing twisted and

coiled β-hairpins were selected from the Protein Data
Bank (PDB) by means of the structural protein classi-
fication (PCBOST) developed in our group (available
at http://strees.protres.ru/) [6], from the SCOP data-
base [7], or directly from the PDB server using key
words. Nonhomologous proteins (protein domains)
were selected for the analysis; checking for the homol-
ogy was conducted using Blast 2 sequences program
for pairwise alignment (http://blast.ncbi.nlm.nih.gov/
Blast.cgi) [8]. According to recommendations of the

program developer, those proteins were considered
nonhomologous, for which the index, which takes into
account both the complete identity of the sequence
regions and substitutions on similar amino acids, was
less than 50 points during the alignment of amino acid
sequence of the studied domain relative to each of the
sequences of other analyzed domains. β-Hairpins
were visually determined by means of the RasMol pro-
gram. Only β-hairpins with structures close to canon-
ical (strongly twisted and coiled determined with a
high resolution that contain no continuous fractures or
loopings and have with β-strands at least 5 amino acid
residues) were selected for the study. The length and
conformation of the connection between β-strands was
not considered during the selection.

Strongly twisted β-hairpins from the structural
subclass of α + β-proteins (which were called “Wrap-
proteins”) that we isolated was the main object of the
study [9]. The proteins and domains related to this
subclass consist of strongly twisted and coiled β-sheet,
on the internal (concave) surface of which one or two
α-helixes is packed. These proteins are only united by
the structural similarity but not homology and include
inhibitors of different enzymes, antibiotics, transcrip-
tion regulators, etc. The band model of the structure of
one member from the Wrap-proteins with the PDB
code 3E8T is demonstrated in Fig. 1b.

A total of 80 strongly twisted β-hairpins from
Wrap-proteins, as well as 36 β-hairpins from the pro-
teins with β-barrel structure, 33 from toxins, 21 from
inhibitors, 23 from SH3- and SH3-like domains, and
another 27 twisted and coiled β-hairpins from the pro-
teins of other structural subclasses were selected from
the database. In total, 220 strongly twisted and coiled

Fig. 1. (a) Schematic image of structure of strongly twisted and coiled β-hairpins (explanations in the text). (b) Band model of
the protein containing right strongly coiled β-hairpin (PDB-code 3e8t, transport Takeout-like protein 1 from Epiphyas postvit-
tana). Strongly twisted β-hairpin is highlighted in dark color. 
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β-hairpins from nonhomologous proteins were
selected and studied. β-Hairpins both within β-sheets
and single were in the sample.

The analysis of the amino acid composition of
β-strands on the external (convex) and internal (con-
cave) surfaces of strongly twisted β-hairpins was con-
ducted separately for each of the protein subclasses.
The classification of each β-strand position on an
external or internal surface was visually determined on
the skeletal model of the studied protein molecule in
the RasMol program. Subsequently, the number of
each of the 20 amino acid residues in all β-strand of
twisted β-hairpins in external and internal positions
was calculated. Data are presented as histograms dis-
cussed below.

In the case of Wrap-proteins, the alignment and
analysis of the amino acid sequence and conformation
of connections between β-strands were additionally
conducted. The alignment was carried out manually
taking into account data on the conformation of each
of the amino acid residues and the presence of hydro-
gen bonds. The MolMol was used to calculate angles ϕ
and ψ [10]. The conformation of amino acids was des-
ignated according to the nomenclature suggested in
1986 [11]. The connections or connection regions with
the same conformation were aligned. Their amino
acid composition in each position was subsequently
analyzed.

RESULTS
The histogram of amino acid distribution on the

internal (concave) and external (convex) surfaces of
β-hairpins from Wrap-proteins is presented in Fig. 2.
It can be seen that mainly glycines, alanines, valines,
leucines, isoleucines, and phenylalanines are located
on the internal surface. The differences in the ratio of
hydrophobic and hydrophilic amino acid residues are
expected (internal positions are apriory directed

towards the hydrophobic nucleus of strongly twisted
β-hairpin). However, the sharp prevalence of glycine
residues in internal positions attracts attention.
During the alignment of amino acid sequences of
twisted β-hairpins, it can be seen that the glycine resi-
dues are concentrated approximately in the middle of
β-strands, i.e., in the region of maximal bend (see
below). As demonstrated by a theoretical stereochem-
ical analysis of strongly twisted and coiled β-hairpins
[4], the twisting should inevitably cause tension,
which results in specific amino acid selection. Small
β-bends are usually generated due to twisting in the
central part of β-strands. Glycine is the most confor-
mationally f lexible residue. The filling of internal
positions by glycine or alanine residues removes the
stereochemical tension.

Hydrophilic and charged amino acid residues pre-
vail on the external side. It is remarkable that no pro-
lines were found on the internal side, while they are
present in large amounts on the external side. The
presence of proline on the concave surface of β-hair-
pins would damage the system of hydrogen bonds. In
the external positions, proline develops a chain break,
which facilitates twisting. It is possible that the twist-
ing of long β-hairpins at a suitable sequence for this
amino acid provides the development of denser hydro-
phobic nucleus.

A similar distribution of amino acid residues on
the concave and convex surfaces was found for
strongly twisted β-hairpins and in other protein
classes (Figs. 3a–3d). No difference in the content of
glycine amino acid residues in internal and external
positions was detected for proteins from the group of
toxins; however, the strict prohibition on the proline
content in the internal positions was established (typ-
ical for all strongly twisted β-hairpins).

The analysis of histograms demonstrates the simi-
larity between the properties of strongly twisted and

Fig. 2. Frequencies of different amino acid residues in internal and external positions of strongly twisted and coiled β-hairpins
within Wrap-proteins; a.r., amino acid residue.
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coiled β-hairpins from the proteins of difference
classes. This allowed one to construct a total dia-
gram of the amino acid distribution by the surfaces
of β-hairpins for all studied proteins (Fig. 4). It is
obvious that the observed differences are not inher-
ent to a special class of proteins; they are typical of
the most strongly twisted and coiled β-hairpin.
These properties are weakly dependent on the struc-
tural surrounding.

Previously, we described a similar character of
amino acid selection for external and internal posi-
tions for β-hairpins within the structural 3β-corner
motif, where the central of three β-strands is bent at
90° and passes into the orthogonal layer [12]. This
bend also results in a strong stereochemical tension;
therefore, glycine and alanine amino acid residues in
internal positions of central β-strand and the complete
absence of the proline residues are required for its
development. The selection of amino acid sequence
required for generation of 3β-corner is even stricter
than for strongly twisted β-hairpins within other
structural motifs (the glycine content in internal posi-
tions of central β-strand exceeds its content in external
positions by more than nine times) [13].

In order to analyze the connection structures
between β-strands, amino acid sequence of strongly
twisted β-hairpins from Wrap-proteins were manually
aligned one below the other so that either internal or
external residues fell in each vertical column. Subse-
quently, β-hairpins were distributed to the groups with
similar length and conformation of the connections
determined by the value of ϕ and ψ angles, which are
included in their composition of amino acid residues,
and aligned by the conformation of the connections.
Residues with similar conformations were located in
each vertical column (indicated in the upper line). The

Fig. 3. Frequencies of different amino acid residues in internal and external positions of strongly twisted and coiled β-hairpins
within (a) beta-barrels, (b) SH3-like domains, (c) inhibitors, and (d) toxins. External positions of β-hairpins are designated on
histograms by a grey color; internal positions, by a black color.
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Fig. 4. Frequencies of different amino acid residues in
internal and external positions of all 220 studied strongly
twisted and coiled β-hairpins.
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example of the alignment of amino acid sequences of
twisted β-hairpins is demonstrated in Fig. 5, where the
most widespread conformations of short connections
are given as follows: βαLαLβ-, βγγαLβ-, βεγβ-, and
βγγεβ, where αL-conformation has the range of tor-
sion angle values ϕ ≈ 70 ± 30°, ψ ≈ 10 ± 30°; γ-confor-
mation, ϕ ≈ –90 ± 30°, ψ ≈ 0 ± 30°; ε-conformation,
ϕ ≈ 100 ± 30°, ψ ≈ –170 ± 30°. A detailed description
of these and other small standard structures frequently
found in irregular protein regions is presented in works
[11, 16, 17].

As a result of the analysis, it was found that amino
acid residues in αL- and ε-conformations (mainly
occupied by glycines) are present in both long and
short connections. It was empirically established that
the presence of at least one amino acid residue in αL-
or ε-conformations is obligatory for the short con-
nections (with a length up to 7 amino acid residues).
This conformation was found most frequently at the
entrance to the second strand along the polypeptide
chain. Thus, the presence of glycines both in the
region of β-hairpin bend and in the connection is
required to generate strongly twisted and coiled
β-hairpin.

DISCUSSION

The interaction between the amino acid sequence
and spatial structure of the protein remains an intrigu-
ing and unresolved problem of molecular biology. It
was established more than 40 years ago that the distri-
bution along the chain of hydrophobic and hydro-
philic residues plays a key role in the coding of
α-helixes and β-strands. Based on this, prediction
methods of the secondary structure of the proteins
were developed that had rather high accuracy [14, 15].
Later, it became clear that the secondary structure
generation also depends on other factors, first of all,
on the structural context, i.e., on interactions with
other protein-chain participants. The mutual location
of α-helixes and/or β-strands in the space is also
determined by their interactions with other secondary
structure elements, including with connections that
connect them [16].

The structural motifs of two α-helices or two
β-strands connected by connections (such as, for
example, α- and β-hairpins, αα-corners, ββ-arcs,
etc.) are the simplest objects for studying all types of
interactions between the elements and the intercon-
nection between the structure and amino acid
sequence. It was previously demonstrated that each
such structural motif has a location along the chain of
key hydrophobic, hydrophilic, and glycine residues
that is specific only to it [16, 17]. It should be espe-
cially noted that the left and right α-hairpins that have
a similar lengths and connection conformations have
different locations of the key residues along the chain
[18, 19]. The same was demonstrated for left and right

β-hairpins [17]. In the present work, a significant dif-
ference between right strongly twisted and coiled
β-hairpins and right f lat or weakly twisted β-hairpins
was demonstrated. As was previously demonstrated, in
the sequence of β-hairpins, the presence of strictly
defined location of key hydrophobic, hydrophilic, and
glycine residues in the chain (i.e., a certain pattern)
inherent to each type of β-hairpin is a necessary con-
dition for generating usual β-hairpins (f lat and weakly
twisted) [16, 17]. In this work, we demonstrated that,
in addition to the implementation of these necessary

Fig. 5. Structural alignment of amino acid regions from
Wrap-proteins encoding strongly twisted and coiled β-hair-
pins with short connections. Amino acid residues on inter-
nal positions of β-hairpin are underlined. Glycine is desig-
nated by the G letter. Conformations of residues in col-
umns are indicated from above by β, αL, γ, ε symbols.
Protein PDB codes are indicated in left column.
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conditions, the presence of additional glycine residues
and other small residues (alanine, serine) on concave
surfaces and prolines on external (convex) surfaces is
required for generating strongly twisted and coiled
β-hairpins.

Thus, the unique spatial structure of strongly
twisted and coiled β-hairpins (right double helixes
always generated by right β-hairpins) and the above-
described interconnection between the structure and
amino acid sequence allows us to hypothesize that
these β-hairpins can fold by themselves independently
of the other part of the chain and can be embryos or
ready structural blocks during the protein folding.
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