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Abstract—In the present study, a stereochemical analysis of proteins containing B-p-hairpins closed into
cycles by S-S-bridges has been performed. A database of these proteins has been compiled from the Protein
Data Bank (total 428 PDB entries). 390 B-B-hairpins closed into cycles by S-S-bridges have been found in
non-homologous proteins included into the database. Analysis showed that 118 hairpins contain S-S-bridges
formed by cysteins located opposite to each other in the neighboring -strands. Among them, 110 hairpins
are left-turned and 8 B-hairpins are right-turned when viewed from the same side where S-S-bridges are
located. In the other group of 272 B-hairpins, the S-S-bridge is formed by two cysteins one of which is located
in the B-strand and the other in the loop juxtaposed to the B-hairpin at the N- (84% cases) or C-terminus
(16% cases). As shown, in most cases the loop-hairpin region closed into a cycle by the S-S-bridge formed a

turn of a left-handed superhelix.
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INTRODUCTION

The B-B-hairpin is a structural motif formed by
two S-strands adjacent along the chain and folded
upon themselves so that to form an antiparallel
B-sheet. B-B-Hairpins are widespread in proteins
and occur both as isolated, double-strand B-sheets
and parts of multiple-strand B-sheets. 3-B-Hairpins
can be right- or left-turned depending on whether
the second B-strand runs on the right (Fig. 1a) or
left (Fig. 1b), relative to the first one when viewed
from the same side (e.g. as viewed from the hydro-
phobic core).

In proteins, flat B-B-hairpins are rare, and simi-
lar to multiple-strand B-sheets, are almost invari-
ably twisted in a right-handed sense when viewed
along the polypeptide chain direction [1]. In many
proteins, B-B-hairpins are strongly twisted and
coiled so that to form a double-helical structure
having both a concave and a convex surface. These
double helices are formed by right-turned 3-B-hair-
pins if they are viewed from the concave side [2].
Long P-B-hairpins can fold upon themselves to
form the so-called B-B-corners [2] and these B-f-

! The article was translated by the authors.

hairpins are also right-turned when viewed from the
concave side.

In this study, a stereochemical analysis of -f3-
hairpins closed into cycles by S-S-bridges has been
performed. It was shown that most B-B-hairpins in
which S-S-bridges are formed by cysteins located
opposite to each other in the neighboring -strands,
are left-turned when viewed from the side where S-
S-bridges are situated. In the other group of pB-f3-
hairpins, the S-S-bridge is formed by two cysteins
one of which is located in the B-strand and the other
in the loop juxtaposed to the B-hairpin at the N- or
C-terminus. As shown, in most cases the loop-hair-
pin region closed into a cycle by the S-S-bridge
forms a turn of a left-handed superhelix. The rea-
sons of this handedness are also discussed.

SUBJECTS AND METHODS

A database of proteins containing -p-hairpins
closed into cycles by S-S-bridges was compiled step
by step. At the first step, 13845 protein structures
containing S-S-bridges have been selected from the
Protein Data Bank (PDB) using the OCA Program
(http://www.ebi.ac.uk/). Among them 2199 pro-
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Fig. 1. A schematic representation of a right-turned (a) and left-turned (b) ﬁ—hairpin, a left-turned B—hairpin closed into a cycle
with an interstrand S-S-bridge (c), and left-handed superhelices formed by B—hairpins and loops juxtaposed to them at the N-
(d) or C-terminus (e). B—Strands are shown as arrows directed from the N- to C-ends and imaginary axes of the superhelices as
straight bars.

(©

Fig. 2. A fragment of a flat antiparallel double-strand (3-sheet (a), and examples of the left-turned (b, region 203—214 in 1PDK)
and right-turned (c, region 130—140 in 1LCS) B-hairpins with the interstrand S-S-bridges. Main chain torsion angles are denoted
as oL, wLand ¢S, yS for the large and small rings, respectively. The interchain CB—atom contact distances are shown with dashed
lines and the corresponding values.
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teins have 60% of identical amino acid residues in
their sequences or less. At the next step, 428 pro-
teins containing B-p-hairpins closed by S-S-bridges
were manually selected using Program RasMol [3].
Possible homologies were revealed by the BLAST
pairwise alignment  (http://www.ncbi.nih.gov/
BLASTY/) [4]. In total, 390 B-B-hairpins closed into
cycles by S-S-bridges have been found in nonho-
mologous proteins.

RESULTS AND DISCUSSION

Analysis of 118 P-P-hairpins in which S-S-
bridges are formed by cysteins located in the neigh-
boring -strands shows that most of these hairpins
(110 of 118) are left-turned if they are viewed from
the side where S-S-bridges are situated (Fig. 1c).
The other important feature of these 3--hairpins is
that the cysteins forming the S-S-bridges are
located opposite each other, i.e. in register (Figs. 2a
and 2b). The third feature is that the cysteins are
included in the so-called large hydrogen-bonded
rings of B-hairpins [5]. In an ideal flat B-p-hairpin,
the interchain Cg-atom contact distances are differ-
ent for the large and small hydrogen-bonded rings
and are equal to 3.7 A and 5.7 A (Fig. 2a). Iftwo cys-
teins are situated opposite to each other in a right-
turned B-B-hairpin they should be involved into a
small hydrogen-bonded ring. The low frequency of
occurrence of the right-turned B-fB-hairpins closed
by S-S-bridges (8 of 118) suggests that formation of
S-S-bridges between cysteins situated in the small
hydrogen-bonded rings is sterically constrained
because of the larger Cg-atom contact distance
(5.7 A in flat B-hairpins). This appears to be the
main reason of that most B-B-hairpins of this type
are left-turned. A stereochemical analysis shows
that strongly twisted and coiled B-B-hairpins have
shorter Cg-atom contact distances in the small rings
as compared with those in flat B-B-hairpins. Some
right-turned P-P-hairpins with interstrand S-S-
bridges found in proteins are strongly twisted and
coiled (see, e.g., Fig. 2c).

It should be noted that in amino acid sequences
coding for B-B-hairpins closed by S-S-bridges some
necessary conditions should be performed. First of
all, B-PB-hairpins of each type should have a corre-
sponding sequence pattern of the key hydrophobic,
hydrophilic and glycine residues [6—8]. B-B-Hair-
pins with short loops in which B-strands are con-
nected by standard B-B-oB-, PeyB-, Poop-,
BoyeB-, Payo;B-, and Pooyo;B-turns are better
examples. Some examples of amino acid sequences
coding for the left-turned -p-hairpins closed into
cycles by S-S-bridges in which the (-strands are
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connected by Bo o, B-, Beyp-, and Baayo, f-turns
are presented in Fig. 3. The sequences are aligned so
that each column contains structurally equivalent
residues with the conformation shown above. As
seen, each type of B-PB-hairpins has a corresponding
sequence pattern of the key residues [7, 8]. On
the other hand, the mutual arrangement of the cys-
teins and the residues determining the structure of
the B-turn (first of all, these are glycines and/or res-
idues with flexible side chains occupying sterically
constrained o;- or g-positions) is in concert. This
means that the sequences code for the left-turned 3-
B-hairpins and the corresponding Cys residues are
located opposite to each other in the large rings.

In the other type of B-B-hairpins studied in this
work, the S-S-bridge is formed by two cysteins one
of which is located in the B-strand and the other in
the loop juxtaposed to the B-B-hairpin at the N- or
C-terminus (Figs. 1d and le). In total, 272 struc-
tures of this type have been found in nonhomolo-
gous proteins deposited in the Protein Data Bank
(PDB). They can be divided into two groups,
228 structures of the loop-hairpin type, and
44 structures of the hairpin-loop type. In 211 struc-
tures of the loop-hairpin type, the polypeptide
chain forms a left-handed superhelix and a left-
turned B-B-hairpin (Fig. 1d). A right-handed super-
helix is found in 17 structures of this type. In
37 structures of the hairpin-loop type (of 44), the
polypeptide chain forms a left-handed superhelix
and a right-turned B-B-hairpin (Fig. le). As seen in
most structures of these types (91%), the polypep-
tide chain forms a left-handed superhelix in three
dimensions. The high frequency of occurrence of
the left-handed superhelix is determined by the
arrangement of secondary structural elements in
higher-order structures in which the superhelices
are included (see Fig. 4). Most often the superheli-
ces are included into abcd-units [9] having both the
reverse (Fig. 4a) and direct (Fig. 4b) polypeptide
chain orientation, into 3B-corners [10] (Fig. 4c),
and into abCd-units [9, 10] having a-helices in the
C-regions (a part of the abCd-unit forming the left-
handed superhelix is shown in Fig. 4e; this superhe-
lix often occurs in proteins and can be considered as
a structural motif [12]). Fig. 4d shows the left-
handed superhelix of the loop-hairpin type for com-
parison.

It should be noted that similar left-handed
superhelices have been observed in small disul-
phide-rich proteins containing the so-called “disul-
phide B-cross” [13]. The authors of this paper have
also pointed out the high frequency of occurrence of
the superhelices in the abcd-units. In this study,
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(a)
PPRBRPRBPRRPoucPRRBRBRRRARA

1CW6:A —-HC—————-— TKSG———————- CS—-
1J48: A ——QCAP————-VGGQ—————— DAC——-
1MKF:A ———CALQMTSHDGVWTSTSSEQC——-
1MTZ:A ———CIENYAKVNGI—--YIYYKLC——-
1QNX: A EVGCGSIKY IQEKW--HKHYLVCNYG
1U5M:A -RICVC———-DTGT—-—————- VLCDD-
1XKU:A ——-CQC————-HLRV-——————- vQC---
1ZRH:A -——CLR—-———-DSGR—————- DRC——-
2COV:D NYVC—————-— LNDY-———————~— CLP-
2DQA:A ———CRM——---DVGS——————- LSC——-
2HTY:H ——-AC—————— VNGS———————~— CFT-
2HTY:F —-SCYP--—-NAGE--—-—- | TCV--
Consensus ——C———————— G———m—————- C—-
(b)
PBRBBPPeYyBPBBBBBBA
1PDK:A SFIC-—NGSR--CSV—-
1U79 :A —-AGC—--KGGS—-CLI|—-
1WWL:A ———CELDEESCSCN———
1Y9Z:A ——-ECTVNGTSFSC————
2A74:C —-KLC--RDEL--CRC—-
2GRU: A KQIC--FADR--CFNFA
2| FR:A —-TDCSVSGTTVSCSY--
2CX4:F —-VC--TKEL--CT—---
2NYK:A RYACLFLGFDVICDVYH
Consensus-——C---G--—--C————
©
PBBBPBBPBBRP coya PPPPRBBBRBLRAP
1CD9:B SNLSCLM-————-HLTTNS——-——- LVCQWE
1R4C:-A —-AFCSFQIYAVPWQGTMTLSKSTCQD-
1Z4V:A -RKSCS|--—--STVPGG---CMMYCFV-
2ID5:A ———-CEC——---SAQDRA———-——-— VLC——-
8TFV:A - lIYC—————- NRRTGK——————- CQRM
Consensus———-C—————————— G-——————- C——-
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H8-S15
Q33 -C43
C318-C337
C5-C22
E167-G190
R29-D42
C29-C38
C223-C232
N410-P420
C27-C36
A231-T239
S279-V290

S204-V214
A104-T113
C8-N18
E259-C269
K1482-C1491
K4-A16
T192-Y205
V48-T55
R100-H116

S9-E27
A95-D119
R224-Vv242
C7-C18
18—M21

Fig. 3. Alignment of the amino acid sequences coding for the left-turned [3-B-hairpins closed into cycles with the interstrand S-S-
bridges. B-p-Hairpins having the B-o; -0 B- (a), BeyB- (b), and Baaryo B-turns (c) are presented. Greek letters o, 3, v, € and oy
show the conformation of residues in the corresponding columns in accordance with the shorthand nomenclature [6]. PDB codes
of the proteins are given on the left and polypeptide chain regions forming the hairpins on the right.
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(a) (b)

(d)
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(©

Fig. 4. A schematic representation of some structural motifs having unique folds and a definite handedness that include the left-
turned superhelices of the loop-hairpin and hairpin-loop types closed into cycles with S-S-bridges. See also the text.

we have found that the left-handed superhelices
occur not only in proteins containing the “disul-
phide B-crosses”, but also in many other protein
superfamilies. On the other hand, we have found
much more superhelices closed into cycles by S-S-
bridges (272 superhelices as compared to 18 exam-
ples found in [13]). We have also shown that in pro-
teins the superhelices of both the loop-hairpin and
hairpin-loop types occur (all 18 examples found in
[13] are of the loop-hairpin type).

The handedness of a superhelix is determined
also by the structure of the loop juxtaposed to the [3-
B-hairpin. For example, if the loop has an arch-like
structure with the BBpPpoa; f-conformation [7] the
superhelix is always left-handed. An alignment of
the amino acid sequences coding for such superhe-
lices in known proteins is presented in Fig. 5. Note
that the first B-positions of the BBpfpa; f-arches are
occupied by Cys residues, most the sterically con-
strained o -positions are occupied by glycines, and
Pro residues often occur at one of the Bp-positions.

All the B-hairpins presented in Fig. 5 are left-turned
although the conformation and the length of their
loops can be different. The two Cys residues are
arranged in the sequence so that in the superhelix
they are pointed towards each other and are able to
form an S-S-bridge.

As seen, the left-handed B-hairpins closed into
cycles by the interstrand S-S-bridges as well as the
left-handed superhelices of the loop-hairpin and
hairpin-loop types closed into cycles by S-S-bridges
are widespread in nonhomologous proteins. These
structures have unique folds and predominantly
occur in one ofthe two “mirror-symmetrical”
forms. Formation of S-S-bridges appears to play an
important role in their folding. The S-S-bridges
enhance the stability of the structures and select
predominantly one of the two forms for each of
them. One may suggest that these structures can
fold independently of the remaining part of the
polypeptide chain and can act as nuclei and/or
“ready building blocks” in protein folding.
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No.  Codes PDB Bpepra PRBPPBBPPPP————~ PRBBRBBRAP Residue
numbers
1. 1AGG: A CCRGRPCRC—--—-—- SMIGTNC ———-ECT- 19-37
2. 1AJJ:A CSAFEFH-————- CLSGE-— ————— Cl- 5-18
3. 1BQF:A CVAGYM-——————— RTPDGR- ————— CKP 7-21
4, 1C3A:A CIPGWSA——————— YDRY —-—— ———— cYQ 4-17
5. 1CCV: A CQEGFLR-—————- NGEGA-— ————— CVL 38-52
6. 1CIX:A CCRGLTCRS-——-- YFPGSTY G--—-RCQR 23-43
7. 1D2L: A CQPGEFA——————-— CANSR--——--CI1Q 6—20
8. 1EOF: K CLYGQS-——-——- CNDGQ-— ————— CSG 26-39
9. 1EDM: B CLNGGSCKD---——- DINS——— ——- YECWC 56-73
10. 1FF4: A CPAGQNVCFKRWH-YVTPKNYDI | KGC-- 17-42
11. 1HIC: A CGQGNKCI|-—-—-——- LGSDGEK ———-NQCV - 22-40
12. 11IGR:A CPPNTY-———————— RF EGWR— ————— Cv- 234-247
13. 1IGR:A CRHY-———-————— YYAGV —— ———— CV- 221-231
14. 11YC:A CPKGKW-—————— NGFD——— ———— CK- 18-30
15. 1K36: A CLHGQCIY—-—————- LVDMSQ- ———NYCRC 14-32
16. 1KIG:L CAHGYV-——————— LGDDSKS ————— CVvs 411-426
17. 1KLO: A CPGGSSCA————-—- IVPKTKEV---VCT- 13-31
18. 1LMR:A CCKGTTC——————--— MFYANR—- ————— CVG 19-34
19. 1LR7: A CGPGKKCR-—--——-- MN KKNKP -——-—-RCVC 71-89
20. INIX:A CCSGYA-———————— CNSRDKW—-———— CKV 16-31
21. 1INXB: A CSPGESSCYHKQWSDFRG--T I I1ERGC-- 17-41
22. 1P9G: A CNAGLC-——————-— CSIYGY—————— CG- 11-24
23. 1RFN:B CTEGYR—-——————— LAENQKS ————— CEP 111-126
24, 1SKZ:A CPHGFQ--——---—- RSRYGCE--FCKC-- 37-53
25. iWMzZ:B CPTDWEA——————— EGDH-——-————— CYR 3-16
26. 1X5V:A CCRGLQC-——---- RYGK-——————— CLV 18-31
27. 2DDU:A CDLGYTA—————— AQGT ———————— CVS 1430-1443
28. 2E4U: A CGPGQW-—-—————— PTADLSG———-—- CYN 549-564
29. 2F91:B CTPGQTKK—————— QDCN-———-—-TCNC-- 3-19
30. 2HNU: A CGSGGRCA—————- AAGl ———————— CCS 61-75
31. 2JM4:A CSLGYF———————— PCGNITK—=——— CLP 7-22
32. 2UWI :B CGRGYGKKG-—-——-— EDEMGNT ——--1C—-- 127-146
33. 2UWI :B CEQGVSYY-—————— NSQELK————— CCK 22-38
Consensus c--G—FH————mm——m————————— CcC—-

Fig. 5. Alignment of the amino acid sequences coding for the left-turned superhelices of the loop-hairpin type having short loops
with the BBpPpo -conformations. Designations are as in Fig. 3.
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