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Abstract

The conformational study on cyclic Ac–Cys–Pro–Xaa–Cys–NHMe(Ac–CPXC–NHMe; XsAla, Val, Leu, Aib,
Gly, His, Phe, Tyr, Asn and Ser) peptides has been carried out using the Empirical Conformational Energy Program
for Peptides, version 3(ECEPPy3) force field and the hydration shell model in the unhydrated and hydrated states.
This work has been undertaken to investigate structural implications of the CPXC sequence as the chain reversal for
the initiation of protein folding and as the motif for active site of disulfide oxidoreductases. The backbone
conformation DAAA is commonly the most feasible for cyclic CPXC peptides in the hydrated state, which has a
type I b-turn at the Pro–Xaa sequence. The proline residue and the hydrogen bond between backbones of two
cystines as well as the formation of disulfide bond appear to play a role in stabilizing this preferred conformation of
cyclic CPXC peptides. However, the distributions of backbone conformations andb-turns may indicate that the cyclic
CPXC peptide seems to exist as an ensemble ofb-turns and coiled conformations in aqueous solution. The intrinsic
stability of the cyclic CPXC motif itself for the active conformation seems to play a role in determining electrochemical
properties of disulfide oxidoreductases.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Disulfide bonds have been known to play a role
in stabilizing the structure and folding of proteins
w1,2x. The formation of disulfide bonds seems to
be facilitated by decreasing the entropy of the
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unfolded statew3x and by providing the favorable
local interactions in the folded statew4x.
Many experimental and theoretical studies have

been attempted on chain reversals because of their
involvement in the initiation of protein foldingw5x.
Cyclic peptides with a disulfide bond have been
used as models for chain reversals because they
can exist with a higher population of ordered
conformations in solutionw6x. In particular, the
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cyclic tetrapeptides of sequence Cys–Pro–Xaa–
Cys (or CPXC) have been studied to estimate
their propensity to formb-turns w6–10x.
The Pro–Xaa sequence has been known to have

high proportions to formb-turns at the second and
third positions w11x. The Cys residue shows a
significant preference to be at the first position of
a type I b-turn w12,13x. The Pro residue is the
most strongly preferred amino acid at the second
position of both types I and IIb-turns w11–13x,
which are due to the inherent restriction on torsion
anglef for the N–C bond of Pro to approximatelya

y608. X-ray diffraction and NMR experiments on
cyclic CPXC peptides support that the type I
b-turn is the most preferred conformation for their
Pro–Xaa sequencesw6–10x.

The CXXC sequence is known to be a motif
located at active sites of protein disulfide oxido-
reductasesw14,15x. Crystal and NMR structures of
oxidoreductases such as thioredoxinw16–19x, glu-
taredoxin w20x, thioredoxin reductasew21x, T4
glutaredoxin w22x, thioltransferasew23x, DsbA
w24,25x, the DsbA homolog(TcpG) w26x, DsbA
mutants w24,25x, and the hyperthermostable oxi-
doreductase fromPyrococcus furiosus w27x do not
show significant differences in their conformations
of the active site, in which the disulfide bonds are
in the right-handed hook conformation with the
disulfide torsion anglex of approximatelyq808SS

w1x. These structural studies exhibit that the N-
terminal cystine of the active site is located in a
loop betweenb-strand anda-helix, while the C-
terminal cystine is in the first turn of thea-helix
(hereafter, the first and fourth cystines of the
CPXC sequence will be denoted as Cys1 and
Cys4, respectively). Despite this similarity, how-
ever, the reduction potentials appear to strongly
depend on the XX dipeptide sequencew15,28x.
In particular, glutaredoxin, thioltransferase,

DsbA and the thermostable oxidoreductase from
Pyrococcus furiosus have the CPXC sequence of
the active site. X-ray structures of proteins indicate
that Pro is frequently found at the N-terminus of
a-helicesw29–31x. The higher preference of pro-
line at the beginning ofa-helix appears to be due
to the favored local interactions between two
residues preceding proline and no disturbance in
hydrogen bonds ofa-helix by prolinew32x.

In the present study, we have carried out a
conformational study for cyclic CPXC peptides in
the unhydrated and hydrated states, in order to
figure out factors to influence on the intrinsic
conformational preference and the stability of the
CPXC sequence as a model for chain reversal and
active site of disulfide oxidoreductase.

2. Methods

The nomenclature and conventions used follow
the recommendations of the IUPAC-IUB Commis-
sion on Biochemical Nomenclaturew33,34x. The
calculations were carried out on cyclic Ac–
CPXC–NHMe tetrapeptides(XsAla, Val, Leu,
Aib, Gly, His, Phe, Tyr, Asn and Ser) in the
unhydrated and hydrated states. The structures of
peptides w6–10x and disulfide oxidoreductases
w23–27x containing the CPXC sequence were
examined by X-ray diffraction andyor NMR exper-
iment. The thiolydisulfide equilibrium of the
sequences with XsVal, Aib, Gly, Phe, Asn and
Ser was studied with automated HPLC measure-
mentsw6x.

Conformational energy calculations were carried
out using theECEPPy3 (Empirical Conformational
Energy Program for Peptides, version 3) force
field w35x, in which the total conformational energy
(E ) is the sum of the electrostatic energy(E ),tot es

the nonbonded energy(E ), the torsional energynb

(E ), the cystine torsional energy(E ), and thetor cystr

loop energy for the S–S bond(E ). The hydro-loop

gen bond energy is included in the nonbonded
energy component. The hydration shell model
improved by Kang et al.w36–39x was used to
calculate the hydration free energy(DDG ) ofhyd

each conformation of the peptides in the hydrated
state, where the hydration free energy was obtained
as the sum of the free energy proportional to the
water-accessible volume for each united group and
the polarization free energy between polar groups.
The total free energy(DG ) of each hydratedtot

conformation was calculated using the sum of the
total conformational energy(DE ) and the hydra-tot

tion free energy(DDG ).hyd

Each conformation of the peptide was denoted
in terms of a conformational letter code of Zim-
merman et al.w40x that was assigned to each
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residue specifying its location on a backbonef–
c map. Conformational states for side-chain tor-
sion anglex with respect to a threefold rotational1

barrier having minima near 608, 1808 and y608
are denoted by the lowercase lettersg , t andq

g , respectively. The torsion anglex indicatedy 1

by each letter extended over a range of 1208, i.e.
g denotes 08(x -1208, etc.q 1

The starting conformations for minimization of
the dipeptide Ac–Pro–Xaa–NHMe in the unhy-
drated state were generated by combining energy
minima of Ac–Pro–NHMe and Ac–Xaa–NHMe.
Four minimum-energy conformationstAu, tFu,
cAu and cFu of Ac–Pro–NHMe with the up-
puckeringw35x were used for generation of starting
conformations, wheret and c represent thetrans
and cis Ac–Pro peptide bond. Based on X-ray
structures of proline-containing sequences of pro-
teinsw41x, only the up-puckered conformations are
included. Because the relative energy of the con-
formation tCu of proline in Ac–Pro–NHMe is
found to be not too high(1.93 kcalymol) and the
conformation DtCu of Ac–Ala–Pro–NHMe has
relatively a low conformational energy of 1.88
kcalymol w35x, the conformationtCu of proline in
Ac–Pro–NHMe is additionally included in gener-
ating starting conformations.
In the case of XaasAla, Val, Leu, Gly, Phe,

Tyr and Ser, their minima withDE -5 kcalymoltot

reported in Ref.w42x were included for the gener-
ation of starting points. On the other hand, energy
minima of Ac–Xaa–NHMe for XaasHis and Asn
with DE -3 kcalymol were used as the startingtot

conformations for minimization, because the most
of their conformations haveDE -3 kcalymoltot

and appear to be large enoughw42x. Ac–Aib–
NHMe has nine minimum conformations, opti-
mized from all energy minima of Ac–Ala–NHMe
in Ref. w42x, of which two conformations have
DE -3 kcalymol and other seven conformationstot

have the relative energies between 3 and 10 kcaly
mol. So all nine conformations for Ac–Aib–
NHMe were used for the generation of starting
conformations. The backbone conformation A*
was found to be the most probable for Ac–Aib–
NHMe. Energy minima of Ac–Pro–Xaa–NHMe
with DE -5 kcalymol were used to generatetot

starting conformations of cyclic Ac–CPXC–

NHMe by combining feasible conformations of
cystine residue. The cutoff of 3 kcalymol for
DE employed in generating starting points fortot

minimization was suggested to be reasonable for
conformational searching of penta- and hexa-pep-
tides with the buildup procedurew43,44x. The five
minimum-energy backbone conformations of Ac–
Ala–NHMe w42x and two backbone conformations
of X-ray structures of cyclic Ac–CPVC–NHMe
and Ac–CPSC–NHMew6x were combined with
three t, g and g conformations for the side-q y

chain torsion anglex of cystine residue to give1

21 feasible conformations for cystine residue. Side-
chains of Cys, Pro and X residues as well as acetyl
and methyl amide end groups were taken to be in
their uncharged forms to simulate the effect of
ionic shielding.
A quasi-Newton algorithm SUMSL(Secant-

type Unconstrained Minimization problem So-
Lver) w45x was used for energy minimization in
the unhydrated state and free energy minimization
in the hydrated state. All torsion angles of the
backbone, side-chains, and end-groups of peptides
were allowed to move during minimization. Min-
imized conformations of cyclic Ac–CPXC–NHMe
peptides in the unhydrated state were used as their
starting conformations for minimization in the
hydrated state.
Four residues of cyclic Ac–CPXC–NHMe pep-

tides are defined as residuesiq1, iq2, iq3 and
iq4, respectively. The N-terminal group Ac- and
the C-terminal group –NHMe are defined as the
residuei and iq5, respectively. The quantityh is
the O N distance, which is used to define∆iq1 iq4

the hydrogen bonds of backbonew11x. In this
work, the hydrogen bond is defined when the
distance between hydrogen and hydrogen-acceptor
is (2.4 A. This criterion was applied to all˚

hydrogen bonds for backbone, side-chains and end-
groups. The quantityR is the C C distance.a a

∆iq1 iq4

A b-turn is defined as a conformation in which
R(7 A, and various types ofb-turn can be defined˚
by the backbone torsion anglesf and c of the
second and third residues of four consecutive
residuesw11x. Since the types I and III have no
distinct structural characteristics and form a con-
tinuous distribution on af–c map of protein
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Table 1
Conformational properties of cyclic Ac–Cys–Pro–Xaa–Cys–
NHMe peptides in the unhydrated and hydrated states

Xaa Statea No. of conf.b Conf. b-Turn prob.d

m n
propertiesc

P

NhM NRM

Ala Unh 11 014 25 2.90 5.25 1.00
Hyd 25 20 3.00 5.30 1.00

Val Unh 14 094 31 2.89 5.24 1.00
Hyd 31 26 2.96 5.28 1.00

Leu Unh 27 752 60 2.89 5.24 1.00
Hyd 60 50 3.01 5.30 1.00

Aib Unh 4407 38 2.87 5.20 1.00
Hyd 38 32 2.99 5.34 1.00

Gly Unh 11 442 56 2.90 5.26 1.00
Hyd 56 44 3.10 5.35 1.00

His Unh 46 669 100 2.99 5.29 1.00
Hyd 100 77 3.06 5.32 1.00

Phe Unh 24 206 38 2.96 5.29 1.00
Hyd 38 26 2.98 5.31 1.00

Tyr Unh 38 731 77 2.96 5.29 1.00
Hyd 77 54 3.00 5.32 1.00

Asn Unh 37 414 61 2.94 5.27 1.00
Hyd 61 43 3.14 5.34 1.00

Ser Unh 62 552 100 2.93 5.27 1.00
Hyd 100 85 3.08 5.33 1.00

Unh and Hyd correspond to unhydrated and hydrateda

states, respectively.
m and n correspond to the number of starting and opti-b

mized conformations, respectively; see the text. Numbers of
minimized conformations correspond to those withDE (5tot

kcalymol in the unhydrated state andDG (5 kcalymol in thetot

hydrated state.
Conformational properties. The quantityh is thec

O N distance of the backbone. The quantityR is the∆cys1 cys4

C C distance.a a
∆cys1 cys4

b-Turn probabilities ofP is defined for the Pro–Xaad

sequence.

structures, the type III was eliminated as a distinct
categoryw46x.
The normalized statistical weightw of thei

conformation i was calculated according to the
Boltzmann equationw11x given by

ws(1yZ)exp yDG yRT (1)Ž .i i

where

n

Zs expyDG yRT (2)Ž .i8
is1

Here,DG is DE or DG in the unhydrated ori tot,i tot,i

hydrated states, respectively,R is the gas constant
andT is the absolute temperature. The summation
was taken over alln low energy or free energy
minima shown in Table 1.
Vicinal coupling constantsJ were computed by3

using the expression

3 2JsA cos uqB cosuqC (3)

where usNfy608N for J , usx y1208 for3 1
HNa

Hb , usx for Hb . Values used forA, B andC1
2 3

in Eq. (3) are 6.4,y1.4 and 1.9 Hz for J3 HNa

w47x, and 9.5,y1.6 and 1.8 Hz for J w48x.3
ab

The statistically weighted average value of any
conformation-dependent quantityq (i.e. h, R and
J) was calculated by the following equation using3

the statistical weightw of Eq. (1);i

n

N Mq s w q (4)i i8
is1

The probabilityP of occurrence of the typeii

b-turns was computed as the sum of corresponding
statistical weightsw s. All thermodynamic quanti-i

ties were calculated forTs298.15 K.

3. Results and discussion

3.1. General conformational properties

Table 1 shows the number of starting and
minimized conformations of cyclic CPXC peptides
in the unhydrated and hydrated states. Starting

conformations of each peptide in the hydrated state
are the corresponding optimized conformations in
the unhydrated state. The statistically averaged
values of NhM, NRM, and the probabilityP of b-
turn conformation for the Pro–Xaa sequence at
positions iq2 and iq3 of a b-turn are included
in Table 1.
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The value ofNhM is a measure of the formation
of backbone-to-backbone hydrogen bond in some
b-turn structures, and the value ofNRM is a criterion
to distinguish theb-turn from other conformations.
The values of 5.20–5.29 A forNRM of the Pro–˚
Xaa sequence in the unhydrated state is a little
smaller than those of 5.28–5.33 A in the hydrated˚
state. This indicates that the conformations in the
unhydrated state are more compact than those in
the hydrated state. In particular, the probabilities
P to form b-turns are all 1.00 in both states. It
indicates that all peptides have theb-turn struc-
tures for the Pro–Xaa sequence. The number of
minimized conformations withDG (5 kcalymoltot

for each cyclic CPXC peptide in the hydrated state
is less than those withDE (5 kcalymol in thetot

unhydrated state. It shows that hydration play a
role in determining the conformational preference
of the peptide in the hydrated state. Thus, the
differences in values ofNRM andNhM may suggest
that the Pro–Xaa sequence plays a role in deter-
mining the conformation of peptide backbone.

3.2. Preferred conformations and population of
backbone conformations

Table 2 lists the low energy conformations and
their energies of cyclic CPXC peptides with rela-
tive free energies(DG )(1 kcalymol in thetot

hydrated state. Each conformation is designated
by its backbone conformation and torsion angle
x . Preferred conformations of each cyclic CPXC1

peptide, which have different conformations for
backbone and side-chain torsion anglex with1

DG (1 kcalymol, are designated in parenthesestot

of the first column for each peptide in Table 2
(e.g. A1, A2 and A3 for cyclic Ac–CPAC–
NHMe).
The lowest free energy backbone conformation

of cyclic CPXC peptide is DAAA except for CPFC
and CPYC peptides. Its statistical weight is 0.133
(XsSer) to 0.498 (XsVal). The conformation
DAAA appears to be stabilized by a hydrogen
bond between the C_O of Cys1 residue and the
N–H of Cys4 residue with the distance
r(N–H O)s1.97–2.01 A. Although the back-∆

˚
bone conformation DAAA is the second and third
lowest free energy conformations for cyclic CPFC

and CPYC peptides, respectively, it seems to be
energetically comparable to the most probable
conformation DAAC.
The second lowest free energy backbone con-

formation is DAAC except for XsLeu, Aib, Phe,
Tyr and Ser, whose statistical weight is 0.167(Xs
His) to 0.350 (XsVal). In particular, this back-
bone conformation DAAC is the lowest free ener-
gy conformation for cyclic CPFC and CPYC
peptides, whose statistical weights are 0.358 and
0.178, respectively. However, the backbone con-
formation DAAC appears to be feasible for cyclic
CPLC and CPSC peptides, whose statistical
weights are 0.199 and 0.059, respectively. In the
case for XsAib, the backbone conformation
DAAC is the sixth lowest free energy conforma-
tion, whose statistical weight is 0.059. This back-
bone conformation DAAC has two hydrogen
bonds, one as the same as for the conformation
DAAA and another between the N–H of carboxylic
end-group and the C_O of Xaa residue. For both
preferred backbone conformations DAAA and
DAAC, the conformations of side-chainx are1

g for XsAla and Aib, t for XsVal, andg forq y

XsLeu, His, Phe, Tyr, Asn and Ser.
In the case of the cyclic CPAibC peptide, the

backbone conformation of the second lowest free
energy conformation is DCA*C, which seems to
be stabilized by two hydrogen bonds between the
C_O of Cys1 residue and the N–H of Cys4
residue and between the C_O of Aib residue and
the N–H of NHMe end-group with the distances
r(N–H O) equal to 2.24 and 2.12 A, respectively.∆

˚
The methyl group attached to the C of Aib residuea

appears to play a role in stabilizing this backbone
conformation because the backbone conformation
CA* for the Pro–X sequence is feasible only for
the Aib peptide(Table 2). It should be noted that
the backbone conformation A* was found to be
the most probable for Ac–Aib–NHMe(Section
2).
The backbone conformation DABA is the

fourth, third, third and fourth lowest free energy
conformations of cyclic CPAC, CPGC, CPFC and
CPSC peptides, respectively, which seems to be
stabilized by the hydrogen bond between the C_O
of Cys1 residue and the N–H of Cys4 residue with
the distancer(N–H O) equal to 2.00–2.05 A.∆

˚
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Table 2
Conformations and energies of cyclic Ac–Cys–Pro–Xaa–Cys–NHMe peptide withDG (1 kcalymol in the hydrated statetot

Conf.a DG b
tot DE c

tot DE d
es DE e

nb DE f
tor DE g

cystr DE h
loop DDG i

hyd wj b-Turnk

Ac–Cys–Pro–Ala–Cys-NHMe
DtAAg Ag (A1)q y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.365 I
DtAAg Cg (A2)q y 0.26 1.24 y0.58 1.57 0.36 y0.03 y0.08 y0.98 0.235 I
DtAAg Agq y 0.53 0.41 y0.10 0.26 y0.03 0.31 y0.02 0.12 0.151 I
DtABg Ag (A3)q y 0.66 0.93 y0.39 0.81 0.95 y0.15 y0.29 y0.27 0.119 I

Ac–Cys–Pro–Val–Cys–NHMe
DtAA tAg (V1)y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.498 I
DtAA tCg (V2)y 0.21 1.34 y0.58 1.73 0.43 y0.13 y0.13 y1.13 0.350 I

Ac–Cys–Pro–Leu–Cys–NHMe
DtAAg Ag (L1)y y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.275 I
DtAA tAg (L2)y 0.10 y0.05 y0.03 y0.05 y0.23 0.09 0.18 0.15 0.231 I
DtAAg Cg (L3)y y 0.19 1.17 y0.48 1.57 0.24 y0.13 y0.04 y0.98 0.199 I
DtAA tCg (L4)y 0.76 1.34 y0.55 1.88 0.02 y0.07 0.07 y0.58 0.076 I

Ac–Cys–Pro–Aib–Cys-NHMe
DtAAg Ag (B1)q y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.295 I
DtCA*g Cg (B2)q y 0.34 2.58 y0.81 3.42 2.12 y1.49 y0.67 y2.24 0.176 II
DtAAg Agq y 0.36 0.41 y0.12 0.43 0.07 0.10 y0.07 y0.05 0.161 I
DtCA*g Cgq y 0.64 2.86 y0.97 3.88 2.07 y1.41 y0.70 y2.22 0.100 II
Eg CA*g Cg (B3)q q y 0.89 2.72 y0.73 2.75 1.60 y0.17 y0.73 y1.84 0.066 II
DtAAg Cg (B4)q y 0.95 1.87 y0.58 2.20 0.67 y0.23 y0.20 y0.91 0.059 I

Ac–Cys–Pro–Gly–Cys–NHMe
DtAAA g (G1)y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.304 I
DtAACg (G2)y 0.21 1.14 y0.54 1.61 0.29 y0.14 y0.07 y0.94 0.215 I
DtABAg (G3)y 0.58 0.90 y0.45 0.86 0.95 y0.19 y0.26 y0.32 0.114 I
DtAACgy 0.93 1.74 y0.66 2.26 0.32 y0.07 y0.10 y0.81 0.063 I
Eg ADEg (G4)q q 0.95 2.93 0.86 3.16 0.56 y1.31 y0.35 y1.98 0.061 VII

Ac–Cys–Pro–His–Cys–NHMe
DtAAg Ag (H1)y y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.229 I
DtAAg Cg (H2)y y 0.19 1.22 y0.51 1.60 0.37 y0.14 y0.12 y1.03 0.167 I
DtAA tAg (H3)y 0.49 0.60 0.17 0.33 y0.10 0.11 0.09 y0.11 0.100 I
DtAA tAgy 0.78 0.79 0.06 0.67 0.08 y0.01 y0.02 y0.01 0.062 I
DtAAg Agy y 0.81 y0.20 0.09 y0.26 0.18 y0.09 y0.12 1.01 0.059 I
DtAA tCg (H4)y 0.85 1.92 y0.49 2.14 0.39 y0.06 y0.06 y1.06 0.054 I

Ac–Cys–Pro–Phe–Cys–NHMe
DtAAg Cg (F1)y y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.358 I
DtAAg Ag (F2)y y 0.11 y1.03 0.35 y1.30 y0.37 0.14 0.15 1.15 0.295 I
DtABg Ag (F3)y y 0.48 y0.41 0.30 y1.30 0.66 y0.05 y0.01 0.89 0.159 I
DtAA tAg (F4)y 0.82 y0.48 0.55 y0.96 y0.60 0.24 0.30 1.30 0.089 I

Ac–Cys–Pro–Tyr–Cys–NHMe
DtAAg Cg (Y1)y y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.178 I
DtAAg Cgy y 0.03 0.03 0.03 0.06 y0.04 0.00 y0.03 0.00 0.169 I
DtAAg Ag (Y2)y y 0.07 y0.95 0.33 y1.34 y0.07 0.09 0.03 1.02 0.158 I
DtAAg Agy y 0.13 y0.95 0.39 y1.29 y0.27 0.11 0.11 1.08 0.144 I
DtABg Cg (Y3)y y 0.33 0.64 0.09 y0.22 1.09 y0.19 y0.13 y0.31 0.108 I
DtAA tAg (Y4)y 0.71 y0.37 0.47 y0.87 y0.44 0.22 0.25 1.08 0.054 I
DtAA tAgy 0.80 y0.41 0.48 y0.91 y0.48 0.22 0.27 1.21 0.047 I
DtABg Cgy y 0.97 1.18 0.37 0.25 0.74 y0.06 y0.13 y0.21 0.035 I

Ac–Cys–Pro–Asn–Cys–NHMe
DtAAg Ag (N1)y y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.400 I
DtAAg Cg (N2)y y 0.41 1.43 y0.38 1.64 0.42 y0.14 y0.11 y1.02 0.199 I
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Table 2(Continued)

Conf.a DG b
tot DE c

tot DE d
es DE e

nb DE f
tor DE g

cystr DE h
loop DDG i

hyd wj b-Turnk

Ac–Cys–Pro–Ser–Cys–NHMe
DtAAg Ag (S1)y y 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.133 I
DtAAg Ag (S2)q y 0.05 y0.62 y0.48 y0.27 0.06 0.04 0.03 0.67 0.122 I
DtAAg Agy y 0.14 y0.01 y0.05 y0.07 y0.03 0.04 0.10 0.15 0.106 I
DtABtAg (S3)y 0.33 0.79 y0.39 0.90 0.61 y0.16 y0.16 y0.47 0.077 I
DtAAg Cg (S4)y y 0.48 1.34 y0.44 1.69 0.24 y0.13 y0.02 y0.86 0.059 I
DtAAg Agq y 0.50 y0.40 y0.54 y0.23 0.34 0.02 0.01 0.91 0.057 I
DtAAg Cg (S5)q y 0.51 0.93 y0.91 1.61 0.44 y0.02 y0.18 y0.42 0.056 I
DtAAg Cgy y 0.63 1.34 y0.56 1.76 0.26 y0.11 y0.02 y0.71 0.046 I
DtABtCg (S6)y 0.80 2.22 y0.55 2.49 0.81 y0.25 y0.28 y1.41 0.034 I
DtAAg Agy y 0.82 0.59 0.37 0.17 0.09 y0.02 y0.03 0.23 0.034 I
Eg ADg Eg (S7)q q q 0.88 2.59 0.54 3.16 0.59 y1.38 y0.32 y1.71 0.030 VII
DtAA tAg (S8)y 0.98 0.76 0.56 0.06 y0.14 0.09 0.19 0.22 0.025 I

The letter code of each conformation assigned by itsf andc backbone anglesw40x. The lowercasesg , t andg are used toa q y

represent the side-chain torsion anglesx of Cys and Xaa residues. Several local minima were found to have same conformational1

letter codes, but different side-chain conformations beyondx , leading to different total energies or free energies. The representative1

conformations are denoted in parentheses.
Relative conformational free energy;DG sDE qDDG .b

tot tot hyd

Relative total conformational energy;DE sDE qDE qDE qDE qDE .c
tot es nb tor cystr loop

Relative electrostatic energy.d

Relative nonbonded energy.e

Relative torsional energy.f

Cystine torsional energy.g

Loop energy for the S–S bond.h

Hydration free energy change.i

Normalized statistical weight calculated by Eq.(1) of the text atTs298.15 K.j

b-Turn type for the Pro–Xaa sequence.k

This hydrogen bond was also known to be crucial
to stabilize the backbone conformations DAAA
and DAAC, as noted above. The cyclic CPGC and
CPSC peptides have another hydrogen bond
between the C_O of Pro residue and the N–H of
–NHMe end-group with the distancer(N–H O)∆

equal to 2.28 and 2.22 A, respectively.˚
Populations of backbone conformations for

cyclic CPXC peptides in the hydrated state are
shown in Fig. 1. For each of cyclic CPXC peptides,
populations of 18 backbone conformations are
calculated by summing their statistical weights
irrespective of conformations for side-chains. The
18 representative backbone conformations are
selected, for each of which at lowest one of cyclic
CPXC peptides has a statistical weight larger than
0.01.
As expected from the analysis of lowest free

energy conformations above, the backbone confor-
mation DAAA is the most preferred for most of
cyclic CPXC peptides with statistical weights of

0.314(XsGly) to 0.586(XsAsn) except for the
cyclic CPFC peptide. The second preferred back-
bone conformation is DAAC for most of cyclic
CPXC peptides with statistical weights of 0.237
(XsAla and Ser) to 0.405 (XsTyr) except for
cyclic CPAibC and CPFC peptides. The confor-
mation DCA*C is the second preferred conforma-
tion of the CPAibC peptide with a statistical weight
of 0.276. It should be noted that both conforma-
tions DAAA and DAAC are almost equally feas-
ible for cyclic CPFC and CPYC peptides. The
backbone conformation DABA is found to be the
third preferred conformation for cyclic CPAC,
CPGC, CPFC and CPSC peptides with statistical
weights greater than 0.1. In particular, the confor-
mation DABC is the third preferred conformation
for the cyclic CPYC peptide with a statistical
weight of 0.143.
The analysis of low free energy conformations

indicates that the hydrogen bond between the C_O
of Cys1 residue and the N–H of Cys4 residue
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Fig. 1. Population of backbone conformations for cyclic CPXC
peptides in the hydrated state. Backbone conformations repre-
sented by serial numbers of 1–18 correspond to DAAA,
DAAC, DCA*C, DABA, DABC, EAEE, ECA*C, EADE,
DACD, ECA*F, DCA*F, DCD*C, DACE, ECB*C, EABC,
EAED, A*CA*C and DCA*A, respectively.

plays a role in stabilizing these preferred backbone
conformations. The hydrogen bond distance of
r(N–H O) ranges between 1.96 and 2.01 A for∆

˚
conformations DAAA and DAAC, whereas the
corresponding distance is 2.00–2.10 A for confor-˚
mations DABA and DABC. The conformation
DCA*C of the cyclic CPAibC peptide has a
somewhat longer distance of 2.24 A. However, it˚
cannot be ruled out that the extended backbone
conformations E or F for two Cys residues are
also energetically feasible for cyclic CPXC pep-
tides in water by peering the distributions of
backbone conformations, as shown in Fig. 1.
However, it should be noted that the most crucial

factor to stabilize the overall conformation of
cyclic CPXC peptides is the disulfide bond
between two cystine residues. The higher propen-
sity of the conformation DAAA for all cyclic
CPXC peptides irrespective of the X residue may
support this interpretation. By analyzing the low
free energy conformations with preferred backbone
conformations, it is known that the right-handed
disulfide bond prevails with the torsion anglexSS

equal to approximatelyq908. For the backbone
conformations DAAA and DAAC, the values of
x areq66.18 to q75.48 andq71.08 to q76.18,SS

respectively, whereas the corresponding values are
q66.88 to q77.38 for the conformation DABA.
There is only the left-handed disulfide bond with
the x sy81.68 for the second preferred confor-SS

mation DCA*C of the cyclic CPAibC peptide.
Nevertheless, all the bond length of the disulfide
bond S–S is calculated to be approximately 2.0 A.˚

3.3. Population of b-turns

Although threeb-turns can be defined for each
of cyclic Ac–CPXC–NHMe peptides, the popu-
lation of b-turns at the Pro–Xaa sequence is
described in detail. The probabilities of occurrence
of b-turns for cyclic CPXC peptides in the unhy-
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Fig. 2. Population ofb-turns at the Pro–Xaa sequence for cyclic CPXC peptides in the unhydrated(a) and hydrated(b) states. The
first (black), second(light gray) and third(dark gray) histograms for each peptide correspond to theb-turns of types I, II and VII,
respectively.

drated and hydrated states are shown in Fig. 2. In
the unhydrated state, the dominantb-turn at the
Pro–Xaa sequence is the type I for all cyclic
CPXC peptides which has the backbone confor-
mations AA or AB for the Pro–Xaa sequence.
These conformations are stabilized by the hydro-
gen bond between the C_O of Cys1 residue and
the N–H of Cys4 residue with a distance of
r(N–H O) equal to 2.0 A or less, as mentioned∆

˚
in the previous section.
However, the population of type Ib-turns of for

all CPXC peptides is decreased and that of type
VII b-turns is increased in the hydrated state
except for the cyclic CPAibC peptide. The increase
for type VII b-turns appears to be due to the
favored hydration of extended conformations E or
F for two Cys residues. For cyclic CPFC and
CPYC peptides, the population of type VIIb-turns
is calculated to be approximately 1%.
In particular, the population of type IIb-turns

is increased to be 0.456 and 0.120 for the cyclic
CPAibC and CPGC peptides, respectively. The
backbone conformations for Pro–Aib or Pro–Gly
sequences with type IIb-turns are CA*, CD*, or
CB*. Although, these backbone conformations
have the same hydrogen bond between the C_O
of Cys1 residue and the N–H of Cys4 residue as
the conformations AA or AB with type Ib-turns,
the hydrogen bond distancer(N–H O) of the∆

type II is somewhat longer than that of the type I.
For example, the hydrogen bond distance is 2.01
A for the lowest free energy conformation DAAA˚

(B1) with a type Ib-turn, whereas the distance is
2.24 A for the second lowest free energy confor-˚
mation DCA*C (B2) with a type II b-turn. It
should be noted that the relative conformational
energy is 2.50 kcalymol for the conformation
DCA*C of the CPAibC peptide in the unhydrated
state, whereas its relative total free energy becomes
0.34 kcalymol in the hydrated state, to which the
hydration free energy contributes byy2.24 kcaly
mol (Table 2). It seems that the less tighten
hydrogen bond may provide better hydration for
the polar oxygen of C_O and the hydrogen of
N–H.

3.4. Comparison with X-ray and NMR structures
of peptides

The X-ray structures of cyclic Ac–CPVC–
NHMe w6x, Ac–CPSC–NHMe w6x and Boc–
CPAibC–NHMe w8x indicate that their preferred
backbone conformations are DAAA with type Ib-
turns for the Pro–Xaa sequence at positions 2 and
3, and with right-handed disulfide bonds, i.e. the
torsion angles ofx s78, 70 and 828, respectively.SS

These X-ray structures are consistent with our
calculated lowest free energy conformations in the
hydrated state(Table 2), for which calculated
values ofx are 69, 70 and 668, respectively. TheSS

hydrogen bonds between the C_O of Cys1 residue
and the N–H of Cys4 residue appear to play a role
in stabilizing type Ib-turns of X-ray structures for
cyclic CPVC w6x, CPSC w6x and CPAibC w8x
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Fig. 3. Superposition of computed lowest free energy confor-
mations of cyclic CPXC peptides in the hydrated state(black)
with their X-ray structures(gray): (a) XsVal; (b) XsAib and
(c) XsSer.

peptides, whose distances ofr(N–H O) are 2.97,∆

3.07 and 2.94 A, respectively, whereas our calcu-˚
lated values are 2.86, 2.89 and 2.87 A for their˚
lowest free energy conformations, respectively. The
differences in torsion anglesx and hydrogenSS

bond distances may be partially ascribed to the
rigid geometry adopted for each residue in calcu-
lating conformational energiesw49x. The lowest
free energy conformations of cyclic CPVC,
CPAibC and CPSC peptides(black) are super-
posed with their X-ray structures(gray) in Fig. 3.
According to H NMR assignments for the1

cyclic Ac–CPSC–NHMe peptide in 90% H Oy2

10% D O, the major conformation in solution is2

very similar to the conformation adopted by the
peptide in the solid statew6x. The pattern of NOEs
and the small temperature dependence of the chem-
ical shift of the N–H of Cys4 residue for the cyclic
Ac–CPGC–NHMe peptide was interpreted as the
existence of a type IIb-turn for Pro and Gly at
positions 2 and 3 for ab-turn w6x. In addition, H1

NMR studies on cyclic Boc–CPXC–NHMe pep-
tides (XsAla, Val, Leu, Aib, Gly, Phe and Tyr)
in CDCl andyor (CD ) SO indicate the formation3 3 2

of type I b-turns for Pro–Xaa sequencesw7–10x.
For the CPAibC peptide, the possibility to form a
type II b-turn was also proposedw8x.
Therefore, our calculated probabilities to form

b-turns for all cyclic CPXC peptides may confirm
the dominant population of type Ib-turns in

solution. In particular, the plausible existence of
type II b-turns for cyclic CPAibC and CPGC
peptides is supported by our calculations. The
calculated J coupling constants for cyclic Ac–3

CPXC–NHMe peptides are listed in Table 3 and
compared to experimental values. The calculated
values of J for Cys1 and Cys4 residues are3

HNa

reasonably consistent with experimental values of
Boc–CPXC–NHMe in(CD ) SO and a mixture3 2

of CDCl and (CD ) SO w7,9,10x, whereas the3 3 2

values of J for X residues appear to be3
HNa

somewhat underestimated by 1.2–3.5 Hz. The
differences in N-terminal end groups and solvents
might be factors to bring the discrepancy between
calculated and experimental coupling constants.

3.5. Comparison with X-ray protein structures

Richardson examined the types of backbone
conformation found at the ends of disulfides in
proteins and found thatb-turns are to some extent
favored at the end of a right-handed disulfide bond
w1x. Thornton investigated theb-turn propensity
of the sequences of proteins with half-cystines
separated by less than four residues and found a
strong preference of a right-handed disulfide bond
for tetrapeptides to hexapeptides with the higher
propensity to form ab-turn w50x.

The CPXC sequence is known to be a motif
located at active sites of several disulfide oxido-
reductases. X-ray structures of oxidoreductases
such as thioltransferase(XsPhe) w23x, DsbA
(XsHis) w25x, the DsbA homolog(TcpG; Xs
His) w26x, DsbA mutants(XsTyr, Leu and Ser)
w24x, and the hyperthermostable oxsidoreductase
from Pyrococcus furiosus (XsTyr) w27x do not
show significant differences in their conformations
of active sites, which have right-handed disulfide
bonds with the torsion anglex of approximatelySS

q808. These structural studies exhibit that the
Cys1 residue of the active site is located in a loop
betweenb-strand anda-helix, while the Cys4
residue is in the first turn of thea-helix.
The backbone conformation is DAAA for the

X-ray structures of the CPFC sequence of thiol-
transferase w23x and the CPYC sequence of
hyperthermostable oxidoreductasew27x, whereas it
is CAAA for other CPXC sequences(i.e. XsLeu,
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Table 3
Coupling constants of cyclic Ac–Cys–Pro–Xaa–Cys–NHMe peptides in the unhydrated and hydrated states

Xaa State Cys1 Pro2 Xaa3 Cys4

J3 HNa J3 ab2 J3 ab3 J3 ab2 J3 ab3 J3 HNa J3 ab2 J3 ab3 J3 HNa J3 ab2 J3 ab3

Calculated
Ala Unh 8.0 3.3 12.7 2.5 8.8 5.7 3.4 0.0 6.5 12.8 3.1

Hyd 8.0 3.3 12.4 2.5 8.8 6.1 3.4 0.0 6.7 12.5 2.9

Val Unh 7.7 3.2 12.6 2.5 8.8 5.8 0.0 11.6 6.6 12.9 3.2
Hyd 7.7 3.2 12.4 2.5 8.8 6.0 0.0 11.7 6.7 12.6 3.1

Leu Unh 7.7 3.3 12.6 2.5 8.8 5.6 8.1 8.0 6.6 12.8 3.2
Hyd 7.7 3.3 12.3 2.5 8.8 6.0 9.2 7.0 6.8 12.5 3.0

Aib Unh 8.1 3.1 12.4 2.5 8.8 3.4 3.9 6.7 12.7 3.7
Hyd 8.0 2.5 11.5 2.5 8.8 4.0 3.2 6.8 12.8 3.4

Gly Unh 7.6 3.3 12.6 2.5 8.8 5.6 6.8 12.8 3.1
Hyd 7.6 3.3 11.6 2.5 8.8 5.8 7.0 12.0 2.9

His Unh 7.7 3.4 11.9 2.5 8.8 6.7 6.5 4.6 6.6 12.6 2.8
Hyd 7.7 3.4 12.0 2.5 8.8 6.1 8.6 6.7 6.8 12.4 2.9

Phe Unh 7.6 3.4 12.5 2.5 8.8 6.6 10.5 5.9 6.8 12.8 2.8
Hyd 7.7 3.4 12.5 2.5 8.8 6.9 11.4 5.2 7.0 12.7 2.7

Tyr Unh 7.7 3.4 12.3 2.5 8.8 6.7 10.4 6.0 6.7 12.7 2.8
Hyd 7.7 3.4 12.5 2.5 8.8 7.0 11.2 5.4 6.9 12.6 2.6

Asn Unh 7.6 3.3 12.4 2.5 8.8 6.2 8.5 3.9 6.5 12.8 3.0
Hyd 7.5 3.3 11.7 2.5 8.8 5.9 11.1 4.9 6.7 12.0 3.0

Ser Unh 7.6 3.3 12.5 2.5 8.8 5.4 5.8 4.4 6.5 12.8 3.0
Hyd 7.6 3.3 12.0 2.5 8.8 5.6 6.9 5.2 6.8 12.3 2.9

Experimentala

Alab 9.0 9.0 5.5
Valc,d 7.3, 7.7 10.3, 9.2 7.7, 7.3
Leub 8.5 9.5 8.0
Aibb 8.5 7.5
Glyb 8.0 7.0
Phec,e 8.8, 8.8 9.5, 8.1
Tyrc,e 9.5, 8.8 9.5, 8.8 8.1, 6.6

Units are in Hz.
Experimental data for cyclic Boc–CPXC–NHMe.a

Measured in the mixture of CDCl and(CD ) SO w9x.b
3 3 2

Measured in CDCl and(CD ) SO; the first and second values for eachJ correspond to those in CDCl and(CD ) SO,c
3 3 2 3 3 2

respectively.
Errors inJs"0.4 Hz w7x.d

Errors inJs"0.4 Hz w10x.e

His, Tyr and Ser) of oxidoreductasesw24–26x. The
average backbone torsion angles of(f, c) for
Cys1 residues with the conformational letter code
C are (y868, 1148) w24–26x, whereas the corre-
sponding values for the conformation D are

(y1588, 968) w23,27x. Our calculated low free
energy conformations for cyclic CPXC peptides
with the conformation DCCC in the hydrated state
indicate the average values to be(y1528, 828) for
the Cys1 residue. In addition, the average values
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Fig. 4. Superposition of computed lowest free energy confor-
mations DAAA of cyclic CPXC peptides in the hydrated state
(black) with the X-ray structures of corresponding sequences
of proteins(gray): (a) XsLeu; (b) XsHis; (c) XsPhe;(d)
XsTyr and(e) XsSer.

are (y1298, 778) for the Cys1 residues of X-ray
structures for cyclic Ac–CPVC–NHMew6x, Ac–
CPSC–NHMew6x and Boc–CPAibC–NHMew8x
peptides. Therefore, the difference in backbone
conformations of Cys1 residues for short peptides
and proteins may imply that the Cys1 residue
located at a loop betweenb-strand anda-helix in
proteins is likely to be affected by neighboring
residues.
From X-ray structures of cyclic CPXC sequenc-

es for peptidesw6,8x and proteinsw23–27x, the
average torsion anglex for the disulfide bond isSS

computed to beq77 andq808, respectively, i.e.
a right-handed disulfide bond. On the other hand,
it is calculated to beq718 for our lowest free
energy conformations of cyclic Ac–CPXC–NHMe
peptides in the hydrated state.
Therefore, our calculated lowest free energy

conformations for cyclic CPXC peptides are rea-
sonably consistent with X-ray structures of oxido-
reductases. The lowest free energy conformations
of cyclic CPXC peptides(black) are superposed
with the X-ray structures of corresponding
sequences of proteins(gray) in Fig. 4. The differ-
ences in backbone conformations and torsion
angles for the disulfide bond between our calcu-
lated lowest free energy conformations and X-ray
structures may be partially attributed to the long-
range interactions that the isolated short peptides
cannot have andyor to the rigid geometry adopted
for each residue used for conformational energy
calculationsw49x.

3.6. Structural implications for CPXC motif of
proteins

In lowest free energy conformations and X-ray
structures of cyclic CPXC peptides, the hydrogen
bond between the C_O of Cys1 residue and the
N–H of Cys4 residue is found to play a role in
stabilizing type Ib-turns of peptide backbone, as
noted above. In order to figure out whether this
hydrogen bond contributes to the local stability of
the cyclic CPXC motif of oxidoreductases, the
pattern of hydrogen bonds involving the C_O of
Cys1 residues has analyzed. X-ray structures of
the CPFC sequence of thioltransferasew23x and
the CPYC sequence of hyperthermostable oxido-

reductasew27x with the backbone conformation
DAAA have the hydrogen bond between back-
bones of two Cys residues. However, this hydrogen
bond can or cannot be seen for CPXC motifs of
other proteins with the backbone conformation
CAAA w24–26x. Therefore, it can be said that the
hydrogen bond between two Cys residues is not a
crucial factor to stabilize the local structure of the
CPXC motif in proteins, although it may partially
contribute to its stability.
From the analysis of X-ray structures of pro-

teins, proline is known to be frequently found at
the N-terminus ofa-helicesw29–31x. The higher
preference of proline at the beginning ofa-helix
is suggested to be due to the favored local inter-
actions between two residues preceding proline
and no disturbance in hydrogen bonds ofa-helix
by proline w32x. In fact, each proline of the CPXC
motif of oxidoreductasesw23–27x considered here
is located at the N-terminal ofa-helix. Therefore,
proline seems to be attributed in stabilizing the
local structure of the CPXC motifs.
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Fig. 5. Superposition of seven X-ray structures of the CXXC
sequences for oxidoreductases.

However, X-ray structures of oxidoreductases
such as thioredoxinsw16,18,19x, thioredoxin reduc-
tase w21x and T4 glutaredoxinw22x that have no
CPXC sequences also show their backbone con-
formations for the CXXC sequence to be CAAA
w16,18,19x or DAAA w21,22x, as the same as for
CPXC sequences. In Fig. 5, the superposition of
X-ray structures of the CXXC sequences for oxi-
doreductasesw16–22x are presented. In particular,
thioredoxins have the CPGC sequence and the Gly
residue is located at the N-terminal of thea-helix,
followed by the Pro residue. It seems that the Pro
residue is likely to contribute in stabilizing thea-
helix, because the propensity of Pro at the second
position of the first turn ofa-helix is about a half
of that at the N-terminal and cannot be negligible
w29–32x. It should, however, be noted that thiore-
doxin reductasew21x and T4 glutaredoxinw22x
have quite similar conformations to thioredoxins,
although they have CATC and CVYC sequences,
respectively, without any prolines.
Therefore, it can be drawn that the formation of

the disulfide bond between two Cys residues of
the CPXC motifs in oxidoreductases appears to be
crucial in stabilizing the active conformations of
the motifs, although the hydrogen bond between
two cystines and the Pro residue are likely to
contribute to the formation of theb-turn and the
first turn of a-helix.
Because of structural similarities in CXXC

motifs of oxidoreductases, it is suggested that the
reduction potential is determined not only by the
XX sequence of active site, but also by noncova-
lent interactions between the CXXC motif and

surrounding residuesw15,28,51–53x. In particular,
the change in the pK of the Cys1 residue of thea

motif is known to be crucial for the redox prop-
erties w15,28x. In each mutant of thioredoxin and
DsbA, the lower pK of the Cys1 residue is, thea

more the reduction potential increasesw15x. pKa

values of the Cys1 residue of DsbA and its active-
site variants are obtained to be 3.28"0.09,
3.75"0.06, 4.42"0.10 and 4.85"0.03 for the
XXsPH, PY, PL and PG of the CXXC motif,
respectively, from electrochemical experiments
w28,52x. According to our calculated results in
Table 2, the statistical weights for the lowest free
energy conformation DAAA of cyclic CPHC,
CPYC, CPLC and CPGC peptides are computed
to be 0.229, 0.158, 0.304 and 0.275, respectively.
It seems that the intrinsic stability of the cyclic
CPXC motif itself for the active conformation
might play a role in determining redox properties
of proteins.

3.7. Comparison with previous calculations

Oka and co-workersw54–56x have carried out
the conformational energy calculations on cyclic
Ac–CPXC–NHMe peptides(XsAla, Val, Leu,
Gly and Phe) using an earlier version of theECEPP
force field w57x. They assumed the proline to have
the down-puckering with the torsion anglefs
y75.08, whereas we employed here the up-puck-
ered proline with the torsion anglefsy53.08 as
well as the revised geometry and nonbonded par-
ameters for proline of theECEPPy3 force fieldw35x.
It should be noted that X-ray structures of cyclic
CPXC sequences of proteins indicate the dominant
conformation of proline to be up-puckeringw23–
27x. In addition, they fixed all torsion anglesv’s
at 1808 during energy minimization and did not
take into account the effect of hydration. On the
other hand, all torsion angles includingv’s are
allowed to move during minimization together
with including the hydration in this work. A
different buildup procedure from ours was adopted
to generate starting conformations for energy
minimization.
Despite these differences, they found that the

backbone conformation DAAA is the lowest ener-
gy conformation of cyclic CPXC peptides for Xs
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Ala, Val, Leu and Phe with a type Ib-turn at the
Pro–Xaa sequence in the unhydrated state, which
accords with our results reported here. The confor-
mation DCA*E was calculated to be the lowest
energy conformation of the cyclic CPGC peptide
with a type II b-turn, which cannot be found in
our low free energy conformations withDG (1tot

kcalymol in the hydrated state(Table 2).

4. Conclusions

The backbone conformation DAAA is common-
ly the most feasible for cyclic CPXC peptides in
the hydrated state, which has a type Ib-turn at
the Pro–Xaa sequence in positions 2 and 3 of a
b-turn. The proline residue and the hydrogen bond
between backbones of two cystines as well as the
formation of disulfide bond appear to play a role
in stabilizing this preferred conformation of cyclic
CPXC peptides. However, the distributions of
backbone conformations andb-turns may indicate
that the cyclic CPXC peptide seems to exist as an
ensemble ofb-turns and coiled conformations in
aqueous solution.
Our calculated lowest free energy conformations

are consistent with X-ray structures and confor-
mations of cyclic CPXC peptides deduced from
NMR experiments as well as X-ray structures of
disulfide oxidoreductases. The small conformation-
al differences in backbones and disulfide bonds
between calculated and X-ray structures may be
partially attributed to the long-range interactions
that the isolated short peptides cannot have andy
or to the rigid geometry adopted for each residue
used for conformational energy calculations.
The structural similarities in CXXC motifs of

oxidoreductases may imply that the redox proper-
ties are determined not only by the XX sequence
of active site, but also by noncovalent interactions
between the CXXC motif and surrounding resi-
dues. Nevertheless, the intrinsic stability of the
cyclic CPXC motif itself for the active conforma-
tion appears to play a role in determining electro-
chemical properties of disulfide oxidoreductases.
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