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Abstract

The conformational study on cyclic Ac—Cys—Pro—Xaa—Cys—NHMe—CPXC—-NHMe; X=Ala, Val, Leu, Aib,
Gly, His, Phe, Tyr, Asn and Sepeptides has been carried out using the Empirical Conformational Energy Program
for Peptides, version 8ECEPR'3) 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 | 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 conformationg-amchs may indicate that the cyclic
CPXC peptide seems to exist as an ensemblg-tifrns and coiled conformations in aqueous solution. The intrinsic
stability of the cyclic CPXC maoitif 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 unfolded statd 3] and by providing the favorable
local interactions in the folded stafd].

Many experimental and theoretical studies have
been attempted on chain reversals because of their
involvement in the initiation of protein foldingp].
Cyclic peptides with a disulfide bond have been

Disulfide bonds have been known to play a role
in stabilizing the structure and folding of proteins
[1,2]. The formation of disulfide bonds seems to
be facilitated by decreasing the entropy of the
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cyclic tetrapeptides of sequence Cys—Pro—Xaa—

Cys (or CPXO have been studied to estimate
their propensity to forng-turns [6—10.

H.S. Park et al. / Biophysical Chemistry 105 (2003) 89-104

In the present study, we have carried out a
conformational study for cyclic CPXC peptides in
the unhydrated and hydrated states, in order to

The Pro—Xaa sequence has been known to havefigure out factors to influence on the intrinsic

high proportions to forng-turns at the second and
third positions [11]. The Cys residue shows a
significant preference to be at the first position of
a type | B-turn [12,13. The Pro residue is the

conformational preference and the stability of the
CPXC sequence as a model for chain reversal and
active site of disulfide oxidoreductase.

most strongly preferred amino acid at the second 2. Methods

position of both types | and IB-turns [11-13,
which are due to the inherent restriction on torsion
angle¢ for the N-C* bond of Pro to approximately
—60°. X-ray diffraction and NMR experiments on
cyclic CPXC peptides support that the type |
B-turn is the most preferred conformation for their
Pro—Xaa sequencds—-1(.

The CXXC sequence is known to be a motif
located at active sites of protein disulfide oxido-
reductase$14,19. Crystal and NMR structures of
oxidoreductases such as thioredokl6—19, glu-
taredoxin [20], thioredoxin reductasd21], T4
glutaredoxin [22], thioltransferase[23], DsbA
[24,24, the DsbA homolog(TcpG) [26], DsbA
mutants [24,25, and the hyperthermostable oxi-
doreductase fron®yrococcus furiosus [27] 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 angleyss of approximately+ 80°
[1]. 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 the-helix
(hereafter, the first and fourth cystines of the
CPXC sequence will be denoted as Cysl and
Cys4, respectively Despite this similarity, how-

The nomenclature and conventions used follow
the recommendations of the IUPAC-IUB Commis-
sion on Biochemical Nomenclaturg3,34. The
calculations were carried out on cyclic Ac—
CPXC-NHMe tetrapeptide$X =Ala, Val, Leu,
Aib, Gly, His, Phe, Tyr, Asn and Sgrin the
unhydrated and hydrated states. The structures of
peptides [6—-10 and disulfide oxidoreductases
[23—-27 containing the CPXC sequence were
examined by X-ray diffraction an@r NMR exper-
iment. The thiofdisulfide equilibrium of the
sequences with X Val, Aib, Gly, Phe, Asn and
Ser was studied with automated HPLC measure-
ments[6].

Conformational energy calculations were carried
out using theecerr’3 (Empirical Conformational
Energy Program for Peptides, version frce
field [35], in which the total conformational energy
(E.xp is the sum of the electrostatic ener¢¥.J,
the nonbonded energdf,,,), the torsional energy
(Ey), the cystine torsional enerd¥.s), and the
loop energy for the S-S bon@,,,). The hydro-
gen bond energy is included in the nonbonded
energy component. The hydration shell model
improved by Kang et al[36—39 was used to
calculate the hydration free enerdAAGy,q) of

ever, the reduction potentials appear to strongly each conformation of the peptides in the hydrated
depend on the XX dipeptide sequends,2q. state, where the hydration free energy was obtained
In particular, glutaredoxin, thioltransferase, as the sum of the free energy proportional to the
DsbA and the thermostable oxidoreductase from water-accessible volume for each united group and
Pyrococcus furiosus have the CPXC sequence of the polarization free energy between polar groups.
the active site. X-ray structures of proteins indicate The total free energy(AG,,) of each hydrated
that Pro is frequently found at the N-terminus of conformation was calculated using the sum of the
a-helices[29-31. The higher preference of pro- total conformational energfAE,) and the hydra-
line at the beginning oé-helix appears to be due tion free energ(AAG,q).
to the favored local interactions between two  Each conformation of the peptide was denoted
residues preceding proline and no disturbance inin terms of a conformational letter code of Zim-
hydrogen bonds o&-helix by proline[32]. merman et al.[40] that was assigned to each
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residue specifying its location on a backbohe
{ map. Conformational states for side-chain tor-
sion anglex* with respect to a threefold rotational
barrier having minima near 60180 and —60°
are denoted by the lowercase lettexs, ¢ and
g, respectively. The torsion anglg' indicated
by each letter extended over a range of 1 4.
g denotes D< x1 <120, etc.

The starting conformations for minimization of
the dipeptide Ac—Pro—Xaa—NHMe in the unhy-
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NHMe by combining feasible conformations of
cystine residue. The cutoff of 3 kgahol for
AE,; employed in generating starting points for
minimization was suggested to be reasonable for
conformational searching of penta- and hexa-pep-
tides with the buildup procedur@3,44. The five
minimum-energy backbone conformations of Ac—
Ala—NHMe [42] and two backbone conformations
of X-ray structures of cyclic Ac—CPVC—-NHMe
and Ac-CPSC-NHM€6] were combined with

drated state were generated by combining energythree s, ¢+ and g~ conformations for the side-

minima of Ac—Pro—NHMe and Ac—Xaa—NHMe.
Four minimum-energy conformationsiu, tFu,
cAu and cFu of Ac—Pro—NHMe with the up-
puckering[35] were used for generation of starting
conformations, where and ¢ represent therans
and cis Ac—Pro peptide bond. Based on X-ray
structures of proline-containing sequences of pro-
teins[41], 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 higl§1.93 kcafmol) and the
conformation DCu of Ac—Ala—Pro—NHMe has
relatively a low conformational energy of 1.88
kcal/mol [35], the conformationCu of proline in
Ac—Pro—NHMe is additionally included in gener-
ating starting conformations.

In the case of XaaAla, Val, Leu, Gly, Phe,
Tyr and Ser, their minima withAE,;<5 kcal/mol
reported in Ref[42] were included for the gener-
ation of starting points. On the other hand, energy
minima of Ac—Xaa—NHMe for Xaa His and Asn
with AE,;<3 kcal/mol were used as the starting
conformations for minimization, because the most
of their conformations have\E,;<3 kcal/mol
and appear to be large enough2]. Ac—Aib-
NHMe has nine minimum conformations, opti-
mized from all energy minima of Ac—Ala—NHMe
in Ref. [42], of which two conformations have
AE.:<3 kcal/mol and other seven conformations
have the relative energies between 3 and 10 kcal
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 AE,;<5 kcal/mol were used to generate
starting conformations of cyclic Ac—CPXC-

chain torsion angle! of cystine residue to give
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) [45] 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 residues 1, i+2, i+3 and
i+4, respectively. The N-terminal group Ac- and
the C-terminal group —NHMe are defined as the
residuei andi+5, respectively. The quantity is
the Q. ;--- N, , distance, which is used to define
the hydrogen bonds of backboridl]. 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 quantitR is the ¢ ;--- &, , distance.

A B-turn is defined as a conformation in which
R<7 A, and various types @-turn can be defined
by the backbone torsion angles and (s of the
second and third residues of four consecutive
residues[11]. Since the types | and Il have no
distinct structural characteristics and form a con-
tinuous distribution on ab—{ map of protein
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structures, the type Il was eliminated as a distinct Table 1
category[46] Conformational properties of cyclic Ac—Cys—Pro—Xaa—Cys—

. - . NHM tides in the unhydrated and hydrated stat
The normalized statistical weighty, of the © pepiides In the unnydrated and ydrated states

conformationi was calculated according to the xaa Stat@ No. of conf® Conf. B-Turn prob?
Boltzmann equatiori11] given by ——— properte§ T
m n
w;=(1/Z)exp(—AG,/RT) D (R
Ala Unh 11014 25 290 525 1.00
where Hyd 25 20 3.00 530 1.00
Val  Unh 14094 31 2389 524 1.00
il H 31 26 296 528 1.00
Z=Y exp(—AG,/RT) ) vd y °
=1 Leu Unh 27752 60 289 524 1.00
Hyd 60 50 3.01 530 1.00
Here,AG; is AE,; Or AGyy, in the unhydrated or  Aib  Unh 4407 38 2.87 520 1.00
hydrated states, respectiveRy,is the gas constant Hyd 38 32 299 534 1.00
andT is the absolute temperature. The summation Gly Unh 11442 56 290 526 1.00
was taken over alk low energy or free energy Hyd 56 44 310 535 1.00
minima shown in Table 1. His Unh 46669 100 299 529 1.00
Vicinal coupling constantd/ were computed by Hyd 100 77 3.06 532 1.00
using the expression Phe Unh 24206 38 296 529 1.00
Hyd 38 26 298 531 1.00
37—
J=ACos 6+Bcoso+C (3 Tyr  Unh 38731 77 296 5.29 1.00
Hyd 77 54 300 532 1.00
— _ 3 =v1i_
where 6=|b—60°| for “Juna, 6=x"=120 for — sgn ynn 37414 61 204 527 100
HB,, 6=x* for HR4. Values used fod, B and C Hyd 61 43 3.14 534 1.00
in Eq. (3) are 6.4,—1.4 and 1.9 Hz for¥/ .

S Unh 62552 100 2.93 5.27 1.00
[47), and 9.5,—1.6 and 1.8 Hz fof/,, [48]. * A 100 85 308 583 100

The statistically weighted average value of any
conformation-dependent quantity (i.e. 4, R and .
3 ; . . states, respectively.
J) was calculated by the following equation using ®m andn correspond to the number of starting and opti-
the statistical weightv; of Eq. (1); mized conformations, respectively; see the text. Numbers of
minimized conformations correspond to those wiR, <5
n kcal/mol in the unhydrated state andz,,,<5 kcal/mol in the
(@)=Y wa, 4 hydrated state.
i=1 ¢ Conformational properties. The quantity: is the
Ogys1'*Neysa distance of the backbone. The quantiyis the
BT ; Cger - C%sqdistance.
The probability P; of occurrence of the type . éB-Turryl probabilities of P is defined for the Pro—Xaa
B-turns was computed as the sum of corresponding sequence
statistical weightsy;s. All thermodynamic quanti-
ties were calculated fof=298.15 K.

aUnh and Hyd correspond to unhydrated and hydrated

3. Results and discussion conformations of each peptide in the hydrated state
are the corresponding optimized conformations in
3.1. General conformational properties the unhydrated state. The statistically averaged

values of (h), {R), and the probabilityP of -
Table 1 shows the number of starting and turn conformation for the Pro—Xaa sequence at
minimized conformations of cyclic CPXC peptides positionsi+2 andi+3 of a B-turn are included
in the unhydrated and hydrated states. Startingin Table 1.
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The value of{(h) is a measure of the formation
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and CPYC peptides, respectively, it seems to be

of backbone-to-backbone hydrogen bond in some energetically comparable to the most probable

B-turn structures, and the value () is a criterion
to distinguish theB-turn from other conformations.
The values of 5.20-5.29 A fofR) of the Pro—

conformation DAAC.
The second lowest free energy backbone con-
formation is DAAC except for X Leu, Aib, Phe,

Xaa sequence in the unhydrated state is a little Tyr and Ser, whose statistical weight is 0.16¢=

smaller than those of 5.28-5.33 A in the hydrated

His) to 0.350 (X =Val). In particular, this back-

state. This indicates that the conformations in the bone conformation DAAC is the lowest free ener-
unhydrated state are more compact than those ingy conformation for cyclic CPFC and CPYC

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 tifgeturn struc-

peptides, whose statistical weights are 0.358 and
0.178, respectively. However, the backbone con-
formation DAAC appears to be feasible for cyclic

tures for the Pro—Xaa sequence. The number of CPLC and CPSC peptides, whose statistical

minimized conformations witlAG,,;<5 kcal/mol

for each cyclic CPXC peptide in the hydrated state case for X=Aib,

is less than those witAE,,;<5 kcal/mol in the

weights are 0.199 and 0.059, respectively. In the
the backbone conformation
DAAC is the sixth lowest free energy conforma-

unhydrated state. It shows that hydration play a tion, whose statistical weight is 0.059. This back-

role in determining the conformational preference

bone conformation DAAC has two hydrogen

of the peptide in the hydrated state. Thus, the bonds, one as the same as for the conformation

differences in values ofR) and (k) may suggest

DAAA and another between the N—H of carboxylic

that the Pro—Xaa sequence plays a role in deter-end-group and the €0 of Xaa residue. For both

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(AG,) <1 kcal/mol in the

preferred backbone conformations DAAA and
DAAC, the conformations of side-chaing® are

g " for X=Ala and Aib, ¢ for X=Val, andg ~ for

X =Leu, 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

hydrated state. Each conformation is designated C=0O of Cysl residue and the N-H of Cys4

by its backbone conformation and torsion angle
x*. Preferred conformations of each cyclic CPXC
peptide, which have different conformations for
backbone and side-chain torsion ang{é with
AG:<1 kcal/mol, are designated in parentheses
of the first column for each peptide in Table 2
(e.g. Al, 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
(X=Sen to 0.498 (X=Val). The conformation
DAAA appears to be stabilized by a hydrogen
bond between the £0 of Cysl residue and the
N-H of Cys4 residue with the distance
r(N-H---0)=1.97-2.01 ‘A. Although the back-
bone conformation DAAA is the second and third
lowest free energy conformations for cyclic CPFC

residue and between the=® of Aib residue and
the N-H of NHMe end-group with the distances
r(N=H---0) equal to 2.24 and 2.12 A, respectively.
The methyl group attached to theé C of Aib residue
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—NHMé&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@
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 peptideAd@th< 1 kcal/mol in the hydrated state
Confa AGi® AES AES  AEW  AE,'  AEqq® AEgy AAGhd W B-Turnk
Ac—Cys—Pro—Ala—Cys-NHMe

DrAAg "Ag (A1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.365 |
DtAAg*Cg ~(A2) 0.26 1.24 -0.58 1.57 0.36 —0.03 -—-0.08 -—-0.98 0.235 |
DiAAg *Ag~ 0.53 0.41 -0.10 0.26 —0.03 0.31 -0.02 0.12 0.151 |
DtABg *Ag ~(A3) 0.66 0.93 -0.39 0.81 095 -0.15 -0.29 -0.27 0.119 |
Ac—Cys—Pro—Val-Cys—NHMe

DrAArAg ~ (V1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.498 |
DrAACg —(V2) 0.21 1.34 -0.58 1.73 043 -0.13 -0.13 -1.13 0.350 |
Ac—Cys—Pro—Leu—Cys—NHMe

DrAAg ~Ag (L1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.275 |
DrAArAg ~(L2) 0.10 -0.05 -0.03 -0.05 -0.23 0.09 0.18 0.15 0.231 |
DrAAg ~Cg (L3) 0.19 1.17 -0.48 1.57 0.24 -0.13 -0.04 -0.98 0.199 |
DrAACg —(L4) 0.76 1.34 -0.55 1.88 0.02 -0.07 0.07 -0.58 0.076 |
Ac—Cys—Pro—Aib—Cys-NHMe

DrAAg "Ag ~(B1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.295 |
DiCA*g+*Cg~(B2) 0.34 258 -0.81 3.42 212 -149 -0.67 —-224 0.176 |l
DiAAg *Ag~ 0.36 0.41 -0.12 0.43 0.07 0.10 -0.07 -0.05 0.161 |
DirCA*g*Cg~ 0.64 286 -—-0.97 3.88 207 -141 -0.70 -—222 0.100 1l
Eg "CA*g*Cg (B3) 0.89 272 -0.73 2.75 1.60 -0.17 -0.73 -1.84 0.066 I
DtAAg*Cg ~(B4) 0.95 1.87 —-0.58 2.20 0.67 -0.23 -0.20 -0.91 0.059 |
Ac—Cys—Pro—Gly—Cys—NHMe

DiAAA g~ (GD) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.304 |
DrAACg (G2 0.21 1.14 -0.54 1.61 0.29 -0.14 -0.07 -0.94 0.215 |
D:ABAg ~(G3) 0.58 0.90 -0.45 0.86 095 -0.19 -0.26 -0.32 0.114 |
DrAACg ~ 0.93 1.74 -0.66 2.26 0.32 -0.07 -0.10 -0.81 0.063 |
Eg "ADEg *(G4) 0.95 2.93 0.86 3.16 056 -1.31 -0.35 -—-1.98 0.061 VIl
Ac—Cys—Pro—His—Cys—NHMe

DrAAg ~Ag~(H1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.229 |
DrAAg ~Cg (H2) 0.19 1.22 -0.51 1.60 037 -0.14 -0.12 -1.03 0.167 |
DrAArAg ~(H3) 0.49 0.60 0.17 0.33 -0.10 0.11 0.09 -0.11 0.100 |
DrAArAg ~ 0.78 0.79 0.06 0.67 0.08 -0.01 -0.02 -0.01 0.062 |
DrAAg ~Ag™ 0.81 -0.20 0.09 -0.26 0.18 -0.09 -0.12 1.01 0.059 |
DtAA1Cg ~(H4) 0.85 1.92 -0.49 2.14 0.39 -0.06 —-0.06 —1.06 0.054 |
Ac—Cys—Pro—Phe—Cys—NHMe

DtAAg ~Cg~(FD) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.358 |
DrAAg ~Ag (F2) 0.11 —-1.03 035 —-130 -0.37 0.14 0.15 1.15 0.295 |
D:ABg ~Ag ~(F3) 0.48 —-0.41 0.30 —-1.30 0.66 —-0.05 -0.01 0.89 0.159 |
DrAArAg ~(F4) 0.82 —-0.48 0.55 —-0.96 -—0.60 0.24 0.30 1.30 0.089 |
Ac—Cys—Pro-Tyr—Cys—NHMe

DrAAg ~Cg (Y1) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.178 |
DtAAg ~Cg ™ 0.03 0.03 0.03 0.06 —0.04 0.00 -0.03 0.00 0.169 |
DrAAg ~Ag~(Y2) 0.07 —-0.95 0.33 —-134 -0.07 0.09 0.03 1.02 0.158 |
DtAAg ~Ag~ 0.13 —-0.95 039 -129 -0.27 0.11 0.11 1.08 0.144 |
DrABg ~Cg ~(Y3) 0.33 0.64 0.09 -0.22 1.09 -019 -013 -0.31 0.108 |
DrAArAg ~(Y4) 0.71 -0.37 047 -0.87 -0.44 0.22 0.25 1.08 0.054 |
DrAATAg ~ 0.80 —-0.41 0.48 —-091 -0.48 0.22 0.27 1.21 0.047 |
DtABg "Cg~ 0.97 1.18 0.37 0.25 0.74 -0.06 -0.13 -0.21 0.035 |
Ac—Cys—Pro—Asn—Cys—NHMe

DrAAg ~Ag (N1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.400 |
DrAAg ~Cg~(N2) 0.41 1.43 -0.38 1.64 042 -014 -0.11 -1.02 0.199 |
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Table 2(Continued)

Conf? AGyo® AEo* AES  AEW  AEo  AEys® AEgey' AAGhd W B-Turnf
Ac—Cys—Pro—Ser—Cys—NHMe

DAAg ~Ag(SD 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.133 |
DrAAg Ag ~(S2) 0.05 -0.62 -048 -0.27 0.06 0.04 0.03 0.67 0.122 |
DtAAg ~Ag~ 0.14 -001 -0.05 -0.07 -0.03 0.04 0.10 0.15 0.106 |
DrABtAg ~(S3) 0.33 0.79 -0.39 0.90 0.61 -0.16 -—-0.16 -047 0.077 |
D:AAg ~Cg (SS9 0.48 1.34 —-044 1.69 0.24 -0.13 -0.02 -0.86 0.059 |
DiAAg "Ag~ 0.50 —-0.40 -054 -0.23 0.34 0.02 0.01 0.91 0.057 |
D:AAg " Cg ~(SH) 0.51 093 -0.91 1.61 0.44 -0.02 -0.18 -0.42 0.056 |
DtAAg ~Cg~ 0.63 1.34 -0.56 1.76 0.26 -0.11 -0.02 -0.71 0.046 |
DrABCg ~(S6) 0.80 222 -0.55 2.49 081 -025 -028 -141 0.034 |
DitAAg ~Ag™ 0.82 0.59 0.37 0.17 0.09 —-0.02 -0.03 0.23 0.034 |
Eg *ADg *Eg " (S7) 0.88 2.59 0.54 3.16 059 -1.38 -0.32 -1.71 0.030 ViII
DrAArAg ~(S8) 0.98 0.76 0.56 0.06 —0.14 0.09 0.19 0.22 0.025 |

2The letter code of each conformation assigned bypitand s backbone angleptQ]. The lowercaseg*, t andg ~ are used to
represent the side-chain torsion angiésof Cys and Xaa residues. Several local minima were found to have same conformational
letter codes, but different side-chain conformations beyghdeading to different total energies or free energies. The representative
conformations are denoted in parentheses.

b Relative conformational free energi{Gioy=AE o+ AAG g

° Relative total conformational energyE = AEcst AE \5t AE o AE (gt AE 1o0p

9 Relative electrostatic energy.

¢ Relative nonbonded energy.

f Relative torsional energy.

9 Cystine torsional energy.

"Loop energy for the S-S bond.

i Hydration free energy change.

I Normalized statistical weight calculated by EH@) of the text atT=298.15 K.

kB-Turn type for the Pro—Xaa sequence.

This hydrogen bond was also known to be crucial 0.314(X=Gly) to 0.586(X =Asn) except for the
to stabilize the backbone conformations DAAA cyclic CPFC peptide. The second preferred back-
and DAAC, as noted above. The cyclic CPGC and bone conformation is DAAC for most of cyclic
CPSC peptides have another hydrogen bond CPXC peptides with statistical weights of 0.237
between the €O of Pro residue and the N-H of (X=Ala and SeJ to 0.405(X=Tyr) except for
—-NHMe end-group with the distancgN-H---O) cyclic CPAIbC and CPFC peptides. The confor-
equal to 2.28 and 2.22 A, respectively. mation DCA*C is the second preferred conforma-
Populations of backbone conformations for tion of the CPAIbC peptide with a statistical weight
cyclic CPXC peptides in the hydrated state are of 0.276. It should be noted that both conforma-
shown in Fig. 1. For each of cyclic CPXC peptides, tions DAAA and DAAC are almost equally feas-
populations of 18 backbone conformations are ible for cyclic CPFC and CPYC peptides. The
calculated by summing their statistical weights backbone conformation DABA is found to be the
irrespective of conformations for side-chains. The third preferred conformation for cyclic CPAC,
18 representative backbone conformations are CPGC, CPFC and CPSC peptides with statistical
selected, for each of which at lowest one of cyclic weights greater than 0.1. In particular, the confor-
CPXC peptides has a statistical weight larger than mation DABC is the third preferred conformation
0.01. for the cyclic CPYC peptide with a statistical
As expected from the analysis of lowest free weight of 0.143.
energy conformations above, the backbone confor- The analysis of low free energy conformations
mation DAAA is the most preferred for most of indicates that the hydrogen bond between theGC
cyclic CPXC peptides with statistical weights of of Cysl residue and the N-H of Cys4 residue
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plays a role in stabilizing these preferred backbone
conformations. The hydrogen bond distance of
r(N=H---0) 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 angies
equal to approximately+90°. For the backbone
conformations DAAA and DAAC, the values of
Xssare +66.1° to +75.4 and +71.0° to +76.2°,
respectively, whereas the corresponding values are
+66.8 to +77.3 for the conformation DABA.
There is only the left-handed disulfide bond with
the xss= —81.6" for the second preferred confor-
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-

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.
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Fig. 2. Population of3-turns at the Pro—Xaa sequence for cyclic CPXC peptides in the unhydatedd hydratedb) states. The
first (black), second(light gray) and third(dark gray histograms for each peptide correspond togheirns of types |, Il and VII,
respectively.

drated and hydrated states are shown in Fig. 2. In (B1) with a type IB-turn, whereas the distance is
the unhydrated state, the domingdturn at the 2.24 A for the second lowest free energy confor-
Pro—Xaa sequence is the type | for all cyclic mation DCA*C (B2) with a type Il B-turn. It
CPXC peptides which has the backbone confor- should be noted that the relative conformational
mations AA or AB for the Pro—Xaa sequence. energy is 2.50 kcdimol for the conformation
These conformations are stabilized by the hydro- DCA*C of the CPAIbC peptide in the unhydrated
gen bond between the=0 of Cysl residue and state, whereas its relative total free energy becomes
the N-H of Cys4 residue with a distance of 0.34 kcafmol in the hydrated state, to which the
r(N-H---O) equal to 2.0 °A or less, as mentioned hydration free energy contributes by2.24 kca)

in the previous section. mol (Table 2. It seems that the less tighten

However, the population of typef-turns of for hydrogen bond may provide better hydration for
all CPXC peptides is decreased and that of type the polar oxygen of &0 and the hydrogen of
VIl B-turns is increased in the hydrated state N-—H.
except for the cyclic CPAIbC peptide. The increase
for type VII B-turns appears to be due to the 3.4. Comparison with X-ray and NMR structures
favored hydration of extended conformations E or of peptides
F for two Cys residues. For cyclic CPFC and
CPYC peptides, the population of type \Aturns The X-ray structures of cyclic Ac—CPVC-
is calculated to be approximately 1%. NHMe [6], Ac—CPSC-NHMe [6] and Boc-—

In particular, the population of type B-turns CPAIbC—NHMe [8] indicate that their preferred
is increased to be 0.456 and 0.120 for the cyclic backbone conformations are DAAA with typgs}
CPAIbC and CPGC peptides, respectively. The turns for the Pro—Xaa sequence at positions 2 and
backbone conformations for Pro—Aib or Pro—Gly 3, and with right-handed disulfide bonds, i.e. the
sequences with type B-turns are CA*, CD*, or torsion angles ofss=78, 70 and 82 respectively.
CB*. Although, these backbone conformations These X-ray structures are consistent with our
have the same hydrogen bond between teeQC  calculated lowest free energy conformations in the
of Cysl residue and the N-H of Cys4 residue as hydrated state(Table 2, for which calculated
the conformations AA or AB with type B-turns, values ofygssare 69, 70 and 66 respectively. The
the hydrogen bond distancN-H---O) of the hydrogen bonds between the-© of Cys1 residue
type Il is somewhat longer than that of the type I. and the N-H of Cys4 residue appear to play a role
For example, the hydrogen bond distance is 2.01 in stabilizing type IB-turns of X-ray structures for
A for the lowest free energy conformation DAAA  cyclic CPVC [6], CPSC [6] and CPAibC [8]
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() (b)

(c)

Fig. 3. Superposition of computed lowest free energy confor-
mations of cyclic CPXC peptides in the hydrated stdtiack)
with their X-ray structureggray): (a) X=Val; (b) X=Aib and

(c) X=Ser.

peptides, Who§e distancesdN—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 anglegss and hydrogen
bond distances may be partially ascribed to the
rigid geometry adopted for each residue in calcu-
lating conformational energief49]. The lowest
free energy conformations of cyclic CPVC,
CPAiIbC and CPSC peptidetblack) are super-
posed with their X-ray structurdgray) in Fig. 3.
According to *H NMR assignments for the
cyclic Ac—CPSC-NHMe peptide in 90% ,H/O
10% D, O, the major conformation in solution is
very similar to the conformation adopted by the
peptide in the solid statgs]. The pattern of NOEs

H.S. Park et al. / Biophysical Chemistry 105 (2003) 89-104

solution. In particular, the plausible existence of
type Il B-turns for cyclic CPAIbC and CPGC
peptides is supported by our calculations. The
calculated®J coupling constants for cyclic Ac—
CPXC-NHMe peptides are listed in Table 3 and
compared to experimental values. The calculated
values of 3/, for Cysl and Cys4 residues are
reasonably consistent with experimental values of
Boc—CPXC—-NHMe in(CD3),SO and a mixture
of CDCl; and (CD3),SO [7,9,14, whereas the
values of 3/, for X residues appear to be
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 thg-turns are to some extent
favored at the end of a right-handed disulfide bond
[1]. Thornton investigated th@-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 #-turn [50Q].

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 thioltransferaséX =Phe [23], DsbA
(X=His) [25], the DsbA homolog(TcpG; X=
His) [26], DsbA mutants(X =Tyr, Leu and Sex

and the small temperature dependence of the chem-[24], and the hyperthermostable oxsidoreductase

ical shift of the N—H of Cys4 residue for the cyclic
Ac—CPGC—-NHMe peptide was interpreted as the
existence of a type IB-turn for Pro and Gly at
positions 2 and 3 for §-turn [6]. In addition,* H
NMR studies on cyclic Boc—CPXC—-NHMe pep-
tides (X=Ala, Val, Leu, Aib, Gly, Phe and Tyr
in CDCl; and/or (CD3),SO indicate the formation
of type | B-turns for Pro—Xaa sequencgs—1(.
For the CPAIbC peptide, the possibility to form a
type Il B-turn was also proposel@].

Therefore, our calculated probabilities to form
B-turns for all cyclic CPXC peptides may confirm
the dominant population of type B-turns in

from Pyrococcus furiosus (X=Tyr) [27] do not
show significant differences in their conformations
of active sites, which have right-handed disulfide
bonds with the torsion angless of approximately
+80°. These structural studies exhibit that the
Cysl residue of the active site is located in a loop
between B-strand anda-helix, while the Cys4
residue is in the first turn of the-helix.

The backbone conformation is DAAA for the
X-ray structures of the CPFC sequence of thiol-
transferase[23] and the CPYC sequence of
hyperthermostable oxidoreductal@y], whereas it
is CAAA for other CPXC sequencdse. X=Leu,
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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 Cysl Pro2 Xaa3 Cys4

3‘,HN(x 3JuBZ 3"0(63 3‘]u62 3"0433 3JHNoc 3‘]u62 3"0([33 3JHNoc 3"0(62 3"0([33

Calculated

Ala Unh 8.0 33 12.7 25 8.8 5.7 34 0.0 6.5 12.8 3.1
Hyd 8.0 3.3 12.4 25 8.8 6.1 34 0.0 6.7 12.5 2.9

Val Unh 7.7 3.2 12.6 25 8.8 5.8 0.0 11.6 6.6 12.9 3.2
Hyd 7.7 3.2 12.4 25 8.8 6.0 0.0 11.7 6.7 12.6 3.1

Leu Unh 7.7 3.3 12.6 25 8.8 5.6 8.1 8.0 6.6 12.8 3.2
Hyd 7.7 3.3 12.3 25 8.8 6.0 9.2 7.0 6.8 12.5 3.0

Aib Unh 8.1 3.1 12.4 25 8.8 34 3.9 6.7 12.7 3.7
Hyd 8.0 25 11.5 25 8.8 4.0 3.2 6.8 12.8 34

Gly Unh 7.6 3.3 12.6 25 8.8 5.6 6.8 12.8 3.1
Hyd 7.6 3.3 11.6 25 8.8 5.8 7.0 12.0 2.9

His Unh 7.7 34 11.9 25 8.8 6.7 6.5 4.6 6.6 12.6 2.8
Hyd 7.7 34 12.0 25 8.8 6.1 8.6 6.7 6.8 12.4 2.9

Phe Unh 7.6 3.4 12.5 25 8.8 6.6 10.5 5.9 6.8 12.8 2.8
Hyd 7.7 34 12.5 25 8.8 6.9 11.4 5.2 7.0 12.7 2.7

Tyr Unh 7.7 34 12.3 25 8.8 6.7 10.4 6.0 6.7 12.7 2.8
Hyd 7.7 34 12.5 25 8.8 7.0 11.2 5.4 6.9 12.6 2.6

Asn Unh 7.6 3.3 12.4 25 8.8 6.2 8.5 3.9 6.5 12.8 3.0
Hyd 7.5 3.3 11.7 25 8.8 5.9 111 4.9 6.7 12.0 3.0

Ser Unh 7.6 3.3 12.5 25 8.8 5.4 5.8 4.4 6.5 12.8 3.0
Hyd 7.6 3.3 12.0 25 8.8 5.6 6.9 5.2 6.8 12.3 2.9

Experimental®

AlaP 9.0 9.0 5.5

Valed 73,77 10.3,9.2 77,73

Lew 8.5 9.5 8.0

Aib® 8.5 7.5

Gly® 8.0 7.0

Phé-© 8.8, 8.8 95,81

Tyree 95, 8.8 95, 8.8 8.1, 6.6

Units are in Hz.

aExperimental data for cyclic Boc—CPXC—-NHMe.

b Measured in the mixture of CDEI anD,),SO [9].

©Measured in CDGI andCD,),SO; the first and second values for eatlcorrespond to those in CDCI anCD3) SO,
respectively.

dErrors inJ= +0.4 Hz[7].

¢Errors inJ= +0.4 Hz[1Q].

His, Tyr and Ser of oxidoreductasef24—24. The (—158, 96°) [23,27. Our calculated low free
average backbone torsion angles @f, ) for energy conformations for cyclic CPXC peptides
Cys1 residues with the conformational letter code with the conformation DCCC in the hydrated state
C are(—86°, 114) [24-24, whereas the corre- indicate the average values to be 152, 82°) for
sponding values for the conformation D are the Cysl residue. In addition, the average values
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are (—129, 77°) for the Cys1 residues of X-ray
structures for cyclic Ac—CPVC—-NHMéE6], Ac—
CPSC-NHMe[6] and Boc—CPAIbC—NHM€8]
peptides. Therefore, the difference in backbone
conformations of Cys1 residues for short peptides
and proteins may imply that the Cysl residue
located at a loop betwegrstrand andx-helix in
proteins is likely to be affected by neighboring
residues.

From X-ray structures of cyclic CPXC sequenc-
es for peptides[6,8 and proteins[23—-27, the
average torsion angless for the disulfide bond is
computed to bet+ 77 and +80°, respectively, i.e.

a right-handed disulfide bond. On the other hand,
it is calculated to be+71° 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 peptidegblack) are superposed
with the X-ray structures of corresponding
sequences of proteirgray) in Fig. 4. The differ-
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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) X=Leu; (b) X=His; (c) X=Phe;(d)

ences in backbone conformations and torsion X=Tyr and(e) X=Ser.

angles for the disulfide bond between our calcu-
lated lowest free energy conformations and X-ray

reductase[27] with the backbone conformation

structures may be partially attributed to the long- DAAA have the hydrogen bond between back-
range interactions that the isolated short peptides bones of two Cys residues. However, this hydrogen
cannot have anfbr to the rigid geometry adopted bond can or cannot be seen for CPXC motifs of
for each residue used for conformational energy other proteins with the backbone conformation

calculations[49].

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 £0 of Cysl 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=© of

CAAA [24-24. 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 maotif 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-helices[29-31. The higher
preference of proline at the beginning a@fhelix
is suggested to be due to the favored local inter-
actions between two residues preceding proline
and no disturbance in hydrogen bondsocehelix
by proline[32]. In fact, each proline of the CPXC
motif of oxidoreductase§23—27 considered here

Cysl residues has analyzed. X-ray structures of is located at the N-terminal ai-helix. Therefore,

the CPFC sequence of thioltransferd®s] and

the CPYC sequence of hyperthermostable oxido-

proline seems to be attributed in stabilizing the
local structure of the CPXC motifs.
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surrounding residuefl5,28,51-58 In particular,
the change in the iy, of the Cys1 residue of the
motif is known to be crucial for the redox prop-
erties[15,2§. In each mutant of thioredoxin and
DsbA, the lower K, of the Cysl residue is, the
more the reduction potential increasgkb]. pK,
values of the Cys1 residue of DsbA and its active-
site variants are obtained to be 3:28.09,
3.75+0.06, 4.42+0.10 and 4.85-0.03 for the
XX=PH, PY, PL and PG of the CXXC motif,
respectively, from electrochemical experiments
Fig. 5. Superposition of seven X-ray structures of the CXXC [28,53. According to our calculated results in
sequences for oxidoreductases. Table 2, the statistical weights for the lowest free
energy conformation DAAA of cyclic CPHC,
However, X-ray structures of oxidoreductases CPYC, CPLC and CPGC peptides are computed
such as thioredoxinkl 6,18,19, thioredoxin reduc-  to be 0.229, 0.158, 0.304 and 0.275, respectively.
tase[21] and T4 glutaredoxif22] that have no It seems that the intrinsic stability of the cyclic
CPXC sequences also show their backbone con-CPXC motif itself for the active conformation
formations for the CXXC sequence to be CAAA might play a role in determining redox properties
[16,18,19 or DAAA [21,29, as the same as for of proteins.
CPXC sequences. In Fig. 5, the superposition of
X-ray structures of the CXXC sequences for oxi- 3.7. Comparison with previous calculations
doreductase$§16—29 are presented. In particular,
thioredoxins have the CPGC sequence and the Gly Oka and co-worker§54-56 have carried out

residue is located at the N-terminal of thehelix, the conformational energy calculations on cyclic
followed by the Pro residue. It seems that the Pro Ac—CPXC—-NHMe peptidedX =Ala, Val, Leu,
residue is likely to contribute in stabilizing the Gly and Phe using an earlier version of thecepp

helix, because the propensity of Pro at the secondforce field [57]. They assumed the proline to have
position of the first turn ofx-helix is about a half ~ the down-puckering with the torsion angle=
of that at the N-terminal and cannot be negligible —75.0°, whereas we employed here the up-puck-
[29-33. It should, however, be noted that thiore- ered proline with the torsion angke= —53.0 as
doxin reductase[21] and T4 glutaredoxin[22] well as the revised geometry and nonbonded par-
have quite similar conformations to thioredoxins, ameters for proline of thecer# 3 force field[35].
although they have CATC and CVYC sequences, It should be noted that X-ray structures of cyclic
respectively, without any prolines. CPXC sequences of proteins indicate the dominant
Therefore, it can be drawn that the formation of conformation of proline to be up-puckerirf@3—
the disulfide bond between two Cys residues of 27]. In addition, they fixed all torsion anglas’s
the CPXC motifs in oxidoreductases appears to be at 180 during energy minimization and did not
crucial in stabilizing the active conformations of take into account the effect of hydration. On the
the motifs, although the hydrogen bond between other hand, all torsion angles including's are
two cystines and the Pro residue are likely to allowed to move during minimization together
contribute to the formation of th@-turn and the  with including the hydration in this work. A
first turn of a-helix. different buildup procedure from ours was adopted
Because of structural similarities in CXXC to generate starting conformations for energy
motifs of oxidoreductases, it is suggested that the minimization.
reduction potential is determined not only by the  Despite these differences, they found that the
XX sequence of active site, but also by noncova- backbone conformation DAAA is the lowest ener-
lent interactions between the CXXC motif and gy conformation of cyclic CPXC peptides for=X
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Ala, Val, Leu and Phe with a typep-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 Il B-turn, which cannot be found in
our low free energy conformations withG,,<1
kcal/mol in the hydrated stat€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 typgturn 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 arfitturns may indicate
that the cyclic CPXC peptide seems to exist as an
ensemble of3-turns and coiled conformations in
agueous 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/and
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 maotif itself for the active conforma-
tion appears to play a role in determining electro-
chemical properties of disulfide oxidoreductases.
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