Bull. Chem. Soc. Jpn., 69, 2221 —-2230 (1996) 2221
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The structure of [(Boc—Cys'—Pro~Leu-Cys4—Gly—Ala—OMe)Hg], 1, in DMF(-d7) and DMSO(-ds) solutions was
studied by X-ray absorption fine structure (XAFS), rotating frame nuclear Overhauser effect spectroscopy (ROESY),
distance geometry (DG), molecular dynamics (MD), and restrained molecular dynamics (RMD). The XAFS study clarified
that the inorganic center of compound 1 adopts a linear coordination with r(HG-S)=2.33 A. The NMR experiment
revealed 33 atom approximate distances for the 'H-"H pairs of the main chain loop, including the side chains of the
cysteinyl residues (ROESY). By a complementary use of DG, plain MD, and RMD for distance information from NMR
as well as XAFS, we established that compound 1 adopts a new type of hybridized turn structure. The compound has two
hydrogen bonds, Cys' S-Leu Hy and Pro CO-Cys* Hy, among which the former is common to the core sites in proteins,
Cys'-X-Y-Cys™3 /M2 (Zn**, Fe**), whereas the latter is common to the mirror image of the y turn structure in proteins.

In the course of pursuing the principles of pro-
tein conformation, several basic types of turn struc-
tures have been proposed.” Among the turn structures,
Cys'-X-Y-Cys*~A-B occupies a notable situation be-
cause of its ability to bind metal ions,>'" metal sul-
fide clusters,”>'” and heme prosthetic groups,’™® as well
as to form disulfide bridges.'” This metal binding se-
quence is widely observed in such proteins as rubredoxins,?
ferredoxins,” alcohol dehydrogenases,” zinc finger motifs,*
metallothioneins,” and their regulatory proteins.® From the
view point of structural chemistry with respect to bioinor-
ganic chemistry, it is important that the local conforma-
tions of the sequences in the metal binding sites of these
proteins seem to be predominated by the coordination ge-
ometries of the inorganic units (Fe?*,” Zn?*,*~'" and Fe-S
clusters'>'7). Figure 1a is a schematic drawing of the Rub
core site, which represents the Cys—X—Y—Cys combined with
tetrahedral metal ions.”—'" However, the details concerning
the regulation by metal ions have remained unknown.

The introduction of inorganic center with abiologi-
cal geometries into the small model pertides, including
Cys'-X-Y-Cys*~A-B, may provide a new type of turn struc-
tures; a comparative study of such structures with those of
the core sites in metallo proteins would reveal details con-
cerning the conformational regulation of peptide chains by
inorganic centers free from protein folding.

In a previous paper, we discussed the structure of
[(Boc—Cys!—Pro-Leu—Cys*~OMe)Hg], 2 (Fig. 1d),?” as well

Pro Pro
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Fig. 1. Schematic structures of Cys'—Pro-Leu— Cysi+3/M2+.
(a) Cys'-Pro-Leu—Cys*/Hg? 2 (b) Cys'—Pro—Val-Cys™3/
M?* (M =Fe, Zn) in metallo proteins.5’7_“) (c) Cysl—Pro—
Leu-Cys*~Gly-Ala/Hg*, (d) Cys'—Pro—Val-Cys**~Gly—
Ala/M?* (M =Fe, Zn) in metallo proteins.
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as the effect of Hg?* as a representative of linear coordination
on the conformation of the Cys'-Pro-Leu—Cys* sequence.
However, the report was insufficient from the view point of
establishing a new type of turn structure. The report was
not able to clarify the hydrogen bonding character of Cys*
Hy experimentally, and hence, failed to confirm the partner.
The failure to observe the hydrogen bond character of this
amide proton is attributed to the exposure of the amide to
the solvent. Thus, in order to protect the Cys* Hy from ac-
cess of the solvents, and thereby corroborating the hydrogen
bonding, as well as to discuss the effect of peptide elon-
gation on the conformation of Cys'—Pro-Leu—Cys*/Hg?*,
we prepared [(Boc—Cys'-Pro—Leu—Cys*~Gly—Ala—OMe)-
Hgl, 1. We studied the structure of this compound in
DMF(-d;) by X-ray absorption fine structure (XAFS),2" nu-
clear Overhauser enhancement and exchange spectroscopy
(NOESY),* molecular dynamics (MD),? restrained molec-
ular dynamics (RMD),” and a distance geometry (DG)
technique.” By this study, we revealed that the linear co-
ordinate Hg?* regulates Cys'-Pro~Leu—Cys* to form a new
type of turn structure, which is shown in Fig. 1b.

Experimental

Materials. The starting materials (Boc—Cys(Acm)—-OH (Acm:
acetamidemethyl; the protecting group of the sulfur), Boc—Pro—OH,
Boc-Leu—OH, Boc—Gly—-OH, and Boc—Ala—OH, as well as the
coupling reagents for peptide synthesis, di-z-butyl dicarbonate
(Boc,0), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC), and I-hydroxybenzotriazole (HOBt)) were ob-
tained from Peptide Institute Inc. (Japan). Cys(Acm)-OMe was
prepared according to the method of Walter et al.?® All of the
intermediates were purified on silica-gel columns, and the pu-
rities were checked by high-performance liquid chromatography
(HPLC) (Shimadzu LC-6A/SPD-6A/C-R6A system with Shim-
pack ODS and ODP columns, Waters Model 510/Lambda-Max
Model-481 with a Shimadzu PREP ODS and ODP columns,
©20x250 mm). They were identified by '"HNMR (JEOL JNM-
EX270). The hexamer peptide, Boc—Cys(Acm)-Pro—Leu—Cys-
(Acm)-Gly—Ala—OMe, 3, which is the precursor to compound 1,
was prepared from Boc—Cys(Acm)-Pro—Leu—Cys(Acm)-OMe??
and Gly—Ala—OMe via the azide method. The crude compound
was purified on a Sephadex LH 20 column using MeOH as an elu-
ent. The final identification was performed by mass spectroscopy
(Hitachi double-focusing FD mass spectrometer M-80), NMR, and
elemental analysis.”” [(Boc—Cys'-Pro-Leu-Cys*~Gly-Ala-OMe)-
Hg], 1, was prepared from compound 3 and HgCl,, as described
below, referring to the method of Ueyama et al.”® and Yamamura
etal?®

Deuterated solvents for NMR experiments (CDCl; (99.6%),
DMSO-ds (99.96%), and DMF-d7 (99.5%)) were purchased from
Aldrich Inc.

[(Boc-Cys'-Pro-Leu-Cys*-Gly-Ala-OMe)Hg], 1. Com-
pound 3 (111.5 mg; 0.136 mmol) was dispersed in a least amount
of DMSO (0.25 mL), into which was slowly added a DMSO (2.23
mL) solution of HgCl, (736.4 mg; 2.71 mmol) over 30 min. The
mixture was stirred for 16 h, and then poured into ice water sat-
urated with NaCl. The resulting white precipitate was quickly
collected by filtration or centrifugation, subsequently washed with
5 ml of cold NaCl aq solution and 4 ml of ice water, then dried in
vacuo. The material thus obtained was dissolved in MeOH, filtered
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through a membrane filter (ADVANTEC DISMIC-25 JP PTFE
0.20 pm) and purified on a gel chromatography column (Sephadex
LH-20, ¢30x/1000 mm, eluent MeOH). A fraction of more than
97% purity was collected and subjected to recrystallization from
MeOH/Et;O. This achieved a final purity of >99.9% (HPLC). The
yield was 60.4 mg (51.1%).

XAFS Experiment. Hg L(IIl) edge X-ray absorption was mea-
sured using the EXAFS facility of beam line BL-10B of the Photon
Factory’? at the National Institute of High Energy Physics (KEK)
at Tsukuba. A Si(311) channel-cut, double-crystal monochromator
was used. The measurements of the X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine structure-
(EXAFS) spectra of compound 1 were performed in the transmis-
sion mode at room temperature. The data were acquired using a 5
mm optical-path length cell with thin polyethylene windows. The
concentration of the sample solution was controlled to be approxi-
mately the same as that for NMR (0.12 M; 49 mg/0.45 mL of DMF-
d7) for consistency.

XAFS analyses were performed according to the conventional
method, described elsewhere.?>?"3D The raw spectra observed in
energy space (electronvolts) were reduced to the raw EXAFS func-
tion in the photoelectron wave vector (k) using the equation k =
[2m(E — Eg)Ih?] 12 (Eo: the threshold energy), where the contribu-
tions from the preedge regions were approximated using Victoreen’s
function plus constants,*? and the atomiclike backgrounds were de-
termined by the cubic-spline method. Fourier transformations (FT)
of the EXAFS signals to the radial distribution functions and their
back FT were carried out using Hanning window with 1/20 of the FT
ranges. The coordination number and the Hg—S distance for the first
shell were derived by both curve fitting and a ratio method*® based
on the single scattering model,> where the experimental phase
shifts (o) and scattering amplitudes extracted from [Hg(SCH3),],
(NEt)[Hg(S--C4Hy)s], and (NEt):[Hg(SCsH4Cl)s]were used.?®
The result was further simulated and confirmed by FEFF 6.01, the
ab initio EXAFS standard developed by Rehr and his co-workers.*”
to take into account the multiple-scattering effect.

NMR. NMR data for 'H and 3C assignments (lH-lH COSY,
'"H-">C COSY, DEPT (90°, 135°)) were collected with a BRUKER
ARX500 spectrometer. A temperature-dependent 'HNMR exper-
iment was also carried out. A heteronuclear multiple-bond corre-
lation (HMBC)*® and phase-sensitive (PS) NOESY spectra were
also measured. The PS NOESY and ROESY>” data were acquired
at 298 K using a mixing time (7n) of 0.6 s in the absorption mode
with TPPL*®

Experimental Results

XAFS. The Hg L(III) edge XANES spectrum of
compound 1 in DMF was at first compared with those
of references having different types of HgS, geome-
tries: [Hg(SCH3),], linear;*® (NEtg)[Hg(S--C4Hy)s], trig-
onal planar;*” (NEty),[Hg(SCsH4Cl)4], tetrahedral.*? The
XANES spectrum of compound 1 was almost superimposed
on that of a linear compound, [Hg(SCH3),], but not on those
of the trigonal planar and tetrahedral compounds. A detailed
comparison of the spectrum with those of other reference
compounds has eventually suggested that compound 1 adopts
a linear coordinate Hg?* similarly to compound 2. The Hg
L) XANES spectrum of compound 1 in DMSO showed
a similar result, but with bad quality because of the X-ray
absorption by the sulfur atom of the solvent.
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Fig. 2. (a, top) Fourier transforms of the Hg L(IIl) EXAFS
of compound 1. Solid line: the radial distribution function
obtained by the Fourier transform of the raw EXAFS func-
tion (k=3.2—14.2 A™"). Dashed line: the theoretical curve
obtained by the FT of the EXAFS function calculated by
FEFF 6.01.%9 (b, bottom) EXAFS functions of the Hg L(III)
EXAFS of compound 1. Solid line: the raw EXAFS func-
tion of compound 1. Dashed line: the theoretical EXAFS
function obtained from the FEFF calculation. See Table 1
for the conditions of the calculation.

FT of the Hg L(III) EXAFS of compound 1 in DMF
(Fig. 2a; solid line) shows a large radial distribution at about
2 A. This peak originates from backscattering due to the sul-
fur atoms bound to Hg, whereas the small peaks around 4
A originate from the multiple-scattering paths of the photo-
electron, as will be shown later.

Table 1 summarizes the result of the EXAFS analysis for
the first shell. The best fit was obtained from the parameters
for (NEty)[Hg(S--C4Ho)3] (No 2 in Table 1). Table 1 shows
that Hg?* has two sulfur atoms with r(Hg—S)=2.33 A. This
is in good agreement with a previous result for compound 2
(2.33 A), as well as that for the linear [Hg(SCH3),] (2.36 A)
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Fig. 3. (a) The Hg(SC), core used for the FEFF calcula-
tion. (b) The dominant scattering paths calculated by FEFF
6.01> (see Table 1 for the conditions of the calculation,
and Table 2 for the details of the scattering paths). The
numbering of this figure corresponds to that of Table 2.

39)

from X-ray crystallography.

On the basis of these results, we generated theoretical
y data for compound 1 using FEFF 6.01 to simulate the
raw EXAFS function and its FT (the solid lines in Figs. 2a
and 2b. The values, r(Hg-S)=2.33 A, r(S-C)=1.728 A,
and Z/(Hg-S—C)=110.63°, for the Hg(SC), core (Fig. 3a)
were derived from the results of the EXAFS analysis de-
scribed above with reference to the molecular structure
of [Hg(SCH3),] by X-ray analysis.*® Both the raw EX-
AFS function and its FT were best explained by assuming
o(Debye-Waller-like factor)=0.061 A, as corresponding to
©p (Debye temperature) =575 K,*? T=295 K, and SO? (core
hole reduction factor) =0.85.*¥ The contribution from mul-
tiple-scattering paths larger than 4.66 A was negligible. The
dashed lines in Fig. 2 exhibit the result of this best-fit cal-
culation. These figures show that the FEFF calculation well
reproduces the experimental results. The multiple-scattering
paths calculated by FEFF 6.01 are summarized in Fig. 3b and
Table 2.

NMR. Allof the 'H and '*C NMR bands of compound 1,
except for the pro-chiral protons of Cys! Hg, Pro Hg 5, and
Cys* Hg, were assigned by DEPT, 'H- 'H, 'H-'*C COSY,
Inv. 4TP and HMBC for both the DMF-d; and DMSO-dj
solutions.

Compared in Fig. 4 are the amide protons (Hys) and the
a protons (H,s) of the 'HNMR spectra of compounds 1 and
2% (Figs. 4a and 4b). The chemical shift correspondence ob-
served in these fingerprint regions of Cys'—Pro-Leu-Cys* of
1 and 2 allows us to estimate that these two compounds
possess a common Cys'-Pro-Leu—Cys* structure. The
fact that the two compounds also exhibited similar NOESY
patterns***% with respect to the Cys'—Pro—Leu-Cys* moiety
has evidenced the reliability of this estimation. Based on
these, the pro-chiralities (R and S) of Cys'* Hg’z) and Pro

Hg ’? of compound 1 were estimated to be the same as those

of compound 2, where the superscripts in parentheses 1 and
2 on Hg s mean the numberings of the 'HNMR spectral
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Table 1. Result of EXAFS Analysis®

No Parameter N r AE AC? R/%
A eV (o)
1 HgS,? 2.07 2.326 0 —0.000705 0.082858
HgS,® 2.19 2.329 0 —0.001319 0.04815%
3 Hgs,"” 2.00 2.344 0 —0.004725 0.15219
4 HgS,? 2.13 2.329 0 —0.000462 0.4164"
0.0626"
5 HgS,” 2.16 2323 0 —0.001369 0.1391"
0.0371"
6 Hgs,” 1.96 2316 0 —0.005040 0.2155"
0.0180”
7 Theor” 2.0 2.330 7.0 0.061°

a) FT k range: 32—142 A~!,

Back FT R range = 1.40—2.50 A. CF k range =4.0—13.65 A~

2 2 .
b) Oobs ™ Omdl*

Oups = Debye—Waller-like factor for compound 1. opg1 = Debye—Waller-like factors for model compounds. We inputted ¢ =0.00 A

for the model systems. ¢) Debye-Waller-like factor obtained from FEFF simulation.?>
shift parameters were extracted from the analysis of [Hg(SCH3),].
f) Back scattering amplitude and phase shift parameters were extracted

extracted from the analysis of (NEty)[Hg(S--C4Ho)3]

d) Backscattering amplitude and phase
e) Backscattering amplitude and phase shift parameters were

from the analysis of (NEty),[Hg(SC4H4Cl)4 1. g) Curve fitting: refined by R=3{k> Yobs — &> Yeale }2/Z{k>)obs}>. h) Ratio
method: refinement parameter for amplitude. i) Ratio method: refinement parameter for phase. j) FEFF 6.013% was used for
Hg(SC), core: Hg-S=2.33 A, S-C=1.728 A, ZHg-S—C=110.63°. The best simulation was obtained at the Debye temperature
(Gp) =575 K, simulation temperature =298 K, core hole reduction factor (SO?) =0.85, and number of scattering paths (nleg) = 8.

Multiple scattering paths at> 4.66 A were neglected.

Table 2. Result of Multiple Scattering Calculation for Hg(SC)z,a) the Core of [(Boc-CPLCGA—-OMe)Hg], by FEFF
6.01°9
No. o* Amp ratio Deg MNiegs Ret/A
1 .00367 100.00 2.00 2 2.3300
2 01130 26.09 2.00 2 3.3548
3 .01013 23.41 4.00 3 3.7066
4 01118 7.23 2.00 4 4.0584
5 .00731 6.64 2.00 3 4.6600
6 .00731 17.50 2.00 4 4.6600

a) See Fig. 2. b) FEFF 6.013% by Rehr and co-workers. ¢) For the conditions of FEFF calculation, see Table 1.

bands from high- to low field. The final determination of the
pro-chiral assignments for Pro H((sl’z) was made by compar-
ing the off-diagonal peak intensities between Pro Hg 2 and
Pro Hg ? in the NOESY and ROESY spectra. On the other
hand, the final pro-chiral assignments for Cys"* Hg’z) and

Pro HY"? were determined by a comparison of the results of
MD (without constraint) and RMD, as is shown later. Proline
was determined to be trans from the *C chemical shifts of
Pro Cg (30.26 ppm) and Pro C,, (24.64 ppm).*®

In order to estimate hydrogen bonded Hys, we observed
the temperature dependence of the chemical shifts over the
range 240—300 K. All of the amide protons possessed
good linearities in the temperature range 270—300 K; how-
ever, below 260 K, they showed broadening. The slopes of
the temperature-dependent chemical shifts for the Hys (6/T;
ppm/deg) of compounds 1 and 2 in DMF-d; and DMSO-
de are summarized in Table 3. J/T indicates the degree of
the masking of the hydrogen-bonded Hy from the solvent;*®

however, the values are relative, and seem to be dependent
on the species. Detailed studies for the 6/T of the Hys of the
compounds involving cystens were performed by Balaram
and his co-workers using NOE.*” Referring to their results
concerning the disulfide forms of Cys—Pro—X—Cys,*"**® we
estimated from our result for compound 1 (Table 3) that Leu
Hy and Cys* Hy of compound 1 in DMF-d; are hydrogen
bonded and effectively masked from the access of the solvent
molecules, whereas Cys‘ Hy and Ala Hy are exposed to the
solvent. Gly Hy situates at the intermediate of these two
cases. The same tendency is recognized for the 6/T values
in DMSO-ds. The effect of the alteration of the solvents
seems to be parallel for the Cys! Hy, Leu Hy, and Cys* Hy
of compound 2, except for the Cys* Hy in DMF-d;, the 6/T
value of which indicates the exposure of the Hy in DMF-d;.

The 'H-'H atom distances were extracted from the off-
diagonal peak intensities of the PS NOESY and ROESY sig-
nals, in which the DMF-d; solution gave positive NOEs,
whereas the DMSO-dg solution gave negative ones. The
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The '"HNMR fingerprint regions of compounds 1 nad 2 observed at 25 °C, 500 MHz, DMF-d;. (a) Compound 2. (b)

Table 3. Temperature Dependence® of the Chemical Shift® of Amide Protons of Compounds 1 and 2 in DMF-d;
and DMSO-ds
Compound Cys'Hy Leu Hy Cys*Hy Gly Hy Ala Hy Solution Temp range/K
1 0.00779 0.00503 0.00504 0.00632 0.00834 DMF-d; 260—300 K
1 0.00618 0.00225 0.00318 0.00491 0.00566 DMSO-ds 292—316 K
2 0.0082 0.0041 0.0077 — — DMF-d; 223—298 K
2 0.0055 0.0021 0.0030 — — DMSO-ds 298—318 K

a) Observed at 270—300 K. b) &/T; ppm-deg—'.
geminal Pro Hg intensity was used as the internal standard
(dy—u =1.752 A) for the distance estimation. The atomic
distances, including the distal protons of side chains (Pro
Hs, Leu H, 5), were ignored because of differences in the
relaxation time. On the basis of this estimation, the lower
and upper limits of each 'H-"H distance were determined ac-
cording to the classification described in a previous paper.””
Listed in Table 4 are the distances, including those for the
S—Hg-S bridge, as well as those for the Hg center obtained
from XAFS experiments.

Structural Analysis

Molecular-dynamics (MD and RMD) calculations were
carried out using AMBER ver. 3.0 revision A.*® A distance
geometry (DG) calculation was performed with the program
CADMOS described previously.?®** Molecular graphics im-
ages were produced using the MidasPlus software system ver.
1.5.%% All of the data were processed on HP 9000/735 and
Iris 4D 25G workstations.

MD and RMD. Because of the similarity of the Hg-
(Cys—S), cores in compounds 1 and 2, as shown by XAFS
experiments, we used for compound 1 the same MD parame-
ters which we previously determined for compound 2.2% Prior
to each series of MD (RMD) calculation, molecular mechan-

ics energy minimizations were carried out for 200 randomly
generated conformations, from which 20 structures with the
lowest energies were selected as the starting points of MD
and RMD calculations. MD (RMD) calculations were then
performed under vacuum conditions with a step time of 1 fs,
employing SHAKE,*” where a distance-dependent dielectric
constant, &; =r;;, was used. The temperature was decreased
stepwise from 1000 K (0—10 ps) to 700 K (10—20 ps), 450
K (20—30 ps), and finally to 300 K (30—80 ps), with a
time constant of 0.1 ps for heat-bath coupling. In the RMD
calculation, the constraint given in Table 4 was processed by
using a subroutine involving Nilges’s quadratic potential .2*?%
The structures averaged for the final 10 ps were used for a
comparison.

The 'H NMR numbering of the ngl’z) protons of cysteines,

1 and 2, does not correspond to the numbering of Cys H(ﬁl’z)
in the AMBER parameter file. Hence, in order to determine
the absolute assignment of these protons, we performed MD
and RMD calculations independently, where the RMD cal-
culation was performed for 4 different types of combinations
of Cys! HY? and Cys* HY? in the constraint table, in which
the numbering of the Hg protons obeys AMBER. From a
comparison of the potential energies and molecular shapes
obtained from these four series RMD calculations with those
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Table 4. Distance Constraint for Compound 1?

Atom 1 Atom 2 Distance constraint/A Violation®
LL? uL?
Hg Cys* S 2328 2.3329 —0.082
Hg Cys* Cg 3314 3.316" —0.160
Cys'S Cys*S 4.658 4.662° —0.162
Cys'Hy Cys'Hy 2.30 2.70 0.016
Cys'Hx CyslH;;)’ pro-R 2.40 3.50 0.000
Leu Hy Leu Hy 2.30 2.70 0.097
Leu Hn Pro Hy 2.40 3.50 0.000
Leu Hy Leu ng” 1.90 4.00 0.000
Cys*Hn Cys*Hy 2.50 2.93 0.000
Cys*Hy Cys4H2)’ pro-R 0.00 2.60 0.000
Cys*Hy Pro Hy 2.80 4.20 0.000
Cys*Hy Leu Hg 2.00 3.00 0.000
Gly Hy Gly HY 2.19 2.50 0.000
Gly Hy Cys*Hg 0.00 2.60 0.000
Gly Hy Cys*HY PR 3.20 5.00 0.000
Ala Hy AlaHg 2.19 2.50 0.000
Ala Hy Ala HY 2.30 470 0.000
Cys'Hg Cyslngl)’ pro-R 2.23 2.60 0.000
Cys'Hg Cys'H®» PoS 2.40 2.80 —0.275
Cys'Hg Pro H}Q 0.00 2.60 0.000
Cys'Hg Pro H {? 0.00 2.60 0.032
Pro H, Pro H ﬂ” 2.23 2.60 —0.072
Pro Hg Pro H§> 223 2.60 0.026
Pro Hy Pro HY 2.80 4.20 0.000
Pro Hy Pro H{%) 3.20 5.00 0.000
Cys*Hq Cys*Hp» oS 2.60 3.04 0.000
Cys*Hg Cys*H2» PoR 2.23 2.60 0.000
Pro Hy Pro HY’ 2.40 3.50 0.000
Pro H Pro H} 2.80 4.20 0.000
Cys'H" P8 Pro HY 2.40 3.50 0.000
Cysng)’ pro-§ Pro HY 0.00 2.60 0.000

a) Superscripts 1 and 2 on H/& 5 protons of Cys!# and Pro denote numbering of the 'HNMR bands from the hight field to the
lowfield. b) The violations are for the lowest constraint structure obtained from the RMD calculation assuming Cys! S—Leu Hy.

+ and — denote violations from the upper and lower limits, respectively.
f) /Hg-S-Leu Hy =95—110° and ZCys! Cﬁ—S-—Leu Hy =95—110° were assumed to calculate this

by EXAFS analysis.

¢) Lower Limit.

d) Upper Limit.

¢) Determined

value, referring to the bond angle value /Lp-S-H=96.7° in AMBER ver 3.0 revision AR

of the MD calculations, which are free from a distance con-
straint, the correspondence between the NMR numbering
and the AMBER numbering was determined. The pro-chi-
ralities, R and S, of the cysteines were then determined by
computer graphics from the lowest energy structures of the
RMD calculations. The results are given in Table 4.

In the MD calculation at the first stage we obtained the 12
lowest enegy structures, which converged to those having the
same conformations in the three N-terminal residues. These
were classified into two types of structures: type A and type
B. For type A structure, the rmsd of the C, N, and S atoms of
the Cys'—Pro~Leu—Cys* main chain loop and that for Cys!
C,g, C,, C(0), Pro N, C,, C(O), and Leu N seven atoms
were < 0.865 A and < 0.27 A, respectively. Those for type

B (this ensemble involved the lowest energy structure) were
0.600 A and 0.14 A. As can be seen in Fig. 5a (type A)
and Fig. 5b (type B), both have the same hydrogen bond,
Cys! S-Leu Hy, which is also common to compound 2. The
structures exhibit the following additional hydrogen bonds:
Pro CO-Cys* Hy for type A; Pro CO-Cys* Hy and Cys!
CO-Gly Hy for type B.

Among the four series of RMD calculations carried out
at the second stage, the combination which afforded type
A structres gave the lowest energies. Although this series
of calculations also afforded type B structures, they showed
slightly larger violations than those of type A structures for
the distance constraint. The 9 structures which converged
at type A are shown in Fig. 5c¢ superimposed at the C, N,
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Fig. 5. Converged structures of [(Boc—Cys'-Pro-Leu- Cys*~Gly-Ala-OMe)Hg], 1. O and @ in the figures depict S and Hg, respec-
tively. (a) Six structures belonging type A from the MD calculation, superimposed at the C, N, and S atoms of Cys—-Pro-Leu-Cys
main chain loop. rmsd < 0.865 A. The dashed lines show the Leu Hy— Cys' S and Pro CO-Cys* Hy hydrogen bonds. (b) Six
structures belonging type B from the MD calculation, superimposed at the atoms as in (a). The dashed lines show the Leu Hx-
Cys' S, Pro CO-Cys* Hy, and Cys' CO-Gly Hy hydrogen bonds. rmsd < 0.6 A. (c) Nine converged structures obtained from the
RMD calculation, superimposed at the same atoms as in (a). rmsd < 0.32 A. (d) Twelve converged structures obtained from the
DG calculation, superimposed at the same stoms as in (a). rmsd < 0.842 A.

and S atoms of the Cys'-Pro-Leu—Cys* main-chain loop
(rmsd < 0.32 A). The rmsd for the N-terminal 7 atoms (Cys!
Cg, Cqa, C(0), Pro N, Cq4, C(O), and Leu N) was 0.090 A.
DG. A DG calculation was performed independently of
the MD and RMD calculations mentioned above, because of
its advantage to give experimentally the most possible struc-
tures, although it lacks information concerning the potential
energy. Four series of DG calculations, were carried out cor-
responding to the four types of constraints used in RMD. In
this calculation. we assumed the existence of the Cys' S—Leu
Hyx hydrogen bond with reference to the results of MD and
RMD calculations mentioned above, as well as to the XAFS
and NMR similarlities of the Cys'-Pro-Leu—Cys*/Hg moi-
eties between compounds 1 and 2. Each of the four series
of DG calculations was carried out for 150 structures, which
were generated randomly. The results were compared in
the form of histograms of the target functions,” as well as
the molecular shapes. Also, in this calculation the combi-
nation that achieved the lowest target functions gave struc-
tures compatible with type A from the MD calculation. The
12 structures obtained from these calculations are shown in
Fig. 5d, in which they are superimposed at the C, N, and S
atoms of the main chain loop (rmsd < 0.842 A). The rmsd
for the N-terminal 7 atoms (Cys' Cg, C4, C(0), Pro N, Cg,

C(0), and Leu N) was 0.112 A.
Consequently, it is concluded that compound 1 takes the
type A structure in DMF (Figs. 5a, Sc, and 5d).

Discussion

New Turn.  The linear coordinate Hg?* in compound 1
allows for the formation of two hydrogen bonds, Cys' S-Leu
Hy and Pro CO-Cys* Hy (Fig. 1b). The molecular param-
eters for the second hydrogen bond in the structure, which
achieved the lowest violation in the RMD calculation, are
r(O-H)=2.15 A, r(O-N)=2.91 A, and Z/(O-H-N)=143.5°.
This bonding scheme for compound 1 is the same as that
observed for compound 2, but differs from those observed in
biological systems, Cys'—X-Y—Cys**/M?*, which are dom-
inated by tetrahedral metal ions, Fe?* and Zn?*, and involve
two hydrogen bonds, Cys'—S-Y*? Hy and Cys'~S—Cys***
Hy (Fig. 1a).>™'? The former hydrogen bond in compound
1, Cys! S-Leu Hy, is common to that observed in the metal-
loenzymes. The latter bond, Pro CO-Cys* Hy, is the same
kind as those observed in the y-type turns of proteins.®® the
peptide folding observed for the Pro-Leu—Cys* of compound
1 is close to that observed for the mirror-image y-type turn.
In practice, ¢ and 9y of Leu in the 9 RMD structures of
Fig. 5c are distributed in the range of ¢ = —85° to —74° and
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Fig. 6. (a top) Ramachandran plot showing the deviations

of the Pro and Leu (¢, ) for the 9 converged structures
from the RMD (@) calculation of compound 1. The corre-
sponding (¢, ) sets for compound 2 (O), reported in our
previous paper,”® and the rubredoxin core (x). (b, bot-
tom) Plots of the Cq— Cpg torsion angles (yi, x2) for Cys'
and Cys* of compound 1, where y; and j» are defined as
£N-Cq—Cp—S and £Ca—Cp-S-Hg, respectively.

¥ =+30° to +62° (see Fig. 6a), whereas those of y-type turn
are in the range of ¢ =+70° to 85° and y=—60° to —70°).5V
The slight deviation from the ideal mirror image is probably
caused by the coexistence of Cys' S—Leu Hy. Consequently,
it is possible to confirm that compound 1 represents a new
type of turn structure which is the hybrid of ordinary types:
Cys'—X-Y-Cys"**/M?** and mirror-image ¥ turn.

As can be seen from Fig. 5¢, the RMD calculation indi-
cates that the Gly—Ala residues in compound 1 is directed

"Cys'-Pro-Leu—Cys* part (Fig. 1d—Fig. 1b).

Conformation Control of Model Peptides by Metal lons

oppositely to the main chain loop Cys—Pro-Leu—Cys/Hg?*;
therefore, the hydrogen bond, Pro CO—Cys* Hy, seems to be
exposed to solvents as in the case of compound 2. However,
an MD calculation has clarified that the Gly—Ala part moves
flexibly as if it covers the hydrogen bond from the access
of the solvents (see Fig. 5a). This is what we expected, and
the reason why we observed a low 8/T for the Cys* Hy in
compound 1, which leads to the hydrogen bonding character
of the Hy, but not in compound 2.

Conformation Control by Metal Ion in Cys—Pro-Leu—
Cys/Hg(Il). The agreement of the XAFS of compound
1 with that of compound 2 indicates that the Hg(Cys—S),
units of both compounds take almost the same structure.
This structural agreement is expanded to the peptide parts
surrounding the inorganic centers. Figure 6a exhibits
Ramachandran plots®" for the Pro and Leu residues of the 9
RMD structures, which converged at type A, with those of
compound 2. The (¢,) plots of Cys* and Gly residues were
not shown here because of their large deviation, especially
in 1 (see Fig. 5¢). As can be seen from Fig. 6a, although the
areas of Pro and Leu (¢, 9)s of compounds 1 and 2 overlap
well with each other, the Leu (¢, 9)s of these compounds
differ from those of Cys'~X~Y—Cys™*? in proteins, as mani-
fested in the figure by that for D. vulgaris rubredoxin.” On
the other hand, Fig. 6b depicts the rotations of Cys"4, .,
x2), with respect to the Cys S—Hg bonds, where y; and x»
are defined as /N-C,—Cg—S and £C,—Cg—S—-Hg, respec-
tively. This figure indicates that the rotations around Cys'#
for compounds 1 and 2 are the same, but are different when
compared to those of the rubredoxin. It should be pointed out,
however, that our computer experiment afforded no diffrence
in the conformational energy between the Cys'—X~Y~Cys'*>
sequences of these two cases: linear coodinnate Hg?* and
F62+(Zn2+).52)

Our conformational analyses on compound 1 showed no
additional hydrogen bonds between the Cys—Pro-Leu—Cys
core and Gly—Ala part, as observed in the rubre-
doxin core (Fig. lc—Fig. la). The residue extension
from Cys'~Pro-Leu—Cys* to Cys'—Pro-Leu—Cys*~Gly—Ala
also brought about no dihedral angle change in the
In other
words, the conformation of the tetrapeptide is unaffected
by any intramolecular interactions attributable to the addi-
tion of Gly—Ala residues. This structural independence of
the Cys'-Pro-Leu—Cys*/Hg?* part in compound 1 would be
because Gly—Ala is directed opposite to the main chain loop
(Fig. 5¢). The Hg?* controls the proximal rotations (yi,x>)
of Cys'* and thereby affects the distal rotations (¢, 1) of
Pro and Leu, and the directions of the N- and C-termini of
the cysteines. In contrast to these model compounds, the
tetrahedral ions in proteins control the directions of both
the N- and C-termini of the Cys’s and Cys™*3s (Figs. la
and 1c) of the Cys'—X-Y—Cys** moieties, which probably
allows for the additional multiple hydrogen bondings be-
tween the tetrapeptide units and the following A-B residues,
and extremely stabilizes the conformation energies of the
Cys'—X-Y—Cys*3-A-B/M?* cores.



T. Yamamura et al.

Consequently, it may be possible to propose that the
Cys'-X-Y-Cys* conformations are dominated by the co-
ordination geometries of the central metal ions.
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