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The structure of [(Boc-CysPro-Leu-Cy4-OMe)(Siert-C4Ho)Hg]~ (Boc: butoxycarbonyl)1, was studied ifN,N-
dimethylformamide (DMF) and compared with that of [(Boc-&{#0-Leu-Cy4-OMe)Hg], 2, in order to discuss

the intrinsic structural feature of the cysteine-containing metal-binding sites of proteinsXQy€ys T3/M2+,

1 was generated by the reaction 2fvith NaStert-C4yHg. The geometry of the mercury ion (Ag in 1 was
proposed to be trigonal planar by UWis spectroscopy and Hg L(lll) edge X-ray absorption fine structure (XAFS)
measurements. Extended X-ray absorption fine structure (EXAFS) calculations yigldgdS) = 2.42 A.
Analyses of the nuclear Overhauser and exchange spectroscopy (NOESY) and the rotating frame nuclear Overhauser
effect spectroscopy (ROESY) spectralah DMF-d; gave approximate distances for the'®—'H pairs of the

main chain loop. These results on distance information were processed by distance geometry (DG) and restrained
molecular dynamics (RMD) calculations in order to optimize the molecular structute bfolecular dynamics

(MD) calculations were also performed. We proposed that the trigonal plarfdrikid regulates the hydrogen-
bonding schemes of the peptide in the same manner as the tetrahedral ions involved in-der @es ~3/M2+

core sites in natural proteins, forming two hydrogen bonds! Gyd eu Hy and Cy$ S—Cys' Hy. This is in
contrast t2, where the linear coordinate mercury causes another type of hydrogen-bonding schérte; |&ys

Hn and Pro CG-Cys* Hy. Details of the effect of trigonal planar Figon the peptide conformation were analyzed

with respect to thep, ¢, andy torsion angles of the peptide chain. The effect of the change dileHg—S

bite angle on the conformation of Cys-Pro-Leu-Cys was also discussed on the basis of MD calculations. The
distribution area of Leud, ¢) in the Ramachandran plot moves from neardheelix region to the turn structure
region as the bite angle increases from 90 to°18@companying the change in the hydrogen-bonding scheme.
The critical bite angle is around 140 The analysis revealed thatS—Hg—S = 11, which corresponds to the
tetrahedral coordination geometry of the central metal ion, allows a high flexibility of the Cys-Pro-Leu-Cys skeleton.

Introduction X-Y-Cys/metal ion (M) systems by a combination of nuclear
. . . ) ) Overhauser and exchange spectroscopy (NOESY), extended
Cys-X-Y-Cys is an amino acid sequence that is widely x_ray ahsorption fine structure (EXAFS) analysis, and molecular
observed in the inorganic sites of metalloprotéifr/olving dynamics (MD) calculations as demonstrated for zinc finger (ZF)
Zn?t 23 Fe2t ANi2+ 5 or C** ions® and iron-sulfur clusters’® motifs3° The chemistry of Cys-X-Y-Cys/kt accompanying
This sequence is also found in the functional centers of gy cryral analyses allows us to comprehend the correlation
thioredoxin$ and glutaredoxin&? where it undergoes a revers- oy yeen coordination and conformation in metallopeptides and
ible transformation between disulfide and sulfhydryl forms, e metal-binding sites in proteins, as well as the intrinsic nature

triggering structural changes in neighboring areas. Several Cyd-X-Y-Cys+3/M2+. It also provides basic knowledge
conformational studies using model peptides were carried out gy ired for the de novo design of artificial metalloproteifs.

by Balaram’s group with respect to the disulfide forms of the
local sequences of these oxidoreductases. Falcomerlét al.
investigated the structures of Cys-X-Y-Cys model peptides and
their redox behavior in order to elucidate the intrinsic confor-
mational tendency of the sequence in proteins. In contrast, the
structural chemistry of inorganic models including the Cys-X-
Y-Cys sequence have been studied insufficiektlyHowever,

it is possible to carry out detailed structural analysis of Cys-
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We selected the mercury ion (B9 after preliminary
experiments on several metal ions. Among the metal ions
studied, H§" was superior to the others for several reasons
related to our purpose: (1) Aggives diamagnetic compounds
in contrast to the biologically important transition metal ions,
such as F& 4 and N and iron-sulfur clusters:® This
enables us to obtain well-defined NMR data. (2yH¢s also
superior to ZA™ due to its affinity for sulfur ligands. Hg

forms stable HgS species and has three types of discrete

coordination geometry, linear, trigonal planar, and tetrahedral,
which are mutually interchangeable in solutiénin addition,
Hg?" causes no line broadening on the NMR spectra of the Cys-
containing ligand which we used in this experiment. This is
different from Zr#+, which often causes line broadening on the
same ligand® (3) On the other hand, Gd also forms stable
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Figure 1. Schematic drawings showing the correlation between
coordination and conformation in CyX-Y-Cys™3/M2* systems: (a)
[(Boc-Cys-Pro-Leu-Cys-OMe)HgR;*® (b) [(Cys-Pro-Val-Cys3)M]

in ZFs* and Rubt

bonds with Cys-X-Y-Cys; however, it only generates a tetra-
hedral geometry and yields two isoméfs.These merits
outweighed the drawback that Hgs not observed in biological
Cys-X-Y-Cyst3/M2*, although H§" does take an important
role in the MerR-Hg?+ complex!sh18

Previously, we found that the linearly coordinated?Hdn
[(Boc-Cys-Pro-Leu-Cys-OMe)HgR,'° realizes a new type of
turn structure (Figure 1a) which differs from those of the'Cys
X-Y-Cys™3M2+ (M = Zn, Fe) of the aspartate transcarbam-
oylases (ATY. zinc finger (ZF) motifs® and rubredoxin (Rub)
core sites (Figure 1b). Subsequently, we found thethanges
its coordination geometry in the presenceest-butyl mercaptan
([S-tert-C4Hg] ) in N,N-dimethylformamide (DMF). In this
paper, we report the results of the Hg L(lll) edge EXAFS and
the NMR experiments (including NOESY) for the mixturef
and [Stert-C4Hg]~, especially for the 1:1 mixture in DMHjy,
in which [(Boc-Cys-Pro-Leu-Cys-OMe)(&+rt-C4Ho)HQg] ™, 1,
predominates, and those of the structural analysi$ o$ing
distance geometry (DG), restrained molecular dynamics (RMD)
calculations, and MD calculations. We compared the structure
of 1 with that of 2 and discussed the effect of the&s—Hg—S
bite angle on conformation using MD calculations. This work
provides the first example of how a coordination change at the
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with those of the trigonal mercury specidsalthough the bands were
still broadened. The reason for this line broadening in the spectrum
of Boc-Cys-Pro-Leu-Cys-OMe/2n is still not known. It seems to
depend on solvent basicity, the amount ofZnand some unknown
factor. Probably these factors are related to each other, as well as to
the rapid ligand exchange in CBZn2" systems.
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inorganic site modifies the peptide conformation in the metal-
lopeptide model with a minimal amino acid sequence.

Experimental Details, Data Processing, and Calculations

Preparation of Compounds. All treatments of [(Boc-Cys-Pro-Leu-
Cys-OMe)Hg],2,*° and Na[Stert-C4Hg] were performed under argon
(Ar). The solution samples for NMR and XAFS experiments were
prepared by reacting [(Boc-Cys-Pro-Leu-Cys-OMe)Hy]with con-
trolled amounts of Na[$ert-CsHg] in N,N-dimethylformamided;
(DMF-d;) and DMF (freshly distilled over Cat-nd BaO), respectively.
The standards for XAFS, [Hg(SGH], b€ [Hg(SCsHs)2], ' (NEt)-
[Hg(S+tert-C4Hg)s],2%¢ and (NE),[Hg(SGH4Cl)4]159 were prepared
according to the methods in the literature. Hg&Bi,O and HgC}
for XAFS standards were obtained commercially. DBIF99.5%)
and dimethyl sulfoxide (DMSQ@i; 99.96%) were purchased from
Aldrich Inc.

UV—Vis. UV-—vis spectra were recorded on a Hitachi 228A
spectrophotometer using 1.0-mm optical path length cells in an Ar
atmosphere.

NMR. DMF-d; samples for NaSert-C,Ho/2 = 0/1, 0.24/1, 0.47/

1, 0.73/1, 0.96/1, 1.45/1, 2/1, 4/1, and 11/1 containing 0-®Q44
mol/dn? of 2 were prepared in an Ar box. DMS@-samples for NaS-
tert-C4Ho/2 = 0/1 and 1/1 samples were also prepared under Ar. The
majority of standard NMR spectraH, *C, *H—H COSY,H-13C
COSY, DEPT) for band assignment were obtained using a JEOL GSX
500 spectrometer. Phase-sensitive (PS) NOE&Nd rotating frame
nuclear Overhauser effect spectroscopy (ROBS¥3jta for NaStert-
C4Hg/2 = 1/1 samples in DMF; were acquired on a Bruker ARX500
spectrometer at 298 K with TPP42® The DMSO#s solution sample
was also observed by NOESY. NOESY data were collected in a 1024
x 1024 data matrix with 16 transients pierpoint, a sweep width of
6493.41 Hz, an increment of 7 of t;, a mixing time of 0.6 s, and

a waiting time of 3.8 s. A squared sine filter shifted by 9¢as used
both in thet; andt, dimensions prior to Fourier transformation. The
mixing time was selected so as to give a positive NOE after a
preliminary experiment on the DMS@-sample. ROESY spectra were
obtained from a 20484) x 1024 (;) data matrix. The spectrum was
acquired with 16 transients for eaglpoint, an increment of 74s for

t1, @ mixing time of 0.2 s, and a waiting time of 3.0 s. Transmitter
power level for spinlock was set so as to obtain a width of 1125
for the second Y0pulse.

XAFS Data Collection, Reduction, and Analysis. The solution
samples of NaSert-C,Ho/2 = 0/1, NaStert-C,Hg/2 = 1/1, and NaS-
tert-C4Ho/2 = 2/1 containing 0.1 mol/dfof 2 were sealed under Ar
in 3- and 5-mm optical path length cells with polyethylene windows.
The reference samples were sealed in polyethylene pellets (under Ar,
in the case of thiolates). All samples were run on the beamline BL-
10B at the Photon Factory of the National Institute of High Energy
Physics (KEK). Measurements were performed under conditions of
2.5 GeV and 286380 mA using a Si(311) channel-cut double-crystal
monochromator. All the XAFS data on the Hg L(lll) edge were
collected (after blank tests using samples or gold foil set in front of
the entrance slit to check harmonics) in the conventional absorption
mode at room temperature at the rate 663s/point using the EXAFS
facility of the beamline with WAr(85/15)- and N/Ar(50/50)-filled ion
chambers (17 cm) of standard design,lfandl, respectively, operating
in a linear regime. Energies were calibrated using gold foil (instead

of some mercury compounds). The scans were inspected and rejected
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if the signal-to-noise level was too high due to beam instabilities or
poor detector statistics.

The EXAFS signals were analyzed according to the literature
methods#?> The raw spectra observed in energy space (eV) were
reduced to the raw EXAFS function in the photoelectron wave vector
(k: up to 16.2 A1) using the equatiok = [2m(E — Eg)/h?*2 (E;: the
threshold energy), where the contributions from the pre-edge regions
were approximated using Victoreen's function plus const#ngsd
the atomic-like backgrounds were determined by the cubic-spline
method. The Fourier transform (FT) of EXAFS signat¥;(k): k =
3.8t0 11.6 or 11.7 AY) to radial distribution function (RDF) and the
back-FT from RDF to EXAFS functions & 1.5 or 1.45 A to 2.5 or
2.6 A) were carried out using the Hanning window witk of the FT
ranges. Fourier filtering techniques were used for the EXAFS and radial
distribution functions to remove noise. Both curve fitting and ratio
method$’ based on a single scattering mddelere applied to the first
shells of the Hg using the experimental phase shifts and scattering
amplitudes extracted from the analyses of the standards, [Hg-
(SCH)2],1%0¢ (NEty)[Hg(Stert-C4Ho)3], 25" and (NE%)[H9(SCGHa-
Cl)4).2¢ Curve fittings were refined foR = S{K%ons — Kcaid?
S{kobg? The ratio method was refined by the least-squares method.

Curve fitting and ratio methods are inadequate for treating the RDFs
at higher shells, which includes multiple scattering, and for isolating
EXAFS backscatterings of particular sets of atoms from those of other
atoms at similar distances. To avoid these defects, to thereby distinguish
more explicitly the coordination geometries of the mercury centers of
NaStert-C,Ho/2 = 0/1 and NaSert-C,Hy/2 = 1/1, and to obtain the
absolute DebyeWaller-like factors §) for known compounds on the
basis of their molecular structures determined by X-ray crystallography,
we performed ab initio calculations of theoretigalata using the FEFF
6.01 program developed by Rehr and his co-workefs. The core
hole reduction factor SOvas set at 0.85 according to the literatére.
Op% and the threshold energy were the parameters varied in the
refinements. The molecular structures were fixed by referring to the
experimental results. The obtained theoretjcdhta were treated with
the program EXAFSH®

Experimental Results

HgS, < HgSs Equilibrium.  Compound?2 alone shows
almost no absorption maximum in the UV region (2350
nm) in MeOH; however, the solution gives a strong LMCT band
at Amax = 240 nm when NaS$ert-C4sHg is added, and the
absorption intensity depends on the amount of thiolate added
(Figure 2). The appearance of this band indicates that the
coordination environment of the new species is similar to that

(24) Teo, B. K.EXAFS: Principles and Data AnalysiSpringer-Verlag:
Berlin, 1986.

(25) Kosugi, N.; Kuroda, HEXAFS 2, SRI Ref1985 No. 2. Yokoyama,

T.; Hamamatsu, H.; Ohta, T. Program EXAFSH, version 2.1, The
University of Tokyo, 1994.

(26) Victoreen, J. AJ. Appl. Phys 1948 19, 855.
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(28) Sayers, D. E.; Stern, E. A,; Lytle, F. Whys Rev. Lett 1971, 27,
1204.
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3397. Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. |.; Albers, R. C.

J. Am Chem Soc 1991, 113 5135. FEFF enables ab initio multiple

scattering calculations based on a theoretical model and removes the

drawbacks of the foregoing theoretical standards in which curved wave
corrections and electron self-energy were ignored. O’Day et al.
demonstrated the usefullness of FEFF version 5 using several known
compounds including first transition metal ions.

(30) O’Day, P. A.; Rehr, J. J.; Zabinsky, S. |.; Brown, G. E.,JrAm
Chem Soc 1994 116, 2938.

(31) Stern, E. A.; Heald, S. M.; Bunker, Bhys Rev. Lett 1979 42, 1372.

(32) As FEFF was developed for the EXAFS calculation of solid materials,
the o derived using the Debye temperatuf@y) corresponds to the
atomic vibration of the phonon mode. If we substitute the IR
vibrational frequency of the HgS stretching mode of [Hg(SGh]
(lwasaki, N.; Tomooka, J.; Toyoda, Bull. Chem Soc Jpn 1974
47, 1323) into the equation of Debye temperatu@ (= hwpl/ks),
we obtain®p = 470 K. It is a matter of course that this substitution
has no physical meaning. In practice,of compound2 was not
simulated by®p = 470 K but by®p = 594 K.
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Figure 2. Absorption spectrum of Nagrt-CsHg/2 = 1/1 in MeOH.
(The concentration o2 is 4.9 x 10™* mol dn®.) The insert depicts
the experimental®) and the theoretical (dashed line) intensity changes 1
of the absorption maximumi.x = 240 nm) against the amount of G Crg R
NaStert-CsHg. The dashed line is the best fit obtained using an ilvs T
equilibrium constant ofK) 3.4 x 10° dm® mol™ and an extinction
coefficient of €) 1.54 x 10* dnm? mol~* from eq 1.

of the trigonal planar HY with thiolato ligands and that of the
MerR—Hg?* complex®" This result leads to the simple
assumption that the reaction represented by eq 1,which involves

2+ NaSiert-C,Hg <> Nal 1)

the equilibrium between bis- and tris(thiolato) mercury(ll)
complexed?h occurs in the solution. The least-squares fit of
the absorption increase on the basis of eq 1 afforded an
equilibrium constantk) of 3.4 x 10 dm¥mol and an absorption
coefficient €240 nm of 1.54 x 10* dm?/mol (Figure 2).

Figure 3 shpw_s théH NMR signal dependence on the NaS- dm?/mol for Leu Hy in DMF-d;. ThisK value is the same order
tert-C4Ho/2 ratio in DMF-d (270 MHz, 298 K). Plots of the hat derived from the U¥vis experiment for the MeOH
chemical shifts §) of amide protons (CysHy, Leu Hy, Cyst as tha S Xper . .

Hy) on NaStert-C4Hg/2 clarify that a linear dependence exists SO!UtIOI’l and indicates that the ‘?q“"'b““m 1 in DMFis also
in the region NaSert-C4Ho/2 = 0/1 to 1/1. This indicates that shifted strongly to the right as n I\/.IeOH.. From tiHsvalue,
an equilibrium such as that represented by eq 1 exists in theth_e NaStert—C4Hg/_2 = 1/1 solution is estimated to contaln
DMF-d; solution, also, and the equilibrium is shifted to the left with the molar ratio of more than 90%.

as we pointed out from the results of UVis spectral The low-temperature experiment for the Nee8-C4Ho/2 =
measurements in MeOH. Figure 3 also indicates that the proton1/2 solution, which was expected to involve bdtland2 at a
exchange betweeh and 2 is rapid on the NMR time scale.  ratio of =2/3, failed to eliminate the coagulation between the
The linearity is lost in NaSert-C4Ho/2 > 1/1 to 1.5/1. On the corresponding amidéHs of 1 and2 even at 223 K, proving
other hand, several new bands, which probably originate from the existence of rapid exchange betwdeand 2.

plural species, appear in Na&t-Cq4Ho/2 = 2/1 to 11/1 (not XAFS. The X-ray absorption near-edge structures (XANES)
shown here) in addit_ion to the bands_ obs_erved in the_ teatS- of the Hg L(I11) of NaStert-C4,Hg/2 = 0/1, 1/1, and 2/1 samples
CaHy/2 = 1.5/1 solutions accompanying line broadening. The in pMF were compared with those of the standards (Supporting
chemical shifts of amides protons dependent on MalSt,Ho/2 Information). The XANES spectra of the 1/1 and 2/1 samples
were analyzed in the region Na&t-CsHo/2 < 1/1 by assuming  ¢jeqrly differed from that of the 0/1 sample (i2).but are close
the applicability of eq 2 This analysis afforded > 5700 to that of (NE£)[Hg(S-tert-CaHa)s], 15" suggesting Hg coordina-
tion environments in the 1/1 and 2/1 solutions similar to that of

& (ppm)

Figure 3. *H NMR spectra (270 MHz) of Na®rt-C,Hy/2 = 0, 0.24,
0.47, 0.73, 0.96, and 1.45 in DMé= (The concentration o2 was
controlled to 0.044 mol dnt.)

(33) In the case of rapid exchange, the chemical shiftf the solution

which is described by eq 1 is calculated usingl[@ — w2) = 1/K(w1 [Hg(S+tert-C4Hg)s] ~

— ) + [Ad/(w1 — w), where [B)] and [AJ] are the concentrations The content ofl in the 1/1 solution,>90% although not

of NaStert-C4Hg and 2, respectively. w1 and w, are the chemical 100% id b ial basis for the EXAES | f
shifts of 1 and 2, respectively. The application of this equation for 0, prOVI es a substantial basis for the analyses o
several NaSert-C4Hg/2 ratios enable us to calculate bdthand w,. the solution. The results of the EXAFS analyses for the NaS-

When the chemical shifts of the Na&r-C4Hg/2 = 1.5/1 sample were tert-C4Hg/2 = 1/1 solution are summarized in Tablé4 The
substituted fomw,, we obtainedk = 300 dn#/mol and the content of lid Ii in Fi 4ab h b d EXAES d
1as=70%. However, the Nagrt-CsHy/2 = 1.5/1 solution should ~ SOlId linés in Figure 4a,b represent the observe an

be excluded from the calculation, as we believe that the solution is FT of NaStert-C4Ho/2 = 1/1 in DMF, respectively. The
affected by a more complicated equilibrium for the Ne8-C,Hy2 — corresponding spectra f@rare shown for comparison in Figure

> 2/1 solutions. Therefore, the calculations Kfand w, were dcdb lid i Calculati . h . fth
performed for the solutions with Na®ft-C4Ho/2 < 0.75/1, which ¢,d by solid lines. Calculations assuming the existence of the

produced & larger than 5700 d#mol. Hg—0 bond were not optimized rationally. Table 1 indicates
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Table 1. Results of the EXAFS Analyses for Na&rt-C4Ho/2 = 1/1 in DMP?

no. NP re 100ACH o 100ACAf RY models methods

1 2.8 2.42 0.2131 0.0750 0.0724 FA CF
2 3.2 2.42 0.2268 0.0767 0.0325 iB CF
3 35 2.42 0.0440 0.0820 0.0907 kc CF
4 2.8 2.44 0.2001 0.0742 0.2803 0.0841, 0.0487 “ A RA
5 3.1 2.43 0.2053 0.0752 0.0228 0.0858, 0.1799 I B RA
6 3.4 2.41 0.0174 0.0804 —0.3925 0.4799, 0.0163 kC RA
mean 3.2 2.42 0.0773

a Analyses were performed in the KKIrange of 3.8 to 11.6 A and back FT range of 1.5 to 2.5 A Number of backscattering atoms. Errors
are estimated to be ca. 25% (Cramer, S. P.; Hodgson, K. O.; Stiefel, E. L.; Newton, WAR Chem Soc 1978 100, 2748).cA. Distance
between Hg and S. Errors are estimated to betc8.03 A (see reference in footnatg. ¢ AC, = (62 — oma?): o, Debye-Waller-like factor for
unknown compoundy,g, Debye-Waller-like factor for model compound, set at 0.00¢Debye-Waller-like factor calculated fromC,, obtained
here, andrmg, obtained by FEFF simulation for models, using the equatienAC, + oma. © ACs: Linear coefficient for the least-squares fitting
of phase shift in the ratio metho@lRefinement parameters: Parameters for curve fitting were defind®l=asy {k3yobs — k3ycaidt 73 { K3y ong
Refinement parameters for the ratio method were those of least-squares fittings for amplitude (the former) and phase shift (tf@Fattierye
fitting; RA, ratio method! [Hg(SCHs).: FT k range, 3.8-11.7 A%; back FTr range, 1.52.45 A.i (NEty)[Hg(S4ert-CsHo)s]: FT k range, 3.8
11.7 A%, back FTr range, 1.6-2.5 A. ¥ (NEty)J[Hg(SGH.Cl)4]: FT k range, 3.8-11.7 A%; back FTr range, 1.5-2.6 A.

that Hg" in the NaStert-C;Hg/2 = 1/1 solution is bound to &gg‘gébéﬁ’é‘_’g?w‘;f)E;F;nga":”'aﬂ(’ﬁw
gwee sulfur atoms with HgS = 2.42(0.03) A ando = 0.0773 [(Boc-CPLC-OMe)(Stert-CaHg)Hg] b

FEFF calculations were performed using g Hg(SC)

core not o % deg  nlegs Ieff

and Cs, Hg(SC) cores shown in Figure 5a,b fd& and 1, Hg(SCy* 1 ~ 0.0606 10000 200 2 23300
. 2 0.1063 26.09 2.00 2 3.3548
respectively. The bond lengths were taken from the results of 3 0.1006 5341 400 3 37066
the EXAFS analyses in Table 1 (for Hg(&ﬁ:&md our p.reV|0U.S 4 0.1057 7.23 2.00 4 4.0584
study on21° (for Hg(SC)). The angles were determined with 5 0.0855 6.64 2.00 3 4.6600
reference to the results of MNDO calculatiéhfer [Hg(SCH),] 6 0.0855  17.50 2.00 4 4.6600
and [Hg(SCH)a(S+ert-C4Hg)] 7, as well as those obtained from  Hg(sc)y 1 0.0766 100.00 3.00 2 2.4240
the X-ray analyses of [Hg(SGH$] and [Hg(Stert-C4Ho)3] ~.15f 2 0.1335 8.79 1.00 2 3.4816
The raw EXAFS functions and the FTs of the N&8-C4Hg/2 i 81232 g;fli 1.88 g g.ig?g
=11 al_wd2 in DMF were best explained by assuming Debye : 01268 27 200 3 28370
Waller-like factors ¢) of 0.077 and 0.061 A, respectively, for
: 6 0.1266 7.66 2.00 3 3.8438
the first shell. These values are almost the same as those 7 01266 770  2.00 3 3.8458

obtained from the analyses by curve fitting and ratio methods “FEFF 6.01bSee the f o for Fi 5 ab h
(Table 1). The results of FEFF calculations are summarized in F 6.01""5ee the figure caption ior Figure 5 abolit the
Table 2. As sh in Ei 4g. the EXAFS d FT geometries of the cores used in FEFPath numberd Curved wave

a . € 2. As shown in .Igure - the S an S amplitude ratio® S = 0.85; T = 295 K; Debye temperatur®p =
derived from these best fit calculations (dashed lines) based ons75 k; energy zero shiftAE, = 7.0 eV, AE, = —0.5 eV.SO? =
the Hg(SC3 and Hg(SCj core structures in Figure 5 reproduce 0.85;T = 295 K; Debye temperatu®p, = 450 K; AE, = 7.0 eV, AE;

the raw EXAFSs and FTs of the Na&rt-CsHg/2 = 1/1 and2 =—-0.5¢eV.

solutions (solid lines) well. The change in coordination

geometry from2 to 1 (NaStert-C4Hg/2 = 1/1) is seen in the The Hg—S bond length obtained from the N&&+-C4Ho/2
higher shells (nlegs= 3 in Table 2) of the radial distribution = 1/1 solution (2.42: 0.03 A) is not close to that of the starting

functions. In the region indicated by the double-headed arrow material,2 (2.33 A)1° but close to the 2.442 A of the trigonal
in Figure 4d, the FT of exhibits a peak at 4.66 A originating  planar (NEf)[Hg(S+ert-C4Ho)3].115 On the other hand, the
from the multiple scattering of the four-leg path, Hg S — observed DebyeWaller-like factors of this solutiony = 0.0773

Hg — S— Hg, whereas the FT of the Na8ft-CsHy/2 = 1/1 A (from curve fitting and ratio methods; Table 2) and=
solution shows almost no peak attributable to multiple scattering 0.0766 A (from the FEFF calculation), are larger than that
(see Figure 4b and Table 3. The FEFF simulations of the  obtained from the FEFF simulation of the experimental data of
solid samples of [Hg(SCH,]*®P¢ and (NEE)[Hg(Stert- the solid state (NE}[Hg(Stert-C4Hg)z], 0 = 0.0601 A. The
C4Hg)s]*ef also reproduced their raw EXAFSs and FTs well reason for this discrepancy incan be explained by the static
and exhibited the same difference in higher shells as in the caseglisorde?* accompanying the ligand exchange reaction aigj-

of NaStert-C4Hg/2 = 1/1 and?2 solutions. C4Hg]™ in the NaStert-C4Hg/2 = 1/1 solution or by the fact
that we are observing a mixture @fand?2 in the NaStert-
(34) On the other hand, EXAFS analyses for the Ne@t$C,Hy/2 = 2/1 C4Hg/2 = 1/1 solution, which contains more than 90%ladnd

solution yielded ambiguous results. The coordination number that we |ess than 10% of.

obtained for this system was 4.0, which is inconsistent with the
estimation from the XANES comparison mentioned above, whereas As a consequence, the results of the EXAFS analyses,

the Hg—S bond length was 2.441 A, which is in agreement with those  referring to those of U-vis and NMR experiments, strongly
of the trigonal planar complexes such as (YEtg(Stert-CHg)g].6eF indicate that the H of the dominant species generated in the
As will be mentioned later, this is probably because the solutionis an NaStert-C,Hg/2 = 1/1 solution is trigonally coordinated but
equilibrium mixture consisting of and some other unknown HE@ .
compounds. not linear.

(35) MOPAC Version 6: Stewart, J. J. @CPE Bull 1989 9, 10; revised NMR. We determined the structure of prolineteens®’ from
SPARK station and revised as Version 6.02 by the present authors 24.405
for Silicon Graphics IRIS 4D. (24. ppm).

(36) Generally speaking, multiple scattering intensity is strongest when
0OB—A—B = 180, where A is the X-ray scatterer and B is the (37) Wiurthrich, K. NMR in Biological Research: Peptides and Proteins
backscatterer, and decays as the bite angle decreases. North-Holland Publishing Co.: Amsterdam, 1976.
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Figure 4. (a) Solid line, raw EXAFS function of Nagrt-C,Hy/2 =

1/1; dashed line, EXAFS function faEs, Hg(SC) core (see Figure
5b) calculated using FEFF 6.61.(b) Solid line, the Fourier transform
of the Hg L(Ill) edge EXAFS of NaSert-C,Hg/2 = 1/1 in DMF k =
3.8-11.6 AY); dashed line, the Fourier transform of the dashed line
in Figure 4a k = 3.8-11.6 A1). (c) Solid line, the raw EXAFS
function of 2 in DMF; dashed line, the EXAFS function f&., Hg-
(SC). core (see Figure 5a) calculated by FEFF &01d) Solid line,

the Fourier transform of the Hg L(IIl) edge EXAFS 2fin DMF (k=
3.95-12.05 A%); dashed line, the Fourier transform of the dashed line
in Figure 4c k = 3.95-12.05 A1),

magnitude

] H
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Figure 5. (a) Hg(SC) and (b) Hg(SQ) cores used in FEFF calcula-
tions. The geometry of Hg(S€was constructed with reference to
the results of X-ray analysis&¢ The geometry of Hg(SG)was
constructed with reference to the results of EXAFS calculation (Table
1), the results of X-ray crystallography for [Hg(€r-C4Hg)s]~ by
O’Halloran’s group>* and the calculation using MOPAC 6.61.

The linearity observed for thtH NMR signals of the NaS-
tert-C4Hg/2 = 0—1.0 solutions (Figure 3) allows us to assign
the prochiralities of the bands of Cyids!, Cyst Hg?, Cys' Hgt,
Cys* Hg?, Pro Ht, Pro H?, Pro Hi%, and Pro H? in the NaS-
tert-C4Ho/2 = 1/1 sample to be Cy#'S, Cys' Hg?R, Cyst Hp'S,
Cys* Hg?R Pro H'S, Pro H2R, Pro H'R and Pro H?S
respectively, on the basis of the band assignmen2f8r The
prochiralities of the Pro fl were also determined from the
NOESY spectrum by comparing the off-diagonal peak intensities
between Pro B2 and Pro H. The results agreed with those
determined from the linearity in Figure 3.

Temperature-dependent chemical shif(gT( ppnrdeg?)
were observed to reveal shielding of the amide protong)H
from the solvent!37 ¢/T values for the s of the 1/1 solution
were found to be linear over the temperature range 9 to
25 °C, and were 0.0103 for Cy$dy, 0.0010 for Leu k, and
0.0011 for Cy$ Hy. Referring the results of thé/T-NOE
experiments on the Cys-Pro-X-Cys disulfides carried out by
Balaram’s groupg! the results seem to suggest strong shielding
of the Leu H; and Cy$ Hy from the solven£® This leads to

(38) The deuterium exchange experiment using@blin DMF-d; afforded
no obvious result as faz.

Yamamura et al.

Table 3. Atom Distance Constraints and the Violations for
[(Boc-Cys-Pro-Leu-Cys-OMe)(&rt-C4Ho)Hg]~

origin? atom P atom 2 Le yd Ve

A Hg Cys'S 2420 2.426 -—0.024

A CystS Cyds 4282 4288 —0.144

A CystS Stert-C4Hg 4,298 4.304 -—0.267

B Leu Hy Pro Hy2pro-s 1.99 3.12 0.000
B Leu Hy Cys'Hq 2.87 4.79 0.095
B Leu Hy Leu H, 2.78 2.99 0.000
B Leu Hy Cys' Hy 1.32 1.85 0.342
B Cys' Hy CystHgtPoS 162 246 0.347
B Cys' Hy Cys' Hg2PoR 234 3.79 0.636
B Cys' Hy Cys Hq 270  2.99 0.000
B Cys*Hn Leu H, 2.70 3.90 0.000
B Cyst Hy CystHglPoS 223 260 —0.017

B Cys Hq Cyst Hg2PoR - 2,50 2.93 0.000
B Cys' Hq Pro HslPoR 1,69 2.60 0.000
B Cyst Hq Pro Hy2pro-S 1.76 2.73 0.000
B Cy< Hq CystHgtPoS 240  2.80 0.000
B Cy< Hq CystH@2PoR 223 260 —0.056

B Pro H, Pro Hglpro-s 2.23 2.60 —0.057

B Pro H, Pro Hs?Pro-R 2.23 2.60 0.010
B Pro H2Pr-S  Pro Hgtrros 2.32 3.75 0.703
B Pro Hy?Po-S  Cyst HgtPoS 255 4.25 0.000
B Cys' Hy Cyst HgtPros  2.87 4.79 0.000
B Cyst Hy Cyst Hg#PoR - 1.95 3.10 0.000
B Cys' Hy Cys' Hq 2.50 2.93 0.000

2 A by means of EXAFS, B by NOESY.The superscripts on the
right shoulders of K-, represent théH NMR numbering labeled from
high field to low field. < Lower limit (A). ¢ Upper limit (A). e+ and
— denote the violations from the upper and lower limits, respectively.

the possibility that these protons are hydrogen bonded to some
atoms. The heteronuclear multiple-bond correlation (HMBC)
experiment were examined to find the CO groups as the
hydrogen bonding partners of Lewtand Cy4 Hy but failed.

This result suggests that the sulfur atoms of the!Cyse the
hydrogen-bonding partners of the Ley knd Cy$ Hy.

Twenty oneH—!H distances for the main chain loop,
including the Cy5§S—Hg—Cys* S bridge, were estimated from
the off-diagonal peak volumes of the PS NOESY and ROESY
spectra using théH—1H distance (1.752 A) of the geminal Pro
Hgsor 5) as the internal standaffl. The distances for vicinal i
H., pairs were also estimated from their coupling constadig,,
= 9.5 Hz (Leu) and 9.0 Hz (C¥} using the equatioJyng =
6.4 cod 6 — 1.4 cosf + 1.9, formulated by Pardi et al. for
bovine pancreatic trypsin inhibitor, whefids the dihedral angle
OHN—N—C—H,.4° The H,—Hg distances for Cys* derived
from 33y, using the Kopple equatiéhwere not adopted here
due to the changes in the GysS—Hg bonding nature. From
these interproton distances, the lower and upper lirdjtsnd
Uj, respectively, of the distances for the proton pairs were
estimated and listed in Table*3.

(39) The ROESY spectrum was obtained to avoid erroneous information
due to the rapid exchange betwegnand 2. Both spectra were
basically in good agreement with each other.

(40) Pardi, A.; Billeter, M.; Wathrich, K. J. Mol. Biol. 1984 180, 741.

(41) Kopple, K. D.; Wiley, G. R.; Tauke, RBiopolymers1973 12, 627.

(42) For the vicinal l—H, distances obtained frofdun,, we allotted+0.2
A latitudes within the theoretical distance (243.00 A). The H—

H; distances of Cyis* were classified as 2.232.60, 2.406-2.80, and
2.60-3.04 A according to their ROESY cross peak volumes, i.e., raw
distances. The use of coupling constants was impossible because the
methylene groups were under the influence oft$gbonds. We
determined the lower and upper limits of the other interproton
distances, using the equatiobs= 1.0r — 0.6 AandU = 1.9 — 1.8

A, respectively, where is the raw distance. The other two types of
latitudes were examined: (1) the lattitude described in the previous
papet® and (2) the latitude described by Peishoff et al. (Peishoff, C.
E.; Bean, J. W.; Kopple, K. DJ. Am Chem Soc 1991, 113 4416).

The former was coarse, whereas the latter was so narrow that it gave
a poor convergence Yyield.
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We observed 25 ofH—1H pairs for the peptide side chains
in the ROESY spectrum. They were not included in Table 3
except for those including Pro g4 because of different
correlation time,z.. However, we emphasize here that we

observed in the ROESY spectrum weak off-diagonal peaks with

respect to the Cys-OMe: Cys Hg'S—Cys* OMe and Cy$
Hg?R—Cys* OMe, Leu H,—Cys' OMe, Boc-Cys' OMe, and
S+tert-C4Hg—Cys* OMe.

Structural Analysis

Data Processing and Calculations.Structural analyses were
performed using three different calculations: DG, MD, and
RMD. The DG calculation was first performed to obtain
experimentally the most likely structure from the distance
information (Table 3) obtained from EXAFS and ROESY

Inorganic Chemistry, Vol. 36, No. 21, 1994855

carried out by replacing the harmonic téfrim AMBER with

the quatic terrff to facilitate the convergence of the internuclear
distances into the constraint at the initial stage of the RMD
calculation.

Concerning the (R)MD parameters of the HgSenters,
partial charges were obtained from the model calculation for
[Hg(SCH)x(S+ert-C4Hg)] ~ using MULLIK of MOPAC 6.013550
These charges were then modified fogo that the total charge
equaled—1 and the charges on the main chain (AMBER 4.1
force field) were conserved (Supporting Information). The force
constants of the HgScore of 1 were derived from the model
calculation for [Hg(SCH)3]~ using AMBER and MOPAC, in
such a way that the AMBER simulation reproduced the
frequencies from MNDO structural optimization (Supporting
Information). This is based on the fact that the frequencies

experiments. The best structure obtainable from DG calcula- obtained by MNDO calculation, experimental measurements,
tions is not always best in energy. Thus, as the second stepand AMBER simulation for [Hg(SCk),] were in good agree-

we performed the MD calculations. MD calculation, however, ment (Supporting Informatiorff. The van der Waals radii and
includes a bias error due to the incompleteness in force field the depths of the van der Waals wells were set to be the same
and treatment of the solvent. Thus, as the third step, RMD basedas those in our previous papér.

on the experimental constraint was carried out, and the results Each MD calculation was carried out under vacuum with a

from the DG, MD, and RMD calculations were compared.
The program CADMOS*3was used for the DG calculation.
CADMOS is based on the algorithm of the variable target
function (TF) method? It combines the atom distance informa-
tion from XAFS experiments (for inorganic center) and NOESY
or ROESY experiments (for peptide) into the TF as weighted
terms. The program is equipped with the optimization module
based on an automated simulated anne#lingith discrete
temperature decremetft. CADMOS calculates the coordination

step size of 1 fs by employing the program SHAREStepwise
annealing was applied with decreasing temperature from 700
to 600, 500, and 400 K (with 5000 steps for each), and the MD
was finally equilibrated at 300 K using 40 000 steps. Each
temperature was held by the hypothetical thermal exchange
between the metallopeptide and the heat BatiThe time
constant for heat bath coupling was set at 0.1 ps. For each
MD calculation, 5000 conformers were randomly generated as
the starting points and minimized by molecular mechanics

center by two ways: (1) as a new amino acid residue; (2) as ancalculations. Among these, 100 of the lowest-energy structures
independent molecule with another Cartesian coordinates. Thewere subjected to the MD calculations without several mol-

value of TF e, to be optimized is defined by eq 2 which includes

e=F,+oF,+yF 2

vdw

three kinds of termsfFi, F,, and Fyaqw. @ and y are the
parameters for the relative weightskefandF,qy. F1includes

subterms belonging to the rough distance category, in which

NOESY distance information is included, wherdascorre-

ecules. The distance-dependent dielectric constant 1.5
was used according to the previous palSerThe averaged
structures and the energies for the final 10 ps were used for
discussion. RMD calculations were performed by basically the
same procedure. The scaling factor for4linteractions and
1-4 Coulombic interactions was set at 2.0.

Molecular graphics images were produced using the Midas-
Plus software system version % All calculations, DG, MD,

sponds to the more accurate category dealing with XAFS data.RMD, and EXAFS analyses, were performed on a HP 9000/
The other distances between the coordination center and the735 workstation.

peptide unit which can be obtained from XAFS data and the

Results of the Distance Geometry Calculation.In the DG

structure of the coordination unit are also classified into category calculation, we first surveyed the hydrogen-bonding partner of

F.. Fuaw deals with the LennareJones repulsive cores for pairs
of atoms at contact radii.

For every DG calculation, we prepared 150 random conform-

the Leu Hy and Cy$ Hy, adding hypothetical hydrogen bonds
to the constraints, and compared the histograms of the 50
structures with highegt Two hydrogen-bonding schemes were

ers and minimized their TF. Then, we selected the 50 structuresfound to give the lowest distributions of the target function:

with higheste and employed them in the analyses.

MD calculations were performed by AMBER version 3.0
revision A using AMBER 4.1 force fields for the peptide
moiety#” The force fields for the mercury centers were prepared

by the procedure described below. RMD calculations were

(43) Fl, Fz, anddeW are given byFl, Fz = Z'(Uijz - I’ijz)z/vaz + 2’(r”-2
— Lij®)%Nz2 andFuaw = S[S + §)? — r;?]?, respectively, where; is
the distance between thth andjth atoms belonging to a structure
generated in computatiorlJj andL;; are the constraints fag (Lj <
rij < U;j). S and§ are the repulsive core radii of atonandj. 3’
means that the summation is feasible only for the atom pairs which
do not satisfy the constrait; < rj < Uj orrj > (S + ).

(44) Braun, W.; Go, NJ. Mol. Biol. 1985 186, 611.

(45) Metropolis, N.; Rosenbluth, A.; Teller, A.; Teller, E.Chem Phys
1953 21, 1087. Kirkpatrick, S.; Gelatt, C. D., Jr.; Vecchi, M. P.
Sciencel983 220, 671.

(46) Otten, R. H. J. M.; Ginneken, L. P. P. ResearchIBM Thomas J.
Watson Research Center, Yorktown Heights, NY, 1984; RC-10861.

(47) AMBER 3.0, Revision A: Weiner, S. J.; Kollman, P. A.; Nguyen, D.
T.; Case, D. AJ. Comput Chem 198§ 7, 230.

type DG-a; Cy5S—Leu Hy, Cys' S—Cys' Hy; type DG-b, Cy$
S—Leu Hy, Cyst CO-Cys' Hy. Figure 6-1 shows the 40
selected structures belonging to the DG-a and DG-b types. The
structures in this figure are superimposed at the 7 atoms of the

(48) Pearlman, D. A.; Kollman, P. Al. Mol. Biol. 1991, 220, 457.

(49) Nilges, M.; Gronenborn, A. M.; Bnger, A. T.; Clore, G. MProtein
Eng 198§ 2, 27.

(50) The result of the PM3 calculation was not adopted, because the
structural optimization for [Hg(SC#),] using this Hamiltonian af-
forded JHg—S—C = 90°. This is different from the result of 121
in the X-ray analysis of this compouiel¢ In order to obtain
satisfactory results for the parameters of HgS compounds, it is
necessary to achieve relativistic ab initio calculations. We did not
carried out this calculation because of the long cpu time. Furthermore,
the basis sets for Hg are at present not believable.

(51) Gunsteren, W. A.; Berendsen, H. J.Mol. Phys 1977, 34, 1311.

(52) Berendsen, H. J. C.; Postma, J. P. M.; van Gunsteren, W. F.; Dinola,
A.; Haak, J. RJ. Chem Phys 1984 81, 3684.

(53) Ferrin, T. E.; Fuang, C. C.; Jarvis, L. E.; Langridge, R. The MIDAS
display system.J. Kol. Graphics1988 6, 13.
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4. MD-c 5.RMD-a 6. RMD-b

Figure 6. Converged structures of [(Boc-Cys-Pro-Leu-Cys-OMeg®-C4Ho)Hg] ™, 1, superimposed at C¥€;, Cyst C,, Cyst C, Pro N, Pro G,
Pro C, and Leu N. The dashed lines represent the hydrogen bonds. 1. DG: 35 models from the DG calculation. For clarity StheldCys
bonds are not shown in the figure (rmsd0.0898 A for the seven atoms). 2. MD-a: 21 models from the MD calculation (En8D771 A).

3. MD-b: 13 models from the MD calculation (rmsd 0.1086 A). 4. MD-c: 6 models from the MD calculation (rmsd0.10024 A). 5.
RMD-a: 18 models from the RMD calculation (rmsd0.06239 A). 6. RMD-b: 22 models from the RMD calculation (rmsd.08881 A).

N-terminal main chains (CysS, Cys$ Cg, Cys C,, Cys C,
Pro N, Pro G, Pro C, and Leu N) with rmse 0.3410 A. As
shown here, the structural displacements at the C-termini were  Pro
too large to distinguish the two structural types at the C-termini.

Results of Molecular Dynamics. The MD calculation
afforded three types of stable structure: MD-a (Figure 6-2), €vs
MD-b (Figure 6-3), and MD-c (Figure 6-4). These three gave
almost the same histogram in potential energy distribution and
exhibited two common hydrogen bonds: €gs-Leu Hy and
Cyst S—Cys* Hy. Among these structures, MD-b is the
isostructure of the Z¥and Rul cores. The structure of MD-a
is different from that of MD-b in the rotation of C§€,—Cys* a b
Cp, as well as in the direction of the C-terminus, Cy&— Figure 7. Superposition of the converged structures ¥ (b)
Cys* C(O). The structure of MD-c differs from those of MD-  Superposition of the best of the RMD-b type structures (the thick line)
a, MD-b, DG-a, and DG-b but shows the same \0gs—Cys' and the main chain loops of the 8 cores of Cys-X-Y-Cy&/M proteins
Cg rotation as2!® (Figure 7a). (thin lines), taken from the X-ray analyses for AT (¥ Zn)2ZF M

A long-term MD calculation that extended to 10 ns (300 K) =2’ and Rub (M= Fe): The rmsd is less than 0.16316 A for the
was then carried out, starting from the average of the 21 10 atoms of the main chain except for Cf;, Cys S, Hg, Cy$ S,

. . - and Cy$ Cg.

structures in MD-a. Figure 8 shows the time courses of the
potential energy of this calculation (Figure 8A), the Eys
rotation (Figure 8B), the Cysg rotation (Figure 8C), and the  almost no conformations that exhibit the same 09s—Cys'
Cyst S—Cys' Hy hydrogen-bonding distance (Figure 8D). Here Cjg rotation in the lower TF region, MD-c structures should be
and hereaftery; andy, are defined as Cy$¢ N—Cys* Cy— excluded from the candidates for the actual structure. The MD-c
Cys'4 Cs—Cys'* S and Cy%* C,—Cys"* Cs—Cys'* S—Hg?", structure probably originates from the bias error of the force
respectively. As seen in the figure, the €y8—Cys' Hy field, especially that of the HgQenter, or the lack of solvent
hydrogen bond is conserved throughout the calculation, in spite molecules in the MD calculation.
of that the time courses of A, B, and C are discontinuous. The ) .
average structures extracted from the areas interposed by the Results of Restrained Molecular Dynamics. The RMD
discontinuity correspond to the three structural types, MD-a, calculations afforded threg types of structure corresponding to
MD-b, and MD-c. Throughout the conformational exchange, those of the MD calculation: RMD-a, RMD-b, and RMD-c.
the rotations of Cy’ Cys* y1, and Cy4 . have almost no effect ~ Among these, RMD-b was the major type (Cartesian coordi-
on the energy, whereas those of €y8ys y1, and Cy$ x> nates: Supporting Information). The RMD-c structures (11
cause a 10 kcal/mol difference in energy. As a consequence,models, rmsd< 0.079 A) were excluded for the same reason
we see that the C§part of 2 is flexible. On the other hand,  as mentioned in the section on the MD calculafibrThe other
we find that MD-c is the computational grand minimum from two types are shown in Figure 6 as those superimposed on the
this time course. Considering that the DG calculation afforded N-terminal 7 atoms: RMD-a, Figure 6-5; RMD-b, Figure 6-6.
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Figure 9. (a) Ramachandran plots of the Lep, () for 1 and2 and

Val (¢, ¢) of the Rub core site on the potential surface of AcNH-Leu-
CONHMe. (b) Cy$4 (x1, x2) plots for 1 and2 and the Rub core site.
The shifts of the distribution areas fap,() and §1, x2) are shown by
arrows. The potential energy surface of the Léug) was calculated

for every 5 grid of (¢, ¢) on an AMBER 4.1A force field by
minimizing the side chain energy. The contour lines are shown for
every 2 kcal mot! from the lowest energy. The high-energy area is
shaded for simplicity.

time (nsec)

Figure 8. Conformational exchange among MD-a, MD-b, and MD-c,
shown by the time courses of (A) the potential energy, (B)Gyxs
defined asIN—C,—Cs—S, (C) Cys$ y» defined as1C,—Cs—S—Hg,

and (D) the distancR (A) between CysS and Cy$N. The structural
types are indicated by a, b, and c instead of PMD-a, PMD-b, and PMD-
c, respectively.

calculation done under vacuum conditions. Consequently, we
can say that the actual structure of the dominant species in the
NaStert-C4Hg/2 = 1/1 solution is close to (R)MD-b.

Structural Comparison. The (R)MD-b structure is common
to Cyd-X-Y-Cys+3/M2* cores in proteind-4 The best RMD-b
structure is in close agreement with that of the ' ©¢&-Cysi+3/
MZ2* in proteins (Figure 7b) despite the differences in metal
ion species (rmse 0.163 A for the 10 atoms of the main chain
loop). On the other hand, the structure differs from tha® of
(Figure 7a) in terms of the hydrogen-bonding scheme, the
dihedral angles at Prap( ¢), Leu (@, ), Cys-* (x1, x2), and
the direction of the C-terminus. This originates from the
difference in bite angle. The bite angle discrepancy between
compoundl (0S—Hg—S = 120°) and the cores in biological
systems[IS—Zn(Fe)-S= 11C) is small, whereas that between

Discussion

Actual Structure. The 'H NMR spectra were completely
homogeneous over the temperature range frebb to 25°C.
On the other hand, we observed weak NOEs between leu H
Cys* OMe, as well as BoeCys' OMe and Stert-C4Ho—Cyst
OMe. These results lead to two possibilities. (1) There is a
dominant species in the Na&r-C4Ho/2 = 1/1 solution, and
the structure is the intermediate of those of (R)MD-a and
(R)MD-b. (2) There is a rapid equilibrium among plural species,
one of which is structurally similar to (R)MD-b. The latter 1 and2 is large.
image agrees with the results of the (R)MD calculations, which  Figure 9a shows the distribution of Le¢, (¢) of 1 (RMD-b
indicated that the conformational change between (R)MD-a and structures) an@'® as well as Val ¢, ¢) of the Rub core site
(R)MD-b causes almost no change in energy despite the plotted on the contour map of the Legi, () potential surface
differences in the Cy'sy; and Cy$ y, rotations, if the energy  calculated using AMBER 4.1A. The plots for Pre, (@) are
barrier between (R)MD-a and (R)MD-b is low. The former not shown here because they were found at the same locations
leads to the inaccuracy of the (R)MD calculations, and the as those in proteings( —90 to —50°; ¢, —50 to ). As seen
energy discrepancy between RMD-a and RMD-b is truly large. in the figure, the Leud, ¢) sets ofl are distributed in ¢,
It is impossible to judge whether we observed (R)MD-b or a —126.1 t0 —98.1°; ¢, —54.3 to —44.8) for RMD-b. This
mixture of (R)MD-a and (R)MD-b in the NMR spectra of NaS- deviates negatively from the ordinaecy helix region ¢, —80
tert-C4Ho/2 = 1/1 in DMF-d; from the (R)MD calculations done ~ to —60°; ¢, —50 to —30°) in ¢ and is close to the Valg,
under vacuum conditions. —87.%&; ¢, —40.8) of the Rub core site, as expected from the

Finally, a MD calculation including 128 molecules of DMF  superposition in Figure 7b. The Leu,(¢) does not overlap,
was carried out starting from the best (in constraint and energy) however, with the ¢, —92.5 to —81.C°; ¢, 38.3 to 68.2) of
structure of RMD-b (Figure 7b; thick line). This calculation the Leu ¢, ¢) area of2, which lies in the general turn area.
revealed no structural changes up to 1 ns as observed in the The effect of trigonal planar Hg on the structure of the
proximal part is represented by thg,(y2) map of the Cys*

(54) Inthe search using the DG calculation, we assumed possible hydrogen-C,—C; dihedral angles (Figure 9b). The:( x2) of Cyst of
bonding schemes on the basis of on NMR experiments. Although

this search failed to converge the structures to a well-defined one
because of the insufficiency of the distance information for the
C-terminal half, the obtained N-terminal halves were common in the
main chain folding and the hydrogen-bonding Egd eu-Hy. The
same type of N-terminal half is also observed for the structures from
the MD, MD-a (Figure 6-2), and MD-b (Figure 6-3). This agreement

between the most probable structures constructed on the basis of

experimental constraint and a priori force field markedly increases
the validity of the N-terminal halves of the RMD structures, RMD-a
(Figure 6-5) and RMD-b (Figure 6-6).

RMD-b is distributed in %1; 158.5 to 178.6, y2; —167.1 to
—155.6), and that of Cyslies in (y1, 74.8 to 106.5; y», —80.8
to —50.0°), whereas those ¢ are distributed in);, —30.9 to
3.0°; y2, —48.6 t0—65.1°) for Cys! and §1, —83.0 to—76.4;

x2, 47.2 to 75.4) for Cys'. Despite the difference in the

(55) Richardson, J. S.; Richardson, D. CPIrediction of Protein Structure
and the Principles of Protein Conformatipfrasman, G. D., Ed.;
Plenum Press: New York, 1989; p 1.
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100 around 110, which corresponds to the tetrahedral geometry of

the central metal ion. (2) The Cy§—Leu Hy and Pro CG-

Cys* Hy hyrogen bonds appear throughout the bite angle change,
and their numbers increase with increasing bite angle. Thé Cys
S—Cys* Hy hydrogen bond, however, decreases monotonically.
The appearance of Cy€O—Cys' Hy is almost constant. C¥s
S—Leu Hy and the conformation of the N-terminal half are
conserved for the structures with more than two hydrogen bonds
throughout the bite angle change. As a result, with increasing
bite angle the hydrogen-bonding partner of €l is altered
from Cys S to Pro CO via CysCO for the structures with
more than two hydrogen bonds. This accompanies the rotations
of Leu (¢, ¢), Cys' (¢, ¢), and Cy$ (x1, x2), as well as the
change of the C-terminal vector.

Fixation of Cys!-X-Y-Cys*in Actual Systems. The largest
structural diversity of peptides at a bite angle of about®110
differs greatly from our original expectation that £1i8 the
angle that most efficiently stabilizes the Rub type structure for
Cys'-Pro-Leu-Cy4M2Z* and that the conformation is the most
robust at this angle. Our computational experiment on*Cys
rotations of these dihedral angles, the conformational energiesPro-Leu-Cy4M?2*, although it ignores the third and fourth
of 1 and2 are almost the same. ligands as well as solvent effects, indicates that, statistically, a

Effect of 0S—Hg—S Bite Angle. The conformational  tetrahedral metal ion stabilizes the conformation via the entropy
difference betweef and2 suggests the importance of thS— effect and, dynamically, a tetrahedral metal ion allows the
M—S bite angle in determining the peptide conformations of Peptide to deal with external stress through the none-hydrogen-
Cyd-X-Y-Cysit3M2*. In order to clarify this point, we carried ~ bonding conformations without consuming more than 10 kcal/
out a series of MD calculations in vacuo, varying th&— mol of conformational energy. In other words, GysY-Cys'*
Hg—S bite angles as 90, 100, 110, 120, 130, 140, 160, antl 180 With tetrahedral M" has a high degree of freedom when it is
In the course of this calculation, the atomic charges and force free from the third and fourth ligands.
constants were maintained at the same values as those for However, the actual C{&X-Y-Cys*3 is fixed. The confor-

For each bite angle, 100 MD structures were obtained in the mational fixation of the actual C{X-Y-Cys*3 is effected due
same manner as that described in the section for MD andto the existence of the third and fourth ligands which change
classified with respect to the hydrogen-bonding scheme. the van der Waals interactions, electrostatic interactions, and

The comparison of potential energy histograms for the 8 bite local d!electric_ constant. In the case Ifthe ne_ga_ltive charge
angles (Supporting Information), using 100 models for each, Of the inorganic center strengthens the negativity of‘€y&.
showed that the bite angle change had very little effect on the Therefore, the CysS—Cys' Hy hydrogen bond ot is stronger
value of the lowest energy of the distributiéh.However, the ~ than that of the 110in the above calculations. Among the
histograms showed two common peaks: A and B. Peak A cases of CysX-Y-Cys"™¥M?" (M = Zn, Fe) in biological
increased with increasing bite angle, whereas peak B, whichSystems, the inroganic  centers,  [Zn(Cy§%),%%
was about 10 kcal/mol higher than A, decreased with the angle. [ZN(Cys)(His)]™,*® [Zna(Cysk]**" and [Fe(Cys)*"* are
In order to obtain insight into the origin of these two peaks, we Nnegatively charged similarly to [Hg(S-Cyéj-tert-CsHg)] ™ of
surveyed the molecular structures with respect to hydrogen 1. On the other hand, [Zn(CygHis)|*****attains the same
bonds. Figure 10a shows the changes in the number ofconformation in spite of its zero charge. This can be explained
structures including more than two hydrogen bondsgNone as foIIows'. The lone pairs of the His imio!qzole groups increase
hydrogen bond (N, and no hydrogen bond N The energy the negative charge of the Cy8. In addition, the molecular
histogram for each s, N1, and N clarified that the common model indicates the existence of steric hindrance between the

peak B corresponds to the structures without hydrogen bondsimidazole and the side chain of the Y amino acid. This
(No). interaction pulls out M from Cys-X-Y-Cys'™3 and rotates Leu

Figure 10b shows the changes in the number of structures(‘/" @). This allows hydrogen-bond formation between Cy's

with respect to the hydrogen bonds; €g-Leu Hy (n;), Pro and Cy$™ Hy. ' .

CO—Cys' Hy (ny), Cyst CO—Cys* Hy (nz), and Cy$ S—Cys . Effect of C-Terminal Turnlng.. The change oﬂs—Hg—s

Hy (n;). From inspection of this figure, as well as Figure 10a, bite angle from 120 to 180induces the rotation of the
we conclude several points. (1) The critical point lies between C-terminus of CysX-Y-Cys'*3. In the Figures 1a and 7a, the
130 and 150, around which N exchanges with b (Figure C-terminus of2 is directed to the right; on the other hand, the
10a). On the other hand, the number of structures with no C-termini of the RMD-b structures and Cy$-Y-Cys™"9/M2*
hydrogen bonds, Nin Figure 10a, decreases monotonically. (M = Zn, Fe) in proteins rotate about 9@rom those of2 as

As a result, the structural diversity of the peptide is largest S€en in the Figures 1b and 7b. The weak ROESY peaks
observed for Leu k—Cys* OMe, Boc-Cys* OMe, and Stert-
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Figure 10. Rise and decay of the structures depending on the
hypothetical JS—Hg—S bite angles of 100, 110, 120, 140, 160, and
18C°. Key: (a) Numbers of structures involving multiple hydrogen
bonds (N,3), one hydrogen bond () and no hydrogen bond ¢N (b)
Numbers of structures involving Cy$—Leu Hy (n;), Pro CO-Cys'

Hn (ng), Cyst CO—Cys* Hy (n3), and Cy$ S—Cys* Hy (ng).

(56) We suggested in a previous paper that the conformation energy of

the peptide in2 (corresponds to 18D is about 10 kcal/mol higher
than that of the Rub core site (corresponds to °11@ energy.
However, in that estimation, the hydrogen bond B@-Cys'-Hy was
ignored. Detailed comparison of the Let {), Pro ¢, ¢), and Cy$4
(x1, x2) distributions amond, 2, the Rub core site, and the cases in

(57) Omichinski, J. G.; Clore, G. M.; Schaad, O.; Felsenfeld, G.; Trainor,
C.; Appella, E.; Stahl, S. J.; Gronenborn, A. Sciencel993 261,
438.

(58) Summers, M. F.; South, T. L.; Kim, B.; Hare, D. Riochemistry
199Q 29, 329. Summers, M. Rl. Cell. Biochem 1991, 45, 41.

the calculation for the bite angle change indicated their equivalence (59) Lee, M. S.; Gippert, G. P.; Soman, K. V.; Case, D. A.; Wright, P. E.

in terms of the peptide conformational energies.

Sciencel989 245 635.
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C4Hg—Cys' OMe in the NaSert-C4Ho/2 = 1/1 solution is of Education, Sports, Science and Culture of Japan.

evidence for this turning of the C-terminus. The turning will

enable the formation of mulitple hydrogen bonds, 'CysY Supporting Information Available: Text describing automatic

Hn, Cys S__CVSH' Hy, Cys CO—Gly'*4 Hy, Cys*3 S—Ala*s simulated annealing, figures showing a ROESY spectrum, XANES
Hn, and Ala*®> CO—Cys Hy, as observed in the cores of AT,  spectra, structures, and histograms, and tables listing vibrational
ZF motifs3 and D. vulgaris rubredoxin (Figure 1b). frequencies and force constants and Cartesian coordinates (40 pages).
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