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I. Introduction

Active centers of metalloproteins are presently better understood
than ever before, and their unique properties are being further explored
by application of modern techniques and theories of inorganic chemis-
try. Peptide environments exist around active centers and are thought
to have significant control on their properties. Peptide sequence data
are available which indicate that specific amino acids near the active
centers dictate the spectroscopic as well as chemical reactivities.

The relationship between the structure of the peptide environment
and active site chemical properties is thus of considerable interest and
to a large extent awaits future studies. In this article, some examples of
such specific relationships are described, particularly in the case of
iron—sulfur proteins, because this class of proteins is distributed widely
in living organisms ranging from bacterial cells to mammals. The major
function of the proteins is now known to be electron transfer and the
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redox catalysis associated with it. Here, iron—sulfur clusters are
thought to play a decisive role in these biological electron transfer
functions and the binding of such clusters is considered.

Extensive model studies on metal sulfide/thiolate complexes have
already been performed. The work of Holm’s group has been exemplary
in the area of iron-sulfur proteins, and provides a sound basis for future
studies (I-3). However, the nature of the ligands in simple model
complexes of the iron—sulfur proteins, for example [Fe(S,-0-xyl),] 72~
(S;-0-xyl = o-xylene-a,a’-dithiolate), [Fe,S,(S,-0-xyl);]?>”, and [Fe,S,-
(SCH,Ph),]127, is not sufficiently precise to mimic the electron trans-
fer properties of the native biological systems. Although such models
reproduce many of the spectroscopic properties, the solubility, re-
dox stability, and redox potentials have not as yet been adequately
mimicked. Further studies are needed to meet these deficiencies and
allow functionality to be related to the inorganic and biochemical
components.

Il. Significance of Peptide Ligands

A typical structure of a water-soluble globular protein consists of
hydrophilic amino acid residues outside and hydrophobic ones inside.
The hydrophobic environments support various electrostatic inter-
actions within the protein, which plays a crucial role in the enzymatic
reaction. Therefore, a simple model complex involving such electrosta-
tic interactions must have hydrophobic environments around the active
site such that they are not much influenced by an external effect of
solvent. It follows that the models must to some extent be examined in a
nonpolar solvent in order to mimic the behavior of native ones.

There are two types of metalloproteins containing cysteine resi-
dues as thiolate ligands. In one type, such as in aspartate car-
bamoyltransferase and alcohol dehydrogenase, M-S bonds serve as a
connecting tool to maintain a tertiary structure of peptide chains.
Figure 1 shows the basic geometries of the [Zn(S-cys),]?>” cores in
aspartate carbamoyltransferase and alcohol dehydrogenase (4, 5).
These [Zn(S-cys),]?>” units have D,, or C, symmetry, respectively,
although the ZnS, unit shows an almost regular 7, structure. Such a
difference is caused by amino acid sequences. The two separate Cys-X-
Y-Cys fragments chelate Zn(II) in D,; symmetry and the Cys-X-Y-Cys-A-
B-Cys fragment serves a C, structure, as shown in Fig. 2 (4-7). As a
consequence of the chelation by peptide, the bond angles, especially
M-S-CH,-C dihedral angles, are restricted, and in some cases dis-
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F16. 1. The structure of ZnS, cores of (a) aspartate carbamoyltransferase (4) and
(b) alcohol dehydrogenase [Zn(II)] (5).

torted coordination is observed. Such distortions seem to be important
in the metallothioneins which have Cys-X-Cys or Cys-Cys fragments.
The specific amino acid sequence is probably associated with peptide
conformations suitable for formation of metal clusters, or for rapid
ion-exchange between Zn(II) and Cd(II) (8); these are properties asso-
ciated with the metallothioneins.

Another type of cysteine-containing metalloprotein which has
M-S(cys) bonding at the active site is present in electron transfer
proteins or metalloenzymes. Sulfur coordination is an important
feature, and the covalency and “soft” environment are possible pre-
requisites for efficient electron transfer leading to redox catalysis. A
distortion at the metal site is induced by the peptide ligands and is a
significant feature of the active sites in metalloproteins containing
transition metals Fe, Cu, Ni, Mo, etc.

Since the protein environment around the iron site of the iron—sulfur
protein is related to the protein’s biological function, peptide sequences
nearest to the iron core are of utmost importance. Based on the peptide
sequences reported for various iron—sulfur proteins, some examples of
invariant sequences are discernible. For example, Cys-Gly-X-Cys se-
quences are involved in coordination at the active sites of bacterial
ferredoxins (9). This macro-ring chelation is believed to be a feature and
conveys specific chemical properties to the iron core.

Rubredoxin is a small protein which has one Fe ion (molecular weight
6000), as is schematically illustrated in Fig. 3. Jensen’s group has
revealed fairly precise structural features of the active site of Clos-
tridium pasteurianum and Desulfovibrio vulgaris rubredoxins (10, 11).
The simple model complex [Fe(S,-0-xyl),] **~ has been synthesized and
analyzed crystallographically by Holm’s group (12). Geometry of the
FeS, core of the oxidized rubredoxin seems to be almost identical to that



F1G. 2. The crystallographic structures of Zn(S-cys), cores of (a) aspartate carbamoyltransferase ligated by Cys-Lys-Tyr-Cys and Cys-
Pro-Asp-Ser-Asn-Cys (4, 6) and (b) alcohol dehydrogenase ligated by Cys-Gly-Lys-Cys-Arg-Val-Cys (5, 7). These illustrations are based on
the X-ray crystallographic atomic coordinates listed in the Protein Data Bank.
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F1G. 3. The X-ray structures of (a) Fe(S-cys), core and wire backbone peptide chain of
Desulfovibrio vulgaris rubredoxin (the open circle and closed circles represent Fe and S
atoms, respectively) (6, 11) and (b) [Fe(S,-0-xyl),]™ (12).

of [Fe(S,-0-xyl),]”. However, a large discrepancy between their re-
dox potentials has been observed (12). The difference of approx-
imately 0.3 V remains despite the theoretical correction made to allow
for the replacement of solvent N,N-dimethylformamide (DMF) by
aqueous solution. This point will be discussed in detail later. Important
and critical differences in the electrochemical properties of simple
synthetic model complexes and rubredoxin are, of course, due to the
peptide environment around Fe ion, in this case the peptide chain Cys-
X-Y-Cys. In order to clarify these differences one of fundamental
approaches is to study oligopeptide complexes with ligands having the
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same characteristic macro-ring peptide chelation as is found at the
active site of the native protein. Invariant sections of amino acid
sequences, particularly near the active site, are believed to control
the specific chemical properties of the metal ions involved. Thus,
oligopeptides having a similar sequence and a similar conformation to
the native ones are important in model complexes.

There have been many attempts to synthesize model complexes of
rubredoxin and ferredoxins using Cys-containing oligopeptides (13, 14).
Unfortunately, synthetic methods for introduction of Fe(IIl) or
[Fe,S,]%" into the peptides, or conditions to protect the [Fe,S,]** core
from hydrolysis, had not been established at that time of our initial
research. Some relevant synthetic methods were developed mainly by
Holm’s group around 1974 (15). For example, most 4Fe-4S peptide
complexes can be synthesized in solution by the ligand exchange
reaction between a Cys-containing peptide and [Fe,S,(S-t-Bu),]? .
Simple peptide ligands, i.e., Ac-Gly-Gly(Cys-Gly-Gly),NH,, and their
analogs have been examined as ligands to an [Fe,S,]%* core (16). The
sequence Cys-Gly-Gly-Cys has a considerable amount of conforma-
tional freedom and does not seem to duplicate the characteristic
effects of invariant sequences near the Fe core. Actually, this par-
ticular sequence has never been found in native iron-sulfur pro-
teins. A systematic investigation is, therefore, necessary to establish a
firm relationship between the peptide structure and the chemical
functionality.

As a first step toward this purpose, we have studied the chelation
effect of tetrapeptides of sequences Cys-X-Y-Cys, by preparation of
metal complexes of mainly the first transition series. The hydrophobic
effect of the peptides was also studied by utilizing the side chain
bulkiness of the amino acid residues interposed between the two cys-
teine residues. A special effect of aromatic side chains of tyrosine, phe-
nylalanine, and tryptophan has also been examined in order to assess
their ability to ease electron transfer to and from the nearby iron core.

1l. Chelating Effects of Peptide Ligands

A. RuBrepoxIN PEpPTIDE MODEL COMPLEXES

Iron—-sulfur proteins containing characteristic Cys-X-Y-Cys se-
quences have been found to exhibit enzymatic activity through an
electron transfer. For example, rubredoxin has an Fe(II/III) ion
surrounded by two Cys-X-Y-Cys sequences. Figure 4 shows a structure
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Fic. 4. The crystallographic structure within 5 A of the active site of Desulfovibrio
vulgaris rubredoxin (6, 11). Heavy lines represent peptide backbone chains.

within 5 A of the active site of D. vulgaris rubredoxin by X-ray analysis
(11). The FeS, core has a tetrahedral structure, as mentioned before,
and the [Fe(S-cys),] core has an approximate D,, structure similar to
that of aspartate carbamoyltransferase. A simple synthetic model
complex, [Fe(S,-0-xyl),] 27, has been reported to have a C, symmetry,
asshown in Fig. 3 (12). Native rubredoxin exhibits a reduction potential
at —0.30 V versus SCE in aqueous solution for the Fe(III)/Fe(II)
couple, while the same couple has a reduction potential of —1.0V
versus SCE in DMF. Other simple thiolate Fe(III) complexes with
nonchelating ligands are thermally unstable, except for tetrakis(2,3,5,6-
tetramethylbenzenethiolato)ferrate(III), which has bulky thiolate
ligands (17).

The difference in redox potential and in thermal stability
between native rubredoxin and the simple model complexes has been
suggested to be brought about by the different “protein environments”
(18). This is as yet unproved, however. The amino acid sequences of
many rubredoxins isolated from various sources have been determined,
as shown in Fig. 5 (19). A sequence around the Fe active site, Cys-X-Y-
Cys, is an invariant fragment and primarily determines the chemical
and physical properties. For example, C. pasteurianum rubredoxin has
such sequences, Cys®-Thr-Val-Cys® and Cys3°-Pro-Leu-Cys*?.

Studies of the synthesis of Fe(II) complexes of oligopeptides contain-
ing the two invariant Cys-X-Y-Cys fragments have been carried out to
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Clostridium pasteurianum F~Mlet-Lys-Lys-Tyr—Thr CystThr-Val {Cys Glloy-Tyr-Ile -Tyr-Asp-Pro-
Peptosireptococcus elsdenii Met-Asp-Lys-Tyr-Glu{Cysi-Ser-Ile {Cys-Gly -Tyr-Ile -Tyr-Asp-Glu -
Micrococcus aerogenes Met-Gin -Lys-Phe-Glu-{Cyst-Thr-LeuqCys-Gly -Tyr-1le -Tyr-Asp-Pro-
Desulfovibrio vulgaris Met-Lys-Lys-Tyr-Val {Cys}-Thr-Val {Cys-Gly -Tyr-Glu -Tyr-Asp-Pro-

(a} Gll‘u -Asp-Gly -Asp- Pz:o-Asp-Asp-Cl_v -Val -Asn-Pro-Gly -Thr-Asp- PJ}':e-LyrAsp'Ile -Pro-Asp-
(b) Ala-Glu-Gly -Asp-——-Asp-Gly -Asn-Val -Ala-Ala-Gly -Thr-Lys-Phe-Ala -Asp-Leu-Pro-Ala -
(¢) Ala-Leu-Val-Gly -Pro-Asp-Thr-Pro-Asn-Gln-Asn-Gly -——-Ala -Phe-Glu-Asp-Val -Ser-Glu -
(d) Ala-Glu-Gly-Asp-Pro-Thr-Asn-Gly -Val -Lys-Pro-Gly -Thr-Ser-Phe-Asp-Asp-Leu-Pro-Ala -

{a) Asp-Trp-Val {Cysh Pro-Leu{Cysk Gy - Val Gly - Lys-Asp-Glu - Phe-Glu -Glu - Val -Glu - Glu
ib)  Asp-Trp-Val {Cysf Pro-Thr{Cyst-Gly ~Ala - Asp-Lys-Asp-Ala - Phe-Val -Lys-Met-Asp

te) Asp-Trp-Val{Cys}Pro-LeuqiCys-Gly-Ala-Gly- Lys-Glu-Asp- Phe-Glu -Val -Tyr-Glu -Asp
(d) Asp-Trp-Val{Cys| Pro-Val {Cys}-Gly ~Ala - Pro-Lys-Ser-Glu-Phe-Glu-Ala-Ala

FI1G. 5. Amino-acid sequences of various rubredoxins (19).

elucidate these differences. Because the Fe(II) thiolate bonding isionic,
and a dianionic [Fe(S-cys),]?>~ species exists, electrostatic interactions
between the FeS, core and the peptide surround are important and may
be enhanced by hydrophobic peptide environments. The hydrophobicity
of peptide ligands may be simulated by an appropriate selection of the
amino acid sequences. A systematic investigation by variation of the
peptide sequence is of fundamental importance.

Table I lists the redox potentials of the Fe(II) peptide model
complexes in Me,SO (20). The model complexes of chelating peptides
exhibit redox potentials for the Fe(II)/(III) couple in the range of
—0.53to —0.58 V versus SCE, which are remarkably positive compared

TABLE I

THE REDOX POTENTIALS OF THE
Fe(II)/L-L PepTiDE MODEL
CoMPLEXES IN Me,SO

Redox potential

Complex (V versus SCE)
Z-Cys-Pro-Leu-Cys-OMe —0.54
Z-Cys-Thr-Val-Cys-OMe —0.53
Z-Cys-Ala-Ala-Cys-OMe —0.58
Z-Cys-Ala-Cys-OMe —0.55
S,-0-xyl —0.98°

“Isolated [Fe(S;-0-xyl),]- was reported to
exhibit a redox potential at —0.98 V versus
SCE in Me,SO (12).
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with the value (—0.98 V versus SCE in Me,S0) for [Fe(S,-0-xyl),] . The
chelation of the Cys-X-Y-Cys peptides is thus an important factor,
which forces the peptide chain to form NH---S hydrogen bonds with a
preferable conformation.

The redox stability of the various model complexes was examined in
aqueous Triton X-100 solutions. Only [Fe(Z-cys!-Pro-Leu-cys-OMe),]~
exhibits a quasireversible redox couple at —0.37 V versus SCE, which is
considered to simulate closely the value of native rubredoxin, although
a small difference (0.1 V) still remains (7). Other model peptide com-
plexes are rapidly decomposed by hydrolysis in an aqueous micellar
solution and do not exhibit even an oxidation peak. The simple
alkythiolate model [Fe(S,-0-xyl),]? exhibits a quasireversible redox
couple at —1.0 V versus SCE in an aqueous micellar solution. There-
fore, macro-ring peptide chelation with some hydrophobic side chains,
is required in order to induce redox stability (reversibility of cyclic
voltammogram measurements) of the Fe(III/IT) couple.

The X-ray structure reported for the Cys-Pro-Val-Cys and Cys-Thr-
Val-Cys sequences in D. vulgaris rubredoxin (7, 10) suggests that the
alkyl and alkylene side chains of the Cys-Pro-Val-Cys or Cys-Pro-Leu-
Cys fragment protect the NH---S hydrogen bonds asshown in Fig. 6. The
NH---S hydrogen bonds in Cys-Thr-Val-Cys are effectively protected
from the polar solvents by a phenyl group of a remote amino acid
residue. In the synthetic model, however, no phenyl group is available
for the protection. Thus, the difference in stability against hydrolysis
between [Fe(Z-cys-Pro-Leu-cys-OMe),]?>” and [Fe(Z-cys-Thr-Val-cys-
OMe),}?” is ascribed to the protection of the [Fe(SR),]?~ core by the
hydrophobic side chains and to the formation of the NH---S hydrogen
bonds by taking a specific conformation in an aqueous micellar
solution.

The specific NH---S hydrogen bonding is considered to contribute to
elongation of the Fe—S bond by weakening the bond. The Fe—S bonds of
the two Cys thiolates at the N terminals of the tetrapeptide ligands
should be affected because Cys!-X-Y-Cys* chelates to the Fe, and only
NH groups of Y and Cys* can form NH---S hydrogen bonds to the Cys!
sulfur (Fig. 7b).

In order to estimate the effect of NH---S hydrogen bonding in shifting
redox potentials, extended Hiickel MO calculations have been
carried out for the D,; geometry of [Fe(SCH,),]” (Fig. 7a) (2I). Thus,
the overlap populations of four Fe-S bonds have been obtained by
varying the two Fe—S(Cys!) bond lengths in the Cys-X-Y-Cys/Fe(III)
complex. The energy level of the singly occupied b, orbital was found to

! Lowercase cys refers to the amino acid residue involved in coordination.
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FiG. 6. NH---S hydrogen bonds (dashed lines) in Cys-Pro-Val-Cys-Gly-Ala and Cys-Thr-
Val-Cys-Gly-Tyr fragments in Desulfovibrio vulgaris rubredoxin (6, 11, 20).
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FiG. 7. (8) The idealized geometry of a model [Fe(SCH;),]” used for the extended
Hiickel calculations and (b) schematic presentation of the proposed structure for [Fe(Z-
cys-X-Y-cys-OMe),]” or native rubredoxin (21).
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decrease with the elongation of the Fe—S bond. Therefore, the elonga-
tion is considered to contribute to the positive shift of the redox
potential of [Fe(Z-cys-X-Y-cys-OMe),]2 /.

The crystal structure of oxidized C. pasteurianum rubredoxin has
been analyzed up to 1.2 A refinement by Jensen’s group (10, 22, 23). The
values of Fe—S bond lengths obtained from extended X-ray absorption
fine structure (EXAFS) analysis (24) correspond well to those from the
crystallographical analysis (23). These studies have concluded that the
Fe(S-cys), core with equal Fe—S bond lengths has an approximate D,,
structure. Table II shows the four Fe—S Raman stretching bands of
[Fe(S,-0-xyl),]~, and those of oxidized Desulfovibrio gigas rubredoxin
(25, 26). Spiro et al. found that distortion of the angle split the 7, mode
for the model complex and the protein. They have observed four
resonance Raman bands with Fe-S stretching vibrations at 314, 348
(shoulder), 363, and 376 cm ! for D. gigas oxidized rubredoxin, which
was also established by the Raman spectra of *Fe-substituted ru-
bredoxin (26). They also found an appreciable effect of the S—C dihedral
angles on the Fe-S breathing mode. This effect accounts for the
frequency difference between oxidized rubredoxin and the analog
complex, [Fe(S,-0-xyl),] . The constancy of v(Fe—S) bands in D. gigas,
Desulfovibrio sulfuricans, and Megasphera elsdenii was interpreted to
imply that the same set of Fe—S—~CH,-C dihedral angles are different
from those of [Fe(S,-0-xyl),] .

Besides the NH---S hydrogen bonding, an effect of chelation is
expected to arise from the variation of Fe-S torsion angles. The
presence of this effect was suggested from the 'H NMR data of
[Fe,S,(Z-cys-X-Y-cys-OMe),]?~, where Z-Cys-X-Y-Cys-OMe (Z and
OMe are substituents at the Cys residues) provides two contact-shifted

TABLE II

RAMAN BaNDS (cm™') oF Fe-S
VIBRATIONS OF TETRAHEDRAL Fe(III)
TH10LATO COMPLEX AND NATIVE RUBREDOXIN

Assignment [Fe(S,-0-xyl),] ™ Rd,,” Rd,,*
Fe-S1 297 312 314
Fe-S1I 321 325 348
Fe-S III 350 359 363
Fe-S IV 374 371 376

“ Ref. (25).

b Ref. (26).
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peaks of the Cys CH, at 30.7 and 22.9 ppm in Me,SO-d, (27). On the
other hand, [Fe,S,(Z-cys-X-OMe),]2~ with a nonchelating peptide
ligand exhibits one contact-shifted peak at 30.7 ppm for Cys CH,. The
difference is due to the characteristic chelation of the peptide to an
Fe(IIl) ion besides the formation of NH---S hydrogen bond.

The chelation effect of Cys-X-Y-Cys was also found for the MCD spec-
tra of Fe(III) complexes of Z-Cys-Pro-Leu-Cys-OMe or Z-Cys-Ala-Ala-
Cys-OMe, which exhibited a characteristic ligand—metal charge trans-
fer (LMCT) at 350 nm, but not for those of the Fe(III) complex of Z-
Ala-Cys-OMe, Z-Cys-Ala-Cys-OMe, or S,-0-xyl (28). The MCD spectral
differences in the region of 300—400 nm are related to the difference
in the electronic states of the Fe(III) singly occupied metal ¢, orbitals
affected by the lone pair on the sulfur atom. The possibility of a spectro-
scopic splitting by a specific Cys—thiolate orientation relative to other
Fe-S bondings has been predicted theoretically by Bair and Goddard
(29). The orientation of = orbitals of the sulfur lone pair is now found
to be determined by the peptide conformation which dictates the steric
disposition of the S—C bond.

The chelation effect also brings about a stabilization of the —1 state
of the peptide model complexes as indicated by the thermal stability
and redox behavior. Only [Fe(Z-cys-Pro-Leu-cys-OMe),]” exhibits a
relatively reversible redox couple in the cyclic voltammogram measure-
ment, but the others do not (20). The bulkiness of side chains of the
X and Y residues in Cys-X-Y-Cys probably restricts the adoption of
the inherent by preferable conformation (y = 0°), resulting in a more
restricted orientation of Fe-S-C. In fact, the X-ray analysis of native
rubredoxin shows that two of the Fe—S torsion angles are restricted
and the other two are normal, 1.e., conformationally more stable.

An MO calculation was performed varying the S-Fe-S-CH,
dihedral angle (Fe—S torsion angle). For example, two Fe—S bonds of
[Fe(SCH,),]” were rotated in the same direction. Because a synthetic
model, [Fe(Z-cys-Pro-Leu-cys-OMe),] ', has two symmetrical Cys!-
X-Y-Cys* sequences, either of the torsion angles of the two Fe-S
bonds of the Cys' and Cys* residues is considered to be restricted by
the bulkiness of the side chains in the X-Y sequence.

The overlap population of Fe—S bonds was found to be explicitly
dependent on the two torsion angles of Fe—S. The Fe-S torsion angle
dependence of the overlap populations with variation of the two Fe—S
torsion angles is shown in Fig. 8. The increase in the overlap popula-
tions for two restricted Fe—S bonds is reflected by the experimental
data of shortening the Fe-S bond, whereas the other two Fe-S bonds
having the normal torsion angle show the decrease in the overlap
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F1G. 8. Variation of the overlap population of Fe-S bonds with two Fe-S torsion
angles (all Fe—S bond lengths are fixed in 2.29 A). (Reproduced by permission of the
American Chemical Society.)

populations. This theoretical prediction refers to the elongation of
Fe-S bond length. Actually, the extended Hiickel MO calculation data
are consistent with the parameters of Fe—S bond lengths and Fe-S-C
bond angles (Table IIT) in Cys®-X-Y-Cys® or Cys®?-X-Y-Cys*? obtained
by the X-ray analysis of C. pasteurianum rubredoxin (10, 22). The Fe—-S
bonds of Cys® and Cys*® are long with small Fe-S-C angles, whereas
the Fe-S bonds of Cys3® and Cys*? are short with large Fe—S—C angles.
Thus, by formation of the angularly restricted Fe-S bonds, the bonds
become ionic in character, resulting in the stabilization of the Fe(III)
state.

B. [2Fe-2S] PLANT-TYPE FERREDOXIN PEPTIDE MoDEL COMPLEXES

The structure of oxidized Spirulina platensis ferredoxin has been
established by X-ray analysis, and is as shown in Fig. 9 (30). Three Cys
thiolates in an invariant sequence, Cys-A-B-C-D-Cys-X-Y-Cys, bind the
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TABLE III

Fe-S Bonp LENGTHS AND Fe-S-C
ANGLES OF THE ACTIVE SITE OF
Clostridium pasteurianum RUBREDOXIN
wiTH 1.2-A REFINEMENT X-Ray ANALYSIS

Fe-S bond lengths® Cysb 2.33(1)
A) Cys9 2.29(1)
Cys39 2.30(1)
Cysd2 2.24(1)
Fe-S-C angles® Cysé 100.1(4)
(degrees) Cys9 107.8(4)
Cys39 99.3(4)
Cys42 109.5(4)
7 Ref. (10).

FIG. 9. The X-ray structure within 5 A of Fe,S, core ligated by Cys-Arg-Ala-Gly-Ala-
Cys-Ser-Thr-Cys is Spirulina platensis ferredoxin (6, 30).
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binuclear Fe,S,%* core. The presence of many NH---S hydrogen bonds
has been speculated by the distances and the orientations of the N and
S atoms. Recently, the presence of NH---S hydrogen bond has been
supported by studies using resonance Raman spectroscopy (31). The
precise value of the redox potential of the plant-type ferredoxin is
crucial in the construction of an electron transfer chain in biological
photosynthesis. Spinach ferredoxin has a redox couple at —0.64 V
versus SCE in aqueous solution which is relatively positive compared
to that of model complexes (32). The position of this redox potential
is believed to be optimal for the in vivo systems. Synthetic model com-
plexes, however, have considerably negative redox potentials, for ex-
ample, —1.49 V versus SCE in DMF for [Fe,S,(S,-0-xyl),]*>~ (33) and
—1.06 V versus SCE in DMF for [Fe,S,(Z-cys-Ala-Ala-cys-OMe),]*~
(27). Furthermore, the peptide model complexes [Fe,S,(Ac-Gly-Gly-
(cys-Gly-Gly),NH,),]>~ (34) and [Fe,S,(Z-cys-Ala-Ala-cys-OMe),]*"
(27), which were synthesized from [Fe,S,Cl,]?>~ and the corresponding
oligopeptide, show two characteristic absorption maxima similar to
those of native plant-type ferredoxins, but somewhat shifted. Thus, the
modification of electrochemical and spectrochemical properties are
considered to be due to an unidentified interaction between the peptide
and the Fe,S,”* core. Simple model complexes do not duplicate the
crucial function of the native proteins and further elaboration at the
peptide ligand structure is necessary.

In order to find an essential sequence which provides the positive
shift of the redox potential, various Cys-containing oligopeptide
[2Fe—2S] model complexes were synthesized by our group. For example,
the nature of the chelate ring in [Fe,S,(Z-cys-Ala-Ala-cys-OMe),]*"
was examined. Titration with 3,4-toluenedithiol indicated that
Z-Cys-Ala-Ala-Cys-OMe chelates to one Fe(IIl) ion, and Cys-X-Y-Cys
is not involved in bridging between two Fe(III) ions, as has been found
in native plant-type ferredoxins (34). The ligand exchange reaction of
Eq. (1) was confirmed by the determination of the released hydrogen

/ \ /

cys cys HS cys

T D N

3( \Fe/ \Fe/ )\IE HS ). :\E \Fe/ )@ + 2 HZS (1)
Y ~
N \ S

cys cys C)(s
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sulfide. The peptide complex [Fe,S, (Z-cys-X-Ala-Gly-Ala-cys-OMe),] >~
(X = Gly or Ala) further confirms that the conformationally preferable
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FIG. 10. The proposed two isomers of [Fe,S,(Z-cys-Gly-Ala-Gly-Ala-cys-Ala-Ala-cys-
OMe)(Z-Val-cys-Val-OMe)]) 2~ in DMF (35). Spirulina platensis ferredoxin has structure a.

coordination is chelation to one Fe(III) ion (35). In the case of the [Fe,-
S,(Z-cys-Gly-Ala-Gly-Ala-cys-Ala-Ala-cys-OMe)(Z-Val-cys-Val-OMe)] 2
complex, two redox couples are observed due to the existence of two
isomers (35). One of the two redox couples was observed at —0.94 V
versus SCE in DMF or at —0.81 V versus SCE in acetonitrile. This form
is believed to have the same structure as that of native plant-type
ferredoxin. Thus, Cys-X-Y-Cys in the Cys-A-B-C-D-Cys-X-Y-Cys pep-
tide competes with Cys-A-B-C-D-Cys for chelation to one Fe(III) ion
of Fe,S,2* core as shown in Fig. 10. The solvent dependence of the
redox potential can be assigned to NH---S hydrogen bond forma-
tion in the less strongly solvating acetonitrile. Thus, the formation of
NH---S hydrogen bonds affects the electrochemical properties of the
[Fe,S,(SR),]?> core. It is concluded that the positive shift in redox
potential is the result of a combination of NH---S hydrogen bonding
and the conformation adopted by the peptide.

C. [8Fe-xS] FERREDOXINS

Azotobactor vinelandii ferredoxin I has two Fe/S clusters, [4Fe—4S]
and a [3Fe-xS], with redox potentials at —0.42 and +0.32 V versus
NHE, respectively (36). The existence of a normal Fe,S,2* core and a
[3Fe—3S](S-cys)s(ox0) core has been considered. In the ferredoxin I the
unique sequence Cys-Val-Glu-Val-Cys has been suggested as a tridentate
ligand for the [3Fe—3S] cluster (37). Recently, the structure has been
crystallographically (38) corrected, and the iron—sulfur centers are
now believed to consist of Fe,S,?>* and [3Fe—4S] clusters, as proposed
by EXAFS (39). One possibility is that the above-mentioned [3Fe—-xS]
structure is formed during isolation by oxidative removal of an Fe ion
from the [4Fe-48] cluster (40).
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Fe,S.2* and [3Fe-xS] clusters have also been identified in Pseudo-
monas ovalis ferredoxin using the 'H NMR spectral method (41). Again
it is claimed that the [3Fe-4S] cluster is formed from [4Fe—4S] during
the purification procedures. Such a process has also been observed in
aconitase, which has only a simple Fe/S cluster (42).

No [3Fe-4S] peptide model complexes have been reported although
such incomplete cuboidal complexes are important as starting material
in the synthesis of other relevant complex cuboidal containing transi-
tion metal ions such as Mo or Ni ions.

D. [4Fe-4S] FERREDOXIN PEPTIDE MODEL
COMPLEXES AND MODEL REACTIONS

Simulation of redox potentials for the —3/—2 couples of the syn-
thetic [Fe,S,(SR),]*>~ complexes, such as [Fe,S,(S-p-NO,-Ph),]*~ (43)
and [Fe,S,(t-Boc(Gly-Cys-Gly);NH,)(S-t-Bu)]?>~ (16), have already
been achieved. The values obtained are similar to those of bacterial
ferredoxins, which have the most negative redox potentials among
many native ferredoxins. An approach has been made to control the
redox potential by substitution of an electron-donating or electron-
withdrawing group on the benzenethiolate ligands of the Fe,S, core.
Another factor for the positive shift of redox potential is associated
with a peptide ligand. Que et al. have found that the positive shift of
—3/—2 redox potentials can be ascribed to the increase in the di-
electric constant of the solvent surrounding the ferredoxin model com-
plex. This effect was theoretically supported by Kassner and Yang (44).
However, a more positive shift by other extrinsic factors is required
in order to attain the redox potentials of native ferredoxins. An in-
vestigation or the effect of a peptide environment around the Fe,S,2*
core should be considered in this respect.

The spectral and electrochemical properties of the Fe,S,>* com-
plexes of Cys-containing oligopeptides having an invariant sequence
of bacterial ferredoxins have been studied. One of the characteristic
features of the peptide ligand is its ability to form hydrogen bonds
between amide groups and coordinating sulfur atoms. The presence of
many NH---S hydrogen bonds has been proposed in the X-ray analysis
of Pseudomonas aerogenes ferredoxin (Fig. 11) (45). A theoretical pre-
diction for the presence of NH---S hydrogen bonds has been obtained
by ab initio calculations (46). The precise chemical roles of NH---S
hydrogen bonds were examined using synthetic peptide model com-
plexes. The change of redox potentials (—0.84 V versus SCE at —40°C;
—0.99 V versus SCE at 31°C) for [Fe,S,(Z-cys-Gly-Ala-OMe),]*>” due to
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FiG. 11. The crystallographic structure within 5 A of the Fe,S, cluster I ligated by Cys-
Ile-Ala-Cys-Gly-Ala-Cys in P. aerogenes ferredoxin (6, 43). Open arrows show the direc-
tion of NH groups.

NH---S hydrogen bonding is supported by measurements in a low di-
electric solvent such as dichloromethane (47). However, the difference
from the dielectric constants of DMF and dichloromethane is negligible,
and it is likely therefore that the NH---S hydrogen bonds are stabilized
in dichloromethane by the conformational freezing of Z-Cys-Gly-Ala-
OMe at the lower temperature, as shown in Fig. 12. The stronger
solvation of DMF results in disruption of the NH---S hydrogen bonds.

The preferential formation of NH---S hydrogen bonding in less polar
solvents is also supported by the results of the solvent dependence of
the LMCT absorption maxima of [Fe,S,(Z-cys-Gly-Ala-OMe),]?~ or
[Fe,S,(Z-cys-Gly-OMe),]?~. The former complex has maxima at 406 nm
in DMF and 390 nm in dichloromethane, but the latter complex shows
absorption maxima at 402 nm in DMF and 402 nm in dichloromethane.
Absence of the effect of the hydrogen bonding in the complex with
Z-Cys-Gly-OMe is evident.
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FiG. 12. The proposed structure of [Fe,S,(Z-cys-Gly-Ala-OMe),]?” in dichlorometh-
ane (45).

Generally, [Fe,S,(SR),]>” in a high-dielectric-constant solvent,
such as water, provides a blue shift of the LMCT absorption maximum.
Therefore, the unusual blue shift of the LMCT absorption maximum in
less polar solvent, such as dichloromethane, is ascribed to a strong
interaction of the [Fe,S,(SR),]?" cluster with the NH group of the Ala.
The above-mentioned conformational freezing of Z-Cys-Gly-Ala-OMe
at low temperature was also confirmed by the temperature and solvent
dependencies of IR and CD spectra of [F,S,(Z-cys-Gly-Ala-OMe),]?~
in dichloromethane (47). It should be emphasized that an electrostatic
interaction such as that in NH---S hydrogen bonding is facilitated in
nonpolar solvent. Thus, the importance of such enhanced electrostatic
interactions has been generally recognized in the active sites of
proteins (48).

Two peptide model complexes containing the invariant sequence
Cys-X-Y-Cys have been synthesized. A remarkable positive shift of the
redox potential of [Fe,S,(Z-cys-Gly-Ala-cys-OMe),]?>” in dichloro-
methane was found at —43°C, just as was observed for [Fe,S,(Z-cys-Gly-
Ala-OMe),]?>, although [Fe,S,(Z-cys-Ile-Ala-cys-OMe),]?>~ exhibits
no such temperature dependence. On the contrary, in DMF, both com-
plexes showed no temperature dependence of the redox potentials
from —40 to 30°C (49). The chelation by Cys-X-Y-Cys supports the
formation of NH---S hydrogen bonds when the macro-ring has a suit-
able conformation. Such a chelation has been found for the bidentate
ligand of Cys-X-Cys in [Fe,S,(Z-cys-Gly-cys-NH-Ph),]1?~ (50). Further-
more, the presence of a Gly residue adjacent to the Cys thiolate was
found to be advantageous, giving a preferable conformation leading
to NH---S hydrogen bonding. Introduction of an Ile instead of Gly
residue next to the Cys residue resulted in a negative shift of the reduc-
tion peak and lower stability of the —3 state in the case of [Fe,S,-
(Z-cys-Tle-Ala-OMe),]2~. As shown in Fig. 13, the peptide fragment,
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FiG. 13. (a) B-Turn conformation of the Cys-X-Y-Cys fragment coordinating to the
Fe,S,2* core and (b) B-1I hairpin turn conformation of a tetrapeptide fragment.

Cys-Gly-Ala provides a -1l like conformer with NH---S hydrogen
bonding. Bulkiness of a substituent R group on an amino acid residue
adjacent to the Cys residue prevents the Ala NH group from forming
NH---S hydrogen bonds (45, 47). Consequently, it is concluded that the
identity of the amino acid residues following the coordinated cysteine
residue controls the electrochemical as well as the spectroscopic prop-
erties of the [4Fe—4S] core.

The simple peptide ligand Cys-Gly-Gly-Cys-Gly-Gly-Cys, when coor-
dinated to an Fe, S, core, is believed to give two isomers because of its
tridentate coordination geometry and the absence of effective con-
formational restriction by the Gly residues, as shown in Fig. 14 (16).
Further studies on heptapeptide complexes containing three Cys

Gly

lle Ala

Fi1G. 14. The proposed (a) favorable, A, and (b) unfavorable, A, isomers of tridentate
peptide complexes with nonbulky amino acid residues (16).
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residues, e.g., [Fe,S,(Z-cys-Ile-Ala-cys-Gly-Ala-cys-OMe)(S-t-Bu)]?~,
were carried out, because the sequence represents an invariant one
around the active site of bacterial ferredoxins. However, the complex
exhibits three redox couples in the —3/—2 region due to the existence of
at least three isomers, which probably have different coordination
states, as illustrated in Fig. 15 (51). The Cys CH, region in the '"H NMR
spectra of the synthetic heptapeptide complexes is similar to those of P.
aerogenes ferredoxins (52). A highly contact-shifted CH, signal was
observed at 17 ppm which is very similar to that of native P. aerogenes
ferredoxin. The signal due to one of the three Cys CH, groups in the
tridentate ligand Cys!-X-Y-Cys*-A-B-Cys’ is highly contact shifted,
depending presumably on the Fe—S bond character, and gives the peak
at 17 ppm. Thus, the heptapeptide complex probably has a structure
similar to that of the native protein.

The heptapeptide complex exhibits a redox potential at —0.80 V
versus SCE in dichloromethane and at —0.78 V versus SCE in DMF at
room temperature. Such positive-shifted redox potentials in various
organic solvents at room temperature provides an important insight
into the control mechanism at the active site of [4Fe—4S] ferredoxins.

The model complex [Fe,S,(Z-cys-Ile-Ala-cys-Gly-Ala-cys-OMe)(Z-
cys-Pro-Val-OMe)]2~ was synthesized and had all amino acid resi-
dues within 5 A from the Fe,S,2* core in cluster 1 of P. aerogenes
ferredoxin (51). The complex had a redox potential at —0.88 V versus
SCE in DMF and —0.83 V versus SCE in dichloromethane. In this
case only one isomer was detected by cyclic voltammetry. For these
complexes, a lesser degree of solvent dependence was found in the
LMCT absorption maxima and in the redox potentials. This is due
to the fact that the [Fe,S,(SR),]>~ cluster is well shielded from solvent
by the combined steric bulk of the Z-Cys-Ile-Ala-Cys-Gly-Ala-Cys-OMe

w

F1G. 15. Three types of the proposed isomers containing Z-Cys-Ile-Ala-Cys-Gly-Ala-
Cys-OMe, which binds Fe,S,>* as (a) tridentate, (b) bidentate, or (c) monodentate.
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and Z-Cys-Pro-Val-OMe ligands. Thus, it is likely that the redox
potential of ferredoxin is mainly defined by the chemical environments
of the amino acid residues present in the invariant sequences within 5 A
from the Fe,S,** core.

IV. Hydrophobic Effect of Peptide and Related Ligands

A hydrophobic environment around the iron site has been found to
exist on the inside of many globular proteins. In the case of HiPIP, an
Fe,S, is buried in the hydrophobic cavity of the protein. The local
structure within 5.5 A of the core shows the situation more clearly, as
shown in Fig. 16 (53). Especially noticeable here are the Trp side chains,
which originate from a characteristic peptide sequence of Trp-Cys or
Trp-Cys-Ala at the coordinating cysteine residues. We have examined
the effect of Trp by preparation and spectroscopic and electrochemical
measurements of its Fe,S, complexes.

FiG. 16. The crystallographic structure within 5.5 A of the Fe,S.3* core of Chromat-
ium vinosum HiPIP (6, 53).
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A. PEPTIDE MODEL AND SIMPLE THIOLATE COMPLEXES OF
HicH-PoTENTIAL IRON—SULFUR PROTEINS

The complexes [Fe,S,(Z-cys-Ile-Ala-OMe),]*~ and [Fe,S,(Z-cys-Pro-
Val-OMe),]?~, which have a Cys-Ile-Ala sequence and are unlikely
therefore to form NH---S hydrogen bonds (see above), exhibit a
quasireversible —2/—1 redox couple but an irreversible —3/—2 couple
in DMF. The steric crowding around the Cys thiolate ligand should be
associated with the stability of the [Fe,S,(SR),]! ~ state, which existsin
the oxidized form of a high-potential iron-sulfur protein. The im-
portance of a steric effect was verified by the synthesis of [Fe,S,(2,4,6-
trimethylbenzenethiolate),]2~ and [Fe,S,(2,4,6-triisopropylbenzene-
thiolate),)? . These complexes exhibit quasireversible redox poten-
tials (—2/—1) at +0.02 and —0.03 V versus SCE, respectively, in DMF
(54). The X-ray structural data obtained for [Fe,S,(2,4,6-trimethylben-
zenethiolate),]?” show a relatively long Fe-S(C) bond (2.274 A)and a
narrow Fe-S—C angle (100°), with unusual tortion angles for Fe—-S(C)
(55). These results suggest that the bulky thiolate model complexes
possess a somewhat ionic Fe—S character due to decrease of the Fe d
orbital and S p orbital interaction. The fairly stable oxidized form,
[Fe,S,(2,4,6-triisopropylbenzenethiolate), ], was successfully isolated
by O’Sullivan and Millar (56). Therefore, the ionic character of Fe-S
bond stabilizes the oxidized state of the [4Fe—4S] complex. The
[4Fe—4S] cluster and thiolate ligands in Chromatium vinosum high-
potential iron-sulfur protein are located in the middle of a hydro-
phobic domain and possess one restricted Fe—S(C) torsion angle among
other more stabilized Fe—S(C) torsion angles (53).

B. CataLysis BY PEPTIDE MoDEL COMPLEXES

Recently, aconitase has been proposed to have a unique Fe,S,>* core
at the active site, as shown in Fig. 17 (57). The cluster consists of one
reactive Fe ion in one corner of the cubane cluster and three inert Fe
ions occupying the three other corners (42). The heterogeneity of the
Fe,S,2* core may be caused by the unusual peptide coordination.

2+ al _|2o
Fe—S Fe—S Fe—35
i S I I
S | Fe -Fe(ll),-e” § Fe*(il), e S——'Fe
S—|—Fe S—Fe l S—|{—Fe

FL/___S/ F[e—[—S/ el s |

FiG. 17. Interconversion of a [4Fe-4S] cluster to a [4Fe-3S] cluster in the active site of
aconitase; Fe* refers to enriched **Fe and *"Fe (42).
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Fi1G. 18. Catalytic oxidation scheme of benzoin by 1,4-benzoquinone in the presence of
[Fe4s4(SR)4]2A in DMF.

Chemical activation of one of the Fe ions for redox reaction has been
postulated. The biochemical significance of this type of enzymatic
activation should be pursued in the future.

Reductions of acetylene, ketone, isonitrile, or nitrile have been
carried out using the —3/—2 redox couple of many model complexes
(58-61), but not using the peptide model complex. A proton transfer
function has been observed in studies on the ferredoxin model complex,
[Fe,S,(SPh),]?, in toluene/water (62).

A model reaction of oxidation in mitochondria has been proposed
using a stable —2/—1 redox couple of the bulky thiolate-containing
model complexes. Figure 18 shows the scheme of the catalytic oxidation
of benzil by benzoquinone in the presence of Fe,S,>* complexes (63).
The complex [Fe,S,(Z-cys-Ile-Ala-OMe),]?>~, which has a stable —2/—1
redox couple at +0.12 V versus SCE in DMF, exhibits a high catalytic
activity (54).

V. Synthetic Mini-FeS Proteins

Studies aimed at understanding better the functional role of metal-
loproteins can be classified into at least three distinct categories. In
the first case the aim is to synthesize a completely artificial (simple)
compound modeling selectively just one of the functions of the
metalloprotein, e.g., the picket-fence porphyrin (64). Second, from the
other extreme, the aim is to modify the protein by substitution of an
amino acid residue with another (selected) amino acid residue using
recombinant gene technological methods. A third approach is to
synthesize a small peptide analog, or “mini-protein,” simulating a
structural unit in the region containing the active site.
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Studies under the latter heading aimed at synthesizing a miniprotein
of plant-type ferredoxins have been carried out by Tsukihara et al. The
procedure has been to obtain a 20-peptide molecule which will have
functions similar to those of the ferredoxin when an Fe,S,?* core is
incorporated (65). In the case of S. platensis ferredoxin, a major part of
the molecule consists of a fairly rigid structure with g barrels. The
Fe,S,?* core is located in another small domain separated from the
major part. A peptide fragment from Pro38 to Ala50 and another
fragment from Leu77 to Val80 are combined with a spacer section to give
the 20-peptide molecule shown in Fig. 19, which also indicates the
expected structure of the 20-peptide/Fe,S, complex. The three pro-
cedures, (1) model building (66), (2) empirical structure refinement (67),
and (3) energy minimization by the Levitt method (68), have been done
successively. The refined structure obtained for the 20-peptide/Fe,S,?*
complex has no abnormal intramolecular short contacts. The root mean

Cys(s)

Cys(19)

F1G. 19. Schematic structure of the 20-peptide/Fe,S,>* complex speculated by the
energy minimum calculations (65). Large open circles represent a-carbon atoms. Closed
circles show Fe(III) and sulfur atoms. Small open circles refer to carbon and nitrogen
atoms involved in the artificial hairpin turn and Cys CH, carbons. One NH---OC
hydrogen bond (dashed line) is expected at the hairpin turn.
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square of distances concerned with equivalent atoms are 0.015 and
0.022 nm for the 20-peptide and for the native protein, respectively.
The two peptide fragments were connected with a spacer peptide frag-
ment, Gly-Pro-Leu, without large deformation. In this work the water-
accessible surface for 2Fe ions was also calculated. The minimum
distances are 0.005 and 0.0065 nm for native ferredoxin, while both val-
ues for the 20-peptide complex are 0.005 nm. Therefore, the 20-peptide
complex can presumably avoid solvent interaction if it can conserve
the specified conformation.

The synthetic [2Fe-2S] model complex of the 20-peptide complex
exhibits two LMCT absorption maxima at 423 and 461 nm in DMF,
maxima which are near to those of the native plant-type ferredoxin (423
and 466 nm) (69). Two redox couples for —3/—2 were observed at —0.64
V versus SCE and at —0.96 V versus SCE in DMF. One of them is very
close to the value (—0.64 V versus SCE) of native ferredoxin. The 20-
peptide complex containing invariant sequences Cys-A-B-C-D-Cys-X-Y-
Cys and Leu-Thr-Cys-Val possesses all essential factors for a model of
the active site except for the peptide conformation. The positive-shifted
redox potential of the 20-peptide complex in DMF is undoubtedly due
to the interactions between the Fe,S,2* core and adjacent amino-acid
residues, giving rise to NH---S hydrogen bonding.

VI. Summary

The significance of invariant peptide fragments around the active
site of iron—sulfur proteins has been emphasized with respect to their
unique ability to modify various chemical properties. In this review, we
have considered contributions of such invariant peptide ligands, to,
e.g., the shift in redox potentials, to NH---S hydrogen bonding, as well
as to hydrophobic environments around the thiolate sulfur atoms.
In addition, peptide fragments around the active site could be involved
in other significant functions, such as the achievement of low-energy
electron transfer reactions. Specific peptides can also serve as
mediators for electron passage, and for protection against dioxygen,
water, and protons. Many chemical functions are obviously controlled
by the specific combination of metal coordination site and surrounding
peptide environment.
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