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Abstract: A survey of ferredoxin maquettes derived from natural sequences was utilized to obtain a primary
sequence competent for [4Fe-4S]2+/+ incorporation for the study of the minimal ligand requirements for cluster
assembly. The resultant 16 amino acid ferredoxin maquette (FdM),NH2-KLCEGG•CIACGAC•GGW-CONH2,
incorporates a single [4Fe-4S]2+/+ cluster as evidenced by a cluster titration assayed by electron paramagnetic
resonance (EPR) spectroscopy. Assembly of the [4Fe-4S] cluster within FdM was kinetically facile (minutes
time scale) and the cluster was stable in solution under strictly anaerobic conditions. The four cysteines of
FdM were systematically replaced with nonligating alanine residues resulting in lower yields (10-56% relative
to a FdM control) as quantitiated in the reduced state by EPR spectroscopy demonstrating the necessity for
each in successful cluster incorporation. A single example of a cysteine to leucine modification resulted in a
lower yield of cluster incorporation equivalent to the analogous alanine replacement indicating a general absence
of steric hindrance for [4Fe-4S] assembly in these small peptides. Pairwise replacement of cysteines with
alanines resulted in dramatic loss of yield and cofactor induced assembly of a pair of peptides as evidenced
by EPR spectroscopy and size exclusion chromatography, respectively. Alanine substitution of three of the
four cysteines from the FdM sequence resulted in a virtual loss of [4Fe-4S] incorporation ability. Attempts
were made to provide non-cysteine ligands to the incorporated cluster using aspartic acid and histidine residues;
however, the lower yield of [4Fe-4S] assembly in these peptides coupled with both the identical EPR spectral
parameters and redox potential indicates a lack of observable aspartate or histidine ligation to the clusters.
The measured yields of [4Fe-4S] incorporation provide a convenient tool for probing the basic ligand
requirements for the [4Fe-4S]2+/+ cluster in these 16 amino acid ferredoxin maquettes.

Introduction

The iron sulfur protein family is quickly being realized to be
as ubiquitous and functionally diverse as the well-recognized
heme protein family.1 Iron sulfur proteins are widely dispersed
in the Archaea, Prokarea, Eukaryotes as well as in higher
organisms.2 While functionally most notably associated with
respiratory and photosynthetic electron-transfer complexes (for
example NADH-ubiquinone oxidoreductase3, Photosystem I4),
they are also implicated in oxygen sensoring (SoxR,5 FNR6),
dehydratase reactions (aconitase7) including branched chain
amino acid biosynthesis (isopropylmalate isomerase8), and iron
homeostasis (IRE9) as well as DNA binding (endonuclease III10).
While the majority of iron sulfur proteins utilize cysteine
residues to ligate mononuclear, binuclear, trinuclear, or tetra-
nuclear clusters, histidine ligation is utilized in natural [4Fe-

4S]11 and Rieske-type [2Fe-2S] proteins,12 with serine and
aspartate ligation observed in natural and site-directed ferredoxin
or high-potential iron protein (HiPIP) mutants.13,14

The multifaceted complexity of natural proteins can poten-
tially be reduced to a tractable level allowing systematic study
of a variety of biochemical processes by employing maquettes15

derived from the minimalist hierarchical approach pioneered
by DeGrado and co-workers.16 Maquettes are minimal synthetic
proteins designed to provide a framework to answer particular
structural, functional, and chemical questions concerning highly
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complex native proteins. Thus, the prototype ferredoxin
maquette, called FdM, demonstrated assembly of the [4Fe-
4S]2+/+ cluster in a protein module that could be combined with
a heme containing four-R-helix bundle, thereby breaking down
the engineering complexities inherent in natural proteins.17

Designed from a consensus sequence of bacterial ferredoxins,
the primary structure of FdM contains the•CIACGAC• core
amino acids taken directly fromPeptococcus aerogenes
ferredoxin18-20 as shown in Figure 1. Unstructured in the
absence of the bound cofactor, FdM binds a single [4Fe-4S]2+/+

cluster under physiological conditions as evidenced by spectral
characteristics (EPRg-values, line shape, and relaxation proper-
ties; UV-visible and CD spectroscopy) and measured reduction
potential (Em8 ) -350mV) which are reminiscent of natural
[4Fe-4S]2+/+ ferredoxins.

While maquettes have been shown to offer an attractive
approach to the study of protein-protein assembly,21-24 protein-
cofactor incorporation,25-26 modulation of bound cofactors,15

modular protein design,17 and multicofactor assembly,27-28

herein we utilize ferredoxin maquettes to specifically probe the

fundamental ligand requirements for [4Fe-4S]2+/+ cluster bind-
ing in a 16 amino acid synthetic peptide. The validity of the
prototype maquette as a template for this further study was
evaluated by comparison to maquettes derived from other related
natural sequences. The results begin to reveal the protein
engineering specifications requisite for biochemical [4Fe-4S]
cofactor assembly and confirm our design of FdM as a modular
protein design unit.

Materials and Methods

Chemicals and Solvents.Iron(III) chloride, sodium sulfide, diethyl
ether,â-mercaptoethanol, and trifluoroacetic acid were obtained from
Aldrich Chemical Co. Ethanedithiol and 1-hydroxybenzotriazole
(HOBt) were purchased from Fluka. Fmoc-protected amino acid
perfluorophenyl esters were purchased from PerSeptive Biosystems
except for Fmoc-L-Arg(Pmc)-OPfp which was obtained from Bachem.
All other chemicals and solvents were reagent grade.

Peptide Synthesis.The peptides were synthesized on a continuous
flow Milligen 9050 or PerSeptive Biosystems Pioneer solid phase
synthesizer using standard Fmoc/tBu protection strategy29 as previously
described.17a

Solution Molecular Weight Determination. Gel permeation
chromatography was performed anaerobically in a Plas-Labs glovebox
using a Beckman System Gold HPLC with diode array detector fitted
with a Superdex 30 column (Pharmacia) eluted at 2 mL/min. The
eluting buffer (10 mM KPi, 100 KCl, pH 8.0) was deoxygenated using
successive freeze-pump-thaw cycles. The column was standardized
using aprotinin (6.5 kDa), glutathione (0.4 kDa), apo-FdM-1,2,3A (1.3
kDa), and the homodimer of FdM-1,2,3A (2.6 kDa).

[4Fe-4S]2+/1+ Assembly. A standard reconstitution protocol based
on modified biochemical literature methods30 was utilized to incorporate
the [4Fe-4S] cluster into each of the designed peptides. Under strictly
anaerobic conditions, a solution of 2% v/vâ-mercaptoethanol in 50
mM HEPES buffer (pH 8) containing 100µM peptide was equilibrated
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Figure 1. Molecular model of the prototype ferredoxin maquette, FdM, and the X-ray structure ofPeptococcus aerogenesferredoxin I (PDB
accession code 1FDX) on which the FdM design was based. The indicated CR trace highlights the•CIACGAC• core motif ofP. aerogenesFd used
in FdM.

Characterization of [4Fe-4S]2+/+ Clusters J. Am. Chem. Soc., Vol. 120, No. 40, 199810297



for 2 h to reduce any adventitious disulfides. A 50 mM solution of
FeCl3 was slowly added to a final concentration of 600µM before
addition of a 50 mM solution of Na2S to a total concentration of 600
µM (i.e. 1.5 equiv of [4Fe-4S] cluster per peptide). Each peptide was
reconstituted at the same time as a sample of FdM, utilized as a control.
After equilibration, the resulting iron-sulfur containing peptides were
stored frozen in liquid nitrogen.

Cluster Titration into FdM. The addition of equimolar amounts
of iron and sulfide salts to the FdM peptide resulted in an increase in
bound cluster up to one cluster per peptide (four iron and four sulfur
per peptide) (supplementary Figure S1). Addition of cluster beyond
the first equivalent resulted in no further increase in EPR signal
intensity. The slightly lower EPR spectral area upon addition of excess
iron and sulfide salts, 2.0 equiv or greater, is attributed to protein
precipitation. Other substituted FdM peptides displayed similar
characteristics, with a rise in signal up to the measured reconstitution
yield, followed by a drop in signal as the excess iron and sulfur salts
began to precipitate.

Cluster Stability in FdM. The addition of 4 equiv of iron and
sulfide salts to 100µM FdM peptide resulted in the facile formation
of the [4Fe-4S] cluster (supplementary Figure S1). After addition,
aliqouts were removed from the reaction mixture in a anaerobic chamber
throughout all operations, reduced with a minimal amount of sodium
dithionite, and frozen in EPR tubes. The EPR spectral area of the [4Fe-
4S]+ cluster is constant for the hour it was monitored.

UV-Visible Spectroscopy. UV-vis spectra were recorded on a
Perkin-Elmer Lambda 2 spectrophotometer using quartz cells of 0.2
and 1.0 cm path length. Peptide concentrations were determined
spectrophotometrically usingε280 ) 5600 M-1 cm-1 for Trp.

EPR Spectroscopy.Electron paramagnetic resonance (EPR) spec-
troscopy was performed using a Bruker ESP300E spectrometer with
the frequency measured by a Hewlett-Packard 5350B frequency counter.
Temperature control was maintained by an Oxford ESR 900 continuous
flow cryostat interfaced with an Oxford ITC4 temperature controller.
Typical EPR parameters: sample temperature, 10 K; microwave
frequency 9.449 GHz; microwave power, 1 mW; modulation frequency,
100 kHz; modulation amplitude, 20.0 G; time constant, 164 ms. Power
saturation determinations at 10 K were done at microwave powers
between 25µW and 200 mW. The temperature dependence of the
[4Fe-4S]+ signals was measured at 1 mW incident power between 4
and 50 K. Unless otherwise noted, protein concentrations were 100
µM. The concentration of unpaired spins per peptide (based on
tryptophan absorbance) was determined from a calibration curve based
on Cu(II)-EDTA. The yields listed in Table 1 represent the average
three or more reconstitutions relative to the FdM control peptide and
successive reconstitutions suggest an error of approximately 10% in
the given values.

Redox Potentiometry. Chemical redox titrations31 were performed
in a cuvette within an inert atmosphere glovebox with platinum working
and calomel reference electrodes. Ambient redox potentials (measured
against the standard hydrogen electrode) were adjusted by addition of
aliquots (<1 µL) of sodium dithionite or potassium ferricyanide.
Titrations were performed in 50 mM HEPES, pH 8.0, 100 mM KCl.
Electrode-solution mediation was facilitated by the following mediators
at 10µM concentration: neutral red, 2-hydroxy-1,4-naphthoquinone,
safranine T, and phenosafranine. After equilibration at each potential,
a 300µL sample was removed and frozen in liquid nitrogen and the
EPR spectrum was recorded. The doubly integrated spectral area was
plotted against potential and the data were fit to the Nernst equation
with n ) 1.0.

Results

Survey of [4Fe-4S] Peptides Designed from Natural
Sequences.A series of maquettes derived from various iron
sulfur protein natural sequences were designed to compare with
our prototype ferredoxin maquette, FdM,17 to determine the
optimal sequence for a small peptide that would competently
bind a cuboidal [4Fe-4S]2+/+ cluster. The FdM maquette has

at its core the typical•CXXCXXC• core motif of bacterial
ferredoxins (Figure 1). The fourth cysteine ligand in natural
ferredoxins is typically located toward the carboxy terminus with
three or more intervening amino acids between it and the core
motif.2,32 In our initial FdM design this cysteine was placed
four positions toward the amino terminus for modular integration
into the ferredoxin-heme protein maquette.17a Two peptides
derived from alternative natural [4Fe-4S]2+/+ binding sequences
were designed to test both the flexibility of the nonconsensus
motif cysteine placement in the primary structure and the
possibility of core motif expansion. The sequence of the first
peptide, FdM-Pa shown in Table 1, is derived directly from
Peptococcus aerogenescontaining the identical•CIACGAC•
core motif as FdM but with the remote cysteine, which ligates
the second [4Fe-4S]2+/+ cluster in the natural ferredoxin,
removed three amino acids toward the carboxy terminus. The
FdM-Pa and FdM peptides were intended to conserve several
of the N-H‚‚‚S hydrogen bonds local to the [4Fe-4S]2+/+ cluster
observed in the X-ray structure ofP. aerogenesferredoxin I
believed to be involved both in favoring the tetranuclear cluster
and modulating its reduction potential.33 The sequence of the
second peptide, FdM-Sp (Table 1), is derived fromSpirulina
plantensisferredoxin and contains an expanded CXXXXCXXC
core motif with the fourth cysteine removed toward the
C-terminus by seven amino acids.34

The prototype FdM and these first two test peptides incor-
porate [4Fe-4S]2+/+ clusters that share nearly identical charac-
teristics of EPRg-values, line shapes and relaxation properties,
equilibrium redox potentials, and solution molecular weights,
thereby facilitating direct comparison of the [4Fe-4S]2+/+

reconstitution yields. The yields were evaluated from their
doubly integrated EPR spectra under standard reconstitution
conditions relative to a FdM control peptide reconstituted at
the same time, as shown in Figure 2 and enumerated in Table
1. They clearly demonstrate that the prototype ferredoxin
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Table 1. Sequences of the Iron-Sulfur Maquettes in This Studya

a The core CIACGAC motif taken fromP. aerogenesis between
the bullets. All of the peptides are C-terminally amidated.
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maquette (FdM) is significantly more effective at binding and
stabilizing the [4Fe-4S]2+/+ cluster over the FdM-Pa (43%
relative yield) and FdM-Sp (13%).

Two additional peptides whose sequences were derived from
natural [2Fe-2S]2+/+ binding proteins, FdM-SoxR and FdM-
Rieske, were synthesized in an initial attempt to construct a
[2Fe-2S]2+/+ maquette with cysteine or histidine ligation. The
FdM-SoxR peptide, Table 1, was derived directly from theE.
coli SoxR protein,35,36 which contains a truncated CXC core
motif. The primary structure for the 26 amino acid FdM-Rieske
was derived from the Rieske iron-sulfur protein ofRhodobacter
capsulatus37 and contains both a CXH and CXXH motif
separated by 17 amino acids (Table 1). Alanines at positions 6
and 23 replaced the cysteine residues involved in a disulfide
bridge in the native protein. Figure 2 demonstrates thatin situ
assembly of iron-sulfur clusters in FdM-SoxR and FdM-Rieske
using the standard protocol followed by reduction resulted in
cluster EPR signatures similar to that of FdM but again in lower
yields, in these cases indicating that these peptides had
incorporated a tetranuclear rather than a binuclear cluster. Gel
permeation chromatography indicated that the [4Fe-4S]2+ cluster
in FdM-Rieske was assembled by recruiting two peptides to
satisfy its liganding requirements.

Evaluation of Factors Influencing [4Fe-4S] Yields. All the
FdM maquette variants examined had widely different relative

yields of reconstitution. The uniformity of EPR spectral
characteristics throughout the series of ferredoxin maquettes,
especially the relaxation properties of the clusters, allows for
the direct comparison of these yields. This straightforward
measurement of the [spins]:[peptide] ratio allowed evaluation
of the yields of the FdM variants. FdM itself demonstrated a
1:1 ratio of [4Fe-4S] spins to peptide. The listed yields (Table
1) represent the average of three or more reconstitutions relative
to the FdM control peptide. Independent reconstitutions suggest
an uncertainty of approximately 10% in the given values.
However, at the present time we do not fully understand the
thermodynamic and/or kinetic basis for the observed variations
in yield. The observed yields are insensitive to 10-fold changes
in peptide concentration, suggesting that they are not solely due
to a dissociation constant, a thermodynamic parameter. Ad-
ditionally, the yields are not effected by the order of addition
of ferric chloride and sodium sulfide to the reaction. Further-
more, the observed [4Fe-4S] cluster titration of FdM (see
Supporting Information) and its variants demonstrate the
complexity in the evaluation of the yields. The yield for FdM
reaches 100%, but begins to drop at [4Fe-4S]:[peptide] ratios
>2.0 due to peptide precipitation with similar behavior observed
for the variants. The kinetically facile (minutes time scale)
incorporation of the [4Fe-4S]2+/+ cluster into FdM and its
variants appears to rule out slow cluster formation as a source
of low yield, further complicating our understanding of these
yields. The variety of factors which may contribute to the
observed yields will be discussed later; for now we can conclude
that the observed changes are a direct result of alterations in
the primary structure and that these values offer a practical way
to assess the relative competency for [4Fe-4S] incorporation.

FdM Ligand Removal Variants: Cysteine to Alanine or
Leucine. The effect of replacing a cysteine in FdM designed
to ligate the cluster with nonligating residues was evaluated at
each of the four cysteine positions. The sequential series of
single alanine variants, FdM-1A, FdM-2A, FdM-3A, and FdM-
4A (Table 1), was augmented with double CysfAla variants,
FdM-1,4A and FdM-2,3A, and a single CysfLeu variant, FdM-
3L. Cluster incorporation into these peptides yielded indistin-
guishable EPR spectral characteristics and equilibrium redox
potentials. These iron sulfur peptides differed from one another
in terms of their relative yields of reconstitution (Table 1) and
peptide:cluster stoichiometry. Replacement of any one of the
first three cysteines with alanines (FdM-1A, FdM-2A, and FdM-
3A) lowered the observed reconstitution yield to 52-56%
relative to FdM. A more significant loss of yield, down to 10%
of the original FdM, was observed for the FdM-4A peptide,
suggesting this cysteine may play a more crucial role in [4Fe-
4S] assembly than the other three. The relative [4Fe-4S]
incorporation yield of the reconstituted FdM-3L peptide (52%)
was identical to that of the related FdM-3A peptide, hence, steric
bulk at this peptide position appeared to have little to no
influence on the incorporation of the iron sulfur cluster. With
only three cysteine ligands available in these ferredoxin
maquettes with a 1:1 peptide:cluster binding stoichiometry
determined by gel permeation chromatography, we assume that
the fourth ligand is occupied by an exogenous solvent (â-ME,
water, or hydroxide ion). One of the peptides containing two
cysteine and two alanine residues, FdM-2,3A, retained partial
competence for [4Fe-4S]2+/+ cluster incorporation (29% relative
to FdM), the other, FdM-1,4A, resulted in less than 5%
incorporation, further implicating the relative importance of the
fourth cysteine in these FdM variants. Gel permeation chro-
matography demonstrated a 2:1 peptide:cluster stoichiometry
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Figure 2. Electron paramagnetic resonance (EPR) characterization of
the natural sequence ferredoxin maquettes and ligand variants of FdM.
Frozen solution X-band EPR spectra of dithionite reduced FdM, FdM-
Fd, FdM-Sp, FdM-SoxR, and FdM-Rieske as well as FdM-3A, FdM-
3L, and FdM-1H. EPR spectral acquisition parameters are given in the
text. Peptide sequences are given in Table 1.
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for FdM-2,3A, indicating the cluster assembled two peptides
to satisfy its four ligand coordination sphere requirements.

FdM Ligand Substitution Variants: Cysteine to Aspartate
or Histidine. We evaluated whether an oxygen or nitrogen
donor could serves as a ligand for the incorporated [4Fe-4S]2+/+

cluster of FdM by independent replacement of the four ligating
cysteines with aspartic acid or histidine. All the aspartic acid
or histidine ligand variant peptides bound a single [4Fe-4S]2+/+

cluster that had EPR spectral (Figure 2) and redox properties
(Figure 3) virtually identical to those of the FdM peptide.
Efforts to observe aS) 3/2 EPR spectral signature, which has
been observed for some mutant [4Fe-4S]2+/+ proteins with
aspartate ligation,38 using various conditions of sample tem-
perature, microwave power, and peptide concentration, resulted
only in observation of theS ) 1/2 EPR signal typical of the
FdM variants studied. The lack of spectral changes (g-values,
line widths, relaxation properties) and modulation of the redox
potential may suggest that these aspartate and histidine residues
most likely do not ligate the iron-sulfur clusters; however, there
is insufficient evidence in the literature to quantitatively
determine the effects of altered cluster ligation on the EPR
spectrum or reduction potential. However, the lower reconstitu-
tion yields viewed in concert with the EPR spectra and redox
potentials indicate that these aspartate and histidine residues
most likely do not ligate the iron-sulfur clusters.

Discussion

A modular ferredoxin maquette has been utilized to probe
the ligand requirements for assembly of a [4Fe-4S]2+/+ cluster

under biochemical reconstitution conditions after validation by
comparison to other natural sequence ferredoxin maquettes based
on [4Fe-4S] and [2Fe-2S] proteins. The systematic replacement
of cysteine residues shows that the four cysteine positions are
not equivalent in their contribution to cluster yield. In contrast,
the nature of the cysteine replacement amino acid (Ala, Leu,
Asp, or His) was relatively unimportant in terms of the EPR
spectral characteristics and quantity of [4Fe-4S]2+/+ cluster in
the final product. This study confirms the suitability of
ferredoxin maquette, FdM, as a protein design module for the
construction of multicofactor redox proteins containing low-
potential [4Fe-4S] clusters.

FdM fully incorporates a single [4Fe-4S]2+/+ cluster per
peptide with redox and spectral characteristics similar to those
of the natural [4Fe-4S]2+/+ protein, P. aerogenesFd.39,40 A
lower yield of cluster incorporation is observed for both FdM-
Pa, the other ferredoxin maquette based onP. aerogenes
ferredoxin (same core consensus sequence with a C-terminal
remote cysteine), and FdM-Sp (with an expanded core motif).
The loss of yield in FdM-Pa is somewhat expected since the
C-terminal cysteine in this peptide is not positioned to ligate
the same cluster as the other three cysteines in the natural
protein. The lower yield of FdM-Sp shows that expansion of
the spacing between the core motif cysteine ligands is detri-
mental to the incorporation of the cluster. Although excising
FdM-Pa and FdM-Sp from their native environments may
contribute to loss of cluster incorporation, one clear result from
FdM is that the secondary and tertiary structure components
are not mandatory for the [4Fe-4S] cluster assembly or stability.

Protein structure components may aid in differentiating the
nuclearity of the incorporated cluster as illustrated by the
incorporation of a [4Fe-4S]2+/+ cluster into the two maquettes
derived from natural [2Fe-2S]2+/+ proteins. Clearly, the forces
which assemble the [4Fe-4S] cluster can have an overriding
effect on these minimal polypeptide ligands just as they do in
model complexes where cluster conversion of two [2Fe-2S]2+

clusters into a single [4Fe-4S]+ center is observed upon
reduction in organic solvents.41 Consistent with the thermo-
dynamic stability of the [4Fe-4S] cofactor, ligand deletion
mutants of natural [4Fe-4S] proteins often satisfy their metal
coordination sphere requirements by recruiting novel amino acid
ligands (i.e. ligand swapping).42-43 In the case of FdM-Rieske,
the assembly of a tetranuclear cluster indicates that the structural
disulfide bond juxtaposed to the natural Rieske iron sulfur
center44-46 may help drive the selective formation of the
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Biochemistry1992, 31, 8251.
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W. H. Biochemistry1997, 15, 2633.

(40) Bertini, I.; Ciurli, S.; Luchinat, C.Struct. Bonding1995, 30, 1.
(41) (a) Hagen, K. S.; Reynolds, J. G.; Holm, R. H.J. Am. Chem. Soc.

1981, 103, 4054. (b) Hagen, K. S.; Watson, A. D.; Holm, R. H.J. Am.
Chem. Soc.1983, 105, 3905.

(42) Shen, B.; Jollie, D. R.; Diller, T. C.; Stout, C. D.; Stephens, P. J.;
Burgess, B. K.Proc. Natl. Acad. Sci. U.S.A.1995, 92, 10064-10068.
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21571.
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Xia, D.; Yu, C.-A.; Xia, J.-Z.; Kachurin, A. M.; Zhang, L.; Yu, L.;
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Figure 3. Redox titration curve of FdM-1H monitored by EPR
spectroscopy. (A) EPR spectra of FdM-1H poised at various redox
potentials. (B) Nernst equation (n ) 1 fixed) fit to the experimental
data points determined by doubly integrated area of the EPR spectra
at each potential relative to a baseline spectrum taken at high potential
(≈-200 mV).
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binuclear cluster. This restriction of the protein flexibility may
be important in acting as a template for the formation of a [2Fe-
2S]2+/+ cluster. The FdM-Rieske peptide maquette is not
constrained in this way, which may lead to the incorporation
of the tetranuclear cluster using thiolate ligation from a pair of
peptides, a [4Fe-4S] binding motif found only in the dimeric
Fe-protein ofAzotobacterVinelandii nitrogenase47 and the Fx
cluster of Photosystem I.48 Thus, our present reconstitution
protocol may yield a preference for the tetranuclear cluster by
involving a series of ligand exchange reactions on the [4Fe-
4S-(â-ME)4] formed in situ. In systems with well-defined
secondary and tertiary structures, the global stability of the
protein may provide selectivity for the type of cluster incorpo-
rated by rigidly fixing the ligand geometries, whereas in these
maquettes it is the cluster stability that provides a structural
template around which the peptides fold.

The bound [4Fe-4S]2+/+ clusters in modified FdM peptides
possess identical EPR characteristics and redox properties and
differed only in their relative efficiencies compared to FdM in
binding the cluster, suggesting these properties may be the
fundamental to the low-potential [4Fe-4S]2+/+ cluster in the
absence of distortion by the protein. In concert with this
assertion, similar EPR and redox properties are also observed
for the designedR4-FeS protein, which incorporates a single
[4Fe-4S]2+/+ cluster between two loop regions borrowed from
Photosystem I which shares no sequence homology to FdM.49

Additionally, the UV-vis and EPR spectral properties of FdM
are reminiscent of coordination complex model compounds in
isotropic organic solvents.50-51 It should be noted, however,
that the spectral properties and reduction potentials of the low-
potential clusters in FdM andR4-FeS are markedly different
from the HiPIP cluster designed into the hydrophobic core of
thioredoxin, Trx-FeS, via structure based redesign.52

The uniformity of the EPR spectral properties of our FdM
variants allows us to use the yields relative to a FdM control to
compare the FdM variants despite our incomplete understanding
of the thermodynamic and/or kinetic basis for the observed
variations. Since the [4Fe-4S-(â-ME)4] formed in the recon-
stitution protocol is only stable in aqueous buffers for a limited
time,52 we favor a simple ligand displacement mechanism by
which the proteins ligate the [4Fe-4S] cluster to form the various
ferredoxin maquettes. During this transition the peptides are
vunerable to misfolding and precipitation. However, once
formed, the ferredoxin maquettes stabilize the [4Fe-4S] clusters
preventing hydrolysis. Thein situ formation of a tetranuclear
cluster together with its high thermodynamic stability relative
to binuclear and trinuclear clusters explains the observations
that ferredoxin maquettes derived from [2Fe-2S] proteins
incorporate [4Fe-4S] clusters, maquettes with only two cysteine
ligands dimerize around a single [4Fe-4S] cluster, and ferredoxin
maquettes which contain only three cysteine ligands form the
[4Fe-4S] cluster with an exogenous ligand (undisplacedâ-ME
or water/hydroxide) rather than the [3Fe-4S] cluster. Thus,
factors such as ligand displacement kinetics, cysteine thiolate
basicity, protein solubility, ferredoxin maquette stability, and
solvent may govern the observed yields.

The FdM variants demonstrate that only three cysteines are
required for [4Fe-4S] incorporation into a single peptide (with
two cysteines yielding peptide dimerization) and reveal the
differential roles each cysteine position plays in cluster incor-
poration. Replacement of the fourth cysteine, derived from the
core•CIACGAC• motif, with any of the chosen amino acids is
highly detrimental to yield compared to the other cysteine
positions, illustrating its greater importance in cluster incorpora-
tion, whereas the similarity of the reduction in the yield of [4Fe-
4S]2+/+ cluster bound to FdM-1A, FdM-2A, and FdM-3A
demonstrates a similar importance of each of this cysteine trio
in cluster assembly.

The replacement of the ligating cysteines with aspartic acid
and histidine residues, potentially competent for cluster ligation,
illustrates that [4Fe-4S]2+/+ proteins with mixed ligation are not
readily constructed using this minimal ferredoxin maquette
scaffold. The EPR spectral parameters and reduction potentials
of these FdM variants were identical to the single cysteine to
alanine variant of FdM and their lower cluster incorporation
yields were similar, suggesting that the oxygen and nitrogen
donor ligands were not binding the cluster. Thus, the mere loss
of a cysteine ligand was more important to the yield than the
exact identity of the amino acid chosen to replace the cysteine
in FdM. While aspartate has been introduced to successfully
ligate a [4Fe-4S]2+/+ cluster in a site-directed mutant of Fx in
Photosystem I,38 the spectral changes observed in the Fx mutant
(EPR line shape of the cluster,P1/2 value) were not observable
in the FdM variants with aspartate, suggesting that there is
insufficient protein matrix available to impose less thermody-
namically favorable ligand binding to the cluster, thereby
modulating its spectroelectrochemical properties. Consistent
with this assertion is the observation that ligand deletion mutants
of natural ferredoxins sometimes lose iron to form [3Fe-4S]
clusters,53 recruit nearby cysteines as replacement ligands via
ligand swapping,42,43 or fail to assemble.54

The apparent lack of response of the FdM equilibrium redox
potential to the ligand environment (four cysteine or three
cysteine and an exogenous ligand) indicates that the high degree
of solvent exposure of the [4Fe-4S]2+/+ cluster in FdM may
limit these local effects on the cluster potential. The high local
dielectric may have leveled any charge or dipole effects imposed
on the cluster consistent with the observation that surface protein
charges do not modulate the reduction potentials.55 The
Coulombic interaction between the cluster and the surrounding
protein (νQµ) has been hypothesized to be a strong controlling
factor in iron-sulfur cluster potential determination as impli-
cated by quantitative modeling of iron sulfur protein redox
potentials using the Protein Dipoles Langevin Dipoles (PDLD)
model.56-57 These Coulombic effects are likely to be screened
in solvent exposed clusters (dominance of∆ν by theνL andνB

terms) such as these 16 amino acid ferredoxin maquettes and
R4-FeS.49 In contrast to these low-potential designed proteins,
the initial designed HiPIP (Em7.4 > +300 mV) resides suf-
ficiently deep within the redesigned hydrophobic core of
thioredoxin and might be more responsive to such Coulombic
effects although other effects might be dominant.
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The prototype ferredoxin maquette, FdM, successfully mimics
the spectroscopic and electrochemical characteristics of a native
ferredoxin and provides a robust template upon which to study
the ligand requirements for efficient [4Fe-4S]2+/+ assembly in
a synthetic peptide using biochemical reconstitution conditions.
It is clear from these and previous results17a that each of the
cysteines are important to cluster incorporation and that the
cluster dominates these unstructured 16 amino acid peptides
providing the standard spectroscopic and electrochemical prop-
erties observed for these ferredoxin maquettes. The consistent
cluster nuclearity, EPR spectral characteristics, and redox
properties of the bound [4Fe-4S]2+/+ clusters clearly illustrate
the inherent robustness of the cofactor in these minimal
maquettes. Distortions in coordination geometry and/or asym-
metric ligation which may be necessary for the modulation of
the cluster properties in maquettes are clearly absent when
employing minimal peptides without conformational constraints
binding to a metal center of considerable thermodynamic
stability. Additionally, molecular modeling of metal binding
sites toward ideal coordination geometries using rational protein
design or computer-aided structure-based redesign of larger
protein systems might de facto result in metalloproteins with

properties indistinguishable from these maquettes or, in fact,
small molecule bioinorganic coordination complexes in isotropic
solution.
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