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ABSTRACT A 16-amino acid residue peptide derived
from a consensus motif of natural ferredoxins incorporates a
tetranuclear iron sulfur cluster under physiological condi-
tions. Successful assembly of the [4Fe—4S]2*/1* cluster within
a monomeric peptide was demonstrated using size exclusion
chromatography, UV-visible, visible CD, and cryogenic EPR
spectroscopies. The robustness of [4Fe-4S]2*/1* formation
was tested using peptides with either the ligating cysteine
exchanged for alanine or with the intervening amino acids
replaced by glycine. The small size of the peptide allows for
modular incorporation into more complex protein structures.
In one larger structure, we describe a tetra-a-helix bundle
that self-assembles both iron—sulfur clusters and hemes,
thereby demonstrating feasibility for the general synthesis of
maquettes containing multiple, juxtaposed redox cofactors.
This is a motif common to the catalytic sites of native
oxidoreductases.

The immense complexity inherent in enzyme structure pre-
sents a daunting challenge to understanding how proteins fold
and assemble cofactors to establish catalytic fitness. The
problem of protein folding and secondary structure design has
recently been approached with the stratagem of synthesizing
scaled-down polypeptides (1-7). Relatively simple design rules
have been established for the construction of tetra-a-helix
bundles using either a minimalist design approach (3) or a
binary patterning strategy (8). We are using designed tetra-
a-helix bundles to address the intricacies of protein—cofactor
interactions in polypeptides that incorporate biochemical co-
factors (9-12). It is our goal to establish the rules for cofactor
incorporation and function in these simplified systems to
produce minimal, functional, synthetic proteins—i.e., molec-
ular maquettes (9).

We designed and synthesized a tetra-helix bundle, HI0H24
(Fig. 1B), that incorporates one to four hemes via bis-His
ligation (9). This simplified heme—protein maquette provides,
under physiological conditions, for the study of heme—protein
interactions, the basis for the variety of function in natural
heme proteins. The spectroelectrochemical properties of the
hemes in H10H24 are characteristic of those found in b-type
cytochromes, as designed, including redox cooperativity due to
heme—heme interactions.

As widespread and biochemically diverse as the heme
proteins, the ferredoxins and related iron sulfur proteins differ
from heme proteins in that they display a multitude of cluster
nuclearities and coordination geometries (14). The challenge
evident in the synthesis of ferredoxin maquettes is to design a
peptide that not only self-assembles iron and sulfur ions but
also guides the formation of a single cluster architecture. The
interaction of iron—sulfur clusters with thiolate ligands in
organic solvents has been studied extensively, and, in fact,
preassembled clusters have been incorporated into cysteine-
containing peptides in dimethyl sulfoxide/water (80:20) (15).
However, maquettes offer a tractable system in which to study
the assembly of these biological cofactors in aqueous media to
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determine their delicate interplay with the surrounding het-
erogeneous chiral protein matrix, a major principle in the
acquisition of biological specificity and activity. Additionally,
the development of modular protein domains that can be
spliced together to form multicofactor peptides offers a sys-
tematic approach to the design of more elaborate self-
assembling biological structures.

Herein, we describe the design and synthesis of maquettes
for ferredoxins containing multinuclear [4Fe—4S] clusters.
Using a surprisingly short hexadecapeptide (16) [the creation
of which was based on insight gained from inspection of natural
proteins (17-22) and inorganic model complexes (23-29)], we
have examined the incorporation of a tetra-nuclear iron-sulfur
cluster into synthetic peptides under physiological conditions.
By substituting the cysteine ligands with noncoordinating
alanine residues and exchanging all of the intervening amino
acids for glycine, while holding the cysteines in their consensus
positions, we have investigated the contributions of each
alteration to the assembly of the cluster.

Furthermore, strategies are presented to assemble both
[4Fe—4S] and hemes in a tetra-a-helix bundle that demonstrate
feasibility for the general synthesis of maquettes containing
multiple, juxtaposed, redox cofactors such as hemes, iron-
sulfur clusters, flavins, amino acid radicals, and quinones.
These motifs are common to the catalytic sites of complex
native oxidoreductases—e.g., the active site [4Fe—4S] cluster
and siroheme of sulfite reductase (30).

MATERIALS AND METHODS

Chemicals and Solvents. Iron (III) chloride, sodium sulfide,
2-mercaptoethanol, and trifluoroacetic acid were obtained
from Aldrich. Ethanedithiol was purchased from Fluka. Flu-
orenylmethoxycarbonyl-protected amino acid pentafluoro-
phenyl esters were purchased from PerSeptive Diagnostics
(Cambridge, MA) except for fluorenylmethoxycarbonyl-L-
Arg(2,2,5,7,8-pentamethyl chromian-6-sulphonyl)—pentaflu-
orophenyl ester, which was obtained from Bachem. All other
chemicals and solvents were reagent grade.

Peptide Synthesis. The peptides were synthesized on a
continuous flow MilliGen model 9050 solid phase synthesizer
using standard fluorenylmethoxycarbonyl/But protection
strategy. The side chain protecting groups used were as
follows: histidine (tert-butoxycarbonyl); lysine (tert-
butoxycarbonyl); glutamic acid (OBu'); cysteine (trityl); argi-
nine (Pmc). The N terminus of the HLH-FdM was acetylated
[1:1 (vol/vol) acetic anhydride/pyridine for 30 min]. The
peptides were cleaved from the resins and simultaneously
deprotected using 90:8:2 trifluoroacetic acid/ethanedithiol/
water for 2 h. Crude peptides were precipitated and triturated
with cold ether, dissolved in water (0.1% trifluoroacetic acid),
lyophilized, and purified to homogeneity by reversed phase C;g
HPLC using aqueous—acetonitrile gradients containing 0.1%
(vol/vol) trifluoroacetic acid. The peptides were homogeneous

Abbreviations: HLH-FdM, helix-loop-helix ferredoxin—heme ma-
quette; UV-vis, UV-visible.
*To whom reprint requests should be addressed.
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Fi6. 1. Modular design of the ferredoxin maquette. (4) MOLSCRIPT (13) model of the monomeric hexadecapeptide with bound [4Fe—4S]. (B)
Molecular model of the prototype heme-protein maquette HI0H24. (C) Computer representation of the modular design helix-loop-helix
ferredoxin-heme maquette (HLH-FdM) with a [4Fe—4S] cluster and a pair of bound hemes. (D) Primary sequence alignment illustrating the
modular peptide design approach. Given are the sequences for Peptococcus aerogenes Fd (from which the [4Fe—4S]-binding domain was extracted),
the natural sequence ferredoxin maquette FdM, versions of the ferredoxin maquette with one, two, and three cysteines to alanine modifications,
the glycine-modified ferredoxin maquette, and the HLH-FdM. All synthetic peptides were C-terminally amidated, and the HLH-FdM was

N-terminally acetylated.

and of the correct composition as assayed by analytical HPLC
and laser desorption mass spectrometry.

Solution Molecular Mass Determination. Gel permeation
chromatography was performed anaerobically in a Plas-Labs
(Lansing, MI) glove box 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
KP;/100 mM 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
(1.4 kDa), and the homodimer of FAM-1,2,3A (2.8 kDa).

[4Fe-4S]?*/1* Incorporation. The [4Fe—4S] cluster was
incorporated into apopeptide using modified literature meth-
odologies (31-32). Under strictly anaerobic conditions, a so-
lution of 2% (vol/vol) 2-mercaptoethanol in 50 mM Hepes
buffer (pH 8) containing 20 uM peptide was equilibrated for
2 h to reduce any adventitious disulfides. A 50-mM solution of
FeCl; was slowly added to a final concentration of 120 uM
before addition of a 50-mM solution of Na,S to a total
concentration of 120 uM. The order of addition of ferric
chloride and sodium sulfide was inconsequential to the yield of
the reaction.

UV-Visible (UV-Vis) Spectroscopy. UV-vis spectra were
recorded on a Perkin—-Elmer Lambda 2 spectrophotometer
using quartz cells of 0.2- and 1.0-cm path lengths. Peptide
concentrations were between 3 and 5 uM as determined
spectrophotometrically using 230 = 5600 M~ Lcm~! for Trp.

CD Spectropolarimetry. CD spectra were recorded on an
Aviv Associates (Lakewood, NJ) model 62DS spectropolarim-
eter using rectangular quartz cells of 0.2- and 1.0-cm path
lengths. Thermal control was maintained by a thermoelectric

module with a Neslab Instruments (Portsmouth, NH) CFT-33
refrigerated recirculating water bath as a heat sink. Peptide
concentrations for UV-CD experiments were between 5 and
10 uM as determined spectrophotometrically using e,g0 = 5600
M~Lem™! for Trp. The hexadecapeptide was a random coil,
and the FdM was helical (60%) as determined using CD
spectrometry.

EPR Spectroscopy. EPR spectroscopy was performed using
a Bruker (Billerica, MA) model ESP300E spectrometer. Tem-
perature control was maintained by an Oxford ESR model 900
continuous flow cryostat interfaced with an Oxford model
ITC4 temperature controller. Frequency was measured by a
Hewlett—Packard model 5350B frequency counter. Typical
EPR parameters included: sample temperature, 10K; micro-
wave frequency, 9.449 GHz; microwave power, 1 mW; mod-
ulation frequency, 100 kHz; modulation amplitude, 20.0 G;
and time constant, 164 ms. Unless otherwise noted, protein
concentrations were 20 uM.

Redox Potentiometry. Chemical redox titrations were per-
formed in a cuvette within an inert atmosphere glove box with
platinum working and calomel reference electrodes (33). Am-
bient redox potentials (measured against the standard hydro-
gen electrode) were adjusted by addition of aliquots (<1 ul)
of sodium dithionite or potassium ferricyanide. Titrations were
performed in 50 mM Hepes (pH 8.0) and 100 mM KCIL.
Electrode-solution mediation was facilitated by the following
mediators at a 10-uM concentration: neutral red, 2-hydroxy-
1,4-naphthoquinone, safranine T, and phenosafranine. After
equilibration at each potential, a 300-ul sample was removed
and frozen in liquid nitrogen, and the EPR spectrum was
recorded. Each spectrum is presented as the difference be-
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tween an oxidized reference spectrum (—200 mV) and the
reduced spectrum. The doubly integrated spectral area was
plotted against potential, and the data were fit to the Nernst
equation with n = 1.0 (fixed), as shown in the Inset to Fig. 5C
for HLH-FdM.

RESULTS

Design of FAM. Insight into the design of ferredoxin ma-
quettes was gained from structures and consensus motifs of
natural proteins and from model compounds drawn from
coordination chemistry (17-29). P. aerogenes ferredoxin (17)
offered two crystallographically characterized [4Fe—4S]>*-1+
binding domains, and a set of closely related variants in other
species provided the primary consensus sequence -Cys-(Xaa),-
Cys-(Xaa),-Cys-(Xaa)10-s50-Cys. We used the natural sequence
provided by P. aerogenes, -Cys-lle-Ala-Cys-Gly-Ala-Cys-, for
three of the cysteines, as shown in Fig. 1D. The N-terminal
sequence that includes the fourth cysteine was designed for
future accommodation into a HLH-FdM. In contrast, this
fourth cysteine in natural ferredoxins is normally located
toward the C terminus and is followed by a proline (14). A
C-terminal tryptophan placed at the end of a glycine linker
served as a spectroscopic tag. The resulting sequence for the
FdM was NH,-KLCEGGCIACGACGGW-CONH..

Design of HLH-FdM. As indicated above, the natural
sequence FAM was designed to lend itself to integration into
larger structures as a basis for the construction of more
sophisticated multicofactor maquettes. Using helices consis-
tent with the prototype heme—peptide maquette HI0H24, a
tetra-helix bundle that binds one to four hemes (9), we
designed a [4Fe—4S]-heme maquette, HLH-FdM. The pep-
tide HLH-FdM, Ac-L KKLREEH LKLLEEF KKLLEEH
LKLCE GGCIACGACGGGG ELWKL HEELLKK
FEELLKL HEERLKK L-CONHjy, is designed to contain two
helical regions of ~27 amino acids, each joined by the FAM
sequence that serves to terminate the « helices and to ligate a
[4Fe—4S] cluster in a rudimentary turn. The helices are
comprised of minor variations of four coiled-coil heptad
repeats of [Leu,-Gluy-Gluc-Leug-(Leu).-Lysg-(Lys/Leu)g |4
(3). By analogy to H10H24, His were placed in four heptad a
positions (positions 8, 22, 46, and 60) in HLH-FdM for the
purposes of binding hemes. Phenylalanine residues were
placed at the center of each helical region (a positions 15 and
53) to separate the two heme-binding sites, and a pair of Arg
were placed at d positions 5 and 63 to modulate the redox
potential of the heme in the H8,H60-binding site. Additionally,
a single tryptophan was located at the end of the C-terminal
helix, position 43, as a convenient spectroscopic marker. The
N-terminal Cys—Cys linkage of the earlier H10H24 design,
expected to interfere with [4Fe—4S] incorporation, was re-
placed by the ferredoxin—-maquette sequence, resulting in the
67-amino acid HLH monomer HLH-FdM. Thus, the resulting
HLH-FdM peptide contains a hydrophobic core analogous to
that of HI0H24 with a [4Fe—4S]-binding domain between the
helices.

UV-Vis Spectroscopy. In aqueous buffer, the UV-vis spectra of
the oxidized FdAM and HLH-FdM have broad maxima at 385 and
392 nm, respectively, as shown in Fig. 24. These spectra are
similar to those observed for P. aerogenes ferredoxin (34) and are
consistent with incorporation of a [4Fe—4S] cluster. Reduction
with dithionite yielded virtually featureless visible spectra, shown
in Fig. 2A, for both FdAM and HLH-FdM.

CD Studies. In aqueous buffer, the natural sequence ferre-
doxin—-maquette FdAM has a UV-CD spectrum typical of a
random coil peptide with no discernible secondary structure.
In contrast, the HLH-FdM possesses a CD spectrum charac-
teristic of highly a-helical peptides, with minima at 208 and 222
nm clearly demonstrating that addition of the ferredoxin loop
results in no significant alteration in the secondary structure of
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FiG. 2. UV-vis and visible CD characterization of the [4Fe—4S]
ferredoxin maquettes FAM and HLH-FdM. (4) UV-vis spectra of
oxidized (upper traces) and dithionite-reduced (lower traces) [4Fe—
4S] ferredoxin maquette (broken line) and HLH [4Fe—4S] ferredoxin
maquette (solid line). Oxidized and reduced spectra were obtained
from samples with equivalent peptide concentrations. The rising
absorbance below 400 nm is due to dithionite. (B) Visible CD
spectrum of the oxidized FdAM (broken line) and HLH-FdM (solid
line). All spectra contained 33 uM peptide in an anaerobic cuvette of
1.0-cm path length (10 mM KP; and 100 mM KCI, pH 8.0).

the helices. In degassed aqueous buffer (10 mM KP;/100 mM
KCl, pH 8.0), the ®2,/0@0g ratio is =1.0, which is diagnostic
of coiled coil structure (35, 36). After incorporation of the
[4Fe—4S] cluster, the visible CD spectrum of each peptide was
taken to aid in evaluation of the nuclearity of the incorporated
cluster. As shown in Fig. 2B, both FAM and HLH-FdM display
visible CD spectra with negative Cotton effects at 410 and 405
nm, respectively, illustrating that the cluster resides in a chiral
environment. The lack of a positive Cotton effect in this
spectral region is consistent with a [4Fe—4S] cluster and is
quite distinct from the Cotton effect of the vis-CD spectra
typically observed for [2Fe-2S] clusters (37).

Gel Permeation Chromatography. The aggregation state of
FdM and HLH-FdM were evaluated using gel permeation
chromatography. The ferredoxin—-maquette FdM eluted as a
singular species with an apparent molecular mass of 1.6 kDa,
as shown in Fig. 3, trace A. Size exclusion chromatography
demonstrated that the reconstituted peptide was monomeric
and provided an optical spectrum consistent with [4Fe—4S]
incorporation. The peptide containing two cysteines, FdM-
2,3A, eluted as two components (Fig. 3, trace B) with apparent
molecular masses consistent with a monomer (1.8 kDa) and a
dimer (3.5 kDa), indicating formation of a [4Fe-4S] cluster
from two peptides in low yield. The HLH-FdM eluted with an
apparent molecular mass of 19.6 kDa based on a column
standardized with globular proteins. This peptide coeluted
with HI0H24, a known tetra-helix bundle (9), indicating that
the related proteins have similar hydrodynamic radii.

EPR of FdM. Direct evidence for the successful assembly of
a [4Fe—4S]>*/1* cluster within monomeric peptide, FAM, was
obtained by cryogenic EPR spectroscopy (Fig. 4, trace A). As
isolated, the material displays a weak g = 2 EPR signal that is
sometimes observed in bacterial ferredoxin preparations and
is perhaps indicative of a minor component of an oxidized
[3Fe—4S]'* cluster. Reduction of the sample with sodium
dithionite yielded a rhombic EPR spectrum (Fig. 4, trace A)
with resonances at g = 2.05, 1.93, and 1.89, signifying a
paramagnetic (S = 1/2) [4Fe-4S]'* cluster (29). EPR signals
characteristic of a § = 3/2 [4Fe-4S]'™ cluster were not
observed under various conditions of peptide concentration,
microwave power, and temperature. Detailed examination of
the (S = 1/2) [4Fe-4S]'* cluster signal revealed a microwave
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F1G.3. Size exclusion characterization of the ferredoxin—-maquette
aggregation state. The chromatograms of FdM (trace A) and FdM-
2,3A (trace B) illustrate the incorporation of [4Fe—4S] into monomeric
peptide for FAM and dimeric FAM-2,3A.

power half-saturation of 20 mW at 10 K, a value typical of those
observed for the exchange-coupled multinuclear clusters in
natural [4Fe—4S] ferredoxins. Variable temperature studies at
1-mW microwave power provided the signal heights shown in
the Inset to Fig. 54, demonstrating saturation of the signal
below 11 K. Spin quantitation of the reduced state indicated
>60% [4Fe-4S] incorporation into the peptide. Additionally,
EPR spectroscopy under various oxidation-reduction condi-
tions provided no evidence for incorporation of mononuclear,
binuclear [2Fe-2S], or high potential iron protein-type [4Fe—
4S3*2* clusters and only a minor amount of the trinuclear
[3Fe—4S] cluster. Therefore, these data indicate high specific-
ity for the [4Fe-4S]?*/1* cluster. Clearly, the free energy of
formation of the tetra-nuclear cluster from iron and sulfur ions
is sufficient to drive the assembly assisted by a single, surpris-
ingly short peptide. Thus, assembly and establishment of
spectral and electrochemical properties of the [4Fe—4S] ferre-
doxin in an aqueous environment requires, to a first approx-
imation, 16 residues or less.

EPR of FAM Variants. Some contributions from the cys-
teines and the intervening amino acids to the assembly of this
ferredoxin maquette were obtained from simple comparisons
of the relative yield of the [4Fe—4S] assembly in FdM variants
(Fig. 1D). Replacement of a single cysteine with an alanine
(FdM-1A in Figs. 1 D and 4, trace B) results in cluster
formation at only slightly lower yield. Hydroxide ion or
2-mercaptoethanol, both present in the reaction media, are
possible exogenous ligands for this cluster. Exchange of two
cysteines ligands for alanine to force assembly from two
separate hexadecapeptides lowers the relative yield to 35%
(FdM-2,3A in Figs. 1D and 4, trace C), roughly the amount of
dimer peptide observed in the size exclusion experiment.
Removal of three of the cysteines to force assembly from three
or four peptides results in almost total loss of yield (Fig. 4, trace
D) as does the use of L-cysteine alone (Fig. 4, trace E).
Likewise, exchanging all of the amino acids for glycine while
holding the cysteines in their consensus positions leads to a less
than 10% yield (FdAM-PolyGly in Figs. 1D and 4, trace F),
underscoring the importance of the intervening amino acids on
cluster assembly.

EPR of HLH-FdM. Fig. 5B shows that the ferredoxin maquette
FdM can be constrained to the tetra-a-helix bundle and still
assemble the [4Fe—4S] cluster without change in EPR spectral
characteristics. The EPR spectral properties (line shape and
position) of the [4Fe—4S]'* bound to HLH-FdM, shown in Fig.
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FiG. 4. EPR characterization of the ferredoxin maquettes. (Trace
A) EPR spectrum of the oxidized and reduced ferredoxin maquette at
10 K. (Trace B) EPR spectrum-modified ferredoxin maquette with one
cysteine substituted for an alanine (FdM-1A) after [4Fe-4S] incor-
poration and dithionite reduction. (Trace C) EPR spectrum of the
dithionite-reduced [4Fe—4S] ferredoxin maquette (FdM-2,3A) with
two cysteine residues replaced by alanine at 10 K. (Trace D) EPR
spectrum at 10-fold amplification of the modified ferredoxin maquette
with three cysteines substituted for alanine (FdAM-1,2,3A) after [4Fe—
4S] incorporation and dithionite reduction. (Trace E) EPR spectrum
of L-cysteine at 10 K after attempted [4Fe—4S] incorporation and
dithionite reduction. (Trace F) Dithionite-reduced EPR spectrum of
80 uM glycine-containing ferredoxin maquette at 10 K at 5-fold
magnification.

5B, are indistinguishable from those of the hexadecapeptide
FdM. Fig. 5C demonstrates that the measured redox potential
(Ems = —350mV) is comparable to that of native ferredoxins (14,
34). Straightforward addition of hemin [Fe(protoporphyrin
IX)Cl] to HLH-FdM that includes the [4Fe—4S] cluster leads to
rapid and complete incorporation of axially ligated bis-His heme.
Additionally, heme binding results in no significant alteration of
the EPR properties and hence disruption of the [4Fe—4S] cluster
in the loop region. Of interest, addition of hemin before [4Fe—4S]
incorporation initially results in absorption spectra consistent
with thiolate ligation to the ferric hemes (Amax at 358, 418, 539,
and 565 nm) (38), which slowly convert into those typical of the
bis-His heme (Amax at 413 and 535 nm). These data demonstrate
the incorporation of hemes into the bis-His binding sites within
the [4Fe-4S] peptide and confirm the incorporation of the
iron-sulfur cluster.

DISCUSSION

Using inspiration gleaned from structural biology and inor-
ganic coordination chemistry, we have investigated the feasi-
bility of [4Fe—4S] cluster incorporation into relatively simple
polypeptides containing cysteine under physiological condi-
tions. As designed, the 16-amino acid natural ferredoxin
maquette FAM self-assembles a [4Fe—4S]?>*/1* cluster into a
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FiG. 5. EPR characterization of the ferredoxin maquette. (A4)
Temperature dependence of the hexadecapeptide [4Fe—4S] EPR
signal. Under the conditions used—i.e., 1 mW of power—the absolute
value of the signal intensities at the signal extrema (g = 2.05, 1.95, and
1.89) are as shown in the Inset. (B) Temperature dependence of the
[4Fe—4S] EPR signal from the ferredoxin—heme maquette. Signal
intensities are as shown in the inset. The observed behavior of the
[4Fe—4S] in the HLH-FdM is identical to that of the hexadecapeptide
shown in 4. (C) Redox potentiometry of the HLH-FdM. EPR redox
titration of the [4Fe-4S]>*/1* couple is shown. The determined
reduction potential of —350 mV vs. normal hydrogen electrode (Inset)
is typical of native [4Fe—4S] ferredoxins.

monomeric peptide at micromolar concentrations under phys-
iological conditions to provide a synthetic ferredoxin. When
this modular [4Fe—4S]-binding peptide was incorporated into
a 67-amino acid HLH peptide, a tetra-helix bundle was formed
that bound both heme and the [4Fe—4S] cluster. This provides
the first example of incorporation of two distinct redox cofac-
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tors into a single designed protein, a requisite step in the
fabrication of functional complex synthetic oxidoreductases.

Biochemical self-assembly reactions of ferric chloride and
sodium sulfide in the presence of 2-mercaptoethanol were used
to incorporate the [4Fe—4S] clusters into the peptides studied
in aqueous solution under fastidiously anaerobic conditions.
The identity of the cluster incorporated into the natural
sequence ferredoxin maquette FAM was determined by a
combination of EPR, UV-visible and visible-CD spectrosco-
pies. Although the observed g values (gav. < 2 [gav. = & T &
+ g,)3 = average g value] of the EPR resonances from the
dithionite-reduced FdM cannot be used alone to discriminate
between a (S = 1/2) [4Fe-4S]'* and a (S = 1/2) [2Fe-2S]'*
cluster, the relaxation properties are most consistent with a
tetra-nuclear cluster. The absorption spectra of the oxidized
clusters are also consistent with a tetra-nuclear cluster and are
similar to those observed for P. aerogenes ferredoxin (34). The
lack of a positive Cotton effect in the visible-CD further
indicates that the bound cluster is tetra-nuclear and resides in
a chiral environment. Furthermore, UV-CD spectropolarim-
etry illustrates that the hexadecapeptide FAM contains no
discernible structure in the absence of bound [4Fe-4S], im-
plying that the robust nature of [4Fe—4S] self-assembly drives
the peptide folding.

The simplicity of the natural sequence ferredoxin maquette
FdM allows for investigations into the roles that each ligand
and the intervening amino acids play in biochemical [4Fe—4S]
cluster assembly under physiological conditions. A peptide
containing only three cysteine ligands (FdAM-1A) is still capa-
ble of assembling the [4Fe-4S] cluster, only in slightly lower
yield, as illustrated in Fig. 4, trace B. In this case, the identity
of the exogenous ligand could be 2-mercaptoethanol or hy-
droxide ion [which is sometimes observed in natural [4Fe—4S]
proteins (39)] or perhaps could be another peptide. When the
number of cysteine residues per peptide is lowered to two,
assembly of the [4Fe—4S] cluster from a pair of peptides results
in reduced yield, as shown in Figs. 3, trace B, and 4, trace C.
Replacement of three of the cysteines (Fig. 4, trace D) or use
of L-cysteine alone (Fig. 4, trace E) (which forces assembly
from four separate ligands) results in almost total loss of
cluster formation. The intervening amino acids play a signif-
icant role in cluster assembly, as indicated in Fig. 4, trace F,
where all of the amino acids were exchanged for glycine while
holding the cysteines in their consensus positions, leading to a
<10% yield. Similar glycine-containing peptides incorporate
prefabricated iron-sulfur clusters in organic solvents in high
yield (15), but, in aqueous solution, the [4Fe-4S] cluster
assembly by FAM-PolyGly is very poor. The observed differ-
ences between aqueous and organic solvents illustrate one of
the advantages of using maquettes to probe cofactor and
protein assembly.

The small size and robustness of the natural sequence ferre-
doxin maquette FdAM lend it to integration into larger structures
as a basis for the construction of more sophisticated multicofactor
maquettes. The one suggested in Fig. 1 C and D has the
hexadecapeptide constrained as a loop in a HLH structure
established to assemble into a tetra-a-helix bundle. Additionally,
the helices in this architecture are equipped with His to ligate
hemes. Fig. 5 B and C show that the hexadecapeptide can be
constrained on the tetra-a-helix bundle and still assemble the
[4Fe—4S] cluster without change in EPR spectral properties with
a redox potential (Emg = —350 mV) comparable to native
[4Fe—4S] ferredoxins (14). The similarities between the spectro-
electrochemical properties of the [4Fe—4S] cluster bound to FAM
and the larger HLH-FdM indicate that they reside in similar
environments. In particular, the redox potential of each suggests
a high degree of solvent exposure. This is consistent with the
observation that natural [4Fe—4S] clusters with low potentials are
often sequestered from solvent (less than —500 mV in PsaC of
photosystem I; see ref. 31).
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FiG. 6. Proposed models for the HLH-FdM. (4) MOLSCRIPT model
of a possible structure for the HLH-FdM with a pair of [4Fe—4S]
clusters bound between parallel HLH. (B) Molecular model of a
possible structure for the HLH-FdM with a pair of [4Fe—4S] clusters
bound between a pair of antiparallel-oriented, HLH peptides. The
distance between the two [4Fe—4S] clusters is in the range of 7-15 A.
(€C) Computer model of a possible structure for the HLH-FdM with
a single [4Fe—4S] cluster bound between a pair of parallel HLH-FdM
peptides. The absence of paramagnetic interaction between the iron—
sulfur clusters in HLH-FdM suggests that the model in 4 in unlikely.

The modular design of multicofactor maquettes is illustrated by
straightforward addition of hemin (not shown) to HLH-FdM
(including the [4Fe—4S] cluster), which leads to rapid and com-
plete incorporation of axially ligated bis-His heme [Fe (III)
protoporphyrin IX]. The lack of alteration of the EPR properties
of the [4Fe—4S] cluster in the loop indicates that the incorpora-
tion of the hemes into the helical regions does not adversely affect
the [4Fe-4S] cluster. In the absence of bound [4Fe-4S], the
kinetically driven formation of a thiolate-ligated heme gradually
exchanges into the thermodynamically favored bis-His-ligated
product. The ligation of a [4Fe—4S] cluster with cysteine and the
incorporation of hemes into the bis-His-binding sites in a single
peptide provides the initial example of using differential ligation
motifs to incorporate distinct cofactors in a designed protein.

Although the detailed overall structure of the [4Fe—4S]-heme
maquette remains to be established (see suggestions in Fig. 6), we
can be certain that remarkably straightforward tactics are avail-
able for the synthesis of multicofactor proteins. This assertion is
based on the combination of both high specificity and favorable
free energy derived from the intrinsic coordination chemistry of
the two distinct iron cofactors within the selected polypeptides.
Under physiological conditions, the enthalpy of metal ligand
interactions clearly overwhelms the opposing entropic demands
attendant with cluster assembly into minimal polypeptides at
micromolar concentrations. Indeed, the cusps of assembly failure
are only approached after substantial enhancement of entropy by
either dividing the cysteine between two hexadecapeptides or
exchanging the consensus sequence for glycine. The robustness of
[4Fe—4S] cluster self-assembly suggests that it plays structural
roles not only in protein assembly but also in driving the forma-
tion of catalytically fit sites in proteins. These roles may go back
to the early, anoxygenic Earth, where an abundance of iron and
sulfur is thought to have interacted with cysteine in short peptides
(40).
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