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Abstract: A survey of ferredoxin maquettes derived from natural sequences was utilized to obtain a primary
sequence competent for [4Fe-48] incorporation for the study of the minimal ligand requirements for cluster
assembly. The resultant 16 amino acid ferredoxin maquette (RN} KLCEGGsCIACGACsGGW-CONH,,
incorporates a single [4Fe-£3]" cluster as evidenced by a cluster titration assayed by electron paramagnetic
resonance (EPR) spectroscopy. Assembly of the [4Fe-4S] cluster within FAM 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§%®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 FdAM 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-48]* cluster in these 16 amino acid ferredoxin maquettes.

Introduction 4SJ! and Rieske-type [2Fe-2S] proteitiswith serine and
aspartate ligation observed in natural and site-directed ferredoxin
or high-potential iron protein (HiPIP) mutarits!*

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 maquéttes
derived from the minimalist hierarchical approach pioneered
by DeGrado and co-worket8. Maquettes are minimal synthetic
proteins designed to provide a framework to answer particular
structural, functional, and chemical questions concerning highly

The iron sulfur protein family is quickly being realized to be
as ubiquitous and functionally diverse as the well-recognized
heme protein family. Iron sulfur proteins are widely dispersed
in the Archaea, Prokarea, Eukaryotes as well as in higher
organismg. While functionally most notably associated with
respiratory and photosynthetic electron-transfer complexes (for
example NADH-ubiquinone oxidoreductdsPhotosysten),
they are also implicated in oxygen sensoring (S&XR\RS),
dehydratase reactions (aconitjsincluding branched chain
amino acid biosynthesis (isopropylmalate isomebased iron (11) Volbeda, A.; Charon, M. H.; Piras, C.. Hatchikiam, E. C.; Frey,
homeostasis (IRE as well as DNA binding (endonuclease 9! M.; Fontecilla-Camps, J. QNature 1995 373 580-587.

While the majority of iron sulfur proteins utilize cysteine (12) Gurbiel, R. J.; Ohnishi, T.; Robertson, D. E.; Daldal, F.; Hoffman,

; ; ; : _ B. M. Biochemistry1991, 30, 11579-11584.
residues to ligate r.no.n(.)nuc.lear’ b'f‘uc'?‘?‘r’ t”_”uc'ear' or tetra (13) (a) Calzolai, L.; Gorst, C. M.; Zhao, Z. H.; Teng, Q.; Adams, M.
nuclear clusters, histidine ligation is utilized in natural [4Fe- . w.: LaMar, G. N.Biochemistryl995 34, 11373-11384. (b) Calzolai,
L.; Gorst, C. M.; Bren, K. L.; Zhao, Z. H.; Adams, M. W. W.; LaMar, G.
* Address correspondence to this author at the Department of Biochem- N. J. Am. Chem. S0d.997 119, 9341-9350.

istry and Biophysics. (14) (@) Yu, L.; Vassiliev, I. R.; Jung, Y. S.; Bryant, D. A.; Golbedk,
(1) Beinert, H.; Holm, R. H.; Mack, E.Sciencel997, 277, 653—-659. Biol. Chem.1995 270, 28118-25. (b) Meyer, J.; Fujinaga, J.; Gaillard, J.;
(2) Cammack, RAdv. Inorg. Chem.1992 38, 281-322. Lutz, M. Biochemistry1994 33, 13642-50. (c) Xia, B.; Cheng, H.;
(3) Ohnishi, T.; Salerno, J. C. Iron—Sulfur Proteins Spiro, T. G., Bandarian, V.; Reed, G. H.; Markley, J. Biochemistry1996 35, 9488~
Ed.; John Wiley and Sons Inc.: New York, 1982; pp 2828. 95. (d) Bentrop, D.; Bertini, I.; Capozzi, F.; Dikiy, A.; Eltis, L.; Luchinat,
(4) Ke, B.; Beinert, H.Biochim. Biophys. Actd973 305 689-93. C. Biochemistryl1996 35, 5928-36.
(5) Hidalgo, E.; Demple, BEMBO J.1997, 22, 207—-210. (15) Robertson, D. E.; Farid, R. S.; Moser, C. C.; Urbauer, J. L.;
(6) Shaw, D. J.; Guest, J. Rlucleic Acids Resl982 10, 6119-30. Mulholland, S. E.; Pidikitti, R.; Lear, J. D.; Wand, A. J.; DeGrado, W. F.;
(7) Beinert, H.; Kennedy, M. C.; Stout, C. @Chem. Re. 1996 96, Dutton, P. L.Nature 1994 368 425-432.
2335-2373. (16) (a) DeGrado, W. F.; Wasserman, Z. R.; Lear, JS&iencel989
(8) Flint, D. H.; Allen, R. M.Chem. Re. 1996 96, 2315-2334. 243 622-628. (b) Bryson, J. W.; Betz, S. F.; Lu, H. S.; Suich, D. J.; Zhou,
(9) Theil, E. C.Biochem. J1994 304, 1—11. H. X.; O'Neil, K. T.; DeGrado, W. F.Sciencel995 270, 935-941. (c)
(10) Kou, C.-F.; McRee, D. E.; Fischer, C. L.; O'Handley, S. F.; Choma, C. T.; Lear, J. T.; Nelson, M. J.; Dutton, P. L.; Robertson, D. E.;
Cunningham, R. P.; Tainer, J. Aciencel992 258 434-40. DeGrado, W. FJ. Am. Chem. Sod.994 116, 856-865.
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Peptococcus aerogenes
Ferredoxin

Figure 1. Molecular model of the prototype ferredoxin maquette, FdM, and the X-ray structuPembcoccus aerogendsrredoxin | (PDB
accession code 1FDX) on which the FdM design was based. The indicateac€ highlights theCIACGAC. core motif of P. aerogene&d used

in FdM.

complex native proteins. Thus, the prototype ferredoxin
maquette, called FdM, demonstrated assembly of the [4Fe-
4SPH cluster in a protein module that could be combined with
a heme containing four-helix bundle, thereby breaking down
the engineering complexities inherent in natural protéins.

fundamental ligand requirements for [4Fe-23$j 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

Designed from a consensus sequence of bacterial ferredoxinsgngineering specifications requisite for biochemical [4Fe-4S]

the primary structure of FdM contains tR€IACGACe core
amino acids taken directly fromPeptococcus aerogenes
ferredoxifi®20 as shown in Figure 1. Unstructured in the
absence of the bound cofactor, FdM binds a single [4F&4S]
cluster under physiological conditions as evidenced by spectral
characteristics (EPB-values, line shape, and relaxation proper-
ties; UV—visible and CD spectroscopy) and measured reduction
potential Eng = —350mV) which are reminiscent of natural
[4Fe-4SF* ferredoxins.

While maquettes have been shown to offer an attractive
approach to the study of protetprotein assembl§t~=2 protein—
cofactor incorporatiof® 26 modulation of bound cofactofs,
modular protein desigh, and multicofactor assembfy,28
herein we utilize ferredoxin maquettes to specifically probe the

(17) (a) Gibney, B. R.; Mulholland, S. E.; Rabanal, F.; Dutton, P. L.
Proc. Natl. Acad. Sci. U.S.A996 93, 15041-15046. (b) Gibney, B. R.;
Mulholland, S. E.; Rabanal, F.; Dutton P. Bhotosynthesis: From Light
to BiosphereMathis, P., Ed.; Kluwer Academic Publishers: Hingham, MA,
1995; Vol. II, pp 645-648.

(18) Adman, E. T.; Sieker, L. C.; Jensen, L. H.Biol. Chem.1973
248 39873996.

(19) Adman, E. T.; Sieker, L. C.; Jensen, L. H.Biol. Chem.1976
251, 3801-3806.

(20) Backes, G.; Mino, Y.; Loehr, T. M.; Meyer, T. E.; Cusanovich, M.
A.; Sweeney, W. V.; Adman, E. T. Am. Chem. S0d.99], 113 2055~
2064.

(21) Rabanal, F.; DeGrado, W. F.; Dutton, PJLAM. Chem. So4996
118 473-474.

(22) Gibney, B. R.; Rabanal, F.; Skalicky, J. J.; Wand, A. J.; Dutton, P.
L. J. Am. Chem. S0d.997, 119 2323-2324.

(23) Skalicky, J. J.; Bieber, R. J.; Gibney, B. R.; Rabanal, F.; Dutton, P.
L.; Wand, A. J.J. Biomol. NMR199§ 11, 227-228.

(24) Gibney, B. R.; Johansson, J. S.; Rabanal, F.; Skalicky, J. J.; Wand,
A. J.; Dutton, P. L.Biochemistry 1997 36, 2798-2806.

(25) Gibney, B. R.; Rabanal, F.; Reddy, K. S.; Dutton, PBlochemistry
1998 37, 4635-4643.

(26) Sharp, R. E.; Diers, J. R.; Bocian, D. F.; Dutton, PJLAm. Chem.
Soc.1998 120, 7103-7104.

cofactor assembly and confirm our design of FAM as a modular
protein design unit.

Materials and Methods

Chemicals and Solvents.lron(lll) chloride, sodium sulfide, diethyl
ether,3-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 FniBe/ protection stratedyas previously
described’a

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 KR, 100 KCI, pH 8.0) was deoxygenated using
successive freezgpump-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-4SF1*+ Assembly. A standard reconstitution protocol based
on modified biochemical literature meth&tiwas utilized to incorporate
the [4Fe-4S] cluster into each of the designed peptides. Under strictly
anaerobic conditions, a solution of 2% \vmercaptoethanol in 50
mM HEPES buffer (pH 8) containing 1QfM peptide was equilibrated

(27) Gibney, B. R.; Isogai, Y.; Rabanal, F.; Reddy, K. S.; Grosset, A.;
Moser, C. C.; Dutton, P. L. Manuscript in preparation.

(28) Sharp, R. E.; Moser, C. C.; Rabanal, F.; Dutton, PPitac. Natl.
Acad. Sci. U.S.A1998 95, 10465-10470.

(29) Bozansky, MPeptide Chemistry: A Practical ApproacBnd ed.;
Springer-Verlag: New York, 1993.

(30) Lovenberg, W., Buchanan, B. B.; Rabinowitz, JJCBiol. Chem.
1963 238 3899.
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for 2 h toreduce any adventitious disulfides. A 50 mM solution of Table 1. Sequences of the IrerSulfur Maquettes in This Study
FeCk was slowly added to a final concentration of 60M before

addition of a 50 mM solution of N& to a total concentration of 600
uM (i.e. 1.5 equiv of [4Fe-4S] cluster per peptide). Each peptide was F&! KLCEGG+ C1ACGACGGW 100
reconstituted at the same time as a sample of FdM, utilized as a control.

Magquette Sequence [Spins]/[Peptide]

After equilibration, the resulting irorsulfur containing peptides were F:ﬁ:z; wﬁ(’;f;ff?giii/ﬁifiw ﬁ

stored frozen in liquid nitrogen. AR : ;
Cluster Titration into FdM. The addition of equimolar amounts FaM- SoxR GCDSRSLCGCGTCGH 6

of iron and sulfide salts to the FdM peptide resulted in an increase in ra-rieske CTHLGAVPAGDKSGDFGGWFCPAHGS 7

bound cluster up to one cluster per peptide (four iron and four sulfur

per peptide) (supplementary Figure S1). Addition of cluster beyond FdM-1a KLAEGG+CIACGAC+GGW 56

the first equivalent resulted in no further increase in EPR signal F91-22 KLCEGG»ATACGAC-GCW 48

intensity. The slightly lower EPR spectral area upon addition of excess Eﬂéf ii;ig;i:‘fgzggza Ji

iron and sulfide salts, 2.0 equiv or greater, is attributed to protein .~ %LCEGG-CIAEGAA-GGW 130

precipitation. Other substituted FdM peptides displayed similar

characteristics, with a rise in signal up to the measured reconstitution ray-2, 32 KLCEGG » ATARGAC « GGW 29

yield, followed by a drop in signal as the excess iron and sulfur salts rau-1, 42 KLAEGG+CTACGAA +GGW

began to precipitate.

Cluster Stability in FAM. The addition of 4 equiv of iron and FaM-1D KLDEGG+ CIACGAC+GGH 81
sulfide salts to 100M FdM peptide resulted in the facile formation ~ F~2P KLCECG+DIACCAC-GOW 64
of the [4Fe-4S] cluster (supplementary Figure S1). After addition, ;Zﬁ»ig iigfgig:’ggigg:&’ ;2
aligouts were removed from the reaction mixture in a anaerobic chamber i - N ' )
throughout all operations, reduced with a minimal amount of sodium rau-14 KLHEGG + CTACGAC « GGW 656
dithionite, and frozen in EPR tubes. The EPR spectral area of the [4Fe- rau-1, 41 KLHEGG » CTACGAH « GGW

4SJ" 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 usingso = 5600 M-t cm! for Trp. at its core the typicabCXXCXXCe core motif of bacterial

EPR Spectroscopy. Electron paramagnetic resonance (EPR) spec- ferredoxins (Figure 1). The fourth cysteine ligand in natural
troscopy was performed using a Bruker ESP300E spectrometer with ferredoxins is typically located toward the carboxy terminus with
the frequency measured by a Hewlett-Packard 5350B frequency counterthree or more intervening amino acids between it and the core
Temperature control was maintained by an Oxford ESR 900 continuous motif.232 In our initial FAM design this cysteine was placed
flow cryostat interfaced with an Oxford ITC4 temperature controller. four positions toward the amino terminus for modular integration
Typical EPR parameters: sample temperature, 10 K; microwave jntg the ferredoxin-heme protein maquétte. Two peptides
frequency 9.449 GHz; microwave power, 1 mW; modulation frequency, gerived from alternative natural [4Fe-28} binding sequences
100 kHz; modulation amplitude, 20.0 G; time constant, 164 ms. Power were designed to test both the flexibility of the nonconsensus

saturation determinations at 10 K were done at microwave powers tif tei | tin th . truct d th
between 25 W and 200 mW. The temperature dependence of the motit cysteine placement in the primary structure an e

[4Fe-4S] signals was measured at 1 mW incident power between 4 POsSibility of core motif expansion. The sequence of the first
and 50 K. Unless otherwise noted, protein concentrations were 100 Peptide, FdM-Pa shown in Table 1, is derived directly from
uM. The concentration of unpaired spins per peptide (based on Peptococcus aerogenesntaining the identicadCIACGACs
tryptophan absorbance) was determined from a calibration curve basedcore motif as FAM but with the remote cysteine, which ligates
on Cu(ll)-EDTA. The yields listed in Table 1 represent the average the second [4Fe-438]" cluster in the natural ferredoxin,
three or more reconstitutions relative to the FdM control peptide and removed three amino acids toward the carboxy terminus. The
successive reconstitutions suggest an error of approximately 10% in FgM-Pa and FdM peptides were intended to conserve several
the given values. , o of the N—H:++S hydrogen bonds local to the [4Fe-2%} cluster
i & cuvetie witin an inetalmosphere glovebos wih painum woring C0SSTVed in the Xray siructure 6. aerogenederredoxin |
and calomel reference electrodes. Ambient redox potentials (measureop elieved to b_e myolved bo_th in favoring the tetranuclear cluster
against the standard hydrogen electrode) were adjusted by addition ofand mOdU|at!ng its reduction potentiﬁl.The. Sequenc,e O,f the
aliquots (<1 uL) of sodium dithionite or potassium ferricyanide. ~S€cond peptide, FdM-Sp (Table 1), is derived fr&pirulina
Titrations were performed in 50 mM HEPES, pH 8.0, 100 mM KCI. plantenSIS‘erredOXIH and contains an eXpanded CXXXXCXXC
Electrode-solution mediation was facilitated by the following mediators core motif with the fourth cysteine removed toward the
at 10uM concentration: neutral red, 2-hydroxy-1,4-naphthoquinone, C-terminus by seven amino aciéfs.
safranine T, and phenosafranine. After equilibration at each potential, The prototype FdM and these first two test peptides incor-
a 300uL sample was removed and frozen in liquid nitrogen and the porate [4Fe-4S]/* clusters that share nearly identical charac-
EPR spectrum was recorded. The doubly integrated spectral area waseristics of EPRy-values, line shapes and relaxation properties,
\F/)vlict)rtwtendj%é:)l?ﬁ potential and the data were fit to the Nernst equation equilibrium T?do.x potgntials, and splution molecular weights,
thereby facilitating direct comparison of the [4Fe-%4'Sj
reconstitution yields. The yields were evaluated from their
doubly integrated EPR spectra under standard reconstitution
Survey of [4Fe-4S] Peptides Designed from Natural  conditions relative to a FdM control peptide reconstituted at
Sequences.A series of maquettes derived from various iron the same time, as shown in Figure 2 and enumerated in Table
sulfur protein natural sequences were designed to compare withl. They clearly demonstrate that the prototype ferredoxin

Our. prototype ferredoxin maquettg, Fdito determine the (32) Matsubara, H.; Saeki, KAdv. Inorg. Chem.1992 38, 223-280.
optimal sequence for a small peptide that would competently  (33) Adman, E.. Watenpaugh, K. D.; Jensen, L.Roc. Natl. Acad.

bind a cuboidal [4Fe-43}* cluster. The FdM maquette has  Sci. U.S.A1975 72, 4854-4858.
(34) Fukuyama, K.; Nagahara, Y.; Tsukihara, T.; Katzube, Y.; Hase, T;
(31) Dutton, P. L.Methods Enzymoll978 54, 411-435. Matsubara, HJ. Mol. Biol. 1988 199, 183-193.

2The core CIACGAC maotif taken fron. aerogeness between
the bullets. All of the peptides are C-terminally amidated.

Results
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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

FaM | measurement of the [spins]:[peptide] ratio allowed evaluation
of the yields of the FAM 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

FdM-Pa 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
. FaMSp thermodynamic and/or kinetic basis for the observed variations
S‘g FAM-SoxR inyield. The observed yields are insensitive to 10-fold changes
== - in peptide concentration, suggesting that they are not solely due
2§ ~ FdM-Rieske to a dissociation constant, a thermodynamic parameter. Ad-
; FML3A 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 FAM (see
Supporting Information) and its variants demonstrate the
FdM-3L complexity in the evaluation of the yields. The yield for FdM
/ T 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)
N S incorporation of the [4Fe-48}* cluster into FdM and its
Vo variants appears to rule out slow cluster formation as a source
of low yield, further complicating our understanding of these
2500 3000 3500 4000 4500 yields. The variety of factors which may contribute to the
Gauss observed yields will be discussed later; for now we can conclude
. . - that the observed changes are a direct result of alterations in
Figure 2. Electron paramagnqtlc resonance (EPR) charac_terlzatlon of th . truct d that th | ff. tical
the natural sequence ferredoxin maquettes and ligand variants of FdM. € primary structure an atthese values ofter a practical way
Frozen solution X-band EPR spectra of dithionite reduced FdM, Fdm- {0 assess the relative competency for [4Fe-4S] incorporation.
Fd, FdM-Sp, FdM-SoxR, and FdM-Rieske as well as FdM-3A, FdM- FdM Ligand Removal Variants: Cysteine to Alanine or
3L, and FdM-1H. EPR spectral acquisition parameters are given in the Leucine. The effect of replacing a cysteine in FdM designed
text. Peptide sequences are given in Table 1. to ligate the cluster with nonligating residues was evaluated at
each of the four cysteine positions. The sequential series of

maguette (FdM) is significantly more effective at binding and Sindle alanine variants, FdM-1A, FdM-2A, FdM-3A, and FdM-
stabilizing the [4Fe-4ST* cluster over the FdM-Pa (43% 4A (Table 1), was augmented with double EyAla variants,
relative yield) and FAM-Sp (13%). FdM-1,4A and FdM-2,3A, and a single Cy.eu variant, FdM-

Two additional peptides whose sequences were derived from3L- Cluster incorporation into these peptides yielded indistin-
natural [2Fe-2S]* binding proteins, FdM-SoxR and FdM- guishable EPR spectral characteristics and equilibrium redox
Rieske, were synthesized in an initial attempt to construct a Potentials. These iron sulfur peptides differed from one another
[2Fe-2S}+ maquette with cysteine or histidine ligation. The [N terms of their relative yields of reconstitution (Table 1) and
FdM-SoxR peptide, Table 1, was derived directly from Ehe ~ Peptide:cluster stoichiometry. Replacement of any one of the
coli SoxR proteir#36 which contains a truncated CXC core first three cysteines with alanines (FdM-1A, FdM-2A, and FdM-
motif. The primary structure for the 26 amino acid FdM-Rieske 3A) lowered the observed reconstitution yield to—&5%
was derived from the Rieske irersulfur protein ofRhodobacter ~ relative to FdM. A more significant loss of yield, down to 10%
capsulatu¥’ and contains both a CXH and CXXH motif ©f the original FdM, was observed for the FdM-4A peptide,
separated by 17 amino acids (Table 1). Alanines at positions 6Suggesting this cysteine may play a more crucial role in [4Fe-
and 23 replaced the cysteine residues involved in a disulfide 4S] assembly than the other three. The relative [4Fe-4S]
bridge in the native protein. Figure 2 demonstratesithattu incorporation yield of the reconstituted FdM-3L peptide (52%)
assembly of iror-sulfur clusters in FdM-SoxR and FdM-Rieske Was identical to that of the related FdM-3A peptide, hence, steric
using the standard protocol followed by reduction resulted in bulk at this peptide position appeared to have little to no
cluster EPR signatures similar to that of FdM but again in lower influence on the incorporation of the iron sulfur cluster. With
yields, in these cases indicating that these peptides hadonly three cysteine ligands available in these ferredoxin
incorporated a tetranuclear rather than a binuclear cluster. Gelmaquettes with a 1:1 peptide:cluster binding stoichiometry
permeation chromatography indicated that the [4Fé#48}ister ~ determined by gel permeation chromatography, we assume that
in FdM-Rieske was assembled by recruiting two peptides to the fourth ligand is occupied by an exogenous solvgrYIE,
satisfy its liganding requirements. water, or hydroxide ion). One of the peptides containing two

Evaluation of Factors Influencing [4Fe-4S] Yields. All the cysteine and two alanine residues, FdM-2,3A, retained partial

FdM magquette variants examined had widely different relative competence for [4Fe-48* cluster incorporation (29% relative
to FdM), the other, FdM-1,4A, resulted in less than 5%

88 \S’lﬁ J',;V\(Eei.sé'e?n‘]'lsagﬁrré%"1,\?6?“1 1A7Ci dzggé‘aggé o3 0440~ incorporation, further implicating the relative importance of the
3. 9.1 e pe. o ' ' fourth cysteine in these FdM variants. Gel permeation chro-
(37) Davidson, E.; Daldal, R1. Mol. Biol. 1987, 195 13—24. matography demonstrated a 2:1 peptide:cluster stoichiometry

5
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under biochemical reconstitution conditions after validation by
comparison to other natural sequence ferredoxin maquettes based
-380 mv 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,
ot e 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 [4Fe248]cluster in
b the final product. This study confirms the suitability of
I ferredoxin maquette, FdM, as a protein design module for the

. ‘ construction of multicofactor redox proteins containing low-
2500 3000 3500 4000 4500 potential [4Fe-4S] clusters.

Gauss FdM fully incorporates a single [4Fe-#3]" cluster per

‘ ) peptide with redox and spectral characteristics similar to those
B L of the natural [4Fe-43]/" protein, P. aerogenesd3940 A
lower yield of cluster incorporation is observed for both FdM-
Pa, the other ferredoxin maquette based Rnaerogenes
ferredoxin (same core consensus sequence with a C-terminal
remote cysteine), and FAM-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 FAM-Sp shows that expansion of
the spacing between the core motif cysteine ligands is detri-
‘ mental to the incorporation of the cluster. Although excising

-200 -300 -400 -500 FdM-Pa and FdM-Sp from their native environments may

Potential (mV vs. SHE) contribute to loss of cluster incorporation, one clear result from

Figure 3. Redox titration curve of FdM-1H monitored by EPR  FdM is that the secondary and tertiary structure components
spectroscopy. (A) EPR spectra of FdM-1H poised at various redox are not mandatory for the [4Fe-4S] cluster assembly or stability.

potentials. (B) Nemst equatiom (= 1 fixed) fit to the experimental Protein structure components may aid in differentiating the
data points determined by doubly integrated area of the EPR Specnanuclearity of the incorporated cluster as illustrated by the

?;iatz?op;)]’[\(/e;tlal relative to a baseline spectrum taken at high pmentlalincorporation of a [AFe-48]"* cluster into the two maquettes

derived from natural [2Fe-258]" 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]
clusters into a single [4Fe-4S]center is observed upon
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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 [4F&t4S)] reduct|_on In organic solvenfS. Consistent W'th. the therm(_)-
cluster of FdM by independent replacement of the four ligating 9Ynamic stability of the [4Fe-4S] cofactor, ligand deletion
cysteines with aspartic acid or histidine. All the aspartic acid mutants Qf natural [4Fe-.4S] proteins ofte.n. satisfy thewl metql
or histidine ligand variant peptides bound a single [4F&-4S] coordination sphere feq“'Fem?QS‘S by recruiting novel amino acid
cluster that had EPR spectral (Figure 2) and redox properties/9ands (i-e. ligand swappindj.* In the case of FdM-Rieske,
(Figure 3) virtually identical to those of the FdM peptide. the as_sembly of_a tetranuclear clusterlnd|cate_s that t_he structural
Efforts to observe &= %, EPR spectral signature, which has disulfide bond juxtaposed to the natural Rieske iron sulfur

been observed for some mutant [4Fe28] proteins with centef4 4% may help drive the selective formation of the
aspartate ligatio®? using various conditions of sample tem- (39) Stombaugh, N. A.; Sundquist, J. E.; Burris, R. H.; Orme-Johnson,

erature, microwave power, and peptide concentration, resulted": H. Biochemistryl997 15, 2633. .
(F;nl in observation opf thes = Y pEgR sianal tvpical of the (40) Bertini, I.; Ciurli, S.; Luchinat, CStruct. Bondingl995 30, 1.
y - 2 9 yp (41) (a) Hagen, K. S.; Reynolds, J. G.; Holm, R.HAm. Chem. Soc.

FdM variants studied. The lack of spectral changggdlues, 1981, 103 4054. (b) Hagen, K. S.; Watson, A. D.; Holm, R. Bl. Am.
line widths, relaxation properties) and modulation of the redox Ch&rg)- SECNBB?» 1J0ﬁ, 39§5-R Diler T. G- Stout. C. D Stephens. p. J

. s : en, b.; Jollie, D. R.; Diler, 1. C.] out, C. D.; epnens, P. J.;
potentllal may suggest that t.hese aspartate and histidine reS|due§urgeSS, B. KProc. Natl. Acad. Sci. U.S.A995 92, 10064-10068.
most likely do not ligate the ironsulfur clusters; however, there (43) lismaa, S. E.; Vazquez, A. E.; Jensen, G. M.; Stephens, P. J.; But,
is insufficient evidence in the literature to quantitatively %.1 g%;lArmstrong, F. A.; Burgess, B. K. Biol. Chem1991, 266, 21563~
determine the effgcts of altgred cluster ligation on the EPR (44)- Davidson, E.: Ohnishi, T.. Atta-Asafo-Adiei, E.: Daldal, Bio-
spectrum or reduction potential. However, the lower reconstitu- chemistry1992 31, 3342-3351.
tion yields viewed in concert with the EPR spectra and redox  (45) (a) Iwata, S.; Saynovits, M.; Link, T. A.; Michel, Structure1996

potentials indicate that these aspartate and histidine residueg 567-579. (b) Xia, D.; Yu, C.-A;; Kim, H.; Xia, J.-Z.; Kachurin, A. M.;
Zhang, L.; Yu, L.; Deisenhofer, &ciencel997 277, 60—66. (c) Kim, H.;

most likely do not ligate the ironsulfur clusters. Xia, D.; Yu, C-A. Xia, J.-Z.. Kachurin, A. M; Zhang, L.. Yu, L.
. . Deisenhofer, JProc. Natl. Acad. Sci. U.S.A998 95, 8026-8033. (d)
Discussion Ilwata, S.; Lee, J. W.; Okada, K.; Lee, J. K.; lwata, M.; Rasmussen, B.;

. . Link, T. A.; Ramaswamy, S.; Jap, B. KSciencel998 281, 64—71. (e)
A modular ferredoxin maquette has been utilized to probe zhang, z.; Huang, L.; Shulmeister, V. M.; Chi, Y.-I.; Kim, K. K.; Hung,
the ligand requirements for assembly of a [4Fe24S]cluster Iéé-XV.; Crofts, A. R.; Berry, E. A.; Kim, S.-HNature 1998 392, 677
(38) Zhou, J.; Li, N.; Warren, P. V.; Golbeck, J. H.; Bryant, D. A. (4-16) Carrell, C. J.; Zhang, H.; Cramer, W. A.; Smith, J. Structure
Biochemistry1992 31, 8251. 1997, 5, 1613-1625.
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binuclear cluster. This restriction of the protein flexibility may The FdM variants demonstrate that only three cysteines are
be important in acting as a template for the formation of a [2Fe- required for [4Fe-4S] incorporation into a single peptide (with
2SPH* cluster. The FdM-Rieske peptide maquette is not two cysteines yielding peptide dimerization) and reveal the
constrained in this way, which may lead to the incorporation differential roles each cysteine position plays in cluster incor-
of the tetranuclear cluster using thiolate ligation from a pair of poration. Replacement of the fourth cysteine, derived from the
peptides, a [4Fe-4S] binding motif found only in the dimeric coresCIACGAC. motif, with any of the chosen amino acids is
Fe-protein ofAzotobacterinelandii nitrogenas¥ and the k highly detrimental to yield compared to the other cysteine
cluster of Photosystem#f. Thus, our present reconstitution positions, illustrating its greater importance in cluster incorpora-
protocol may yield a preference for the tetranuclear cluster by tion, whereas the similarity of the reduction in the yield of [4Fe-
involving a series of ligand exchange reactions on the [4Fe- 4SE™* cluster bound to FdM-1A, FdM-2A, and FdM-3A
4S-(3-ME)4] formed in situ. In systems with well-defined  demonstrates a similar importance of each of this cysteine trio
secondary and tertiary structures, the global stability of the in cluster assembly.
protein may provide selectivity for the type of cluster incorpo- The replacement of the ligating cysteines with aspartic acid
rated by rigidly fixing the ligand geometries, whereas in these and histidine residues, potentially competent for cluster ligation,
magquettes it is the cluster stability that provides a structural illustrates that [4Fe-43}/* proteins with mixed ligation are not
template around which the peptides fold. readily constructed using this minimal ferredoxin maquette
The bound [4Fe-43}* clusters in modified FdM peptides ~ scaffold. The EPR spectral parameters and reduction potentials
possess identical EPR characteristics and redox properties an@f these FdM variants were identical to the single cysteine to
differed only in their relative efficiencies compared to FdM in  alanine variant of FdM and their lower cluster incorporation
binding the cluster, suggesting these properties may be theyields were similar, suggesting that the oxygen and nitrogen
fundamental to the low-potential [4Fe-48}" cluster in the donor ligands were not binding the cluster. Thus, the mere loss
absence of distortion by the protein. In concert with this of a cysteine ligand was more important to the yield than the
assertion, similar EPR and redox properties are also observedexact identity of the amino acid chosen to replace the cysteine
for the designedrs-FeS protein, which incorporates a single in FdM. While aspartate has been introduced to successfully
[4Fe-4SPH+ cluster between two loop regions borrowed from ligate a [4Fe-4S]* cluster in a site-directed mutant of
Photosystem | which shares no sequence homology to4dM. Photosystem ¥ the spectral changes observed in theneitant
Additionally, the UV—vis and EPR spectral properties of FdM  (EPR line shape of the clustd?y, value) were not observable
are reminiscent of coordination complex model compounds in in the FdM variants with aspartate, suggesting that there is
isotropic organic solvenf®5! It should be noted, however, insufficient protein matrix available to impose less thermody-
that the spectral properties and reduction potentials of the low- hamically favorable ligand binding to the cluster, thereby
potential clusters in FdM ands-FeS are markedly different ~ modulating its spectroelectrochemical properties. Consistent
from the HiPIP cluster designed into the hydrophobic core of With this assertion is the observation that ligand deletion mutants
thioredoxin, Trx-FeS, via structure based redesfgn. of natural ferredoxins sometimes lose iron to form [3Fe-4S]
The uniformity of the EPR spectral properties of our FdM  Clusters;® recruit nearby cysteines as replacement ligands via
variants allows us to use the yields relative to a FdM control to ligand swappind?**or fail to assemblé? o
compare the FdM variants despite our incomplete understanding  The apparent lack of response of the FdM equilibrium redox
of the thermodynamic and/or kinetic basis for the observed Potential to the ligand environment (four cysteine or three
variations. Since the [4Fe-48-ME)4] formed in the recon- cysteine and an exogenous ligand) indicates th_at the high degree
stitution protocol is only stable in aqueous buffers for a limited Of Solvent exposure of the [4Fe-4S]" cluster in FdM may
time 52 we favor a simple ligand displacement mechanism by Ilmlt thgse local effects on the cluster potentlal. The hlgh local
which the proteins ligate the [4Fe-4S] cluster to form the various dielectric may have leveled any charge or dipole effects imposed
ferredoxin maquettes. During this transition the peptides are ON the cluster consistent with the observa_tlon that surface protein
vunerable to misfolding and precipitation. However, once charges do not modulate the reduction potenffalsThe
formed, the ferredoxin maguettes stabilize the [4Fe-4S] clusters Coulombic interaction between the cluster and the surrounding
preventing hydrolysis. Thi situ formation of a tetranuclear ~ Protein ¢:q.) has been hypothesized to be a strong controlling
cluster together with its high thermodynamic stability relative factor in iron-sulfur cluster potential determination as impli-
to binuclear and trinuclear clusters explains the observationscated by quantitative modeling of iron sulfur protein redox
that ferredoxin maquettes derived from [2Fe-2S] proteins Potentials using the Protein Dipoles Langevin Dipoles (PDLD)
incorporate [4Fe-4S] clusters, maquettes with only two cysteine Model?*~>” These Coulombic effects are likely to be screened
ligands dimerize around a single [4Fe-4S] cluster, and ferredoxin in solvent exposed clusters (dominancetafby thev andve
magquettes which contain only three cysteine ligands form the t€rms) such as these 16 amino acid ferredoxin maquettes and
[4Fe-4S] cluster with an exogenous ligand (undisplaéedE a4-F.e.S?‘9 In contrast to these low-potential designed proteins,
or water/hydroxide) rather than the [3Fe-4S] cluster. Thus, the initial designed HiPIPEn74 > +300 mV) resides suf-
factors such as ligand displacement kinetics, cysteine thiolateficiently deep within the redesigned hydrophobic core of
basicity, protein solubility, ferredoxin maquette stability, and thioredoxin and might be more responsive to such Coulombic
solvent may govern the observed vyields. effects although other effects might be dominant.
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The prototype ferredoxin maquette, FdM, successfully mimics properties indistinguishable from these maquettes or, in fact,
the spectroscopic and electrochemical characteristics of a nativesmall molecule bioinorganic coordination complexes in isotropic
ferredoxin and provides a robust template upon which to study solution.
the ligand requirements for efficient [4Fe-48] assembly in ) )

a synthetic peptide using biochemical reconstitution conditions. ~Acknowledgment. This work was supported by the National

It is clear from these and previous restilishat each of the  Institutes of Health (Grant DM41048). B.R.G and F.R.
cysteines are important to cluster incorporation and that the @cknowledge receipt of postdoctoral fellowships from the NIH
cluster dominates these unstructured 16 amino acid peptides(Grant GM17816) and EMBO, respectively. This work was
providing the standard spectroscopic and electrochemical prop-Supported in part by the MRSEC Program of the National
erties observed for these ferredoxin maquettes. The consistencience Foundation under Award Number DMR96-32598. Mass
cluster nuclearity, EPR spectral characteristics, and redox SPectroscopic analyses were performed by the Protein Chemistry
properties of the bound [4Fe-£3]" clusters clearly illustrate ~ Laboratory of the University of Pennsylvania. The authors wish
the inherent robustness of the cofactor in these minimal to thank Drs. Huangen Ding and Sami Saribas for providing
magquettes. Distortions in coordination geometry and/or asym- the sequences for design of FdM-SoxR and FdM-Rieske.
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

Supporting Information Available: Figure S1, evaluation
of the formation and stability of the FdM [4Fe-4S]" cluster,
binding to a metal center of considerable thermodynamic and Flgure S2, E.PR spectra} characterization of the sm_gle
cysteine to aspartic acid variants of FAM at each cysteine

stability. Additionally, molecular modeling of metal binding osition (3 pages, print/PDE). See any current masthead page
sites toward ideal coordination geometries using rational protein p \5 pages, pri X y cu . pag
for ordering information and Web access instructions.

design or computer-aided structure-based redesign of larger
protein systems might de facto result in metalloproteins with JA981279A



