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Using a ‘metal-first’ approach, we computationally designed, prepared, and characterized a four-iron four-
sulfur (Fe4S4) cluster protein with a non-natural «-helical coiled-coil fold. The novelty of this fold lies in the
placement of a Fe;S, cluster within the hydrophobic core of a four-helix bundle, making it unique among
previous iron-sulfur (FeS) protein designs, and different from known natural FeS proteins. The apoprotein,
recombinantly expressed and purified from E. coli, readily self-assembles with Fe,S4 clusters in vitro. UV-Vis
absorption and CD spectroscopy, elemental analysis, gel filtration, and analytical ultracentrifugation confirm
that the protein is folded and assembled as designed, namely, a-helical coiled-coil binding a single Fe,S4
cluster. Dithionite-reduced holoprotein samples have characteristic rhombic EPR spectra, typical of low-
potential, [FesS4]* (S=1/2), with g values of g,,=(1.970, 1.975), and g,=2.053. The temperature, and
power dependence of the signal intensity were also characteristic of [Fe4S4] ™ clusters with very efficient spin
relaxation, but almost without any interaction between adjacent clusters. The new design is very promising
although optimization is required, particularly for preventing aggregation, and adding second shell
interactions to stabilize the reduced state. Its main advantage is its extendibility into a multi-FeS cluster
protein by simply duplicating and translating the binding site along the coiled-coil axis. This opens new
possibilities for designing protein-embedded redox chains that may be used as “wires” for coupling any
given set of redox enzymes.
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1. Introduction

Iron-sulfur (FeS) proteins are ubiquitous redox proteins in all
living organisms. Their structural simplicity, presence in simple
anoxygenic bacteria, and usually highly reducing potentials and
high oxygen sensitivity, suggest that they are evolutionary remains of
the era before earth's atmosphere became oxygenic [1]. Although in
present-day organisms they perform a variety of catalytic functions at
a broader range of potentials, they are still used as carriers of electrons
at highly reducing potentials; for example, in photosystem I (PSI) [2],
complex I [3], and hydrogenases [4-6]. The growing interest in
biological and photobiological hydrogen production as a clean
renewable alternative for fossil fuels [7,8] is prompting greater
interest in FeS proteins. Particularly, redox chains of four-iron four-
sulfur clusters (Fe4S,4), are receiving much attention as they facilitate
long-range electron transfer to and from the catalytic centers of
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hydrogenases. This functionality is critical to any practical application
that requires interfacing hydrogenases either to electrodes [9] or
photoelectron sources [10,11].

In this context, de novo designed proteins are especially appealing
for constructing electron-transfer relays between biocatalytic centers
because they can be coupled to natural catalytic centers via native-like
protein-protein interfaces [12]. With notable exceptions [13], most de
novo designs are simple, robust folds, such as a-helical bundles. This
makes multi-center FeS proteins especially difficult targets for de
novo design because they are naturally found in dedicated loop
regions with complicated folds. Most of the FeS-coordinating proteins
are rich in beta structures [14]. Even in so-called helical ferredoxins,
the cysteine residues coordinating the cluster are coming from loops
or beta-structured parts of the protein chain. In cases where one or
two coordinating cysteines are in a helical part, it is usually the
terminal part of the helix [15].

Until now, several successful FeS protein designs have been
reported, but all of these relied on reproducing the natural fold around
the bound FeS center. Coldren et al. incorporated a Fe,4S4 binding site
into the hydrophobic core of thioredoxin [16], whereas Nanda et al.
[17], designed de novo a minimal rubredoxin fold. Other designs [18-
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20] used sequences of natural FeS binding loops either isolated as
short peptides, or grafted on top of a four-helix bundle scaffold
preventing their assembly as multiple, adjacent FeS centers in
electron-transfer chains.

Here, we introduce a new approach, computationally designing a
highly regular and completely non-natural fold for a Fe4S4 cluster
protein: a coiled-coil, single-chain four-helix bundle. Incorporating
Fe4S, binding sites into four-helix bundle proteins, the most robust and
best characterized templates for de novo designed proteins, is ideal for
constructing multi-center redox proteins. The fold repeats itself every
seven residues with ~11 A separation between repeating elements,
hence, the parameterized, and symmetric backbone topology should
enable extending the single binding site into a multi-center design by
simply duplicating the same motif along the coiled-coil axis [21,22].

2. Materials and methods
2.1. Protein design

In this project, the design target was a four-helix bundle that
coordinates a Fe4S4 cluster in the protein core. This was accomplished
in multiple stages (Fig. 1). The first step was a survey of natural
proteins to identify potentially useful motifs. Second, elements of
symmetry in the cluster were identified that could constrain the
conformation of the protein and simplify its design. Next, a library of
possible backbones was generated by sampling a range of interhelical
orientations and distances constrained by cofactor symmetry. In the
fourth stage, this library was scanned for backbone and primary
ligand conformations that were compatible with a cofactor-binding
motif. Finally, loops were constructed and the sequence patterned
using a collection of computational tools.

2.1.1. Step 1: Identify useful motifs

In a manual analysis of natural Fe,S, proteins, we identified a
minimal helical element that could be exploited in the design of a
cofactor-binding helical bundle. We chose the Fe,S4 binding motif from
Thermatoga maritima tryptophanyl-tRNA synthase (PDB ID 2G36) as a
starting point because the cluster is located at the interface of three
helical elements, and two of the four thiolate ligands were contributed
by Cys 266 and Cys 269 of one a-helix (Fig. 1 — Step 1). A CXXC motif
was utilized as a cluster binding half-site in the final design.

2.1.2. Step 2: Establish symmetry constraints

Structural analysis of metalloproteins has shown that the local
symmetry of the metal-ligand coordination sphere is often related to
the symmetry of the overall protein fold [23]. This approach has
simplified design of other de novo metalloproteins [17,21,24].
Although the tryptophanyl-tRNA synthase does not show matched
binding site and backbone symmetry, the atoms of the iron-sulfur
cluster, and the sulfurs of the cysteine ligands form a cuboidal
complex with tetrahedral symmetry (Fig. 1 — Step 2). This can be
simplified to C2 symmetry along an axis formed by the midpoints of
opposing edges of the tetrahedron. Two helices with CXXC motif could
then fully complex the Fe,S, cluster.

In order to match the protein topology to the cofactor symmetry, a
library of ideal C2-symmetric tetrameric backbones was generated in
protCAD [25] with four 3.5-residue/turn polyalanine helices aligned
on the z-axis. Eight parameters defined the geometry of a C2 tetramer
(four for each helix pair, Fig. 1 — Step 3): the bundle radius, the offset
displacement between antiparallel helix pairs, the rotational phase of
the helix, and the interhelical angle. These parameters were used to
place one helix of each pair. The remaining two helices were created

Fig. 1. Computational design of a four-helix bundle coordinating a FesS, cluster in its
protein core.
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by copying the first helix and rotating 180° around the z-axis. Once all
the helices were placed, a coil transformation of pitch 190 A was
applied [26].

A library of backbones created by discretely sampling parameters
was scanned for possible cofactor-binding capabilities (Fig. 1 — Step
4). One backbone (r=7.0 A, cluster binding ' =8.0 A, 6+ 6’=100°)
that allowed for reasonable metal-ligand geometries (iron-sulfur
bonds near 2.2 A, C-S-Fe angles near 109.5°) was selected for further
sequence patterning and loop design.

In order to create a single-chain protein, loops were introduced
using protCAD (Fig. 1 — Step 5). Two canonical helix-turn-helix motifs
were used: an o -f loop and a B3-ag- loop [27,28]. Core and surface
amino acids were patterned using a combination of protCAD for core
amino acids and those packing against the ligand, and ROSETTA for
surface exposed positions [29].

2.2. Protein preparation

DNA encoding the designed protein was optimized for E. coli
expression system, and synthesized by Bio S&T (Canada). The gene
was cloned into Pet32b vector (Trx-6xHis-tag, New England BioLabs)
between Kpnl and Xhol sites. Point mutations exchanging cysteine
residues with serine (C15S, C19S, C63S, C67S) were performed on the
gene template cloned into the pet32 vector. Mutagenesis was done in
a one-step PCR reaction, using QuickChange Multi Site-Directed
Mutagenesis Kit (Stratagene). Point mutations were introduced by
primers, designed as advised in the kit's manual. New DNA vectors
were sequenced to confirm completed mutagenesis.

Proteins were expressed in the BI21 E. coli strain, grown in LB
medium + 100 pg/ml ampicilin, in 37 °C with vigorous shaking. When
ODgoo reached 0.6, IPTG was added to the culture to a final concentration
of 0.2 mM. After three hours, the bacteria were harvested by
centrifugation (10 minx 6000xg), and the resulting pellet was stored
in —20 °C. The pellet was resuspended in buffer A (25 mM Tris/HCI pH
7.5, 0.5 M NaCl, 5 mM dithiotrietol [DTT]), enriched in 1 mM PMSF and
100 pg/1 DNase, lysed by sonicating three times for 30 s, and incubated
on ice for 30 min with occasional mixing. The lysate was centrifuged
(100,000 xgx 30 min, 4 °C) and the supernatant was loaded on a
HisTrap column (Amersham) that was previously equilibrated with
buffer A. Protein fractions were eluted with a step gradient of 10 mM,
50 mM, and 300 mM imidazole in buffer A. SDS-PAGE electrophoresis
verified that pure protein, was eluted in the final 300 mM imidazole
step. This fraction was desalted (HiTrap Desalting, GE Healthcare) to
50 mM Tris/HCl, pH 7.5, and digested with TEV protease in order to
cleave the Trx-6xHis-tag off the fused protein (1:30, TEV:fused protein
in 50 mM Tris/HCl, 5 mM DTT, 0.01% TritonX-100 and 0.5 mM EDTA).
The mixture was incubated at room temperature for 12 h with gentle
stirring, and the purified cleaved protein was obtained from this mixture
by a second HisTrap purification cycle. Before loading on the column,
EDTA was neutralized by adding MgCl, to a final concentration of 2 mM.
The purified protein was eluted during the initial gradient steps, leaving
behind bound Trx-6xHis, TEV and small amounts of undigested fused
protein. The flow-through fraction containing purified protein was
concentrated with 5 kDa cut-off concentrators (VivaSpin), and its buffer
was exchanged into 50 mM HEPES/NaOH, pH 8.0. Protein concentra-
tions were determined spectrophotometrically, using an extinction
coefficient of &5=16,500M~'cm~! calculated from the protein
sequence. The purity and integrity of the protein were evaluated by
Tricine-SDS-PAGE using 15% lower gel, 10% intermediate gel, 4%
stacking gel, prepared and run as described in [30], and followed by
Coomassie staining.

2.3. Mass spectrometry and in-gel digestion

Mass spectrometry (MS), in-gel tryptic digestion, and tandem MS
analysis were performed in the Biological Mass Spectrometry facility

at the Weizmann Institute of Science. Electroelution was performed in
GeBAflex — tubes (Gene Bio Application Ltd., Israel) at 150 V for 2 h.
Elution buffer contained 0.2-0.5% SDS, Tris and Tricine, pH 8.0. SDS
removal after electroelution was performed by cold TCA:acetone
precipitation in the presence of 1% sodium deoxycholate (NaDOC)
[31]. Electrospray ionization (ESI) for intact molecular mass mea-
surement was performed on an API 300 triple quadrupole mass
spectrometer (ABI, PE Sciex, Concord, Ontario). Protein mass spectra
were acquired using a nano-electrospray ion source (Protana A/S,
Denmark). Before ESI-MS, the sample was passed over a micro-
column consisting of about 300 nl Poros R1 reversed phase material
(ABI). The purified protein was eluted directly into a nano-electro-
spray capillary (Proxion, Denmark) using 1 pl of 70% acetonitrile/5%
formic acid mixture.

Protein bands excised from the SDS-PAGE were destained using
multiple washings with 50% acetonitrile in 50 mM ammonium bicar-
bonate, subsequently reduced, alkylated, and in-gel digested with bovine
trypsin (sequencing grade, Roche Diagnostics, Germany) at a concen-
tration of 12.5 ng/pl in 50 mM ammonium bicarbonate at 37 °C. Peptide
mixtures were extracted with 80% CH3CN, 1% CFsCOOH, and the organic
solvent was evaporated in a vacuum centrifuge. The resulting peptide
mixtures were reconstituted in 80% Formic Acid and immediately diluted
1:10 with Milli-Q water. Peptide mixtures were separated by on-line
reversed phase nanoscale capillary LC and analyzed by ESI-MS/MS. The
samples were injected onto an in-house made 15 cm reversed phase
spraying fused-silica capillary column (inner diameter 75 m, packed
with 3 m ReproSil-Pur C18A18 media (Dr. Maisch GmbH, Ammerbuch-
Entringen, Germany), using an UltiMate 3000 Capillary/Nano LC System,
consisting of FamosTM Micro Autosampler, SwitchosTM Micro Column
Switching Module (LC Packings, Dionex). The LC setup was connected to
the LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) equipped with a nano-electrospray ion source (Thermo Fisher
Scientific, Bremen, Germany). The flow rate through the column was
250 nl/min. An acetonitrile gradient was employed with a mobile phase
containing 0.1% and 0.2% formic acid in Milli-Q water in buffers A and B,
respectively. The injection volume was 5 pl. The peptides were separated
with 50 min gradients from 5 to 65% CHsCN. In the nano-electrospray
ionization source, the end of the capillary from the nano-LC column was
connected to the emitter with pico-tip silica tubing, i.d. 20 um (New
Objective) and a stainless steel union, with a PEEK sleeve for coupling the
nanospray with the on-line nano-LC. The voltage applied to the union in
order to produce an electrospray was 2.4 kV. Helium was introduced as a
collision gas at a pressure of 3 PSL. The mass spectrometer was operated
in the data-dependent mode. Survey MS scans were acquired in the
Orbitrap with the resolution set to a value of 60,000. Up to the seven of
the most intense ions per scan were fragmented and analyzed in the
linear trap. For the analysis of tryptic peptides, survey scans were
recorded in the FT-mode followed by data-dependent collision-induced
dissociation (CID) of the seven most intense ions in the linear ion trap
(LTQ). Raw spectra were processed using open-source software
DTASuperCharge (http://msquant.sourceforge.net). The data were
searched with MASCOT (Matrix Science, London, UK) against a Swissprot
or NCBI database + the target protein sequence. Search parameters
included variable modifications of 57.02146 Da (carboxyamidomethyla-
tion) on Cys, 15.99491 Da (oxidation) in Met and 0.984016 Da
(deamidation) on Asn and GIn. The search parameters were as follows:
maximum 2 missed cleavages, initial precursor ion mass tolerance
10 ppm and fragment ion mass tolerance 0.6 Da. The identity of the
peptides was deduced from the detected collision-induced dissociation
products by the Mascot and Sequest programs and confirmed by manual
inspection of the fragmentation series.

2.4. Protein assembly with FeS clusters

Iron-sulfur clusters were incorporated into the apoprotein by a
modified procedure based on Scott, et al. [20,32]. A solution of 200 pM
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apoprotein in 50 mM HEPES/NaOH, pH 8.0 was deoxygenated by four
cycles of vacuum pumping/nitrogen filling, and about an hour
incubation with stirring under anaerobic atmosphere. The deaerated
solution was placed in an anaerobic chamber and all the following
steps were performed in strictly anaerobic atmosphere, at ambient
temperature. DTT was added from a 50 mM water stock to a final
concentration of 2 mM (DTT:apoprotein ratio 10:1) and incubated for
one hour. Then, FeCl; and Na,S were sequentially added from their
50 mM water stocks to a final concentration of 1 mM (reactant:
apoprotein ratio 5:1), and incubated for about 15 min. Longer
incubation did not yield higher reaction efficiency. Excess DTT, FeCls
and Na,S were removed by passing the red-brown reaction mixture
through a sephadex G-10 (GE Healthcare) column, equilibrated with
50 mM HEPES/NaOH, pH 8.0.

2.5. Elemental analysis

Holoprotein samples from three different preparations were each
split in two aliquots. The first batch of aliquots containing 0.4-1 ml of
sample solutions was digested for 1 h in 2 ml of 65% HNOs at 90 °C,
and then incubated overnight at 70 °C in this acidic mixture. Vessels
were then cooled down and water was added to a total volume of
10 ml. Iron concentrations in these clear solutions were measured
using an End-On-Plasma ICP/AES model ‘ARCOS’ (Spectro GMBH,
Germany). Measurements were calibrated with ICP standards
(Merck). The second batch of aliquots was used for determining
protein concentration by the fluorescamine (Sigma)-based fluoro-
metric assay. The protein samples were diluted to concentrations of
0.5-5uM in 50 mM HEPES pH 8, and incubated with 500 pM
fluorescamine (added from 20 mM acetone stock) for 60 min at
room temperature. An apoprotein sample with known concentration
was prepared in the same way for using as a calibration standard.
Samples were excited at 390 nm and an emission spectrum was
measured between 400 to 600 nm [33]. The concentration was
calculated from the fluorescence peak at 490 nm using a calibration
curve obtained from serial dilution of the apoprotein sample.

2.6. Gel filtration

The sizes of the apo- and holoprotein were determined by gel
filtration using a FPLC system (Akta Purifier, GE healthcare) and a

Sephadex75 column. The column was equilibrated with Tris/HCl pH
7.5+0.5M/1 M NaCl buffer solutions, with or without 1 mM DTT.
Holoprotein samples were analyzed in buffers without DTT, to
prevent loss of iron-sulfur cluster. Anaerobic conditions were
maintained by bubbling the buffer with nitrogen, and pre-equilibrat-
ing the column with the deaerated buffer for at least two column
volumes. Samples were loaded through a 1 ml loop. Chromatograms
were recorded by monitoring the absorbance simultaneously at
280 nm and 415 nm. The molecular mass was calculated from a
calibration curve made by using a low molecular weight (LMW)
Calibration Kit (GE Healthcare).

2.7. Analytical ultracentrifugation

Sedimentation velocity experiments were carried out in Beck-
man's XLA analytical ultracentrifuge equipped with UV-Vis absor-
bance optics. Standard two-channel cells (spin analytical, Austin TX)
were assembled, filled with water and tested for leaks by spinning at
50,000 rpm. Then, water was taken out; the cells were filled with
sample solution in an anaerobic chamber and sealed with the
standard polypropylene gaskets and brass screws. The cells were
immediately put in the centrifuge rotor and placed in the ultracen-
trifuge under vacuum. Sedimentation velocity measurements started
after at least two hours of equilibration at 20 °C with the rotor at rest.
All measurements were carried out at 50,000 rpm, detection wave-
lengths were 290 nm for apoprotein samples and 420 nm for
holoprotein samples. Sedimentation coefficient distributions, c(s),
were obtained from the raw data by using the software Sedfit [34]
(obtained from http://www.analyticalultracentrifugation.com) using
a theoretical partial specific volume of 0.7223 ml g~ !, calculated from
its sequence using the amino acid residue parameters of Kharakoz
[35] substituted for the Cohn and Edsall parameters [36] in the
program “Sednterp” [37]. The latter program was also used for
calculating solvent densities and viscosities from solvent composition.

2.8. Optical spectroscopy
UV-Vis absorption and CD spectra were recorded by JASCO V-

7200, and J-810 spectrometers, respectively, in gas tight cuvettes
(10 mm optical pathlength, 1 mm for UV-CD).

QELQRIAEAWERCWRQCQQLSEKTSNPEKKHALQEEADESLRFAQKGSVSP
QEFVEDARACAQRCQRLSEQTSNPEKKQSLEREANESQNFAQWLEQAA

Fig. 2. Sequence, and modeled structure of CCIS1, top and side views. Loop residues are underlined. Cysteines are highlighted in the sequence and represented as red sticks in the

structure. The Fe,S4 cluster atoms are shown as spheres (iron in white, sulfur in yellow).
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2.9. EPR spectroscopy

Low temperature X band EPR spectra were measured on a Bruker
ELEXSYS 500 spectrometer in 3.4 mm (i.d.) capillary tubes. Temper-
ature was controlled by a cryostat cooled by liquid helium (Oxford
Instruments). EPR signals from 2,2-diphenyl-1-picrylhydrazyl (DPPH)
were used as reference for determining g values.

3. Results
3.1. Protein design and preparation

The ‘metal-first’ approach for computational design of metallo-
proteins [17,24], provided CCIS1 (Coiled-Coil Iron Sulfur 1), an all
a-helical protein scaffold in which a single FeyS,4 cluster is em-
bedded within a stable four-helix bundle core (Fig. 2). Placing iron-
coordinating cysteines at adjacent d and a positions within the
hydrophobic coiled-coil core makes this new protein different from
any known natural FeS protein fold, and exceptional among previous
de novo designs [17-20] that relied on natural folds and sequences.

CCIS1 apoprotein was prepared and purified by standard recom-
binant DNA and protein preparation techniques. Overexpression and
purification of a synthetic gene encoding the designed protein
sequence yielded a water-soluble protein. Tricine-SDS-PAGE analysis
revealed two bands of apparent mass close to 11 kDa. The minor band
was less than 25% of the total protein, as calculated by gel
densitometry [38]. MS confirmed that the major band has the
expected molecular weight of CCIS1, namely 11.661 kDa, and the
minor band has a molecular weight of 9.557 kDa; in-gel-tryptic
digestion and tandem MS analysis indicated that both bands were
intact, and truncated CCIS1, respectively. The identified peptides
coverage was 61%, and included both the C-terminal and a part close
to the N-terminal of the protein (Scheme 1). MS of Trx-CCIS1 revealed
similar sample composition: a major fraction with the expected mass
of Trx-CCIS1, and a minor fraction, about 2 kDa smaller. This indicates
that truncation occurs already at the expression stage.

3.2. Protein folding and assembly with Fe,S, clusters

A Fe,S, cluster was incorporated into the apoprotein under
anaerobic conditions by in situ chemical synthesis according to
published protocols [20,32]. The yield of reconstitution was about
75%. A variety of spectroscopic and analytical methods was employed
in order to characterize the FeS center, and verify that the protein
folds are assembled as designed. Importantly, comparing the UV-
circular dichroism (UV-CD) spectra of the apo- and holoprotein
clearly indicates that the latter is mostly a-helical, and assembly with
the Fe,S, cluster significantly stabilizes this fold (Fig. 3). This implies
that the a-helical fold is required for proper coordination of the Fe,S,
cluster by the ligating cysteines.

The absorption spectrum of the holoprotein (Fig. 4) has the typical
features of Fe,S, cluster proteins; namely, a peak at 415 nm with a
shoulder at 360 nm, which disappear upon reduction with dithionite.
Under the same conditions for assembling Fe,S, CCIS1-4S, a CCIS1
mutant, in which all four cysteine residues are replaced by serine, has
no indication for specific binding (Fig. 4). Gel filtration and
sedimentation velocity measurements (Fig. 5) confirmed that the
415 nm absorbing species are protein complexes. Additionally, the CD

1 QELQRIAEAW ERCWRQCQQL SEKTSNPEKK HALQEEADES LRFAQKGSVS

51 PQEFVEDARA CAQRCQRLSE QTSNPEKKQS LEREANESQN FAQWLEQAA

Scheme 1. CCIS1 sequence and coverage by MS/MS identified peptides. Matched
peptides are underlined.
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Fig. 3. Comparison of UV-CD spectra of apo- and holo-CCIS1 reveals increased o-helical
nature upon assembly with a Fe,S, cluster.

spectrum (Fig. 4 inset) in the visible wavelength range has typical
ferredoxin features with a narrow negative signal centered at 360 nm,
and a broader one centered at 560 nm. We determined an extinction
coefficient of 18,000 M~ ! cm™ ! at 415 nm for the holoprotein, which
is within the range of 16,000 to 23,000M~!cm~! reported for
natural proteins incorporating one Fe,S, cluster [39]. Furthermore,
elemental analysis of the holoprotein indicates a ratio of 4.2 + 0.4 Fe
atoms per protein. These results strongly suggest complete occupa-
tion of all Fe,S, binding sites in holo-CCIS1.

Gel filtration and sedimentation velocity measurements indicate a
significant fraction of dimers and higher oligomers in apo- and
holoprotein samples (Fig. 5). However, addition of DTT to the
apoprotein almost completely eliminated the non-monomeric species
(Fig. 5A, C). Chromatograms and c(s) distributions of holoprotein
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Fig. 4. Visible absorption (main) and CD (inset) spectra of 10 pM holo-CCIS1 prior to
reduction with dithionite (dark blue). Reduction leads to disappearance of the 415 nm
peak (cyan, green, and purple lines, the asterisk marks the dithionite absorbance peak).
The spectrum of the CCIS-4S mutant (red), indicates no specific Fe4S4 cluster binding.
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Fig. 5. Typical gel filtration (left) and sedimentation coefficient distributions (right), c(s),
of apo-CCIS1 in the absence (A) and presence (B) of DTT, holo-CCIS1 in the absence (C) and
presence (D) of 1 M NaCl, and holo-CCIS1-2S in 1 M NaCl. Dashed, and solid lines indicate
chromatograms and sedimentation curves that were recorded by monitoring absorbance
at 280 nm, and 415 nm, corresponding to absorption peaks of protein residues, and the
Fe,S,4 cofactor, respectively.

samples (Fig. 5B, C) revealed the presence of oligomers, dimers and
monomers. However, the characteristic Fe4S, cluster absorbance of
415 nm is detected primarily in fractions corresponding to dimers and
monomers. Furthermore, the monomeric fraction becomes predom-
inant by assembling the protein in the presence of 1 M NaCl.
Interestingly, the apoprotein monomer-dimer distribution of the
CCIS1-C15S-C19S mutant (CCIS1-2S) in which two cysteines were
replaced by serines, is similar to CCIS1. However, in the holoprotein of
this mutant the characteristic Fe4S,4 cluster absorbance of 415 nm is
detected exclusively in fractions corresponding to dimers (Fig. 5B).
Formation of a CCIS1-2S dimer bound to Fe,S,4 clusters indicates that
one or several potential domain-swapped configurations are being
adopted. A strategy for eliminating dimer formation by stabilizing
turn regions or by redesigning helix-helix interactions to enhance
specificity [40,41], will be outlined in the discussion section.

3.3. Characteristics of the CCIS1-bound Fe,S, cluster

The properties of the FeS center in holo-CCIS1 were characterized
by EPR spectroscopy (Fig. 6). Dithionite-reduced samples show the
expected characteristic rhombic spectra, typical of low-potential
[FesSal* (S=1/2), with g values of g,,=(1.970, 1.975), and
gx=2.053 [7]. The temperature dependence of the signal intensity
(Fig. 6B) was also characteristic of [Fe4S4]* clusters with the signal
almost vanishing at T>50 K. The signal's linear power dependence
(Fig. 6C) indicated that spin relaxation is very efficient, but there is
hardly any interaction between adjacent clusters [42].

Notably, a weak EPR signal (about 30% of the reduced sample's
amplitude) is detected without dithionite reduction. This may suggest
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Fig. 6. A) EPR spectra of 30 uM holo-CCIS1 before (thick line) and after (thin line)
reduction with dithionite, recorded at T=20 K. B) Temperature dependence of the EPR
signal amplitude (peak-to-peak) from the reduced sample, measured at a microwave
power of 15 mW, and modulation amplitude of 1G. C) The respective power
dependence at T=20K.

that the complex is partially reduced by dithiothreitol (DTT) already
during the assembly stage. An alternative explanation is the formation
of a [Fe5S4]™ sub-fraction as a result of oxidative damage leading to
the loss of one Fe(Il) atoms [43]. However, this should give rise to a
distinct EPR spectrum [44,45]. In our case, most of the signal in
unreduced samples is typical of [Fe,S4]* except for a minor fraction
around g=2.03. The presence of the S=1/2 state of FesS; under
these conditions in natural proteins is very unusual but has been
observed in thioredoxin reductase [46]. In that case a thyil radical of a
fifth cysteine in close proximity to the cluster gives rise to the EPR
signal. In our design, a fifth cysteine is not available and the origin of
the EPR signal need to be further explored. A possible explanation is
formation of thyil radicals by DTT that is incorporated near the Fe4S,
binding site during the holoprotein assembly process.

Apparently, the [Fe4S4] ™" state of the new protein is unstable and
reduction is irreversible. This is probably due to hydrolysis of the
sulfur atoms [47] upon reduction of the cluster. We are planning to
improve stability in the next design by adding specific second shell
hydrogen bonds to the sulfur atoms from nearby protein residues
[18]. The stability of the rubredoxin mimic, RM1, to multiple redox
cycles was attributed to a network of backbone amide to cysteine thiol
hydrogen bonds [17].

4. Discussion

Altogether, results from a wide range of analytical and spectro-
scopic measurements verify that the protein is folded and assembled
as designed, namely, an a-helical coiled-coil binding a single Fe,S4
cluster. The new design is very promising although optimization is
required, particularly in preventing domain-swapped dimers, and
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stabilizing the [Fe,S4]™ state. The atomic model of the current design
(Fig. 2) allows rational, structure-based engineering of the next
design. Possible strategies to consider include (1) redesigning surface
electrostatics to enhance specificity of helix-helix interactions, (2)
improving turn stability to prevent domain-swapped conformers [48],
and (3) improving helix stability by adding helix-favoring residues,
thus enhancing binding site preorganization and [Fe,S,] ™" stability.
Modifying the distribution of charged residues on the surface of
CCIS1 may address issues such as aggregation. Modeling the electric
field distribution shows discrete regions of positive and negative
charge which could drive intermolecular associations (Fig. 7A).
Additionally, the observation of dimers in the Cys-Ser mutants
suggests that domain-swapped structures may be formed. Potential
configurations are shown in Fig. 7B. One strategy for preventing
alternate configurations is negative design. Charge pair interactions
between helices will be chosen that stabilize helix-helix interfaces in
the desired conformation while destabilizing ‘non-native’ helix-helix
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interfaces in competing configurations. These will be implemented in
the next generation of iron-sulfur cluster designs.

The main advantage of the new design is its extendibility into a
multi-FeS cluster protein by simply duplicating and translating the
binding site along the coiled-coil axis. This opens new possibilities for
constructing functional analogs of the natural multi-FeS redox chains
that are found for example in hydrogenase and complex I. These may
be used as simple models for studying the details of electron flow-
through redox chains to catalytic sites. Additionally, they can be used
in more practical applications as molecular “wires” for electron
transfer between the active sites of any given set of redox enzymes.

5. Concluding remarks
In conclusion, we presented here the first computational de novo

design of a Fe,S, cluster protein with a non-natural a-helical fold. This
was accomplished by novel computational methods that concurrently
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Fig. 7. A) Electrostatic potential surfaces of CCIS1 calculated using the Adaptive Poisson-Boltzmann Solver (APBS) [49]. B) Monomeric vs. possible dimeric configurations for CCIS1.
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sampled backbone, sequence and sidechain space for an entire
protein. The identification of both a sequence motif and a three-
dimensional motif consistent with full coordination of a Fe,S4 cluster
is a radical departure from all previous de novo designs. These
consisted of either grafting loops from natural proteins or using
unstructured, glycine-rich scaffolds, where binding is coupled with
significant conformational restrictions. Thus, unlike many other
designs which employ a trial-and-error protein engineering approach,
here we have a clear, structural hypothesis upon which the design is
based. Several key experiments support the central design hypothesis
that a FeS cluster was successfully introduced into the hydrophobic
core of a coiled-coil. The CD spectrum shows a clear transition from
random-coil to a-helix upon addition of the iron-sulfur cofactor;
mutation of one half-site to non-interacting residues resulted in an
obligate dimer for cofactor binding; and EPR measurements indicate
that a [Fe4S4] ™ cofactor is bound to the protein. Finally, our structure-
based hypothesis and the atomic model of the design make it possible
for us to conduct detailed post-hoc evaluation, thereby setting forth a
number of practical strategies for improving the shortcomings of the
first prototype in the next generation of designs.
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