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ABSTRACT: During the purification of recombinantBacillus thermoproteolyticusferredoxin (BtFd) from
Escherichia coli, we have noted that some Fe-S proteins were produced in relatively small amounts
compared to the originally identified BtFd carrying a [4Fe-4S] cluster. These variants could be purified
into three Fe-S protein components (designated as V-I, V-II, and V-III) by standard chromatography
procedures. UV-vis and EPR spectroscopic analyses indicated that each of these variants accommodates
a [3Fe-4S] cluster. From mass spectrometric and protein sequence analyses together with native and
SDS gel electrophoresis, we established that V-I and V-II contain the polypeptide of BtFd associated
with acyl carrier protein (ACP) and with coenzyme A (CoA), respectively, and that V-III is a BtFd dimer
linked by a disulfide bond. The crystal structure of the BtFd-CoA complex (V-II) determined at 1.6 Å
resolution revealed that each of the four complexes in the crystallographic asymmetric unit possesses a
[3Fe-4S] cluster that is coordinated by Cys11, Cys17, and Cys61. The polypeptide chain of each complex
is superimposable onto that of the original [4Fe-4S] BtFd except for the segment containing Cys14, the
fourth ligand to the [4Fe-4S] cluster of BtFd. In the variant molecules, the side chain of Cys14 is rotated
away to the molecular surface, forming a disulfide bond with the terminal sulfhydryl group of CoA. This
covalent modification may have occurredin ViVo, thereby preventing the assembly of the [4Fe-4S] cluster
as observed previously forDesulfoVibrio gigas ferredoxin. Possibilities concerning how the variant
molecules are formed in the cell are discussed.

Ferredoxins (Fds)1 are small, generally acidic, electron-
transfer proteins that function in diverse biological redox
systems (1-5). They contain iron-sulfur (Fe-S) clusters
in [2Fe-2S], [3Fe-4S], and [4Fe-4S] forms that are ligated
to the polypeptide primarily via cysteine residues. Among
them, Fds containing one or two [4Fe-4S] (or [3Fe-4S])
clusters are evolutionally related and categorized as bacteria-
type Fds, distinct from the [4Fe-4S] HiPIPs or [2Fe-2S]
Fds (6-8). The cluster most common in bacteria-type Fds
is the cubane [4Fe-4S] form, with three of the four cysteine

ligands of the [4Fe-4S] cluster provided by a canonical Fe-
S-binding motif Cys-X-X-Cys-X-X-Cys. The [4Fe-4S]
cluster is located near the edge of the Fd molecule, where
the cluster is shielded from the solvent by the main-chain
atoms of the binding motif. Furthermore, the main-chain NH
groups of the consensus sequence are directed toward the
[4Fe-4S] cluster and participate in NH‚‚‚S hydrogen bonds.

The other type of Fe-S cluster observed in bacterial Fds
is the [3Fe-4S] type, which differs only in the absence of
a single Fe atom at one corner of the cube. Interconversion
between 3Fe and 4Fe clusters is well-known to occur in a
certain class of Fe-S proteins. This is best illustrated by
aconitase, in which the [3Fe-4S] cluster is inactive and its
conversion to [4Fe-4S] represents a self-activation of the
enzyme (9, 10). Fe-S proteins that undergo facile cluster
conversion have, in general, three cysteine and one noncys-
teine ligand to the [4Fe-4S] cluster. The noncysteine ligand
of aconitase is water or OH-. Similarly, a subgroup of
bacteria-type Fds, which also easily interconvert, has a Cys-
X-X-Asp-X-X-Cys motif in which aspartate serves as the
fourth ligand (11-14). In contrast, most [4Fe-4S] clusters
have four cysteine ligands and do not undergo cluster
interconversion; the cluster can be converted to the [3Fe-
4S] state only during destructive reactions leading to the
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apoprotein (12, 15-17). The only exception to this rule is
DesulfoVibrio gigasFd (DgFd), which possesses the canoni-
cal Cys-X-X-Cys-X-X-Cys motif but can still undergo
interconversion of its Fe-S cluster (18-21).

It is generally thought that the spatial arrangement of the
liganding amino acids and neighboring residues determine
the Fe-S cluster type, although the assembly of Fe-S
clusters and their insertion into apo-Fe-S proteins are
complex processes that are not yet fully understood. Recent
genetic and biochemical studies have revealed three distinct
systems that are involved in Fe-S cluster biosynthesis,
termed NIF, ISC, and SUF (for recent reviews,22-24). The
three systems show mechanistic similarity in their require-
ment for a cysteine desulfurase (sulfur donor) as well as
scaffold proteins to form transient Fe-S clusters. More
recently,in ViVo experiments have demonstrated interchange-
ability among the three systems, suggesting that they all are
responsible for maturation of a wide variety of Fe-S proteins
without strict specificity for apoprotein targets or Fe-S
cluster types (25-27). Little is known, however, about the
delivery of Fe-S clusters to their target apo-Fe-S proteins
or the role of the Cys-X-X-Cys-X-X-Cys motif in this
process. Although direct cluster transfer between scaffold
proteins and apo-Fds has been demonstrated in simplified
in Vitro experiments, this process apparently requires ad-
ditional components for successful completionin ViVo.

For several years, we have used a ferredoxin fromBacillus
thermoproteolyticus(BtFd) as a model of monocluster Fds
to address several basic questions regarding the biosynthesis
of Fe-S proteins as well as their structure-function relation-
ships. BtFd is a simple and highly stable Fe-S protein that
contains a single [4Fe-4S] cluster and only four cysteine
residues (three cysteine residues in the canonical Cys11-X-
X-Cys14-X-X-Cys17 motif and a remote Cys61 residue), which
all participate in cluster coordination. Expression of the BtFd
gene inEscherichia coliresults in high levels of holo-BtFd
synthesis, particularly when coexpressed with theisc gene
cluster (iscSUA-hscBA-fdx), which boosts Fe-S cluster
assembly (28, 29). Previously, we purified recombinant BtFd
and determined its crystal structure at atomic (0.92 Å)
resolution (30). In the course of these studies, we have
repeatedly observed contaminating reddish brown proteins
that are not seen in the absence of the BtFd expression
plasmid. Here, we report the identification of these reddish
brown proteins, which we have separated into three fractions
by multiple purification steps. From our analysis, we have
identified the three proteins as variant molecules of BtFd
carrying the [3Fe-4S] cluster instead of the [4Fe-4S] type.
Furthermore, two of the fractions represent Fd variants that
are associated with either acyl carrier protein (ACP) or
coenzyme A (CoA). These are the first examples of such
variants to be discovered. Additionally, the crystal structure
of the BtFd-CoA complex clearly shows that the central
cysteine residue in the Cys-X-X-Cys-X-X-Cys motif is
covalently modified by a terminal sulfhydryl group of CoA.

EXPERIMENTAL PROCEDURES

Expression and Purification of BtFd Variant Molecules.
The BtFd gene was constructed from synthetic oligonucle-
otides based on the published amino acid sequence and the
optimal codon usage ofE. coli (K. Saeki, unpublished). The

BtFd gene was cloned into the plasmid pET-21a(+) and
coexpressed with theisc operon inE. coli strain C41(DE3)
to produce holo-BtFd in high yield (28, 29). The bacteria
were cultivated in 4 L of Terrific broth containing 100µg/
mL ampicillin, 5 µg/mL tetracycline, and 0.1 mg/mL ferric
ammonium citrate. Expression was induced with 0.5 mM
IPTG, and the cells were further grown for 20 h at 28°C.
The cells were pelleted and then suspended in a solution
containing 50 mM Tris-HCl at pH 7.8, 0.1% Triton X-100,
and 0.1 mg/mL lysozyme. After incubation at 30°C for 30
min, the cells were disrupted by sonication. The suspension
was centrifuged at 12000g for 1 h at 4°C; the supernatant
was loaded onto a DEAE-cellulose column; and the bound
acidic proteins were eluted with 50 mM Tris-HCl at pH 7.8
containing 700 mM NaCl. The colored fractions thus
obtained were subjected to ammonium sulfate fractionation
at 60% saturation. After centrifugation, the supernatant
fraction was applied onto a Butyl-Toyopearl 650-M column
(TOSOH) and eluted with a linear gradient of ammonium
sulfate (55-25%) in 50 mM Tris-HCl at pH 7.8. In this
hydrophobic chromatography, a reddish brown fraction was
separated from a grayish brown fraction, with the latter
containing the original [4Fe-4S] BtFd. The reddish brown
fraction was dialyzed against a solution containing 50 mM
Tris-HCl at pH 7.8 and 0.1 M NaCl, applied to an anion-
exchange column (DEAE-Toyopearl 650-M, TOSOH), and
eluted with a linear gradient of NaCl (100-400 mM). The
reddish brown proteins, separated into two fractions, were
further purified by gel-filtration (Sephacryl S-200) and anion-
exchange (Mono Q HR 5/5) chromatography using an A¨ KTA
explorer 10S (Amersham Biosciences). The purification
scheme is diagrammed in Figure 1.

Analytical Methods. Concentrations of the BtFd molecular
variants were determined by the method of Bradford (31)
using purified [4Fe-4S] BtFd as a standard. SDS-PAGE
(15% gel) and native-PAGE (22.5% gel) were carried out
according to the methods of Laemmli (32) and Davis (33),
respectively. The N-terminal amino acid sequence of the 17-
kDa protein constituent of BtFd V-I was determined using
a G1000A protein sequencer (Hewlett Packard). UV-vis
absorption spectra were recorded with a UV-3101 PC UV-
vis scanning spectrophotometer (Shimadzu). The dynamic
light-scattering characteristics of protein solutions were
analyzed using a DynaPro-99 molecular-sizing detector
(Protein Solutions). Electron paramagnetic resonance (EPR)
spectra were obtained on a JES-FE3XG spectrometer (JEOL)

FIGURE 1: Purification scheme for [4Fe-4S] BtFd and the three
variant molecules. Typical purification yields fromE. coli cells
(approximately 120 g) are indicated in square brackets.
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equipped with an RMS model CT-470-ESR cryostat system
and a Scientific Instruments model 9650 temperature con-
troller. Recording conditions were as follows: microwave
power, 0.05 mW; modulation amplitude, 0.63 mT; and
temperature, 8.5 K. Mass spectra of proteins were obtained
by electrospray ionization mass spectrometry using a hybrid
quadruple orthogonal acceleration tandem mass spectrometer
(Micromass). Samples were infused at a flow rate of 10-20
nL/min, with concentrations ranging from 50 fmol/µL to 1
pmol/µL. Spectra were acquired and processed with MaxEnt3
(Micromass).

Crystallization and Intensity Data Collection of BtFd V-II.
Crystallization of BtFd V-II was conducted by the hanging
drop vapor diffusion method using ammonium sulfate as the
precipitant. Crystals were produced upon mixing∼10 mg/
mL V-II solution in 50 mM Tris-HCl at pH 7.8, 100 mM
NaCl, and 4% acetonitrile with reservoir solution (3.2 M
ammonium sulfate and 0.1 M Tris-HCl at pH 8.0) in a 1:1
ratio with subsequent equilibration at 4°C. Rod-shaped
crystals appeared after a couple of days and were transferred
to a cryoprotectant solution (3.6 M ammonium sulfate in
0.1 M Tris-HCl at pH 8.0) and flash-cooled in a nitrogen
gas stream at 100 K. Two sets of X-ray diffraction data for
V-II were collected at SPring-8 using synchrotron radiation
at beamline BL41XU with a MAR CCD detector. Data were
collected atλ ) 1.50 Å for phasing by the single wavelength
anomalous scattering of iron atoms present in the Fe-S
protein and atλ ) 1.00 Å for structural refinement at high
resolution. All data were processed using the software
package HKL 2000 (34). The BtFd V-II crystals belonged
to the space groupP21, with the unit-cell constantsa ) 52.4
Å, b ) 63.4 Å, c ) 56.9 Å, andâ ) 95.1° at 100 K.

Structure Determination and Refinement of BtFd V-II. The
molecular replacement method was applied using the BtFd
structure (PDB entry 1IQZ), from which the Fe-S cluster
and solvent molecules were excluded, as a search model for
MOLREP (35). From this procedure, three of four crystal-
lographically independent molecules in an asymmetric unit
were located. The atomic coordinates of the three molecules
were used to calculate the phase angles, which were
combined with the Bijvoet differences collected atλ ) 1.50
Å. The resultant difference map revealed four three-iron
clusters. Three of the four clusters were at the expected sites
in the molecules determined by the molecular replacement,
establishing the iron sites. The phase angles were derived
on the basis of the four three-iron clusters by the single
anomalous scattering method to produce the map from which
the polypeptide chain of the fourth molecule was traced. The
structure was refined using the data collected atλ ) 1.00 Å
with CNS (36), and the model was revised manually with O
(37). The model was then improved by alternating rounds
of refinement and model-building until theRfree value was
reduced to 25%. At this stage, ordered water molecules were
added to the BtFd structure. Then, theFo - Fc map was
scrutinized to determine the location of CoA; one of the four
CoA moieties was entirely visible, whereas the other three
were only partially so. The [3Fe-4S] cluster geometry was
not restrained in the refinement. The structure of BtFd V-II
was refined to a final crystallographicR factor of 0.18 and
Rfree of 0.21 for the data to 1.6 Å resolution. The quality of
the model was analyzed with PROCHECK (38). Data
collection and refinement statistics are shown in Table 1.

RESULTS AND DISCUSSION

Purification of BtFd Variant Molecules.While purifying
the recombinant BtFd fromE. coli, we repeatedly observed
proteins significantly different in color from [4Fe-4S] BtFd.
Upon fractionation, the first fraction eluting from the
hydrophobic butyl column appeared reddish brown, followed
by a fraction displaying normal grayish brown color indica-
tive of native [4Fe-4S] BtFd (Figure 2A). To determine
whether the reddish brown color arose from an unusual form
of BtFd or from a contaminating protein, this protein fraction
was purified to homogeneity. As diagrammed in Figure 1,
the reddish brown proteins were ultimately separated into
three fractions by successive chromatography on anion-
exchange and gel-filtration columns (parts B and C of Figure
2). Because all three fractions contained the BtFd polypeptide
as described below, we designated them as BtFd V-I, V-II,
and V-III (variant molecules of BtFd). A typical purification
yielded 15.3 mg of V-I, 2.0 mg of V-II, and 0.8 mg of V-III
from 4 L of culture (about 120 g of cell paste), very small
amounts compared with typical yields of [4Fe-4S] BtFd
(360 mg) from the same size preparation. It should be noted
that BtFd V-II eluted from the size-exclusion column
virtually at the same elution volume as [4Fe-4S] BtFd,
whereas the V-I and V-III fractions eluted earlier, indicating
that they possessed greater molecular mass (Figure 2C and
not shown). However, precise determination of these mo-
lecular masses was complicated by the fact that [4Fe-4S]
BtFd (9117 Da) behaves abnormally on a gel-filtration
column, eluting as if its molecular weight were 21 000. The
molecular masses estimated by dynamic light scattering were
9.7 kDa for [4Fe-4S] BtFd, 19.2 kDa for BtFd V-I, 8.2 kDa
for V-II, and 16.4 kDa for V-III.

Table 1: Data Collection and Refinement Statistics for the
BtFd-CoA

Data Collection Statisticsa

wavelength (Å) 1.500 1.000
resolution limit (Å) 50.0-2.4 (2.47-2.4) 33.9-1.6 (1.68-1.6)
completeness (%) 95.9 (90.2) 98.5 (98.5)
number of unique

reflections
28 206 49 210

redundancy 3.0 (2.1) 3.5 (2.6)
meanI/σ 12.8 (7.8) 7.5 (6.1)
Rsym (%)b 7.9 (10.9) 6.2 (10.7)

Refinement and Model Statistics
resolution range

for refinement (Å)
31.8-1.6

number of monomers
per asymmetric unit

4

number of unique
reflections
(excluding the test set)

48 081 (43 237)

crystallographic
R factorc (Rfree)

0.178 (0.211)

number of molecules
CoA 1
SO4

2- 3
water 779

rms deviations
from ideal values
bond length (Å) 0.020
bond angles (deg) 2.0

averageB factor (Å2) 17.3
a Number in parentheses corresponds to the highest-resolution shell.

b Rsym ) (∑hkl∑i|Ii(hkl) - 〈I(hkl)〉|)/∑hkl∑iIi(hkl). c R factor)∑hkl|Fo(hkl)|
- |Fc(hkl)|/∑hkl|Fo(hkl)|.
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Constituents in BtFd Variant Molecules.The purified
variant molecules of BtFd migrated on a nondenaturing
native gel as single bands, but their mobility was different
from each other and also from the original [4Fe-4S] BtFd
(Figure 3A). BtFd V-II ran on the gel slightly slower than
[4Fe-4S] BtFd, while the larger molecules, V-I and V-III,
displayed significantly slower migration. From SDS gel
electrophoresis (Figure 3C), however, BtFd V-II and V-III
migrated as single bands identical to that of [4Fe-4S] BtFd.
BtFd V-I displayed two bands by SDS-PAGE, one corre-
sponding to BtFd and the other to a 17-kDa polypeptide. To
identify this 17-kDa protein, we electrotransferred it onto a
PVDF membrane following separation by SDS-PAGE and
sequenced its amino terminus. The resulting sequence was
determined to be STIEERVKKIIGEQLGVKQE, which is

identical to the N-terminal sequence ofE. coli ACP. ACP is
composed of 77 residues and is modified by covalent
attachment of a 4′-phosphopantetheine prosthetic group to
the hydroxyl group of residue Ser36 by phosphodiester
linkage. Although the low molecular mass of ACP (8847
Da including the 4′-phosphopantetheine moiety) is incon-
sistent with that observed by SDS-PAGE (17 kDa), such
anomalous behavior has previously been reported (39, 40).

For further identification of the BtFd variants, we deter-
mined their molecular masses by electrospray ionization mass
spectrometry. The deconvolution of the mass spectrum of
BtFd V-I revealed three molecular masses, 8768, 8849, and
17 617 Da, which can be attributed to the BtFd polypeptide
(8769 Da), holo-ACP (8847 Da), and the sum of the two
proteins (17 616 Da), respectively. Thus, BtFd V-I is
composed of two proteins, BtFd and holo-ACP, carrying the
4′-phosphopantetheine moiety. The molecular masses also
suggest that these proteins form a covalently bound complex
in an equimolar ratio. BtFd V-II displayed molecular masses
of 8768 and 9536 Da, corresponding to the BtFd polypeptide
and to a complex of the BtFd polypeptide and CoA (738
Da), respectively. The identification of the BtFd-CoA
complex is consistent with the absorption spectrum of BtFd
V-II and was further confirmed by the crystal structure (see
below). For BtFd V-III, no molecules other than BtFd were
detected. The larger molecular masses observed in the gel-
filtration and dynamic light-scattering experiments suggest
that the BtFd V-III molecule is most likely a homodimer of
BtFd.

All three of the BtFd variants were separated into their
respective molecular constituents in the presence of a
reducing reagent. As shown in Figure 3B, DTT treatment
resulted in dissociation of the BtFd-ACP complex (BtFd
V-I) into ACP and BtFd polypeptides, the latter of which
migrated on a nondenaturing gel at the same position as
[4Fe-4S] BtFd. Likewise, the mobility shift was observed
for BtFd V-II and V-III after DTT treatment. In a parallel
experiment using analytical Mono Q chromatography, the
individual components of BtFd V-II, CoA and BtFd, were
both detectable following DTT treatment of this variant (not
shown). These results clearly indicate that the BtFd polypep-
tides of the V-I and V-II molecules are covalently bound
via disulfide linkage to ACP and CoA, respectively. Disulfide
bonding may also be involved in the dimerization of BtFd
in V-III. Intriguingly, BtFd contains only 4 cysteine residues
per molecule, all of which are involved in the coordination
of the Fe-S cluster in the original [4Fe-4S] BtFd.

Each BtFd Variant Molecule Contains a [3Fe-4S]
Cluster. The variant molecules of BtFd show UV-vis
absorption spectra that are distinct from those obtained for
[4Fe-4S] BtFd (Figure 4). However, the spectra of the three
variant molecules are almost indistinguishable from each
other and are indeed identical in the visible region above
350 nm, with a broad maximum at 415 nm and a shoulder
at around 455 nm. Similar spectral features have been
reported previously for [3Fe-4S] proteins, such as DgFd
(41). The peak at 260 nm observed for BtFd V-II is consistent
with the presence of a nucleotide moiety (CoA) as described
above. Upon reduction with dithionite, the absorbances in
the visible region were greatly reduced, and the spectra of
the oxidized forms were recovered when the reduced
molecules were exposed to air (not shown). This suggests

FIGURE 2: Separation and purification of the variant molecules of
BtFd. (A) Hydrophobic chromatography on a Butyl-Toyopearl
650-M column. (B) Anion-exchange chromatography on a DEAE-
Toyopearl 650-M column. (C) Gel-filtration chromatography on a
Sephacryl S-200 column. For details, see the Experimental Proce-
dures. Elution of proteins, Fe-S proteins, and nucleotides were
monitored by absorbance at 280, 390 (or 420), and 260 nm,
respectively.
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that the Fe-S clusters are redox-active and also stable in
the presence of dithionite or O2.

EPR analysis of the oxidized form of the [4Fe-4S] BtFd
yielded no signal. Upon reduction by dithionite, the spectrum
exhibited signals with apparentg values of 2.06, 1.93, and
1.89 (data not shown), which are characteristic of the reduced
[4Fe-4S] cluster and identical to the values reported
previously for this class of Fds (42). In marked contrast to
the [4Fe-4S] BtFd, the BtFd variants (V-I as a representa-
tive) were EPR-silent following reduction with dithionite
(Figure 5A). Instead, BtFd V-I exhibited an EPR signal
centered atg ) 2.01 in the oxidized form, which is typical
of [3Fe-4S] clusters and has been demonstrated for a
number of [3Fe-4S] proteins (43). The EPR signal from
oxidized BtFd V-I showed an optimum as low as 6 K with
marked broadening at 15 K, finally disappearing at 30 K
(Figure 5B). The temperature dependence of the EPR signal
provides further support that BtFd V-I contains a [3Fe-4S]
cluster.

Crystal Structure of BtFd V-II (BtFd-CoA Complex).
X-ray crystallographic analysis of BtFd V-II unambiguously
revealed the structure of its Fe-S cluster, the residue to
which CoA is bonded, and the conformational change of the
polypeptide chain upon CoA binding. Although crystals were
obtained for the BtFd V-I and V-II molecules, diffraction of

V-I crystals was limited to low resolution. In contrast, BtFd
V-II crystals diffracted to better than 1.6 Å resolution, making
all BtFd polypeptide residues, the [3Fe-4S] cluster, and the
CoA moiety clearly visible in the electron-density map. The
φ andψ angles for all nonglycine residues fall in the allowed
regions of a Ramachandran plot, with 89.3% occurring within
the most favored regions. The three large peaks in the map
were easily attributed to iron atoms (Figure 6A). The [3Fe-
4S] cluster is coordinated by Fe-Sγ bonds to three cysteines,
residues 11, 17, and 61. The distances between the Fe and
S atoms are in the range of 2.17-2.32 Å, and the average
S-Fe-S and Fe-S-Fe angles are about 103° and 73°,
respectively. Thus, BtFd V-II does contain a conventional
[3Fe-4S] cluster (14, 20). One CoA moiety in the asym-
metric unit was clearly identified in theFo - Fc map (Figure
6C), whereas the remaining three CoA moieties were only
partially visible. The structures of the BtFd polypeptides and
[3Fe-4S] clusters within the asymmetric unit are identical
to one another, with the CoA moiety covalently linked to
BtFd via a disulfide bond between the terminal SH group of
CoA and Cys14 of BtFd (Figure 7A). The identification of

FIGURE 3: Electrophoretic analysis of the variant molecules of BtFd. Electrophoresis was carried out under nondenaturing and nonreducing
conditions (A), nondenaturing conditions with 5 mM DTT (B), and denaturing conditions in the presence of 2% SDS and 2%
â-mercaptoethanol (C). The gels were stained with Coomassie Blue. Lane 1, original [4Fe-4S] BtFd; lane 2, BtFd V-I; lane 3, V-II; and
lane 4, V-III. Lane M indicates size-marker proteins.

FIGURE 4: UV-vis absorption spectra of the BtFd variant molecules
and [4Fe-4S] BtFd. Samples were dissolved in 50 mM Tris-HCl
buffer at pH 7.8 containing 0.1 M NaCl. The spectra were recorded
at room temperature and normalized at 410 nm to facilitate a
comparison.

FIGURE 5: EPR spectra of BtFd variant molecule V-I. (A)
Comparison between oxidized (as isolated) and dithionite-reduced
BtFd V-I measured at 8.5 K. (B) Temperature-dependent signal
intensity of the oxidized BtFd V-I. Both spectra were measured
under the following conditions: microwave power, 0.05 mW;
modulation width, 0.63 mT.
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the disulfide bond is consistent with the biochemical experi-
ments described above. The CoA moiety is localized to the
molecular surface, and no significant interactions are ob-
served between the two moieties other than the disulfide
linkage.

The geometry of the [3Fe-4S] cluster is virtually indis-
tinguishable from that of the [4Fe-4S] cluster, with the
exception that one Fe atom is absent at a corner of the cubic
cluster (parts A and B of Figure 6). Sulfur atoms in the [3Fe-
4S] cluster and Sγ atoms in the coordinating cysteine residues
participate in a NH‚‚‚S hydrogen-bonding network that
stabilizes the cluster (30). Hence, the overall structure of BtFd
V-II is almost identical to that of the original [4Fe-4S] BtFd,
with the main-chain atoms of the two molecules superim-
posed with an rms deviation of 0.43 Å (Figure 7B). A
conformational difference is observed only in the loop region
containing the residues Cys14-Ala16. In the [4Fe-4S] BtFd,
the distance between the CR atoms of Cys14 and Cys61 is
8.7 Å, whereas the corresponding distance is 7.2 Å in BtFd
V-II. Thus, in BtFd V-II, the loop region containing Cys14

moves 1.5 Å toward the Fe-S cluster to approach the empty
site where the fourth iron normally resides. It should be noted
that Cys14 is a ligand residue in [4Fe-4S] BtFd. In BtFd
V-II, however, the side chain of Cys14 is rotated away from
the [3Fe-4S] cluster and forms a disulfide bond with the
terminal sulfhydryl group of CoA on the surface of the
molecule (Figure 7A). The conformation of the peptide
segment around the [3Fe-4S] cluster in BtFd-CoA is
similar to that observed for other [3Fe-4S] Fds (Figure 7C).

Comparison with Related Ferredoxins.Some Fe-S pro-
teins are known to bind clusters of either the [3Fe-4S] or
[4Fe-4S] type, and interconversion between these types of
clusters has extensively been studied for several Fds, such
as Pyrococcus furiosusFd, Fd III from DesulfoVibrio
africanus, and DgFd (11-13, 18, 19). For example,P.
furiosusFd andD. africanusFd III possess Cys-X-X-Asp-
X-X-Cys motifs, rather than the canonical [4Fe-4S]-binding
motif, Cys-X-X-Cys-X-X-Cys (Figure 8). When these mol-
ecules, isolated in the [3Fe-4S] form, are subjected to
reduction and addition of Fe2+, the result is [4Fe-4S] cluster
formation using the aspartate residue as the fourth ligand.
Conversion of [4Fe-4S] to [3Fe-4S] clusters occurs during
protein isolation or upon exposure to oxygen. Replacement
of this aspartate with cysteine by site-directed mutagenesis
results in a stable [4Fe-4S] cluster that can no longer be
easily converted to [3Fe-4S] (12). DgFd is more closely
related to BtFd, because for this molecule cluster conversion
occurs despite the presence of the canonical Cys-X-X-Cys-
X-X-Cys motif (Figure 8). The [3Fe-4S] cluster of DgFd
can be converted to [4Fe-4S] in Vitro by the addition of
Fe2+ in the presence of a reducing agent (DTT), with a
concomitant alteration in the oligomeric state from tetramer
to dimer (18). Understanding the mechanism for this change
in subunit composition is complicated by the fact that the
[3Fe-4S] DgFd was crystallized as a monomer, although it
was originally isolated as a tetramer (20). The crystal
structure of DgFd shows that the [3Fe-4S] cluster is ligated
by cysteine residues 8, 14, and 50, while a free cysteine is

FIGURE 6: Portion of the crystal structure of BtFd V-II highlighting the [3Fe-4S] cluster and a CoA molecule. (A) Stereoview of the
electron-density map around the [3Fe-4S] cluster. Red and green indicate the 2Fo - Fc map with contour levels of 10σ and 5σ, respectively.
Fe atoms are shown in brown, and sulfur atoms are shown in yellow. The [3Fe-4S] cluster is ligated by cysteines 11, 17, and 61 in the
BtFd polypeptide. (B) [4Fe-4S] cluster and the coordinating four cysteines in the original [4Fe-4S] BtFd (PDB entry 1IQZ) viewed from
a similar angle as in A. (C) 2Fo - Fc map for the CoA moiety. The CoA moiety is superimposed on the map with red (5.0σ) and purple
(1.0σ) contours. These figures were produced using DINO (http://www.dino3d.org).
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present at position 11 (corresponding to Cys14 in BtFd). As
is the case for BtFd V-II, the side chain of Cys11 in DgFd is
rotated away from the cluster and appears to be covalently
modified by a nonproteinous molecule at the surface of the
protein, thus preventing it from serving as a ligand. No
chemical experiments were attempted to identify the attached
molecule, but it was tentatively predicted to be a methanethiol
group based on its electron density, bond length, and
temperature factors by X-ray diffraction studies. Thus, the
modification of the second cysteine (Cys14) observed in the
[3Fe-4S] BtFd variant molecules is not unprecedented. More

intriguingly, DgFd was purified from its native cell type in
both [3Fe-4S] and [4Fe-4S] forms. In contrast,in Vitro
chemical reconstitution of the Fe-S cluster from apo-DgFd
yields only the [4Fe-4S] type, whereas recombinant DgFd
expressed inE. coli is purified predominantly as a [3Fe-
4S] form (18, 41). To date, modification of Cys11 in
recombinant [3Fe-4S] DgFd has not been examined.

Physiological Considerations. Here, we have reported the
purification and characterization of novel variant molecules
of BtFd. Variants BtFd V-I and V-II were determined to be
the BtFd-ACP complex and the BtFd-CoA complex,

FIGURE 7: (A) Stereoview of the [3Fe-4S] BtFd-CoA complex. Four cysteine side chains and a CoA moiety are shown as stick models,
in which oxygen, nitrogen, phosphorus, and sulfur atoms are shown by red, blue, green, and yellow, respectively. Iron and sulfur atoms in
the Fe-S cluster are depicted as brown and yellow balls, respectively. (B) Superposition of the CR traces of the BtFd-CoA complex
(green) and the original [4Fe-4S] BtFd (orange). The [3Fe-4S] cluster of the BtFd-CoA complex is indicated in the CPK (Corey Pauling
Kultin) mode. The CoA molecule in the BtFd-CoA complex and the [4Fe-4S] cluster of the original BtFd are omitted for simplicity. (C)
Superposition of the CR traces of the [3Fe-4S] Fds with [4Fe-4S] BtFd near the Fe-S cluster-binding sites. For clarity, only the cluster
and the residue numbers of the BtFd-CoA complex are shown. The same colors as in B are used for BtFd-CoA, [4Fe-4S] BtFd, and
[3Fe-4S] cluster.D. gigasFd (PDB entry 1FXD) andP. furiosusFd (PDB entry 1SIZ) are colored in purple and blue, respectively. These
figures were produced with DINO. The superposition views were produced using LSQKAB (52).

FIGURE 8: Comparison of the amino acid sequences of Fds fromB. thermoproteolyticus, D. gigas, P. furiosus, and Fd III fromD. africanus.
These Fds may bind either [3Fe-4S] or [4Fe-4S] clusters.D. africanusFd III accommodates two Fe-S clusters; one is a stable [4Fe-4S]
cluster and the other undergoes cluster conversion.
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respectively. BtFd V-III is most likely a dimer of BtFd
connected by a disulfide bond. All of the variant molecules
accommodate [3Fe-4S] clusters in place of the [4Fe-4S]
cluster characteristic of the originally isolated BtFd. The
crystal structure of the BtFd-CoA complex clearly demon-
strates that this interaction involves a disulfide bond between
the terminal thiol group of CoA and the Sγ of Cys14, the
residue which acts as the fourth ligand of [4Fe-4S] BtFd.
Both ACP and CoA contain 4′-phosphopantetheine groups,
which generally function as carriers of acyl groups (44).
BecauseE. coli ACP lacks cysteine residues, the disulfide
linkage in the BtFd-ACP complex should also involve the
terminal sulfhydryl group of the prosthetic group. This brings
up a question concerning the formation of these disulfide
linkagesin ViVo: are these variant molecules indeed produced
under the reducing conditions characteristic of the cytoplasm?
When purified [4Fe-4S] BtFd was mixed with CoA (0.5
mM), neither deterioration of the [4Fe-4S] cluster, conver-
sion to [3Fe-4S], nor formation of a disulfide bond was
observed during a prolonged incubation of up to 1 month at
25 °C (data not shown). Therefore, the high degree of
stability of [4Fe-4S] BtFd may suggest that the variant
molecules are not simply artifacts produced during the
purification steps. It is also noteworthy that the BtFd
polypeptide has a high propensity for accommodating the
[4Fe-4S] cluster, as evidenced by the fact that the [4Fe-
4S] form was purified in much higher yield from the cells.

Two possibilities arise concerning how such variant
molecules are formed in the cell. First, the variant molecules
might be derived as a consequence of the high level of
recombinant protein expression, where the situation that
overwhelms the maturation system leads to exposed thiols
that would not normally be present. Incidental modification
of Cys14 may prevent the residue from serving as a ligand
to the Fe-S cluster. During overproducingKlebsiella pneu-
moniaeflavodoxin in E. coli, the occurrence of modified
flavodoxin that is covalently bound to CoA through cysteine
was reported (45). Second, the BtFd polypeptide may
physically associatein ViVo with CoA or ACP in a way that
places the two reactive thiols in close proximity. Upon cell
lysis, such an association would allow the formation of a
disulfide linkage between the two molecules. In support of
this view, a BtFd-glutathione adduct has not been detected
in our preparations despite the fact that glutathione is the
most abundant thiol inE. coli cells (46). In this context, it
is noteworthy that previous studies have suggested that ACP,
which normally functions in fatty acid biosynthesis (44),
might play an active role in the formation of Fe-S clusters.
An interaction between ACP and IscS, a cysteine desulfurase,
has been demonstrated both by copurification of the native
ACP-IscS complex fromE. coli cells using several steps
of conventional chromatography (40) and by rapid pull-down
experiments using the recombinant proteins carrying affinity
tags (47). The interaction involves a disulfide bond between
the thiol groups of the 4′-phosphopantetheine of ACP and
Cys328 of IscS, the essential residue for the activity (22, 48).
Furthermore, in fungi and animals, mitochondrial ACP is
tightly associated with respiratory complex I (NADH:
ubiquinone oxidoreductase), a membrane-bound multisubunit
complex containing up to nine Fe-S clusters (49, 50), and
disruption of the gene for ACP inNeurospora crassaresults
in complex I deficiency, indicating that complex I cannot

be assembled without ACP (51, 52). Although the function
of mitochondrial ACP is still elusive, the mutant phenotype
may suggest that ACP is relevant to the Fe-S cluster
biosynthesis. Regarding how the variant molecules of BtFd
are derived, there is no convincing evidence at present that
supports either one of the possibilities. The first one poses
caution that overproducing Fe-S proteins may give side
products, whereas the second one may provide a clue for
the mechanism of the Fe-S protein maturation. Further
studies are awaiting with much interest.
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