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ABSTRACT: The Type I homodimeric photosynthetic reaction center found in anaerobic gram-positive
bacteria of the genusHeliobacteriaceaeincorporates FA- and FB-like iron-sulfur clusters similar to those
found in Photosystem I as terminal electron acceptors. We recently isolated the PshB protein that harbors
the iron-sulfur clusters from the reaction centers ofHeliobacterium modesticaldum.Here, we report the
cloning of a candidate gene and the properties of its product. Genuine PshB was dissociated from the
reaction center with 1 M NaCl and purified using an affinity strategy. After acquiring its N-terminal
amino acid sequence, anfd2-like gene encoding a 5.5-kDa dicluster ferredoxin was identified as a candidate
for PshB. The Fd2-like apoprotein was expressed inEscherichia coliwith a His tag, and the Fe/S clusters
were inserted using inorganic reagents. The optical absorbance and EPR spectra of the Fd2-like holoprotein
were similar to those of genuine PshB. The Fd2-like holoprotein was coeluted with P798-FX cores on
both G-75 gel filtration and Ni affinity columns. Consistent with binding, the EPR resonances atg )
2.067, 1.933, and 1.890 from [FA/FB]- were restored after illumination at 15 K, and the long-lived, room-
temperature charge recombination kinetics between P798+ and [FA/FB]- reappeared on a laser flash. These
characteristics indicate that the long-sought gene and polypeptide harboring the FA- and FB-like clusters
in heliobacteria have been identified. The amino acid sequence of PshB indicates an entirely different
mode of binding with the reaction center core than PsaC, its counterpart in Photosystem I.

Photosynthetic reaction centers (RCs1) are membrane-
bound, protein-pigment complexes that convert light energy
into a stable charge-separated state. Two types occur in
nature: Type I has an Fe/S cluster as the terminal electron
acceptor, and Type II has a mobile quinone as the terminal
electron acceptor. Type I RCs can be further subdivided into
two groups: homodimeric RCs, which are found in anaerobic
bacteria of the genusChlorobiaceaeandHeliobacteriaceae,
and Photosystem I (PS I), a heterodimeric RC, which is found
in plants, algae, and cyanobacteria. Type II RCs can similarly
be subdivided into two groups, the heterodimeric purple non-
sulfur bacterial RC and Photosystem II (PS II), a het-
erodimeric RC, which is found in plants, algae, and
cyanobacteria. X-ray crystal structures are available for the
bacterial RC (1), PS II (2-4), and PS I (5, 6), but no high-

resolution structural information exists for Type I ho-
modimeric RCs.

Heliobacteria are soil-dwelling phototrophs frequently
found in rice fields (7). They are the only gram-positive
photosynthetic bacteria (8) and the only spore-forming
photosynthetic bacteria (7). They have a number of intriguing
characteristics including an entirely novel pigment, bacte-
riochlorophyll g (Bchl g), that gives the microorganism its
characteristic brown color (9). However, little is known about
the polypeptide composition of the heliobacterial reaction
center (HbRC), apart from the fact that it consists of a
homodimer of the PshA protein (10).

The PshA homodimer incorporates all of the antenna
bacteriochlorophylls as well as the primary electron donor,
P798, a Bchlg′ homodimer (11, 12); the primary electron
acceptor A0, a 81-OH-chlorophyll aF monomer2 (13); and the
interpolypeptide electron acceptor FX (10, 14), a [4Fe-
4S]1+,2+ cluster with a ground spin state of S) 3/2 (15),
see also (16). The PshA homodimer also contains up to two
menaquinones, but their function remains unknown (17-
20). To date, there is no convincing evidence for the
participation of a quinone as a secondary electron acceptor
in heliobacteria. The intact HbRC also contains a separate
polypeptide, termed PshB (21), that harbors two [4Fe-
4S]1+,2+ clusters similar to FA and FB in PS I (12, 21, 22).
However, there is no reliable data on the identity of the gene
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that encodes for PshB in heliobacteria. Further complicating
the picture is a report that the major photosynthesis gene
cluster inHeliobacillus mobilisdoes not include a gene that
would code for a low molecular mass dicluster ferredoxin
(23).

In a previous article (21), we showed that PshB can be
removed from the reaction center complex ofHeliobacterium
modesticaldumwith 1.0 M NaCl. We labeled the PshB-
depleted reaction center a P798-FX core. Upon removing
PshB, the flash-induced kinetics accelerates from a∼75 ms
lifetime to a∼15 ms lifetime, indicating that the former arises
from the recombination of P798+ with [FA/FB]-. The latter
was shown to arise from the recombination of P798+ with
FX

- (15). We isolated PshB and succeeded in rebinding it
to P798-FX cores. The reconstituted HbRC was fully
functional in terms of promoting light-induced electron
transfer between P798 and FA/FB. In this article, we report
the cloning and identification of a candidate gene for PshB
from H. modesticaldumand the expression and properties
of the recombinant PshB protein inEscherichia coli.

MATERIALS AND METHODS

Isolation of Heliobacterial Reaction Centers.A culture
of H. modesticaldumwas generously provided by Dr.
Michael Madigan (Southern Illinois University). Liquid
cultures ofH. modesticaldumwere grown anaerobically in
PYE media as described in ref (24) except that resazurin,
an oxygen reporter dye, was added to a final concentration
of 0.001%. The media was degassed and allowed to incubate
in an anaerobic chamber with an atmosphere of 10% H2 and
90% N2 (Coy Labs, Grass Lake, MI) until the color of the
resazurin indicated that it was devoid of oxygen. The bottles
were inoculated using the Hungate technique, and the culture
was allowed to grow under illumination for 48 h at 43°C.
Banks of eight fluorescent bulbs provided white light
illumination. All biochemical manipulations were performed
anaerobically. Plasticware and glassware were placed in the
anaerobic chamber 3 h prior to use and were tested with
resazurin to verify that any residual oxygen had been
removed. Cells grown to late-exponential phase were har-
vested anaerobically at 10,000g and resuspended in 50 mM
MOPS buffer at pH 7. Whole cells were lysed by sonication,
and membranes were pelleted by centrifugation at 200,000g.
Membranes were solubilized with 1%n-dodecyl-â-D-mal-
topyranoside for 1 h; insoluble fragments were removed by
centrifugation at 200,000g. P798-FX cores devoid of PshB
were isolated by passing detergent-solubilized membranes
over a diethylaminoethyl cellulose ion-exchange column
equilibrated in 50 mM MOPS at pH 7.0.

Purification of PshB, the Bound Fe/S Protein Containing
FA and FB. Solubilized membranes were incubated with 1
M NaCl for 1 h and ultrafiltered over a 30-kDa cutoff
membrane (PM 30, Millipore). The proteins that passed
through the membrane were collected, and the filtrate was
concentrated over a 3-kDa cutoff membrane (YM-3, Milli-
pore) and desalted on a PD-10 column (Amersham Bio-
sciences). After purification, the PshB protein was resolved
by SDS-PAGE and blotted onto a PVDF membrane.
N-terminal sequencing was carried out in the Macromolecular
Core Facility of The Pennsylvania State University.

Cloning of the pshB Gene.Chromosomal DNA was
isolated fromH. modesticaldumusing a previously published

protocol (25). The DNA fragment containing thepshBgene
was amplified using the chromosomal DNA ofH. modes-
ticaldumas template and PCR primers, which were designed
on the basis of a sequence comparison with the Fd2 protein
from H. mobilis (26). The 5′ DNA oligo was AACGGAG-
GTGAACATATGTATAAAATC with the generation of a
NdeI site, and the 3′ primer was TGGTTAGGATCCATT-
AGGCTTTGATGGCGTC with the generation of aBamHI
site. The PCR fragment was purified and cloned into a
pET16b expression vector after digestion withNdeI and
BamHI. The cloned DNA fragment unintentionally contained
the fd1 and fd2 genes encoding two different ferredoxins,
which were verified by DNA sequencing. For expression of
the second ferredoxin-like protein (Fd2), a DNA fragment
was amplified from this plasmid using the primers 5′
AGGCAGGTGAAAAGACATATGGCTTACAAA and 3′
CAAAAAACCCCTCCAGACCCGTTTAGAGGCCCCA-
AGGGGTTATGCTAG. The PCR fragment was cloned into
a pET16b expression vector after digestion withBamHI and
NdeI and verified by DNA sequencing.

Protein Expression and Purification.The pET16bFd2
plasmid was transformed into BL21 (DE3) cells for expres-
sion.E. coli cells were grown in LB media to an OD600 of
0.6, and IPTG was added to a final concentration of 200
µM. After 6 h of growth, cells were spun down at 10,000g
and lysed using a French Pressure cell. Unlysed cells were
removed by centrifugation at 10,000g. The sodium chloride
concentration in the cell lysate was brought to 300 mM, and
imidazole was added to a final concentration of 10 mM. The
cell lysate was loaded onto Ni resin that was equilibrated in
300 mM NaCl, 10 mM imidazole, and 50 mM Tris (pH 8.3),
the column was washed extensively with the same buffer,
and the apoprotein was eluted with 250 mM imidazole, 300
mM NaCl, and 50 mM Tris (pH 8.3).

Reconstitution of the Fe/S Clusters.The Fe/S apoprotein
was incubated for 20 min with 100 mMâ-mercaptoethanol
in 50 mM Tris buffer (pH 8.3). Ferrous ammonium sulfate
was added dropwise to a final concentration of 180µM, and
the solution was allowed to incubate for 20 min. After the
mixture turned brown, sodium sulfide was added dropwise
to a final concentration of 180µM, and the solution was
allowed to incubate overnight at 4°C. The reconstituted Fe/S
protein was desalted and concentrated by ultrafiltration over
a YM-3 membrane (21). After reconstitution, the Fe/S protein
concentration was determined by using a previously pub-
lished molar extinction coefficient (27).

Low-Temperature X-Band EPR Spectroscopy.Low-tem-
perature EPR spectroscopy was performed using a Bruker
ECS-106 X-band spectrometer equipped with an Oxford
liquid helium cryostat and temperature controller. The
recombinant protein was chemically reduced with 10 mM
sodium hydrosulfite in 100 mM glycine at pH 10.0. A
difference spectrum was constructed by subtracting the
oxidized spectrum (no additions) from the chemically
reduced spectrum. HbRC complexes were illuminated with
an argon-ion laser, which was operated at 2.5 W in all-lines
mode. A 3-fold beam expander was used to fill the grid of
the resonator. A difference spectrum was constructed by
subtracting the dark-adapted spectrum from the light-induced
spectrum.
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Time-ResolVed Optical Spectroscopy in the Near-IR.The
kinetics of P798+ reduction were measured by monitoring
the flash-induced absorbance change after a laser flash. The
sample was probed with a continuous measuring beam at
798 nm isolated from a 400 W tungsten-halogen lamp with
a 1/4 meter monochromator. A shutter admitted the measur-
ing beam 10 ms prior to the laser flash. The measuring beam
was monitored using a reverse-biased Si photodiode that was
shielded from stray light with an 800 nm interference filter.
The signal from the photodiode was amplified using a
Tektronix AM502 differential amplifier and digitized using
a DSA601 Tektronix digital oscilloscope. The data was sent
to a Macintosh computer via an IEEE-488 bus (National
Instruments). The electronic bandwidth of the detection
system was 1 MHz. The sample was excited by an Nd:YAG
laser operating in the second harmonic (λ ) 532 nm) with
a 7 ns pulse duration and an energy of∼2 mJ/cm2. Typically,
8 to 16 transients were recorded and averaged. Samples were
placed in a quartz anaerobic cuvette with an optical path of
10 mm. The samples were in 50 mM MOPS buffer at pH
7.0 and an absorbance of 1.0 at 788 nm. The kinetic traces
were analyzed by fitting a multiexponential decay using the
Marquardt least-squares algorithm (Igor Pro, Lake Oswego,
OR). The HbRC concentration was determined using a
previously published protocol (15).

RESULTS

N-Terminal Amino Acid Sequencing of Genuine PshB.The
PshB protein is weakly bound to HbRCs and can be removed
with 1.0 M NaCl followed by ultrafiltration over a 30-kDa
cutoff membrane. To unambiguously identify PshB, an
affinity technique was devised in which the ultrafiltrate was
added to P798-FX cores to reconstitute an HbRC complex.
The rebinding of PshB was confirmed by the restoration of
the flash-induced long-lived charge recombination kinetics
between P798+ and [FA/FB]-. The HbRC complexes were
separated from unbound PshB and other contaminating
proteins by passage over a G-75 gel filtration column and
collected. The HbRC complexes were then treated with 1%
SDS, and the polypeptides were resolved on a 15% SDS-
PAGE gel and stained with silver. The polypeptide composi-
tion of the HbRC complexes includes a band at∼10 kDa,
which was not present in P798-FX cores (data not shown).
The ∼10 kDa polypeptide was blotted onto a PVDF
membrane, and the N-terminal sequence was determined to
be AYKITD.

Cloning and Sequencing of the Gene Encoding a Dicluster
Ferredoxin.The N-terminal sequence of genuine PshB is
similar to the N-terminal sequences of Fd2 and Fd1,
ferredoxins that were previously isolated fromH. mobilis
(26). Fd1 is a 5513 Da polypeptide with the N-terminal
sequence AYKISDA, and Fd2 is a 5575 Da polypeptide with

the N-terminal sequence MYKIDAS. Both contain two
CxxCxxCxxxC binding motifs for two [4Fe-4S]1+,2+ clusters.
Figure 1 shows a comparison of the products of thefd1 and
fd2 genes fromH. mobilisand the products of thefd1-like
and fd2-like genes from the unpublished genome sequence
of H. modesticaldum(Blankenship,R., personal communica-
tion). The N-terminal sequence of genuine PshB is a perfect
match to the deduced amino acid sequence of the Fd2-like
protein inH. modesticaldum. The fd2-like gene was cloned
from H. modesticaldumand expressed with an N-terminal
His-Tag.

Comparison of Genuine PshB and the Expressed Fd2-Like
Protein.The Fd2-like apoprotein ofH. modesticaldumwas
expressed inE. coli, purified by Ni-chelation chromatogra-
phy, and the iron-sulfur clusters were inserted using
inorganic techniques. The optical absorbance spectra of PshB
and the Fd2-like holoprotein were shown to be similar (data
not shown). Both have a broad absorbance maximum at 400
nm and a ratio of 280 to 400 nm of∼2.1 to 1, and both lose
one-half of their absorbance in the visible region after the
addition of sodium dithionite at pH 10. The low-temperature
EPR spectra of PshB and the Fd2-like protein were also
shown to be similar (Figure 2). Both show a complex
interaction spectrum after reduction with dithionite, charac-
teristic of bacterial dicluster ferredoxins that contain two
closely spaced [4Fe-4S]1+,2+ clusters.

Interaction of the Expressed Fd2-Like Protein with P798-
FX Cores.If the expressed Fd2-like protein is equivalent to
PshB, it should bind to P798-FX cores. In the first experiment,
the His-tagged Fd2-like holoprotein was added to P798-FX

cores and subject to chromatography on a G-75 gel filtration
column. The eluate containing the brown-colored reaction
center was collected, and the polypeptide composition was
analyzed by SDS-PAGE (Figure 3, lane 1). The band visible
at ∼55 kDa was previously shown to be PshA (10, 28). An
additional band is present at∼10-kDa, indicating that the
Fd2-like protein binds to P798-FX cores under the low ionic
strength conditions of this experiment. (The mass of the Fd2-
like protein with the added His tag is 7879 Da.) In the second
experiment, the His-Tagged Fd2-like protein was first bound
to a Ni-affinity column, and then the P798-FX cores were
loaded. The column was washed until the eluate was free of
protein, imidazole was added to displace the bound Fd2
protein, and the polypeptide composition of the eluate was
analyzed by SDS-PAGE (Figure 3, lane 2). The presence
of a band at∼10-kDa as well as∼55 kDa indicates that
P798-FX cores bind the Fd2-like protein, thereby reconstitut-
ing the HbRC complex. It should be noted that P798-FX cores
alone are not retained on the Ni-affinity column.

Time-ResolVed Optical Kinetics of P798-FX Cores with
the Expressed Fd2-Like Protein.To determine whether the
reconstituted HbRC complex is functionally active at room

FIGURE 1: Comparison of the N-terminal amino acid sequences of PshB fromH. modesticaldumwith amino acid sequences of Fd1 and
Fd2 fromH. mobilisandH. modesticaldumas well as PsaC fromThermosynechococcus elongatusBP-1.
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temperature, the kinetics between P798+ and [FA/FB]- were
measured using time-resolved optical spectroscopy. Freshly
isolated HbRC complexes were shown previously to have
biphasic kinetics; an∼15-ms kinetic phase originates from

the charge recombination between P798+ and FX, and an∼75
ms kinetic phase originates from the charge recombination
between P798+ and [FA/FB]- (21). The ratio between the two
kinetic phases is approximately 1:1 in both detergent-
solubilized membranes and freshly isolated HbRC complexes
(21). The P798-FX cores used in the reconstitution studies
(Figure 4, top) show a monoexponential charge recombina-
tion of ∼15 ms, indicating that PshB has been completely
removed by anion exchange chromatography. When genuine
PshB is added to the P798-FX cores in 5-fold molar excess,
a long-lived kinetic phase with a lifetime of 96 ms appears,
corresponding to 56% of the total amplitude (Figure 4,
middle). When the Fd2-like protein is added to the P798-FX

cores in 10-fold molar excess, a long-lived kinetic phase with
a lifetime of ∼114 ms appears, corresponding to 52% of
the total amplitude (Figure 4, bottom). This percentage can
be raised to∼85% by adding a 30-fold molar excess of the
Fd2-like protein; however, when the mixture is subject to
gel filtration to remove the unbound proteins, the contribution

FIGURE 2: Low-temperature EPR spectra of PshB (top) and the
Fd2-like protein (bottom). The samples were treated with 33 mM
dithionite in 100 mM glycine (pH 10) to reduce the iron-sulfur
clusters. The spectrometer conditions were as follows: temperature,
20 K; power, 126 mW; microwave frequency, 9.47 GHz; receiver
gain, 2× 104; and modulation amplitude, 10 G at 100 kHz.

FIGURE 3: SDS-PAGE analysis of P798-FX cores co-purified with
His-tagged Fd2-like protein. Lane 1, P798-FX cores+ Fd2-like
protein after purification on a G-75 gel filtration column; lane 2,
P798-FX cores+ Fd2-like protein after elution from the Ni affinity
column with 250 mM imidazole; lane 3, molecular weight markers.

FIGURE 4: Flash-induced absorption changes at 798 nm of P798-
FX cores purified by DEAE ion-exchange chromatography (top),
P798-FX cores with a 5-fold molar excess of genuine PshB (middle),
and P798-FX cores with a 10-fold molar excess of reconstituted
Fd2-like protein (bottom). The experimental data represents the
average of 8 scans except for the Fd2-like protein (bottom), which
is the average of 16 scans. The data are fitted using the Marquardt
algorithm; the residuals (difference between experimental and fit
curves) are shown in the upper panel.

Identification of thepshBGene in Heliobacteria Biochemistry, Vol. 46, No. 9, 20072533



of the slow kinetic phase returns to∼50% of the total
absorption change (data not shown). We found that an∼2-
fold larger molar excess of the Fd2-like protein relative to
genuine PshB is required to achieve the same level of
reconstitution.

Low-Temperature EPR Spectrum of P798-FX Cores with
the Expressed Fd2-Like Protein.To determine whether the
reconstituted HbRC complex is functionally active at low
temperature, the EPR spectrum of the terminal Fe/S clusters
was measured after illumination at 15 K. Freshly isolated
HbRCs, were shown previously to have a rhombic set of
resonances atg ) 2.067, 1.933, and 1.890, similar to those
in whole cells (21). When PshB is removed, these resonances
disappear, and only a derivative-shaped resonance atg )
2.003 is present from P798+ (Figure 5, top and bottom,
broken line). The electron acceptor under these conditions
is iron-sulfur cluster FX; however, it is in a ground spin
state of S) 3/2, and is only visible downfield as a relatively
weak doublet betweeng ) 4 and 6 (15). When genuine PshB
is incubated with the HbRC cores in 5-fold molar excess, a
rhombic set of resonances atg ) 2.067, 1.933, and 1.890 is
seen after illumination at 15 K (Figure 5, top, solid line).
When the expressed Fd2-like protein is incubated with the
HbRC cores in 10-fold molar excess, an identical rhombic
set of resonances atg ) 2.067, 1.933, and 1.890 is seen
after illumination at 15 K (Figure 5, bottom, solid line).
Because the experiment was carried out at low temperature,

no diffusion is possible, consistent with the proposal that
the Fd2-like protein is bound to the P798-FX cores.

DISCUSSION

The primary aim of this work was to identify thepshB
gene inH. modesticaldumand to determine the amino acid
sequence and partial characterization of its product. To date,
the only protein that has been shown to be a bona fide
component of the HbRC complex is PshA (10). A ho-
modimer of PshA binds the Bchlg antenna molecules, the
primary donor P798, the primary acceptor A0, and the [4Fe-
4S]1+,2+ cluster FX (10, 15). The number of Bchlg antenna
molecules in the HbRC is between 28 by HPLC analysis of
pigments (29) and 22 by a comparison of chlorophyll and
iron concentrations (15). It has been long known that FA-
and FB-like iron-sulfur clusters function as terminal electron
acceptors (12, 22); however, a dicluster ferredoxin protein
similar to PsaC was not present in purified HbRC prepara-
tions (11, 30). Recently, we succeeded in isolating an HbRC
complex fromH. modesticaldumthat contains PshB, the
polypeptide that harbors the FA and FB clusters (21). Our
strategy to identify its gene focused on isolating the genuine
PshB protein and determining its N-terminal amino acid
sequence. We were assisted by the report that two ferredox-
ins, Fd1 and Fd2, had been isolated previously fromH.
mobilis and their gene sequences determined (26). We
constructed primers on the basis of the N-terminal and
C-terminal amino acid sequence offd2 from H. mobilis, and
we cloned the counterparts offd1 and fd2 from H. modes-
ticaldum. The deduced N-terminal amino acid sequence of
the Fd2-like protein fromH. modesticaldumperfectly
matched the N-terminal amino acid sequence of genuine
PshB. We cloned the correspondingfd2 gene from H.
modesticalduminto an expression vector, expressed the
protein with a His-affinity tag, and showed that the product
binds to P798-FX cores. The reconstituted HbRC was found
to be fully functional in promoting light-induced electron
transfer between P798 and FA/FB. A 2-fold higher concentra-
tion of the expressed Fd2-like protein is required to achieve
a level of reconstitution comparable to that of genuine PshB.
This could be due to known differences between the two
proteins: the expressed Fd2-like protein contains a 2.5 kDa
affinity tag consisting of 21 residues, including 10 consecu-
tive His residues, on the N-terminus, and it terminates with
the residues KA instead of IPG (the preceding 51 amino
acids, however, are identical). The alteration at the C-
terminus is because the primers were constructed using the
sequence of thefd2 gene fromH. mobilis in the absence of
the C-terminal amino acid sequence of genuine PshB. These
additional amino acids at the N-terminus and changes at the
C-terminus could result in a different binding affinity than
that of genuine PshB. Nevertheless, the properties of the
expressed Fd2-like protein indicate that the long-sought gene
that codes for the FA/FB polypeptide in heliobacterial reaction
centers has been identified.

The Fd2-like protein inH. modesticaldum(hereafter
termed PshB) has a predicted molecular weight of 5440 (54
amino acids) and is, therefore, considerably smaller than
PsaC, which has a molecular weight of 8829 (81 amino
acids). Both are acidic proteins with estimated pIs of 4.06
and 5.5, respectively. Both contain two traditional CxxCxx-
CxxxC binding motifs for the [4Fe-4S]1+,2+ clusters; how-

FIGURE 5: Light-induced EPR difference spectra of P798-FX cores
purified by DEAE ion-exchange chromatography reconstituted with
a 5-fold molar excess of genuine PshB (top) and reconstituted with
a 10-fold molar excess of reconstituted Fd2-like protein (bottom).
The EPR spectrum of P798-FX complexes prior to the addition of
PshB and the Fd2-like protein are depicted as dotted lines (top and
bottom). The spectrometer conditions were as follows: temperature,
20 K; power, 126 mW; microwave frequency, 9.47 GHz; receiver
gain, 2× 104; and modulation amplitude, 10 G at 100 kHz. The
optical absorbance at 788 nm of the sample was 45.
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ever, in PsaC, a Pro follows the terminal Cys residue in both
Fe/S cluster binding motifs, whereas in PshB, a Cys follows
the terminal Cys in the N-terminal Fe/S cluster binding motif
(Figure 1). Although it is not uncommon for a dicluster
ferredoxin to contain a residue other than Pro in this position,
a Cys is highly unusual. It is not known if the Cys-Cys
motif has any structural or functional significance. A database
search shows that PshB is a member of a family of a large
number of bacterial dicluster ferredoxins that are highly
acidic and have nearly the same mass and number of amino
acids. A number of high-resolution X-ray and NMR struc-
tures are available for several bacterial dicluster ferredoxins
(pdb entries 1FDX (now replaced with 1DUR), 1CLF, 1FDN,
2FDN, 1BLU, 1FCA, 5FD1, 1BC6, 1BQX, 1RGV) (31-
41), including PsaC (pdb entry 1K0T) (42). In bacterial
dicluster ferredoxins as well as PsaC, both [4Fe-4S]1+,2+

cluster binding motifs and the clusters themselves exhibit a
local pseudo-C2-symmetry. All show a very similar set of
protein folds characterized by a two-stranded antiparallel
â-sheet arrangement of N- and C-termini and the two [4Fe-
4S]1+,2+ clusters separated by a singleR-helical turn. These
central structural features are common to all dicluster
ferredoxins characterized thus far, and they can be expected
to be present in the highly similar Fd2-like protein fromH.
modesticaldum. Conspicuously absent is the insertion of 8
residues in the middle of the loop connecting the two
consensus iron-sulfur binding motifs and the C-terminal
extension of 14 or 15 residues present in PsaC. The amino
acids in the loop insertion region of PsaC are considered to
be involved in ferredoxin/flavodoxin binding (43, 44) and
those in the C-terminus in binding to the PsaA/PsaB core
and to other stromal subunits (45). Most significantly, the
two Arg and one Lys residues that bind PsaC to the PsaA/
PsaB heterodimer of PS I are not present in the Fd2-like
protein fromH. modesticaldum;all are replaced by neutral
residues (Figure 1). This indicates a different mode of binding
with the P798-FX core, but details await a high-resolution
crystal structure of the HbRC replete with PshB.
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