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ABSTRACT: Electron transfer in the membranes and the type I reaction center (RC) core protein complex
isolated fromHeliobacterium modesticaldumwas studied by optical and ESR spectroscopy. The RC is a
homodimer of PshA proteins. In the isolated membranes, illumination at 14 K led to accumulation of a
stable ESR signal of the reduced iron-sulfur center FB- in the presence of dithiothreitol, and an additional
20 min illumination at 230 K induced the spin-interacting FA

-/FB
- signal at 14 K. During illumination at

5 K in the presence of dithionite, we detected a new transient signal with the following values:gz )
2.040,gy ) 1.911, andgx ) 1.896. The signal decayed rapidly with a 10 ms time constant after the flash
excitation at 5 K and was attributed to the FX

--type center, although the signal shape was more symmetrical
than that of FX- in photosystem I. In the purified RC core protein, laser excitation induced the absorption
change of a special pair, P800. The flash-induced P800+ signal recovered with a fast 2-5 ms time constant
below 150 K, suggesting charge recombination with FX

-. Partial destruction of the RC core protein complex
by a brief exposure to air increased the level of the P800+A0

- state that gave a lifetime (t1/2) of 100 ns
at 77 K. The reactions of FX and quinone were discussed on the basis of the three-dimensional structural
model of RC that predicts the conserved FX-binding site and the quinone-binding site, which is more
hydrophilic than that in the photosystem I RC.

Heliobacteria are anoxygenic phototrophs in a group of
low-GC Gram-positive bacteria (1). The bacteria grow only
under strictly anaerobic conditions and contain bacteriochlo-
rophyll (BChl)1 g as the major photosynthetic pigment (2).
BChl g is easily degraded to Chla-like derivatives in air
and changes its color from brown to bright green. Helio-
bacteria have the simplest photosynthetic system, i.e., one
that consists of only a type I (Fe-S-type) RC complex in
the cytoplasmic membranes (2, 3). The RC, which is a
homodimer of two identical PshA core proteins (4), as is
the RC of green sulfur bacteria made of PscA (5), has a small
antenna size of 35-40 BChl g molecules and is associated

with no light-harvesting proteins or pigment aggregates.
Homodimeric RCs are supposed to have structures that are
essentially similar to those of the photosystem I (PS I) RC
of cyanobacteria and plants.

An X-ray crystallography study of the PS I RC of a
thermophilic cyanobacterium,Synechococcus elongatus,
revealed the RC structure at 2.5 Å resolution (6). The folding
motifs of the membrane-spanningR-helices and the arrange-
ments of the cofactors in the core moiety of PS I were found
to resemble those in the structure of type 2 (quinone-type)
RCs of purple photosynthetic bacteria and PS II in cyano-
bacteria and plants (7, 8). All these RCs are made of two
almost homologous but partially different proteins and
designated as heterodimeric RCs. The electron transfer
cofactors are arranged in two almost symmetrical branches
within the RCs. In type 2 RCs, electrons move only along
the cofactors in one branch (9). In PS I, it is still controversial
whether the electron moves along only one branch or both
branches (10-14). On the other hand, both branches are
supposed to be active in the homodimeric heliobacterial RC.
An ENDOR study of a special pair P800+ has shown almost
symmetrical spin densities on the two constituent BChlg
molecules (15). An FTIR study also suggested a symmetrical
RC structure by demonstrating a single peak of the S-H
signal for the two cysteine residues that are expected to be
located at symmetrical positions (16).

The heliobacterial RC has been assumed to have the
following photosynthetic electron transfer pathway in analogy
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to the RCs of PS I and green sulfur bacteria (17, 18).

The primary donor P800 is a dimer of BChlg (or a
heterodimer of Bchlg and g′) (19). The primary acceptor
A0 is a chlorophyll (Chl)a derivative, 81-hydroxy-Chla (81-
OH-Chl a) (20-23). Cytochromec, which is an immediate
electron donor to P800, is a protein (PetJ) that is anchored
to the membranes probably through a fatty acid covalently
bound to its N-terminus (24, 25). The cytochrome mediates
the electron transfer between the cytochromebc complex
and the RC (26), as in the case of cytochromecz in green
sulfur bacteria, which binds to the RC with its N-terminal
hydrophobic helices (27). The ESR signals of the reduced
iron-sulfur centers, FA and FB, have been detected in the
membranes ofHeliobacterium(Hbt.) chlorum(3). However,
the FA/FB-holding protein, which corresponds to the PsaC
protein in PS I or the PscB protein in the green sulfur
bacterial RC, has not yet been identified in heliobacteria.
Therefore, the PshA protein is the only protein identified so
far in the RC complex of heliobacteria.

The existence and function of menaquinone, which may
play a role analogous to that of phylloquinone A1 in the PS
I RC, are still controversial in the heliobacterial RC. Laser
spectroscopy in the membranes ofHeliobacillus (Hba.)
mobilis has shown the 600 ps electron transfer from A0 to
the unknown acceptor and almost no absorption change of
semiquinone in the region of 400-470 nm (28). The reaction
time was significantly longer than that from A0 to phyllo-
quinone in PS I (20-30 ps); thus, it was assumed to represent
the time for electron transfer from A0- to FX. Even after the
almost total extraction of quinones with diethyl ether, the
membranes ofHbt. chlorumexhibited similar A0

- kinetics
(29). In the membrane preparation ofHba. mobiliswith pre-
reduced FA/FB centers, the charge recombination with a half-
time (t1/2) of ∼15 ns was enhanced after two successive laser
flash excitations, indicating that there is only one stable
electron acceptor in the RC, namely, FX (30). The photo-
electric response in the oriented membranes also suggested
a direct electron transfer from A0 to FX by showing the two
fast rising phases attributed to the formation of the P800+A0

-

state and the subsequent formation of the P800+FX
- state

(30). All these studies, thus, failed to detect the activity of
functional quinone.

The case of green sulfur bacteria is similar. In a RC
preparation ofChlorobium tepidumthat contained 0.6-1.2
menaquinone-7 (MK-7) molecules per P840, Kusumoto et
al. (31) detected enhanced charge recombination between
P840+ and A0

- after four successive flashes and concluded
that only the three FA, FB, and FX centers, but not the quinone,
function as stable electron acceptors. A similar RC prepara-
tion contained∼0.9 MK-7 per P840 (32). However, stable
charge separation reactions were detected in the RC prepara-
tions isolated fromChl. tepidum and Prosthecochloris
aestuariithat were almost completely depleted of quinones
(33, 34).

The results of optical spectroscopy have been rather
negative, as noted above, for the function of the quinone-
type electron acceptor (A1) in the homodimeric RCs. On the
other hand, ENDOR and triple-resonance spectroscopy
revealed a signal that can be ascribed to the photoaccumu-

lated menasemiquinone radical in the membranes ofChlo-
robium llimicolaandHbt. chlorum, as revealed in PS I (35).
Furthermore, in the RC complex isolated fromChlorobium
Vibrioforme, which contained 1.7 molecules of MK-7 per
RC, a photoaccumulated quinone-type radical was also
detected (36). These investigations support the presence of
functional quinone.

This study focuses on the two missing links between the
RCs of heliobacteria and PS I. One is the detection of FX

-

by ESR, which has never been successful to date. The FX-
type [4Fe-4S] cluster has been presumed to exist in helio-
bacteria from the sequence similarity between PshA and
PsaA/PsaB in PS I and PscA in green sulfur bacteria (18).
The other is the elucidation of the mechanism for the fast
re-reduction of P800+ at cryogenic temperatures. Although
the 2-4 ms kinetic component optically observed at 77 K
was ascribed to the reduction of P800+ by A1 (menaquinone)
in analogy to PS I (37), P800+ has been assumed to decay
mainly in the charge recombination reaction with FX

- or (FA/
FB)- on the basis of ESR measurements (38).

We report a new transient ESR signal, which can be
attributed to the iron-sulfur center FX, detected at 4 K in
the membranes ofHeliobacterium modesticaldumand discuss
the electron transfer mechanism in the homodimeric type I
RC.

MATERIALS AND METHODS

Sample Preparations.Stock cultures ofHbt. modestical-
dum were provided by M. T. Madigan (Southern Illinois
University, Carbondale, IL). Cells were grown anaerobically
in a PYE medium in a 1 L bottle under continuous
illumination with tungsten lamps (1) at 47°C for 18-20 h
using 1% inocula to prevent the accumulation of lysed cells
in the late-logarithmic growth phase. Longer cultivation times
were found to produce a partially damaged P800 RC complex
that exhibited a higher yield of the triplet state of P800
(P800T) (∼20-30%) upon laser excitation (not shown).

All procedures for the preparations of membranes and the
RC core complex as well as the spectroscopic measurements
were carried out under anaerobic conditions, as previously
described (39). All the media were fully degassed and flushed
with N2 gas before being used.

The cells were harvested by centrifugation at 12000g for
10 min, suspended in 7-8 mL of buffer A [50 mM Tris-
HCl (pH 8.0), 1 mM EDTA, and 2 mM DTT], and disrupted
by being passed through a French pressure cell three times
at 20 000 psi. After removal of the cell debris by centrifuga-
tion at 12000g for 10 min, the membranes were collected
by ultracentrifugation at 180000g for 1 h and suspended again
in buffer A.

The RC core complex was purified after solubilization of
the membranes with sucrose monolaurate (SM-1200) basi-
cally as previously reported (16). Stepwise sucrose gradient
centrifugation was carried out at 450000g for 2 h. The dark
green fraction was collected and then subjected to hydro-
phobic chromatography with a Toyopearl HW-65F column
(1.5 cm× 4.0 cm). The RC fraction thus obtained exhibited
only a single PshA core protein band on SDS-PAGE.

Determination of the DNA Sequence of the pshA Gene.
The partial amino acid sequences of the PshA protein ofHbt.
modesticaldumwere determined essentially according to the

cytochromec f P800f A0 f (A1?) f FX f FA/FB
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manual for microsequencing. The denatured PshA transferred
onto a PVDF membrane after SDS-PAGE analysis of the
RC core complex was subjected to cyanogen bromide
(CNBr) cleavage. Several polypeptides were recovered with
HPLC, and their N-terminal amino acid sequences were
determined with a gas-phase sequencer (Applied Biosystems,
model 473A). Using several sets of oligonucleotides syn-
thesized on the basis of the partial amino acid sequences,
DNA fragments partially encoding the PshA gene were
amplified from theHbt. modesticaldumgenome by PCR and
labeled with digoxigenin-11-dUTP as probes (DNA Labeling
and Detection Kit Non-radioactive, Boehringer Mannheim).
The whole-length PshA gene was cloned by the conventional
Southern blotting methods from the genomic DNA libraries
of Hbt. modesticaldum.

PshA gene fragments were amplified from theHeliobac-
terium gestiigenome by PCR using several sets of oligo-
nucleotides that were designed according to the sequence
similarity betweenHba. mobilisand Hbt. modesticaldum.
Additional DNA sequences flanking their fragments were
obtained by the inverse PCR method as described in the
manual. DNA sequencing was performed using the Sanger
dideoxy chain termination method using a DNA sequencer
(Applied Biosystems, models 373A, 377, and 3100).

Optical Measurements.A transient absorption spectrum
with a time resolution of 3.5 ns was measured by a
spectrograph spectrophotometer with a Jobin-Ybon 320 mm
monochromator and a gatable image intensifier-photodiode
array detector (Princeton Instruments). Samples were excited
by a 532 nm, 10 ns (fwhm) flash from an Nd:YAG laser
(Quanta Ray, DCR-2-10) at a repetition rate of 0.05 Hz and
measured with a probing light with a 3 msxenon flash
through suitable band-pass glass filters. The time sequence
of the excitation flash, probing flash, and the gating of the
image intensifier was controlled by a delay pulse generator
(Stanford Research, DG5351). Signals from the diode array
were collected 64-256 times as required. The fluorescence
from the sample excited by the actinic laser flash was also
detected and subtracted. The absorption and fluorescence
emission spectra under the steady state were measured using
the same apparatus described above with tungsten-iodine
lamps as the probing and excitation lights.

The time courses of the absorption change in the micro-
second to millisecond time range were measured with a split-
beam spectrometer with a probing light provided by a
combination of a mechanical shutter and a 100 W tungsten-
iodine lamp and the excitation laser flash as described above.

The sample in a cuvette with a light path of 10 mm was
placed either in a cryostat (Oxford DN904) at 77 K or in a
temperature-controlled holder at 283 K during the measure-
ments. Samples were diluted with buffer A containing 2 mM
SM-1200 to give an absorbance of 0.75-1.5 at the Qy

absorption peak (787-789 nm). For low-temperature mea-
surements, glycerol was also added to give a final concentra-
tion of 60% (v/v).

ESR Measurements.ESR spectra were recorded using a
Bruker ESP-300 spectrometer equipped with Oxford Instru-
ments cryostats and a temperature-control system (CF935,
Oxford Instruments). Membranes for the measurements were
suspended with buffer A to give an absorbance of 250-450
at the Qy absorption peak (787-789 nm). Magnetic field and
g values were calibrated with DPPH signals.

RESULTS

Isolation of the RC Core Complex.The membranes and
RC core complex were isolated from cells ofHbt. modes-
ticaldum. The membranes were solubilized by a treatment
with sucrose monolaurate (SM-1200) followed by stepwise
sucrose density gradient centrifugation and subsequent
hydrophobic chromatography, as described in Materials and
Methods. The photoactive RC complex thus obtained con-
sisted of a single core protein, PshA, with an apparent
molecular mass of 50 kDa via SDS-PAGE (Figure 1A).

The absorption spectrum and the flash-induced difference
spectrum of the purified RC core complex at 77 K are shown
in panels B and C of Figure 1, respectively. The difference
spectrum represents the photo-oxidation of P800 with a
negative peak at 800 nm and a positive one at 820 nm with
the shift-type absorption change of the chlorophylla-like
pigment, 81-OH-Chl a, at 660-670 nm.

The RC core preparation obtained in this study seemed to
be more intact than that previously reported by Noguchi et
al. (16), since we detected a single-phase decay of flash-
induced P800+ in this study as shown below. Previously,
we detected a two-phase decay that contained the faster decay
of P800T formed in the charge recombination reaction
between P800+ and A0

- due to depletion of the secondary
electron acceptor (data not shown). The improvement of the
RC purification procedure was achieved by harvesting the
cells ofHbt. modesticaldumat the middle-logarithmic growth
phase to prevent the lysis of cells.

Light-Induced ESR Signals of Iron-Sulfur Centers.In the
presence of 2 mM dithiothreitol at 14 K, the dark-adapted
membranes exhibited weak signals of iron-sulfur centers
presumably including a Rieske-type one (Figure 2A,B, trace
a, dotted line), as reported by Liebl et al. (40). Illumination
for 5 min at 14 K induced an additional signal of the reduced
iron-sulfur center [gz ) 2.069,gy ) 1.938, andgx ) 1.891
(Figure 1A, trace b)], showing the characteristics of center
FB

-, as demonstrated inHbt. chlorum membranes by
Nitschke et al. (3). After illumination for 20 min at 230 K
followed by subsequent cooling to 14 K during illumination,

FIGURE 1: (A) SDS-PAGE analysis of the RC core complex
isolated fromHbt. modesticaldum. Lane 1 contained molecular mass
protein markers: phosphorylaseb (97.4 kDa), bovine serum
albumin (66.2 kDa), ovalbumin (45 kDa), carbonic anhydrase (31
kDa), trypsin inhibitor (21.5 kDa), and lysozyme (14.4 kDa). Lane
2 contained the RC core complex. The absorption spectrum (B)
and flash-induced difference spectrum of P800 (C) of the core
complex were measured at 77 K. The difference spectrum 1 ms
after the flash excitation is presented.
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a new signal with a 5-fold larger magnitude was revealed
(Figure 2B, trace a, solid line). The difference between the
photoaccumulated and dark-adapted signals gave a spectrum
with apparentg values of 2.052, 1.927, and 1.912 (Figure
2B, trace b), which was assigned to the spin-interacting state
of FA

-/FB
- (3).

The addition of excess amounts of dithionite almost fully
induced the FA-/FB

- signal in the dark (Figure 2C, trace a,
dotted line). The illumination of this sample at 5 K induced
another iron sulfur center with the followingg values: gz )
2.040,gy ) 1.911, andgx ) 1.896 (Figure 2C, trace b). The
signal completely disappeared after the illumination and was
fully reversible. We, therefore, assumed this signal to
represent a component that mediates the electron transfer
between A0 and FA/FB, namely, the FX-type center, which
has never been detected in a heliobacterial RC. The signal
can be detected only below 10 K at very high microwave
powers, indicating a very rapid spin relaxation rate similar
to that for FX in PS I (41). The signal shape, however, was
somewhat different from that of FX observed in PS I (41).

We further studied the flash-induced kinetics at the
negative peaks of FX- and P800+ at 3570 and 3391 G,
respectively, with a time constant of 5 ms (Figure 3). The
FX

- signal exhibited a two-phase decay with half-times (t1/2)
of 12 and 320 ms and P800+ with a major decay phase with
a t1/2 of 10 ms. The faster decay phase of FX

-, therefore,
was nearly the same as the P800+ phase within an error range
at the present time constant of 5 ms, although the P800+

decay seemed to contain an additional faster decay compo-
nent as well. The transient ESR spectrum obtained by plotting
the intensity at 20 ms was almost identical to the one obtained
under continuous illumination at 5 K (see Figure 2C, traces
b and c). The 320 ms decay phase of FX

- had almost no
counterpart in the P800+ decay. These small discrepancies
might involve minor reactions of some other components.
It was concluded that FX- underwent fast charge recombina-
tion with P800+ within 10 ms (or more rapidly) and could
not accumulate even at 5 K.

In the isolated core complex, we failed to detect any
signals of the reduced iron-sulfur centers upon continuous

illumination or laser flash excitation. The reason for the loss
of the FX

- signal remains unknown at present. On the other
hand, we detected the flash-induced kinetics of P800+, which
could be ascribable to the charge recombination with FX

-

(see the next section).
Temperature-Dependent Change of the Charge Recom-

bination Rate.The P800+ decay after the laser excitation
was optically measured at various temperatures in the
membranes (Figure 4A, left panel), and the rate and extent
of each decay component were calculated (Figure 4B). The
decay time course at 295 K in the membrane was fitted with
two decay components with 3 and 30 ms time constants at
amplitudes of 20 and 80%, respectively. The 3 ms component
could be ascribed to the reduction of P800+ by cytochrome
c, as shown inHbt. gestii membranes (26), and was
accelerated by the addition of Mg2+ (not shown). The 30
ms component seemed to represent the reduction of P800+

by (FA/FB)- and was slightly slower than the corresponding
one inHbt. gestii(t1/2 ) 7 ms) (26). The magnitude of the
3 ms component decreased on cooling and completely

FIGURE 2: ESR spectra in the membranes isolated fromHbt. modesticaldumat 14 K (A and B) and 5 K (C). (A) (a) In the dark (‚‚‚) and
after illumination for 5 min at 14 K (s). (b) Light-minus-dark difference spectrum. (B) (a) In the dark (‚‚‚) and after illumination for 20
min at 230 K followed by cooling to 14 K during illumination (s). (b) Light-minus-dark difference spectrum. (C) (a) In the dark (‚‚‚) and
during illumination at 5 K (s). (b) Light-minus-dark difference spectrum. (c) A transient ESR spectrum measured 20 ms after laser excitation
(see the legend of Figure 3). Samples were suspended in a buffer containing 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 2 mM DTT (A
and B) or in the same buffer with an excess of dithionite to fully reduce the FA/FB centers (C). Conditions for ESR measurements: microwave
power, 10 mW; microwave frequency, 9.49 GHz; modulation amplitude, 20 G; and modulation frequency, 100 kHz.

FIGURE 3: Time courses of flash-induced ESR signals in mem-
branes ofHbt. modesticaldumat 8 K. Transient ESR signals were
measured at 3570 (A) and 3391 G (B) to monitor FX

- and P800+.
Samples were suspended in a buffer containing 20 mM Tris-HCl
(pH 8.0), 1 mM EDTA, 2 mM DTT, and an excess of dithionite to
fully reduce the FA/FB centers. Conditions for ESR measurements:
microwave power, 10 mW (A) and 1 mW (B); microwave
frequency, 9.49 GHz; modulation amplitude, 20 G; modulation
frequency, 100 kHz; and time constant, 5 ms.
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disappeared below 200 K (Figure 4B, right panel). The
suppression could be interpreted as the decrease in the level
of collision between cytochromec and P800+ on cooling,
as seen in the reaction of cytochromecz and P840+ in green
sulfur bacteria (27). An additional faster 3-5 ms component
appeared on further cooling and became dominant below 150
K, showing an apparent crossover temperature at 175 K.

The isolated RC core complex, which is depleted of FA/
FB centers, exhibited similar kinetic behavior (Figure 4A,
right panel, and Figure 4C). The 11-19 ms decay phase that
was dominant at high temperatures seemed to represent the
charge recombination reaction between P840+ and FX

-. This
phase was replaced by the faster 3-5 ms phase at low
temperatures. The crossover from the fast to the slow phase
occurred at 160 K. This temperature was almost comparable
to the apparent crossover temperature of 175 K in the
membranes and would reflect a common transition mecha-
nism in both preparations. Similar results have been reported
in Hba. mobilis membranes by Chiou et al. (37). They
attributed the fast decay component (2-4 ms) to charge
recombination between P800+ and quinone-type acceptor A1

on the basis of the absorbance change at 390-470 nm.
However, the ESR measurement in this study indicated that
the P800+FX

- state was transiently formed even at 5 K (see
Figures 2C and 3). Since we measured the decay time
constant (t1/2 ) 10 ms) of the FX- signal only with a slow

time constant because of the low signal-to-noise ratio, it is
possible that charge recombination between P800+ and FX

-

occurred with a somewhat shorter time constant (t1/2 ∼ 3-5
ms) at 5 K, as detected optically at 160-77 K.

Assessment of Reactions in the Faster Time Range at 77
K: Spectral Changes of Acceptor A0. The heliobacterial RC
contains two molecules of 81-OH-Chl a that function as
primary electron acceptor A0 (20-22). We measured the
absorption changes in the 670 nm region to detect the
reaction of A0 molecules and their electrochromic shift in
response to the formation of P800+ in a nanosecond to
millisecond time range after laser flash excitation in the core
complex at 77 K with a 10 ns instrument time constant.

A small and very rapid absorption decrease was detected
immediately after the flash excitation at 10% of the total
change, as shown in Figures 5A and 6A. This phase with a
decay time of<10 ns seemed to represent the decay of the
singlet excited state of 81-OH-Chl a. The shift-type spectral
changes produced by the excitation continued for a longer
time and decayed with a time constant of 2 ms (see Figure
6A). This time constant agreed well with that of P800+ decay
monitored in the 800 nm region (data not shown). The
shiftlike absorption change thus represents the electrochromic
shift of 81-OH-Chla accompanied by the formation of P800+.

After the exposure of the core complex to air for 30 min,
a larger degree of bleaching was detected at 666 nm just

FIGURE 4: Temperature dependence of the flash-induced absorption change of P800+. (A) Time courses at various temperatures in the
membranes (left) and the RC core protein (right) ofHbt. modesticaldum. An ordinate scale of 100 corresponds to an absorbance change of
0.01. The upward changes represent the absorption decrease. (B) Temperature dependence of the decay rate (left) and relative amplitude
(right) of each exponential decay component in the membranes: (O) 19-30 ms component, (9) 3-5 ms component, and (2) 3 ms component.
(C) Same as in panel B except for the RC core complex: (O) 11-19 ms component and (9) 3-5 ms component. The kinetic analyses were
carried out by curve fittings.
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after laser excitation (Figure 5B). The difference spectra
measured within 1µs were somewhat different from those
measured in the untreated core complex, and those in the
10 µs to millisecond time range revealed the electrochromic

shift of 81-OH-Chl a. The measurements separately con-
ducted in the 800 nm region gave two decay phases with
time constants of 100µs and 2 ms (data not shown). The
difference spectrum of the 100µs phase exhibited bleaching
at 800 nm with a small increase at 820 nm but no increase
at 780 nm, giving the feature of the P800T state (43). On the
other hand, the 2 ms component was assigned to the decay
of P800+.

The absorption change in the 670 nm region within 1µs
of laser excitation in the air-treated core complex, then,
should include the absorption change of A0

- mixed with the
electrochromic shift of 81-OH-Chl a associated with P800+.
We calculated the A0- spectrum by subtracting the spectrum
at 10µs from the spectrum at 20 ns in the air-exposed core
complex, as shown in Figure 5C. The difference spectrum
of (P800+)A0

-/(P800)A0 thus calculated gave a peak at 668
nm with a bandwidth of 6.5 nm. P800+ itself did not
contribute significantly to this spectral range. Using this
(P800+)A0

-/(P800)A0 difference spectrum, we estimated the
extent of the P800+A0

- state as the absorption difference
between 666 and 658 nm, since these two wavelengths were
the isosbestic points of the shift spectrum. We also estimated
the extent of P800+ as the absorption difference between
670 and 666 nm; the contributions of A0

-/A0 to these
wavelengths were almost negligible. P800+ was recovered
in two phases witht1/2 values of 100 ns and 2 ms (Figure
6B). The 2 ms decay time of the slower phase completely
agreed with that detected in the untreated complex. On the
other hand, the 100 ns decay component could be ascribed
to the charge recombination between P800+ and A0

- to form
P800T. These results indicated that electron acceptors other

FIGURE 5: Time-resolved difference spectra of the intact core
complex (A) and the air-damaged complex (B) ofHbt. modesti-
caldumin a 670 nm region at 77 K. (C) The difference spectrum
of A0 (bottom) was calculated as the difference between the shift-
type spectrum of Chl-670 at 10µs (top) and the spectrum at 20 ns
in the air-exposed complex.

FIGURE 6: Time courses of the amounts of P800+ and A0
- after

flash excitation in the intact core complex (A) and the partially
air-degraded complex (B) ofHbt. modesticaldumat 77 K. The level
of A0

- (b) was calculated as the difference between the absorption
changes at 666 and 658 nm and that of P800+ (O) as the difference
between those at 670 and 666 nm (see the text for details).
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than A0 were destroyed in 40% of the RC core complex by
exposure to air.

DISCUSSION

Iron-Sulfur Centers FA and FB. In this study, FA and FB

were fully reduced in the dark by an excess of dithionite at
pH 8.0 in the isolated membranes ofHbt. modesticaldum
(Figure 2C); in an earlier study, Nitschke et al. (3) had failed
to chemically reduce them in the membranes ofHbt.
chlorum. Our results suggested theEm values of FA and FB

to be around-400 to-450 mV, respectively, in agreement
with the estimations by the titration of the P800+ decay
kinetics in Hbt. chlorum, which gave values of-440 mV
(43) and/or-510 mV (44).

The amount of FB- photoreduced after the 5 min illumina-
tion at 14 K was∼25% of the total amount of FA-/FB

-

accumulated after the 20 min illumination at 230 K. This
amount was larger than that reported by Nitschke et al. (3),
who estimated only 8% accumulation after a 10 min
illumination at 4 K in Hbt. chlorummembranes. Although
the reason for the discrepancy remains unknown, it could
be attributed to the strict anaerobic experimental procedure
in this study.

The ESR spectrum in Figure 2B suggests the magnetic
interactions between the spins on FA

- and FB
- because the

gz signal of FB
- at 2.069 was shifted to 2.052 under the fully

reduced condition. The effect is similar to that observed in
the RC complexes of PS I (45) and green sulfur bacteria
(46) and implies the relatively short distance between spins
on FA and FB, i.e., their locations within the same protein.
The proteins that hold centers FA and FB are PsaC with an
apparent molecular mass of 9 kDa in PS I (45, 47) and PscB
(24 kDa) in green sulfur bacteria, respectively (5). The amino
acid sequences of PsaC and PscB are slightly similar (16%),
except for the conserved binding motifs for the two [4Fe-
4S] clusters (5). The iron-sulfur protein with centers FA and
FB in heliobacteria has not been identified yet. The ESR
signals of FA and FB centers were also detected in the crude
RC fraction obtained by treatment with a detergent milder
than that used in this study, indicating the FA/FB protein is
associated with the RC core protein (48).

The preferential reduction of FB by the 14 K illumination
suggested that the redox potential of FB is more positive than
that of FA, as indicated by Nitschke et al. (3), and similar to
that in green sulfur bacteria (46, 49). The situations in
heliobacteria and green sulfur bacteria, however, were
different from that in PS I, in which theEm value of FB (-590
mV) is more negative than that of FA (-540 mV) (42, 45).

Properties of Iron-Sulfur Center FX. The amino acid
sequence of PshA has a binding motif to bridge a [4Fe-4S]
cluster at the center of the PshA-PshA homodimer, as in
the PsaA-PsaB PS I heterodimeric and PscA-PscA ho-
modimeric RCs of green sulfur bacteria (4). However, an
ESR signal comparable to FX

- in PS I or the green sulfur
bacterial RC has not been found in heliobacteria for a long
time. This is the first study in which the ESR signal of the
FX

--type cluster has been measured. The signal could be
detected only during illumination or just transiently after laser
excitation at 5 K at ahigh microwave power in the presence
of pre-reduced FA-/FB

-.
In the membranes and RC complex of green sulfur

bacteria, the ESR spectra of photoaccumulated FX
- have been

shown with low signal-to-noise ratios (49-51). The spectrum
of FX

- with a gz of 2.17, agy of 1.92, and agx of 1.77 has
been identified by its characteristic low-field peak and high-
field trough (51), as observed in PS I (42, 45). On the other
hand, the FX- spectrum in heliobacteria, giving agz of 2.040,
a gy of 1.911, and agx of 1.896, was somewhat different
from that in PS I and closer to the resonance field of the
FA

-/FB
- signals (see Figure 2). Therefore, it is natural that

it has been difficult to detect the FX
- signal in heliobacterial

RC.
The FX

- spectrum in the RC core complex was, however,
undetectable, although the RC preparation was fully func-
tional judging from the kinetics measurements of P800+ by
optical (Figures 4 and 6) and transient ESR spectroscopy
(R. Miyamoto, unpublished results), and the kinetics were
essentially similar to those in the membranes. Changes in
the spin relaxing mode or modifications of the structure of
the FX cluster might have obscured the FX

- signal in the
isolated RC core complex. Further studies are required to
know the function of FX in the core complex.

The isotropic spectrum of the FX
- signal in heliobacterial

RC makes a clear contrast to the anisotropic ones in PS I
and the green sulfur bacterial RC, as listed in Table 1. The
[4Fe-4S] cluster of FX in the heliobacterial RC, thus, seems
to have a cubic structure with a symmetry higher than those
in PS I and/or the green sulfur bacterial RC. However, the
amino acid sequences around the FX-binding loop are highly
similar (Figure 7A); thus, a small change in the structure
around the binding site might affect the symmetry of the
spin density on the FX-type cluster.

Electron Transfer in the RC of Heliobacteria at a
Cryogenic Temperature.The re-reduction kinetics of P800+

after flash excitation exhibited 19-30 and 12-19 ms phases
in the membranes and isolated RC core complex, respec-
tively, from room temperature to 200 K. These different time
constants seemed to represent the charge recombination of
P800+ with (FA/FB)- in the membranes and that with FX

- in
the core complex, respectively. Both re-reduction rates of
P800+ slowed slightly on cooling until 200 K and were
replaced by the faster 3-5 ms phases on further cooling,
exhibiting crossover temperatures of 175 and 160 K in the
membranes and the core complex, respectively. In both
preparations, the faster phases became dominant below 150
K and exhibited almost constant decay rates of 3-5 ms until
77 K (see Figure 4), in agreement with the reports by Smit
et al. (53) and Chiou et al. (37).

Nitschke et al., in their pioneering work (3), demonstrated
two decay phases of P800+ with 850 µs and 2.5 ms time
constants after flash excitation at 10 K inHbt. chlorum
membranes and assumed the faster one to the reduction by
a quinone acceptor A1. The time constant of the slower phase
agreed with that measured in this study but not with the faster

Table 1: Comparison of theg Values of the ESR Signals of
Iron-Sulfur Center FX in Type 1 Homodimeric RCs ofHbt.
modesticaldumandChl. tepidumand the Heterodimeric Spinach PS
I RC

Hbt. modesticaldumRCa Chl. tepidumRCb spinach PS Ib

gz 2.04 2.17 2.08
gy 1.911 1.92 1.88
gx 1.896 1.77 1.78

a From this study.b From refs51 and52.
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one. The discrepancy might come from differences in either
the bacterial species, the reduction states, or the contributions
of the P800T signal.

The features of the temperature dependence above are
different from that in PS I (45), in which the reaction time
between P700+ and (FA/FB)- is 30 ms at room temperature,
slows on cooling, and stops at cryogenic temperatures. The
reaction time between P700+ and FX

- increases from 250
µs at room temperature to 100 ms at 200 K and becomes
significantly slower upon further cooling. Moreover, most
of P700+ is reduced by A1- rapidly with a t1/2 of 100 µs
below 200 K due to the suppression of the electron transfer
from A1

- to FX.
We assessed the reaction between P800+ and FX

- with a
time constant shorter than 10 ms even at 5 K. This makes a
clear contrast to the very slow oxidation of FX reported in
PS I (54, 55). The switchover of the P800+ re-reduction rate
from the slow to the fast one may indicate either the changes
in the protein dynamics, as suggested by Chiou et al. (37),
or the involvement of menaquinone through an unidentified
mechanism.

Reaction of Primary Electron Acceptor A0. Primary
electron acceptor A0 in the heliobacterial RC is 81-OH-Chl
a esterified with farnesol (81-OH-Chl a), which gives an
absorption peak at 670 nm (21); its full stereochemistry has

been recently determined (23). A0
- is formed within 25-30

ps of flash excitation and is reoxidized with a time constant
of 500-800 ps (20, 22, 56). In green sulfur bacteria, A0 is
also chlorophylla esterified with∆-2,6-phytadienol (Chla670)
(57), which is reoxidized with a time constant of 550-700
ps (58, 59). The slow reoxidation times of A0- were also
confirmed by pulse ESR analysis (38). These reoxidation
times of A0

- are significantly slower than the time for
reoxidation of A0

- by the A1 phylloquinone in PS I (21-25
ps) (60, 61). In both heliobacterial and green sulfur bacterial
RCs, FX has been assumed to be directly reduced by A0

-,
since no positive evidence has been obtained for the function
of quinone (A1) (17, 28, 29, 31).

In this study, we partially modified the electron transfer
pathway in the purified heliobacterial RC by exposing it to
air. Approximately 40% of the RC was damaged and
exhibited fast charge recombination between P800+ and A0

-

with a t1/2 of 100 ns (see Figure 6B) to form P800T, which
decayed with at1/2 of 100 µs at 77 K. This situation was
somewhat different from that of PS I, in which FX could be
selectively eliminated by urea treatment (62) or by heat
treatment in the presence of ethylene glycol (63) while
retaining the activity of the quinone acceptor A1.

When the A0
-/A0 difference spectrum is compared with

the shift-type spectral change of A0 that accompanied the

FIGURE 7: (A and B) Comparison of the amino acid sequences around the FX- and quinone-binding sites inS. elongatusPS I and those in
RCs of heliobacteria and green sulfur bacteria, respectively. The numbers indicate the residue positions in the corresponding proteins. The
names of species are abbreviated as follows:Hmd, Hbt. modesticaldum; Hg, Hbt. gestii; Hmb, Hbc. mobilis; Cl, Chl. limicola; Ct, Chl.
tepidum; andSe, S. elongatus. (C) Structural homology modeling of the heliobacterial RC in a portion of the putative quinone-binding site
(see the text for details). The software used for the modeling was Swiss-PdbViewer (http://kr.expasy.org/spdbv/), and the figure was prepared
using PyMOL (http://pymol.sourceforge.net/).
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formation of P800+, it is clear that the bleaching peak (668
nm) of A0

- is slightly different from the peak (670 nm) of
the shift, giving the isosbestic point at 665.5 nm (see Figure
5C), suggesting the heterogeneity of A0 components. One
way to interpret this observation is that two A0 molecules
are located in symmetrical positions and that one loses its
ground-state absorption band upon being reduced while the
other gives the electrochromic shift in response to P800+

formation. In the homodimeric RC of heliobacteria, it is not
known whether the 81-OH-Chl a molecules on both sides
function as A0 by chance or whether the function is limited
to a molecule on one side because of a slight asymmetry
caused by some unknown factors.

Homology Modeling of the Structure of the Heliobacterial
RC.Figure 7B compares the amino acid sequences around
the binding regions of the P700 and A1 phylloquinone in PS
I with the corresponding sites in the RCs of heliobacteria
and green sulfur bacteria. The sequences in this region are
highly similar (∼50%) compared to the level of similarity
calculated for the whole sequences (10-15%).

We constructed a three-dimensional homology model for
the Hbt. modesticaldumRC on the basis of the atomic
coordinates of the PS I structure ofS. elongatusand their
amino acid sequence similarity. The model suggested that
most of the electron transfer cofactors reside at sites similar
to those in PS I. The structure and physicochemical property
of the binding site of FX were expected to be almost
conserved, judging from the highly conserved amino acid
sequences (not shown). Figure 7C shows the probable
quinone (A1)-binding pocket in the RC ofHbt. modestical-
dum. In PS I, the phylloquinone on the PsaA side is known
to be fixed to the hydrophobic site through a hydrogen bond
between the carbonyl oxygen of quinone and the NH group
of a leucine residue (LeuA722) and theπ-π interaction
between the aromatic rings of quinone and a tryptophan
residue (TrpA697). LeuA722 in PS I is conserved as Leu581
in theHbt. modesticaldumRC, and TrpA697 is replaced by
the positively charged Arg554. The model also indicates the
presence of positively (Lys584) and negatively charged
residues (Asp555 and Glu585) in place of hydrophobic
residues around the quinone pocket in PS I and suggests that
the pocket is more hydrophilic than that in PS I, as predicted
for the green sulfur bacterial RC (64). The model in Figure
7C suggests either the absence of hydrophobic quinone or
its loose binding at this site. If menaquinone exists in this
site, its redox potential should be different from that of
phylloquinone in PS I. It has even been suggested that the
reduced quinones in bacterial type 1 RCs exchange with the
oxidized ones in a quinone pool in the membrane (18, 65).

An edge-to-edge distance of 14 Å can be estimated
between A0 and FX in the model of the heliobacterial RC.
The empirical calculation proposed by Moser et al. (66),
which is based on the electron transfer theory of Marcus
(67), predicted the direct electron transfer time between A0

and FX over this distance to be longer than 200 ns even at
the maximum matching of the energy gap. The fast reaction
time of 500-800 ps, then, suggests the mediation by some
other component such as menaquinone or an aromatic amino
acid residue such as tyrosine that functions on the donor side
of PS II (68), although we found no such residues in the
predicted model.

We identified an ESR signal of FX in the heliobacterial
RC that exhibited a very fast spin relaxation rate, a rapid
fully reversible turnover rate, and a rather symmetrical
spectrum at 5 K. Although these features were somewhat
different from those of FX in PS I (41), the structural and
functional relationship between these RCs was clearly shown
to be similar in that they both contained FX. The unresolved
issue in this heliobacterial RC is the mechanism for electron
transfer from A0 to FX. The charge recombination rate of
FX

- did not slow significantly even at a cryogenic temper-
ature, in contrast to that in PS I. The reaction, thus, may
also involve the activity of menaquinone, especially at low
temperatures. Although the properties of quinone-binding
sites in heliobacterial and green sulfur bacterial RCs could
be predicted by homology modeling, the precise locations
of menaquinone as well as its function are still unknown.
The elucidation of the electron transfer mechanism in
bacterial type 1 RCs will be essential in exploring the
evolution mechanism of photosynthetic RCs from ho-
modimeric to heterodimeric and from anoxygenic to oxy-
genic.
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