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Abstract

A photosynthetic reaction center (RC) complex was isolated from a purple bacterium, Acidiphilium rubrum. The RC contains
bacteriochlorophyll a containing Zn as a central metal (Zn-BChl a) and bacteriopheophytin a (BPhe a) but no Mg-BChl a. The absorption
peaks of the Zn-BChl a dimer (PZn), the accessory Zn-BChl a (BZn), and BPhe a (H) at 4 K in the RC showed peaks at 875, 792, and 753 nm,
respectively. These peaks were shorter than the corresponding peaks in Rhodobacter sphaeroides RC that has Mg-BChl a. The kinetics of
fluorescence from PZn* , measured by fluorescence up-conversion, showed the rise and the major decay with time constants of 0.16 and 3.3 ps,
respectively. The former represents the energy transfer from BZn

* to PZn, and the latter, the electron transfer from PZn to H. The angle between the
transition dipoles of BZn and PZn was estimated to be 36° based on the fluorescence anisotropy. The time constants and the angle are almost equal
to those in the Rb. sphaeroides RC. The high efficiency of A. rubrum RC seems to be enabled by the chemical property of Zn-BChl a and by the
L168HE modification of the RC protein that modifies PZn.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Until the discovery of an acidophilic purple photosynthetic
bacterium, Acidiphilium rubrum (A. rubrum), it had been
believed that only Mg-containing pigments, chlorophylls (Chls)
and bacteriochlorophylls (BChls) are used in natural photo-
synthesis [1]. A. rubrum has a pigment like BChl a that contains
Zn as a central metal (Zn-bacteriopheophytin a according to the
chemical nomenclature) as the major pigment with a small
percentage of Mg-BChl a. We call this natural Zn-containing
Abbreviations: BChl a, bacteriochlorophyll a; BPhe a, bacteriopheophytin
a; BZn, accessory Zn-BChl a; Chl a, chlorophyll a; PZn, special pair of Zn-
BChl a; RC, reaction center
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pigment here Zn-bacteriochlorophyll a (Zn-BChl a) according
to a proposal by Takaichi et al. [2]. A. rubrum contains Zn-BChl
a [1,3–5]. We isolated the reaction center (RC) complex from
this organism and studied the function mechanism of Zn-BChl
a-based photosynthesis by up-conversion spectroscopy.

A. rubrum is an acidophilic aerobic proteobacterium that
grows at pH 1.5–7.5 (even in the dark) [1,3,5–9], produces Zn-
BChl a [7] without specific addition of Zn, and accumulates
heavy metals like Fe, Cr, Ni too [10–12]. The organism has a
light-harvesting core antenna (LH1) complex and an RC
complex that contains Zn-BChl a almost exclusively [1,4,5],
together with bacteriopheophytin a, spirilloxanthins, and
ubiquinone [4,5,13,14]. Other Acidiphilium species also contain
Zn-BChl a, but in smaller amounts [4,5,13,14]. The biosyn-
thetic pathway of Zn-BChl a in A. rubrum produces Mg-
protoporphyrin IX monomethyl ester at first, and then, Mg is
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replaced by Zn by an unknown mechanism [5,7,15]. The other
organisms like Chlorella are also known to accumulate Zn-Chl
a partially, however, after forced adaptation to a Zn-abundant
growth condition [16].

The atomic weight of Zn (MW 65.41) is twice that of Mg
(MW 24.31), however, Zn2+ and Mg2+ have similar ionic radii
of 0.88 and 0.86 Å, respectively. Mg-BChl a and Zn-BChl a,
thus, have similar but a little different molecular features. Mg-
BChls have 5- and 6-coordinated Mg2+ [17] and only 5-
coordinated ones were found in photosynthetic proteins, while
synthesized Zn-porphyrins are known to adopt only 4- or 5-
coordinated states [18,19]. Zn-BChl a shows optical and redox
properties similar to those of Mg-BChl a [20,21]. The
fluorescence lifetime of Zn-Chl a (9.0 ns) is comparable to
that of Mg-Chl a (9.8 ns) in a micellar solution [22]. Zn-
porphyrin derivatives that are more stable than Mg-derivatives
[20,22] have been frequently used in attempts of artificial
photosynthesis [23,24]. Mg-BChl a easily loses Mg below pH
4, while Zn-BChl a loses Zn only below pH 1 [4,25]. These
features of Zn-BChl a suggest it to be also useful in
photosynthesis. However, the natural photosynthesis with Zn-
BChl a has only been found in Acidiphilium species.

The absorption spectrum of the isolated RC complex of A.
rubrum resembles that of other purple bacterial RCs [3,5]. Zn-
BChl a molecules function as the special pair (P) and as the two
accessory pigments (B) in the RC. We designate P and B of A.
rubrum as PZn and BZn, respectively, hereafter in this paper to
avoid confusion. The absorption peaks at 875 and 792 nm of
PZn and BZn, respectively, are blue-shifted by 10–20 nm
compared to the peaks of P and B (made of Mg-BChl a) in the
other purple bacterial RCs. A magnetic circular dichroism
(MCD) measurement of A. rubrum RC suggested the mono-
meric nature of oxidized PZn (=PZn

+ ) and the circular dichroism
(CD) spectra suggested a weaker interaction between the two
Zn-BChls of PZn compared to that between the two Mg-BChls
of P in the other bacteria [26].

The amino acid sequences, especially of those interacting
with the chromophores, of the light (L), medium (M), and heavy
(H) subunits of the RC and α and β subunits of LH1 in A.
rubrum are well conserved to their counterparts in other purple
bacteria [27]. However, the 168th histidine in the L subunit
protein (L168H), which is located nearby P and is conserved in
purple bacterial RCs, is glutamate in A. rubrum. The substitution
was suggested to compensate for the physicochemical features
of PZn that are different from those of Pmade ofMg-BChl a [27].

In purple bacterial photosynthesis, light energy absorbed by
antenna pigments is funneled into P [28–30], and the excited
special pair (P*) transfers an electron within 3 ps to H (BPhe
a) on the L subunit [31,32]. B and H also rapidly transfer
excitation energy to P. The angle between the transition
dipoles of B and P was measured to be 32° in the RC of
Rhodobacter sphaeroides by the measurement of fs-time
resolved fluorescence anisotropy [33], in agreement with the
structure revealed by X-ray crystallography [34]. In this study,
we measured the energy transfer and electron transfer times as
well as this angle to know the structure and function of the RC
with Zn-BChl a.
We isolated the RC complex from A. rubrum and measured
the fs-fluorescence dynamics by using a fluorescence up-
conversion method to know the excitation energy transfer
process from BZn

* to PZn and the electron transfer process from
PZn to HL. The results demonstrate the efficient energy and
electron transfer processes in the Zn-BChl a containing RC.

2. Materials and methods

2.1. Culture of A. rubrum cells and isolation of the RC complex

A. rubrum cells were grown in a growth medium at 30 °C in the dark at pH
3.5 according to Shimada et al. [3]. Membranes and RC complexes of A. rubrum
were prepared by treatment with a detergent, LDAO (N-N-Lauryldimethylamine
N-oxide), followed by ultracentrifugations and column chromatography [3]. The
RC complex of Rb. sphaeroides was prepared according to a method reported
previously [35] with some modifications [36].

2.2. Measurement of the absorption spectrum at low temperature

The RC complex, which had been dissolved in a 20 mM phosphate buffer
(pH 7.8), was placed in a plastic cuvette with a 1 cm path length. Glycerol was
added to the reaction mixture to give a final concentration of 66% (v/v). The
sample with reduced PZn (reduced with 2 mM sodium ascorbate) or oxidized PZn
(oxidized with 1 mM potassium ferricyanide) was then cooled down to
cryogenic temperatures in a liquid helium cryostat (Oxford Inst., Oxford). A
UV-3100PC UV-VIS-NIR spectrophotometer (Shimadzu, Kyoto) was used to
measure the absorption spectra.

2.3. Measurement of femto-second time-resolved fluorescence
up-conversion

The RC complex, which had been dissolved in a 10 mM phosphate buffer
(pH 7.8) and 2 mM sodium ascorbate, was placed in a quartz cuvette with a
2 mm optical path length and stirred by a magnetic stirrer during the experiment.
The optical density of the sample at 790 nm was adjusted at 0.4. The set-up of
the fluorescence up-conversion was described elsewhere [37]. The excitation
laser pulse was generated by a Ti:Sapphire laser (Coherent MIRA). The laser
pulse had a spectral width of 10 nm fwhm (full width at half maximum) and a
half duration of 110 fs and was given at a repetition rate of 80 MHz. The laser
pulse at 815 nm was separated into two beams; the one excited the sample
directly and the other was collected to BBO crystal after passing through an
optical delay stage. The fluorescence (947 nm) emitted from the sample was also
collected to the same BBO crystal and the two light were transformed to an up-
conversion light (438 nm) by sum-frequency conversion. The intensity of the
up-conversion light was measured with varying the delay between the excitation
and gate pulses to measure the time dependence of the sample fluorescence.
Polarization of the fluorescence was measured by changing the angle of the half-
wave plate inserted in the excitation path. The anisotropy R(t)= (I(t)|| − I(t)⊥)/(I
(t)|| +2I(t)⊥) in a ps-time region was calculated. Here, I(t)|| and I(t)⊥ represent the
fluorescence intensities at time t detected at parallel and perpendicular
polarization angles, respectively, with respect to the polarization of the
excitation beam.

2.4. Redox titration of P in A. rubrum membranes

Anaerobic titration of the redox midpoint potential (Em) value of PZn in A.
rubrum membranes was carried out under nitrogen gas in an airtight cuvette as
described elsewhere [38]. The oxidation of PZn upon excitation by a 10 ns,
532 nm flash from an Nd-YAG laser (Spectra Physics, LAB-130) was monitored
as the absorbance change at 810 nm. The sample cuvette contained membranes
that were suspended in a 20 mM Tris–HCl buffer (pH 7.5) to give a final
concentration of 1.5 OD at 861 nm. The following redox mediators were added
at 1–20 μM: 1,2-naphthoquinone, 1,4-naphthoquinone, duroquinone, 2-
hydroxy-1,4-naphthoquinone, methylene blue, and 2,3,5,6-tetramethyl-p-



Fig. 1. Upper panel: Absorption spectrum of the A. rubrum RC at 4 K (solid
line) and the Rb. sphaeroides RC at 6 K (dotted line). Lower panel: Oxidized-
minus-reduced difference spectrum of the A. rubrum RC (solid line) at 4 K and
the Rb. sphaeroides RC (dotted line) at 10 K. The spectra of the Rb. sphaeroides
RC were reproduced from Franken et al. [39].

Table 2
Comparison of the peak positions of the absorption spectra of the A. rubrum RC
with those of Rb. sphaeroides

RC P (nm) B (nm) H (nm) Reference

Rb. sphaeroides (6 K) 895 802 759 [39]
Rb. sphaeroides (295 K) 865 802 760 [32]
A. rubrum (4 K) 875 792 753 This work
A. rubrum (284 K) 859 792 754 This work and [3]
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phenylene diamine. Potassium ferricyanide, potassium ferrocyanide, sodium
ascorbate and sodium dithionite dissolved in water at 0.001–1 mM were also
used as required. The obtained titration data were fitted by a Nernst equation
with n=1 to calculate the Em value.
3. Results

3.1. Absorption and difference absorption spectra of RC
complex of A. rubrum containing Zn-BChl a

The upper panel in Fig. 1 shows the absorption spectrum
of the A. rubrum RC at 4 K (solid lines) together with that
of the Rb. sphaeroides RC at 6 K (dotted lines), which was
reproduced from Franken et al. [39]. The spectrum of the A.
rubrum RC resembles that of the Rb. sphaeroides RC,
which is one of the best characterized RCs. The peak
wavelengths of the absorption bands became longer at the
lower temperature. The peak wavelength of PZn (special pair
of Zn-BChl a) shifted to the red more significantly than the
peaks of BZn (accessory Zn-BChl a) and H (BPhe a) band
on cooling. The Qy bands of PZn and BZn were blue-shifted
by 10 and 20 nm, respectively, compared to those of Rb.
sphaeroides, as expected from the fact that they were made
of Zn-BChl a, as reported previously [3,5]. The peak
position of the H band in the A. rubrum RC showed a
small 6 nm difference even though BPhe a does not contain
Zn. The energy levels of P and B or their excited state
levels were calculated from the absorption spectra of the RC
complex of Rb. sphaeroides at 293 K [40] and A. rubrum
at 277 K [26] as shown in Table 1.
Table 1
Energy levels in Rb. sphaeroides and A. rubrum RC. P+ and P− are the higher
and lower levels of the two excitonically split states of P, respectively

RC P+ (eV) P− (eV) B (eV) H (eV) Reference

Rb. sphaeroides (293 K) 1.521 1.425 1.544 1.632 [40]
A. rubrum (277 K) 1.539 1.468 1.566 1.654 [26]
The oxidized-minus-reduced difference spectrum of the A.
rubrum RC (solid line) at 4 K is also shown in the lower panel
together with that of the Rb. sphaeroides RC (dotted line)
measured at 10 K [39]. The difference spectrum of the A.
rubrum RC shows positive peaks at 760 and 782 nm and
negative ones at 794 and 876 nm. The peak at 760 nm can be
assigned to be the red shift of the Qy peak of the H band. The
band position was slightly different from that of Rb.
sphaeroides. The negative peak at 876 nm is produced by the
oxidation of PZn and sharp changes at 782–794 nm can be
assigned to the electrochromic shift of BZn in response to the
oxidation of PZn. These peaks are significantly blue-shifted
compared to those in the Rb. sphaeroides RC.

The absorption maxima of RC cofactor bands at various
temperatures are given in Table 2. These values give the features
of PZn, BZn, and H in the RC.

3.2. Excitation energy transfer and electron transfer within the
A. rubrum RC

The up-converted fluorescence was measured at 438 nm as
the sum frequency of emission of PZn* (947 nm) and the gate
beam (815 nm). Fig. 2 shows the time courses of the
fluorescence from PZn* in the A. rubrum RC (triangles in the
upper panel) and P* in the Rb. sphaeroides RC (circles in the
lower panel) measured at 947 nm at a magic angle with respect
to the 815 nm excitation pulse, respectively, measured as the
intensities of up-conversion fluorescence at room temperature.
The excitation pulse mainly excited B. The fluorescence at
Fig. 2. Time courses of the fluorescence measured at 947 nm in RC complexes
of Rb. sphaeroides (circles) and A. rubrum (triangles) excited at 815 nm. Solid
lines are fitting curves made of 4 exponential functions convoluted with the IRF
(instrument response function).



Table 4
Anisotropy and angles between P and B calculated from the fluorescence decay

RC Anisotropy Angle between P and B

Rb. sphaeroides 0.24 32°
A. rubrum 0.19 36°

Fig. 3. Dependence of the fluorescence kinetics on the detection-polarized
angles with respect to the polarization of the excitation laser beam at room
temperature. Upper panel: fluorescence time courses at 947 nm detected at
parallel (triangle), magic (square), and perpendicular (circle) angles to the
excitation laser polarization in the A. rubrum RC complex excited at 815 nm.
The solid lines show the fitting curves. A curve with a peak at 0 ps represents the
IRF. Lower panel: fluorescence anisotropy R(t). The solid line shows R(t)
calculated using the fitting curves in the upper panel. See text for details.

25T. Tomi et al. / Biochimica et Biophysica Acta 1767 (2007) 22–30
around 947 nm was emitted from P* which was produced after
the energy transfer from B. The rise and decay of the
fluorescence in both RCs resembled each other, suggesting
the fast energy transfer and charge separation.

The fluorescence time courses of PZn* were also measured in
the faster time scales at parallel, perpendicular, and magic
polarization angles with respect to the excitation beam as shown
in Fig. 3. A Gaussian shape peak at time zero shows the
instrumental response function (IRF) evaluated from the laser
time profile. The rise time of the fluorescence is longer than the
width of IRF; therefore, the rise and decay time constants could
be precisely estimated. Solid lines are the fitting curves
calculated as a sum of 4 exponential functions with different
time constants, in which one component with a negative
amplitude represents the rise.

The fluorescence time course of PZn* at a magic angle was
well fitted with a rise time of 0.16 ps and decay components
with lifetimes of 0.40 ps (34%), 3.3 ps (53%), and 16 ps (13%).
The fluorescence time course in the Rb. sphaeroides RC was
also fitted with a rise time of 0.16 ps and decay constants of
0.27 ps (48%), 3.0 ps (46%), and 20 ps (6%). These values in
the Rb. sphaeroides RC are in good agreement with those
estimated in previous studies [30,32]. The time constant of the
rise of PZn* was 0.16 ps and was almost similar to that of P*

measured in the Rb. sphaeroides RC here or previously
Table 3
Fitting parameter for the fs-time courses of fluorescence decay measured in Fig. 2

RC Amp1 (%) τ1 (ps) Amp2 (%)

Rb. sphaeroides 48 0.27 46
A. rubrum 34 0.40 53
[32,41]. In the fluorescence decay profile of PZn
* , the fast

0.40 ps phase was smaller in extent than that with the time
constant of 0.27 ps in Rb. sphaeroides. The contribution of the
slow 16 ps component of PZn

* was larger than the correspond-
ing 20 ps component in the Rb. sphaeroides RC. The fitting
parameters used for the decays are given in Table 3.

3.3. Depolarization of the fluorescence

The upper panel in Fig. 3 shows the fluorescence time
courses monitored at 947 nm at two polarization angles with
respect to the excitation laser at 815 nm at room temperature in
the A. rubrum RC. The rise detected at the parallel angle was
faster than that at the perpendicular angle. The lower panel in
Fig. 3 shows the calculated anisotropy R=(I||− I⊥) / (I|| +2I⊥).
The anisotropy value attained a constant level of 0.19 at 1–4 ps
after the rise with a 0.16 ps time constant that indicates the
energy transfer time from BZn to PZn. From the R-value of 0.19,
we estimated an angle of 36° between the transition dipole
moments of the photoexcited molecule (presumably BZn and a
part of PZn+) and the emitting molecule (PZn* ). The angle of 36°
calculated is close to that (32°) obtained in fluorescence
anisotropy measurements in the Rb. sphaeroides RC by Stanley
et al. [33] and King et al. [41]. The anisotropy values calculated
from the fluorescence decay in the Rb. sphaeroides and A.
rubrum RCs are given in Table 4.

3.4. Redox potential of PZn

We performed the redox titration of PZn in isolated
membranes of A. rubrum (Fig. 4). A redox midpoint potential
value of PZn/PZn

+ was determined to be +440 mV, similar to the
Em value of 440–450 mV of P/P+ measured in chromatophore
membranes of Rb. sphaeroides [42,43].

In the purified RC of Rb. sphaeroides, the measured
midpoint potential of P was approximately 500 mV, slightly
higher than that in the membrane [32,44–47]. It has been
assumed that the redox potential of a special pair becomes more
positive due to the change in the interaction between the special
pair and the surrounding RC proteins by the extraction of the
RC [47]. The Em value of PZn in the purified RC of A. rubrum,
thus, is likely to be slightly higher than that in the membrane.
We tried to titrate the Em of PZn in the purified RC of A. rubrum
τ2 (ps) Amp3 (%) τ3 (ps) τ rise (ps)

3.0 6 20 0.16
3.3 13 16 0.16



Fig. 5. Energy diagrams of the components in the A. rubrum RC assuming that
the level of PZn* (Zn-BChl a) is the same that of P* (Mg-BChl a). The rates of
energy transfer and electron transfer in A. rubrum RC are shown. Broken lines
and values in parenthesis represent the corresponding ones measured in Rb.
sphaeroides RC, respectively.

Fig. 4. Redox titration of PZn (Zn-BChl a dimer) in isolated membranes of A.
rubrum at pH 7.5. Titration was done as described in Materials and methods.
The data points were fitted by a Nernst equation with n=1 to calculate the Em

value.
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but failed to obtain a reliable value because of the aggregation
of the RC complex during the titration.

4. Discussion

4.1. Comparison of the RCs of A. rubrum and Rb. sphaeroides

The isolated RC complex of A. rubrum contains Zn-BChl a
in the place of Mg-BChl a as the special pair PZn and the
accessory pigments BZn. The other components, such as the
electron acceptors BPhe a and ubiquinones, are the same as
those in other purple bacterial RCs [5]. The amino acid
sequences of the polypeptides of L, M, H, and C subunits show
high homologies, except for a few residues that will be
discussed later, to those in other purple bacterial RCs that bind
tetraheme cytochrome c, such as Rhodopseudomonas viridis
[27]. The C subunit and ubiquinone are depleted in the LDAO-
derived RC used in the present study [3]. The structure of the A.
rubrum RC, thus, is assumed to be quite similar to those of other
purple bacterial RCs except for the use of Zn-BChl a. The
absorption spectrum of the A. rubrum RC at 4 K revealed a
feature expected for purple bacterial RCs, namely, peak
wavelengths of BZn and PZn at similar but slightly shorter
wavelengths than P and B in the Rb. sphaeroides RC, as
expected for Zn-BChl a. The peak of H also shifted to the blue
slightly due to the unknown reason. It is also noted that the
oscillator strength estimated from the absorption band of PZn at
850 nm is somewhat smaller than that of P in the Rb.
sphaeroides RC, suggesting weaker interaction between the Zn-
BChl a molecules forming PZn, as has been indicated [26].

The redox potentials of PZn and P in the membranes of A.
rubrum and Rb. sphaeroides are 440 and 450 mV, respectively
(Fig. 5) so that if we expect similar relation, as well as similar
redox potentials of H in the two types of isolated RCs, the
energy level of P+H− state will be almost equal each other (with
a difference of about 10 mV). The shorter peak wavelength
suggests the energy level of PZn* in A. rubrum RC to be about
20 meV higher than that of P* in Rb. sphaeroides. As a result,
the energy gap between the P* and P+H− states should be larger
for A. rubrum by around 30 mV than for Rb. sphaeroides. The
free energy gap (−ΔG) between P* and P+H− in Rb.
sphaeroides has been estimated to be 120–260 mV, though it
might vary depending on the time scale [44,48–52].

The results in the present study indicate that the energy
transfer rate from BZn to PZn as well as the electron transfer rate
from PZn to H in A. rubrum is almost equal to the corresponding
ones in the Rb. sphaeroides RC. The results may either come
from the similar values of energy gaps or from some other
reasons that are specific for Zn-BChl a as discussed below.

4.2. Redox potential of P in the A. rubrum RC

The redox titration of PZn in A. rubrum membranes gave the
midpoint potential of +440 mV (Fig. 4), similar to that of P at
440–450 mV determined in the chromatophore membranes of
other purple bacteria [42,43]. Although the Em value of PZn in
the RC preparation of A. rubrum was not determined, the value
is likely to be similar or slightly more positive than that in the
membranes, as known for many purple bacterial RCs
[42,43,45]. In most purple bacterial RCs, the Em of P has
been measured to be around 500 mV [32,44–47].

The similarity of the Em value of PZn to that of P in Rb.
sphaeroides RC, may be as expected because the Em values of
Mg-BChl a and Zn-BChl a are similar at around +600 mV
(NHE) in organic media [20,53,54]. On the other hand, in the
Rb. sphaeroides RC, in which a portion of the special pair
Mg-BChl a was replaced by Zn-BChl a artificially [55], the Em

of artificially-produced PZn, which was formed in the 30% of
RC, was 520 mV. The value was 36 mV more positive than that
of the remaining portion of P, which are made of Mg-BChl a
[55]. This 36 mV positive shift of Em is a little larger than the
observed 10 mV negative shift of Em in PZn of the A. rubrum
membrane compared to that of P in the Rb. sphaeroides
membrane. The difference might be related either to the
different RC conditions or to the different protein structure as
discussed below.
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4.3. Excitation energy transfer within the RC

The fluorescence of PZn* in the A. rubrum RC showed a fast
rise time of 160 fs upon the excitation of BZn at 815 nm. The
time constant was almost identical to energy transfer time from
B* to P measured in the Rb. sphaeroides RC in this study or as
listed below; a decay time constant of 160 fs was obtained by
monitoring the B* fluorescence at 850 nm upon the excitation of
B at 804.5 nm at 85 K [41]; the rise time of 163 fs of the
emission from P* at 940 nm was detected upon the excitation of
B at 804 nm [33]; the rise time of 85±17 fs (H* to B) and the
decay time of 199 fs (B* to P) were also reported for B*

measured at 815 nm upon the excitation of the H band at 760 nm
at 85 K [41]. These 160–199 fs time constants are almost
identical to the 160 fs one measured in the A. rubrum RC. It is,
therefore, concluded that the energy transfer time from BZn

* to
PZn in the A. rubrum RC is quite similar to the corresponding
ones in other RCs.

Theoretical analysis indicated that the energy transfer from B
to P occurs through the P+ state, which is the higher level of the
excitonically split two states of P at around 810 nm [56]. The
BZn
* to PZn energy transfer rate in the A. rubrum RC suggests a

similar extent of the overlap of the PZn+ and BZn
* bands to that of

the P+ and B* reported in the RC of Rb. sphaeroides. It might be
enabled by the blue shifts of both PZn and BZn bands. The rate of
the energy transfer from H, which showed a smaller blue shift
compared to those of PZn and BZn, to BZn in A. rubrum is
interesting though it remains to be studied.

The energy difference between the PZn+ and PZn− states has
been estimated to be 570 cm−1 in the A. rubrum RC, smaller
than the corresponding 900 cm−1 in the Rb. sphaeroides RC, on
the basis of the absorption, CD, and MCD spectra [26]. The
low-temperature absorption spectra in Fig. 1 support this
conclusion. The lower energy difference suggests a weaker
interaction between the two Zn-BChls of PZn in A. rubrum than
that between the two Mg-BChls of P in Rb. sphaeroides [26]. In
the quinone-depleted Rb. sphaeroides R-26 RC, a 200 fs
lifetime of fluorescence, which was detected with the excitation
at 608 nm, was concluded to be contributed by the internal
conversion rate from P+ to P− [57]. A similar situation seems to
be expected for A. rubrum.

In the A. rubrum RC, we did not observe the oscillation of
the fluorescence of PZn* upon the excitation of B. It is similar to
the observation by Stanley et al. [33] who reported that the
fluorescence from P* did not oscillate when B was selectively
excited in the Rb. sphaeroides RC.

The very fast decay time (0.40 ps) of PZn* (τ1) detected in the
A. rubrum RC was also similar to that detected in the Rb.
sphaeroides RC (0.27 ps). The mechanism for this component is
still unclear, but may represent the early electron transfer from P
to H. The 16 ps decay time of PZn* (τ3) detected in the A. rubrum
RC was also almost equal to that detected in the Rb. sphaeroides
RC that was depleted of QA, although the mechanism for this
decay component is not clear yet [57].

We can conclude that the rates of energy transfer and electron
transfer in the A. rubrum RC are very similar to those in the Rb.
sphaeroides RC in spite of the weaker interaction between Zn-
BChls of PZn and the extensive blue shift of the peak
wavelength of PZn.

4.4. Angle between P and B

The anisotropy of the fluorescence measured upon the
excitation of the BZn band at 815 nm and the detection of the PZn
emission at 947 nm gave a 0.19 value of polarization at room
temperature at 1–4 ps and a mutual angle of 36° between the
transition dipoles of BZn and PZn. The angle is comparable to
that of 32° obtained in the Rb. sphaeroides RC upon the
excitation at 804.5 nm at 85 K [41]. Although the derived value
is not the exact one between the transition dipoles of B and P
because of the mixture of P+ and B± at 815 nm [56], it agrees
well with the one revealed by X-ray crystallography [34]. It is,
therefore, suggested that A. rubrum has the RC that has a
structure very similar to that of Rb. sphaeroides.

4.5. Electron transfer rates in A. rubrum

Among the decay components of fluorescence from PZn* ,
the one with a time constant of 3.3 ps (τ2) can be estimated to
represent the major process in the initial charge separation
(PZn* to PZn

+ H−). The time constant is almost identical to that
measured in the Rb. sphaeroides RC. Thus, the difference of
the central metal does not seem to have a substantial effect on
the primary charge separation rate.

In the framework of Marcus's electron transfer theory, the
electron transfer rate should show a bell-shaped dependence on
the free energy gap −ΔG of the reaction [58]. Haffa et al. [59]
showed a sharp bell-shaped dependence of the initial charge
separation rate with a peak of −ΔG at 130 meV in the Rb.
sphaeroides RC by modifying the redox midpoint potential of P
by site-directed mutagenesis. A small change of −ΔG from the
naturally optimized value resulted in the slower rate of primary
charge separation [58]. We detected a charge separation rate of
3.3 ps in the A. rubrum RC that was identical to that in Rb.
sphaeroides wild type RC. It may, therefore, suggest that a
slight change in the −ΔG value between the PZn* and PZn

+ H−

levels in the A. rubrum RC from that in the Rb. sphaeroides
does not strongly affect the electron transfer rate although the
energy level of blue-shifted PZn* is expected to be a little higher
than that of P* due to the shorter wavelength peak position.

4.6. Effect of protein

The amino acid sequences of the RC polypeptides of A.
rubrum have high homologies to those of purple bacterial RCs
[27]. It has been noted that the highly conserved residue L168H
nearby P is not histidine, and is glutamate in A. rubrum. The
substitution was suggested to modify the properties of PZn [5].
We considered this effects below. Fig. 6 shows the absorption
spectra at room temperature of various RC preparations that
were isolated from (a) A. rubrum in this work, (b) wild type and
(c) L168HE mutant strains of Rb. sphaeroides [59] and (d) RC
of Rb. sphaeroides in which P, but not of B, are chemically
exchanged to Zn-BChl a [55]. The spectrum (d) was obtained



Fig. 6. Absorption spectrum of the purified RC of (a) A. rubrum, (b) Rb.
sphaeroides wild type, (c) Rb. sphaeroides L168HE mutant strain, and (d) Rb.
sphaeroides RC in which Mg-BChl a molecules of P (PZn), but not of B, are
chemically exchanged to Zn-BChl a. All the spectra were measured at room
temperature. The spectra of (c) and (d) were reproduced from Haffa et al. [59]
and Kobayashi et al. [55], respectively.
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after the subtraction of the co-existing RC spectrum that still
contains Mg-BChl a because of the low 30% yield of the
pigment exchange in the presence of detergent [55].

A. rubrum RC showed a spectrum (a) with blue-shifted peaks
of BZn and PZn compared to those of B and P in a spectrum (b) of
wild type Rb. sphaeroides RC as confirmed in Fig. 1. The blue
shifts can be ascribed to Zn-BChl a. The spectrum, however, is
somewhat different from the spectrum (d). The low peak height
of PZn in spectrum (a) suggests the weaker electronic coupling
between Zn-BChl a molecules of PZn [26]. However, the
spectrum (d) shows a rather high peak of artificially-formed PZn
with the smaller extent of blue shift. B that is a monomer of Mg-
BChl a in spectrum (d) does not show the blue shift as expected.

The spectrum (c) represents the RC of an L168HE mutant of
Rb. sphaeroides that has a glutamate at L168 position in the
place of histidine in wild type RC and contains Mg-BChl a both
for P and B [59]. The mutant RC showed an Em of P at 428 mV,
which was more negative than that of wild type, and a fast 2.1 ps
decay time of P* [59]. The P peak is shifted to 847 nm (giving
an up-shift of 20 mV in the transition energy compared to the
861 nm P peak in the wild type spectrum (b)). The free energy
gap for the initial electron transfer, thus, was up-shifted by
99 mV compared to the wild type [59]. The spectral features of
P in spectrum (c) with a peak at a short wavelength and with the
lower peak height resemble those of PZn in A. rubrum in the
spectrum (a). It is, therefore, suggested that the L168HE
modification gives rather strong effects on the spectral feature of
PZn too in A. rubrum RC.

We can conclude that the replacement of Mg to Zn of central
metal of BChl a contributes to the blue shifts of BZn and PZn
bands in the A. rubrum RC. H bands were slightly affected too
by the replacement. It is also likely that the significant blue shift
and the lower peak height of PZn in A. rubrum RC are produced
through the effect of L168E residue. This modification, at the
same time, seems to work to shift the Em of PZn to be more
negative as seen for P in the mutant RC [59]. Without this
modification, the Em of PZn might have been more positive
because the artificially-formed PZn in Rb. sphaeroides RC gave
a 36 mV positive shift of Em [55]. Altogether Em of PZn in A.
rubrum gives a value almost similar to that of P in Rb.
sphaeroides wild type RC. The conservations of this specific
residue in multiple Acidiphilium strains [27] also seem to
support this idea. It is interesting that the deviation from the
optimum −ΔG setting for the charge separation reaction
induced by the introduction of Zn-BChl a into the special pair
(PZn) seems to be almost compensated by the L168HE
modification. The effects of the replacement of B to BZn or of
the shift of H band remains to be studied.

5. Conclusion

The rates of primary electron transfer and energy transfer in
the A. rubrum RC that contains Zn-BChl a as BZn and PZn were
almost the same as those in the RC of Rb. sphaeroides that
contains Mg-BChl a. The RC with Zn-BChl a is shown to be a
fully efficient photosynthetic system. The results in the present
study suggest that it is enabled by the physicochemical property
of Zn-BChl a, which resembles that of Mg-BChl a, and
probably by the L168HE modification of RC protein to adjust
the redox potential of PZn. It remains to be studied whether this
mechanism works well even in intact cells of A. rubrum, in
which PZn-side of the RC complex in the cytoplasm membrane
faces to the outer acidic medium. The reason why Zn-BChl a
has not been used in the other photosynthetic systems still
remains to be studied too.
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