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ABSTRACT. Photosynthetically active reaction center complexes were prepared from the green sulfur
bacteriumChlorobiumuibrioforme NCIMB 8327, and the content of quinones was determined by extraction
and high-performance liquid chromatography. The analysis showed a stoichiometry of 1.7 molecules of
menaquinone-7/reaction center. No other quinones were detected in the isolated reaction centers, whereas
membrane preparations also contained chlorobiumquinone. The possible involvement of quinones in
electron transport was investigated by electron paramagnetic resonance (EPR) spectroscopy. A highly
anisotropic radical was detected by Q-band EPR spectroscopy in both membranes and isolated reaction
centers following dark reduction with sodium dithionite and photoaccumulation at 205 K. At 34 GHz,
the EPR spectrum is characterized by tensor withgy = 2.0063,g,y = 2.0052,9,, = 2.0020 andAB

of 0.7 mT, consistent with its identification as a quinone. This spectrum is highly similar in terms of
values and line widths to photoaccumulated M photosystem | oBynechococcusp. PCC 7002. The

results indicate that menaquinone-7 in the green sulfur bacterial reaction center is analogous to
phylloquinone in photosystem |.

Green sulfur bacteria contain a single type of photosyn- respectively. Both PscA and PshA have sequence similarity
thetic reaction center that resembles photosystem | ofto PsaA and PsaBL8, 14). The primary electron acceptor
cyanobacteria and plants and the reaction center of helio-in green sulfur bacteria was originally designated bacterio-
bacteria {—3). These reaction centers are characterized by chlorophyll (BChl) 663 and has been identified as a
the presence of low potential irersulfur clusters as the chlorophyll a-like molecule (5, 16). Thus, the reaction
terminal electron acceptors. The reaction center complexcenters of green sulfur bacteria and photosystem | are very
of green sulfur bacteria contains two iresulfur clusters similar with respect to the primary acceptor and the terminal
bound to the PscB protein which are analogous to the F acceptors.

and Fs clusters of photosystem #{-11). In heliobacteria There are, however, some puzzling differences. The-iron
similar iron—sulfur c_Iusters have been characterized by sulfur cluster k is easily detected in photosystem | by low-
electron paramagnetic resonance (ERpectroscopyl(2), temperature EPR spectroscopy, but except for an indication

but the protein which binds the clusters has not been of a weak highfield resonanc@,(11, 17), Fx has not been
identified. In iron-sulfur-type reaction centers, the primary unambiguously identified in green sulfur bacteria. Yet, the
donor and the initial acceptors are located on a dimer of domains of the PsaA and PsaB proteins that appear to bind
pigment-proteins with a molecular mass of 682 kDa. In the Fx cluster in photosystem | are conserved in the PscA
photosystem |, this dimer is comprised of the homologous protein (L3), and biochemical studies have shown the
subunits PsaA and PsaB. In the reaction center complexesresence of acid-labile sulfide in the isolated reaction center
of green sulfur bacteria and heliobacteria, the core dimer is protein (B. Kjeer and H. V. Scheller, unpublished).

homodimeric and made up of the PscA and PshA proteins,  another possible difference in the electron transport chains

is in the quinone acceptor. In photosystem I;, Ahe
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performance liquid chromatography. proposed to function in the redox regulation of excitation
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energy transfer in the chlorosome anten24).( In the 0.06 2

membranes, menaquinone-7 probably shuttles electrons 2

between sulfide quinone reductase and the cytochrome e )
complex @1), and it might operate in cyclic electron g 5 2
transport. However, in the green sulfur bacterial reaction §003 s e g
center complex there is no previous report of a chemically g ‘o g o
extractible quinone. Analysis of isolated reaction center < BChl a 2 3 £
complexes fronChlorobium limicola(22) and Chlorobium z s s3
tepidum(23) did not reveal the presence of quinones although MJ & © 5 3
these preparations were photochemically active. These 0.00 T . . ; ; .
extraction studies are in contrast to the report of Muhiuddin 20 30 40 Tim?(mi“) 60 70 8o

et al. 24) who showed the presence of ag-liike EPR signal ) ) ) ) )
in the membranes froi@. limicolaand the result of Nitschke ~ F'SURE 1: HPLC analysis of pigments and quinones in the isolated
. ) reaction center complex. The chromatogram shown was recorded

et al. @5), which suggest the presence of two early electron ¢ 570 nm and the identity of the peaks was determined from the
acceptors prior to the irepsulfur clusters. absorption spectrum and by comparison of the retention time with

To resolve this discrepancy we decided to undertake aauthentic samples. The peak labeled MK-7 eluted with the same
systematic analysis of the content of quinones in reaction "€t€ntion ime as menaquinone-7.
center complexes fronC. wvibrioforme and to attempt
detection of a photoaccumulated semiquinone anion radical .
and detection by EPR spectroscopy. Our results show theV@S measured with a Bruker ERO35M NMR gaussmeter. The

presence of approximately two molecules of menaquinone-7 magnetic field was calibrated at X-band ustog: -diphenyl-

R -picryl hydrazyl (DPPH) and at Q-band usingy-bisdi-
per P840, and Q-band EPR studies indicate the presence o‘? b A
a photoreducible quinone in th€. vibrioforme reaction phenylenq@-phenylallyl (BDPA) complexeq 1:1 with ben-
center complex. zene. EPR spectral simulations were carried out on a Power

Macintosh 8500/233 computer using a Windows 3.1 emulator
(Softwindows 3.0, Insignia Solutions, U.K.) and SimFonia
EXPERIMENTAL PROCEDURES software (Bruker Analytik GMBH).
Prior to the photoaccumulation, the pH of the sample was
Chlorosome-depleted membranes and photosyntheticallyadjusted to 10.0 and sodium dithionite was added to a final

Packard 5352B frequency counter, and the magnetic field

active reaction center complexes were prepared @o- concentration of 100 mM. After incubation for 30 min, the
robiumvibrioformeNCIMB 8327 under anaerobic conditions sample was placed in a dewar containing dry ice-ethanol at
as previously described). a temperature of 205 K and illuminated by a focused 100

The membranes and reaction centers were extracted withW quartz-tungsten lamp through a 2.5 cm water filter. The
chloroform and analyzed by high-performance liquid chro- photoaccumulation times are indicated in the text. The
matography (HPLC) as previously describ&d)(with the sample was immediately frozen in liquid nitrogen, transferred
following modifications. The vacuum-dried samples were to the cryostat, and the spectrum was acquired at 100 K.
dissolved in acetone:methanol (4:1 v/v) before injection onto P840 and cytochrome was determined from the ferri-
the HPLC column. The elution gradient was optimized for cyanide-oxidized minus ascorbate-reduced spectrum using
quinone separation and was programmed as follows: 30%extinction coefficients at 830 nm of 100 mMcm™ and at
solvent B at the time of injection, a linear increase to 65% 551 nm of 20 mM?* cm™?, respectively 29).

B after 30 min, to 75% after an additional 35 min, to 85%
after 20 min, to 100% after 11 min and constant at 100% RESULTS
for 10 min before returning to 30% B in 2 min. Peaks were

identified on basis of the absorption spectrum and compari- The HPLC analysis of a reaction center preparation from
son of the retention time with known samples. Using this ¢ ibrioformeis shown in Figure 1. The peak labeled MK-7
method, the polar menaquinone, chlorobiumquinone andhad a retention time identical to that of authentic menaqui-
menaquinone-7 eluted at 52.9, 54.5, and 77.1 min, respecmone-7 and well resolved from the retention times of the
tively. The relative contents of pigments and quinones were gther quinones known to be present@mlorobium The
determined by integration of the peaks. Absorption coef- absorption spectrum of the collected peak, shown in Figure
ficients at 270 nm were estimated from experimental data 2, was also indistinguishable from that of authentic mena-
and literature values. The fOIIOWing values (ln inverse quinone 60) The Spectrum was aquired in isooctane, which

millimolarity centimeters) were used: BCal30 27); BChl enables a very clear distinction between different quinones
663, 22 [as for chlorophyk (27)]; chlorobactene, 2028); (30). On the basis of the HPLC analysis of the reaction
chlorobiumquinone, 11.2(); and menaquinone-7, 16.20). center preparations, we determined a content of 9.1 mol of

EPR studies were performed at X-band using a Bruker BChl 663, 1.7 mol of menaquinone-%0.1 mol of chloro-

ECS 106 spectrometer equipped with an ER/4102 ST biumquinone, and 1.3 mol of chlorobactene/mol of P840.
resonator and at Q-band using a Bruker ER300E spectrometefFrom the reduced-minus-oxidized absorption spectrum of the
equipped with an ER 5106 QT-W1 resonator. Cryogenic intact reaction center preparations, we deduced a 1.1 molar
temperatures were maintained with an ER4111 liquid ratio of cytochromesss; to P840. Analysis of three separate
nitrogen cryostat and an ER4118CV liquid nitrogen cryostat, reaction center preparations gave essentially the same results.
both controlled with an ER4121 temperature control unit. From a similar HPLC analysis, we find that chlorosome-
The microwave frequency was measured with a Hewlett- depleted membranes contain approximately 200 mol of
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Ficure 2: Absorbance spectrum in isooctane of menaquinone-7
isolated from a reaction center preparation by HPLC (Figure 1,
peak MK-7). The spectrum is indistinguishable from that of

authentic menaquinone-7.

menaquinone-7 and 40 mol of chlorobiumquinone/mol of
P840, (assuming a ratio of 100 BGhper P840). The polar
menaquinone, which is only found in small amounts under
certain growth conditionsl@; N.-U. Frigaard, unpublished
results), was neither detected in our chlorosome-depleted
membranes nor in our reaction center preparations.
Because thg tensor of A is poorly resolved at 9.4 GHz,

EPR experiments of photoaccumulated membranes at X-band

led to a spectrum in which A could not be clearly
distinguished from A~. We therefore conducted experi-
ments at 34 GHz, a microwave frequency where the
anisotropy of the quinone leads to a much broader peak-to-
trough line width for A. By photoaccumulating. vibrio-
formemembranes for periods up to 2 min, an axial-like signal
progressively developed with a low-field peak at an apparent
g value of 2.0060, and a derivative signal centered araund
= 2.0028 (data not shown). After 30 min of additional
illumination at 205 K, theg = 2.0060 feature decreased in
intensity and disappeared while tlie= 2.0028 feature
increased slightly in intensity. A similar spectrum was found
in the purified reaction center preparations except that only
30 s of photoaccumulation was required to achieve the
maximum signal intensity (Figure 3A, solid line). After 10
min of further illumination at 205 K, thg = 2.0060 feature
decreased in intensity and disappeared whilegthe2.0028
feature increased slightly in intensity. The overall spectral
appearance of the 30 s sample is similar to that of photo-
accumulated & measured in deuterated CP1 particle® (
Here, only the low-field portion of the CP1 spectrum
represents exclusively A, while theg = 20028 feature is
thought to represent largelyoA

We interpret the disappearance of thes 2.0060 feature
in C. vibrioforme as the time-dependent double reduction
of a bound quinone to an EPR silent-stag8®)(and the
increase of theg = 2.0028 feature as the concomitant
photoaccumulation of &. The spectrum in Figure 3A
therefore represents an admixture of A&and A, with the
latter as the minority species. We simulated the gignal,
and after suitable scaling, subtracted it from the experimental
spectrum in Figure 3A. The result, depicted in Figure 3B
(solid line) shows a low-field peak at an appargnalue of
2.0060 and a shallow trough at an appagewalue of 2.0020.
Using a powder spectrum simulation whegg was taken
from the experimental spectrum agg andg were varied,
we obtained the closest match wigh = 2.0063 andy,, =
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Ficure 3: Q-band EPR spectrum of photoaccumulatedirAC.
vibrioforme. (A, solid line) Experimental spectrum of reaction
centers reduced in darkness with sodium dithionite at pH 10.0 for
30 min and photoaccumulated at 205 K for 30 s. The spectrum
represents an average of 10 scans. (A, dotted line) Simulated
spectrum of A-, usingg = 2.0028 andAB = 1.0 mT, arbitrarily
scaled to visually match the midfield feature. (B, solid line)
Extracted spectrum of A obtained by subtracting the simulated
Ao- spectrum (A, dotted line) from the experimental spectrum (A,
solid line). (B, dotted line) Simulated spectrum of Ausinggxx =
2.0062,g,y = 2.0051, andy,, = 2.0022 andAB = 0.7 mT @33).
Instrument conditions: microwave power, 2 mW; microwave
frequency, 34.087 37 GHz; magnetic field, 1.26832203 T (a
subset of the field range is depicted here); modulation amplitude,
0.2 mT; modulation frequency, 100 kHz; temperature, 100 K.

2.0052, and line widths of 0.7 mT for all thregtensor
components (thg,, component is the least accurate param-
eter due to subtraction error). The extracted spectrum (Figure
3B, solid line) is a close match to a simulated spectrum of
A;~ in cyanobacterial photosystem | (Figure 3B, dotted line)
using theg tensor ofg« = 2.0062,g,, = 2.0051 andy,, =
2.0022 obtained from W-band studies 8fnechococcus
elongatusphotosystem | trimers3@).
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or Coulombic interactions with charged amino acid residues

A (33). The g« andg,y components of th&€hlorobiumA;~
spectrum (Figure 3B) are also upfield-shifted (the

component of the experimental spectrum is considered

unreliable) compared with A in reduced vitamin K,

- which may indicate a similar binding environment within

the PscA protein. If the proposed phylloquinone binding

site inS. elongatusncludes the R/GYWQELIESIVWAH

- region on PsaA and thegRGYWQELIETLVWAH region

on PsaB 83), then the comparable menaquinone-7 binding

site would include the region IRGSRLEGADIQTRTI on

. PsbA. The relatively low similarity between the proposed

PsaA/PsaB and PscB quinone binding regions hints that the

quinone environment may include other regions of the

reaction center protein.

I | | ! | | |
2,008 2.007 2.006 2.005 2.004 2.003 2.002 2.001 2.000 1.999 DISCUSSION

4

In this paper, we have shown that menaquinone-7 is a
constituent of membranes and reaction center complexes
isolated fromC. vibrioforme. Previously, photoactive reac-

B tion center preparations from green sulfur bacteria have been
reported to lack quinone®8, 24). One difference is that

in our isolation procedure, we have maintained anaerobic
conditions and used the mild detergemtdodecylf-p-
maltoside. We specifically avoided the use of Triton X-100,
a detergent that has been shown to remove phylloguinone
in photosystem | preparations which lack the iraulfur
clusters 84). The menaquinone-7 content of three different
reaction center preparations was very close to two molecules
. per P840. This result suggests that menaquinone-7 in the
green sulfur bacterial reaction center is the counterpart to
. phylloguinone in photosystem I.

The total amount of menaquinone-7 in the membranes is
7] much larger than the amount bound to the reaction center

i E— L L 1 il | L complex. However, a nonspecific binding or coelution of

2.008 2.007 2.006 2.005 2.004 2.003 2.002 2.001 2.000 1.999 the two molecules of menaquinone_7 iS, in our opinion,
4 highly unlikely, since the detergent should have removed a

FIGURE 4: Q-band EPR spectrum of (A) reduced vitamin &d loosely bound population. Furthermore, chlorobiumquinone,

(B) photoaccumulated Ain cyanobacterial photosystem I. The which is similar to menaquinone-7 in structure, was ef-
vitamin K; was dissolved in alkaline ethanol at pH 10.0, and the ficiently separated from the reaction center complex during

radical was generated by addition of sodium borohydride. The A . : :
radical was generated iBynechococcusp. PCC 7002 reaction the isolation procedure. The close resemblance in terms of

centers by reduction in darkness with sodium dithionite at pH 10.0 9 values and line widths to the cyanobacterial Apectrum
for 30 min and photoaccumulation at 205 K for 40 min. Instrument is further evidence that the radical represents protein-bound

conditions for panel A: microwave power, 5.42 mW; microwave A;~ and not simply reduced, adventitious menaquinone-7.

frequency, 34.057 02 GHz; magnetic field, 1.23102130 T (a _— . .

subset of the field range is depicted here); modulation amplitude, 1 N€ finding that reaction center preparations frGimo-

0.1 mT; modulation frequency, 100 kHz; temperature, 100 K. The robium devoid of quinones have been shown to possess

spectrum represents an average of four scans. Instrument conditionglectron transfer to the terminal irersulfur clusters may

gOAE (?%3517“3'7 BéHT_iC:T?;V?]V&iCP%IGJ : % zfg\é\g Zn;i(t)?gov_l\_/fivnioféﬁglig;]cy, be explained if, as we have suggest&d) (the reaction center

ahplitude, 0.2 rhT; tgmperaturel, 160 K. :I'he spe’ctrum representsIS highly analogous in structure and fu_nctlor? Wlth.phOto'

an average of eight scans. system 1. In photosystem | preparations in which the

phylloquinone has been chemically extracted, electron

The extracted A spectrum inC. vibrioforme can be transfer occurs at low temperatures, albeit with a decreased

further compared with the Q-band EPR spectrum of reducedquantum yield 85, 36). At room-temperature electron-

vitamin K;~ in ethanol (Figure 4A) and photoaccumulated transfer remains blocked beyondo,.A A similar low-

A:~ in Synechococcusp. PCC 7002 (Figure 4B). We note temperature electron transfer may also occur in green sulfur

that the high-field trough in the cyanobacterial gpectrum bacterial reaction centers in the absence of quinone. Room-

is also contaminated with a population of reduced Ahe temperature electron transport in a preparation frém

larger anisotropy of cyanobacterial; A compared with limicola devoid of detectable quinones would suggest a
reduced vitamin K is considered to be derived from situation different from photosystem23), although it cannot
stronger mixing of the- andxz* orbitals due to spir-orbit be excluded that the electron transport was due to residual

coupling which may, in turn, result from H-bonds to protein quinone below the detection limit. Unfortunately, it is not
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yet possible to assay electron transfer to the -rsulfur

clusters using time-resolved optical techniques because

electron transfer from the bound cytochrome to P840
outcompetes the characteristic back-reaction from the-iron
sulfur clusters at room temperature. Alternatively, it is
possible that menaquinone-7 is not an obligate electron
acceptor in the green sulfur bacterial reaction center, either
at low or room temperatures. Heliobacterium chlorum
extraction of menaquinone did not alter electron transport
to an appreciable exter87). Further studies are needed to
determine if the reaction center complex fratin chlorum
differs from photosystem | and the green sulfur bacterial
reaction center.

In this paper, we also show that an anisotropic EPR signal
appears in green sulfur bacterial reaction centers during
photoaccumulation which resembles, Ahe phylloquinone
anion radical in photosystem I. This signal appears to be
derived from menaquinone-7, the only quinone detected in
the isolatedC. vibrioformereaction centers. In this context,
the disappearance of the EPR signal with prolonged il-
lumination may be explained by its double reduction to
dihydromenaquinone-7. The only significant difference
between the EPR spectra obtained with wvibrioforme
membranes and with isolated reaction centers is the time

necessary for disappearance of the EPR signal with prolonged 13.

illumination. We have recently shown that a similar disap-
pearance of the photoaccumulategd Aignal occurs after a
brief illumination period inSynechococcusp. PCC 7002

reaction centers in which the PsakE and PsaF polypeptides

have been deleted by mutagenesi8)( The explanation

offered is that the absence of these peripheral polypeptides

opens a solvent channel to the phylloquinone acceptor,
allowing A;~ to be protonated during the first electron

reduction step. The second electron reduction step becomes

thermodynamically facile because the reduction potential of
the semiphylloquinone/phylloquinol couple is higher than that
of the phylloquinone/semiphylloquinone coupl@9), and
results in an EPR-silent state. TBe vibrioforme reaction
center complex contains fewer peripheral polypeptides than

photosystem |, and polypeptides homologous to PsaE and

PsaF have not been detected. If the PscA homodimer in
Chlorobiumhas a three-dimensional structure similar to that

of the PsaA/PsaB heterodimer in cyanobacteria, then the
solvent channel may become available simply by removing
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