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ABSTRACT. Photoaccumulation at 205 K in the presence of dithionite produces EPR signals in anaerobically
prepared membranes fro@hlorobium limicolaand Heliobacterium chlorunthat resemble the EPR
spectrum of phyllosemiquinone (&) photoaccumulated in photosystem |I. We have used ENDOR and
special TRIPLE resonance spectroscopy to demonstrate conclusively that these signals arise from
menasemiquinone electron acceptors reduced by photoaccumulation. Hyperfine couplings to two protons
H-bonded to the semiquinone oxygens have been identified by exchandiecbforuminto D,O, and
hyperfine couplings to the methyl group, and the methylene group of the phytyl side chain, of the
semiquinone have also been assigned. The electronic structure of these menasemiquinones in these reaction
centers is very similar to that of phyllosemiquinone in PSI, and shows a distorted electron spin density
distribution relative to that of phyllosemiquinone in vitr®pecial TRIPLE resonance spectrometry has
been used to investigate the effect of detergents and oxygen on membra&hdsmo€ola. Triton X-100

and oxygen affect the menaquinone binding site, txodecyl 5-p-maltoside preparations exhibit a
relatively unaltered special TRIPLE spectrum for the photoaccumulated menasemiquinone.

The green sulfur bacteria and heliobacteria are strictly probably as a dimer known as P798, in the reaction centers
anaerobic photosynthetic organisms with oxygen-sensitive of heliobacteria.

reaction centers which has made their study difficult.  From the primary electron donor, the electron is transferred
However, progress in characterizing their reaction centersig the primary electron acceptor’OAThiS iSs a monomeric
has accelerated in recent years with improved preparations chlorophylla-like molecule {1, 65) in green sulfur bacteria,
particularly for the reaction center of green sulfur bacteria while in heliobacteria, it is thought to bel-8ydroxy-

1, 2). chlorophyll a (10). The remaining electron acceptor mol-
Both bacteria possess reaction centers that resemblescules include iron sulfur centers starting with centeas
photosystem | (PSt)of oxygenic photosynthesis3{6). in PSI. From the latter, the electron is transferred to the

These reaction centers are classified as typer)l dr terminal electron acceptors Bnd Fg that in the green sulfur

ferredoxin-reducing reaction centers. The electron transferpacteria are located on a membrane extrinsic protein subunit
chain begins with the primary electron donor, comprised of resembling the PsaC subunit present in PI (.3).

a bacteriochlorophyla (BChl a) pair (8, 9) in the reaction All three of these iron sulfur centers have been detected
center of green sulfur bacteria termed P840. Bacteriochlo- using EPR in the reaction center of green sulfur bacteria

rophyll g (BChl g) acts as the primary electron donor, (14 | the reaction center of heliobacteria, EPR evidence
for center k is still lacking (15). However, it is thought to
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! Abbreviations: ENDOR, electron nuclear double resonance; EPR, is thought to consist of two identical polypeptide subunits
electron paramagnetic resonance; ESP, electron spin-polarized; PSlthat are bridged by the two chlorophyll molecules that

photosystem I; P700, primary electron donor of photosystem |; P840, . . .
primary electron donor in green sulfur bacteria; P798, primary electron comprise the primary electron donor and center Fhis

donor in heliobacteria; & chlorophyll primary electron acceptor in homodimeric arrangement is unlike the situation encountered
photosystem I; A phylloguinone secondary electron acceptor in in other photosystems studied so far, where the reaction

photosystem I, k; Fs, and fx, [4Fe-4S] centers of photosystem I, BChl, - canter core is composed of a heterodimer of proteins.
bacteriochlorophyll; PhQ, phylloquinone; MQ, menaquinone; FMN, . . . . .
flavin mononucleotide; DMn-dodecyl-p-maltoside; hfcs, hyperfine Evidence for this homodimeric arrangement was initially

couplings; RC, reaction center. provided by genetic studies, where only a single gene
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resemblingpsaAand psaBthat encode the reaction center field contribution from the semiquinone seen in the corre-
core polypeptides of PSI was identifieti 16, 17). sponding ESP signals arising from P78Q"~ in PSI.

Conclusive evidence for the participation of a quinone  Conflicting results have been reported regarding the
electron acceptor functioning between and Fx in these  assignment to the secondary electron accepior #f PSI
bacterial type | reaction centers is still lacking. Such an of an asymmetric EPR signal gt= 2.00 that photoaccu-
acceptor termed Ahas been shown to function in PSI mulated at low temperatures (200 K) under reducing condi-
(18-20). There it is a phylloquinone (PhQ) molecule also tions @1), or produced by illumination while freezing in the
known as vitamin K For many years, there was considerable presence of reductant4d). However, recent evidencdd)
controversy concerning the nature and role of such anshows that, in contrast to the observations of Barry et al.
electron acceptor in PSI (see ret for a recent review).  (44), line narrowing of this signal occurs upon biosynthetic
Similar controversies now apply to the reaction centers of deuteration of PhQ, demonstrating that the photoaccumulated
green sulfur bacteria and heliobacterga-6). signal does arise from the phyllosemiquinong A Ad-

Quinone species have been identified in both heliobacteriaditional evidence for the assignment of the asymmetric EPR
and green sulfur bacteria that could perform the role of a signal to the photoaccumulated;’A acceptor came from
secondary electron acceptor equivalent to the PhQ ENDOR and special TRIPLE studie45) which also yielded
acceptor found in PSI. Menaquinones (MQs) are a family information about the electronic structure of this phyllosemi-
of quinone compounds that are closely related to PhQ. Of quinone.

this family, MQ-7-10 (that differ in the number of isoprene As described above, photoaccumulation experiments have
chain units attached to the quinone head) have been identifiedy|so been performed on the reaction centers of green sulfur
as the only quinones in heliobacter2|. Only MQ-7 has  pacteria 25) and heliobacteria2d). In the former study, an
been identified in the green sulfur bacter28), in addition asymmetric EPR signal resembling the PSI-photoaccumu-
to the Chlorobiumquinone and thydroxymenaquinone-7  |ated A~ signal atg = 2.00 was photoaccumulated in
that have also been shown to be presés).( ~ reduced membranes and isolated reaction centers. Photo-
The presence of a semiquinone electron acceptor inaccumulation was achieved by illumination of dithionite-
heliobacteria and green sulfur bacteria was suggeg4d ( reduced samples at pH 10.0 and 196 K. A photoaccumulated

25) by the observation of high-value EPR radical signals  EpPR signal afg = 2.00 was also generated in membrane
that photoaccumulated during freezing (see below). Chargesamples from heliobacteri24).

recombination kinetics in heliobacteria at low temperatures g paper reports a study that was carried out to determine
compared to those observed in PSI appeared to be faster thaf hether these EPR signals do arise from a semiquinone

might be expected for the recombination of P88 _bUt electron acceptor in bacterial type | reaction centers. Asym-
slower than gxpected for P798, (15, 26). The long-lived metric EPR signals aj = 2.00 resembling &~ have been
photobleaching (0.6 ms) of P798 was dependent on & tWo-ghsenved in anaerobically prepared membrane€Hdbro-
gle.ctroin reduction durlljg redox _tltratlorQK), possibly bium limicolaandHeliobacterium chlorunfollowing pho-
indicating double reduction of a quinone electron acceptor. - ~cumulation at low temperatures under reducing condi-

Nitschke et al. 14, 67) reported that dark reduction with 515 ¢ conclusively assign these photoaccumulated EPR
dithionite ofasample from green sulfur_ bacteria, followed signals to semiquinone species, the magnetic resonance
by photoaccumulation of the reduced iron sulfur centers, ocpniques electron nuclear double resonance (ENDOR) and
maximized the yield of the triplet of P840, again suggesting gpeia| TRIPLE resonance spectroscopy were employed [the
double reduction of a quinone. _ results of preliminary special TRIPLE resonance studies of
However, removal of MQ from membranes of heliobac- e photoaccumulated signal in membranes f@rtimicola

teria has been found to have no effect on electron transfery, 5y e peen previously reportetd}]. This demonstrated that
within the reaction cente2@). Reaction center preparations photoaccumulated EPR signals had arisen from a
were isolated from green sulfur bacteria that retained  mnethyinaphthosemiquinone species and revealed that the
photochemical activity even though they did not contain gjecironic structure of the semiquinone radical was similar

menaquinone29, 30). The reoxidation of A in bacterial 5 that of the phyllosemiquinone A in the PSI reaction
type | reaction centers apparently occurs around 600 ps iNganter 45).

green sulfur bacteria3@) and heliobacteria3@, 33), i.e.,
much slower than the 2880 ps phase reported for the
reoxidation of A in PSI 34—36). Lin et al. 37) reported
that the only charge-separated state observed after'R398
in Heliobacillus mobilisby picosecond difference absorbance \ATERIALS AND METHODS

spectroscopy above 400 nm was P93 Brettel et al.

(38) have recently reported that spectroscopic measurements Cells of C. limicola (strain Tassajara) were grown as
of Hc. mobilismembrane fragments between 360 and 450 described by Bratt et al4{) in the presence of acetylene to
nm provide no evidence for reduction of menaquinone inhibit bacteriochlorophylt biosynthesis. Cells dfl. chlo-
between 2 ns and 4s after a flash. Photovoltaic measure- rum were grown as previously describet8|. Subsequent
ments 88) indicated that A was reoxidized with a single  preparation of membrane fractions was carried out under
kinetic phase of 700 ps, and the relative amplitude of this argon with an oxygen trap utilizing Tricine and flavin
phase suggested that it reflected electron transfer frqm A mononucleotide (FMN) as described by Hager-Braun et al.
to Fx. Although electron spin-polarized (ESP) signals have (49). Preparation of solubilized fractions containing reaction
been reported for green sulfur bacteB8,(40), these signals  centers fromC. limicola using detergents was carried out
appear to contain a*Rcontribution only and lack the high-  under argon following previously published protocols [Triton

We have also monitored using special TRIPLE resonance
the effect of oxygen exposure and detergents Triton X-100
andn-dodecylS-p-maltoside on the semiquinone acceptor.
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X-100 (49) and n-dodecyl -p-maltoside 50)] with the
inclusion of the Tricine-FMN oxygen trap in all buffers. : g=2.0046
EPR samples were prepared using as concentrated a prepara-

tion of solubilized reaction centers or membranes as possible.
EPR samples in 20 mM Tris-Tricine buffer at pH 8.0 and
20 uM FMN were placed in 3 mm internal diameter quartz
EPR tubes under argon and reduced by the addition of 0.2%
wi/v sodium dithionite for 30 min in the dark prior to freezing

in liquid nitrogen in the dark. Photoaccumulation for 2 min
at 205 K was carried out as described by Heathcote et al.
(51). To exchange membranesltdf chloruminto deuterium
oxide (D;0), pelleted membranes were resuspended igGa D 1 9=2.0046
buffer and left overnight under argon at°€, and then
pelleted again prior to resuspension in@ buffer and
preparation of samples. Control membrane samples from the
same preparation dfl. chlorumwere treated in the same
way but resuspended in,8 buffer and checked to ensure
that the ENDOR spectrum of the photoaccumulatet A
acceptor was not altered by this treatment. Although care is
taken to try to make sure that control samples and samples

1 1 1 L

in D20 were at the same concentration and in EPR tubes of 3350 3360 3370 3380 3390

the same size, differences in the amount ef Aphotoac- Field (Gauss)

cumulated were inevitable and observed by CW EPR. We Figure 1: EPR spectra of the A-like radical photoaccumulated
have used the double integral of the CW EPR spectra of in (a) C. limicolamembranes and (#). chlorummembranes. Both
A1~ recorded under nonsaturating microwave powers to Spectra were recorded in the ENDOR cavity. Conditions were as
determine the relative spin concentrations of the semiquinonefllows: microwave power of 102W, modulation amplitude of

1.6 G, modulation frequency of 12.5 kHz, and temperature of 120

radicals in HO and DO samples and obtained a scaling i "goth spectra are the sums of eight scans.

factor to allow subtraction of fD from H,O spectra.
ENDOR, ST, and EPR spectra were obtained at X-band Table 1: Hyperfine Coupling Constants (MHz) and Resonance

using a Bruker ESP 300 EPR spectrometer as described byAssignments for the Semiquinone Radicalsflimicola andH.
Rigby et al. 62, 53). Spectra were corrected for a small chlorumand Comparison with Those ofi of PSI @5)

baseline nonlinearity by the subtraction of off-resonance feature  C.limicola  H.chlorum  PSI assignment
scans which were filtered for noise (standard Bruker 1 3.0 3.0 36  FB-CH: A
software) to avoid reducing the spectrum signal-to-noise 3.8 3f4-CHz Ag
ratio. The experimental spectra were not filtered for noise. 2 2 22 ~20  Hrhondh,
Acquisition conditions for_ s_,pecific spectra are given in .the 3 75 ' 76 3;3_?:?3&
figure captions. The precision of the hfc determination, i.e., 4 8.8 8.6 9.0 2-methyhn
the variation in the hfc determination between these samples, 5 11.2 10.0 13.4 H-bon4,
was+0.1 MHz. Spectra are presented in the first-derivative 6 12.3 12.2 12.8  2-methy,
mode. The hyperfine coupling constants are measured from 130 134  H-bondy,
zero crossing points, except féy; features where the peak
maximum or minimum is used. Table 2: Hyperfine Coupling Constants (MHz) and Resonance
Assignments for the Semiquinone Radicalsflimicolain
RESULTS Membranes, after Extraction with Detergents, and after Exposure to
Oxygen

Figure 1 shows EPR spectra in tlge= 2.00 region feature membranes LM  TX-100 LM/O assignment
produced by illumination at 205 K (for 2 min) of dithionite- 1 3.0 3.4 3.6 3.0 BCH A
treatedC. limicola (Figure 1a) andH. chlorum(Figure 1b) 3.8 3.8 4.4 3.8
membranes. The line widthaH,, = 0.95 mT) andy values 2 :g-‘z‘ :g-‘z‘ —58 :2}21 :'gonm
(2.0046) of these signals are suggestive of the EPR spectrum 7e et 8.0 g 3:9_8?42 )
of the A*~ phyllosemiquinone radical formed in PSI particles 4 8.6 8.6 8.6  2-methyh

by the same treatmen#t, 51). These spectra also show,

though to a lesser extent, the asymmetric line shape associgych frozen solution ENDOR spectra of radicals taken at
ated with A"~ having a shoulder at the low-field side of the  the EPR crossing point show all orientations of the molecules
spectrum. The line shapes of the signal€inimicolaand in the external field simultaneously (i.e., a powder spectrum).
H. chlorumare slightly different, but this is expected since Features occurring in this region of the spectrum arise from
the line shape of the spectra reflects unresolved protonprotons, and the observed line shapes reflect the symmetry
hyperfine couplings. Therefore, the line shapes will differ of the hyperfine tensors and the random orientation of the
with the differences observed in the proton hfcs for the two tensors in the app“ed field. To ana|yze these spectra, we
radicals (see below and Tables 1 and 2). will assume in the first instance that these radicals do arise
The frozen solution ENDOR spectra of the radicals formed from an A -like semiquinone species. The subsequent
in C. limicola and H. chlorumare presented in Figure 2. analysis will justify this assumption. As discussed in the
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FIGURE 3: General structure of the 2-methylnaphthoquinone family
of quinones with the atom numbering scheme.
6 appear rather weak especially on the high-frequency side
of theH. chlorumspectrum (Figure 2b). To demonstrate that

these features are not artifacts of the conditions used to obtain
the spectra, an ENDOR spectrum was obtained using a lower
time constant shown as the inset in Figure 2 (spectrum c).
I , ‘ This spectrum confirms the existence of features 5 and 6 in

18 19 20 21 22 the H. chlorumspectrum, and since it extends to 23 MHz

1 1 1 ] 1 1
8 9 10 11 12 13 14 15 16 17 18 19 20 21 indicates that these features are significant compared to the
Frequency (MHz) baseline noise level outside the frequency range of the

Ficure 2: ENDOR spectra of the A -like radical photoaccumu-  semiquinone signals. Due to the long accumulation times

lated in (a)C. limicolamembranes and (t). chlorummembranes.  that are required, it proved to be impractical to use these
Conditions were as follows: (a) microwave power of 3.9 mW, rf conditions for all spectra

f 100 W, rf lati h of 199 kHz, ti f L .
gg\i\loe rr?qs Osocan’ rtirrrr:g dgfagzn : egtn c;ve?gge é’ft';no%cggztnzm gnd Hfcs to H-bonded protons may be distinguished from those

temperature of 120 K and (b) the same as for spectrum a but with to covalently attached protons using.®D.O solvent
a microwave power of 4.9 mW, an rf modulation of 177 kHz, and exchange experiments. Features arising from hfcs to H-

a temperature of 80 K. Inset ¢ shows part of tHe chlorum bonded protons in a spectrum recorded §OHill not be
spectrum recorded with conditions like those described forspectrumpresent in the BD spectrum if the protons have been

b except the time constant was 327 ms, with an average of 360 : )
Scans_p g exchanged for deuterons. This can be seen by simply

comparing such spectra or more easily by subtracting the

introductory section, botk. limicola (23) andH. chlorum D,0 spectrum from the D spectrum to produce a difference
(22) contain menaquinone<C( limicola also contains 't spectrum in which only features from exchangeable (H-
hydroxy- and l-oxomenaquinone species) the ENDOR bonded) protons are present. Such solvent exchange spectra
characteristics of which, in the semiquinone anion state, areare shown for the radical in membraneskhf chlorumin
very similar to those of the phyllosemiquinone anion radical Figure 4 (see Materials and Methods for the exchange
as reported by Rigby et al4%). protocol). The HO/D,O exchange is not complete, but is

The most intense features of frozen solution semiquinone estimated to be 80% on the basis of the decrease in intensity
radical ENDOR spectra arise from ti#e; components of  of the exchangeable features. The difference spectrum (Figure
the axially symmetric hyperfine couplings (hfcs) to protons 4c) clearly assigns features 2 and 5 to the and A
hydrogen bonded to the quinone oxygerigl)(and the components, respectively, of hfcs to H-bonded protons. A
protons of methyl groupg to the delocalizedr orbital further exchangeablé\, feature, which is hidden under
system §5) bearing the unpaired electron [i.e., the singly feature 6 in Figures 2b and 4a, is indicated by an asterisk
occupied molecular orbital (SOMO)]. Features 2 and 4 in (*). H-bond hfcs are essentially tracele&sl), i.e., 220 —
Figure 2 are particularly prominent, suggesting that they arise A, (ignoring the negative sign of th&; component), and
from either the Ay components of the methyl group or features 2 and 5 and the new feature denoted with an asterisk
H-bond hfcs, but these two possibilities are not distinguish- form two sets ofA; and A, components which fulfill this
able at this point. Axially symmetric hfcs each have an criterion. Although the feature denoted with an asterisk is
intenseA; component which shows a zero crossing and a admittedly not particularly prominent on the high-frequency
weakerA turning point 64, 55); therefore, features 3 (in  side of the spectrum, we believe it to be above the noise on
the C. limicola spectrum only), 5, and 6 appear to be such the low-frequency side. A similar feature at the same position
A, components of axial hfcs. A further possil#le compo- is seen in the ENDOR spectrum of the phyllosemiquinone
nent, although less intense than features 2 and 4, is labeledadical in photosystem K&), which in our opinion further
as feature 1, giving a total of three axial hfcs in each spectrum strengthens the case for assigning this rather weak feature.
each having observable; and A, components. Feature 1 Note that theH. chlorum radical shows two completely
(and one of the\, features) probably arises from tieCH, resolved H-bond hfcs, unlike A of PSI @5). A further
(methylene) protons of C{llattached at C(3) of the quinone resolved exchangeable feature with an hfc of 2.0 MHz is
ring (see Figure 3 for quinone structures and carbon atomalso revealed in the difference spectrum (Figure 4c, denoted
numbering schemes). Such features from methylene protonswith arrows). The origin of this feature is not clear. The
have been observed in ENDOR spectra of tyrosine radicalsintensity of this feature and the magnitude of the hfc suggest
(52, 56) and semiquinone radicald%, 57). Features 5 and that it arises from thé; component of a coupling to a proton
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Frequency (MHz) A/2 (MHz)
Ficure 4: ENDOR spectra of the A™-like radical photoaccumu- Ficure 5: Special TRIPLE spectra of the yA-like radical
lated inH. chlorummembranes incubated in (a)® buffer and photoaccumulated in (&). limicolamembranes and (). chlorum

(b) DO buffer. Spectrum ¢ shows the difference spectrum of membranes. Conditions were as follows: (a) microwave power of

spectrum a minus spectrum b. Conditions were like those described3.9 mW, rf power of 200 W, rf modulation depth of 177 kHz, time

in the legend of Figure 2b. constant of 1310 ms, scan time of 84 s, an average of 200 scans,
and temperature of 120 K and (b) the same as for spectrum a but

that is significantly closer to the semiquinone than the with a microwave power of 4.9 mW, a modulation depth of 158

majority of the protein protons. It may arise from a proton kHz, and a temperature of 80 K.

that forms a secondary weak H bond to a semiquinone

oxygen. We were not successful in detectingOHD,0 the ring protons at C(5)C(8) remain to be assigned. Solution
exchange in th€. limicolaradical, probably due to access state spectra of phylloquinone and menadione (2-methyl-

of the solvent to the reaction center being limited by the naphthoquinone}#) suggest that the hfcs to the ring protons
greater size and Comp|exity of the membrane-bound p|g_ are less than 2 MHz and are hidden under the central matrix

ment-protein reaction center complex in this organism. feature in frozen solution spectra. Therefore, features 1 and

Features 2 and 5 in th@. limicolaspectrum (Figure 2a) are 3 are assigned to the protons of tHeCH, group attached
therefore assigned to H-bonded protons by analogy with the at C(3). Since only one axial hfc is observed in the ENDOR
H. chlorumradical and PSI &~ and since two of the features ~ SPectra, it is assumed that this represents equivalent coupling
form a traceles#\/A, pair as described above. Such large to both methylene protons (but see below).
H-bond hfcs are typical of semiquinone radicals in biological ~ Features 1, 2, and 4 do overlap somewhat in the ENDOR
systems; ENDOR spectra of chlorophyll radicals (cation or spectra of Figure 2. This is due to the high-rf modulation
anion) do not exhibit such features. depths required to obtain ENDOR spectra with good signal
The assignment of the features arising from H-bonded to noise in reasonable time. Using lower modulation depths
protons above allows feature 4 to be assigned toAhe  would improve the resolution, but would carry an unaccept-
component of the 2-methyl group hfc. Semiquinone methyl able signal-to-noise penalty. This problem can be overcome
hfcs follow the relationshipA, = Ag + ~3.5 MHz (55). in part by using electronnuclear-nuclear special TRIPLE
Feature 6 fulfills this relationship in the spectra of both the (ST) spectroscopy58, 59). ST spectroscopy produces a
C. limicolaandH. chlorumradicals and has a “turning point”  “half-ENDOR” spectrum with increased intensity, in which
line shape consistent with &g component. Furthermore, it  the hfcs can be read off as twice the frequency axis position.
is the only nonexchangeable feature in tHe chlorum The increased intensity of ST spectroscopy can be used to
spectrum with an hfc that is greater than that of feature 4 offset the signal-to-noise decrease arising from lower modu-
and therefore able to fulfill the above relationship. Therefore, lation depths, and thus allows spectra to be obtained at a
feature 6 is assigned to the 2-methyl Wccomponent. Note  higher resolution. ST spectra of th@. limicola and H.
that the ~3.5 MHz difference between thé, and Ay chlorumradicals are shown in Figure 5. These spectra show
components arises from the high unpaired electron spinclearly resolved features, including two components of
densities at semiquinone oxygens and is therefore diagnostideature 2 in théd. chlorumradical (Figure 5b). The presence
for semiquinone radicals. of two components in feature 2 in ST spectraCoflimicola
Features 1 and 3 have the line shapes associatedwith is demonstrated in Figure 6b (see below). Feature 1 is also
and A, components, respectively, of an axial hfc. With the more clearly separated from the other features and partially
methyl and H-bond protons having been assigned, only resolved into two components in tl@& limicola spectrum
features arising from the initial (lmethylene group of the  (Figure 5a), suggesting inequivalence in the hfcs to the two
long hydrocarbon (isoprenoid) “tail” attached at C(3) and [-CH, protons. Surprisingly, feature 3 in the. limicola
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clearly resolved into two components (it is possible that one
of these is a new feature), while feature 2 now appears as a
single line and feature 3 is broader (possibly as a conse-
guence of the change in feature 1 as both these arise from
the 5-CH, protons). Feature 4 is not evident, and a new
feature (denoted with an arrow in the spectrum) occurs with
an hfc of 9.8 MHz. This latter feature is rather intense and
could arise from a superposition of several lines.

C. limicolais an obligate anaerobe, and its photosynthetic
reaction center seems to be damaged by oxygen. Therefore,
exposure of the RC to oxygen followed by radical generation
and spectroscopic analysis may provide some indication as
to the nature of the oxygen-induced damage. Such an
experiment was performed using DM-solubilized RCs which
were exposed to the air for 30 min at°€, and the ST
spectrum that is obtained is shown in Figure 6d. There are
several noteworthy differences relative to the ST spectrum
of the DM-solubilized preparation shown in Figure 6b.
Feature 1 exhibits an increased intensity and a line shape
change. The two components of feature 2 have apparently

1 1 L I

1 2 3 4 5 diverged, giving rise to two distinct hfcs. Both new feature

A2 (MHz) 2 hfcs, however, lay within the line shape of feature 2 in the
FiGURE 6: Special TRIPLE spectra of radicals photoaccumulated anaerobic DM spectrum (Figure 6b). Features 3 and 4 are
in C. limicola treated in various ways: (a) in membranes, (b) present but reduced in intensity. Conversely, the unassigned
solubilized using dodecyl maltoside, (c) solubilized using Triton minor feature of Figure 6b has increased in intensity and is

X-100, and (d) in a dodecyl maltoside-solubilized preparation ; ;
exposed to oxygen. Conditions were like those described in the now flanked to high frequency by another small unassigned

legend of Figure 5a. feature (both denoted with arrows). A new pair of features
(denoted with arrows), which apparently form a system with

spectrum is somewhat obscured in the ST spectrum (Figurea small axial anisotropy (i.e., they are &y and anA

5a), apparently due to an increase in the relative intensity of component of the same hfc), is present around an hfc of 10

feature 4. This prevents such inequivalence in thefvitH, MHz. These latter features and the increased intensity of

protonA; components of feature 1 from also being detected feature 1 may arise from the generation of a chlorophyll

in the A components of the same hfc that gives rise to feature anion radical in these RCs (S. E. J. Rigby et al., unpublished

3. Feature 5 is just visible at the high-frequency edge of the observations).

ST spectra. The assignments and hfcs of the features denoted

in both the ENDOR and ST spectra are collected in Table 1 DISCUSSION

and there compared with the hfcs and assignments for the The presence of an (methyl) hfc with #q — A, value

Ar phyIIosemlqumone_ ra(j|cal of PSI. of 3.5 MHz and two large H-bond hfcs in the spectra of
The successful application of ST spectroscopy to the both the C. limicola and H. chlorum radicals is clearly

membr_an_e systems has e_nabled us to study modlifications tosuggestive of a methyl-substituted semiquinone, albeit in an
the C. limicola system which produce weaker and/or more

.~ unusual environment. The data collected in Table 1 reveal a
complex spectra. Treatment of the membrane preparations

X , . striking similarity between the hfcs arising from th&
with n-dodecyl-p-maltoside (DM) produces a solubilized yioo12 andH. chiorumradicals and the A~ phyllosemi-
reaction center preparation in which a radical can be

. e . . quinone radical of PSI. Both A and the radicals studied
generated by illumination for 2 min at 205 K (with o - c T
dithionite). Figure 6b shows the ST spectrum of this radical. here exhibit a semiquinone methy! hfc which is significantly

. ~ increased relative to those reported for any in vitro semi-
The features of this spectrum have somewhat narrower line b y

h than in the ST ¢ f the radical formed.i quinone species, and two similar but distinct H-bond hfcs.
shapes than in the 57 spectrum ot the radical Iormet.in - 1,0 ety hics are, however, slightly smallers%) in the
limicola membranes (Figure 5a and repeated for reference

C. limicolaandH. chlorumradicals, and there are differences

in Figure 6a),_ allowing for better resolution of feature 3. between the H-bond hfcs of all three radicals. Faehlorum
Although the line shapes of the features have been Ch"ngedradical in particular exhibits a 1.5 MHz difference between

thbelr pos(;tl?nst(r?nd hen(t:)e hics) rem?m \(/)ery S|m|la; totthosg the two H-bondA; components, compared to the 0.8 MHz
observed for tn€ membrane sample. LUne new fealure 1Sq¢ yq ¢ - jimjicola radical and A~. This suggests a less

observed, denoted with an arrow in Figure 6b, but the low symmetric H-bonding environment i. chlorum

intensity of this feature shows that it is present in only a .
small minority of centers. These observations suggest thatringhgrgfgichmje;hélig?h(% Zr;i:]ogzg sti(t)ytgf tr?:lgggghe d
the radical environment is not greatly perturbed by the DM carbon and the angle between thel€bond and the normal

treatment. . . o .
Treatment of membranes with Triton X-100 and subse- © the quinone ring pla.ne. This is described by the Heller
McConnell relation §0):

quent illumination at 205 K for 2 min in the presence of
dithionite produces the ST spectrum shown in Figure 6c.
Features 13 are present but perturbed, with feature 1 being Aiso = Qp¢ cos 0
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whereQ is a constant equal to 162 MHg, is the unpaired ~ samples. We believe that oxygen can damage the photosyn-
electron spin density at the attached ring carbon, @nsl thetic reaction centers in these organisms, although the site
the angle between the -4 bond and the quinone ring of oxygen damage in the RC is not known. Spectroscopic
normal. The observation of two distingtCH, hfcs in C. examination of DM-solubilized RCs which have been
limicola suggests that the orientation of the quinone ring is exposed to oxygen may help to locate this site. The results
not symmetrical relative to the twg-CH, protons in this of such an experiment reported here show that oxygen affects
radical (i.e., differen® for each proton), unlike &~. The the environment of the bound quinone @. limicola
decreased but sing|e-CH, hfc in the H. chlorumradical Moreover, a new radical species is formed in many RCs that
suggests a decrease in the electron spin densjha( C(3) appears be a chlorophyll (not a bacteriochlorophyll) anion
relative to that ofC. limicola and A°~, perhaps as a radical (S. E. J. Rigby et al., manuscript in preparation). This
consequence of the different H-bond arrangemenHin ~ may be analogous to the situation where the primary acceptor

chlorum Ao~ radical is photoaccumulated in PSI when the phyllo-
The approximate hydrogen bond-® distance may be  quinone is either doubly reduced or removéd)( Oxygen
estimated from the equation does not affect the phylloquinone binding pocket in PSI, but
it is possible that the site of oxygen damage in the reaction
784 center ofC. limicolais the Fx center. Damage to,fis known
A= p—(3cogH — a : ag
r3 ( b to affect the stability of phylloquinone in PS62).

Itis clear from the results presented above that the reaction
whereA is the component of the H-bond hyperfine coupling centers of green sulfur bacteria and heliobacteria contain a

constant,p is the oxygens spin density,r is the G-H semiquinone electron acceptor that can be photoaccumulated
distance, and is the angle between the applied field and at 205 K in the same way as phyllosemiquinone in PSI. The
the hyperfine coupling tensor, i.e for A, and 90 for Ap. ENDOR spectra suggest a menaquinone, and indeed,

The value ofp has been estimated for naphthosemiquinones menaquinone is the only quinone present in heliobacteria
in vitro (66) to be 0.2. Although the methyl group hfcs (22). Given the appearance BfCH, methylene protons, the
suggest that the electron spin density distribution is distorted ENDOR spectra are unlikely to arise from the quinones other
in the semiquinones studied here relative to those in vitro, than menaquinone found in green sulfur bacteria [ox0-
this value will allow for an approximate determination of menaquinoneGhlorobiumquinone) or hydroxymenaquino-
the O—H distance. The ©H distances so calculated are 1.33 ne]. The conclusion that the signals arise from menasemi-
and 1.47 A forH. chlorumand 1.36 and 1.42 A fo€. qguinone is in agreement with the recent report of 1.7
limicola. The distance calculated for benzosemiquinone by menaquinones being associated with reaction center prepara-
O’Malley and Babcockg5) is 1.55 A, suggesting somewhat tions fromC. vibrioforme (61). Dark reduction with sodium
stronger H-bonding in thel. chlorumandC. limicolaforms dithionite or photoaccumulation at 205 K produced an
than is typical for semiquinones in vitro. asymmetric EPR signal in these preparations whose spectrum
When theC. limicola RC is solubilized using-dodecyl at 34 GHz was said to be consistent with its identification
B-p-maltoside (DM), the ST spectrum of the radical exhibits as arising from a combination of a menasemiquinone and a
altered line shapes relative to that of the membrane sample (bacterio)chlorophyll anion (although it may arise from a
but essentially the same hfcs. Only the hfcs to fh€H, combination of a menasemiquinone and P8Y0VNe only
protons are affected, possibly due to a slight reorientation observe photoaccumulation of a menasemiquinone. This
of the quinone ring. The line shape differences suggest difference may be a consequence of the photoaccumulation
changes in the dynamics of the quinone binding site, leadingprocedure used by Kjaer et ab1) which was carried out at
to differences in nuclear relaxation. Therefore, DM is capable pH 10 (see rebl), damage to some of the reaction centers
of solubilizing theC. limicola RC with the quinone binding  in the preparations used by Kjaer et &1, or differences
site essentially intact. Kjaer et ab1) also used anaerobic betweenC. vibrioforme and the organisms we studied.

conditions andah-dodecylS-p-maltoside to solubilize reaction Although there is a different H-bonding arrangement
centers fromChlorobium vibrioforme that contained 1.7  (perhaps less symmetric) to the semiquinonklirchlorum
menaquinones per reaction center. it is striking how similar the electronic structure of semi-

Treatment with Triton X-100 on the other hand leads to quinones in these reaction centers is to that of the phyl-
the loss of the methyl group feature (feature 4). Furthermore, losemiquinone in PSI. This suggests that the binding pocket
only one H-bond feature is observed, indicating changes infor the semiquinones is conserved, and that the same
semiquinone-protein interactions. Such effects of Triton mechanism may be used in all type | reaction centers to
X-100 were also reported in our previous study @f A45). modify the operating redox potential of the quinone/
However, here thg-CH, features are also affected, and new semiquinone redox couple to enable it to function at low
features arise in the spectrum which are not obviously relatedredox potentials.
to the semiquinone. These new features presumably arise There is no conclusive evidence as yet that the semi-
from some other radical species (probably a chlorophyll quinone in the reaction centers of green sulfur bacteria and
anion; see below) which is photoaccumulated in reaction heliobacteria is kinetically competent to function in, or
centers where the quinone site is damaged by the Tritonnecessary for, forward electron transfer from t& Fx in
treatment. Interestingly, Triton X-100 has been shown to these reaction centers. However, it is arguable that forward
remove phylloquinone in photosystem | preparations that lack electron transfer from Ato Fx could account for the
the iron—sulfur centers §2). observed rates of 600 ps for forward electron transfer from

C. limicola andH. chlorumare obligate anaerobes, and A, (31—33). The conservation of thexFoinding sequence
we take great care to exclude oxygen in the preparation ofand the histidine residues on the electron donor side of the
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reaction centers of green sulfur bacteria and heliobacteria 8. Rigby, S. E. J., Thapar, R., Evans, M. C. W., and Heathcote,

compared to PSI suggests that the centemter distance
between [ and A, in green sulfur bacteria and heliobacteria
is the same as the 20 or 22 A reported for P&3) (If one
assumes that electron transfer is optimized G°® = 1), then

the electron transfer rate can be calculated from the distance

alone using the simplified form of the equation taken from
Moser and Dutton@4).

log k= 15— 0.6R

The distance relevant is the edge-to-edge distance which

is probably no less than 12 A (allowing an effective distance
of 6 A from the center of the chlorophyll &o the edge and

2 A for Fx). This would predict a rate for forward electron
transfer from A to Fx of around 4 ns, whereas a rate of 600
ps is reported for the reoxidation oAby forward electron
transfer 81—33). Therefore, the 600 ps reoxidation of A

is unlikely to reflect electron transfer ta«But could reflect
electron transfer to a quinone. Electron transfer frogn #

the PhQ A in PSI takes between 20 and 30 & 36).
However, if the menaquinone in these type | bacterial
reaction centers was further away frorg than the phyllo-
quinone is from A in PSI, the time constant for reoxidation
of A, could increase from 2630 to 600 ps. The photovoltaic
measurements of Brettel et a8} suggest that the distance
from A, to the next acceptor on this 600 ps time scale in
bacterial type | RCs is equivalent to the distance frogid

Fx in PSI. If the quinone in the homodimeric reaction centers

was in the same position as the quinone bound to the reaction ™

centers of purple bacteria, then the distance fraptoAVIQ
would be similar to the Ato Fx distance in PSI38), and a
longer time for electron transfer fromy,Ato MQ than the
20—30 ps observed for transfer fromy,Ato A; in PSI is
expected. The suggestion that the time needed for forward
transfer from A~ to MQ in bacterial type | RCs is 600 ps
compared to the value of 200 ps observed for bacteriopheo-
phytin to ubiquinone in the RCs of purple bacteria could be
explained by the difference in the driving force. However,
if there is only a small difference between the rate of electron
transfer from A to Fx (4 ns) or A (600 ps), then the
menaguinone might not be an obligate component of forward
electron transfer in bacterial type | reaction centers.
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