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Abstract

The photochemically trapped bacteriopheophytin (BPh) b radical anion in the active branch (x�3A ) of reaction centers
(RCs) from Blastochloris (formerly called Rhodopseudomonas) viridis is characterized by 1H-ENDOR as well as optical
absorption spectroscopy. The two site-directed mutants YF(M208) and YL(M208), in which tyrosine at position M208 is
replaced by phenylalanine and leucine, respectively, are investigated and compared with the wild type. The residue at M208 is
in close proximity to the primary electron donor, P, the monomeric bacteriochlorophyll (BChl), BA, and the BPh, xA, that
are involved in the transmembrane electron transfer to the quinone, QA, in the RC. The analysis of the ENDOR spectra of
x�3A at 160 K indicates that two distinct states of x�3A are present in the wild type and the mutant YF(M208). Based on a
comparison with x�3A in RCs of Rhodobacter sphaeroides the two states are interpreted as torsional isomers of the 3-acetyl
group of xA. Only one x�3A state occurs in the mutant YL(M208). This effect of the leucine residue at position M208 is
explained by steric hindrance that locks the acetyl group in one specific position. On the basis of these results, an
interpretation of the optical absorption difference spectrum of the state x�3A Q�3A is attempted. This state can be accumulated
at 100 K and undergoes an irreversible change between 100 and 200 K [Tiede et al., Biochim. Biophys. Acta 892 (1987) 294^
302]. The corresponding absorbance changes in the BChl Qx and Qy regions observed in the wild type also occur in the
YF(M208) mutant but not in YL(M208). The observed changes in the wild type and YF(M208) are assigned to RCs in which
the 3-acetyl group of xA changes its orientation. It is concluded that this distinct structural relaxation of xA can significantly
affect the optical properties of BA and contribute to the light-induced absorption difference spectra. ß 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

The key step of bacterial photosynthesis is the
light-induced charge separation across the intracyto-
plasmic membrane that occurs in the so-called reac-
tion center (RC). The RC is a membrane-spanning
pigment^protein complex that contains two symme-
try-related branches of cofactors (Fig. 1), held in
place by the L- and M-protein subunits. These co-
factors are a dimer of bacteriochlorophyll (BChl)
molecules (PL and PM ; the primary donor P), two
monomeric BChls (BA and BB), two monomeric bac-
teriopheophytins (BPhs; xA and xB), two quinones
(QA and QB), one carotenoid molecule and one non-
heme iron [1,2]. Despite their C2-symmetric arrange-
ment only the cofactors in the A-branch, namely BA,
xA and QA, act as intermediate electron acceptors
for the electron £ow from the lowest excited singlet
state of P to the ¢nal acceptor QB [3]. The ¢rst in-
termediate state, P��B�3A , is formed in V3 ps after
excitation of P. B�3A is short-lived and reduces the
subsequent acceptor xA in less than 1 ps. The further
reaction to P��Q�3A takes place within V200 ps.
During this time period ^ or on longer timescales,
when electron transfer (ET) to QA is blocked ^ the
state P��x�3A is believed to undergo structural relax-
ation processes that are manifested in complex ki-
netics of absorbance di¡erences [4,5] and delayed
£uorescence from P* [6,7].

In a similar way, the radical anion x�3A , which can
be freeze-trapped in bacterial RCs in the presence of
an exogenous electron donor [8^10], may relax after
its formation in order to minimize the free energy of
the system. This radical anion must be stabilized for
the investigation of its electronic structure with
ENDOR or TRIPLE resonance spectroscopy
[10,11]. Using these techniques it could recently be
demonstrated that the BPh a radical anion in iso-
lated RCs from Rhodobacter sphaeroides can be
trapped in a metastable form, termed I�31 , which re-
laxes at temperatures above 150 K to a second dis-
tinct conformation, called I�32 [12,13].

Tyrosine (Tyr) M208 in RCs from Blastochloris
(formerly called Rhodopseudomonas [14]) viridis and
Rhodobacter capsulatus, which is homologous to
M210 in R. sphaeroides, is considered to be an im-
portant amino acid residue in bacterial RCs, since it
is highly conserved and in close proximity to the

photochemically active cofactors P, BA, and xA

(Fig. 1). Site-speci¢c mutagenesis at this position in
R. capsulatus [15], R. sphaeroides [16], and B. viridis
[17] has been used extensively to elucidate a possible
functional role of this residue in the ET process.
Replacement of Tyr M208/M210 with either Phe,
Leu, Ile, Trp, Thr or Glu causes a dramatic retarda-
tion of the primary charge separation [15,17^21],
whereas replacement with His causes only marginal
changes [15,22]. The in£uence of Tyr M208/M210 on
the ET rate was mainly explained by an electrostatic
e¡ect on the energy level of the state P��B�3A
[20,23,24]. Recently, it was shown that the charge
separation involves P��B�3A as a real intermediate
also in the mutants YF(M210) and YL(M210), where
this state is assumed to be energetically raised [25]. It
should be noted that in these mutations direct exci-
tation of BA can also lead to the formation of
P��Q�3A via alternative pathways [26^29]. These re-
sults corroborate the view that the state P��B�3A is a
real intermediate in the charge separation processes.

Fig. 1. X-ray crystallographic structure [1] of the cofactors PL

and PM (BChls of the primary donor), BA and BB (monomeric
BChls), xA and xB (BPhs), QA (menaquinone) and QB (ubiqui-
none) and the non-heme iron (Fe) and the location of Tyr
M208 in wild type RCs from B. viridis. The hydrocarbon tails
of the cofactors are omitted for clarity. The carotenoid and the
tetraheme complex are also not shown. The 3-acetyl group of
xA is indicated by an arrow.
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The mutation YF(M210) causes no signi¢cant al-
terations of the overall spatial structure of the R.
sphaeroides RC [29]. Thus, the observed red shifts
of V3 nm of optical bands assigned to the mono-
meric BChl, BA [15,16,20,22], might be due to the
removal of the OH dipole of Tyr M210. Further-
more, resonance Raman spectroscopy [30,31] as
well as ENDOR spectroscopy of P�� [25] and x�3A
[13] revealed that Tyr M210 is not engaged in hydro-
gen bonding to either cofactor. The same is true for
Trp at position M210 as is evident from the X-ray
structure of the respective mutant RC [32]. In con-
trast, a His at position M210 appears to form a
hydrogen bond to the 3-acetyl group of xA as judged
from optical absorption spectra [15,22,31] and
ENDOR spectroscopy of x�3A [13].

An important result from ENDOR spectroscopy
of x�3A in R. sphaeroides is that the chemical nature
and orientation of the amino acid side chain at posi-

tion M210 in£uences the occurrence of the two sub-
conformations I�31 and I�32 . In particular, a Leu at
position M210 suppresses the formation of the I�32
state, which has been explained by a steric hindrance
of the 3-acetyl group that is exerted by the bulky side
chain of Leu. This is the rationale for interpreting
the two x�3A states as torsional isomers of the 3-ace-
tyl group (Fig. 2). Accordingly, the e¡ect of His at
position M210 on the electronic structure of x�3A
suggests that hydrogen bonding to the 31-keto group
forces the acetyl group to adopt an orientation that
is distinct from those of the two states I�31 and I�32
[13].

In the case of B. viridis the tightly bound tetra-
heme complex facilitates the trapping of the radical
anion x�3A as compared with R. sphaeroides [9,10].
More important, electron tunneling between the c-
type cytochromes and P�� allows for trapping of
the biradical x�3A Q�3A at low temperatures, since the
double reduction of the QA menaquinone is inhibited
under these conditions [33^35]. Investigation of this
biradical revealed that the changes of the optical ab-
sorption spectrum of RCs from B. viridis upon re-
duction of xA are temperature-dependent [33]. In
particular, it could be demonstrated that the absor-
bance di¡erence spectrum due to the formation of
the x�3A Q�3A biradical at 100 K undergoes irreversible
changes upon raising the temperature to 200 K
[34,35]. Shuvalov et al. proposed that these changes
are due to an ET from x�3A back to BA [34]. How-
ever, this possibility was ruled out by Tiede et al.
who showed with EPR spectroscopy that the mag-
netic interaction of the two unpaired electrons in
x�3A Q�3A is not signi¢cantly a¡ected by the relaxation
process, indicating that the electron of x�3A does not
move to BA [35]. Furthermore, these authors pro-
posed on the basis of optical dichroism spectra that
the relaxation a¡ects the optical properties of the
monomeric BChl BA. They argued that structural
relaxation of BA and/or its protein environment fol-
lowing the reduction of xA at temperatures above
150 K is responsible for the observed e¡ects.

In the present paper it is demonstrated that the
structural relaxation processes following the forma-
tion of x�3A Q�3A [34,35] are correlated with the occur-
rence of the two subconformations I�31 and I�32 of
x�3A in RCs from B. viridis. Both ENDOR spectros-
copy of x�3A and optical spectroscopy of x�3A Q�3A are

Fig. 2. Structure of BPh b with IUPAC numbering scheme
(R = phytyl). The dihedral angle a de¢ning the orientation of
the 3-acetyl group with respect to the macrocycle plane is given.
The arrow indicates the viewing direction along the C31^C3
bond. In BPh a the 8^81 bond is hydrogenated, i.e. the methyl
group at position 82 is not directly attached to the Z system.
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applied to the wild type and the two site-directed
mutants YF(M208) and YL(M208) [17]. The results
suggest that torsional relaxation of the acetyl group
of xA most probably gives rise to the e¡ects ob-
served earlier by Shuvalov et al. [34] and Tiede et
al. [35].

2. Materials and methods

2.1. Mutagenesis and protein isolation

The system for site-speci¢c mutagenesis of B. viri-
dis RCs has been described previously [36]. Muta-
tions at position M208 were constructed and cells
grown under phototrophic conditions as published
earlier, and RCs were isolated by standard proce-
dures [17]. The investigated wild type RCs were those
of the RC3 strain complemented with wild type
genes (plasmid pRKML) [36]. For the investigation
of the trapped radical anions the detergent LDAO
was exchanged to Triton X-100 (Fluka, Biochemika)
by dialysis.

2.2. EPR/ENDOR spectroscopy

EPR/ENDOR spectroscopy was performed on a
Bruker ESP 300E spectrometer with home-built
ENDOR accessories that are described in detail else-
where [37,38]. Samples were prepared by mixing 90
Wl of a solution containing 150^200 WM RC and
0.1% (w/v) Triton X-100 in 10 mM Tris^HCl (pH
8.0) with 10 Wl of a freshly prepared 0.5 M Na2S2O4

solution in 1 M Tris^HCl (pH 8.0) in an argon-
£ushed glass tube. Samples were illuminated in an
ice-water bath for 2 min with white light using a
150 W halogen lamp before rapid freezing in liquid
nitrogen. The illumination was continued during the
freezing process, but not during the subsequent mea-
surement [10].

2.3. Low temperature optical spectroscopy

Dark-adapted samples containing V3 WM RC and
0.03% (w/v) Triton X-100 in 100 mM Tris^HCl (pH
8.0) and 65% (v/v) glycerol were thoroughly mixed
with a hundredth volume of a freshly prepared 0.5 M
Na2S2O4 solution in 1 M Tris^HCl (pH 8.0) in a

plastic cuvette of 1 cm path length and cooled to
100 K in a liquid nitrogen cryostat DN1704 (Oxford
Instruments). The cryostat was mounted in the sam-
ple compartment of a Cary 05E spectrophotometer
(Varian). All spectra were taken versus air in the
reference compartment. The x�3A Q�3A state was gen-
erated by illumination of the samples in the cryostat
at 100 K for 5^10 min with white light from a Schott
KL1500 light source via an 8 mm light guide. The
illumination was repeated until no further changes of
the optical spectra could be induced, indicating com-
plete trapping of the biradical. Relaxation of the
trapped state was achieved by warming the sample
in the cryostat to 200 K. Absorption spectra of the
RCs in the relaxed state were measured after re-cool-
ing to 100 K. Each temperature change took approx-
imately 1 h.

3. Results

3.1. EPR/ENDOR spectroscopy of x �3A

The X-band EPR signal of x�3A in RCs of B. viri-
dis, trapped with 2 min illumination prior to freezing,
shows no resolved hyper¢ne structure leading to an
inhomogeneously broadened line centered at
g = 2.0036(2) with a peak-to-peak linewidth of
vBpp = 1.22 þ 0.03 mT. More detailed information
about the hyper¢ne coupling (hfc) of certain nuclei
can be obtained by ENDOR spectroscopy [10,11]. In
the case of 1H-ENDOR each group of magnetically
equivalent protons gives rise to two signals symmetri-
cally spaced around the proton Larmor frequency
XH. The hfc constants A can be calculated to ¢rst
order from the observed resonance frequencies
XENDOR according to A = 2MXENDOR3XHM. In micro-
crystalline samples (such as frozen solutions) the pro-
tons show characteristic ENDOR powder patterns
[39]. In such spectra the resonances of methyl pro-
tons are most pronounced. For methyl groups that
are directly attached to the Z system (see Fig. 2)
uniaxial hfc tensors with two components, AP and
Ae, are expected. The isotropic hfc constants are then
given by Aiso = (2AP+Ae)/3 [11].

The spectrum of the wild type measured at 160 K
(Fig. 3) exhibits the same hfcs as published for 100 K
in an earlier report [10]. In contrast to BPh a there is
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an exocyclic double bond at ring B in BPh b, thus the
methyl group at position 82 is expected to also con-
tribute strong signals to the spectra in addition to
those at positions 21 and 121 (Fig. 2). However, on
the basis of studies of BPh b�3 in organic solution
[9^11], the hfc of these protons is expected to be
small. Therefore, the intense line pair that occurs in
the matrix ENDOR region (see asterisks in Fig. 3)
and that is not observed in BPh a�3 [11] is tentatively
assigned to the AP hfc component of the protons at
position 82. The magnitude of this component is of
the order of V1 MHz and is only slightly decreased
in YL(M208) as compared with the wild type and
YF(M208).

In the range (XENDOR3XH) = 2^8 MHz, six intense
signals are resolved, which can be assigned to four

uniaxial hfc tensors on the basis of spectral simula-
tions (sim. A in Fig. 3; Table 1). Note that two of
the eight tensor components are not resolved in the
measured spectra. Since only two methyl groups (po-
sitions 21 and 121) in BPh b�3 give rise to large hfcs
[9,10], the occurrence of four uniaxial hfc tensors
indicates the presence of two distinct forms of x�3A .
Essentially the same powder pattern was observed
for x�3A in R. sphaeroides under conditions where
two states, termed I�31 and I�32 , are present [12,13].
On the basis of the spectral analysis established for
R. sphaeroides we assign the observed hfcs to tensor
components of the protons at positions 21 and 121

(see Table 1).
The 1H-ENDOR spectrum of x�3A in RCs of the

mutant YF(M208) is identical to that of the wild
type (Fig. 3). In the case of YL(M208) signi¢cant
changes are observed in the range of the large methyl
proton hfcs (Fig. 3, bottom). Only two uniaxial hfc
tensors are observed, i.e. signals 5, 7 and 8 are absent
(sim. B, Table 1). The same was found for the cor-
responding mutant YL(M210) of R. sphaeroides [13].
This indicates that in both species a Leu residue near
the 3-acetyl group of xA suppresses the formation of
the I�32 state.

3.2. Low temperature optical spectroscopy of
x �3A Q �3A

The absorption spectra at 100 K of native and
mutant RCs from B. viridis after chemical reduction
of the quinones are shown in Fig. 4. The spectra are
essentially similar, but the BChl Qx band shows a
splitting in the mutants, whereas there is only one
peak at 607 nm with a shoulder in the wild type.
Furthermore, the two bands in the Qy region at
V810 and 817 nm seen in the wild type and the
Phe mutant are merged to one broad band at 815
nm in YL(M208).

The e¡ects of trapping x�3A in the presence of Q�3A
by illumination at 100 K on the absorption spectrum
can be seen from Fig. 5A,B for the case of the mu-
tant YF(M208). The corresponding x�3A /xA di¡er-
ence spectra for both mutants and the wild type
are shown in Fig. 6 (dotted lines). In all cases, trap-
ping of x�3A results in selective bleaching of the Qx

and Qy bands of xA around 810 and 545 nm. These
changes are accompanied by conservative electro-

Fig. 3. High frequency part of the 1H-ENDOR spectra of
freeze-trapped x�3A in native and mutant RCs from B. viridis
(solid spectra). The dashed spectra are simulations using four
(sim. A) and two (sim. B) superimposed uniaxial hfc tensors;
the tensor components are depicted in Table 1. The asterisks in-
dicate a line pair assigned to the methyl protons at position 82.
Experimental conditions: microwave power 6.4 mW, rf power
200 W, rf modulation depth 140 kHz (frequency 12.5 kHz),
time constant 164 ms (1024 data points, 60 scans).
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chromic shifts of the Qx band (red shift by V1 nm)
and the Qy band (blue shift by 6 nm) assigned to
monomeric BChl b as well as a 3 nm blue shift of
the long wavelength band of P at 999 nm. The
formed radical anion of xA itself causes new absorp-
tion bands at 683, 748 and 914 nm. The changes
observed for wild type RCs are consistent with those
reported in the literature [33^35]. Note that the c-
type cytochromes absorb between 500 and 550 nm.
Therefore, this spectral region is sensitive to changes
of the redox state of the tetraheme complex.

Fig. 5C shows the absorption spectrum of
YF(M208) after warming the illuminated sample in
situ to 200 K and cooling back to 100 K, i.e. after
structural relaxation of the state x�3A Q�3A in the dark.
Fig. 6 (solid lines) represents the corresponding dif-
ference between the absorbance of the x�3A Q�3A state
after relaxation and that of the initial state, x0

AQ�3A ,
for both mutants and the wild type. A more detailed
analysis of the absorption changes induced by the
dark relaxation of the x�3A Q�3A state can be per-
formed on the basis of double di¡erence spectra
(Fig. 7). These spectra are obtained by subtracting
the dotted curve from the solid curve in Fig. 6.
Hence, the positive bands in Fig. 7 correspond to

the relaxed form and the negative bands to the un-
relaxed form of x�3A Q�3A . It is seen that there are
distinct changes of bands that can be assigned to
monomeric BChl as well as sharp absorption changes
in the region of the cytochrome bands. The latter are
probably due to temperature-dependent relaxation
processes within the tetraheme complex.

In the case of the wild type (dashed line in Fig. 7,
top) there is a pronounced absorption decrease at
825 nm in the Qy region of a BChl accompanied
by the formation of two bands at 786 and 803 nm.
In the Qx region a band is lost at 609 nm and an-
other band formed at 642 nm. In addition, there is a
small blue shift of a band around 680 nm corre-
sponding to the absorption of the xA radical anion.
In order to assess the signi¢cance of these absorption
changes we also investigated the changes that can be
induced by warming a dark-adapted RC sample
from 100 to 200 K and cooling back to 100 K
(Fig. 7, bottom). Changes induced under these con-
ditions are smaller by a factor of about 10 than the
changes due to the dark relaxation of x�3A Q�3A . The
integral of the double di¡erence spectrum between
575 and 900 nm is essentially zero, which indicates
that the oscillator strength that is lost upon relaxa-

Table 1
Hfc tensor components (MHz) of the 21 and 121 methyl protons obtained from spectral simulations of freeze-trapped x�3A in native
and mutant RCs of B. viridis as compared with the respective values of R. sphaeroides

State I�31 I�32

Molecular positiona 21 121 21 121

Tensor componentsb AP Ae Aiso
c AP Ae Aiso Rd AP Ae Aiso AP Ae Aiso R

Signal number 1 2 3 4 5 6 7 8

B. viridis
wild type 6.8 8.3f 7.3f 8.6 10.5 9.2 1.26g 7.8 9.4f 8.3f 9.1f 11.0 9.7f 1.17h

YF(M208) 6.8 8.3f 7.3f 8.6 10.5 9.2 1.26g 7.8 9.4f 8.3f 9.1f 11.0 9.7f 1.17h

YL(M208) 7.1 8.6 7.6 8.6 10.4 9.2 1.21 ^ ^ ^ ^ ^ ^ ^
R. sphaeroidese

wild type 6.6 8.1 7.1 8.5 10.4 9.1 1.28 7.7 9.4f 8.3f 9.1f 11.0 9.7f 1.17h

YF(M210) 6.5 8.0 7.0 8.4 10.4 9.1 1.30 7.5 9.0f 8.0f 9.0f 11.0 9.7f 1.21h

YL(M210) 6.8 7.9 7.2 8.3 10.2 8.9 1.24 ^ ^ ^ ^ ^ ^ ^
aFor numbering, see Fig. 2.
bError of tensor components: þ 100 kHz, if not indicated otherwise.
cAiso = (2AP+Ae)/3; error: þ 100 kHz, if not indicated otherwise.
dR = Aiso(121)/Aiso(21) ; error: þ 0.02, if not indicated otherwise.
eData from [13].
f Error of these hfcs: þ 200 kHz.
gError: þ 0.03.
hError: þ 0.04.
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tion of x�3A Q�3A is recovered in the newly formed
bands.

The absorption changes due to the structural re-
laxation of x�3A Q�3A in YF(M208) are similar to those
of the wild type, but shifts of both the negative and
positive bands are observed (Fig. 7, top). The ampli-
tude of the 786 nm band is signi¢cantly reduced in

the mutant, probably in favor of the 809 nm band,
and is close to the error limits for this spectral range.
In the case of the mutant YL(M208) warming RCs in
the state x�3A Q�3A to 200 K and cooling back to 100
K causes only slight changes of the x�3A /xA di¡er-
ence spectrum (Figs. 6 and 7). This clearly indicates
that the structural relaxation of x�3A Q�3A as observed

Fig. 4. Optical absorption spectra of dark-adapted RCs from B.
viridis in the presence of 5 mM Na2S2O4 in 100 mM Tris^HCl
(pH 8.0), 65% (v/v) glycerol and 0.03% (w/v) Triton X-100 at
T = 100 K. The bands at V998 and V845 nm are assigned to
the lower and upper component, respectively, of the excitoni-
cally coupled BChl b dimer, P, on the basis of hole-burning
studies [42]. The bands at 603 and 607 nm in the wild type are
assigned to the Qx transitions of BB and BA, respectively, but
only the latter is red-shifted in the mutants; for the assignment
of the bands at 818 and 833 nm, see Fig. 5. The bands at 789
and 810 nm are due the Qy transitions of xB and xA, respec-
tively; the xA band is red-shifted in YL(M208). Experimental
parameters (Setup Cary 05E, Varian): spectral bandwidth,
1 nm; detector change, 860^880 nm; averaging time, 0.0667 s;
data interval, 0.1 nm.

Fig. 5. Optical absorption spectra of RCs from the B. viridis
mutant YF(M208) at T = 100 K taken sequentially on the same
sample. (A) Dark-adapted sample after chemical reduction of
the quinones (same as in Fig. 4). (B) x�3A Q�3A state as formed
after illumination with white light at T = 100 K; the arrows in-
dicate the bands that are bleached (s) or formed (u) upon illu-
mination. Note the selective bleaching of the 810 nm band as-
signed to xA. The band at 834 nm (in A) assigned to BA is
blue-shifted because of an electrochromic e¡ect due to reduc-
tion of xA. The band at 817 nm assigned to BB remains unaf-
fected, but is superimposed on the shifted band of BA at 828
nm. The assignment of the bands to either BA or BB is tenta-
tive, since mixing between the Qy transitions cannot be ex-
cluded [40,41]. (C) x�3A Q�3A state at T = 100 K after relaxation
at T = 200 K in the dark; the arrows indicate the newly formed
bands.
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in the wild type and the mutant YF(M208) does not
take place in the mutant YL(M208). In the corre-
sponding double di¡erence spectrum the only
changes that are larger than the experimental uncer-
tainties correspond to shifts of cytochrome bands
between 500 and 550 nm and a red shift of the 830
nm band (Fig. 7, center). The latter suggests that a
temperature-dependent relaxation of a BChl might
take place, which is, however, qualitatively and
quantitatively distinct from the changes observed in
the wild type and the Phe mutant.

4. Discussion

4.1. Two distinct conformations of x �3A

We have shown that the freeze-trapped BPh b rad-
ical anion in photosynthetic RCs from B. viridis is
actually a mixture of two distinct conformations of

x�3A . A similar result has recently been found for the
BPh a radical anion in R. sphaeroides. However, in
the case of R. sphaeroides we were able to obtain
spectra with di¡erent proportions of the two states
under appropriate experimental conditions, i.e. by
variation of the temperature and the illumination
time prior to freezing [12,13]. This made it possible
to create di¡erence spectra that directly correspond
to the two states I�31 and I�32 . In the case of B. viridis
the ENDOR spectra are insensitive to such a varia-
tion of experimental conditions. This indicates that
the processes occurring during the trapping of x�3A
prior to freezing are somewhat di¡erent in the two
species.

In the case of R. sphaeroides the two states I�31 and
I�32 were interpreted as di¡erent torsional isomers of
the 3-acetyl group of xA on the basis of semi-empiri-
cal molecular orbital calculations and studies of site-
directed mutants [12,13]. Since both the spatial struc-
ture of the RC and the electronic structure of x�3A

Fig. 6. Optical x�3A Q�3A /x0
AQ�3A di¡erence spectra at T = 100 K

of native and mutant RCs from B. viridis before (dotted lines)
and after (solid lines) relaxation at 200 K in the dark (see text).
The spectra are normalized to the maximal absorbance change
around 914 nm. The arrows indicate the bleaching of the Qx

band of xA that is superimposed on changes of cytochrome
bands.

Fig. 7. Double di¡erence spectra obtained by subtracting the
two corresponding spectra shown in Fig. 6. The positive peaks
belong to the relaxed form and the negative peaks to the unre-
laxed form of x�3A Q�3A ; for assignment of bands, see Section
4.3. The control corresponds to the absorbance di¡erence in-
duced in a dark-adapted sample of YF(M208) by warming to
T = 200 K and re-cooling to T = 100 K without illumination.
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are similar in B. viridis as compared with R. sphae-
roides, we interpret the data of the former as result-
ing from the same e¡ect. One can estimate from the
spectral simulations that most RCs from B. viridis
are in the I�31 conformation after relaxation of
x�3A , whereas in R. sphaeroides I�32 predominates.
This suggests that the energy surface for the torsional
motion of the acetyl group is somewhat di¡erent in
the two cases. The reason for this di¡erence is not
clear at present. In both cases, however, the side
chain of Leu distorts this energy surface in such a
way that the I�32 state is no longer populated and the
acetyl group is forced to adopt an orientation similar
to the I�31 state in the wild type. The latter point is
important, since it demonstrates that in the Leu mu-
tant only one of the two conformational substates of
the photoactive BPh exists. This information is used
in the following to interpret the optical absorption
spectra.

4.2. Irreversible change of x �3A Q �3A

The optical spectra show that the biradical state
x�3A Q�3A exists in at least two forms in the wild type
and the mutant YF(M208) of B. viridis. The low
temperature state formed at 100 K is characterized
by a prominent bleaching of bands assigned to xA

and electrochromic shifts of bands assigned to mono-
meric BChls. In addition, the state exhibits bands
that are characteristic for a BPh b radical anion [9].
In the relaxed form an absorbance increase is super-
imposed on the bleaching of the Qy band of the
neutral xA. The corresponding Qx band remains es-
sentially una¡ected as do the absorption bands as-
signed to x�3A , indicating that the changes in the Qy

region are not due to an ET from x�3A back to BA in
accordance with the results of Tiede et al. [35]. The
absence of these changes in the mutant YL(M208)
indicates that the ability of the biradical to undergo
this particular structural relaxation is correlated with
the presence of the I�32 subconformation of the x�3A
radical anion. On the basis of our interpretation of
the two subconformations as torsional isomers of the
3-acetyl group of xA [12,13] we therefore assign the
optical changes observed in the wild type and the
Phe mutant to a reorientation of this acetyl group,
i.e. to a change of the angle a (see Fig. 2).

To further elucidate the relationship between the

observed optical changes and the electronic structure
of xA it would be desirable to perform ENDOR
spectroscopy on the biradical state x�3A Q�3A . This is,
however, more complicated, since hfcs of nuclei from
both x�3A and Q�3A are expected to contribute to the
spectra. A direct trapping of x�3A at low tempera-
tures would be possible with quinone-depleted RCs,
but QA removal has not yet been accomplished with
B. viridis RCs. Work along these lines is in progress.

4.3. Interpretation of optical spectra

It is well known from studies on various bacterial
RCs that local perturbations induced by site-directed
mutations have speci¢c e¡ects on the optical proper-
ties of nearby cofactors. For instance, mutations at
position M208 near BA in R. capsulatus RCs cause a
splitting of the BChl Qx band indicating a shift of the
low energy transition that contributes to this band
[15]. On the other hand, mutations at the symmetry-
related position L181 near BB shift the high energy
shoulder of the BChl Qx band [15]. This is inter-
preted in such a way that there are two distinct tran-
sitions in the Qx region, which are to ¢rst order lo-
cated on BA and BB, respectively. Similar e¡ects on
the corresponding Qx region are observed for muta-
tions in the vicinity of either of the two BPhs [12].
This suggests that at least for the Qx transitions an
assignment of certain bands to distinct cofactors is
possible. In B. viridis the YF(M208) mutation also
causes a splitting of the BChl Qx band corresponding
to a shift of only the low energy transition from 607
to 612 nm. The same mutation causes a red shift of
both the negative and the positive band in the Qx

region in the double di¡erence spectrum (Fig. 7,
top). Therefore, we assign these bands to transitions
that are mainly located on BA. The situation is more
complicated for the Qy region, where a signi¢cant
mixing between transitions of the six bacteriochlorins
is expected [40,41]. This impedes an assignment of
distinct bands to individual cofactors. However, the
strong e¡ect of the YF(M208) mutation on the Qy

bands in the double di¡erence spectra (Fig. 7, top)
suggests that transitions of BA are somehow involved
in these bands. In summary, we conclude that the
acetyl reorientation mainly in£uences the optical
properties of BA. This conclusion is in agreement
with the assignment of Tiede et al. [35].
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Time-resolved optical spectroscopy is important
for understanding the early events in photosynthetic
charge separation. The detailed interpretation of the
di¡erence spectra is, however, di¤cult and is usually
performed by assigning a certain time-independent
spectrum to each of the intermediate states. It is clear
that this approach is too simple and misleading if a
state undergoes a structural relaxation during its life-
time. An obvious conclusion from our data is that
torsional relaxation of the 3-acetyl group of xA

could contribute to the transient optical di¡erence
spectra. The M208 mutations open a way to further
investigate this problem.

5. Conclusions

We found evidence that the 3-acetyl group of the
photoactive bacteriopheophytin, xA, in RCs of B.
viridis can adopt di¡erent distinct orientations as
was also found in RCs of R. sphaeroides [12,13].
The e¡ect of acetyl reorientation on the electronic
structure of x�3A is quite similar in the two bacterial
species. A bulky amino acid residue (e.g. Leu) in the
vicinity of the acetyl group (at position M208 in B.
viridis) is able to lock this group in one distinct ori-
entation. This e¡ect can be used to interpret irrever-
sible changes observed in optical x�3A /xA di¡erence
spectra between 100 and 200 K [34,35]. The torsional
relaxation of the 3-acetyl group of xA appears to
particularly a¡ect the optical absorption properties
of the monomeric BChl, BA, which is the primary
electron acceptor [3,25]. These results might, there-
fore, be of importance for the interpretation of tran-
sient optical spectra and for the understanding of the
primary steps of light-induced charge separation in
bacterial RCs.
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