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Abstract

Mutants of Rhodobacter (Rba.) sphaeroides are described which were designed to study electron transfer along
the so-called B-branch of reaction center (RC) cofactors. Combining the mutation L(M214)H, which results in
the incorporation of a bacteriochlorophyll, β, for HA [Kirmaier et al. (1991) Science 251: 922–927] with two
mutations, G(M203)D and Y(M210)W, near BA, we have created a double and a triple mutant with long lifetimes
of the excited state P∗ of the primary donor P, viz. 80 and 160 ps at room temperature, respectively. The yield
of P+QA

− formation in these mutants is reduced to 50 and 30%, respectively, of that in wildtype RCs. For both
mutants, the quantum yield of P+HB

− formation was less than 10%, in contrast to the 15% B-branch electron
transfer demonstrated in RCs of a similar mutant of Rba. capsulatus with a P∗ lifetime of 15 ps [Heller et al.
(1995) Science 269: 940–945]. We conclude that the lifetime of P∗ is not a governing factor in switching to B-
branch electron transfer. The direct photoreduction of the secondary quinone, QB, was studied with a triple mutant
combining the G(M203)D, L(M214)H and A(M260)W mutations. In this triple mutant QA does not bind to the
reaction center [Ridge et al. (1999) Photosynth Res 59: 9–26]. It is shown that B-branch electron transfer leading
to P+QB

− formation occurs to a minor extent at both room temperature and at cryogenic temperatures (about 3%
following a saturating laser flash at 20 K). In contrast, in wildtype RCs P+QB

− formation involves the A-branch
and does not occur at all at cryogenic temperatures. Attempts to accumulate the P+QB

− state under continuous
illumination were not successful. Charge recombination of P+QB

− formed by B-branch electron transfer in the new
mutant is much faster (seconds) than has been previously reported for charge recombination of P+QB

− trapped
in wildtype RCs (105 s) [Kleinfeld et al. (1984b) Biochemistry 23: 5780–5786]. This difference is discussed
in light of the different binding sites for QB and QB

− that recently have been found by X-ray crystallography
at cryogenic temperatures [Stowell et al. (1997) Science 276: 812–816]. We present the first low-temperature
absorption difference spectrum due to P+QB

−.

Abbreviations: A-branch – active electron transport branch; B-branch – inactive electron trans-
port branch; β-mutant – L(M214)H; WM160H-mutant – Y(M210)W/L(M214)H; DWM210H-mutant
– G(M203)D/Y(M210)W/L(M214)H; DH-mutant – G(M203)D/L(M214)H; DHWM260-mutant –
G(M203)D/L(M214)H/A(M260)W; P – primary electron donor; QA – secondary electron acceptor; Rba. –
Rhodobacter; RC – reaction center
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Introduction

The photosynthetic reaction center (RC) of the purple
bacterium Rhodobacter (Rba.) sphaeroides is a mem-
brane protein that consists of three protein subunits
designated as L(ight), M(edium) and H(eavy) on the
basis of their apparent molecular weights as determ-
ined by SDS-PAGE (Feher and Okamura 1978). The
crystal structure of the Rba. sphaeroides RC has been
solved (Allen et al. 1987a, b, 1988a; Ermler et al.
1994; McAuley-Hecht et al. 1998) and is currently
known at a resolution of 2.6 Å. The protein provides a
scaffold that binds several cofactors. One of the most
striking features of the RC is that the redox cofactors
form two branches, labelled A and B (Allen et al.
1988b; Hoff 1988), that are related by an approxim-
ately two-fold rotational symmetry axis perpendicular
to the plane of the membrane. On the periplasmic side
of the membrane, the two branches share a dimer of
bacteriochlorophyll a molecules, which functions as
the photo-oxidizable primary electron donor, P. This
dimer is flanked by two symmetrically placed bacteri-
ochlorophyll a monomers, BA and BB, each of which
is followed by a monomeric bacteriopheophytin a, HA
and HB, respectively, and by a ubiquinone UQ10, QA
and QB, respectively. The latter cofactors are loc-
ated near the cytoplasm. A non-heme ferrous iron ion
is situated between the two ubiquinones on the C2
symmetry axis.

In spite of the fact that, a prima facie, both
branches could be active in charge separation, only
one of them, the active or A-branch, is actually used,
as evidenced by the photobleaching of only HA and
not of HB (Kirmaier et al. 1985a, b; Tiede et al. 1987;
Aumeier et al. 1990). Thus:

PBAHAQAQB → P∗BAHAQAQB →
P+B−

A HA QAQB → P+BAHA
−QAQB→

P+BAHAQA
−QB→P+BAHAQAQB

−.

An upper limit of 5% has been determined for elec-
tron transfer to HB (Kirmaier et al. 1985b; Bixon et
al. 1989; Aumeier et al. 1990; Woodbury et al. 1995).
The factors controlling the branching of charge separa-
tion are not understood.Recent studies indicate that in
principle both branches are accessible. Katilius et al.
(1999) have shown that the yield of B-branch electron
transfer could be enhanced by a mutation that results
in the replacement of BB by a bacteriopheophytin, �B,
with a higher redox midpoint potential. It is interest-
ing to note that for RCs of Chloroflexus aurantiacus,
which naturally posses a bacteriopheophytin at the po-

sition of BB, a quantum yield for A-branch electron
transfer of 1.0 was found (Volk et al. 1991).

Increased B-branch electron transfer was also
found by Kirmaier et al. (1999), who introduced a
lysine residue near BB, which is likely to increase
the redox potential of this pigment in its binding
site. Alternatively, Heller et al. (1995) and Hartwich
et al. (1997) observed that when electron transfer
through the A-branch was slowed down, as evidenced
by increased P∗ lifetimes, B-branch charge separa-
tion was enhanced. However, several RC mutants with
increased P∗ lifetimes have been made for which no B-
branch electron transfer has been reported. RCs with
increased P∗ lifetimes can be grouped in the follow-
ing classes: (i) RCs with an increased P/P+ midpoint
potential, (ii) RCs with a decreased BA

−/BA mid-
point potential (or in which BA has been replaced
by a pigment with a lower midpoint potential), (iii)
RCs with a decreased HA

−/HA midpoint potential (or
in which HA has been replaced by a pigment with
a lower midpoint potential), and (iv) RCs which are
combinations of the classes (ii) and (iii). Several RC
mutants of the first class have been constructed, but
none of them shows B-branch electron transfer (Wil-
liams et al. 1992a, b; Stocker et al. 1992; Murchison
et al. 1993; Lin et al. 1994; Tang et al. 1999). This
is not surprising, since changing the P/P+ midpoint
potential equally affects the free energies of charge-
separated states in the A- and the B-branch. Since
electron transfer through the A-branch is activation-
less, a small change in the driving force, �G, will
have but little effect on its rate kA. The same change
in driving force may affect kB more, depending on the
Marcus regime (normal, activationless, inverted). The
results of Williams et al. (1992a, b), however, suggest
that kB is not significantly enhanced.

RCs of the second category were studied by
Hartwich et al. (1997, 1998). They replaced BA with
vinyl-bacteriochlorophyll, which has a midpoint po-
tential that is lower by ∼130 mV in vitro. This pigment
exchange resulted in an increase of the P∗ lifetime
from 3 to 30 ps at 290 K, and from 2 to 300 ps at 90
K. The increase of the P∗ lifetime was accompanied
by enhanced electron transport through the B-branch,
but no quantitative data was given and the results
were only reported in abstract form (Hartwich et al.
1997, 1998). RCs of the third type have been made
by mutagenesis (Robles et al. 1990; Kirmaier et al.
1991; Heller et al. 1996) and by exchange of HA by
pigments with different redox properties (Huber et al.
1995; Meyer and Scheer 1995; Schmidt et al. 1995;
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Kennis et al. 1997a). No B-branch electron trans-
port was reported for these RCs. B-branch electron
transfer in RCs of class (iv) has been demonstrated
(Heller et al. 1995) in RCs of Rba. capsulatus that
contain two mutations: The first mutation probably
lowers the BA

−/BA midpoint potential (makes it more
negative) and the second mutation lowers the primary
acceptor’s midpoint potential. A single-point mutation
does not induce significant B-branch electron transfer,
whereas upon double or triple mutation the yield of
P+HB

− formation is 15% (Heller et al. 1995). It has
been suggested that absorption changes in the bac-
teriopheophytin Qx region due to the formation of a
small amount of P+HB

−, may be masked by the rel-
atively large absorption changes due to the formation
of P+HA

− (Heller et al. 1995). Such small absorp-
tion changes then could be detected by including the
L(M212)H mutation, since this mutation removes ab-
sorption changes due to the formation of P+HA

− from
the bacteriopheophytin Qx region.

The guiding principle of the above studies was that
slowing down A-branch electron transfer without af-
fecting the B-branch would lead to enhanced B-branch
electron transfer. Using this principle as a working hy-
pothesis, we have constructed class (iv) RCs of Rba.
sphaeroides with a much longer P∗ lifetime than re-
ported so far. We have used the mutation L(M214)H
to replace HA with a bacteriochlorophyll molecule,
which has a lower midpoint potential. This mutation
corresponds to the mutation L(M212)H in the Rba.
capsulatus RCs used by Heller et al. (1995) (the so-
called β-mutant). We used the mutation Y(M210)W
rather than G(M203)D to destabilize the state P+BA

−.
The mutation Y(M210)W causes an increase of the
P∗ lifetime from 3 to 36 ps (Shochat et al. 1994),
considerably longer than the P∗ lifetimes of 6 and 9
ps that have been reported to result from the muta-
tions G(M201)D and G(M203)D in the RCs of Rba.
capsulatus (Heller et al. 1995) and Rba. sphaeroides
(Williams et al. 1992a), respectively. The new RC,
containing the mutations L(M214)H and Y(M210)W,
was expected to have a long P∗ lifetime and to have
significant B-branch photochemistry. We have also
made an RC triple mutant by combining mutation
L(M214)H with both the mutations G(M203)D and
Y(M210)W to further destabilize the state P+BA

− and
obtain an RC with an even longer P∗ lifetime. Thus,
the following mutants were constructed (the labels
used in this article are in parentheses):

L(M214)H (β-mutant)
Y(M210)W / L(M214)H (WM210H-mutant)
G(M203)D / Y(M210)W / L(M214)H (DWM210H-
mutant)
G(M203)D / L(M214)H (DH-mutant)
G(M203)D / L(M214)H / A(M260)W (DHWM260-
mutant).

In spite of the strongly increased P∗ lifetimes and
corresponding reduced yields for the formation of
P+QA

− for both the double and triple mutant, no
appreciable electron transfer to HB was observed in
either mutant. We conclude that the lifetime of P∗ as a
measure of A-branch activity is not a governing factor
inducing B-branch electron transfer.

To study direct photoreduction of QB and sub-
sequent direct P+QB

− charge recombination (i.e.
photoreduction and recombination in which only B-
branch cofactors are involved), a triple mutant of Rba.
sphaeroides was designed combining the G(M203)D
and L(M214)H mutations with the A(M260)W muta-
tion, which leads to the exclusion of QA from the RC
(see Figure 1). In our triple mutant β is the final elec-
tron acceptor in the A-branch since the third mutation
excludes QA from the RC. Because the triple mutant
only has mutations near the A-branch, the energetics
of the B-branch in this mutant are presumably un-
altered and therefore represent a wild-type B-branch.
P+QB

− formation via the B-branch at room temper-
ature has recently been described for a similar RC
mutant of Rba. capsulatus (Laible et al. 1998). In
contrast to the room temperature work by Laible et
al. (our studies) on the DHWM260 mutant deal with
P+QB

− formation at cryogenic temperatures. Evid-
ence is presented that B-branch electron transfer oc-
curs in the triple mutant both at room temperature and
at cryogenic temperatures, leading to the formation of
P+QB

−. Furthermore, we present the first absorption
difference spectrum recorded for P+QB

− formation
at 20 K. The yield of P+QB

− formation following a
saturating laser flash at 20 K, however, was only a
few percent. This state did not photoaccumulate under
continuous illumination at 20 K.

Materials and methods

Bacterial strains and growth conditions

The Rba. sphaeroides strain �LM1 (Paddock et al.
1989), in which the wildtype pufM gene and most
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Figure 1. Schematic representations of the cofactors in wildtype RCs (left) and DHWM260 RCs (right). Amino acid residues that have been
mutated are also shown. For clarity, only the porphyrin rings of the bacteriochlorphylls and bacteriopheophytins are shown. For the same reason,
the carotenoid and the isoprenoid tails of the quinones have been omitted. See text for details. The structures have been drawn after Ermler et
al. (1994), using the Molscript program (Kraulis 1991).

of the pufL gene have been replaced by a kanamy-
cin resistance cassette, was used for expression of the
plasmid encoded puf operon. Pseudo-wildtype RCs
with an engineered poly-histidine tag were isolated
from the deletion strain �LM1 complemented with
the plasmid pRKENBH. Plasmid pRKENBH is a de-
rivative of pRKENB (Paddock et al. 1989) in which
a BamHI site has been introduced immediately after
the stop codon of pufM (Williams et al. 1992a). We
have inserted seven codons (CAC) for histidine 5′ of
the stop codon of pufM in order to facilitate RC puri-
fication. RCs from the resulting strain do not have the
Ala→Ser mutation at position M304 that is present
in RCs isolated from the analogous strain SMpHis
(Goldsmith and Boxer 1996), nor does the LH1 α-
peptide have the His→Glu mutation at position 32.

E. coli JM109 (recA1supE44endA1hsdR17 (rk
−,

mk
+)gyrA96relA1thi �(lac-proAB) [F′, traD36 proAB+

lacIq lacZ�M15]) (Yanish-Perron et al. 1985) was
used as a host during plasmid construction. E. coli
S17-1 (thi pro hsdR− hsdM+ recA TpR SmR RP4-2
(Tc::Mu km::Tn7)) (Simon et al. 1983) was used for
introduction of plasmids into �LM1 via conjugation.

E. coli strains were grown in Luria Broth with ap-
propriate antibiotics. Rba. sphaeroides strains were
routinely grown under semi-aerobic/dark conditions
in YCCS medium [YCC medium (Sistrom 1977)

supplemented with 0.3% succinic acid]. All Rba.
sphaeroides strains were grown in the presence of
kanamycin; for strains carrying pRKENBH or its
mutant derivatives tetracycline was also included. For
E. coli antibiotic concentrations were: Ampicillin, 100
µg/ml, kanamycin 25 µg/ml, tetracycline, 12 µg/ml.
For Rba. sphaeroides, antibiotic concentrations were:
Kanamycin, 25 µg/ml, tetracycline, 2.5 µg/ml.

Photosynthetic growth assays were performed on
plates in an anaerobic jar (Oxoid Ltd, Basingstoke,
UK) placed in a climatized room at 30 ◦C. An an-
aerobic atmosphere was created using an AnaeroGen
sachet (Oxoid Ltd, Basingstoke, UK). Light was
provided by six tungsten light bulbs at a distance of
30 cm from the jar. The pufLM deletion strain �LM1
was used as a negative control, the same deletion
strain complemented with plasmid pRKENBH (the
wildtype) was used as a positive control. Under the
conditions tested, growth of the wildtype became vis-
ible after 3–4 days. No growth was visible for the
deletion strain, even after a prolonged incubation of
up to 14 days.

Construction of mutants

DNA manipulations were carried out according to
Sambrook et al. (1989). Restriction enzymes were ob-
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tained commercially and used as indicated by the sup-
pliers. DNA fragments were isolated from gels using
the Gene-Clean II kit (Bio101, Vista, California).

Site-directed mutations in the pufM gene were
made by the following codon changes: GGT→GAC
(M203 g→D), TAC→TGG (M210 Y→W), CTG→
CAC (M214 L→H) and GCC→TGG (M260 A→W).
The mutations were introduced by PCR-methods
(Landt et al. 1990) using the proof-reading-proficient
Vent DNA polymerase (New England Biolabs,
Beverly, Massachusetts). PCR fragments were cloned
into the pTZ19R phagemid (USB, Cleveland, Ohio).
Single-stranded DNA from the resulting chimeras was
sequenced through the region of interest by Base-
Clear (Leiden, The Netherlands). The BamHI-XhoI
fragment in pRKENBHSm, which contains a strep-
tomycin resistance cassette inserted in the NcoI site
of the pufM gene for screening purposes, was ex-
changed with the fragments containing the mutations.
The resulting plasmids were introduced into E. coli
S17-1 and shuttled into the Rba. sphaeroides deletion
strain �LM1 via conjugation essentially as described
by Paddock et al. (1989).

Cell growth and isolation of reaction centers

Photosynthetic growth was seen only for the wild-
type. A few revertants or suppressor mutants were
then found for the single L(M214)H mutant. No
growth at all was observed for the WM210H double
mutant (the DH mutant was not tested) and the triple
mutants, nor for the pufLM deletion strain �LM1.
As a precaution to avoid longer-term photosynthetic
pressure that might lead to the accumulation of rever-
tants or suppressor mutants, Rba. sphaeroides strains
harboring mutant pufM genes were grown under semi-
anaerobic/dark conditions.

The pseudo-wildtype was grown under the same
conditions for reasons of comparability. Cultures
grown aerobically in YCCS medium for 3–4 days
were diluted 1:50 in 2 l Erlenmeyer flasks contain-
ing 1 l YCCS medium. These flasks were shaken for
approximately 50 h at 200 rpm in a gyrotary shaker
at 30 ◦C. Cells were disrupted by sonication. RCs
with an engineered poly-histidine tag were isolated
from the deletion strain �LM1 complemented with
the plasmid pRKENBH according to Goldsmith and
Boxer (1996) with the following modifications. Pro-
Bond Resin (Invitrogen B.V., Leek, The Netherlands)
containing Ni2+ ions was used to bind the RCs by
their poly-histidine tag. Chromatophores were stirred

with this resin for 1 h at room temperature in the
presence of LDAO (0.5%) and imidazole (5 mM). For
the second purification step Poros 50 HQ (PerSeptive
Biosystems, Framingham, Massachusetts) was used as
anion exchanger. An EDTA-containing buffer (TL: 10
mm Tris–HCL pH 8.0, 1 mm EDTA, 0.1% LDAO)
was used during washing and elution. Purified RCs
were dialyzed against TL-buffer and concentrated over
a 100 kDa Amicon filter to an OD800 of 50–100 per
centimeter. The yield was approximately 10 mg pro-
tein per liter of cell culture for both wildtype and
mutants. The QB content in the samples was determ-
ined essentially as described by Okamura et al. (1982)
and found to be less than 25%.

Steady-state spectroscopy

Steady-state absorption spectroscopy was performed
using a single-beam spectrophotometer equipped with
modulated measuring light (Otte 1992). Glycerol was
added to a final concentration of 67% v/v to all
samples used in low-temperature experiments. Photo-
accumulation of P+QB

− at 6 K was studied by monit-
oring the bleaching of the P band near 890 nm under
continuous illumination with light from a xenon lamp
at an intensity of approximately 1 W cm−2. UQ10
was added in 10-fold excess to the RCs to ensure full
occupation of the QB site.

Picosecond transient absorption spectroscopy

Time-resolved transient absorption difference meas-
urements at room temperature were performed with a
home-built amplified dye laser system with continuum
generation and optical multichannel analyzer (OMA)
detection, operating at 10 Hz, described by Kennis et
al. (1996, 1997b). The time resolution was 600 fs. Ex-
citation pulses were obtained by amplification of the
continuum in a dye cell (LDS 867, Exciton). Excita-
tion was in the absorption band of the primary donor
at 865 nm. Wavelengths shorter than 850 nm were
cut off with an RG850 filter (Melles Griot). Pump
and probe pulses were polarized parallel to each other.
The samples contained 5 mm ortho-phenantroline or
0.5 mm terbutryn to inhibit P+QB

− formation and
were kept in a moving cuvette (optical pathway: 1
mm) in order to avoid accumulation of photo-oxidized
P. The absorbance was adjusted to 1 per mm at the
wavelength of interest. Approximately 5–10% of the
P absorption band was bleached per laser pulse.
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Charge recombination and yield of P+QB
−

Formation and recombination of P+QB
− at room tem-

perature were studied by monitoring the bleaching
of the P band near 865 nm following subsaturating
filtered flash light provided by a xenon flash lamp.
A home-built single-beam spectrophotometer (Visser
1975; Shochat et al. 1995) was used to generate and
record the kinetic data. The same apparatus was used
to determine the yield of P+QB

− formation. A 10-fold
excess of UQ10 was added to the RCs to ensure full
occupation of the QB site. Subsaturating light from a
tungsten halogen lamp filtered by an 860 nm interfer-
ence filter was used to excite the Qy band of P at 865
nm. The amplitude of the resulting bleaching of the
Qx band of P near 600 nm was measured and plotted
as a function of the illumination time for samples of
wildtype and mutant RCs with identical absorptions
at 865 nm. The quantum yield for P+QB

− formation
in DHWM260 RCs was determined by comparing for
wildtype and mutant RCs the slopes at zero-time of the
bleachings at 600 nm obtained under condition of un-
saturating illumination, with the assumption of a 100%
quantum yield for P+QB

− formation in wildtype RCs.
Formation and charge recombination at cryogenic

temperatures were measured using a different single-
beam spectrophotometer as described by Franken
(1997). Saturating excitation flashes were provided by
a Q-switched, frequency-doubled Nd-YAG laser (532
nm).

EPR measurements

The EPR measurements were performed with a home-
built phase-sensitive homodyne combined pulsed and
cw-EPR spectrophotometer (Bosch 1995; Dzuba et al.
1996).

Results

Absorption spectra

Low temperature absorption spectra of wildtype and
the various mutant RCs are shown in Figure 2. The
spectra of the double and triple mutants are similar
to that of the β-mutant (Kirmaier et al. 1991), except
for small (2–4 nm) shifts of the main accessory bac-
teriochlorophyll band. In all five mutants, the band
of HA is replaced by the Qy β-BChl band while the
intensity of the Qy-band of bacteriopheophytin at 760
nm is decreased. The position of the β-band differs

considerably for the various mutants, ranging between
773 and 784 nm. The large difference between the DH
(775 nm) and the DHWM260 (784 nm) mutants must
be due to the A(M260)W mutation. The effect of the
G(M203)D mutation is most clearly seen in the DH
mutant, in the region where the accessory bacterio-
chlorophylls have their Qy absorption, between 790
and 820 nm. In this mutant the absorption maxima
of BA and BB (799 and 814 nm, respectively) have
separate peaks, in contrast to the wildtype where BB
appears as a shoulder (812 nm) of the BA band (800
nm). This is in accordance with the spectra at 77 K
published for the G(M203)D single mutant (Williams
et al. 1992a), though the effect seen in our DH mutant
at 6 K is more pronounced. The absorption spectrum
at 77 K for the corresponding mutant of Rba. capsu-
latus, G(M201)D/L(M212)H, does not show separate
peaks due to BA and BB (Heller et al. 1996). The
splitting observed in the DH mutant is no longer seen
in the DHWM260 triple mutant, presumably because
of the A(M260)W mutation, which is present in the
DHWM260 but not in the DH mutant. This is another
indication that the A(M260)W mutation affects the Qy
absorption region of the bacteriochlorophylls BA, BB
and β.

The Qx bands of the bacteriopheophytins of the
wildtype, which overlap at room temperature, are
clearly resolved into two bands at 533 nm (HB) and
at 547 nm (HA), respectively, at low temperature. In
the mutants only one peak, of HB, is observed at 533
nm at low temperature, due to the replacement of HA
by β.

Picosecond transient absorption difference
spectroscopy

Time-resolved absorption difference spectra at sev-
eral delay times of wildtype, WM210H and DHWM260
mutant RCs in the absorption band of P near 865 nm at
room temperature are shown in Figure 3 (excitation in
the P-band). Similar data (not shown) were obtained
for the other mutants. Absorption changes in this
wavelength region are due to ground-state bleaching
of the 865 nm band together with stimulated emission
of P∗ between 870 and 1000 nm. As in wildtype RCs
the stimulated emission disappears as P∗ decays. For
the WM210H and DWM210H mutants, the decay of the
stimulated emission averaged between 930 and 940
nm was fitted with a single exponential and a constant
component (Figure 4). A time constant of 80 ps was
found for the WM210H mutant and a time constant of
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Figure 2. Absorption spectra of wildtype and mutant RCs at 6 K. For the labels of the mutants see text.

160 ps for the DWM210H mutant. There is no evidence
for a fast component in the P∗ decay of either mutant
(Figure 4, insets).

The long P∗ decay times imply a very slow charge
separation. There is a significant decrease in the amp-
litude of the long-time bleaching of the 865 nm band
compared to that of wildtype RCs (Figure 3), which is
interpreted as a diminished yield of long-lived charge-
separated states in the mutants (on the time scale of
the measurements). This lower yield could be caused
by direct deactivation of P∗ to the ground state and/or
by enhanced recombination of charge-separated states
involving BA or β. Fits of the bleachings, averaged
between 930 and 940 nm, with single exponentials
yielded time constants of about 200 ps for both the
WM210H and the DWM210H mutant (Figure 4, lower
and middle panel). Recovery was 50 and 70%, re-
spectively, of the P-bleaching in the initial spectra
compared to that measured at a delay of 1.9 ns (Fig-
ure 3). This means approximately 50 and 30% yield
of P+QA

− formation for the WM210H double and
DWM210H triple mutant, respectively.

The decay kinetics of the stimulated emission from
P∗ in the DHWM260 mutant are shown in Figure 4,
upper panel. A single exponential fit of the decay
between 920 and 930 nm was not satisfactory for both
the DHWM260 and the DH (not shown) mutants. A

double exponential fit of the DHWM260 decay yiel-
ded lifetimes of 2.5 ± 1 (40%) and 36 ± 5 (60%)
ps. The average time constant of 23 ps (obtained by
averaging the lifetimes using their relative amplitudes
as weight factors) is somewhat larger than the 15 ps
lifetime which was obtained in a monoexponential fit
for the Rba. capsulatus mutant G(M201)D/L(M212)H
(Heller et al. 1995). Since no more than 5% B-branch
electron transfer occurs in the DHWM260 mutant (see
below) and electron transfer to QA is blocked [QA is
absent due to the A(M260)W mutation (Ridge et al.
1999; McAuley et al. 1999, 2000)], P∗ decays mainly
by charge separation through the A-branch. Signific-
ant recovery of the ground state of P occurs during the
P∗ lifetime, as evidenced in Figure 3. Ground state re-
covery was also found for theRba. capsulatus mutant
G(M201)D/L(M212)H (Heller et al. 1995) with a yield
of 15%. In the DHWM260 mutant ground state re-
covery continues after the stimulated emission has
disappeared. In this mutant, the final charge-separated
state in the A-branch is P+β−. Apparently consider-
able ground state recovery of P occurs due to charge
recombination of P+β− (or P+BA

−, which may be
in equilibrium with P+β−). In contrast, essentially no
decay of the bleaching of the P band near 865 nm is
seen for wildtype RCs (Figure 3) due to the fact that
P+QA

− is formed with a yield of ∼100% and does
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Figure 3. Transient difference spectra at the long wavelength ab-
sorption band of P at room temperature. Upper panel: DHWM260
RCs at several delay times: Before excitation (solid), 1 ps
(dashed); 50 ps (dash-dotted); 300 ps (short-dashed) 1.9 ns
(short-dash-dotted). Middle panel: WM210H RCs at several
delay times: Before excitation (solid), 1.4 ps (dashed); 90 ps
(dash-dotted); 1.9 ns (short-dashed). Lower panel: wildtype RCs be-
fore excitation (solid), at 1.5 ps (dashed) and at 1.5 ns (dash-dotted).
The absorbance was 1 at 865 nm.

not decay on the nanosecond time scale. No further P
recovery was observed in the G(M201)D/L(M212)H
mutant of Rba. capsulatus after disappearance of P∗
(Heller et al. 1995).

Figure 5 shows absorption changes in the Qx re-
gion of the bacteriopheophytins for the WM210H and
DHWM260 mutants and wildtype RCs, under condi-
tions where approximately 10% of the P absorption
band was bleached. For the mutants transient absorp-
tion changes near 530 nm, the position of the Qx
absorption of HB, reflect B-branch charge separation
at room temperature. In wildtype RCs HA and HB
have overlapping Qx absorption bands, and the time-
resolved spectrum shows a bleaching at 545 nm due to
the reduction of HA. We estimated the amount of HB
bleached in mutant RCs by comparing the magnitude
of the absorption changes near 530 nm at several delay
times (attributed to P+HB

− formation) with the mag-

Figure 4. Kinetics of P∗ decay at room temperature. Upper panel:
the DHWM260 mutant, averaged between 920 and 930 nm, and a
biexponential fit with time constants of 2.5 and 36 ps and a con-
stant component. The inset shows data and fit during the first 20
ps. Middle and lower panel: the DWM210H and WM210H mutants,
respectively, averaged between 930 and 940 nm, and fits with a
single exponential with time constant of 160 and 80 ps, respectively,
and a constant component. The insets show data and fits of the first
200 ps.

nitude of the bleaching observed near 545 nm (due to
P+HA

− formation) in wildtype RCs at a delay time of
10 ps (3 times the lifetime of P∗), other conditions be-
ing equal. It was assumed that the oscillator strengths
for HA and HB are similar and that P+HA

− is formed
with quantum yield of 100% in wildtype RCs. With
the signal-to-noise ratio in our experiments, an upper
limit of 5-10% was estimated for the yield of P+HB

−
in the double or triple mutant (Figure 5). This yield
is significantly less than the yield of ∼15% that has
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Figure 5. Transient difference spectra in the region of the Qx bands
of HA and HB. Wildtype RCs: before excitation (dashed) and at
a delay time of 10 ps (solid); WM210H mutant RCs: delay times
of 40 (solid), 100 (dotted) and 250 ps (dash-dotted); DHWM260
mutant RCs: delay times of 20 ps (solid), 100 ps (dotted) and 500 ps
(dash-dotted). The absorbance was 1.0 at 530 nm. Approximately
10% of the P-absorption band was bleached per laser pulse. Similar
results (not shown) were obtained for the DWM210H mutant.

been reported for the corresponding Rba. capsulatus
DH mutant (Heller et al. 1995).

(Milli)second absorption difference spectroscopy

With the aim to investigate B-branch electron transfer
to QB in the DHWM260 mutant, we have carried out
flash-induced absorption spectroscopy between 700
and 920 nm on a (milli)second timescale, both at room
temperature and at cryogenic temperatures (Figures 6–
8). P+QA

− and P+QB
− are the only states known in

the RC which fulfill the requirement of corresponding
long lifetime. Since the DHWM260 mutant does not
contain QA, the absorption changes are ascribed to the
decay of P+QB

−.
In Figure 6 decay kinetics at room temperature

at the absorption band of P near 865 nm are shown

for wildtype and DHWM260 RCs. For both types of
RCs two traces are shown. One trace was obtained
in the presence of excess UQ10, ensuring a (nearly)
full occupation of the QB site. The second trace was
obtained in the presence of terbutryn, a well-known
competitive inhibitor of QB, which inhibits P+QB

−
formation. For wildtype RCs in the presence of UQ10,
the decay kinetics are dominated by recombination
from P+QB

−, which occurs with a time constant of
approximately 1 s (Okamura et al. 1982; Kleinfeld et
al. 1984b). In the presence of terbutryn, P+QA

− is
the final charge-separated state; it decays with a time
constant of ∼100 ms (Kleinfeld et al. 1984b). Signals
obtained for the DHWM260 mutant were much smaller.
A yield of 5% was determined for P+QB

− formation.
In the DHWM260 mutant the decay kinetics in the pres-
ence of UQ10 are ascribed to decay of P+QB

−, as in
wildtype RCs. The decay, however, is much slower
than in wildtype RCs. A biexponential fit yields time
constants of 4.5 and 57 s with equal amplitudes. In
the presence of terbutryn the signal has almost com-
pletely vanished (the small residual signal is attributed
to P+QB

− decay in a small fraction of the RCs still
containing QB). This is due to the fact that under these
conditions neither P+QA

− nor P+QB
− can be formed.

These results show (i) that absorption changes on the
time scale of seconds in the DHWM260 mutant are as-
sociated with the state P+QB

−, (ii) that there is no
other acceptor in the RC that can give rise to long-
lived charge-separated states involving P, and (iii) that
P+QB

− signals are not due to adventitious reduction
of excess UQ10 by P∗.

Absorption changes were observed in the DHWM260
triple mutant even at 10 K, suggesting that P+QB

− is
formed even at this low temperature. As mentioned
before, no P+QA

− formation is expected since no
QA is present in the mutant due to the A(M260)W
mutation. Absorption difference kinetics at 20 K were
obtained for wavelengths between 700 and 920 nm
(Figure 7). The kinetics showed biexponential beha-
viour with time constants of 0.6 s and 2.7 s with
equal amplitudes. The average time constant of 1.7 s
is more than an order of magnitude smaller than the
average time constant obtained at room temperature.
For each wavelength, the absorption changes were av-
eraged between 100 and 500 ms and used to construct
a P+QB

− absorption difference spectrum (Figure 8).
Approximately 3% of the P-band was bleached in
a single, saturating flash. In a similar way, kinetics
were obtained for the DH mutant in the presence of
terbutryn. Under these conditions, only P+QA

− can
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be formed. An absorption difference spectrum was
obtained by averaging the data between 2 and 5 ms
(Figure 8).

Near 890 nm, a bleaching of the P band is
observed. Changes near 760 nm in the DH and
DHWM260 mutant can be attributed to HB only since
HA has been replaced with β. Changes near 780 nm
in the DH and DHWM260 mutant are due to a shift of
this β chromophore. Changes near 800 nm are due to
bandshifts of BA and/or BB. In the difference spectra
for the DH and the DHWM260 mutant, the bandshift of
BA is characterized by a peak at 795 nm and a trough
at 800 nm. The bandshift of BB causes a peak at 804
nm and a trough at 816 nm in the spectrum of the
DH mutant, whereas a peak at 807 nm and a trough
at 819 nm are found for the DHWM260 mutant. In the
DHWM260 mutant, the bandshift of BB is dominant.
Due to its position in the B-branch, BB may exper-
ience a stronger electric field from the state P+QB

−
than from the state P+QA

−.
As mentioned, approximately 3% of the P-band

was bleached in a single, saturating flash at 20 K. We
have tried to photo-accumulate the P+QB

− state un-
der continuous illumination at cryogenic temperatures.
Under these conditions, the P band in the absorp-
tion spectrum of wildtype RCs is fully bleached. For
DHWM260 RCs, however, only a few percent of the
P band was bleached. No signals were found for
QB

− either, using EPR spectroscopy at liquid nitrogen
temperatures. These results indicate that P+QB

− ac-
cumulation does not occur at cryogenic temperatures.

Discussion

Absorption spectra

The absorption spectrum at room temperature of the
L(M214)H mutant (β-mutant) with an engineered
poly-histidine tag is identical to the spectrum pub-
lished previously for the same mutant without the
poly-histidine tag (Kirmaier et al. 1991) (not shown).
At low temperatures, the most striking differences
compared to wildtype RCs are the absence of the 545
nm peak of HA and the appearance of a new band at
779 nm, both caused by the replacement of HA by β.

In the low temperature absorption spectra of
the double mutant WM210H and the triple mutant
DWM210H, the characteristic features of the single
mutants are combined. On the one hand there is
a redshift of the accessory bacteriochlorophyll peak

from 803 to 806 nm, a feature characteristic of the
Y(M210)W mutant (Shochat et al. 1994). On the other
hand the peak of HA at 545 nm is absent and the β Qy-
band is blueshifted from 779 to 775 nm in the double
and triple mutants. For the DH and DHWM260 mutants
of the Rba. sphaeroides RC the β Qy-band is located
at 775 and 784 nm, respectively.

The variability of the absorption maximum of the β

Qy-band may be due to differences in the histidine-Mg
bond, differences in the conformation of the macro-
cycle or different interactions with the other pigments
in the RC in the respective mutants. These differences
must also be responsible for the small amplitude of the
β Qy-band compared to those of the BA and BB Qy-
bands. Diffraction data on the L(M214)H mutant, col-
lected to 3.3 Å resolution, suggests that there may be
some flexibility in the conformation of the macrocycle
(Chirino et al. 1994). The Qx peak wavelength of the β

pigment is not affected by the various mutations. Ad-
dition of the A(M260)W mutation to the G(M203)D
and L(M214)H mutations of the DH mutant, yielding
the DHWM260 mutant, causes a strong redshift of the
β Qy band from 775 to 784 nm. A much smaller red-
shift of the Qy-band due to both HA and HB from 757
to 759 nm at room temperature was observed for the
A(M260)W single mutant (Ridge et al. 1999).

When comparing wildtype and G(M203)D RCs at
77 K, the band at 800 nm and its shoulder near 810 nm
are more resolved in the mutant than in the wildtype
(Williams et al. 1992a). This effect is not visible in
our triple mutant, probably due to the redshift from
803 to 806 nm caused by the Y(M210)W mutation.

P∗ lifetimes and ground state recovery

The time-resolved absorption difference spectra of the
WM210H and DWM210H mutant show features that are
different from both wildtype and β-type RCs of Rba.
sphaeroides (Kirmaier et al. 1985a, b, 1991); see Table
1.

Decay of the stimulated emission occurs with time
constants of 80 and 160 ps at room temperature for the
WM210H and DWM210H mutants, respectively. These
time constants are approximately 25 and 50 times lar-
ger than the time constant found for wildtype RCs
(3 ps). They are also larger than found for each of
the single mutants (Kirmaier et al. 1991; Shochat et
al. 1994) (see Table 1), suggesting that the individual
mutations cooperate to yield a long P∗ lifetime.

As mentioned, the mutation L(M214)H results in
the incorporation of a bacteriochlorophyll molecule



231

Figure 6. Charge recombination kinetics at 865 nm at room temperature in wildtype and DHWM260 RCs. Note the different time scales. The
amplitudes of the traces obtained for DHWM260 RCs are actually 20-fold smaller than those obtained for wildtype RCs.

Figure 7. Charge recombination of P+QB
− in the DHWM260 mutant measured at 20 K at 890 nm. The inset shows P+QA

− recombination in
the DH mutant, also at 20 K and at 890 nm. The samples had the same optical density at 890 nm. Note the differences in the magnitudes of the
absorption changes and the time scales on which the charge-separated states recombine.

(β) instead of HA. The increase in P∗ lifetime is
presumably due to the lower reductive midpoint po-
tential of bacteriochlorophyll compared to that of
bacteriopheophytin, destabilizing P+β− with respect
to P+HA

−. The G(M203)D mutation was originally
designed to add a hydrogen bond to the 9-keto car-
bonyl group of ring V of BA (Williams et al. 1992a),
and was expected to raise the BA

−/BA midpoint po-

tential. Later, it was suggested (Heller et al. 1995,
1996) that the G(M203)D mutation might lower the
BA

−/BA midpoint potential, possibly because of the
aspartic acid residue being negatively charged (Heller
et al. 1996; Czarnecki et al. 1999). On the basis of
recent X-ray data, Fyfe et al. (2000) suggest altern-
ative explanations for the increase of the P∗ lifetime
due to the G(M203)D mutation. Wildtype RCs contain
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Table 1. Characteristics of wildtype and mutant RCs of Rba. sphaeroides and Rba. capsulatus at ambient temperature

Mutation(s) P∗a P/P+b Yc Yd Reference

(ps) (mV) (%) (%)

P+QA
− P+HB

−

Rba. sphaeroides

wildtype 3.2 ∼500 100 ≤5∗ Kirmaier et al (1991),

Williams et al. (1992a),

Lin et al. (1994)

G(M203)D 9.4 495 100 Williams et al. (1992a)

L(M214)H (β-mutant) 6.4 60 Kirmaier et al (1991)

Y(M210)W 40 552 85 Shochat et al. (1994),

Nagarajan et al. (1993)

Y(M210)W/L(M214)H 80 50 ≤10∗ This work

(WM210H)

G(M203)D/Y(M210)W/L 160 30 ≤10∗ This work

(M214)H (DWM210H)

G(M203)D/(M214)H/ 23 ≤10∗ This work

A(M260)W (DHWM260)

L(L131)H 12.2 585 <100e Williams et al. (1992a),

Lin et al. (1994)

L(M160)H 5.7 565 <100e Williams et al. (1992a),

Lin et al. (1994)

Rba. capsulatus

wildtype 4.3 100 Heller et al. (1996),

Heller et al. (1995)

G(M201)D 7.6 100 Heller et al. (1996)

L(M212)H (β-mutant) 8.5 76 Heller et al. (1996)

G(M201)D/L(M212)H 15 70 15 Heller et al. (1996),

Heller et al. (1995)

aP∗ lifetimes. bP/P+ midpoint potentials. cYield of P+QA
− formation. dYield of P+HB

− formation. eSignificantly smaller than
100%, as estimated from Figure 5 in reference 2. ∗ Upper detection limits.

a water molecule near the 9-keto carbonyl group of
BA that might form a hydrogen bond. This water mo-
lecule is not present in the X-ray structure of RCs with
the G(M203)D mutation. Thus, the G(M203)D muta-
tion may disrupt a hydrogen bond that is present in
wildtype RCs and thereby destabilize P+BA

−. Altern-
atively, replacement of the glycine with the aspartic
acid residue and removal of the water molecule may
alter the local dielectric environment of the 9-keto
carbonyl group.

Several hypotheses have been put forward to ex-
plain how the mutation Y(M210)W increases the P∗
lifetime. It was suggested that the polar hydroxyl
group of the tyrosine residue may stabilize both the
positive charge on P+ and the negative charge on
BA

− (Parson et al. 1990; Alden et al. 1996) or on
HA

− (Nagarajan et al. 1993; Gunner et al. 1996).

When the tyrosine is replaced with tryptophan, these
stabilizations are no longer possible. An alternative ex-
planation was provided by Ivashin et al. (1998). They
suggested that replacement of tyrosine with the larger
tryptophan may increase the distance between P and
BA and hence weaken the electronic coupling between
these two. Recently, the X-ray crystal structure of the
Y(M210)W mutant has been determined at a resolu-
tion of 2.5 Å by McAuley et al. (2000). By comparing
the structures of the wildtype RC and the mutant RC,
the authors found a small tilt of the macrocycle of BA,
which may weaken the interaction between P and BA.
Such a tilt is consistent with ADMR measurements by
Shochat et al. (1994), who found an increased inter-
action between BA and HA. Regardless whether the
increase in the lifetime of P∗ originates mainly from
destabilization of BA

− or from a diminished elec-
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tronic coupling between P and BA, the energetics for
charge separation through the B-branch and electronic
coupling between cofactors of the B-branch should be
largely unaffected. No B-branch electron transfer has
been reported for the Y(M210)W single mutant in the
literature.

It is apparent from Figure 3 that for the WM210H
and DWM210H mutants there is a significant recov-
ery of the ground state absorption of the primary
donor. The strongly increased P∗ lifetimes and reduced
P+QA

− yield for these mutants as compared to wild-
type RCs indicate that electron transfer through the
A-branch is (partially) inhibited.

Picosecond B-branch electron transfer

In the region where HB absorbs (the Qx transition),
only little or no bleaching (<10%) is observed on
a ps timescale in both the WM210H and DWM210H
mutants. This low value is surprising in view of the
result obtained by Heller et al. (1995) for RCs of their
G(M201)D/L(M212)H double mutant of Rba. capsu-
latus. They found a yield of 10–15% for the formation
of P+HB

− and 15% ground state recovery of P, al-
though the P∗ lifetime was only 15 ps. Because our
mutants have significantly longer lifetimes, we would
have expected a yield of at least 15% for P+HB

−
in our triple mutant DWM210H, as it has the muta-
tions G(M203)D and L(M214)H, which correspond to
the mutations G(M201)D and L(M212)H in the Rba.
capsulatus mutant used by Heller et al. (1995). In ac-
tual fact we did not observe an increase of P+HB

−
formation compared to Heller et al. (1995). Instead,
the increase of the P∗ lifetime primarily results in an
increased fast recovery of the ground state of P.

A possible explanation for these contradictory res-
ults is that the B-branch of Rba. capsulatus is more
accessible to charge separation than the B-branch of
Rba. sphaeroides. In order to address this question
we compare the characteristics of several RC mutants.
They are listed in Table 1.

As mentioned, the tyrosine at position M210 is in
close contact with P. Therefore, replacement of the tyr-
osine with tryptophan may affect the P/P+ midpoint
potential. Indeed Nagarajan et al. (1993) found that
the P/P+ midpoint potential is higher in Y(M210)W
RCs than in wildtype RCs (552 and 500 mV, re-
spectively). A similar increase of the P/P+ midpoint
potential was reported for the hydrogen bond mutant
L(M160)H (Williams et al. 1992a), Table 1. The in-
crease of the P∗ lifetime, however, is much larger in

Figure 8. Absorption difference spectra at 20 K for DH and
DHWM260 RCs. The absorption changes for the DHWM260 RCs
were actually ∼30-fold smaller than those for DH RCs.

the Y(M210)W mutant than in the L(M160)H mutant
(40 and 6 ps, respectively, versus 3 ps for wildtype
RCs), implying that the increase of the P/P+ midpoint
potential due to the Y(M210)W mutation can only par-
tially explain the roughly tenfold increase of the P∗
lifetime. In turn, the increase of the P∗ lifetime must
then be due to destabilization of P+BA

− or P+HA
−

by the Y(M210)W mutation. A similar destabilization
of P+BB

− or P+HB
− is unlikely because Y(M210)W

is not in close contact with BB or HB. This argument
leaves differences between the B-branches of Rba.
sphaeroides and Rba. capsulatus as the only explana-
tion why our mutants do not show appreciable electron
transport through the B-branch. We note that recently
Kirmaier et al. (2001) studied the YFH mutant of Rba.
capsulatus in which the M208 tyrosine (correspond-
ing to Y(M210) in Rba. sphaeroides) was swapped
with the symmetry-related phenylalanine at L181, and
HA replaced by a BChl (β). This set of mutations
leaves the midpoint potential of the couple P/P+ un-
affected. Swapping the residues at position M210 and
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L181 would not be expected to lead to large structural
changes, but the change in polarity is considerable. As
mentioned, the tyrosine at position M210 may stabil-
ize a negative charge on BA and HA in wildtype RCs
(Parson et al. 1990; Nagarajan et al. 1993; Alden et
al. 1996; Gunner et al. 1996). This stabilization is
lost upon swapping the residues at M210 and L181. In
turn, the newly introduced tyrosine at L181 is expec-
ted to stabilize negative charges on BB and HB. The
lifetime of P∗ of the mutant was 11 ps, compared to
8.5 and 4.3 ps for the single β-mutant and wildtype
RCs, respectively. The difference in lifetime of the
YFH mutant and wildtype RCs corresponds quite well
with the reported branching ratio of 30% B-chain elec-
tron transport. It follows that, in agreement with the
work presented here, for significant B-chain electron
transport to occur one needs to destabilize the A-chain
and at the same time stabilize the B-chain.

The RCs of Rba. sphaeroides and Rba. capsu-
latus contain the same pigments. Therefore differ-
ences between the B-branches of RCs of these species
are likely due to differences in the protein subunits
of the RC, in particular the L and m subunits since
these bind the pigments. The L subunits of the Rba.
sphaeroides RC and the Rba. capsulatus RC share
78% identical residues. Similarly 77% of the residues
of the m subunits of the Rba. sphaeroides RC and
the Rba. capsulatus RC are identical (Williams et al.
1984). Thus, a relatively large number of residues that
are not identical in the protein subunits of the RCs of
the two bacterial species may contribute to differences
in their B-branches.

Differences between RCs of Rba. sphaeroides and
Rba. capsulatus may also be induced by their isol-
ation. For Rba. capsulatus RCs, the position of the
absorption band of P at 865 nm tends to shift to 850 nm
during the purification procedure (Prince and Youvan
1987). This shift suggests structural changes in the
RC. It would be interesting to see whether the yield
of P+HB

− formation is related to the position of the
long-wavelength band of P.

The primary photochemistry in the Rba. sphaeroid-
es DHWM260 mutant would be expected to be similar
to that in the Rba. capsulatus DH mutant (Heller et
al. 1995) assuming that the mutation A(M260)W does
not affect the transfer of an electron from P∗ to BA
or β. In the DHWM260 mutant P∗ decay is best fitted
with two exponential components with time constants
of 2.5 (40%) and 36 ps (60%). A monoexponential fit
of the P∗ decay in DH RCs of Rba. capsulatus yielded
15 ps (Heller et al. 1995), corresponding quite well

with our average time constant of 23 ps. As was repor-
ted for the Rba. capsulatus DH mutant (Heller et al.
1995), there is significant ground state recovery during
the decay of P∗. In contrast, a higher yield for P+HB

−
formation was reported for the Rba. capsulatus DH
mutant (15%) than found here for the DHWM260 RC.
Thus, it appears that electron transfer through the B-
branch of the Rba. sphaeroides RC is more difficult
than through that of Rba. capsulatus RCs. The rate
constant of B-branch electron transfer in principle can
be derived by combining information on the lifetime of
P∗ and the yield of P+HB

−. The uncertainties in both
lifetime (mono, bi-, or multiexponential?) and yield,
however, make such an estimate difficult and therefore
a quantitative comparison between Rba. sphaeroides
andRba. capsulatus hazardous.

(Milli)second absorption difference spectroscopy of
the DHWM260 mutant

The DHWM260 mutant is similar to theRba. capsulatus
DHV mutant described by Laible et al. (1998). The
mutants differ mainly in the manner by which QA-
less RCs are obtained. In the Rba. capsulatus DHV
mutant the affinity of ubiquinone is weaker for the
QA site than for the QB site due to the W(M250)V
mutation. Purified DHV RCs are devoid of both QA
and QB. Because of the higher affinity of quinone
for the QB site, RCs that contain preferentially QB
can be obtained by the addition in a controlled man-
ner of small amounts of ubiquinone to the purified
RCs. It is difficult, however, to obtain in this way QB-
containing RCs completely devoid of QA. In our Rba.
sphaeroides DHWM260 mutant the bulky side chain of
the tryptophan residue introduced by the A(M260)W
mutation protrudes into the QA binding pocket and
thereby rigorously excludes the binding of quinone in
the QA binding site (Ridge et al. 1999; McAuley et al.
1999, 2000).

Small transient signals were observed in the
(milli)second range for the DHWM260 mutant at both
room temperature and at 20 K. Several lines of evid-
ence suggest that these signals are due to formation
and recombination of P+QB

− and not of P+QA
−: (1)

no QA is present in our samples due to the A(M260)W
mutation; (2) the signals at room temperature disap-
pear upon addition of terbutryn, a well-known com-
petitive inhibitor of UQ10 for the QB site, but not of
UQ10 in the QA site. The small signal remaining (Fig-
ure 6) is due to incomplete inhibition of the QB site.
It decays in the seconds range, not in ms as would



235

P+QA
−; (3) biphasic recombination at 20 K (0.6 and

2.7 s) is much slower than what is normally found for
P+QA

− recombination in wildtype RCs (30 ms) or in
Rba. sphaeroides DH RCs at cryogenic temperatures
(see Figure 7). The latter observation makes it unlikely
that the transient signals are due to P+QA

− formation
in a small fraction of RCs that contain QA, despite
the A(M260)W mutation. Finally, the absorption dif-
ference spectra obtained for the DH and DHWM260
mutants of the Rba. sphaeroides RC at 20 K (Figure
8) are different, presumably because they represent
absorption changes due to P+QA

− and P+QB
− de-

cay, respectively. Apparently, in contrast to wildtype
RCs where P+QB

− is not observed at low temperat-
ures (Parson 1978), P+QB

− can be formed at 20 K in
DHWM260. In wildtype RCs P+QB

− formation pro-
ceeds via the A-branch; at low temperatures electron
transfer leads solely to the formation of P+QA

−, and
further electron transfer to QB does not occur (Parson
1978). That P+QB

− can be formed at 20 K in the
DHWM260 mutant, which lacks QA, suggest that in
this mutant P+QB

− formation occurs by a different
mechanism. Although transient bleaching of HB due to
its photoreduction could not be unequivocally demon-
strated, presumably due to the low yield of P+HB

−
formation in combination with an unfavorable signal–
noise ratio, we suggest that P+QB

− formation in the
DHWM260 mutant occurs via the B-branch.

Charge recombination at room temperature from
P+QB

− in the DHWM260 mutant (two exponential de-
cay components of 4.5 and 57 s with equal amplitudes)
is much slower than in wildtype RCs (with a decay
component of 1 s (Okamura et al. 1982)). The av-
erage time constant of 30 s corresponds quite well
to the time constant of 25 s found by Takahashi and
Wraight (1992) for charge recombination of P+QB

−
in RCs of Rba. sphaeroides with the D(L213)N muta-
tion. This mutation near QB increases the equilibrium
constant of P+QA

−QB and P+QAQB
−, favoring form-

ation of the latter. Takahashi and Wraight (1992) and
Labahn et al. (1994) suggested that in this mutant
charge recombination from P+QB

− occurs via the
direct pathway, which only involves cofactors of the
B-branch. In contrast, in wildtype RCs P+QB

− recom-
bines mainly by the indirect pathway. This pathway in-
volves transient formation of P+QA

− and subsequent
charge recombination from this state (Kleinfeld et al.
1984a). P+QB

− recombination cannot occur by the
indirect mechanism in DHWM260 RCs since they do
not contain QA.

Figure 9. Schematic representation of UQ10 in the QB binding
pocket showing the distal and proximal sites with respect to the iron.
For clarity, only the porphyrin ring of HB is shown and most of the
isoprenoid tail of the UQ10 molecules has been omitted. The picture
was drawn after Stowell et al. (1997) using the Molscript program
(Kraulis 1991).

As mentioned, at cryogenic temperatures electron
transfer from QA to QB does not proceed. It is pos-
sible, however, to trap the state P+QB

− in wildtype
RCs by cooling them under illumination. In this case,
a very slow recombination is observed (a time con-
stant of 2×105 s at 18 K) and after recombination
the state P+QB

− can be reformed with illumination
at cryogenic temperatures (Kleinfeld et al. 1984b).
The enormous difference in P+QB

− lifetimes in our
DHWM260 mutant and in wildtype RCs suggests that
there are differences in the conformation of the re-
spective RCs. A likely explanation is provided by
Stowell et al. (1997) who found different positions for
QB and QB

− in wildtype RCs in crystals frozen in the
dark and in the light, respectively. In RCs in the dark
QB is in a distal position with respect to the ferrous
iron ion (see Figure 9), whereas inthe reduced form
(QB

−) it is in a proximal position with respect to the
iron ion. It was postulated that QB has to move from
the distal to the proximal site for electron transfer from
QA

− to QB. When P+QB
− is trapped in these RCs by

cooling under illumination from room temperature to
77 K, QB

− presumably stays in the proximal position.
When RCs are frozen in the dark, QB is not able to
move from the distal to the proximal site so that it
cannot accept an electron from QA. In contrast, in
DHWM260 RCs reduction of QB probably occurs via
the B-branch. QB is likely to accept an electron from
HB

− when it is in the distal site, which is closer to
HB. Thus, the differences in the charge recombination
times in wildtype and DHWM260 RCs at cryogenic
temperatures are probably related to different posi-
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tions of QB. Recently, evidence was obtained that in
single crystals of the A(M260)W mutant RCs, QB is
not located in the distal position in the dark as in R26
RCs (Stowell et al. 1997), but in the proximal position
(McAuley et al. 2000). Assuming that HB

− cannot
transfer electrons to QB in the proximal position and
that on average 3% of QB is bound to the distal
site, this observation would explain our low yield of
P+QB

− formation in a single flash (3%) and our inab-
ility to photoaccumulate P+QB

−. The same argument
may explain why charge recombination from P+QB

−
is much faster at 20 K (time constants of 0.6 and 2.7
s) than at room temperature (time constants of 4.5
and 57 s). At 20 K, QB in the DHWM260 mutant is
unlikely to move from the distal site to the proximal
site after accepting an electron. Such a movement
may be possible, however, at room temperature. In
that case, it would be in the same position as in the
D(L213)N mutant. The similar recombination times
for P+QB

− recombination in the DHWM260 mutant
and the D(L213)N mutant can be accounted for if in
both mutants recombination occurs by the direct path-
way, possibly involving a movement of QB

− from the
strongly binding proximal site to the weakly binding
distal site to deliver an electron to HB.

It should be noted that most of the evidence for
the formation of P+QB

− described so far has been
obtained by studying absorption difference kinetics of
the primary donor. We have searched for EPR sig-
nals due to QB

− in order to corroborate the optical
evidence for P+QB

− formation. However, no signals
were found. In wildtype RCs, both QA

− and QB
− are

magnetically coupled to the ferrous iron ion, giving
rise to broad signals centered near g = 1.8 (Feher and
Okamura 1978). No such signals were found in the
DHWM260 mutant. However, since in the DHWM260
mutant QB

− may be formed in the distal site it may
not be coupled to the iron. In this case, a signal near g
= 2.0046 may be expected, as is found for QA

− when
it is not coupled to the iron (Feher and Okamura 1978).
However, no signal of QB

− was found here either, or
at any intermediate g-value. Our inability to detect any
EPR signals due to QB

− is probably due to the low
yield of P+QB

− formation after a single saturating
flash (3%). As for the optical experiment we did not
succeed in photoaccumulating the EPR signal of QB

−.

Conclusions

Guided by the notion that mutants with long P∗ life-

times would be candidates for increased B-branch
electron transfer, we have constructed the new double
mutant Y(M210)W/L(M214)H and the new triple
mutant G(M203)D/Y(M210)W/L(M214)H of Rba.
sphaeroides with P∗ lifetimes in isolated RCs of 80
and 160 ps, respectively, compared to 3 ps for wild-
type RCs. In these mutants, electron transfer through
the A-branch is partially inhibited as indicated by the
reduced yields for P+QA

− on a ns timescale (50 and
30%, respectively). In spite of the very long P∗ life-
times in our mutants, no significant (<10%) B-branch
electron transfer is observed. Inhibition of electron
transfer primarily leads to recovery of the ground state.

To investigate the possible reduction of QB on a
(milli)second timescale we have constructed the triple
mutant G(M203)D/L(M214)H/A(M260)W in which
QA binding is inhibited. The P∗ decay of the triple
mutant is biphasic with an average lifetime of 23 ps.
We find a yield of no more than 3 ± 0.5% for P+QB

−
formation in a single flash. Photoaccumulation at
cryogenic temperatures was not possible. From the
flash-induced signal of P+QB

− at 20 K we have con-
structed the first low-temperature P+QB

− absorption
difference spectrum. It differs from that of P+QA

−
mainly by the electro-optical effect on the absorption
bands of BA and BB resulting from the charge on the
quinone.

Our results strongly suggest that in the Rba.
sphaeroides RC no appreciable B-branch electron
transfer can be obtained by just inhibiting electron
transfer through the A-branch.
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