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The kinetics of primary electron transfer in membrane-boundRhodobacter sphaeroidesreaction centers (RCs)
were measured on both wild-type (WT) and site-directed mutant RC’s bearing mutations at the tyrosine M210
position. The tyrosine was replaced by histidine (H), phenylalanine (F), leucine (L), or tryptophan (W). A
mutant with histidine at both the M210 and symmetry-related L181 positions (YM210H/FL181H) was also
examined. Rates of primary charge separation were determined by both single and multiple wavelength
pump-probe techniques. The time constants for the decay of stimulated emission in the membrane-bound
mutant RC’s were approximately 27 ps (F), 36 ps (L), 72 ps (W), 5.8 ps (H), and 4.2 ps (HH), compared with
4.6 ps in WT membrane-bound RC’s. For all RC’s, the decay of stimulated emission was found to be
multiexponential, demonstrating that this phenomenon is not a consequence of the removal of the RC from
the membrane. The source of the multiexponential decay of the primary donor excited state was examined,
leading to the conclusion that a distribution in the driving force (∆G) for electron transfer cannot be the sole
parameter that determines the multiexponential character. Further measurements on membrane-bound mutant
RC’s showed that chemical prereduction of the acceptor quinones resulted in a significant slowing of the rate
of primary charge separation. This was most marked in those mutants in which the rate of charge separation
had already been slowed down as a result of mutagenesis at the M210 position. The phenomenon is discussed
in terms of the Coulombic interaction between QA

- and the other pigments involved in electron transfer and
the influence of this interaction on the driving force for charge separation.

Introduction

The bacterial reaction center (RC) is an efficient optoelectric
cell, which upon absorption of light-energy transfers an electron
across the photosynthetic membrane before loss processes (e.g.,
fluorescence) become important. The crystal structure of the
purple bacterial RC has been determined for two species,
Rhodopseudomonas (Rps.) Viridis1,2 and Rhodobacter (Rb.)
sphaeroides.3-5 The Rb. sphaeroidesRC consists of three
subunits, H, L, and M, of which L and M are related by a 2-fold
axis of symmetry and bind the cofactors involved in electron
transfer. These cofactors, four molecules of bacteriochlorophyll
a (Bchl-a), two molecules of bacteriopheophytina (Bphe-a),
and two molecules of ubiquinone (Q), are arranged in two
branches, but only the “L-branch” is active in electron transfer.6

The primary electron donor (P) is a pair of Bchl molecules,
which lie embedded in the RC protein close to the periplasmic
face of the membrane. The formation of the first singlet excited
state of the primary donor (P*), either by energy transfer from
the antenna or by direct absorption by the RC pigments, triggers
the transfer of an electron across the membrane dielectric.

The kinetics of the primary electron transfer have been studied
extensively with high time resolution using detergent-solubilized

RC’s, and the lifetime of P* has been found to be approximately
3.5 ps at room temperature.7-9 The mechanism of electron
transfer from P* to the Bphe molecule (HL) located halfway
across the membrane is still a matter of debate. Two models
have been proposed to describe this electron transfer process,
which differ in the role played by the monomeric bacteriochlo-
rophyll molecule (BL), which in the crystal structure bridges
the gap between P and HL. In the sequential model, the state
P+BL

- is formed as a distinct, but short-lived, intermediate
between P* and P+HL

-,10-12while in the superexchange model,
P+BL

- is a virtual state enhancing the electronic coupling
between P* and P+HL

-.13,14 A model in which both the
sequential and superexchange scheme contribute to the electron
transfer proton has also been discussed.14,15

In seeking to understand the striking asymmetry of electron
transfer in the RC, much attention has been focused on the
residue pair Tyr M210/Phe L181 (Tyr M210 inRps. Viridis and
Rb. capsulatus).8,15,16 These conserved residues are in close
contact with P and with the Bchl and Bphe on the active and
inactive branches, respectively. As yet the precise role of Tyr
M210 and the significance of the conserved Tyr/Phe arrange-
ment are unclear; although the tyrosine has the capacity to form
a hydrogen bond, there is no unequivocal evidence that it is
H-bonded to P or the pigments on the active branch, with
contrasting statements in the literature.4,17 It has been proposed,
on the basis of electrostatic calculations, that Tyr M210 acts to
lower the energy of P+BL

- relative to that of P+BM
-, placing

the energy of P+BL
- in a region consistent with the operation

of a sequential model for electron transfer.18 Alternatively, it
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may enhance the electronic coupling between P* and P+HL
-

to permit the operation of a superexchange reaction mecha-
nism.14,18

In recent years it has become clear that the decay of P* is
not a monoexponential process but is described by two
exponents with time constants of 2.3-2.9 and 7-12 ps in an
approximate 4:1 ratio.9,19-23 In addition, a subpicosecond
component has been reported for isolated RC’s fromRb.
sphaeroides(0.9 ps10,11),Rps. Viridis (0.65 ps24), and membrane-
bound RC’s fromRb. capsulatus(0.9 ps25) andRb. sphaeroides
(1.5 ps26). This component has been explained in terms of a
sequential electron transfer reaction involving BL, with the initial
charge separated state (P+BL

-) being formed with the kinetics
of P* decay followed by electron transfer within 1 ps from
P+BL

- to P+HL
-.

In membranes prepared from WT strains ofRb. sphaeroides,
the absorbance and energy transfer properties of the light-
harvesting antenna complexes are such that the kinetics of charge
separation can only be measured following purification of the
RC by solubilization in detergent. Although detergent-solubi-
lized WT RC’s are relatively stable, it cannot be ruled out that
the isolation procedure introduces instabilities or deformations
in the structure of the protein that could contribute to the
complex kinetics that have been observed, particularly in
mutated RC’s. Recently, it has become possible to genetically
delete the antenna complexes from the membrane ofRb.
sphaeroides, leaving the RC as the sole pigment protein
complex.27 Measurements of the rate of P* decay in these RC-
only membranes have revealed a time constant of 4.5 ps for
primary charge separation,23 in good accord with the results of
Schmidt et al.25 on a similar RC-only mutant ofRb. capsulatus
and significantly slower than the rate (3.2 ps) in detergent
solubilized RC’s from the sameRb. sphaeroidesstrain.23 A
detailed comparison of the time-resolved absorbance properties
of purified RC’s and RC-only membranes, together with an
account of the multiexponential nature of P* decay and the
effects of chemical reduction of the acceptor quinones on the
kinetics of P* decay in the different preparations, is given in a
recent paper.23

Here we focus upon the kinetics of charge separation in
membrane-bound RC’s bearing mutations at the L181 and/or
M210 positions and compare our results with the detailed
analyses that have been presented by others of the kinetics of
P* decay in detergent-solubilized RC’s with the same muta-
tions.9,15,16,22,28,29Furthermore, we examine in more detail the
effects of quinone reduction on the kinetics and multiexponen-
tiality of P* decay and discuss the origin of these effects. We
will relate the multiexponential decay of P* observed in these
systems to the classical nonadiabatic electron transfer theory14,30

and discuss whether our data may be described in terms of a
distribution in the driving force∆G for the primary electron
transfer step.

Materials and Methods

Mutant Construction and Sample Preparation. The
construction of the mutants bearing changes at the M210
position to Phe, His, and Leu has been described previously.31

The changes Tyr M210f Trp and Phe L181f His were made
in a similar manner, using in the case of the latter a 0.85-kb
XbaI-SalI restriction fragment as the template for mutagenesis.
Codon changes were TTCf CAC (Phe L181f His) and TAC
f TTC (Tyr M210f Trp). The following nomenclature for
the mutant strains will be used throughout: WT, RC-only strain
with WT RC’s; YM210F, TyrM210f Phe; YM210L, TyrM210

f Leu; YM210H, TyrM210f His; YM210W, TyrM210f
Trp; YM210H/FL181H, TyrM210f His/PheL181f His
double mutant. The basis for the deletion and expression
systems used to construct mutants with an RC-only phenotype
is described in detail in ref 27. The growth of mutantRb.
sphaeroidesstrains and preparation of membranes for spectros-
copy are as previously described.31 All spectroscopic measure-
ments were performed on intracytoplasmic membranes in a
buffer containing 50 mM Tris, 10 mM EDTA (pH 7.8).
Time-Resolved Spectroscopy.Transient absorption differ-

ence spectra were measured as described elsewhere.23,32 Briefly,
the instrument consisted of a mode-locked Nd-YAG laser
(Antares, Coherent) that was used to synchronously pump a
hybrid dye laser (Satori, Coherent) with intracavity group
velocity dispersion (GVD) compensation, yielding 200-fs pulses
at 590 nm. The pulses were then amplified to an energy of 0.5
mJ/pulse at a repetition rate of 30 Hz by using a regenerative
doubled Nd-YAG amplifier and a three stage dye amplifier. The
beam was split into an excitation beam (5%), which was put
through a variable optical delay, and a detection beam (95%)
that was used to create a white light continuum by focusing the
beam into a flowing water cell. The white light continuum was
passed through a pair of prisms to compensate for GVD and
was split into two equal parts, one of which was used to probe
the excited spot in the sample and the other as a reference. Both
beams were projected onto a double diode-array detector, giving
130-nm-wide spectra. The chirp compensation was tuned to
be optimal by changing the amount of prism in the pathway of
the beam and measuring the birefringence signal of CS2 between
two crossed polarizers.32

Time-resolved spectra were measured over two spectral
regions (720-850 nm and 815-945 nm) and the GVD
compensation was optimized for both regions separately.
Tuning the GVD compensation has two disadvantages for
combining spectra from the two spectral regions. GVD
compensation was achieved by altering the amount of prism in
the probe beam, which introduced a slight time shift,∼500 fs,
of the spectral data sets with respect to one another. Further-
more, as the GVD compensation affects the path of the beam,
it can alter the profile of the white light probe-beam which, in
turn, can introduce slight variations in the overlap of pump and
probe beam (i.e., the overlap with different colors may have
changed slightly). If the chirp compensation was taken out, as
was done for measurements on a long time-scale, both effects
disappeared. The measurements were performed in a 1-mm
rotating cell to ensure that each pulse excited a new region of
the sample. The optical density of the samples of RC-only
membranes was between 0.3 and 0.25 mm-1 at 860 nm. The
excitation density was tuned to be approximately 30%, giving
rise to an absorption difference at 860 nm of approximately
0.08. Due to the relatively low absorption of the sample of
RC-only membranes, about 2000-3000 flashes were averaged
in order to obtain spectra with reasonable signal-to-noise
characteristics. Absorption differences down to approximately
0.005 could be measured accurately.
Two color pump-probe measurements of the decay of

stimulated emission from P* (920 nm) and HL- formation/loss
(680 nm) were performed by using an amplified high repetition
rate (25-250 kHz) Ti-sapphire system (Mira-Rega, Coherent).
The amplified pulse (at 800 nm) was split into two, the larger
part of which was used to create a stable white light continuum,
and the smaller part of which was passed through an optical
delay and then through the sample as the pump pulse. The
detection wavelength was selected by using band-pass filters
centered at either 920 or 680 nm. After passage through a
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monochromator to reduce scatter from the excitation pulse, the
detection beam was measured by using a photodiode, and the
signal was filtered out by using a lock-in amplifier.
In order to avoid the buildup of large fractions of RC’s in

the closed (P+QA
-) state during measurement with the high

repetition rate laser system, three incubation conditions were
employed. In the first, the acceptor quinone QA was prereduced
by adding 200 mM sodium ascorbate to the sample of RC-only
membranes, leading to recombination to the state3PHLQA

- in
approximately 20 ns followed by recovery of the ground state
after a few microseconds, by quenching of the triplets by the
carotenoids present in the RC’s. Experiments with WT RC-
only membranes showed that essentially identical results could
be obtained if QA was prereduced by using sodium dithionite.
Under such conditions we could employ repetition rates as high
as 250 kHz (4-µs interval between pulses). We also used a
combination of 500µM phenazine methosulphate (PMS) and
100µM cytochromec to keep RC’s in the open state (PHLQA)
by accelerating the rate of P+ reduction and QA- oxidation.
Under these conditions the repetition rate of the laser was set
at 25 kHz, with the RC-only membranes housed in a rotating
cell.
Global Analysis and Kinetic Fits. Analysis of the time-

resolved absorption difference spectra obtained with the 30-Hz
system was performed using a Global analysis program as
described in ref 33. To determine the number of spectrally and
temporally distinct components a singular value decomposition
was used. Compartmental models were used to analyze the data
in terms of the kinetics of the RC. The use of an all parallel
model gives rise to decay associated spectra (DAS), in which
the amplitude of each decay time is given at each wavelength.
In case of the bacterial RC, a sequential kinetic model with
four compartments yields spectra for the intermediates B*, P*,
P+HL

-, and P+QA
-. These spectra are no longer associated

with a single decay component but with a state in the kinetic
model and are referred to as species associated spectra (SAS).
In the Global analysis of the data acquired with the 30-Hz

system, the two spectral regions were analyzed simultaneously.
The instrument response is well described by a Gaussian with
parameters for location and width. A time shift was fitted
between the two spectral data sets to account for the time shift
due to GVD compensation, discussed above. Thus the model
describing the two spectral regions contained seven nonlinear
parameters: four rate constants, the width of the instrument
response, and its location for each spectral region. The DAS
or SAS are conditionally linear parameters.33

The single wavelength data recorded with the high repetition
rate system were analyzed using a nonlinear least squares fitting
program which convoluted the decay with a Gaussian profile
that described the instrument response well. A maximum of
two exponential decay terms were fitted together with a
nondecaying part, which was added to account for absorbance
changes that were constant on the time scale of the measurement
(i.e., such as those arising from P+ formation). The data were
also analyzed with a distribution of rate constants, the distribu-
tion was a Gaussian on a (natural) logarithmic rate scale (ln(k))
and is characterized by a central rate (kc) and a width (σ). Thus
the fit function is described by

Where the first term describes the distribution of log(k) and
the second term the convolution (X) of the decay with the
instrument response (i(t)), the above-mentioned Gaussian profile.

Thus the models describing a single wavelength contained three
or four nonlinear parameters: location and width of the
instrument response and either one or two rate constants or the
pair (kc, σ) describing the distribution from eq 1. The amplitudes
of the exponential terms and of the nondecaying part are again
conditionally linear parameters.
Steady-State Absorption Spectroscopy, Linear Dichroism

Measurements, and Redox Potentiometry.Room and low
temperature absorption spectroscopy, light-minus-dark difference
spectroscopy, and linear dichroism measurements were per-
formed on a laboratory-built spectrophotometer described previ-
ously.34 For measurements of linear dichroism, samples were
oriented in gelatin gels by compression along two horizontal
axes with expansion along the vertical axis. TheA| - A⊥ was
measured by varying the polarization of the measuring beam at
a frequency of 100 kHz with a photoelastic modulator and
detecting the resulting signal with a lock-in amplifier. For
measurements of light-minus-dark difference spectra the actinic
source was a continuous Ti:sapphire laser emitting at 800 nm.
Equilibrium titrations of the electrochemical midpoint potential
of the P/P+ redox couple were performed as described in ref
23.

Results

Steady-State Absorption and Linear Dichroism Spectra.
The Qy region of the room temperature ground state absorbance
spectra of membranes from the WT RC-only strain and the
YM210H and YM210F mutant strains is shown in Figure 1A.
The mutations have little effect on the position or intensity of
the absorbance band of P (at 860 nm), apart from a slight red-
shift in the YM210F mutant. In the region around 800 nm,
where the absorbance is dominated by contributions from the
monomeric Bchls, a small red-shift of the absorption maximum
was observed from 800 to 802 nm in the YM210F and YM210H
mutants, and a similar effect was seen in spectra of the YM210L,
YM210W, and YM210H/FL181H mutants (data not shown).
This shift is comparable to that reported by other groups for
isolated RC’s28,29,35 and for membrane-bound RC’s in the
presence of the LH1 antenna complex.36

In the Bphe absorbance region a large (10-20 nm) red-shift
and broadening of the 760-nm absorbance band was seen in
both mutants where the M210 residue was altered to a His
(YM210H and YM210H/FL181H). On lowering the temper-
ature to 77 K this broadened absorption band was seen to split
into two distinct bands (Figure 1b) as has been reported
previously for the YM210H mutant at 20 K.31 This splitting
of the Bphe absorbance bands has been attributed to the
formation of an H-bond between the Bphe on the active branch
(HL) and the His residue at position M210.31,37

To investigate the Qy-Bphe absorption band in more detail,
linear dichroism (LD) measurements at 77 K were performed.
The OD, LD, and LD/OD spectra of the YM210H mutant
(Figure 2A) all clearly show the splitting of the Bphe band. On
the basis of the LD/OD spectrum (Figure 2A) it would appear
that the Qy transition of the red-most absorbing Bphe-pigment
(assigned as HL) is tilted more out of the plane of the membrane
than that of HM (i.e., it makes a smaller angle with theC2 axis
of symmetry). From the spectrum we estimate that there is a
difference in the angle that the Qy transitions of HL and HM
make with theC2-symmetry axis of 4-5°. The average
orientation of the two Bphe transitions in YM210H, estimated
from LD/OD spectra, was similar to that calculated for WT and
YM210F where the HL and HM transitions are not resolved
(Figure 2B, Table 1). From this similarity we infer that the
difference of 4-5° between the transition dipoles calculated

∫-∞

∞
exp[-

(log(k) - log(kc))
2

2σ2 ]{exp(-kt) X i(t)} d log(k)
(1)
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from our data on the YM210H mutant is also present in RC’s
of the WT strain. This difference may be compared with the
value of 5° estimated from the crystal structure ofRps.
Viridis.38,39
Spectral Evolution and Rates of Primary Charge Separa-

tion. Figure 3A shows the time evolution of the absorbance
difference spectrum for RC-only membranes containing WT
RC’s, recorded by using the 30-Hz multiple wavelength pump-
probe system. The excitation wavelength of 595 nm used in
this experiment was such that all four Bchl pigments of the RC
were excited (in their Qx transitions). The principle feature in
the earliest spectrum recorded after the pump pulse were
bleaches at approximately 800 and 870 nm (Figure 3A; solid
line), which are ascribed to excitation of the monomeric Bchl
molecules and P, respectively. Following rapid (<400 fs)
energy transfer from the monomeric Bchls to P, changes in the
absorbance difference spectra were observed over the next 40
ps that are characteristic of primary charge separation. These
were the loss of the stimulated emission band on the red side
of the bleach of the P ground-state band as P* decays to P+, a
bleach of the Qy transition of HL at around 760 nm as HL is
converted to HL-, and a progressive blue-shift of the 800-nm
band of BL and BM in response to the development of the electric
field from P+ and HL-. The bleach of the ground-state
absorbance band of P and the broad, low amplitude absorbance
increase across the 720-945 nm attributed to P+ were perma-

nent on the time scale of our measurements. The spectrum
recorded 700 ps after excitation (Figure 3A; dotted line) showed
evidence of the secondary step of electron transfer from HL

-

to QA, specifically a decrease in the amplitude of the 800-nm
band-shift in response to the decrease in the strength of the
electric field as P+HL

- is converted to P+QA
- and a red-shift

of the Bphe absorbance band in response to the electric field
between P+ and QA-.
Figure 3B,C shows data for YM210H/FL181H and YM210L,

respectively. The same features indicative of primary electron
transfer were observed. Spectra recorded for YM210F,
YM210W, and YM210H were also very similar in their overall
features (data not shown).

Figure 1. Near-infrared absorption spectrum at room temperature (A)
and 77 K (B) of RC-only membranes from WT (solid), YM210F (dot),
and YM210H (dash).

Figure 2. (A) 77 K absorption spectrum (solid) of YM210H together
with LD (dash) and LD/OD (chain dot) spectra. (B) The LD/OD spectra
of WT (chain dot), YM210F (dash), and YM210H (solid) are compared.

TABLE 1: Angles of the Transition Dipoles, Estimated
from LD/OD Spectra

mutant P (860),a θ1 P (810),b θ2 B, θ3 HL, θ4 HM, θ5

wild-type 0° 53.0° 45° 71°
YM210f H 0° 54.7° 46° 72° 68°
YM210f F 0° 54.7° 45° 71°

a For the low exciton component of P absorbing at 860 nm at room
temperature the angle is fixed to 0°, based on the crystal structure.
b The high exciton component of P is perpendicular to the low exciton
component but carries only about 10% of the oscillator strength. We
find an almost magic angle (54.7°) value for the orientation due to
overlap with the B band.
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Global Analysis of the Time-Resolved Spectra. The
singular value decomposition of the time-resolved difference
spectra indicated that for each of the mutants, depending on

the time scale of measurement, three or four spectrally and
temporally distinct components were required to describe the
data. This implies a kinetic model with at least three of four
compartments. We performed a Global analysis with a sequen-
tial reaction scheme with the thus determined number of
compartments. In Figure 4 we show the SAS of the P* (solid),
P+HL

- (dashed), and P+QA
- (chain-dot) intermediates; the B*

spectrum is not shown. In the case of the YM210H mutant
(B) due to the limited time window of 12 ps the secondary
electron transfer step was not observed. Therefore in Figure
4B only two SAS are depicted. The general features of the
SAS calculated from this analysis were similar for the WT RC-
only membranes and for the mutants (Figure 4), in particular
two different electrochromic band shifts are clearly visible.
Details of the P* spectra will be considered in the Discussion.
In Table 2 column 3, we list the time constants for decay of P*
derived from the Global analysis. The values obtained are in
general agreement with time constants determined for detergent-
solubilized, mutated RC’s fromRb. sphaeroidesand Rb.
capsulatusby other groups (Table 4), with the rate of charge
separation being slowed down.
Two Color Pump-Probe Measurements of the Rate of P*

Decay. The decay of stimulated emission recorded at 918 nm
following excitation at 800 nm for RC-only membranes of the
WT and the mutants is shown in Figure 5. In these experiments
a combination of PMS and cytochromecwas used to maintain
the RC’s in an open state during measurements with the high
repetition rate laser. The higher time resolution and signal to
noise ratio of all the stimulated emission traces enabled us to
compare fits with one or two exponential decays. In most cases
a biexponential decay provided the best fit to the data (Table
5, columns 4 and 5). In Table 3 we list two sets of time
constants derived from the single wavelength data. The results
of the (unsatisfactory) monoexponential fits to the data give a
mean decay time of P* (τ) and provide a comparison to the
data acquired with the 30-Hz system. The results of the
biexponential fit to the data (τ1 andτ2) are also shown in Table
3, together with the percentage amplitudes.
From Tables 2 and 3 it seems as if the overall rate of P*

decay as measured by the monoexponential fit (Table 3) is
slower than obtained from the Global analysis (Table 2). This
is only an apparent effect and is caused by the limited time-
window of the latter data (see Discussion). The trend of a
progressive slowing of the charge separation rate in the order
YM210F, YM210L, YM210W is evident in both data sets.
A feature that is clearly evident from the data summarized

in Tables 2 and 3 is that the single wavelength data suggested
variation in relative amplitudes of the fast and slow components
in the two component fits (Table 3). In those RC’s where charge
separation was most rapid (the WT complex and the YM210H/
FL181H mutant), the slow component represented 16-17% of
the overall amplitude of P* decay. In the mutants, where the
overall rate of charge separation was slower than the WT, the
amplitude of this component represented between 37% and 63%
of the overall decay. Note that although on the basis of the
monoexponential fit the overall rate of charge separation in
YM210H was slower than in either WT or YM210H/FL181H
(5.8 ps c.f. 4.8 ps and 4.3 ps respectively), the fast component
in the biexponential fit of YM210H (2.7 ps) was more rapid
than the corresponding components in the fits for WT and
YM210H/FL181H (3.7 and 3.1 ps, respectively). This accelera-
tion in the rate of charge separation, which was also manifested
in the time constants for the slower components (7.5 ps, cf.
11.9 and 11.3 ps), was masked by a significant increase in the
relative amplitude of the slow component in YM210H (from

Figure 3. Time-resolved absorption difference spectra for WT and
two mutant RC-only membranes. (A) WT taken at 0.5 (solid), 2 (dash),
5 (chain dash), 40 (chain dot), and 700 ps (dot) after excitation. (B)
YM210H/FL181H: 0.83 (solid), 2.5 (dash), 4.2 (dot), 7.5 (chain dash),
and 11.6 ps (chain dot) after excitation. (C) YM210L: 2 (solid), 20
(dash), 40 (chain dash), 130 (chain dot), and 730 ps (dot) after
excitation.
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16% in WT to 60% in YM210H). We note that most of the
differences are probably not significant and may merely reflect
some variation in the outcome of the two component analysis.
Effect of Chemical Reduction of the Acceptor Quinones

on the Rate of Charge Separation.As an alternative to PMS/
cytochrome-c, sodium ascorbate may be used to keep the RC’s
in an active state during the two color pump-probe measure-
ments with the high repetition rate laser system. Ascorbate
reduces the acceptor quinones (QA and QB), leading to rapid
(∼20 ns) charge recombination from P+HL

- rather than slower
(100 ms) recombination from P+QA

- in untreated complexes.
In a recent paper,23 we demonstrated that chemical reduction
of the acceptor quinones leads to a slight slowing down of the

rate of P* decay in WT membrane-bound RC’s. The effect of
prior reduction of the QA quinone on the rate of charge
separation in the mutated complexes, summarized in Table 3,
was slowing in the rate of charge separation and was most
marked in the slower mutants (YM210L and YM210W).
Secondary Electron Transfer from HL

- to QA. In order
to examine the influence of mutation on secondary electron
transfer from P+HL

- to P+QA
- we used the high repetition rate

laser system to monitor the formation and decay of HL
- at 680

nm.10,11 From the Global analysis of time-resolved spectra on
a long (700 ps) time scale we have also obtained a value for
the secondary electron transfer process for WT, YM210H/
FL181H, YM210L, and YM210F. The results of these experi-

Figure 4. SAS obtained from global analysis of time-resolved difference spectra for (A) WT, (B) YM210H, (C) YM210L, and (D) YM210F
mutants. The spectra corresponding with different states in the sequential model for electron transfer are P* (solid), P+HL

- (dash), and P+QA
-

(chain-dot).

TABLE 2: Redox Potentials and Decay Times for the Primary and Secondary Reaction

mutant P/P+, mV P*,f P+I-,a t, ps I- f QA
-,a t, ps I- f QA

-,b t, ps

wild-type 495 4.5 175( 30 213( 40
YM210f H 422 3.5 300( 30
FL181f H
YM210f H 457 4.2 270( 40
YM210f F 528 24 230( 30 215( 40
YM210f L 526 36 250( 30 270( 40
YM210f W 549 250( 40
wild-type (isolated) 487 3.3 180( 40

a Time constants obtained from global analysis of transient absorption spectra.b Secondary electron transfer time measured at 690 nm under
PMS/Cyt-c conditions with a 25-kHz repetition frequency of the laser system.
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ments are summarized in Table 2 (columns 5 and 4, respec-
tively). In contrast to the results for primary charge separation,
no clear trend in the effect of the site-directed mutations on the
rate of secondary electron transfer to QA was observed and all
time constants ranged between 200 and 300 ps. Interestingly,
however, the slowest rates were found in YM210H and
YM210H/FL181H, where there is clear evidence of an influence
of the residue at the M210 position on the properties of HL,
manifested in the red-shift of the absorption spectrum of this
pigment. This may be an indication of a change in the HL/HL

-

redox potential which would alter the driving force for the
secondary electron transfer step.

Discussion

Tyr M210 occupies a key position in the RC in close
proximity to the four bacteriochlorin pigments that participate
in the primary electron transfer reaction. In the following we
will examine evidence for possible influences of this residue
on the properties of the surrounding pigments. This will be
discussed in the context of the effects that mutations at the M210
and L181 positions exert on the spectral features of the RC and
the kinetics and energetics of primary and secondary electron
transfer.
Steady-State Optical Properties of the Membrane-Bound,

Mutated RC’s. The room temperature absorption spectra of

the membrane-bound, mutated RC’s provide evidence for an
influence of the M210 residue on the optical properties of both
the accessory Bchl and Bphe in the active pigment branch. As
has been reported previously by others for detergent solubilized
RC’s, removal of the Tyr M210 induces a 2-3-nm red-shift in
the position of the absorption maximum of the monomeric Bchl
band (at∼800 nm).28,29,31,35 At low temperature, the spectrum
of the WT complex displays a distinct shoulder on the red side
of this band which has been assigned to BM

40 and which is
probably resolved as the result of an asymmetry between BL

and BM. Spectra recorded for membrane-bound RC’s of
YM210F and YM210H at low temperature lack the structure
on the 800-nm absorbance band and have a red-shifted absor-
bance maximum, consistent with a red-shift of the BL absorption
band. Similar results were obtained with YM210L, YM210W,
and YM210H/Fl181H. These observations are in full accord
with results obtained for detergent-solubilized YM210H,
YM210L, and YM210F RC’s at 20 K.31

The most striking feature of the spectra shown in Figures 1
and 2 is the splitting of the Bphe absorbance band in YM210H,
which is particularly pronounced at low temperature. This
splitting has been reported previously for detergent-solubilized
YM210H RC’s31 and for the same mutant inRb. capsulatus37

and probably arises as a result of the formation of an H-bond

TABLE 3: Stimulated Emission Decay in Membrane-Bound Reaction Centers

ascorbatec

mutant Cyt, PMS,a τ, ps Cyt, PMS,b τ1 (a1) τ2 (a2) τ1 (a1) τ2 (a2)

wild-type 4.82( 0.04 3.67( 0.12 (84) 11.9( 1.2 (16) 4.04( 0.17 (75) 13.3( 1.0 (25)
YM210H/FL181H 4.32( 0.15 3.1( 0.5 (84) 11.3( 4.5 (16)* 2.5( 0.15 (70) 11( 0.9 (30)
YM210H 5.81( 0.06 2.7( 0.4 (40) 7.5( 0.4 (60) 3.77( 0.17 (67) 17.9( 1.4 (33)
YM210F 27.7( 0.3 15.3( 1.5 (45) 38.5( 2.4 (55)
YM210L 37.9( 0.3 26.3( 2.0 (63) 65( 9 (37) 26.7( 4 (39) 103( 6 (61)
YM210W 72.5( 0.7 31.7( 3.3 (37) 97.5( 4.5 (63) 100( 7

a Analysis with single exponential decay, incubation conditions Cyt-c and PMS.b Same traces as now analyzed by using a biexponential decay.
c Analysis with biexponential decay, prereduced quinones by addition of ascorbate.

TABLE 4: Comparison of Rate of Decay of Fluorescence Emission from P* in Membrane-Bound RC’s with Published Data
on Solubilized RC’s

membrane-bound RC’sb solubilized RC’sb

mutant species sourcea monoexponential biexponential monoexponential biexponential∆Em,cmV method

wild type Rb. sph this work 4.8 3.6 (80) 12 (20) stim emiss
Rb. sph B (1995) 4.1 3.2 (85) 13 (15) stim emiss
Rb. sph N (1993) 3.5 Global anal.
Rb. sph H (1993) 2.3 (80) 7 (20) spont emiss
Rb. caps C (1991) 3.5 stim emiss
Rb. caps J (1993) 2.8 stim emiss
Rb. caps J (1993) 2.7 (72) 11 (28) spont emiss

H M210/ Rb. sph this work 4.2 2.8 (75) 9.3 (25) -73 stim emiss
H L181 Rb. caps J (1993) 4.4 -55 stim emiss
H M210 Rb. sph this work 5.8 2.5 (40) 8.2 (60) -38 stim emiss

Rb. caps C (1991) 3.7 stim emiss
Rb. caps J (1993) 3.9 -36 stim emiss

F M210 Rb. sph this work 28 15 (42) 38 (58) +33 stim emiss
Rb. sph N (1993) 11 +30 Global anal.
Rb. sph H (1993) 6.1 (42) 26 (58) spont emiss
Rb. sph F (1990) 16 (75) 70 (25) stim emiss
Rb. caps C (1991) 9.2 (80) 126 (20) stim emiss
Rb. caps J (1993) 5.4 (53) 40 (47) +11 spont emiss

L M210 Rb. sph this work 36 24 (55) 62 (45) +31 stim emiss
Rb. sph F (1990) 22 (75) 90 (25) stim emiss

W M210 Rb. sph this work 72 32 (35) 98 (65) +54 stim emiss
Rb. sph N (1993) 41 +52 Global anal.
Rb. sph S (1994) 5.1 (20) 36 (80) stim emiss

aRelevant references are: B (1995), Beekman et al. (1995);23 C (1991), Chan et al. (1991);15 F (1990), Finkele et al. (1990);18 H (1993), Hamm
et al. (1993);9 J (1993), Jia et al. (1993);28 N (1993), Nagarajan et al. (1993);33 S (1994), Shochat et al. (1994).34 b Time constants for mono- or
biexponential kinetics of P* decay with amplitudes for biexponential decays expressed as percent of total decay.cChange inEm for the P/P+ redox
couple relative to value determined for wild-type complex in the same study.
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from the histidine at the M210 position to the 2-acetyl carbonyl
group of HL.31,37

The 77 K LD and LD/OD results on WT, YM210H, and
YM210F (Figure 2) provide information on the orientations of
the transition dipoles of the RC pigments which may be related
to theRb. sphaeroidescrystal structure.38,39 It is evident from
the LD/OD spectrum of membranes of the YM210H mutant
that the Qy transition of the blue-most Bphe pigment (assigned
to HM) makes a larger angle with theC2-symmetry axis of the
sample than the Qy transition of HL. We have calculated the

angles between transition dipoles from LD/OD spectra, assuming
that the Qy transition of P lies in the plane of the membrane
(Table 1). Since the average orientation of the HL and HM Qy

bands of both WT and YM210F is similar to the average
orientation of the two Bphe-Qy transitions in YM210H, we
conclude that this difference is also present in the WT complex.
This may amongst others be a reason for the directionality of
electron transfer.
Electron Transfer from H L

- to QA. The measurements of
secondary electron transfer from P+HL

-QA to P+HLQA
- provide

Figure 5. Stimulated emission decay of P* recorded at 918 nm for RC-only mutants. The dashed curves in the plots represent the decaying part
of the fit with a distribution as given by eq 1; the parameters of the fits are given in Table 5. The insets are the residuals of the fit with a
distribution.

TABLE 5: Fit of Stimulated Emission with a Gaussian Distribution

ø2 a

mutant distribution,τ, ps σ(ln(k)) 1-exp 2-exp distribution

Wild-type τ ) 4.17( 0.07 σ ) 0.52( 0.03 0.280 0.231 0.237
YM210H/FL181H τ ) 3.5( 0.4 σ ) 0.56( 0.11 0.455 0.445 0.445
YM210H τ ) 5.1( 0.1 σ ) 0.48( 0.03 0.69 0.58 0.58
YM210F τ ) 25.6( 0.73 σ ) 0.48( 0.03 0.224 0.189 0.190
YM210L τ ) 36.0( 0.3 σ ) 0.47( 0.02 0.262 0.201 0.201
YM210W τ ) 66.7( 0.8 σ ) 0.58( 0.03 0.53 0.393 0.398
wild-typeb (isolated) τ ) 3.41( 0.06 σ ) 0.60( 0.03 0.126 0.084 0.090

a Theø2 values found for a fit to the stimulated emission data of a single exponential decay (1-exp, Table 3, column 2), a biexponential decay
(2-exp, Table 3, columns 3 and 4), and a Gaussian distribution (Table 5, column 2 and 3).b These data were presented in ref 28.
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further evidence that, in addition to exerting an effect on the
redox properties of P, mutations of YM210 also influence the
redox properties of HL. So, for example, there was an
approximately 50% slowing down of the rate of secondary
electron transfer in YM210H where, as discussed above, there
is evidence for the formation of an H-bond to the 2-acetyl
carbonyl group of HL. This effect cannot be explained in terms
of a change in theEm for P/P+ in this mutant, as this change
should affect the free energy of both P+HL

-QA and P+HLQA
-

to an equal extent. By simple analogy with the results of Allen
and co-workers,41 the creation of a new H-bond from His M210
to the 2-acetyl carbonyl of HL would be expected to raise the
Em for the HL/HL

- redox couple (by approximately 80 mV),
making HL easier to reduce and thus lowering the free energy
of P+HL

-QA. The temperature independence of the P+HL
-QA

f P+HLQA
- reaction suggests that the electron transfer reaction

is activationless in the WT RC. Therefore a decrease in the
driving force for secondary electron transfer in the mutant
complex should result in a slower rate of electron transfer,42 as
observed in YM210H.
The significant reductions in the rate of secondary electron

transfer in YM210W and YM210L may also be rationalized in
terms of an effect on the redox properties of HL, although we
have no direct evidence for this (and the optical properties of
HL in these mutants are not significantly affected by the
mutation). However, the data on theEm for P/P+ presented in
Table 1 shows clearly that, even in the absence of hydrogen
bonding effects, it is possible to modulate the midpoint potential
of P over a range of nearly 130 mV through mutation at the
M210 position. Therefore, it is entirely feasible that the
mutations in YM210W and YM210L could also result in a
change in theEm for HL/HL

-, although it is not possible to
predict whether this would be an increase or decrease on the
basis of the observed effect on the rate.
It is worth noting that the amplitude of the signal decay at

680 nm provides a measure of the fraction of RCs that have a
reduced QA under the incubation conditions (PMS/cytochrome
c) used to keep the RC’s in an open state. A population of
RC’s in which QA was reduced would exhibit a long-lived (20
ns) P+HL

- state. From the decay and the maximum amplitude
of the signal at 680 nm we can state with confidence that the
combination of PMS and cytochromec provides us with RC’s
that are maintained in an open (PHLQA) state during interroga-
tion with the high repetition rate laser, with less than 10% of
the QA quinones becoming reduced during the course of the
experiment.
Transient Spectral Properties of Membrane-Bound, Mu-

tated RC’s. The time resolved difference spectra recorded from
720-945 nm were satisfactorily described by a three or four
compartment model. This model also fits data collected
previously on both solubilized and membrane-bound forms of
the WT RC and is described in detail in a previous paper.23 In
brief, the model takes into account significant (>50%) excitation
of BL and BM in addition to direct excitation of P and rapid
(∼300 fs) energy transfer from B* to P (to form P*). The
energy transfer process is modeled as an independent component
preceding the charge separation process:

This energy transfer phase could in principle influence the
time constant of P* decay since part of the RC population has
B* as the starting state and the remainder will have P*.
However, even for the fastest RC’s the time scales of the two
processes are well separated (∼300 fs vs 4 ps) so any influence
is expected to be very small. Our analysis did not reveal the

formation of P+BL
- as a spectrally-resolvable intermediate, but

this should not be taken as an argument against the involvement
of P+BL

-. Such a state would give rise to an absorption
difference spectrum in which the ground state Qy absorbance
bands of both P and BL would be bleached, with an additional
electric field effect on the remaining pigments. However, the
bleaching of the B band on reduction is very similar to the
bleaching that occurs on the formation of B*, which in our
experiments is generated in significant quantities by the 590-
nm excitation pulse. The lifetime of B* (∼300 fs) is comparable
to that reported by Zinth and co-workers10-12 for the lifetime
of P+BL

- (0.9 ps), the maximum population of which is
predicted to be less than 20% at any time during electron
transfer. Given these facts, together with the signal-to-noise
characteristics of our data, it is likely that in our data set any
absorbance changes arising from P+BL

- will be obscured by
the formation and decay of B*.
The SAS corresponding to P* in all of the mutants (Figure

4; solid lines) showed a small but consistent negative feature
slightly to the red of the initial bleach of the B band (at
approximately 805 nm), which may be contributed to by several
processes. Due to poor signal to noise and time resolution a
small fraction of either B* or P+BL

- may be mixed in to the
fitted spectrum, which was assigned to the P* state. However,
we expect that these artifacts are very dependent on P* lifetimes.
Since we do not observe major variations over a large range of
P* lifetimes, 4-36 ps (Figure 4), we believe that this feature is
intrinsic of P*. This assumption is supported by triplet-singlet
spectra ofRb. sphaeroidesRC’s, which reveal a similar feature
with the same shape and position.43

In addition to the SAS, the Global analysis also reveals the
lifetimes of the individual states in the model and hence the
rate of charge separation in the various mutant complexes (Table
2). Comparison of these lifetimes with the single exponential
time constants for the decay of P* stimulated emission derived
from the single wavelength data (Table 3) shows that both
approaches yield very similar P* decay rates.
Rates of Primary Charge Separation in Membrane Bound

RC’s. In Table 4, we compare our findings on the rate of
primary charge separation in membrane-bound mutant RC’s with
values published by other groups for detergent-solubilized
mutant RC’s from eitherRb. sphaeroidesor Rb. capsulatus.
The values we have obtained in the present study are, on the
whole, slower than have been reported by others previously,
although as is demonstrated by YM210F, where several studies
have been made of an individual mutation, there is considerable
variation in the reported values for the charge separation rate
(Table 4). As discussed above, a large part of this variation
may arise from differences in the experimental conditions
employed in the measurement of this reaction. Other pertinent
factors are the different species studied and the different
preparations used (the RC’s examined in Finkele et al. (1990),16

for example, lacked a considerable fraction of the QA quinone).
Nevertheless, despite the existing variation in reported rates,
the slight acceleration of the rate of charge separation induced
by removal of the WT. Rb. sphaeroidesRC from the
membrane23 also seems to pertain to mutated complexes.
Experiments are currently under way to test this more directly
by purification of mutated RC’s from RC-only membranes and
from membranes prepared from antenna-containing stains. The
comparison of our biexponential decay kinetics with those
reported previously (Table 2) failed to demonstrate any sys-
tematic difference in the degree of biexponential character
between membrane-bound and solubilized RC’s (i.e., the relative
amplitudes of the slow and fast components).

B* f P* f P+HL
- f P+QA

-
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In our recent comparison of the time-resolved and steady-
state optical properties of WT membrane-bound and solubilized
RC’s,23 we discussed the acceleration seen in the rate of charge
separation on removal of the RC from the membrane (e.g., 3.3
ps, cf. 4.5 ps from global analysis) in terms of a fine tuning of
the charge separation rate as the result of small changes in one
or more of the parameters that control the rate of electron
transfer. The apparent slowing in the overall rate in membrane-
bound mutated complexes revealed by the data in Table 4 can
be accounted for in similar terms. For example, it is interesting
to see that theEm for P measured for the WT membrane bound
RC was slightly greater then for its solubilized version (Table
2). With all other things being equal, a difference inEm in the
membrane-bound complexes would be expected to result in a
smaller∆G and hence a slower rate of charge separation. We
use this small difference between the solubilized and membrane-
bound RC’s only as an example, because, as indicated above,
it is unlikely that theEm for P is the only rate-controlling
parameter that is altered in these mutants.
The Nonmonoexponential Character of P* Decay in RC’s.

The data presented in this paper confirm our earlier observations
on the WT complex,23 that the nonmonoexponential character
of P* decay does not arise from the removal of the RC from
the membrane. Alternative explanations of the nonmonoexpo-
nential decay of P* have included a mechanism in which the
slower component arises from thermal repopulation of P* from
the charge separated state,44 mechanisms involving the partici-
pation of “parking states” on the inactive branch,9 and mech-
anisms that involve two or more distinct conformational states
that give rise to different rates of P* decay.
Nonadiabatic electron transfer is described by the Marcus

equation, the simple classical form of which is

In this expression∆G is the difference in free energy between
the reactant (P*) and product (charge separated) state,V is the
electronic coupling,p and k are Planck’s constant and the
Boltzmann constant, respectively, andkcs is the rate of charge
separation. The solvent reorganization energy,λ, is the energy
required to distort the nuclear configuration of the reactant state
into that of the product state. The rate of electron transfer is
maximal when-∆G andλ are equal, i.e.,-∆G + λ ) 0. If
the relationship between ln(kcs) and ∆G is plotted, then a
parabolic curve results (termed a Marcus parabola), the steepness
of which is governed byλ. Because of the temperature
dependence ofkcs, the WT RC is thought to lie close to the top
of the parabola where the rate of electron transfer is near to
maximal.42

The∆G for primary electron transfer is the energy difference
between P* and the charge separated state, either P+HL

- or
P+BL

-, depending on the favored model for the reaction.
Changes in∆G induced by mutation will arise either from a
change in the energy of P* and/or from changes in the redox
potentials of the P/P+ couple and the HL/HL

- or BL/BL
- couple.

We can conclude from the absorption spectra of the mutated
RC’s that the difference in free energy between the ground and
excited state of P is unchanged in the mutants, and thus any
change in∆G must arise from a change in the energy of the
charge separated state. Changes in theEm for P/P+ are listed
in Table 2. However, theEm for both HL/HL

- and BL/BL
-

cannot be measured directly. In analyses of the effects of
mutation at the M210/L181 positions on the∆G for charge

separation, the simplifying assumption has been made that the
measured change inEm for P/P+ is a true measure of the change
in ∆G.22

Alternatively∆G may be estimated from measurements of
recombination luminescence in RC’s where forward electron
transfer from HL- is blocked by depletion or chemical reduction
of QA.28,44,45 Charge recombination to P* is dependent on∆G
by the amount of delayed fluorescence from the repopulated
P* state, which occurs on a different time scale to the prompt.
However, as the∆Gmeasured by this technique is that for the
reaction P* r P+HL

-, it is not clear whether this is an
appropriate measure of the actual change in free energy
associated with the initial step in electron transfer, as the
repopulation may involved a relaxed state of P+HL

-.44 Fur-
thermore, the initial step of charge separation may in fact be
P* f P+BL

-.10,11,26

In the recent work of Jia et al. (1993)22 the multiexponentiality
of P* decay was interpreted in terms of an electron transfer
reaction in which there was a spread in the∆G between the
reactant (excited) and product (charge separated) states; both
the superexchange and sequential models for primary electron
transfer were discussed. Such a distribution in∆G could arise
from a distribution in redox potentials for the P/P+ and HL/
HL

- redox couples, in the same way that a slight variation in
the conformation of the protein gives rise to inhomogeneous
broadening of, for example, the Qy absorbance band of P.46 A
distribution in free energy gaps would give rise to a distribution
in rate constants for charge separation. Of course, by the same
token a distribution of protein conformational states could also
give rise to distributions in other rate-determining parameters
(such asV andλ). For simplicity we will first assume that any
distribution in rates arises solely from a distribution in∆G.
Although it is clear from the results of redox titrations on P

(Table 1) that the mutations at the M210/L181 positions
influence the mean value of∆G for charge separation, it is less
clear whether these mutations affect a distribution in∆G (δ∆G).
Recently reported crystallographic data on RC’s from YM210F
revealed no striking differences in the structure of the protein
relative to the WT.47 Furthermore, the combination of absor-
bance and FT-Raman measurements on the various M210
mutants suggests no major changes in the environment of the
pigments or their interaction.31 If δ∆G is indeed independent
of the identity of the residues at the M210 and L181 positions,
then this would result in a distribution in rate constants for
charge separation that is rather narrow near the top of the Marcus
parabola and which gets broader on each side of the parabola.
Jia et al. have used this concept to fit their data on the effects
of mutation on the rates of P* decay in detergent-solubilized
M210/L181 mutants ofRb. capsulatusto a distribution in∆G.22
In their analysis they found that all their measurements of the
rate of P* decay could be accounted for by assuming that the
mean value of∆G is affected by the mutation, whileδ∆G is
constant, with a value of approximately 130 cm-1. The
exacerbation in the degree of nonmonoexponential character
seen in mutants with relatively large increases or decreases in
theEm for P relative to the WT (and hence in∆G) is explained
by the broader distribution in rate constants in the wings of the
Marcus parabola (ifδ∆G is constant).
Rather than analyze our data by using a distribution in∆G,

and thus make assumptions concerning which of the rate-
governing parameters are affected by protein inhomogeneities
and by the mutations, we have directly fitted our single
wavelength data on P* decay using a Gaussian distribution of
rate constants (eq 1). The variable parameters in the fit are the
central rate (k), the relative width of the distribution (σ), and

kcs) 2π
p(4πλkT)1/2

V2 exp[-(∆G+ λ)2

4λkT ] (2)
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its height. From the Marcus equation, ifδ∆G is the only
distribution that gives rise to the distribution in rate constants
and if δ∆G is constant irrespective of the mean value of∆G
(as proposed by Jia et al.22), then the value ofσ should increase
as∆G is increased or decreased relative to the value in the WT
complex.
The fits made to our experimental data using this simple

analysis were almost as good as the biexponential fits (compare
columns 5 and 6 of Table 5). The fact that one parameter less
is needed for the distributional fit makes it even more attractive.
In all cases the spread of the rates was rather broad (σ is of the
order 0.5-0.6 log units). The results of the analysis are shown
in Table 5. The main finding from our analysis is that there
does not appear to be any structural dependence ofσ with the
change in the∆G in the mutants relative to the WT (implied
from the change in theEm for P/P+; Table 1, column 1). Put
another way, our data indicate not that the distribution in rate
constants is broader at the sides of the Marcus parabola than it
is at the top but rather that the distribution is more or less the
same regardless of the position on the parabola. This is in
contrast to the analysis of Jia et al.22 described above and
suggests either that (1)δ∆G decreases as∆G increases or
decreases relative to that in the WT or that (2)δ∆G is not the
main determinant of the nonmonoexponential decay in RC’s.
The first of these explanations is rather counterintuitive, as it
would require perturbation of the system through mutagenesis
to be accompanied by less heterogeneity in the protein.
Furthermore, hole burning experiments performed on both WT
and YM210F48 did not resolve differences in the vibronic and
linewidth parameters of the primary donor. Therefore we feel
that the second explanation is the more likely. The conclusion
thatδ∆G is unlikely to be the main source of the nonmonoex-
ponential kinetics of P* decay was also arrived at by Small
and co-workers46 on the basis of hole burning studies of the
WT complex.
As yet, it is not clear why we should arrive at a different

conclusion to that reported by Jia et al. (1993).22 We are
currently investigating the kinetics of P* decay in detergent
solubilized mutant RC’s isolated fromRb. sphaeroidesRC-only
strains and from antenna-containing strains in order to inves-
tigate this point further.
In addition toδ∆G, small variations in the structure of the

RC protein could also give rise to a distribution inV, which
depends upon the edge-to-edge distance between the donor and
acceptor molecules and their relative orientations.42 A distribu-
tion in electronic couplings (δV) would also give rise to a
distribution in rates but, in contrast to a distribution in∆G, the
distribution in rates arising fromδV would be independent of
the value of∆G. We observe that the width of the distribution
in ln(kcs) is independent of the charge separation rate.
As can be seen from eq 2, ln(kcs) is linear in 2* ln(V) ()ln-

(V2)) and thus in ln(δV). If a distribution inV would be the
main contributor to the rate distribution, then ln(δV) is expected
to be independent of the charge separation rate. The electronic
coupling can be described byV ) Vo exp(-âR), with â andVo
constant. Since ln(k) ∼ ln(V) and ln(V) ∼ R, we can state that
a distribution in ln(kcs) may be directly related to a distribution
in R. Thus the observation of a distribution which does not
vary with the charge separation rate would infer that the
distribution inR, δR, is not influenced by the mutation.
Finally, we turn to the question of a possible distribution in

λ in the WT, and whether it is possible that the magnitude ofλ
is altered by mutation at the M210/L181 positions. From the
Marcus equation it can be seen that the reorganization energy
has a complex influence on the rate of electron transfer.λ is

likely to be sensitive to changes in, and small fluctuations of,
the structure of the protein around and between the pigments
involved in the electron transfer reaction. In addition,λ is
expected to rise with increasing polarity of the environment of
the redox centers involved in charge separation and hence might
be expected to be sensitive to the chemical identity of the residue
at the M210 position. Unfortunately,λ is a parameter which
may not be assessed through direct experiment, and so we have
no evidence that RC’s exhibit a distribution inλ. However, it
has been suggested recently, on the basis of the observed
response of the absorption band of BL, that the ability of the
protein to undergo relaxation in response to the reduction of
HL is altered upon mutagenesis of the M210 residue, the degree
of this alteration appearing to correlate with the extent of
modulation of the rate of electron transfer.49 This alteration
has been interpreted in terms of a change in the reorganization
energy in the mutated RC’s.
The Effects of Reducing QA on Primary Charge Separa-

tion. In accord with our recent findings on the WT complex23

we have observed that prereduction of QA leads to a slowing
of the rate primary electron transfer in the M210 mutants. The
decrease in the rate of electron transfer was most marked in
the mutant RC’s which had the slowest rates of electron transfer
(YM210L and YM210W). The most straightforward explana-
tion for the effect of QA reduction is that the negative charge
on the quinone creates an electric field which influences the
rate at which the electron is transferred from P to BL/HL. The
result of a charge on QA can be modeled by calculating its effect
on the energy levels of the charge separated states, P+BL

- or
P+HL

-, and thus the energy gap∆G. Up to this point we have
not discussed the possibility of fitting a Marcus parabola (eq
2) to the charge separation rates as a function of the redox
potential ofP,21,22where the latter is considered to be a measure
of ∆G. If we do so we obtain a value for the reorganization
energyλ of about 400 cm-1. Now assuming that reduction of
QA only decreases the energy gap,∆G, and leaves the other
parameters unchanged, we can estimate a mean value for the
change in∆G by placing the charge separation rates measured
for QA reduced RC’s on the same parabola but at lower values
for ∆G. We find an average decrease of∆G of approximately
240 cm-1 as a result of the reduction of QA.
We can further estimate the effect of a negative charge on

QA on the energy gap by calculating the Coulombic interaction
of the charge on QA on the redox potentials of the other
pigments, using the distances from the crystal structure. The
value calculated in this way should be of the same order of
magnitude as the estimated value given above. This is only
possible, using a reasonable value forεr, if we assume that the
initial charge separation process is P*f P+BL

-. In that case
a value forεr of 3.5 results in a calculated energy difference of
250 cm-1. To obtain a similar change in the value for the energy
gap of the P*f P+HL

-, as a result of the reduction of QA, an
unrealistically large value forεr of 12 is required.
The classical electron transfer model explains the dependence

of the charge separation rate on∆G reasonably well, both in
the case of changes in the redox potential of P and in the case
of prereduction of QA. However, as discussed above, to explain
the multiexponential decay of P* we cannot use a distribution
in ∆G. This is in contrast with measurements on isolated
RC’s22,50,51 and on PSII RC’s and RC-core complexes,52 in
which nonexponential kinetics could be analyzed in terms of a
distribution in∆G. Within the framework of classical electron
transfer, we may be able to explain the results in terms of a
distribution inV. As we have pointed out, this could arise from
a variability in the distance between the cofactors. Although
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we have strong indications that this may be the case,26 further
experiments should support this.
On the other hand, there are also measurements which clearly

show that dynamics occur on the time scale of electron transfer.
Recent results in the region of 1000-1600 cm-1 have shown a
very fast (∼200 fs) relaxation process upon excitation of P.53

Furthermore, on a picosecond time scale wavelength depend-
ences of the P* decay have been interpreted in terms either of
relaxation of P*28 or of a wavelength dependent charge
separation rate.26,54 Peloquin et al.44 have proposed a relaxation
of P+HL

- based on time correlated single photon timing
measurements. This model may also explain the discrepancy
between measurements of∆G using different techniques involv-
ing different time scales.28,44

The relaxation processes are expected to be a consequence
of protein dynamics on time-scales ranging from subpicosecond
through to milliseconds. Eventually this may result in a time
dependent conformational adjustment of the protein to excitation
and moving charges and may lead to a model in which the
radical pairs, P+BL

- and P+HL
-, relax in time.44 Usually it is

very hard to distinguish between a static distribution in∆G or
a relaxation resulting in an increase of∆Gwith time; however,
with these experiments we have shown that a static distribution
cannot explain the multiexponential decay of P* in the frame
of classical electron transfer theory.

Conclusions

Our results are not consistent with a distribution of charge
separation rates that arises solely from a distribution in free
energies. Furthermore, it seems unlikely that the modulation
of the overall rate of electron transfer seen in the M210 mutants
arises solely from the measured shift in the midpoint potential
for the P/P+ redox couple, as there is also indirect evidence
that shifts in the midpoint potential for the HL/HL

- couple
contribute to a change in the driving force for charge separation
in at least some of the mutants that we have examined. To our
knowledge there is no evidence that excludes the possibility
thatV and/orλ are changed as a consequence of mutation at
the M210 position, and certainly the second of these parameters
is known to be sensitive to the polarity of the medium
surrounding the redox centers that participate in the electron
transfer reaction. On the basis of a two step model for charge
separation, the slowing of the rate of P* decay seen in the
membrane-bound mutant RC’s is consistent with the predicted
effect of a negative charge on QA on the free energy change
between P* and P+BL

-. However, if electron transfer from P*
to HL is a one step reaction, then it seems unlikely that quinone
reduction modulates the rate of P* decay solely through a change
in ∆G for the reaction.
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