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ABSTRACT: In the native purple bacterial reaction center (RC), light-driven charge separation utilizes only
the A-side cofactors, with the symmetry related B-side inactive. The process is initiated by electron transfer
from the excited primary donor (P*) to the A-side bacteriopheophytin (P*f P+HA

-) in ∼3 ps. This is
followed by electron transfer to the A-side quinone (P+HA

- f P+QA
-) in ∼200 ps, with an overall quantum

yield of ∼100%. Using nanosecond flash photolysis and RCs from theRhodobacter capsulatusF(L181)Y/
Y(M208)F/L(M212)H mutant (designated YFH), we have probed the decay pathways of the analogous
B-side state P+HB

-. The rate of the P+HB
- f ground-state charge-recombination process is found to be

(3.0 ( 0.8 ns)-1, which is much faster than the analogous (10-20 ns)-1 rate of P+HA
- f ground state.

The rate of P+HB
- f P+QB

- electron transfer is determined to be (3.9( 0.9 ns)-1, which is about a
factor of 20 slower than the analogous A-side process P+HA

- f P+QA
-. The yield of P+HB

- f P+QB
-

electron-transfer calculated from these rate constants is 44%. This value, when combined with the known
30% yield of P+HB

- from P* in YFH RCs, gives an overall yield of 13% for B-side charge separation P*
f P+HB

- f P+QB
- in this mutant. We determine essentially the same value (15%) by comparing the

P-bleaching amplitude at∼1 ms in YFH and wild-type RCs.

The bacterial photosynthetic reaction center (RC)1 protein
complex contains two quinone molecules that are the means
by which the reducing equivalents produced by light-driven
charge separation are stored and shuttled out of the RC. These
two quinones (QA and QB) are situated so that they can serve
as the terminal electron acceptors on symmetry-related
cofactor chains emanating from the dimeric bacteriochloro-
phyll primary electron donor (P) (1-4). However, in the
native RC, the ultimate electron acceptor QB is reduced only
via activity of the A-side cofactors, with the B-side being
inactive (Figure 1) (5-8). The lowest excited singlet state
of P (P*) transfers an electron in∼3 ps to the bacteriopheo-
phytin acceptor (HA) via monomeric bacteriochlorophyll BA.
Subsequent P+HA

- f P+QA
- conversion takes place with a

time constant of∼200 ps and is followed by P+QA
- f

P+QB
- electron transfer on the microsecond time scale. A

cytochrome reduces P+ in vivo to re-arm the A-side primary

electron transport chain for a second round of charge
separation and delivery of a second electron to QB. This
acceptor dissociates from the RC as the quinol (QBH2), thus
performing its role as a two-electron gate. The B-side
cofactors BB and HB play no known role in the charge
separation functions of the RC.

The basic design of two quasi-symmetric branches of
potential electron-transfer cofactors is preserved in the
pigment-protein complexes of photosystem I (PSI) (9, 10)
and photosystem II (PSII) (11-14). Unlike the bacterial RC
and PSII with their unidirectional sequence of primary charge
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FIGURE 1: Arrangement of the cofactors in the purple bacterial
reaction center (4). The arrow marks the charge-separation pathway
used exclusively in the native RC.
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separation to just one set of cofactors, both electron transport
branches may be functional in type I RCs (15-17). The
analogy in the bacterial RC would be a functional P*f
P+HB

- f P+QB
- electron-transfer pathway. Mutant bacterial

RCs in which charge separation from P* to the B-side
cofactors has been elicited (18-40) offer the opportunity to
understand the origin of the differences between the rates
and the yields of A- and B-side charge separation and may
give insight into how PSI has been optimized for bidirectional
electron transfer. Ultimately, these principles can be applied
to yield a general understanding of protein-mediated electron-
transfer reactions and to the design of bioinspired artificial
systems for solar-energy conversion. Additionally, B-side
electron transfer from HB- to QB offers possibilities of
trapping and studying conformational or protonation states
that are not formed or are formed only transiently during
the normal course of two-electron and two-proton transfer
to QB in the native system (30, 37, 38).

Low yields of electron transfer along the entire B branch
(P* f P+HB

-f P+QB
-) have been reported in a number of

mutant RCs (19, 30, 31, 36-39, 41). This overall yield is
the product of the yields of P*f P+HB

- and P+HB
- f

P+QB
- reactions. From subpicosecond transient absorption

studies on theRhodobacter(R.) capsulatusYFHV mutant
(where YFH is as defined below and V denotes mutation of
Trp M250 to Val, which results in loss of QA), we recently
estimated P+HB

- f P+QB
- to have a rate constant in the

range of (2-12 ns)-1 and a yield in the range of 25-80%
(31). In the present study, we report more precise determina-
tions of the rate and yield of P+HB

- f P+QB
- electron

transfer and of the rate and yield of the competing charge-
recombination reaction P+HB

- f ground state. We have
investigated these B-side processes in RCs from the YFH
mutant of R. capsulatus(23, 30-32). This triple mutant
combines the swap of theC2-symmetry-related residues
PheL181 near BB (changed to Tyr), and TyrM208 near BA

(changed to Phe), and replacement of Leu at M212 with His,
which causes incorporation of a BChl denotedâ in place of
HA. We chose the YFH RC for this study because its 30%
yield of P+HB

- provides the best current platform for
monitoring the decay kinetics of this state and the observation
of P+QB

- formation.
Figure 2 shows the competitive processes by which P+HB

-

can decay. In addition to electron transfer to form P+QB
-

(rate constantkET) and charge separation to give the ground
state (rate constantkCR), decay of P+HB

- could produce the
excited triplet state of P (denoted PR). Formation of PR would
occur by spin rephasing within the singlet form of the radical-
pair state,1(P+HB

-), to the triplet form,3(P+HB
-), a coherent

process not characterized by a rate constant, followed by
charge recombination. Formation of PR from B-side charge
separation has not yet been reported but is inferred from
analogy to the A-side of the wild-type RC where PR is formed
during the∼10 ns lifetime of P+HA

- in ∼10% yield when
QA is prereduced and in higher yield (∼30%) if the RCs are
depleted of QA (42-44). As shown below, we find that the
yield of PR from P+HB

- in the YFH mutant is much less
than the 10% found in wild-type QA-reduced RCs. Thus, the
simplified scheme in Figure 2 shows a dashed arrow to PR

reflecting a process that we will ignore in determining the
rate constants and yields of P+HB

- f P+QB
- electron-transfer

and P+HB
- f ground-state charge recombination. These rate

constants are obtained from comparison of the lifetimes of
P+HB

- measured in the presence and in the absence of QB

in the YFH mutant. In this study, we determine both lifetimes
from nanosecond flash photolysis experiments that measure
the decay of the HB- absorption at 640 nm. This type of
measurement is technically challenging since lifetimes in the
nanosecond range are too long to be determined with
confidence with a standard picosecond transient absorption
setup using optical delay lines, which typically give data to
at most about 5 ns. Measuring the∼10 ns charge-
recombination lifetime of P+HA

- when electron transfer to
QA is blocked is similarly difficult and has been determined
principally via delayed fluorescence from P*, with a few
reports utilizing the direct transient absorption kinetic method
employed here (42-47). Since we expected the P+HB

-

lifetime to be much shorter than 10 ns based on our earlier
studies (20, 23, 26, 31), it was important to utilize a fast-
response detection system and a short excitation flash. The
small transient signals due to the 30% yield of P+HB

- formed
from P* add to the difficulty of the measurement. As a check
on the results, we also performed independent measurements
of the yield of P+QB

- from P+HB
- in YFHV RCs relative

to that from P+QA
- in wild-type RCs by comparing the initial

amplitudes of the P-bleaching decay profiles in millisecond
transient absorption experiments.

MATERIALS AND METHODS

RC Samples.All of the RCs studied here have been
described previously (18, 19, 23, 27, 30). For the nanosecond
lifetime measurements, RCs from wild-typeR. capsulatus
(not polyhistidine-tagged) and the L(M212)H mutant (both
His-tagged and untagged versions), and theR. sphaeroides
L(M214)H mutant (His-tagged) were used as controls. These
RCs were isolated using standard LDAO or Deriphat 160-C
solubilization and purification protocols with the detergent
subsequently exchanged to Triton X-100 by affinity or ion
exchange chromatography by washing with 2 L of buffer
containing Triton X-100 over a period of several hours. For
control measurements of the lifetimes of P+HA

- (in wild-
type RCs) and P+â- (in the L(M212)H and L(M214)H
mutants), QA was reduced immediately before experiments
by adding a slight excess of sodium dithionite (from a
concentrated, buffered solution) to RCs having an absorption
in the near-infrared band of P between 4 and 7 (in a 2 mm
path length cuvette; 100 mM potassium phosphate, pH 7.6/
0.05% Triton X-100 buffer). Semianaerobic conditions were
achieved by repeated cycles of displacing the air in the
cuvette above the liquid level of the RCs with nitrogen and
gentle inversion of the cuvette. This was done immediately

FIGURE 2: Kinetic scheme for decay of P+HB
- by electron transfer

to yield P+QB
-, by charge recombination to form the ground state,

and by formation of the triplet excited state of P (PR). Formation
of PR would involve spin rephasing that converts the singlet form
of P+HB

- to the triplet form followed by charge recombination.
Since we show here that PR appears to form with a yielde 5%
from P+HB

- in the YFH RC (see text), this process is ignored in
the kinetic analysis.
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before the dithionite was added and again after and the
cuvette was then stoppered. Repeat measurements on dif-
ferent days utilized fresh RCs with freshly reduced QA.

His-tagged RCs from theR. capsulatusYFH mutant
(bearing the F(L181)Y/Y(M208)F/L(M212)H substitutions)
were isolated using the detergent Deriphat 160-C to ensure
full occupancy of the QB binding pocket and were studied
in 10 mM Tris pH 7.8/0.1% Deriphat 160-C buffer (30).
Again for the nanosecond-lifetime measurements, as well
as for studies on the microsecond time scale, these RCs had
absorption between 6 and 8 at 865 nm in a 2 mmpath length
cell. Electron transfer to QB was quantitatively inhibited as
needed by addition of terbutryn (from a concentrated stock
solution in ethanol) to a final concentration corresponding
to ∼25 RC equivalents. For the measurements that compared
the magnitude of 865 nm P-bleaching on the millisecond
time scale as an independent determination of the P+QB

-

yield in YFH, YFHV and wild-type RCs, the samples had
an absorbance at 865-nm of∼0.5 in a 2 mmpath length.

Nanosecond Lifetime Measurements.The lifetimes of
P+HB

-, P+HA
-, and P+â- (according to sample) were

determined on a home-built spectrophotometer with all
measurements made at 298 K. Samples were held in a 2
mm path length cuvette with a∼25° angle between the
excitation and the probe directions. The 640-nm probe beam
was supplied by a laser diode (Thorlabs) passing in order
through a shutter (Uniblitz LS2T2), colored and neutral-
density filters, the sample, and finally a monochromator
abutted to the detector. The intensity of this probe was
adjusted with the neutral-density filters before the sample
to minimize actinic effects on the RCs while preserving a
satisfactory signal-to-noise ratio. An actively/passively mode-
locked frequency-doubled Nd:YAG laser (YG 400, Quantel)
provided 30-ps,∼3 mJ, excitation flashes at 532 nm. The
diameter of the excitation flashes at the sample was large
(∼5 mm) to ensure complete overlap with the probe and
maximal signal amplitude. The laser was operated in “single-
shot” mode with sufficient time between successive flashes
to allow full recovery of the RCs via dark adaptation. This
time ranged from a few seconds to several minutes as
appropriate for the RC sample and the experimental condi-
tions. The sequence of events was controlled by a pulse
generator (BNC 555), which fired the laser flash lamps and
controlled opening and closing of the shutter in the probe
beam. The probe shutter was opened for the minimum time
necessary for the oscilloscope sweep so as to minimize
exposure of the RCs to light.

Signals were acquired by a fast photosensor module
(Hamamatsu H6780-20), current-to-voltage amplified (Stan-
ford Research Instruments SR445 (two stages) or Hamamatsu
C5594), and recorded on a 1.5 GHz, 20 gigasample/s digital
oscilloscope (Tektronics TDS 7154), using 50Ω input and
output impedance at each stage. The overall instrument
response time was∼800 ps. Despite extensive optical
filtering and care with electronic noise, the signals at early
time often contained a contribution from a “flash artifact”
that is inevitable in these types of measurements. This
contribution was removed by subtraction of the “artifact
signal” obtained without probe light and otherwise identical
conditions. Note that the transient absorption signal at 640
nm for the HB anion in state P+HB

- is a positive∆A and is
easily distinguished from flash artifacts, fluorescence from

impurities, etc., which give signals of the opposite sign. This
is one reason we chose to probe the weak anion region
absorption decay of P+HB

-, rather than probing the larger
P-bleaching decay at∼865 nm, where the sign of the
bleaching signal (negative∆A) is the same as flash artifacts
and fluorescence (from P* or free pigments). Potential actinic
effects of the probe light also are reduced significantly at
640 nm compared to 865 nm, where the ground-state
absorption is much larger. The amplitudes of the absorbance
changes at 640 nm (typically 0.04-0.1) for states P+HB

-,
P+HA

-, and P+â- (depending on the RC) were as expected
based on transient absorption spectra obtained for the same
states in subpicosecond transient absorption studies, taking
into account the relative RC concentrations. The decay of
the triplet excited state of RuTPP(pip)2, the bispiperidine
adduct of ruthenium tetraphenylporphyrin, was used to verify
and optimize peak instrument performance at the beginning
of every data collection session. The 640-nm triplet-triplet
absorption (positive∆A) of this sample was found to decay
with a time constant of 2.3( 0.2 ns, in good agreement
with the value of 2.0( 0.2 ns found previously from
picosecond transient absorption studies (48). The analogous
bispyridine adduct RuTPP(pyr)2 was found to have a lifetime
of 16 ( 1 ns, in good agreement with the literature value of
15 ( 2 ns (48). As mentioned above, additional control
measurements utilizedR. capsulatuswild-type and L(M212)H
mutant RCs andR. sphaeroidesL(M214)H RCs with QA

prereduced, for which the P+HA
- (in wild-type RCs) and

P+â- (the mutants) lifetimes are previously determined or
anticipated to be in the range of∼1 to∼20 ns (42-45, 49-
54).

For all samples, the time profiles from 25 single laser shot
data acquisitions were collected and averaged together on
the oscilloscope, and then saved as an individual decay trace
(a “trial”). To fit “complete” data sets, 25 single-shot “flash-
artifact” signals (i.e., no probe light) were similarly averaged
on the oscilloscope and saved, and then subtracted from the
“trial” experimental data files, and the resulting decay traces
were fit to the sum of a Gaussian instrument profile plus a
single exponential plus a constant (IgorPro, Wavemetrics).
Alternatively, the same lifetimes were obtained by subtracting
the flash artifact and deleting the time points encompassing
the instrument profile, and fitting the remainder to a single
exponential plus a constant (Origin, Microcal), and this
method was used for the majority of the analyses. Five to
10 “trial” decay traces were acquired during a single day on
a freshly prepared sample depending on the length of time
required between flashes for full dark-adaptation. For each
RC, measurements were made on three to five freshly
prepared samples. The fit results of all of these trials were
averaged to give the reported values and error bars for the
lifetimes. For measurements to assess evidence for the triplet
state PR on the microsecond time scale, either the same setup
described above was employed, or an improved signal-to-
noise (but a slower∼50 ns) response was obtained by
utilizing a single stage of the SR445 amplifier with a 500Ω
input impedance (used to acquire the data in the insets to
Figure 3).

Yield of P+QB
- Determined by the Magnitude of P-

Bleaching in the Millisecond Regime.The amplitude of
ground-state bleaching of P at 865 nm was measured at∼1
ms following excitation using the experimental setup de-
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scribed above with a few minor modifications. A 100 W
quartz tungsten halogen lamp supplied the 865 nm probe
light. Again, a shutter and appropriate filters controlled the
intensity and duration of the probe light at the sample to
minimize actinic effects. Filters and a monochromator (1/4
m Jarell Ash) after the sample were employed to minimize
the stray light that reached the photosensor module detector.
The current output of the detector was input directly to a
500 MHz, 1 MΩ input of the digital oscilloscope. Typically,
5-10 single laser shot excitations were acquired and
averaged together on any one sample. Firing of the laser was
controlled manually (again with sufficient time between
successive runs to allow full recovery of the RC to the ground
state). Typically, sweeps of 10 ms/division were used to
determine the initial amplitudes of the absorbance changes
due to the formation of P+QB

- or P+QA
- (or a combination),

and longer sweeps (to 40 s/div) were used to assess the decay
kinetics.

RESULTS AND DISCUSSION

P+HB
- Lifetime Measurements.Kinetic decay profiles were

recorded at 640 nm following a 30 ps excitation flash at

532 nm. These measurements probe the absorption in the
anion band of HB (YFH RCs) orâ or HA as appropriate to
the state formed in the individual RC as indicated in Table
1. The anion of each of these pigments has a broad absorption
band extending from∼600 to∼700 nm, with HB

- peaking
near 640 nm, HA- near 665 nm, andâ- near 660 and 680
nm (23, 55). The lifetimes determined are collected in Table
1. Figure 3 (main panels) shows representative decay profiles
for YFH and wild-type RCs and fits of the data to the
instrument response plus a single-exponential plus a constant.
The wild-type and two “beta” mutant RCs listed in Table 1
served as controls for comparison, and we describe them
first. In these RCs, the lifetime of the A-side state P+HA

- or
P+â- was measured under conditions where QA was pre-
reduced by the addition of sodium dithionite. For QA-reduced
R. capsulatusL(M212)H andR. sphaeroidesL(M214)H RCs,
we find P+â- lifetimes of 4 ( 2 and 1.2 ( 0.4 ns,
respectively. The P+â- lifetime in QA-reducedR. capsulatus
L(M212)H RCs has not been measured previously but was
predicted to be roughly 1 ns based on the P+â- lifetime (210
ps) and P+QA

- yield in RCs in which QA is active (18, 52,
56), and is thought to be<5 ns because no triplet EPR signals
arising from PR are observed following P+â- decay (Laible,
P. D., unpublished observations). Previous picosecond
transient absorption studies gave a P+â- lifetime in pre-
reducedR. sphaeroidesL(M214)H RCs of 0.9 ns, ac-
companied by>95% ground-state recovery with little or no
PR formation (50, 51, 53). For QA-reduced wild-typeR.
capsulatusRCs, we find 8( 1 ns for the P+HA

- lifetime.
This is close to the range of values (typically 10-13 ns)
determined previously forR. sphaeroidesRCs with QA

prereduced, most often from delayed fluorescence measure-
ments (43, 45, 54). In some cases, somewhat longer lifetimes
have been obtained for wild-typeR. sphaeroidesRCs
depleted of QA by chemical treatment (42, 44, 49). Previous
studies of prereduced wild-typeR. sphaeroidesRCs indicate
that the∼10 ns P+HA

- lifetime reflects a combination of
ground-state recovery and formation of PR, as described
above (42-44). PR has a transient absorbance difference
spectrum (43) similar to that of the singlet excited state of
P, P* (see, e.g., refs23 and 31) and the excited states of
isolated bacteriochlorin pigments (43, 57, 58). In particular,
it has a small featureless positive absorption throughout the
500-800 nm visible region. Hence, the P+HA

- decay trace
at 640 nm in Figure 3C has a small positive asymptotic value
we assign to formation of PR. We measure a 4.5µs time
constant for decay of this transient absorption (Figure 3C
inset), which compares well with the reported PR lifetime of
∼7 µs in R. sphaeroidesQ-reduced RCs (43, 59). Although
the lack of precise values for the relative extinction coef-
ficients of P+HA

- and PR at 640 nm prevents us from

FIGURE 3: Decay kinetics of P+HB
- in YFH RCs in Deriphat 160-C

at room temperature following 30-ps 532-nm excitation in the
absence (A) or presence (B) of terbutryn, a competitive inhibitor
of QB binding, and of P+HA

- in wild-type RCs with added sodium
dithionite (C). Each data trace (solid lines) is the average of 25
single laser shot data acquisitions that have had the flash artifact
subtracted (see text). The dashed lines are fits to the instrument
response plus an exponential plus a constant with fit values of the
time constants of 2.1 ns (A), 3.2 ns (B) and 7.7 ns (C). The insets
show the kinetic profiles obtained on the microsecond time scale
for the same RCs but utilizing a slower-response lower noise
detection scheme. See text for more details.

Table 1: Lifetime Summary

sample strain additions state lifetime (ns)

YFHa R. capsulatus none P+HB
- 1.7( 0.5

YFHa R. capsulatus terbutryn P+HB
- 3.0( 0.8

L(M212)Hb,c R. capsulatus Na2S2O4 P+â- 4 ( 2
L(M214)Hb,c R. sphaeroides Na2S2O4 P+â- 1.2( 0.4
WTb R. capsulatus Na2S2O4 P+HA

- 8 ( 1
a Samples in Deriphat 160-C at room temperature.b Samples in

Triton X-100. c M214 in R. sphaeroidesis the same as M212 inR.
capsulatus, the so-called “beta” mutants.

Rate of B-Side Quinone Reduction in Reaction Centers Biochemistry, Vol. 45, No. 23, 20067317



determining the yield of PR from these data, they are
consistent with the expected low (∼10%) yield of PR. The
literature values for the P+HA

- lifetime and PR yield
(supported by our results) indicate that the rate constant for
P+HA

- charge recombination to the ground state in the native
RC is on the order of (10-20 ns)-1, as is indicated in Figure
4A.

For the YFH mutant in Deriphat, the P+HB
- lifetime is

1.7 ( 0.5 ns with QB present (Figure 3A) and 3.0( 0.8 ns
when electron transfer to QB is blocked by the addition of
terbutryn, a competitive inhibitor of QB binding (Figure 3B).
Before analyzing these results further, we discuss the
rationale behind using YFH RCs and the conditions em-
ployed. As noted in the introduction, the 30% P+HB

- yield
for the YFH RC is one of the highest obtained to date. P+HB

-

is the sole state being probed on the nanosecond time scale
in these measurements, as follows from consideration of the
photochemistry. Following excitation of P in YFH RCs that
have been isolated with the detergent Deriphat 160-C, P*
decays in a trifurcated manner: 40% undergoes internal
conversion to the ground state, and P+HB

- (on the B-side)
and P+â- (on the A-side) are both formed in 30% yield
(Figure 4B). The A-side state P+â- decays in∼180 ps via
electron transfer to QA in g90% yield, withe10% charge
recombination to the ground state. Thus, contribution of P+â-

to the transient absorption signal occurs within the response
time of the instrument and is insignificant on the nanosecond
time scale of the P+HB

- lifetime measurement. Similarly,
the P+QA

- state formed on the A-side decays either on the
microsecond time scale (by electron transfer to QB if present)
or on the millisecond time scale (by charge recombination
to the ground state if QB is absent), so the transient absorption
signal at 640 nm due to this state would not contribute to
the kinetics on the nanosecond time scale. Thus, P+HB

- is
the only state in YFH RCs that reports in the data presented
in the main panels of Figure 3A,B. It is worth noting that
this would not hold for YFH RCs in which QA was
prereduced or absent (e.g., the YFHV mutant, which lacks
QA). Excitation of such a sample would yield a roughly equal
mixture of P+HB

- on the B-side, and, on the A-side, P+â-

having a lifetime of 1-4 ns based on the data in Table 1.
The presence of this mixture of charge-separated states with
very similar lifetimes would make it essentially impossible
to determine the P+HB

- lifetime with any degree of accuracy.
The problem is avoided by having functional QA.

Unlike the data for the wild-type RC in Figure 3C, the
YFH mutant both with and without added terbutryn gives
kinetic traces that decay roughly to∆A ) 0 at∼25 ns (Figure
3A,B). The insets to Figure 3A,B also show that compared
to wild type (Figure 3C), there is only a very small signal
that may decay on the microsecond time scale. (Any small
residual negative∆A is due to the P+QA

- formed within the
instrument response by A-side charge separation.) By this
measure and in comparison to wild type, PR is formed in
the YFH mutant with a yield ofe5% in the presence of
terbutryn and even less in its absence. Because the yield is
so low (and since the formation of PR is not strictly
characterized by a rate constant), we will ignore it in
calculating the rate constants of the P+HB

- decay pathways
from the lifetime data. In this regard, the values forkCR and
kET that we obtain would be within the reported error bars
upon inclusion of even a 10% yield of PR. Thus, using the
kinetic model in Figure 2, we equate the 3.0( 0.8 ns P+HB

-

lifetime obtained for the YFH RC in the presence of terbutryn
with the rate constant for P+HB

- charge recombination to
the ground state. In other words,kCR ) (3.0 ( 0.8 ns)-1.
The 1.7( 0.5 ns P+HB

- lifetime obtained when QB is present
is given by (kET + kCR)-1 with the yield of electron transfer
φET ) kET/(kET + kCR) and the yield of charge recombination
φCR ) kCR/(kCR + kET). Hence, the values of our measured
lifetimes givekET ) (1.7 ( 0.5 ns)-1 - (3.0 ( 0.8 ns)-1 )
(3.9 ( 0.9 ns)-1, φET ) 44 ( 16%, andφCR ) 56 ( 21%.
The 44% yield of the P+HB

- f P+QB
- electron-transfer step

combines with the 30( 5% yield of P* f P+HB
- that we

have determined previously (23, 32), to predict a 13( 5%
yield of P+QB

- from B-side P* f P+HB
- f P+QB

-

conversion in the YFH RC. These results are consistent with,
and refine significantly, the relatively wide ranges of values
that we estimated previously from subpicosecond transient
absorption measurements on Deriphat-isolated YFH RCs:
kCR ) (1.5-3.0 ns)-1, kET ) (2-12 ns)-1, φET ) 25-80%,
and a total yield of P*f P+HB

- f P+QB
- charge separation

of 10-25% (31). Figure 4 summarizes some of the salient
features of the overall photochemistry of the YFH mutant
and compares them with those for the wild-type RC.

P+QB
- Yield Determination from the P-Bleaching Ampli-

tude at 865 nm.As a check on the above results, we
determined the yield of P+QB

- in YFH and YFHV RCs by
simple and direct comparison of the magnitude of long-lived
(millisecond time scale) P-bleaching at 865 nm relative to
that obtained for wild-type RCs. The various samples were
carefully matched to have the same ground-state absorption
at the 865 nm probe wavelength (see Materials and Methods),
with small differences in absorption (10% or less) taken into
account in analysis of the results. All the RCs used were
isolated with Deriphat 160-C to ensure full occupancy of
the QB site. The goal of these experiments was to measure
independently the overall yield of P+QB

- via the B-side and
thereby verify the 13% yield determined from the lifetime
measurements presented above. This measurement also
affords a check on the ratio of the rate constantskET and
kCR, and on the 30% yield of P+HB

- from P* taken from
our previous measurements. Figure 5 shows representative
data. As before, the data were collected following a single
30-ps excitation flash at 532 nm. The use of a short 30-ps
excitation flash eliminates “recycling” of the photochemistry
that would occur (for some RCs and conditions) due to decay

FIGURE 4: Summary of the primary photochemistry in (A) wild-
type and (B) YFH RCs in Deriphat 160-C at room temperature
determined from previous studies and those presented here. The
rate constants and yields of P* decay are somewhat different for
each RC in LDAO (23, 32).
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of the charge-separated intermediates (P+HB
-, P+HA

-, P+â-)
to the ground state on the nanosecond time scale, followed
by re-excitation within the duration of a longer flash. The
use of 30 ps flashes reduces but does not completely
eliminate potential recycling that could occur for a fraction
of P* that decays to the ground state in competition with
electron transfer to the B or A branches (e.g., the P* lifetime
in YFH RCs is∼15 ps). If recycling were significant, we
would expect the apparent yield of P+QB

- from these
measurements to be skewed to higher values than that
obtained from the time-resolved studies.

The yields of charge separation in column 4 of Table 2
are obtained by comparing the magnitude of 865-nm bleach-
ing of the mutant RC to that of wild-type RC at∼1 ms
(values in column 2 of Table 2). We will consider each RC
in turn and compare the current results with the results
obtained from previous work and those given in the previous
section. The YFHV RC contains the W(M250)V mutation
(tryptophan M250 changed to valine) that prevents binding
of QA (19, 30). In these RCs, a long-lived charge-separated
product can be only P+QB

- as formed by B-side electron
transfer. As is seen in Figure 5A, the magnitude of P
bleaching in YFHV RCs is∼15% that of wild type, directly
determining a yield of P+QB

- in YFHV RCs of 15( 3%.
This is in excellent agreement with the 13( 5% yield
determined above from analysis of the P+HB

- decay kinetics

and an initial∼30% yield of P+HB
- in the YFH or YFHV

RC (determined in ref32). When terbutryn is added to YFHV
RCs (Figure 5B), there is no long-lived bleaching of P, as
expected. This follows from the discussion given above for
YFHV RCs, wherein both P+HB

- and P+â- formed from
P* decay on the nanosecond time scale (lifetimes of 1.7 and
4 ns, respectively) and leave no bleaching of P on the
millisecond time scale of the data shown in Figure 5.

The data obtained with the Deriphat-isolated YFH mutant
RCs also fit consistently with our analysis. Again, we refer
to our earlier work showing the products of P* in Deriphat-
isolated YFH RCs to be a 40( 5% yield of internal
conversion to the ground state, and 30( 5% yields of both
P+HB

- and P+â- (32). Thus, in YFH RCs, the magnitude of
P-bleaching recorded in Figure 5A should be the sum of the
30 ( 5% yield of electron transfer to QB that comes via the
A-side, plus the amount that comes via the B-side (15(
3%). From data such as those shown in Figure 5, we
determine a total yield of 57( 7% (Table 2), which is
slightly higher than the 45( 8% expected (but within
experimental error). Similarly, in the YFH RC with terbutryn
added (Figure 5), the bleaching magnitude should reflect
solely the yield of the A-side electron-transfer product
P+QA

-. This is found to be 40( 8% and again is only about
10% higher than the product of the 30% yield of P+â- and
g90% yield of P+â- f P+QA

- taken from our previous
work. Overall, these results are consistent within the
experimental error of the various measurements.

A related interesting point, again pertaining to charge
separation to the A-side in YFH RCs, is our previous finding
of slightly different yields of the decay pathways of P* when
the protein is solubilized in LDAO as compared to Deriphat
(23, 31, 32). For LDAO-purified YFH RCs, there is a much
smaller loss via initial P*f ground state (10% or less), with
again a 30% yield of P+HB

- formation and the remaining
60-70% giving charge separation to the A-side (P+â-). As
a check on this difference in the primary stage of YFH
photochemistry, we also examined the initial amplitudes of
the charge-separated states at∼1 ms for LDAO-isolated YFH
RCs and found a magnitude of P-bleaching that is about 60%
that of the wild type (data not shown). This bleaching
amplitude reflects P+QA

- formation from P+â- with no
additional contribution of P+QB

- formed via the B-side, since
the RCs lose QB upon solubilization with LDAO and we
made no attempt to reconstitute it. This experiment verifies
the difference in branching ratios for the P* decay pathways
that we reported previously for the YFH mutant depending
on the detergent used for initial RC purification.

Factors Influencing the Decay Characteristics of P+HB
-.

Previously, we have discussed a number of likely architec-
tural and energy-related contributions to the electronic and
Franck-Condon factors for the P+HB

-f P+QB
- electron

transfer and P+HB
- f ground-state charge-recombination

processes that may differ from those for the analogous A-side
reactions (23, 31). We will not reiterate these or present
related possibilities here. However, it is useful to consider
that the B-side in the YFH mutant is essentially identical to
that of the wild-type B-side in terms of the amino acid
environments of HB and QB. In principle, the rate of the
P+HB

- f ground-state reaction and perhaps the rate of the
P+HB

- f P+QB
- reaction could be influenced by the

presence of the “Y” mutation F(L181)Y near BB, which

FIGURE 5: Initial amplitudes of the P-bleaching decay profiles (A)
and P+QA

- decay profiles in the presence of∼25 equivalents of
terbutryn (tb) (B) at 850 nm for RCs in Deriphat 160-C at room
temperature following excitation with a 30 ps flash at 532 nm. For
YFHV RCs with added terbutryn, there is no signal because both
quinones are absent; terbutryn occupies the QB binding site and
QA is not bound due to the W(M250)V mutation.

Table 2: Relative Yields of P+Q- States

samplea
865-nm P bleaching
observed at∼1 msb

state
formed

% yield
relative to
wild type

wild type -0.365 P+QB
- 100%

YFH -0.210 P+QB
- 57 ( 7

YFH + tbc -0.146 P+QA
- 40 ( 8

YFHV -0.055 P+QB
- 15 ( 3

YFHV + tbc 0 n.a. 0( 2
a Samples in Deriphat 160-C at room temperature.b Bleaching

magnitude measured following excitation with a 30 ps flash at 532
nm. c tb, terbutryn.
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should lower the free energy of P+BB
-. This shift would

bring this state closer to P+HB
- than it is in the wild-type

RC, increasing thermal or quantum mechanical mixing
between these states.

Let us first consider the potential effect of the increased
mixing between P+BB

- and P+HB
- in the YFH mutant RC

compared to the situation on the wild-type B-side. We can
glean insights from our prior studies on A-side mutants in
which the free energy gap between the A-side charge-
separated states (P+BA

- and P+HA
- or P+â-) is decreased

and mixing between them increased (50-53, 56, 60). The
result is that the rate of electron transfer to QA is altered
(reduced) by less than a factor of 2. Extrapolating this
observation to the B-side would imply that, other things being
equal, P+HB

-f P+QB
- electron transfer in the YFH RC

would be within a factor of 2 of the∼(200 ps)-1 rate constant
in the wild-type RC. Since we found here a much smaller
rate constant of (3.9 ns)-1, there must be other significant
differences in structural/energetic factors for this process
compared to the analogous A-side reaction P+HA

-f P+QA
-

in the native RC. One potential contribution is the presence
of a tryptophan residue between HA and QA (Trp M250) that
is absent in the symmetry-related position between HB and
QB (Phe L216). Initial studies on RCs incorporating a Trp
at L216 indicate that itreducesthe binding affinity of QB

(30).
Increased mixing between P+BB

- and P+HB
- in the YFH

mutant RC compared to the wild-type RC [due to the
F(L181)Y mutation] could have a more significant effect on
the rate constant for P+HB

-f ground-state charge recom-
bination. Again, this view is based on the observations for
mutants in which HA is replaced by a bacteriochlorophyllâ
(50-53, 56) and related RCs having altered A-side free
energy gaps (61-64). For example, the increased free energy
of P+â- (compared to P+HA

-) and consequent increased
thermal/quantum mixing with P+BA

- has been proposed to
underlie the increased rate of charge recombination, from
(10-20 ns)-1 for P+HA

- in the wild-type RC to∼(1-3 ns)-1

for P+â- in the â-containing mutants [R. sphaeroidesL-
(M214)H andR. capsulatusL(M212)H]. The P+HB

- charge
recombination rate in theR. capsulatusYFH mutant RC is
comparable to that for P+â- in the L(M212)H mutant (Table
1). This finding suggests that decreased free energy gap
between it and P+BB

- in the YFH RC (due to the stabilizing
effect of the F(L181)Y mutation on P+BB

-) may enhance
P+HB

- charge recombination compared to the situation on
the B-side in the wild-type RC. Future studies using the
techniques employed here will test this hypothesis in mutant
RCs in which the energy gap between P+HB

- and P+BB
- is

modulated.

CONCLUSIONS

We have determined that the rate of P+HB
-f P+QB

-

electron transfer is (3.9( 0.9 ns)-1, which is about 20-fold
slower than the∼(200 ps)-1 rate of P+HA

-f P+QA
- electron

transfer. We find that the rate of the P+HB
-f ground-state

charge-recombination reaction is (3.0( 0.8 ns)-1 in the YFH
RC, which is much faster than the (10-20 ns)-1 rate for the
P+HA

-f ground-state charge-recombination reaction in the
native RC. Whereas the competitive rate constants on the
A-side of the wild-type RC effectively suppress the P+HA

-f

ground-state process and support 100% yield of fast P+HA
-f

P+QA
- electron transfer, B-side P+HB

-f P+QB
- electron

transfer occurs with a yield of∼45% in the YFH mutant
RC. It is not surprising that P+HB

-f P+QB
- electron transfer

does not occur with∼100% yield since this is not a
functional process of the native RC requisite for photoau-
totrophic growth of the organism. The function of QB is to
receive two electrons from reduced QA in successive
turnovers of the RC photochemistry and dissociate from the
RC as the quinol (QBH2). The work presented here and
previously demonstrates that not only is P*f P+HB

- charge
separation suppressed in the native RC, but any P+HB

- that
might be produced is not optimized for subsequent charge
separation to form P+QB

-.
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