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ABSTRACT: Symmetry-related branches of electron-transfer cofactorssinitiating with a primary electron
donor (P) and terminating in quinone acceptors (Q)sare common features of photosynthetic reaction
centers (RC). Experimental observations show activity of only one of themsthe A branchsin wild-type
bacterial RCs. In a mutant RC, we now demonstrate that electron transfer can occur along the entire,
normally inactive B-branch pathway to reduce the terminal acceptor QB on the time scale of nanoseconds.
The transmembrane charge-separated state P+QB

- is created in this manner in aRhodobacter capsulatus
RC containing the F(L181)Y-Y(M208)F-L(M212)H-W(M250)V mutations (YFHV). The W(M250)V
mutation quantitatively blocks binding of QA, thereby eliminating QB reduction via the normal A-branch
pathway. Full occupancy of the QB site by the native UQ10 is ensured (without the necessity of reconstitution
by exogenous quinone) by purification of RCs with the mild detergent, Deriphat 160-C. The lifetime of
P+QB

- in the YFHV mutant RC is>6 s (at pH 8.0, 298 K). This charge-separated state is not formed
upon addition of competitive inhibitors of QB binding (terbutryn or stigmatellin). Furthermore, this lifetime
is much longer than the value of∼1-1.5 s found when P+QB

- is produced in the wild-type RC by
A-side activity alone. Collectively, these results demonstrate that P+QB

- is formed solely by activity of
the B-branch carriers in the YFHV RC. In comparison, P+QB

- can form by either the A or B branches
in the YFH RC, as indicated by the biexponential lifetimes of∼1 and∼6-10 s. These findings suggest
that P+QB

- states formed via the two branches are distinct and that P+QB
- formed by the B side does not

decay via the normal (indirect) pathway that utilizes the A-side cofactors when present. These differences
may report on structural and energetic factors that further distinguish the functional asymmetry of the
two cofactor branches.

Dual branches of electron-transfer cofactors are now
regarded as common features in reaction centers (RCs)1, the
protein-cofactor complexes that perform the primary reac-
tions in the conversion of photon energy into charge-
separated states in photosynthetic organisms. Although
controversy exists as to whether one or both of these branches
of electron carriers can be active in a particular photosystem,
it is clear that only one branch is active in the RCs from
purple non-sulfur photosynthetic bacteria. Seventeen years
after the solution of the structure of the bacterial RC (1),
the crystallographic observation of two potential sets of
electron transfer cofactors in light of the experimental

observations that show activity of only one of them remains
an enigma.

In wild-type RCs, the identical sets of cofactors are
designated A and B, and only the A branch of cofactors is
used for rapid stepwise electron transfer through the protein-
cofactor complex to establish a stable charge separation of
30 Å across the lipid bilayer. The cofactors include a
specialized dimer of bacteriochlorophyll molecules (P) that
serves as the primary electron donor, two monomeric bac-
teriochlorophyll molecules (BA and BB), two bacteriopheo-
phytin molecules (HA and HB), two quinone molecules (QA
and QB), and a non-heme iron atom (Figure 1). In the
structures of the RCs fromBlastochloris Viridis (1) and
Rhodobacter(R.) sphaeroides(2-4), the A and B branches
of cofactors are related by an axis of approximate 2-fold
symmetry that also extends to the transmembrane helices of
the homologous L and M subunits to which the cofactors
are bound. In the native photosynthetic membrane, energy
transfer from the light-harvesting I complex (LHI) results
in formation of P*, the lowest singlet excited state of the
dimer. Transfer of an electron to HA, via BA, then occurs in
∼3 ps. The P+HA

- state decays in∼200 ps by forward
transfer of an electron to form P+QA

- (5), followed by
formation of P+QB

- in 1-200 µs (6-8). Following two
successive turnovers of QA, QB becomes doubly reduced and
acquires two protons that are transported from the cytoplasm
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through the protein matrix to the buried QB site. QBH2

diffuses from the RC and is replaced by oxidized UQ10 from
the intermembrane pool. The rates at which the charge-
separated states P+QA

- and P+QB
- recombine (kQAP andkQBP,i,

respectively) differ by at least 1 order of magnitude in wild-
type RCs. The P+QB

- state decays by charge recombination
in ∼1-1.5 s, depending upon pH, whereas the lifetime of
the P+QA

- state is∼100 ms when forward electron transfer
to QB is blocked (as reviewed in refs9 and10).

No photobleaching of spectral features assigned to BB or
HB is observed in wild-type RCs indicating that these
cofactors are not active as electron carriers (for reviews see
refs11and12). It is not known whether the B-side cofactors
are vestigial, whether they play an important role in
maintaining the overall RC architecture, or whether the
differentiation of the two pathways was selected during
evolution of the photosynthetic apparatus. Likewise, the
factors that lead to the observed unidirectional electron flow
are only beginning to be understood. Asymmetries in the
protein are thought to give rise to both differences in free
energies of the charge-separated states and in the electronic
couplings between the cofactors on the active and inactive
branches. The extent to which electronic factors complement
demonstrated effects of energetics in governing directionality
is one focus of work in the field (12-27).

The cofactors of the B branch can be coaxed into
participating in light-induced electron-transfer reactions by
using photochemical trapping conditions (14), high photon
energies or fluxes (28, 29), or site-specific mutagenesis (18,
24, 26, 30-35). Substantial B-branch primary electron
transfer has now been conclusively demonstrated in RCs of
R. capsulatusandR. sphaeroideswhere protein engineering
has been used to manipulate the relative energy levels of A-
and B-side cofactors (18, 24, 26, 30, 31, 34). In general, the
amount of B-side electron transfer is smaller in RCs ofR.

sphaeroideswhen compared to RCs ofR. capsulatus
harboring the equivalent mutations (33).

Recently, the primary charge separation processes inR.
capsulatusRCs bearing the F(L181)Y-Y(M208)F-L(M212)H
mutations (YFH) were reported (26). The L181Phe-M208Tyr
pair of symmetry-related residues represents a conserved
asymmetry that contributes to the differentiation of the in-
active and active branches of cofactors, respectively (Figure
2; refs16, 19, 20, and36-49). Reversal of the asymmetry
produces an RC in which the Y(M208)F substitution is
thought to raise the free energy of P+BA

- (placing it very
close to or slightly above P*; Figure 3) such that electron
transfer along the A branch of cofactors is less favorable.
Similarly, the F(L181)Y substitution is suggested to lower
the free energy of P+BB

-, thus promoting electron transfer
via the B branch of cofactors. The L(M212)H mutation pro-
vides a Mg ligand near the binding site of HA (Figure 2), re-
sulting in the incorporation of a bacteriochlorophyll molecule
(designatedâ). This substitution slows electron transfer to
the A branch and opens a convenient spectral window in
the 500-580 nm region for monitoring electron transfer to
the B-branch cofactor HB. The combination of mutations in
the YFH RC causes branching of photochemistry from P*
to yield approximately 30% electron transfer to HB.

FIGURE 1: Pathways within the bacterial photosynthetic reaction
center for forward electron transfer (solid) and charge recombination
(dashed). Cofactors are labeled as described in the text and are
displayed as found in the 2.7 Å X-ray structure of theR. sphaeroides
reaction center (4). The forward rate of electron transfer from QA
to QB represents that for transfer of the first electron [normally
depicted askQAQB (1)]. This study does not involve transfer of the
second electron to QB [kQAQB (2)].

FIGURE 2: Structural positions of the substituted amino acids in
engineered reaction centers of this study, in relation to the A-branch
and B-branch cofactors (4).

FIGURE 3: Schematic diagrams showing relative energy levels of
charge-separated states and pathways for charge separation and
competing reactions that lead to long-lived P+Q- signals in wild-
type and mutant RCs of this study. The double-headed arrows on
some states reflect uncertainty as to whether these states are slightly
above or slightly below P*.
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Earlier experiments that have probed for evidence of
electron transfer from HB- to QB utilized RCs in which the
initial yield of P+HB

- formation was at most one-half of the
30% obtained in the YFH RC (30, 35). These experiments
were also complicated by the fact that QB is loosely bound,
and historical LDAO-based purification protocols yielded
samples in which most of the RCs had unoccupied QB

binding pockets (50, 51). Thus, excess ubiquinone was added
to reconstitute the QB site. However, reconstitution methods
often fail to do so quantitatively and reproducibly, particu-
larly (in our experience) at the high RC concentrations
needed to carry out ultrafast transient absorption measure-
ments in parallel with the slower kinetic studies to uniformly
probe the formation and decay of P+QB

-. Furthermore,
kinetic studies have indicated that structural changes in the
QB binding domain occur upon its reconstitution with
exogenous quinone (7). Experiments to monitor secondary
electron transfer via A-side cofactors do not suffer from
similar challenges because QA is bound more tightly and is
quantitatively retained during purification of RCs having a
native QA binding pocket (52, 53).

We have combined some of the RC properties that are
necessary to allow unambiguous demonstration of secondary
B-side electron transfer leading to QB reduction in designing
the YFHV mutant RC reported here. The population of
P+QB

- that forms in the YFH RC would be expected to be
a mixture of that formed solely from B-side cofactors and
that formed from A-branch electron-transfer involving P+QA

-

as its precursor, if indeed both secondary electron transfer
pathways are active. By incorporating the W(M250)V
mutation that quantitatively blocks binding of QA, we
eliminated the formation of P+QB

- via the normal A-branch
pathway. To achieve full occupancy of the QB site by the
native UQ10 and avoid the necessity of its reconstitution by
exogenous quinone, RCs were purified with a new protocol
that employed a mild detergent, Deriphat 160-C. We present
results that demonstrate conclusively that the B-branch
pathway operates in this sample to reduce the terminal
electron acceptor QB on the time scale of nanoseconds. The
lifetime of the resulting P+QB

- charge-separated state is>6
s (at pH 8.0, 298 K). This long-lived signal is lost with the
addition of competitive inhibitors of QB binding (such as
terbutryn or stigmatellin) that block formation of P+QB

-. The
properties of this P+QB

- state, formed solely by activity of
the B-branch carriers, are compared to the properties of
P+QA

- and to those of P+QB
- formed by the normal activity

of the A-branch cofactors in the native or less extensively
modified RCs. These results demonstrate unequivocally that
the B-side electron-transfer pathway is capable of creating
a productive, long-lived charge separation that spans the
membrane.

EXPERIMENTAL PROCEDURES

Mutant Construction.Plasmids and strains used in this
study are listed in Table 1. The code used to identify the
mutant residues in the RCs is as follows: Y) F(L181)Y; F
) Y(M208)F; H ) L(M212)H; and V ) W(M250)V.
Construction of the F(L181)Y-Y(M208)F-L(M212)H triple
mutantsYFHswas described previously (26). The W(M250)V
mutation was introduced via site-specific mutagenesis (Cha-
meleon kit, Stratagene) of a wild-type M gene subcloned
into pBS- (Stratagene). Correct candidates were identified
by loss of aHaeII site at M250, and the mutation was further
confirmed by dideoxy sequencing according to instructions
from a kit (Sequenase 2.0, United States Biochemical). The
mutation encoding the Val at M250 was linked with the other
two changes in the FH-mutant M gene by replacement of a
wild-type BstEII-BamHI fragment with the equivalent
fragment from the W(M250)V mutant plasmid, screening
again for the loss of theHaeII site at M250. To generate the
YFHV mutant RC ofR. capsulatus, this mutant M gene was
coupled to the L gene carrying the F(L181)Y mutation.

Mutant L and M genes were returned to thepuf operon in
derivatives of broad-host-range plasmid pU2924 (54) for
expression inR. capsulatus. These derivatives, designated
pUHTMluBgl or pUHTMluBgl:R-, contained a sequence
encoding a C-terminal hepta-histidine tag that had been added
to the gene for the M subunit (P. D. Laible and D. K. Hanson,
unpublished experiments). Plasmid pUHTMluBgl:R- carried
a mutation in thepufA gene (His32 f Arg; ref 55) that
prevented formation of the LHI complex. In addition, the L
and M genes in these two plasmids were marked with silent,
unique restriction site tags (MluI at codons L144-L145,BglII
site at codons M86-M87) facilitating shuttling of the mutant
genes into these plasmids. Mutant L genes were subcloned
into these plasmids asHindIII-KpnI fragments, and mutant
M genes were introduced asKpnI-BamHI fragments. The
swaps were confirmed by loss of theMluI and/or BglII
restriction sites.

Broad-host-range plasmids carrying mutant RC genes were
transferred fromE. coli donor strain S17-1 (56) to R. cap

Table 1: Plasmids and Strains Used in This Study

plasmid or strain description source

Plasmids
pUHTMluBgl broad-host-range plasmid carrying wild-typepufoperon; L and M genes marked with

silentMluI andBglII sites, respectively; pU2922 derivative (54); ApRKmRTcR
this study

pUHTYFH F(L181)Y-Y(M208)F-L(M212)H mutations; pUHTMluBgl derivative; ApRKmRTcR this study
pUHTYFHV F(L181)Y-Y(M208)F-L(M212)H-W(M250)V mutations; pUHTMluBgl derivative; ApRKmRTcR this study
pUHTFHV Y(M208)F-L(M212)H-W(M250)V mutations; pUHTMluBgl derivative; ApRKmRTcR this study
pUHTMluBgl:R- pUHTMluBgl derivative carrying His32 f Arg mutation that prevents assembly of LHI complex (55);

wild-type RC genes; ApRKmRTcR
this study

pUHTYFH:R- F(L181)Y-Y(M208)F-L(M212)H mutations; pUHTMluBgl:R- derivative; ApRKmRTcR this study
pUHTYFHV:R- F(L181)Y-Y(M208)F-L(M212)H-W(M250)V mutations; pUHTMluBgl:R- derivative; ApRKmRTcR this study
pUHTFHV:R- Y(M208)F-L(M212)H-W(M250)V mutations; pUHTMluBgl:R- derivative;ApRKmRTcR this study

Strains
E. coli
S17-1 recA pro hsdRRP4-2-Tc::Mu-Km::Tn7 ref56
R. capsulatus
U43 puc puf:: ΩStR/SpR; recipient for above broad-host-range expression plasmids ref57
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sulatusdeletion strain U43 (LHI-LHII -RC-; ref 57) by con-
jugation, and transconjugants were selected on RCV medium
(58) containing kanamycin (30µg/mL). Strains were rou-
tinely propagated onSuperRCVPY medium (33) under chemo-
heterotrophic conditions in the dark (34°C), in the absence
of selection for RC function.

Purification of Reaction Centers.RCs were purified
typically from 2 L cultures ofR. capsulatusstrains. Cells
were harvested, then washed and resuspended in a minimal
volume of buffer 1 (10 mM Tris, pH 8.0, 100 mM NaCl).
The cell suspension was sonicated in the presence of DNase
and lysed by passage through a French press. Following low
speed centrifugation (25 000g, 10 min) to remove cell debris,
the lysate was treated in the following manners, depending
on the detergent used for extraction:

(A) Deriphat 160-C.Lysates of cells lacking the LHI
complex (expressed from derivatives of pUHTMHBgl:R-)
were diluted in buffer 1 to anA800 ) 1. A 30% solution of
Deriphat 160-C was added dropwise with stirring to a final
concentration of 1%. [Deriphat 160-C (30% solution) and
Deriphat 160 (solid) were generous gifts of Cognis Corpora-
tion, Hoboken, NJ]. The solution was stirred at room
temperature for 1 h, and remaining membrane fragments
were removed by ultracentrifugation (240 000g, 1.5 h). The
membrane extract was bound in batch mode by incubation
with Ni-NTA agarose resin (Superflow, Qiagen, Inc.;
Valencia, CA) that had been equilibrated with buffer 2D (10
mM Tris, pH 8.0, 0.1% Deriphat 160-C, 50 mM NaCl). Ten
mL of resin was used per liter of cell culture, and the
suspension was incubated on an inverter for 1 h at 4°C.
The membrane-resin solution was then transferred to a
column, and the bed was washed with buffer 2D until the
A280 of the eluate dropped below 0.1. His-tagged RCs were
eluted from the column with buffer 3D (10 mM Tris, pH
8.0, 0.1% Deriphat 160-C, 100 mM NaCl, 100 mM imida-
zole). Pure RCs were washed with buffer 4D (10 mM Tris,
pH 8.0, 0.1% Deriphat 160-C, 100 mM NaCl) using a spin
concentrator (Ultrafree Biomax; Millipore; Bedford, MA)
with a 50 kDa cutoff filter in a centrifuge operating at 2000g
to dilute serially the imidazole from the samples and
concentrate them for transient absorption spectroscopy.

(B) LDAO.Lysates of cells containing both LHI and RC
complexes (expressed from derivatives of pUHTMHBgl)
were diluted in buffer 1 to anA875 ) 10 and warmed to 30
°C. Imidazole was added (5-10 mM), and LDAO (30%
solution, Fluka) was introduced dropwise, with stirring, to a
final concentration of 1%. The solution was incubated at 30
°C with agitation for 10-15 min, and remaining membrane
fragments were removed by ultracentrifugation (240 000g,
1.5 h). The membrane extract was bound in batch mode by
incubation with Ni-NTA agarose resin that had been
equilibrated with buffer 2L (10 mM Tris, pH 7.8, 0.05%
LDAO). Four mL of resin was used per liter of cell culture,
and the suspension was incubated on an inverter for a
minimum of 30 min at 4°C. The membrane-resin solution
was then transferred to a column, and the bed was washed
with buffer 2L until theA280 of the eluate dropped below
0.1. His-tagged RCs were eluted from the column with buffer
3L (10 mM Tris, pH 7.8, 0.05% LDAO, 40 mM imidazole).
Pure RCs were washed with buffer 2L and concentrated as
described above.

Quinone Reconstitution.Concentrated stock solutions of
UQ6 were prepared in 10 mM potassium phosphate buffer
(pH 8.0) containing 0.8% Triton X-100, and full occupancy
of the QB site was obtained by the addition of 30 equiv of
quinone. Terbutryn stock solutions were prepared in 10 mM
potassium phosphate buffer (pH 8.0) containing 0.5% Triton
X-100, and the number of equivalents needed for>95%
inhibition of QB binding was titrated (vide infra). Optimal
incorporation occurred in RC samples containing 100 mM
NaCl and required heating of the concentrated stock of
quinone or inhibitor to∼50 °C in a water bath or microwave
prior to its addition to the RC sample. After thorough mixing,
the sample was incubated at 28°C for 20 min to promote
full incorporation. The final concentration of Triton X-100
was kept below 0.05% to reduce the risk of denaturing RCs
or partitioning of the quinone (or inhibitor) into detergent
micelles instead of protein.

µs f s Spectroscopy. The lifetimes of long-lived charge-
separated states were determined on a laboratory-designed
single-beam spectrophotometer. All measurements were
made at 298 K. The 860 ((5) nm measuring beam was
supplied by a 100 W quartz-halogen lamp passing through
a monochromator. The intensity was reduced with a series
of neutral density filters to minimize actinic effects while
preserving acceptable signal-to-noise levels (S/N; vide infra).
Rates of P+Q- f PQ charge recombination were measured
by recording, on a digitizing oscilloscope (TDS 3012B,
Tektronics), the intensity of the bleach of the ground-state
band of P at 865 nm as a function of time following exci-
tation with a 7-ns 532-nm 90-mJ pulse from a Q-switched
frequency-doubled Nd:YAG laser (DCR-3, Spectra-Physics).
Samples (typical volume of 200µL) were placed in a cuvette
with a path length of 2 mm placed at 45° relative to the
excitation and probe pulses. Excitation of the sample was
controlled by manually triggering the laser Q-switch. The
repetition rate of data acquisition was varied depending on
the transient lifetimes of the P+Q- states; it never exceeded
one per minute and was often less than one per five minutes.
To allow complete recovery of the ground state, a shutter in
the measuring light path blocked the beam and its actinic
effects in the time between data acquisitions. Data are
reported for concentrated (∼20 µM) RC samples matching
the conditions that are typically used for ultrafast experi-
ments, laying groundwork for such experiments that we will
report elsewhere (59). However, several measurements were
made with more dilute RCs (1-3 µM RCs, the typical
concentration found in the literature for studies of the P+Q-

states), with similar results. Three types of samples were
routinely examined: (1) Deriphat-purified RCs taken directly
from column chromatography, (2) LDAO-purified RCs with
added quinone (30-40 UQ6 equiv, sufficient to reconstitute
the QB binding pocket), and (3) both types of RCs with added
inhibitor. For quantitative inhibition, terbutryn or stigmatellin
(500 µM; 25 equiv) were added for determination of the
P+QA

- lifetime in the absence of forward electron transfer
to QB.

Considerable effort was spent on the design/modification
of the ultraslow apparatus for these experiments with
concentrated RC samples. The S/N ratio of long-lived P+Q-

kinetics was maximized while minimizing the detrimental
actinic effects of the measuring light during the long time
of data acquisition (in some cases up to 2 min). For wild-
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type RCs with fully occupied QB sites, the measuring beam
could only be attenuated to levels where signals at>10 s
following excitation weree14% of pre-trigger levels while
preserving S/N at acceptable levels (Table 2).

While performing terbutryn titration experiments, it be-
came obvious that the observed actinic effects scaled with
the activity of the RCs in forming P+Q- states; effects were
especially prevalent in wild-type RCs. As inhibitor concen-
tration increased, the actinic-induced bleach, at long times,
was dramatically reduced (Figure 4, inset). With sufficient
terbutryn, the actinic effects were quantitatively eliminateds
suggesting that the P+QB

- state was the prime contributor
to the residual signal and that the P+QA

- state of significantly
shorter lifetime was less of a problem. The actinic effect

also could be reduced by mutation (e.g., W(M250)V;
Table 2).

In our analysis of the data, we chose not to correct for the
actinic effects that we observed (Table 2) because the actinic
signal was impossible to predict, and was not reproducible
in control experiments less the pump pulse and linear
approximation corrections resulted in nonexponential kinetic
profiles. Therefore, we fitted the uncorrected, long-lived
P+Q- signals. We estimate that the error in the lifetimes is
no more than 15%; this error has no impact on the
interpretations given below. Where applicable, we report the
amplitude of the long-lived actinic signal for every measure-
ment that was carried out in the absence of inhibitor. The
initial P+Q- signal amplitudes that we observed in this
experimental configuration are not significantly perturbed
by the actinic effect since the measuring beam had little time
to elicit its influence promptly after the shutter in the probe
beam was openedsespecially as signal amplitudes were
always extracted from initial data recorded on a 40 ms/div
time base.

The calculated∆A was fitted to a single- or double-
exponential function plus a constant using the nonlinear curve
fitting routines built into the software package Origin
(Microcal Software, Inc.). In most cases, kinetic traces were
fitted individually, but lifetimes of states reported include
averages over measuring replications and data acquisition
at different time bases of the digitizing oscilloscope.

RESULTS AND DISCUSSION

Mutant Design.The residues that were substituted and their
structural positions relative to the cofactors (4) are shown

FIGURE 4: Effect of terbutrynsa competitive inhibitor of QB bindingson the relative amount of the fast phase of charge recombination of
P+Q- states in wild-type RCs. In subsequent experiments, 25 equiv of terbutryn were used to prevent formation of P+QB

-. The reduction
in the amplitude of an actinic effect of the measuring light can be observed in samples containing increasing amounts of terbutryn (inset).

Table 2: Lifetimes and Yields of P+Q- States in Various Mutant
RC Purified Using the Detergent Deriphat 160-C (Unless Otherwise
Noted)

Recombinationa

strain name P+QA
- (ms) P+QB

- (s)
yieldb of P+QB

-

(%; 298 K)

yieldc of
actinic

signal (%)

WT (LDAO) 90 1.3 ∼80 12
WT 90 1.5 100 13
YFH 80 0.8 (60%) 79 6

6.1 (40%)
YFHV not obs >10 32 3

a Not obs ) no signals seen for this reaction.b (3% error, not
including recycling phenomenon discussed in the text.c Amplitude of
the constant extracted from the nonlinear analysis of the ultraslow
kinetic data (expressed as percentage of the full bleach of the wild
type) from LDAO-purified RCs in the presence of quinone or Deriphat-
purified RCs following affinity chromatography. Actinic signals were
absent in inhibited RCs.
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in Figure 2. Our goal was to construct a mutant RC in which
B-branch electron-transfer yielding P+QB

- could be observed
unambiguously. Therefore, we needed to combine mutations
that were known to (a) enable activity of B-branch cofactors,
(b) clear the Qx region of the spectrum such that charge-
separated states involving B-branch cofactors could be readily
observed and assigned, and (c) quantitatively disable forma-
tion of P+QB

- via A-branch electron transfer.

The substitutions in the YFH mutant RC accomplish all
but the third goal (c). While the F(L181)Y-Y(M208)F-
L(M212)H mutations cause a significant decrease in the yield
of P+QA

- in this RC (26), 100% of that state can be
converted to P+QB

- by subsequent forward electron transfer.
To eliminate formation of P+QB

- via A-branch cofactors,
we targeted residue M250Trp (M252 inR. sphaeroides) for
mutagenic replacement. This residue is in van der Waals
contact with HA and QA and has been suggested to function
as a conduit for electron transfer between these two cofactors
(60). Its mutation to Val has been shown to result in
quantitative loss of QA from RCs ofR. capsulatus(61) and
R. sphaeroides(62, 63). Previous studies suggested that no
significant structural change occurred with a variety of
substitutions at this site since all of the mutant RCs were
capable of performing light-induced charge separation if
enough quinone was added (64). Binding of QA was reduced
most substantially by mutation of Trp to Glu, Val, and Arg;
it was shown that theKD for MK0 in the valine mutant RC
rose from the wild-type value of<1 to 240µM (64).

LDAO is widely used for the purification of RCs; however,
we investigated several milder detergentssincluding Deriphat
160-Csafter finding that LDAO was often too harsh for the
purification of some RCs that carry multiple engineered
mutations. During a 1-h incubation at room temperature, a
1% solution of Deriphat 160-C is so mild that it is incapable
of dissociating the LHI complex from the RC in membranes
that carry both complexes. The same conditions, however,
could be used successfully for extraction and purification of
RCs from membranes of strains that were devoid of light-
harvesting complexes. Therefore, the wild-type and mutant
RCs of this study that were Deriphat-purified were expressed
from genes that were subcloned into apuf operon carrying
a mutation in thepufA gene (His32 f Arg; ref 55) that
prevents assembly of the LHI complex (Table 1).

Ground-State Absorption Spectra.Absorption spectra
recorded at room temperature are shown in Figure 5 for the
RCs used in this study. The use of 1% LDAO for the
extraction of RCs from the intracytoplasmic membrane
causes a shift in the lowest energy band of P from its native
position at 870 to 850 nm. It was shown previously that the
spectral shift in the position of the P band is due to changes
in the electronic structure of the dimer that are presumably
caused when native charged phosholipids of the cell mem-
brane that interact with P are replaced by detergent molecules
(51). The difference in the electronic structure of P is
reflected in ENDOR spectra that show an increase in the
asymmetry of the spin distribution over the two bacterio-
chlorophyll molecules (PA and PB, Figure 1) of the dimer
(65, 66). Use of the milder detergent Deriphat 160-C for
solubilization of membranes yielded wild-type and mutant
RCs in which the P band remained at the native 870 nm
position.

The â phenotype is clearly exhibited in all strains
containing the M212Leuf His substitution (YFH, FHV,
and YFHV) and is characterized by a higherA800/A870 ratio
than in the wild type, an asymmetric monomeric bacterio-
chlorophyll band at∼800 nm because of the presence of
the absorption band ofâ at ∼780 nm, loss of the Qx
absorption band of HA at 545 nm, and an increase in
absorption in the Qx region ofâ (∼590 nm). The F(L181)Y
and Y(M208)F mutations have minimal effects on the
ground-state spectra (47), and no effects of the W(M250)V
mutation are visible.

Deriphat-Purified RCs QuantitatiVely Retain QB. Because
of the differences between the expected rates for P+QA

- and
P+QB

- recombination (reviewed in refs9 and10), we chose
to characterize P+Q- recombination kinetics as a probe for
formation of P+QB

- via B-side electron transfer in our series
of mutant RCs. It has long been known that the QB site is
unoccupied in the majority of RCs present in a sample
purified with a relatively high concentration (1%) of LDAO
(50, 51). The transient kinetics shown in the inset of Figure
6 (solid symbols, wild-type RCs) reflect a mixture of long-
lived and short-lived P+Q- states that is characteristic of such
a sample. The data were best fitted with two exponentials.
The majority of the signal disappears with a lifetime of∼100
ms, and thus is consistent with recombination of the short-
lived P+QA

- state. The remaining 30% of the charge
recombination occurs with a time constant of∼1.5 s, and
this process is assigned to recombination of the relatively
long-lived P+QB

- state (in the fraction of RCs containing
QB). Reconstitution of the QB site with UQ6 changes the

FIGURE 5: Spectra of purified mutant reaction centers, normalized
at either 850 (LDAO) or 870 nm (Deriphat), and displaced for
comparison. Note the relative positions of the lowest energy band
of P [∼850 nm in LDAO-purified RCs;∼870 nm in Deriphat-
purified RCs (arrows)] and the differences in spectral features at
780, 760, 590, and 545 nm that are associated with theâ phenotype
(see text).
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kinetics such that>80% of the signal decays with the longer
time constant of∼1.5 s that is characteristic of P+QB

- charge
recombination.

In contrast, a single-exponential fit of the transient kinetics
displayed in the main graph of Figure 6 (solid) shows that
the use of Deriphat 160-C for the extraction and purification
of RCs yields a preparation that is characterized solely by
the long-lived∼1-1.5 s process (see also Figure 7A). The
addition of a second exponential component did not signifi-
cantly improve the fit as judged by the reducedø2 and the
distribution of residuals. Thus, the QB site is fully occupied
in these RCs as taken directly from an affinity column.
Unlike the LDAO-purified RCs, the addition of UQ6 has no
effect on the time scale of the charge recombination kinetics

in this sample (Figure 6, open symbols). It is likely that the
small reduction in amplitude is due to the loss of some RC
activity during the treatment that utilizes large amounts of
detergent and heating to 28°C during quinone incorporation.
Rates of P+QB

- recombination in Deriphat- or LDAO-
purified wild-type RCs ranged from 1.3 to 1.5 sswell within
the bounds of previously published values (reviewed in refs
9 and67). While it has been shown that the rate of P+QA

-

charge recombination can vary because of detergent-induced
changes in the electronic structure of P (51, 65, 66), this
was not observed here (Table 2). We also note that the
difference in the position of the near-infrared band of P
(Figure 5) has not affected the P+QB

- charge recombination
rate constant.

Terbutryn Titration. Assignment of transient kinetics to
the formation or recombination of P+QB

- is validated by a
demonstration that these signals disappear with the addition
of a competitive inhibitor of QB binding (e.g., terbutryn).
Deriphat-isolated wild-type RCs containing fully occupied
QB sites were titrated with increasing amounts of terbutryn
to determine the concentration necessary for complete
inhibition of P+QB

- formation in a sample having no
exogenous quinones. As is shown in Figure 4,∼90% of the
P+Q- signal decays on the ms time scale with the addition
of 50 µM terbutryn (∼2.5 equiv). Complete inhibition of
P+QB

- formation is achieved with 500µM terbutryn (25
equiv), and this concentration was used for subsequent
experiments. This amount of terbutryn was also effective at
inhibiting samples to which UQ6 had been added previously
(not shown). Rates of P+QA

- recombination recorded after
the addition of terbutryn to the wild-type and YFH RCs were
similar to those reported in the literature (roughly 100 ms;
Table 2, Figure 4 inset, Figure 7B,D).

FIGURE 6: Effect of quinone (UQ6) addition on the amplitudes and
lifetimes of P+Q- states in the wild-typeR. capsulatusRC isolated
using either Deriphat 160-C (main panel) or LDAO (inset). The
concentration of RCs was∼20 µM.

FIGURE 7: Kinetic profiles and yields of P+Q- states in Deriphat-purified wild-type (A and B), YFH mutant (C and D), and YFHV mutant
(E and F) RCs ofR. capsulatus. The concentration of RCs was∼20 µM. The amplitudes of the signals observed for the mutant RC samples
( inhibitor include contributions from a number of factors, as discussed in the text.
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Identification and Assignment of Transients.In native RCs
of R. capsulatus, decay of P+QB

- by charge recombination
normally proceeds via an indirect pathway that involves
P+QA

- (kQBP,i; Figure 1)sa state with which it is in
equilibriumsfollowed by activationless decay of P+QA

- to
the ground state (kQAP; refs68and69). An alternative, direct
route of P+QB

- charge recombination (kQBP,d; Figure 1),
which involves electron transfer through the B-side protein
matrix, predominates when the free energy gap between the
P+QB

- and P+QA
- states is increased by, for example,

mutagenesis, low pH, or quinone substitution (68, 70-73).
The rate of the P+QB

- f PQB reaction occurring via the
direct route has been shown to be at least 5-10 times slower
than that of the indirect route; this rate (kQBP,d) varies with
pH from ∼10 s-1 at pH 6.0 to∼4 s-1 at pH 10.0, as does
the amount of the P+QB

- state that decays via this mechanism
(71). The direct route is the dominant pathway for charge
recombination in site-specific mutants in which the free
energy of the P+QB

- charge-separated state has been lowered
by several tens of meV (70, 72), or the free energy of P+QA

-

has been raised by a comparable amount (73).
We now discuss more fully the results obtained with

Deriphat-purified mutant RC samples taken directly from
column chromatography (see Figure 4). The QB sites in these
RCs remain fully occupied. For the reasons delineated above,
the fact that P+QB

- charge recombination kinetics can be
measured without quinone reconstitution is of significant
utility to this study; it is probably even more important for
ultrafast experiments that monitor directly the HB

- f QB

electron-transfer reaction in the same RC samples (59).
The YFHV mutant RCs showed a sustained P bleach of

extremely long duration (Figure 7E) that is lost with the
addition of terbutryn (Figure 7F) or stigmatellin (not shown).
The decay time of this transient is significantly longer than
that observed for a similar state in the wild-type RC (Figure
8). Thus, we assign this long-lived signal in the YFHV
mutant RC to P+QB

- formed through the B-side electron-
transfer cofactors (Figure 1) based upon its long-lived nature
(>6 s) and its disappearance in the presence of inhibitors. If
P+QB

- had been formed from P+QA
- in the YFHV mutant

RC (e.g., if the M250V substitution had not quantitatively
blocked QA binding), then the latter state would also have

been available for the indirect decay pathway of P+QB
-,

affording a charge recombination time of 1.3-1.5 s, as was
seen in the wild-type RC (Figure 7A); instead, we observe
a P+QB

- lifetime of >6 s, more in keeping with a direct
pathway not involving (and not requiring the presence of)
QA. Furthermore, if electrons were transferred to QB from
QA

- in these mutant RCs (e.g., again if some QA were present
despite the M250V substitution), then addition of an inhibitor
of QB binding should have resulted in a short-lived (∼100
ms) P+QA

- charge recombination signal as is observed in
the control RCs (Figure 7B,D). In contrast to the transients
observed in wild-type and YFH mutant RCs, no short-lived
(s or ms) signals are observed in the YFHV RC upon addition
of inhibitor, as is emphasized by the time scale of the data
presented in Figure 7. Thus, no transient signals assignable
either directly to P+QA

- or to the involvement of this state
in the formation or decay of P+QB

- are observed in RCs
harboring the W(M250)V substitution.

The most complicated kinetics that we observed belong
to the QB-occupied RC of the YFH mutant. The kinetics from
the YFH RC are biphasic with lifetimes of∼1 s (60%) and
∼6-10 s (40%). YFH mutant RCs are capable of transferring
electrons to QB via both the A and B branches of cofactors;
thus, the sole, long-lived (>6 s) signal observed in YFHV
RCs (where QA is absent) must also be a part of the time
profile in the YFH mutant RCs. On this basis, we assign the
phase with a lifetime of 6-10 s to direct charge recombina-
tion of P+QB

- (kQBP,d) in the population of YFH RCs in which
this state formed via the B-side pathway. Since its time
constant matches that seen in the wild-type RCs, the phase
with a lifetime of ∼1 s is then assigned to indirect charge
recombination of P+QB

- (kQBP,i) in the population of RCs in
which this state formed via the A-side pathway. These
assignments require the RCs to have “memory” as to the
path by which the state was formed. We thus have strong
evidence that P+QB

- formed via B-side electron-transfer
recombines without involving the P+QA

- intermediate even
though the latter state (as well as QA) is present. Conversely,
P+QB

- formed via the A-pathway recombines more rapidly
using the indirect pathway (Figure 1). Other interpretations
are rendered less likely based on the combination and
consistency of (1) the recombination kinetics described
above, (2) the relative amplitudes of the associated P+Q-

signals (vide infra), and (3) the branching ratios for the decay
routes of P* and intermediates forming the P+Q- states (from
fs studies on the same RCs, ref59).

Complex P+QB
- decays are commonly seen in wild-type

RCs (74-76) and indicate heterogeneities in structural and
energetic factors that influence the rate of the indirect charge
recombination reaction. The direct route for P+QB

- charge
recombination predominates in wild-type RCs under condi-
tions of low pH and in mutant RCs in which P+QB

- is
modestly lowered in free energy relative to P+QA

- (70, 72).
In the YFH RC studied here, it seems likely on the basis of
the two distinct kinetic components that two phases indeed
reflect utilization of both the indirect and the direct routes
that relate to different properties of P+QB

- formed via the
two branches. Following this logic, for the population of YFH
RCs in which P+QB

- forms via the B branch, this state may
lie sufficiently far below P+QA

- in free energy that the
indirect route is inoperable. The conclusion that P+QB

-

formed via the B branch does not utilize P+QA
- for

FIGURE 8: Kinetic profiles of recombination of long-lived P+QB
-

states in the wild-type (solid circles) and YFHV mutant (open
circles)R. capsulatusRCs.
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recombinationsalthough P+QB
- produced from the A branch

doesscan be potentially understood on energetic grounds,
but structural aspects may also apply.

This situation could be achieved by relaxation events (such
as conformational changes, proton uptake, etc.) that can occur
during reduction of QA, during QA

- f QB electron transfer,
or after this reaction. These processes may stabilize P+QA

-

and/or destabilize P+QB
- so the two states are rendered

sufficiently close in free energy for the indirect pathway for
P+QB

- charge recombination to function. In this scenario,
such relaxations would not occur (or a different set of
relaxations may occur) if P+QB

- forms from the B branch
instead, leaving this state sufficiently below P+QA

- so that
only the direct pathway (not using the P+QA

- state) would
be operable. Similarly, processes occurring upon formation
of P+QB

- by either branch may have structural consequences
influencing the distance between QA and QB

- and thus the
rate of the indirect route. It should be noted that conforma-
tional changes and protonation events accompanying the
formation and decay of the P+Q- states in the RC have been
observed and discussed (e.g., refs7, 8, and77-84), and some
of these may contribute to the new observations that we have
made here on the YFH RC. We will briefly return to this
issue in the concluding remarks.

Estimated Yield of the HB- f QB Electron-Transfer
Reaction.Forward electron transfer processes are extremely
efficient in wild-type RCs. Initial charge separation reactions
that aggressively separate positive and negative charges
across a distance that spans 30 Å sacrifice energy for rate
and quantum yield. At every branched step, the rate constant
for forward electron transfer exceeds the rate constant for
charge recombination by at least an order of magnitude. The
yields of P+Q- states in wild-type RCs approach unity (5);
thus, we have assumed the yield of P+QA

- and P+QB
- in

wild-type RCs to be 100% in this study (Figure 7A).
Qualification of Estimated Yields.While we report esti-

mated yields below, exhaustive comparison of the yields of
P+QB

- formed in the mutant RCs is not possible because of
the potential for variable amounts of sample recycling that
may occur during the∼7-ns FWHM excitation flashes. Many
decay processes within a mutant RC return the complex to
its ground state such that it can receive a second excitation
within the duration of the laser pulse. Of primary concern
for YFH and YFHV mutant RCs is the rapid deactivation
process (Figure 2) whereby P* can return directly to the
ground state in 100-200 ps (26, 59). In addition, charge
recombination of P+â- or P+HB

- (kHBP; Figure 1) on the ns
time scale also contributes to recycling. The result is that
long-lived states such as P+QB

- accumulate to a higher
population than is reflective of the true quantum yield that
would be obtained during a single turnover of the RC.
Nonetheless, we can derive useful estimates for the yield of
P+QB

- from these measurements for later comparison with
the values obtained in fs studies on the same RC samples
that directly probe the HB- f QB process (59).

Estimated Yields of P+QB
- Formed by B-Branch Electron

Transfer in YFHV RCs.To assay secondary, forward electron
transfer, we compared directly the amplitude of P bleaching
associated with P+QB

- in the wild-type RC to that observed
in the YFHV mutant RC. Our specific interest was the
efficiency of forward electron transfer from P+HB

-. In
Deriphat-purified YFHV RCs, we observed long-lived signals

with amplitudes of∼30% of that of the wild type (Figures
7A,C). This amount of P+QB

- (formed solely via the B
branch) can be compared to the yield of 30-35% for P+HB

-

determined by ultrafast spectroscopy with LDAO-purified
YFH RCs (26) and Deriphat-purified YFHV RCs (59) to
obtain an estimate of∼85-100% for the yield of HB- f
QB electron transfer. As discussed above, this value for
YFHV mutant RC is likely to be high because of significant
recycling.

P+Q- Formation in YFH Mutant RCs.In the YFH RC,
P+QB

- forms via both A- and B-side electron-transfer
pathways (Figure 3B), with consequent biphasic recombina-
tion kinetics (vide supra) having respective relative contribu-
tions of 0.6 (∼1 s phase) and 0.4 (6-10 s phase). The A
side still functions when QB is inhibited with terbutryn and
gives the transient signal expected for P+QA

- charge
recombination (vide supra). These changes in the kinetics
of the recovery of the 860-nm P bleach upon the addition of
terbutryn to Deriphat-purified YFH RCs taken directly off
the affinity column are accompanied by a dramatic, but
expected, reduction in the amplitude of P+Q- signals
(compare Figures 7C,D). In assessing this signal reduction,
we note that the amplitude without terbutryn (79% of the
signal from wild-type RCs) and with terbutryn (51% of the
signal from wild-type RCs) are both governed by the
interplay of the competing decay routes of P* and of the A-
and B-side intermediates (P+â- and P+HB

-) in giving P+QA
-

and P+QB
- (delineated in ref59) plus partial recycling

through these shorter-lived states. The latter effect is common
to the two samples (YFH RCs( terbutryn), so that the 28%
drop in amplitude seen in YFH RCs with inhibitor can be
attributed to the loss of P+QB

- formed via the B pathway.
This value is in good agreement with the B-branch yield of
P+QB

- of 32% estimated above of the YFHV RC.
We note that there is internal consistency in the signal

amplitudes/yields associated with the various processes in
the set of samples: (1) The amplitude of the signal observed
in YFHV RCs (32% of the signal seen in wild-type RCs)
equals the amplitude of the slow phase observed in terbutryn-
treated YFH RCs (0.4× 79%) 32%), both reflecting P+QB

-

decay by the direct route; (2) the amplitude lost by addition
of terbutryn to YFHV RCs (32%) is approximately equal to
the amplitude lost by addition of terbutryn to YFH RCs
(28%), both reflecting P+QB

- formed solely via the B branch;
and (3) the amplitude of the fast phase in YFH RCs (0.6×
79% ) 48%) is comparable to the amplitude of the only
phase observed in terbutryn-inhibited YFH RCs (51%).

Because of recycling, the 28% yield of P+QB
- for the YFH

RC, like the similar value for YFHV RC, must be considered
an overestimate. However, taken at face value, a 28% yield
as compared with a quantum yield of 30-35% for P+QB

-

obtained from the ultrafast measurements on the LDAO-
purified YFH RC (26) and Deriphat-purified YFH and YFHV
mutant RCs (59) would suggest an average P+HB

- f P+QB
-

yield of 85%. Such a value is at the upper end of the 50(
30% range obtained from the ultrafast studies (59), which is
in good agreement considering that the value from the
ultraslow measurements is an overestimate and taking into
account the associated error in the yield from the ultrafast
study.

Although recycling during the relatively long∼7-ns
excitation flashes used for the present study limits our ability
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to draw firm quantitative conclusions on the P+QB
- yield

from these studies alone, these experiments were designed
taking this limitation into account. We established conditions
to (1) provide signals of sufficiently high amplitude and
quality for kinetic analysis and for accurately probing the
affects of inhibitors, and (2) utilize identical sample condi-
tions (concentrations, path length, etc.) involving the new
mutant RCs and fully QB-occupied RCs that would be used
for ultrafast measurements (where the P+HB

- f P+QB
-

reaction is directly probed). The aim of the ultraslow studies
reported here was to demonstrate unequivocally that P+QB

-

forms from B-branch transfer, and the results described above
show that this goal has been achieved successfully. It should
be noted that ultraslow measurements can be designed to
minimize recycling complications by using 30-ps excitation
flashes (for example), although such measurements can suffer
a degradation in signal amplitudes and averaging capabilities
because of laser characteristics (energy, stability, and repeti-
tion rate). We have previously carried out such measurements
and found lower apparent yields of P+QB

- formed via
B-branch cofactors in mutant RCs than were obtained using
the longer flashes (30). However, these experiments utilized
a different series of mutant RCs than that studied here, and
the samples were purified with LDAO and, thus, required
QB reconstitution, with all the attendant complications (7).
In those previous studies, we found that mutant RCs with a
native QB binding pocket gave an estimated yield of 60-
70% for electron transfer from HB- to QB, and the yield of
this reaction appeared to increase substantially after mu-
tagenic modification of the QB binding pocket to lower the
free energy of P+QB

- (30).
Rate of HB

- f QB Electron Transfer.For the purpose of
discussion, if we combine a yield for electron transfer from
HB

- to QB of ∼85% from the ultraslow amplitude data
described above (known to be an overestimate) or a mean
value of ∼50% from the ultrafast measurements to be
reported shortly (59) along with a reasonable P+HB

- charge
recombination time constant of 1-10 ns (kHBP), then the time
constant for P+HB

- f P+QB
- is likely on the order of several

ns. These considerations suggest that B-branch electron
transfer from HB

- to QB is significantly slower than the
corresponding A-branch electron transfer from HA

- to QA,
which occurs in∼200 ps. Although there are many possible
contributions to potential differences in rates of secondary
electron transfer on the two branches, one difference is that
the B branch does not feature a Trp residue positioned
between HB and QB; the symmetry-related counterpart to
M250Trp on the A side is L216Phe on the B side. In RCs
of bothR. capsulatus(61) andR. sphaeroides(63), replace-
ment of A-side residue M250Trp with Phe (M252 inR.
sphaeroides) slowed the rate of HA- f QA electron transfer
4-5-fold to ∼0.9 ns-1. Thus, the absence of a Trp between
HB and QB may make a significant contribution to the slow
HB

- f QB electron transfer. We have attempted to probe
this effect directly by substituting a Trp for the native Phe
at L216, but further analysis is required to sort out issues
that have arisen2.

Structural and Energetic Factors Influencing ActiVity of
the Quinones. Much speculation has been made recently of
the functional significance of variable binding sites for QB

that are observed in the structures of wild-type and mutant
RCs (4, 85-88). The position of QB is most dramatically

different in the structures of wild-type RCs that were derived
from crystals that were frozen under continuous illumination
(light structure) versus crystals that were frozen in the dark
(dark structure; refs85 and88). In the light structure, QB is
located in a position that is proximal to the iron-ligand
complex, closest to QA. In the structure that was obtained
from crystals frozen in the dark, QB is bound in a position
that is more distal to QA and the iron-ligand complex. The
QA

- f QB electron-transfer reaction (kQAQB; Figure 1) is
independent of driving force and is known to be conforma-
tionally gated (89-91)swhen RCs are in the optimal
conformation, forward electron transfer occurs at a more
rapid rate than it does in RCs that are in a sub-optimal
conformation. In native RCs, the formation of P+QA

- is the
trigger that induces these conformational changes to set the
RC for rapid delivery of the electron to QB. Subsequent
proton uptake events further stabilize the P+QB

- state such
that its lifetime is at least 10-fold longer than that of the
P+QA

- intermediate (reviewed in refs9, 10, and80).

Movement of QB into the proximal site was suggested to
represent at least a portion of the conformational change that
allows rapid forward electron transfer from QA

- to QB (85,
88), but other evidence says proton uptake is involved (83,
84). We note that formation of P+QB

- in the YFHV RC
occurs in the absence of any events that are initiated by
formation of the P+QA

- state since QA is quantitatively absent
in this mutant RC. The driving forces for formation of P+QB

-

via the two pathways are expected to be quite different. If
electron transfer from HB- to QB can be viewed as being
analogous to A-side formation of the P+QA

- state, this B-side
reaction should be thermodynamically favorable. Thus, the
conformational gating or energetic relaxation events that are
known to accompany and enable formation of P+QB

- via
the A-side pathway may not be needed.

Our data cannot say where the quinone is located within
the QB binding pocket of the YFH or YFHV RCs. Mutations
near the quinones have been shown to affect the binding
site preference of QB (87, 92). In fact, QB occupies the
proximal site in the structure of anR. sphaeroidesRC
carrying the M260Alaf Trp substitution in the QA site;
thus, in lieu of a structure we cannot predict the effect of
the W(M250)V mutation (near QA) on the position of QB in
the YFHV RC. We note that if any movement of QB into a
proper site is required for the HB- f QB electron-transfer
reaction, it occurs on a time scale that is more rapid than
that of the ns electron transfer.

2 In an effort to determine whether the reduced efficiency of forward,
secondary electron transfer on the B side is associated with the presence
of a Phe instead of a Trp at L216, we have constructed the F(L216)W
mutation and have linked it to the YFHV mutations to yield the
YWFHV mutant RC. Although analysis of the behavior of this RC is
still underway, preliminary ultraslow measurements report kinetics
identical to that of YFHV with reduced amplitude (data not shown).
We suspect that the smaller signals are a result of nonquantitative
occupancy of the QB site and are using the singly mutated F(L216)W
RC to determine the effects of the Trp substitution on QB binding. Until
the effects are understood, we cannot comment further on the effect of
the Trp at L216 on the rate of electron transfer from HB

- to QB.
However, we can state that the rate of recombination of P+QB

- formed
in the YWFHV RC appears to be unchanged from that of the YFHV
RC (data not shown). This latter result indicates that the Trp substitution
at L216 does not alter the route for charge recombination of P+QB

- in
this RC.
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Highly relevant to these issues are our findings on the YFH
RC indicating the possibility that P+QB

- formed via the A
branch utilizes that branch for the indirect (∼1 s) decay
pathway, whereas P+QB

- formed via the B branch decays
primarily or exclusively by the direct (6-10 s) route. This
memory that P+QB

- displays in using a decay route that is
interrelated to its formation pathway may very well reflect
the involvement of events occurring within the protein matrix
on various time scales that may be significant for one
pathway but not the other. In essence, the key question raised
by these considerations is whether the P+QB

- state formed
via the B branch is the same P+QB

- state formed via the A
branch in terms of the features of the protein environment
that contribute to factors (free energies, electronic couplings,
reorganization energies) that determine the rates of the
various P+Q- processes (electron transfer, proton uptake,
etc.). The results obtained here on the YFH and YFHV
mutant RCs give tantalizing hints that the P+QB

- states
formed via the two branches are not precisely the same, as
reflected by the different charge recombination kinetics.
These differences may be reporting to some extent on the
functionally significant protein response events that occur
upon the formation and decay of P+QA

- by the normal
A-branch pathway and subsequent events that occur follow-
ing P+QA

- f P+QB
- electron transfer. Future studies

comparing the properties of P+QB
- (and possibly P+QB

))
formed via one or both branches using the same or related
mutants and the protocols developed here should help to
answer the questions posed above and open up new op-
portunities for exploring structure/function relationships that
modulate the activity of the P+Q- states.
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