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ABSTRACT: The reaction center (RC) fromRhodobacter sphaeroidescaptures light energy by electron
transfer between quinones QA and QB, involving a conformational gating step. In this work, conformational
states of D+•QB

-• were trapped (80 K) and studied using EPR spectroscopy in native and mutant RCs that
lack QA in which QB was reduced by the bacteriopheophytin along the B-branch. In mutant RCs frozen
in the dark, a light induced EPR signal due to D+•QB

-• formed in 30% of the sample with low quantum
yield (0.2%-20%) and decayed in 6 s. A small signal with similar characteristics was also observed in
native RCs. In contrast, the EPR signal due to D+•QB

-• in mutant RCs illuminated while freezing formed
in ∼95% of the sample did not decay (τ >107 s) at 80 K (also observed in the native RC). In all samples,
the observedg-values were the same (g ) 2.0026), indicating that all active QB-•’s were located in a
proximal conformation coupled with the nonheme Fe2+. We propose that before electron transfer at 80 K,
the majority (∼70%) of QB, structurally located in the distal site, was not stably reducible, whereas the
minority (∼30%) of active configurations was in the proximal site. The large difference in the lifetimes
of the unrelaxed and relaxed D+•QB

-• states is attributed to the relaxation of protein residues and internal
water molecules that stabilize D+•QB

-•. These results demonstrate energetically significant conformational
changes involved in stabilizing the D+•QB

-• state. The unrelaxed and relaxed states can be considered to
be the initial and final states along the reaction coordinate for conformationally gated electron transfer.

Electron transfer reactions play crucial roles in many
biological processes such as photosynthesis and respiration.
In many cases, the observed rate of electron transfer depends
upon the electronic coupling and free energy differences
according to the Marcus theory (1). In other cases, the
observed rate of electron transfer is limited by another
process such as conformational gating (2). Examples include
protein motion (bc1 complex), proton transfer, solvation
changes, or ligand binding steps that convert an inactive
configuration of a protein to a state active in electron transfer
(3). The electron transfer reaction QA

-•QB f QAQB
-•

between the quinone electron acceptors QA and QB in the
bacterial reaction center (RC1) from Rhodobacter (Rb.)
sphaeroidesis an example of a gated electron transfer
process. The reaction rate was shown to depend upon protein
conformation based on changes of electron transfer upon
freezing to cryogenic temperatures (4, 5), cross-linking of
the protein subunits (6), and embedding the protein in a
glassy matrix (7) or PVA film (8). Furthermore, quinone (QA)

substitution studies showed that the observed rate of electron
transfer was independent of the driving force, indicating a
conformational gating mechanism (9). In this work, we inves-
tigate the properties of different conformational states of the
RC trapped by freezing the protein at cryogenic temperatures.
High energy states of D+•QB

-• were formed in a mutant RC
(previously described in ref 10 (10)) in which electron
transfer to QB occurredVia the low potential electron donor,
bacteriopheophytin, by enhancing electron transfer along the
B-branch of the RC (11, 12). This allowed the high energy
state to be trapped at low temperature and the kinetic and
spectroscopic properties to be measured.

The RC of the purple non-sulfur bacteriumRb. sphaeroides
is the pigment protein complex responsible for the initial
light induced electron transfer reactions that convert light
energy into chemical energy (13, 14). The cofactors in the
RC are arranged in two parallel branches (designated
A-branch and B-branch) across the protein (Figure 1).
Electron transfer normally occurs almost exclusively through
the A-branch from the primary donor, a bacteriochlorophyll
dimer D, through monomeric bacteriochlorophyll (BA),
bacteriopheophytin (HA) to ubiquinone (QA) in about 200
ps followed by gated electron transfer to QB, the secondary
quinone electron acceptor. The oxidized donor D+ is reduced
by a cytochromec2 molecule. Proton coupled electron trans-
fer through the A-branch to QB utilizes two photons, two
photoelectrons, and two protons to form a quinol molecule
QBH2 within the pigment-protein RC complex (eq 1) (18-
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(1), rate of first electron transfer
from QA

-• to QB.
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20) as follows:

where QBH2 is the resultant quinol. The protons for this reac-
tion are acquired from the cytoplasm. Following formation,
the quinol can diffuse within the membrane to the cyt bc1

complex, where it is oxidized, and the protons are transferred
to the periplasm. The electrons are shuttled between the cyt
bc1 complex and the RC by a mobile cytc2 electron carrier
(14).

The reduction process of QB occurs in two sequential
photoinduced electron transfer steps that result in electron
transfer from a primary electron donor QA

-• to QB. The first
electron transfer step, which is the focus of this work, occurs
with an observed rate constantkAB

(1), which is in the range
104-105 s-1 (9, 21, 22). The kinetic decay is best described
by the sum of several exponential components indicating that
the reaction involves more than one step (22, 23). The
independence of the transfer rate from the driving force for
electron transfer (9) has led to the proposal that the reaction
is conformationally gated (24).

An important functional feature of the RC is the position
of QB. The location of quinone in the QB pocket is one of
the least well determined parts of the RC crystal structure.
This is in part due to the function of QB as a mobile electron
carrier. Early low-resolution crystal structures showed QB

to be relatively poorly defined (25). More recent high-
resolution structures show QB to be bound in two primary
positions, a distal position in which the quinone head group
is outside of the binding pocket and has only one H-bond
with the protein (26, 27) and a proximal position in which
QB is bound by 4 H-bonds in the binding pocket (27, 28)
(Figure 1). These sites are displaced by∼5 Å. However,
the preferred binding position is unclear. In different crystal
structures, the fraction of QB bound at the two sites varied
from nearly all distal (26, 27) to approximately 50% distal
(28) to nearly all proximal (29). Furthermore, the preferred
binding position may be a function of the cryoprotectant (if
the crystal is frozen) and temperature (30). In contrast, QB-•,
the reduced anionic semiquinone, has always been found to
be bound in the proximal site (27, 28), consistent with the
stabilization of the negative charge by H-bonds. This binding
position is supported by EPR, ENDOR (31, 32), and FTIR
(33, 34) spectroscopic studies.

The X-ray crystal structure of the mutant RC used in this
study, which includes the Ala-M260f Trp mutation that
displaces QA (described in more detail below), showed QB

to be bound predominantly in the distal site (10). However,
in the crystal structure of a mutant RC with only the single
Ala-M260 f Trp mutation, McAuley et al. (16) reported
that QB was bound at the proximal site. Thus, in RCs
containing the Ala-M260f Trp mutation, QB has been
observed in both the distal (10) and proximal (16) sites, as
has been reported in the native RC.

The detailed interactions with the structure (conformation)
of the surrounding protein are major factors in determining
the properties of QB. One well studied structural change is
the proton uptake induced by the formation of QB

-• (35, 36).
Located near the QB site are a number of acidic residues,
including Asp L213, Glu L212, and Asp L210, that change
their protonation state upon quinone reduction. The changes
in the protonation state of the charged residues have been
studied by computational methods (37, 38) and infrared
spectroscopy (39, 40). In addition to changes in protonation,
the positions of nearby dipolar species will likely change in
response to the charge introduced upon reduction. These
include the positions of polar residues and bound water
molecules around QB.

The different positions for QB observed in X-ray crystal
structures led to the idea that the conformational gating step
could be the movement of QB from the distal to the proximal
site, which involves a movement of∼5 Å and a rotation of
the head group along the isoprenoid tail. However, this is
unlikely, given the independence of the rate on the length
of the isoprenoid chain of QB (9, 41, 42) and the observation
of the same rate constantkAB

(1) measured in a mutant RC in
which QB was predominantly structurally located in the
proximal site (29). Another possible gating mechanism
involves a conformational change in the protein that is
required to favor the QA-•QB f QAQB

-• reaction. In this
case, the free energy is initially unfavorable, but becomes
favorable because of a change in protein structure. This
mechanism is supported by the observations of Li et al. (23),
which state that the replacement of QA with low potential
quinones resulted in a fast component of electron transfer
that was driving force dependent.

The present study was designed to examine changes in
the environment of QB-• that result from its reduction. The

FIGURE 1: Structure of the RC cofactors in the B-branch mutant
used in this study (10) (pdb ID code 1YF6). Shown are the cofactors
in red, imbedded in the backbone structure of the RC, in light yellow
(L subunit), blue (M subunit), and green (H subunit). Shown also
are the Fe2+ ligands, His-M219 (blue) and His-L190 (yellow), and
the five mutation sites: (1) Trp-M260 (15) and the consequential
binding of a Cl- anion and the displacement of the primary quinone
electron acceptor, QA (16); (2) His-M214 results in the inclusion
of a Mg2+ in the porphoryn ring creatingâA (17); (3) Phe-M210;
(4) Asp-M203; and (5) Tyr-L181 along the B-branch. These RCs
have only one functionally active quinone electron acceptor located
at the QB site. QB is bound at the distal (d) location and is, hence,
labeled QB(d). For reference, we show the location of QB

-• in the
native RC superimposed on the mutant structure in green-gray; this
quinone is located at the proximal (p) location and is labeled
QB(p). HA and HB are bacteriopheophytins, BA and BB are bac-
teriochlorophylls, and the subscript A or B refers to the cofactor
binding to the A-branch or B-branch, respectively.

QB + 2hν + 2e- + 2H+ f QBH2 (1)
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configurations of the protein before and after reduction were
trapped by freezing RCs to cryogenic temperatures as has
been done previously (4, 5). Because QB-• cannot be formed
by electron transfer from QA-• in a significant fraction of
samples frozen in the dark in the native RC (5, 43), we
developed a modified RC (Figure 1) in which electron
transfer to QB occurred through the B-branch bacteriopheo-
phytin (HB

-•) (10, 44-47), which has a much greater driving
force for electron transfer (12). This allows higher energy
states of QB-• to become populated (47). To obtain significant
electron transfer along the B-branch, we constructed a mutant
RC that incorporated four mutations designed to increase
the efficiency of B-branch electron transfer and a mutation,
Ala-M260 f Trp, designed to remove QA (15, 16). The
mutations are Leu-M214f His (48), Gly-M203 f Asp
(49-51), Tyr-M210 f Phe, and Phe-L181f Tyr (48, 52,
53). The construction of this quintuple mutant was previously
reported (10). In the quintuple mutant, we could form QB

-•

via B-branch electron transfer at room temperature (54) and
in the frozen state (47), which allowed us to form and trap
an intermediate state involved in the reduction of QB.

EPR spectroscopy was used to investigate the properties
of the charge separated state D+•QB

-• in RCs frozen to
cryogenic temperature (80 K) either under illumination in
which the protein is allowed to relax or frozen in the dark
followed by illumination in which the protein is trapped in
the initial unrelaxed configuration. Theg-values of the EPR
signals, the dependence of the signal amplitude as a function
of the light intensity, and the lifetime of the charge separated
states were measured. Because the protein may be present
as an ensemble of states with different configurations, EPR
measurements in the frozen state can serve to map out the
distribution of protein conformational states. The lifetimes
for charge recombination (D+•QB

-• f DQB) were used to
assess the differences in the energies of the charge separated
states formed by freezing in the dark or in the light, which
results in the formation of a stable D+•QB

-• state (54). A
preliminary account of this work has been presented previ-
ously (47).

MATERIALS AND METHODS

Construction of the Quintuple B-Branch Mutant RC. The
mutations were incorporated as previously described (10)
with the following nucleic acid change(s): GCCf TGG
(Ala-M260f Trp), CTGf CAC (Leu-M214f His), TAC
f TTC (Tyr-M210 f Phe), GGTf GAC (Gly-M203 f
Asp), TTC f TAC (Phe-L181f Tyr). The RC proteins
were isolated from semi-aerobically grown cells as described
(55) with an optical ratio OR) A280/A802 < 1.3. QB was
reconstituted by adding an∼3-fold excess of UQ10 in 1%
LDAO prior to dialysis against TMK (2 mM Tris-HCl at
pH 8, 0.04%â-D-maltoside, and 5 mM KCl).

EPR Measurements. EPR spectroscopy (dø′′/dH vs H) was
performed at a microwave frequency of 9 GHz atT ) 80 K
as previously described (56). Two samples were made from
the same RC material (∼100µM RC). It was necessary to
incubate the sample in 20-100µM ferricyanide/ferrocyanide
to oxidize any QB

-• in the sample prior to illumination; in
some untreated samples, as much as 45% QB

-• was present
prior to illumination. Once treated, one sample was frozen
in liquid nitrogen in the dark. The other was illuminated by

a projector (∼1 W/cm2 of white light, ∼5 s) and frozen in
liquid nitrogen under illumination. Upon illumination in the
EPR cavity with a similar projector, a charge separated signal
was generated in the sample frozen in the dark (T ) 80 K).
The amplitude of this signal was measured as a function of
the relative intensity of the actinic white light source. The
intensity was decreased by using a series of neutral density
filters. Upon turning off the exciting light, charge recombina-
tion was observed. The rate was measured by monitoring
the time dependence of the signal at a fixed magnetic field
value close toB ) 3217 G. The samples were stored in liquid
nitrogen and reassessed∼1 year (107 s) later.

Model for Fit of Signal as a Function of Light Intensity.
Here, we describe the model used to fit the dependence of
the signal amplitude on the intensity of the actinic light. The
basic equation is

where DQB is the RC in the ground state, D+•QB
-• is the

RC in the excited charge separated state, andkex and kBD

are the excitation and recombination rate constants, respec-
tively. The rate of excitation is determined by the product
of the quantum efficiencyΦB and the rate of light absorption
kI. As the sample is excited with light (starting at timet )
0), the D+•QB

-• state accumulates until the rate of recom-
bination competes with the rate of excitation. When these
two rates are equal, a steady-state population is reached (i.e.,
no further changes in absorbance are observed). The steady-
state level of the change in absorption (∆A865

ss) is determined
by the ratio of the excitation to the sum of the excitation
and recombination rate constants as shown in eq 3.

where∆A865
max is the maximum change in absorption, and

the rate of excitation is expressed as the product of the
absorption cross section (σ), light intensity (I), and quantum
efficiency (ΦB). This equation describes a curve that
increases linearly with increasingI when σIΦB , kBD but
reaches a saturating value of∆A865

max when σIΦB . kBD.
The value ofI at half saturation,I1/2, occurs atkBD/σΦB. For
some samples, it was necessary to fit the data with the sum
of two terms, each with its own values of∆A865

max(i) and
I1/2(i) (eq 3), where the (i) represents the values for theith
subpopulation; this is subject to the constraint that the sum
of subpopulations is equal to the total, that is,∆A865

max(total)
) ΣiDA865

max(i).
To estimate the quantum efficiency of the active popula-

tion, we can compare the ratio ofI1/2 values assuming that
the absorption cross sections are the same (eq 4).

whereΦB andΦA are the quantum efficiencies for forming
D+•QB

-• and D+•QA
-•, respectively, in the (sub)populations

of the sample;kBD and kAD are the recombination rates of
the D+•QB

-• and D+•QA
-• states, respectively; andIB1/2 and

DQB {\}
kex

kBD
D+•QB

-• (2)

∆A865
ss) ∆A865

max

kex

kex + kBD
)

∆A865
max

σIΦB

σIΦB + kBD
) ∆A865

max
1

1 + I1/2/I
(3)

ΦB/ΦA ) (kBD/IB1/2)(IA1/2/kAD) (4)
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IA1/2 are the half saturation values for forming the D+•QB
-•

and D+•QA
-• states, respectively. Because RC samples were

made with similar RC concentrations, we expect the assump-
tion thatσ is the same between samples to introduce at most
a systematic uncertainty of∼20%. This is much smaller than
the relative differences discussed in this work and, hence,
does not affect the conclusions.

RESULTS

EPR Signals from Mutant RCs Frozen in the Light and
Frozen in the Dark.EPR spectroscopy was used to monitor
the environment and lifetimes of the charge separated states
formed in mutant RC samples frozen under illumination and
frozen in the dark followed by illumination. In the quintuple
mutant sample frozen under illumination, the observed EPR
signal had ag-value of 2.0026 and a symmetric line shape
(see frozen in light trace in Figure 2) that was characteristic
of D+• (57). The light frozen EPR signal did not decay at
80 K (τ > 107s). Upon illumination of the sample in the
spectrometer, the signal amplitude was marginally increased
(∼5%), which is attributed to a minor fraction of RCs in the
ground state prior to freezing.

The quintuple mutant RC sample frozen in the dark had
essentially no (<1% of maximum) EPR signal (frozen in
dark trace, Figure 2) following treatment with ferricyanide
to remove any Q-• in the stored sample (see Materials and
Methods). However, upon illumination, an EPR signal
(frozen in dark+ light trace, Figure 2) was generated that
decayed (averageτ ) 6 s) when illumination was terminated.
The EPR signals seen in the quintuple mutant (Figure 2)
were not observed in samples to which the QB binding
inhibitor stigmatellin was added, indicating that electron
transfer formed the D+•QB

-• state. The EPR spectra did not
indicate the presence of a magnetically uncoupled semi-
quinone QB

-•, which has an uncoupledg-value of 2.0053
(32). The uncoupled semiquinone would be expected to result
in an observable shift in theg-value (2.0036) and introduce

an asymmetry in the line shape (1.5:1 ratio in relative
amplitude of the peak and trough) (32). The absence of the
uncoupled semiquinone indicates that the semiquinone
spectrum is broadened by its interaction with the high spin
Fe2+ (58).

Kinetics of Charge Separation and Recombination in
NatiVe and Quintuple Mutant RCs.The kinetics of the
formation and decay of the light induced D+• EPR signals
were studied by illumination of native and mutant RC
samples frozen in the dark (T ) 80 K) (Figure 3). Following
light excitation, the EPR signals in native and quintuple
mutant RCs decayed with different kinetics. Following the
highest intensity illumination (I ) 0.1 W/cm2), the majority
of the signal in the native RC (Figure 3) decayed withτ )
30 ms, characteristic of decay from the QA

-• state (D+•QA
-•

f DQA) (57, 59). A minor component (see arrow in Figure
3) had a significantly slower decay with aτ ∼ 6 s. This
lifetime was the same as that measured in the quintuple
mutant (Figure 3); a slightly better fit was obtained with two
exponentials of equal amplitude with time constantsτ of ∼2 s
and∼10 s, respectively (Figure 4). The same kinetic decay
was also observed in all other B-branch mutant RCs (Table
1). The relative fraction of the signal in the native RC that
displayed slow kinetics was greater at low light intensity than
that at high light intensity (Figure 3) because of the differ-
ences in light saturation behavior of the fast and slow
components (Figure 5).

The lifetime of the charge separated state in 95% of the
mutant samples frozen under illumination was>107 s (Figure
4); the charge separated state has not decayed to the ground
state in samples stored in liquid nitrogen. Thus, there is a
dramatic >106-fold difference in the lifetimes of these
samples.

Light Saturation of the Inducible Signal in Samples Frozen
in the Dark at 80 K.The amplitudes of the light inducible
D+• EPR signals from native and mutant RCs frozen in the
dark were measured as a function of light intensity (Figure
5) to determine the saturating level of the inducible signal.
Equation 3 was fit to the measured data. For the mutant RCs,
an adequate description of the observed amplitude as a
function of light intensity required a minimum of two terms
(Figure 5). The need for fitting with multiple terms implies
a heterogeneity of the sample, that is, several subpopulations
within the frozen sample.2 In all mutant RCs, D+• was formed
in only a fraction (∼30%) of the sample (Figure 5).

In the single AWM260 mutant RC, the amplitude of the
light inducible EPR signal as a function of light intensity
could be fit with two terms in eq 3 (Table 1). The largest
term that accounts for 70% of the sample describes the
majority of the population in which stable charge separation
was not formed. This is a consequence ofσ IΦB (1) , kBD

for this population of the sample. The second term3 account-
ing for 30% of the sample describes the population in which
the amplitude of the D+•QB

-• state increases with increasing
light intensity. For this population,ΦB (2) ∼ 0.2% using

2 Heterogeneity of the illuminating light source would also result in
the observed response. However, because this is not found for the native
RC, we surmise that the effect is minimal and not the predominant
reason for the observed heterogeneity.

3 This term likely represents the overall result of two or more
subpopulations that are not clearly discriminated under the conditions
of these measurements.

FIGURE 2: EPR spectra (dø′′/dH) in the frozen state (T ) 80 K) of
the B-branch mutant RC samples frozen under illumination (Frozen
in Light), frozen in the dark (Frozen in Dark), and illuminated in
the dark frozen sample (Frozen Dark+ Light). The amplitude of
the EPR signal of the dark frozen sample was∼20% of the ampli-
tude of the sample frozen in the light, indicating that a stable charge
separation can be formed in a minor fraction of the sample. Note
that both traces cross zero at the same value of the magnetic field,
showing that theg-values are the same in both samples and that
the lineshapes (peak-to-trough ratios) are the same. Traces were
normalized to the peak amplitude of the signal of the sample frozen
under illumination. (Conditions: [RC]∼100µM; ID of EPR tube
) 0.2 cm;ν ) 9 GHz; 80 K; 16 traces were averaged, 30 s per
trace.)
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eq 4 assuming thatΦA ) 100% at 80 K (61). This is within
uncertainty the same as the overall value of 0.4% observed
at room temperature (10). The light saturation curves for the
LHM214/AWM260 and GDM203/AWM260 were the same
(Figure 5b), indicating that within the resolution of this
experiment, the predominant effect is the AWM260, which
eliminates the binding of QA (15, 16).

To obtain an adequate fit of the light saturation curve of
the quintuple mutant RC (Figure 5), a third term was
included. The third term described a minor fraction (∼20%)
that had an apparently greater value forΦB (3) of ∼20%
(Table 1). Consequently, the fraction ofΦB (2) was observed
to decrease to∼10%, maintaining a value of∼30% for the
sum of all active populations. Thus, the 30% active fraction
appeared to be independent of the mutant system in which
it was formed. The light saturation curves for the FYL181/
LHM214/AWM260 was the same as that of the quintuple
sample, also requiring the third term with the largerΦB (3).
Thus, the fraction with the largerΦB (3) is present in mutant
RCs that contain the Phe-L181f Tyr replacement (FYL181).
This enhancement of B-branch transfer was originally
expected, given the observed enhancement in mutant RCs
of Rb. capsulatus(48, 62), but was not observed in the room

FIGURE 3: EPR signal monitored before, during, and following the illumination of dark frozen samples for the native RC (left panels) and
the quintuple B-branch RCs (right panels). Shown on the top are the results of high light illumination (100%, maximum intensity) and on
the bottom the results of the lower light illumination (1% of maximum intensity). Following illumination at high intensity (100%,I ∼0.1
W/cm2) in the native RC, the signal recovery is predominantly (95%) fast (τ ) 30 ms) with a small component of∼5% having a slower
recovery time (τ ) 6 s). The faster recovery is indicative of the D+•QA

-• f DQA reaction (57, 59). The relative fraction of the signal with
the slower recovery time is larger at lower illumination intensity (1%). In the mutant RC, the recovery of the EPR signal had no fast
component, and the decay time was the same as that of the slower phase observed in the native RC (τ ) 6 s). During illumination at lower
intensity, the EPR signal had a slower rate of formation. This result indicated that the formation occurred with low quantum efficiency due
to B-branch transfer in the mutant RC and analogously attributed to B-branch transfer in the native RC (60). All traces were normalized
to the peak amplitude of the signal of the sample frozen under illumination. (Conditions are the same as those in Figure 2; magnetic field
fixed at 3211 G; field modulation∆H ) 1 G; average of 10-100 traces.)

FIGURE 4: Decay of the charge separated state in the B-branch
mutant RC samples. Following illumination in the frozen state, the
decays of the charge separated signals were monitored using EPR
spectroscopy and plotted as a function of log time. In the dark frozen
sample, following illumination, the signal (Figure 3) decayed with
an average time constant of∼6 s (rate constant∼0.2 s-1); a better
fit of the decay is obtained with two phases of equal amplitude
and time constants of 2 and 10 s. In contrast, the charge separated
state generated in the sample frozen under illumination was stable
for >107 s. The amplitude of the signal from the frozen in the dark
sample was increased 5.3-fold for a better comparison of the decay
kinetics. (Conditions are the same as those in Figure 2.)
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temperature measurements on theRb. sphaeroidesmutant
RCs used in this study (10).

In the mutant RCs investigated in this study, the total
active fraction of ∼30% (extrapolated to infinite light
intensity) was the same, independent of the quantum effi-
ciencies to form QB-• (Figure 5b). Thus, only a minor fraction
of RCs can undergo stable charge separation at 80 K, whereas
the majority cannot be trapped in a stable excited state.

For measurements made in the native RC (Figure 5), one
term was used to describe the observed behavior of the fast
and slow decaying phases. The slowly decaying phase was
found to attain half saturation at a lower light intensity than
the fast phase (Figure 5). This was due to the slower rate of
recombination that allowed the accumulation of the slowly
decaying state despite its lower quantum efficiency for
formation (Table 1). The apparent smaller amplitude com-
pared to that observed in the mutant RC is a consequence
of competition with the formation of D+•QA

-•. A more
detailed description and analysis of the light induced signals
observed in the native RC are presented by Paddock et al.
(60).

DISCUSSION

In this work, we investigated the electron transfer kinetics
and EPR spectra of RC conformations trapped at low-
temperature, both preceding and following QB reduction. In
the frozen state, light induced electron transfer to QB in
mutant RCs lacking QA was attributed to B-branch electron-
transfer similar to the reaction observed at room temperature
(10, 15). The lifetime of the D+•QB

-• state formed by freezing
under illumination (after electron transfer) was>106-fold
longer than that for RCs frozen in the dark (before electron
transfer). This change is attributed to differences in the RC
conformations between the neutral and charge separated
states. We discuss below the implications of these findings
on the configurations of neutral QB and of QB

-• trapped at
80 K. We present a simple model to explain the experimental
measurements and discuss the functional properties of QB

bound in different conformations.

Electron Transfer Rates of RC in Different Conformational
States.In this study, electron transfer rates were measured
for RCs frozen in different states at cryogenic temperature
(5, 43, 63, 64). The charge separated state D+•QB

-• that is
formed in the mutant RCs by illumination during freezing
represents a relaxed configuration and is characterized by a
long lifetime (τ > 107 s). Long-lived D+•QB

-• states at low
temperature were previously observed in native RC samples
that were frozen under illumination. Using optical spectros-
copy, Kleinfeld et al. (5) observed that D+• recovered slowly
with distributed nonexponential kinetics. At 80 K, a signifi-
cant fraction of D+• had not recovered during the course of
the experiment (104 s). Xu et al. (43) observed recovery times
of D+• in the range of 10-100 s with a fraction that did not
recover, attributed to samples that may have lost the electron
on the acceptor side. Using EPR spectroscopy, Utshig et al.
(64) also observed a fraction that recovered nonexponentially
in 10-100 s and a fraction that was nonrecovering. The
relative fraction that recovered depended on the illumination

Table 1: Summary of Amplitudes and Quantum Efficiencies of
Quinone Reduction in Native and B-Branch Mutant RCs (eqs 3
and 4)

sample A(1) Φ(1) A(2) Φ(2) A(3) Φ(3) τ (s)a

nativeb 0.95 100% 0.05 ∼1% c c 0.033, 6
AWM260 0.69 n.d.d 0.31 0.2% c c 6
LHM214/AWM260 0.71 n.d.d 0.29 0.2% c c 6
GDM203AWM260 0.70 n.d.d 0.30 0.2% c c 6
FYL181/LHM214/
AWM260

0.71 n.d.d 0.19 0.3% 0.10 20% 6

FYL181/GDM203/
YFM210/LHM214/
AWM260 (quintuple)

0.71 n.d.d 0.20 0.3% 0.09 20% 6

aThis is the average time constant for decay back to the ground state;
in general, the recombination kinetics are multiphasic.b The quantum
efficiency for forming D+QA

- (ΦA) was taken to be 1.0 (i.e., 100%)
for the Native RC with a lifetime of 30 ms. The quantum efficiency
for forming the more stable phase is∼1% with a lifetime of 6 s. A
more detailed analysis and discussion is presented elsewhere (60). c Not
applicable.d n.d., could not be determined from the data because the
charge separated state was not stably formed in this fraction of the
population. The statistical error in the estimated values is∼20%, but
there is also an expected systematic error of∼20% introduced by the
assumption that the cross section is identical in the samples. Thus, the
estimates are accurate to approximately a factor of 2.

FIGURE 5: Light saturation curve of the reversible inducible signal
observed in the Frozen Dark+ Light sample (Figure 2). The EPR
amplitude, normalized to that observed in the duplicate sample that
was frozen under illumination, was measured as a function of the
CW light intensity. (a) Comparison of the data for the native (b),
quintuple (9), and AWM260 (O) mutant RCs. The native data were
fitted (solid lines) to a single term for eq 3, to two terms for
AWM260, and three terms for the quintuple (see text). The maxi-
mum possible amplitude of the active population was 1.0 (100%)
in the native RC and∼30% in both mutant RCs. (b) Comparison
of different mutant RCs. The light intensity dependence can be fit
with two terms for the AWM260 (O), GDM203/AWM260 (0),
and LHM214/AWM260 (]) mutant RCs. A third term was required
for the FYL181/LHM214/AWM260 ([) and FYL181/GDM203/
YFM210/LHM214/AWM260 (9) (quintuple) RCs. This additional
term was associated with the Phe-L181f Tyr mutation (FYL181)
introduced along the B-branch. (Conditions are the same as those
in Figure 2.)
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conditions during the freezing process. Because they were
able to directly observe QB-• using high-field EPR spectros-
copy, they could rule out the possibility that the stability of
the long-lived state was due to the loss of the electron from
the acceptor QB-•. This long-lived fraction is analogous to
that found in this study in the mutant RCs. The molecular
basis for the long lifetime is currently under investigation.
Preliminary ENDOR studies suggest that changes in the
H-bond interactions of the RC with QB-• provide additional
stabilization to the relaxed D+•QB

-• state (65).
In dark frozen mutant RCs (i.e., frozen in the neutral

ground state before electron transfer), the observed hetero-
geneity in the rates of electron transfer indicated a distribution
of conformational states. The major fraction (70%) of the
sample was incapable of forming D+•QB

-• at cryogenic
temperatures even at high light intensities (Table 1). This
lack of activity could be due to either a slow rate of formation
or a rapid decay of the excited state. The active fraction
(∼30%) formed D+•QB

-• upon illumination with a low
quantum yield (Table 1) that was dependent on the mutations
located at sites near the tetrapyrrole acceptor species.
Irrespective of the quantum yield, the active fraction
remained relatively constant (30%), indicating that it was
determined by the properties near the QB site, which remain
unchanged by the mutations (see below). In addition, the
lifetime of the charge separated D+QB

- state was the same
(τ ) 6 s) for all mutant RCs (Table 1). Surprisingly, a small
component of the EPR signal observed in the native RC had
the same lifetime of 6 s (Figure 3). The EPR signal showed
a slowly rising component during illumination at lower
intensities (Figure 3), indicating a low quantum yield for
formation (Table 1). Additional properties of this component
led to its assignment to a small fraction of RCs that reduce
QB Via low efficiency B-branch electron transfer in the native
RC (60). The identity of the 6 s time constants observed in
RCs lacking QA and in the native RC indicates that the
mutations have not altered the direct tunneling reaction
between D+• and QB

-•. Thus, the environments around D+•

and QB
-• are substantially unchanged by B-branch mutations.

In previous studies, native RCs frozen under illumination
displayed a distribution of lifetimes for the charge separated
states ranging from 10 s to>104 s (5, 43, 64). In native
RCs, the reduction of QB occurs almost exclusively by
electron transfer from QA-•. Because this transfer is fast and
reversible, the electron hops between the two quinones during
the freezing process. Thus, the protein structure surrounding
QB may be affected by the details of competing processes,
such as protein relaxation, electron transfer, and freezing.
Therefore, the native RC sample frozen under illumination
may have structures intermediate between the relaxed and
the unrelaxed structures. States with longer lifetimes would
have structures that resemble the relaxed state. States with
shorter lifetimes would have structures that resemble the
unrelaxed state. This model qualitatively explains the
distribution of lifetimes spanning many orders of magnitude.
The distribution of rates is due to different protein confor-
mational states that lie along the reaction coordinate leading
from the neutral (DQB), in the unrelaxed state, to the fully
relaxed charge separated state (D+•QB

-•) (5, 43). The life-
times measured in the present work on mutant RCs can be
explained by this model. In dark frozen (unrelaxed) mutant
RCs, the measured lifetime (τ ∼6 s) is shorter than the

lifetimes measured in native RCs frozen under illumination
(τ >10 s), consistent with a totally unrelaxed state. In mutant
RCs frozen in the light (relaxed), the long lifetime (τ >107 s)
is consistent with the lifetime of a totally relaxed state. The
absence of QA eliminates electron hopping from QB

-• in these
mutant RCs, thereby constraining the RC to be in the
D+•QB

-• state when illuminated during the freezing process.
Thus, the conformational states found in the present study
that are formed by freezing in the dark and in the light can
be considered to be the initial and final states along the
reaction path for electron transfer.

Molecular Basis for the Heterogeneity at the Quinone (QB)
Binding Site.The data show that there are several distinct
quinone (QB) states as well as distinct conformational states
of the surrounding protein. In all mutant RCs, the total
fraction of the sample that was activated in the dark frozen
sample upon illumination was∼30%. The fraction was
independent of the quantum efficiency of formation, indicat-
ing that it is an intrinsic property of the acceptor (QB) site.
Because the crystal structures of the RCs show two distinct
binding positions (26-30), proximal and distal to the non-
heme Fe2+, the observed behavior likely reflects this distri-
bution in the quinone binding positions. Below, we discuss
the rationale for assigning the different conformational states.

Conformational Assignments of the QB States in the Mutant
RCs.The minor (∼30%) active population capable of QB

reduction in the sample frozen in the dark (unrelaxed
conformation) is assigned to the fraction of RCs having a
proximal QB (DHBQB(p)) for the following reasons: (1) the
relatively long lifetime of QB

-• formed by illumination
indicates stabilization of QB-• by H-bonds as is found in
illuminated RC samples and crystals (27, 28, 32); (2) there
is no contribution of an uncoupled QB

-• EPR signal to the
observed spectrum indicating a broadening of the QB

-• signal
because of its close proximity to the high spin Fe2+; and (3)
preliminary ENDOR spectroscopy indicated that the photo-
chemically active QB is in the proximal site (65) (to be
presented in further detail in a subsequent publication). Upon
illumination at low temperature, we form the charge sepa-
rated state D+•HBQB

-•(p)U in RCs with proximal QB. The
relatively rapid charge recombination time (τ ) 6 s)
compared to that of the light frozen sample is due to the
higher energy of this state due to the absence of stabilizing
protein and solvent relaxation.4 These findings are in
agreement with FTIR measurements made in frozen samples
of a B-branch mutant, in which a similar minor fraction
(∼10%) of the dark frozen sample could undergo stable
charge separation (66). The larger value of∼30% reported
in this work is the hypothetical maximum fraction observed
only at infinite light intensity.

The larger (70%) inactive population in RCs frozen in the
dark is assigned to the fraction in the distal state DHBQB(d),
based predominantly on the mutant crystal structure of the
quintuple RC in which the majority of QB is in the distal
site (10). The lack of reactivity for the distal QB can be
explained by a higher energy of the charge separated state
due to a lack of the strong H-bonds to both carbonyl oxygen
atoms present in the proximal site. Alternatively, the lack

4 To first order, we treat two QB-• states as approximately the same
because their recombination rates differ by∼4-fold, that is orders of
magnitude less than the>106-fold difference observed between samples
frozen in the light and those frozen in the dark.
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of reactivity of the distal QB may result from a weaker
electronic coupling to HB. However, the structural position
of the quinone in the distal site is closer to HB (10), which
would be expected to increase coupling (67, 68). The relative
occupancy of QB in the two binding sites in the frozen
sample, that is, 3:1 for the distal/proximal ratio, indicates
only a modest difference in the binding energy (∼1.5 kBT)
between the two sites. Because binding to these two sites is
nearly isoenergetic, small changes in the binding free energy
resulting from temperature or external solvent could lead to
a change in the relatively occupancy. This may be one reason
for the reported differences in the binding position of QB

(26-30, 69) and the FTIR observation that QB prefers to
bind at the proximal position at room temperature (46).

The conformation of RCs frozen in the light, in the charge
separated state, is assigned to the proximal relaxed state
D+•HBQB

-•(p)R in which solvent relaxation that stabilizes
charge separation has occurred. The EPR properties of this
sample were similar to those of the light induced signals for
D+•HBQB

-•(p)U discussed above. In addition, the larger signal
from this sample allowed the observation of a broadg )
1.82 signal (not shown), characteristic of the QB

-•Fe2+

coupled complex in native RCs (58). This indicates that QB-•

formed by B-branch electron transfer is located at the
proximal site, as it is in native RCs, as shown by X-ray
crystallography (27, 28) and EPR and ENDOR spectroscopy
(32). The protein response results in the dramatic>106-fold
increase in the lifetime (stability) at 80 K compared to that
in the D+•HBQB

-•(p)U state.
Model for the ObserVed Kinetic Properties.The simplest

model to explain the results (Figure 6) assumes four possible
RC configurations of the quinone in the protein. The quinone
may be either in the distal (d) or proximal (p) position and
the protein in either an unrelaxed state (U) or a relaxed state
(R) in which protein and solvent dipoles have oriented to
stabilize the charge on QB-•. In the dark (ground state)
sample, a majority (∼ 70%) of the RCs are in the distal
DHBQB(d) state that is photochemically inactive, that is,
stable charge separation does not occur. In the remaining
∼30% of the RCs, QB is in the proximal position (see next
section), where the RCs are photochemically active, allowing
the formation of the D+•HBQB

-•(p)U state. In the sample
frozen under illumination, the states can interconvert prior
to freezing, resulting in the D+•HBQB

-•(p)R relaxed state. The
relaxation lowers the energy of the charge separated state
so that appreciable charge recombination does not occur at
80 K. In the frozen state, the different configurations cannot
interconvert. Electron transfer that occurs in the dark frozen
RC results in formation of the unrelaxed D+•HBQB

-•(p)U state
with an average charge recombination ratekBD

U = 0.2 s-1

(τ ) 6 s), that is,>106-fold faster than that of the relaxed
state D+•HBQB

-•(p)R.
Functional Properties of Quinone (QB) Bound at the

Different Sites.Of the four possible QB and protein configu-
rations, only the states involving QB bound at the proximal
site are observed (Figure 6). Although the occupancy of the
distal site DHBQB(d) is significant at low temperature, stable
charge separation to form the hypothetical D+•HBQB

-•(d)U

state was not observed. This (lack of) observation indicates
thatσ IΦB , kBD, that is, either its formation was unfavorable
or its lifetime was not long enough to be observed. Likewise,
the hypothetical D+•HBQB

-•(d)R state is less favored than

D+•HBQB
-•(p)R and is, therefore, also not observed. The

change in the free energy of reduction of QB at the two
different sites was estimated from electrostatic computations
to be∼250 meV higher for quinone bound to the distal site
than that to the proximal site (70). This is consistent with
our observations because the population of D+•HBQB

-•(d)R

would be too small to observe.

One of the active QB states is DHBQB(p)U. Its correspond-
ing charge separated state D+•HBQB

-•(p)U can be observed
with an observed lifetime of∼6 s (kBD

U = 0.2 s-1). This
charge separated state must have a free energy below that
of D+•HB

-•QB(p) because its formation is favorable. The
other active QB state is D+•HBQB

-•(p)R, which had the
greatest lifetime (τ > 107 s; 80 K). The long lifetime is due
to stabilization of the charge separated stateVia the protein
response. At 80 K, the protein response is frozen in the
sample, resulting in the>107 s lifetime. Consequently, we
did not observe the DHBQB(p)R state in which the electron
moves back to the oxidized donor. Long-lived states were
previously observed in both optical (5, 43) and EPR
spectroscopic studies (64).

The increased stability of the relaxed state compared to
that of the unrelaxed state is not a consequence of the
different binding position of QB-• (see section above);
therefore, it must be due to other changes, such as protona-
tion and H-bonding. It has been proposed from electro-

FIGURE 6: Proposed energy level diagram of the ground and charge
separated states consistent with the experimental results of this work
(80 K). The DHBQB is the ground state in one of two protein
configurations with QB in either the distal (d) (dashed lines) or
proximal (p) (solid lines) sites, respectively. D+•HBQB

-•(p)U and
D+•HBQB

-•(p)R are the two observed charge separated states in
which QB

-• is formed in the proximal site with the surrounding
protein either in the unrelaxed (U) or the relaxed (R) configuration,
respectively.kHD andkBD

U are the recombination rate constants as
indicated, andkC is the rate constant of the protein relaxation. Light
excitation of the ground state resulting in the formation of D*HBQB
and electron transfer to form D+•HB

-•QB. In the dark frozen RCs,
electron transfer occurs in a minor population to QB(p) forming
D+•HBQB

-•(p)U (47; subsequent publication). In contrast, electron
transfer to QB(d) is not observed, suggesting that D+•HBQB

-•(d)U
has a higher energy. Conversion to the final relaxed D+•HBQB

-•(p)R
occurs at room temperature but is impaired at low temperatures
(e.g., 80 K). The slower charge recombination from the relaxed
statekBD

R , kBD
U is attributed to charge stabilization due to protein

and water relaxation.
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static computations that the hydroxyl group of Ser-L223
reorients and forms a stabilizing H-bond to QB

-•. Coupled
to this reorientation is the protonation (neutralization) of a
nearby Asp-L213 (70-72). These changes could provide
sufficient free energy to account for the observed effects at
80 K. We are in the process of experimentally investigat-
ing the molecular differences using ENDOR spectroscopy.
The results of this study are the subject of a subsequent
publication.

Conformational Gate.One of the remaining unknown steps
related to RC function is the identification of the conforma-
tional gate that limits the observed rate for the first electron
transfer. The existence of different protein conformations
with very different characteristics was shown by the inhibi-
tion of electron transfer from QA-• to QB in RCs frozen in
the dark (4, 5); this was in contrast to viable electron transfer
in RCs frozen under illumination. Subsequently, several
studies to investigate these conformers (i.e., substates) were
performed and the properties of charge separation investi-
gated (43, 73). These states have been proposed in a general
sense to differ in the detailed interactions between QB and
the protein. Electrostatic interactions have been shown to
be of functional importance. In response to charge separation,
amino acid groups change their states of protonation resulting
in a net proton uptake (35, 36). The different protonation
states are one contribution to the relative energy of these
substates (37, 38, 74). Although some of the molecular details
have been proposed from computational work (38, 70, 72),
experimental testing and verification of the molecular
interactions have just recently been initiated (65).

Our results are consistent with the simple model for the
conformationally gated electron transfer presented in eq 5

wherekC is the rate constant of the rate-limiting conforma-
tional gate (9), ket(1) is the intrinsic electron transfer rate
constant, (QA- •QB) is the intermediate state, and QA

-•QB(d)
and QA

-•QB(p) are the initial states with QB in the distal (d)
or proximal (p) location, respectively. The energy of this
intermediate state lies above that of the two initial states as
well as the final (QAQB

-•) state. In particular, our results
show that QB

-•(d) cannot be stably formed, confirming the
necessity for QB to move into the proximal position for
stabilization (27). Furthermore, our results show that a
significant protein response is required to stabilize (QAQB

-•).
Although our results do not imply that the movement of
quinone from the distal to proximal sites is rate-limiting, they
do support the idea that the movement to the proximal site
is a necessary prerequisite for its stabilization (27).

The unrelaxed state D+•HBQB
-•(p)U (Figure 5) trapped in

this work is sufficiently high in energy that it is not accessible
Via electron transfer from QA-•, the physiological electron
donor in the native RC. Thus, it is most likely that the
structural changes that occur in the conformational gate step
of electron transfer to form (QAQB

- •) (eq 5) also occur in
forming the D+•HBQB

-•(p)R state. In other words, the
molecular changes that occur during the conformational gate
step are reflected in the structural differences between the
initial D+•HBQB

-•(p)U state and the final relaxed state

D+•HBQB
-•(p)R observed in this work. Therefore, we consider

the determination of the molecular differences between
D+•HBQB

-•(p)U and D+•HBQB
-•(p)R to be of fundamental

importance in understanding the reaction mechanism and are
using ENDOR spectroscopy to investigate these differences.
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