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Quinone-Dependent Delayed Fluorescence from the Reaction Center of
Photosynthetic Bacteria
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ABSTRACT Millisecond delayed fluorescence from the isolated reaction center of photosynthetic bacteria Rhodobacter
sphaeroides was measured after single saturating flash excitation and was explained by thermal repopulation of the excited
bacteriochlorophyll dimer from lower lying charge separated states. Three exponential components (fastest, fast, and slow)
were found with lifetimes of 1.5, 102, and 865 ms and quantum yields of 6.4 X 107°,2.2 X 107°, and 2.6 X 10~° (pH 8.0),
respectively. While the two latter phases could be related to transient absorption changes, the fastest one could not. The
fastest component, dominating when the primary quinone was prereduced, might be due to a small fraction of long-lived
triplet states of the radical pair and/or the dimer. The fast phase observed in the absence of the secondary quinone, was
sensitive to pH, temperature, and the chemical nature of the primary quinone. The standard free energy of the primary stable
charge pair relative to that of the excited dimer was —910 = 20 meV at pH 8 and with native ubiquinone, and it showed
characteristic changes upon pH and quinone replacement. The interaction energy (~50 meV) between the cluster of the
protonatable groups around GluL212 and the primary semiquinone provides evidence for functional linkage between the two
quinone binding pockets. An empirical relationship was found between the in situ free energy of the primary quinone and the
rate of charge recombination, with practical importance in the estimation of the free energy levels from the easily available
lifetime of the charge recombination. The ratio of the slow and fast components could be used to determine the pH

dependence of the free energy level of the secondary stable charge pair relative to that of the excited dimer.

INTRODUCTION

The reaction center (RC) is a membrane-bound pigment-
protein complex of the purple nonsulfur photosynthetic
bacteria Rhodobacter (Rb.) sphaeroides that performs the
initial steps of conversion of light energy to chemical en-
ergy (Cramer and Knaff, 1990; Okamura and Feher, 1995).
After absorption of a photon, the bacteriochlorophyll dimer
(P) is promoted to the excited singlet state (P*). A particular
feature of the excited dimer of the RC is the capacity to
perform charge separation by transferring an electron from
P* to the closest-lying cofactor, a bacteriochlorophyll
monomer within 3 ps. The initial electron transfer (ET) is
followed by an even faster (0.9 ps) step to a bacteriopheo-
phytin (I) before it proceeds in 200 ps to the primary
quinone (Q,) and in 3-200 us to the secondary quinone
(Qp), as revealed by the characteristic spectral transients
(Martin et al., 1986; Fleming et al., 1988; Arlt et al., 1993;
Li et al., 1998). The ET in photosynthetic RC is unique
among electron transfer reactions in biological systems, as
the charge separation is extraordinarily fast and retains a
significant fraction of the original photon energy with a
quantum yield very close to 100% (i.e., every photon ab-
sorbed by the dimer evokes a productive ET; Wraight and
Clayton, 1973). The high quantum yield arises from the
rapid stabilization of the ET states, which are progressively
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more stable. The final P*Qg charge-separated state has a
lifetime as large as 1 s at neutral pH. The price for this high
specificity and stability of the ET is a relatively large free
energy loss in the process: the final P*Qy state conserves
only about one-third of the 1.38-eV photon energy in the
form of standard free energy relative to its ground state
(PQg). During the subsequent electron transfer processes,
an electron donor (ferrocytochrome c,) will donate an elec-
tron to P* and the dimer will be prepared again for a new
charge separation. If, however, no exogenous donor to P* is
available, then the electron on the series of acceptors would
recombine with P,

The two acceptor quinones are chemically identical in
many bacterial species (ubiquinone-10 in Rb. sphaeroides)
but are modified by the protein environment to play radi-
cally different roles in the reaction cycle of the RC (Mc-
Comb et al., 1990; Wraight, 1998). The primary quinone is
tightly bound into a relatively hydrophobic part of the M
subunit, it makes one-electron chemistry, and operates be-
tween the neutral quinone (Q,) and the anionic semiqui-
none (Q,) forms. In contrast, the secondary quinone is
reversibly bound in a more polar region of the L subunit, it
is a two-electron acceptor, and all of its three redox forms
(quinone, semiquinone (Qg), and quinol (QzH,)) partici-
pate in the turnover of the RC: the doubly reduced quinone
dissociates from the RC and is replaced by a quinone from
the pool of quinones (Okamura and Feher, 1995; Osvath and
Maroti, 1997). The significant functional differences be-
tween the two quinones or between the native and substi-
tuted quinones at the Q, binding site can be attributed
largely to the differences in the standard free energy levels
(G®) of the quinones.
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The G° values relative to that of an upper lying state can
be estimated by tracking 1) the indirect means of charge
recombination and 2) the delayed fluorescence emission of
the dimer.

1) The charge recombination from the P*Q, state can
follow two routes, and the rate of the observed reaction will
be the sum of the rates of the two reactions (Feher et al.,
1988). The first reaction is a direct tunneling to the ground
state, and the second one is an uphill (indirect) reaction to
P*17, where P"Q, preequilibrates with P*1~ before de-
caying to the ground state. The free energy level of the
P*Q, state relative to that of the P*1™ state can be deter-
mined from the relative contribution of the uphill reaction.
The charge recombination reaction has been used as an in
situ monitor of the P*Q} free energy by several groups
(Gunner et al., 1986; Gunner and Dutton, 1989; McComb et
al., 1990; Schelvis et al., 1992). The back-reaction from
P Qg occurs predominantly via Q, in wild-type RC; there-
fore Gy relative to G can be calculated from the observed
charge recombination rates k,p and kgp (Wraight and Stein,
1983; Kleinfeld et al., 1984).

2) The origin of the delayed fluorescence from the dimer
is the thermal repopulation of P* from any of the charge-
separated PTQ ™ states via reversed electron transfer (for a
review of the earlier results see Fleischman, 1978). The
kinetics of delayed fluorescence follows the kinetics of the
charge recombination. The free energy levels of the quinone
states relative to that of the excited dimer can be determined
from the ratio of the amplitudes (or intensities) of the
delayed and prompt fluorescence (Arata and Parson, 1981;
Turzo et al., 1999). Because of the very low intensity and
the near-infrared emission, the measurement of delayed
fluorescence in the millisecond time domain (contrary to
that in the pico- and nanosecond range; see Ogrodnik et al.,
1999, for a recent review) has not become a routine method
of free energy determination (Woodbury et al., 1986). It has
the great advantage, however, of providing the free energy
levels relative to that of the excited dimer, which is consid-
ered fairly stable upon slight modification of the structure
and environment of the cytoplasmic side of the RC. The
delayed fluorescence technique for a series of quinone-
substituted RCs was used by Woodbury et al. (1986) to
establish a relationship between the free energy of the
P*Q, state and the rate constant of the decay from this
state. This has notable practical importance, as the rate of
charge recombination is more readily available than the free
energy level determined from delayed fluorescence (Schmid
and Labahn, 1998; Schmid et al., 1999). This topic was
elaborated in more detail and quantified by Gunner and
Dutton (1989) in terms of a linear relationship between the
logarithm of the rate constant for the decay of P*Q}, via the
intermediate P"1~ state and the standard free energy of
P*Q,.

The current work is aimed at measuring the decay of the
delayed fluorescence in the millisecond time range, where
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the states of the acceptor quinones have a major impact on
the kinetics. The origin and the properties of the observed
three components will be discussed in terms of model
calculations, the structure and function of the RC. By com-
parison of the intensities of the prompt and delayed fluo-
rescence, the free energy levels of the charge-separated
P"Q" states relative to that of the excited dimer will be
determined under different conditions like pH and substitu-
tion of the native primary quinone with different benzoqui-
nones and naphthoquinones. Based on the measurement of
the free energy states of several high-potential quinones at
the Q, binding pocket and the corresponding rates of direct
recombination, a calibration line is constructed that would
be useful for estimation of the free energy level of a sub-
stituted quinone from the (easily) observable rate of charge
recombination. The free energy differences between P* and
P*Qg, determined by two different (kinetic and delayed
fluorescence) methods, will be compared.

MATERIALS AND METHODS

The carotenoidless mutants (R26) of the nonsulfur purple bacteria
Rhodobacter sphaeroides were grown for 3—5 days under anaerobic con-
ditions in a luminostat at a temperature of ~30°C. The RCs from bacterial
cells were isolated with the ionic detergent N,N-dimethyldodecyl-amine-
N-oxide (LDAO), followed by purification using ammonium sulfate and
diethylaminoethyl chromatography (Mar6ti and Wraight, 1988). The ratio
of the optical densities at 280 nm and 802 nm (OD,g,/ODyg,, defined as
purity of the sample) was less than 1.30 for all preparations. The RC
concentration was determined from the steady-state optical densities at 802
nm or 865 nm, using extinction coefficients of g4y, = 0.288 uM ' cm ™!
or £g45 = 0.135 uM ™~ 'em ™. The ionic detergent LDAO was removed and
replaced by a nonionic detergent Triton X-100 after a long (48 h) dialysis
at 4°C by a frequent change of the dialyzing medium. The pH was
measured with a combined glass electrode (model 91-03; Orion) calibrated
with standards that spanned the measured pH range. The assay solution
contained 2 uM RCs with 0.03% Triton X-100, 100 mM NaCl, and 5 mM
buffer, depending on the pH.

Q,4 and Qy were removed by high concentrations of LDAO (4.5%) and
orthophenantroline (10 mM) by the method of Okamura et al. (1975), with
minor modifications by Liu et al. (1991). The procedure typically yielded
RCs with no secondary quinone activity and ~5% primary quinone activ-
ity, as measured by the rate and amplitude of flash-induced charge recom-
bination observed at 430 nm (Kleinfeld et al., 1984; Maroti and Wraight,
1988). The quinone activities were reconstituted by the addition of (native
or artificial) quinones in excess to the RC solution and incubated for
several hours with stirring at 4°C. DQ was solubilized in ethanol, MD was
solubilized in water, and the long-tailed UQ,, was dissolved and homog-
enized in Triton X-100 before use (McComb et al., 1990). The delayed
fluorescence of various samples was compared, and only a minor influence
of the RC preparation and quinone substitution was found.

The kinetics of the ms delayed fluorescence of the RC after single flash
excitation was measured with a homemade fluorometer (Fig. 1). The major
difficulties arose from the extremely low yield of delayed fluorescence (in
the range of 10~°), the near-IR emission wavelength (the maximum of
fluorescence is centered at 920 nm; Osvath et al., 1996), and the intense
prompt fluorescence emitted during excitation. The RC was excited by a
frequency-doubled and Q-switched Nd:YAG laser flash (Quantel YG 781-
10, wavelength 532 nm, energy 100 mJ, duration 5 ns). The laser beam was
introduced into a light-tight box through a green filter (Schott BG-18). The
sample was in a thermostatted 1-cm rectangular quartz cuvette selected for
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FIGURE 1 An optical arrangement for measuring the millisecond de-
layed fluorescence of the reaction center protein of photosynthetic bacteria.
The intensity of the laser light used for the excitation of prompt fluores-
cence is attenuated by inserting low-reflection glass plates and neutral
density filters in the light path (the transmitted light is blocked). See the
text for more details.

extremely low fluorescence (“far UV”; Thermal Syndicate). The fluores-
cence of the RC was focused through an IR cutoff filter (Schott RG-850)
onto the photocathode of a red-sensitive photomultiplier (Hamamatsu
R-3310-03). The electronically controlled mechanical shutter (Uniblitz
VS25) protected the photomultiplier from the very intense prompt fluores-
cence (the opening time of the shutter was 3 ms). The signal-to-noise ratio
of the delayed fluorescence was increased by cooling the photomultiplier
down to —30°C (Photocool PC 410CE; Products for Research) and by
averaging. Under our conditions, the individual traces of the delayed
fluorescence could be averaged at a repetition rate of 1 Hz (for RCs without
secondary quinone activity) and 0.24 Hz (for Qg-reconstituted RCs). Two
hundred fifty-six decays were averaged with a digital oscilloscope (Philips
PM 3350A), then stored and analyzed in a PC. The kinetic traces of the
delayed fluorescence were decomposed into the sum of exponential func-
tions, using nonlinear least-square fitting.

The integrated intensities of prompt and delayed fluorescence from the
RCs were measured and compared under exactly the same optical and
electrical conditions, except for the excitation energies (Arata and Parson,
1981): 0.77 mJ £ 5% laser energy was used to excite the delayed fluo-
rescence (this energy falls in the linear range of the saturation curve; data
not shown) but was attenuated to 16.2 nJ = 10% to excite the prompt
fluorescence. The energy of the laser flash was measured with a calibrated
pyroelectric joulemeter (Molectron J25).

THEORY

The delayed fluorescence from bacterial RC is emitted by
the excited dimer (P*). This fluorescence has a photochem-
ical origin, resulting from the back-reaction of the primary
photoproducts, and is of the leakage type. The discrimina-
tion between prompt and delayed emission and the kinetics
of delayed light after flash excitation can be treated exactly
in a system in which part of the energy of the excited
pigment can be transiently stored in a single charge-sepa-
rated state P"Q”. The results for this simple case are
generalized and utilized in a more complex system with
several transient states like the bacterial RC.

Fluorescence from a system with two
transient states

Fluorescence is generated from the electronically excited
state of the pigment (P*) by return to the ground state (P)
with ejection of a photon (Fig. 2; now k. = k_ = kg = 0).
The intensity of fluorescence at any time (#) is proportional
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FIGURE 2 A simplified model for the determination of the decay law of
fluorescence and separation of prompt and delayed fluorescence after
single-flash excitation. The model includes two transient states: the singlet
excited state of the pigment (P*) and the charge-separated state (P* Q™). Q
is a general term for an electron acceptor, k, is the rate constant for the
recombination, and AG® is the free energy gap between P* and P*Q ™.

to the concentration of the excited pigment:
F(1) = ke [P*](2) (1)

where k; is the rate constant of fluorescence emission. This
process goes on parallel to the competing radiationless
transition (rate constant k). The observed rate constant of
deactivation of P* is

kP = kf + knr (2)

After excitation of P, the time dependence of the concen-
tration of P* is described by

d[p*] .
T kp + [P*] (3)

with a solution of

[P*](5) = exp( — kp-1) (4)

if the concentration of the excited pigment is taken to be
unity at # = 0. Thus the observed decay of fluorescence of
a free pigment is monoexponential, the rate constant is the
sum of the rate constants of the radiative and radiationless
transitions, and the yield of fluorescence is

Mo = k: (%)

In contrast to the free pigment, the fluorescence properties
of a pigment coupled to a photochemical process will be
quite different (Fig. 2; &, # 0). The excitation energy of the
pigment can be trapped by photochemical states (e.g., triplet
states, charge-separated states, etc.), and therefore it is lost
with respect to fluorescence. The capture of the excitation
energy can be irreversible or reversible.
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If the trapping (rate constant k) is irreversible (k_ = 0),
then the expressions derived for a free pigment (Egs. 3-5)
can be extended accordingly. After instant excitation, the
decay of the concentration of the excited pigment is

[P*](1) = exp( — (kp + k) + 1) (6)

i.e., the observed decay of fluorescence remains monoex-
ponential but becomes faster (k.. = kp + k), and the yield

ke
nprompt = kP + k+ (7)

decreases (Mprompt < Mo)-

Major alterations in the properties of fluorescence can be
expected, however, if the coupling is reversible, i.e., part of
the transiently stored energy can be recaptured in the form
of the excited pigment. Inclusion of the back-reaction (k_ #
0) will lead to the following system of two differential
equations after the flash excitation:

d[p*] +0-
= k) PTHE QT ®)

d[PTQ~
T -l ©

where k_ is the rate constant of the back-reaction and k, is
the rate constant of the charge recombination, whereby the
charge-separated state P*Q ™ returns to the ground state PQ.
The basic feature of this system of equations is that it
contains a linear expression of the rates in terms of the
concentrations, which in this particular case involves two
species. The general solution for the time dependence of
each concentration is the sum of two exponential terms. For
[P*],

[P*]() = A;-exp( — k= 1) + Ay exp( — ky- 1) (10)

where 4,, A, and k,, k, are the amplitudes and the rate
constants of the two components, respectively. If &, is
much larger than the other rate constants, then the approx-
imate solutions for the rate constants are

k1=k++k,+kp (11)
k_

by = ko + ke (12)
k.

and those for the amplitudes (from the initial conditions
[P*] = 1 and [PTQ "] = 0 at t = 0) are

A=1- (13)

k-
M=y (14)
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The back-reaction made the decay biexponential. The rate
constant of the fast phase (k) involves the rate of establish-
ment of the kinetic equilibrium of the excited state (P*).
Here the dominant rate constant is that of the forward
reaction. This component is frequently called prompt fluo-
rescence. The rate constant of the slower phase (k,) reflects
the rate of evacuation of the transient, free energy storage
state (P Q7). This process can occur through two parallel
paths: direct charge recombination (rate constant k) and
indirectly via P* (rate constant kp * k_/k. ). The slow phase
is the delayed fluorescence.

The ratio of the rate constants for backward and forward
reactions can be expressed by the free energy gap AG°
between the P"Q™ and P* states:

k_ AG°>

ool >

where kg is Boltzmann’s constant and 7 is the absolute
temperature. If k_ << k, (i.e, AG >=> 25 meV) then the
amplitude of the prompt fluorescence is constant (close to
unity). According to Eqs. 14 and 15, the amplitude of the
delayed fluorescence is a very sensitive monitor of the free
energy of P*Q™ relative to that of P*: one order-of-mag-
nitude drop/increase in the amplitude corresponds to a
58-meV increase/drop in the free energy gap at room
temperature.

It is more convenient to determine the free energy gap by
measuring the ratio of the intensities (instead of the ampli-
tudes) of the prompt and delayed fluorescence. As the yield
is proportional to the area under the corresponding expo-
nential decay, the relative yield, i.e., the ratio of the number
of emitted photons, is

]prompt _ é.@ (16)
Idclay AZ kl

Using Eqgs. 11-14 and replacing k. with k¢/Np,om (se€ Eq.
7, which is also valid in the present approximation), we get

I, prompt kQ : npmmpt (A Go)
= cexpl 17
I delay kf P kB T ( )

While the ratio of the amplitudes (exp(AG°/kgT) can be
extremely large, the ratio of the intensities is significantly
reduced by the appearance of the ratio of the rate constants,
and thus the latter quantity can be measured much easier.
Taking AG° = 900 meV (Arata and Parson, 1981; Turzo et
al., 1998), ko = 10 s L k=8 X 107! (Arata and Parson,
1981; McPherson et al., 1990), and My pmp = 4 X 107
(Zankel et al., 1968; Woodbury et al., 1985) in bacterial RC,
the ratio of the amplitudes of the prompt and delayed
fluorescence amounts to 4.3 X 10'°, but that of the inten-
sities is only 2.1 X 10°.

Biophysical Journal 79(1) 14-25
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Millisecond delayed fluorescence from the
acceptor quinone system of bacterial RC

When two or more consecutive reactions are added to our
simple model, the exact solution becomes very complicated.
One may find an approximate solution, however, if the
lifetimes of the prompt and delayed fluorescence are very
different, as in the case of the millisecond delayed fluores-
cence from bacterial RC. Consider three steps (involving the
bacteriopheophytin and the two quinones) in the process of
charge stabilization in RC from Rb. sphaeroides (Fig. 3). In
RC from wild type, the direct recombination from the P" Qg
state is negligible compared to the indirect decay via P*Qj
(Labahn et al., 1994). A system of four coupled linear
differential equations (rate equations) can be set for the four
transient states (P*, P*1~, P*Qj, and P"Qg). The general
solution in thermal equilibrium can be expressed by the sum
of four exponential terms. In the millisecond time range and
afterward (for t >=> 1/(kpg + kg,)), the slowest component
will dominate and the time and free energy dependence of
the delayed fluorescence from RCs with fully reconstituted
Qg activity of concentration [RC]g can be given by

eXp(Gg/ kT)

Foll) = ke IRl T exp((Gh — Gk
kpa
. exp( - kAikAB - . t) (18)
Similarly, for RCs with no Qg (only Q,) activity,

Ga

F\(t) = k- [RC], - exP(kT) cexp(—kyt1)  (19)

Based on Eq. 19, the standard enthalpy (H%) of the P"Q}
state can routinely be obtained from the slope of the stan-
dard van’t Hoff plot (logarithm of the amplitude of the
delayed fluorescence versus 1/7). Considering Eq. 18, sim-
ilar analysis can be made for the P*Qy state if exp((Gh —

Turzé et al.

G)lkgT) << 1, i.e., the free energy gap between the qui-
nones is much larger than 25 meV (at room temperature). If,
however, the free energy levels of the quinones are closer
(e.g., in cases of higher pH, high potential quinone substi-
tution, mutations, etc.), then a more careful analysis of the
delayed light emission is required to determine the enthalpy
of the secondary quinone relative to that of P*.

If the reconstitution of the Qg activity is not complete,
then biphasicity is the most notable feature of the charge
recombination kinetics detectable by both flash-induced ab-
sorption change and delayed fluorescence methods. A fast
phase arises from RCs without bound Qg and a slow phase
from RCs with bound Qg during the lifetime of the flash-
induced P*Q, state. Introducing the relative amplitude of
the slow phase of the flash-induced absorption change,

[RCIg

%= = [RC], + [RCT, 20
and that for the delayed fluorescence,
Fg(t=10
Seety = (1 = (])3)( ¥ FB)(t =0) @h
and using Egs. 18 and 19, we get
Sdelay = ! o - (22)
14+ (1/8S;ps — 1) = (1 + e!O /sl

This demonstrates that the fraction of the slow component
in the decay of the delayed fluorescence is smaller than that
in the absorption kinetics. Whereas in the absorption kinet-
ics the contributions of Q- and Qg-active RCs are propor-
tional to their concentrations, in the delayed fluorescence an
additional weighting by a Boltzmann factor appears, includ-
ing the free energy gap between the charge storage state and
P*. Consequently, the delayed fluorescence originating
from Q,-active RCs is more pronounced than that from
Qg-active RCs.

A P*
0.0 - kpy —
o Go Pl /
% I Fep
~
FIGURE 3 Origin of the leakage-type delayed fluo- g
rescence in RC of photosynthetic bacteria and the free <
energy levels of the redox states P*1~, P*Q,, P*Qg, 5
and PQ,Qj relative to that of the excited state P*. The 8 k
approximate rate constants of forward reactions are o~ 1 k f knr
kpp = 3.6 X 10" s ko = 5.0 X 10° s, and k= — delayed
1.0 X 10% s~ !. Note that there is no direct recombination ;‘ G° emission
from charge-separated state P*Qg. = oA
g Gy
~
iy
7
-1.38
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RESULTS AND DISCUSSION

Immediately after the charge separation, the RC begins to
emit delayed fluorescence in a very wide time domain. The
decay consists of several phases indicating the contributions
of more than one transient state in charge stabilization. The
very fast (pico- and nanosecond) components reflect early
reactions between high free energy states having static
heterogeneity (Woodbury and Allen, 1995; Ogrodnik et al.,
1999) and/or a time-dependent decrease (protein relaxation)
(Woodbury and Parson, 1984; Peloquin et al., 1994; Wood-
bury et al., 1994) in their free energy levels. The study of
these processes is beyond the scope of the present work. The
sources of the slower (millisecond and second) components
are lower-lying transient states, including the acceptor qui-
none complex that plays a central role in conservation of the
photon energy. Depending on the redox state and reconsti-
tution of the acceptor quinone complex, three different
phases appear in the decay of the delayed fluorescence: a
fastest, a fast, and a slow component with lifetimes (at pH
8.0) of 1.5 ms, 102 ms, and 865 ms, respectively (Fig. 4).
These components can be attributed to different reactions in
the RC and will be discussed separately below.

1000

100 o ™

/

—
@

F (1) (rel. units)

0.1

0.01 T
0.001 0.01 0.1 1 10

t (s)

FIGURE 4 Kinetic traces of millisecond delayed fluorescence from bac-
terial RC in different states on a double logarithm scale. Trace 1: RC with
photochemically reduced Q, (pH 7.8). P* was rereduced by external donor
ferrocene (10 uM) with a half-time of 10 ms as monitored by transient
absorption change at 430 nm. The flash repetition rate was 2 Hz; other
details are in the text. Trace 2: RC with oxidized primary quinone but
secondary quinone activity blocked by terbutryne (100 uM, pH 8.0). Trace
3: RC with fully reconstituted secondary quinone activity (60 uM UQ,,
pH 8.2). The shutter is closed during the laser flash but is opened (Trace
1: within 3 ms) afterward. The time constants of the electronics were
adjusted to the lifetimes of the components. Solid lines are the best fit for
the sum of exponential functions with amplitudes and (lifetimes) of 310
(1.46 ms) (Trace 1), 1.52 (102 ms) (Trace 2), and 0.54 (115 ms) and 0.21
(865 ms) (Trace 3). Conditions: 1.3 uM RC, 0.03% TX-100, 10 mM Tris,
and 100 mM NaClL.
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Fastest component: BChl triplet-related process

To date, millisecond delayed fluorescence has been mea-
sured only at times longer than ~30 ms, probably because
of limitations in shutter opening times (Arata and Parson,
1981; McPherson et al., 1990; Turzo et al., 1998). Using an
order-of-magnitude shorter dead time, we could detect a
previously neglected delayed fluorescence component with
a lifetime in the range of several milliseconds (Fig. 4, curve
1). Unfortunately, the lifetime of the fastest phase could not
be resolved with higher accuracy because of the overlapping
shutter opening time.

Based on the following simple observations, we excluded
the possibility that electrical artifacts could have signifi-
cantly contributed to this fastest millisecond component. At
the moment of the laser flash no signal was observed,
although the detector was set at its highest sensitivity (only
the shutter was closed). When the opening of the shutter was
delayed relative to the laser flash, different parts of the same
decay curve were measured.

The fastest component could arise from (very weak)
phosphorescence (or delayed fluorescence) of the optical
parts (cuvette, green filter, etc.) excited directly by the laser
light or indirectly by the scattered light. These disturbing
effects were carefully reduced by selection of a low-fluo-
rescence cuvette and by placing the crucial optical elements
in the emission path (red filter and lens) behind the shutter
(Fig. 1). Blank solution (without RC) in the cuvette gave
more than an order of magnitude smaller signal (artifact)
than that with RC, even under the worst conditions.

Because of the very small intensity of the delayed light,
its spectrum could not be resolved by inserting a monochro-
mator in the fluorescence light path. However, when the
high-pass filter (>850 nm) was replaced with an interfer-
ence filter (A,,,, = 919 nm, AA = 20 nm, and 7,,,,, = 67%),
the same properties of the delayed light (number, relative
amplitudes, and life-times of the components) were measured.

Experiments using chemically and photochemically
prereduced or preoxidized RCs offered the strongest argu-
ments in favor of photochemical origin of the observed
fastest component. No delayed fluorescence was measured
at all when the dimer of the RC was preoxidized chemically
by K-ferricyanide before the flash. This proves that the
fastest component originates from the charge-separated
state of the RC. When, however, the primary quinone in the
RC was prereduced chemically by sodium dithionite before
the laser light, the amplitude of the fastest component in-
creased by more than one order of magnitude, while the fast
component disappeared. Similar results were obtained when
Q4 was prereduced photochemically (Fig. 4, trace 1). To
keep Q, in a reduced state, an external electron donor was
added to the solution. Ferrocene was the best candidate for
that purpose, as its fluorescence does not interfere with that
of the RC and it is a relatively slow electron donor to P*
(Maroti and Wraight, 1988). The experimental conditions
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could be adjusted to optimally study the P*X™ precursor
state of the fastest component of delayed fluorescence. The
rate of donation (~100 s~ ') was higher than that of the
P*Q, — PQ, charge recombination (~10 s~ '); thus the
stable PQ, redox state could accumulate but was much
lower than the rate of P"I~ — PI charge recombination
(k; = 6 X 107 s7') and the rate of disappearance of the
P*X™ precursor state (~10° s~ ') monitored by the fastest
component of the delayed fluorescence.

The approximate free energy level of the P*X ™ precursor
state of the fastest component was estimated from the plot
of the logarithm of the amplitude as a function of reciprocal
temperature (Fig. 5). The elevating temperature increases
the extent of thermal repopulation of P* from P*X™, and
therefore the intensity of the delayed fluorescence should
increase (see Eq. 19 and the similar (van’t Hoff) analysis for
the fast and slow components). The low slope of the straight
line in the van’t Hoff plot (AH° = —112 meV) indicates
that the P* X~ precursor state has a high enthalpy relative to
that of P*.

Evidently, additional experiments are required to de-
scribe the origin and characteristics of the fastest component
of the millisecond delayed light, but several observations
can be explained by using standard reaction paths of the RC
(Fig. 3). In RC with reduced primary quinone, a transient
charge separation between P and I takes place (P — P* —
P*17), but instead of further stabilization of this charge pair
by the primary quinone, parallel mechanisms (radical pair
mechanism) and reaction paths to triplet formation *(P*1")
and °P) become important (for a review see Volk et al.,
1995). This is due to the increase in the lifetime of the P™1~
state from 200 ps (when Q4 is oxidized) to ~15 ns (when
Q4 is reduced). The higher amplitude of the fastest compo-
nent of the delayed fluorescence observed upon prereduc-

temperature (°C)
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FIGURE 5 Van’t Hoff plots of the amplitudes (4) of the different
components of the millisecond delayed fluorescence (see Fig. 4) on the
physiological temperature range. The enthalpy changes calculated from the
slopes are —112 meV (A, fastest phase), —828 meV (O, fast phase), and
—932 meV (@, slow phase). The conditions are the same as in Fig. 4.

Biophysical Journal 79(1) 14-25

Turzé et al.

tion of the primary quinone indicates that the precursor state
should be filled via the transient P™1~ state, and we argue
that it should be related to either of the above-mentioned
triplet states. The lifetime of the dimer triplet measured by
electric and magnetic methods is 54 us at room temperature
(Volk et al., 1995), much shorter than the lifetime of the
fastest component in the delayed fluorescence (~2 ms). It
has been widely demonstrated, however, that static hetero-
geneity and/or relaxation processes may result in a diverse
energetic landscape of the protein (Peloquin et al., 1994;
Woodbury and Allen, 1995; Volk et al., 1995; Ogrodnik et
al., 1999; Turzo et al., 1999). These effects, together with
side reactions of the radical pair mechanism, may result in
long-lived bacteriochlorophyll triplet states that may be
difficult to trace in transient absorption because of their very
low concentration and the lack of spectral distinction. The
delayed fluorescence from these states, however, will be
comparable to that originating from quinone levels (for
quantitative analysis see Eq. 22).

The quantum yield of the fastest component of the de-
layed fluorescence was determined by comparing the inte-
grated light intensities of the prompt and delayed emissions.
For the yield of the prompt fluorescence a value of 4 X
10~ was taken (Zankel et al., 1968), which is in reasonable
agreement with other recent measurements: 3.2 X 10~*
(Woodbury et al., 1985) and 1.2 X 10~ * (Nowak et al.,
1998). Using this value together with the observed attenu-
ation, a yield of 6.4 X 10~° was obtained for the fastest
component of the delayed fluorescence at pH 8.0.

Fast component: Q,-related events

Evidence has accumulated in favor of the P* Q) redox state
of the RC as a precursor of the fast phase of the delayed
fluorescence. If Q4 is prereduced chemically before the
flash, this component is absent (Fig. 4, curve 2). The rate
constant of the fast phase equals that of the transient ab-
sorption change reflecting the decay of the P"Q, charge
pair by recombination (Arata and Parson, 1981; Turzo et al.,
1998). The slope of the van’t Hoff plot of the fast compo-
nent in the physiological temperature range yields a large
enthalpy change (Fig. 5) that is characteristic of the charge
stabilization on the primary quinone and makes the photo-
chemical transition practically irreversible. The quantum
yield of the fast component was found (as above) to be
22 X 107°.

The fast component has been proved to be sensitive to the
chemical nature of the primary quinone (substitution), its
protein environment (mutations), and the physicochemical
properties of the bulk solution. Here the effect of pH and
high-potential quinone substitution on the fast phase of the
delayed fluorescence will be elaborated on in more detail.
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Stabilization of P*Q, by proton uptake of the RC

Based on Eq. 17, the free energy of the P"Q,, state relative
to that of P* can be determined by measuring the ratio of the
intensities of the prompt and delayed emissions (Arata and
Parson, 1981). The amplitude of the fast component of the
delayed light is extremely small: A4qj0y/4prompe = 2.3 X
107 1% (4.4 X 107'%; Arata and Parson, 1981), which indi-
cates a considerable drop in the free energy of PTQj
amounting to G = —910 = 20 meV (—860 * 20 meV;
Arata and Parson, 1981) at pH 7.8. The reason for the
discrepancy between the two measurements is unknown. A
rational possibility, the overestimation of the prompt fluo-
rescence due to free pigments in our RC preparation, can be
excluded. Within the precision of our experiments, we
found that the excitation intensity dependence of the prompt
fluorescence and that of the delayed fluorescence had sim-
ilar saturations (data not shown). If the sample had con-
tained free (or functionally decoupled) pigments with a
much faster turnover rate (=1 X 10° s~') than the photo-
chemistry of the RC (~10 s '), then their emission would
have been expected to remain linear over many orders of
magnitude of the excitation intensity before reaching satu-
ration at much higher intensities than that for delayed flu-
orescence. Therefore, the fluorescence of the RC was not
spoiled by extraneous emission.

The external H" ion concentration of the solution influ-
ences the free energy level of the P*Q, charge pair, dem-
onstrating the role of protonatable side chains of the protein
in the interaction with the light-induced redox/charge state
of Q4 (Maréti and Wraight, 1988). G shows a marked drop
in the alkaline pH range but becomes independent of pH
below pH 7. The delayed fluorescence measurements for
determination of the free energy of P*Q, were extended to
acidic pH values as low as pH 4. The observed pH depen-
dence of the P"Q, state is in good accordance with earlier
measurements from Kleinfeld et al. (1985) and Sebban
(1988), who assayed this state in the neutral and alkaline pH
range, using a thermal back-reaction in RCs, in which the
native ubiquinone was replaced with low-potential quinones
(anthraquinones). Studies on site-directed mutant RCs have
identified several protonatable residues in or near the Qg
binding pocket that interact with Q, (Mardti et al., 1995;
Miksovska et al., 1996; Kalman et al., 1998) or with Qg
(Takahashi and Wraight, 1994; Okamura and Feher, 1995;
Sebban et al., 1995). The cluster around Glu L212 in the Qg
binding domain is particularly responsive to Q,, as dem-
onstrated by the change in the free energy of P*Q, in the
alkaline pH range (UQ in Fig. 6). Above pH 8, G drops by
~50 meV upon proton uptake of the Glu L212 cluster. This
observation is a safe indication of the functional linkage
between the Q, and Qp sites (Wraight, 1998). The type and
path of interaction have not been clarified yet, as the dis-
tance of “cross-talk” is very large (~17 A), and therefore
interactions other than electrostatics should play an impor-
tant role. The iron-histidine complex seems to be a proper
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FIGURE 6 pH dependence of the free energy of P*Q} relative to that of
the excited dimer P*, determined by comparing the intensities of the
prompt and delayed fluorescence. The primary quinone is either the native
quinone (ubiquinone, UQ (O)) or an artificially substituted quinone analog
(menadione, MD (@) or duroquinone, DQ (A)). The secondary quinone
binding site is occupied by 100 uM terbutryne, an effective interquinone
electron transfer inhibitor. The solid lines represent the integrated proton
uptake calculated from Henderson-Hasselbalch-type titration curves (see,
e.g., Turzo et al., 1999), with the following sets of pKs and shifts (ApK) of
the individual protonatable amino acids. UQ: 4.87 (0.03), 6.87 (0.03), 8.35
(0.25), and 9.7 (0.8); DQ: 6.8 (0.3), 8.85 (0.05), and 9.7 (0.65); MD: 7.8
(0.02) and 9.6 (0.15).

wire along which coupling between the two quinone bind-
ing sites may be performed. Below pH 7, G is pH inde-
pendent, i.e., other (acidic) clusters in the Qg pocket or in the
Q, binding domain are not sensitive to the redox state of Q,.

If the native ubiquinone is replaced by other quinones, the
functional linkage can be perturbed. Substitution by DQ
will not cause dramatic changes in the pH dependence of the
free energy (only a small shift of about —20 meV), but
replacement with MD almost completely eliminates the
marked changes in the alkaline pH range (Maroéti et al.,
2000). Similar conclusion can be drawn from earlier flash-
induced proton binding measurements in which no proton
uptake was observed above pH 9 (Kalman and Mardti,
1994). In trying to rationalize this peculiar pH behavior, we
have to keep in mind that the white crystals of MD (2-
methyl-1,4-naphthoquinone sodium bisulfite) are water sol-
uble, which is unique among the quinone derivatives. Dur-
ing the process of substitution (when the Q, pocket should
be uncovered by a relatively large concentration of ionic
detergent LDAO), some water molecules (together with the
water-soluble MD) may invade the Q, binding domain and
can modify its dielectric property in a way that it screens the
long-range electrostatic interactions. We argue that the elec-
trostatic interaction between Q, and the ionized Glu L212
near Qg is attenuated by the increased effective dielectric
constant, and therefore no pH changes in the alkaline pH
range can be expected in the free energy level of P*Q, . An
alternative explanation emphasizes the change in mobility
of the protein environment upon substitution of UQ by MD.
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The increased mobility involves a higher dielectric constant
and thus reduced interaction between the charged groups in
the two quinone binding pockets. These explanations need
further proof from (molecular dynamic and/or electrostatic)
calculations and experiments on different site-directed mu-
tants and RCs where the native quinones are replaced by a
wide variety of quinone analogs.

Free energy dependence of the rate of direct charge
recombination from P*Q,

Much work has been devoted to investigating the effects of
changes in G5 on the ET properties of the RC (Gunner et al.,
1986; Gunner and Dutton, 1989; McComb et al., 1990;
Schelvis et al., 1992). The native Q, was replaced by a
variety of quinones differing in redox potential, and the
delayed fluorescence of the substituted RC was measured
relative to that of the RC with native ubiquinone (Woodbury
et al., 1986). Based on the pioneering work of Woodbury et
al. (1986), Gunner and Dutton (1989) found an empirical
relationship between the free energy of the quinone (G‘é)
relative to that of the native ubiquinone (G%Q) and the
charge recombination rate k,p at pH 7.3 for a mechanism in
which the back-reaction proceeds through thermal equili-
bration with the intermediate P*Qj:

G4 — Gug = 56.6 meV - log(kap — 7.087") + 53.1 me?723)

The relationship predicts a 56.6-meV change in the P*Qj
level for a change in the rate of charge recombination by a
factor of 10. Equation 23 is widely used to obtain estimates
of the relative in situ redox potential for quinones with low
potential (Graige et al., 1996; Schmid and Labahn, 1998).

FIGURE 7 The observed rate constant of the P*Qj
— PQ, charge recombination (k,p) as a function of the
standard free energy of Q, relative to that of the excited
dimer (G}) for several “high potential” quinones at pH
7. Samples 1-3: UQ,,, MD, and DQ (this work); sam-
ples 4-8: 2-diisoprenyl-1,4-NQ (NQ,), 2-methyl-
1,4-NQ (MQ,), 2-tetraisoprenyl-1,4-NQ (NQ,), 2,3,5-
trimethyl-1,4-NQ (TMNQ), and 2,3,6,7-tetramethyl-
1,4-NQ (TEMNQ) (Li et al., unpublished results);
samples 9—13: 1,4-benzoquinone tetramethyl, 1,4-NQ,
1,4-NQ 2,3-dimethyl, 1,4-NQ 2,3,5-trimethyl, and
1,4-NQ 5 methoxy (Gunner and Dutton, 1989); samples
14-17: MQ,,  2-methyl-3-tetraisoprenyl-1,4-NQ
(MQ,), TMNQ and TEMNQ (Graige et al., 1996);
samples 18-25: DQ, 6,7-dichloro NQ, 2-methylthio
NQ, UQ, 2,3-dimethyl NQ, 5-methyl NQ, 2,3,5-trim-
ethyl NQ, and 5-methoxy NQ (Woodbury et al., 1986).
For the different sets of (mainly relative) measurements,
Guo = —918 meV was taken. Fitted curves: T, fit of the
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The delayed fluorescence data of the present and related
recent studies merit revisiting this subject for high-potential
quinones at the Q , binding site. As the conditions for Eq. 23
are not satisfied, changes in the expression should be con-
sidered. The P"Q, — PQ, back-reaction occurs directly
(by a tunneling mechanism) and indirectly via an uphill
reaction through the thermally excited P*1™ state, depend-
ing on the free energy of P*Q, (see Fig. 3). Woodbury et
al. (1986) estimated that the direct path dominates if G, <
—800 meV. The charge recombination rates for different
high-potential (benzo- and naphtho)quinones at the Q,
binding site are plotted in Fig. 7 as the function of free
energy of PTQ, determined from delayed fluorescence
measurements. All of these substituted RCs satisfied the
above condition for a direct (temperature-independent) path
of back-reaction. Three curves were fitted to the data. Curve
G, calculated from the empirical relation (Eq. 23), is obvi-
ously not a good approximation (y* = 20.83) in this free
energy range and should offer a better fit for low-potential
quinones. Curve M, calculated from the commonly accepted
Marcus theory of electron transfer in the high temperature
limit,

(— G — 1380 meV + \)
4Nk T

kAP = kmax : exp( - ) (24)
gives a better result (x> = 10.89) with the two fitted
parameters of the maximum rate constant k,,,,, = 50 s~ ' and
reorganization energy A = 850 meV. As the selected range
of free energy is far away from the value where the rate
reaches its maximum (—530 meV), the curvature is small
and thus the fit is not very sensitive to the changes of the
parameters. Even then, the fitted values are close to other
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straight line to the data (thick line) (standard x> = 9.90);
M, Marcus expression (Eq. 24 with &, = 50 s~' and
A = 850 meV, dotted line, x¥* = 10.89); G, Gunner
expression (Eq. 23, thin line, x> = 20.83, Gunner and

Dutton, 1989).
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estimates based on measurements using an external electric
field (Feher et al., 1988) or mutants (Allen et al., 1998). The
fit of the straight line to the data (7) gives the smallest x*
(= 9.90) value:

Gy = —987meV + 8.77meV - s krp (25)

This is an empirical relationship between the rate of direct
charge recombination and the free energy level of the pri-
mary quinone. Based on this expression, one can determine
the in situ free energy of the P*Qj state by measuring the
rate of back-reaction in RCs where the native quinone is
replaced by a high potential quinone.

Equation 25 indicates that the rate of direct recombina-
tion is only weakly dependent on the free energy of the
primary quinone. The tunneling rate increases by 6.8 s ' for
every 60-meV increase in the free energy of the P*Q}, state.
In contrast to this, the rate of the temperature-activated
indirect path increases by a factor of 10 for each increase in
the free energy of the P*Q, state by 60 meV at room
temperature (see Eq. 23).

Slow component: Qg-associated events

If the secondary quinone activity of the RC is reconstituted,
a long-lived delayed fluorescence can be observed (Arata
and Parson, 1981; Fig. 4, curve 3). The lifetime corresponds
to the lifetime of the P*Qy state controlled by the indirect
charge recombination via P*Q,, and can be as high as 1046
ms at pH 6.5. The quantum yield of the slow component
was 2.6 X 1077, The free energy level of the precursor
P*Qp state relative to that of P*Q}, can be determined from
the measured rates of the slow (kgp) and fast (k,p) compo-
nents (Wraight and Stein, 1983; Kleinfeld et al., 1984):

k
G = G;—kBT-ln(kAP— 1) 26)
BP

or from their amplitudes (Eq. 22). Whereas the former assay
is widely applied (the rates can be determined with high
precision from transient absorption measurements), the lat-
ter method shows one of the curiosities of the delayed
fluorescence method. The pH dependence of the relevant
quantities and a comparison of the free energy values pro-
vided by these two methods are shown in Fig. 8 for native
RCs. The rates (Fig. 8, top) and the amplitudes (Fig. 8§,
middle) were determined from biexponential decomposition
of the kinetics, and k,p was measured in RCs with the
secondary quinone removed. The rate of the fast component
showed very weak pH dependence, but the rate of the slow
phase exhibited a characteristic increase in the alkaline pH
range in good accordance with earlier data (Kleinfeld et al.,
1984). The relative amplitude of the slow phase of the
transient absorption (S,,,) was high at neutral pH (>90%)
but dropped with an increase in pH. Under our conditions,
high pH did not favor the secondary quinone activity: either
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FIGURE 8 pH dependence of the free energy of P"Qg in native RCs as
determined from both the rate constants and the relative amplitudes of the
slow phase of delayed fluorescence. (7op) Rate constants of charge recom-
bination of RC with removed (k,p (*)) and with reconstituted (kgp (2))
secondary quinone activity determined from transient absorption data.
These are the same rate constants as those of the corresponding delayed
fluorescence decay, but they can be determined more accurately. (Middle)
Relative amplitudes of the slow component of transient absorption (S,., ®)
and delayed fluorescence (Sgcr.y, M), as calculated using Egs. 20 and 21,
respectively. (Bottom) Free energies of P Qg as determined using Egs. 26
(+) and 22 (A) and the free energy level of P*Q, (O) (see Fig. 6).

the apparent quinone affinity or the availability of quinones
to the secondary quinone binding site from the pool de-
creased. The relative amplitude of the slow phase of the
delayed fluorescence (Sycp,,) was low (~25%) and re-
mained constant in our pH range. This is in accordance with
the expectation that the contribution of precursors to the
observed delayed fluorescence is not according to their
concentrations but is further weighted by their free energy
levels. The free energy of P*Qg can be derived from both
the kinetic rate constants and the fractional amplitude of the
slow phase, using Eqs. 26 and 22, respectively. These two
(kinetic and delayed fluorescence) methods are almost con-
sistent, as they offer similar results within the precision of
the measurements (Fig. 8, bottom).

The pH dependence of Gg is more complex and more
profound than that of G, indicating that more protonatable
residues are responding to Qg formation and they are closer
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to the secondary semiquinone. This is not surprising, as
many more ionizable groups are in or around the Qg binding
pocket than in the Q4 binding site. Recent calculations on
protein and proton motions upon interquinone electron
transfer revealed that a cluster of acids near Qg (Glu L212,
Asp L213, and Asp L210) could play a crucial role in the
determination of the pH profile of the free energy of the
P*Q™ charge-separated state (Alexov and Gunner, 1999).
The observed difference in the low pH behavior of the
P*Q, and P" Qg states can be attributed to the difference in
charge distribution of the cluster. In the P*Qy state, the
negative charge of the cluster is shifted to the more distant
Asp L210, and its interaction with Qg describes the ob-
served stabilization of the P"Qg state in the acidic pH
range.

CONCLUSIONS

Because of its leakage type, the delayed fluorescence from
isolated photosynthetic reaction center protein is an excel-
lent probe of intraprotein electron transfer, as it monitors but
does not influence the primary processes. The extremely
low quantum yield of millisecond delayed fluorescence
calls for a sophisticated optical and electronic arrangement
not readily available for routine assays. Comparative de-
layed fluorescence, transient absorption, and theoretical
studies revealed a number of interesting kinetic and ther-
modynamic aspects of charge stabilization after flash exci-
tation. The three distinct phases in the millisecond delayed
fluorescence account for different steps in the stabilization
of the primary charge pair. By measuring the ratio of the
prompt and delayed fluorescence intensities, one can deter-
mine the free energy level of the precursor state relative to
the free energy level of the excited dimer that is not exposed
to direct influences of the cytoplasmic side of the RC. This
allows the determination of the in sifu positions of the
different quinone states on the free energy scale. The de-
layed fluorescence is sensitive even to slight changes in the
free energy level due to proton uptake or quinone substitu-
tion. The functional linkage between the two quinone bind-
ing sites was demonstrated by measuring the interaction
energy between the primary semiquinone and the protona-
table Glu L212 cluster in the Qg pocket. Based on a series
of delayed fluorescence data on high potential quinones, an
empirical expression was found. This calibration straight
line makes it possible to estimate the free energy of the
primary charge pair from the measured rate constant of
direct charge recombination, i.e., from an easily available
kinetic parameter.
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