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For reaction centers of photosynthetic bacteria reconstituted with low-potential quinones in the QA site, the
state P+QA

- formed by light activation decays to the ground state via a thermally activated route through the
P+H- state. The rate of charge recombination by this thermal pathway is proportional to the equilibrium
constant between P+QA

- and P+H-. Thus, the free energy difference between P+QA
- and P+H- can be

determined by measuring the charge recombination rate via the uphill route. The enthalpy and entropy change
of the reaction can then be deduced from the temperature dependence of the charge recombination kinetics.
The free energy, entropy, and enthalpy changes between P+QA

- and P+H- were determined at temperatures
from 40 to 318 K for several low-potential quinones. From 200 K to room temperature,∆H° ≈ ∆G°, so the
entropy changes are small. However, in the temperature range 80-200 K, a significant entropy change is
observed, and the free energy becomes strongly temperature-dependent. The newly formed P+QA

- state lives
for milliseconds. On this time scale at low temperature, the P+QA

- state appears to be trapped prior to charge
recombination in a state∼200 meV (10 K) higher in free energy than the relaxed form found at room
temperature.

Introduction

The bacterial photosynthetic reaction center (RC) is the
intrinsic membrane protein that facilitates the conversion of light
energy to chemical energy. Upon absorption of a photon, charge
separation is achieved by a series of electron transfers between
the cofactors bound to the protein. The crystal structure and
the electron-transfer sequence of RCs from several species of
bacteria have been well characterized (for reviews, see refs
1-3). Electron transfer in this protein proceeds through a
quantum tunneling mechanism. This protein has proved to be
an ideal model system for studying the basic chemistry of
electron transfer in biology and chemistry.4,5 In addition to the
advantages of having a well-defined configuration of electron
donors and acceptors, sophisticated methods are available to
change the driving force of the reaction and to manipulate the
local protein environment of the cofactors.6-9 In addition, most
of the electron-transfer steps in this protein are able to proceed
at cryogenic temperature, providing unique advantages for the
study of protein dynamics.10-14

Charge separation in reaction centers starts with a very fast
picosecond electron transfer from the primary electron donor
P, a dimer of bacteriochlorophyll, to the bacteriopheophytin H
in the active L branch of the protein, followed by a slower
reduction (∼200 ps) of the primary quinone QA. When the
secondary quinone QB is absent, the resultant charges on P+

and QA
- recombine to return the system to the ground state

(Figure 1). Following the electron transfer from P* to H, the
system can return to the ground state in a reaction that competes
with the forward electron transfer to QA. Because of spin
rephasing in the P+H- state, charge recombination yields the
triplet 3P as well as the singlet P.3P returns to ground state
through relatively slow intersystem crossing.15,16

Several different methods have been applied to reaction
centers fromRhodobacter sphaeroidesstrain R-26 to measure
the free energy, enthalpy, and entropy of different reactions.
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Figure 1. Electron-transfer pathway and free energy level inRb.
spharoidesRCs. The free energy level of the P+HQA

- state is shown
for the native ubiquinone. The energy range for the substituted low-
potential quinones used as QA in the experiment is also shown. The
uncertainty of the P+H- free energy level is indicated by the box (see
discussion). With native RCs at room temperature,k1 ) 7.7× 107 s-1

and is assumed to be independent of quinone at the QA site,kHA) 5 ×
109 s-1, andk0 ) 9.3 s-1.
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The energy level of P+QA
- relative to other states has been

determined in several ways. During the slow P+QA
- charge

recombination process, P+QA
- and P* are in pseudo-equilib-

rium. The fraction of the population in which electrons return
to the donor to reform the P* state can be determined from the
integrated amplitude of delayed fluorescence from P*. The ratio
of P* and P+QA

- in pseudo-equilibrium provides the free energy
difference between the two redox states. The enthalpy and
entropy changes of the reaction can then be deduced from the
temperature dependence of the delayed fluorescence.17,18 A
second, photoacoustic, method measures the enthalpy change
of the reaction directly from the heat released during the electron
transfer from P* to P+QA

-. Given the reaction free energy
obtained by other methods, the entropy change can be found.19-21

A third method for determining in situ thermodynamic
parameters utilizes the fact that the P+QA

- charge recombination
can proceed through two pathways. One is by direct electron
tunneling from QA

- to P+. In the other, P+QA
- equilibrates with

a higher-energy state, most likely P+H-, which then decays to
the ground state.18,22-24 The rate of charge recombination by
this thermal pathway is proportional to the equilibrium constant
between P+QA

- and P+H- and to the rate of charge recombina-
tion from P+H-. Thus, by measuring the charge recombination
rate via this uphill route, the free energy difference between
P+QA

- and P+H- can be determined using the known P+H-

decay rate. With the native ubiquinone-10 as QA, the activated
state is 520 meV higher in energy than the P+QA

- state, so the
contribution of the uphill route to charge recombination is
negligible compared to that of the direct route in the ambient
temperature range. However, the ubiquinone in the QA site can
be replaced with other quinones, a technique that allows the
free energy change of reaction involving QA to be modi-
fied.18,22,34With substituted quinones with in situ redox poten-
tials more than 100 meV lower than that of ubiquinone, the
rate via this thermal route is comparable to or even much faster
than the direct route.

The energy of P+QA
- with different quinones as QA measured

by the rate of the thermal back reaction is consistent with that
determined by the delayed fluorescence measurement18 (Figure
2) and with values measured by P+QB

- charge recombination
through P+QA

- as an intermediate state.9,25 Thermal back
reaction measurements have been applied to reaction centers
with a series of low-potential quinones11,18 and several non-
quinone compounds26 as QA. This activated reaction has been
used to measure the effects of pH,27,28external electrical field,6,13

and mutation25 on the in-situ quinone redox potential.
Measurement of the temperature dependence of the uphill

charge recombination rate provides the enthalpy change of this
reaction.18,26,28The reaction free energy, entropy, and enthalpy
influence the electron-transfer rate and the portion of the
photon’s energy that is stored. A significant entropy change
could indicate that conformational changes or the binding or
release of waters or ions are coupled to the electron-transfer
reaction. In the absence of direct measurements, most theoretical
treatments of electron transfer in reaction centers assume that
the entropy change is negligible.4,5,29

The changes in entropy and enthalpy of several reactions
involving QA have been investigated near room temperature.
There are indications from delayed fluorescence that the change
in entropy for the charge separation forming P+QA

- from P*QA

is small.17,18Although several photoacoustic measurements also
found that∆H° is close to∆G° for this reaction,19,20 recent
photoacoustic measurements indicate, instead, that there may
be a significant entropy change for the same process. AT∆S°

value of 420 meV (298 K) was found for native RCs for which
∆G° is -860 meV.21

The temperature dependence of the P+QA
- thermal charge

recombination rate has been measured with several different
quinones as QA.11,28 With anthraquinone as QA, ∆H° changes
between P+QA

- and P+H- by ∼400 meV, whileT∆S° is ∼40
meV. The temperature dependence of the charge recombination
kinetics for several nonquinone compounds that are functional
in the QA site also showed enthalpy changes close to the reaction
free energy change.26 Measurements in reaction centers from
RhodopseudomonasViridis also showed also showed small
values for∆S°.23,30

The ability to measure thermodynamic parameters over a wide
temperature range allows the comparison of the protein above
and below the solvent freezing and glass transition temperatures.
This can provide additional information on the protein dynamics.
The region around 200 K is of particular interest.31 Temperature-
dependent transitions of the equilibrium dynamical fluctuations
in several proteins have been observed at 200-220 K.32 The
solvent glass transition (Tg) is also found in this region. Tg is
about 180 K for 3:1 glycerol-water mixtures, a common solvent
for low-temperature measurements with protein, which may
influence the measured protein reaction kinetics.33 Previous
studies of the thermal back-reaction kinetics with nonquinone
compounds and in RCs fromRps.Viridis have been extended
to cryogenic temperatures. However, the temperature range for
these earlier measurements was still quite restricted. Either the
indirect route of P+QA

- charge recombination was frozen out
above 200 K23,26,30 or measurements were only made at
temperatures well below 200 K.26

Figure 2. Relation between the P+QA
- charge recombination rate and

the in situ free energy measured by delayed fluorescence.18 +, charge
recombination rates taken from ref 41;O, values measured here. The
line through the data was drawn so that the rate increases by a factor
of 10 for each 60 meV increase in the energy of P+QA

-, as predicted
if the reaction mechanism involves equilibration of P+QA

- with a
higher-energy state. Assuming that this state decays at a rate of 7.7×
107 s-1, as expected for P+H-, the intermediate is 520 meV above
P+QA

- when QA is UQ. TMNQ, 2,3,5-trimethylnaphthoquinone;
2EtAQ, 2-ethylanthraquinone; and 5MxAQ, 5-methoxyanthraquinone.
See Experimental Section for other abbreviations.
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Previous studies of reaction centers with the native ubiquinone-
10 as QA showed that the exothermic, direct tunneling P+QA

-

charge recombination rate undergoes an increase of about 4-fold
over a relatively narrow temperature range around 200 K.14 It
has been suggested that this arises from changes in the P+QA

-

energy level due to changes in the distribution of accessible
protein conformations with temperature. Further evidence for
changes in the temperature region was also found in studies of
the same reaction in mutants with a modified P/P+ midpoint
potential. It was shown that the sum of the electron-transfer
reorganization energy and the reaction free energy decreases
by about 280 meV from 293 to 10 K, with the sharpest decline
near 200 K.34

The work presented here reports a systematic study of the
temperature dependence for the P+QA

- thermal charge recom-
bination kinetics at temperatures from 40 to 318 K. Eight low-
potential anthraquinones and one naphthoquinone were substi-
tuted into the QA site. These quinones vary the free energy
change of the reaction by about 200 meV. The results clarify
some of the discrepancies between different previous measure-
ments and extend the measurement to cover a wider temperature
range. Additional evidence is found for a change in protein
relaxation for the formation of the P+QA

- state in the temper-
ature region near 200 K.

Experimental Section

Reaction centers ofRb. sphaeroidesstrain R-26 were isolated
following established procedures using lauryldimethylamine-
N-oxide (LDAO) extraction and were purified using ammonium
sulfate and DEAE (diethylaminoethyl) chromatography.35 The
native ubiquinones in the QA and QB sites were extracted with
4% LDAO and 10 mM orthophenathroline using the method
of Okamura36 with minor modifications.18 The typical residual
quinone after the treatment is QA e 5% and QB ) 0%. In the
final assay mixture, the residual LDAO concentration from the
RC stock solution is less than 0.025%. For QA reconstitution,
quinones were first dissolved in alcohol, and then added to the
sample at the desired concentration. The buffer used was 10
mM Tris with 2.5 mM KCl (pH ) 8.0). The following eight
anthraquinones and one naphthoqinone were used: 1-chloro-
anthraquinone (1-Cl-AQ), 2-chloroanthraquinone (2-Cl-AQ),
2-aminonaphthoquinone (2-Am-NQ), anthraquinone (AQ), 2-
methylanthraquinone (2-Me-AQ), 1-aminoathraquinone (1-Am-
AQ), 2,3-dimethylanthraquinone (2,3-dM-AQ), 2,7-dimethyl-
anthraquinone (2,7-dM-AQ), and 1,3-dimethylanthraquinone
(1,3-dM-AQ). 2,7-dM-AQ was synthesized in the laboratory of
Dr. J. Malcolm Bruce (University of Manchester); the other
quinones were purchased from Fluka (AQ and 2-Am-AQ) and
Aldrich (all others).

Charge recombination kinetics were observed in a flash
spectrometer of local design. The electron-transfer reaction was
initiated by a 10-µs xenon flash. The changing redox state of
the electron donor P was followed by monitoring the absorption
change at 430 nm. The transmitted light was collected by a
photomultiplier tube (Thorn EMI9798QB). The signal was
filtered and amplified before being sent to a LeCroy digital
oscilloscope (model 9310M, 300 MHz).

The temperature dependence of the charge recombination
reaction was measured in the range of 5-45 °C for all nine
quinones substituted into the QA site. The reaction center
concentration was 300-400 nM. The temperature was controlled
by using a jacketed cuvette with a circulating waterbath (Fisher
model 9101). A thermocouple monitors the temperature change
with an accuracy of 0.1°C. Measurement starts∼5 min after

the sample reaches the preset temperature. For each measure-
ment, 10-15 traces were averaged.

For reaction centers with 2-Cl-AQ, 2-Me-AQ, and 2,3-dM-
AQ as QA, the P+QA

- charge recombination reaction was
monitored at temperatures from 40 to 300 K. The temperature
was controlled by a closed-cycle helium cryostat system (APD
Cryogenics Inc., model CSW202A) with a programmable
temperature controller. The temperature resolution is 0.1 K, and
the controllability is(0.4 K. The samples used for the low-
temperature experiment were obtained by mixing the reaction
centers in Tris buffer with two volumes of glycerol. The final
reaction center concentration is 3-4 µM. The optical cell has
a light path of 1 mm. The actinic and measuring light, which
are perpendicular to each other, meet with an incident angle of
45° at the sample.

The observed kinetics were analyzed by both one- and two-
exponential decays plus a constant using a nonlinear least-
squares fitting program using the Levenberg-Marquardt algo-
rithm (Igor Pro from WaveMetrics). For 2-Me-AQ and 2,3-
dM-AQ at low temperature, an extra exponential function is
needed to fit a fast phase that decays at a rate of about 5000
s-1. This phase arises because of formation of the triplet state
of the bacteriochlorophyll dimer (3P) at low temperature.37

The observed reaction kinetics monitor the charge recombina-
tion in the P+QA

- state, which proceeds through a thermally
activated pathway via P+H-, in addition to the direct tunneling
rate (Figure 1). Because the uphill rate monitors the equilibrium
constant, the temperature dependence of the kinetics can provide
the enthalpy and entropy differences between P+QA

- and P+H-.
The charge recombination rate can be written as

wherek0 is the rate by the direct electron tunneling route, which
is relatively temperature independent.10,11 k1 is the quinone-
independent decay rate from P+H- for reforming the ground
state,kB is the Boltzman constant, andT is temperature.∆G°,
∆H°, and ∆S° are the standard free energy, enthalpy, and
entropy changes between P+QA

- and P+H-. The thermodynamic
parameters are obtained from the van’t Hoff plot of log(k - k0)
vs 1/T.

Results
Analysis of the Charge Recombination Kinetics.The

temperature dependence of the P+QA
- charge recombination

kinetics was measured at temperatures from 40 to 318 K in
reaction centers substituted with different low-potential qui-
nones. The exact value of the rate is sensitive to the fitting
procedure. The charge recombination kinetics were fit using
single, double, and distributed rate functions. With a double
exponential, the fast rate (kf) is 2-3 times the slower rate (ks)
in the ambient temperature range for all QA’s with in situ
midpoint potentials more positive than that of 1-Am-AQ (-285
meV relative to UQ10). As the QA midpoint is lowered, the rate
becomes substantially faster (Figure 2). The limited resolution
of the measurements provides enough data for only single-
exponential fits. For the higher-potential QA’s, the double
exponential fits the kinetic data with no systematic error,
whereas the single exponential fit underestimates the amplitude
at early times (See Figure 3). This has been observed previ-
ously.28,30,38 The different rates have been attributed to two
populations of reaction centers with different protonation states

k ) k0 + k1 exp(-∆G°/kBT)

) k0 + k1 exp(∆S°/kB) exp(-∆H°/kBT) (1)

log(k - k0) ) log k1 + (∆S0/2.3kB) - (∆H0/2.3kBT) (2)
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of residues close to the QA binding site.28 Because the fast and
slow phases are not very different, the parameters obtained for
the two rates have larger uncertainty than that of the single-
exponential fit. The rates of charge recombination in RCs with
2-Me-AQ as QA in aqueous solution are plotted in Figure 4. As
will be shown later, the values of∆G° and∆H° are only weakly
dependent on the fitting procedure. Therefore, the simplest
single-exponential analysis will be used.

More complicated fitting schemes using distributed rates have
been suggested by Kleinfeld et al.10 and McMahon et al.14 for
analysis of low-temperature kinetics, which assumes a distribu-
tion of conformational states. The result from the single-rate
method can be regarded as the weighted-average value of the
distribution.39 The data obtained here can be fit as well by two
exponential functions as by a model with a distribution of rate
constants (not shown).

An additional complication is found at low temperature for
the low-potential QA’s. In RCs with 2-Me-AQ and 2,3-dM-AQ

as QA, an extra fast phase with a rate of approximately 5000
s-1 was observed below 200 and 220 K, respectively. This phase
can be attributed to the decay of the triplet state3P.37,40 As
expected, a phase with the same rate constant but larger ampli-
tude is seen in reaction centers with no QA, but is not seen in
reaction centers containing the native ubiquinone-10. The rate
of this phase is fixed in the analysis of the reaction kinetics
using the value measured in reaction centers with no QA.

The rates obtained by single-exponential fits for reaction
centers with several different low-potential quinones as QA in
the temperature range 220-318 K are shown in Figure 5. The
rate varies with in situEm, as discussed in the Experimental
Section. It accelerates with increasing temperature as expected
if ∆H° is significant. Figure 6 shows the temperature dependence
of the reaction at temperatures between 40 and 300 K for reac-
tion centers with 2-Me-AQ, 2,3-dM-AQ and 2-Cl-AQ as QA.

Aqueous buffer was used for measurement in the ambient
temperature range, whereas in the low-temperature experiments,

Figure 3. Flash-induced absorption change for RCs with 2-Me-AQ as QA. The single- (a and b) and double- (c and d) exponential fits to the
kinetics at two different temperatures are shown. The residual error is also shown. pH) 8.0, [RC] ) 400 nM, [2-Me-AQ]) 4 µM. ksingle is the
rate obtained from the single-exponential fit whilekf andks are the faster and slower components of the double-exponential fit. The fit parameters
are the following: atT ) 9 °C, ksingle ) 1.8 × 103 s-1, kf ) 1.2 × 103 s-1 (46% of total amplitude), andks) 4.6 × 103 s-1 (54%); and atT ) 39
°C, ksingle ) 5.4 × 103 s-1, kf ) 3.2 × 103 s-1 (55%), andks ) 1.2 × 104 s-1 (45%). The constant in the single-exponential fit is less than 5% of
the total amplitude in both cases.
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67% glycerol solution was used. The P+QA
- charge recombina-

tion rate in glycerol solution is very close to the rate in aqueous
solution at the same temperature (Figure 5). This differs from
previous results withRps.Viridis reaction centers, where the
rate was found to decrease when glycerol was added.23

Choice ofk0 and k1. The free energy, enthalpy, and entropy
changes in going from P+QA

- to P+H- can be obtained using
eq 2, given the P+QA

- charge recombination rate through the
direct electron tunneling route,k0, and the charge recombination
rate from P+H-, k1. The direct electron tunneling rate from QA

-

to P+, k0, is only weakly temperature dependent.34,41 Thus, for
each QA, the low-temperature value (∼35 K) was used fork0

at all temperatures. This rate was either measured here or taken
from earlier studies.41 For most of the QA’s used here, the charge
recombination rate is over 100 s-1 in the ambient temperature
range. This is much larger thank0, which is less than 30 s-1, so
the fitting process is not sensitive to errors ink0. However, for
1-Cl-AQ and 2-Cl-AQ, whose charge recombination rates (∼20
s-1) are of the same magnitude as theirk0’s (∼10 s-1), the fitting
is sensitive to the choice ofk0. For these relatively high potential
QA’s, increasingk0 by 1 s-1 increases theT∆S° estimate by 50
meV. Givenk0, the temperature dependence of the measured
charge recombination rate can be fit using eq 2. The slope of
the resultant line gives the standard enthalpy change between
P+QA

- and P+H- (Figure 4).
The charge recombination rate was measured down to 275

K with all nine QA’s. In this temperature range, there is a clear,
simple linear dependence between the rate and 1/T. Measure-
ments of the rate were continued to 40 K for reaction centers
with three of the QA’s. Above∼210 K, the charge recombination
rate decreases with the temperature as predicted by eq 2 (Figure
5), with essentially the same slope as found in the aqueous
sample at room temperature. The entropy change is quite small
in this temperature region. However, below∼210 K, the rate
decreases much more slowly as the temperature decreases. The
temperature dependence at temperatures between 80 and 210

K suggests the reaction has a much smaller enthalpy (Figure
6). For these two QA’s, ∆H° is close to 300 meV above 200 K
and only 30 meV below the transition temperature (Table 3).
Below 210 K, the kinetics do deviate more from a simple
exponential decay. However, a double-exponential function still
fits the data well. The slow and fast phases exhibit a similar
temperature dependence and therefore have similar enthalpies
(data not shown).

The kinetics for reaction centers with 2,3-dM-AQ were also
measured in 33% glycerol buffer (Figure 6b). As the temperature
is lowered from room temperature the reaction rate and the
enthalpy are independent of the solvent. However, the temper-
ature of transition to a smaller enthalpy reaction occurs about
15 K higher in the low-glycerol sample. Thus, this transition
seems to relate to some property of the solvent. Below the
transition temperature, the temperature dependence of the rate
is the same in both low- and high-glycerol solvents. Thus, the
reaction enthalpy is unaffected by this change in solvent.
However, the reaction∆G° is dependent on the glycerol
concentration, as seen by the faster back-reaction rate with the
lesser glycerol concentration. The solvent changes the reaction
∆S°.

To determine the reaction free energy and entropy from the
observed P+QA

- decay kinetics, the charge recombination rate
of P+H-, k1, is needed. This decay rate has been previously
established to be∼5-8 × 107 s-1.37,40 For the calculation
reported here,k1 is taken to be 7.7× 107 s-1. Different values
have been used when the triplet decay pathway was taken into
consideration.23,42However, as will be discussed later, the triplet

Figure 4. van’t Hoff plot for the single-exponential fit and for the
two phases (kf, ks) of a double-exponential fit of the charge recombina-
tion for 2-Me-AQ in the ambient temperature range. Fitting parameters
are given in Table 1.

Figure 5. Temperature dependence of the P+QA
- charge recombination

rates for reaction centers with four different QA’s. The rates are obtained
from single-exponential fits to the kinetic data. Solid symbols represent
values measured in the 210-300 K region (with 67% glycerol), and
open symbols represent values measured between 278 and 318 K.9
and0, 2,3-dM-AQ; bandO, 2-Me-AQ; ), AQ; and2 and4, 1-Cl-
AQ. The lines shown are fits to eq 2. Fitting parameters are given in
Table 2.
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pathway seems to be separate from the charge recombination
pathway found in these reaction centers.k1 has a weak
temperature dependence.37,40 The rate increases approximately
20% at temperatures from 5 to 45°C, causing a-30 meV
correction of the enthalpy measured in this temperature range

for all the quinones. This correction is smaller (approximately
-10 meV) for the enthalpy measurements over the larger
temperature range. The reported enthalpy was corrected for the
temperature dependence ofk1.

Entropy, Enthalpy, and Free Energy. The free energy,
enthalpy, and entropy changes for reaction centers with 2-Me-
AQ as QA are listed in Table 1. These values compare
measurements in the ambient temperature range (278-318 K)
and in 67% glycerol at temperatures between 220 and 300 K.
Remarkably, the results show that the reaction entropy and
enthalpy is temperature-independent down to 220 K. The
enthalpy change is the dominating term, being close to the
reaction free energy, and so the entropy change is small. Thus,
the free energy is nearly temperature-independent. The∆G°
value obtained for the single-exponential fit is 265 meV (298
K). This is in good agreement with previous measurement of
270 meV.12,18 The free energy difference between the fast and
slow phases is about 30 meV (298 K), which reflects the
approximately 3-fold difference in the two rate constants.

The parameters from the single-exponential fit above the
transition temperatures for reaction centers with nine different
QA’s are listed in Table 2. The measured entropy and enthalpy
change vs the free energy change are plotted in Figure 7. The
enthalpy change is slightly larger than the free energy change,
and the difference becomes smaller when∆G° decreases. On
average,∆H° is within 10% of∆G°. AQ has the largest absolute
entropy change,T∆S° ) 100 meV, whereas in 1-Am-AQ, the
entropy change is the largest fraction of the reaction free energy
change. The entropy change is never more than 25% of the
reaction∆G°.

The reaction enthalpy, entropy, and free energy were deter-
mined at temperatures below 210 K using the same thermal
back-reaction model and the samek1 value (Table 3). The
enthalpy drops by about 250 meV below the transition temper-
ature, and the entropic contribution to the free energy increases
by the same amount. Now, the free energy change decreases
with temperature.

One possible source of error in the derivation of the
thermodynamic parameters is the use of a constant value for
k0, especially at temperatures below 210 K. Previous studies34,41

show thatk0 increases by 50-100% from 210 to 90 K in wild-
type RCs and in mutants with different P/P+ midpoint potentials,
which is in the opposite direction of the rate change observed
here. The use of a constant value fork0 will cause the enthalpy
of the reaction to be underestimated, but it is not nearly enough
to explain the difference in the enthalpy change above and below
the transition temperature. Ifk0 is assumed to double over this
temperature range in RCs with substituted quinones, the
correction to the enthalpy data derived is less than 3 meV, within
the error of the measurement.

Figure 6. Temperature dependence of the P+QA
- charge recombination

rate (single-exponential fit) for three different quinones as QA (40-
300K). With 67% glycerol,+, 2,3-dM-AQ;O, 2-Me-AQ; and2, 1-Cl-
AQ; and with 33% glycerol,), 2,3-dM-AQ (b only). Fitting parameters
given in Table 3. (a) Fit to eq 1. (b) Data fit with contribution of direct
tunneling pathway (k0) subtracted and eq 2 fit independently above
and below transition temperature.

TABLE 1: Free Energy, Enthalpy, and Entropy Changse
from P+QA

- to P+H- in RCs with 2-Me-AQ as QA, Using
Different Fitting Procedures

ratea
∆G° b (meV)

(298 K) ∆H° b (meV)
T∆S° b (meV)

(298 K)

278-318 K single 265( 7 326( 5 61( 5
double fast 240( 23 240( 16 0( 16

slow 273( 26 273( 18 -3 ( 19
210-300 K single 264( 17 297( 16 33( 5

double fast 251( 85 277( 76 26( 40
slow 280( 53 305( 45 25( 28

a Single: Charge recombination fit with a single exponential.
Double: fast and slow phases of the two exponential analysis.b The
error quoted here is the standard deviation of the fitting to the van’t
Hoff plot.
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Discussion

The temperature dependence of the P+QA
- charge recombi-

nation kinetics was measured at temperatures from 40 to 318
K for reaction centers with low-potential quinones substituted
in the QA site. With these QA’s, the reaction occurs via a
preequilibrium with the P+H- state.22 Thus, the reaction kinetics
provide a simple measurement of the in situ thermodynamics
for the electron transfer from QA- to H. The use of these
different QA’s allows the reaction∆G° to be varied over a range
of ∼200 meV. In the native RCs with ubiquinone as QA, the
contribution of the uphill pathway is negligible. Here charge
recombination proceeds mainly through direct tunneling from

QA
- to P. This reaction is close to temperature-independent;

therefore, it provides little information about reaction thermo-
dynamics.11,13 The temperature at which the thermal route
freezes out and the direct tunneling rate becomes the dominant
pathway decreases as the quinone midpoint potential is low-
ered.24

When the charge recombination reaction proceeds through
the thermally activated route via the P+H- state, the∆G°
between the P+QA

- and P+H- states can be determined from
the charge recombination rate at a given temperature, and the
temperature dependence of the rate provides values for∆H°
and∆S°. Above about 210 K, the reaction enthalpy is found to
be close to the free energy change (Figure 7). This is consistent
with previous measurements on a smaller number of samples
using the same method.28,41The entropy change is small (<3.3
meV/K) and positive, indicating that the intermediate P+H- state
is somewhat more disordered than P+QA

-. Between 80 and 200
K, ∆H° is much smaller,∆G° becomes more strongly temper-
ature dependent, and∆S° becomes significant.

The method used here for the estimation of thermodynamic
parameters of the reaction centers relies on the validity of the
model illustrated in Figure 1. A few possible complications exist.

Identity of the Intermediate State. The variation of the
charge recombination kinetics with the energy of the P+QA

-

state strongly supports a mechanism whereby P+QA
- preequili-

brates with a higher-energy intermediate (Figure 2). This
intermediate is most likely P+H-.2,18,23Some controversy exists
in the literature regarding the exact free energy of this state.
Measurements on the nanosecond or faster time scales find

TABLE 2: Free Energy, Enthalpy, and Entropy Changes from P+QA
- to P+H- for RCs with Nine Different Quinones as QA

a

278-318 K 210-300 K

k0 (s-1)
∆G° (meV)

(298 K) ∆H° (meV)
T∆S° (meV)

(298 K)
∆G° (meV)

(298 K) ∆H° (meV)
T∆S° (meV)

(298 K)

1 2-Cl-AQ 12.2 410 460 50
2 1-Cl-AQ 10.2 391 425 34 402 420 18
3 2-Am-NQ 10.0 364 400 20
4 AQ 7.4 330 430 100
5 2-Me-AQ 19.7 265 326 61 264 297 33
6 1-Am-AQ 6.8 234 306 72
7 1,3-dM-AQ 20.0 221 252 31
8 2,3-dM-AQ 27.7 219 244 25 200 282 82
9 2,7-dM-AQ 20.9 203 228 25

a The kinetics were fit using a single-exponential plus a constant. The uncertainty of the thermodynamic parameters is less than 25 meV.
Measurements between 278 and 318 K use aqueous buffer (Tris pH) 8.0), while those between 210 and 300 K use a 2:1 glycerol-water mixture
as the solvent.

Figure 7. Enthalpy and entropy changes vs free energy change for
the reaction from P+QA

- to P+H- with eight anthraquinones and one
naphthoquinone as QA. The lines through∆H° andT∆S° have slopes
of 1.1 and 0.1, respectively. A line with∆G° ) ∆H° is also shown.
Identity of each reaction center: 1-9 refer to the data in Table 2
measured between 278 and 318 K. The primed labels (1′, 5′, 9′, and
14′) refer to data measured between 210 and 300K. 10-12 refer to
data with nonquinones substituted for QA from ref 26 with 10, 1-nitroso-
2-hydroxynaphthalene; 11, 2,4,7-trinitro-6-fluorenone; and 12, 1,2,3,4-
tetrafluoro-9-fluorenone. 10 and 11 were measured between 200 and
300 K; 12 was measured below 150 K. 13 is for AQ as QA from ref
28. 14 is forRps.Viridis reaction centers with the native menaquinone
as QA measured between 274 and 308 K.23

TABLE 3: Comparison of Free Energy, Enthalpy, and
Entropy Changes from P+QA

- to P+H- Above and Below
the Transition Temperaturea

∆G° (meV)
(298 K) ∆H° (meV)

T∆S° (meV)
(298 K)

P+QA
- f P+H-

2-Me-AQb 264 297 33
2-Me-AQc 350 30 -320
2,3-dM-AQb 200 282 82
2,3-dM-AQc 330 30 -300

P+QA
- f P*

2,3-dM-AQd 570 360 -210

a For comparison, all values are extrapolated to 298 K.b Values
measured in the temperature range 210-300 K. c Values measured in
the temperature range 80-210 K; the ∆G° values at 298 K are
extrapolated from the measured values of∆S° and ∆H° at low
temperature. The operating∆G° at low temperature is much smaller
(See Figure 8).d Difference between P* and P+QA

- measured bythe
photoacoustic method on the submicrosecond time scale.21
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values varying from 90 to 250 meV below the free energy of
P*.43-47 Explanations for the variation include relaxation
following the initial charge separation and a distribution of free
energies for P+H-. Using 7.7× 107 s-1 for k1 and a∆G° value
between P* and P+QA

- of 860 meV for the native reaction
centers, the thermal intermediate is 340 meV below P* in free
energy. This estimate uses measurements on the micro- to
millisecond time scale. The lower energy suggests the thermal
intermediate state observed in P+QA

- charge recombination
utilizes a more relaxed form of P+H- as the high-energy
intermediate.

The free energy change from P+QA
- to P* has also been

measured independently using the delayed fluorescence method.18

If the free energy change of P+QA
- to P* is compared to the

free energy change between P+QA
- and P+H-, the difference

is a constant for the different quinones as QA (Figure 2). Thus,
the free energy of the thermally accessible P+H- state is
independent of the identity of the quinone in the QA binding
site. Thus, regardless of the exact nature of the thermal
intermediate, this state can be used as a reference point for
determining the relative P+QA

- energy under different condi-
tions.

Triplet Formation on the Charge Recombination Path-
way.Triplet states will be formed in quinone-substituted reaction
centers if the quantum yield for formation of P+QA

- is lower
than 1. Some formation of triplet state in reaction centers
containing 2-Me-AQ and 2,3-dM-AQ at low temperature is
consistent with previous quantum yield measurements.41

The triplet state might also be formed in charge recombination
via P+H-. Equation 1 does not account for this additional route
for P+QA

- charge recombination. However, at low temperature,
the triplet decay rate is seen to be distinct from the decay of
the P+QA

- state, indicating that the triplet state is not in
equilibrium with the P+H- state. It has been observed previously
that no extra triplet was formed from the thermal back reaction
through the P+H- state for 2,3-dM-AQ-substituted reaction
centers.18 Therefore, the triplet pathway seems to be separate
from the thermal back-reaction route through the P+H- state.
The observed triplet most likely arises in a subpopulation of
RCs in which P+QA

- is never formed.
Comparison with Previous Results.The temperature de-

pendence of∆G°, ∆H°, -T∆S° for reaction centers with 2-Me-
AQ as QA is illustrated in Figure 8. At temperatures above 210
K, ∆G° ≈ ∆H° and∆S° is small. At lower temperatures,-∆G°
diminishes with temperature. The interpretation presented here
is a first-order approximation, which assumes∆H° and∆S° are
constant above and below the transition temperature.

The entropy and enthalpy differences between P* and P+QA
-

have been obtained in the room-temperature region by measur-
ing the temperature dependence of the delayed fluorescence via
the P* state. For UQ10, the entropy change is 110 meV, while
the free energy difference is-860 meV.17 For AQ and 2,3,5-
trimethyl-NQ, the T∆S° values were 10 and-20 meV,
respectively, relative to∆G° values of-700 and-770 meV.18

Thus, the reaction entropy between P+QA
- and P* is small.

The thermodynamic parameters of the charge separation from
P* to P+QA

- have also been measured by a photoacoustic
method, which is a more direct calorimetric measure of the
enthalpy change. The results from photoacoustic measurements
vary. Early estimates showed relatively small values of∆S°, in
agreement with the delayed fluorescence measurement.19,20

However, a recent study using improved methodology and
submicrosecond time resolution found a surprisingly large
portion of the free energy change (∼50% for UQ10) to be

entropic.21 Possible causes of this discrepancy were discussed
in detail in that paper. One important factor may be the different
time scales of the measurements. It was proposed that more
relaxation of P+QA

- occurs in the slower delayed fluorescence
measurements (10µS to 100 ms) than in the fast photoacoustic
measurement (<100 ns). The thermodynamic parameters ob-
tained here by the thermal charge recombination measurements
are in good agreement with those found by delayed fluorescence.
These methods both monitor the system during the lifetime of
P+QA

-.
The observation of a large entropy change at temperatures

lower than 210 K also suggests that P+QA
- is formed in a state

that can be trapped before relaxation. The reaction∆S°, if
extrapolated to room temperature, is 300 mev (298 K) for 2,3-
dM-AQ, which is comparable with the value of 210 meV
measured by the photoacoustic method at the same temperature.
At low temperature, protein motions are slowed, and the P+QA

-

state formed by the flash may not be able to fully relax in the
milliseconds before the charge recombination. A trapped state
can result from energy barriers internal to the protein, as well
as from high solvent viscosity.33 The reaction entropy and
enthalpy changes are, therefore, different from their values at
room temperature. Thus, a large∆S° may be found by the
photoacoustic method because an early intermediate is assayed,
while similar results are found below 210 K where an unrelaxed
state is trapped.

Extrapolating the-∆G° value for electron transfer with
2-Me-AQ as QA to 0 K show that the energy gap between
P+QA

- and P+H- is 220 meV smaller than at room temperature
(Figure 8). The temperature dependence of the P+QA

- state is
likely to be greater than that of the P+H- state, which lives
less than a nanosecond and so has little time for relaxation at
any temperature. Several other, less direct, estimates of the
temperature dependence of the P+QA

- energy level exist from
estimates of the temperature dependence of the free energy gap
between P+QA

- and the ground state. The rate of P+QA
- charge

recombination by direct tunneling from QA
- to P+ was analyzed

Figure 8. Temperature dependence of∆G°, ∆H°, and-T∆S° from
P+QA

- to P+H- in reaction centers with 2-Me-AQ as QA. The region
below 80 K is an extrapolation assuming constant values for∆H° and
∆S°.
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using a distributed-conformation model.14 Analyzing the change
in rate with quantum mechanical electron-transfer theory, the
average free energy difference between P+QA

- and P appears
to increase by about 130 meV from room temperature to 5 K.
This is consistent with P+QA

- being trapped in a higher-energy
state at low temperatures.

A similar study determined the temperature dependence of
electron tunneling from QA- to P+ in mutants with different
P/P+ midpoint potentials.34 The relationship between the
electron-transfer rate and the driving force was analyzed using
Marcus theory. The maximum of the theoretical curve, i.e., the
driving force (-∆G°) at which the electron transfer is optimized,
shifts by-280 meV from room temperature to 10 K. This shift
could be explained by either a decrease of the reorganization
energy (λ) or an increase in the driving force (-∆G°). The
contribution of each variable could not be separated in the
analysis. However, the results reported here suggest that a
significant portion of the shift is due to an increase in-∆G°
as P+QA

- is trapped at a higher energy at low temperature.

Conclusions

The free energy, entropy, and enthalpy changes between
P+QA

- and P+H- were determined for eight anthraquinones and
one naphthoquinone as QA. The temperature dependence of the
charge recombination kinetics was studied at temperatures from
40 to 318 K. The entropy changes are found to be small from
210 K to room temperature. However, in the temperature region
80-210 K, a significant entropy change is observed, and the
free energy is strongly temperature dependent. Thus, at lower
temperatures, P+QA

- appears to be trapped in a higher energy
state. This is consistent with early studies that inferred changes
in the energy of this state at low temperature, without being
able to measure the in situ value of∆G° directly.
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