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ABSTRACT: Detailed fast transient absorption measurements have been performed at  low temperature on 
reaction centers from Rhodobacter sphaeroides strain R-26 and on a double mutant, [LH(L131)+LH- 
(M160)], in which the P/P+ oxidation potential is roughly 140 mV (1 100 cm-l) above that of wild-type 
reaction centers. In both samples, the decay of the excited singlet state of the initial electron donor is not 
well described by a single-exponential decay term. This is particularly true for reaction centers from the 
double mutant where at  least three exponential kinetic components are required to describe the decay, with 
time constants ranging from a few picoseconds to hundreds of picoseconds. However, singular value 
decomposition analysis of the time-dependent absorption change spectra indicates the presence of only two 
spectrally distinct states in reaction centers from both R-26 and the double mutant. Thus, the complex 
decay of P* at  low temperature does not appear to be due to formation of either the state P+BA- as a distinct 
intermediate in electron transfer or P+BB- as an equilibrated side product of electron transfer. Instead, the 
decay kinetics are modeled by assuming dynamic solvation of the charge-separated state, as was done for 
the long-lived fluorescence decay in the accompanying paper [Peloquin, J. M., Williams, J. C., Lin, X., 
Alden, R. G., Taguchi, A. K. W., Allen, J. P., & Woodbury, N.  W. (1994) Biochemistry 33,8089-81001. 
The results of assuming a static distribution of electron-transfer rates at  early times followed by dynamic 
solvation of the charge-separated states on longer time scales are also presented. Regardless of which model 
is used to describe the early time kinetics of excited-state decay, the time-dependent excited-state population 
on the 100-ps or longer time scale is best described in terms of thermal repopulation of P* from the 
charge-separated state, even at  20 K. This results in a time- and temperature-dependent driving force 
estimated for initial electron transfer of less than 200 cm-l on all time scales from picoseconds to nanoseconds. 
Assuming a nonzero internal reorganization energy associated with charge separation, the small driving 
force does not appear to be consistent with the lack of temperature dependence of electron transfer and 
the fact that a mutant with a P/P+ oxidation potential 140 mV (1 100 cm-l) higher than wild type is still 
able to undergo electron transfer, even at  low temperature. These observations are more in line with an 
essentially adiabatic electron-transfer reaction near the strong coupling limit. 

The initial photosynthetic electron-transfer reactions of 
purple nonsulfur bacteria are carried out by the reaction center, 
a proteinxofactor complex embedded in the photosynthetic 
membrane. The structure of this complex has been determined 
by X-ray crystallography in two species (Deisenhofer et al., 
1984; Allen et al., 1987; Chang et al., 1991), and the electron- 
transfer pathway has been studied extensively by various 
spectroscopic techniques [for reviews, see Kirmaier and Holten 
(1987),Feheret al. (1989),andParson(l991)]. Thepresent 
understanding of photosynthetic electron transfer is that light 
energy absorbed by antenna complexes or reaction center 
cofactors is transferred to a dimer of bacteriochlorophylls 
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(P)' on the periplasmic side of the reaction center, forming 
P*, the excited singlet state of P. The mechanism of the 
electron-transfer reaction that follows is still unclear, but within 
3.5 ps a charge-separated state is formed that involves the 
cation of P (P+) and the anion of a bacteriopheophytin (HA-). 
The electron is subsequently transferred to a quinone on the 
200-ps time scale. 

Much of the confusion concerning the initial electron- 
transfer reaction stems from the observation that the kinetics 
of P* decay and charge separation are not accurately described 
by a single-exponential decay term as one would expect for 
a simple first-order reaction (Holzapfel et al., 1989, 1990; 
Vos et al., 1991, 1992; Du et al., 1992; Muller et al., 1992; 
Hamm et al., 1993). In addition, the rate constant associated 
with the formation of the charge-separated state is wavelength 
dependent, at least at some temperatures (Kirmaier 8c Holten, 
1990, 1991). In the structure of the photosynthetic reaction 
center from either Rhodopseudomonas viridis or Rhodobacter 
sphaeroides, there are several cofactors in the vicinity of the 
special pair in addition to HA. A monomer bacteriochlorophyll 

I Abbreviations: P, bacteriochlorophyll dimer; B, bacteriochlorophyll 
monomer; H, bacteriopheophytin monomer; EDTA, ethylenediamine- 
tetraacetic acid; Tris, tris(hydroxymethy1)aminomethane; ns, nanosecond; 
ps, picosecond; fs, femtosecond; Rps., Rhodopseudomonas; Rb., Rhodo- 
bacter. 
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molecule (BA) is situated roughly between P and HA. Two 
other chromophores, another monomer bacteriochlorophyll 
(BB) and another bacteriopheophytin (HB), are near P in 
positions approximately related to the positions of BA and HA 
by a C2 axis of symmetry (Deisenhofer et al., 1984; Allen et 
al., 1987; Chang et al., 1991). One possible explanation for 
the complex kinetics observed at early times is that additional 
excited or charge-separated states are involved. Holzapfel et 
al. (1989) have suggested that the initial electron-transfer 
reaction involves the formation of P+BA- as an intermediate 
electronic state between P* and P+HA-. It is also possible 
that P+BB- and/or P+HB- could serve as parallel products of 
P* decay [Hamm et al., 1993; also discussed by Muller et al. 
(1 992)]. 

However, these models do not easily explain the large 
number of kinetic components which have been observed over 
many time scales in reaction center fluorescence decay and 
absorption change measurements. P* decay has been shown 
to involve kinetic components on the 1-4-ps time scale, the 
10-ps time scale, the 100-ps time scale, and, in reaction centers 
where transfer to the quinone is blocked, the nanosecond time 
scale (Sebban & Moya, 1983; Woodbury & Parson, 1984; 
Kirmaier & Holten, 1993; Vos et al., 1991; Du et al., 1992; 
Williams et al., 1992a; Muller et al., 1992; Hamm et al., 
1993; Peloquin et al., 1994). In addition, a significant 
wavelength dependence of the kinetics of both the first and 
the second electron-transfer reaction has been observed on 
the 1-4-ps and 100-200-ps time scales, respectively (Kirmaier 
et al., 1985; Kirmaier & Holten, 1987, 1990). Since it is 
unlikely that distinct electronic intermediates are present on 
all of these time scales, much of the complexity has been 
attributed to reaction center conformational heterogeneity 
that is either static (Kirmaier & Holten, 1990; Du et al., 
1992; Muller et al., 1992) or dynamic [Kirmaier et al., 1985; 
Woodbury & Parson, 1984; also discussed in Muller et al. 
(1992)l. 

In the preceding paper in this issue (Peloquin et al., 1994), 
results were presented from fluorescence decay measurements 
performed on the 10-ps to 10-ns time scale using reaction 
centers from Rb. sphaeroides strain R-26 and two mutants, 
LH(L13 1) and the double mutant [LH(L13 l)+LH(M160)], 
that introduce hydrogen bonds between the protein and P 
(Williams et al., 1992a,b). These two mutations result in 
increases of 80 mV (650 cm-I) and 140 mV (1100 cm-I), 
respectively, in the P/P+ oxidation potential. It was shown 
that much, if not all, of the long-lived fluorescence from 
reaction centers could be assigned to thermal repopulation of 
the excited singlet state of P from the charge-separated state, 
and that the fluorescence due to thermal repopulation of P* 
persisted at temperatures as low as 20 K, especially in the 
high-potential mutants. The fluorescence was analyzed in 
terms of a dynamic solvation model similar to models previously 
developed (Woodbury & Parson, 1984; Goldstein et al., 1988). 
In the dynamic solvation model, the free energy of the charge- 
separated state decreases as a function of time after electron 
transfer, resulting in a nonexponentially decreasing fluores- 
cence level due to thermal repopulation of P*. Since the 
fluorescence persists at low temperature, this model predicts 
a very small free energy change for the P* to P+HA- reaction 
at 20 K even on the nanosecond time scale [less than 200 cm-l 
for R-26 reaction centers and less than 100 cm-I for the high- 
potential mutants; see the accompanying paper (Peloquin et 
al., 1994)l. Even lower free energy gaps were estimated for 
this reaction on the tens of picosecond time scale. 

Woodbury et al. 

In this report, we extend the investigation of the complex 
P* decay kinetics in reaction centers by analyzing transient 
absorption data on the picosecond time scale, which is more 
relevant to the initial electron-transfer reaction itself. Pre- 
liminary room temperature measurements of femtosecond 
transient absorption changes associated with electron transfer 
in the double mutant indicated that the decay of P* was slower 
than that in wild type (25 vs 3.5 ps; Williams et al., 1992b). 
In the accompanying paper, it is shown that the amount of 
the 10-ps to 1-ns fluorescence in both R-26 reaction centers 
(which have a P/P+ potential essentially identical to that of 
wild type) and the double hydrogen bond mutant increases 
significantly at low temperature compared to that observed 
at room temperature (Peloquin et al., 1994). In the case of 
the double hydrogen bond mutant, the increase is sufficient 
to make the equilibrium population of P* visible in transient 
absorption measurements for hundreds of picoseconds after 
excitation. In order to further investigate the mechanism 
underlying the P* decay time course at 20 K, a detailed study 
of the ultrafast transient absorption changes was performed 
at this temperature on reaction centers from both the 
carotenoidless strain R-26 and the double hydrogen bond 
mutant [LH(L 13 l)+LH(M 160)]. 

MATERIALS AND METHODS 

Bacterial Strains and Reaction Center Isolation. Bacterial 
growth and reaction center isolation were performed as 
described in Peloquin et al. (1994). 

Femtosecond- Resolution Pulse-Probe Transient Absorp- 
tion Spectroscopy. The pulse-probe transient absorption 
apparatus has been described previously (Taguchi et al., 1992). 
It was modified for this work with the addition of a continuum 
reamplification stage. The roughly 200-pJ, 590-nm, 200-fs 
pulse which emerges from the 540-Hz pulsed-dye amplifier 
was split into two equal parts. Each half of the beam was 
used to generate a continuum. One of these continuum pulses 
was split again and used as the sample and reference probe 
beams as described previously (Taguchi et al., 1992). The 
other half was sent through an 880-nm interference filter with 
a spectral band width (full width at half-maximum) of 10 nm 
and reamplified in a prism amplifier stage (Santa Ana Lasers) 
pumped with about 2 mJ of 532-nm light from the 540-Hz 
regenerative Nd:YAG amplifier (Continuum). The dye used 
for reamplification was LDS867 (Exciton) in a roughly 1O:l 
(v/v) mixture of ethylene glycol and propylene carbonate. 
The resulting roughly 10-pJ pulses were passed through a 
polarizer and a half-wave plate to define the polarization and 
then focused to a 1-2-mm-diameter spot on the sample. The 
final excitation pulse energy at the sample was roughly 5 pJ. 
For all experiments reported, the relative polarization of the 
pulse and probe beams was at the magic angle. The total 
fraction of the reaction centers in the sample which absorbed 
a photon was 0.15-0.20. 

All measurements reported were performed at a temperature 
of 20 K using a helium displex as described by Williams et 
al. (1 992a). The sample concentrations were adjusted to give 
an optical density at 800 nm of 1.6-1.8 at the temperature of 
the measurement. The sample was prepared in 67% (v/v) 
glycerol, 50 mM Tris-HC1 (pH 8.0), 0.05% Triton X-100, 
and 1 mM EDTA. Dithionite was added to a final concen- 
tration of 5 mM to reduce the quinones. 

RESULTS 

Stimulated Emission Measurements. Figure 1 A shows 
the decay of the 930-nm stimulated emission on the 20-ps 
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FIGURE 1: Decay of the stimulated emission at 930 nm and at a 
temperature of 20 K in quinone-reduced reaction centers isolated 
from Rb. sphaeroides strain R-26 and from the double hydrogen 
bond mutant [LH(L131)+LH(M160)]. Excitation was at 880 nm, 
and the relative polarization of the pulse and probe beams was the 
magic angle. Panel A shows a 20-ps absorption change time course 
for both R-26 and the double mutant. Panels B and C show 80- and 
800-ps time courses, respectively, for the stimulated emission decay 
from the double mutant. 

time scale from quinone-reduced reaction centers at  20 K. 
While the excited state from the R-26 reaction centers decays 
almost completely within 15 ps, only about 20% of the excited 
state from the double hydrogen bond mutant decays on that 
time scale. Panels B and C of Figure 1 show the decay of the 
stimulated emission in reaction centers from the double mutant 
on the 80- and 800-ps time scales, respectively. Many 
exponential decay terms with rate constants ranging from 
several picoseconds to hundreds of picoseconds would be 
required to accurately describe the decay of the stimulated 
emission in the double hydrogen bond mutant (see below for 
a description of decay times determined by exponential fitting). 

Absorbance Spectra as a Function of Time. Figure 2 
compares the absorption change spectra at  several times for 
quinone-reduced reaction centers from R-26 and the double 
mutant. After the first 10 ps, there is very little change in the 
spectrum of R-26 reaction centers under these conditions 
(Figure 2A) as has been reported previously (Kirmaier & 
Holten, 1990; Vos et al., 1992). In contrast, spectral changes 
are observed even on the hundreds of picoseconds time scale 
in reaction centers from the double mutant; consistent with 
the kinetic traces in the stimulated emission region (Figure 
1). 

The spectral features observed in the 770-830-nm region 
both in the earliest time spectra and in the long-time spectra 
of Figure 2 also show interesting differences between R-26 
and the double hydrogen bond mutant. The earliest time 
spectrum (at 400fs; Figure 2A) in R-26 reaction centers shows 
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FIGURE 2: Time-resolved spectra of R-26 reaction centers (panel A) 
and reaction centers from the double hydrogen bond mutant (panel 
B). Excitation and polarization conditions were as in Figure 1. These 
spectra represent single time slices from a surface of absorption 
changes. For R-26 reaction centers, 100 spectra were taken at 0.15- 
ps intervals. For the double hydrogen bond mutant, 100 spectra were 
taken at 0.25-ps intervals, 100 spectra were taken at 0.8-ps intervals, 
and 100 spectra were taken at 8-ps intervals. Also shown are the 
ground-state absorption spectra of reaction centers from R-26 and 
the double hydrogen bond mutant taken at 20 K and normalized at 
760 nm (panel C). 

a very sharp but rather small absorbance increase near 810 
nm. This has been interpreted as a change in the amount of 
intensity borrowing between P and the monomer bacterio- 
chlorophylls upon P* formation (Nagarajan et al., 1993). A 
similar feature is seen in the earliest spectrum shown for the 
double hydrogen bond mutant (500 fs; Figure 2B), but it is 
several times larger and shifted slightly to lower energy. 
Following the above interpretation, this may indicate a larger 
intensity borrowing in the double mutant than in R-26. The 
longest time spectra are also quite different in the double 
hydrogen bond mutant and R-26. In R-26 reaction centers, 
one sees two poorly resolved absorption changes at  roughly 
803 and 813 nm (Figure 2A). These absorbance decreases 
have shifted farther apart in the double hydrogen bond mutant 
and are well resolved at  795 and 816 nm (Figure 2B). This 
is consistent with the additional resolution of transitions in 
this part of the ground-state low-temperature spectrum of the 
double hydrogen bond mutant (compare panels B and C of 
Figure 2). 

The difference absorption spectra for both R-26 and the 
double hydrogen bond mutant always change in the same 
direction as a function of time. In addition, during the 
conversion of the excited singlet state present at  early times 
to the charge-separated state present on long time scales, there 
are two isosbestic points (isosbestic, in this case, relative to 
the initial excited state) in the time-resolved spectra for both 
samples (at approximately 766 and 794 nm in R-26 reaction 
centers and at approximately 772 and 786 nm in the time- 
resolved spectra of the double hydrogen bond mutant; Figure 
2A,B). These isosbestic points have previously been observed 
in R-26 reaction centers (Kirmaier & Holten, 1988). The 
presence of isosbestic points indicates that the system is starting 
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FIGURE 3: Singular value decomposition analysis of the time vs wavelength absorption change surface associated with electron transfer in 
R-26 (panels A-D) and double-mutant (panels E-H) reaction centers. The singular value decomposition was performed using the algorithms 
of Press et al. (1992). Panel A represents spectral slices through the portion of the time vs wavelength absorption change surface which is 
described by the matrix multiplication of the column vector representing the first spectral component of the singular value decomposition and 
the row vector representing the first temporal component weighted by the first diagonal element of the weighting matrix [see Press et al. (1992)l. 
Similarly, panels B and C are spectral slices through the surfaces defined by matrix multiplication of spectral and temporal vectors of the second 
(B) and third (C) components of the decomposition, respectively. It is important to note that the absorption change scale shown in these panels 
corresponds to the true absorption change associated with each singular value decomposition component. The sum of the surfaces represented 
by panels A, B, and C is exactly equal to the original time vs wavelength surface represented by the data in Figure 2A, minus a small contribution 
from the fourth and higher singular value decomposition components. Panel D is the orthonormal row vector associated with the third temporal 
singular value decomposition component. Panels E, F, G, and H correspond to panels A, B, C, and D, respectively, except that they represent 
the singular value decomposition results of the double mutant, [LH(L131)+LH(M160)]. 

in one state on the picosecond time scale and all subsequent 
spectra represent the progression toward a second state. This 
fact is particularly striking in the case of the double hydrogen 
bond mutant, where many different kinetic components are 
present on time scales from a few picoseconds to nearly a 
nanosecond, and yet the isosbestic points are maintained. 

Spectral Component Analysis Using Singular Value 
Decomposition. The presence of isosbestic points alone is 
indicative of, but not quantitative evidence for, the existence 
of only two spectrally distinct states during the electron- 
transfer reaction. Isosbestic points in the difference spectra 
may not be maintained at  early times during the excitation 
pulse or at long times due to ground-state recovery. In the 
double mutant, there appears to be a roughly 20% decrease 
in the absorbance change observed near 880 nm after 100 ps 
and a total decrease of about 30% in this bleaching after 700 
ps. This may correspond to ground-state recovery on this 
time scale, though the measurements required to do a complete 
band-shape analysis have not been performed, and it is not 
clear what fraction of the absorption changes occurring on 
this time scale represent stimulated emission decay vs true 
ground-state recovery. 

A quantitative method of determining the number of 
spectrally distinct components involved in the spectral evolution 
between the initial excited singlet state and the final charge- 
separated state is to analyze the absorbance change surface 
using singular value decomposition. This process describes 
a matrix (absorbance change values at various times and 

wavelengths in this case) in as few rows (spectral components) 
and columns (time courses) as possible and quantitates the 
contribution from each of the time/wavelength pairs of 
orthonormal vectors thus determined (Press et al., 1992). The 
results of such an analysis for R-26 reaction centers are shown 
in Figure 3A-D. Panels A, B, and C each show a particular 
spectral basis component weighted by its significance factor 
[the corresponding diagonal element of the W matrix in Press 
et al. (1992)] and by the value of the orthonormal temporal 
basis component at  several different times. Another way of 
phrasing this is to say that, for each time/wavelength vector 
pair that resulted from the singular value decomposition, the 
portion of the original surface due solely to that pair was 
reconstructed, and Figure 3A-C shows spectral slices from 
those surfaces as a function of time. Figure 3D shows the 
orthonormal time vector for decomposition component 3. This 
component represents the time course of the third singular 
value decomposition spectral component. The vertical axis of 
this panel has the scale of the orthonormal basis set and cannot 
be compared directly to the scales in the upper panels. The 
time course of component 3 is primarily noise with a small 
feature near zero time that may represent a small effect of 
probe light wavelength dispersion on the analysis. It is 
important to emphasize that there is no a priori reason to 
assign the spectra in Figure 3A-C to any particular physically 
relevant state of the reaction center. These spectra are simply 
mathematically orthogonal basis components which, between 
them, describe the absorption change surface accurately. The 
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only physically meaningful information that comes directly 
from this analysis is the number of independent components 
which are required to describe the surface. As can be seen 
from Figure 3A-D, the absorption change surface for R-26 
reaction centers is well described by only two spectrally distinct 
components. The size at any time of the third component 
compared to the other two is very small (the fourth and higher 
singular value decomposition components are all smaller than 
the third component), and it has a time course which is mostly 
random noise. Apparently, only the first two components 
represent nonrandom time-dependent spectral changes. 

The singular value decomposition of the absorption change 
surface for the double mutant was also performed and is shown 
in Figure 3E-H. Again, there are primarily two linearly 
independent spectral components (Figure 3E,F), though in 
this case the third component (Figure 3G) appears more 
prominent than that observed for R-26 reaction centers. 
However, the time evolution of this minor third component 
is again essentially that of noise (Figure 3H). Thus, the 
spectrum of Figure 3G probably represents the noise spectrum 
of the transient absorption system. Notice that the overall 
absorption scale used to display the singular value decompo- 
sition spectral components (Figure 3E-G) for this mutant is 
4-fold more sensitive than the scale used to display the R-26 
spectral components of the decomposition. Therefore, it seems 
reasonable that the noise, which remains roughly constant in 
absolute magnitude, would appear larger in the decomposition 
analysis of the mutant. In fact, the absolute size of the third 
component in absorption change units is about the same 
between R-26 and the double mutant (Figure 3C,G). There 
may be a small contribution of this singular value decompo- 
sition component in the double mutant which is above the 
noise, but if so, it is only present during the first 2 or 3 ps of 
the time course (Figure 3H) and is only marginally statistically 
significant. 

Exponential Decay Analysis. In order to assign physical 
meaning to component spectra such as those of Figure 3, one 
must analyze the absorption changes in terms of a physically 
meaningful basis set, in either the temporal or the spectral 
dimension. This is not accomplished by singular value 
decomposition alone. As a temporal basis set, exponential 
decays are normally employed. One possibility is to fit the 
temporal basis set from the singular value decomposition to 
a series of exponential decay terms and use the results of this 
to rotate the spectral basis set into a series of amplitude spectra 
which represent the spectral changes associated with each 
exponential decay term. Alternatively, one can directly 
analyze the entire surface by a global (multiwavelength) fit 
to a series of exponential components, directly obtaining the 
amplitude spectra from the fit. The latter approach was chosen 
for complete analysis because of its conceptual simplicity. 
Fitting of the singular value decomposition temporal com- 
ponents was also performed and gave very similar results. 

Figure 4A shows the results of a multiwavelength analysis 
of R-26 reaction center transient absorption measurements 
taken at 20 K on the 15-ps time scale at 70 wavelengths between 
720and850nm (excitationat 880nm). Theabsorptionchange 
surface was fit at  all 70 wavelengths simultaneously to two 
exponential decay terms and a time-independent term: 

AA(h,t) = Aa,(h)e-'/'l + Aa,(h)e-'/'2 + Aa,(h) (1) 

where h is the wavelength, t is the time, AA(h,t) is the 
absorbance change surface, Aai(X) values are the wavelength- 
dependent preexponential amplitudes shown in Figure 3, and 
T i  values are the lifetimes of the exponential decay components 
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FIGURE 4: Preexponential amplitude spectra determined by fitting 
a time vs wavelength absorbance change surface to a sum of two 
exponential terms and a constant as described in the text. Seventy 
wavelengths were included in each fit over the wavelength region 
indicated. One hundred time points were collected at each wavelength. 
For R-26 reaction centers (panel A), the time points were spaced at 
150 fs. For reaction centers from the double hydrogen bond mutant 
(panel B), the time points were separated by 800 fs. The times shown 
represent the decay times determined by the fit. 

listed in Figure 3. Note that in this global analysis the TI 
values are wavelength-independent fitting parameters, while 
the Aai(h) values vary freely at  each of the wavelengths in the 
analysis. 

Using a single-exponential decay term to analyze the R-26 
reaction center absorption change surface resulted in an 
inadequate fit with a x2  error that was 15% larger than that 
obtained with a two-exponential fit. Including a third 
exponential decay term in the fit over this time range did not 
significantly improve the x2.  Over the time and wavelength 
ranges analyzed in the modeling presented below, the fitting 
curves remained within the range of the noise (about f0.003 
absorbance units). The two decay times, 71 and 72, identified 
by the fit for R-26 reaction centers were 1.4 f 0.2 and 17 f 
4 ps. The errors shown for the time constants are estimated 
from analyzing the individual runs, which were averaged for 
the fit shown in Figure 4A. 

Figure 4B shows the amplitude spectra, Aai(h), resulting 
from an analysis of the double hydrogen bond mutant by fitting 
the time vs wavelength absorption change surface with two 
exponential decay terms and a constant, just as was done for 
R-26 reaction centers. In this case, data were analyzed on an 
80-ps time scale. The fitting parameters derived from fits of 
the double hydrogen bond mutant data depend on the time 
scale over which the fit is performed, the number of 
exponentials included in the fit, and the region of the decay 
included in the fit. Thus, it is not accurate to assign each 
decay term to a distinct spectral intermediate. Instead, each 
amplitude spectrum in Figure 4B represents a distribution of 
amplitude spectra associated with a distribution of time 
constants. On the 80-ps time scale, two decay times of 4.5 
f 0.5 and 43 f 5 ps resulted from the fit. As with the R-26 
data, this was an adequate description of the decay to within 
the noise of the measurement (fO.001 optical density units). 
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P+HA-. However, from various spectroscopic studies of 
electron transfer, it is clear that if the state p+B~- i s  populated 
at all, the fraction of the population in this state is never more 
than about 15% at room temperature [reviewed by Kirmaier 
and Holten (1993)], and considerably smaller at low tem- 
perature as indicated by the singular value decomposition 
analysis of Figure 3 and previous studies (Kirmaier & Holten, 
1993). In fact, the magnitude of the absorption changes 
represented by the third and higher singular value decompo- 
sition components in R-26 reaction centers never total more 
than a few percent of the size of the long-lived absorption 
changes associated with P+HA-. If one assumes that P+BA- 
involves absorption changes which are similar in magnitude 
to those of P+HA-, then one would have to conclude that only 
a few percent of this state is present at any time at low 
temperature. Those investigators who have considered the 
possibility that P+BA- is a populated reaction intermediate 
between P* and P+HA- have usually interpreted this in terms 
of a kinetic model in which P+BA- decays faster than it is 
formed (Holzapfel et al., 1989). However, in this model, the 
population of P+BA- relative to other states in the system is 
determined by the ratio of the first and second electron-transfer 
reactions in the following scheme: 

Scheme 1 

ki k i  
P* - P+BA- - P+HA- 

where k2 > kl and the relative steady-state concentration of 
P+BA- is approximately (k l /k2)  [P*]o at early times, where 
[P*]o is the initial population of the excited singlet state. Since 
in R-26 reaction centers most of the charge separation occurs 
with a time constant of about 1.4 ps, kl must be at least that 
fast. Given that P+BA- has a relative steady-state concentra- 
tion of only a few percent, k2 in this model would have to be 
on the order of tens of femtoseconds, much faster than any 
known electron-transfer reaction over a similar distance. This 
makes Scheme 1 an unlikely description of the electron-transfer 
events at low temperature, in agreement with previous 
conclusions [reviewed by Kirmaier and Holten (1993)l. 

Dynamic Solvation Model. If the complex kinetic decay 
of P* is not due to the involvement of multiple excited or 
charge-separated states, then it probably arises from the 
involvement of multiple nuclear configurations of the system. 
Static heterogeneity of the reaction center nuclear configura- 
tion has been considered by others as a possible explanation 
for the complex absorption change kinetics both on very early 
time scales (the first few picoseconds; Kirmaier & Holten, 
1990; Muller et al., 1992; Du et al., 1992) and on the time 
scale of the second electron-transfer reaction (hundreds of 
picoseconds; Kirmaier & Holten, 1990; Kirmaier et al., 1985). 
As will be described below, it is possible that some of the early 
time kinetic complexity could be explained in this way. 
However, the P* decay on the 100-ps and longer time scale 
appears to be due to thermal repopulation of the excited state 
from the charge-separated state and is best described as a 
dynamic progression of reaction center conformations (Pelo- 
quin et al., 1994; Woodbury & Parson, 1984). Thus, the 
results reported here are first analyzed as a straightforward 
extension of the dynamic solvation model, followed by a 
consideration of the effects of energy or rate distributions in 
the reaction center population. 

Suppose that P* is formed initially by light absorption and 
approaches thermodynamic equilibrium with the charge- 
separated state P+HA- within a few picoseconds. Initially, in 
this model, P* and P+HA- are nearly degenerate in energy, 

The two resolved absorption changes centered at approximately 
797 and 816 nm in the double hydrogen bond mutant are 
kinetically indistinguishable on the time scales measured. Fits 
were also performed on data taken over 20 or 800 ps (data 
not shown). In the case of a 20-ps time scale, the decay fit 
well to a 7.8-ps exponential decay term and a constant, and 
on the 800-ps time scale the decay rates that resulted were 
38 and 200 ps in addition to a constant term. As has been 
described for the fluorescence decay kinetics from this mutant 
(Peloquin et al., 1994), one would expect the time constants 
resulting from exponential fits to depend on the data collection 
time scale if there were more kinetic components in the charge- 
separation process than could be resolved given the signal-to- 
noise in the data. The preexponential amplitude spectra of 
all of these decay components, except for the 200-ps com- 
ponent, are similar in shape, though the magnitude changes. 
The 200-ps component has a somewhat different amplitude 
spectrum, since on this time scale there occurs not only charge 
separation but apparently some ground-state recovery as well. 

DISCUSSION 

The central results of this study are that the decay of P* 
in the double mutant is visible by transient absorption 
techniques for hundreds of picoseconds and has a complex, 
multiexponential kinetic profile throughout this time period. 
However, in contrast to the complexity of the kinetics, the 
spectral description of the absorbance changes is simple; only 
two spectrally distinct states have been identified by singular 
value decomposition analysis (Figure 3). Both this study and 
the work by others cited above indicate that a similar situation 
also exists in R-26 reaction centers, as well as at physiological 
temperatures, though the spectral characteristics of the P*/ 
P+HA- mixture cannot be as accurately assessed on time scales 
longer than 10 ps as they can in the double mutant. 

Models Involving Intermediate Excited or Charge- 
Separated States. One of the proposals to account for the 
multiexponential kinetics of absorption and emission mea- 
surements both during the first few picoseconds (Holzapfel 
et al., 1989) and on the 10-ps time scale [Hamm et al., 1993; 
also discussed by Muller et al. (1992) and Du et al. (1992)l 
is the involvement of additional excited or charge-separated 
states in the reaction. One can see from the singular value 
decomposition analysis of Figure 3 that the kinetic complexity 
in the absorption changes in R-26 reaction centers does not 
involve a substantial contribution from more than two 
spectrally distinct states at 20 K. There is a small contribution 
from the third component of the singular value decomposition 
analysis (Figure 3C). However, its magnitude is only about 
2% of the large absorption changes associated with the first 
singular value decomposition component (Figure 3A), and it 
has a time course which indicates that it is primarily due to 
random noise. 

The double-mutant reaction centers also show only two 
spectrally distinct components that appear to be involved in 
the electron-transfer reaction at 20 K. The size and spectrum 
of the third spectral component of the singular value 
decomposition are those of the inherent kinetic noise in the 
transient absorption apparatus (Figure 3G), a conclusion which 
is supported by the nearly random time course of this 
component (Figure 3H). These observations argue strongly 
against the suggestion of Hamm et al. (1993) that population 
of the state P+BB- causes the multiexponential decay of P*, 
a t  least a t  low temperature. 

Given the reaction center structure, it is natural to suppose 
that the electron resides on BA during transfer from P* to 
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and thus, there is a substantial equilibrium population of P* 
on the time scale of the microscopic rate constants for electron 
transfer. The rate-limiting step in the complete transfer of 
the electron from P to HA is the reorganization of the nuclear 
configuration of the system (presumably the protein). These 
conformational changes stabilize the charge-separated state, 
and as time passes a larger and larger fraction of the reaction 
centers are in the state P+HA-. The nuclear reorganization 
involves many different conformational changes which occur 
on time scales from picoseconds to nanoseconds. 

This model provides a possible explanation for the complex 
kinetic behavior of the state P*. The fact that the decay of 
P* is multiexponential is explained by a decrease in the 
equilibrium population of the excited state upon each con- 
formational change favoring the charge-separated state. The 
fact that the amplitudes of the long-lived decay components 
of P* are increased in a mutant that increases the oxidation 
potential of P is due to the fact that the free energy gap between 
each of the conformational intermediates and P* is smaller 
in the high-potential mutant, giving rise to more thermal 
repopulation of P*. 

Calculation of Intermediate Spectra Using Kinetic Models. 
A kinetic analysis based on the dynamic solvation model can 
be used to determine the spectral characteristics of the reaction 
center conformational states involved in the model. In this 
analysis, the time course is described in terms of a series of 
first-order chemical reactions (Scheme 2), and it is possible 
to determine the spectrum of each state involved in the reaction 
by analyzing the time vs wavelength surface. 

Scheme 2 

k12 k23 

kzl k32 
A - B o C  

In Scheme 2, A is the initial state of the system after light 
absorption (P* in the dynamic heterogeneity model), B is a 
kinetic intermediate (an initial form of P+HA- in the model), 
and C is the final state (a relaxed form of P+HA- in the model). 
Note that this simple scheme assumes nothing about the 
spectral nature of A, B, and C, nor does it assume anything 
about the time scale upon which equilibrium is achieved 
between these states. It does assume that the reaction starts 
entirely in A and that only three states are involved. 
Restricting the number of total states to three is probably an 
oversimplification of the dynamic heterogeneity model. Each 
of the amplitude spectra in Figure 4 may well represent the 
average spectral change for several unresolved steps in the 
transition between the excited state and the final charge- 
separated state. However, this approximation should not 
greatly affect the overall conclusions drawn from the kinetic 
analysis, since the question being asked is, are the spectral 
characteristics of the intermediate states consistent with a 
transition from P* to P+HA- and subsequent relaxation of the 
charge-separated state? As long as only two spectrally distinct 
states are involved (the excited state and the charge-separated 
state, as is implied by Figure 3), the spectra associated with 
each of the kinetic intermediates after charge separation should 
be roughly the same, independent of the time scale of the 
measurement, the number or precise value of the exponential 
decay times determined from the fits, or the number of 
intermediates used in the model. The only parameters which 
are free in this calculation are the relative free energies of the 
three states. 

In the case of the double mutant, there is some question 
about which time scale to perform the analysis on, since the 
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decay occurs on time scales from picoseconds to hundreds of 
picoseconds (Figure 1). The 80-ps time scale was chosensince 
this time scale was fast enough to resolve the evolution of the 
absorbance changes on the few picoseconds time scale, but 
long enough to include most of the charge-separated state 
formation. Inclusion of longer times would have required the 
consideration of ground-state recovery in the model, introduc- 
ing a third spectrally distinct state into the analysis. 

The calculation of the difference extinction coefficient 
spectra for each state is performed as follows. The absorbance 
change dependence on the wavelength and time, AA(A,t), is 
given by 

where the Ci(t) values are the concentrations of the three 
states as a function of time and the Ati(A) values are the 
difference extinction coefficients for each state. One can then 
solve the differential equations describing the chemical 
reactions of Scheme 2 and determine the Ci(t) values in terms 
of the microscopic rate constants, kij, and the initial concen- 
trations of the three states. By equating eqs 1 and 2, the 
microscopic rate constants can be related to the observed decay 
times, ri, and the difference extinction coefficients can be 
expressed in terms of the preexponential amplitude spectra of 
Figure 4, ai(A), and the microscopic rate constants of Scheme 
2. The solution, however, is underdetermined, and in order 
to obtain spectra for each of the states in Scheme 2, the relative 
free energies of the three states must be specified. 

Since the relative free energies of the states in Scheme 2 
are free parameters, the simplest assumption to make would 
be that the free energygaps between the states are large relative 
to kBT (the thermal energy of the system). This is often a 
good assumption at 20 K, since even very small enthalpy gaps 
on the order of 100 cm-l are enough to make reactions nearly 
irreversible. In the irreversible case (k12 >> k21, k23 >> k32), 
the solutions to the kinetic equations governing the time 
dependence of the concentrations of the three states in Scheme 
2 are simple. If one assumes that the initial concentration of 
state A (presumably P*) is 1.0, 

By substituting these expressions into eq 2 and equating each 
to eq 1, one can see that 

Ae,(A) 
k23 

k23 - k12 
AcB( A) - - 4 2  a,(A) = AtA(A) + - 

k23 - k12 

Solving for the difference extinction coefficients, 

AeA = a,@) + a2(A) + a3(A) (5a) 
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Atc = a3(h) (5c) 

Note that by making the assumption that the initial concen- 
tration of the excited singlet state, CA(O), is 1, the Ati values 
determined from eqs 5a-c are relative difference extinction 
coefficients and have arbitrary units. The Ati values obtained 
from these calculations are shown in Figure 5. 

For R-26 reaction centers with irreversible kinetics (Figure 
5A), the B and C states have very similar spectral features, 
as would be expected if they represented nearly identical 
charge-separated states with different nuclear free energies. 
Given that these are relative extinction coefficient spectra, 
one would expect that not only the shapes but the magnitudes 
of the spectra of the different forms of the charge-separated 
state would match. The magnitudes of the B and C spectra 
are similar, but they clearly differ by more than the error in 
the measurement. Looking at  the At spectra for the double 
mutant in Figure 5B, the state B and state C spectra have 
some similar features, but they are not nearly as similar in 
shape as the corresponding spectra for R-26. There are clearly 
shifts in the spectral peaks between the two states, and the 
relative sizes of, for example, the absorbance increases near 
780 and 810 nm are different in the B and C spectra of the 
double mutant. Given the presence of the common crossing 
points at approximately 770 and 788 nm in the At spectra for 
the double mutant, it is unlikely that the A, B, and C spectra 
shown are linearly independent (Le., this implies that one of 
these states is actually a linear combination of the other two). 
In fact the spectrum for state B in this figure is approximately 
what would be obtained by averaging the other two spectra. 

The dynamic heterogeneity model described above requires 
that states B and C, which are different nuclear configurations 
of the same charge-separated state, have very similar Ac 
spectra, in both form and magnitude. In principle, if the 
spectra shown in each panel of Figure 5 all arise from linear 
combinations of only two independent spectra, it should be 
possible to pickvalues for the standard free energy differences 
between the three states such that the B and C states have 
identical spectra. This is because introducing back reactions 
in the differential equations that govern Scheme 2 results in 
A, B, and C spectra which are linear combinations of the 
spectra obtained if irreversible reactions are assumed. The 
procedure for solving the case including back reactions and 
deriving the relative extinction coefficient spectra is similar 
to that described for the irreversible case, though algebraically 
more complex. The relative free energies between the states 
were selected by varying them as free parameters and 
attempting to match both the shape and the magnitude of the 
spectra for the B and C states, thus resulting in only two 
spectrally distinct states in the system as demonstrated by the 
singular value decomposition analysis of Figure 3. The results 
of these calculations are shown in Figure 6. For reaction 
centers from both R-26 and the double mutant it was possible 
to select relative free energies which resulted in only two 
spectrally distinct states. Note that, in order togenerate nearly 
identical B and C spectra, the standard free energy differences 
between the three states in both R-26 and the double mutant 
must be very small (less than 25 cm-l; Figure 6) relative to 
values reported at higher temperatures and at longer times 
(Woodbury & Parson, 1984; Goldstein et al., 1988; Ogrodnik 
et al., 1988; Muller et al., 1992; Williams et al., 1992a). This 
is consistent with a concept inherent in the dynamic solvation 
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FIGURE 5 :  Wavelength dependence of the relative difference 
extinction coefficients (At) calculated for the states in Scheme 2. 
Panel A shows the results for R-26 reaction centers; panel B shows 
the results for reaction centers from the double mutant. The spectra 
shown represent the calculated A€ spectra of the indicated states 
using a model involving irreversible reactions between A, B, and C 
in Scheme 2 (P*, P+H*-, and a relaxed form of P+HA-, respectively, 
in the dynamic heterogeneity model). 

model; the free energy gaps between these states must be on 
the order of kBT or smaller for repopulation of P* to occur 
and result in the complex kinetic decay of the system. 

The values of the free energy gaps used in Figure 6 to cause 
the B and C spectra to overlap are not unique for reaction 
centers from either R-26 or the double mutant. In both cases, 
thevalue of the standard free energy gap for the first reaction 
can be varied by roughly 10 cm-l in either direction as long 
as the value for the second reaction is changed in a 
compensatory manner. 

Calculation of Kinetic Decays Using a Spectral Model. 
The kinetic scheme used above to calculate the spectra of 
intermediate states assumes that one can identify a kinetic 
basis set, exponential decay terms in this case, and describe 
the observed data in terms of that basis set. The basis set is 
then analyzed in terms of a kinetic model which assumes a 
small number of exponential first-order decay constants. 

Given the detailed time vs wavelength absorption change 
surface measured as part of this work, one could also describe 
the data in terms of a spectral basis set. The singular value 
decomposition analysis of Figure 3 indicates that there are 
only two spectrally distinct states involved in the electron- 
transfer reaction. I t  would therefore be reasonable to pick 
two spectra representing the initial and final states and to fit 
the rest of the spectra at intermediate times to a linear 
combination of those two spectra. From these fits one could 
obtain the relative concentrations of the initial state (P*) and 
the final state (P+HA-) as a function of time. The fit relates 
A( A , t )  to the relative difference extinction coefficient spectra 
of the excited singlet state and the final charge-separated 
state on the time scale of the measurement: 

where c~(t) and CF(t) are the concentrations of the initial and 
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FIGURE 6: Relative difference extinction coefficient (At) spectra 
calculated by assuming reversible reactions between states A, B, and 
C in Scheme 2. For R-26 reaction centers (panel A), the driving force 
for each reaction was set to -20 cm-I. The microscopic time constants 
obtained from the model were 1.9 ps for the forward time constant 
of the first reaction, 6.1 ps for the backward time constant of the 
same reaction, 18 ps for the forward time constant of the second 
reaction, and 57 ps for the backward time constant of this reaction. 
For reaction centers from the double mutant (panel B), an 8 cm-L 
standard free energy gap was used for the first step and a -14 cm-l 
gap was used for the second step. The microscopic time constants 
calculated for the reversible reactions were 14 and 8 ps for the forward 
and backward time constants of the first step, respectively, and 28 
and 74 ps, respectively, for the forward and backward time constants 
of the second step. 

final spectrally distinct states as a function of time and Aq(A) 
and A ~ F (  A) are the relative difference extinction coefficient 
spectra of the two spectrally distinct states. If one had infinite 
time resolution and could take spectra for an arbitrarily long 
time after the excitation, one would define 

Aq(A) = AA(A,O) ( 5 4  

and 

A+(A) = M ( A , m )  (5e) 

In the fit performed here, the basis spectra were taken from 
the early and long time absorption change spectra as defined 
in the caption to Figure 7. The absorbance change spectra 
at  each time were then fit independently, allowing the 
coefficients CI(t) and CF(t) to vary as fitting parameters and 
holding the spectral shapes of Act@) and At,(A) constant for 
all t .  CI(t) and CF(t) were not independent fitting parameters 
since at  all times the sum of the two concentrations was held 
constant. This final constraint assumes no yield loss (ground- 
state recovery) on the time scale of the measurement. This 
is a very good approximation for R-26 reaction centers. For 
the double mutant there is probably a yield loss of roughly 
20% on the 80-ps time scale, though a complete yield analysis 
has not been done. In any case, fitting the data from this 
mutant on the 80-ps time scale while either holding or not 
holding the sum of the concentrations of the initial and final 
states constant made little difference in the qualitative features 
of the concentration time courses determined. 
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4 
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FIGURE 7: Results of fitting the absorption change surface for (A) 
R-26 reaction centers and (B) double hydrogen bond mutant reaction 
centers with a linear combination of spectra representing the initial 
and final states. The fit was constrained to a single parameter by 
assuming that the total concentration of the two species did not change 
with time. For R-26 reaction centers (panel A), the 0.4-ps spectrum 
shown in Figure 2 was used as the initial state (presumably P*). The 
amplitude spectrum of the constant term in Figure 3A was used as 
a representation of the spectrum of the final state (presumably P+H,-). 
For the double hydrogen bond mutant (panel B), the 0.5-ps spectrum 
of Figure 2 was used for the initial state (P*) and the 700-ps spectrum 
was used for the final state (P+HA-). The largest fitting errors (in 
terms of the calculated curve minus the observed spectrum) were no 
more than 5% of the total signal. Each time point represents an 
independent fit of a time-resolved spectrum. The figure insets show 
the relative concentrations of P* and P+HA- as a function of time 
calculated from the fit. The main panels show the standard free 
energy gaps between the initial and-final states calculated as -RT 
~~([P'HA-] / [p*] ). 

The results of such a set of fits for both R-26 and the double 
hydrogen bond mutant are shown in the insets to Figure 7. 
The predicted time courses of P* decay for the two samples 
are consistent with the decays of the stimulated emission shown 
in Figure 1, and like the stimulated emission decays, the time 
course determined for P* in each of the reaction centers cannot 
be described by a single-exponential decay term. Note that 
the stimulated emission region of the spectrum was not included 
in these spectral fits, only the 700-850-nm region, so the 
correspondence of the calculated P* time courses and the 
stimulated emission decays is not forced. This method of 
analysis presupposes knowledge of the spectra of the initial 
and final states; however, it has the advantage that it assumes 
nothing about the kinetics of the time courses of the two states 
involved. 

If one assumes that dynamic solvation is the source of the 
complex kinetic decay of P*, the spectral analysis described 
above can be taken one step further by assuming that after 
a few picoseconds the two states, P* and P+H*-, are in 
thermodynamic equilibrium. Note that this is not assumed 
in the calculations of free energy changes in the kinetic analysis 
of the solvation model described above. This assumption is, 
however, inherent in the dynamic solvation model. After all, 
if electron transfer per se was the rate-limiting step involved 
on the time scales under investigation, then the decay of P* 
would not be multiexponential. The complexity of the kinetics 
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time scale is due to thermal repopulation of the excited singlet 
state (Peloquin et al., 1994), it is quite possible that some of 
the complexity of the decay kinetics observed on the picosecond 
time scale is due to static heterogeneity in the reaction center 
population, resulting in a distribution of initial electron-transfer 
rates. If this is true, then the kinetic complexity of the P* 
decay at 20 K would not be the result of a P*/P+H~-standard 
free energy gap which is tens of wavenumbers on the picosecond 
time scale, but rather simply the sum of many distinct reaction 
centers in the population undergoing electron transfer at 
different rates. This idea has been developed extensively in 
the past to describe both the multiexponential behavior of the 
fluorescence decay and the kinetic complexity of the transient 
absorption changes associated with the P* - P+HA- reaction 
(Kirmaier & Holten, 1990; Du et al., 1992; Muller et al., 
1992). In fact, one would expect that the dynamic confor- 
mational heterogeneity that results in a time-dependent 
solvation of the charge-separated state on longer time scales 
would also give rise to a static distribution of P+HA- free 
energies on time scales that are shorter than the rate of the 
conformational changes. 

A kinetic model based on static heterogeneity can beapplied 
to the amplitude spectra of Figure 4, and the spectra and 
populations of the states involved can be calculated. In this 
model there are two or more kinetically distinguishable types 
of reaction centers as depicted in Scheme 3. 

Scheme 3 

ki 
A1 - B, 

in this model depends on the nuclear conformational relax- 
ations being rate limiting. As long as electron transfer is fast 
compared to the conformational relaxations, the relative 
populations of P* and the charge-separated state should 
achieve near-equilibrium levels rapidly. Thus, the dynamic 
solvation model predicts that one should be able to calculate 
the standard free energy change between P* and P+HA- as 
a function of time from the concentrations of P* and P+HA- 
given in the insets to Figure 7.  The time dependence of the 
standard free energy gap calculated as -RT ln(P+HA-/P*) 
is shown in the main panels of Figure 7 for R-26 (panel A) 
and the double hydrogen bond mutant (panel B). 

Exactly when one chooses to equate the expression -RT 
ln([P+H~-l/[P*l) in Figure 7 to the free energy difference 
between P* and P+HA- depends on how fast one believes the 
charge separation occurs and thermodynamic equilibrium 
between the states is achieved. If the assumption is made 
that equilibration has been achieved within a few picoseconds, 
one finds good agreement between the kinetic analysis of Figure 
6 and the spectral analysis of Figure 7. In R-26 reaction 
centers, the spectral analysis of Figure 7A indicates that after 
4 or 5 ps a standard free energy gap of about -15 cm-I has 
developed. This is in agreement with the driving force 
calculated for the first kinetic step in Figure 6A of -20 cm-l. 
For the double hydrogen bond mutant, the kinetic analysis of 
Figure 6B predicts a standard free energy gap that is initially 
slightly positive at times earlier than about 15 ps and then 
becomes slightly negative on the tens of picoseconds time scale. 
This is essentially what is predicted by the spectral analysis 
of Figure 7B. If one continues the spectral analysis out to 
several hundred picoseconds, the free energy gap between P* 
and P+HA- continues to become more negative until after 
about 300 ps it is roughly -40 cm-I for the double hydrogen 
bond mutant (data not shown). 

Though the studies in this report were performed at low 
temperature, and though the most extreme example of the 
complex kinetic decay of P* presented utilized a mutant, 
multiexponential behavior of the excited-state decay has been 
observed at room temperature in R-26 reaction centers as 
well. This is true on the 10-ps time scale (Du et al., 1992; 
Muller et al., 1992; Hamm et al., 1993) as well as on longer 
time scales (Schenck et al., 1982; Woodbury & Parson; 1984; 
Williams et al., 1992a; Muller et al., 1992; Peloquin et al., 
1994). If this complex kinetic behavior is interpreted as 
dynamic solvation, one finds that on the few-picoseconds time 
scale the driving force for electron transfer at room temperature 
is on the order of 300 cm-I. This number was calculated from 
the ratio of the amplitudes of the 2- and 10-ps decay 
components reported by Du et al. (1992). Thus, at physio- 
logical temperatures in wild-type reaction centers, application 
of the dynamic solvation model results in very low driving 
forces for electron transfer, compared to measurements 
performed on longer time scales (Schenck et al., 1982; 
Woodbury & Parson, 1984; Williams et al., 1992a; Ogrodnik 
et al., 1988; Goldstein et al., 1988) or compared to electron- 
transfer reactions studied in solution (Closs & Miller, 1988). 

Static Heterogeneity in the Free Energy of P* and F H A - .  
The standard free energy calculated between P* and P+HA- 
using the dynamic solvation model is surprisingly small even 
on the nanosecond time scale (Peloquin et al., 1994), and it 
is nearly zero on the picosecond time scale. This is difficult 
to reconcile with the traditional nonadiabatic electron-transfer 
concepts normally used to describe the early reactions of 
bacterial photosynthesis (see below). While there is good 
evidence that the fluorescence detected on the nanosecond 

ki 

A2 - B2 

Here A1 and A2 are two conformational forms of the initial 
excited singlet state and B1 and B2 are two conformational 
forms of the charge-separated state. Sinceonly two spectrally 
distinct states were found to be present during the reaction 
(Figure 3), one must conclude that the different conformations 
of reaction centers are not spectrally distinct in either the 
initial or charge-separated states. This makes the determina- 
tion of the spectra of each species trivial. The spectrum 
observed at early time is the spectrum of both A, and A2 (see 
the early time spectra of Figure 2), and the spectrum at long 
time is the spectrum of both B1 and B2 (see the long time 
spectra of Figure 2). One can also determine the relative 
amounts of the two reaction center conformers from the 
kinetics. The relative amounts of the twoconformational forms 
of the reaction center shown in Scheme 3 (a three-exponential 
decay requires two reaction center conformations in this model) 
are given by the ratio of the amplitudes of the two exponential 
decay components observed. In R-26 the two forms are present 
in a ratio of roughly 4:l; in the double mutant the ratio of the 
two forms is nearly 1 : 1. 

It is important to realize that, while the static heterogeneity 
model could play a role in the complex kinetics on the 
picosecond time scale, it cannot be used to explain the longer- 
lived (100 picosecond to nanosecond) components of the P* 
decay which have been observed (Peloquin et al., 1994). This 
means that whether or not there is static heterogeneity in the 
reaction center population, one must still conclude that the 
magnitude of the standard free energy gap between P* and 
P+HA- is 200 cm-I or less at 20 K, particularly in the high- 
potential mutants. Thus, though there is no way to argue 
against static heterogeneity in the reaction center at early 
times, there is no compelling reason to include it in the present 
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model either. The real question is, how can electron transfer 
occur at all with such small driving forces? 

Adiabatic Electron Transfer in the Bacterial Reaction 
Center. Studies of electron transfer in small organic molecules 
typically yield estimates of internal reorganization energies 
associated with charge separation on the order of a few 
thousand wavenumbers [e.g., Closs and Miller (1988)]. In 
large conjugated 7~ systems such as bacteriochlorophyll and 
bacteriopheophytin, one would expect somewhat smaller 
internal reorganization energies since the addition or removal 
of an electron would not represent as large a perturbation as 
it would in a smaller molecule. Dominant mode frequencies 
and coupling constants have been calculated for the special 
pair from structural models (Warshel, 1980), and one can use 
these to estimate an internal reorganization energy, A, = 7 S,q, where the ai values are the frequencies of the modes 
involved and the Si values are the coupling constants (Huang- 
Rhys factors) as described in Alden et al. (1992). For the P* 
to P+HA- reaction, an estimate of approximately 700 cm-I 
can be obtained by combining vibrational reorganization 
energies for the P to P*, P to P+, and HA to HA- reactions. 
This estimate is considerably larger than the driving force for 
electron transfer obtained above on the picosecond time scale. 
Traditional nonadiabatic electron-transfer theory suggests that 
if the reorganization energy is large compared to the driving 
force for the reaction, a substantial activation energy for the 
reaction should result [e.g., Closs and Miller (1988)]. Given 
the fast rate of electron transfer at low temperature in R-26 
reaction centers, and even in the high-potential mutants, it is 
clear that no significant activation barrier exists. (As shown 
in Figure 4, about half of the P* decay in the double mutant 
occurs with a 4-ps time constant, and in another high-potential 
mutant, LH(L13 l) ,  which was described in the accompanying 
paper (Peloquin et al., 1994), the majority of the P* decay 
at low temperature has a time constant of about 4 ps.) 

The dynamic solvation model suggests that the relative 
populations of P* and P + H ~ - a r e  controlled, at least on some 
time scales, not by the microscopic rate of electron transfer 
but instead by the rate at which the nuclear configuration of 
the system can change toward a conformation which is more 
favorable for the charge-separated state. One could take this 
concept to the extreme and apply it during the first few 
picoseconds when most of the charge separation occurs in 
wild-type reaction centers. If the rate of electron transfer is 
controlled by the rate of nuclear movements in the system, 
then the reaction is effectively adiabatic. In fact, many of the 
results and calculations presented in this work and in the 
accompanying paper are more consistent with adiabatic 
electron transfer near the strong coupling limit than they are 
with traditional nonadiabatic electron transfer between states 
which come to rapid thermal equilibrium with the bath (strong 
coupling refers to conformations near the crossing point 
between the zero-order potential surfaces of the reactant and 
product states). In this view, the potential along the reaction 
coordinate connecting P* and P+HA- can be described by a 
single, continuous surface. This allows for a relatively large 
time-dependent displacement (reorganization) with a small 
overall decrease in free energy and very little activation energy. 

The small activation energy implies that the overall potential 
surface described by interaction between the zero-order 
potential surfaces of P* and the charge-separated states never 
has a significantly positive slope in the direction from P* to 
P+HA-. This can be accomplished in several possible ways. 
One could suppose that the zero-order potential surfaces of 
the reactant and product states cross near the minimum of the 
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unperturbed reactant potential surface. However, given the 
relatively small effect of increasing the P/P+ potential on the 
temperature dependence of the electron-transfer rate (at least 
half of the P* decay in the double mutant still takes place on 
the few-picoseconds time scale at 20 K), it seems unlikely that 
the exact position that the zero-order surfaces cross is critical. 
It is also possible that the reactant zero-order potential surface 
is very shallow relative to the product surface, allowing large 
changes in the relative free energy of the charge-separated 
state with little change in the energy of the crossing point 
between the zero-order potential surfaces. Another way of 
generating a smooth surface between P* and P+HA- is to 
assume that the coupling between P*, P+BA-, and P+HA- is 
strong enough even for nuclear configurations somewhat 
distant from the crossing points of the zero-order potential 
surfaces so that the exact crossing point does not dramatically 
affect the reaction. 

A nearly adiabatic electron-transfer reaction would also 
explain the discrepancy between the apparent P*/P+H*- 
standard free energy gap and the PIP+ midpoint potential 
which is observed, particularly at early times and low 
temperature, when comparing wild-type reaction centers with 
those from the high-potential mutants [this work and Peloquin 
et al. (1994)]. If the reaction is adiabatic and the rate is 
limited by nuclear motion in the system, one would expect the 
P* population to change in a continuous but not necessarily 
exponential manner, as the reaction works its way along the 
potential energy surface away from the region of Frank- 
Condon overlap with the ground state. In this view, Figures 
6 and 7 represent the approximate time dependence of the 
potential energy of the system as it progresses along the 
potential surface connecting P* to P+HA-. In both R-26 and 
the double mutant, movement along the potential surface is 
rate limiting. At early times (picoseconds), when the reaction 
is in a conformation which is near the crossing point between 
the zero-order P* and P+HA- potential surfaces, the potential 
energy change for electron transfer is small for both R-26 and 
double-mutant reaction centers. Therefore, the large potential 
differences between the two samples seen on long time scales 
in the P/P+ titration measurements are not observed on the 
picosecond time scale. 

One of the hallmarks of a reaction limited by the rate of 
nuclear conformational change is that the reactants and 
products do not rapidly achieve thermal equilibrium with the 
bath on the time scale of the experiment. There are several 
experimental measurements indicating that thermal equili- 
bration between thevibrational modes coupled to P* formation 
and those modes in the local environment does not occur 
completely before charge separation. Middendorf et al. (199 1) 
have suggested an interpretation of photochemical hole- 
burning experiments relating the width of the zero-phonon 
hole to the lifetime of P* in which electron transfer precedes 
vibrational relaxation. Vos et al. (1993) have recently shown 
that at least two low-energy modes (70 and 15 cm-l) which 
are strongly coupled to the excited singlet state of P oscillate 
coherently for picoseconds in a mutant incapable of electron 
transfer, indicating that they are not well coupled to other 
modes of the system. If the oscillations observed by Vos et 
al. (1993) in the transient absorption data are of modes coupled 
to electron transfer in wild-type reaction centers, then this 
implies that the reaction coordinate is not well coupled to 
other vibrational modes and that only a small number of 
vibrational periods occur on the time scale of electron transfer, 
consistent with the notion of an adiabatic reaction. As the 
system takes on more charge-separated character, the coupling 
with other vibrations and nuclear motions should increase, 



81 12 Biochemistry, Vol. 33, No. 26, 1994 

presumably through dipolar relaxation of the system. 
The obvious problem with the strong coupling model is that 

calculations based on the ground-state atomic coordinates of 
the reaction center cofactors and associated molecular orbital 
calculations have generally yielded coupling energies between 
P and neighboring chromophores of less than 100 cm-l [e.g., 
Plato et al. (1988) and Scherer and Fisher (1989)l. It is 
conceivable that coupling between the cofactors develops after 
ultrafast changes in the excited singlet state. Changes in the 
absorption spectrum of P* have been observed on time scales 
of less than 100 fs, and these include absorption changes in 
cofactors as far away as the bacteriopheophytins (Vos et al., 
1991), possibly indicating changes in the coupling between 
different cofactors. Further investigations into the evolution 
of P*, in particular as a function of excitation intensity, are 
in progress and may help answer some of the questions raised 
by this work. 
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