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Abstract: The rate of electron transfer from BPh*™ to Q, (k;) was determined at 14, 35, 113, and 298 K in reaction center
protein from Rhodobacter sphaeroides R-26 in which the native Q,, UQ,,, was removed and activity reconstituted with 22
other quinones. The majority of these had in situ midpoints lower than that of UQ,q, diminishing the —AG® for Q4 reduction.
The electron-transfer rate was determined from measurement of the quantum yield of (BChl),**Q,"" (®q). At 295 K, &4
was obtained from excitation-flash saturation measurements, monitoring (BChl),"*Q, "~ formation optically. Between 14 and
113 K, ®q was determined from the amount of (BChl),"*Q4*", measured by EPR, produced by excitation with a subsaturating
flash. When the —AG® for the reduction of Q4 by BPh*™ was diminished by as much as 150 meV, relative to that found in
the native protein, ®q remained 20.9. However, as the exothermicity was decreased further, & diminished steeply. Thus,
much of the 650 meV reaction —~AG®° found in the native RC is required to maintain a near-unity quantum yield. Calculation
of the rate of electron transfer from BPh*~ to Q, shows the reaction slows with decreasing exothermicity. However, over the
range of ~AG® studied, the rate changed little as the system was cooled from 295 to 14 K. These results were analyzed with
the model of electron transfer as a nonadiabatic, multiphoton, nonradiative decay process. The persistence of electron transfer
at low temperatures over a range of —AG® demonstrates the importance of nuclear tunneling in electron transfer in the
photosynthetic reaction center protein. Therefore, the motions of the nuclei as well as electrons must be treated quantum
mechanically in the analysis. The ~AG® dependence of the rate is consistent with the total reorganization energy being 600
% 100 meV for vibrations of frequency <800 cm™ (hw < 100 meV). The slowing of the rate as the —AG® is diminished,
in the absence of significant temperature dependence, suggests that vibrations of Aw ~ 15 meV (120 cm™!) are coupled to
the electron transfer and that the reorganization energy of vibrations with Aw smaller than =1 meV (8 cm™) is less than 300
meV. In addition, the results of a similar study of the electron transfer from Q4™ to (BChl),** (Gunner et al. J. Phys. Chem.
1986, 90, 3783-3795) are reanalyzed, permitting comparison of the electron-transfer parameters for the two reactions.

The reaction center protein (RC) of purple bacteria provides
a unique system for studying the requirements for high-efficiency
electron transfer in proteins. When light energy is absorbed by
this transmembrane protein, a series of electron-transfer reactions
is initiated, resulting in a reduced, low-potential component on
one side of the membrane, an oxidized, high-potential component
on the other side, and an electric potential difference across the
cell membrane.!™ The RC has been purified from a variety of
bacteria, and it is well established that the in vitro rates of the
intraprotein electron-transfer reactions and the yields of the various
charge-separated intermediates are essentially the same as those
in vivo.,>  In addition, structures of the protein from Rhodo-
pseudomonas viridis and Rhodobacter sphaeroides®® are be-
coming available at atomic resolution, permitting sophisticated
analysis of the relationship between the protein’s structure and
its function,1011

Studies of the electron-transfer reactions have focused on the
RC isolated from Rb. sphaeroides strain R-26. Figure | sum-
marizes the pathways, rates, and temperature dependence of the
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reactions in this protein (see ref 1-4 for recent reviews). Electron
transfer occurs between tightly bound redox sites, which are held
by the surrounding protein in a well-defined orientation and
separation.®® The reaction sequence is triggered by the absorption
of a photon by a dimer of bacteriochlorophyll [(BChl),], yielding
the excited singlet state [(BChl),*]. Forward, charge-separating
electron transfer consists of (BChl),* reducing a bacteriopheo-
phytin (BPh), which in turn reduces a ubiquinone-10 (Q4). In
isolated RC, as prepared for the work presented here, the final
product is (BChl),"*Q,*". Figure 1 also describes the charge-
recombining electron transfers that compete with the forward
reactions and so return the protein to the ground state from
(BChl),*, (BChl),"*BPh*", or (BChl),"*Q,"".

Each of the intra-RC electron transfers has a characteristic
driving force (from 0.2 to 1.2 eV), distance (7-25 A edge to edge),
and reaction rate (varying by 10°). Thus, several distinct reactions
can be studied in this one protein. These reactions occur even
at cryogenic temperatures, which has allowed extensive analysis
of their temperature dependence,!121420-24 I addition, the ~AG®
of intra-RC reactions involving Q, can be altered by replacing
the native Q,, ubiquinone-10 (UQ,), with quinones of different
in situ midpoint potentials.!*?1228  These Q4-replaced RCs have
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Figure 1. Electron-transfer pathways in the isolated RC. The forward,
charge-separating reactions start with the absorption of a photon by a
bacteriochlorophyll dimer [(BChl),]. This is promoted to the excited
singlet state (BChl),*BPhQ, [abbreviated as (BChl),* in the text].
Charge separation occurs at kg,'»!? yielding reduced bacteriopheophytin
(BPh) and oxidized (BChl),, i.e., (BChl),;**BPh™Q, [abbreviated
(BChl),**BPh™]. BPh*" then reduces a tightly bound ubiquinone-10
(Qy,) at k' forming (BChl),**BPhQ,™ [abbreviated (BChl),**Q,™"].
In vivo, cytochrome ¢ reduces (BChl),™ and Qg, another bound ubi-
quinone, oxidizes Q,™. In the absence of donors or acceptors, electron
transfer from Q,™* to (BChI),** returns the system to the ground state.
This occurs either directly at k; or by a thermally accessible route via
X.'> The observed rate is referred to in the text as k.. The relative
free energy of X shown here assumes ky is 7.7 X 107 s, Several
reactions compete with forward electron transfer. (BChl),* decays by
fluorescence (at k;)!® or nonradiatively (at k,,). (BChl),**BPh™ returns
to the ground state by direct electron transfer at kg.!7'®8 Also, following
spin rephasing to the triplet *[(BChl,**BPh™],' charge recombination
(at k1) produces the triplet (BChl), [*(BChl),].?° 3(BChl), relaxes either
directly by intersystem crossing (at kj5¢)!¥% or by thermal repopulation
of 3[(BChI),**BPh™].2% 3[(BChl),**BPh™] may also decay directly to
the ground state.?’ The effective rate of decay of (BChl),"*BPh™* by all
processes other than reduction of Q, is referred to in the text as k,. The
electron-transfer rates are for the native RC, with UQ,, as Q,, at room
temperature. The rates in parentheses were determined below 100 K.

different free energies for the state (BChl),"*Q,"", which changes
the —AG®’s for the electron transfer from BPh*™ to Q4 as well as
that from Q,*" to (BChl),**.

The ability to vary the reaction —AG® as well as the temperature
places this system in a unique position to explore electron-transfer
theories as these are the observables that characterize the system
in these theoretical models®?™3 (see ref 29-31 for reviews).
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However, prior to the work with Q,-replaced RCs,?! all studies,
both in biological and in chemical systems, had been limited to
changing either the temperature!42339 or the —~AG®;*** to our
knowledge, no other electron-transfer reactions have been mea-
sured as a function of both parameters. Assumptions must be
made in the analysis of experiments that monitor only one of these
variables which may be shown to be unwarranted by a more
complete study. For example, when the electron transfers in the
native RC, summarized in Figure 1, were only studied as a function
of temperature, the temperature independence of each was in-
terpreted as resulting simply from the reorganization energy (A)
of the reaction being equal to its —AG®.3%314647  This was an
attractive possibility since all electron-transfer theories predict
a reaction will be activationless when these two values are
matched.?%3147 However, a reaction also will not show classi-
cal-Arrhenius behavior over a much more substantial free energy
range if it is coupled to vibrations of energy (hw) greater than
or equal to the thermal energy at the temperatures explored in
the experiment. It is not possible to distinguish between these
two causes of temperature independence if the behavior of the
reaction is known at only a single value for —AG®.

Previous measurements with Q,-replaced RCs characterized
the direct electron transfer from Q,* to (BChl),** as a function
of both the ~AG® and temperature.?! The reaction rate (k;) was
found to be temperature independent from 5 to 200 K, over a
—-AG?® range of approximately 800 meV rather than only in a
limited region near —AG® = A, As the reaction was made more
exothermic than in the native RC, the rate was only weakly
dependent on the ~AG®°. The analysis of this observation estab-
lished that the vibrations coupled to the electron transfer included
high-frequency, skeletal modes with #w =~ 200 meV (1500 cm™).
As the reaction was made less exothermic, the rate decreased,
without becoming temperature dependent. It was shown that this
could not be adequately explained if the reaction is coupled only
to high-frequency modes plus vibrations of sufficiently small energy
that they could be treated classically.

To further explore the behavior of the intra-RC reactions,
especially in the region of small ~AG?°, a study of the subnano-
second, charge-separating electron transfer from BPh*™ to Q, was
undertaken. This reaction has been well characterized in the native
RC.142248-51  Changes in the rate (k;) can be determined by
measuring the quantum yield of (BChI);"*Q4"™ (®q).%? &g is
at least 0.98 in the native RC at all temperatures.™*5 The
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near-unity yield establishes that k, is much faster than the rates
of other reactions available to (BChl),**BPh*~. However, if the
rate of forward electron transfer slows as the temperature or ~AG®
of the reaction is changed, ®q will be reduced.

The direct measurement of &g as a function of ~AG® can also
address the requirements for the physiological function of the
protein. The RC stores the energy of a photon as a disequilibrium
in the redox energy of the system. However, in isolated RC, 860
meV of the 1380 meV of the absorbed photon is lost in the for-
mation of (BChl),"*Q,*",!*5¢ although this loss may be somewhat
smaller in vivo if there is a membrane potential opposing charge
separation. Monitoring the quantum yield of (BChl),"*Q,"" as
the ~AG® for forward electron transfer is diminished can determine
how much of this large free energy drop is needed to maintain
the high yield of charge-separated product.

Materials and Methods

RC was purified from Rb. sphaeroides bacteria strain R-26,5” Q, and
Qg were removed, and the protein was stored as described previously.!*28

Dr. J. Malcolm Bruce of the University of Manchester, U.K., kindly
provided 2,7-dimethyl-9,10-anthraquinone and 2,7-dimethoxy-9,10-
anthraquinone. 2-tert-Butyl-9,10-anthraquinone was purchased from
Chemolog (South Plainfield, NJ). The sources of all other compounds
were reported previously.! Quinone purity was established by HPLC.®
Henceforth, the following abbreviations will be used: BQ, 1,4-benzo-
quinone; NQ, 1,4-naphthoquinone; 1,2-NQ, 1,2-naphthoquinone; AQ,
9,10-anthraquinone.

Sample Preparation. For room temperature, optical measurements,
the samples contained 0.5-1 uM RC, 10 mM Tris-HCI, pH 8.0, 0.002%
lauryldimethylamine oxide (LDAO), and 0.5-10 uM added quinone. For
low-temperature, EPR studies, 20 uM RC, 10 mM Tris, 0.03% LDAO,
50% glycerol (v/v), and 40-150 uM added quinone was used. The data
presented here were obtained with a single preparation of RC. Very
similar results were found for each Q,-replaced RC with at least one
other preparation of protein.

Quinones dissolved in ethanol or dimethyl sulfoxide (DMSO) were
added to the Q,-removed RC diluted to the concentration used for
measurement. For EPR measurements, sufficient quinone was added to
saturate the Q4 binding site.**$°  For optical studies, a mixture of
Qa-replaced RCs was prepared so that 40% of the RC contained UQ,,
while 60% had the Q4 for which $q was to be determined. The con-
centration of ethanol or DMSO was less than 0.5% in the optical mea-
surements and 4-10% in the samples for EPR. Room temperature
controls established that as much as 10% ethanol or DMSO does not
effect RC kinetics.

For optical studies at 295 K, the temperature of the curvette was
controlled with a circulating water bath. For EPR measurements, the
temperature was set and monitored as previously described.?!

Characteristics of the Activating Flash. Reaction was initiated by a
10-us (full width at half-maximum) xenon flash. For all EPR mea-
surements, neutral density filters were used to attenuate the flash so that
~40% of the RC absorb at least one photon.

For optical studies, the flash was masked with an IR-transmitting
Kodak 88 A wratten filter (cutoff at 700 nm). This excited 90% of the
RC. The flash intensity was then varied with Kodak neutral density
filters (0.1-2.5 N.D.). These are not “neutral” in the near-IR. A
Beckman UV-visible-IR spectrophotometer measured the transmittance
(Tr) at the two wavelengths for the protein’s absorbance maxima in the
near-IR. These values, weighted by the relative extinction coefficients
of the absorbance bands,®! were averaged to obtain the effective trans-
mittance. The relative intensity of the flash (/) with each filter, which
should be proportional to the number of photons absorbed by the RC,
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Figure 2. Flash-induced (BChl),**O,™* formation and decay monitored
at the maximum of the first derivative of the g = 2.0026 EPR signal at
35 K. The samples all contained the same RC concentration (20 uM).
The signal from the residual UQ,q found in all samples was subtracted
from each trace by use of a theoretical transient with the same amplitude
and kinetics as the signal found before quinone addition. A calculated
transient was used for the background as this does not add additional
noise to the signal. The theoretical lines represent at fit to one expo-
nential plus a constant. The traces are for the following: (a) UQ;, 30.5
s7! with 0.5% constant; (b) 2,3-dimethyl-AQ, 18.7 s with 1.6% constant;
(c) 2-methyl-AQ, 11.4 5™ with —3.3% constant; (d) 2-methoxy-AQ, 8.99
s7! with -3.4% constant; (e) 2,3-dimethyl-AQ, 21.7 s7 with —0.5% con-
stant; (f) 2-amino-AQ, 11.8 s™! with -1.4% constant.

was defined as (2 X Trgoq + Trggs)/3. I/ with no neutral density filter
is 1.0.

Monitoring the (BChl),"*Q,°~ Formed by the Flash. The concentration
of RC in the state (BChl),*TQ4*~ was determined from the oxidation state
of (BChl),, measured by either dual-wavelength spectrophotometry at
602-540 nm® or by X-band EPR spectrometry at the maximum of the
first derivative of the (BChl),"* g = 2.0026 signal.”® Both methods have
been described previously.?! For EPR, the microwave power was 15 uW
at 14 K, 30 uW at 35 K, and 100 uW at 113 K. The [(BChl),"*] with
a lifetime greater than 30 us was assumed to represent RC in the
(BChl),"*Q,"" state (see Figure 1).

Determination of the Initial Concentration of (BChI),"tQ,°~ Formed
by the Flash. For the EPR measurements, the decay of the flash-induced
kinetic transient, on a millisecond time scale, was fit to one exponential
plus a constant®® [C, exp(—ka?) + Cg] as described previously (see Figure
2).2 The [(BChl),"*Q,""] formed by the flash was taken to be the sum
of the initial amplitudes of these components (C, + Cg). Controls with
no added quinone established that the RC contained 10% residual UQ .
This background signal was subtracted from the amplitude observed in
the samples with added quinone.

For optical studies the native and Q,-replaced RCs that were mixed
together were distinguished by the rate of decay of (BChl)s"* QA" (kpack)
which is dependent on the E,, of Q, at room temperature (see Figure
3 and eq 5).1%% &g was not measured at 295 K when Kk, for the
particular quinone was between 3 and 15 s7!, as these RCs could not be
distiniguished from the population of RC containing UQ)q, where kygex
is 7.6 5™, with sufficient certainty.

The decay of the kinetic transient from the mixture of RCs was fit by
a linear least-squares analysis of the sum of two exponentials with known
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Figure 3. Flash-induced (BChl),**Qa™* formation and decay at 295 K
monitored at Adggs.sso for Qa-replaced RC mixed with native protein.
The lines through the data represent a fit to two exponentials of known
rate or two exponentials plus a constant. The vertical scale is
0.017AAgys_s4o full scale, These samples were not matched for RC
concentration. The traces are for the following: (a) tetramethyl-BQ,
66.4% at 1.8 s7!, 31.2% at 7.6 57!, and 1.2% constant; (b) 2,3,5-tri-
methyl-BQ, 54.3% at 13s™, 34.4% at 7.6 s, and 1.2% constant; (c) AQ,
61.8% at 95 s! and 39.2% at 8.3 s71; (d) 1-methyl-AQ, 63.7% at 420 5™
and 36.3% at 7.6 s7%.

rate constants [C, exp(-kat) + Cp exp(—kgnt)]. The values for Ky, (Ka
and kp) were established in samples containing a homogeneous popula-
tion of RC. The initial amplitude of each exponential provided the
[(BChI),**Q,*"] formed with each Q5. When ky,, values for the two
quinones were of the same order of magnitude, the introduction of a
constant significantly improved the fit. This slow component accounted
for 1-3% of the total amplitude. Assigning this small portion of the total
signal to either population of RC did not effect the results. When kyaci
for the experimental Q4 was approximately 10 times that of UQ, a
slightly faster value for the UQ ky,, improved the fit, suggesting some
inhomogeneity in the lifetime with the native quinone as seen in the
past, 236465

Theory for the Determination of & from Light Saturation Measure-
ments. & was obtained from measurements of the [(BChl);"*Q,"] as
a function of the intensity of the activating flash. To obtain an analytic
expression that describes how the [(BChl),"*Q,*"] formed by a flash
depends on the electron-transfer kinetics, the reaction pathways in Figure
1 were simplified to Scheme I

Scheme [
’ k
(BChI),BPhQ, == (BChI);"*BPh™Q, —> (BCh);*BPhQ,"™
2

This assumes the following: (1) The rate of formation of (BChl),*
is pseudo first order in light intensity with an effective rate constant of
kI’. (2) The rate-determining step in (BChl),"*BPh*~ production is the
absorption of a photon to form (BChl),*. This holds under conditions
where the rate of electron transfer from (BChl),* to BPh (k) is much
faster than kI’ and so is appropriate here, since the flash was barely
saturating in 10 us at maximum intensity (kI’ < 10%s™) while ko, 2 10!
57!, (3) The decay of (BChl),”*BPh*" by all processes other than electron
transfer to Q4 can be assigned a single rate constant (k;). (4) The decay
of (BChl),**BPh*~ produces only (BChl),"*Q,"" or the ground state. (5)
(BChI),**Q,*" is stable during the lifetime of the flash.

The first two assumptions probably accurately describe the events in
the RC, while the last three are approximations. Their effect on the
analysis will be discussed below.

Given Scheme I, making a steady-state assumption for the concen-
tration of (BChl),’*BPh*~ during the lifetime of the flash, the
[(BChl),**Q, "] formed by the flash can be expressed as

[(BChI),"*Q,"] =

kykI’
[(BChD,"*Qa* Imas| 1 - exp TS @

where [(BChl); v QA" ] mex 18 the product formed with a fully saturating
flash and ¢ is the flash duration. A comparison of calculations using eq
1 with those employing the complete solution of the coupled differential
equations solving Scheme I showed that the steady-state assumption is

(64) Kleinfeld, D.; Okamura, M. Y.; Feher, G. Biochemistry 1984, 23,
5780-5786.
(65) Loach, P. A.; Sekura, D. L. Photochem. Photobiol. 1967, 6, 381-393.
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Figure 4. Comparison of the region of accuracy for the two methods for
obtaining k,. (A) Relationship between k, and ®q calculated with eq
3. This method is seen to have its greatest sensitivity for &g < 0.9.
Although difficult to see in this figure, this method remains potentially
useful at very low yields where & is linearly dependent on k. The data
points plot measured values for &g (Table I) against k, calculated from
the rate of decay of (BChl),™*BPh™ (ref 70). Numbers identifying the
points refer to the first column of Table I. (B) Relationship between k,
and the observed rate of decay of (BChl),**BPh™ occurring at k, + k.
This method is most accurate when k; > k,.

valid under conditions modeling these experiments. %

When (k, + k,) > kI’, appropriate here, eq | further simplifies to eq
2, which was used to analyze the dependence of [(BChl),**Q,"] on the
flash intensity and $q:

[(BChD);*Qa""] = [(BChD) ;Y Qa" | mex(l — exp[-®o(k)1])  (2)
where
Dq = ky/(ky + k) (3)

It is interesting to note that eq 3, the analytical expression derived
from kinetic considerations of the system, is of the same form as the
expression for the [(BChl);*"Q4*"] found after a flash derived by viewing
excitation as a statistical process. The later assumes the number of
photons absorbed by the RC during the flash can be described by a
Poisson distribution (see ref 55 and 67 for extended discussion). &q now
becomes the probability of forming product following excitation, while
kIt is the average number of photons absorbed per RC.

Calculation of k, from ®q. Equation 3 defines & as the outcome of
a branching reaction which is implicit in Scheme I. It can be used to
obtain k, from ®q if k, is known. Schenck et al.®® and Chidsey et al.”?
determined the rate of decay of (BChl),"*BPh*™ in RC where Q, had
been removed. They found that, despite the complexity of the reaction
pathway, the decay could be described by a single exponential rate con-
stant. This varied slightly with temperature and magnetic field. For the
work presented here, k, will be taken to be 7.7 X 107 s7! at 295 K, in the
presence of zero applied magnetic field,!$8 and 3.3 x 107 s below 200
K, in the EPR spectrometer at a magnetic field strength of close to 3000
G.!7 Figure 4A shows the dependence of &g on k;. The errors associated
with the calculation of k; from &g have a very nonlinear dependence on
the magnitude of this rate. When k, and k, are of the same order of
magnitude, the yield should provide a sensitive measure of the electron-
transfer rate. However, it should be noted that when the quantum yield
is high (®q = 0.95), &, provides only a lower limit for the rate (k; =
20k,).

In addition, &, can be derived from the rate of decay of (BChl),"*-
BPh*~ which is assumed to occur at k; + k,.!*%%7°  While this is the

(66) Frost, A. A.; Pearson, R. G. Kinetics and Mechanism: A Study of
Homogeneous Chemical Reactions, 2nd ed.; Wiley: New York, 1961 pp
173-177.

(67) Mauzerall, D. In Biological Events Probed by Ultrafast Laser
Spectroscopy; Alfano, R. R., Ed.; Academic Press: New York, 1978; pp
215-235.

(68) Schenck, C. C.; Blankenship, R. E.; Parson, W. W. Biochim. Biophys.
Acta 1982, 680, 44-59.



Table I. Temperature Dependence of $q
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®q
quinone E\j; (meV)? Koack (571 14 K? 35 Kb 113 K? 295 K¢

1,4-benzoquinones

(1) tetramethyl 30¢ 1.9 0.9 £ 0.07 0.92 = 0.02 0.83 % 0.05 0.97 = 0.03

(2) UQ;, o 7.6 (1.00)* (1.00)* (1.00)* (1.00)*

(3) decyl-UQ¢* o 3.3 0.88 % 0.06 0.84 £ 0.04 081 0.4
1,2-naphthoquinone

(4) unsubstituted 1108 2.1 0.44 £ 0.05 0.43 £0.03 0.37 £ 0.04
1,4-naphthoquinones

(5) unsubstituted 208 8.0 0.72 £ 0.06 0.73 £ 0.05 0.66 £ 0.04

(6) 2,3-dimethyl -20° 8.8 1.01 = 0.07 1.01 £ 0.06 0.96 £ 0.05

(7) 2,3,5-trimethyl -95¢ 12.7 1.0l £0.12 0.95 £ 0.05 0.86 £ 0.06 1.03 % 0.05

(8) 5-methoxy -115¢ 20.0 0.82 + 0.07 0.80 £ 0.04 0.73 £ 0.06 0.91 £ 0.01

(9) 2-(dimethylamino) -250 5400.0 0.35 £ 0.03 0.34 = 0.04 0.29 £ 0.02 0.69 = 0.05
9,10-anthraquinones

(10) 1-chloro -105 15.7 1.02 = 0.07 0.98 + 0.05 0.93 + 0.08 0.96 % 0.03

(11) 2-chloro -110 17.8 0.69 £ 0.06 0.70 £ 0.03 0.60 % 0.03 0.94 £ 0.01

(12) unsubstituted -160 89.0 0.90 £ 0.10 0.90 £ 0.03 0.85 £ 0.07 0.92 £ 0.01

(13) 1-methyl -200 425.0 0.78 £ 0.06 0.80 % 0.05 0.64 £ 0.05 0.89 £ 0.01

(14) I-methoxy -235 1760.0 0.63 £ 0.05 0.69 % 0.07 0.45 £ 0.06 0.81 £ 0.01

(15) 2-methyl -245 2490.0 0.83 £ 0.05 0.85 = 0.08 0.77 £ 0.07 0.90 £ 0.01

(16) 2-ethyl -245 2270.0 0.53 £ 0.05 0.57 £ 0.03 0.43 £ 0.04 0.82 £ 0.01

(17) 2-tert-butyl -255 3750.0 0.60 £ 0.05 0.55 £ 0.04 0.43 £ 0.02 0.78 £ 0.04

(18) 2-methoxy -255 4050.0 0.67 £ 0.05 0.64 % 0.04 041 £ 0.02 0.80 £+ 0.01

(19) I-amino =270 7070.0 0.26 £ 0.03 0.26 £ 0.03 0.29 £ 0.02 0.64 £ 0.01

(20) 2,3-dimethyl -290 13600.0 0.60 £ 0.08 0.60 £ 0.05 0.33 £ 0.02

(21) 2,7-dimethoxy -2758 >15000.0 0.15 £ 0.02 0.14 = 0.03 0.05 £ 0.01

(22) 2,7-dimethyl -300¢ >15000.0 0.49 £ 0.03 0.52 £ 0.06 0.20 £ 0.03

(23) 2-amino -4208 >15000.0 0.29 £ 0.02 0.25 £ 0.01 0.09 £ 0.01

¢ Ey; for Qu/Qa" couple, relative to that found with UQg as Qa. Unless otherwise noted, these were calculated with eq 5 from Kygex. ”d>Q
calculated with eq 4 from A4q/AAyq measured by EPR. The standard deviation represents the results of Adq determined twice for each of two
samples. The uncertainty of AQyq was included. “®q calculated with eq 2 from AAdgp,-s40 measured optically. The standard deviation is for three
determinations of &q/®yq. ¢2,3-Dimethoxy-5-methyl-6-decyl-1,4-benzoquinone. ¢ Value from Woodbury et al.!® /Assumed to be the same as when
UQqis Qa. 2 Ey, relative to UQ in Q, site assumed to be the same as midpoint of Q/Q* relative to UQ/UQ"™ in DMF.” These values provide only
an estimate of the in situ Eyj,. *®yq assumed to be 1.00. This provides a standard for all other determinations.

method of choice when k; > k,, as k, slows the observed decay rate
approaches k, and its sensitivity decreases. Figure 4 shows the range of
rates for which each method is most accurate. The determination of k,
for all Qa-replaced RCs will require the use of both methods.

Measurement of $q. (A) Use of Native RC as a Standard for De-
termination of &q. The absolute quantum yield for RC with UQ,qas Q,
(®yq) has previously been measured to be 1.02 £ 0.04.537% In addition,
if the quantum yield of (BChl),"*BPh*" is assumed to be 1.0, it can be
calculated with eq 3. This yields a &y;q of 0.984 at room temperature,
zero magnetic field, and 0.997 below 200 K at 3000 G with measured
values of k, (shown in Figure 1)'* and k,.7® The existence of a standard
with a known quantum yield allows &, to be determined with other Q,’s
simply by comparing their yield relative to that found with native RC
under the same conditions.

(B) Determination of &, at Room Temperature. For each sample,
[(BChl),"*QA""] was measured at 16 different flash intensities (). ®qkt
was obtained from the best nonlinear least-squares fit to eq 2 calculated
with the ASYSTANT software (McMillan Software Co., New York) for
each of the two kinetically distinguishable RC populations in the sample.
Since &, was known, the ratio (®gk?)/(Pyqk?) for the two samples in
the same curvette provided $q. Thus, the native RC provided an internal
standard, which in an excellent control for any variation in the optical
quality of different samples. A representative titration is shown in Figure
5.

(C) Determination of & at Low Temperature. &g could not be de-
termined at low temperature in the same manner as at 295 K. An
internal standard cannot be used as readily, because at low temperature
kyack for different Q,-replaced RCs differs by less than a factor of 5.2
In addition, as will be described below, the high yield of 3(BChl), at low
temperature’! violates the assumptions made in deriving eq 2. Instead,
®, was obtained from a comparison, at a single light intensity, of the
amplitude of the (BChl),"* signal in RC with the experimental Q, (AAg)
and that found with an identical concentration of protein reconstituted
with UQ; (AAyq) with the relationship

AAdq/AAyq = $q/ Puq 4)

(69) Liang, Y.; Nagus, D. K.; Hochstrasser, R. M.; Gunner, M. R
Dutton, P. L. Chem. Phys. Lett. 1981, 84, 236-240.

(70) Gunner, M. R.; Liang, Y.; Nagus, D. K.; Hochstrasser, R. M.;
Dutton, P. L. Biophys. J. 1982, 37, 226a.
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Figure 5. Light saturation curves for each component in a mixture of
RC where 45% of the total [RC] have UQ,o as Q, (O) and 65% have
2-¢thyl-AQ (m). The theoretical line through the points represents the
best fit to eq 2 of the initial concentration of (BChl),**Q,™ for each
kinetic component in the mixture as a function of relative intensity of the
activating flash attenuated with a series of filters. The data are plotted
for each Q, as percent [(BChl);** Q4™ ] max to show the difference in &g
for the two quinones more clearly. ®q for 2-ethyl-AQ is 0.82 if ®yq is
1.00.

A comparison with eq 2 shows that eq 4 assumes the following:

(1) kit is the same for all samples. This requires that all samples have
the same optical quality. While this is difficult to ensure in frozen
glasses, variation in k/’t can be monitored by comparison of AA4q for
different samples with the same Qa-replaced RC. The relative standard
deviation of these measurements was generally <0.10 (see Table I).

(2) 1’ approaches zero so that each RC absorbs only one photon.
Multiple excitations will cause eq 4 to provide too large a value for &q.
However, at 40% light saturation, the conditions of the experiments
reported here, the maximum error, near $q = 0.50, is only 0.065. In
addition, the high quantum yield for 3(BChl), formation in RC that do
not form (BChl),"tQ,* " reduces the error by diminishing the ability

(71) Wraight, C. A,; Leigh, J. S.; Dutton, P. L,; Clayton, R. K. Biochim.
Biophys. Acta 1974, 333, 401-408.



Electron Transfer from BPh* to Q4

Scheme 11

3% o o k4 o -
(BChI),BPhQ, = (BChI, '8P Q, === (BChD, BPhQ,
2 -1

f |

kg

of multiple excitations to provide additional opportunities to generate
(BChI),"*Q,"".

(3) [(BChD);**QA* ey is the same for all Q,-replaced RCs. This
requires that all RCs have a functionally bound Q,. Dissociation con-
stants (Ky) measured under somewhat different conditions (0.001%
LDAO, 10 mM Tris-HCI, 0.5 uM RC) provide values of 0.1 uM for
the AQ derivatives to 10 uM for NQ.**$0 Thus, the quinone concen-
trations added should be more than adequate to saturate the Qy site. In
addition, &q is not correlated with Kg. In particular, the AQs, which
generally have the smallest &¢’s, have very high affinities for the site.®
Measurement of ®q by complete light titrations does not require that the
site be fully saturated, since eq 2 makes no assumptions about the value
of [(BChl)2.+QA.—]max'

Validity of the Light Titration Method for Obtaining ®o. Two of the
assumptions about the reaction scheme made in the derivation of eq 1
do not apply under all conditions.

(1) Decay of (BChI),"*Q,"~ during the Flash. It was assumed that
(BChl),"*Q"" is stable on the time scale of the flash; i.e., 1 /Kpqex > flash
duration (=10 us). While this is true for all Q4-replaced RCs below 200
K,2! this is not the case at room temperature with low-potential Qs (see
Table I).

To explore the effects of the decay of (BChl),"*Q,"" during the flash
on the value of ®q obtained with eq 2, the reaction was modeled by
Scheme II. The complete solution of the coupled differential equations
was used to calculate [(BChl),"*Q4""] at 10 us for 15 values of kI’
yielding 5-90% of [(BChl),;"*Q4* max- 2 This provided a theoretical data
set that simulated our experiments. Two pathways for the decay of
(BChl),**Q, " were tested:

(a) The fast, thermal back-reaction repopulates (BChl),"*BPh*~ so
that k_; = (kpeeck1)/k; and ky = 0.

(b) Some other, unknown route is used so that ky = ky,. While k_
= (. When the results of these calculations were analyzed with eq 2, the
values for &g and [(BChl);"*Qa" Imax derived were smaller than the
numbers initially assumed in the simulation. The error increased for
larger values of kpye, and similar results were found with both models
for the thermal decay of (BChl),"*Q~. This is a consequence of the rapid
decay of (BChl);**Q,"" increasing the number of photons required to
achieve a given [(BChI),**Q,°"] at the end of the flash. However, for
kpacx < 104571, the limits of the measurements reported here, our simu-
lations showed that fitting the data with eq 2 underestimates ®q by less
than 0.05. This was not considered to be a serious source of error, so this
simple equation was used to fit the data from all light titrations.

(2) Alternate Decay Routes for (BChI),"*BPh*". Scheme I and the
equations derived from it assume that (BChl),"*BPh*" forms only
(BChl),"*Q,*" or the ground state. This ignores the production of
3(BChl), which is formed in RC where Q4 has been removed or chem-
ically reduced prior to the flash with a yield ($1) of =0.3 at room tem-
perature and 20.8 at low temperatures.!»18687.73  Preliminary calcula-
tions suggest that the formation of 3(BChl), may cause the titrations to
overestimate ®q by a small amount. Unfortunately, &t is not well es-
tablished at room temperature. Estimates have ranged from 0.20%% to
0.50.7% Values of approximately 0.3 have been found under conditions
similar to those of the work reported here.!” However, because of this
uncertainty, no corrections were made.

The —-AG?° for the Q,-Involved Electron-Transfer Reactlons. (A) The
in Situ E ), for Q4*". The E, ), values for Q,/Q," were determined as
described previously.'>?! When the Q4 midpoint relative to that of the
native RC was calculated from the rate of decay of (BChl),"*Q,* via
X (see Figure | and ref 15 for a discussion of X), the following rela-
tionship was used:

E\2(Qa) — E1p(UQ) = -56.6 X log (kpaex— 7.0) - 53.1 meV (5)
Measurement of the delayed fluorescence for a number of different Qas,
which is proportional to the ~AG® between (BChl),* and (BChl);**Q,"",

was used to calibrate this line! (see ref 56 for a discussion of the me-
thod).

(72) Szabo, Z. G. In Comprehensive Chemical Kinetics; Bamford, C. H.;
Tipper, C. F. H., Eds.; Elsevier, Amsterdam, 1969; pp 1-80.

(73) Boxer, S. G.; Chidsey, C. E. D,; Roelofs, M. G. Annu. Rev. Phys.
Chem. 1983, 34, 389-417.

(74) Ogrodnik, A.; Kriiger, H. W.; Orthuber, H.; Haberkorn, R.; Mi-
chel-Beyerle, M. E. Biophys. J. 1982, 39, 91-99.
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There are several Q,s for which there is no in situ £y, value. An in
vitro determination of the midpoint of the quinone (relative to UQ) in
the aprotic solvent dirhethylformamide provided an estimate for the
midpoint of these Qas (relative to UQ,).” For Qas where both in vitro
and in situ measurements have been made, the former has been shown
to be significantly less reliable.!®

(B) -AGP? for Electron Transfer from BPh'™ to Q4. The —AG® for
electron transfer from BPh* to Q4 with each Q, was calculated from
the —~AG?® for the reaction in the native protein and the replacement Q4’s
E,j; relative to the value for UQ as Qa. The midpoint of BPh was
assumed to be independent of the identity of the quinone in the Q, site.

There is some uncertainty about the magnitude of the ~AG® between
(BChl),**BPh'~ and (BChl),"*Q,*" in the native RC. Values have been
derived from several different kinds of experiments. Observation of
delayed fluorescence by Parson and colleagues provides a value of 700
meV which decreases to 650 meV within approximately 10 ns.”® At the
lower limit, a ~AG® of 510 meV is obtained from the measurement of
kyack (on the microsecond to millisecond time scale) if X is assumed to
be (BChl);**BPh*~ (see ref 15 and 77 for a more complete discussion).
More recently, Goldstein et al. have derived a value of 600 meV from
determination of the free energy between 3(BChl),, 3{(BChl),"*BPh*7),
and the ground state (on the microsecond time scale).” For the present
work a —~AG® of 650 meV for the native RC has been assumed. This is
from fluorescence measurements, which are made on a time scale closest
to that of electron transfer from BPh'~ to Q4. This uncertainty in the
absolute reaction ~AG® does not effect any of the qualitative conclusions
that will be drawn here and has only limited consequences for the pa-
rameters that will be derived from the data.

Results

The quantum yield for (BChl),**Q4*~ production was measured
for 16 different Q,-replaced RCs at 295 K and for 22 different
Q,s at 14, 35, and 113 K. The results are presented in Table I.
By measuring the yield with a variety of quinone structures, it
is possible to consider the variation of ®q caused by modification
of Q4 structure independently from that caused by changes in Q4
electrochemistry. This will provide an essential control for the
theoretical analysis of the —AG® dependence of the rate.

Dependence of ®g on Q, Structure. The structure of the
quinone reconstituting Q, function was found to be relatively
unimportant in determining the yield of (BChl),"*Q,*". Eight
different Qs (1 BQ, 3 NQs, and 4 AQs) were identified where
®q was at least 0.9 at 295 K. At low temperature, the yield was
at least 0.9 for RC with tetramethyl-BQ, 2,3-dimethyl-NQ,
2,3,5-trimethyl-NQ, and 1-Cl-AQ. With decyl-Q,, 5-methoxy-
NQ, and AQ it was at least 0.8.

The quinones that reconsitute high quantum yield for
(BChl),"*Q,"" do not closely resemble UQy,. Instead, they have
a variety of structures and include compounds with one, two, and
three rings substituted with methyl, decyl, methoxy, and chloro
groups. With the exception of decyl-Qq, with a 10-carbon, alkyl
chain, none has a tail. Thus, the high quantum efficiency found
in the native RC is not dependent on the structure of the native
UQyo. Of particular interest is that the long, 50-carbon, poly-
isoprenoid tail is clearly not required for this aspect of the quinone’s
function.

As shown by measurements with 1,2-NQ, not even the p-
carbonyl structure of the native quinone is required to reconstitute
Q, function with significant quantum yield. However, this Q4
has a yield of only 0.4 (<113 K), suggesting that the p-carbonyl
structure may be needed for ®q to be close to 1.0.

—-AG° Dependence of ®q. The most striking result of the
quantum yield measurements is the correlation of &g with the
Ey)p of Qu (see Table I). This implies that the quantum yield
is dependent on the —~AG® of electron transfer from BPh*™ to Q4.
Figure 6 plots ®q as a function of ~AG® at 35 K. The pattern
at all temperatures is as follows:

(75) Prince, R. C.; Lloyd-Williams, P.; Bruce, J. M.; Dutton, P. L.
Methods Enzymol. 1986, 125, 109-119.

(76) Woodbury, N. W. T.; Parson, W. W. Biochim. Biophys. Acta 1984,
767, 345-361.

(77) Shopes, R.; Wraight, C. A. Biochim. Biophys. Acta 1987, 893,
409-425.

(78) Goldstein, R. A.; Takiff, L.; Boxer, S. G., submitted for publication
in Biochim. Biophys. Acta.
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Figure 6. Quantum efficiency for formation of (BChl),**Q,™ measured
at 35 K as a function of the —~AG® for the electron transfer from BPh*~
to Qa. The data are taken from Table I. The quinones functioning as
Q, were (@) BQs, (O, ) NQs, (©) 1,2-NQ, (v, ¥) AQ and |-substi-
tuted AQs, and (A, A) 2-substituted AQs. The numerical labels refer
to the first column in the table. Filled symbols imply the ~AG® was
calculated with Q4 Ey/,'s determined in situ while the open symbols use
in vitro Ey;, values. The ~AG® in the native RC was assumed to be 650
meV.

(1) As the —AG®° was decreased, relative to that found in the
native RC, by as much as 150 meV or increased by at least 50
meV, &g remained relatively high (0.8-1.0) and apparently in-
dependent of —~AG®°. This was found with RCs with 10 different
Qas.

(2) Once the —AG®° was diminished by more than 150 meV,
®q decreased as the reaction was made less exothermic. This was
found with 12 different Q,s.

(3) There was a single Q, where the ~AG® had been increased
by 110 meV which had a small yield. However, as it was the sole
1,2-quinone, this does not represent strong evidence for a general
decrease in ®q with increasing exothermicity. In addition, the
—AG?® for the reaction is not accurately known, as it was derived
from in vitro E),, measurements,

Calculation of k, from ®,. The validity of calculating the rate
of electron transfer from BPh*™ to Q, from &g with eq 3 could
be tested in a number of cases. For several Q4-replaced RCs,
k, had previously been obtained at 295 K from direct measure-
ments of the rate of decay of (BChl),”*BPh*~ on the picosecond
time scale.%%7 This occurs at k;, + k, and provides an accurate
measure of k; when it is much faster than k, (see Figure 4B). The
values obtained by these two methods were in good agreement
(see Figures 4A and 7A).

Dependence of k, on —~AG®°. The results of calculating k; from
&, are shown in Figure 7. The pattern for the ~AG® dependence
of the rate is necessarily quite similar to that found for the yield.
Thus, as the reaction was made less exothermic, there was initially
little change in rate. This conclusion was reinforced by the pi-
cosecond measurements.®>’© However, when the —~AG® was de-
creased by more than 150 meV, k; became sensitive to the free
energy, with the rate slowing as the reaction was made less
exothermic. This pattern was repeated at all temperatures.

Temperature Dependence of &, and k,. Data were obtained
at 14, 35, and 113 K by the same method. However, measure-
ments at 295 K were made by another technique. There are two
issues that must be considered in comparing the results at room
temperature and <113 K.

(1) While the light saturation technique for obtaining ®q
provides values with high reproducibility, their interpretation is
unfortunately model dependent. Thus, as described under Ma-
terials and Methods, ®q may be overestimated due to formation

Gunner and Dutton

of 3(BChl),, while it may be underestimated when Ky, is fast.
Calculations of k, from ®q presented here do not take this into
account.

(2) k, at 295 K, zero magnetic field, is twice that found below
100 K at 3000 G.17¢8 Thus, the same rate of electron transfer
from BPh*~ to Q, will produce a smaller value for &g at room
temperature. This is shown in the right vertical axis in Figure
8. This variation is included in the calculations of k; with eq
3.

The results of the measurement of &, at the four temperatures
are shown in Figure 8. It was found that the determinations of
14 and 35 K provided very similar values for the yield, while
slightly larger yields were obtained at 295 K.

An unexpected result is that the yield was significantly smaller
at 113 K than at 14 or 35 K. A larger decrease was found in the
range 0.2 < ®g < 0.8, where &4 is more sensitive to changes in
k, (see Figure 4). Thus, it appears that the rate of electron transfer
from BPh*" to Q4 slows somewhat as the temperature is raised
from 35 to 113 K and then becomes faster again as the system
is warmed to 295 K. However, considering that these measure-
ments cover a 20-fold change in thermal energy (from 14 to 295
K), it can be seen that with all Q4-replaced RCs ®q and k, are
only weakly dependent on temperature.

Discussion

The measurements of the temperature and ~AG®° dependence
of the rate of electron transfer from BPh*™ to Q, allow this reaction
to be analyzed by current electron transfer theories.?37 As these
theories propose that vibrations in the redox sites and their sur-
roundings are the source of the —~AG® and temperature dependence
of the rate, this should provide information about intra-RC nuclear
motions involved in electron-transfer reactions.®3%7%%5  The
vibrations that are coupled to electron transfer are those for which
the equilibrium bond length or frequency is different in reactants
and products. Their frequency, w, and the energy required for
the changes, summarized as the reorganization energy (A), connect
theory to experimental observations.?®* To simplify calculations,
most analyses, including the one used here, assume that there is
no change in w on reaction.2%-3183

A complete quantum mechanical description of the system
provides the following expression for the rate with a single vibration
coupled to the electron transfer;2%3236.37.84

7 P2
=h%’—’~W(r)Pe-S<2"+”(”;') L(2Sy/aGE + D] (6)
w

where ¥(#) is the electron tunneling matrix element, 23134 T is
the absolute temperature, ky is Boltzmann's constant, Aw is the
energy of the nuclear vibration coupled to electron transfer, S is
A hw, s [exp(hw/kyT) = 117, I(2) is the modified Bessel
function, and P is —~AG®/hw (see ref 29 and 84 for a detailed
description of this equation). This expression calculates the
thermally weighted contribution of the Franck—Condon overlap
integral from each vibrational quantum level to the rate.

Dependence of the Expression Used To Calculate the Rate on
the Energy of the Vibrations Coupled to the Electron Transfer.
Equation 6 can be simplified in a manner that depends on the
energy of the vibrations coupled to the electron transfer relative
to the thermal energy of the system at the temperature of the
experiment. Vibrations can be divided into three classes, desig-
nated small (S) where Awg « k, T, intermediate (M) where A wy
~ k,T, and large (L) for which hw; > k7. Each class con-
tributes to the total reorganization energy of the system (Ar) so
that

Ar = Ag+ Ay + AL 7N

(79) Warshel, A. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 3105-3109.

(80) Churg, A. K.; Weiss, R. M.; Warshel, A. J. Phys. Chem. 1983, 87,
1683-1694.

(81) Brunschwig, B. S.; Logan, J.; Newton, M. D.; Sutin, N. J. Am. Chem.
Soc. 1980, 102, 5798-5809.

(82) Van Duyne, R. P; Fischer, S. F. Chem. Phys. 1974, 5, 183-197.

(83) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15, 155-196.

(84) Jortner, J. J. Chem. Phys. 1976, 64, 4860-4867.

(85) Bixon, M.; Jortner, J. J. Phys. Chem. 1986, 90, 3795-3800.
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the variation in k, given the standard deviation of ®q. If $q = 1.00, k, is undefined. This is represented by error bars without fixed upper values
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were calculated with eq 11 with the same values with Awp =200 meV and \; = 200 meV. At each temperature the value for k; for UQ,, (data point

2) was taken from ref 14.

Vibrations with small energy can be treated in the classical limit.
For this to hold from 14 to 300 K, these should have an energy
Awg < 1 meV (<8 cm™). The most widely used theory for electron
transfer in chemical and biological systems considers only Aws,
with Ay and A assumed to be zero, implying there are no changes
in the large energy vibrations of the system on electron transfer.
It connects the rate to the temperature and ~AG® by the ex-
pression?%3!

VP
47!'}\5ka

(As - AG®)?
T 4nky,T

_ 2

P (8)
This models the temperature independence of the electron transfer
from BPh*~ to Q, in the native RC, if that particular —AG® is
assumed to equal Ag.30314647 Tt even accounts for the small
observed increase in rate with decreasing temperature.!485
However, when —AG® # Ag, the reaction is predicted to have a
classical, Arrhenius activation energy. The range of —~AG® for
which electron transfer from BPh*™ to Q4 and that from QA" to
(BChl),"* have been found to be temperature independent?! shows
that this simple theory, which treats nuclear motions in the classical
limit, is inadequate for understanding electron transfer in RC at
low temperature. Thus, electron transfer in RC is at most weakly
coupled to small energy vibrations; otherwise, the reactions would

slow dramatically with decreasing temperature as the ~AG® was
moved away from A

Calculations for the rates incorporating vibrations with inter-
mediate energy (1 meV > Awy > 100 meV) require use of eq
6 with no simplifications.

As vibrations with large energy (Aw; 2 100 meV) are defined
as being frozen into their lowest level at all temperatures at which
measurements are made, calculations need only consider that
quantum state. Therefore, the expression for the rate given in
eq 6 can be simplified to eq 9 which has no dependence on tem-
perature, 236464784 where S’ is \; /hw, and P’is ~AG®/hw,.

2 e SSF
V 2
! <r>|( > )

In addition, the rate can be calculated if the reaction is coupled
to modes from more than one class of vibrations. If the reaction
is coupled to small and high-energy vibrations, the rate will be
given by?1:29:4084

k =

©)

27

h

VNP =
41!'}\5ka q=0

e %S

q!

(As = AG® - ghw)?
B 4rk, T

exp

(10)
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While if it is coupled to intermediate and high-energy vibrations,
then

k=

27 o[ eSS A+ 1\2
v IV(r)PZ( 4 eS<2*’+1>( - ) Ip[2S\/ﬁ(h+])])

WM q=0
(n

where P is now (~AG®° - ghw)/hwy.

A Distribution of Vibrations Is Required To Fit the Data.
Equation 8 only defines the rate when ~AG® = nhwy and eq 11
when —AG®° = nhwy + ghwy, where n and ¢ are integers.
However, the data show no quantum restrictions on allowed free
energies. The lines drawn in Figures 7 and 9 simply ignore this,
smoothly connecting the points calculated for the rate at the
allowed —AG®’s, an approximation that has been used previously
(for example, see ref 85). Possible, more formal, solutions to the
quantum limitations inherent in eq 8 and 11 include the following:
(1) Addition of a distribution of medium-energy modes. This
corresponds to providing these modes with a finite line width.34
The values of Aiwy and Ay used here would therefore be repre-
sentative, average values. (2) Calculation could include, in addition
to medium- or high-energy vibrations, weak coupling to small-
energy modes (e.g., eq 10); since they are treated in the classical
limit (hwg — 0), they provide a continuum of allowed —AG®’s.2!
It should be noted that the magnitude of the vibrations has an
effect on the value of V{(r) calculated from the observed rates.
This can be seen by the inclusion of parameters dependent on the
nuclei (for example, A and w) in the prefactors of eq 6-11.

Analysis of the Temperature and —A G ° Dependence of the Rate
of Electron Transfer. The electron transfer from Q,°" to (BChl),"*
(at k3), another Q,-involved intra-RC reaction, will be discussed
along with the findings for k,. This reaction rate was measured
as a function of ~AG®° and temperature in an analogous study with
Qu-replaced RCs. The data, shown in Figure 9, are taken from
ref 21. There are several advantages to considering both reactions
together. The information about each reaction is more complete
for a different range of ~AG® values (relative to that of the native
Q). There are more data for & as the exothermicity is decreased,
while the data set for k; provides more information in the region
of increasing exothermicity. Also, the initial analysis of k3 with
eq 10 was only partially successful. It was shown that coupling
to small and large modes could model the ~AG® and temperature
independence of the rate in the region of increasing free energy;
however, it predicted strong temperature dependence when ~AG®
< Ag, which was not found. It will be shown here the results can

in fact be well described by eq 11. In addition, the conclusions
derived from the analysis of the two reactions can be compared
to begin to identify general rules for electron-transfer reactions
in RC.

Qualitative Analysis of the ~AG° and Temperature Dependence
of the Rate. Coupling of electron transfer to each class of vi-
brations provides a characteristic set of predictions for the tem-
perature and —AG® dependence of the rate. In particular, each
of the three classes is found to influence the rate most strongly
in a different ~AG®° region. This allows a qualitative assessment
of the data that provides a framework for a more quantitative
analysis. Once modes of different energies are found to be coupled
to electron transfer, a rough idea of their molecular character may
be suggested by IR and Raman spectroscopy®*3¢ as well as by
calculations of the normal modes of proteins®*868%-1 and redox
sites, 7980

(1) If the reaction is strongly coupled to small-energy vibrations
when —AG®° < Ag, the rate will decrease and will have significant
classical, Arrhenius activation energy. Therefore, the lack of
temperature dependence in each of the electron transfers studied
demonstrates that Ag is less than the smallest ~AG®° at which
reaction has been measured.

(2) When the reaction is significantly coupled to intermedi-
ate-energy vibrations, the rate slows with decreasing exothermicity
in the region Ag < ~AG°® < Ay. However, little activation energy
is expected as these vibrations, by definition, are only partially
activated at the temperatures of the experiment. This is seen
clearly for k; (at —~AG® < 500 meV) and with a smaller data set
for ky (at —AG® < 400 meV). The data for both reactions can
be modeled if vibrations of ~15 meV (120 cm™) are strongly
coupled to electron transfer in RC.

(3) When the reaction is weakly coupled to high-energy vi-
brations [0 < (AL/Awy) < 2], the region of maximum rate beyond
-AG® = Xg + Ay is broad, and although these reactions are still
expected to experience exothermic rate restriction, the falloff in
the rate with increasing exothermicity is quite gradual. This
behavior is clearly seen in the —~AG® dependence of k;. The
analysis of this reaction, either with eq 10 or with eq 11, suggests
this electron transfer is coupled to vibrations of ~200 meV (1500
cm™). There is as yet no data available for &, in this region of
free energy.

(86) Krimm, S.; Bandekar J. Protein Chem. 1986, 38, 181-364.
(87) Tripathi, G. N. R. J. Chem. Phys. 1981, 74, 6004-6049.
(88) Clark, B. R.; Evans, D. H. J. Electroanal. Chem. 1976, 69, 181-194,
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With the multiparameter expressions used in calculating the
rate, it is not possible to obtain exact numerical values for A or
hw in each class. Figures 7 and 9 provide one choice of values,
and Figure 10 explores some of the limits that can be placed on
them by the data. This shows that at low temperature it is possible
to define #wy within rather narrow limits. Better characterization
of the rate at values of ®q approaching 1.0 by picosecond mea-
surements should allow an even better estimate. Also, it can be
seen that at 295 K, where these vibrations are largely activated,
no information can be derived about their magnitude. Thus,
determination of the ~AG® dependence of electron transfer when
hw < k,T is shown to provide information about the value of Aw
for the vibrations coupled to electron transfer.

Implications of Differences in V(r), A, or Aw for the Different
Qa-Replaced RCs. (A) Q4 Dependence of V(r). The observed
rate is directly proportional to |(r)]%. An underestimate of the
variation in ¥(r) for the different Q,-replaced RCs can cause the
—AG® dependence of k, to be overestimated (e.g., see ref 85 and
21).

To determine how ¥(r) changes with Q,, data are needed in
a free energy region where the rate is only weakly —AG® de-
pendent. This is available for the electron transfer from Q,to
(BChl),"* (see Figure 9). Changes in Q, bulk and geometry such
as differences in the position of substitution on AQ, addition of
tails to BQs, and the number of rings on the quinones appear to
modify V(r) by 2-5-fold. Thus, the dependence of V(r) on the

identity of Q, is found to be relatively small, and it can be ra-
tionalized on the basis of the quinone structure. This establishes
that if a sufficient number of replacements covering a large enough
free energy range are studied, the ~AG® dependence of this rate
should not be obscured by variability in V(r) (see 21 for a more
complete discussion).

The study of k; provides little information on the exact de-
pendence of V() for that reaction on the structure of the re-
placement Q,, because the most reliable determinations were in
a region where ~AG® strongly influences the rate. The picosecond
studies do suggest that V(r) may be approximately 3-fold smaller
with the Q4-replaced RCs than the value in the native protein
(see Figure 7A).%%70 The same factors that modify ¥(r) for ks
do not appear to correlate strongly with “scatter” in the plot of
ki vs —AG® in Figure 7. More measurements of k,, for Q,s where
—AG® > 500 meV, will be needed to resolve this issue. As these
Q,s have high yield, this will require determination from the rate
of decay of (BChl),**BPh’~ rather than @,

(B) Variation of A or Aw with Different Qus. Aq, its appor-
tioning, and the energy of the different modes coupled to electron
transfer may also be somewhat dependent on the structure of the
different Q,s. However, it is likely that this variation will be
correlated with different quinone structures (e.g., NQs vs AQs).
In the work reported here there are enough quinone replacements
that there are several Q,-replaced RCs in each ~AG® region, At
the level of resolution of these measurements, there does not appear
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to be any correlation of k) with the structure of the different Q,s.

(C) Details of the Temperature Dependence of k,. Given that
the reaction is coupled to vibrations where Aw = &, T, it should
be slightly temperature dependent over the range of temperatures
covered. The activation energy should become greater as the ~AG®
is moved further from Ay. In addition, since these vibrations are
only beginning to be activated over the temperature region
measured, the activation energy should increase as the temperature
is raised. Thus given the fit parameters used in Figure 7 (Awy
= 15 meV, Ay = 660 meV) at —~AG® = 400 meV, there should
be an increase in the rate of only 5% between 14 and 35 K, while
the rate at 298 K should be 3 times as fast as that at 14 K. Thus,
eq 8 or 11 models the general features of the dependence of k,
on —AG® and temperature. This can be contrasted with the
predictions of eq 8 (with Ag = 660 meV and Ay = 0), which
predicts that, with a —AG® of 400 meV, the rate at 295 K should
be 1800 times faster than that at 35 K and 6 X 108 times faster
than that at 14 K. This is clearly not found.

However, eq 8 or 11 cannot accommodate the observation that
k, is slower at 113 K than at the lower temperatures (see Figure
8). In the analysis used to calculate the theoretical lines plotted
in Figure 7, the value used for V(r) at 113 K was 2.25 times
smaller than that at the other temperatures. This is a relatively
small deviation from the predictions of theory. It may not be
caused by a failure of theory but may instead represent tem-
perature-dependent changes in the protein structure that can affect
the tunneling pathway and so modify ¥(r).%*? Similar problems

(89) Go, N.; Noguti, T.; Nishikawa, T. Proc. Natl. Acad. Sci. U.S.A. 1983,
80, 3696-3700.

(90) Brooks, B.; Karplus, M. Proc. Natl. Acad. Sci. U.S.A. 1983, 80,
6571-6575.

(91) Jacrot, B.; Stephen, C.; Dianoux, A. J.; Engleman, D. M. Nature
1982, 300, 84-86.
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were found in the analysis of a very detailed study of the tem-
perature dependence of & in the native RC by Kirmaier et al.*
They suggested that changes in w on electron transfer could
account for the observations.?

(D) Temperature Dependence of the Reaction —~AG°. The
possibility that ~AG® varies with temperature could potentially
affect the analysis. This is a general problem for studies covering
such a large temperature range. There is some information about
the temperature dependence of the energy levels of the redox states
of the RC: The delayed fluorescence measurements suggest the
energy of (BChl),"*BPh*~ increases as the temperature is low-
ered.”® This would increase the —~AG® for electron transfer from
BPh'~ to Q, if the free energy of (BChl),**Q,°" is temperature
independent. In contrast, analysis of the dependence of ky,’°
and triplet energies™ on temperature provides a relatively constant
value for the —AG® between (BChl),**BPh*” (or X) and
(BChl),"*Q,"" and between (BChl),** and 3(BChl),, respectively.
Additional work will be required to resolve this. At this time the
AG? for the reaction with a given Q, must be assumed to be the
same at all temperatures. The assumption of AS = 0 is also made
in the theoretical analysis when w is assumed to be the same in
reactants and products.’!

Implications of the Temperature Independence of Electron
Transfer in RCs. (A) Limits of Temperature Independence in RC
Reactions. The majority of the intra-RC electron transfers are
temperature independent, including the electron transfer from
(BChl),* to BPh (k),!? from BPh*" to Q, (k;) (ref 14 and this
work), from Q4° to (BChl), *(k;),2?* and from (BChl),"*BPh*"
to the ground state (k)™ (see Figure 1). This general observation
had been proposed to imply that in the native RC the system is
engineered so that —~AG® = Ay for each of these reactions, 30314647
The measurements reported here are consistent with —~AG® for
electron transfer from BPh*" to Q4 and from Q,*” to (BChl),**
being close to Ay when UQ is Q4 (see Figures 7 and 9). However,
the maintenance of temperature independence for k; and k; as
the —~AG® is changed shows that it is not possible to equate ~AG®
with A simply because the reaction is not activated. Although
this result might be obtained for fortuitous reasons, e.g., that At
is so dependent on Q, in the modified-RCs that —~AG® always
equals Ar, this is not necessary. A simpler and more attractive
explanation is found by treating the vibrations coupled to electron
transfer quantum mechanically. The observed behavior is ex-
plained simply by the reaction being primarily coupled to modes
where hw = k,T. Thus, temperature independence arises because
the nuclei as well as the electrons are quantum mechanical entities.

However, these theories do predict that the reactions should
become temperature dependent if the ~AG® or temperature is
changed sufficiently. The regions of maximum sensitivity are as
follows:

(1) If the electron transfers are coupled to intermediate-energy
modes, they should become increasingly sensitive to temperature
the further —AG® is from Ay (see the theoretical lines in Figure
7). However, since by definition these modes are only partially
activated at the temperatures of the experiments, the apparent
activation energy should be small, and it should increase as the
temperature is raised. Although for a reaction strongly coupled
to a single vibration similar activation energy is expected at both
decreasing and increasing —AG?, it is more likely to be seen clearly
at —AG® < Ay because even weak coupling to high-energy vi-
brations will obscure the temperature dependence at increasing
exothermicity.??

(2) If electron transfer is strongly coupled to small-energy
modes, it should have an Arrhenius dependence on temperature
when —AG® < Ag.

(92) Feher, G.; Okamura, M. Y.; Kleinfeld, D. In Protein Structure:
Molecular and Electronic Reactivity, Austin, R.; Buhks, E.; Chance, B;
DeVault, D.; Dutton, P. L.; Frauenfelder, H.; Gol'danskii, V. I., Eds.;
Springer-Verlag: New York, 1987; pp 339-421.

(93) Debus, R. J.; Feher, G.; Okamura, M. Y. Biochemistry 1986, 25,
2276-2287.

(94) DeVault, D. Photosynth. Res. 1986, 10, 125-137.

(95) Gunner, M. R; Dutton, P. L., unpublished observations.
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Thus, the search for temperature dependence in RC should
focus on reactions of small —AG®. The current limit on the —~AG®
at which the reactions have been established to be temperature
independent is 300 meV for the electron transfer from BPh*~ to
Q4 (Figure 7), 150 meV from Q,° to (BChl), (Figure 9), and
250 % 100 meV from (BChl),* to (BChl),'*BPh*~.!2 There are
a number of reactions that do show activation energy which should
be considered in order to reach a general conclusion about the
magnitude of Ag and Ay in RCs.

(i) The electron transfer from cytochrome ¢ to (BChl),"* with
a —AG® of 450 meV shows an activation energy of ~200 meV.2%3¥
This is still exciting theoretical analysis 20 years after the initial
observation.’®®” However, this electron transfer continues at
cryogenic temperature only in RCs that have tightly associated
¢ cytochromes. Rb. sphaeroides RCs do not fall in this class, and
this reaction will not be considered further.

(ii) At room temperature, the decay to the ground state of
(BChl),**Q*~ with lower-potential Qs is temperature dependent
with an activation energy that is dependent on the Q, E, 51277
Also, the decay of *(BChl), has an E, of 120 meV.% However,
these are not considered to be direct, downhill reactions but rather
to involve a higher energy intermediate. At low temperature both
reactions occur at a temperature-independent rate that is assumed
to represent the direct electron-transfer reaction.

(iii) The electron transfer from BPh*™ to Q,°~ has been esti-
mated to have a —AG® of ~250 meV.%® If this second reduction
of Qy is treated as being different from the first only because the
—AG?® is smaller, Figure 7 suggests that it should proceed with
a rate of =9 X 107 57!, providing a ®q of 0.54. Instead, this
reaction occurs with negligibly low yield in the native RC. Ok-
amura et al. measured a rate of 100 s™! when UQ is Q,, with an
activation energy of 420 meV.*® A part of this enormous dif-
ference in predicted and observed rates may be due to the actual
-AG® being smaller than the current estimates, which are based
on equilibrium measurements. These can provide time for proton
binding or for motions of the protein or quinone that can stabilize
the doubly reduced Q5. However, the model used here predicts
that the rate will be 1.7 X 10¢ s7! even at ~AG® = 0. Thus to
explain these results the analysis presented here may need to be
modified to accommodate the data at smaller —AG® perhaps by
considering some coupling to Awg. However, the observed rates
may be a result of electron transfer to Q5™ being qualitatively
different from reduction of Q, for reasons that are as yet unknown
or of the Ey; for Q4"7/Qa% being lower than BPh/BPh' on the
kinetic time scale so that the reaction is actually uphill.

(iv) The electron transfer from Q,°” to Qg, the second bound
ubiquinone in the native RC, has a —~AG® of 90 meV and an
activation energy of 590 meV.1® However, RC can be prepared
in a form so that this reaction becomes largely temperature in-
dependent.®* Thus, temperature may control the rate by influ-
encing a structural change within the protein or proton uptake,
rather than the electron transfer. This reaction has the smallest
—AG?® of any of the intra-RC electron transfers,

Therefore, with the exception of cytochrome ¢ oxidation, more
work must be done to firmly establish whether any intra-RC
electron transfer is temperature dependent. One implication of
this observation is that electron transfer in RC protein is at most
weakly coupled to vibrations of sufficiently small energy that they
can be treated classically.

(B) Implications of A\g Being Small. Vibrations coupled to
electron transfer that can be treated classically have traditionally
been identified with the motions in the material surrounding the
electron donor and acceptor in response to electron trans-
fer 29:31458310L102  Determination of the ~AG® dependence of the
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rate in chemical systems at room temperature!®1% or at 77 K442
has demonstrated that there is a substantial decrease in the re-
organization energy of either small- or medium-energy modes
when the dielectric constant of the solvent is diminished. A
minimum value for this component of Ay may be =150 meV found
for electron transfer in iscoctane.** These experiments have been
modeled with eq 10, suggesting that Ag is a measure of the solvent
dielectric. However, measured at a single temperature, especially
as warm as 77 K, the —~AG® dependence of a reaction strongly
coupled to Awy or Awsg, as defined here, is indistinguishable.
Determination of the temperature dependence of these reactions,
especially at lower temperatures, could make it possible to better
characterize the energy of the vibrations whose reorganization
energy changes as the solvent dielectric is varied. The solvents
for these model systems are homogeneous solutions or disordered
glasses which are quite different from the structured environment
for electron transfer in proteins. Thus, the results of the mea-
surements of temperature dependence in these systems may prove
to be qualitatively different from those reported here.

It is clear that the Q4-involved reactions in RC are only weakly
coupled to vibrations that can still be treated in the classical limit
down to 14 K, i.e., with energies <] meV (<8 cm™). When these
have been calculated for the normal modes of proteins, 8% they
appear to generally represent motions involving large portions of
the protein. Thus, the experiments reported here suggest that there
is little coupling of electron transfer to large-scale motions of the
protein.

(C) Importance of Intermediate-Energy Vibrations in the
Electron-Transfer Reactions. The reactions are found to be
strongly coupled to vibrations of ~15 meV. In normal mode
analysis of the proteins, it is suggested that modes of this energy
may involve individual bonds’#¢ as well as vibrations of a few
localized residues of the protein surrounding the redox sites.868%-51
Thus, it appears that only a small, local region of the protein
responds to the change of oxidation state of a redox site. Vi-
brations of ~12.5 meV (100 cm™) had been previously suggested
to be coupled to electron transfer in RC.3592

Another possible involvement of vibrations in this class has been
proposed to rationalize the finding that & is reduced to 0.47 and
k, slows appropriately to 10% s™! when the Fe?* anti-ferromag-
netically coupled to Q, and Qg is removed.*>** DeVault suggested
that vibrations of the metal center are significantly coupled to
the electron transfer, so that metal removal reduces the mass
coupled to the reaction, thereby increasing Ay.** If A shifts
enough so that it is now sufficiently larger than the —~AG® in the
native RC, the rate should slow. An alternative suggestion that
iron removal decreases the —AG® of the reaction®? is unlikely
because of the insensitivity of ky,, Which is considered to be an
internal probe of this —~AG®,!’ to iron removal.

(D) Importance of Large-Energy Vibrations in the Electron-
Transfer Reactions. It appears that the electron transfer from
Q,* to (BChl),** is weakly coupled to vibrations with Aw; = 200
meV. Vibrations in this class have also been implicated in electron
transfer in model systems.**? Modes of this energy can generally
be identified as being localized to a few atoms.”®® The importance
of vibrations of this energy, such as carbon double bonds and
carbonyl stretches, especially in electron transfer involving qui-
nones, is not unexpected.®’8® As can be seen in Figure 9, even
weak coupling to high-frequency vibrations causes the electron
transfer rate to fall off very slowly with increasing exothermicity.
If this observation is general, then given the —AG® scale available
to the RC, exothermic rate restriction cannot be used to favor the
smaller —~AG® energy conserving reactions over the more exo-
thermic charge-recombining reactions.30:31:4647

—-AG° Dependence of k, and ®4: Implications for RC Function.
The function of the RC is to save the energy of the absorbed
photon. If looked at solely in thermodynamic terms, the formation
of (BChl),"*Q,"" proceeds with a substantial loss of free energy
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(see Figure 1). The experiments reported here show that much
of this is required to maintain the high quantum yield. Thus, ¢
is found to decrease when —AG® for electron transfer from BPh*
to Q, is still greater than 300 meV, although the equilibrium
constant at this point is more than 10° in favor of (BChl),"*Q,*"
(see Figure 6). This occurs because of kinetic restrictions placed
on the reaction by competing electron transfers. The maximum
value for &, is only ~50-fold faster than the rate of the competing
reaction from (BChl),**BPh*". Therefore, to maintain a high
quantum yield, ~AG® must be close to A, maintaining the fastest
rate. Thus, energy conservation in the RC is found to be dom-
inated by the relative kinetics of the competing reactions, rather
than equilibrium constants for individual steps.

The electron transfer from BPh*™ to Q4 in Rb. sphaeroides RC
may be compared with that found in Rs. viridis. In the latter
protein the —~AG® for electron transfer from BPh*™ to Q, is 150
meV smaller than that in Rb. sphaeroides RC,\% yet the quantum
yield is =0.98 and k; is fast (4.3 X 10%s71).19% TInvestigation of
this rate with even a modest decrease in ~AG® could establish if
this protein exists closer to the edge of failure or if it has managed
to reduce A for the reaction.

The analysis of the reaction with current electron-transfer
theories can provide a framework to consider the changes in the
protein that could increase the free energy conserved in forming
(BChl),**Q,". This could involve (1) decreasing Ag + Ay to
reduce the ~AG® at which the rate is maximal, (2) increasing V(r)
by moving BPh and Q, closer together, which would increase the
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Gunner and Dutton

rate at all —~AG’s, or (3) slowing k, in some manner so that k;
could slow without ®¢ diminishing.

Conclusions

The analysis of the two Q4-involved electron-transfer reactions
in RC reported here shows that the pursuit of the ~AG® depen-
dence of electron transfer to low temperatures provides unique
information about the nuclear motions coupled to an electron
transfer. In particular, as the thermal energy drops significantly
below Aw, reactions move out of the classical limit into a regime
where the —~AG® dependence of the rate becomes sensitive to the
magnitude of Aw. Thus, these experiments provide estimates of
the energy of the vibrations that are coupled to electron transfer
which in turn suggest what aspects of protein and cofactor dy-
namics are important in the reaction. In addition, reactions are
shown to be more sensitive to different parameters at different
values of ~AG® relative to A or Aw. This aspect of the theory
greatly simplifies the analysis, and it provides the basis for the
general conclusions about the nature of the electron transfers in
RC presented here.
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