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In reaction centers from Rhodobacter  sphaeroides (formerly called Rhodopseudomonas  sphaeroides),  light 
causes an electron-transfer reaction that forms the radical pair state (P + I - ,  or p r )  from the initial excited 
singlet state (P*)  of a bacteriochlorophyli dimer (P). Subsequent electron transfer to a quinone (Q) 
produces the state P + Q - .  Back electron transfer can regenerate P* from P + Q - ,  giving rise to 'delayed' 
fluorescence that decays with approximately the same lifetime as P + Q - .  The free-energy difference 
between P + Q -  and P* can be determined from the initial amplitude of the delayed fluorescence. In the 
present work, we extracted the native quinone (ubiquinone) from Rps. sphaeroides reaction centers, and 
replaced it by various anthraquinones, naphthoquinones, and benzoquinones. We found a rough correlation 
between the halfwave reduction potential (E1/2)  of the quinone used for reconstitution (as measured 
polarographically in dimethyiformamide) and the apparent free energy of the state P + Q -  relatively to P*. 
As the Et /2  of the quinone becomes more negative, the standard free-energy gap between P + Q -  and P* 
decreases. However, the correlation is quantitatively weak. Apparently, the effective midpoint potentials 
(Era) of the quinones in situ depend subtly on interactions with the protein environment in the reaction 
center. Using the value of the E m for ubiquinone determined in native reaction centers as a reference, and 
the standard free energies determined for P +Q - in reaction centers reconstituted with other quinones, the 
effective E m values of 12 different quinones in situ are estimated. In native reaction centers, or in reaction 
centers reconstituted with quinones that give a standard free-energy gap of more than about 0.8 eV between 
P + Q -  and P*, charge recombination from P + Q -  to the ground state (PQ) occurs almost exclusively by a 
temperature-insensitive mechanism, presumably electron tunneling. When reaction centers are reconstituted 
with quinones that give a free-energy gap between P +Q - and P* of less than 0.8 eV, part or all of the decay 
proceeds through a thermally accessible intermediate. There is a linear relationship between the log of the 
rate constant for the decay of P + Q - via the intermediate state and the standard free energy of P + Q -. The 
higher the free energy, the faster the decay. The kinetic and thermodynamic properties of the intermediate 
appear not to depend strongly on the quinone used for reconstitution, indicating that the intermediate is 
probably not simply an activated form of P + Q - .  It has been suggested previously that the intermediate is 
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P r; however, calculations of the decay kinetics of P + Q -  in kinetic models based on this assumption are 
inconsistent with the thermodynamic parameters determined from fluorescence measurements. In addition, 
the triplet state (pn )  normally formed as a decay product of pr  could not be detected. These observations 
argue that the thermally accessible intermediate is not identical with the pr  state that has been characterized 
previously, though it could be a strongly relaxed form of this radical pair. 

Introduction 

In reaction centers of the photosynthetic 
bacterium Rhodobacter sphaeroides (formerly 
called Rhodopseudomonas sphaeroides ), absorption 
of light creates an excited singlet state (P*) of a 
bacteriochlorophyll dimer, P. Electron transfer 
from P* to an initial electron-acceptor complex 
(I) results in the formation of a transient radical 
pair (P~, or P÷I-)  in about 4 ps at 295 K [1-9]. A 
subsequent transfer to a quinone (Q) forms a more 
stable state, P÷Q-, in about 200 ps [2,3,5,10]. If 
electron transfer to a secondary quinone is in- 
hibited, P÷Q- decays in about 100 ms at 300 K 
[11-15]. Because P÷Q- is formed much faster 
than it decays, P* and P+Q- are effectively in 
equilibrium throughout the lifetime of P÷Q-. One 
can calculate the apparent equilibrium constant 
between P* and P÷Q- from measurements of the 
weak, 'delayed' fluorescence of P*. At 303 K and 
pH 7.8, the standard partial molecular free energy 
of P÷Q- is about 0.86 eV below that of P*, or 
about 0.52 eV above that of the ground state (PQ) 
in both isolated reaction centers and intact photo- 
synthetic membranes (chromatophores) [16,17]. 
The latter value agrees well with the value of 0.50 
eV calculated from the difference between the 
midpoint redox potentials of P and Q, as mea- 
sured by redox titrations of isolated reaction 
centers (0.45 and -0.05 V) [18-20]. A more nega- 
tive midpoint-potential value for Q (-0.18 V) has 
been obtained in redox titrations of chromato- 
phores at high pH [21]. This discrepancy may 
reflect a difference in the proton uptake associated 
with reduction of Q in reaction centers and chro- 
matophores [22]. 

The quinone that is found naturally in Rps. 
sphaeroides reaction centers, ubiquinone, can be 
removed and replaced by different quinones such 
as anthraquinone [23-25]. One would expect the 
free energy gap between P* and P÷Q- to be 
smaller in reaction centers substituted with a 

quinone of lower midpoint potential than ubiqui- 
none. In the present work, we have used measure- 
ments of delayed fluorescence to evaluate the 
equilibrium constant between P* and P÷Q- in 
reaction centers that were substituted with several 
types of quinones. This technique allows one to 
compare the effective midpoint potentials of the 
quinones in situ with the potentials measured 
polarographically in organic solvents. 

At room temperature, the decay of P÷Q- is 
considerably faster in anthraquinone-substituted 
reaction centers than it is in 'native' reaction 
centers containing ubiquinone, and the decay 
kinetics have a different temperature dependence. 
In native reaction centers, the decay of P÷Q- is 
almost independent of pH and temperature, actu- 
ally becoming somewhat slower with increasing 
temperature [26-28]. In anthraquinone-sub- 
stituted reaction centers, the decay increases in 
rate with increasing pH or temperature, exhibiting 
an activation energy of 0.35 to 0.37 eV [29,30]. 
Apparently, the decay of P÷Q- in anthraquinone- 
substituted reaction centers proceeds via a ther- 
mally accessible intermediate state, whereas that 
in native reaction centers involves more direct 
tunneling of an electron from Q to P. Similar 
results have been obtained with a variety of 
anthraquinone and naphthoquinone derivatives 
[25,31]. It has been suggested that the intermediate 
through which P+Q- decays in anthraquinone- 
substituted reaction centers is the early radical-pair 
state, pV [25,29]. 

The present paper considers the properties of 
the intermediate state in the decay path of P÷Q 
and concludes that they differ significantly from 
the properties of pV, as it is initially created from 
p*. 

Methods 

Reaction centers were isolated from Rps. 
sphaeroides R-26 as described [32]. To remove the 



ubiquinone, the method of Okamura et al. [23] 
was used with minor modifications. A column of 
DEAE-52 sephacryl (Pharmacia) with a total 
volume of about 10 ml was washed with 20 ml of 
10 mM Tris, 0.1% lauryldimethylamine N-oxide 
(pH 8.0) (buffer 1) containing 5 m g / m l  bovine 
serum albumin, followed by 50 ml of buffer 1 with 
0.5 M NaCI and then by another 50 ml of buffer 
1. The chromatography material was then re- 
moved from the column, 0.5-1.0/amol of reaction 
centers was mixed with it in a small amount of 
buffer 1, and the column was repoured on top of a 
small quantity of sephadex G-200. The tempera- 
ture was then raised to 26-27°C,  and 200 ml 10 
mM Tris/4.0% lauryldimethylamine N-oxide/10 
mM o-phenanthroline/1 mM dithiothreitol (pH 
8.0) was passed through the column. Next the 
column was washed with 200 ml of buffer 1 and 
the reaction centers were eluted with 0.375 M 
NaCI in buffer 1. After elution, the reaction centers 
were dialysed against buffer 1 at 4°C and con- 
centrated with an Amicon pressure dialysis ap- 
paratus. Approx. 90% of the reaction centers had 
been depleted of ubiquinone, as judged from mea- 
surements of the absorbance changes indicative of 
the formation of P+Q after excitation with a 
short flash. 

For reconstitution, solutions of the depleted 
reaction centers (typically 2-5 /aM in 10 mM 
Tris-HCl (pH 8.0) with 0.01% LDAO) were supp- 
lemented with various quinones dissolved in 
methanol, to give about a 10-fold molar excess of 
quinone over reaction centers. The reaction centers 
were saturated with quinone, judging from the 
reappearance of the absorbance changes associ- 
ated with the formation of P + Q -  after flash exci- 
tation, and the increase in long-lived delayed fluo- 
rescence. The dissociation constants for all 
quinones used in this study are less than 1 /aM 
(Gunner, M.R., Braun, B.S., Bruce, J.M. and Dut- 
ton, P.L., unpublished results). The final methanol 
concentration of the sample never exceeded 1%. 

For fluorescence measurements, the reaction 
centers were placed in a quartz cuvette, which was 
held in a thermostatted aluminum block with 
windows at right angles for excitation and detec- 
tion. The sample temperature was monitored with 
a copper-constantan thermocouple or with a ther- 
mometer. Except where indicated, all measure- 

ments were made at 303 + 0.5 K. The excitation 
source for the fluorescence was a 500-ns, 600-nm 
pulse from a flashlamp-pumped, rhodamine-590 
dye laser (Phasar DL2100A) that fired at approx. 
0.1 Hz. The flash was passed through a broad- 
band, red-absorbing filter (Schott KG3) to block 
any flashlamp light at the detection wavelength 
and through calibrated neutral density filters to 
adjust the intensity. Fluorescence usually was de- 
tected with an S1 photomultiplier (RCA 7102 or 
Hamamatsu R632) through a 20-nm band-width 
interference filter with a maximum transmittance 
at 920 nm. For detection of very weak fluores- 
cence signals, the 920-nm filter was replaced with 
a red cut-off filter (Schott RG-830). Prompt fluo- 
rescence was always detected through the 920-nm 
interference filter to remove a small amount of 
800-nm fluorescence that is not seen in the de- 
layed fluorescence spectrum [33~34]. Fluorescence 
amplitudes measured through different filters were 
normalized using the delayed fluorescence from 
reaction centers reconstituted with a quinone that 
gave a relatively strong signal. During measure- 
ments of delayed fluorescence, the prompt fluores- 
cence was blocked by either a rapidly rotating disk 
with two apertures [33] or a shutter that was 
driven by a solenoid [16], depending on the time 
scale of the measurement. The firing of the laser 
was synchronized with the rotation of the disk to 
within __+ 25/as, or with the opening of the shutter 
to within about + 2 ms. 

In most experiments, the laser intensity was 
monitored with a photodiode and automatically 
recorded on each flash through a transient dig- 
itizer (Tektronix 7912) interfaced to a computer. 
The delayed fluorescence signals were recorded by 
a second transient digitizer (Biomation 802), aver- 
aged in a home-made signal average for 25-300 
flashes (depending on the signal size), and then 
transferred to the same computer. All fluorescence 
signals increased linearly with excitation energy at 
the laser intensities used. 

The delayed fluorescence signals were analyzed 
by a nonlinear least-squares fitting of the data to 
one or two exponentials [34]. (Two-exponential 
fits were needed only for the data from reaction 
centers substituted with 2-methylanthraquinone 
and 2-ethylanthraquinone, to remove a small 700- 
/as electronic artifact. The initial amplitude of the 



700-#s component was less than 20% that of the 
delayed fluorescence. The time constant of this 
component was not allowed to vary during the 
curve fitting.) Only data taken after the shutter 
had opened completely were fit. The total dead 
time between the laser flash and the beginning of 
the fit was about 1.5 ms in the case of anthra- 
quinone, about 250 /~s with the substituted 
anthraquinones and 2-5 ms with the substituted 
naphthoquinones. The initial amplitudes reported 
represent extrapolations back to the time of the 
flash. 

Prompt fluorescence from native reaction 
centers was measured by holding the shutter open 
and reducing the laser intensity with calibrated 
neutral density filters until the signal was on the 
same scale as the delayed fluorescence signal from 
the quinone-substituted sample at the same pho- 
tomultiplier voltage [16]. The trace thus obtained 
was integrated. 

Single-photon counting measurements of the 
nanosecond fluorescence from reaction centers 
lacking quinone were made as described previ- 
ously [34]. 

Measurements of the decay kinetics of P ' Q -  
and pR were performed essentially as described 
previously [35]. A weak, 30-ns, 860-nm laser pulse 
from a ruby laser-pumped dye laser with Eastman 
Kodak IR144 as the laser dye was used for excita- 
tion of the sample. The quantum yield of P - Q -  in 
reaction centers reconstituted with different 
quinones was determined by measuring AA6o 0 or 
AA6o5_540 following excitation with a 30-ns, 860- 
nm laser flash or with a 10/~s flash from a xenon 
flashlamp. Absorbance changes due to the small 
fraction of the reaction centers that still contained 
ubiquinone were measured before the addition of 
the exogenous quinone, and were subtracted. The 
absorbance changes were compared with the sig- 
nal from native reaction centers, or from 2,3-di- 
methylnaphthoquinone-substituted reaction cen- 
ters, which have a quantum yield equivalent to 
that of native reaction centers (Gunner, M.R., and 
Dutton, P.L., unpublished results). 

The oxidation-reduction halfwave potentials 
(Ew2) for the Q / Q -  couples were measured in 
N , N ' - d i m e t h y l f o r m a m i d e  (Baker Analytical  
Grade) containing 50 mM tetrabutylammonium 
tetrafluoroborate (Aldrich, crystallized from 4 :1  

water /methanol)  as electrolyte and dried over 0.4 
nm molecular sieves. Cyclic voltammetry was per- 
formed with a glassy carbon electrode using 
Princeton Applied Research 173 or 264A 
potentiostats and a saturated calomel reference 
electrode [36,37]. Under the conditions used here, 
ferrocene had E l l  2 = + 5 2 4  m V .  

Results and Diseussion 

The free-energy and enthalpy differences between 
P + Q - and P*, and the effective E,, of Q in situ 

We examined the delayed fluorescence from 
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Fig. 1. Time-course of delayed fluorescence. (A) Anthra- 
quinone-substituted reaction centers. The trace represents an 
average of 101 flashes. The arrow indicates the time of the 
flash. The temperature was 295.6 K; other conditions as 
described in the text. (B) 2-Methylanthraquinone-substituted 
reaction centers. Conditions as in (A), except that the trace 
represents an average of 237 flashes. The amplitude of the 
delayed fluorescence, F( t) ,  is expressed relative to the 
integrated amplitude of the (prompt) fluorescence from native 
reaction centers. Note that FD(t ) has units of s -~. Multiplying 
FD(0) by the decay time constant of the delayed fluorescence 
gives the ratio of the total yields of delayed and prompt 
fluorescence. 
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TABLE I 

DECAY KINETICS AND RELATIVE FREE ENERGY OF P+ Q-  IN NATIVE REACTION CENTERS AND IN QUINONE- 
DEPLETED REACTION CENTERS AFTER RECONSTITUTION WITH VARIOUS QUINONES 

The observed decay time ~'Q of P+ Q-  was measured either from the decay of the absorbance changes associated with the formation 
of P+ or the decay of the delayed fluorescence. 7 is the initial amplitude of the absorbance change associated with the formation of 
P+, relative to the initial amplitude of the P+ signal from ubiquinone-containing reaction centers, y includes only the component of 
the absorbance change that decayed with the time constant given in the third column. The uncertainties of "~ are approx. +_0.2. q)o is 
the quantum yield of P+ Q-  formation after a single flash, measured as described in Methods. The uncertainties of ~ are approx. 
+_ 0.1. DMF, dimethylformamide; NQ, naphthoquinone; AQ, anthraquinone. 

No. Quinone "rQ (ms) 3' ~Q Fo(0 ) KO. AGQ. Ell  2 E,. 
from from (s 1) (eV) in DMF in situ 

AA F D (V) (V) 

1 duroquinone 530 > 250 0.8 0.9 2.10.10 4 1,4.10 15 0.89 -0.75 -0.02 
2 6,7-dichloroNQ 209 245 0.6 0.7 1.37.10 4 1.2-10 15 0.90 -0.42 -0.01 
3 2-methylthioNQ 160 100 0.9 0.9 2.60.10 4 1.5.10 15 0.89 -0.62 -0.02 
4 ubiquinone 112 96 1.0 1.0 9.01-10-'* 4.8-10 -15 0.86 -0.60 (-0.050) 
5 2,3-dimethyl NQ 120 86 0.9 1.0 1.78-10 -3 1.1.10 -14 0.84 -0.75 -0.07 
6 5-methyl NQ 91 57 0.6 0.9 1.03.10 -3 9.2.10 -15 0.84 -0.64 -0.07 
7 2,3,5-trimethylNQ 71 46 0.8 1.0 2.14.10 2 1.4.10 13 0.77 -0.84 -0.14 
8 5-methoxyNQ 35 36 0.6 0.9 5.81.10 2 5.2.10 13 0.74 -0.68 -0.17 
9 1-chloro AQ 26 29 0.6 1.0 4.55.10 -2 4.0.10 -13 0.75 -0.75 -0.17 

10 AQ 5.0 5.3 0.7 0.9 3.30.10 -1 2.5.10 12 0.70 -0.83 -0.21 
11 1-amino-5-chloro AQ 2.2 2.2 0.6 0.8 1.40 1.2.10-11 0.66 - 0.87 - 0.26 
12 2-ethyl AQ 0.26 0.18 0.8 0.8 3.54 2.4.10 -11 0.62 -0.85 -0.29 
13 2-methyl AQ 0.30 0.19 0.8 0,8 4.66 3.1.10 ii 0.61 -0.85 -0.30 
14 l-amino AQ 0,052 < 0.10 . . . .  0.94 - 
15 2,3-dimethyl AQ 0.040 < 0.10 0.5 0,45 - - -0.89 - 

' n a t i v e '  r eac t ion  cen te r s  and  f r o m  reac t ion  cen te r s  

subs t i tu t ed  wi th  seven  d i f fe ren t  a n t h r a q u i n o n e  de-  

r ivat ives ,  six d i f f e ren t  n a p h t h o q u i n o n e  der iva t ives ,  

and  t e t r a m e t h y l b e n z o q u i n o n e  ( d u r o q u i n o n e ) .  Fig.  

1 shows  typ ica l  m e a s u r e m e n t s  for  r eac t ion  cen te r s  

c o n t a i n i n g  a n t h r a q u i n o n e  (Fig.  1A) and  2 -methy l -  

a n t h r a q u i n o n e  (Fig.  1B). T h e  f luo re scence  decays  

e x p o n e n t i a l l y  wi th  a t ime  c o n s t a n t  of  5.3 ms in the  

f o r m e r  case, and  0.18 ms in the  lat ter .  T h e  decay  

t ime  c o n s t a n t s  of  the  f luo rescence  f r o m  reac t ion  

cen te r s  c o n t a i n i n g  these and  o the r  ~luinones are  

co l l ec ted  in T a b l e  I. T h e  de l ayed  f luo re scence  

f r o m  reac t ion  cen te r s  r e cons t i t u t ed  wi th  2,3-di-  

m e t h y l a n t h r a q u i n o n e  and  1 - a m i n o a n t h r a q u i n o n e  

h a d  decay  t imes  o f  less t han  100 /*s  and  cou ld  no t  

be  m e a s u r e d  accu ra t e ly  because  o f  the  d e a d - t i m e  

of  the  p h o s p h o r o s c o p e ' s  shut ter .  

T a b l e  I a lso gives  the  t ime  c o n s t a n t s  for  the 

d e c a y  of  the  a b s o r b a n c e  changes  assoc ia ted  wi th  

P + Q - .  U n l i k e  the  de l ayed  f luorescence ,  the  ab-  

s o r b a n c e  changes  in the  subs t i tu t ed  r eac t ion  

cen te r s  decayed  wi th  b iphas ic  or  mu l t i phas i c  

kinet ics .  A b iphas i c  decay  was expec ted ,  because  

a b o u t  10% of  the r eac t ion  centers  still c o n t a i n e d  

u b i q u i n o n e  (see Me thods ) .  A d d i t i o n a l  c o m p l e x i t y  

in the  decay  cou ld  resul t  f r o m  he t e rogene i t y  in the  

o r i e n t a t i o n  o r  pos i t i on  of  the q u i n o n e  in the re-  

cons t i t u t ed  r eac t ion  centers .  T h e  t ime  c o n s t a n t  

l i s ted in T a b l e  I is for  the  m a j o r  c o m p o n e n t  of  the 

a b s o r b a n c e  signal.  T h e  fac to r  ~, that  is l i s ted gives 

the  ini t ia l  a m p l i t u d e  of  this k ine t ic  c o m p o n e n t ,  

r e la t ive  to the  in i t ia l  a m p l i t u d e  o f  the  P * Q  signal  

in nat ive ,  u b i q u i n o n e - c o n t a i n i n g  reac t ion  centers .  

S ince  the  q u a n t u m  yie ld  of  P * Q -  in na t ive  reac-  

t ion  centers  is essent ia l ly  1.0 [38], ~, r ep resen t s  a 

p r o d u c t  of  the  f r ac t ion  of  the r eac t ion  centers  in 

wh ich  P + Q  decayed  wi th  the ind ica t ed  t ime  con-  

s tan t  and  the q u a n t u m  yield ( ~ q )  wi th  wh ich  

P * Q -  is g e n e r a t e d  in these  r eac t ion  centers .  Val-  

ues for  the q u a n t u m  yields  themse lves  also are  
g iven  in T a b l e  I. 

In  m o s t  cases, there  is a g o o d  a g r e e m e n t  be-  



tween the decay kinetics of the delayed fluores- 
cence and the major component of the absorbance 
changes. It therefore seems reasonable to assume 
that the fluorescence results from back reactions 
that regenerate P* from P+Q-.  In several cases, 
the delayed fluorescence appears to decay more 
rapidly than the absorbance changes, but this could 
reflect heterogeneity in the quinone binding. As 
discussed below, the delayed fluorescence signals 
will be weighted in favor of reaction centers in 
which the free-energy difference between P* and 
P + Q -  is smallest, and P + Q -  will decay most 
rapidly in this fraction of the population. 

With samples 1-13 (Table I), the initial ampli- 
tude of the delayed fluorescence was calculated by 
extrapolation back to the time of the flash. Table I 
gives the initial amplitude (FD(0)), expressed rela- 
tive to the integrated (prompt) fluorescence from 
native reaction centers containing ubiquinone in 
its functional (unreduced) state. In general, the 
initial amplitude of the delayed fluorescence in- 
creases as the halfwave redox potential of the 
quinone is made more negative, implying that the 
concentration of P* in equilibrium with P + Q -  
increases as P + Q -  moves closer to P* in free 
energy. This point can be analyzed more quantita- 
tively as follows. 

The equilibrium constant for the back electron 
transfer reaction P + Q -  ~ P* is given by 
[16,17,32,34]: 

F D (0) q,f (1) 
KQ. 7k t 

where '~t is the absolute yield of fluorescence from 
native reaction centers (4.0.10 -4, see Ref. 39), kf 
is the reciprocal of the natural radiative life-time 
of P* (7.5 • 107 s -~, see Refs. 32 and 34), and the 
other terms are as defined above. Using Eqn. 1 
and the expression A G o . = - k T  In K Q . ,  the 
standard partial molecular free energy difference 
(AGo.) for the reaction P + Q -  ~- P* can be calcu- 
lated (Table I). 

Taking the value for the midpoint potential 
(Era) of ubiquinone determined by redox titra- 
tions and fluorescence measurements on native 
reaction centers ( - 0 . 0 5 0  V) [16-20] as a refer- 
ence, one can use the following equation to calcu- 
late the apparent E m values of the other quinones 
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in situ: 

Era= -0 .05  V+  AGQ. -0 .86  eV (2) 
e 

The term 0.86 eV is the measured standard free- 
energy difference (AGq,) between P* and P + Q -  
for native reaction centers (Ref. 16 and Table I). 
The results of these calculations are shown in the 
last column of Table I and are indicated on the 
right-hand ordinate in Fig. 2. The in situ E m 
values range from -0 .01 V (for 6,7-dichloronaph- 
thoquinone) to - 0 . 3 0  V (for 2-methylan- 
thraquinone). 

The polarographic half-wave potentials (Ew2) 
for the fifteen different quinones were measured 
in dimethylformamide, and are included in Table 
I. The E~/2 values cannot be converted directly to 
E m values for aqueous solution or for the 
quinone-binding site in the reaction center, in part 
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A'k ]-0.2 
all / g A  Em in situ 

r l  (V) 

4 ( 1 ~  16 51 -0. 1 m 6 5m 

31 1QI 
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Fig. 2. Calculated standard free-energy difference between P* 
and P+ Q -  (AGo,) in reaction centers substituted with various 
quinones, as a function of the polarographic half-wave poten- 
tial of Q / Q -  in dimethylformamide (El/2). The numbers by 
the data points identify the quinones as listed in Table [. AGQ. 
was calculated from the initial amplitude of the delayed fluo- 
rescence as explained in the text. The right-hand ordinate gives 
the apparent E m values for the quinones in situ. The uncer- 
tainties in these values are typically _+0.01 V. The line through 
the point for ubiquinone (sample 4) has a slope of 1 and 
represents the values of the in situ E m that might be expected 
on the basis of the El~ ~ values, when ubiquinone is taken as a 
reference. For the majority of the quinones that were examined, 
the apparent E m values lie below this line (at less negative 
potentials). However, lines with slopes differing from 1 are 
sometimes obtained in comparisons of El~ 2 values measured 
in different solvents [40]. O, benzoquinones; I ,  naphtho 
quinones; =, anthraquinones. 

0.7 

AGo~ 

(eV) 

0.8 
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because they depend on the nature of the solvent 
(see Ref. 37). However, Ell  2 values for a series of 
quinones measured in two different solvents are 
expected to be linearly related, providing that the 
redox couple under consideration is unchanged 
(i.e., is always Q / Q - ) .  Jaworski et al. [40] found 
that, while the measured half-wave potentials of 
the Q/Q~ couple for a series of quinones varied 
with the solvent by more than 200 mV, these 
potentials varied in concert, and the rank ordering 
of the values remained unchanged. We have found 
similar effects when measuring in dimethylsulfo- 
xide and chloroform, although in these experi- 
ments the differences in E~/2 measured with re- 
spect to ferrocene varied by less than 100 mV. In 
no case was the rank order of the potentials 
altered. A similar rank ordering might also be 
expected if the semiquinone were allowed to pro- 
tonate, for both pK values [41] and halfwave 
potentials [37] correlate well with the Hammett 
substituent constant o. 

As shown in Fig. 2, the free-energy differences 
(AGQ.) and the E m values calculated from the 
delayed fluorescence are correlated only weakly 
with the El~ 2 values of the isolated quinones. 
Apparently, the E m values in situ are sensitive to 
interactions of the quinones with the protein. Pre- 
vious redox titrations of chromatophores have 
shown that the Em of the Q /Q~  couple in 
ubiquinone-containing reaction centers is the same 
as that in menaquinone-reaction centers, when the 
pH is above the pK of the semiquinone [18]. The 
E~/2 values for these two quinones are quite dif- 
ferent in dimethylformamide [42]. 

The effective E m of a quinone in situ depends 
on both the intrinsic mid-point potential of the 
quinone in the reaction center and the free energy 
of proton uptake in the state P+Q- .  A change in 
the E~ thus could reflect a change in the pK of 
the semiquinone or a nearby amino acid sidechain. 
A change in pK apparently does not occur in the 
case of anthraquinone, however. The measured pK 
for proton uptake is the same in reaction centers 
reconstituted with anthraquinone as it is in native 
reaction centers [26]. 

Fig. 3 shows the initial amplitude of the de- 
layed fluorescence from anthraquinone-sub- 
stituted reaction centers as a function of tempera- 
ture. Anthraquinone was chosen for detailed study 
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0.010 AHQ = .69 eV 
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Fig. 3, Van 't Ho f f  plot o f  the init ial ampli tude of  the delayed 
fluorescence (FD(O)) from anthraquinone-substi tuted reaction 
centers. Conditions as in Fig. 1A except that the temperature 
was varied. 

because it gives delayed fluorescence with a rela- 
tively long lifetime that is easily measured by 
using a mechanical shutter to block the prompt 
fluorescence. The line shown is a fit of thee data to 
the Van 't Hoff  expression In FD(0 ) = In KQ. + A 
= - A H Q . / k T +  B, where AHQ. is the standard 
enthalpy difference between P* and P +Q -  and A 
and B are constants. From the slope of the plot, 
P + Q -  is calculated to lie 0.69 eV below P* in 
enthalpy. This is approximately equal to the 
calculated free-energy difference of 0.70 eV (Table 
I). Thus, in anthraquinone-substituted reaction 
centers essentially all of the free-energy change 
between P* and P+Q appears to be due to an 
enthalpy decrease. A similar (though somewhat 
less extensive) series of measurements was per- 
formed with 2,3,5-trimethylnaphthoquinone-sub- 
stituted reaction centers (data not shown). Again, 
the calculated enthalpy value (0.79 eV) was essen- 
tially identical to the total free energy difference 



between P* and P+Q- in these reaction centers 
(0.77 ev). The results obtained with these two 
quinones differ from those obtained with native 
reaction centers, where the formation of P+Q- 
appears to involve a significant entropy change (at 
295 K, AGQ. = 0.86 eV and AH o = 0.75 eV; see 
Ref. 16). 

The thermally accessible intermediate in the decay 

o f p + Q  - 
The return of an electron from ubiquinone to 

P+ occurs by a relatively slow reaction that is 
essentially independent of temperature [27,28]. 
Gunner et al. [25] have suggested that the faster 
decay of P+Q- seen when ubiquinone is replaced 
by a quinone with a strongly negative E m pro- 
ceeds through a thermally accessible intermediate 
(X). This is shown in the following scheme (Scheme 
I), in which 'G' represents the ground state (PQ). 
The free-energy differences between P*, P+Q-, 
and the putative intermediate state X are indi- 
cated on the right side of the scheme. 

p *  . . . . . . . . . . . . . . . . . . . . . . . .  

r 
X - . . . . . . . . . . .  .-=- [AGQ. 

/ . 
. . . . . . . . .  

G ~  k ~  

Scheme I 

In this scheme, the overall rate constant for the 
decay of P+Q- (kQ) is given by 

~Q = kQx (1-- q, XQ) + kQ~ (3) 

where ~XQ is the probability that X returns to 
P+Q- instead of decaying to the ground state. 
q~XQ can be related to the rate constants kxG and 
kxQ: 

kxQ 
~b×Q = kxQ+ kxG 

or  

kXG~XQ (4) 
k X Q  I -- ~XQ 

The rate constants in turn are related by a set of 
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equilibrium constants: 

kQx = KQX = KQ. 
kxQ Kx- 0) 

where KQ, is the equilibrium constant for the 
process P+Q- ~ P* (see Table I) and K x. is an 
equilibrium constant for X ~ P*. (This does not 
imply that X is necessarily an intermediate in the 
initial forward electron transfer between P* and 
P÷ Q-.) Combining Eqns. 3-5 gives 

KQ. 
kQ = ~-x. kxG~bXQ + kQG (6) 

or  

log( kQ - 
- AGQ. aGx. 

kQ~)  = 2 .3kT  + 2 . ~  +log kxc +log ~XQ 

(7) 

If the free-energy gap between P+Q- and X is 
small enough, and if kx6 is large, the decay 
through X will predominate over the direct reac- 
tion from P+Q- to P, so the term kQc in Eqn. 7 
will be neglibile compared to kQ. 

In Fig. 4, the measured values of log kQ are 
plotted as a function of AGQ. for the first 13 
quinones in Table I. There is a linear relationship 
between log kQ and AGo. when AGQ. is less than 
about 0.75 eV. Referring to Eqn. 7, this suggests 
that AGx. and log kxG do not depend strongly 
on the nature of the quinone, which implies that X 
is probably not simply an activated form of P+Q-. 
The nature of X will be discussed in more detail 
below. Log ~XQ presumably does depend on the 
quinone, but this term will be negligible if ¢~XQ = 
1.0. At values of AGQ. above about 0.75 eV, the 
linear relationship breaks down, presumably be- 
cause the decay via X becomes slower than direct 
charge recombination between P+ and Q- (kQc in 
scheme I). The six quinones for which Go. exceeds 
0.80 eV give decay rate constants that range from 
1.9 s -1 to 18 s -1. P+Q- probably decays mainly 
by the direct route (kQ~) in all of these cases, 
because the observed rate constants are more than 
10-times the extrapolated rate constant for decay 
via the thermally accessible intermediate (Fig. 4, 
dashed line). The scatter in the values of the decay 
rate constants at large AGo. might be expected, 
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considering the strong dependence of electron tun- 
nelling on distance and orientation. As noted 
above in connection with the effective E m values, 
different quinones may fit differently into the 
quinone-binding site. 

With 2,3,5-trimethylnaphthoquinone, 1-chloro- 
anthraquinone, and 5-methoxynaphthoquinone, 
which have intermediate values of AGo., the decay 
of P+Q- probably proceeds partially via the ther- 
mal intermediate and partially by the direct path- 
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Fig. 4. Log of the observed rate constant for the decay of 
P+ Q - ,  as a function of the standard free energy difference 
between P+ Q -  and P*, AGQ.. Sample numbers correspond to 
those in Table I. For samples 1, 12 and 33, kQ was taken from 
the decay of the absorbance changes associated with P+ Q -  
because the delayed fluorescence was too weak for the decay 
time to be determined accurately (sample 1), or because a small 
700-Vs electronic artifact complicated the fitting of the delayed 
fluorescence (samples 12 and 13). For all other samples kQ 
was taken from the delayed fluorescence measurements. The 
horizontal bars shown indicate an estimate of the uncertainty 
in the calculation of AGQ.. (The measurement of "/ is probably 
the largest source of uncertainty.) The vertical bars shown for 
samples 7, 8 and 9 are described in the text. Values and 
equations used to calculate the dotted lines are as follows: (A) 
Eqn. 7 with AGx. = 0.17 eV, k x6 = 5.107 s -  l, ~XQ = 0.9 and 
kQG = 0; (B) same as (A), except AGx. = 0.22 eV; (C) Eqn. 12 
with klo = 5.107 s-1,  AGF. = 0.22 eV, q,Q = 0.90, z = 0.5 and 
kQ~ = 0. O, benzoquinones; II, naphthoquinones; A, anthra- 
quinones. 

way. If the rate constants of the direct reaction 
(kQG) were known for these quinones, subtracting 
them from the observed k O would allow a more 
extensive analysis of how the thermally activated 
decay depends on AGQ.. Since kQG evidently de- 
pends on the nature of Q, such a correction of k o 
cannot be made rigorously. The downward verti- 
cal bars for points 7, 8 and 9 in Fig. 4 were 
obtained by subtracting the largest rate constant 
obtained with the six quinones that have AGQ. > 
0.80 eV (18 s-l). This seems likely to give a lower 
limit for the decay via the thermal intermediate. 
The filled symbols for points 7-9 show the un- 
corrected values of ko, and are therefore upper 
limits. The correction for kQG is negligible for 
points 10-13. 

Earlier studies has suggested that there was an 
approximately linear relationship between log kQ 
and the E~/2 of the quinone, as determined in 
dimethylformamide [25]. However, the quantita- 
tive correlation between log kQ and Ez/2 was 
poor. For example, 2,3-dimethylnaphthoquinone 
has an E~/2 similar to that of anthraquinone in 
DMF, and 2,3,5-trimethylnaphthoquinone has an 
Ea/2 similar to that of 2-methyl-anthraquinone, 
yet the two naphthoquinones decay at least par- 
tially by direct charge recombination, whereas the 
two anthraquinones appear to decay almost exclu- 
sively via the thermal intermediate. However, when 
log kQ is compared to AGQ. (Fig. 4) or to the 
apparent E m of the quinone in situ, these incon- 
sistencies disappear. Apparently, k o provides a 
reliable index for the E m in situ when P+Q- 
decays primarily via the thermally accessible state. 
The three dotted lines in Fig. 4 will be discussed 
below. 

The temperature dependence of the decay 
kinetics of the delayed fluorescence from anthra- 
quinone-substituted reaction centers is shown in 
Fig. 5. The line shown is a fit of the data above 
283 K to the Arrhenius expression In kQ = 

-~H/kT+ In A, where AH is the activation en- 
thalpy for the decay of P+Q- via X, and A is a 
constant. The Arrhenius plot is nearly linear, but 
shows a small deviation from linearity near 275 K. 
At this temperature, there is evidently another 
route for the decay of P+Q-. This presumably 
reflects the increasing contribution of the direct, 
temperature independent decay route as the tern- 
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Fig. 5. Arrhenius plot of the decay rate constant of the delayed 
fluorescence from anthraquinone-substituted reaction centers. 
Conditions as in Fig. 1A except that the temperature was 
varied. The line is a fit to the Arrhenius expression, neglecting 
the two data points at the lowest temperatures. The enthalpy 
change indicated is the apparent activation energy for the back 
reaction forming PQ from P+ Q-. 

perature is decreased. For comparison we mea- 
sured the decay kinetics of P+ absorbance changes 
as a function of temperature between 275 and 295 
K (data not shown). At temperatures above 283 
K, approx. 90% of the absorbance change decayed 
with a time constant that matched that of the 
delayed fluorescence. The remainder had a life- 
time of about 100 ms, and presumably reflected 
reaction centers that still contained ubiquinone 
instead of anthraquinone. Analysis of the kinetics 
becomes difficult below 283 K because the decay 
of P + Q -  in the anthraquinone-substituted reac- 
tion centers slows down, whereas that in native 
reaction centers speeds up with decreasing temper- 
ature [27-30]. 

Above 283 K, the temperature dependence of 
the delayed fluorescence decay time in anthra- 
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quinone-substituted reaction centers gives an ap- 
parent activation enthalpy, AH, of 0.37 eV (Fig. 
5), which agrees well with the value measured 
spectrophotometrically [29,30]. In Scheme I, AH 
can be equated to the enthalpy difference between 
P + Q -  and X, provided that ( k x ~ x Q )  is relatively 
independent of temperature (Eqns. 6 and 7). Note 
that A H is much smaller than the calculated 
enthalpy gap of 0.69 eV between P + Q -  and P* 
(Fig. 3). The thermally accessible intermediate 
state that participates in the decay of P + Q -  in- 
anthraquinone-substituted reaction centers thus 
appears to lie about 0.32 eV below P* in enthalpy. 

Is the thermally accessible intermediate P F? 
Gunner et al. originally suggested that the ther- 

mally accessible decay path of P + Q -  in anthra- 
quinone-substituted reaction centers involved back 
electron transfer to the early radical-pair state, pV 
[25,44]. The standard free-energy difference for 
the reaction p V ~  p .  has been calculated from 
measurements of the delayed fluorescence from 
reaction centers in which electron transfer be- 
tween I -  and Q is blocked by reducing the quinone 
chemically. It is about 0.17 eV at 295 K [32,34]. If 
pV and X are equivalent, one should be able to set 
AGx, equal to 0.17 eV in Eqn. 7. As a first 
approximation, one also might replace the rate 
constant kx~ by the measured rate constant for 
the decay of pV in reaction centers that are de- 
pleted of quinone (about 5 • 107 s-1; Refs. 32 and 
43). (The decay rate constant is slightly greater in 
reaction centers that contain Q -  [32,47]. One 
would not expect it to depend strongly on the 
nature of the quinone if Q is present in the unre- 
duced state.) ~XQ can be set equal to the mea- 
sured quantum yield of P+Q- ,  which is about 0.9 
for most of the quinones that we studied (Table I). 
The dotted line labeled A in Fig. 4 shows log kQ 
as calculated with Eqn. 7 using these values of 
AGx. , kxG~bXQ and with kQG = 0. The calculated 
values of kQ are smaller than the experimental 
values by a factor of about 2500. 

The free-energy difference between P* and pV 
reported previously [34] was determined with reac- 
tion centers in which the quinone had been chem- 
ically reduced. This free-energy difference could 
be less than it is in reaction centers with unre- 
duced quinones or in reaction centers that lack 
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TABLE II 

NANOSECOND FLUORESCENCE FROM REDUCED AND QUINONE-DEPLETED REACTION CENTERS 

The total 'prompt' fluorescence, A, is given relative to that from unreduced native reaction centers. Prompt fluorescence includes any 
emission which occurs too rapidly for the single-photon counting apparatus to resolve, B 1, B 2 and B 3 are the initial amplitudes of 
the three kinetic components of the delayed fluorescence. The total fluorescence from component i is given by Bi,r,. 'rl, ,r 2 and ~'3 are 
the time constants for the decay of the three kinetic components of the delayed fluorescence. X 2 is the reduced X 2 obtained after the 
nonlinear-least-squares fit which resulted in the parameters A, B, and "r,. AGE. is the initial standard free-energy difference between 
pV and P*. Data for reduced reaction centers are from Ref. 34. 

Magnetic A Amplitudes (ns- 1 ) Time constants (ns) X z A G F .  

field BI B2 B3 "1 T2 T3 (eV) 

Quinone- - 1.10 0.45 0.091 0.022 0.91 3.1 12.5 1.8 0.148 ~ 0.188 b 
depleted 
reaction 
centers + 1.12 0.43 0.090 0.021 0.94 3.3 15.0 2.0 0.149 a 

Reduced - 1.21 0.14 0.10 0.049 0.98 3.8 10.2 1.2 0.168 a 
reaction 
centers + 1.22 0.14 0.10 0.046 1.02 4.1 11.6 1.1 0.169 a 

0.189 b 

a Calculated from the total initial amplitude of delayed fluorescence (B 1 + B 2 + B3). 
b Calculated from the initial amplitudes of the two slowest components of delayed fluorescence (B 2 + B 3). 

quinone,  because  the negat ively charged quinone  
in reduced react ion centers  could  make  electron 
t ransfer  f rom P to I less favorable.  Potent ia l ly ,  
such an effect could  explain  the d iscrepancy be-  
tween the measured  and ca lcula ted  kinet ic  pa r am-  
eters shown in Fig. 4. 

To evaluate  this possibi l i ty,  we measured  the 
nanosecond  de layed  f luorescence f rom react ion 
centers  lacking quinones.  The results  are shown in 
Table  II, a long with previously  repor ted  measure-  
ments  [34] of  the f luorescence f rom react ion centers  
with the quinone  reduced.  In  bo th  cases, the fluo- 
rescence decays with mul t iphas ic  kinetics.  The  ini- 
t ial  ampl i tude  of the early componen t  of  the de- 
layed fluorescence is larger in react ion centers  
lacking qu inone  than it is in reduced  react ion 
centers:  the ampl i tude  of the middle  c o m p o n e n t  is 
about  the same in bo th  samples;  and  the ampl i -  
tude of the slow c o m p o n e n t  is lower in the reac- 
t ion centers  lacking quinone.  The  total  ini t ial  am- 
p l i tude  of de layed  fluorescence in react ion centers  
lacking quinone  is greater  than that  in reduced  
react ion centers. This  suggests that  the free energy 
gap between pF and  P* is smal ler  in reac t ion  
centers  lacking qu inone  than in reduced reac t ion  
centers,  oppos i te  what  would be required to ex- 
p la in  the d iscrepancy  noted  above.  However ,  it  is 

poss ib le  that  the increased init ial  ampl i tude  of  the 
ear ly componen t  of the de layed fluorescence in 
reac t ion  centers  lacking quinone  is due to fluores- 
cence from con tamina t ing  p igments  in the sample,  
Such con taminan t s  could result  f rom the t reat-  
men t  that  we used to remove the quinone  (see 
Methods) .  This poss ib i l i ty  is s t rengthened by  the 
observa t ion  that  decreas ing the t empera tu re  to 
200 K causes the early componen t ' s  init ial  ampl i -  
tude  to decrease somewhat  (da ta  not  shown). Wi th  
reduced  react ion centers,  the init ial  ampl i tudes  of 
all three de layed  f luorescence componen t s  in- 
crease when the t empera tu re  is lowered f rom 295 
K to 200 K and then decrease at lower tempera-  
tures [34]. The  ini t ial  ampl i tudes  and decay t ime 
cons tan ts  of  the middle  and long componen t s  of 
the de layed fluorescence from react ion centers  
lacking quinones  have a t empera ture  dependence  
s imilar  to that  seen in reduced react ion centers  
(da ta  not  shown). 

I f  we ignore the fast componen t  entirely,  we 
can calculate  a m in imum value for the total  ini t ial  
ampl i t ude  of  the de layed fluorescence from the 
two slower components .  Using  this gives a maxi-  
m u m  value of  0.188 eV for the init ial  d rop  in free 
energy between P* and pF. This compares  with 
the value of  0.17 eV used above. Al though  the 



free-energy difference between P* and pV may be 
somewhat larger in reaction centers lacking 
quinone than in reduced reaction centers, the ef- 
fect is much too small to remove the discrepancy 
shown in Fig. 4. 

An estimate of the enthalpy difference between 
P* and pV can be obtained by measuring the 
temperature dependence of the initial amplitude 
of the delayed fluorescence from reaction centers 
in which electron transfer is blocked between p V 
and P+Q-  [32,34]. The initial amplitude of the 
delayed fluorescence from pr  has a complex tem- 
perature dependence between 200 and 295 K, but 
at lower temperature fits a linear Van 't Hoff plot 
with an apparent AH of 0.015 eV. Again, this is 
substantially less than the value of 0.32 eV ob- 
tained above for the enthalpy difference between 
P* and X. 

These discrepancies could mean that the decay 
of P+Q-  in the substituted reaction centers pro- 
ceeds not via pF, but via another state that lies 
farther below P* in free energy and enthalpy. 
Another possibility is that the form of pV that is 
regenerated from P + Q - i s  significantly different 
from the form that is created initially from P*. 
For example, a decrease in the free energy of the 
system could result from nuclear movements that 
follow the formation of P+Q-. The multiphasic 
decay kinetics of delayed fluorescence from 
blocked reaction centers [34,45] suggests that such 
relaxations occur on the time scale of 0.5-5 ns 
after the formation of pV, although these relaxa- 
tions appear to involve a total free energy change 
of only about 0.05 eV. Increasing AGx, by this 
amount, to 0.22 eV, and keeping the other param- 
eters constant still leaves a large discrepancy be- 
tween the observed and calculated values of kQ 
(Fig. 4, dotted line B). It is possible, however, that 
reaction centers undergo further relaxations on the 
micro- or millisecond time scale after the forma- 
tion of P+Q [46]. 

Expansion of Scheme I to include triplet states 
One shortcoming of the simple model in Scheme 

I is that it does not take into account the effects of 
electron spin rephasing in p V and P+Q-.  When 
pV is formed from the excited singlet state P*, it 
must initially be entirely singlet in character. (The 
spins of the unpaired electrons on P+ and I -  must 
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be antiparallel.) This form of pV(lpV) can decay 
by at least three pathways. It can transfer an 
electron to the quinone, forming P+Q-; it can 
decay by direct charge recombination to the 
ground state P; or it can undergo spin rephasing 
to form a radical pair with triplet character (3pV), 
which then undergoes charge recombination to 
produce a long-lived triplet state, pR (Scheme II) 
[32,47-49]. The decay of 3pr to pR appears to 
occur rapidly, relative to the spin rephasing that 
mixes 1pV and 3pF [49-54]. There may also be an 
additional route for the decay of 3pV that does not 
involve pR [32,43]. 

P * ~ z p F ~  } 3pF 

/ 

G ~ kRG 

pR 

Scheme II 

If photochemical electron transfer to Q is 
blocked, the decay of lpZ to P occurs more rapidly 
than spin rephasing, so that the quantum yield of 
pR is only 10-20% at 295 K [32,47-54]. In con- 
trast, the lifetime of P+Q is long compared to 
the spin-lattice relaxation times of P+ and Q-. 
The spin states of Q-  relax particularly rapidly by 
interactions with the nearby non-heme Fe atom 
[55]. The spin-lattice relaxation time is about 4 #s 
at 4 K, and is probably much shorter than this at 
300 K .  Complete spin randomization therefore 
should occur rapidly, relative to the decay of 
P+Q-.  After spin equilibration, about 1 /4  of 
P+Q- will be in the singlet state, l ip+Q-],  and 
3 /4  in a triplet state, 3[p+Q-]. (This spin equi- 
libration occurs faster than electron transfer be- 
tween Q and the next electron acceptor (QB), and 
thus provides about 0.04 eV (kT  In 4) of stabiliza- 
tion after the initial formation of l[p+Q-].) If 
P+Q- then undergoes back reactions that regener- 
ate pF, approx. 3 /4  of the back reactions would 
form 3pV, which should rapidly either reform 
3[p+Q-] or decay to pR. The other 1 /4  of the 
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back reactions would generate ~pV, which will 
decay partly back to l [p+Q-] ,  partly to P, and 
partly to PR via 3pV. 

The overall rate constant for the decay of P+ Q-  
in Scheme II is 

kQ=O.25 kQ1(1-~lQ)+O.75 kQ3(1--tk3Q)+ kQG (8) 

where ~IQ and (I)3 Q are the probabilities that 1pV 
and 3pF, respectively, regenerate P+Q-.  (The 
macroscopic rate constant kQG is multiplied by 4 
in Scheme II, but not in Eqn. 8, in accord with the 
assumption that 1 / 4  of the P + Q -  is in the singlet 
state.) To a reasonable approximation, we can set 
kQ3 = kQl = kQF and k3Q = klQ = kFQ. (The rate 
of electron transfer from I -  to Q or from Q -  back 
to I should not be highly sensitive to the spin state 
of P+, because the exchange interactions of P+ 
with I -  or Q -  are relatively weak [56,57].) The rate 
constants kQF and kFQ can be related by an 
equilibrium constant KQF: 

kQF = KQFkFQ (9) 

The yield q~Q should be approximately equal to 
the measured quantum yield of P+Q- ,  q~o- This is 
related to kFQ by 

kFQ k1D~Q (10) 
~:~Q~ kFQ+kl D or kFQ= l - - t ~  

where klD is the overall rate constant for the 
decay of 1pV by routes other than the formation 
of P+Q-.  As before, we assume that klD is ap- 
proximately 5 . 10  7 s -1, the measured rate con- 
stant for the decay of pF in reaction centers that 
lack Q. The yield qbQ is smaller than ~Q,  because 
k3R is about 10-times greater than k~G [57]. Let 
~3Q = ZqhQ with 0 < z < 1. With these substitu- 
tions in Eqn. 8, we have: 

1-(0.25+0.75 z)q~ 
kQ ~ KQFklD ~ I -- g,Q + kQc; (11) 

-- AGQ. AGF. 
log(kQ-- kQG) ---- 2.3kT + 2 . ~  +log kid 

+ log( % 1 - (0.25 + 0.75z ) q~Q 
1 - q~Q ) (12) 

If l~d = q ~ = 0 . 9 0 ,  Eqn. 10 gives k v o = 9  kxD 
---- 5 • 8Os -1. Taking k3R ~ 10kiD [55] gives z 

0.5. With these values of ~IQ and z, about 94% of 
the decay of P + Q -  would proceed via 3pF, and 
about 6% via lpV. If ~IQ is increased to 0.99, z 
becomes approx. 0.9, and about 97% of the decay 
proceeds via 3pF. 

Line C in Fig. 4 was calculated using Eqn. 12 
with kid = 5 • 107 s -1 and AGF. = 0.22 eV (as for 
line B), and with q,Q = 0.90, z --- 0.5, and kQG = 0. 
The last term in Eqn. 12 makes a contribution of 
0.60 to log kQ, but the calculated values of ko are 
still significantly smaller than the observed values. 

The discrepancy between the observed and 
calculated kQ could be decreased by using a larger 
value for q~Q. If q~Q = 0.99 (approximately the yield 
found in native reaction centers) and z = 0.9, the 
last term in Eqn. 9 would contribute 0.92 to 
log kQ. However, the calculated values of kQ 
would still be smaller than the observed values by 
about a factor of 40. In addition, a 4,Q of 0.99 
would require a forward rate constant k FQ of 
5 • 10 9 s-1, which is about 5-times greater than the 
rate constant that has been measured in anthra- 
quinone-containing reaction centers [58]. 

The treatment that we have used for Scheme II 
assumes that the equilibration of l [p+Q-]  and 
3[p+Q-] is fast, relative to the back reactions that 
regenerate pF. This assumption could break down 
if kQv becomes large, because each time l [p+Q-]  
returns to ape the spin rephasing must start over. 
However, if q~Q = 0.9, the back reactions must 
occur only about 10-times as rapidly as the ob- 
served decay of P+Q- ,  or at about 5 • 104 s -1 for 
2-methylanthraquinone and more slowly for the 
other quinones in Fig. 4. This is too slow to 
compete with the spin rephasing of l i p +Q - ]  and 
3[p+Q-]. 

IS pR formed during the decay of P + Q - ? 
According to Scheme II, many of the back 

reactions that regenerate p V from P+ Q -  should 
result in the formation of pR. Any pR that is 
formed during the decay of P + Q -  will augment 
the pR formed initially in competition with the 
first relaxation of pV to P+Q-.  This would 
lengthen the apparent lifetime of the triplet state 
and make the overall decay multiexponential. The 
decay of pR to the ground state P in reaction 
centers lacking quinone has a time constant of 
20-30 t~s. Because of this short lifetime, one would 



not expect to observe the formation of pR in 
significant amounts after flash excitation of 
anthraquinone-substituted reaction centers, in 
which P+ Q -  decays with a time constant of about 
8 ms (Table I). The steady-state concentration of 
p R  would be, at most, 0.5% that of P+Q-.  How- 
ever, in reaction centers that have been recon- 
stituted with 2,3-dimethylanthraquinone, P + Q -  
decays in about 40/~s. Here, one would expect p R  

to be created in a detectable amount if P ÷ Q -  
decays primarily through Pv, provided that the 
decay of pR in the substituted reaction centers is 
not substantially faster than the p a  decay in reac- 
tion centers lacking quinone (see below). We have 
attempted to observe this effect. 

Fig. 6A shows the decay of the absorbance 
change associated with P÷ in 2,3-dimethylanthra- 
quinone-substituted reaction centers. These mea- 
surements were made at 600 nm, where ab- 
sorbance changes due to p R  a r e  negligible [35]. A 
nonlinear least squares fit of the data to a single 
exponential plus a constant gives a decay time of 
39/~s. The constant term is needed to accommod- 
ate the small amount of native (ubiquinone-con- 
raining) reaction centers remaining in the sample. 
(The 100-ms decay of P + Q -  in the native reaction 
centers is slow enough to be unimportant.) The 
quantum yield of P ÷ Q -  was measured in 2,3-di- 
methylanthraquinone-substituted reaction centers, 
by comparing the initial absorbance change at 600 
nm with that exhibited by native reaction centers. 
Weak excitation flashes at 860 nm were used. The 
quantum yield was 0.45 (Table I). 

The decay kinetics of pR were measured at 680 
nm in quinone-depleted reaction centers before 
and after addition of 2,3-dimethylanthraquinone 
(Fig. 6B). (Absorbance changes due to P+ are 
negligible at this wavelength. The P+ signal at 680 
nm in native reaction centers was less than 8% of 
the pR signal in 2,3-dimethylanthraquinone-sub- 
stituted reaction centers.) When the reaction 
centers were reconstituted with 2,3-dimethyl- 
anthraquinone, the initial amplitude of the p a  

signal dropped to 33% of that from reaction centers 
lacking quinone (Fig. 6B) *. After normalization 

* Because saturating excitation flashes were used, this ampli- 
tude does not accurately reflect the relative quantum yield of 
pR. A saturating flash allows recycling of reaction centers 
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Fig. 6. (A) Time-course of P + Q -  decay in 2,3-dimethyl- 
anthraquinone-substituted reaction centers, monitored by the 
absorbance change at 600 nm. 2,3-Dimethylanthraquinone (ap- 
prox. 30 ttM) was added to quinone-depleted reaction centers 
(about 2.7/~M) in 50 mM Tris (pH 8). The temperature was 
approx. 293 K. This trace represents an average of three 
flashes. (B) The time-course of pR decay, monitored by the 
absorbance change at 680 nm. Sample and conditions as in 
(A). The solid line represents an average of 30 flashes using 
quinone-depleted reaction centers and corresponds to the left 
hand ordinate. The dotted line represents an average of 79 
flashes using the same sample of reaction centers reconstituted 
with 2,3-dimethylanthraquinone and corresponds to the right 
hand ordinate. The two traces were normalized by their aver- 
age amplitudes between 6 and 11 #s after excitation. Inset, 
theoretical curves showing the relative concentrations of pR as 
a function of time ([PR](t)/[PR](0)) if 90% (curve 1), 50% 
(curve 2) or none (curve 3) of P + Q -  decays via pa .  These 
curves were generated as described in ref. 59. They assume the 
model shown in scheme II and a delta function excitation 
pulse. 

that decay to the ground state via charge recombination in 
pF, resulting in optical pumping of the longer-lived state 
p R, while reaction centers that form P + Q -  become unavail- 
able for recycling. When the flash intensity was reduced by a 
factor of 10, the initial quantum yield of pR after reconstitu- 
tion increased to about 50% of that before reconstitution. 
This is in good agreement with the expected 55%, calculated 
as one minus the quantum yield of P÷ Q -  in 2,3-dimethyl- 
anthraquinone-substituted reaction centers (45%). 
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between 6 and 11 /~s, the pR signals measured 
before and after addition of the quinone are al- 
most superimposable (Fig. 6B). Least-squares fits 
of the data to a single exponential between 6 and 
75/~s after excitation give decay times of 23/~s for 
reaction centers lacking quinone and 25 /~s for 
2,3-dimethylanthraquinone-substituted reaction 
centers. Qualitatively, there is no evidence that pa 
is formed in significant amounts during the decay 
of P+Q-.  For comparison, the inset in Fig. 6B 
shows the kinetic traces expected for the decay of 
pa if 90%, 50% or none of the P + Q -  decay results 
in pa formation. 

If P+Q decays partly via pR, the pR signal 
should include a component with a time constant 
of 39/~s, the time constant measured for the decay 
of P ÷ Q -  (Fig. 6A). We fit the data of Fig. 6B to a 
double-exponential expression including a compo- 
nent with this time constant, and estimated the 
fraction of the decay that proceeds through pR 
from the amplitudes of the two components [59]. 
The result was that less than 5% of the decay of 
P + Q -  proceeds via pR. 

A major assumption in this analysis is that 
reconstituting the reaction centers with 2,3-di- 
methylanthraquinone does not greatly alter either 
k3R or kRG in Scheme II. If the presence of the 
quinone accelerated the decay of pR, it could 
prevent detection of p R during the decay of P +Q-. 
One might expect the quinone to influence the 
decay kinetics of pR, because the triplet state 
appears to decay largely through pV, where spin 
rephasing and the paths to the ground state, to 
P+Q- ,  and back to pR are all interrelated (Ref. 
60, see also Goldstein, R. and Boxer, S., personal 
communication). Although the measured decay 
kinetics are essentially the same before and after 
the addition of the quinone (Fig. 6B), it is possible 
that the pR that is seen represents reaction centers 
that have bound the quinone in a nonfunctional 
configuration. Thus, we cannot state definitively 
that no pR is formed during the decay of P+Q , 
but only that no pR was detected. 

Conclusions 

It seems clear that there are at least two mecha- 
nisms for the decay of P+Q-  in quinone-sub- 
stituted reaction centers, and that the path used 

depends on the effective midpoint potential of the 
quinone in situ. In reaction centers containing 
quinones with E m values near that of ubiquinone, 
the decay of P + Q -  apparently proceeds via direct 
charge recombination. When quinones with sub- 
stantially more negative midpoint potentials are 
used, decay proceeds via a thermally accessible 
intermediate (X in Scheme I). The experiments 
described here suggest that the intermediate state 
is not identical with the state pF that has been 
described on the nanosecond time scale, nor is it a 
state, such as an activated form of P÷Q- ,  that 
depends strongly on the nature of the quinone. 

Perhaps the simplest interpretation of these ob- 
servations is that X is a highly relaxed form of pV. 
The increase in total fluorescence upon reduction 
of Q in Rhodopseudomonas oiridis reaction centers 
[61] is similar to that in Rhodobacter sphaeroides 
[32,34], suggesting that the initial free energy dif- 
ference between P* and pV is approximately the 
same in the two organisms (about 0.17 eV). How- 
ever, the difference between the steady state mid- 
point potentials of P and the initial electron 
acceptor (I), as determined by redox titrations of 
R. viridis reaction centers, is about 0.90 V [62]. 
Combining this number with the 0-0  transition 
energy of P* (1.24 eV in R. viridis) gives a free- 
energy difference of about 0.34 V between P* and 
pV. This suggests that the reaction center may 
undergo a relaxation that decreases the free energy 
of pF by about 0.17 eV sometime after the initial 
charge separation. Other evidence for the occur- 
rence of relaxations of pV and P+Q in R. 
sphaeroides reaction centers has been presented 
recently [34,45,46]. If the free energy of the relaxed 
form of pF is below that of pR, one would not 
expect pR to be formed in measurable amounts 
during the decay of P+Q- .  

Acknowledgements 

This work was supported by grants from the 
National Science Foundation (PCM-8316161 to 
W.W.P. and PCM-8209292 to P.L.D.), the Depart- 
ment of Energy (DE-AC02-80-ER 10590 to 
P.L.D.), and the National Institutes of Health 
(NRS Award GM 07270 to N.W.W.). We thank 
Dr. S. Boxer for very helpful discussion. 



References 

1 Zankel, K.L., Reed, D.W. and Clayton, R.K. (1968) Prec. 
Natl. Acad. Sci. USA 61, 1243-1249 

2 Rockley, M.G., Windsor, M.W., Cogdell, R.J. and Parson, 
W.W. (1975) Prec. Natl. Acad. Sci. USA 72, 2251-2255 

3 Kaufmann, K.J., Dutton, P.L., Netzel, T.L., Leigh, H.S. 
and Rentzepis, P.M. (1975) Science 188, 1301-1304 

4 Holten, D., Hoganson, C., Windsor, M.W., Schenck, C.C., 
Parson, W.W., Migus, A., Fork, R.L. and Shank, C.V. 
(1980) Biechim. Biophys. Acta 592, 461-467 

5 Shuvalov, V.A., Klevanik, A.V., Sharkov, A.V., Matveetz, 
Yu. and Krukov, P.G. (1978) FEBS Lett. 91, 135-139 

6 Paschenko, V.S., Kononenko, A.A., Protasov, S.P., Rubin, 
A.B., Rubin, L.B. and Uspenskaya, N.Ya. (1977) Biechim. 
Biophys. Acta 461,403-412 

7 Kononenko, A.A., Knox, P.P., Adamova, N.P., Paschenko, 
V.Z., Timofeev, K.N. and Rubin, A.B. (1976) Studia Bio- 
phys. 55, 183-198 

8 Woodbury, N.W., Becker, M., Middendorf, D. and Parson, 
W.W. (1985) Biochemistry 24, 7516-7521 

9 Martin, J.-L., Breton, J., Hoff, A.J., Migus, A. and 
Antonetti, A. (1986) Prec. Natl. Acad. Sci. USA, 83, 
957-961 

10 Holten, D., Windsor, M.W., Parson, W.W. and Thornber, 
J.P. (1978) Biechim. Biophys. Acta 501, 112-126 

11 Clayton, R.K. and Yamamoto, T. (1976) Photechem. Pho- 
tobiol. 26, 67-70 

12 Parson, W.W. and Case, G.D. (1970) Biochim. Biophys. 
Acta 205, 232-245 

13 Parson, W.W. (1969) Biochim. Biophys. Acta 189, 384-396 
14 Wraight, C.A. and Stein, R.R. (1980) FEBS Lett. 113, 

73-77 
15 Arata, H. and Parson, W.W. (1981) Biochim. Biophys. Acta 

636, 70-81 
16 Arata, H. and Parson, W.W. (1981) Biochim. Biophys. Acta 

638, 201-209 
17 Arata, H. and Nishimura, M. (1983) Biochim. Biophys. 

Acta 725, 394-401 
18 Prince, R.C. and Dutton, P.L. (1978) in The Photosynthetic 

Bacteria (Clayton, R.K. and Sistrom, W.R., eds.), pp. 
439-453, Plenum Press, New York 

19 Reed, D.W., Zankel, K.L. and Clayton, R.K. (1969) Prec. 
Natl. Acad. Sci. USA 63, 42-46 

20 Dutton, P.L., Leigh, J.S. and Wraight, C.A. (1973) FEBS 
Lett. 36, 169-173 

21 Prince, R.C. and Dutton, P.L. (1976) Arch. Biochem. Bio- 
phys. 172, 329-334 

22 Wraight, C.A. (1981) Isr. J. Chem. 21,348-354 
23 Okamura, M.Y., Isaacson, R,A. and Feher, G. (1975) Prec. 

Natl. Acad. Sci. USA 72, 3492-3496 
24 Cogdell, R.J., Brune, D.C. and Clayton, R.K. (1974) FEBS 

Lett. 45, 344-349 
25 Gunner, M.R., Tiede, D.M., Prince, R.C. and Dutton, P.L. 

(1982) in 'Function of Quinones in Energy-Conserving 
Systems' (B.L. Trumpower, ed.), pp. 265-269, Academic 
Press, New York 

26 Kleinfeld, D., Okamura, M.Y. and Feher, G. (1985) Bio- 
phys. J. 48, 849-852 

21 

27 Parson, W.W. (1976) Biochim. Biophys. Acta 131, 154-172 
28 Hsi, E.S.P. and Bolton, J.R. (1975) Biochim. Biophys. Acta 

347, 126-133 
29 Gopher, A., Blatt, Y., SchGnfeld, M., Okamura, M.Y., 

Feher, G. and Montal, M. (1985) Biophys. J. 48, 311-320 
30 Dutton, P.L., Gunner, M.R. and Prince, R.C. (1982) in 

Trends in Photobiology (Helene, C., Charlier, M., 
Montenay-Garestier, J. and Laustrait, G., eds.), pp. 
561-570, Plenum Press, New York 

31 Pecinki, A.G. and Blankenship, R.E. (1982) FEBS Lett. 
147, 115-119 

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

33 Carithers, R.P. and Parson, W.W. Biochim. Biophys. Acta 
(1975) 387, 194-21l 

34 Woodbury, N.W. and Parson, W.W. (1984) Biechim. Bio- 
phys. Acta 767, 345-361 

35 Parson, W.W. and Monger, T.G. (1976) Brookhaven Sym- 
posia in Biology 28, 194-212 

36 Prince, R.C., Gunner, M.R. and Dutton, P.L. (1982) in 
Function of Quinones in Energy Conserving Systems 
(Trumpower, B.L., ed.), pp. 29-33, Academic Press, New 
York 

37 Prince, R.C., Lloyd-William, P., Bruce, J.M., Dutton, P.L. 
(1985) Methods Enzymol. 125, 105-119 

38 Wraight, C.A. and Clayton, R.K. (1973) Biochim. Biophys. 
Acta 333, 246-260 

39 Zankel, K.L., Reed, D.W. and Clayton, R.K. (1968) Prec. 
Natl. Acad. Sci. USA 61, 1243-1429 

40 Jaworski, J.S., Lesniewska, E. and Kalinowski, M.K. (1979) 
J. Electroanal. Chem. 105, 329-334 

41 Perric, D.D., Dempsey, B. and Serjeant, E.P. (1981) pK A 
Prediction for Organic Acids and Bases, Chapman and 
Hall, London 

42 Prince, R.C., Dutton, P.L. and Bruce, J.M. (1983) FEBS 
Lett. 160, 273-276 

43 Chidsey, C.E.D., Kirmaier, C., Holten, D. and Boxer, S.G. 
(1985) Biochim. Biophys. Acta 766, 424-437 

44 Gunner, M.R., Liang, Y., Negus, D.K., Hochstrasser, R.M. 
and Dutton, P.L. (1982) Biophys. J. 37, 226a 

45 Sebban, P. and Moya, 1. (1983) Biechim. Biophys. Acta 
722, 436-442 

46 Kleinfeld, D., Okamura, M.Y. and Feher, G. (1984) Bioo 
chim. Biophys. Acta 766, 126-140 

47 Shuvalov, V.A. and Parson, W.W. (1981) Prec. Natl. Acad. 
Sci. USA 78, 957-961 

48 Dutton, P.L., Leigh, J.S. and Seibert, M. (1972) Biechem. 
Biophys. Res. Commun. 46, 406-413 

49 Parson, W.W., Clayton, R.K. and Cogdell, R.J. (1975) 
Biechim. Biophys. Acta 387, 265-278 

50 Tang, J. and Norris, J.R. (1982) Chem. Phys. Lett. 92, 
136-140 

51 Holmes, N.G., Van Grondelle, R., Hoff, A.J. and Duysens, 
L.N.M. (1976) FEBS Lett. 70, 185-190 

52 Roelofs, M.G., Chidsey, C.E.D. and Boxer, S.G. (1982) 
Chem. Phys. Lett. 87, 582-588 

53 Ogrodnik, A., Krugre, H.W., Orthuber, H., Haberkorn, R., 
Michael-Beyerle, M.E. and Scheer, H. (1982) Biophys. J. 39, 
91-100 



22 

54 Rademaker, J. and Hoff, A.J. (1981) Biophys. J. 34, 325-344 
55 Calvo, R., Butler, W.F., Isaacson, R.A., Okamura, M.Y., 

Fredkin, D.R. and Feher, G. (1982) Biophys. J. 37, l l l a  
56 Werner, H.J., Schulten, K. and Weller, A. (1978) Biochim. 

Biophys. Acta 502, 255-268 
57 Norris, J.R., Bowman, M.K., Budil, D.E., Tang, J., Wraight, 

C.A. and Closs, G.L. (1982) Proc. Natl. Acad. Sci. USA 79, 
5532-5536 

58 Liang, Y., Negus, D.K., Hochstrasser, R.M., Gunner, M.R. 
and Dutton, P.L. (1981) Chem. Phys. Lett. 84, 236-240 

59 Woodbury, N.W. (1986) Doctoral Thesis, University of 
Washington, Seattle, WA 

60 Chidsey, C.E.D., Takiff, L., Goldstein, R.A. and Boxer, 
S.G. (1985) Proc. Natl. Acad. Sci. USA 82, 6850-6854 

61 HiSrber, J.K.H., G~Sbel, W., Ogrodnik, A., Michel-Beyerle, 
M.E. and Knapp, E.W. (1985) in Antennas and Reaction 
Centers of Photosynthetic Bacteria (Michel-Beyerle, M.E., 
ed.), pp. 292-297, Springer-Verlag, Berlin 

62 Prince, R.C., Leigh, J.S. and Dutton, P.L. (1976) Biochim. 
Biophys. Acta 440, 622-636 


