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ABSTRACT: The kinetics of electron transfer from the primary (QA) to the secondary (QB) quinone acceptor 
in whole cells and chromatophores of Rhodopseudomonas viridis was studied as a function of the redox 
state of QB and of pH by using a photovoltage technique. Under conditions where QB was oxidized, the 
reoxidation of QA- was found to be essentially monophasic and independent of pH with a half-time of about 
20 ps. When QB was reduced to the semiquinone form by a preflash, the reoxidation of QA- was slowed 
down showing a half-time between 40 and 80 ps a t  pH I 9. Above pH 9, the rate of the second electron 
transfer decreased nearly one order of magnitude per pH unit. After a further preflash, the fast and 
pH-independent kinetics of QA- reoxidation was essentially restored. The concentration of QA still reduced 
100 ps after its complete reduction by a flash showed distinct binary oscillations as a function of the number 
of preflashes, confirming the interpretation that the electron-transfer rate depends on the redox state of 
QB. After addition of o-phenanthroline, the reoxidation of QA- is slowed down to the time range of seconds 
as expected for a back-reaction with oxidized cytochrome. Under conditions where inhibitors of the electron 
transfer between the quinones fail to block this reaction in a fraction of the reaction centers due to the presence 
of the extremely stable and strongly bound semiquinone, QB-, these reaction centers show a slow electron 
transfer on the first flash and a fast one on the second, Le., an out-of-phase oscillation. The decrease of 
the electron-transfer rate on the second flash and the effect of pH are discussed with respect to the influence 
of the protein surrounding. 

%e primary reactions in the reaction center (RC)' of pho- 
tosynthetic purple bacteria were intensively studied. Together 
with the now available structural information, these studies 
led to a considerable understanding of the structure-function 
relationship in these transmembrane protein complexes that 
are often considered as a model for the whole variety of 
photosynthetic RC [for a review, see Feher et al. (1 989) and 
Huber (1989)l. The prosthetic groups bound to the hetero- 
dimeric core polypeptides called L and M are four bacterio- 
chlorophylls, two bacteriopheophytins, two quinones, and one 
non-heme iron. After excitation of the primary donor (P), a 
special pair of bacteriochlorophylls, charge separation takes 
place, and an electron is transferred along one of two sym- 
metric branches that is built by a bacteriochlorophyll, a 
bacteriopheophytin (BPhe) and a quinone (QA), thereby 
crossing the membrane. In isolated RC the primary radical 
pair P+BPhe- is formed in about 3 ps, and the electron is 
stabilized on the first quinone acceptor, QA, in about 200 ps 
if QA is oxidized. When QA is reduced before light excitation, 
the primary radical pair decays in the nanosecond time range 
by several paths including back-reaction either to the ground 
state or the excited state of singlet or triplet character. 
Secondary electron transfer includes the reoxidation of QA- 

by electron transfer to the secondary quinone acceptor, QB, 
and the rereduction of P+ by secondary donors. In the case 
of Rhodopseudomonas viridis a tightly bound tetraheme cy- 
tochrome subunit can rereduce P+ in the submicrosecond range 
(Holten et al., 1978). 

In this work we shall focus on the reactions on the acceptor 
side [for a review, see Crofts and Wraight (1983)l. In Rps. 
viridis, QA is menaquinone and QB is ubiquinone. But even 
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when both are the same chemical species, as for example in 
Rhodobacter sphaeroides, their function in electron transfer 
in the RC is different. QA is tightly bound to the protein and 
under physiological conditions accepts only one electron. QB 

is weakly bound, except in the singly reduced semiquinone state 
(Diner et al., 1984). It accepts consecutively two electrons 
from QA together with the uptake of two protons. The quinol 
formed can leave the RC and be replaced by a quinone from 
the pool of quinones in the membrane (McPherson et al., 
1990). Thus the quinone-iron acceptor complex works as a 
two-electron gate, which leads to the well-established binary 
oscillation behavior between the quinone and semiquinone form 
of QB in successive flashes (VermEglio, 1977; Verm6glio & 
Clayton, 1977; Wraight, 1977). Information obtained from 
the three-dimensional structure of the RC supports the idea 
that the different local protein environment is responsible for 
the different function of the quinones, and much effort has 
been made (especially by site-specific mutagenesis) to obtain 
a more detailed picture of the molecular mechanism underlying 
the function. 

Equilibrium redox titrations show a pH dependence of the 
midpoint potential (E,) of QA (-60 mV/pH) up to a pK of 
about 7.8 in Rps. viridis (Prince et al., 1976). QA- is not 
protonated directly during photosynthetic electron transfer, 
the protonation rather involving the protein, as proposed re- 
cently for Rb. sphaeroides (Maroti & Wraight, 1988; 
McPherson et al., 1988). Probably a shift in the pK values 
of several protonatable amino acid residues induced by the 
electrical charge on QA leads to a partial proton uptake. The 

I Abbreviations: RC, reaction center(s); P, primary electron donor; 
BPhe, bacteriopheophytin; Qa and Qe, primary and secondary quinone 
acceptor; DAD, diaminodurene (2,3,5,6-tetramethyl-p-phenylenedi- 
amine); TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine; CCCP, 
carbonyl cyanide m-chlorophenylhydrazone 
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ble-flash experiment the reoxidation of the primary quinone 
acceptor can be followed. Whereas with oxidized Q A  the 
photovoltage signal is composed of the primary charge sepa- 
ration step of BPhe reduction and the subsequent electron 
transfer to QA, this latter positive phase is replaced by a 
negative phase due to the back-reaction of the primary radical 
pair if QA is already (or still) reduced. 

In this study we used the sensitivity of the photovoltage 
kinetics to the redox state of QA to study by double-flash 
measurements the reoxidation of this component in the intact 
system. By choosing appropriate redox conditions and by 
varying the number of preflashes prior to the probe flash, the 
kinetics of electron transfer from Q A  to the oxidized and 
semireduced form of QB were studied as a function of pH. We 
show that the interquinone electron transfer is quite fast and 
independent of pH if QB is oxidized. However, if the latter 
is already semireduced, its further reduction is slowed down 
and becomes proportional to the bulk proton concentration 
above a pH of about 9.4, indicating that a concomitant proton 
uptake might be the rate-limiting step for the transfer of the 
second electron. 

EXPERIMENTAL PROCEDURES 
Cultures of Rps. uiridis cells were grown as described 

(Cohen-Bazire et al., 1957). Chromatophores were prepared 
from the cells by a French press treatment followed by sucrose 
density gradient centrifugation. Samples were stored as a 
pellet at -30 OC until use. For measurements, they were 
thawed, diluted in 10 volumes of 50 mM buffer, and incubated 
about 5 min with 5 mM ferricyanide and 200 pM DAD before 
being washed two times in 10 volumes of 50 mM buffer. The 
following buffers were used: MOPS (pH 7), tricine (pH 8), 
and glycine (pH 9-1 1). For whole cells about 2 pg/mL of 
gramicidin and of the uncoupler CCCP were present from the 
first washing step on to ensure pH equilibration and to shunt 
the membrane potential. The pH was checked in the last 
supernatant. Chromatophores were washed in 10 mM buffer 
to decrease the salt concentration as necessary for electrical 
orientation. Redox chemicals and inhibitors were added before 
the measurement as indicated. With whole cells, the photo- 
voltage kinetics were measured according to the light-gradient 
technique essentially as described earlier (Trissl et al., 1987b). 
Chromatophores were oriented by sedimentation on the 
platinum electrode of the microcoaxial measuring cell by 
applying a short electric field pulse (ca. 500 V/cm, 100 ms). 
The concentration of the samples corresponded to an optical 
density at 532 nm of about 0.5 ( d  = 0.01 cm). Submicro- 
second preflashes were obtained from a dye laser (Electro- 
Photonics Ltd., model 23) operated with rhodamine 6G (600 
nm, = 10 mJ/cm2, FWHM 200 ns). The picosecond probe 
flash was from a mode locked, frequency doubled Nd-YAG 
laser (Quantel, France, FWHM 30 ps), the energy of which 
was attenuated by neutral density filters to about 250 pJ/cm2 
in order to be in the quasilinear range of the saturation curve. 
This excludes complications by nonlinear effects of the light 
gradient (Leibl & Trissl, 1990). It was checked that the 
preflashes were saturating and the energy was stable from flash 
to flash for a spacing of 100 ms between multiple preflashes. 
The delay between the (last) preflash and the picosecond probe 
flash was monitored with an oscilloscope. Due to the jitter 
inherent to the picosecond flash, for delay times shorter than 
about 30 p s  the shots were selected into separate groups to 
average only data with an identical delay within the error of 
5% or 1 ps, whatever is larger. In general, between 5 and 10 
traces were averaged with a spacing of not less than 10 s 
between each cycle. After about 30 shots, the sample was 

protonation state of nearby amino acid residues, on the other 
hand, influences the redox midpoint potential of the quinone. 
In Rb. sphaeroides it was shown that an even stronger in- 
teraction with protonatable groups exists in the case of QB and 
the resulting change in free energy between the states QA-QB 
and QAQB- contributes to the driving force for the electron 
transfer between the quinones (Kleinfeld et al., 1984). For 
the first reduction of QB the protonation of the RC serves to 
stabilize the semiquinone that is not protonated directly, 
whereas the formation of the quinol after a second charge 
separation implies that two protons must be supplied to QB 
before it can leave the RC and be replaced by an oxidized 
quinone. These protons that are taken up in the RC at the 
cytoplasmic side of the membrane and released into the per- 
iplasmic compartment during the oxidation of the quinol by 
the cytochrome b-c, complex are the main contribution to the 
transmembrane proton gradient that drives the synthesis of 
ATP and plays a crucial role in photosynthetic energy con- 
version. 

The QB site is of interest also from another point of view: 
it constitutes the site of action of many herbicides that compete 
with QB at its binding site and block secondary electron 
transfer. The efficiency of different inhibitors seems to be 
governed by the same mechanisms that determine the prop- 
erties of the two quinone acceptors, namely, their interaction 
with amino acid residues in the binding pocket. Therefore the 
study of well-characterized herbicide-resistant mutants can 
give useful information on the structurefunction relationship 
of electron and proton transfer on the acceptor side of pho- 
tosynthetic RC. 

The interquinone electron transfer in purple bacterial RC 
has been studied by different methods. The most direct me- 
thod is the detection of absorbance changes related to the redox 
state of QA or QB, either direct quinone absorption bands or 
electrochromic shifts of the BPhe absorption, that are different 
for the two anionic semiquinones, QA- and QB-, especially in 
the near-infrared region (VermEglio & Clayton, 1977; 
VermEglio, 1982; Shopes & Wraight, 1985). However, com- 
plications of these measurements by possible contributions of 
other absorbance changes and the necessary high time reso- 
lution have so far hindered its use for kinetic measurements 
in Rps. uiridis. 

Other more indirect methods are double-flash measure- 
ments. The yield of cytochrome oxidation on the second flash 
in Rps. uiridis was measured by Carithers and Parson (1975). 
They reported half-times for QA- reoxidation varying from 6 
to 30 ps between pH 7 and 8. Beside this early work and some 
recent results obtained by measuring the long-lived (>milli- 
second) formation of P+ in the near-infrared (Mathis, personal 
communication), to our knowledge there are no other kinetic 
data available. Thus, in contrast to the situation in Rb. 
sphaeroides where the kinetics of the electron transfer between 
the quinones are well studied and detailed energetic models 
have been proposed, in Rps. uiridis information about these 
reactions is still sparse. 

Time-resolved photovoltage measurements have already 
been used to study the primary electrogenic reactions in whole 
cells of Rps. uiridis and Rb. sphaeroides (Deprez et al., 1986, 
Dobek et al., 1990, Trissl et al., 1990). They allowed direct 
measurements of the transmembrane electron transfer from 
P to BPhe and then to QA and the evaluation of the relative 
dielectrically weighted distances between the electron carriers. 
The electron transfer from QA to QB is not electrogenic 
(Dracheva et al., 1988) and can therefore not directly be 
observed by a photovoltage technique. However, in a dou- 
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In this form the amplitudes and kinetics can directly be as- 
signed to the electron transfer steps in the RC. The difference 
between the two traces with and without preflash is due to the 
replacement of the -200 ps rise of electrogenicity according 
to electron transfer from BPhe to QA by a 2 4 s  back-reaction 
of the primary radical pair (Trissl et al., 1990). The photo- 
voltage kinetics were virtually identical when QA was prere- 
duced either by background light in the presence of the in- 
hibitor o-phenanthroline or chemically by the addition of 
dithionite. Under the latter conditions, strong white back- 
ground light led to the disappearance of the signal as a result 
of accumulation of reduced BPhe (Deprez et al., 1986). The 
kinetics were essentially the same in whole cells and chro- 
matophores (data not shown). In the case of reduced QA, the 
maximum amplitude of the photovoltage before deconvolution 
was decreased to about 50%. 

The kinetics of the charge separation can be described by 
the following reaction scheme: 
RC with QA oxidized 

PBPhe QA 2 P+BPhe- QA 2 P'BPhe Q A -  
AI A2 

(1) 

RC with QA reduced 

P BPhe QA- $ P+BPhe- QA- A P BPhe QA- (2) 

The kinetics in the case of oxidized QA are determined by three 
parameters, the trapping time T ~ ,  defined as the time constant 
of the appearance of the first charge-separated state (P+- 
BPhe-), the time constant for the second step of charge sep- 
aration (QA reduction) 7 2 ,  and the electrogenicity of this 
electron transfer step relative to the first one, A2/AI .  Similarly, 
in the case of reduced QA the trapping time r3, the time 
constant for the back-reaction r4, and the relative electro- 
genicity of the back-reaction A4/A3  are involved. 

From Figure 1, it can be seen that, once the parameters of 
the photovoltage kinetics in the extreme cases of completely 
oxidized and reduced RC are determined, an analysis of the 
photovoltage kinetics allows for the extraction of the fraction 
of QA reduced at the moment the picosecond probe flash was 
given. This determination can be done by a fit of the pho- 
tovoltage kinetics optimizing one single parameter. The de- 
pendence of the fraction of RC with QA still reduced as a 
function of the corresponding delay time between preflash and 
probe flash gives the kinetics of QA- reoxidation under the 
reasonable assumption that the transfer of an electron from 
BPhe to QA is only possible if QA is oxidized. 

The yield of the first step of charge separation is independent 
of the redox state of QA in Rps. viridis (Trissl et al., 1990). 
Therefore, in our case it is essentially the time constants and 
relative amplitudes of the second steps in the reaction schemes 
1 and 2 that are important. 

The relative amplitude of the back-reaction is usually taken 
as -1. This and the simple scheme 2 imply that the back- 
reaction is monophasic. The high signal-to-noise ratio of the 
present measurements, especially with oriented membranes, 
showed that this is not exactly true: the fit of the decay of 
the primary radical pair in the presence of reduced QA by a 
single exponential showed significant deviations that could be 
accounted for by assuming that about 10-15% of the radical 
pair decays more slowly than the dominant part. The reason 
for this could be a heterogeneity of charge recombination, 
perhaps due to a relaxation of the radical pair (Sebban & 
Barbet, 1984; Woodbury & Parson, 1984) or other than ex- 
ponential kinetics, perhaps connected to a partial formation 
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FIGURE 1 : (a) Kinetics of the photovoltage in whole cells of Rps. viridis 
evoked by a picosecond laser flash (30 ps FWHM) determined in 10 
mM DAD, IO mM o-phenanthroline, and 50 mM glycine, pH 9.0. 
The excitation energy was ca. 250 pJ/cm2. The data correspond to 
an average of IO (upper trace) and 7 (lower trace) traces. The smooth 
lines are best fits according to the reaction scheme described in the 
text. The time constants used are T~ = 25 ps, T* = 175 ps, T~ = 40 
ps, and r4 = 2 ns. The relative electrogenicity factors used are A ,  
= A, = I ,  A2 = 1.2, A4 = -1.  (Upper trace) without preflash; (lower 
trace) with a saturating preflash given 20 ps before the picosecond 
flash. In the lower trace the kinetics were decomposed (see Results) 
into 96% kinetics (2) and 4% kinetics (1 )  yielding 96% of QA reduced. 
(b) The same data as in panel a with the instrumental capacitative 
decay (T = 1.3 ns) deconvolved. (Dashed line) Best fit of the de- 
convolved photovoltage kinetics from oriented purple membranes 
(Halobacterium halobium), demonstrating the time resolution of the 
apparatus. 

changed. For every sample, at the beginning and the end of 
data acquisition, reference kinetics without preflash were re- 
corded to calibrate the photovoltage kinetics for fully oxidized 
primary acceptor and to detect any alteration of the sample 
during the measurement. Analysis of the kinetics was per- 
formed by iterative convolution of a linear combination of the 
charge separation kinetics in the case of oxidized and reduced 
QA with the apparatus response function as described elsewhere 
(Trissl et al., 1987a). The determined values for the fraction 
of reduced QA at different delay times between preflash and 
probe flash were subjected to a nonlinear least-squares fit 
procedure (Leatherbarrow, 1989) to extract the kinetics of the 
QA- decay. 

RESULTS 
Basic Photovoltage Kinetics. The observed kinetics of the 

photovoltage in whole cells of Rps. viridis with QA oxidized 
and QA largely reduced are shown in Figure l a  (upper and 
lower trace, respectively). In both experiments, 10 mM o- 
phenanthroline was present and in the lower trace a saturating 
preflash was given 20 ps before the picosecond flash. The 
overall shape of the traces is largely determined by the dis- 
charge of the capacitative measuring cell that leads to a dif- 
ferentiation of the photovoltage signal with a time constant 
of about 1.3 ns. To reveal the pertinent information, it is useful 
to display the kinetics after deconvolution of the capacitative 
discharge (identical for both traces) as shown in Figure lb. 
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and decay of the radical pair triplet state. A detailed study 
of the back-reaction, however, is beyond the scope of this work 
and will be treated in another publication. We used for the 
analysis a single-exponential decay with a time constant of 2 
ns. It was checked that fitting the decay of the primary radical 
pair by a single or double exponential had only a minor effect 
(less than 2%) on the evaluation of the fraction of reduced RC, 
which is investigated in the present study. 

In the case of oxidized QA, there is an uncertainty inherent 
in the analysis concerning the value of the relative electro- 
genicity of the second electron-transfer step (parameter A, in 
Figure 1). This value cannot be extracted with reasonable 
precision from a kinetic analysis alone. Therefore, in an earlier 
publication this parameter was determined by using multiple 
information (Trissl et al., 1990). We now have indications 
that the kinetics and/or electrogenicity of this phase depend 
somewhat on the preparation and the ionic conditions. How- 
ever, the value of the electrogenicity of QA reduction affects 
mainly the amplitude and hardly the kinetics of the photo- 
voltage. Because the analysis presented here is based on the 
kinetics rather than on the amplitude of the photovoltage, the 
uncertainty in the value of A ,  is not critical. The close 
agreement between the concentration of reduced QA extracted 
from the analysis of either the kinetics or the maximum 
photovoltage amplitude (not shown) confirmed the value of 
A2 = 1.2 used for the analysis. The other values of the pa- 
rameters that describe the photovoltage kinetics in the case 
of oxidized and reduced QA and that are used for the evalu- 
ation of the fraction of RC with QA reduced are given in Figure 
1 .  

Reoxidation Kinetics of QA-. By varying the delay time 
between a saturating preflash and the picosecond probe flash, 
we studied the reoxidation kinetics of QA- created by the 
preflash at  various pH. In addition, to detect any change in 
the electron-transfer rate to either QB or QB-, we varied the 
number of preflashes to switch the RC between these states. 
For this experiment to work, it was necessary to add an ap- 
propriate redox mediator in a concentration high enough to 
reoxidize any QB- in the dark time between the averaging 
cycles (about 10 s) but not within the time between two 
preflashes (100 ms). We found that under our conditions this 
could reasonably be achieved by the addition of 10 mM DAD 
or of 1-3 mM TMPD (see Discussion). To prove that the 
reoxidation of QA- is really due to the electron transfer to QB 

and not to some external acceptor, we measured, as a control 
the same process, the reoxidation of QA- after addition of the 
inhibitor o-phenanthroline, which is known to block electron 
transfer beyond QA (VermBglio et al., 1980). 

The fraction of reduced QA as a function of (delay) time 
after one and two saturating preflashes is shown in Figure 2 
on a logarithmic time scale for the lowest and highest pH value 
studied in the presence of 10 mM DAD and 3 mM TMPD, 
respectively. For a satisfying fit of the QA- reoxidation kinetics, 
generally neither a single-exponential (first-order reaction) nor 
a single-hyperbolic kinetics (second-order reaction) was suf- 
ficient. With two-exponential phases, however, the data could 
be well described, the resulting kinetics lying somewhere be- 
tween the two simple cases stated above. When the rates 
differed by less than a factor of about 5 ,  the data did not allow 
the extraction of the parameters of this biexponential kinetics 
with reasonable precision. In this case, the half-times are used 
to describe the kinetics. 

The reoxidation of QA- after a single saturating preflash 
(open circles in Figure 2) displayed a half-time of about 20 
ps both at pH 7 (Figure 2a) and pH 11 (Figure 2b). The open 
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FIGURE 2: Decay kinetics of QA- after one (0) and two (0) saturating 
preflashes. Shown are data from two sets af experiments. Solid lines 
show the best fit of two exponentials. (A) Same conditions as for 
(0) but in the presence of 10 mM o-phenanthroline. (a) pH 7, DAD 
(10 mM) added. (b) pH 11, TMPD (3  mM) added. 
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FIGURE 3: Binary oscillation of QA- reoxidation rate. The fraction 
of QA still reduced 100 ps after the last preflash as a function of the 
number of preflashes is shown. heflashes were spaced 100 ms apart. 
DAD (10 mM) was added, pH 10. Other experimental conditions 
were as given in the legend to Figure 2. 

squares in Figure 2 show the same experiment as the open 
circles with the same sample except that an additional preflash 
was given 100 ms before. Under these conditions, the reox- 
idation kinetics of QA- were slowed down about 2-fold at  pH 
7. At higher pH the effect was much more pronounced, the 
deceleration reaching a factor of > 100 at pH 11 (Figure 2b). 
At all pH values a third preflash had the effect to bring the 
QA- reoxidation kinetics back very close to the one after only 
one preflash although a small fraction of the slower kinetics 
remained (data not shown). At high pH (Figure 2b) there 
is obviously a 20% phase with the "wrong" kinetics present 
(slow on the first preflash, fast on the second preflash). As 
we will discuss below, this phase can be attributed to a residual 
fraction of QB- present before the flash sequences. In Figure 
3 it is shown that when the fraction of QA still reduced after 
100 ps is plotted against the number of preflashes (spaced 100 
ms) a damped binary oscillation is found. This means that 
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FIGURE 4: Decay kinetics of QA-. 500 pM DAD was added, pH 10. 
(0) No 0-phenanthroline, one preflash; (A) 10 mM o-phenanthroline, 
one preflash; (A) 10 mM o-phenanthroline, two preflashes spaced 
100 ms apart. Data from two sets of experiments are shown. 

the electron transfer from QA to the next electron carrier is 
faster on odd-numbered preflashes and slower on even-num- 
bered preflashes, a behavior that can be attributed to QB 

functioning as a two-electron gate. Although this oscillation 
is present at all pH values, it is more pronounced at  high pH, 
where the difference between the first and second electron 
transfer rate is much larger (compare panels a and b in Figure 
2) * 

To corroborate the assignment of the observed QA reoxi- 
dation to the electron transfer to QB, control measurements 
were made after addition of the inhibitor o-phenanthroline to 
the sample. Neither a significant decrease of the photovoltage 
amplitude nor a change of the photovoltage kinetics induced 
in dark-adapted samples was found upon addition of the in- 
hibitor. The effect of the addition of 10 mM o-phenanthroline 
on the decay of QA- is also shown in Figure 2 (triangles). More 
than 90% of the RC at pH 7 and about 80% at pH 11 showed 
a slow reoxidation of QA- in the second range that is expected 
for a back-reaction with oxidized cytochrome (Shopes & 
Wraight, 1985; Gao et al., 1990).* Carithers and Parson 
(1975) reported that blocking of the electron transfer by o- 
phenanthroline is not complete but saturates at  about 88% 
blockage. This could explain why we never succeeded in 
blocking 100% of the RC by o-phenanthroline, as obvious from 
the = 10% rapid reoxidation of QA- found in our experiments 
(see Figure 2a). The larger fraction of RC not blocked at high 
pH (Figure 2b) is most likely caused by a residual fraction 
of QB- in the dark (see below and Discussion). 

The different QA- reoxidation kinetics after one and two 
preflashes (Figure 2) and the oscillation behavior obvious in 
Figure 3 were seen only in the presence of a relatively high 
concentration of DAD (10 mM) or TMPD (1-3 mM; we 
suppose that the high concentration necessary to oxidize QB- 

is due to the fact that under our experimental conditions the 
mediators were largely reduced). If only 500 pM DAD was 
added, no significant oscillation was observed and the reoxi- 
dation kinetics of QA- were the same after one and two pre- 
flashes (data not shown). However, the QA- reoxidation ki- 
netics were clearly biphasic, and they could at all pH be well 
fitted by about equal amounts of the fast and the slow kinetics 
after one and two preflashes described above (Figure 2). This 
behavior is shown in Figure 4 (circles) for high pH (10) where 
the two phases are well separated. 

QA- has not decayed completely after the longest delay time in 
Figure 2 (1 s) but has decayed almost completely within the time between 
the averaging cycles (IO s). 
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FIGURE 5: Best fits (two exponentials) of the reoxidation kinetics of 
QA-measured in the presence of 10 mM DAD (pH 7-10) or 1-3 mM 
TMPD (pH 10 and 11) at different pH. (a) Following the first 
preflash; (b) following the second preflash. (Solid lines) left, pH 7; 
right, pH 11; (dashed line) pH 8; (dotted line) pH 9; (dashed-dotted 
line) pH IO. For the minor phase at pH 10 and 11, see the text. 

The effect of o-phenanthroline under this condition was very 
incomplete. Only 50% of QA- decays by back-reaction (Figure 
4, filled triangles). Moreover, the decay of QA- in the RC that 
are not blocked by the inhibitor was clearly identical with the 
slower phase found in the absence of the inhibitor, whereas 
an additional preflash restored partly the faster phase (compare 
open and closed triangles in Figure 4). This means the RC 
that are not blocked show an out-of-phase oscillation. Together 
with the QA- reoxidation kinetics in the absence of o- 
phenanthroline, these findings indicate that prior to the flash 
sequence about 50% of the RC were in the state QB-, a state 
that is known to prevent the binding of o-phenanthroline 
(Vermcglio et al., 1980; Wraight & Stein, 1980). A more 
complete blocking could neither be achieved by an increase 
of the concentration nor by a change of the nature of the 
inhibitor (terbutryn at 100 pM) but was reached by a further 
addition of DAD or TMPD. In part this out-of-phase oscil- 
lation is also well seen in Figure 2b at  high pH for a minor 
20% fraction showing a slow electron transfer on the first flash 
and a fast one on the second flash. This would also explain 
the less efficient blocking by o-phenanthroline under these 
conditions (Figure 2b) compared to normal pH (Figure 2a). 

For an easier comparison, the electron transfer kinetics on 
the first and second preflash measured for a pH varying be- 
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Table 1: Half-Times of the Electron Transfer Kinetics from 0.- to 0. and 0.- 
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7 8 9 10 1 1  
QA- - QB 1 7 h 3 p s  1 9 h 3 p s  1 8 * 4 p s  19 i 3 ps 21 i 3 ps 
QA- -. QB- 40 i 10 ps 10 * 15 ps 80 * 25 ps 540 f 50 ps 3.3 f 0.3 ms 

I '  I I I ' I  
0.1 k-1 

0.001 

O.O1 1 
0.0001 1 ' I I I 

8 9 10 1 1  7 

PH 
FIGURE 6: Rate of QA- reoxidation as a function of pH for the states 
Q B  (0) and QB- (m). Rate constants were calculated as (T,$-'. Error 
bars show cumulative errors due to different sets of experiments and 
the standard deviation of the parameters of the kinetic analysis. 
tween 7 and 1 1  is shown in Figure 5 ,  panels a and b, re- 
spectively. The corresponding half-times are listed in Table 
I together with the estimated error that takes into account 
variations between different experiments and the standard 
deviation of the kinetic analysis. As a basis for an interpre- 
tation in terms of energetics, a half-logarithmic plot of rate 
constants as a function of pH is commonly used. Such a plot 
of rate constants calculated as the reciprocal of the half-times 
is shown in Figure 6. It can be seen that the rate of the first 
electron transfer stays rather constant over the whole pH range 
studied. In contrast, for the second electron transfer, a range 
of only slight pH dependence at  low pH changes above pH 
9 into a region where the rate decreases linearly with the proton 
concentration. 
DISCUSSION 

Redox State of Q B .  Continuous illumination leads to an 
equilibrium concentration of 50% of Q B  in the semiquinone 
form even if the intensity is very weak. This is a consequence 
of the much stronger (1 Os) binding of this form compared to 
Q B  and QBH2 (Crofts & Wraight, 1983). One photon per RC 
within the lifetime of the semiquinone is sufficient to keep 50% 
of Qe in the semiquinone form. On the other hand, it is not 
possible to increase the concentration of Q B -  to above 50% by 
increasing the intensity of the continuous light because under 
this condition for every RC where Q B -  is created after the 
absorption of a photon, there is another one where at the same 
time Q B  becomes doubly reduced and replaced by an oxidized 
quinone if available from the pool. The extent and kinetics 
of the reoxidation of the semiquinone depend strongly on the 
redox potential and the presence of a suitable mediator 
(Mulkidjanyan et al., 1986). Whereas in isolated RC the 
acceptor side is accessible for artificial acceptors such as 
ferricyanide (Shopes & Wraight, 1986) that might reoxidize 
Q B  via Q A ,  in  chromatophores or even whole cells the semi- 
quinone can be extremely stable. 

In our experiments it turned out that the deceleration of the 
QA- reoxidation by inhibitors like o-phenanthroline is a very 
precise monitor of the presence of QB-,  a state in which in- 
hibition of electron transfer fails. Without a sufficient amount 
of redox mediators like DAD or TMPD, even prolonged dark 

adaptation under our aerobic conditions did not lead to a 
complete reoxidation of this electron carrier. Interestingly, 
a t  low pH in the absence of DAD or TMPD, the addition of 
o-phenanthroline led to a significant reduction of Q A  in the 
dark. This effect disappeared at higher pH (10) and can be 
attributed to the pK shift of Q A  from 7.8 to 10 induced by 
o-phenanthroline (Prince et al., 1976). This observation shows 
at the same time that the pH adjusted in the external phase 
of the cell suspension was operative also on the cytoplasmic 
side of the photosynthetic membrane, a prerequisite for the 
study of pH effects on acceptor side reactions. 

To study the influence of the redox state of Q B  on the 
electron transfer, it is desirable to prepare the semiquinone 
state in all RC. Because of the overlapping redox transitions 
between Q B / Q B -  and QB-/QBHs this cannot be achieved by 
redox titration, at least not at normal pH (Rutherford et al., 
1979; Rutherford & Evans, 1979). A possibility is to convert 
all RC from the state Q B  to Q B -  by a saturating preflash, but 
this requires that all RC are in the state Q B  before the preflash. 
When we optimized the concentration of the redox mediator, 
it turned out that at the concentration necessary to completely 
oxidize Q B -  in the dark or in the 10 s interval between the flash 
groups (monitored by the effect of o-phenanthroline or by the 
almost complete removal of the slow phase on the first preflash 
at high pH; see Figure 2b and 4), a significant fraction of Q B -  
created by the first preflash was already reoxidized during the 
100 ms delay before the second preflash. This apparent 
contradiction could be explained by a heterogeneous QB-  re- 
oxidation that is severely hindered in about 20% of the RC. 
One might speculate that this fraction of RC could also be 
responsible for the damping of the oscillation (Figure 3) and 
the incomplete regeneration of the fast QA- reoxidation phase 
in the two-preflash experiment of Figure 4 (open triangles). 
In these RC the exchange of QBH2 by oxidized Q B  within the 
100 ms between the preflashes could fail perhaps due to the 
redox state of the quinone pool. 

Another possible explanation for the incomplete fast reox- 
idation of Q A -  on the first preflash at high pH (Figure 2b) 
could be based on an analogy to the situation in other purple 
bacteria. In Rb. sphaeroides as well as in Chlorofexus au- 
rantiacus the one-electron transfer equilibrium between Q A Q B  
and Q A Q B -  was found to approach 1 at high pH, i.e., the state 
Q A - Q B  becomes energetically more favored a t  high pH 
(Kleinfeld et al., 1984; Venturoli & Zannoni, 1988). We can 
reject this possibility for two reasons. First, in Rps. viridis 
the apparent equilibrium constant was found to be considerably 
higher than in Rb. sphaeroides and relatively constant between 
pH 7 and 11 (Wraight et al., 1987; Baciou et al., 1990; Gao 
et al., 1991). Second, the fraction of Q A -  where electron 
transfer to QB fails should be stable for at  least the lifetime 
of Q B -  (>lo0 ms) and decay either by back-reaction or 
electron transfer to external acceptors. The minor slow phase, 
however, shows a reoxidation of QA- in some milliseconds that 
can hardly be explained by a one-electron transfer equilibrium 
shifted in favor of the state Q A - Q B .  Thus the data show that 
in Rps. viridis electron transfer to Q B  is largely energetically 
favored even at  pH 11. 

It should be noted that for pH >10 the redox mediator DAD 
was no longer capable of completely oxidizing QB. This is the 
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consequence of the proton uptake by DAD upon reduction over 
the whole pH range, which leads to a roughly -60 mV/pH 
unit dependence of the redox midpoint potential on pH, 
reaching 0 mV at about pH 11 (Prince et al., 1981). At high 
pH, we therefore used the chemically similar TMPD that 
shows a pH-independent redox midpoint potential above its 
pK of about 6.5 (Prince et al., 1981). In fact, TMPD was 
found to be more efficient at high pH than DAD, but the 
equilibration across the membrane seemed to be more difficult 
in the case of TMPD. In addition, we found that TMPD at 
concentrations higher than a few millimolar diminished con- 
siderably the photovoltage amplitude induced by the nonsa- 
turating picosecond flash. Guided by the fact that the rela- 
tionship between the amplitude and the concentration of 
TMPD followed a typical Stem-Volmer plot (data not shown), 
we tentatively attribute this effect to a quenching of excited 
states in the antenna that affects the trapping yield. Therefore, 
we used TMPD only at high pH. 

Summing up, we propose that the minor phase in the Q A -  
reoxidation kinetics at high pH (Figures 2b and 5) is not due 
to a biphasic electron transfer kinetics but is rather the result 
of a residual fraction of QB not being in the same redox state 
as the bulk population. This conclusion is mainly based on 
the observation that this minor phase shows out-of-phase 
binary oscillations and is affected by the concentration of redox 
mediators. 

Kinetics of the First Electron Tranfer, QA-  - Q B .  For a 
single Q A -  reoxidation kinetics, the analysis of the data gives 
no clear indication for or against the use of a first-order kinetics 
to describe the decay. This is mainly due to the noise that is 
present in the data, especially in the tail where the concen- 
tration of QA- approaches zero. However, the analysis of a 
large number of such kinetics shows rather clearly that they 
cannot simply be described by a single first-order reaction. We 
found that under conditions where both redox states of Q B  were 
present (low concentration of DAD) and the kinetics of the 
first and second electron transfer were not well separated (pH 
1 9 )  the Q A -  reoxidation kinetics could be described by a single 
second-order kinetics. 

It has already been suggested that electron transfer between 
the quinones in purple bacteria follows a kinetics that is 
somewhere between first and second order (Parson, 1969; 
Carithers & Parson, 1975). In general for a reaction to follow 
a second-order kinetics, there must be a bimolecular reaction 
that limits the rate even if the former reaction itself is first 
order. In our case the reaction could be second order if there 
is a protonation event that is the rate-limiting step for the 
electron transfer to occur. It is known that reduction of Q A  

in the RC is connected to protonation events visible as a proton 
uptake. This was interpreted as a shift of the pK's of several 
amino acid residues in response to the charge transferred to 
the quinone (McPherson et al., 1988). The pK shifts will lead 
to the partial protonation of residues, i.e., at any time only a 
part of the residues will be protonated. If the protonation 
events occur on a functional time scale, this in turn could 
influence the electron transfer kinetics. Although not really 
resolved, we think that the complex reaction kinetics that is 
observed could be due to different energetic states of the 
acceptor site connected to partial rapid protonation. 

We find that the first electron transfer to Q B  occurs with 
a half-time of about 20 ps and does not depend on pH. This 
half-time is in excellent agreement with that determined earlier 
by Carithers and Parson (1975) at pH >7.6 by measuring 
cytochrome oxidation on the second flash. Whereas the non- 
exponential form of their kinetics is also in accordance with 
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our results, we could not confirm the strong acceleration upon 
lowering the pH. At present we cannot explain this discrep- 
ancy. The fact that we found the rate to be constant over a 
much wider pH range, however, lets a significant pH depen- 
dence below pH 8 in whole cells appear unlikely. Furthermore, 
the absolute rate as well as the pH dependence reported in this 
study are in agreement with recent results on chromatophores 
and RC of Rps. viridis obtained with two different optical 
methods (Mathis, personal communication). 

The kinetics of the first electron transfer may be compared 
with data obtained in other purple bacteria. In Rb. sphaer- 
oides this reaction was studied not only in the wild-type but 
in the recent years also in mutants with modified amino acid 
residues in the Q B  pocket. Early measurements showed a weak 
decrease of the rate of the first electron transfer by about a 
factor of 2 per pH unit (Wraight, 1979; Verm&glio, 1982). 
Kleinfeld et al. (1984) could not reproduce these results. 
Starting with about the same rate at pH 7 that corresponds 
to 200 ps, their rate starts to become proportional to the H+ 
concentration above pH 9, very similar to the behavior found 
in this work for the second electron transfer in Rps. viridis. 
The slower rate at low pH in Rb. sphaeroides compared to 
Rps. viridis could well be a consequence of the different nature 
of Q A .  However, the different pH dependence is not easily 
understood if the high homology of this region is taken into 
account. Interestingly, in Rb. sphaeroides Glu-L212 was 
identified to be responsible for this pH dependence having an 
anomalously high pK of 9.5. In a mutant where Glu-L212 
was changed for glutamine, the electron-transfer rate was 
completely independent of pH (Paddock et al., 1989). Because 
this residue is conserved in Rps. viridis, further studies on 
mutants of Rps. viridis will be necessary in order to understand 
the difference in the protonation events in Rb. sphaeroides and 
Rps. viridis. 

Kinetics of the Second Electron Transfer, QA- - QB-. 
When Q B  is in the semiquinone state the electron transfer 
between the quinones is decelerated. There is multiple evidence 
for this: the direct measurement of Q A -  reoxidation after one, 
two, or three preflashes under conditions where Q B  was es- 
sentially oxidized before the preflash(es) (Figure 2), the mixing 
of faster and slower kinetics under conditions where Q B  was 
only partly oxidized before the preflash(es) (Figure 4), and 
the binary oscillation of the fraction of Q A -  at a certain delay 
time after the last of a variable number of preflashes (Figure 
3).  The deceleration of the second electron transfer with 
respect to the first one becomes more pronounced with in- 
creasing pH especially above pH 9, where the rate decreases 
linearly with the bulk proton concentration (Figure 6). 

There exist no data about the second electron transfer in 
Rps. viridis. But in Rb. sphaeroides as well as in photosystem 
I1 a similar deceleration of the second electron transfer com- 
pared to the first one was found (Wraight, 1979; Bowes & 
Crofts, 1980; Verm&glio, 1982; Kleinfeld et al. 1985). 
Qualitatively the pH dependence found in Rb. sphaeroides 
compares to our data: the second electron transfer shows a 
slight pH dependence at low pH and becomes roughly pro- 
portional to the H+ concentration above pH 8. 

The deceleration compared to the first electron transfer can 
be interpreted as the effect of the negative charge on Q B -  that 
hinders the second electron transfer by coulombic repulsion. 
The strong pH dependence above pH 9 indicates that a pro- 
tonation event controls the electron transfer. We did not 
observe a clear titration wave between a fast and a slow phase 
but rather a continuous decrease of a single rate. This suggests 
that it is not the static protonation state of a single residue 
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with a pK of about 9.4 that governs the kinetics. It is more 
likely that a proton has to be supplied directly to the quinone 
to stabilize the second electron. If the groups involved in the 
proton transfer chain to QB are strongly coupled, it is not 
necessarily the pK of the direct proton donor to QB that is 
observed but perhaps that of a secondary donor. Even more 
simply at high pH, the uptake of a proton from the bulk phase 
could be the rate-limiting step for electron transfer. This would 
explain the linear relationship between H+ concentration and 
electron transfer rate. At lower pH the proton or electron 
transfer per se could be limiting. Although it seems obvious 
that the second electron transfer is strongly coupled to pro- 
tonation of QB, the exact order of events, which depends on 
the redox chemistry of QB in vivo, still remains an open 
question (Wraight, 1982; Takahashi & Wraight, 1990). 

Studies with mutants of Rb. sphaeroides where protonatable 
amino acid residues in the QB pocket have been replaced by 
unprotonatable ones allowed the identification of several 
residues that are involved in the proton transfer to QB and their 
effect on the electron transfer. It has been proposed that the 
first proton to QB, strongly coupled to the second electron 
transfer, comes via a hydrogen bond from Ser-L223, which 
again seems to be reprotonated by AspL213 (Paddock et al., 
1990 Takahashi & Wraight, 1990). The second proton, which 
is involved in quinol formation, comes from Glu-L212 (Pad- 
dock et al., 1989). This residue, as already stated, is also 
responsible for the pH dependence of the first electron transfer 
in Rb. sphaeroides. The residues Ser-L223 and Glu-L212 are 
present also in Rps. viridis and for both there exist mutants 
(Sinning et al., 1989; Ewald et al., 1990). The study of the 
electron transfer in these mutants will help to further char- 
acterize the role of these conserved amino acid residues. 

With this study we showed that time-resolved photovoltage 
measurements in the picosecond and nanosecond time range 
can successfully be used to study electron transfer between 
the primary and the secondary (quinone) acceptor in photo- 
synthetic RC occurring on a much slower time scale. The 
method is based on a kinetic analysis of the electrogenic events 
of forward and backward reactions switched by the presence 
of an electron on QA. As a doubleflash method, it is applicable 
to cases where the donation to the oxidized primary donor after 
a single-turnover flash is faster than the reoxidation kinetics 
of the acceptor under study. In mutants in which amino acid 
residues in the region of the quinone-iron acceptor complex 
are modified, QB or even QA are often not stable in isolated 
RC. The fact that photovoltage signals with a sufficient 
signal-to-noise ratio can be obtained from whole cells makes 
it a promising method for the study, in site-specific mutants, 
of the structurefunction relationship of this reaction that links 
electron and proton transport in photosynthetic energy con- 
version. 
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ABSTRACT: Using 12SI-labeled phenol-alanine sparsomycin, an analogue of sparsomycin having higher 
biological activity than the unmodified antibiotic, we studied the requirements and the characteristics of 
its interaction with the ribosome. The drug does not bind to either isolated ribosomal subunits or reconstituted 
whole ribosomes. For sparsomycin binding to 70s and 80s ribosomes, the occupation of the peptidyl- 
transferase P-site by an N-blocked aminoacyl-tRNA is a definitive requirement. The sparsomycin analogue 
binds to bacterial and yeast ribosomes with K,  values of around lo6 M-' and 0.6 X lo6 M-', respectively, 
but its affinity is probably affected by the character of the peptidyl-tRNA bound to the P-site. Chlor- 
amphenicol, lincomycin, and 16-atom ring macrolides compete with sparsomycin for binding to bacterial 
ribosomes, but streptogramins and 14-atom ring macrolides do not. Considering the reported low affinity 
of puromycin for bacterial ribosomes, this antibiotic is also a surprisingly good competitor of sparsomycin 
binding to these particles. In the case of yeast ribosomes, blasticidin is a relatively good competitor of 
sparsomycin interaction, but anisomycin, trichodermin, and narciclasin are not. As expected, puromycin 
is a poor competitor of the binding in this case. The results from competition studies carried out with different 
sparsomycin analogues reveal, in some cases, a discrepancy between the drug ribosomal affinity and its 
biological effects. This suggests that some intermediate step, perhaps a ribosomal conformational change, 
is required for the inhibition to take place. 

Sparsomycinl (Figure 1 )  is a broad-spectrum antibiotic that 
inhibits protein synthesis by interacting with the ribosome at 
the peptidyl transferase center, blocking peptide bond for- 
mation [see Ottenheijm et al. (1986) for a review on sparso- 
mycin] . Lately, the preparation of sparsomycin derivatives 
considerably more active than the original drug (van den Broek 
et al., 1987, 1989)-some of which have produced promising 
results in ongoing clinical tests (Zylicz, 1988)-has stirred up 
new interest in this drug as an antitumor agent. Sparsomycin 
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is also of considerable interest from an even more basic point 
of view since its strong inhibitory activity on all cell types, 
including the highly resistant archaebacteria (Cammarano et 
al., 1985), indicates the existance of a highly conserved target 
for drug action in all ribosomes. In fact, sparsomycin has been 
extensively used as a tool in ribosome and protein synthesis 
studies (Ottenheijm et al., 1986). The drug has been found 
to induce intriguing effects on the ribosomal particle, con- 
firming a close interrelation between the A- and P-sites in the 
peptidyl transferase center. Thus, sparsomycin blocks the 

I Abbreviations: sparsomycin, N-[ l-(hydroxymethyl)-2-[ [(methyl- 
thio)methyl] sulfinyl]ethyl]-3-( 1,2,3,4-tetrahydro-6-methyl-2,4-dioxo-5- 
pyrimidinyl)-2-propenamide; phenol-alanine sparsomycin, derivative in 
which the (methy1thio)methyl group has been replaced by 4-hydroxy- 
phenyl and the hydroxymethyl group has been replaced by methyl, i.e., 
N- [ 1 -methyl-2-[ (4-hydroxyphenyl)sulfinyl ]ethyl]-3-( 1,2,3,4-tetrahydro- 
6-methyl-2,4-dioxo-5-pyrimidinyl)-2-propenamide. 
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