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The rate constant of decay of the flash-induced absorbuuen changes related to the primary electron donor, 
P +, was measured in anthraquinone-reconstitated reaction centers from wild type Rhodolmcter sphaerold~$ 
(strain Y). The decay was found to he biphesic. At pH 9, the two rate constants are equal to 166 + 20 s - t  
(k~t~) and 350±30  s - t  (kt~t) , and their amplitudes are 55% and 45%. respectively. This apparent 
b|phaslclty is strongly pH-dependent. At pH 11.2, both components are accelerated (k~e w m 370 4- 40 s - !  
and k,~ t = 1440 + 100 s - t )  bat their relative amplitudes are inverted m 25~ and 7f~,  respectively The pH 
dependence curves of both the rate constants and relative amplltudas of the two phases are very similar to 
what was recently observed in the native reaction centers from Rhodopseudomanm viridis (Sebben, P. and 
Wraight, CA., unpublished data). The increase in the rate constants above pH 9 reflects a diminution of the 
free ener~ difference between the P+QA state aml a thermally excited state (possibly P + l - )  via which 
P+ and QZ recombine. The pH dependence curves of kd.~, kfm or the average rata constant, display a pK 
value (PKoA) of about 10.3, indicating that the replacement of the native ubiquinone by an anthraquinoec 
shifts the pK of protonation of Q~ compared to the native ublquinoue (pK u 9.8). The replacement of the 
native QA by the l-amino-S-chloreanthraquinone or the 1-chlomantlwaquinoue confirmed this pKQA shift. 
The obtained PKoA value is independent of the presence of terbutryn. In addition to these similarities, the 
activation parameters o f / ~  and krm also behave as in Rim vMdis. From the Arrbenins plots of the two 
components, we determined that ~H~o w </tHtut,  but because of the quite large entropie contributions, 
~ G ~  ~ 0.295 ± 0.01 eV > "~Gtu t m 0.276 ± 0.01 eV. It is suggested that the observed biphasicity of the 
charge recombination is doe to the fast recombination rate in the onthraquimme-recmmtituted Rb. 
splmeroides reaction centers (as in native reaction centers from Rp& virMis), which prevents the different 
protonation states reached alter the flash from eqndibrating. This is in contrast to what is observed in native 
ubiquinone-containing reaction centers where the recombination rate is much slower. 

Introduction 
Abbrev~lions: CAPS, cyclohcxylaminopropanesulfonic acid; 
LDAO, lauryldimethylamine N-oxide. The electromagnetic energy absorbed by the 

antenna of photosynthetic organisms is converted 
Co~pondence: P. Sebban, Laboratoire de Photosynth~e du tO chemical energy at the level of the reaction 
CNRS, ER 307, Brit. 24, CNRS, 91190 Gif-sur-Yveoe, France. centers. The first stable charge separation takes 
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place between the primary electron donor (a dimer 
of bacterioddorophyll in the case of the purple 
photosynthetic bacteria), P, and a molecule of 
quinone, QA- The electron present on QA is then 
transferred to a secondary quinone molecule Q~. 
When Qa is chemically extracted, or in the pres- 
ence of an inhibitor of the QA to QB electron 
transfer, the charges on P+ and Q~ will recom- 
bine. In the reaction centers from Rhodobacter 
sphaeroides, this recombination occurs in about 
100 ms, directly to the ground state. However, it 
has been shown that, when the native QA 
(ubiquinone 10: UQ10) is replaced by other 
quinones of lower in r ive redox potential, the rate 
constant of P+Q~ charge recombination is nota- 
bly increased. For sufficiently low-potential 
quinones, the rate constant of recombination is 
directly dependent on the in r ive  redox potential 
of Q^ [1]. The lower the E m of the QA/QA 
couple, the faster the recombination kinetics. This 
interp, =ted/ri Lerms of the re.combination between 
P+ and QA oecur~.ng either directly to the ground 
state PQA, or partly via a thermally excited state, 
M[1-7]. The amount of P+Qg that repopulates M 
depends on the free energy difference, AG, be- 
tween P+Q~ and M. It has been proposed that M 
could be identical to P+I- ,  the first charge-sep- 
arated state in the forward pathway [2,6,7], where 
l is a bacteriophenphytin molecule. However, this 
hypothesis implies a substantial relaxation ( =  0.2 
eV) of the free energy of P÷I- ,  in the millisecond 
time range [1]. In Rhodopseudomonas uiridis, the 
P+Q~, recombination kinetics are much faster ( =  1 
ms) than in Rb. sphaeroides [7-9]. This probably 
arises from a smaller energy spacing between 
P+Q~ and M, compared to Rb. sphaeroides. Fur- 
thermore, the charge recombination kinetics in the 
presence of o-phenanthroline, or when Qa is ab- 
sent, are biphasie in Rps. viridis, contrary to Rb. 
sphaeroides (P. Sebban end C.A. Wraight, unpub- 
fished data). This was interpreted as due to the 
kinetic competition between the recombination 
rate and the establishment of protonation equi- 
libria after the flash, i.e. the protonation and 
deprotonation rates are presumably competitive 
with the recombination rate of R/,s. viridis, but 
much faster than the recombination rate in Rb. 
sphaeroides. 

In order to test this hypothesis concerning the 
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origin of biphasicity in Rps. viridis, we replaced 
the native UQ10 in the reaction centers from Rb. 
sphaeroides by an anthraquinone. In such prepara- 
tions, the rate of charge recombination is similar 
to that in Rps. viridis [1,7]. At variance to what 
was previously reported for su,:h preparations [2]. 
we find the kinetics to be biphasie. The eucrgeties 
and the pH dependence behavior of the two com- 
ponents are similar to what we observed in Rps. 
oiridis. 

Material and Methods 

The native reaction centers from the wild type 
Rb. sphaeroides, strain Y, were prepared as previ- 
ously described by Rivas et a t  [10]. To remove the 
primary ubiquinone (Q^), the method of Okamura 
ct at. [11] was used with rome modifications intro- 
duced by Woodbury et al. [1]. The Q^-depleted 
reaction centers were eluted from the DEAE-52 
Sephaeryl (Pharmacia) column with 0.33 M NaCI 
instead of 0.375 M. The AAz~nm/AAso2m ratio 
was in the range 1.28-1.32. Judging from the 
obtained kinetics of charge-recombination, about 
95~ of the reaction centers were depleted of 
ubiquinone. The remaining 5~$ displayed a 116 ms 
decay lifetime as native reaction centers, in the 
presence of an inhibitor of QA to Qn electron 
transfer. In addition, when depleted reaction 
centers were reconstituted with UQIo, they dis- 
played a mono-exponential decay, in the pre.~ence 
of terbutryn, with a lifetime of 110 ms. 

The anthraquinone (from Fluka, 995 pure by 
HPLC) solution was dissolved in dimethyl sulfo- 
ride. A 10-fold excess was used in the experi- 
ments. The ['mat concentration of this solvent was 
less than 0.55. 40 pM terbutryn was commonly 
added to the solution, but no noticeable effect 
could be ascribed to this inhibitor, soggesting that 
the Qa site was not reactivated by anthraqulnone. 
The quantum yield of P+Q~ folmation in the 
anthraquinonv-recnnstituted reaction centers was 
90~ of that of UQlo-reeonstituted reaction eemers. 

The absorbance changes were recorded on a 
borne-made flash spectrophotometer described 
elsewhere [12]. The exponential decomposition 
analysis of the kinetics was performed as de- 
scribed previously [12]. The standard error o~ the 
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pH measurements was 0.05 unit. The temperature 
measurements were done with a thermecouple with 
a precision of 0.3 °. 

Biphasicity of the charge recombination kinetics 
The P+QA decay kinetics of the anthra- 

quinone-reconstituted reaction centers from Rb. 
sphaeroides, observed at 865 nm and 23°C, are 
shown in Fig. 1. The average lifetime of the decay 
is about 5 ms, in the pH range 6-8,  in agrcemeat 
with earlier studies [1-7]. 

The traces of Fig. 1 were fitted either with two 
exponentials (a and b) or with three exponentials 
(c and d). In both cases, one component decays 
with a 110 ms lifetime and represents about 5% of 
the total amplitude. It arises from the P÷QT, 

5ms 

AI065 / a 

recombination occurring in the reaction centers 
that had retained the native QA- 

When an exponentiai is used to fit the fast part 
(95% of the total amplitude) of the decays (Fig. l a  
and b), the noise of the data-model curves, repre- 
sented below the decays, is dearly not random. 
Two exponentials (at least) are needed to fit the 
fast part of the decay. At pH 8.6 (Fig. lc), their 
lifetimes are 6 ms ( k ~ )  and 2.9 ms ( k ~ t )  and 
the ratio of their amplitudes 55:45.  The result 
varies strongly with pH. At pH 11.2 (Fig. ld )  both 
components are faster (2.9 ms and 0.75 ms), and 
their amplitude ratio has changed to 25:75.  It 
must be noted that the total amplitude of the 
observed P+ decay Js the same within 10% in both 
eases, suggesting that both components intew, on- 
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Fig. 1. Chgrge recombination kinetics, me.asurod at 865 nm and 23°C, in Rb. sphaeroides reaction centers where the native 
ubiquinone, Q^, is replaced by an anthtaquinone. Except for the 5% amplitude due to the remaining native ubiquinone, these decays 
are fitted either with an exponential (a and b) or by the sum of two exponeatials (c and d). At pH 8.6 (el. the two lifetimes are 6 ms 
and 2.9 ms. with relative amplitudes of 55% and 45%, respectively. At pH 11.2 (d), the lifetimes are 2.9 ms and 0.75 ms, and the 
amplitudes 25% and 75%, respectively. The total obsorwl amplitude of the P+ signal is the same in both cases, within 10%. The 
differences between the e~pctimental and the model curves are shown at the tep of the d~ays. Conditions: at pH 8.6, 20 mM 

Tfis-HCI, 0.1~g LDAO, 40 ,aM texbuttyn; at pH 11.2, idem except 20 ~ CAPS. in place of Trig 



vert as the pH changes. The same decompositions 
were obtained at 430 nm and 600 nm. 

These data are not in agreement with those of 
Kleinfeld et at. [6]. These authors reported a single 
component for the P+QA decay from the R26 
reaction centers from Rb. sphaeroides, recon- 
stituted with anthraquinone. We do not think that 
our results are due to some type of heterogeneity 
of the reaction centers preparation since the 
UQt0-reconstituted seaction centers gave a menu- 
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Fig. 2. Arrhenius plots of the rate censurers for e.harg¢ recom- 
bination in amhraquinone-reconsfitutul reaction ceaa=s from 
R~ ~D/',aero/d~. For the reasons described in the text, k r was 
taken as l0 s -I. Condilions: 20 mM Tris-HCI ~ 9), 0.1~ 

LI)AO, 40 FM t~rtmb"J~ 
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exponential P+Q~ decay. We exclude too the 
presence of an impurity in our anthraquinone 
solution since the relative amplitudes of ksto~ and 
kr~ ~ vary as the pH increases (see below) in a very 
similar way to that observed in the native reaction 
centers from Rps. viridis (P. Sebban and C.A. 
Wraight, unpublished data). 

Temperature dependence o f  both components 
The Arrhenius plots of ksk,, and k f~  mea- 

sured at pH 9 are shown on Fig. 2. The low 
temperature dependence (down to 80 K) of the 
rate constant of the average decay kinetics of 
anthraquinone-resonstituted reaction centers from 
Rb. sphaeroides has been recently measured by 
Shopes and Wraight [7]. These authors found that 
the behavior of these reaction centers was similar 
to that of the native reaction centers from Rps. 
virid~¢. It was postulated that, in both cases, the 
charge recombination process occurs by two com- 
petitive pathways: a direct elcctron-tunnaling pro- 
cess that dominates at low ( < 250 K) temperature 
and a thermally activated process via an energeti- 
cally elevated state, M, at higher temperature. 
This was described by the equation: 

k ~  = k e . e x ~ -  ~ 3 / k T ) +  k T (I) 

where dG represents the free energy difference 
between the P+Q~ state and M. k,o~ tx'presents 
th,~ inver~ of the average lifetime of the fast part 
of /.he dr, cay. k T is the limiting value of kto ~,  
measured at temperatures below 200 K. k a is the 
rate constant of decay from this state to the 
ground state. If one assumes that M is P+I-,  then 
k d represents the rate constant of P+I-  charge 
recombination. Similarly, Sebban and Wraight 
(unpublished data) proposed for both components 
observed in Rps. viridis: 

k,k~, = kd'exp( - ~JO, t~ / k T ) + k T slow 

kr~ t = kd'e4 ~ -- ~iGfBe/RT ) + kTfes t (2) 

with corresponding defmitions as for k t ~ .  
Consequently, in the Arshenins plots, we have 

subtrac*~ from kao . and kfm the limiting value 
of the rate constant measured at low temperatuxe 
by Shopes and Wraight [7]. This can only be an 
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TABLE I 

ACTIVATION PARAMETERS FOR THE P + QA CHARGE 
RECOMBINATION IN ANTHRAQUINONE-RECON- 
STITUTED REACTION CENTERS FROM RB. 
SPHAEROIDES 
Conditions: 20 mM Tris-HCI (pH 9), 0.1~ LDAO, 40 ~M 
terbutryn, T - 295 K. 

k t ,~H AS -TAS aG 
(s -1) (eV) (racY/degree) (eV) (eV) 

k,lo~ 10 0.350 0.185 - 0.055 0.295 
(+0.025) (4-0.05) (4-0.015) (4-0.01) 

kf~ t 10 0.439 0.551 -0163 0.276 
(±0.025) (±0.06) (±0.016) (±0.el) 

ktota I 10 0.413 0.412 --0.122 0.291 
(+0.025) (4-0.05) (±0.02) (4-O.Ol) 

approximate solution because we subtracted the 
same value (kT) for k~l ~ and kf~ t (instead of 
kr~l~ and kT~t), and also because this value 
was obtained in glycerol instead of aqueous 
~olvent, as we used here. But in fact, because the 
difference in anthalpy (AH)  measured in anthra- 
quinone~re*onstituted reaction centers is very 
large, the limiting value of the rate constant, mea- 
sured at low temperature, is almost negligible 
compared to its value at room temperature. Thus, 
the results are rather insensitive to the small cor- 
rection we have used. 

The thermodynarnic parameters derived from 
the plots of Fig. 2 are shown in Table 1. At pH 9, 
AHaow, AHra a and AHtota I are found to be 0.35 4- 
0.025 eV, 0.439 4- 0.025 eV and 0.413 :i: 0.025 eV, 
respectively. AHsl~ and AHus t are substantially 
higher than those found for k~o w and kt~ t in Rps. 
viridis. However, similarly to what is observed for 
Rps. viridis, the entropie contributions (obtained 
from the intercept of the line with the Y axis) are 
not negligible (Table i). They both mukc uegativc 
contributions to the AG values. It is interesting to 
note that, AH~o~ < AHf~t, but AG,~ > AGf~ t. At 
295 K, we obtain AG,~ = 0.295 + 0.01 eV and 
AGr~, = 0.276 -~ 0.01 eV (dG,ot~ ffi 0.291 + 0.01 
eV). According to Eqns. 2, this 21 meV difference 
should imply a kra~/ks~o~ ratio of 2.3. We obtain 
at pH 9 a value of about 2.1. 

The AHto ~ value (0.413 + 0.025 eV) measured 
at pH 9 is in reasonable agreement with the data 

for anthraquinoneoreconstituted reaction centers 
in 60% glycerol at pH 7, AH = 0.47 :[: 0.02 eV [71, 
in aqueous buffer at pH 8, 0.37 + 0.02 eV [1] and 
in lipid bilayers, 0.43 4- 0.02 eV [2]. 

The choice of k d is important in the determina- 
tion of the entropic contribution to the AG. We 
took here a value of 2~ 107 s -1 a~. discuzsed by 
Shopes and Wraight [7] and by Woodbury et al. 
[1]. The decay rate of P+I-  in the reaction centers 
from Rb. sphaeroides, with QA extracted was 
estimated to be k = 7 .10  ~ s -1 [13-15]. However, 
in open reaction centers, when the P+QA state is 
allowed to be populated, rapid mixing of l[p+Q~] 
and 3[p+Q~] occurs because of the fast spin cou- 
pling between the electron on QA and the iron 
atom in the S = 2 state. As a consequence, the 
same spin distribution as that induced between 
l[p+Q.~] and 3[p÷Q.~] (25:75) is generated by 
back electron transfer between l [P*l-]  and 
3[P+I-]. For these reasons, and because the return 
to the ground state from pF occurs mainly via the 
singlet channel [14], i.e. from t[P+I-], the decay 
rate of the pF state reached after charge recombi- 
nation between P+ and Q~. is necessarily different 
from k, and may be taken as k/4 ,  i.e. 2-107 s -1 
[7]. The above AG values were obtained assuming 
this value. Taking k s ffi 7 .10  ~ s -1 would lead to 
AG,o~I = 0.322 eV, instead of 0.291 eV. The former 
value is in excellent agreement with the results of 
Gunner et al. 14] (0.326 eV), but we rather think 
that the lower figure obtained with k d = 2-10 T 
s - I  should be used. However, one could object 
that if the P+QT~ state effectively recombines as 
described above, a ko value closer to kt, the rate 
constant of recombination from P÷I -  via the tfi- 
plat channel, should be used here. If we taken 
k d ~ 5 . 1 0  8 s -1 ,  the kt value suggested by Norris 
et al. [16], we find AGto ~ = 0.37 ev. Even with 
such a substantial dGtot~t difference (0.08 eV), our 
conclusions of the next paragraph about the possi- 
ble relaxation of the pF state in the ms time range 
are not much changed. 

By measuring the delayed fluorescence of 
anthraquinone-reconstituted reaction centers from 
R26, Woodbury et al. [1] estimated the free energy 
difference between P* and P÷QT~ to be 0.7 eV at 
room temperature. If 0.29 eV (obtained here for 
AGto~) is subtracted from this value, we find that 
M should be about 0.4 eV below P*, in free 



energy. The above authors found 0.188 eV free 
energy difference between P* and the most re- 
laxed state of Pv, since it was previously suggested 
that this state is stabilized (in the ns time range) 
during its lifetime [17-20]. To identify M with pF, 
one must then assume that Pr van te!~x by about 
0.22 eV, in the ms time range. Even in the bruiting 
case where kd f f i k .=5 .10  s s - ' ,  which leads to 
dG,ot~ = 0.37 eV (see above), a 0.14 eV relaxation 
of pV is still needed to identify M with Pe. The 
same hypo*hesis had to be proposed for the native 
reaction cen',ers from Rps. viridis [7]. However, in 
that case the amplitude of the putative relaxation 
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Fig. 3. pH dcpcndmmce of k~w, kfm and k~: m obse~ed at 
865 nm and 23°C in amhraqulnone-~constituted reaction 
centers from P,b. spJwerd~, in the presence of 40 pM 
terbutt~n. The lines are drawn according tO Eqlk 3 with k~k~ 
and k~k ~ equal to 125 S -x and 448 s -u, respectively, k ~  t and 
krvm. 345 s-: and 1770 s -z, respectively. With th¢~ pagame- 
ter-~, the best fit is obtained for pKttA=10.3 for k~,.  and 

pKOAf10.35 for kf~ t . 
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of pF (in the ms time range) is much smaller if not 
negligible, since M was proposed to be only 0.3 eV 
(and even less if k~ is taken equal to k t and not 
2.107 s - l )  below P*, and pF was found to be 
0.25 eV below P* in free energy [21]. Thus, if M is 
a relaxed ~. an of p F  the amplitude of the relaxa- 
tion of tins state in the long time range appears to 
be very different in Rb. sphaeroides cempared to 
Rps. viridis. 

pi t  dependence of k~k,~ and k¢~, 
The pH dependence curves of k,w,,, k r ,  t and 

k,o,~ are shown in Fig. 3. According to Eqns. 2, 
any change in the AG z affects the corresponding 
k i values. Thus, any variation [a the ki values can 
be understood in terms of the interaction of a 
proton with Q,~, that modifies the AG i, as was 
previously suggested [6]. To fit the ¢m-ves of Fig. 3 
we uSed the equation: 

k t  0 -~- 10( pKQA -- PH). k i  ~÷ 

ki ] + lO(PXo - p i t  ) (~)  

where i denotes total, slow or fast. k ° and kl x ~ are 
the rate constants of charge recombination mea- 
sured in the unprotonated or protonated form of 
the reaction centers, pKQA is the pK of protona- 
tion of a site near Q~. From the fit of Fig. 3, we 
find that pKQ^ is about 10.3-10.4 for k , ~  and 
kf~ t (and also for kto.~). The absence of terbutryn 
doesn't shift this pK to lower pH, at variance to 
what is commonly observed for o-pbenanthroline 
in Rps. viridis reaction centers [22]. The above 
pKQA figure d i sa rms  with prcvions data [6] which 
supported a pKQA value of 9.8 in anthr~quinons- 
reconstituted reaction centers from Rb. 
sphaeroidez, unchansed compared (o the native 
reaction centers. However, we also found (P. Seb- 
ban. unpublished data) a pKQ^ value of 10.3 in 
the cases of the 1-amino-5-chloro-anthraquinooe- 
and l-chloso-anthraquinone-rc~onsthu~d r~t~vn 
centers from Rh sphaeroide~. This change in the 
pK of protonation of Q~ is not really surprising. 
A 0.5 pH unit shift in the pKQA ValUe is eqniV- 
alent to an electrostatic interaction energy change 
of about 0.029 eV between QT, and a proton that 
probably binds to a nearby amino-acld residue. 
Kleinfeld et al. [6] have suggested that the distance 
(d) between QA and the protonation site could be 
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Fig. 4. pH depende,ce of Asl ~ (~) and Af~ (~), the relative 
amplitudes of ksto,~ and kr~,, measured st 865 rim, in anthra. 
quinone-reconstixuXed reaction centers from Rb. sphaeroides. 

Conditions: 0.1~ LDAO, 40 pM tarbutryn. 

5 .~. Taking d = 6 A leads to a change of 0.45 
(d  ffi 7 A. leads to 0.6 A) in the distance from the 
negative charge present on Q~ to the protonation 
site, if the native ubiquinone is replaced by an 
anthraquinone. Replacing the native nbiquinone 
by an anthraquinone probably extends the delo- 
ealization of the negative charge to the three con- 
jugated tings and may be responsible for the ob- 
served distance change and pKQ^ shift. 

From the magnitude of the increases in the rate 
constants between pH < 8.5 and pH > 11, one can 
estimate the interaction energy (changes in the 
AG) due to the effect of protonation: AAG~w = 
0.034 + 0.03 eV, AAGr~ t = 0.040 + 0.04 eV. 

The pH dependence curves of the relative am- 
plitudes of the slow (A~:~) end the fast phase 
(Af , , )  are shown in Fig. 4. They are very similar 
to what was observed in the reaction centers from 
Rps. virldis. These curves display two waves, sep- 
arated by a plateau from pH 8 to pH 10. Below 
pH 8, Asto~ dominates. Between pH 8 and pH 10, 
both amplitudes stay roughly constant, but at high 
pH, Afa~t becomes the main component. For elec- 
trostatic reasons, it is reasonable to assume that 
Afast is proportional to the number of reaction 
centers that recombine via the P+Q~, state instead 
of the protonated state P+Q~(H+),  the former 
state being more and more populated as the pH 
increases. In support of this hypothesis, the total 
amplitude of the P+ signal is constant within 10~ 
~p to pH 11.4, suggesting that we observe an 
intcrconversion of the umpfitudes of both compo- 

hv 

kfest 
P QA ~ P*  QA- 

P QA (H*) ( kslew P* QA- (H+) 

Scheme I. Scheme representi,-Jg Ihe competition between the 
recombination to the ground state and the establishment of 
equilibrium between protonated and unprotoesxed fonus of 
P+ Q^-. k+l~, kt~t, ratzon and raleon are defined in the text. 

nents, as the pH increases, instead of the degrada- 
tion of a part of the reaction center preparation. 
These ideas are worked out more fully in a model 
that will be presented elsewhese (P. Sebban and 
C.A. Wraighr, unpublished data), on the basis of 
results obtained on Rps. viridis reaction centers. 

Discussion 

Mar6ti and Wraight [23] and Marbti (unpnb- 
fished data) have suggested that the molar rate 
constant ( k ~ )  of proton binding to the reaction 
centers could be as high as 1012-1013 M -1 . s  - I .  
The establishment of equilibrium between the pro- 
tonated and nnprotonated forms of P+Q~ de- 
pends on the magnitude of the term (rate~ + 
rate~fr) compared to the decay rate constant to the 
ground state (i.e. k s ~  and kf~t) (see Scheme I). 
rate°, and rateon are the first-order rate constants 
of proton uptake and release to the Q~ protona- 
tion site, respectively, rateon is equal to ken" 10 -p",  
and rate~x which is pH-independcnt, equals rateo~ 
at pH--pKQA. ]f we take kon>1012 M-X-S - l ,  
and I:,KQA -- 9.8 as in native Rb. sp,~acr~idcs ~ac.- 
tion centers, then rateu~ t > 102.2 S -1 ~ 160 S -3. 

At pH < 10, (rate~ + ratecn ) > 10 x2-10 - I °  + 
160ffi100+lt0ffi~260 s -x, This value is much 
greater than the rate constant of charge recombi- 
nation (10 s - l )  observed in the native reaction 
centers from Rb. sphaeroides. The observed p+Q~ 
decay is then exponential. At pH > 11, rateo~ be- 
comes negligible, but rateou is still > 160 s -x, 



which maintains the monophasicity of the mea- 
sured decay. 

In Rps. viridis, or in Rb. sphaeroides where QA 
has been replaced by a low-potential quinone, the 
rate constants of charge reeoarbination are much 
higher (260-1Ca30 s -1) and compete with (rateon + 
rateon ) at pH _> 9. Thus, the equilibrium between 
the protonation states, reached after the flash, 
cannot be established an,'] the P+Q~ decay is 
biplmsic. At pH _< 7, (rate~ + rateon ) >__ 1012-10 -7 
= l0  s s - l  ~, 1000 s -1. The observed P+Q~ decay 
is then exponential. This is shown in Fig. 4 where 
Ar~ t becomes smaller than 20% at pH < 7. 

Parot et al. [24] have recently detected a bi- 
phasicity of the charge recombination kinetics 
from P+Q~ in native reaction centers from Rb. 
sphaeroides and Rhodospirillum rubrum at low 
temperature. These kinetics exhibited lifetimes of 
36 ms and 11 ms. The ratio of these two compo- 
nents was 40: 60, resvectively. However, there are 
two significant differences compared to the bi- 
phasicity that we observe here or in the native 
reaction centers from Rps. :,iridls. First, the kinet- 
ics in Rh sphaeroides and R. rubrum were hi- 
phasic only at low k :aperature. Second, the am- 
plitude ratio of the two components was not sensi- 
tive to pH. The relationship between the observa- 
tions of Parot et at. and the present work is 
obscure. It is not sufficient to suggest that the 
biphasicity, in Rb. sphaeroides and R. rubrum 
were biphasic only at low temperature. Second, 
the amplitude ratio of the two components was 
not sensitive to pH. The relationship between the 
observations of Parot et aL and the present work 
is obscure. It is not sufficient to suggest that the 
biphasicity, in Rb. sphaeroides is observable at 
low temperature because ~e  kinetics accelerate 
enough to be in competition with rateo~ and rateon. 
One would still expect to observe a pH sensitivity 
of the relative amplitudes of the two components, 
unless this arises outside the range observed by 
these authors - pH 6-9 - or if there were some 
remarkable temperature compensation of the pH 
effect. 

Conclusion 

It was recently shown that the kinetics of P+Q~, 
decay are biphasic, at room temperature, in reac- 
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tion centers of Rps. mYidis, in contrast to what is 
observed L-i reaction centers of Rb. sphaeroides. It 
was suggested that this reflects non-equilibrium 
between distinct protonatcd staras of P+ Q~, after 
a hash. At variance ~ Rb. sp,'raeroides, where the 
rate constant of charge recombination is slow, the 
fast rate observed in Rps. viridis competes with 
the establishment of protonation equilibrium. In 
order to check this hypothesis, we replaced in the 
reaction centers of Rb. sphaeroides the native UQlo 
by an anthraquinone which has a lower in vivo 
midpoint redox potential. The P+Q~ recombina- 
tion decay is then accelerated to a rate close to 
what is observed in the native reaction centers of 
Rps. viridis. In these modified preparations, we 
observe the same type of biphasicity of the P+Q~ 
decay as in Rps, viridis, varying in a very similar 
way as a function of pH. In addition, we observe 
the same relationship between the thermodynamic 
activation parameters related tu know and kfast- 
For these reasons, we think that we observe here 
the same phenomenon as previously in the native 
reaction centers from Rps~ viridis. 
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