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ABSTRACT: The equilibrium and kinetic parameters for the binding of various inhibitors to the QB pocket
of the bacterial reaction center were investigated in chromatophores fromRhodobacter capsulatusand
Rhodobacter sphaeroides. By monitoring the near-IR absorption changes specific to QA

- and QB
-, we

measured the fraction of inhibited centers in the dark and the kinetics and extent of inhibitor displacement
after one flash due to the formation of the QAQB

- state. The inhibitor release rate was much faster for
triazines ando-phenanthroline (t1/2 in the 50 ms to 1 s range) than for stigmatellin (t1/2 ≈ 20 s). For
inhibitors with a rapid release rate, the fast phase of P+ decay observed in the absence of secondary
donor reflects the competition between P+QA

- recombination and inhibitor release: it is thus faster than
the P+QA

- recombination, and its relative extent is smaller than the fraction of initially inhibited centers.
At appropriate inhibitor concentrations, one can have almost total binding in the dark and almost total
inhibitor displacement after one flash. Under such conditions, a pair of closely spaced flashes resets the
two-electron gate in a single state (QAQB

-), irrespective of the initial state. The apparent dissociation
constant of terbutryn was significantly increased (by a factor of 4-7) in the presence of QA-, in agreement
with the conclusion of Wraight and co-workers [Stein, R. R., et al. (1984)J. Cell. Biochem. 24, 243-
259]. We suggest that this effect is essentially due to a tighter binding of ubiquinone in the QA

- state.

The photosynthetic reaction centers of bacteria or of photo-
system II in chloroplasts promote the reduction of a lipid-
soluble pool of quinone molecules (ubiquinone-10 in bacteria
or plastoquinone-9 in chloroplasts). This process involves
two quinone cofactors in the reaction center complex. A
primary quinone acceptor, denoted QA,1 is tightly bound to
the protein. It undergoes a fast reduction (∼200 ps) following
the photochemical charge separation and then transfers its
electron to a secondary quinone QB. Whereas QA shuttles
between two redox states (oxidized quinone and singly
reduced semiquinone), QB goes through a cycle involving
three states (quinone, semiquinone, and the doubly reduced
and protonated quinol). The fully oxidized and fully reduced
forms are weakly bound to the RC complex at a special site
(the QB pocket) and are rapidly exchanged with molecules
of the pool. The semiquinone form, however, is strongly
attached to the QB pocket (1). The positions and H-bond links
of the quinone in its oxidized or semiquinone forms have
been recently described from crystallographic investigations
in bacterial RCs (5, 6). The overall cycle of the “two-electron
gate” is summarized by the following reactions:

wherehν1 and hν2 denote two successive photoacts, QA
-

and QB
- are semiquinone states, and QBH2 denotes the bound

quinol before it is released from the QB pocket and replaced
with a fresh quinone (UQ) from the pool. The protonation
steps involved in the formation of quinol have been the focus
of a number of recent studies (see ref7 for a review).

A number of inhibitors are able to block the electron
transfer from QA to QB. Many of them are effective in both
bacterial RCs and PS II, and some of the PS II inhibitors
are widely used as herbicides. It was shown in papers dating
back to the 1980s that they act as competitors for quinone
binding to the QB pocket (4, 8-11). Due to the tight binding
of the semiquinone form QB-, the dissociation constant of
the inhibitor is larger in the “odd” state of the quinone
acceptor system (i.e., QA-QB T QAQB

-) than in the “even”
state (QAQBH2 T QAQB) (this nomenclature, referring to the
number of electrons present on the RC acceptor side, was
introduced in ref12). In other words, if we note QAI the RC
with bound inibitor, the light-induced formation of QA

-I will
tend to displace the inhibitor according to the equilibrium
QA

-I + UQ T QAQB
- + I. Early evidence for this effect

was reported by Verme´glio et al. (13) before the elaboration
of the QB pocket concept. A mathematical analysis of the
equilibria and kinetics discussed in this paper is given in
the Appendix, where symbol definitions and all numbered
equations mentioned in the following are located.

In this paper, we analyze the kinetics of the inhibitor
displacement in bacterial RCs by directly monitoring the
decrease in the level of QA- and formation of QB-. The rate
constants for inhibitor binding and release are thus deter-
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mined. An experimentally useful consequence of the dis-
placement process will be described, allowing the light-
induced “resetting” of the two-electron gate cycle. Our data
also allow us to measure the inhibitor’s dissociation constants
in the even or odd state of the RC, confirming the finding
of Wraight and co-workers (4) of a weaker binding in the
presence of QA-.

MATERIALS AND METHODS

The mutant FJ2 ofRhodobacter capsulatuswas a kind
gift of F. Daldal (14). It is devoid of the physiological donors
to the RC (cytochromesc2 and cy). A similar strain for
Rhodobacter sphaeroides, CYC17, was a kind gift of T. J.
Donohue (15). This mutant lacks cytochromec2 and iso-c2.
Growth conditions and chromatophore preparation were
previously described (16).

For spectroscopic experiments, the chromatophores were
diluted in a medium containing 50 mM KCl and 50 mM
Tris or MOPS buffer (pH 7.2). The RC concentration of the
chromatophore suspension was∼100 nM, based on an
extinction coefficient of 20 mM-1 cm-1 for P+ at 600 nm.
Valinomycin (3 µM) was generally added to collapse the
membrane potential and associated absorption changes. In
experiments using the exogenous donor TMPD (1 mM), the
suspension was kept anaerobic under an argon flow and
(when indicated) 5 mM KCN was added for suppressing the
oxidase-mediated autoxidation of TMPD.

The inhibitors that were used were stigmatellin (Fluka),
terbutryn (Chem Service), atrazine (Supelco), ando-phenan-
throline (Sigma).

Absorption changes were assessed using a Joliot-type
spectrophotometer (17, 18), as previously described (16).

RESULTS

Figure 1 (top) shows the effect in chromatophores of the
R. capsulatusmutant FJ2 of a range of terbutryn concentra-
tions on the kinetics of P+ reduction following a short
saturating flash. Due to the absence of an electron donor to
P+ in this material, the control kinetics (no inhibitor) are
due to the recombination reaction P+QB

- f PQB, with a t1/2

of ≈3.5 s at pH 7.2. In the presence of inhibitor, a fast phase
appears in the tens of milliseconds, reflecting the recombina-
tion P+QA

- f PQA in inhibited centers. When the inhibitor
concentration is increased, the extent of the fast phase
increases, but this effect tends to level off so that at the
highest concentration that was used, the relative amplitude
of the slow phase is still about 50%. Atrazine, belonging to
the same class of triazine inhibitors as terbutryn, gave similar
results (not shown), although its effect on the slow phase
was more pronounced (∼15% at 100µM). The bottom panel
of Figure 1 shows the results from a similar experiment using
the inhibitor stigmatellin. The latter is much more efficient
in suppressing the slow phase; at 25µM, its relative extent
is about 2%. The inset in the bottom panel is a plot of the
fraction fast phase for both inhibitors, showing a saturation
of ∼0.5 for terbutryn. Similar patterns were obtained with
these inhibitors using chromatophores ofR. sphaeroides(see
below) or whole cells ofRhodospirullum rubrum.

The relative extent of the fast recombination phase
observed in the presence of an inhibitor is usually taken (4,
11) as the fraction of inhibited RCs undergoing P+QA

- f
PQA recombination (t1/2 ≈ 41 ms in FJ2 chromatophores).

The results obtained with triazines would then suggest a
heterogeneity in inhibitor binding, with a much larger
dissociation constant in a fraction of the RCs responsible
for the remaining slow phase. The experiment shown in
Figure 2 does not support this possibility. This figure shows
the spectra in the near-IR region of the absorption change
measured at 3 ms after a flash in the absence of inhibitor
(b) or in the presence of 40µM terbutryn (4) or 15 µM
stigmatellin (0). At this time, inhibited RCs are still in the
QA

- state whereas all uninhibited RCs have evolved to the
QB

- state. In this spectral region, the major change is due to
the P+ - P difference spectrum, with smaller contributions
of spectral shifts due to the electrochromic effect of the
anionic semiquinones QA- and QB

- on neighboring pigments
(mainly BPheA for QA

- and BPheB for QB
-). The latter

species have significantly different spectra (19-21), allowing
a discrimination of the semiquinones (which is far less easy

FIGURE 1: Recombination kinetics in the presence of terbutryn (top)
or stigmatellin (bottom). The P+ absorption changes following a
saturating flash were monitored at 603 nm. Chromatophores ofR.
capsulatus(FJ2) at a RC concentration of 100 nM and pH 7.2.
The inhibitor concentrations were 0, 1, 3, 6, 9, 14, 54, and 100µM
for terbutryn and 0, 0.25, 0.5, 1, 2, 8, and 25µM for stigmatellin.
The lines are fits of the data with a sum of three exponentials (one
for the fast phase and two for the slow one). Thet1/2 of the fast
phase was constant within experimental accuracy throughout the
inhibitor range: 26 ms for terbutryn and 41 ms for stigmatellin.
The inset (bottom panel) is a plot of the fraction fast phase vs
inhibitor concentration, for terbutryn (b) and stigmatellin (2).
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in the blue and near-UV bands of the semiquinone spectra).
These differences are readily observed when comparing the
spectrum obtained in the absence of inhibitor (P+QB

- - PQB)
with that obtained in the presence of stigmatellin, expected
to reflect P+QA

- - PQA. The spectrum measured in the
presence of terbutryn is superimposed with that of stigma-
tellin, although the relative extents of the slow phase
observed during the decay are about 50 and 2%, respectively.
This indicates that a few milliseconds after the flash, the
fraction of inhibited RCs in the presence of 40µM terbutryn
is close to 100%, despite the large slow phase developing at
later times.

We propose the following interpretation. The inhibited RCs
(in the P+QA

-I state immediately after the flash) are subject
to a competition between the P+QA

- recombination and
displacement of the inhibitor leading to the formation of
P+QB

-. The kinetic equations for this process are given in
the Appendix (section 4). The displacement process involves
the release of the inhibitor from the QB pocket (mostly
controlled by the rate constantkoff), followed by UQ binding
and electron transfer from QA- to QB. The final equilibrium
constantK′′2 ()[QAQB

-]/[total QA
-]) depends (see eq 7) on

the inhibitor concentration and the apparent dissociation
constant (K′i) and on the electron-transfer apparent equilib-
rium constantK′2 ()[QAQB

-]/[QA
-QB]). These “apparent

equilibrium constants” encompass the effect of UQ binding.
The constantK′2 can be estimated (eq 3) from the recom-
bination rate constants for P+QA

- and P+QB
-, denotedkAP

andk′BP, respectively. The observed rate constantk′BP (≈0.65
s-1 at pH 7.2) reflects the competition of a slow direct
pathway [with a rate constantkdir that we previously
estimated to be∼0.08 s-1 in FJ2 chromatophores (16)] and
the indirect pathway via QA- (22-25). The rate constant of
the latter is thuskBP ()k′BP - kdir). With a kAP of ≈16.4 s-1

(corresponding to the 41 ms halftime of the decay in the
presence of stigmatellin), one thus obtains aK′2 of ≈100
(or 84 when omitting the correction forkdir). The efficiency
for inhibitor binding is thus decreased about 100-fold in the
odd state so that nearly complete inhibitor displacement can
take place over a broad range of inhibitor concentrations.

From a kinetic point of view, the displacement process is
competing with the P+QA

- recombination, depending on the
value ofkoff compared withkAP. The observed behavior can
be understood on this basis, assuming that thekoff is of a
magnitude similar to that ofkAP for terbutryn, somewhat
smaller for atrazine ando-phenanthroline, and much smaller
for stigmatellin. In agreement with this model, the rate of
the fast phase observed with triazines (t1/2 ) 26 ms for
terbutryn in FJ2) is faster than with stigmatellin because the
effective rate constant is expected to be approximatelykAP

+ koff (see the Appendix, section 4).
Figure 3 shows titrations for the binding in the dark of

several inhibitors, measured from the 3 ms absorption
changes induced by a saturating flash at wavelengths (770
nm - 755 nm) where the spectral difference between QA

-

and QB
- is largest. As noted above, the absorption change

at 3 ms is that of P+QA
- in RCs with bound inhibitor and

that of P+QB
- in uninhibited RCs. Thus, the 770 nm- 755

nm difference monitors the evolution from P+QB
- to P+QA

-

as a function of inhibitor concentration. The fits with the
binding law (eq 4) are satisfactory (a similar result may of
course be obtained from a double-reciprocal plot, although
with degraded accuracy) and allow determination ofK′i (see
Table 1, columna).

In Figure 4 are shown plots of the relative extent of the
fast phase versus the fraction of initially inhibited centers.
A linear dependence is expected (eq 23), with a slopekAP/
(koff + kAP). The denominator can be estimated from the rate
of the fast phase. Combining these two pieces of information,
one obtains the value ofkAP in the presence of a given
inhibitor and the value ofkoff. Table 1 compiles the data thus
obtained (columnse and f, respectively).

The apparent dissociation constantK′i determined from
experiments such as that of Figure 3 relates to inhibitor
binding in the dark, with QA in its oxidized state, because it
is measured a short time after the flash. According to Wraight
(4), this constant,K′iD (D for dark), differs from that observed

FIGURE 2: Near-IR spectra of the absorption change recorded 3
ms after a saturating flash. FJ2 chromatophores with (b) no
addition, (0) 15 µM stigmatellin, and (4) 40 µM terbutryn (the
stigmatellin and terbutryn data points are almost superimposed).FIGURE 3: Difference of the absorption changes at 770 and 755

nm, recorded 3 ms after a saturating flash as a function of inhibitor
concentration. FJ2 chromatophores with (b) terbutryn, (2) atrazine,
and (O) o-phenanthroline (upper horizontal scale). The lines are
fits with eq 4.
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in the presence of QA-, denotedK′iL (L for light) (see the
Appendix, section 6). It is possible to estimateK′iL from the
dependence of the ratekslow of the slow recombination phase
on the inhibitor concentration. The rate of the slow phase is
expected to increase linearly with the inhibitor concentration,
according to eq 25. Such plots are shown in Figure 5. From
the slope of the regression line, one can computeK′iL. This
calculation uses the value ofkAP/(kAP + koff) obtained from
Figure 4 (columnc in Table 1) and the value ofkBP corrected
from kdir.

In chromatophores ofR. sphaeroidesCYC17 (bottom
panel), the plots ofkslow versusI displayed two phases. This
was observed both with terbutryn and (not shown) with
o-phe. We have no explanation for this behavior (which was
also observed in FJ2 chromatophores at lower pH). For
terbutryn, the estimate ofK′iL from the initial slope is about
7 µM (compared with aKi

D of ≈3.5 µM), whereas ifK′iL is
computed from the linear regression in the high concentration
range, a value of 25µM is obtained. The latter value
(featuring in Table 1) is in better agreement with that
(denoted with two asterisks in Table 1, columnb) estimated
from the damping of semiquinone oscillations that will be
described later.

The kinetics of inhibitor displacement can be directly
observed in the presence of a donor ensuring rapid reduction
of P+ so that the recombination pathway is essentially
abolished. We used TMPD at a concentration of 1 mM.
Except for experiments of short duration, the chromatophore
suspension was kept anaerobic with a flow of argon and KCN
was added to minimize TMPD autoxidation. Thet1/2 for P+

reduction under such conditions was about 1 ms. Figure 6
shows the time course of absorption changes caused by two
flashes spaced 4 s apart, in the presence of 20µM terbutryn,

Table 1: Data for Dissociation and Rate Constants of the Various Inhibitors

bacterium inhibitor K′iD (µM)a K′iL (µM)b kAP/(kAP + koff)c kAP + koff (s-1)d kAP (s-1)e koff (s-1)f koff (s-1)g

R. capsulatus terbutryn 6.0 22,* 26** 0.50 26.0 13.0 13.0 12.2
atrazine 19.0 30,* 52*** 0.81 17.8 14.4 3.4 2.0
o-phe 1000 3540* 0.86 20.0 17.2 2.8 0.8
stig 0.37 0.97 16.9 16.4 - 0.033

R. sphaeroides terbutryn 3.5 25,* 32** 0.68 17.3 14.3 3.0 1.5
o-phe 360 450* 0.87 15.1 13.1 2.0 0.53
stig 14.6

a Determined as shown in Figure 3. The value for stigmatellin was corrected for the fraction of bound inhibitor.b One asterisk denotes a value
determined fromkslow (as in Figure 5), i.e., in the presence of P+. The data were corrected fromkdir for R. capsulatusbut not forR. sphaeroides.
Two asterisks denote a value determined (as in Figure 8) from the relaxed equilibrium in the presence of TMPD (i.e., in the presence of reduced
P). Three asterisks denote a value determined, also in the presence of TMPD, from the dependence of the displacement rate on inhibitor concentration
(eq 27, data from N. Ginet and J. Lavergne, manuscript in press inBiochemistry). c Slope of the plot of the fraction fast phase vs inhibited fraction
(as in Figure 4).d Rate of the fast phase.e From columnsc andd. f Difference of columnsd ande (omitting the stigmatellin value because of low
accuracy).g From the kinetics of inhibitor displacement in the presence of TMPD (as in Figure 6).

FIGURE 4: Plots of the fraction fast phase vs inhibited fraction
(computed using the values ofK′i obtained as shown in Figure 3).
FJ2 chromatophores. The fraction fast phase was corrected from
the 3-10% contribution found in the absence of inhibitor: (b)
terbutryn, (2) atrazine, (0) o-phenanthroline, and ([) stigmatellin.
The slopes of the regression lines (possibly averaged from several
experiments) are indicated in column 3 of Table 1.

FIGURE 5: Plots of the rate of the slow recombination phasekslow
vs inhibitor concentration. Because the slow phase was generally
better fitted using a sum of two exponentials, we used the overall
t1/2 and estimatedkslow as ln 2/t1/2: (top) FJ2 chromatophores with
terbutryn (b) and atrazine (0) and (bottom) CYC17 chromatophores
with terbutryn.
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in chromatophores ofR. sphaeroides. The wavelengths were
chosen for monitoring the total semiquinone [450 nm (b)]
or, individually, QA

- [750 nm (1)] and QB
- [758 nm (9)].

The negative change at 750 nm (an isosbestic wavelength
for QB

- in this material) monitors the formation of QA
- after

the first flash, decaying with at1/2 of 455 ms. The kinetics
return to the baseline, showing that the decay of QA

- is
essentially complete. A much smaller amount of initial QA

-

is observed on the second flash, reflecting the presence of a
fraction of centers in the even state when this flash is fired.
At 758 nm (an isosbestic wavelength for QA

-), one observes
the slow formation of QB- after the first flash, concomitant
with the disappearance of QA

-, and its destruction on the
second flash. At 450 nm, both semiquinones have similar
extinction coefficients. The conversion of QA

- to QB
-

following the first flash is expressed by a roughly constant
absorption level (the slow decay is presumably due to QB

-

reoxidation by the oxidized TMPD). A sharp decay toward
the baseline follows the second flash, reflecting the formation
of quinol at the QB site. The binary pattern at 450 nm
confirms that the displacement of the inhibitor has occurred
during the dark interval between the flashes. Thekoff for the
displacement of several inhibitors measured (using eq 27)
in experiments such as that of Figure 6 is indicated in Table
1 (columng). Qualitatively similar results were obtained with
isolated RCs (not shown). For instance, withR. capsulatus
RCs in the presence of 40µM UQ-6, we observed a half-
time of 330 ms for inhibitor displacement with 120µM
atrazine.

A marked difference was observed betweenR. capsulatus
and the other bacteria that were investigated (R. sphaeroides
and RubriViVax gelatinosus), concerning the IR changes
associated with QB- in experiments such as that of Figure
6. Analysis of this phenomenon shows that it is due to a
specific spectral effect caused by the binding of triazines to
the QB pocket in this bacterium. This issue does not affect
the present interpretations, and will be dealt with elsewhere
(N. Ginet and J. Lavergne, manuscript in press inBiochem-
istry).

The much slowerkoff of stigmatellin could not be measured
in the same manner because of the absorption drifts on a
long time scale. We measured the recovery kinetics of the
P+ change induced by a second flash fired∆t after the first
one (not shown) and obtained a half-time of 21 s (koff ≈
0.033 s-1).

The results described so far indicate that, at an appropriate
inhibitor concentration, one can have an almost complete
inhibitor binding in the dark (on “even state” RCs) and an
almost complete inhibitor displacement after one flash (on
“odd state” RCs). This means that the overall functioning
of the two-electron gate is preserved under such conditions,
provided the time spacing between odd- and even-numbered
flashes is long enough to allow completion of the displace-
ment process (as originally found in ref13). This is easily
achieved with inhibitors that have a relatively largekoff, such
as terbutryn, atrazine, oro-phenanthroline. This situation
allows the design of a “phase-resetting” procedure as we will
now describe. Let us consider the effect of a pair of flashes,
spaced about 10 ms apart, on even or odd state centers. This
time spacing is long with respect to P+ reduction by TMPD.
It is also sufficient to complete the formation and release of
quinol in centers which were initially in the QAQB

- state.2

Thus, before the second flash of the pair, these centers are
in the open states PQAQB and PQAI. The fraction of the latter
depends on the rate of the binding equilibrium (≈konI when
I . K′i). Assuming for instance an inhibitor concentration
of 10K′i, one has akonI of 10koff, and thus half-times of 57,
460, and 870 ms for terbutryn, atrazine, ando-phenanthroline,
respectively (using the figures in columng for FJ2 in Table
1). Therefore, at 10 ms, most centers have not yet bound
the inhibitor. The second flash of the pair will result (after
P+ reduction) in states PQAQB

- and, for a minor fraction,
PQA

-I. The inhibitor displacement in the latter leads as well
to state PQAQB

- in a few seconds. Therefore, the centers
initially in the odd state QAQB

- are restored to the same state
a few seconds after the flash pair. On the other hand, centers
initially in the PQAI state are converted to state P+QA

-I
(rapidly followed by state PQA-I) after the first flash.
Because the time lapse between the two flashes is short with
respect to the inhibitor displacement process, these centers
are still closed and unmodified by the second flash.

The outcome of the above procedure is to set almost all
centers in the odd state, irrespective of their initial state. This
is illustrated in Figure 7. In the experiment of the top panel,
the illumination pattern consisted of alternating a pair of
resetting flashes and a single flash with a time spacing of 3
s. The 450 nm absorption changes show the semiquinone
formation caused by each flash pair and its destruction caused
by the single flash. The efficiency of the resetting procedure
is demonstrated by the absence of damping of the binary
oscillation and by its amplitude. The level reached after each
resetting flash pair corresponds to more than 0.9 semiquinone
per center. The amplitude of the oscillation is somewhat
smaller (about 0.77 semiquinone). In the bottom panel, the
chromatophores were first submitted to a series of 20 single
flashes, to mix odd and even states due to the damping. A

2 Quinol release occurs in the 1 ms time range, as estimated from
the lag for reduction of cytochromeb561 in theb-c1 complex (1). Due
to the large UQ/RC ratio in chromatophores [about 25 (1, 2)], the
binding of UQ probably also occurs in the same time range (3).

FIGURE 6: Kinetics of the absorption changes at 450 (b), 750 (1),
and 758 nm (9). Chromatophores fromR. sphaeroidesCYC17 at
pH 7.2 in the presence of 1 mM TMPD and 5 mM KCN under
anaerobic conditions. The sample was dark-adapted for at least 3
mn, ensuring almost total reoxidation of QB

-. Two flashes were
fired (4 s apart). The kinetics at 750 and 758 nm were satisfactorily
fitted as a single exponential with at1/2 of 455 ms.
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pair of resetting flashes was then triggered (arrow), followed
by continuation of the train of single flashes. The flash pair
resulted in a very efficient phase resetting, placing almost
all centers in the odd state. The amplitude of the first
oscillation after the resetting (i.e., the amount of semiquinone
destroyed by the next flash) corresponds to 0.9 semiquinone
per RC.

We have described above a method for estimatingK′iL
from the rate of the slow phase of recombination. This
estimation actually relates to centers in state P+QA

-. Alter-
natively, one can measure the apparent dissociation constant
for centers in state PQA-. This was carried out in the presence
of TMPD, by estimating the equilibrium fraction of odd state
centers in the QA- state after completion of the inhibitor
displacement. A sensitive technique (26, 39) is to measure
the damping of semiquinone oscillations during a series of
saturating flashes spaced a few seconds apart. In this
procedure, it is essential to prevent accumulation of oxidized
TMPD which can reoxidize a significant fraction of the
semiquinones during the relatively long interval between
flashes. Thus, the duration of individual experiments was
kept short, and control tests that were run without inhibitor
showed that under the conditions we used, the damping was
not increased due to the low flashing rate required for these
experiments. When usingR. capsulatuschromatophores,
semiquinone oscillations were recorded at 450 nm rather than
in the IR region, because of the spectral interference
mentioned earlier due to inhibitor binding in this material.
At this wavelength, an absorption change due to the oxidation
of TMPD (resulting from P+ reduction) is superimposed on
the semiquinone signal. This was taken into account in the
treatment of the data as explained in the legend of Figure

8.3 Panel A in this figure shows the raw data and panel B
the successive absorption changes caused by each flash, with
sign-inverted on even-numbered flashes. The fitting of these
data yields the apparent equilibrium constantK′′2 (eq 7),

3 The contribution of TMPD is not constant during the flash sequence,
because centers in the QA

- state are photochemically inactive.
Nevertheless, the fitting equation is correct: the TMPD change is split
between a constant part (B) and an oscillating part present inA, with
the same damping as semiquinone oscillations.

FIGURE 7: Illustration of the resetting procedure showing semi-
quinone oscillations monitored at 450 nm. FJ2 chromatophores in
the presence of 60µM atrazine, 1 mM TMPD, and 5 mM KCN
under anaerobic conditions: (top) repetitive illumination after a long
dark adaptation period, with a pair of saturating flashes spaced 10
ms apart, a 3 sdelay, one single flash, a 3 sdelay, and so forth;
and (bottom) illumination with a series of 20 single flashes, a pair
of resetting flashes spaced 10 ms apart (arrow), and eight single
flashes (the flash spacing is 3 s throughout).

FIGURE 8: Damping of the semiquinone oscillations for various
concentrations of terbutryn. FJ2 chromatophores in the presence
of 1 mM TMPD. (A) Absorption changes at 450 nm during a series
of 14 saturating flashes spaced 720 ms apart, in the presence of
100 (b), 200 (0), and 300µM (1) terbutryn. The “first” flash was
a resetting flash pair. Tests for ensuring that no artifactual damping
was present (saturating character of the actinic flash and absence
of actinic effect of the measuring light) were described in ref39.
(B) Successive absorption changes caused by each flash with sign-
inverted on even-numbered flashes. The lines connect the points
obtained from a fit of the data, using the function∆An ) A exp-
(-kn) + (-1)nB, with A, B, andk as adjustable parameters. The
introduction ofB is required because of the contribution due to
TMPD oxidation.3 The apparent equilibrium constantK′′2 ) e-k/
(1 - e-k) (see ref39). The failure of the fit on flash 1 is due to the
singularity introduced by the resetting flash pair. (C) A plot of 1/K′′2
vs the terbutryn concentration, used to determineK′iL according to
eq 8.
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according to the procedure described in ref39. Panel C shows
the plot of 1/K′′2 versusI used for determiningK′iL according
to eq 8. The value thus obtained for terbutryn (featured in
columnb of Table 1 with two asterisks) is 26µM, somewhat
larger than that (22µM) obtained in the presence of P+QA

-.
It is noteworthy that the intercept of the plot in panel C (i.e.,
the value of 1/K′2 in the absence of inhibitor) corresponds
to a much smaller value ofK′2 (≈5-fold) than that estimated
from recombination kinetics. Indeed, as investigated in ref
39, we observed a marked effect of the state of P on this
equilibrium constant.

DISCUSSION

The interpretative framework of competitive binding of
quinones and inhibitors on the QB pocket has been established
for many years (8-11). In the work presented here, we have
focused on dynamical aspects. It shows that triazines and
o-phenanthroline have a relatively rapid turnover in chro-
matophores (especially those fromR. capsulatus) so that the
unbinding rate of the inhibitor is not negligible with respect
to the rate of P+QA

- recombination. As a consequence, the
fast phase observed at some inhibitor concentrations reflects
a competition between the recombination of state P+QA

-I
and inhibitor release, leading to the formation of state P+QB

-.
Under such conditions, the extent of the fast phase is not a
direct measurement of the fraction of centers with bound
inhibitor, as is usually assumed.4 This is particularly obvious
with terbutryn, with which as much as 50% slow phase (in
R. capsulatus) is observed at concentrations which saturate
inhibitor binding in the dark. Consistent with this interpreta-
tion, the rate of the fast phase is markedly faster than that
of P+QA

- recombination (kAP), reflecting in fact the sumkAP

+ koff.
A reliable estimation of the fraction of inhibited centers

can be obtained by measuring the flash-induced near-IR
absorption changes at wavelengths where the QA

- and QB
-

spectral differences are largest. We could in this way estimate
the fraction of inhibited centers present at a short time after
a saturating flash and measure the apparent dissociation
constantK′iD (eq 5). Moreover, recording the time courses
of these changes in the presence of a rapid donor to P+ allows
a direct monitoring of the inhibitor release, reflected by the
concomitant decay of QA- and formation of QB-. These
kinetics allow the measurement ofkoff, using eq 27.

We now comment the results compiled in Table 1. The
affinity of the assayed inhibitors for the RC ranks in the order
stigmatellin, terbutryn, atrazine, ando-phenanthroline. This
goes for bothR. capsulatusandR. sphaeroides, with 2-3-
fold larger dissociation constants in the former for terbutryn
ando-phenanthroline. The affinity ranking does not reflect
an exclusive effect fromkoff or kon. For instance, whereas
the low K′iD of stigmatellin is associated with a very slow
koff, terbutryn, which has the second lowestK′i, has the largest
koff. It should be kept in mind, however, that these affinities
also depend on the partition coefficients of the inhibitors in

the membrane phase. Compared with chromatophores, we
obtained qualitatively similar results with isolated RCs from
R. capsulatusandR. sphaeroidesregarding the ranking of
dissociation constants and release rates (data not shown).

For inhibitors which have a relatively rapid release rate
(i.e., all except stigmatellin), we could estimate thekoff from
the acceleration and truncation of the fast recombination
phase (Table 1, columnf; see Appendix section 4) and
compare it with the value derived from the inhibitor dis-
placement kinetics in the presence of TMPD (columng).
The estimates in columnf are all greater (by a factor ranging
from 1.1 to 3.8) than those in columng. This effect is
particularly significant foro-phenanthroline. Barring some
systematic error in our procedures, this suggests an effect
of the presence of P+ that would tend to accelerate the release
of the inhibitor. The recombination data of columnsc andd
also give access to the specifickAP in the presence of a given
inhibitor (columne). These values generally agree within
experimental accuracy with that observed with stigmatellin,
except perhaps in the case of terbutryn inR. capsulatus,
where the recombination rate appears significantly slower.

Although the equilibrium constantK′2 ()[QAQB
-]/

[QA
-QB]) is about 5-fold smaller in the presence of P than

in the presence of P+ (39), one can still adjust the inhibitor
concentration so as to almost saturate inhibitor binding in
the dark and obtain almost complete inhibitor displacement
after one flash in the presence of a rapid donor to P+. This
contrast is in fact enhanced by another phenomenon, namely,
the increase in the inhibitor dissociation constant in the
presence of QA-, which is discussed below. The outcome is
that one can have an uninhibited overall turnover of the two-
electron gate, provided the flash spacing is long enough.
There is, however, one conspicuous modification; the rate
of electron transfer from QA- to QB has become limited by
the inhibitor release so that it is shifted from tens to hundreds
of microseconds to tens to hundreds of milliseconds. On the
other hand, the rate of the second electron transfer QA

-QB
-

f QAQBH2 is unchanged [completed in a few hundreds of
microseconds (data not shown)]. This opens interesting
means for handling the two-electron gate. A frequently
encountered problem when studying this system is to control
the fraction of QB

- present in the dark. As illustrated in
Figure 7, it is very easy to reset the phase of the system by
giving a pair of appropriately spaced saturating flashes. The
optimum time spacing of the flash pair is determined by the
following constraints. It must be longer than the time required
for P+ reduction and also longer than the time required for
the electron transfer from QA- to QB

- in odd state centers.
On the other hand, it must be short with respect to the
inhibitor displacement rate. This technique should prove quite
useful for studying the two-electron gate (e.g., quinol
formation upon the second electron transfer), because it
allows a repetitive procedure without damping. From a more
speculative point of view, the QB system may be seen as a
molecular binary memory; we now have a technique which
allows optical resetting of this device.

In previous studies, Wraight and co-workers concluded
that the binding properties of the QB pocket (in chromato-
phores or isolated RCs ofR. sphaeroides, with added UQ in
the latter material) differed markedly depending on the state
of QA. The dissociation constants were labeled “D” for dark
in the presence of QA and “L” for light in the presence of

4 In ref 4, Wraight and co-workers were quite aware that the rapid
release rate of terbutryn was responsible for the remaining fraction of
the slow phase at high inhibitor concentrations. Nevertheless, the
inhibition was assessed from the absolute extent of the fast phase rather
than from its relative extent (i.e., assuming a slope of 1 in Figure 4).
The K′i thus obtained was overestimated by a factor of 1.5-2.
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QA
-. This group actually reported two effects. First, theEm

of the QA/QA
- couple was shifted to lower potentials when

quinone was added to isolated RCs incorporated into
liposomes (8). In the potential range where this couple titrates
in, the added quinone is essentially in its reduced (quinol)
form. The observed effect thus means that quinol binding to
the QB pocket is destabilized in the presence of QA

- (i.e.,
increasedKq for the quinol form). Second, from the analysis
of the recombination kinetics in the presence of inhibitor
(terbutryn) and added quinone, Wraight (4) inferred that the
inhibitor binding was also disfavored in the presence of QA

-

(therefore,K′iL > K′iD). The apparent inhibitor dissociation
constant includes the effect of the competition from quinone
(eq 5). Therefore, the observed effect may be predominantly
due to a change inKi (thus, Ki

L > Ki
D) or predominantly

due toKq (if Kq
L < Kq

D for the oxidized UQ) or may arise
from some combination of both. Clearly, ifKq

L < Kq
D, this

implies that the presence of QA
- has opposite effects on the

binding of quinone (favored) and on that of quinol (disfa-
vored), which would facilitate the turnover of the QB pocket.
In a later study of the binding of labeled inhibitors to isolated
RCs, Diner et al. (11) investigated this issue and found no
difference betweenKi

L and Ki
D for terbutryn. In this

experiment, no secondary quinone was present, so the data
are relevant to the true dissociation constantKi, not to the
apparentK′i.

Wraight’s analysis rested on a guessed expression forkslow

(eq 24) which assumes that the slow phase proceeds at quasi
equilibrium with respect to inhibitor binding (i.e., that the
relative amount of state P+QA

-I is close to its equilibrium
value). This assumption is quite wrong, however, because
state P+QA

-I represents an effective kinetic sink (the slowest
rate constants in the system are those for inhibitor binding
and release, notkAP). In the Appendix (section 4), we have
derived an analytical solution for the recombination kinetics
in the presence of an inhibitor so that we have an “exact5”
expression (eqs 16-21) and a good approximate one forkslow

(eq 25). The dependence ofkslow on I is much steeper in eq
24 than in eq 25, so one may wonder whether Wraight’s
conclusion aboutK′iL being greater thanK′iD was not entirely
due to his overestimation of the theoretical acceleration of
kslow as a function ofI.

The work presented here allows a reassessment of this
issue. The inhibitor titration of the amount of P+QA

- present
a few milliseconds after a flash based on the near-IR spectral
differences between P+QA

- and P+QB
- (see Figures 2 and

3) gives an unambiguous determination ofK′iD. Although
made in the presence of QA

-, this measurement takes place
in a time range much shorter thankoff

-1 so that one essentially
monitors the amount of inhibitor bound before the flash, in
state PQA. For R. capsulatusFJ2 chromatophores, we
obtained in this mannerK′iD values of≈6 and≈19 µM for
terbutryn and atrazine, respectively. For the measurement
of K′iL, several methods were used. The first one (illustrated
in Figure 5) is based on the slope ofkslow versusI, using eq
25, and relates to centers in the state P+QA

-. This yielded
K′iL(P+) values of ≈22 and ≈30 µM for terbutryn and
atrazine, respectively. We also estimatedK′iL in the presence

of reduced P. For terbutryn, this was obtained from the
damping of semiquinone oscillations (Figure 8), yielding a
K′iL(P) of ≈26 µM. This method could not be used reliably
with atrazine, due to its slower displacement kinetics. We
thus used eq 27 and derived aK′iL(P) of ≈52 µM from the
dependence of the displacement rate on atrazine concentra-
tion (data of N. Ginet and J. Lavergne, manuscript in press
in Biochemistry). The outcome (see Table 1) is thatK′iD <
K′iL(P+) < K′iL(P). The effect of QA- is largest with terbutryn
(about 4 in FJ2 and 7 inR. sphaeroidesCYC17). A
significant effect was also found foro-phe in FJ2 (3.5), at
variance with CYC17. We thus confirm, on the basis of
independent evidence and a more correct treatment of the
data, the effect reported by Wraight and co-workers of a
decreased affinity for triazines in the presence of QA

-. The
analysis of interactions between the acceptor and donor side
presented in ref39 predicts a very different behavior of
stigmatellin, with regard to the effect of the state of P.
Whereas the oxidation of P causes an increase inK′iL for
triazines, we expect a large (≈10-fold) decrease for stigma-
tellin. We proposed that the differences between stigmatellin
and terbutryn arise from different binding sites: stigmatellin
(6, 27) is known to bind at the proximal site of the QB

pocket, whereas triazines bind at a more distal position (27,
28).

The finding that the apparent dissociation constant of
terbutryn is increased in the presence of QA

- is not
necessarily in conflict with that of Diner et al. (11) (i.e.,Ki

D

) Ki
L in QB depleted isolated RCs). These results can be

reconciled if the effect of QA- is primarily due to its influence
on UQ binding, i.e., ifKq

L < Kq
D. In agreement with this

view, we found (N. Ginet and J. Lavergne, manuscript in
press inBiochemistry) that the effect onK′i is not due to an
increasedkoff in the presence of QA-, but entirely to a change
in the apparentkon. An implication of this proposal is that
the amino acid ligand(s) specifically responsible for the
increased affinity of UQ in the presence of QA

- is not
involved in the binding of terbutryn.

The redox titrations of QA in the presence or absence of
secondary quinone and inhibitor (o-phenanthroline) reported
by Wraight (8) also support this picture. IfKi

L > Ki
D (true

dissociation constants), then the presence of inhibitor (in the
absence of secondary UQ) should stabilize the oxidized form
QA, and thus decrease theEm of the QA/QA

- couple. In
contrast, the inhibitor alone had no effect on the midpoint
potential of QA. In the presence of UQ, which decreased the
Em of QA when added alone, the inhibitor reversed the effect.
We have, however, the following problem with respect to
the data reported in this work. The above titration results
would predict an increasedK′iL for o-phe inR. sphaeroides,
which we did not find (at variance with FJ2). It is thus
possible that our estimate of theK′iL for o-phe in CYC17 is
faulty, perhaps due to the biphasic character of thekslow

versusI plot. Alternatively, the problem may have to do with
the strains. While the values ofK′iD that we obtained for
terbutryn or atrazine match very well the values reported by
Stein et al. (4) for R. sphaeroidesR-26 or Ga cells, our value
for o-phe in CYC17 is about 10-fold larger than those
reported by Stein et al.

Together with the opposite effect found by Wraight for
quinol binding (Kq

L < Kq
D), this suggests that the primary

quinone modulates the binding properties of the QB pocket

5 “Exact” under the assumption that the system is in quasi equilibrium
with respect to quinone binding (and also thatK′i . [RC] so that the
free and total inhibitor concentrations are almost equal).
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so as to enhance the turnover rate for UQ reduction, favoring
the release of reduced quinol and the binding of oxidized
quinone when an electron is available on QA

-. It is
noteworthy that the interdependence of the two quinone sites
has also been emphasized from electrostatic calculations (29,
30) and experiments on the pH dependence of proton binding
(31) or of the ∆Em between QA and QB (30). Interactions
between the state of QA and the binding properties of the
QB pocket have also been found in PS II. In PS II
membranes, Knaff (32) reported thato-phenanthroline raises
the midpoint potential of QA by 70 mV and Krieger-Liszkay
and Rutherford (33) found that phenolic herbicides lower
the Em of QA by 45 mV while DCMU raises it by 50 mV.
Thus,o-phenanthroline and DCMU affect theEm of QA in
PS II in the same manner aso-phenanthroline and (presum-
ably) terbutryn in bacterial RCs. The mechanism may not
be the same, however, because Krieger-Liszkay and Ruth-
erford found no change in the midpoint potential of QA when
removing the PQ pool, at variance with Wraight’s result in
bacterial RCs.

The long-range interactions controlling the properties of
the QB site either from QA- (this paper) or from P+ (39) are
of interest in several respects. They highlight the involvement
of rearrangements that go beyond simple electrostatic
interactions. These interactions are probably functionally
important. According to the analysis presented here, the
changes caused by QA

- appear to facilitate the QB turnover,
by favoring quinone binding and quinol release. They may
also play a role in the gating process believed to control the
reduction of QB. It is likely that these effects are mediated
by the protonation state of amino acids of the QB pocket
(such as Glu L212), as in models proposed by several groups
(31, 34-36). An attractive possibility is a role of the His-
Fe-His complex as a connecting link between the two
quinone sites (34, 37, 38).

APPENDIX

(1) Recombination Rate of P+QB
-. We consider the

equilibria

showing, from left to right, the state with the QB pocket
empty, occupied by an oxidized quinone, and occupied with
semiquinone. For brevity, we denote the fractions of these
speciesX, Y, andZ, respectively.Kq ()X/Y) is the apparent
dissociation constant of UQ on the QB site (this is a shorthand
notation for the true dissociation constant over the concentra-
tion of pool UQ which is assumed to be constant). In all
likelihood, in chromatophores,Kq , 1, because of the large
excess of UQ.K2 ()Z/Y) is the equilibrium constant for
electron transfer between QA and QB.

The fraction of RCs with QA- is

with

If one assumes that the direct recombination from the P+QB
-

state proceeds at a negligible rate with respect to the route
going through QA-, the rate constant for the decay of P+QB

-

is

wherekAP is the rate constant for P+QA
- recombination.

(2) Inhibitor Fixation on EVen State Centers.We consider
the scheme

showing, from left to right, the states with bound inhibitor,
an empty QB pocket, and bound UQ. We denote the fractions
of these speciesW, X, andY, respectively.Ki ()koff/kon) is
the dissociation constant of the inhibitor. At equilibrium, the
fraction of inhibited RCs is

where

In these expressions,I denotes the concentration of free
inhibitor. WhenK′i is large with respect to the RC concentra-
tion (i.e., for all inhibitors used in this study, except
stigmatellin),I is very close to the total inhibitor concentra-
tion.

The primed equilibrium constantsK′2 (eq 2) andK′i (eq
5) are apparent constants which encompass the effect of the
binding equilibrium of UQ at the QB site.

(3) Inhibitor Fixation on Odd State Centers.We have now

The fractions of the states shown from left to right are
denotedW, X, Y, and Z, respectively. At equilibrium, the
fraction of RCs with QA

- is

with

Rearranging eq 6, one obtains

This predicts a linear dependence onI of the ratio of closed-
to-open RCs with the intercept 1/K′2 and the slope 1/(K′2K′i).

(4) Recombination in the Presence of Inhibitor.The
appropriate scheme is now

P+QA
- {\}

Kq

P+QA
-QB {\}

K2

P+QAQB
-

X + Y ) 1
1 + K′2

(1)

K′2 )
K2

1 + Kq
(2)

kBP ) kAP
1

1 + K′2
(3)

QAI {\}
koff

konI
QA {\}

Kq

QAQB

W ) 1
1 + K′i/I

(4)

K′i ) Ki

1 + Kq

Kq
(5)

QA
-I {\}

koff

konI
QA

- {\}
Kq

QA
-QB {\}

K2

QAQB
-

[QA
-] ) W + X + Y ) 1

1 + K′′2
(6)

K′′2 )
K′2

1 + I/K′i
(7)

1
K′′2

)
[QA

-]

1 - [QA
-]

) 1
K′2

+ I
K′2K′i

(8)
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We denote as before the relative fractionsW, X, Y, andZ,
respectively. We assume that the equilibria involving UQ
binding and electron transfer are fast with respect to that of
inhibitor binding and recombination kinetics. The three right-
most states will then be in equilibrium and can be expressed
as fractions of their sumS ()X + Y + Z). One has thus

The kinetic equations are

This is a system of the form

where the coefficientsR, â, γ, andδ can be read in eqs 10
and 11.

Solving eq 13 forW and inserting into eq 12, one obtains

The solution of eq 14 is of the form

wherer+ and r- are the solutions of the algebraic trinome
homologous to eq 14:

with

Using the apparent equilibrium constants,K′2 andK′i (eqs 2
and 5), this can be rewritten

We are interested in the decay of P+, namely, the sumW +
S. Both terms have the same exponential factors asS, so

where the initial fraction of P+ was set equal to 1 (saturating
flash). CoefficientA (this is the fraction of the slow phase)
can be determined by setting the initial fraction ofW to its
equilibrium valueW0 in the dark (eq 4) (thenS0 ) 1 - W0)
and solving the equation obtained for the initial derivative
of [P+] from eqs 21 and 10 and 11. One obtains

Notice that theK′i andkoff featured in the expressions ofR
and ∆ (eqs 19 and 20) relate to the dissociation of the
inhibitor in the presence of QA-, whereas inW0 (eq 4), the
equilibrium occurs in the presence of QA. If the redox state
affects inhibitor binding (see section 6 below), this should
be taken into account when dealing with eq 22.

Several useful approximations can be derived and checked
for accuracy using the above exact formulas and the set of
constants in Table 1. The rate of the fast phase is close to
kAP + koff. This agrees within 0.1% with the exact value,
except for terbutryn (because of the largekoff) where the
maximum discrepancy is about 1%. A good approximation
for the relative amplitude of the fast phase is

This is verified within 3% (the exact value is systematically
smaller than the approximated one). With regard to the rate
of the slow phase (-r+), the guesswork for an approximate
expression is more tricky. It might be thought [see Wraight
(4)] that the slow phase represents the decay of the totally
equilibrated system, whereX/W ) K′i/I. Its rate would then
be approximately

whereK′′2 is given by eq 7. This quasi equilibrium treatment
implies, however, that the decay rate is slow with respect to

X ) S
Kq

1 + Kq + K2

Y ) S
1

1 + Kq + K2
(9)

Z ) S
K2

1 + Kq + K2

dW
dt

) konIX - (kAP + koff)W )

konI
Kq

1 + Kq + K2
S- (kAP + koff)W (10)

dS
dt

) koffW - kAP(X + Y) - konIX )

-
kAP(1 + Kq) + konIKq

1 + Kq + K2
S+ koffW (11)

dW
dt

) RS+ âW (12)

dS
dt

) γS+ δW (13)

d2S

dt2
- (â + γ)

dS
dt

+ (âγ - Rδ)S) 0 (14)

S(t) ) S1 exp(r+t) + S2 exp(r-t) (15)

r( ) 1/2(R ( x∆) (16)

R ) -kAP - koff -
Kq(kAP + konI) + kAP

1 + Kq + K2
(17)

∆ ) [kAP + koff -
Kq(kAP + konI) + kAP

1 + Kq + K2
]2

+

4
KqkonIkoff

1 + Kq + K2
(18)

R ) -kAP(1 + 1
1 + K′2) - koff [1 + I

K′i(1 + K′2)] (19)

∆ ) {kAP

K′2
1 + K′2

+ koff[1 - I
K′i(1 + K′2)]}

2

+

4I
koff

2

K′i(1 + K′2)
(20)

[P+](t) ) A exp(r+t) + (1 - A) exp(r-t) (21)

A ) 1
2

- R

2x∆
-

kAP

x∆(1 + K′2)
(1 + W0K′2) (22)

1 - A ≈ W0

kAP

kAP + koff
(23)

kslow ≈ kAP
1

1 + K′′2
(24)
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the effective equilibration betweenW andX. This condition
is far from being met for any of the inhibitors investigated
in this study (even for terbutryn, although its turnover rate
is highest), and the discrepancy between eq 22 and the exact
value of the slow rate computed from eq 16 is very large.
For instance, if one uses the set of constants in Table 1 and
computes the slow rateI/K′i ) 5, the (kslow from eq 22)/
(kslow from eq 16) ratio is 1.7 for terbutryn, 3.1 for
o-phenanthroline, and 5.4 for stigmatellin. A much better
approximation forkslow can be derived in the following way.
After completion of the fast phase, the fraction of centers in
state P+QA

-I ()W) is very low so that the relative amount
of state P+QA

- ()X) is close to its value in the absence of
inhibitor, i.e., 1/(1+ K′2). The conversion ofX to W occurs
at a frequencykonI (or koffI/K′i), and the fraction ofW which
recombines iskAP/(kAP + koff). Thus, the approximate
expression forkslow is

The quantities which are featured in the right-most expression
are readily obtained experimentally:kBP is the recombination
rate in the absence of inhibitor, andkoff/(kAP + koff) is the
slope of the plot of the fraction of the slow phase versus the
inhibited fraction (see eq 23). This expression agrees within
better than 1% with the results computed from eq 16, except
for the values for terbutryn (due to its largekoff) where the
discrepancy at largeI values is about 5%.

We can introduce the direct recombination route from
P+QAQB

- (with rate constantkdir) in the above scheme. This
amounts to adding a term-kdirK′2/(1 + K′2) to the expression
of γ. Modified expressions for eqs 19 and 20 are easily
obtained and can be used to study the dependence ofkslow

on I under such conditions. This shows that eq 25 is still a
good approximation, providedkdir is subtracted from the
experimental value obtained forkslow.

(5) Kinetics of Inhibitor Displacement.We are now
interested in the relaxation of the equilibria following the
flash-induced formation of PQA-I in the presence of an
electron donor to P+. The reaction scheme of the preceding
section is still valid, if we omit the recombination reaction.
The kinetic equation is

The solution is an exponential with the rate constant

The initial and final amounts of QA- are given by eqs 4 and
6, respectively. A plot ofkdis versusI gives a straight line
with the interceptkoff and the slopekoff/K′i(1 + K′2).

(6) Effect of QA
-. In the above, we ignored the possibility

of an influence of the redox state of QA on the dissociation
constants at the QB site (a possible influence of the redox

state of P was ignored as well). If this possibility is taken
into account, one has to consider different values forKi and
Kq when QA is oxidized or reduced, which may be noted,
following Wraight, with a superscript D (dark) or L (light),
respectively. Thus, the equations of sections 1 and 3-5
involve Kq

L and Ki
L (or K′iL), whereas section 2 involves

Kq
D andKi

D (or K′iD).
The data presented here do not allow the separate

measurements ofKq andKi but of the apparent dissociation
constantK′i, which depends onKq via eq 5. Therefore, the
finding thatK′iD is less thanK′iL may reflect an influence of
QA

- primarily onKi (i.e.,Ki
D < Ki

L) or primarily onKq (i.e.,
Kq

D > Kq
L) or any combination of both effects. It is

noteworthy that if the effect is entirely due to a modified
affinity for ubiquinone (i.e.,Kq

D > Kq
L andKi

D ≈ Ki
L), the

release rate of the inhibitor should be the same (koff
D ≈ koff

L),
whereas the apparent rate constant for inhibitor binding (k′on

) koff/K′i) should be larger in the even (or D) state than in
the odd (or L) state.
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