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ABSTRACT. The apparent equilibrium constakt for electron transfer between the primaryajQand
secondary (@) quinone acceptors of the reaction center was measured in chromatophRBiesdobacter
capsulatusin the presence of the oxidized primary dondt ®e obtained a value d5(P") ~ 100 at pH

7.2, based on the rates of recombination fron@QR~ and P Qg~. K5 was also measured in the presence

of reduced P, from the damping of semiquinone oscillations during a series of single turnover flashes. A
5-fold smaller valueK5(P) ~ 20, was found. Additional information on the interactions between the
donor and acceptor sides was obtained by measuring the shift of the midpoint potential of P caused by
the presence of £ or Qa~S (where S indicates the presence of the inhibitor stigmatellin). A stabilization

of the oxidized state Pwas observed in both instances, by 10 mV fge=@nd 30 mV for Q~S. The

larger stabilization of PQa~S with respect to PQg~ does not account for the effect of P on K.
Analysis of these results indicates that the interactions betwé&#hdhd Q/Qa~ are markedly modified
depending on the occupancy of thg Qocket by ubiquinone or by stigmatellin. We propose that the
large value oK5(P") results essentially from a conformational destabilization of th@P state, that is
relieved when the proximal site of thes@ocket is occupied by stigmatellin.

The bacterial reaction center is the best known membraneinteractions between the primary donor P and the quinone
protein complex to date and has become a paradigm foracceptors, @ and @, mainly in chromatophores from.
understanding biological electron transfer. Accurate three- capsulatus and show that, in addition to an electrostatic
dimensional structures are availabl¥),(together with a contribution, some conformational constraint must be in-
wealth of spectroscopic investigations on both the native volved.
complex and variants obtained from site-directed mutagen- The reactions of interest here involve the primary photo-
esis. An intriguing question is whether the protein is only chemical electron donor P (special pair of bacteriochloro-
providing the appropriate scaffold for a precise location of phylls) and the primary and secondary ubiquinone acceptors
redox centers and tuning of their energy levels and reorga-Q, and Q. Whereas Q is a single electron carrier, £Q
nization energies or, in addition, undergoes structural changesundergoes sequentially a first reduction to the semiquinone
which may concur to the energetic performance of the state Q- and a second reduction, accompanied by the
system. There has been a number of reports showingbinding of two protons, to the quinol state@. In the fully
evidence for conformational changes in response to chargeoxidized (quinone) and fully reduced state (quinol), the
separation. For instance, when immobilizing the'RCthe secondary quinone is weakly attached to its binding site (the
P*Qa~ state, either by chemical cross-likin@)(or by Qs pocket) and undergoes rapid exchange with the ubiquino-
freezing @), the recombination kinetics are markedly modi- nes of the pool solubilized in the membrane lipid phase. In
fied. An electrogenic response following charge separation contrast, the semiquinonegQ is strongly bound to the
in the 100us domain has been reported, in the absence of protein and can remain thus stabilized on a long time scale
any concomitant electron transfel) (Marked modifications  (e.g., minutes). The two-electron cycle of the secondary

of the binding properties of the gQpocket have been  quinone (see ret0 for a review) is summarized below:
observed, depending on the redox state of the primary

quinone accepto’( 6). These concern the binding of neutral hvi ) i
species (ubiquinone or inhibitors) and cannot simply be due Qe > we < > Qs

to an electrostatic effect. A movement of the secondary 2 H UQ UQH:
quinone involving displacement and turnover of the quinone . hw AN \/
ring (from a “distal” to a “proximal” configuration) is Qe —> Qa Q2 Qs

believed to accompany the formation of the semiquinone

state Q- (7—9). In the present paper, we investigate the wherehy; and hv, denote two successive photoacts. The
photochemical charge separation P9 PTQ,~ implies the
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range, restoring the initial state RQs. This back reaction  Prof. Donohue Z6). This mutant lacks cytochrome and
involves two competing routes, namely a direct electron iso-c,. Growth conditions and chromatophores preparation
transfer from @~ to Pt and an indirect pathway where the were previously described 9). Isolated reaction centers of
recombination reaction occurs fromyQto P* through the R. sphaeroide®-26 were prepared according to £f.
electron-transfer equilibrium [z~ < Qa Qg (11—15). The For spectroscopic experiments, the chromatophores were
latter process is generally dominant so that the rate of thediluted in a medium containing 50 mM KCI and 50 mM
observed recombination is controlled by the equilibrium Tris or MOPS buffer, pH 7.2. The RC concentration of the

constantky = [QaQs )/[Qa*]. In this expression [@ *] chromatophore suspension was around 100 nM, based on

denotes the total fraction of states including Qwith the an extinction coefficient of 20 mwvt cm™t for P™ at 600

Qs pocket either occupied or empty. nm. Valinomycin (3uM) was added in order to collapse the
The stabilization of state (Qs~ with respect to @ * membrane potential and associated absorption changes. In

reflected byKy is of crucial importance for the photosynthetic €xperiments using the exogenous donor TMPD (1 mM), the
yield. Indeed, under steady-state illumination, the reaction suspension was kept anaerobic under an argon flow.
center is half of the time in the “odd state” (i.e., with one ~ Absorption changes were measured using a Joliot-type
electron residing either onor Qs). A small value ofKs spectrophotometer, where the measuring light is provided
would thus imply a large fraction of centers in the photo- by microsecond monochromatic flashe8,(29), as previ-
chemically inactive @~ state. An additional drawback would ~ 0usly describedX(9). Actinic illumination was provided by

be to enhance back reactions. The stabilization gf @ a xenon flash (s duration at half peak) filtered with a
essentially due to proton binding.1, 16—18) either indi- Schott RG-715 filter. The photodiodes used for detection
rectly on neighboring protonatable groups (in chromatophoresWere equipped with a Schott BG-39 filter for the visible
at pH =6 or in isolated reaction centers even at low pH) or range. In the near-IR a combination of high- and low-pass
by direct formation of neutral protonated semiquinongiQ filters (CVI, LPF-650 and SPF-800), blocking bacteriochlo-
(in chromatophores at low pH, see t&). The value ofK, rophyll fluorescence, was used. Due to low-frequency
has been estimated by various methods in isolated reactiorf€jection by the electronics and also to the high peak intensity
centers oR. sphaeroidesThe most accurate determinations Of the measuring flashes, actinic DC-light (as used in Figure
are based on the comparison of the recombination rates for4) does not perturb the detection of absorption changes (even
PtQa~ and PQaQs~ (11, 12 20, 21) and on the damping ~ When it is not blocked by the filters placed on the photo-
of the semiquinone oscillation observed during a series of diodes).

single turnover flashes2p). A very good agreement was In the experiments of Figures 3 and 4, we measured the
obtained in both procedures, yieldikg ~ 14 at pH 8. When  relative amounts of B Qa~, and Q" in the following
reaction centers are imbedded in their native membranemanner. P was measured at 603 nm (Figure 3, panels B
(chromatophores), the recombination rate 6fORQs" is and C) or 545 nm (Figure 4). From experiments on
slower than in isolated RC$,(6, 19, 23, 24) while that of semiquinone oscillations using ferrocene as a donor, the

P+QA_ is somewhat faster. This |mp||es a |arger valukpf contribution of Q7 at 603 nm was found isosbestic. On the
in the native environment. other hand, by accumulating.Q (using flashes or DC-light

in the presence of ferrocene, ferrocyanide, and stigmatellin),
a small contribution of - was detected at 603 nm and the
I;:hange was found isosbestic around 545 nm (see, however,
footnote 3). This wavelength was retained as a pure P
indicator for experiments with stigmatellin. The extents of
Qa~ and @~ were determined from absorption changes in
the near-IR, due to electrochromic shifts of bacteriopheo-
dphytins @4, 30, 31). For Q.~, we used the change at 742

nm (close to the trough of the,Q — Qa spectrum) and 755

nm for Q= (peak of the spectrunf)These changes were
dcorrected for the contribution of /P using the following
dratios:

In the present work, we first compare the valueskef
measured in chromatophores Rf capsulatugither based
on recombination rates in the absence of a secondary dono
or on the damping of the semiquinone oscillation in the
presence of a secondary donor. The valu&iofurned out
to be about 5-fold larger in the absence of secondary donor
than in its presence. This suggests an effectofvihich is
present in the recombination experiments, but rapidly reduce
in the oscillation experiments: *Rappears to stabilize £
with respect to Q. In a second series of experiments, we
further investigated the interactions between the donor an
acceptor sides using a different approach. We determine
the shifts in the reduction potential of th&/P couple caused n
by the presence of £ or Qs~. In contrast with the results P*(755 nm/603 nmj= 1.119 (1)
on K, the latter experiments indicate that B stabilized
more strongly by @ than by Q. The two sets of results P'(742 nm/545 nmj= 0.524
can be reconciled by analyzing precisely the equilibria
involved. This suggests that the energy of th&QR~ state
is markedly dependent on the type of occupation (distal or
proximal) of the @ pocket.

These were determined from the spectrum of the reduction
phase of P observed in the presence of ferrocene. The
relative amount of @ /RC was determined using the ratio

MATERIALS AND METHODS Qg (AAg5,mfor 100% RC)/

i+ —
The mutant FJ2 oRhodobacter capsulatusas a kind P"(AAgognmfor 100% RC)=0.181 (2)

gift of Prof. F. Daldal 25). It is devoid of the physiological

donors to the RC (cytochromes andc,). A similar strain 2 The wavelengths and calibration ratios given here are thosR.for
for Rhodobacter sphaeroide€YC-17, was a kind gift of capsulatuschromatophores.
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Ficure 1: Decay of the flash-induced*Pmeasured at 603 nm.
Chromatophores oR. capsulatu$=J2, at pH 7.2, in the presence
of 3 uM valinomycin (these conditions apply to all figures except
panels C-D in Figure 3). Open squares!®g~ recombination with

no inhibitor present. Solid circles,'®,~ recombination with 40
uM stigmatellin. The solid curves are fits with parameters indicated
in the text.

This calibration was obtained in the presence of TMPD. A
small fraction of oxidized TMPD was present, allowing full
reoxidation of @~ in the dark period £120 s) between
experiments. A convenient check for this is the observation
of a reduction phase of oxidized TMPD (monitored in the
100 ms range at 603 nm), which is correlated with the
formation of quinol. The absence of this phase on the first
flash after dark-adaptation is a sensitive test that no quinol
is produced (i.e., that nog was initially present). Under
such condition, 100% £J is induced by the first flash.

For the calibration of the & signal at 742 nm, two

methods were used. The first one consists of subtracting the

P* contribution from the PQ,~ change measured at 1 ms
in the presence of stigmatellin. We obtained in this manner

3

A second method is to accumulate 100% Qby DC
illumination in the presence of ferrocene, ferrocyanide, and
stigmatellin (the 100% Psignal at 545 nm is obtained from

a flash experiment). This yielded a value of 0.424 for the

Q, (742 nm)/P (545 nm)= 0.353

same ratio. The 20% difference between both methods

reflects a real difference in the shape of thex{Q- Qa)
spectrum in the IR (electrochromic) region, depending on
the presence of P(unpublished results). This was taken into
account for estimating [Q] (used in eq A23, see Appendix)
by solving the equation

(AA 4o ) (AAs 45, FOF 100% P) =

0.353[F'Q, ] +0.424[PQ ] (4)
where [PQ~] was determined using eq A18. The unknown
[PTQa7]is thus computed and one obtains\[Q= [P"Qa"]
+ [PQa].
RESULTS

Estimation of K from Recombination Kinetic&igure 1

Ginet and Lavergne

and reduction of P in chromatophoresRfcapsulatug-J2.
This mutant is devoid of endogenous donors to P, so that
the kinetics observed in the absence of inhibitor (open
squares) reflect the'fl®g~ recombination process, witth,

~ 3.15 s. Also plotted in this figure (circles) is the trace
observed in the presence of 401 stigmatellin, which is
about 75-fold faster (from the ratio of the half-times).
Stigmatellin is an efficient inhibitor of the £ to Qs electron
transfer, that binds to thegocket in a similar way as £

(8, 32), and thus prevents UQ binding. The kinetics observed
in the presence of this inhibitor reflect the recombination of
PTQa~ with t;» ~ 41 ms (thus a rate constaki, = 16.9

s 1. A minor slow phase~2% in amplitude) is due to the
release of the inhibitor and formation ofgQin a small
fraction of centers. This phenomenon is however much less
pronounced with stigmatellin than with other inhibitors
(o-phenantroline, terbutryn, or atrazine), as will be described
in details in a forthcoming paper: we thus routinely used
stigmatellin as the most efficient inhibitor of the; Qocket

in chromatophores oR. capsulatusWhereas the FQa~
recombination kinetics are satisfactorily fitted by a single
exponential, such is not the case for the decay @&,
which is better adjusted by a sum of three exponentis (

A small (2-10%, presently 7%) rapid component is generally
present in the 100 ms range, presumably reflecting@aP
recombination in a fraction of centers devoid of the secondary
acceptor. The major phase (69%) haga~ 2.8 s, and a
very slow phaset{, ~ 10 s, 24% relative amplitude) is also
present. The relative amplitude of this slow phase increases
when submitting the system to multiple flashes or continuous
illumination. This suggests an evolution of centers in the
P™Qg~ state toward a more stable conformation. In the
following, we estimate the rate constant for@~ recom-
bination, kpg as that of the major phase, i.e., 0.25's
[alternatively, one might derivieg from the overall halftime,
i.e., In(Q)ty, = 0.22 s1].

The decay of PQg~ is due to the combination of two
competing processes, namely the direct electron transfer from
Q™ to P", with rate constankeg and the indirect route
involving the QQs~ < Qa~ Qg equilibrium and recombina-
tion from the PQa~ state with an intrinsic rate constaiph.
Thus, the observed rate constant should be

1

b = Kog 1+ 5
kPB kPB kPAl + K'Z ( )
As already mentioned; is defined as
=] ®)
Qa7

where [Q*] denotes the sum of fractions of all possible
Qa~ states (i.e., with UQ absent or present on thesie,
either in the proximal or distal configuration). This is an
“apparent” equilibrium constant which depends on the
binding equilibrium of UQ at the ®site.

In isolated reaction centers where the recombination of
PTQg" is faster than in chromatophores, by a factor 663
(5, 6, 19, 23, 24), the indirect pathway dominates and the
direct recombination ratds in eq 1) is believed to be almost

shows the time course of the absorption change induced bynegligible while this is not quite so in chromatophores. For

a short saturating flash at 603 nm, monitoring the oxidation

instance, in isolated RCs froR. sphaeroidethe decay of
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P*Qs™ has aty, of abou 1 s (i.e.,.kbg ~ 0.7 s1) at pH 7 4
(11), while keg has been estimateck0.1 st (11), in ~
agreement with the value of 0.06'sound in mutant RCs
(12). Larger values were, however, measured in wild-type
RCs with modified @, i.e., 0.12 s* (14) and 0.19 s (15).
In isolated RCs fronR. capsulatuskeg can be estimated to
be about 0.08 8 from the limiting rate observed at pH 4
(33), while kpg is around 0.65 s at pH 7 @4). In R.
capsulatushromatophores we obtained the same vélge
~ 0.08 s* from the limiting value observed at p6 (19). 0
Therefore, this should be subtracted from the observed value 0
of kpg to estimate the second term of eq 5, i.e., Time (s)
1 1 4
kPAl K =0.17s (7

Py

-1
AA755 nm (mM cm

N
H
[+2]
[« ]
5]

_1)

Using the value okpa = 16.9 s, one obtains
Ky(P") = 98 (8)

(this notation is meant to indicate that the equilibrium was
measured in the presence of)P
Estimation of K from the Damping of Semiquinone o4+
Oscillations When the reaction centers are subjected to a 2 4 6 8 10 12 14 16
series of single turnover flashes in the presence of an efficient Flash number
electron donor to P, Qg™ is formed on odd-numbered flashes  piure 2: (Top panel) @~ oscillations measured at 755 nm during
and destroyed on even-numbered flashes. This period-2a series of saturating flashes (spaced 640 ms apart) in the presence
oscillation is damped due to the fraction of centers in the of 1 mM TMPD. The top trace is the decay ogQafter a single
Qc state in equilbrium with QQs-. These centers are 1250 Lol b orec e dameing fr e 1% deeay occuring
photochemlcally Inactlvg and cause a phase retardatlon.. Thusextent of @ is larger than in the ﬁwultiple flagh expgriment because
the damping of the oscillation provides a means to estimate a small fraction of centers with £ was initially present in the
K5 (22). The equilibrium constant measured in this manner latter. Bottom panel, a plot of the successive changes caused by
relates to centers where P is in the reduced state and will beeach flash relative to the previous flash (with sign inverted on even
notedi(P) B e e e s W )
Figure 2 (top panel) .ShOWS the semiquinone oscillations pgrticular experiment was 19 (the uncorrected value was 14.5).
measured at 755 nm in the presence of reduced TMPD,
ensuring total P reduction witht;; ~ 1 ms. The top curve
shows the slow semiquinone decay due to oxidized TMPD TMPD. Reoxidation of @ between successive flashes was
observed after a single flash, that was used to estimate theestimated as described above. Care was taken to check that
semiquinone loss occurring between consecutive flashes. Thahe flashes were fully saturating (e.g., doubling the flash
bottom panel is a plot of the absolute values of the changeenergy did not affect the oscillations monitored on a long
induced by each flashKy(P) is determined from the flash series)Double-hitsmay occur when the flash duration
exponential fit of these data, using eqs-#8l and corrected is insufficiently short with respect to RC turnover. Such is
for the semiquinone leak using eq A2. From several such not the case here (2s flash width vs 1 ms lifetime of B.
experiments (estimating the error bar from the scatter), we Another cause of double-hits may be an actinic effect of the
obtained measuring beam that would induce a phase advance. We
checked that the actinic effect of the detecting flashes was
A(P)=21+£2 ©) negligible: decreasing by a factor of 3 the energy of the

. . . . ,_measuring light had no effect on the oscillations or on the
This method relies on the assumption that the acceptor side g'g

R . >~ ~decay rate of @ after a single flash.
equilibrium is the sole cause of damping. In general, damping .
may be caused by photochemical “misses” or “double-hits”. ~ 1he value of Ky(P) is 4.7-fold smaller tharky(P")
Missescan be due to three factors: rapid back-reactions, lack €Stimated from recombination kinetics (eq 8). This suggests
of saturation, or reoxidation of semiquinone during the time that the presence of'fmight somehow stabilize & relative
interval between consecutive flashes. Back-reactions may{© Qa~» @ccounting for an increase Kg. If such is the case,
occur at the PBphe stage, but the lifetime of this state is ©Ne May expect a reciprocal effect of the state of the acceptor
very short, so that a saturating microsecond flash takes careSide on the midpoint potential of the’f> couple.
of this problem by allowing multiple turnovers for RCs that Shifts of the Midpoint Potential of PP in the Presence
have back-reacted in this manner. Recombination from of Qg~ or Qa~. The rationale of the following experiments
P"Qa~ is minimized due to the short lifetime ofQ (tyx ~ is to poise the ambient redox potential in a region where P
70 us at pH 7.2, compared withy, ~ 40 ms for the is titrated and to monitor the change in the amount of P
recombination reaction) and so is the recombination from caused by the presence of Qor Q.~. We used ferri- and
P*Qg™ (t12 & 3 s) because of the 1 ms reduction of I®y ferrocyanide as a redox buffer and ferrocene as a mediator

-1
AA755 nm (mM cm
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ensuring relatively rapid equilibrium with P. We first discuss
the interactions of these substances with the RC. 2 4
When 80QuM ferrocyanide was added alone (not shown),
only a slight acceleration of the'Rlecay was observed (with
respect to the recombination of®~), showing that the
reduction of P by this substance is a slow process. On the
other hand, when adding, e.g., 1/ ferrocene alone
(Figure 3A, solid circles), a major phase of IReduction
occurred witht;, = 18 ms followed by a slow phasg =
220 ms, 17%). From experiments monitoring the decay of 0
the membrane potential from the carotenoid bandshift (not
shown), we have concluded that this slow phase corresponds
to the flow of oxidized ferrocene (ferricinium) from the inner
space of the chromatophore, i.e., to a relaxation of the
transient high redox potential due to local accumulation of
this oxidant within the vesicle. As can be seen in Figure
3A, the slow phase is suppressed on the second flash (but )
can be restored by adding inhibitors of the cytochrdwe 101 P
complex, such as myxothiazol). This is due to rapid reduction
of ferricinium inside the vesicle by thec, complex, which
takes place when quinol is released from the RC after the 0 1 2 3 4 5
second flash (thus ferrocene acts as a substitute to cyto-
chromec,, both on the RC anbl-¢;). When the slow phase
is completed, i.e., at times longer than, say, 1 s, P is fully 0
equilibrated with the ferrocene present in the bulk medium.
Finally, we note that ferrocene reacts readily with ferrocya-
nide (7).
Figure 3B shows the flash induced kinetics monitoring :
P at 603 nm (solid circles) or £ at 755 nm (open circles, . Foa

corrected from the contribution of P in the presence of 45 - Lo
ferrocyanide (800uM) and ferricyanide (2 mM). The . . , . 00
decreased amount of flash-inducedl €rresponds to the 0 T2 3 4
partial oxidation of P in the dark at the potential imposed Tme )
by our redox mixture. The fraction offFfpresent in the dark

is w = 0.23. The slow decay of £ observed under such
conditions shows that there is no rapid equilibration of the
acceptor side with the redox buffer. A slow phase of P
decay is now present with the same kinetics as thatgof Q
This feature occurs at times much longer than the redox
equilibration of P and indicates a downward shift of s 21
caused by the interaction withgQ The constant ratio of

AP* (excess P with respect to the dark adapted state) over 4
[Qs~] wasy = 0.096 (using calibrations described in the

Materials and Methods). Then, using eq Al13, one obtains

-y = Ficure 3: (A) Absorption changes caused by two saturating flashes
AEmAQe) .11 +3mv (h'ere .and below, the accuracy (spaced 2.85 s apart) in the presence of A&Dferrocene. Solid
range was estimated by taking into account the scatter of jrcles, 603 nm. Open triangles, 450 nm. Open circles, 755 nm.

results in three to five experiments and the error estimated The 603 nm change essentially monitors, Rhile the 450 and
in a similar way for the calibration figures). 755 nm changes monitor both Bnd Q. (B) Absorption changes
The same method was applied to isolated reaction centersit 603 nm (solid circles) and 755 nm (open circles) following a

: ) . : ) : saturating flash in the presence of 1M ferrocene, 80QuM
from R. sphaeroide®-26, reconstituted with UQ-6. Figure potassium ferrocyanide, and 2 mM potassium ferricyanide. The 755

3C shows the results of such an experiment, yielding nm trace was corrected for the Rontribution (see Materials and
AEnAQg") = —10+ 3 mV. We also used this approach to  Methods). The solid squares show the ratid\éf/[Qs ] (reaching
determine theAE,p caused by @ (Figure 3D) in this a constant valug ~ 0.096 after 1 s), plotted against the right-

; ; i hand scale. (C) Same experiment as in panel B, but with @M7
material (with no secondary quinone added and,20 isolated reaction centers froRr sphaeroideR-26, in the presence

stigmatellin present). A high concent'ration of ferrqpeng (800 15 uM UQ-6, 50 uM ferrocene, 80Q:M ferrocyanide, and 8
uM) had to be used to ensure a rapid redox equilibration of mm ferricyanide. Solid circles, 603 nm change. Open circles, 758
P (2 ~ 2 ms) with respect to recombinatio3/4 ~ 60 ms). nm change corrected for the"ontribution. Solid squareg\P*/

The value ofAE;, {Qa") thus obtained was-18 + 3 mV. [Qs7] (right-hand scale). (D) R-26 isolated reaction centers with

We had to resort to a different method for measuring "°added quinone and 20 stigmatellin, 80QuM ferrocene, 800
. . uM ferrocyanide, and 8 mM ferricyanide. Solid circles, 550 nm
AEn#Qa") in chromatophores, because we could not achieve'change (monitoring B. Open circles, 750 nm change (monitoring

a sufficiently rapid redox equilibration of the donor with  Q,~, corrected for the Pcontribution). Solid square@P*/[Qa"]
respect to the lifetime of the flash-inducedh @ In FJ2 ratio (right-hand scale).

AA (MM cm")
? >

-5 4

B o2

AA (MM em™)
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Ficure 4: (A) Absorption changes monitoring Rt 545 nm following a saturating flash (left-hand trace), or during a continuous illumination
to which a saturating flash was superimposed (right-hand trace). The bold arrows at the bottom indicate flash triggering and thin arrows
indicate shutter opening (pointing up) and closure (pointing down). Ferrocene/fd)@errocyanide (80Q:M), and stigmatellin (5Q:M)
were present. (B) Same as panel A, except 1.6 mM ferricyanide was added. The plots of panel B were offset so that the flash-induced P
reaches the same level as in panel A (thus the baseline indicates the amouindresént in the dark). (C) Solid circles, 742 nm change
recorded under the same conditions as the right-hand trace of panel B. The open circles shgwdhanQe after correcting the 742 nm
trace from the P contribution. The horizontal lines indicate the 742 nm level expected for 109%irQthe presence of P (bottom line)
or P* (upper line).

chromatophores, the reduction rate of By ferrocene function of the fourzlevels. The second method (2) consists
saturates above 1%M ferrocene, witht;, ~ 20 ms but the of measuring the steady-state level of (at an appropriate
major problem is the 200 ms phase due to the slow outflow wavelength. This was done at 742 nm (Figure 4C), which is
of ferricinium. The procedure illustrated in Figure 4 is based close to the trough of the £ spectrum, is isosbestic for

on the steady-state equilibria under a continuous illumination Qg~ and where the contribution of'Pis relatively small.
analyzed in the Appendix. The same type of redox buffering The latter was corrected using the figures given in Materials
as above was used (ferro/ferricyanitteferrocene) and its  and Methods. The fraction [Q] was then inserted in eq
effect on P/P in the dark was measured by comparing the A23, yielding a second estimate fAE, p. The values thus
flash-induced P signal @) with that (z) obtained under  gptained for AEm {(Qa~) were —33 and —31 mV, using
reducing conditions. Due to the presence of the inhibitor methods 1 and 2, respectively. As argued in the Appendix,
(stigmatellin), there is no (or little, see below) net electron the agreement between both methods is a sensitive test that
flow in the system under steady-state illumination, so that if yalidates the assumptions made in this treatment (especially
Emp were constant, the [f/[P] ratio at steady-state would  that of a negligible leak through the stigmatellin block).
be imposed by the redox poise independently of the amountynder proper conditions (short duration of the experiment,
of accumulated @. Thus, the absorption change monitoring  keeping the ferri/ferrocyanide ratio below 2.5), we consis-
P* should return to the dark baseline after some transient. tently obtained values oAEnp in the range—35 to —30
Conversely, if the centers possessing ave a differ_ent mV (using both methods 1 and 2), varying the ferrocene
Emp, One should have a nonzero steady-state levef ofith concentration (58200 uM range), the ferri/fferrocyanide
respect to thesbasellne. This was indeed observed (level noted,oncentrations, and the illumination intensity (by a factor
zs in panel B)” To quantify the effect, we need information ot 4y on, the basis of these results (and taking into account

on the amount Of. @ sustained d‘.”i“g the "'Um"?ation- Th.is the trend toward an overestimation®Ey, p, see Appendix)
can be obtained in two ways. A first method (1) is to monitor we estimateAEn{Qa~) = —30 + 5 mV.

the extent of P induced by a flash superimposed on the

continuous illumination (levet,). Since only centers in the

PQ state are photochemically active, their relative amount DISCUSSION

is the difference 4, — z3)/z;, while the fraction of PQ~

centers is% — zj)/z. Equation A22 expressesEnp as a We have presented a series of results pertaining to the

electron-transfer equilibrium between the primary and sec-

3 The negative overshoot of Fobserved (panel B) when shutting ~ondary quinone acceptors in chromatophorefRotapsu-

the light off is well explained on the following grounds. During the latus. From recombination kinetics, we estimatg ~ 100.

illumination there is an excess of accumulated @ith respect to P. From the damping of semiquinone oscillations in the

When the light is shut off, these electrons are reinjected toward the ST A
donor side through recombination. This causes a transient excess of.presence of an electron donor to, Rve obtaink} ~ 21 (25

reduced ferrocene (and lower, Ehan the bulk medium) inside the  In R. sphaeroidgs A noteworthy difference between the
vesicles that relaxes at a rate limited by ferricinium reentry. A small conditions of these measurements is the state of the primary

negative overshoot is also present in the experiment of panel A P fyer ; : ;
(reducing conditions). In this case, the return (rise) to the baseline is donor, which is oxidized in the first case and reduced in the

much slower, as expected for an Q contribution under reducing second one. We therefore looked for a differential interaction
conditions, suggesting that in this experiment 545 nm is not strictly of P™ with Qa~ and @~ which could account for the-5-
isosbestic for this change (we observed some fluctuations, from 543.5¢4|d increase oK5 observed in the presence of RVe did

to 545 nm, when determining the isosbestic wavelength for) (@ue . . L4 . . : . .

to its small size, this contamination byaQis of no significant find a differential interaction from the shifts of the midpoint

consequence in the estimate of tNEp p. potential of P induced by £ or Qs™, but in the opposite




16258 Biochemistry, Vol. 39, No. 51, 2000 Ginet and Lavergne

direction: AEqnp (Qs7) & —11 mV andAEnp (Qa7) = — 0.3 units, which is probably below the experimental accuracy
30 mV. Therefore, P stabilizes both @~ and G, but the of the proton uptake titrations.

larger effect on the former would apparently predict a 2-fold ~ We will now examine more precisely the information
decreaseof K5 in the presence of P Before scrutinizing contained in our data and see how they can be combined.
the information really contained in the whole set of results, On one hand, we have the effect of the state of Kan

we first examine some particular aspects.

The estimate oK5 based on recombination rates relies . [PQ.Qs ]
on several assumptions. One of these is that the kate Ka(P)= PO, A ~21 (10)
observed in the presence of an inhibitor is representative of [PQa ]
its value in the absence of inhibitor. Several arguments " B
support this view. First, the value d6, is the same (or Ky(P) = [P QaQg ] ~ 08 11)
almost so) for all the inhibitors we tested (stigmatellin, 2 [P+QA_*]

atrazine, terbutryn, and-phenantroline) despite very dif-
ferent dissociation constants and rates (Ginet and Lavergne;rhe ratio of these expressions is
forthcoming paper). Second, in isolated reaction centers, the

samelpr is obsgrv_eq whether thegQpocket @s empty or [P+QAQB_][PQA_*]
occupied by an inhibitor. A second assumption used in our —— — =~ 4.7 (12)
estimate ofK, was to subtract the rate constant for direct [P"Qa *[PQAQg ]

recombinationkes = 0.08 s that we estimated previously _ _ o _

(19). If this value happens to be overestimated, one still This can be expressed as a shift of the midpoint potential of

would haveK’ > 67. P depending on the state of the acceptors:

The values that we obtained for the shift of the reduction _ _

potential of P caused by or Qs may be explained on  EmdQa *) — En dQaQs ) =

the grounds of simple Coulombic interactions (but, as [p+QAQB—][pQA—*]

discussed below, the effect involvingsQcannot be simply lo E—
[PQaQg I[P Q4 7]

separated from the energetics of stigmatellin binding). The
center to center distance betweeh dhd Q™ is about 28
A. The appropriate value of the dielectric constaris a ~ On the other hand, we measured thi&, of the P"/P couple
matter of debate. A value of 4 was assigned to the protein induced by the presence o0Q which is
interior (35) taking into account electron polarization and " o
some rearrangement of protein dipoles. For unclear reasons, E - _ [PTQA*IIPQAQs ] N

. ; . : noQg )=58lo —|~—-11mV
calculations using a higher value & 20) give a better ; [PQA*][P+QAQB ]
agreement with experimentalKgs (36, 37). It may be . (14)
expected that the inner core of the protein has a low dielectric
constant likee ~ 4 while the values ~ 20 is appropriate ~ and that due to Q'
for more peripheral regions3g) so that the relevart in N o
our case should be intermediate between these values. An _ [P"QAS][PQ, S]
elementary dipole over a 28 A distance would give an EnoQaS) =580 o 0mV
- - [PQASIIP Qa S]
interaction energy of 128 meV fer= 4 and 26 meV fok A A (15)
= 20. The electrostatic interaction must however be some-
what decreased due to the fractional proton release causedvhere S indicates that stigmatellin was bound to the Q
by Pt and fractional proton uptake caused by @16, 17). pocket.
The smaller interaction with £ (~—11 mV) could be To connect the information contained in eqs-1I%, we
accounted by the larger proton uptake and the more polarneed an estimate of the possible shift & caused by
character of the @ region. In our chromatophores, we stigmatellin binding, i.e.Ems(Qa*) — EnnQaS). This is
estimated the proton uptake by Q~ 0.9—1 at pH 7.2 19) easily done by determining the midpoint potential of P in
and (data not shown) 0.28.3 for Qy~. Inisolated reaction  the absence or presence of stigmatellin. We measured the
centers fromR. sphaeroide®R-26, we obtained\En {(Qa) flash-induced amount ofPover a range of ferri/ferrocyanide
~ —18 mV and AELHQg) ~ —10 mV. The smaller  under both conditions and obtained the plots of Figure 5,
interaction with Q- may reflect an increased of the showing thate, pis independent of the presence of stigma-
solubilized RC with respect to chromatophores. On the other tellin within a few millivolts. A similar result was obtained
hand, the finding of very similar values faE,, {Qg), may with the inhibitor terbutryn.
be due to the larger proton uptake in chromatophores Figure 6 summarizes the effects &p,p of the various
compared with isolated reaction centers [estimated in R-26 states of the acceptor side. The valuesEgf(QaT) and
about 0.4 H/Qg~ (16) or 0.8 (L7)] which can compensate EnsQa"T) in the presence of another inhibitor, terbutryn,
the effect ofe. In their work on proton uptake and release are also featured in Figure B, o(QaT) was obtained from
in the various charged states of R-26 reaction centers,the titration of Figure 5. The value &, {Q,~T) was derived
McPherson and co-workerd &) found no significant dif- from measurements (data to be published in a forthcoming
ference for the net uptake in the presence @2 compared paper) of the apparent dissociation constant of terbutk), (
with the summed effects of ®, and PQ™~. This result may in the presence of PQ and PQa~. This dissociation
not be incompatible with ours, since the interaction of 18 constant was little affected by the state of P, vKi{{PQa ")
mV that we find in this material would implyko shifts of ~ 26 uM andK(P"Qa™) ~ 22 uM [whereas it was markedly

~39mV (13)
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1.0 In isolated reaction centers frolR. sphaeroidesvery
1 similar values forky(P) andK5(P") (~14) were reported
(11, 22). This difference between isolated reaction centers
and chromatophores may be due to modified properties of
the @ pocket (see ref9) and also, possibly, to the different
modalities for the interaction with the UQ pool [a RC-
detergent micelle contains a small discrete number of UQ
molecules, slowly exchanging with quinone-detergent mi-
] celles B9)]. Indeed, in the latter paper, Shinkarev and
0.0 R Wraight estimate®(P") ~ 22 when correcting for the effect
400 420 440 460 480 500 520 540 of UQ distribution among micelles. As noted by these
E, (mV) authors, this effect is probably suppressed when using the
Ficure 5: Redox titration of P, with no inhibitor (solid circles), mor'e Water-soluple .UQ_O’ as .Wa.s dc.me in the me.a.suremem
25 uM stigmatellin (open circles), or 10aM terbutryn (open  ©f Kx(P) from semiquinone oscillation in ré2. An additional
squares). The vertical scale is the relative extent of the flash-inducedcause for underestimation &&(P*) in (11) is that more
change at 603 nm. The potential was varied by adding ferricyanide recent data show that the direct route foxJ3~ recombina-
in the presence of 408M ferrocyanide and the horizontal scale  tjon is not really negligible [i.e.kesp = 0.12-0.19 s

was computed ak, = 430 mV + 58 log[ferri])/[ferro]. Identical ; et ~ 1Q_
results were obtained when running the titration in the reductive (14, 15)]. This would entailky(P") ~ 1819 (at pH 8). If

direction. The solid lines are best fits of the data with one-electron the corrrection suggested by Shinkarev and Wraight is further
Nernst curves, yieldingm = 478 mV (no inhibitor or stigmatellin) applied, K5(P") may be as high as 28. Therefore, in this
and 482 mV (terbutryn). material, theE,, {Qa~*) level would be located about 7 mV
(keg correction) or 18 mVHKpg and Shinkarev’s corrections)

AP*

0.5 1

520 above that ofe, {QaQs ™), Whereas we found an opposite
5101 1o~ difference of 16-18 = —8 mV betweenE;, (Qa~S) and
. - ,:v QT EmAQaQs™). Thus, the effects found ieapsulatuschro-
matophores may be present in isolated RCs fspimaeroides
S 4901 o although to a smaller extent, i.e., 486 mV instead of 60
\E; 480 - @ @ mV for the gap betweeEm_,p(QA**) and E; /(Qa™S). _
uF 470 Hmv A conservative conclusmr_] of the present fesults is thgt
Q0 the donor and acceptor side of the reaction center in
460 4  |somv chromatophores interact in a complex manner, which cannot
450 s _be e_ntirely dug to elec'grosta_tiéi)ur o_Iata, as summarized
A in Figure 6, give no direct information on the energy of
440 individual states of the reaction center (such agP"Qn*,
FIGURE 6: A diagram showing the midpoint potential of theé/P etc.), but rather on energy differences between pairs of such
couple, depending on the state of the acceptor sdg: (Qa™), states (but see below). The most dramatic effect is68

Emp (QaS), andEn p (QaT) are obtained from the experiment of . _ _
F%ure 5.Emp (QATQB*) andEnp (Qa~S) are located with respect mV shift betweerEm{Qa-S) andEmAQa™) [or EmAQa T)].

to the former level, usingEm Qg ) &~ —11 mV (from experiments This indic_at_es that the apparent dissociation constant of
such as that of Figure 3B) andlE, {(Qa~) ~ —30 mV (from stigmatellin is about 10-fold larger for state RQcompared

experiments such as that of Figure 4). The leveEQk (Qa ™) is with state PQa~. The data could also be expressed in terms

positioned with respect tby, p (QaQz ™) using the ratid} (P)/K5 ; ; ; ;
(P) and eq 13.The level @.p(Qa-T) is placed 4 mV belovEn p ?élggggs('f&;h;"'dpo'm potential of Q. Indeed, we have

(Qa~*) using unpublished data for the apparent dissociation constant
of terbutryn in the presence of RQand P Q,~ (see text).

EndQaX) — EndQa X) = Epoa(P™X) — Ey 0a(PX)
affected by the state of  K4(PQu) ~ 6 uM]. These data (16)
locateE, {Qa~T) about 4 mV belowEm {Qa™*).

We also found a difference betwelt(P) andKy(P*) in where X denqtgs. some state gf thg Qacket..lt follows
chromatophores oR. sphaeroidegCYC-17), but with a  that when oxidizing P, the midpoint potential ofaQs
much smaller extent than R. capsulatusin R. sphaeroides decreased by about 28 mV in the absence of inhibitor, but
(at pH 7.15), we obtainedpy = 14.4 s for the P-Qa~ raised by about 30 mV in the presence of stigmatellin.
recombination, satisfactorily adjusted by a single exponential. Ve can, however, gain more insight by making additional
The decay of PQgs~ was biexponential with half-times of assumptions on the purely electrostatic contribution to the
540 ms (25%) and 2.5 s (75%). Thus, one Ka®*) = 33, network of interactions pictured in Figure 6. As a first
based on the overall, of the recombination of fQg, or approximation we may for instance assume that, as suggested
51, based on the rate of the major exponential phase. OnaPove, the shifts oEne caused by @S (=30 mV) and
the other hand, from the damping of semiquinone oscilla- @~ (—10 mV) essentially reflect the Coulombic energy
tions, we obtaine#(P) = 25. We could not determin&E, p between the charged donor and acceptors. This would imply
in the presence of  or Qs in this material because the
ferrocene-mediated equilibration of P is too slow (the slow 4 An independent piece of information is the difference, mentioned

phase discussed about Figure 3A and ascribed to_transienif"R Srg;}g’n”a'\gst{‘h%dghgeé‘?’ggg Ctt?;g‘\l;? an c'f %51;‘??&2;%&6
accumulation of ferricinium in the internal space is both instance, the ('S — QaS) change is positive at 758 nm in the absence

larger and slower in these chromatophores). of P* and negative in the presence of Rinpublished results).
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that, in the diagram of Figure 6, the location of all states ACKNOWLEDGMENT
except Q * and Qs"T can be at least roughly accounted
for by the sole electrostatic interactions and that the energies
of states with UQ, S, or T bound to thes@ocket in the
presence of oxidized Qare little affected by the state of P.
Conversely, the anomalous locations Bf {(Qa~*) and
EnrQa"T) mean that the energy of stateS@* or APPENDIX
P™Qa~T is markedly increased for some “conformational” _— . :
reason. Compared with states where either P is reduced or QSC'”at'O? Damemg If yn denotes the amount of semi-
Qa oxidized, this increase is by about 60 mV, taking into qumone_(Q + Qs ) present af'ter flash n, the fraction of
account the assumed 30 mV electrostatic stabilization of the cen.ters in state £ s y/(1 + Kj). Hence the recurrence
P*Qa~ state. Let us examine in more detail the various

relevant states of thegocket. The collective state denoted K,

with a star covers an equilibrium between three substates Y1 =T — ynm (AL)
where the @ pocket is either empty or occupied with distal 2

or proximal UQ. In the presence of the large uQ pool of \hereT stands for the total amount of RC. In the case when
chromatophores, the pocket is probably occupied most of 3 fractiono. of the semiquinone is reoxidized during the flash

We wish to thank A. Verrhglio for helpful discussions
and reading the mansucript. The gifts of strain FJ-2 by Prof.
F. Daldal and of CYC-17 by Prof. T. Donohue are gratefully
acknowledged.

the time and, according to some current views§), the interval, this expression becomes

oxidized quinone is mostly bound at the distal site. Thus,

the “star” state would essentially reflect UQ bound at the (1— oK,

distal position. On the other hand, crystallographic studies Yorr =T = Yo 1+K, (A2)
have established that stigmatellin binds at the proximal site

(8, 32) whereas terbutryrdQ) (see also reB2 for atrazine) A convenient method for determining the damping is to
binds at a more distal position, overlapping the distal and plot the absolute values of the successive differenags
proximal UQ sites. We thus propose that theQR~ state = |Yn+1 — Ynl. From eq AL, one derives the recurrence law:
specifically entails a conformational constraint when the K!

distal site is occupied and that this constraint is released when A .| =]A (A3)
the proximal site is occupied by stigmatellin. The above i "1+ K,

analysis relies on the assumption that the valueABf p
found for QQs~ and QS are essentially due to electrostat-
ics, so that we can assign conformational effects specificall — -

to state Q* (or QA‘gT). It would, however, rF:amain ’ [Anl = 1Aol €xp(kn) (A4)
qualitatively valid as long as the electrostatic contributions \yith

are not drastically different from our estimates. ’

Our data give no clue as to the molecular mechanism Ky = e (A5)
which is responsible for destabilizing ther®@,~* state. 1-¢e*
Interestingly, in chloroplast Photosystem II, Krieger and
Rutherford 41—-43) have reported an interaction between
the donor side (@evolving system) and the acceptor side.
Concerning functional aspects, we notice that increasiag
(P") is advantageous to photosynthesis because this decreas
recombination. This could be done by increasing the
stabilization of @~ irrespective of the state of P, but there

Therefore:

Determination ofAE, pin the Presence of £. We note
E the ambient redox potentidt,, the midpoint potential of
the P/P couple, andv the fraction of centers in state"fh
ége absence of £. Homologous quantities arg, andw'
in the presence of §). Expressing the potentials in millivolts
and adopting 58 mV for In(1®T/F, one has

is a limit to that, because increasing the midpoint potential 1 0fEEn/s8

of the @/Qg™ couple entails lowering that of 2/QH, and W= (A6)
will decrease the driving force for the second electron 1+ 105

transfer. On the other hand, increasiigspecifically in the 1 fEEns8

presence of P is entirely beneficial, because this is a = (A7)
photochemically closed state where the second electron- 1+ 10E /58

transfer cannot occur. According to our analysis, the increase
of K5(P") is essentially obtained by destabilizing the state
P"Qa~*. An additional consequence, if the stabilization
observed with stigmatellin also occurs for UQ binding at
the proximal site, will be to lower the energetic barrier for

quinone rearrangement which is believed to be the rate'notinthhe total amount of RCE, — [Qs "] centers in state

limiting step for electron transfer on the acceptor side ( Qs (meaning here all non+ states). The amount ofAs
Similarly, on the donor side, the increased potential of P in 4,4

the presence of £ will facilitate the reduction of P, which

may be advantageous to limit recombination when the UQ [p+] =wW(T—[Qg ) +W[Qg ] =WT+ [Qz I(W — W
pool is substantially reduced. (A 3

Assuming that no @ is present in the dark-adapted state
and denotingz; the signal reflecting the flash-induced P
under reducing conditiong, the signal at potentidt, then

w is measured asz( — z)/zz. We now consider an
equilibrium situation with [@~] centers in state g and,
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The first term is the amount of 'Ppresent in the dark, so
that the increment of Pwith respect to the baseline is
APT=[Qg (W — W) (A9)

Using the experimentally measured ratiesyAP*/[Qg "] one
obtains

wW=y+w (A10)
From eq A6, one derives
10758 = %\/105"“58 (A11)
which, inserted into eq A7 gives
w = w0 "= (A12)

1 — W+ w10 AEWS8

where AE, = Ei, — En. Inserting eq Al12 into eq A10,

rearranging and taking the log, one gets
y+wa-—w
AE, = —58log-———""——+ Al13

Determination ofAEn,p in the Presence of Q under
Steady-State llluminatioWe consider the scheme

r J _r —
PTQa % PQu 7 POy 7 PQ,

The rate constantsando relate to the interactions of P with
the redox buffer for the Qstate,r' ando’ for the Q. state.
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We also have

[PQ.] = “ _1 % (A17)
and
PQ1="2" (A18)
Hence, using egs Al14 and A17
PrQl =05 (A19)

Inserting into eqs A16 and using Al5, one obtains

(24—t 25) — (z,— 2)(zy — 2)

O "1 =
[PQy]= 22, (A20)
Thus
o_ [P+QA7] _ (2, -2z, + 25) — (2, — Z)(zy — 2)
r PO, ~ z(z, — 7))
[PQa ] AL~ 4 (A21)
Finally,
_ or| _ _ _ A
AE,,= —58 Iog{r,o) 58 log|1 + @22
(A22)

Jis the rate of the photochemical conversion (depending on  The second method uses the steady-state fractian][Q

the illumination energy and on the trapping yield which is

determined from the 742 nm absorption change (Figure 4C).

hyperbolically related to the amount of closed states becausernen, using eq A18

of excitonic connectivity of the antenn&)(abbreviatingkea)

is the recombination rate. Under steady-state conditions one

has the equilibrium relations:

[P'Qd o

PQJ T (AL4)
Pl _o

PQ ] T

The ratioo/r is determined as above by measuring the relative

Q’ _ [P+QA7] _ [QAi] - [PQAi]
[PQx ] [PQx ']

4 10,1-1
_Z4|. A

(A23)

rl

%

The control experiment of Figure 3A, with ferrocene and
ferrocyanide but without ferricyanide, shows that a small but
significant steady-state amount of Rvas reached under
continuous illumination despite the reducing conditions,
whereas our scheme predicts a zero steady-state level (a small
effect of the superimposed flash is also discernible, showing
that some RCs are in the RGtate). This nonzero level

amount of photochemically active centers in the dark from yhich was saturated in the range of illumination energies
the flash-induced changes of P. Using the notations of Figure{nat we used) is indicative of a slow leak through the

4, one has

(A15)

We used two methods for determiniyr’. The first one
utilizes only the P absorption changes, i.e., in addition to
levelsz; and z, levelsz; (under steady-state illumination),
andz (flash induced level superimposed on the continuous
illumination). The steady-state fraction of s

PrQu +[PrQ ] =2 2%

. (A16)

stigmatellin block. Two processes may be responsible for
this. The first possibility is the displacement of the inhibitor
due to itskys (rate of dissociation of the inhibitor on thesQ
pocket) and formation of the more stable statg” QAs
already mentioned, this phenomenon is reflected by the small
slow phase observed in recombination kinetics (Figure 1).
The centers whereg) is thus formed are rapidly subject to

a second photochemical turnover which resets them into the
Qg state with a high affinity for stigmatellin. We thus used
a very high stigmatellin concentration (30, i.e., more
than 100 times the dissociation constant) to ensure rapid
rebinding and minimize the accumulation of uninhibited
centers. A second possibility is that oxidized ferrocene (or
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ferricyanide, see ref4) could directly reoxidize Q. If such

were the case, this phenomenon would be enhanced under

oxidizing conditions and could distort the results.
When such a leak from states PQand PQa™ is

introduced in the above model (with different rate constants,

Ginet and Lavergne

17. Maroti, P., and Wraight, C. A. (1988jochim. Biophys. Acta
934, 314-328.

18. Baciou, L., Sinning, I., and Sebban, P. (19819chemistry
30, 9110-9116.

19. Lavergne, J., Matthews, C., and Ginet, N. (19B@chemistry
38, 4542-4552.

¢ andg', for each process), analytical expressions can still 20. Wraight, C. A. (1979Biochim. Biophys. Acta 54809-327.

be derived, showing that an exact determinationo@f’
requires the independent measurement of the &ti. On

21. McComb, J. C., Stein, R. R., and Wraight, C. A. (1990)
Biochim. Biophys. Acta 101356-171.

the other hand, it appears that while expressions A21 and 22- Kleinfeld, D., Abresch, E. C., Okamura, M. Y., and Feher, G.

A23 both overestimate the value of/r’, the distortion is
much smaller with the latter formula. Hence, the experi-

(1984)Biochim. Biophys. Acta 76%06—409.
23. Shopes, R. J., and Wraight, C. A. (19&pchim. Biophys.
Acta 806 348-356.

mental convergence of both expressions, as in the experiment 24, Vermeglio, A., and Clayton, R. K. (197Bjochim. Biophys.

of Figure 4, is a reliable test that the effect of the leak is

Acta 461 159-165.

negligible. It actually took us some time to design conditions  25. Jenney, F. E., and Daldal, F. (19€3)1BO J. 121283-1292.

where this criterion is met. A significant leak was indeed

present when the incubation in the presence of ferricyanide

26. Rott, M. A., Witthuhn, V. C., Schilke, B. A., Soranno, M.,
Abdulfatah, A., and Donohue, T. J. (199R)Bacteriol. 175
358-366.

and ferrocene was long, especially at large ferri/fferrocyanide 27 viermeglio, A. (1977Biochim. Biophys. Acta 45%16—-524.

ratios.
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