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Abstract

The mechanism, thermodynamics and kinetics of light-induced cyclic electron transfer have been studied in a
model energy-transducing system consisting of solubilized Rhodobacter sphaeroides reaction centerrlight harvesting-1

Ž .complexes so-called core complexes , horse heart cytochrome c and a ubiquinone-0rubiquinol-0 pool. An analysis of
the steady-state kinetics of cytochrome c reduction by ubiquinol-0, after a light-induced steady-state electron flow
had been attained, showed that the rate of this reaction is primarily controlled by the one-electron oxidation of the
ubiquinol-anion. Re-reduction of the light-oxidized reaction center primary donor by cytochrome c was measured at
different reduction levels of the ubiquinone-0rubiquinol-0 pool. These experiments involved single turnover flash
excitation on top of background illumination that elicited steady-state cyclic electron transfer. At low reduction levels
of the ubiquinone-0rubiquinol-0 pool, the total cytochrome c concentration had a major control over the rate of
reduction of the primary donor. This control was lost at higher reduction levels of the ubiquinonerubiquinol-pool,
and possible reasons for this behaviour are discussed. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

During photosynthesis in purple non-sulfur
Ž .bacteria such as Rhodobacter Rb. sphaeroides,

cyclic electron transfer through the reaction cen-
Ž . w xter RC 1]3 , the quinone pool, the cytochrome

Ž . w xcyt brc complex 4 and cyt c is coupled to the1 2
generation of an electrochemical gradient of pro-

Ž .qtons Dm across the energy-transducing mem-˜ H
brane. When scaled by the Faraday constant, this
parameter is referred to as the proton motive

Ž .force pmf . Cyclic electron transfer is driven by
light-energy transduction in the RC, where excita-

Ž .tion of a ‘special pair’ of bacteriochlorophylls P
at the periplasmic side of the membrane drives
the reduction, after two intermediate steps, of a

Ž .bound quinone Q close to the cytoplasmic sideA
of the membrane. Under steady-state conditions
in an intact membrane, light-driven electrogenic
transmembrane electron transfer is catalysed in
the RC, and this electron transfer takes place in
the presence of the pmf. The aim of our research
is to examine the extent to which the pmf controls
electron pumping in the RC during light-driven
cyclic electron transfer, and to identify the molec-
ular basis for such control.

To this end we have developed a simplified
model cyclic electron transfer system consisting of
Rb. sphaeroides RCLH1 core complexes reconsti-
tuted into electrically-sealed liposomes and sup-
plemented with ubiquinone-0rubiquinol-0
Ž . w xQ rQ H and horse heart cyt c 5 . RCLH10 0 2
core complexes consist of RCs together with the
LH1 antenna proteins and the PufX protein.
Ubiquinone-0 is 2,3-dimethoxy-5-methyl-para-
benzoquinone, a water-soluble analogue of the
naturally-occurring ubiquinone-10 that lacks the
isoprenoid side chain. Illumination of this model
system oxidizes P at the donor side of the RC and
reduces Q at the Q site at the acceptor side of0 B
the RC, generating the state PqQy After twoB
consecutive electron transfer steps Q H is0 2
formed that dissociates from the Q site. CyclicB
electron transfer is completed by the reduction of
Pq by the water-soluble cyt c, and direct re-re-
duction of cyt c by Q H . This abbreviated reac-0 2

Žtion sequence omitting the steps catalysed by the
.cyt brc complex in the natural system is cou-1

pled to proton translocation across the liposomal
membrane and so leads to the build-up of a pmf.
Cyclic electron transfer in the absence of pmf
generation can also be achieved using solubilized
RCLH1 core complexes supplemented with
Q rQ H and horse heart cyt c.0 0 2

In order to study control of RC electron pump-
ing by the pmf using this simplified model system
it is essential to establish conditions under which
any control will be associated with the electro-
genic reactions inside the RC, and not in the
non-electrogenic steps outside the RC. To do this,
it is essential to understand in detail the charac-
teristics of the two reactions responsible for the
return of electrons from the Q site at the accep-B
tor side of the RC to Pq at the donor side. The

Ž .reaction mechanism s and kinetic parameters of
Ž 3q.the reduction of oxidized cyt c cyt c by Q H0 2

in our experimental system have not been
resolved, but results from the literature suggest
two possible reaction mechanisms for this non-
physiological reaction. Work on an analogous

Ž .benzoquinonerbenzoquinol system BQrBQH 2
has shown that at neutral pH the primary reduc-

Ž vy.tant of cyt c is the semiquinone anion BQ ,
formed by reverse disproportionation of the ben-
zoquinone and the benzoquinol followed rapidly

w xby deprotonation of the semiquinone 7,25 :

BQH qBQl2BQH v l2BQvyq2Hq
2

BQvyqcyt c3qlBQqcyt c2q

This reaction is autocatalytic, the rate depend-
w qxy2ing on H and being proportional to the

concentration of BQ. In contrast, studies of
BQrBQH and a menadiolrmenadione system2
Ž .2-methyl-1,4-naphthoquinone have shown that
at acid pH the rate of cyt c reduction is governed

Ž y. w xby oxidation of the anionic-quinol BQH 6,7 .

BQHyqcyt c3qlBQH v qcyt c2q

If the pH is above the pK for the semiquinonea
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formed by this reaction, it will deprotonate to
form the semiquinone anion, BQvy, which as
shown above can also reduce cyt c3q to cyt c2q.
The reduction of cyt c3q by the anionic quinol

w qxy1depends on H , and is not stimulated by BQ.
w xRich and Bendall 6,7 have proposed that the

mechanism involving the anionic quinol is the
most relevant to biologically-important quinols
such as ubiquinol and plastoquinol. One aim of
the present study, therefore, is to determine which
mechanism is relevant to the reduction of cyt c3q

by Q H in our model system, which operates at0 2
pH 8.0.

The kinetics of reduction of Pq by cyt c2q

have received substantial experimental attention.
Biphasic reduction kinetics have been observed
by several groups and different models explaining

w xthis behaviour have been proposed 8]17 . The
Ž .fast component tf1 ms shows first-order be-

haviour and represents effectively intermolecular
electron transfer from bound cyt c2q to Pq

w x8,9,13,14,16,17 . The slow phase follows second
order kinetics with parameters that show varia-
tion with pH and ionic strength, and involves a
bimolecular collisional reaction between cyt c2q

w xand the RC 14]17 .
The mechanisms for electron transfer from re-

duced quinone to cyt c3q and from cyt c2q to Pq

described above have largely been determined in
experiments using dark equilibrated RCs and sat-
urating single-turnover excitation flashes. Calcu-
lations of the electron transfer rates were based
on the premise that there is relaxation back to

Ž .the pre-flash dark equilibrium state. In this re-
port, for the first time, we have examined re-re-
duction of Pq after a saturating single-turnover
flash in the presence of background illumination,
which allows us to follow donor reduction until
the steady-state flux induced by the background
illumination is re-attained. The rates of Pq re-
duction calculated, therefore, reflect the actual
steady state kinetics of the system, and provide
new data relevant to rates of Pq reduction during
light-driven cyclic electron transfer.

The newly studied reaction mechanisms, kinet-
ics and thermodynamics of the reactions closing
the light induced electron transfer cycle initiated
by the RC are of much help for future analysis of

its regulation under working conditions using
model systems.

2. Materials and methods

2.1. Growth of Rb. sphaeroides and isolation of core
complexes

w xRb. sphaeroides strain RK1 18 was grown
w xanaerobically at low light intensity 19 and 308C

in filled 1-l bottles in a complex medium contain-
Ž .ing 3 mM potassium phosphate pH 7.5 , 86 mM

Ž .NaCl, 3 mM NH PO , 0.4 mM MgSO , 0.144 2 4 4
mM CaCl , 10 mM DrL-malate, 4 mM nicoti-2
namide, 1.5 mM thiamine chloride, 0.02 mM bi-
otin, 3 grl yeast extract, 0.5 grl peptone and 5
grl bactotryptone. Cells were harvested at an
OD of approximately 3, washed twice in a660
buffer consisting of 50 mM potassium phosphate
Ž .pH 7.4 , 50 mM KCl, 8 mM MgCl and 10%2
Ž .wrv sucrose, resuspended in the same buffer
and stored at y208C until use. Intracytoplasmic
membranes were prepared by three successive
passages of thawed cells through a French pres-
sure cell at 18 000 psi and 08C. Cell debris was

Žremoved by low speed centrifugation 20 000=g
.for 30 min at 48C . Membranes were collected by

Ž .ultra-centrifugation 200 000 g for 1.5 h at 48C
and resuspended in the buffer described above to
a final bacteriochlorophyll concentration of 1.5
mM. Membranes were stored on ice and used the
same day for isolation.

RCLH1 core complexes were extracted from
membranes by addition of 20 mM Na-desoxycho-

Ž .late deoxycholate , 15 mM n-octyl-b-D-gluco-
Ž .pyranoside octylglucoside and 20 mM EDTA, as

w xdescribed previously 5 . Non-solubilized material
Žwas removed by centrifugation 2 min at full
.speed in an Eppendorf centrifuge and the super-

Ž .natant was layered onto a 9-ml, 10]55% wrv
continuous sucrose gradient in 20 mM sodium-de-
oxycholate, 15 mM octylglucoside, 50 mM potas-

Žsium-Hepes, 50 mM KCl and 20 mM EDTA pH
.7.4 . Gradients were centrifuged in a swing-out

rotor at 210 000 g for 16 h. Pigmented bands were
recovered from the gradient, analysed by absor-
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bance spectroscopy, and stored in liquid nitrogen
until use.

2.2. Measurement of cyt c concentration and redox
changes

ŽChanges of cyt c reduction levels or concen-
.trations were monitored at A in an550 ] 540

Aminco DW2 double beam spectrophotometer
ŽAmerican Instrument Company, Silver Spring,

.MD equipped with a magnetic stirrer using an
«red ] ox of 20.4 mMy1 cmy1. Measurements were550 ] 540
performed at room temperature in 50 mM K-

Ž .Hepes, 50 mM KCl pH 8.0 under a constant
flow of argon. Measuring light was detected using
a photomultiplier, which was shielded from exci-

Žtation light with a BG38 filter Schott, Mainz,
.Germany . Oxidation of cyt c by solubilized

RCLH1 core complexes was initiated by side-
Žillumination of the cuvette with red light l)650

.nm . Reduction and oxidation rates were calcu-
lated from the tangent to the delta-absorbance
traces at the appropriate cyt c concentration
andror time.

2.3. Measurement of P oxidation and reduction

The reduction level of P was monitored by
measuring absorbance changes at 860 nm in a
laboratory-built, single beam kinetic spectropho-
tometer with sub-millisecond time resolution.
Background illumination was supplied by the

Ž .measuring light 860 nm , which was passed
through a monochromator. Excitation flashes

Žfrom a Xenon flash lamp EG&G FX272; 3 ms
.pulse width, approximately 22 Jrflash were

guided to the cuvette via a quartz fibre-optic light
guide, and care was taken to ensure that the
flashes were saturating. Data were collected with
a LeCroy 9360 digital oscilloscope; for each mea-
surement 16 averages were taken with a 10-s
interval to ensure full re-reduction of the sample
between individual flashes.

2.4. Analytical methods and reagents

RC concentrations were calculated from the

DD A between diaminodurene-reduced and603 ] 540
light-oxidized RCs, using an «red ] ox of 37.2 mMy1

603 ] 540
y1 w xcm 20 . Bacteriochlorophyll content was mea-

Ž .sured at 772 nm in 7:2 vrv acetoner
w xmethanol extracts according to Clayton 21 . Ab-

sorption measurements were performed on a cus-
tomized Aminco DW2a spectrophotometer
ŽAmerican Instrument Company, Silver Spring,

.MD .
Ž .Horse heart cyt c Boehringer was reduced

using sodium dithionite and purified using a
Ž .Sephadex G-25 gel-filtration column. Q Sigma0

was dissolved in ethanol and kept at y208C. To
generate Q H , Q was dissolved in methanol0 2 0
containing 1 mM EDTA and reduced using
sodium-borohydride. After acidification by the
addition of small amounts of hydrochloric acid
and centrifugation, the supernatant was kept un-
der nitrogen in the dark at y208C to prevent
re-oxidation. The percentage of Q H after this0 2
procedure was close to 100%, as analysed by
absorbance spectroscopy from the amount of cyt
c3q that could be reduced by the Q H solution0 2
Ž .data not shown .

3. Results and discussion

3.1. The kinetics of reduction of cyt 3q by Q H0 2

To determine conditions under which the rate
of reduction of cyt c3q by Q H in the model0 2
system is maximized and any possible control
exerted by this step on cyclic electron transfer is
minimized, the dependence of the rate of cyt c3q

reduction on the concentration of Q H was ex-0 2
amined. Continuous illumination was applied to
solubilized core complexes until a steady-state
level of oxidation of cyt c was achieved, at which
point the actinic light was switched off and the
time course of reduction of cyt c3q was followed
until a dark equilibrium state was reached. Com-
parison of the rate of reduction of cyt c3q at any

Žgiven redox state of cyt c i.e. at any fixed
.OD , and at a fixed concentration of Q ,550-540 0

showed that the rate of cyt c3q reduction in-
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creased with increasing initial concentrations of
Ž .Q H Fig. 1 . As shown in Fig. 2, under these0 2

conditions the rate of cyt c3q reduction showed a
first order dependence on the initial concentra-
tion of Q H . Fig. 2 also displays the dependence0 2
of the reaction on the proton activity, at fixed
concentrations of Q H , Q cyt c2q and cyt c3q.0 2 0,

w qxy1A linear fit of the rate proportional to H
was obtained between pH 7.0 and 8.5, indicating
that the reaction shows a first order dependence
on the inverse of proton activity.

Fig. 3 shows an analysis of the time course of
reduction of cyt c3q under conditions similar to
those in Fig. 1, and an initial concentration of
Q H of 25 mM. If the reaction is first order with0 2
respect to the concentration of cyt c3q then a

�w 3qx w 3qx 4 Žplot of ln cyt c y cyt c where dt istqd t t

14.5 s, two to three times the half time of the
.reaction should exhibit a linear dependence on

w xtime 22 . If the reaction is second order with
respect to the concentration of cyt c3q, then a

�Žw 3qx w 3qx . Žw 3qxplot of cyt c y cyt c r cyt cts0 tqd t t

Fig. 1. Time course of reduction of cyt c3q in the dark, after
light-induced oxidation of cyt c2q by solubilized core com-

w x w xini wplexes. Conditions: RCLH1 s60 nM, Q s400 mM, cyt0
2qx ini w 3qxini w xinic s28.7 mM, cyt c s1.3 mM and Q H s0,0 2

25, 50, 100 and 225 mM for trace A, B, C, D and E respec-
Žw xini .tively s initial concentration .

Fig. 2. Dependence of the rate of reduction of cyt c3q on
w xQ H and the proton concentration. Circles: in the dark,0 2
after light-induced oxidation of cyt c2q by solubilized core

w xini w xini w 2qxinicomplexes, RCLHI s60 nM, Q s400 mM, cyt c0
w 3qxini w xinis28.7 mM, cyt c s1.3 mM, Q H varied between0 2

10 and 230 mM. Squares: With pH varying between 7.0 and
w x w x w 3qx8.5, Q s150 mM, Q H s50 mM and cyt c s8.8 mM.0 0 2

The lines represent fits with a linear regression.

w 3qx .4y cyt c y1 should be linear with timetqd t
w x22 . The analysis in Fig. 3 clearly shows that the
reduction of cyt c3q by Q H was first order with0 2
respect to the concentration of cyt c3q.

3.2. The mechanism of reduction of cyt c3q by
Q H0 2

In any reaction that consists of two or more
steps, the rate of the overall reaction can be
controlled by one or more of the individual steps
w x23 . The location of the step that exerts the
greatest control over the overall reaction is de-
termined by the kinetic and thermodynamic
properties of all the individual steps of the path-
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Fig. 3. Plot to determine the order of the kinetics of cyt c3q

reduction. The data were calculated from a time course of cyt
c3q reduction in the dark, after light-induced oxidation of cyt
c2q by solubilized core complexes. d t is two to three times the
half time of the reaction. The straight line represents a fit with

w x w xinia linear regression. Conditions: RCLH1 s60 nM, Q s0
w xini w 2qxini w400 mM, Q H s25 mM, cyt c s28.7 mM and cyt0 2

3qxinic s1.3 mM.

way taken together. It is, therefore, important to
determine the exact mechanism of reduction of
cyt c3q by Q H , if the distribution of control in0 2
the new experimental model system is to be un-
derstood.

The first possible reaction sequence considered
is a ter-molecular reaction in which one Q H0 2
reduces two cyt c3q, similar to the mechanism
proposed for the reduction of cyt c3q by catechol
w x24 . This reaction can be written as:

k13q 2q qQ H q2cyt c l Q q2cyt c q2H0 2 0
ky1

Ž .Reaction 1

According to this scheme, the rate of cyt c3q

reduction by Q H exhibits a second-order de-0 2
pendence on the concentration of cyt c3q. This is
clearly inconsistent with the first order depen-
dence found experimentally, and so this mecha-
nism can be discounted.

In the second possible mechanism, reverse dis-
proportionation of one molecule of Q H and0 2

one molecule of Q generates two molecules of0
the semiquinone Q H v. After deprotonation, the0
semiquinone anion, Qvy, reduces cyt c3q. This is0
analogous to the mechanism proposed for a mix-

w xture of BQ and BQH at neutral pH 7,25 . The2
scheme can be written as:

k2a
v Ž .Q H qQ l 2Q H Reaction 2a0 2 0 0

ky2a

k2b
vy 3q 2q Ž .Q qcyt c l Q qcyt c Reaction 2b0 0

ky2b

The outcome of an analysis of this ubi-
semiquinone mechanism, which is given in detail
in Appendix A, is also that the rate of cyt c3q

reduction will not exhibit a first order depen-
dence on the concentration of cyt c3q, which
again is inconsistent with the experimental find-
ings. Detailed justification of this conclusion is
given in Appendix A.

A third possible reaction scheme, hereon
termed the ubiquinol-anion mechanism, is that
proposed for BQrBQH and menadioner2

w xmenadiol at acid pH 6,7 , and is shown below. In
Ž y.the first step, the ubiquinol-anion Q H reacts0

3q Ž v.with cyt c forming ubisemiquinone Q H .0
After deprotonation of the Q H v, the ubi-0
semiquinone-anion Qvy directly reduces cyt c3q

0
as in Reaction 2b, above. The overall scheme is:

k3ay 3q v 2qQ H qcyt c l Q H qcyt c0 0
ky3a

Ž .Reaction 3a

k3b
vy 3q 2q Ž .Q qcyt c l Q qcyt c Reaction 3b0 0

ky3b

As an alternative to Reaction 3b, two Q H v

0
formed as shown in Reaction 3a could undergo a
disproportionation reaction to yield Q and0
Q H :0 2

k3c
v Ž .2Q H l Q H qQ Reaction 3c0 0 2 0

ky3c
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Including protonationrdeprotonation steps,
Reaction 3c is the reverse of Reaction 2a above,
and regenerates Q H for further reduction of0 2
cyt c3q. Regardless of the nature of the second
step when the main control of the overall reaction
resides in the forward flow through Reaction 3a
then, as detailed in Appendix A, the rate of cyt
c3q reduction by Q H has a first order depen-0 2
dence on the concentrations of both cyt c3q and
Q H , in accord with our experimental findings.0 2
However, the analysis described in detail in Ap-
pendix A is not able to distinguish between the
reaction scheme in which the semiquinone-anion

3q Žis depleted through reduction of cyt c Reac-
.tion 3b , or where it is depleted through dispro-

Ž .portionation Reaction 3c . Having said this, be-
cause the concentration of cyt c3q is much higher
than that of the ubisemiquinone, it seems likely
that the first mechanism is the more realistic,
and, therefore, most probably the overall reaction
is composed of Reaction 3a and Reaction 3b. In
addition to these considerations, the results sum-
marized in Fig. 2 indicate that the observed rate
of the reduction of cyt c3q by Q H shows a0 2
reciprocal first-order dependence on the proton
activity. This provides additional support for the
conclusion that the ubiquinol-anion, Q Hy, is0
the primary reductant of cyt c3q. In the ubi-
semiquinone mechanism, shown in Reaction 2a
and Reaction 2b, the rate of cyt c3q reduction
should be inversely proportional to the square of

w xthe proton activity 7 , in contrast to the experi-
mental findings.

The reduction of cyt c3q by benzoquinol, at
neutral pH, follows the semiquinone mechanism

w xdescribed by Reaction 2a and Reaction 2b 7,25 .
w xIn 7 it was noted that the semiquinone mecha-

nism should be favoured by a more alkaline pH
because of the increased concentration of the
fully deprotonated benzoquinol. Although the pH
at which our experiments were performed was

Ž .only slightly alkaline pH 8 , the pK values fora
ubiquinol-0 might be some 1.5]2 units higher
than those for benzoquinol, thus reducing the
concentration of the dibasic form of the
ubiquinol-0 by a factor of 10 3 ]10 4. The
semiquinone-anion of benzoquinone may also

have a lower standard chemical potential than
ubisemiquinone-0. These factors may also help to
explain why one electron reduction of cyt c3q at
pH 8.0 occurs via the ubiquinol anion in the case
of ubiquinone-0 rather than by the semiquinone
anion mechanism.

3.3. The thermodynamics of the reduction of cyt c3q

by Q H0 2

The equilibrium constants for the reduction of
3q Ž .cyt c by Q H via Reaction 3a K and0 2 eqw3ax

Ž .Reaction 3b K were estimated by assumingeqw3bx
that the standard midpoint potentials of the
Q HyrQ H v and QvyrQ redox couples have0 0 0 0
similar values to those reported for ubiquinol-1
w x Ž .7 q191 mV and y240 mV, respectively . Using
these values, and a standard mid-point potential
of q260 mV for horse heart cyt c2qrcyt c3q at

w xpH 8 16 , values of K s14.8 and K seqw3ax eqw3bx
3.0=108 were obtained, indicating that in both
cases the forward reaction is favoured. Assuming
deprotonation to generate the quinol or
semiquinone anion is rapid and non-limiting in
Reaction 3a and Reaction 3b, the reduction of cyt
c3q by Q H in the model system can be written0 2
as:

k4a3q v 2qQ H qcyt c l Q H qcyt c0 2 0
ky4a

Ž .Reaction 4a

k4b
v 3q 2qQ H qcyt c l Q qcyt c0 0

ky4b

Ž .Reaction 4b

in which the rate constants k , k , k and4a y4a 4b
k are pH-dependent. The equilibrium con-y4b
stant for Reaction 4a is related to that for Reac-
tion 3a by:

Ž w qx.K sk rk sK = K r Heq w4a x 4a y4a eqw3a x awQH2 x

Ž .1
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where K is the acid dissociation constant forawQH2x
Q H . Likewise, the equilibrium constant for Re-0 2
action 4b is related to that of Reaction 3b by:

Ž w qx. Ž .K sk rk sK = K r H 2eq w4b x 4b y4b eqw3b x awSQ x

where K is the acid dissociation constant ofawSQx
semiquinone. At pH 8, the equilibrium constants
K and K estimated above, in combina-eqw3ax eqw3bx
tion with the values pK s11.25 and pKawQH2x awSQx
s5.9, yielded equilibrium constants of 8.3=10y3

and 3.8=1010 for Reaction 4a and Reaction 4b,
respectively. The equilibrium constant K foreqw1x
the overall process summarized in Reaction 1,
described above, equals the product of the equi-
librium constants of Reaction 4a and Reaction
4b:

22qw x w xQ cyt c eqeq0K sK =K seq w1x eqw4a x eqw4b x 23qw x w xQ H cyt c eqeq0 2

Ž .3

The value of K was 3.2=108, heavilyeqw1x
favouring the overall forward reaction.

3.4. The kinetics of reduction of cyt c3q by Q H0 2

In our experiments, the rate of the overall
process summarized in Reaction 1 was measured.

Ž .The rate ¨ of this reaction can be expressed in
Ž .terms of the rate constants for Reaction 4a ¨4a

Ž .and Reaction 4b ¨ . In a steady-state condition,4b
w v x¨ will equal ¨ , and as d Q H rd t will equal4a 4b 0

zero at steady-state, then the rate of the overall
reaction is given by:

23q¡ ¦w xw xk k Q H cyt c4a 4b 0 2~ ¥
22q¢ §w w x w xy k k Q cyt cy4a y4b 0 Ž .¨ s 42q 3qw x w xk cyt c qk cyt cy4a 4b

As cyt c3q is reduced in both steps of the

overall reaction, the rate of cyt c3q reduction is
given by:

w 3q x Ž .yd cyt c rd ts¨ q¨ s 2¨ 54a 4b

and with the following definitions for the appar-
ent rate constants:

w 3q xk k cyt cy4a 4bak s =4a 3q 2qK w x w xk cyt c qk cyt ceq w4a x 4b y4a

Ž .6

and:

w 2q xk k cyt c4b y4aak s =y4b 3q 2qK w x w xk cyt c qk cyt ceq w4b x 4b y4a

Ž .7

w Ž .xthe rate equation Eq. 4 can be written as a
function of the apparent rate constants ka and4a
ka in the following way:4b

w 3q xd cyt c¨ s y 2d t

a w x w 3q x a w x w 2q x Ž .sk Q H cyt c yk Q cyt c 84a 0 2 4b 0

It should be noted that the cyt c concentration
terms occur linearly in this equation, the forward
and reverse rates referring to different steps in
the reaction sequence. The magnitude of ka was4a
determined from experiment to be 8.2=102 My1

y1 Ž .s see Table 1 , and by use of the equilibrium
Ž . aconcentrations and Eq. 8 , the rate constant ky4b

was calculated. Its value depended on the reduc-
Ž .tion state of cyt c. We conclude that Eq. 8 , with

these rate constants, is sufficient to describe the
reduction of cyt c3q by Q H . This will allow us0 2
to express the rate of the overall reaction as a
function of spectroscopically measurable concen-
trations.

w 3qxBecause the reaction is first order in cyt c ,
the elasticity coefficient of the overall rate vs. the
concentration of cyt c3q must equal 1:
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Table 1
Ž .Values for the rate constants k and k and redox4a y4a

0Ž .potential difference D E of the reaction between
v 3q 2q aQ H rQ H and cyt c rcyt c at pH 8.00 2 0

Ž .Rate constant S.E.M. ns20

y1 y1Ž .M s
a 2b 2k and k 8.2=10 1.1=104a 4a

4ck 10.3=10y4 a

a The value of the apparent rate constant for the forward
Ž a . 3qreaction k was determined from the initial rate of cyt c4a

re-reduction after a steady state light-induced level of cyt c
oxidation was reached.

b Values obtained from experiment.
c Ž .Calculated values see text . Abbre¨iation: S.E.M., stan-

dard error of the mean.

dln¨w4x¨ Ž .3q« s s1 9wcyt c x 3qw xdln cyt c

The solution of this differential equation is
only valid when:

w 3q x w 2q x Ž .k cyt c 4k cyt c 104b y4a

and:

w xQ03q 2qw x w x Ž .cyt c 4 cyt c 118( w x3=10 Q H0 2

Ž . Ž .Using Eq. 10 , Eq. 6 simplifies to:

ky4aa Ž .k s sk 124a 4aKeq w4a x

Ž .and Eq. 7 simplifies to:

w 2q xk cyt cy4aa Ž .k s 13y4b 3qw xK cyt ceq w4b x

Calculated from the measured ka , the rate4a
constant k approximates to 8.2=102 My1 sy1.4a

Ž .Using Eq. 1 , and the value for K estimatedeqw4ax
above, the rate constant k can then be esti-y4a

4 y1 y1 Ž .mated to be 10.3=10 M s Table 1 . Be-

cause the catalytic activity of Reaction 4b is so
much higher than that of Reaction 4a, the control
exerted by Reaction 4b on flux through the over-
all Reaction 1 probably approaches zero, and
hence Reaction 4b would be expected to have no
control on the rate of reduction of cyt c3q.

3.5. Reduction of the oxidized primary donor by cyt
c2 q

Upon the absorption of a photon, charge sepa-
ration in the RC generates the state PqQy orA
PqQy, depending upon the occupancy of the QB B
site and the redox state of the ubiquinone bound
at that site. The Pq cation is re-reduced by cyt
c2q. To investigate the influence of the concen-
tration of cyt c2q and of the reduction state of
the Q-pool on the rate of re-reduction of Pq, the
decay of flash-induced Pq was monitored on a
millisecond timescale by measuring changes in
absorbance at 860 nm, as described in Section 2.

ŽThe experiments were performed at a fixed back-
. qground steady-state level of P , exploiting the

actinic effect of the measuring beam. Additional
excitation of the sample through a short flash of
light caused an instantaneous decrease in absor-
bance at 860 nm, demonstrating further forma-
tion of Pq. Recovery of P ground state absor-
bance occurred during the first few milliseconds

w 2qxafter the flash and, for most values of cyt c
examined, the absorbance returned to close to
the pre-flash level with a half-time of 10 ms or

Ž .less Fig. 4 . In the presence of either an oxidized
Ž . ŽQ-pool Fig. 4A , or a 50% reduced Q-pool Fig.

. q4B , the rate of P reduction increased with
w 2qx qincreasing cyt c . However, the rate of P

w 2qxreduction became saturated at lower cyt c in
the presence of a 50% reduced Q-pool than in

Žthe presence of a fully oxidized Q-pool Fig. 4B
.compared with Fig. 4A . Also, at equivalent, sub-

saturating concentrations of added cyt c2q, the
rate of Pq reduction was slower in the presence
of a 50% reduced Q-pool than in the presence of
a fully oxidized Q-pool. This can be seen, for
example, by comparing trace b in Fig. 4B with
trace a in Fig. 4A.

At both tested reduction states of the Q-pool,
an additional slow phase of Pq reduction was
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Fig. 4. Reduction of Pq in solubilized core complexes as a
function of the concentration of cyt c2q and the reduction
state of the Q-pool. The reduction of Pq was measured at 860
nm after a saturating single turnover flash, delivered on top of
background illumination which induced a steady state oxida-
tion level of P. Transients were recorded under conditions of
Ž . w x w xini w xiniA RCLH1 s300 nM, Q s400 mM, Q H s0 mM0 0 2

w 2qx Ž . Ž . Ž .and cyt c s9.2 mM a ; 17.9 mM b ; 26.3 mM c ; 34.1
Ž . Ž . Ž . Ž . w xmM d ; 58.6 mM e ; 127.3 mM f . B RCLH1 s300nM,

w xini w xini w 2qxQ s200 mM, Q H s200 mM and cyt c s4.70 0 2
Ž . Ž . Ž . Ž . Ž .mM a ; 9.4 mM b ; 13.6 mM c ; 22.4 mM d ; mM e .

Parameters obtained from fits of the traces are given in Tables
Ž . Ž .2 and 3 for A and B , respectively.

w 2qxobserved when cyt c was low. Deconvolution
of the traces obtained with the fully oxidized

Ž .Q-pool Fig. 4A confirmed the presence of this
Ž .slow phase t)8 ms which, on the millisecond

time-scale of the traces in Fig. 4, was fitted as an
offset. In the presence of a fully oxidized Q-pool,
deconvolution revealed in addition to this slow
phase of Pq decay a mono-exponential fast phase,

w 2qxthe rate of which was dependent upon cyt c .
The parameters of the fits to the traces in Fig. 4A
are given in Table 2. As indicated above, the

lifetime of this fast phase decreased linearly with
w 2qxincreasing cyt c , as shown in Fig. 5.

The kinetics of Pq reduction measured in the
Ž .presence of a 50% reduced Q-pool Fig. 4B were

best fit by a bi-exponential decay together with
Ž .the minor, slow component t)8 ms described

above, which was fitted as an offset. The parame-
ters of the fits to the traces in Fig. 4B are shown
in Table 3. The first exponential component, the

w 2qxlifetime of which was dependent on cyt c , was
assumed to have the same origin as the exponen-
tial component fitted to the decay of Pq in the
presence of a fully-oxidized Q-pool. The lifetime
of this component was therefore calculated from
the data shown in Fig. 5 for Pq decay in the
presence of an oxidized Q-pool, and fixed within
the fit to the data shown in Fig. 4B. The second
exponential component was faster than the first,

w 2qx Ž .was independent of the cyt c Table 3 , and
was fitted as a variable component.

3.6. Mechanism of reduction of P q by cyt c2 q in
the presence of a fully oxidized Q-pool

Fig. 5 shows the dependence of the lifetime of
the fast component of Pq reduction in the pres-

w 2qxence of an oxidized Q-pool, on cyt c . As at all
w 2qx w qxvalues cyt c was much greater than P ,

much of the second-order behaviour of the reac-
tion was lost, and the rate of reduction of Pq

gave the appearance of being first order with
w 2qxrespect to cyt c . The second-order rate con-

stant for this re-reduction, k , was calculated toCP
be 1.2=107 My1 sy1. The relative amplitude of

w 2qx qthe cyt c -independent slow phase of P re-
Ž .duction the offset parameter in Table 2 de-

w 2qxcreased progressively with increasing cyt c ,
and contributed less than 10% of the overall

w 2qxdecay at cyt c )25 mM. A possible origin of
this slow phase is a fraction of Pq that is not
reduced by cyt c2q, but instead decays via the
charge recombination reactions PqQyª PQA A
andror PqQyªPQ . In accord with this, bothB B
the relative and absolute amplitude of the slow

w 2qx Žphase increased with decreasing cyt c Table
.2 which would be the expected behaviour for a

reaction competing with re-reduction of Pq by cyt
c2q. Evidence in favour of this proposal was
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Table 2
q 2q aParameters from fits of the transients in Fig. 4A, showing P reduction by cyt c in the presence of an oxidized Q-pool

2qw x Ž .cyt c t Amp. Offset Offsetr offsetqamp.
Ž . Ž . Ž .mM ms %

9.7 6.88 0.016 0.0242 60.2
17.9 5.25 0.034 0.0179 34.5
26.3 2.55 0.052 0.0063 10.8
34.1 1.75 0.056 0.0027 4.6
58.6 0.98 0.059 0.0007 1.2

127.3 0.65 0.053 0.0005 0.9

a Conditions as for legend to Fig. 4A. Each transient was fitted with a single exponential function and an offset. Abbre¨iation:
Amp., amplitude.

sought by determining the rate of reduction of Pq

in the absence of cyt c2q. The results of these
measurements are presented in Fig. 6A. The
observed first order rate constant for the charge

Ž obs.recombination reaction k , in the presence ofCR
a fully oxidized Q-pool was 1.3 sy1, indicating
that the reaction primarily involved charge re-

w xcombination from Q 26,27 .B

3.7. Mechanism of reduction of P q by cyt c2 q in
the presence of a partially reduced Q-pool

An accurate fit of the transients obtained for
reduction of Pq by cyt c2q in the presence of a
50% reduced Q-pool required two exponential
components, the faster of which had a lifetime

w 2qxthat was independent on cyt c and had an
Ž .average value of 1.21 ms Table 3 . Both the

wabsolute and relative contribution of this cyt
2qxc -independent phase decreased with increas-

w 2qxing cyt c . Addressing the origin of this phase,
w 2qxat low cyt c and a high reduction level of the
Ž .Q-pool i.e. a lower net concentration of Q , it is0

feasible that the lifetime of exchange of Q and0
Q H at the Q site could exert significant con-0 2 B
trol on the rate of cyt c3q re-reduction, and
therefore on the rate of reduction of Pq. As-
suming that such control operates, and using the
second exponential component of the decay of
Pq to calculate a pseudo first order rate constant

Ž . 6for Q association k , a value of 2.1=100 Qex
y1 y1 ŽM s is obtained taking into account that

dPqrd ts2=dQrdt due to the two electron
.chemistry of Q . Accurate fitting of the re-reduc-0

tion of Pq in the presence of a partially reduced
Q-pool also required a minor, slow component
analogous to that ascribed above to charge re-
combination in a minor fraction of RCs. Fig. 6B
shows a measurement of the rate of Pq reduction
in the absence of cyt c2q but in the presence of a
50% reduced Q-pool. The observed first order
rate constant k obs under these conditions was 3.1CR
sy1, more than a factor of two faster than in the

Ž .presence of a fully oxidized Q-pool see above ,

Fig. 5. The dependence of the life-time of the fast phase of
Pq reduction on the concentration of added cyt c2q, with an
oxidized Q-pool. Data points were calculated from the traces
presented in Fig. 4A, and are given in Table 2. The solid line
represents a fit with a linear regression.
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Table 3
q 2qParameters from fits of the transients in Fig. 4B, showing P reduction by cyt c in the presence of a Q-pool that was 50%

areduced

2qw x Ž .cyt c t Amp. 1 t Amp. 2 Offset Amp. 1r amp. 1qamp. 21 2
Ž . Ž . Ž . Ž .mM ms ms %

4.7 15.7 0.012 1.50 0.050 y0.0054 19.4
9.4 7.3 0.014 1.09 0.043 y0.0020 25.1

13.6 5.0 0.023 1.29 0.024 0.0049 49.4
22.4 3.1 0.030 0.97 0.021 0.0029 58.9

a Conditions as for legend to Fig. 4B. Each transient was fitted with two exponential functions and an offset. Abbre¨iation:
Amp.samplitude.

which could indicate an increased contribution of
the reaction PqQyªPQ to charge recombina-A A
tion in the RC.

3.8. Control of the rate of P q reduction

In the analysis presented above it is apparent
that the number of kinetic components required

Fig. 6. Reduction of Pq in solubilized core complexes as a
function of the reduction state of the Q-pool., in the absence
of cyt c. The reduction of Pq was measured at 860 nm after a
saturating single turnover flash, delivered on top of back-
ground illumination which induced a steady state oxidation

Ž .level of P. Transients were recorded under conditions of A
w x w xini w xiniRCLH1 s300 nM, Q s400 mM and Q H s0 mM.0 0 2
Ž . w x w xini w xiniB RCLH1 s300 nM, Q s200 mM and Q H s2000 0 2
mM.

to account for reduction of Pq in the model
system varies with the reduction-state of the Q-
pool, an extra component being required when
the Q-pool was reduced. With an oxidized Q-pool,
and in the absence of cyt c2q, a slow phase of
t)300 ms accounted for most of the reduction of
Pq, this corresponding to charge recombination

Ž . 2qin the RC Fig. 6A . On titrating in cyt c , the
rate of Pq reduction increased in the expected
manner.

At low concentrations of Q H and at signifi-0 2
cant concentrations of cyt c2q, most of the con-
trol of the rate of Pq reduction was associated
with the reduction of Pq by cyt c2q, and increas-
ing the concentration of added cyt c2q caused an
increase in the rate of Pq reduction. However,
when the reduction state of the Q-pool was in-
creased, the control of the rate of Pq reduction
appeared to shift away from the cyt c2qªPq

reaction, as the rate of Pq reduction became less
sensitive to increases in the concentration of
added cyt c2q than was the case when Q H was0 2

Ž .absent Fig. 4B compared with Fig. 4A . This
dependence of the rate of the reaction cyt c2qª
Pq on the amount of Q H is probably a conse-0 2
quence of the steady-state background to the
experiment. It should be remembered that the
background light-intensity, total concentration of
the RCs, total concentration of cyt c and the
redox state of ubiquinone are essentially fixed in
the measurements carried out above. The redox
state of the RC and of cyt c are variable, and are
set by the background light during the steady-state
period prior to the excitation flash. Consequently,
in the experiment carried out with a 50% reduced
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Ž .Q-pool Fig. 4B , the steady-state reduction level
of cyt c prior to the flash may be much higher
than in the experiment carried out with a fully

Ž .oxidized Q-pool Fig. 4A . At equivalent total
concentrations of added cyt c, in the 5]30 mM
range, the rates of Pq reduction seen with a 50%
reduced Q-pool are probably higher than those
seen with a fully oxidized Q-pool because more of
the cyt c pool is reduced and is able to reduce
Pq.

In support of this proposal, we have found that
at low overall cyt c concentrations and with an
oxidized Q-pool, the steady state level of P reduc-
tion is lower, due to actinic light-induced oxida-

Žtion, than with a 50% reduced Q-pool data not
.shown . This will have the effect of decreasing the

rate of Pq reduction in comparison to that ob-
tained with a with a 50% reduced Q-pool where,
due to the higher amounts of Q H , the steady-0 2
state cyt c reduction level will remain significantly
higher. At total cyt c concentrations above 30
mM, the amount of reduced cyt c appears to be
sufficiently high to maintain a rate of Pq reduc-
tion that is independent of the redox state of the
Q-pool. In addition, increasing the total concen-
tration of cyt c beyond 30 mM does not bring
about a faster rate of Pq reduction. A possible
explanation for this is that, with a 50% reduced
Q-pool and cyt c concentrations above 30 mM,
the exchange of Q H from the RC for a Q0 2 0
from the Q-pool becomes limiting, and so exerts
control on the rate of Pq reduction. The rate
constant that we estimated for Q binding at the
Q site based on the above interpretations wasB
five times smaller than the value of 1=107

y1 y1 w xM s measured by Kleinfeld et al. 28 , who
measured the exchange rate by the RCs through
monitoring the rate of cyt c oxidation under
conditions where the exchange of Q was con-10
trolling the reaction. This suggest that the
isoprenoid tail of the quinone increases the asso-
ciation rate to the Q pocket.B

Values in the literature for the rate constant
q 2q Ž .for P reduction by cyt c k show consider-CP

able variation, as k strongly depends on tem-CP
perature, ionic strength, pH and on the cyt c

w x w xspecies used 14]16 . Tiede et al. 16 found a rate
constant of 1=109 My1 sy1 for photo-oxidation

of horse heart cyt c, but stated that second order
rate constants were found to vary by a factor

6 w xgreater than 10 . Venturoli et al. 14 found a
value of 1.4=109 My1 sy1 for cyt c . Prince et al.2
w x15 showed that by increasing the ionic strength
from 10 to 360 mM, the half-time of the reaction
increased by 100-fold. Extrapolation of the values

w xgiven in Prince et al. 15 to the steady-state
conditions used in our system results in a rate
constant of the same order of magnitude as the
value k f1.2=107 My1 sy1 reported aboveCP
for our model cyclic electron transfer system.

4. Conclusions

To conclude, the experiments and analysis pre-
sented above for the first time clarify the reaction
mechanism and rate constants for the reactions
between the Q -pool and horse heart cyt c. The0
principal reductant of cyt c3q is the ubiquinol
anion, Q Hy, and the Q Hyªcyt c3q reaction0 0
has the major control over the overall rate of
reduction of cyt c3q under our experimental con-
ditions. Rate constants have also been de-
termined for charge recombination in the RC and
for the reaction between cyt c and Pq by measur-
ing under steady-state conditions and different
redox levels of the Q -pool. Most importantly the0
experiments demonstrate that control in the
model electron transfer system can be shifted to
reactions which shuttle electrons from the accep-
tor side of the RC to the donor side, by varying
the redox poise of the Q-pool and the total con-
centration of cyt c.

Using these findings, it is now possible to de-
fine conditions under which maximum control
over light-driven cyclic electron transfer is associ-
ated with the bacterial RC. The identification of
these conditions is a prerequisite for a study of
the effects of energy storage in the proton motive
force on photosynthetic electron transfer within
the RC.

Appendix A: Ubisemiquinone mechanism

Mechanism 2 for the reduction of cyt c3q by
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Q H involves two reactions, which after simpli-0 2
fying by excluding the role of protons and proto-
nation states can be written as:

k2a2y vy Ž .Q qQ l 2Q Reaction 2a0 0 0
ky2a

k2b
vy 3q 2q Ž .Q qcyt c l Q qcyt c Reaction 2b0 0

ky2b

Ž .If the rate of the reverse Reaction 2b k isy2b
neglected on the basis that Reaction 2a is far
from equilibrium compared with Reaction 2b,
due to the high standard chemical potential of

vy w x Ž .Q 7 , then the overall rate ¨ of reduction of0
cyt c3q through Reaction 2a and Reaction 2b can
be described by:

22 3q 3q¡ ¦w x w xyk cyt c qk cyt c2b 2b

2~ ¥2 3q 2yw x w x'k cyt c q8k 2k Q QŽ2b y2a 2a 0 0

2q¢ §w xw x.qk Q cyt cy 2b 0
¨ s 4ky 2a

Ž .A1

In the case where control of the overall reaction
Ž .is confined to Reaction 2a, then Eq. A1 can be

simplified to:

2y w x Ž .¨ s 2k Q Q A22a 0 0

Ž . Ž .Neither Eq. A1 nor Eq. A2 yields the observed
first order dependence of ¨ on the concentration

3q Ž .of cyt c Fig. 3 , and so mechanism 2 is incon-
sistent with our experimental results.

Ž y.In mechanism 3, the ubiquinol-anion Q H0
reacts with cyt c3q, forming ubisemiquinone
Ž v.QH . After deprotonation to form the semi-
quinone anion, one option is that disproportiona-
tion occurs to yield Q and Q2y. Again, ignoring0 0
protons and protonation states, this can be writ-
ten as:

k3a2y 3q vy 2q Ž .Q qcyt c l Q qcyt c Reaction 3a0 0
ky3a

k3c
vy 2y Ž .2Q l Q qQ Reaction 3c0 0 0

ky3c

If the possibility of control of the overall flux
through Reaction 3a and 3c by the disproportion-

vy Ž .ation of Q k is neglected, then the overall0 3c
rate equation reads:

2
2 2qw x¡ ¦yk cyt cy3a

2~ ¥2 2q 2yw x Ž w x w x'q k cyt c q8k 2k Q Qy3a 3c y3c 0 0¢ §2y 3qw xw x.qk Q cyt c3a 0
¨ s 16k3c

Ž .A3

and if there is little control in the reverse of
Ž . Ž .Reaction 3a k then Eq. A3 becomes:y3a

22y 3q 2yw x w xk Q cyt c q2k Q Q3a 0 y3c 0 0¨ s k3c 2q½ 5w xk cyt cy3c

Ž .A4

which again is inconsistent with the observed first
w 3qxorder dependency of the reaction on cyt c

w 2yx Ž w x.and Q i.e. Q H . However, if the dispro-0 0 2
portionation of Qvy is much more active than0

2q Žthe re-oxidation of cyt c i.e. k approachesy3a
. Ž .0 , Eq. A3 becomes:

1 2y 3qw x¨ f k Q cyt c qkŽ .3a 0 y3c2
2y w x Ž .qk Q Q A53c 0 0

Ž .The second term in Eq. A5 deals with the re-
verse disproportionation in Reaction 3c. If this
term is small, then there is a first order depen-

w x w 3qxdency on Q H and cyt c which is consistent0 2
with our experimental findings.

Rather than undergoing the disproportionation
Reaction 3c after the formation of the semi-
quinone in Reaction 3a, the semiquinone may

3q Ž .also react with cyt c i.e. undergo Reaction 3b :

k3b
vy 3q 2q Ž .Q qcyt c l Q qcyt c Reaction 3b0 0

ky3b
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in this case:

22y 3q¡ ¦w xk k Q cyt c y3b 3a 0~ ¥
22q¢ §w xw xk k Q cyt cy3b y3a 0 Ž .¨ s A62q 3qw x w xk cyt c qk cyt cy3a 3b

As the reverse reaction is negligible in view of
the equilibrium constant of the overall reaction,
this mechanism is consistent with the finding of

w 3qx w 2yxfirst order kinetics both in cyt c and Q0
Ž w x. w 3qxi.e. Q H provided that: k cyt c 40 2 3b

w 2qxk cyt c , in which case:y3a

2y 3qw x Ž .¨ f k Q cyt c A73a 0
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