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Electron transfer in reaction centers of Rhodopseudomonas sphaeroides. 11. Free
energy and kinetic relations between the acceptor states Q, Qg and Q, Q3
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Thermodynamic equilibria and electron transfer kinetics involving the quinone acceptor complex in reaction
centers from Rhodopseudomonas sphaeroides were investigated. We focussed on reactions involving the
two-electron states Q. Q5 and Q,Q2~, described by the scheme

DQ,Q; £2D*Q; Q; X8p+ Q02"
353 M
A
D

The equilibrium partitioning between Q; Q5 and Q,Q2~ was determined spectroscopically from either the
concentration of oxidized cytochrome c or the concentration of semiquinone after successive flashes of light.
At pH < 9.5, Q,Q3%" is stabilized relative to Q. Qg , while for pH > 9.5, Q Qg is energetically favored.
The reduction of Q,, to form Q. Qyg, is not associated with a protonation step (pK < 8). However, the
reduction of Qg , to form the final state Q,Q3", is accompanied by an uptake of a proton (pK > 10.7). The
preferential interaction of a proton with Q,QZ~ provides the driving force for the forward electron transfer.
The shift toward the photochemically inactive state Q. Qg with increasing pH may serve as a feedback
mechanism in photosynthetic organisms to limit the rise in intracellular pH. The electron-transfer rate
constants were determined from the observed kinetics and the equilibria between the states Q,Q2~ and
Q, Qg . The forward rate constant k{2 was approximately proportional to the proton concentration, whereas
k). depended only weakly on pH. The recombination kinetics of D *Q.Q2%" was biphasic. The slow rate
agreed with the predicted charge recombination via the intermediate state D *Q, Qg ; the fast rate may be
due to the recombination from a separate (conformational) state. The results of this work were combined
with those of a previous study on reactions involving the one-electron precursor states Q A Qp and Q, Q5
(Kleinfeld, D., Okamura, M.Y., and Feher, G. (1984) Biochim. Biophys. Acta 766, 126-140). The overall
sequence for the protonation of the reaction center in response to successive reductions of the acceptor
complex involves the uptake of one proton for each electron transferred to Q3. This sequential uptake
initiates the formation of a proton gradient across the cell membrane.
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Introduction

The process of photosynthesis begins in the
reaction center, a protein-pigment complex that
spans the plasma membrane. Reaction centers act
as energy transducers, absorbing light and convert-
ing it into electrochemical energy through the crea-
tion of oxidized and reduced molecules (for re-
view, see Ref. 1). These molecules provide the
subsequent driving force for the transport of pro-
tons across the membrane. The light-induced elec-
tron transfer thus results in the formation of a
transmembrane proton gradient whose energy is
used for the formation of ATP (for review, see
Ref. 2).

Reaction centers from photosynthetic bacteria
consist of three polypeptides and a number of
cofactors associated with the electron-transfer
chain (for reviews, see Refs. 3-5). In this work we
focus on a subsystem of the transfer chain consist-
ing of the primary donor, D (a bacteriochlorophyl
dimer), and the primary and secondary quinone
acceptors, Q, and Qj respectively. This subsystem
is coupled to exogenous (quinone) acceptors that
initiate the transport of protons across the mem-
brane (Refs. 68, see also the review in Ref. 9).

In a previous report [10] we examined the free
energy and kinetic relations associated with the
states formed after the transfer of the first electron
to the quinone acceptors. We found that near
neutral pH the state Q,Qj is stabilized relative to
Q. Q. while at high pH Q,Qjy is energetically
favorable. Both Q, and Qg associate with a pro-
ton, with pK values of 9.8 and 11.3, respectively.
The stronger interaction of the proton with Qg
provides the driving force for the forward transfer
of the electron.

In this work we examine the free energy and
kinetic relations associated with the states formed
after the transfer of the second electron to the
quinone acceptor complex. The equilibrium in-
volved in this system is described by *

o w -

QA QB‘éBQAQB * (1)
kG

* For simplicity, the various reaction center states are written

unprotonated (see also Eqns. 2-4, 7, 8, 19 and 22). However,

they are meant to include the protonated states as well. The
topic of protonation is discussed in a later section.

where the superscript (2) indicates that we are
concerned with the second electron.

The equilibrium partitioning between Q. Qpg
and Q,Q3  was determined by using two different
assays. In the first, the fraction, B, of reaction
centers in the state Q, Qg was determined from
the amount of cytochrome ¢ oxidized by D™ after
successive flashes of light. In the second assay, B8
was obtained from the steady-state semiquinone
(i.e., Q4 or Qp) absorption after successive flashes.
Both assays were performed over a wide pH range.

The electron transfer rate between Q. Qy and
Q.Q3% . given by k2 + k{2, was determined by
optically monitoring the decay kinetics of Q, Qg
following a flash. In addition, the initial amplitude
of this transient signal was used to confirm the pH
dependence of B found with the methods outlined
above.

The free energy difference (AGY, ,,) between
Q. Qp and Q,Q3~ was obtained from the parti-
tion coefficient 8. By combining the experimental
results for k{3 + kg with the values of AGY,, ),
the pH dependence of the individual electron-
transfer rates k%) and k§) were obtained. From
the pH dependence of AGY,, ,, and the individual
transfer rates, the protonation steps associated with
the formation of Q,Qp and Q,Q3  were de-
duced. The results of the present study were com-
bined with previous work [10] on the equilibrium
between Q1 Q, and Q,Qp to formulate a model
describing how protons are sequentially coupled to
the electron-transport chain.

We also examined the charge recombination
kinetics of the state D*Q,Q3 . i.e., the recombi-
nation of one of the electrons on Q3 with D™,
The electron-transfer scheme describing this pro-
cess is given by

)
DQAQ* & D Qx QB_‘%D QAQ% . (2a)

The charge recombination can proceed either di-
rectly, or indirectly via the intermediate state
D*Q,Qy. When the electron-transfer rate be-
tween Q,Qp and Q,Q3  is rapid compared to
the recombination rates k) and k), the ob-

served recombination rate, k325, can be ex-



pressed as [10]:
KRED5 = Kindireor + K aireet = BER + (1~ B) kR (2b)

where B is the fraction of reaction centers in the
state Q, Qp . The basis of the method to determine
the pathway was to compare the product Bk
with ks @, From the discrepancy between the
value of k25 @) and Bk'Z, the contribution of the
direct recombination rate, k{2, can be obtained.

Preliminary accounts of this work have been
presented [11].

Materials and Methods

Reagents

Cytochrome ¢(Cyt ¢) (horse heart type VI,
Sigma) was reduced (> 98%) by sodium dithionite
(Matheson, Coleman and Bell) and purified on a
Sephadex G-200 (Pharmacia) gel filtration col-
umn. The concentration of cytochrome was de-
termined from the optical absorption using the
extinction coefficient €29 =276 mM '-cm™!
[12]. Solutions of diaminodurene (DAD; 2,3,5,6-
tetramethyl-p-phenylenediamine) (Aldrich) and
1,10-phenanthroline (o-phen) (Baker) were pre-
pared in ethanol prior 10 use.

Reaction centers

Reaction centers were isolated from R.
sphaeroides R-26 as described [3]. Reaction center
concentrations were determined from the optical
absorption A;% = and the extinction coefficient
€2 =288 mM ™" cm~! [13]. The quinone content
was determined by a cytochrome ¢ photooxidation
assay and by an assay based on the donor recovery
kinetics after a laser flash [14]. Preparations con-
tained slightly less than two quinones per reaction
center; the deviation from 2.00, defined as 8, was
typically 0.05 + 0.02. Since the binding of Qy is
substantially weaker than the binding of Q,(see,
e.g., Ref. 14), § corresponds to the fraction of
reaction centers that lack Q.

Buffers

All experiments were carried out at 21.5°C in
10 mM buffer and 0.025% (w/v) LDAO with
potassium chloride added as required to set the
ionic strength at 10 mM. The following pH buffers
were used: Mes (Calbiochem-Behring), pH < 6.4;
Pipes (Sigma), pH 6.4-7.6; Tris (Schwartz/Mann),
pH 7.6-9.0; Ches (Calbiochem-Behring), pH
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9.0-10.0; Caps (Calbiochem-Behring), pH > 10.0.

Optical measurements

Optical absorption spectra were recorded with a
Cary 17D spectrophotometer (Varian). Flash-in-
duced charge separation was accomplished with a
pulsed dye laser (A, = 584 nm, 0.4 us pulse width,
0.2 J per pulse) (Phase R). Rapid changes in the
optical absorption spectrum following a flash were
recorded with a spectrophotometer of local design
that had a time resolution of 0.5 ps [10}. The
spectral bandwidth in all measurements was less
than 1 nm. To limit the exposure of samples to
light prior to a flash, the monitoring beam of the
spectrophotometer was gated shut until approx. 1
s before the flash. The analysis of data was per-
formed as described [10].

Theoretical models

Reaction center states and cytochrome oxidation
after successive flashes

In the presence of an exogenous electron donor
(e.g., Cyt ¢**), D™ is reduced and electrons are
trapped on the quinone acceptors. The different
states (QaQp. Q4 Qp, QuQ5, Q4 Q5, QQ5™ and
QAQ37) produced after successive flashes are
shown in Fig. 1 (see footnote on p. 292). Following
a flash, an electron is added to the quinones as
long as Q, is unreduced [10,15); reaction centers
in the state DQj are photochemically inactive on
the time-scale of the reaction with Cyt ¢2*. The
mixture of states present after each flash is de-
termined by the equilibrium partitioning between
QxQp and Q,Q; and between QrQ; and
QAQ3:™, described by the partition coefficients a
and B, respectively (see Appendix A), where

[QAQs]

OSSR ®)
B = [Q2Qs] @

C[QaQs)+[QaQE ]

The value of B can be obtained by monitoring
optically (A = 550 nm) the amount of cytochrome
oxidized after each of the first three flashes. The
absorption change after the first flash (4.A45%)
corresponds to 1 Cyt ¢** oxidized per reaction
center, the absorption change after the second
flash (443°) corresponds to (1 —a) Cyt ¢2*
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Fig. 1. Schematic representation of the various reaction center states after successive flashes in the presence of an exogenous electron
donor (e.g., Cyt ¢2* or DAD). The concentration of the reaction center states and the oxidized exogenous donor, Cyt ¢**. are given
relative to the initial reaction center concentration. The circled states are those formed immediately after a flash, i.e.. at a time short
compared to the Q5 Qy = Q,Qp and Q4 Qp = Q,Q3% equilibration times. It is assumed that the exogenous donor is present in at
least a three-fold molar excess and that it reacts with D* rapidly compared to the charge recombination of D* with either Q or Q.
The partition coefficients, « and 8, are defined by Eqns. 3 and 4 respectively.

oxidized per reaction center, and the absorption
change after the third flash (4.43°") corresponds
to (1 —a){a+ (1 — B)} Cyt ¢** oxidized per reac-
tion center (see Appendix B, Eqn. B-2). Thus 8 is
determined from the measured absorption changes
using the relation

~ QAP — AASSO . AASO — 44T )
B= AS‘SU AA%SO :

where the first term corresponds to the partition
coefficient « [10]. Eqn. 5 was derived under the
assumption that all reaction centers contain ex-
actly two quinones. If the average number of
quinones per reaction centers is less than 2.0 but
greater than 1.0, one Cyt ¢** is still oxidized on
the first flash, while on successive flashes the Cyt
¢?7 oxidation depends only on the fraction of
reaction centers with two quinones. Eqn. 5 is
modified to account for the fraction of reaction
centers with one quinone, 8, and becomes

(1-8)845° - 445" 443 - 443"
h- (1-8)847 T aa ©
1

Steady-state semiquinone absorption after successive
flashes

An alternative assay to probe the equilibrium
partitioning between Q,Qp and Q,Qf  makes

use of the optical absorption of the different
acceptor states. The ubisemiquinone species Qj
and Qg both have a characteristic optical absorp-
tion peak at 450 nm {16] that is absent in the
neutral quinone and the dihydroquinone (i.e.,
QH,) [17]. Thus, the amplitude of the semi-
quinone absorption after successive flashes can be
used to determine the partition coefficients. The
relatively strong semiquinone absorption of Q, Qj
makes this assay particularly sensitive to the equi-
librium between Q, Qg and Q, Q3 .

The change in steady-state absorption after the
m th flash, 4 4% depends on the concentrations
(see Fig. 1) and the extinction coefficients of the
semiquinone states. The concentrations, in turn
depend only on the partition coefficients « and %
(see Appendix A). We confine our analysis to the
semiquinone absorption after the first two flashes;
these are given by

AA;‘50= [Q; QB]#ZSPB"’[QAQEL‘ZS};)’ (7a)
= [RCI{ ae® + (1~ a) 45~ (7b)
and

AA70 + 24430 = [Q1 Qp e 8% +[QaQ5 |2e4Y-

+[Qa Q5 €A™~ (8a)



= [RC]{ a2, + a(1- a) Y-
F B - )ty ), (8b)

where [RC] is the concentration of reaction centers
and the extinction coefficients €30, €ap- and
€40, refer to the states Q1 Qp, Q.Qp and Q1 Q5.
respectively. The change in absorption after the

second flash is (Eqns. 7b and 8b):
443 = [RCJ(1 - &) { By — ek~ (1= @)k} (9)

Note that the sign of A 4% changes at a critical
value of B; for the spemal case of €39, =¢3Y
= éeZSOB , this occurs at B=13 (ie, [Q;Qpl=

[QAQ3 7 ]). Combining Eqns. 7b and 9 and solving

for B gives

_ e+ a( €30, ~ ‘150_) (1~ a)AA70 + 4430

(:‘SOB— (1- a)AAfSO

(10)

For Egn. 10 to hold, all reaction centers must
contain exactly two quinones. If the average num-
ber of less than 2, but greater than 1, (1 — §) of the
reaction centers will remain in the state DQ, after
the first flash. Eqn. 10 is modified to account for
this contribution and becomes

8= €49, +¢!((1503*€4507) (1-a)(1-8)A4° + AaP®
30, (1-a)(1-8)a4{°

(1)

The term (1 — a)(1 — 8)A A4} corresponds to the
absorption change by the fraction of reaction
centers that are photochemically active prior to the
second flash.

Electron transfer kinetics between Q;Q; and
Q403"

In the previous section we discussed the
steady-state values of the semiquinone absorption
after successive flashes. We now focus on the
transient change in semiquinone absorption for
reaction centers in the presence of an exogenous
electron donor to D*. We assume that the reaction
between the exogenous donor and D* is fast com-
pared to the charge recombination between D*
and the reduced quinone acceptors.

295

The steady state mixture of states present after
a first flash depends on the equilibrium partition-
ing between Q, Qg and Q,Qp (see Fig. 1); (1 — a)
of the reaction centers are in the photochemi-
cally active state Q,Qp. Immediately after the
second flash, ie., at a time 7, < (k"““”QA)“',
(k&T2,,) ", this fraction forms the state Q. Qj.
Consequently, the change in semiquinone absorp-
tion at t = ¢, is given by

843 (15) = [RCJ(1— o) { 25— 2% }. (12)

The time evolution of the system following the
second flash is governed by two parallel processes:
(1) reaction centers in the state Q, Qg equilibrate,
with rate kg”’ ‘_f’Q =k + k§), to form a mixture
of Q;Qj; and Q,Q3 ™. (2) Reaction centers left in
the state Q, Qp reequilibrate, with rate k&>

=k} +k§), to form a mixture of Q;Q, and
QAQB. After a time long compared to both of
these equilibrium processes the change in absorp-
tion reaches the steady-state level A 44°(t > o0) =
AAF® (see Eqn. 9). The transient absorption

change, A 40 (1), leading to this steady-state level
is given by
AATR(1) = AAF0 (1)~ AAF0 (1~ o0) (13a)

= [RCJa(1 = a)( e — 43 ) exp( - kg2 Vg, 1)

+[RC)(1- @)(1- BYes®y- - exp( - ke, 1). (13b)
The decay kinetics of the transient change (Eqn.
13b) separate into two distinct components when
the electron transfer rate between Q. Qg and
QAQg is large compared to that between Q. Qp
and Q,Q3 7, i.e.
kg O, > ke e, (14)
Consequently, on the time scale (k> U ) ™' <«
< (kP )" the decay of the trans:ent absorp-
tion change will follow single-exponential kinetics
with rate k2 . This kinetic behavior is also
observed when the relative difference between the
extinction coefficients for Q. Qy and Q.Qp
small (see Eqn. 13b), i.e.

af € —efi ) < (1~ B)ef%-. (15)

The transient change under either or both of the
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TABLE I

SEMIQUINONE ABSORPTION 4% IN REACTION CENTERS FOLLOWING A SINGLE SATURATING FLASH

Reaction centers in 10 mM Tris (pH 8.2)/0.025% (w/v) LDAO/500 uM DAD; T = 21.5°C. Typical reaction center concentration
was 3.5 uM. o-phen (10 mM) added from a 500 mM solution in EtOH. The reported uncertainties represents the standard deviation
of the mean (n > 7). The value of « at pH 8 is 0.065 +0.005 [10], § = 0.04+0.02 and n = 0.73 +0.02.

Sample Quinone AP0 /RQ) Expected
Content (mM~".em™ ) Contribution
(Q per RC)
1 Reaction center 1.96+0.02. 6.05+0.06 (1-a)1-8)edy-+
a(l—8)ed0y + 83
2 Reaction center 1.96 +0.02 4.90+0.05 (1—8)ed0y + 80
plus o-phen
3 Reaction center 0.73+0.02 4.3640.04 ne’
depleted of Q4
4 Reaction Center 0.73+0.02 4214007 e

depleted of Qg
plus o-phen

above conditions (Eqn. 14 and/or Eqgn. 15) is
given by

A48 (1) = [RC](1- B)(1 - a) ey exp( — kg2 Dy, 1).
(16)

If a fraction, 8, of the reaction centers contain
only one quinone, Eqn. 16 is modified and becomes

AATL(1) = [RC](1 - B)(1 - a)(1-8)
X 4% - exp(— k& P, 1) (17)

From Eqn. 17, the extinction coefficient for the
state Q,Qp can be determined from the initial
amplitude change, AA4%0 (0), the measured values

of a, B, & and the concentration of reaction
centers.

Experimental results

Extinction coefficients of the semiquinone states

An assay for the partition coefficient S,
described in the next section, is based on changes
in semiquinone absorption after successive flashes.
It was therefore necessary to determine first the
extinction coefficients of the semiquinone states
Q. Q;, Q.Qy and Q4 Qg . The measurements were
made at 450 nm, the wavelength at which the

maximum change in semiquinone absorption oc-
curs. The exogenous electron donor was DAD,
chosen for its negligible absorption at this wave-
length [6].

The steady-state semiquinone absorption after a
single saturating flash, 47> was measured on
four different samples (see Table I): (1) reaction
centers (2) reaction centers plus 10 mM o-phen
(o-phen blocks electron transfer from Q, to Q,

[19,20]), (3) reaction centers that were depleted of

TABLE 11

EXTINCTION COEFFICIENTS ¢*° FOR UBISEMIQUI-
NONE ANIONS

The uncertainty is the S.D. of the mean; it does not include the
uncertainty in €*2 (+5% [13]). Note that the assay for 8 (see
Eqn. 11) depends only on the relative values of the extinction
coefficients, not on their absolute value.

Species Extinction coefficient  Ref.
(mM~l.em™ )

Q.Q; €43, =6140.1 this work
QA Qg €430, =4940.1 this work
QAQ5* €20,-=97403 this work
Qa e¥=59+02 this work
(UQ—10)" inMeOH 54" 22
(UQ-10)" in DMF 6.0 17

* Obtained from a fit of Eqn. 17 to data of Fig. 5d.
b A similar value, ¢**®=5 mM~'-cm™!, was reported for
(UQ-10)" in EtOH [17].



Q; [21], and (4) reaction centers depleted of Qg
plus 10 mM o-phen. For samples (1) and (2), the
fraction of reaction centers with a single quinone,
8, was determined (see Materials and Methods) to
be 0.04. For samples (3) and (4), the average
quinone content, determined by a cytochrome
photooxidation assay [14], was n = 0.73 quinones
per reaction center; the low value minimized the
fraction of reaction centers with two quinones.

We checked the extent to which o-phen blocked
electron transfer by illuminating sample (2) with a
second flash after 1 s. If the electron leaks from
Q. to Qg the photochemically active state Q,Qp
is formed. Consequently, an increase in absorption
due to the formation of Q. Qp after the second
flash should be observed. We found that the in-
crease in absorption was not more than 5%. Thus,
on the time scale of the experiments (1 s), o-phen
is at least 95% effective in blocking electron trans-
fer.

The measured absorption changes depend on
the extinction coefficients €4, ety and €2, as
shown in Table I. The measurements on samples
(3) and (4) were averaged and, together with the

value of 7, were used to determine €3°°. From the

absorption of sample (2) and the values of €3> and

8, the extinction coefficient €4>°; was determined.
The measurements on sample (1), together with
the values of €%, €4, § and a = 0.065 [10], were
used to determine €5y

The individual extinction coefficients are tabu-
lated for pH 8 in Table II. Their value remained,
within experimental error, constant between pH 8
and 10. The value of the extinction coefficient for
Q. Q5. ie., €29, was determined from the am-
plitude of the transient absorption change after
the second flash (Eqn. 17) (see later section). For
comparison, the extinction coefficients of the
ubisemiquinone anion measured in organic solvents
[17,22] are also tabulated.

The partition coefficient B

Two different assays were used to determine 8.
In one the concentration of oxidized cytochrome ¢
and in the other the concentration of semiquinone
was optically monitored after successive flashes of
light.

Cytochrome oxidation after successive flashes.
The change in Cyt ¢** oxidation after successive
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flashes was obtained from the optical absorption
changes at 550 nm (see Fig. 2a). There is no
absorption by the quinones at this wavelength [16].
The partition coefficient 8 was computed from
the absorption changes after the first three flashes
using Eqn. 6. The value of the correction factor, §,
was determined (see Materials and Methods) to be
0.06.

The pH dependence of 8 is shown in Fig. 2b.
The equilibrium between the states Q,Qp and
Q,Q3  is strongly pH dependent, with Q,Q3"
favored at low pH (i.e., $<0.5) and Q. Qg at
high pH (i.e., 8 > 0.5). The change in the direction

I I I T
) e i I to) 7]
3 RC + cyte
’g ool pH 10.15 ]
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£8 - =
£2§
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§ ~801— —
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Fig. 2. Determination of the partition coefficient 8 from the
cytochrome oxidation after successive flashes. (a) Changes in
the optical absorption measured at pH 10.15. A0 =0 refers
to the absorption level prior to the first flash. Time betw:
flashes 0.6 s. Conditions: 2.1 pM reaction centers and 20 "
Cyt ¢** in 10 mM Caps/3.7 mM KC1/0.025% (w/v) LDAO,
T =21.6°C. (b) The pH dependence of B. The values were
determined (Eqn. 6) from 4A4,, A4, and AA; with § = 0.06.
Conditions same as in part (a), except for varying buffers.
Error bars represent the estimated experimental uncertainty
(one S.D.). The solid line (Model) was constructed using Eqn.
19 with the free energy shown by the solid line in Fig. 4.
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of the equilibrium occurs at approx. pH 9.5. The
solid line in Fig. 2b represents a theoretical fit to a
model described later.

The method of determining B requires that
several conditions, similar to those required fro the
determination of « {10], be satisfied. The oxidation
of Cyt ¢** must be fast compared to the charge
recombination of either Qz or Q3™ with D*. At
low pH this condition is satisfied. However, above
pH 9 the Cyt ¢?* oxidation rate decrease sharply
[18], while both charge recombination rates in-
crease with increasing pH (see Ref. 10 and later
section). This limited the assay to pH <10.5.
Another requirement is that electrons not leak off
from Qp or Q3 between flashes. To check this,
the time between flashes was varied between 0.3
and 2.0 s; no difference in the value for 8 was
found.

Semiquinone absorption after successive flashes.
The steady-state absorption by semiquinone after
successive flashes served as the second assay for
the partition coefficient 8. The experimental re-
sults of the absorption changes at two pH values
(7.95 and 10.50) are shown in Fig. 3a and b. Note
the difference in sign of 443" between the two
sets of data. Qualitatively, the negative value of
A 4% in Fig. 3a is a consequence of the diminished
semiquinone concentration after the second flash,
i.c., the state Q,Qp  is energetically favored. The
positive value for A 43 observed at high pH (Fig.
3b) indicates that the equilibrium has shifted in
favor of the optically absorbing state Q, Q.

The partition coefficient 8 was computed from
the observed values of 4 47", A 45> and Eqn. 11.
The values for the extinction coefficients for the
semiquinone states were taken from Table II; &
was determined (see Material and Methods) to be
0.04. The pH dependence of a was determined
from the relation (see Egqns. 13 and 14 of Ref.
10) *:

_ 1
vexp{ = AGY, oy /KT )

a

‘ 1+10PH-113
AGg = —67 meV—KkT In 1+10PH-9% (18)

* In principle the partition coefficient a can be determined
from AA{* (see Eqn. 7b). However, this method is inaccu-
rate because of the relatively small difference between €42,

and €¥0. (see Table Iy
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Fig. 3. Determination of the partition coefficient 8 from the
absorption by semiquinone after successive flashes. (a) Changes
in the optical absorption measured at pH 7.95. 4> = 0 refers
to the absorption level prior to the first flash. Time between
flashes 0.6 s. The spikes after each flash are caused by the
transient presence of D*. Conditions: 3.9 pM reaction centers
and 500 pM DAD in 10 mM Tris/2.4 mM KC1,/0.025% (w /v)
LDAO, T=21.5°C. (b) Changes in the optical absorption
measured at pH 10.50. Conditions as in part (a), except that 10
mM Caps and 4.4 mM KCl was used. (c) The pH dependence
of B. The value of 8 was determined (Eqn. 11) from AA, and
A A, with the extinction coefficients shown in Table II, «
computed from Eqn. 18 with § = 0.04. Conditions same as in
part (a), except for varying buffering. Error bars represent the
estimated experimental uncertainty (one S.D.). The solid line
(Model) was constructed using Eqn. 19 with the free energy
shown by the solid line in Fig. 4.

where k is Boltzmann’s constant and T is the
absolute temperature; a varied between 0.07 and
0.28 over the pH range 7-10.6.

The pH dependence of B is shown in Fig. 3c.
The results found with this assay are in good
agreement with those found by the cytochrome ¢
photooxidation assay (Fig. 2b).

Similarly to the requirement of the cytochrome



¢ assay, this method requires that the reduction of
D* by DAD be fast compared to the charge
recombination of either Q5 or Q3™ with D*. The
DAD to D™ electron-transfer rate (kp,p = 140
s~ !, [DAD]= 500 pM, pH 8) is essentially inde-
pendent of pH [8], while both of the charge recom-
bination rates increase with increasing pH (see
Ref. 10 and later section). This limited the assay to
a maximum pH of 10.5.

The free-energy difference between Q[ Qg and
0493

The free-energy difference, 4Gy, (;), between
the states Q,Q; and Q,Q3~ was obtained from
the measured values of the partition coefficient 8
(see Figs. 2b and 3c), i.e.

[QAsza_] 1-8
0 __ L1¥AXE ) _ ik
AG G 2) kT In [Q;QE] kT In g (19)

This relation is useful only when the uncertainty in
B is small compared to either 8 or (1 - B8). To
limit the uncertainty in AGY,, to less than +10
meV, we restricted the analysis to pH > 8.3 for 8
determined by the cytochrome ¢ assay (Fig. 2b)
and to pH > 7.8 for 8 determined from the semi-
quinone absorption (Fig. 3c).

Fig. 4 shows the pH dependence of AGY, .
Between pH 8 and 10 the free energy increases
linearly with pH. In this region the data are well
described by the function (see Fig. 4)

Angs(Z) = kT(In 10)(pH - pH,), (20)

where pH, is the value (9.5) at which AGY, ,,=0
(i.e., 8=0.5); kT In 10 = 58 meV at 21°C. Above
pH 10 the dependence deviates from linearity. The
deviation is consistent with a pX = 10.7 (see solid
line, Fig. 4). The relation of this pK to the proto-
nation of the acceptor complex is discussed in a
later section.

The Q; Q5 = Q.03 electron-transfer rate

The electron-transfer rate, k°3S; f)QA, between
QA Qg and Q,Q%~ was determined from the tran-
sient absorption change at 450 nm following con-
secutive flashes in the presence of excess Cyt ¢+,
To suppress the fast decaying component due to
electron transfer between Q, Qp and Q,Qp (see
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Fig. 4. Free energy difference, AGf,’bs(z), between the states
Qx Qg and Q,Q3" as a function of pH, 7= 21°C. The points
(®, &) were obtained from the partition coefficient 8 (Figs. 2b
and 3c and Eqn. 19). The curvature in the solid line through the
data corresponds to pK§2 =10.7 (see Eqn. 26b).

Eqns. 14 and 16), the instrumental response time
was adjusted to attenuate the signal decaying with
rate ks U, (see Fig. 3c in Ref. 10)*. Fig. 5a
shows representative data for the absorption
changes following the first three flashes. The
steady-state absorption following each flash con-
tains contributions from Cyt ¢3* as well as from
the semiquinones. The contribution from Cyt ¢**,
A&, was determined from the extinction coeffi-
cient €% =90 mM™'-cm~! [12] and the
calculated concentration of Cyt ¢** after each
flash (Eqn.B-3).

The transfer rate, k%bf E’QA, was obtained from
the transient absorption change following the sec-
ond flash, A4¥? (t) (see Fig. 5a). The data were
plotted logarithmetically, as shown in Fig. 5b, and
fitted to straight line. The small transient signal

* AtpH <8 the value of k2, approaches that of k2D,
(compare Fig. 5c¢ with Fig. 3c in Ref. 10). However, the
component decaying with rate k?ﬂ—s o . is at least 100-times
smaller than that associated with k%: @ . Consequently,
the use of the instrumental time constant is not needed to
suppress ks, (see Eqn. 15).
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Fig. 5. Optical assay for the electron transfer rate, k&* 2, . between Q5 Qp and QAQ3~

450

. (a) Changes in optical absorption at 450

nm following the first three flashes. A7, = 0 refers to the absorption level prior to the first flash. Time between flashes, 1.0 s.

Conditions: 4.8 uM reaction centers and 50 uM Cyt ¢2* in 10 mM Tris/3.3 mM KC1/0.025% (w/v) LDAO, pH 8.10 at T = 21.6°C.
(b) Semilog plot of the transient absorption change, A4, ..., following the second flash (see part (a)). The baseline was obtained from
the steady-state value of the absorption after the flash. The data were digitally filtered before plotting. The solid line represents a
decay rate of 7.9-10% 5. (c) pH dependence of k"bs (2) .- Conditions as in part (a) except for varying buffers. Solid line represents a
smooth fit to the data. Dashed lines represent smooth curves drawn through the high pH data reported by Wraight [23] and Vermeglio
[24]; at low pH their data follow the solid line. (d) pH dependence of the initial amplitude A 4235 (0), normalized to the reaction

center concentration. The amplitudes were taken from the same data that were used in part (c). The theoretical curve (solid line) was
constructed usmg Eqn. 17 with « calculated from Eqn. 18, 8 calculated from Eqns. 19 and 20, 6 =0.05 and 4%, =97

mM~

observed after the third flash results from the
fraction of reaction centers that equilibrate be-
tween Q5 Q; and Q,Q3  (see Fig. 1).

The pH dependence of kG %, is shown in
Fig. 5c. The rate decreases monotonically with
increasing pH; the decrease is less than one decade
per pH unit. Results obtained by other workers
[23,24] are shown for comparison (see dashed lines
in Fig. 5¢).

The maximum amplitude of the transient sig-
nal, AA¥? (0), normalized to the concentration of

trans

reaction centers, is shown in Fig. 5d. The ampli-

tude of the signal is constant near neutral pH and
decreases with increasing pH above approx. pH 8.
The decrease occurs as the equilibrium between
Q. Qs and Q,Qf  shifts toward Q5 Qg at high
pH. The decrease in amplitude of the transient
signal and the decrease in the Cyt ¢?* reaction
rate with increasing pH [18] limited the measure-
ments to a maximum pH of 10.2.

The solid line through the data of Fig. 5d
represents the theoretically predicted amplitude
(Eq. 17) using the experimentally determined val-
ues for a (Eqn. 18), B (Eqns. 19 and 20), § = 0.05
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(e, kKB H).

(see Materials and Methods) and with €3°%;- cho-
sen as a free parameter. The best fit over the entire
pH range was found with €2%,.=9.7+ 0.3 mM !
-cm”
The electron-transfer rates k'7} and k'3

The individual forward and reverse transfer
rates, k) and k§), were determined from the
observed electron-transfer rate between Q, Qg and
Q.Q%  and the free-energy difference between
these states using the relations

K+ kG = k&2, (21)
and

3% 5 ~ 4G,

LZB = [Q':QB_ ] = exp =3 (22)
kg, [QxQs] kT

From smooth curves drawn through the data in
Figs. 4 and 5c (see solid lines), the pH dependence
of k{3 and k& was obtained, as shown in Fig. 6.
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The forward transfer rate k2 decreases with in-
creasing pH at the rate of approximately one
decade per pH unit (i.e., k2 [H*]) over the
major part of the pH range investigated (see dashed
line). The reverse rate k{2, is only weakly depen-
dent on pH, varying approx. 75-times less than
k2, over the same pH range.

Preparation of DQ ,Q5 in the absence of exogenous
donors

The charge recombination kinetics of
D*Q,Q3  must be studied in the absence of an
exogenous donor to D*, However to prepare the
precursor state, DQ,Qg, a donor, such as Cyt
¢™, is required. The fulfillment of these seemingly
contradictory conditions requires an initial molar
ratio of Cyt ¢* to reactions centers of one. Since
the extinction coefficients €3 of Cyt ¢** and €%
of reaction centers are not known with sufficient
accuracy, we determined spectroscopically the
condition for equal molarity and in the process
obtained an accurate value for the ratio €32 /¢339,

The assay is based on monitoring the extent of
cytochrome oxidation after the second flash. When
the initial Cyt ¢** concentration, [Cyt ¢%*),, is
less than the reaction center concentration, all of
the Cyt c** is oxidized after the first flash. Conse-
quently, no change in cytochrome absorption is
expected after the second flash. When the initial
cytochrome concentration is between 1- and 2-
(precisely, 1+ (1 —a)(1 — 8))-times the reaction
center concentration, the absorption change after
the first flash 44}*° is proportional to [Cyt ¢2*],;
the absorption change after the second flash A 43%°
is proportional to the remaining Cyt c*, i.e.,
[RC]—[Cyt ¢**],. Relating the initial concentra-
tions of cytochrome and reaction centers to their
respectively absorption maxima at 550 nm and 802
nm gives

0 if 0 < [Cyt 2t ]0 < [RC]

550 550
4477 ] 802 Ay,

550 550 802 -
A4y €red ARE

;if [RC] < [Cyt ¢2* ], < [RC]
X{1+(1-a)(1-38)}
(23)

The condition for equal initial concentrations is
found by fitting Eqn. 23 to the measured absorp-
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tion changes with €*? /¢339 taken as a free parame-
ter.

Fig. 7 shows the extent of the flash-induced
oxidation of Cyt ¢?* as a function of the ratio
AT, /ARE. The absorption A, was determined
prior to the addition of reaction centers. The ab-
sorption 4% was measured after the photooxida-
tion measurements. The onset of light-induced
oxidation of Cyt ¢>* after the second flash corre-
sponds to the condition [Cyt ¢2*], = [RC]. From a
fit of Eqn. 23 to the data (Fig. 7) this occurs for
AL/ ARE = 0.094 + 0.003 (S.D. of the mean), cor-
responding to a ratio of extinction coefficients

-10.6+0.3, (24)

The result given by Eqn. 24 is consistent with
€82 /6339 = 9.2-10.9 computed from the range of
values reported for the extinction coefficients of
reaction centers [13,25] and cytochrome ¢?* (see
tabulations in Refs. 26 and 27).

In the above analysis we assumed that the
reaction between Cyt ¢* and D™ goes to imple-
tion. In practice, the finite redox free-energy dif-
ference between the two species prevents the com-
plete reduction of D7¥; for the condition
[Cyt ¢**],=[RC], approx. 3% of the reaction
centers will have their donor, D™, unreduced by
Cyt ¢** after a flash (see Appendix D).

The donor recovery rate k% %),

The donor recovery kinetics for reaction centers
in the presence of an equal molar ratio of Cyt et
was monitored at 865 nm. The results at pH 8.1
are shown in Fig. 8a. The absorption change after
the first flash corresponds to the formation of
DQ,Qj . The oxidation of D* by Cyt ¢** is fast
compared to the instrumental time constant; con-
sequently, the observed amplitude is small. The
absorption change following the second flash cor-
responds to the formation and subsequent decay
of D*Q,Q%; a fast component due to the oxida-
tion of Cyt ¢2* remaining after the first flash is
not resolved. The changes following the third and
fourth flash were, within experimental resolution,
identical to each other; this indicates that DQ Qg
is stable on the time-scale of the measurements.
The amplitude of the absorption change after the

second flash was approx. 6% smaller than that
after the third flash. Approx. 3% of this difference
1s due to the finite redox free-energy difference
between Cyt ¢** and D" (see Appendix D); the
remainder (2-3%) may be caused by a fraction of
reaction centers having an impaired Cyt ¢ binding
site.

The charge recombination rate was determined
from the slope of the logarithm of the absorption
change following the second flash (see Fig. 8b).
The decay kinetics consist primarily of a slow
component (approx. 80%) with rate k2, =0.75
s~ ! (dashed line in Fig. 8a); the remaining (ap-
prox. 20%) component decays approx. 5-times fas-
ter (k°»=3.5s"1).

The predicted rate for charge recombination via
the intermediate state D*QLQp is k°%. ¥, =
Bk, (see Eqn. 2b). The average value for 8 at pH
8.1, found from the data of Figs. 2b and 3c, 1s
0.07 + 0.02. The recombination rate of D*Q is
k(% =10s"", independent of pH [10]. Making the
assumption that k) =k}, the recombination
rate predicted for the indirect pathway Bk {).= 0.7
+ 0.2 s~ '. This value is in agreement with the rate
observed for the stow component (0.75 s ') of the
charge recombination (Fig. 8b). Thus, the contri-
bution to the slow component from direct recom-
bination between Q3™ and D, obtained from the
maximum discrepancy between the observed re-
covery rate and the rate predicted for the indirect
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Fig. 7. Optical assay of the relative extinction coefficients of
reaction center and cytochrome ¢2*. The absorption changes
AA47° and A 43° were measured as shown in Fig. 2a. Condi-
tions: 2.1-5.2 uM reaction centers and 3.7 uM Cyt 2t in 10
mM Tris/3.3 mM KC1,/0.025% (w/v) LDAO, pH 8.0 at T =
21.5°C. The theoretical curve (solid line) was constructed using
Eqn. 23 with (€392/¢330) =10.6.
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Fig. 8. (a) Optical assay for the donor recovery rate, k033,
Time interval between the first and second flash 2 s; between
the second and successive flashes 13 s. Conditions: 3.7 pM
reaction centers and 3.7 uM Cyt c2* (precisely, [Cyt
¢2*19/[RC] =1.00+0.03) in 10 mM Tris/3.3 mM KC1,/0.025%
(w/v) LDAO, pH 8.09 at T=21.2°C. (b) Semi-logarithmic
plot of the absorption change after the second flash (see part
(a)). The dashed line corresponds to a recovery rate of 0.75 s~ 1.
The same value was obtained after the third and forth flashes.

pathway, accounts for less than 30% of the decay
rate.

Above pH 8, the decay rate of the slow compo-
nent of the recovery kinetics increased and was in
agreement with the values predicted for the indi-
rect pathway. However, the fractional contribution
of the slow component to the kinetics decreased
with increasing pH; the amplitude of the faster
decaying component being dominant above pH =
8.5. The decay rate of the faster component re-
ached a value 12 s~ ! at pH 10. Above pH 10 the
reaction rate of Cyt ¢2* with D* is too slow to
effectively generate DQ,Qp .

Below pH 8 the recovery kinetics following the
second flash became non-exponential in character;
i.e., the decay rate constant increased with increas-
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ing time. This behavior was independent of the
time interval (2-20 s) between the first and second
flash. Furthermore, the recovery kinetics following
the third flash was substantially faster than the
kinetics following the second flash. Because of
these difficulties, the charge recombination kinet-
ics of D*Q,Q32™ could not be properly assessed at
low pH.

Conclusion and Discussion

The pH dependence of AGS, (2

We have investigated electron equilibria and
transfer reactions involving the quinone acceptor
complex in bacterial reaction centers. From the
equilibrium data we deduced the free energy dif-
ference between Q1Qp and Q,Qz~. We found
that the free energy difference increases with in-
creasing pH (7.8 < pH < 10.5). The state Q Q%"
is energetically favored near neutral pH, whereas
Q4 Qg is favored at high, nonphysiological, pH. It
is the preferential interaction of a proton with
Q.Q3™ that provides the driving force for the
electron transfer to occur in the forward direction.

To examine quantitatively the role of protona-
tion on the stabilization of Q3~, the equilibrium
between Q, Q; and Q,Q3~ was modeled by the
scheme shown in Eqn. 25. For the pH range used
in this study, the one-electron precursor state
Q.Q; associates with a proton (pK "’ = 11.3) [10].
The two-electron states are in equilibrium with a
second proton as shown:

ol uge AGY 2~ gy +
(Qz Qg H* ——== (Q.Qz")H
pKiH [H* H* | |pKf2 (25)
(QX Q3 2H*===""(Q,Q} )2H*
AGY»

The measured free energy, AGY, (), involves
both the protonated and unprotonated species and
is given by [10]

[(QxQ3 )H" ] +[(QuQ3 )2H"]
[(Q2Qz )H" ]+ [(QX Q5 )2H" ]

4GS )= — kT In (26a)

PH-pK {2
- AGY. — kT 117 (26b)
1+10PH-PKE
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For the pH range pK 2 < pH < pK{?, Eqn. 26b
reduces to (cf. Eqn. 20):

AGS, 3= AG Y + kT(In 10)(pH—-pK ) (27)

From the pH dependence of AGY,,, (See Fig.
4) the pK values for the association of a second
proton with either Qs Qg or Q,Q3  can be ob-
tained. The linear pH dependence of AGY,,, at
low pH places a limit on the pK for the equi-
librium between (Qx Qg )H" and (Q1 Q3 )2H™, i.e.
(see Eqns. 26b and 27):

pk2 <38 (28)

The pK for the equilibrium between (Q,Q3 )H™*
and (Q,Q37)2H* was obtained from the curva-
ture in AGY,,, (Fig. 4) at high pH. However, in
view of the difficulty in measuring 8 at high pH,
we establish only the tentative value (see Eqn.
26b):

pKP =107 (29)

These results imply that electron transfer from
Q.Qp to Q.Q3  involves the stabilization of
Q3~ by the association of a second proton with
the acceptor complex. The stabilization energy of
Q.,Q3% relative to QxQp is kT(In 10}pK§:—
pK ?)> 160 meV.

The pK for the protonation of Q, in the
presence of Qg i.e., pK 2, is considerably lower
than that for the protonation of Q;Qp (pK{’=
9.8) [10,28-30]. This implies that the charge on
Q; decreases the interaction energy of Q, with a
proton by kT(In 10)(pK {2 — pK {2)> 100 meV.

The value of AGY,,, found in this study is
similar to the one obtained for Photosystem II in
chloroplasts [31-34]. Diner [33] found AGY., =
— 100 meV in dark adapted chloroplasts (pH 7.5),
which is close to the value found for the bacterial
system at pH 8 (see Fig. 4)*. The equilibrium in
illuminated chloroplasts was found to shift away
from Q,Q3" [33]. This effect may be related to
the pH dependence of AGY,,. Under illumina-

* The value AGS,=—75 meV (pH 7.5) found in chloro-
plasts [29,33,50] is also close to the value found for bacterial
systems [10,11,51].

tion the pH on the acceptor side of the chloroplast
membranes rises (see, e.g., Ref. 1), thereby increas-
ing AGY, ,, (see Fig. 4). Thus, the increase in
AGS,, (»y With increasing pH seems to serve as a
feedback mechanism to limit the rise in intracellu-
lar pH.

The relation of AGY,, to redox titrations and pro-
ton uptake

The free energy difference between the states
Q.Qp and Q,Q3 ™ is equal to the difference in
reduction-oxidation (redox) energies between the
QAQ5/Q4Qs and the Q,Q5/Q,Q5  couples.
The pH dependence of the redox couples that
yield the free energy difference found between the
states Q Qp and Q,Qf~ (see solid line in Fig. 4)
is shown in Fig. 9. These curves were computed
using the relation [10,35]

1+ 10PH-PKR>

redox Ll
00xn/@uan = Gi@uopans — AT In=mm S e FRPTTRETI (30)

with an equivalent expression for G{f}f‘gﬁ /QAQL -
Note that pK, describes the protonation of the
neutral species Q,; it is less than pK2<8 and
therefore does not enter into the analysis.

The reduction of Q, in the presence of Qp is
not associated with a protonation step and thus
the redox energy for the couple Q. Qg /QAQy is
pH independent (see Fig. 9). The second reduction
of Qg to form Qf, is associated with the uptake
of a proton and thus the redox energy for the
couple Q,Qp /QAQ4~ is proportional to pH (ap-
prox. 60 meV per pH unit). By combining the
results for the pH dependence of the one-electron
[10] and two-electron redox couples, the overall
sequence for the protonation steps accompanying
the successive reduction of the quinone acceptor
complex is obtained, as shown in Fig. 10. Models
for the uptake of protons by the acceptor complex
have been proposed by Wraight {23]. ‘

The scheme shown in Fig. 10 predicts that the
formation of Q3 is accompanied by the uptake
of two protons per reaction center. The overall
stoichiometry of two protons per Q3 is in agree-
ment with experimental observation [23,36,37].
However, the stoichiometry of protonation follow-
ing transfer of the first electron to Qp is con-
troversial [23,36—39].



The electronic currents and/or voltage associ-
ated with the transfer steps between Q, and Qg
have been studied with reaction centers in lipid
layers [40-43]. No current was found to accom-
pany the electron transfer between Q. Qg and
Q,Q5. However, an electric signal was observed
to accompany the electron transfer from Q, Qg to
Q.Q%  (Ref 43; see also Blatt, Y., Gopher, A.,
Kleinfeld, D., Montal, M. and Feher, G. unpub-
lished results). The difference in behavior between
the two cases may be related to the different
protonation steps associated with the transfer of
the first and second electron. In the Q. Qj to
Q,Q; transition both states associate with a pro-
ton (see Fig. 10), suggesting that the electronic
current is counterbalanced by a concomitant pro-
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Fig. 9. The pH dependence of the redox free energy, or
equivalently, the redox midpoint potential, of the
QAQ5/Qx Q5 and Q,Q5/QAQ3%™ couples (compare with the
pH dependence of the one-electron couples shown in Fig. 8 of
Ref. 10). The curves were constructed using the expression for
GE% ax0s (Eqn. 30) with pK2 « 8 and T=21.5°C and
the equivalent expression for G535 o, 03 With pK{§2 =10.7.
The difference between the two curves was established from the
values of 4GS, (2> and represents the energy difference be-
tween the states Q, Qp and Q,Q3~, as shown in Fig. 4. The
dashed part of the curves is an extrapolation beyond the range
for which energy differences were experimentally determined.
Note the change in sign of AGS, @ (ie., reversal of equi-
librium) at the crossing point of the two curves. The midpoint
potential of the Q,Qg /Q.,Qa~ couple, measured in chromato-
phores [29], is E,,(Q Q3™ )= —40 meV at pH 8. This suggests
that the midpoint potential of the Q,Qg /Qa Qg couple (with
Qa4 unprotoned and Qg protonated) is E,,(Q; Qp )= —130
meV, close to the potential for the unprotonated form of the
Q4Q5/Qx4 Qg couple [28-30).
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ton current. In contrast, Q, does not associate
with a proton in the Q5 Qp-t0-Q,Q~ transition
(see Fig. 10).

The pH dependence of the electron transfer rates
between Q Qg and Q Q%

The electron-transfer rate from Q,Qg to
Q.,Qi was first determined at pH 7.5 by
Verméglio and Clayton [16]. The pH dependence
of this rate was subsequently measured by Wraight
(23] and Verméglio {24]. Both investigators found
k‘g; P, to decrease with increasing pH; below
approx. pH 8 the decrease is similar to that re-
ported here (see Fig. 5c). At high pH, the values
for k‘(’)'if f’QA found in this study fall between those
reported by Wraight [23] and Verméglio [24] (see
dashed lines in Fig. 5¢).

The pH dependence of the observed transfer
rate is dominated by the forward rate k3 (Fig. 6).
This results from the stabilization of Q,Q3™ rela-
tive to Q, Qg through the association of Q3™ with
a proton. If the forward electron transfer is limited
by the rate at which a proton binds to the reaction
center, as suggested by Wraight [23], k) should
be proportional to [H*). The reverse rate k)
should be independent of pH, since the electron
transfer to regenerate Q, Qg involves the release
of a proton. This is in approximate agreement with
the results shown in Fig, 6.

The charge recombination kinetics D*Q 05~ —
DQ,0;

When the acceptor states Q. Qp and Q,Q3
are in equilibrium on a time-scale of the charge
recombination of D~Q,Q3~, the donor recovery
is expected to follow single-exponential kinetics.
This condition holds irrespective of whether the
electron originates from Q,;Q;, QAQ3~ or both
(see Appendix in Ref. 10). The observation of
recombination kinetics that deviate from an
exponential time dependence implies either a dis-
tribution of reaction centers having different
recombination rates or the presence of an ad-
ditional state (or states) in the charge recombina-
tion pathway. The new state must equilibrate with
the other reaction center states (see Eqn. 2a) at a
rate not greater than kP @),

Between pH 8 and 9 the observed kinetics of
recombination could be decomposed into two ex-
ponentials, differing in rate constants by a factor
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of approx 5. The slower rate agreed with the
predicted charge recombination via the inter-
mediate state D*Q,Qp under the assumption
that &) = k(). This assumption seems justified
in view of the insensitivity of k{) to changes in
the free energy of Q. [44,45], such as may be
caused by the charge on Q. The origin of the
faster decay process is at present not understood.
One possibility is that reaction centers exist in a
pH dependent mixture of two (or more) conforma-
tional states having different values of k§}. In one
of the conformational states direct recombination
between Q3 and D* is the dominant (fast) pro-
cess.

Below pH 8 the donor recovery kinetics ex-
hibited a complicated time dependence. Further-
more, the recovery kinetics following the second
and third flashes differed substantially from each
other. In analogy with the explanation for the
kinetics at high pH, the behavior at low pH may
reflect a transition between conformational states.
One of the states may be stabilized only after the
formation of D*Q,Q3~ (i.e., after the second
flash). The binding of Q%™ to reaction centers is
reported to be weaker than the binding of either
Qg or Qg [46]. Thus a possible transition may
involve the rearrangement of Q3 in the binding
site of the secondary quinone.

Concluding remarks

In this and our preceding work [10], we de-
scribed how protons are involved in the electron
transfer between the primary and secondary
acceptor in bacterial reaction centers. Our descrip-
tion was based on measurements of the thermody-
namic and kinetic relations for the Q; Qp = Q,Qp
and Q,Qj = Q,Q3™ equilibria. We showed pre-
viously [10] that the uptake of a proton provides
the driving force for the transfer of the first elec-
tron to Qg. The same was found in the present
work to hold for the second electron, whose trans-
fer to Qp is accompanied by the uptake of a
second proton. The uptake of protons that accom-
panies the sequential reduction of the quinone
acceptor complex is the starting point for the
transduction of light into a proton gradient across
the cell membrane. The final state Qg™ transfers
electrons and protons to exogenous (quinone)
acceptors. This process, the details of which re-

QH, v

exogenous
quinone

(@) 2- + N
[pKg>107)  (DQy0g J2H 0G0 (=98]

+

H

{2)

(pKy'<8) (DO, Q)" (DOGEIH (oK1t 3)

ot oyt

Fig. 10. Schematic representation of the protonation events in
reaction centers following successive flashes of light in the
presence of Cyt ¢2* and exogenous quinone. The scheme is
based on the free energy and kinetic relations between the
states Q4 Qg and Q,Qpg presented previously [10], and the
relations between the states Q, Qg and Q,Q3~ found in this
study. The pK values for each protonation step are shown in
parenthesis; the scheme was drawn for pK§2 < pH < pK .

main to be worked out, provides a pathway for the
return of electrons to the primary donor concom-
itant with the undirectional transport of protons
across the membrane.

Acknowledgements

We thank E.C. Abresch for preparing the reac-
tion centers. This work was supported by the
National Science Foundation (PCM 82-02811) and
the National Institutes of Health (GM 13191).

Appendix A. Reaction center states after successive
flashes

The concentration of the different reaction center
states after m successive flashes (see Fig. 1) are
described by the difference equations:

[Q2Qs]. = 2([QaQs), 1 +[QA Qa1 -1). (A-1a)
[QqQ5 | = (1 - @)([QaQs] . 1 +[Qa Qsln-1).  (A-Ib)
[Q2Q5 1, =B([QaQs | 1 +[QAQE .- 1)- (A-1c)
[QaQE ]..=(1-8)([QaQ5 ], 1 +[QA Q& ], - 1)-(A-1d)

[QaQi ], =[QaQ% ], +[QaQ% ].._1- (A-le)



where a and 8 are defined by Eqns. 3 and 4. The
reaction center states satisfy the conservation
equation

[QaQs].+[Q4 Q8] +[QaQ5 1. +[Qa Qs ]..
+[QaQ37 ], +[Qa Q3 ], =[RC], (A2)

where [RC] is the concentration of reaction center.
The initial conditions are given by

[QAQz]o = [RC], (A-3a)
[Qx Qslo=[QaQ5 Jo=[Qx Q5 Jo = [QaQ3™ ],
=[Q:Qi ], =0 (A-3b)

The solution of the difference equations, for m > 1,

are given by:

[QxQs1,,=0. (Ata)
[Qa QB]m = [RC]a", (A-4b)
[QAQ5 ], = [RCI(1~a)a™", (A-4c)
[02 Q3 ], = [RCJB(1 - ) =B, (A4d)
[Q:QF ] = [RJO-H)(1- ) B (ae

m—1 _ _ m—1
[ex Q3 ].- [RC]{l A=) (- o)p }
(A-4f)

Note that for the special case a = f3,

lim =8
a—f d"ﬁ

=ma™"!

After many flashes (i.e., as m — o0), the con-
centration of all states, except Q,Q3", tend to-
ward zero; the concentration of Q,Q3  tends
toward [RC].

Appendix B. Cytochrome oxidation after successive
flashes

The change in absorption caused by the oxida-
tion of Cyt c?>* by D™ after successive flashes is
most conveniently measured at A =550 nm (see
Fig. 2a). The change in absorption after the mth
flash is given by

R B (B-1)
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=—€- ox{[QAQB]m 1+ [QaQE 11

+[QAQ123~],"-1} (B-1b)

where the expression in the brackets represents the
concentration of photochemically active reaction
centers present before the flash (see Fig. 1). Sub-
stituting Eqns. A-da, A-4c and A-4f, the change in
absorption can be expressed in terms of a and S,
ie.,

1 ifm=1;

44,7 = -[RCleid
- 1-8)] ifm>2
(B-2)

The total absorption change after m flashes is

Y 4430 = —[RC] €50

red — ox
=1

X{3 (1+a— ZB)a: IB—(l—a)B"' 1}

(B-3)
After a large number of flashes (i.e., as m — o)

the total absorption change is

aQ
E AAfS(): —3[RC]£fe5<?—ox (B'4)
I=1

i.e., three Cyt ¢** are oxidized per reaction center.

Appendix C. Semiquinone absorption after succes-
sive flashes

The change in semiquinone absorption after
successive flashes is most conveniently measured
at 450 nm (see Figs. 3a and b). The change in
absorption after the mth flash is defined by

m—1
A450 Z AA450 Z AA;‘SO, (C-l)
=1

where the total absorption after the mth flash,
Y a4
I=1

is found by summing the contributions from the
individual states present after each flash (see Fig.
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1), Le.,
ZAAASO [QAQB m€450 +[QAQB m€450

+[QaQp | .ea% + [Q; Qi” ]’"(:5092 (C-2)
The extinction coefficients €4y, €ty . €xVs- and
€330,. refer to the states Q,Qy, QAQs, QA Q5
and Q, Q3" respectively.

The exact expressions for the absorption
changes after the first two flashes are given in the
text (see Eqgns. 7b and 8b) and were used to
determine B (see Eqn. 11). The expressions for the
absorption changes after subsequent flashes are
algebraically unwieldy; the changes can be esti-
mated, however, using the approximations

€40 — 400, = ¢4, and 4 = 2€27,. (C-3)
These approximations are valid to within approx.
20% (see Table II). The total semiquinone absorp-
tion is given by (Eqns. C-2 and C-3):

n

3 447 = {[QaQa], +[QuQ5 1. +2QA Q5 1.,
1=1
+[Qa Q% ],.} X% (C-4)

Substituting Eqns. A-4b, A-4c, A-4d and A-4f, this
becomes
am” 1 _ Bm -1
a—f } ’

(C-5)

Z A4 =[RC] ¥, {1—(1 -28)(1- )

The change in absorption after the m th flash
(m > 2)is found by combining Eqns. C-1 and C-5,
1e.,

A4 = [RCLe®p(1-28)

><(1—a)(1_")“"’_21;'/3)’*'"_2‘ (C-6)

Note that the sign of AA4%° changes when the
direction of the Q;Qp to Q.Q3™ equilibrium
changes (i.e., for 8= 0.5).

Appendix D. The reduction of D * by Cyt ¢2*

In the text we made simplifying assumption
that for [RC]=[Cyt ¢**],, all donors (D) will be
reduced by Cyt ¢>* after a single saturating flash.
In this appendix we discuss the validity of this
assumption. The extent of reduction of D* by Cyt
c** depends on the free-energy difference between
the D/D* and Cyt ¢**/Cyt ¢’* redox couples
and on the reaction rate, k., between Cyt c**
and D" relative to the charge recombination rate
of D* with Qp (i.e., k¥ ). The free energy for
the D/D"* and Cyt ¢**/Cyt ¢** redox couples is
given by

Grednx = GO — kT In [D+ l D-1
D/D* D/D* __[D] (D-1a)
RC]~[D
=Gh,p+ ~ kT o RELEDL [ID][ ] (D-1b)
and
C t 3+
G:fg“x 1 = G((,)z‘ 3+ — kT ll'l[L’l (D-2a)
8 . [Cyt 2]
Cyt *]
=Gl 0+ — kT In 2[+ T (D-2b)
[Cyt ¥ Jo— [Tyt ¥}

where the initial population of cytochrome ¢ was
assumed to be completely reduced.

We focus our analysis on the case k., >
kgD In this limit the redox couples D/D™ and
Cyt ¢**/Cyt ¢** are in equilibrium after a flash,

e, GOy = G'fi"}‘(n Furthermore; the increase in
Cyt ¢** concentration is equal to the concentra-
tion of the oxidized donor, ie., [Cyt ¢**]=[D]
With these conditions one finds from Eqns. D-1b
and D-2b the fraction of reaction centers that are
reduced by Cyt ¢?*, i.e, [D]/[RC],

- )( e T ) - (frai )

xexp{ — (G4 1« = G o )/kT }. (D-3)

The first term in brackets on the left represents the
fraction of reaction centers that are not reduced by
Cyt ¢** after a first flash; the second term repre-
sents the relative concentration of Cyt ¢** remain-



ing after the flash. In the limit G2+ ... — G}, >
kT, the reduction of D* by Cyt ¢?* occurs to
completion; i.e., [D] /[RC]=1 for the initial condi-
tion [Cyt ¢?*], > [RC].

The reported free energies for the D/D* and
Cyt ¢**/Cyt ¢** redox couples are Gp, p-= —440
meV [47,48] and G2+ ,...= —260 meV (pH 8) [49].
For the initial condition [Cyt ¢**],=[RC], one
finds from Eqn. D-3 (at T=21°C) the value
[D]/[RC]=0.97, i.e., 97% of the reaction centers
will be reduced by Cyt c** after a flash.
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