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ABSTRACT: The electron transfer from the reduced primary quinone (QA
-) to the secondary quinone (QB)

can occur in two phases with a well-characterized 100µs component (τ2) and a faster process occurring
in less than 10µs (τ1). The fast reaction is clearly seen when the native ubiquinone-10 at QA is replaced
with naphthoquinones. The dependence ofτ1 on the free-energy difference between the P+QA

-QB and
P+QAQB

- states (-∆G°AB) and on the pH was measured using naphthoquinones with different
electrochemical midpoint potentials as QA in Rhodobacter sphaeroidesreaction centers (RCs) and in RCs
where -∆G°AB is changed by mutation of M265 in the QA site from Ile to Thr (M265IT). QB was
ubiquinone (UQB) in all cases. Electron transfer was measured by using the absorption differences of the
naphthosemiquinone at QA and the ubisemiquinone at QB between 390 and 500 nm. As-∆G°AB was
changed from-90 to -250 meVτ1 decreased from 29 to 0.2µs. The free-energy dependence ofτ1

provides a reorganization energy of 850( 100 meV for the electron transfer from QA
- to QB. The slower

reaction atτ2 is free-energy independent, so processes other than electron transfer determine the observed
rate. The fraction of the reaction atτ1 increases with increasing driving force and is 100% of the reaction
when -∆G°AB is ≈100 meV more favorable than in the native RCs with ubiquinone as QA. The fast
phase,τ1, is pH independent from pH 6 to 11 whileτ2 slows above pH 9. As the QA isoprene tail length
is increased from 2 to 10 isoprene units the fraction atτ1 decreases. However,τ1, τ2, and the fraction of
the reaction in each phase are independent of the tail length of UQB.

The photosynthetic reaction center (RC) of purple non-
sulfur bacteria is the protein-cofactor complex that performs
the initial steps in the conversion of light energy to chemical
energy by a series of electron-transfer reactions (Figure 1)
(1-4). In isolated RCs, following absorption of a photon
by a dimer of bacteriochlorophylls (P),1 an electron on P is
transferred to the tightly bound primary quinone (QA) within
200 ps (Figure 1). The subsequent electron transfer from QA

-

to the secondary quinone (QB) occurs within 3-200 µs
yielding P+QB

- at kAB
(1) (5-10). In chromatophores the

semiquinone QB- is protonated below pH 6 (11), but in
isolated RCs neither QA- nor QB

- binds a proton (12, 13).
With an electron donor to reduce P+, a second photon
initiates another turnover in which QB- becomes doubly
reduced and protonated atkAB

(2) (14). It then dissociates from
the protein as the dihydroquinone, QH2. In Rhodobacter
sphaeroidesRCs QA and QB are both ubiquinones that are
modified by the protein to play their different roles in the
reaction cycle.

The early, fast electron-transfer reactions forming P+QA
-

show little temperature or pH dependence indicating that
these can occur in a relatively rigid protein. In contrast, the
electron transfer from QA- to QB has significant temperature
and pH dependence (8, 15, 16). An electron transfer from
QA

- to QB that occurs at≈100 µs (22°C, pH 8) has been
studied intensively. This reaction is pH independent from
pH 6 to 9 and is faster at lower and slower at higher pH.
Thus, in the intermediate pH range there is little proton
uptake from solution on electron transfer from QA

- to QB

(17-21). The rate is independent of the free-energy differ-
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1 Abbreviations: P is the bacteriochlorophyll dimer which is the
primary electron donor in the reaction center protein; HL is the
bacteriopheophytin near QA on the L branch of the protein while HM
is near QB on the M branch; UQ1 is 2,3-dimethoxy-5-methyl-6-[3-
methyl-2-butenyl]-1,4-benzoquinone; UQ10 (Ubiquinone-10) is 2,3-
dimethoxy-5-methyl-6-decaisoprenyl-1,4-benzoquinone; MQ (vitamin
K1) is 2-methyl-3-phytyl-1,4-naphthoquinone; NQ2 (menaquinone-2)
is 2-methyl-3-ethylisoprenyl-1,4-naphthoquinone; NQ4 (menaquinone-
4) is 2-methyl-3-tetraisoprenyl-1,4-naphthoquinone; NQ10 (menaquinone-
10) is 2-methyl-3-decaisoprenyl-1,4-naphthoquinone; Me2NQ is 2,3-
dimethyl-1,4-naphthoquinone; Me3NQ is 2,3,5-trimethyl-1,4-naphtho-
quinone; Me4NQ is 2,3,6,7-tetramethyl-1,4-naphthoquinone; P+Q-

difference spectrum is the absorption of P+Q- minus that of PQ; Q-
spectrum is the semiquinone minus quinone spectrum;-∆G°AB is the
free-energy difference between QA

-QB and QAQB
- states; kAB

(1) is
the rate of the electron transfer from P+QA

-QB to form P+QAQB
-

including all phases and all associated processes;τ1, τ2, and τ3 are
the lifetimes with associated amplitudesA1, A2, and A3 of the fast
(<10 µs), intermediate (≈100 µs), and slow (>500 µs) phases,
respectively, of the (P+QA

-QBfP+QAQB
-) electron transfer.

7445Biochemistry2000,39, 7445-7454

10.1021/bi992591f CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/31/2000



ence between QA-QB and QAQB
- (-∆G°AB) (7). Thus, the

electron transfer itself does not control the≈100 µs phase
of this reaction. Some other process such as motion of the
protein or cofactors, or proton transfer, determines the rate.
The enthalpy of the reaction is≈3.5 kcal/mol (8, 10),
although earlier measurements had provided larger values
(15). Thus, the rate-determining process has a modest
enthalpy barrier.

A faster phase of the electron transfer from QA
- to QB

has been observed inRb. sphaeroidesRCs in chromatophores
(8, 9). At room temperature, 60% of the reaction occurs
at 3.5 µs and 40% at 80µs. In isolated RCs when 2-
methyl-3-phytyl-1,4-naphthoquinone (MQ) replaces ubiqui-
none-10 (UQ10) in the QA site (designated here as MQA) and
UQ10 is retained as QB (UQB) spectral changes are seen with
lifetimes τ1 of 3 ( 0.9 µs, τ2 of 80 ( 20 µs, andτ3 of 0.4
( 0.2 ms (22 °C, pH 8) (10). Since the spectrum of
menasemiquinone (MQ- λmax at 400 nm) is different from
that of ubisemiquinone (UQ-, λmax at 450 nm) (22-24),
quinone substitution provides a direct monitor of the transfer
of the electron from MQA- to UQB. The time-resolved
spectral changes in the MQAUQB RCs of the semiquinones
in the near-UV and the electrochromic response of the
bacteriopheophytin and bacteriochlorophylls in the near-IR
were determined. These show that the changes atτ1 are
mostly due to electron transfer, while electron transfer and
charge compensation are mixed inτ2, and little electron
transfer occurs atτ3 (10). In RCs with MQAUQB 60% of
the electron transfer occurs atτ1 and 40% atτ2. However,

only the≈100 µs phase is seen in isolated RCs with UQA

and UQB.
The work presented here compares and contrasts the

driving force (-∆G°AB) and pH dependence of the faster
reaction (τ1) and the previously studied≈100µs process (τ2).
The reaction free energy was changed by substituting
quinones with different redox potentials for ubiquinone at
the QA site inRb. sphaeroidesR-26 RCs and by the use of
the QA site mutant M265IT (25, 26). Dependence of the rate
on -∆G°AB provides evidence thatτ1 monitors the electron
transfer itself rather than some conformational change as
found with the free-energy-independent≈100 µs phase of
the reaction (7). In addition, the fraction of the QA- to QB

electron transfer occurring in the two phases changes with
-∆G°AB. This begins to establish when the reaction can
occur rapidly instead of being restricted to the gated≈100
µs process.

MATERIALS AND METHODS

Protein Isolation. Rb. sphaeroidesRCs were isolated by
standard procedures using lauryldimethylamine-N-oxide
(LDAO, Calbiochem) detergent extraction followed by
purification using ammonium sulfate and DEAE chroma-
tography (27). The ubiquinones at the QA and QB sites were
removed with orthophenanthroline using the method of
Okamura (28), with minor modifications (29). This method
typically yields RCs with no UQB and≈5% UQA. The RC
concentration was determined at 802 or 865 nm using the
extinction coefficientsε802 ) 0.288 µM-1cm-1 or ε865 )
0.135µM-1cm-1, respectively.

M265IT RCs.RCs with isoleucine at M265 replaced by
threonine (M265IT) were prepared in a carotonoid containing
Rb. sphaeroidesGa strain (25, 26). The mutation has been
shown to lower the in situ electrochemical midpoint of QA

-/
QA by about 120 mV, thereby increasing the free energy of
electron transfer from QA- to QB (-∆G°AB) by 120 meV.

Quinones Used for Reconstitution of QA Function. The
quinone MQ (2-methyl-3-phytyl-1,4-naphthoquinone, vita-
min K1) was purchased from Fluka; UQ0, UQ1, UQ2, UQ4,
and UQ10 were purchased from Sigma; and Me2NQ, NQ2,
NQ4, NQ10, and Me4NQ were gifts from C. C. Moser and P.
L. Dutton. Me3NQ and some Me4NQ were gifts from M. S.
Graige and M. Y. Okamura. See Table 1 for the full name
of each compound. The Me3NQ and Me4NQ were synthe-
sized by Paul L. Williams and Malcolm Bruce at the
University of Manchester.

The long-tailed quinones are insoluble in water but become
soluble when detergent is added. However, detergent weak-
ens the affinity of quinone for the binding sites. Dissolving
the quinone in Triton X-100 permits effective and reproduc-
ible reconstitution of long-tailed quinones (30). Quinones
with tails shorter than four isoprene units were dissolved in
ethanol.

Optical Measurements.Transient absorption kinetics were
obtained by using a continuous measuring beam, and the
resulting data were analyzed as described previously (10).
To improve the signal-to-noise ratio in the measurement of
lifetimes less than 5µs, a 10-µs (full width at half-maximum)
xenon flash provided a more intense brief measuring light.
A National Instruments Labview program was used to run
each cycle of measurement. This program fired the Con-

FIGURE 1: Electron-transfer pathways in bacterial RCs. First, an
electron on the bacteriochlorophyll dimer (P) is promoted to the
excited singlet state (P*) by absorption of a photon. Initial charge
separation to the active bacteriopheophytin (H) 15 Å away occurs
in 4 ps with a-∆G°PH ≈160 meV forming P+H-. In 200 ps the
electron moves to the tightly bound primary quinone, QA, 10.1 Å
from H. The reaction-∆G°HA is ≈670 meV. The subsequent
electron transfer from QA to the secondary quinone, QB, 14.5 Å
from QA with -∆G°AB ≈60 meV, has been measured to occur
within 3-200 µs yielding P+QB

-. If there is no exogenous donor
to reduce P+, the electron on the acceptor quinone will return to
P+ in a charge-recombining back-reaction. The back-reactions from
QA or QB to P+ (22.5 and 23.4 Å, respectively) each have two
pathways (eqs 1 and 2), with rateskBP or kAP where the electron
tunnels directly to P+, andkBAP or kBHP where the electron goes to
P+ via a higher energy state. The intermediate state is P+QA

-QB
for P+QB

- and P+H-QA for P+QA
-. The forward electron-transfer

reactions are highlighted by the thicker arrows. In the figure the
redox states of all cofactors are explicitly noted. The more compact
nomenclature used in the figure legend which omits the neutral
sites (e.g., P+QB

- for P+HQAQB
-) is used in the text.
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tinuum Laser flash lamps at 10 Hz and triggered a Stanford
timing box (Stanford Research Systems Inc. DG535) every
2 min. The Stanford timing box triggered the xenon mea-
suring flash and the laser Q switch. A background signal
was collected (Ib) with both xenon flash measuring light and
laser actinic flash blocked from the sample. Then a reference
signal (Ir) was collected with the xenon flash through the
sample but with the laser excitation blocked (Io ) Ir - Ib).
Finally, measurements with both laser and xenon flash
through the sample providedIs; then,Ix ) Is - Ib. Measure-
ments for Ib, Ir, and Is were averaged 100 times. This
diminished the effects of jitter in the synchronization of the
laser ((1 ns) and the xenon flash (200 ns). The jitter of the
trigger to delay the laser Q-switch after the initiation of the
xenon flash is 50 ps. After averaging,Io for the xenon flash
was found to be reproducible despite the jitter in the initiation
of this pulse. The absorption change due to the reaction was
then calculated using∆A(t) ) log(Io(t)/Ix(t).

Estimation of-∆G°AB for the Reaction P+XQA
-UQB to

P+XQAUQB
-. It is necessary to determine the free energy of

the electron transfer from each substituted QA (XQA) to the
ubiquinone at QB. Two methods are used: (A) determine
-∆G°AB by the back-reaction from QB- via QA

- at kBAP; (B)
determine the in situ redox potentials,Em(QA

-/QA), of each
quinone in the QA site. Then the-∆G°AB for the P+XQA

-UQB

to P+XQAUQB
- reaction can be calculated, relative to that

found in the native UQA-containing RCs, given the difference
in Em(XQA

-/XQA) andEm(UQA
-/UQA). TheEm(QB

-/QB) is
assumed to be independent of the quinone in the QA site.

(A) Electron transfer from QB to P+ can occur directly at
kBP or indirectly through rereduction of QA at kBAP (Figure
1). By the latter path P+QB

- and P+QA
- are assumed to

remain at equilibrium (KBA ) [P+QAQB
-]/[P+QA

-QB]). The
observed rate of return to the ground state in P+QB

- RCs
(kBP

obs) is (15, 16)

The direct electron tunneling reaction from QB to P+ occurs
at kBP. When-∆G°AB is smaller than 100 meV, as in native
RCs, the indirect route for charge recombination via QA is
faster thankBP andkBP

obs ≈ kBAP (Figure 1). Thus,-∆G°AB
) kT ln(KAB).

(B) When-∆G°AB is greater than 100 meVkBP
obs ≈ kBP

. kBAP. The direct route is relatively insensitive to-∆G°AB,
sokBP

obs no longer provides a monitor of the free energy of
the P+QB

- state. This slow,-∆G°AB-independent charge-
recombination reaction is found when the QA site in RCs is
reconstituted with low potential quinones and with the
M265IT mutant even with UQ in the QA site. Here,-∆G°AB
must be found from the energy level of the P+QA

- state
relative to P* or P+H-. The in situ redox potentialsEm(QA

-/
QA) of different quinones at the QA site can be obtained by
two different measurements.

(B1) Delayed fluorescence. P+QA
- and P* remain in equi-

librium during the lifetime of P+QA
-. Earlier studies used

single photon counting to monitor the concentration of P*
from the amplitude of the fluorescence that has the same
lifetime as P+QA

- (29). This provided the energy of P+XQA
-

relative to P* which was compared with values when UQ10

was QA. If the free energies of P* and P+UQB
- are inde-

pendent of the occupant of the QA site, the change in the
energy level of P+XQA

- provides the change in-∆G°AB.
This method was used for RCs with Me2NQ and Me3NQ
as QA.

(B2) Charge recombination atkAHP. The back-reaction
from QA

- also has two pathways,kAP where the electron
goes back directly to P+ andkAHP where the electron goes
back to P+ via the higher energy state P+H- which returns
to the ground state atkHP (7 × 107 s-1) (Figure 1). On the
uphill path P+QA

- and P+H- remain at equilibrium (KAH )
[P+H-QA]/[P+HQA

-]). Thus, the observed back-reaction rate
kAP

obs is (29, 31)

Table 1a

QA kAP
obs (s-1) QB kBP

obs (s-1)
-∆GAB

(meV)
-∆GAB

determined
k1

(× 106 s-1) (b k2 (s-1)
fraction

atA1

R-26
UQ10 9.3( 0.2 UQ10 0.85 60 A - - 15385 <0.1
MQ 13.6( 0.6 UQ1 0.81 72 A 0.098 0.34 9741 0.30
MQ 13.6( 0.6 UQ2 0.77 73 A 0.036 0.16 11420 0.45
MQ 13.6( 0.6 UQ4 0.47 87 A 0.094 0.12 9118 0.46
MQ 13.6( 0.6 UQ10 0.38 93 A 0.286 0.28 12500 0.60
NQ2 15.5( 0.8 UQ10 0.50 86 A 0.114 0.10 5000 0.45
NQ4 15.0( 1.0 UQ10 0.45 94 A 0.159 0.12 8800 0.40
NQ10 15.0( 0.9 UQ10 0.40 94 A 0.294 0.40 2400 0.28
Me2NQ 8.2( 0.1 UQ1 0.88 60 B1 0.103 0.43 10153 0.30
Me3NQ 15.5( 0.9 UQ1 0.16 130 B1 2.3 0.30 5026 0.75
Me4NQ 25.0( 0.2 UQ1 0.19 160 B2 1.7 0.40 nd 1.00

M265IT
UQ10 25 UQ10 0.16 160 B2 - - nd <0.1
MQ 38 ( 3 UQ10 0.10 213 B2 3.3 0.36 9490 nd
Me2NQ 29( 1 UQ1 0.37 180 B2 4.96 0.19 9280 nd
Me3NQ 400( 10 UQ1 0.48 250 B2 1.3 0.50 5723 nd
a UQ1 is 2,3-dimethoxy-5-methyl-6-[3-methyl-2-butenyl]-1,4-benzoquinone; UQ10 (ubiquinone-10) is 2,3-dimethoxy-5-methyl-6-decaisoprenyl-

1,4-benzoquinone; MQ (vitamin K1) is 2-methyl-3-phytyl-1,4-naphthoquinone; NQ2 (menaquinone-2) is 2-methyl-3-ethylisoprenyl-1,4-naphthoquinone;
NQ4 (menaquinone-4) is 2-methyl-3-tetraisoprenyl-1,4-naphthoquinone; NQ10 (menaquinone-10) is 2-methyl-3-decaisoprenyl-1,4-naphthoquinone;
Me2NQ is 2,3-dimethyl-1,4-naphthoquinone; Me3NQ is 2,3,5-trimethyl-1,4-naphthoquinone; Me4NQ is 2,3,6,7-tetramethy-1,4-naphthoquinone. The
percentage error fork1 was determined from the standard deviation of the kinetic analysis.kAP and kBP are defined in Figure 1.-∆G°AB was
determined as described in the Methods section: (A) from the back-reaction atkBAP; (B1) using theEm of QA determined by delayed fluorescence;
(B2) using theEm of QA determined fromkAHP. bThe percentage uncertanity in the given rate.

kBP
obs) kBP + kBAP ) kBP + kAP/(KAB + 1) (1) kAP

obs) kAP + kAHP ) kAP + kHP/(KAH + 1) (2)

Fast Phase of QA- to QB Electron Transfer Biochemistry, Vol. 39, No. 25, 20007447



In native UQA RCsKAH is so unfavorable thatkAP . kAHP

and the reaction rate is relatively independent of the free
energy of QA. However, when the energy of the QA state is
≈100 meV higher than that of the native UQ, the uphill route
dominateskAP

obs (29, 31). HerekAP
obs can be used to obtain

the relative energy of the P+HQA
- and P+H-QA states. Given

that the free-energy levels of P+H- and P+QB
- are inde-

pendent of the occupant of the QA site, the change in the
energy level of P+XQA

- provides the change in-∆G°AB.
P+Me4NQA

- was determined to be 120 meV less stable than
P+UQ10

- given kAP
obs ) 25.0 s-1.

Determining Which Quinone Occupies the QA and QB

Sites.The goal is to prepare all RCs with non-native quinones
(generically referred to as XQ) in the QA site (XQA) and
ubiquinone in the QB site (UQB) (XQAUQB RCs). However,
the different quinones and UQ compete for the QA site and
UQ binds more tightly to the QA site than to the QB site.
Thus, adding too much UQ displaces XQA yielding UQAUQB

RCs. Adding too little UQ leaves a large fraction of RCs
without QB (XQA RCs). The optimal concentration of UQ
to be added was calculated at an XQ concentration near the
solubility limit of the exogenous quinone from the known
dissociation constants of XQ and UQ for the QA and QB

sites (32) (see Appendix).

The assay solution contained 4-5 µM RCs with 0.02%
Triton X-100, 2.5 mM KCl, and 10 mM Tris buffer at pH
7.8-8.0. Following complete reconstitution of the QA site
with the replacement quinone, the sample solution was split
to provide two matched samples for comparison of QA- and
QAQB-containing RCs. QB was reconstituted with UQ (UQB).
When QA was a quinone which would bind tightly to the
QA site, QB was reconstituted with≈12-15 UQ10 per RC.
If UQ10 would displace the loosely bound NQs at QA, 2-6
UQ1 per RC was used to reconstitute QB. The final UQB

occupancy was about 95% when UQ10 was used and more
than 80% when UQ1 was QB.

Addition of XQ and UQ generally yields a mixture of RCs
with XQA, UQA, XQAUQB, and UQAUQB. The kinetics of
charge recombination was used to determine the relative
occupancy of each quinone in each binding site. After an
activating flash, four types of RCs are formed when both
UQ and XQ are added: P+XQAUQB

-, P+UQAUQB
-, and

when the QB site is empty, P+XQA
- and P+UQA

-. The values
of kAP

obs, the rate of charge recombination from QA
- to P+,

and kBP
obs, the rate from QB- to P+, are different for RCs

with each quinone complement (Table 1). The rates in the
last three types of RCs were measured in samples with only
UQ or XQ added. With the different XQAs, kAP

obs ranges
from 6 to 400 s-1 andkBP

obs from 2 to 0.1 s-1. Analyses of
charge-recombination kinetics in RCs with mixtures of
quinones fix these pre-established rate constants, whilekBP

obs

in the P+XQAUQB
- is a free parameter (Figure 2). The

amplitude of the kinetic component associated with XQAUQB

RCs ranged from 45% to 80% in the R-26 RCs with different
XQs added.

For the mutant M265IT RCs it is impossible to determine
the fraction of XQAUQB and UQAUQB RCs from the kinetics
of charge recombination. When both QA and QB sites are
occupied by UQ10, the estimated free energy for-∆G°AB is
greater than 120 meV so that charge recombination occurs
by direct electron transfer to P+ at kBP rather than indirectly

via QA (kBAP
obs). In this casekBP

obs is indistinguishable in
P+XQAUQB

- or P+UQAUQB
- RCs.

Although the XQ concentration is many times that of the
RCs, the presence of XQB is considered to be unimportant.
First, when only naphthoquinones are added there is never
electron transfer from a naphthoquinone in the QA site to a
naphthoquinone in the QB site (33). Second, the electron
transfer from UQA

- to XQB would always be energetically
uphill with the quinones used here and so would not
contribute to the results. Last, XQ does not appear to compete
significantly with UQ for the QB site at the concentration of
XQ used here.

RESULTS

Determining kAB
(1) in XQAUQB RCs.Time-resolved ab-

sorption changes due to the electron transfer from XQA
- to

UQB in the R-26 and M265IT RCs were measured at 400,

FIGURE 2: Determination of the distribution of quinones in each
binding site from the kinetics of charge recombination. Absorbance
changes at 430 nM, a maximum for the difference between P+ and
P absorbance in the near UV, monitor the oxidation state of P. (A)
Upper trace: UQ10 only added yields UQAUQB RCs with>95%
UQ10 at both sites.kBP

obs can be fit with a single rate constant of
0.85 s-1, showing only the reaction characteristic of P+UQAUQB

-

RCs. Lower trace: MQ (vitamin K1) and UQ10 added.kBP
obs is 80%

at 0.36 s-1 (MQAUQB RCs) and 20% at 0.85 s-1 (UQAUQB RCs).
The rate constant of 0.85 s-1 for the UQAUQB RCs was fixed, but
kBP

obsfor the MQAUQB
- RCs and the distribution of RCs with each

quinone complement are derived from the kinetic analysis. (B)
Top: Me3NQ and UQ1 added to R-26 RCs. Charge recombination
fitted with fixed rates forkAP

obs for UQ1 at QA with no QB, 6.9 s-1

(10%); Me3NQ at QA with no QB, 16 s-1 (15%); kBP
obs with UQ1

at QA and QB, 1.7 s-1 (14%). The value forkBP
obs in Me3NQAUQB

RCs is found to be 0.19 s-1 (61%). Bottom: MQ and UQ10 added
to M265IT RCs. The charge recombination rate,kBP

obs, is 0.1 s-1

(95%). All samples contain 4µM RCs, 0.02% Triton, 10 mM Tris,
2.5 mM KCl at 22°C, and have a pH of 8.0.
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406, and 470 nm after an actinic laser flash. The difference
between the absorbance of a naphthoquinone as QA and
ubiquinone as QB has its maximum at 400 nm (10). This is
also an isobestic point in the absorbance difference between
P and P+, so the large absorbance changes from P oxidation
do not add to the signal. However, there is a significant
contribution at this wavelength from the UQA

- to UQB

electron-transfer reaction in RCs where UQ has replaced XQ
in the QA site. Isobestic points in the UQA- vs UQB

- spectra
are found at 406 and 470 nm. Here, electron transfer from
XQA

- to UQB can be seen, but the reaction in contaminating
UQAUQB RCs cannot.

The first state to be seen after the flash is P+XQA
-UQB

(Figure 3). This either evolves into P+XQAUQB
- (at kAB

(1))
or returns to the ground state (atkAP

obs). The ratekAP
obs is

determined in matched samples without UQ added (Table
1). There is a third, slow kinetic component in QB-containing
RCs that was described previously (10, 34). However, this
is seen only near 400 and not at 406 or 470 nm. This slow
component appears to monitor a process occurring after the
electron transfer from QA- to QB (see ref10 for a more
complete description).

The two components of the rate of electron transfer from
QA

- to UQB (kAB
(1)) and their uncertainties are listed in Table

1 for RCs with different XQAs. Figure 3 shows the fast
kinetic component in RCs containing Me3NQ as QA and UQ1

as QB. The lifetime of 0.39µs is assigned to the XQA- to
UQB electron-transfer reaction (Figure 3a,b). With Me3NQ
alone at the QA site and no UQB, there is no change in the
optical absorption for 1 ms at 400 and 470 nm (data not
shown).

Effects of the Free Energy(-∆G°AB) on the Electron-
Transfer Kinetics.The rate of the fastest phase is compared
for RCs with-∆G°AB from 60 to 250 meV. The variation in
the reaction driving force is obtained by use of naphtho-
quinones with different in situ electrochemical midpoints as
QA. This rate is dependent on-∆G°AB, changing by a factor
of ≈10 for each 100 meV (Figure 4). As found previously
(7) the ≈100 µs phase is independent of-∆G°AB, with an
average lifetimeτ2 of 110( 35 µs ((9.1( 2.6)× 103 s-1).

Effects of the Free Energy(-∆G°AB) on the Amplitude of
the Fast Phase.In the RCs where the various NQs are used
in the QA site, the fraction of the reaction occurring in the
fast phase varies from 22 to 100%, increasing with-∆G°AB.
Thus, as the driving force increases and the rate of electron
transfer increases, the fraction of the reaction occurring at
τ1 increases (Figure 5). However, in R-26 or M265IT RCs
when UQ10 was both QA and QB, τ1 accounts for less than
10% of the reaction.

Influence of the Number of Isoprene Units on the Quinone
at the QA Site.Menaquinone with 2, 4, and 10 isoprene tails
was substituted in the QA site with UQ10 as QB. In each case
kBP

obs is essentially the same. Because charge recombination
is via the free-energy-dependent indirect route,kBAP (eq 1),
this ensures that-∆G°AB is independent of the length of the
tail on QA.

Changing the tail length of the menaquinone at QA results
in small changes in the lifetime and amplitude of the fast
phase of the electron transfer from QA

- to QB. τ1 decreases
2-fold as the tail lengthens from 2 to 10 isoprene units (Figure
6). At the same time the fraction of the reaction that occurs

at τ1 decreases from 45% to 22%, while the fraction of the
reaction occurring atτ2 increases (Figure 6).

Influence of Number of Isoprene Units on the Ubiquinone
at the QB Site on the Rate of ElectronTransfer from XQA

- to
UQB. A series of UQ homologues was substituted at the QB

site in RCs with vitamin K1 (MQ) as QA. Given the variation
in kBP

obs, -∆G°AB is found to increase from 72 meV with
UQ1 to 93 meV with UQ10 as QB (Table 1). In this series
the lifetime of the fast phase of electron transfer from QA

-

to QB (τ1) decreases as the tail on UQB is lengthened (Figure
7). The rate of the slower reaction (τ2) is independent of the
tail length of UQB.

FIGURE 3: Optical absorbance changes associated with electron
transfer from Me3NQ as QA to UQ1 as QB in R-26 RCs. (A)
A 10-µs xenon flash provides the measuring light. The signal
was monitored at 400 nm. Differences from the ground-state
absorbance: top curve, P+Me3NQA

- RCs, no UQ1 added; bottom
curve, change in absorbance as RCs go from P+Me3NQA

- to
P+Me3NQAUQB

- states. (B) P+Me3NQA
- trace subtracted from

P+Me3NQAUQB
- showing only the electron transfer from Me3NQA

to UQB. The data are fit to a single exponential withτ1 ) 0.39µs
(k1 ) 2.6 × 106 s-1). (C) A continuous measuring lamp monitors
the absorbance at 470 nm, which is an isobestic point in the
difference spectra of UQA- and UQB

-. The P+(Me3NQ)A-(UQ1)B
f P+(Me3NQ)A(UQ1)B

- kinetic trace is subtracted from a matched
control sample without UQB added (P+(Me3NQ)A-). This can be
fit with two exponentials (solid line) withτ1 ) 0.52µs (k1 ) (1.94
( 0.22) × 106 s-1) (75%), τ2 ) 200 µs (25%). Sixty transients
were averaged.
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UQ0 was also tried as UQB. Here, the electron transfer
from QA

- to QB is slow and shows a negligible amount of
electron transfer atτ1. This is because the affinity of UQ0
for the QB site is so small that the site is not fully occupied.
Thus, binding UQ0 to the QB site is the rate-limiting step.
As expected, the rate of electron transfer is now dependent
on the UQ0 concentration (30).

pH Dependence of the Electron Transfer from QA to QB

in MQAUQB RCs. The fast reaction was measured as a
function of pH in MQAUQB RCs. The lifetimeτ1 is pH
independent from pH 6 to 11 (Figure 8). Thus, proton binding
from solution is not the rate-limiting step even at high pH.
In contrast, the slower components are pH dependent.τ2 is
essentially constant at≈100 µs at low pH. This phase of
the reaction slows as the pH is increased beyond pH 8. The
lifetime of the very slow kinetic component,τ3, seen at 400
nm, also increases at high pH where it is on the order of
milliseconds. The pH dependences ofτ2, τ3, and their relative
amplitudes are consistent with previous studies (16, 35).

DISCUSSION

The electron transfer from QA- to QB can occur in several
distinct kinetic phases. Thus, in addition to the well-studied
process that occurs at≈100 µs (τ2 here), a faster reaction
can be seen (τ1). With naphthoquinones in the QA site, the
fast phase is found in isolatedRb. sphaeroidesRCs. It is
seen in protein with native quinone binding sites such as
the R-26 strain used here, and in the M265IT mutant where
an Ile in the QA site was changed to Thr (25). A previous
study demonstrated that in MQAUQB RCs the spectral
changes associated withτ1 are consistent with the difference
spectra between the semiquinones MQ- and UQ- in solution

FIGURE 4: -∆G°AB Dependence of the rate constant of the fast and
≈100-µs phase at 22( 1 °C of the electron transfer from QA- to
QB. The average values of the rate constants have been plotted.
The Marcus parabola were drawn using eq 3 withλ ) 760 ( 30
meV andV(r) ) 1.1× 10-8 eV (kmax ) 1.1× 108 s-1 from Moser
and Dutton); orλ ) 930 ( 30 andV(r)) 1.7 × 10-7 eV (k′max of
5 × 108 s-1 from Calvo et al. (44)). The gray circles are the slower
rate for RCs with each quinone (the≈100-µs phase,k2). The black
symbols are the fast component of the reaction in the RCs with a
wild-type QA site: (9) MQ at the QA site with UQs with different
length tails as QB; (1) NQs with different tail lengths at the QA
site; and (2) methyl-substituted NQs as QA. The open circles are
the fast component of the reaction in the M265IT RCs.

FIGURE 5: Fraction of the electron-transfer reaction that occurs in
the fast phase,A1, as a function of-∆G°AB. Data determined at
406 or 470 nm. (A) The theoretical line assumes the fast phase
represents a burst phase where QA

- comes to equilibrium with an
unrelaxed form of QB- at an observed rate (τ1 + τ-1). This state
is 90 meV higher in energy than the equilibrated form of QB

-.
The initial fraction of the protein in the QB-* state is [QB* -]/
([QA

-] + [Q*-]) ) Keq/(Keq + 1) whereKeq ) ([QA
-]/[QB

-*]).
QB

-* relaxes atτ2 (≈100µs). (b) XQAUQB RCs; (O) UQAUQB RCs,
60 meV in isolated protein and at 105 meV in chromatophores (8).

FIGURE 6: Influence of the number of isoprene units on the
naphthoquinone in the QA site on the rate and amplitude of each
phase of electron transfer from QA

- to QB. UQ10 is QB in all cases.
Measured at 400 nm and pH 8, R-26 RCs. (A) Lifetimesτ1 andτ2,
(B) Fraction of the reaction occurring atτ1 (A1) andτ2 (A2).

FIGURE 7: Influence of the number of isoprene units on the UQ at
the QB site on the rate of each of phase of electron transfer from
QA

- to QB. MQ (vitamin K1) was QA in all cases. Measured at 406
nm and pH 8, R-26 RCs. Lifetimesτ1 ([) andτ2 (b).
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(10). Thus, this phase monitors electron transfer from QA
-

to QB. Fast phases are also seen in chromatophores ofRb.
sphaeroideswith the native UQ as QA (8) and inRb.Viridis
chromatophores where menaquinone is the native QA (36,
37).

The fast phase of electron transfer behaves differently from
the ≈100 µs process. The fast reaction is free-energy
dependent (Figure 4), whereas the≈100 µs process is not
(7). Thus, as will be described below, the fast reaction rate
can be used to characterize the electron-transfer reaction
itself. In contrast, the≈100µs component is gated by some
other process which may be proton, protein, or cofactor
motion. The fast rate is pH independent up to pH 11. The
≈100µs component is pH independent only up to pH 8 and
then slows with increasing pH (16, 34). In Rhodopseudo-
monasViridis chromatophores where menaquinone is QA and
ubiquinone is QB, the primary phase of the electron transfer
from QA to QB has a lifetime of 20µs. This reaction also
remains pH independent at alkaline pH (36, 37).

Analysis of the Dependence of the Electron Transfer from
QA

- to QB on -∆G°AB. The electron-transfer reactions in
RCs have provided much of the available information about
the free-energy and distance dependence of electron transfer
in proteins (38, 39). RCs are a good system for study for
several reasons. First, there are many reactions that can be
measured, each with a different distance, rate, and driving
force. In addition, several methods allow the driving force
for each to be changed. These include cofactor replacement
and protein mutation, both of which are used here, as well
as application of electric fields across the protein (40, 41).
The free-energy dependence of the electron-transfer reactions
can be analyzed by theories derived from Marcus electron-
transfer theory (42, 43). It has not been possible to analyze
the underlying electron transfer from QA

- to QB previously
because the well-studied≈100µs component is independent
of -∆G°AB. However, the fast phase appears to have an
appropriate dependence on-∆G°AB. In Marcus electron-
transfer theory the electron-transfer rate is

where -∆G°ET is the free energy for electron transfer
(defined as the energy of the final minus the initial state,
-∆G°AB in this work), andV(r) is the electronic coupling
between the initial and final states. Equation 3 assumes that
the electron-transfer process is in the high-temperature limit,
where the thermal energy (kBT) is much larger than the
energy of the vibrations coupled to the process (hω); kmax

is the maximum rate of electron transfer when the atoms
of the system are correctly arranged for reaction (when
-∆G°ET ) λ).

As with all analysis of the free-energy dependence of the
rate it is necessary to assume that the primary change when
the various NQs are substituted for UQ in the R-26 or
M265IT RCs is in-∆G°AB. Thus, changes inλ andV(r) are
assumed to be minimal. The use of several RCs which
achieve similar-∆G°AB values by different combinations of
modifications provide some control for changes in parameters
other than-∆G°AB.

In this study,-∆G°AB is changed from 50 to 240 meV
and the rate changes by 25-fold from 9× 104 to 2.3× 106

s-1. Unfortunately, this-∆G°AB range does not extend to
sufficiently negative values to allow determination of both
V(r) and the reorganization energy. Here,V(r) was fixed
given estimates of the maximum rate of electron transfer
(kmax) from QA

- to QB derived from other sources (Figure
4). The value forλ was then obtained from the free-energy
dependence ofk1 determined here. Calvino et al. (44)
determinedkmax to be 5× 108 s-1 from the magnetic coupling
between the spins on QA- and QB

- in RCs where both
quinones are reduced (in the QA

-QB
- state). This yields a

V(r) of 1.7× 10-8 eV and aλ of 930( 30 meV. Moser and
Dutton (60) estimatedkmax to be 1.1× 108 s-1 given the
distance from QA- to QB and the packing of the protein
between these two sites. This yields aV(r) of 7.6× 10-8 eV
and aλ of 760 ( 30 meV. The estimated errors are based
upon standard deviations of the least-squares fit of the data
to eq 3. GivenV(r) the data can be fit to the Marcus formula
with only small error. But the estimate ofλ presented here
relies on the value ofV(r). The two available estimates,
derived by different methods, provide values ofV(r) that
differ by less than a factor of 5 and yield values ofλ that
differ by 170 meV.

The reorganization energy for the fast phase of electron
transfer from QA

- to QB is ≈850( 100 meV givenV(r) of
(1.7-7.6 ) × 10-8 eV. Previously determined values for
reactions involving QA or QB in RCs provided values ofλ
for the electron transfer from QA- to P+ ranging from≈600
meV in frozen RCs (45) to 900 meV (46-48) at room
temperature. At room temperature,λ for the analogous
reaction from QB

- to P+ is 1300 meV (49). The electron
transfer from QB

- to P+ has significantly larger reorganiza-
tion energy than that from QA- to P+. Thus, RCs in the
relaxed P+QB

- state appear to differ more from the ground
state than does the protein in the P+QA

- state. Significant
change on forming P+QB

- is consistent with the slow
conformational gate seen in the≈100 µs phase of the
reaction. In contrast, the relatively smallλ for the fast phase
of electron transfer from QA- to QB suggests that this phase
of the reaction occurs with more modest rearrangement.

A Kinetic Model That Yields the ObserVed Amplitude of
the Fast(k1) and Slow(k2) Phases of Electron Transfer from
QA

- to QB. The amplitude of the fast phase of electron

FIGURE 8: pH dependence of the rate of each phase of electron
transfer from QA

- to QB. R-26 RCs with MQ as QA and UQ10 as
QB, measured at 400 nm. Lifetimesτ1 (b) andτ2 ([).

kET )
4π2|V(r)|2
hx4πλkBT

exp[- (∆G°ET + λ)2

4λkBT ] )

kmax exp[- (∆G°AB + λ)2

4λkBT ] (3)
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transfer from QA
- to QB varies with different XQA’s. As the

-∆G°AB and the fast rate (k1) increase, the amplitude of the
reaction atk1 increases (Figure 5). This trend is consistent
with the substantial amount of fast phase previously found
in chromotophores (8) and with less seen in isolated RCs.
The -∆G°AB in chromatophores is≈105 meV (50, 51),
wherease it is only 60 meV in native, isolated RCs. The
amplitude of fast phase in chromatophores does lie on the
line shown in Figure 5. However, there is less fast phase in
isolated RCs than expected if the reaction-∆G°AB solely
determined the partitioning between fast and≈100µs phases.
The fast phase accounts for less than 15% of the UQA to
UQB reaction, but with Me2NQ, at the same-∆G°AB, 30%
of the reaction occurs in the fast phase.

In the RCs with UQA and UQB there are several reasons
why the fraction of fast phase could be underestimated. There
is no direct marker for the electron transfer from UQA to
UQB, and all of the spectral changes are much smaller in
these RCs. It is difficult to get a control sample fully
reconstituted with UQA with no UQB to establish the initial
absorbance changes in the QA

- state for a particular sample.
Also, in the RCs with naphthoquinones with different length
tails, the longer the tail, the smaller the fraction of the
reaction that occurs at the fast rate. Thus, the UQ10 used in
the QA site here may diminish the amplitude of the fast phase
of the reaction.

However, the lack of a fast phase with UQ in the M265IT
RCs where the-∆G°AB is 160 meV suggests that UQAUQB

RCs may be different from RCs reconstituted with naph-
thoquinones in the QA site. UQ is special in other ways. This
is the only quinone that will function as both QA and QB.
Many quinones can reconstitute QA (45, 52). However, non-
native QB’s can only be reconstituted in RCs with a low
potential QA suggesting that-∆G°AB is unfavorable for RCs
with quinones other than UQ at both sites (33). It may be
that the unknown, special properties that allow the-∆G°AB
to be tuned correctly for electron transfer to occur from UQA

-

to UQB also in some way keep the conformational gate closed
so that no fast phase in allowed (see ref10 for additional
discussion).

Correlation of the amplitude of the fast reaction with
-∆G°AB suggests several possible kinetic models consistent
with the heterogeneous kinetics. There could be a high-
energy QB

- state (QB
-*) formed without the conformational

changes seen in the≈100 µs reactions. Thus, the fast rate
occurs in RCs little changed from that found in the QA

- state.
If QA

- and QB
-* rapidly come to equilibrium, the fraction

of the fast, burst phase would be determined by the
equilibrium constant QB-*/QA

-, increasing as the QA- energy
increased. The 100µs phase of the reaction is gated by a
conformation change at≈100µs (k2) (7) which would then
form stable product from either QA- or QB

-*. If Q A
- is much

lower in energy than QB-* the burst is too small to be seen,
and conformation change provides the only route for electron
transfer to QB. The data will fit this model with an energy
difference of≈90 meV between QB-* and the final relaxed
QB

-. Thus, when the QA- is 90 meV above the equilibrated
QAQB

- state, 50% of the reaction occurs in the burst phase.
In this model,-∆G°AB for the fast phase is 90 meV smaller
than that measured at equilibrium. One outcome is that the
free energies in the Marcus curve would be shifted, thereby
reducing the estimated value ofλ. Candidates for the

conformational changes gating the reaction could be the
motion of the quinone from a distal to proximal binding site
(53) or changes in ionization and hydrogen bond patterns of
residues near QB (54, 55).

Another kinetic model, with QA- formed in a state that
can rapidly transfer an electron to QB, is also consistent with
the data. Within≈5 µs this state then relaxes to a form of
QA

- requiring conformational gating for reduction of QB.
The partitioning between fast and≈100 µs phases here
represents the competition between electron transfer and
relaxation in QA

-*. The driving force for electron transfer
would be larger than that obtained from equilibrium mea-
surements. This model has initially excited RCs formed in a
state that allows electron transfer with relaxation trapping
P+QA

-QB. Fast proton binding near QA (56, 57) or even near
QB (58, 59) might account for the inactivation. In contrast,
the kinetic model which postulates QB

-* assumes that the
ground and P+QA

-QB RCs are not competent to form the
normal product QB without some changes. Thus, while
patterns are emerging from the study of the fast phase of
this reaction, the underlying mechanism that partitions the
reaction between fast and≈100 µs phases cannot yet be
assigned.
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APPENDIX: MODEL FOR COMPETITIVE
BINDING OF XQ TO Q A AND UBIQUINONE TO
QA AND QB SITES

The goal is to prepare samples with the maximum fraction
of RCs with XQA and UQB. However, XQ and UQ compete
for the QA site. In addition, UQ binds more tightly to the
QA site than to the QB site and binds more tightly than some
XQs to the QA site. Thus, adding too much UQ will yield
RCs with UQA, whereas adding too little UQ will leave RCs
with an empty QB site.

The optimal concentration of UQ to produce the maximum
fraction of RCs with XQAUQB can be calculated because
the equilibrium dissociation constants (KD) are known for
the different XQs at the QA site, UQ at the QA site, and UQ
at the QB site. The equilibrium RC quinone complement is
obtained by assuming the following: (1) Binding of a UQ
to QB does not depend on whether a UQ or XQ is at QA. (2)
Because of the difference in affinities, UQ never binds to
the QB site if the QA site is unoccupied. (3) Naphthoquinones
(XQs) do not bind to the QB site.

For the calculations,X represents the concentration of XQ,
R the RC concentration,Rx RCs with XQ bound at QA, U
UQ, Ru RCs with UQ bound at QA, Rb RCs with XQ or UQ
bound at QA and UQ bound at QB, Rt the total RC
concentration,Rf RCs with no quinone bound,Xt the total
XQ concentration,Xf the concentration of free XQ in the
solution,Ut the total UQ quinone concentration, andUf the
free UQ concentration. (Rx + Ru)f are RCs with their QA
sites occupied, but with empty QB sites.Kx, Ka, andKu are
the dissociation constants for XQ at the QA site, UQ at the
QA site, and UQ at the QB site, respectively. The percentage
of XQAUQB RCs is (RxRu/(RxRu)Rt).
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At equilibrium,

Rearranging,

These can be simplified further:

The concentration ofRx can be determined from:

wherea ) Ut, b ) Rt, c ) Xt, r ) Kx, s ) Ku, t ) Kb.
The numerical solution of eq 20 can be obtained with

Mathematica software (Wolfram). GivenRx, the concentra-
tion of RCs with XQA, Ru, the concentration with UQA, and
Rb, the concentration with UQB, the following can be
obtained (Figure A1):
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0.002µM (UQ4), Ku ) 1 µM (UQ1). Top: With UQ4 and 10µM
Me4NQ, the maximum concentration of XQAUQB RCs is 80% of
the total RCs. This is found in a narrow range of concentration
peaked at 1µM UQ4. Bottom: With UQ1, which binds more weakly
to the RCs, a similar maximum XQAUQB fraction can be achieved
at ≈6 µM UQ. However, the range of concentrations where a
substantial fraction of RCs has the desired quinone complement is
much larger.
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