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ABSTRACT: Plastoquinol oxidation and proton transfer by the cytochromeb6 f complex on the lumen side
of the chloroplast thylakoid membrane are mediated by high and low potential electron transport chains.
The rate constant for reduction,kbred, of cytochromeb6 in the low potential chain at ambient pH 7.5-8
was twice that,kfred, of cytochromef in the high potential chain, as previously reported.kbred and kfred

have a similar pH dependence in the presence of nigericin/nonactin, decreasing by factors of 2.5 and 4,
respectively, from pH 8 to an ambient pH) 6, close to the lumen pH under conditions of steady-state
photosynthesis. A substantial kinetic isotope effect,kH2O/kD2O, was found over the pH range 6-8 for the
reduction of cytochromesb6 andf, and for the electrochromic band shift associated with charge transfer
across theb6 f complex, showing that isotope exchange affects the pK values linked to rate-limiting steps
of proton transfer. The kinetic isotope effect,kH2O

bred/kD2O
bred ≈ 3, for reduction of cytochromeb in the low

potential chain was approximately constant from pH 6-8. However, the isotope effect for reduction of
cytochromef in the high potential chain undergoes a pH-dependent transition below pH 6.5 and increased
2-fold in the physiological region of the lumen pH, pH 5.7-6.3, wherekH2O

fred/kD2O
fred ≈ 4. It is proposed that

a rate-limiting step for proton transfer in the high potential chain resides in the conserved, buried, and
extended water chain of cytochromef, which provides the exit port for transfer of the second proton
derived fromp-side quinol oxidation and a “dielectric well” for charge balance.

The cytochromeb6 f complex of oxygenic photosynthetic
membranes couples electron transfer between the photosys-
tem II and photosystem I reaction centers to the translocation
of protons across the membrane and augmentation of the
proton electrochemical potential,∆µ̃Η+ (1-7). Two protons
per electron can be translocated by theb6 f complex to the
electrochemically positive,p-side, aqueous lumen (8). The
transfer of two electrons resulting from the oxidation of
plastoquinol occurs in a “bifurcated” manner, through
electron-transfer chains of high (positive) and low (negative)
redox potential. Electron transfer to the low potential chain
results from the “oxidant-induced reduction” by the quinol
of the p-side heme of the cytochromeb subunit of the
complex (Figure 1). This mechanism was initially proposed
for the oxidation of ubiquinol by the cytochromebc1 complex
in the mitochondrial respiratory chain (9, 10), for which there
are now high-resolution structure data (11-14), and in the
photosynthetic bacteriumRb. sphaeroides(15). Structurally
defined and distinct binding sites for Qn- and Qp-site quinone
analogue inhibitors on opposite sides of the mitochondrial
cytochromebc1 complex have been identified from the X-ray
structures. The Rieske iron-sulfur protein is the immediate
acceptor in the high potential chain for the quinol in the
p-side binding niche. In the presence of thep-side1 quinone
analogue inhibitors, stigmatellin and myxothiazol, the iron-

sulfur cluster of the Rieske ISP was found at a location
proximal to either Qp or to cytochromec1, the two sites
separated by approximately 15 Å. In the Qp-proximal
position, one of the ligands of the 2Fe-2S cluster, His181-
Nε2 in the yeast complex, is within a 2.8 Å H-bonding
distance of O4 of stigmatellin (13, 14), similar to that shown
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FIGURE 1: Bifurcated electron and proton transfer from plastoquinol
to the high- and low-potential chains of the cytochromeb6 f
complex. PQH2 donates one hydrogen, H+(I), in an H-bond with a
deprotonated histidine ligand of the Rieske ISP, ISP-Im. The first
proton, H+(I), and first electron from quinol are transferred to ISP-
Im. The pathways for transfer of the second electron and proton,
H+(II), must be different since upon reduction the ISP moves away
from the quinol-proximal site. The neutral semiquinol, PQH•, is
deprotonated before it is oxidized. The pathway of intramembrane
transfer of H+(II) is discussed in the text.
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in Figure 2. From this position of the bound quinol, there is
no distance constraint for electron or proton transfer from
the quinol to the ISP.

The neutral quinol does not have a sufficiently reducing
potential to reduce the ISP (17, 18). Therefore, deprotonation
of the neutral quinol, QH2 f QH- + H+ (19), or transfer of
one of its protons to a histidine (20) ligand of the ISP must
be an initial step in the oxidation of quinol by the high and
low potential chains. The transfer of the second electron
would also be preceded by deprotonation of the semiquinone.
This proton is subsequently transferred to thep-side aqueous
phase. Thus, two protons can be transferred to thep-side
aqueous phase for each electron transferred through the high
potential chain. From spectroscopic data (3, 5, 21, 22), and
by analogy with thebc1 complex, with which cytochrome
b6 has a large sequence and hydropathy similarity (23), and
pronouncedp-side sequence identity (24), the first electron
released by plastoquinol (PQH2) oxidation in thep-side
quinol binding niche (Qp) is inferred to be transferred to the
ISP in the high potential chain. It would then be transferred
to the higher potential carriers in the chain, ISPf cyt f f
PC or cytc6 f PSI. The deprotonated semiquinone product,
PQ-

•
, can transfer the second electron to hemebp of

cytochromeb6 (“oxidant-induced reduction”) in the low-
potential chain. On the basis of the H-bond distance between
stigmatellin and one of the histidine ligands of the ISP seen
in the X-ray structure of thebc1 complex, a model for the
initial steps ofp-side charge transfer in the oxidation of PQH2

by the cytochromeb6 f complex can be summarized:

The absence of an EPR signal associated with PQH• has
been attributed to antiferromagnetic coupling with the
proximal reduced 2Fe-2S cluster (25). The location of the
inhibitor, myxothiazol, in a niche closer to hemebp than
stigmatellin (11, 14) implies the possibility of a second
physiological quinone binding site, Qp2, in addition to the
Qp1 site occupied by stigmatellin (Figure 2). The myxothiazol
binding niche could be filled under physiological conditions
by movement of the semiquinone from the Qp1 site, or
occupancy by a secondp-side bound quinone (19, 26).
Although, electron transfer from a quinone/semiquinone in
the stigmatellin site to hemebp of the low potential chain
(eq 1-iv) may be possible in terms of distance constraints

(27, 28), the Qp-hemebp distance would be shorter from the
site occupied by myxothiazol, and electron-transfer thus
facilitated (20, 29). Occupation of a Qp2 site by PQH• or
PQH•- should allow detection of the semiquinone EPR signal
unless the occupancy is very short-lived.

The above formulae describing thep-side charge transfer
mechanism for quinol oxidation by high and low potential
electron transfer chains imply that ifp-side charge transfer
between low and high potential chains is tightly coupled, or
if the initial deprotonation of the quinol (eq 1-ii) is rate-
limiting, the coupling of proton transfer to electron transfer
should be the same or similar in the high and low potential
chains. However, reduction of cytochromef in the high
potential chain of the cytochromeb6 f complex was found
to be rate-limiting in mutants of cytochromef in which the
amino acids that H-bond to the cytochromef internal water
chain have been altered (30). This conserved extended
internal water chain (31) has been proposed to be ap-side
exit port for quinol-derived protons (32). This would provide
a proton-transfer pathway unique to the high potential chain
that is removed from the initial steps of charge separation at
the Qp site and could affect H+-coupled electron transport
in the high potential chain.

The coupling of H+ and electron transfer in the high and
low potential chains of the cytochromeb6 f complex in
thylakoid membranes was studied under single flash condi-
tions. Deuterium kinetic isotope effects, determined for the
charge-transfer events in the cytochromeb6 f complex, imply
that reductive electron transfer in cytochromef is proton-
coupled in the mildly acidic pH range that is physiological
for the lumen side of the membrane.

METHODS

Isolation of Chloroplasts. Intact chloroplasts from store-
bought or greenhouse-grown (Gurney’s Seed and Nursery;
Medania variety) spinach were isolated using the method
given in ref 22. The chloroplasts were suspended at a
chlorophyll concentration of∼1-3 mg/mL in 10 mM Hepes/
NaOH buffer, pH 7.6, 0.2 M sucrose, 30 mM KCl, 1 mM
MnCl2, 1 mM MgCl2, 0.5 mM KH2PO4, 2 mM EDTA.

Flash Kinetic Spectroscopy. The rates of redox changes
in cytochromesf and b6, and the rate of generation of the
slow phase of the electrochromic shift,∆Ψs, were measured

1 Abbreviations: bR, bacteriorhodopsin; cyt, cytochrome; DBMIB,
(2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone); DCCD,N,N′-
dicyclohexylcarbodiimide; DCMU, 3-(3,4-dichlorophenyl)-1,1-di-
methylurea; H+(I), H+(II); first and second protons derived from quinol
deprotonation; ISP, iron-sulfur protein; ISP-ImH+, iron-sulfur protein
with a protonated histidine ligand;n, p, negative, positive sides of the
transmembrane proton electrochemical potential gradient,∆µ̃Η

+;
NQNO, 2-n-nonyl-4-hydroxyquinoline-N-oxide; PC, plastocyanin; PQH2,
plastoquinol; PS, photosystem;∆Ψs, slow phase of the electrochromic
bandshift; Qn, Qp, quinone binding sites on the electrochemically
negative and positive sides of the membrane.

(i) ISP(ox)‚ImH + f ISP(ox)‚Im + H + (1)

(ii) PQH2 + ISP(ox)‚Im f PQH•‚ ‚ ‚ISP(red)‚{Im}H+

(iii) PQH• f PQ-
•

+ H+

(iv) PQ-
•

+ bp(ox) f PQ+ bp(red)

FIGURE 2: Structural basis of bifurcated charge transfer to the
cytochromebc1 complex in chicken mitochondria. (A) In the
presence of stigmatellin, the 2Fe-2S cluster is in the quinol-proximal
site (11). (B) In the presence of myxothiazol, the 2Fe-2S cluster
has moved away from the quinol site to a position closer to
cytochromec1 (11, 12). Structures drawn with MOLSCRIPT (16).
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by flash-kinetic spectroscopy under single flash conditions
that did not generate a significant pH gradient. Actinic light
was provided by 5-µs flashes from a Xe lamp, while the
weak measuring beam was generated by a tungsten lamp as
described in ref33. An average of 36 traces, with a 2 sdark
time between each data acquisition, was used for each
measurement. The following wavelengths were used: (i)
cytochromef redox changes:∆A ) A554 - (2A545 + A572)/
3, (ii) cytochromeb: ∆A ) A564 - A575, and (iii) slow phase
of electrochromic bandshift,∆Ψs: ∆A ) A515 - A515

DBMIB. A
recording that consisted only of the slow component,∆Ψs,
was obtained by subtracting the trace of the bandshift
measured in the presence of 1µM DBMIB added to the
sample, from a sample in the absence of DBMIB. DBMIB,
a Qp-analogue inhibitor, blocks electron transfer from quinol
to the ISP by binding at the Qp site (21). Addition of DCMU
and hydroxylamine eliminated the amplitude of the fast
component arising from charge separation in PSII. The
conditions for the different spectroscopic measurements were:
chlorophyll concentration, 30µg/mL; 20 mM KCl, 5 mM
MgCl2, 0.2 M sucrose, 400µM duroquinol, 100µM methyl
viologen, and 10 mM buffer. Buffers: pH 5.5-6.0, MES;
pH 7.0-7.4, Hepes; pH 8, 8.5, Tricine. A mixture of buffers
was also used, and the pH was adjusted according to the
experiment. The following uncouplers or inhibitors of
electron transport were added to the reaction medium: (i)
cytochromef redox changes: 0.5µM nonactin, 0.5µM
nigericin, (ii) cytochromeb6: 0.5 µM nonactin, 0.5µM
nigericin, 0.5µM NQNO, (iii) slow electrochromic phase,
∆Ψs: 15 µM DCMU, 200 µM hydroxylamine, 0.5µM
nigericin.

H/D Exchange.Duroquinol was added to the D2O buffer
and incubated for 5 min, after which chloroplasts and
inhibitors were added. Incubation of chloroplasts in the D2O
buffer for 10 min gave similarkH/kD values as did the 5-min
incubation with duroquinol. Buffers in D2O were prepared
by adding 99.9% D2O (Cambridge Isotopes) to solid reagents.
The pD was adjusted by addition of NaOD (NaOH dissolved
in D2O), and the pD value was determined by adding 0.4 to
the pH meter reading (34). This 0.4 correction has been
shown to be correct for different electrolytes and pH values
for mole fractions of2H higher than 0.90. The correction to
the pH meter reading is dependent on the mole fraction of
2H2O or deuterium in the solvent, so that in mixtures of D2O
and H2O, values of less than 0.4 should be used. An empirical
equation for the correction,∆pHm, to pH meter measurements
for different mole fractions,m, of deuterium is∆pHm )
0.076m2 + 0.331m (34). In the current experiments, the mole
fraction of deuterium is less than 1.00 because the solid
reagents used are not deuterated, and the D2O (99.9%
deuterium) and the D2O buffer in the cuvette are slightly
diluted by the addition of chloroplast suspension. The
smallest possible value for the∆pH correction using the
empirical equation above is about 0.376, close to 0.4 and
within the measurement error of most pH meters.

Determination of ActiVation Energies,∆G‡. All measure-
ments were done with a thermostated cuvette holder. The
buffer was allowed to equilibrate with the temperature of
the water bath for 20 min before use. A digital thermometer
(Fisher Scientific) was used to measure the temperature of
the sample inside the cuvette.∆G‡ was determined according

to the formula,k ) Ae-∆G‡/RT, wherek is the rate constant
of the reaction,A is a preexponential factor,R the molar
gas constant, andT the temperature in°K.

RESULTS

pH-Dependence of the Rates of Charge-Transfer Reactions
in b6 f Complex. (A) Cytochrome Oxidation and Reduction.
The rates of reduction of cytochromeb6 initiated by a short
light flash, and of the dark reduction of cytochromef after
its oxidation by the flash, have a qualitatively similar
dependence on pH (Figure 3A). The rates of reduction of
cytochromesb6 and f decrease at acidic pH values and are
smaller at pH 6 relative to pH 7.5-8 by a factor of 2.5 and
4, respectively. Because of the inability of the light flash to
generate a transmembrane pH gradient and the presence of
the ionophores nigericin and nonactin, the pH of the internal
lumen and the external medium were equivalent. Thus, an
ambient pH of 6 is close to the value of the lumen pH under
conditions of steady-state photosynthesis (35).

FIGURE 3: pH-dependence of (A) rates of light-induced reduction
of cytochromesb6 andf in chloroplasts, (B) oxidation of cytochrome
f, and (C) generation of the slow phase of the electrochromic
bandshift,∆Ψs. Reaction medium: pH buffers as described in
Methods, 400µM duroquinol, 100µM methyl viologen, 0.5µM
nigericin, 0.5µM nonactin, and 0.2µM NQNO for measurement
of cytochromeb reduction in panel A. Solid lines are fits to a
Henderson-Hasselbalch-type equation which gave effective pK )
6.7 ( 0.2 and 6.9( 0.1 for the reduction of cytochromesb6 and
f, respectively. Error bars represent standard deviations (g3 trials).
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A similar pH dependence for turnover ofb6 f and bc1

complexes has been observed for (i) cytochromef reduction
in chloroplasts, with the ratio of reductive rate constants at
pH 8 and 6,kcytf

(pH8)/kcytf
(pH6) ≈ 2.7 (22, 36); (ii) the rate of

steady-state electron transfer in isolatedb6f complex,kcytf
(pH8)/

kcytf
(pH6) ≈ 5 (37, 38); (iii) the reduction of the low-potential

(cytochromeb) chain of the cytochromebc1 complex of the
bacterium,Rb. sphaeroides(20) with kcytf

(pH8)/kcytf
(pH6) ≈ 3; (iv)

the light-induced reduction of cytochromec1 in Rb. sphaeroi-
deswith kcytf

(pH8)/kcytf
(pH6) ≈ 3-4 (39), and (v) the steady-state

turnover of the cytochromebc1 complex isolated from yeast
and mitochondria, withkcytf

(pH8)/kcytf
(pH6) ≈ 4-5 (19).

Over the pH range used for measurement of the pH
dependence of the reduction rate of cytochromef, the rate
of cytochromef oxidation has a much smaller, but nonzero,
pH-dependence (Figure 3B) below pH 6.5. The rate of the
slow, millisecond electrochromic band-shift (∆Ψs) arising
from electrogenic charge-transfer events in the cytochrome
b6 f complex (40-42), has a pH-dependence similar to the
reduction of cytochromesb6 and f (Figure 3A,C) over the
limited pH range where it could be measured (Figure 3C).
A similar pH dependence of the∆Ψs was observed in cells
of the green alga,Chlorella (43).

No kinetics data are provided for cytochromeb reduction
(Figure 3A) or the electrochromic band shift (Figure 3C)
below pH 6.0, where their amplitudes are considerably
smaller (Figure 4A,C), leading to a smaller signal-to-noise
ratio and uncertain values of the rate constants. No significant
change in amplitude was observed for cytochromef turnover
over this pH range (Figure 4B). The rate of cytochromeb
reduction at all accessible pH values is always greater than
that of cytochromef (22, 30), as has also been observed in
Chlorella (41), indicating that the rate constant for reduction
of cytochromef does not necessarily indicate the true rate
constant for transfer of the electron from plastoquinol to the
ISP. The effective rate constant for transfer from the redox-
competent quinol species to cytochromef includes those for
(i) transfer from quinol to the Rieske ISP docked at the Qp

site, (ii) movement through constrained diffusion of the
soluble Rieske domain from the Qp-proximal site to a site
proximal to cytochromef, and (iii) electron transfer of the
ISP docked at the latter site to cytochromef. The electron
transfer rate is presumably rapid,ket ≈ 105 s-1, by analogy
with ISP-cytochromec1 system (44).

Effective pK values of 6.9( 0.1 and 6.7( 0.2 were
obtained for the pH-dependence of the reduction of cyto-
chromesf and b6, respectively, after fitting the data to a
Henderson-Hasselbalch equation (Figure 3A). These pK
values, which are essentially similar for the reduction of the
high- and low-potential chains, may reflect the pK of the
oxidized Rieske ISP (45) or protonatable groups in the
cytochromes. The pK for quinol deprotonation is too high
(18) to account for the obtained pK values.

The activation energy over the temperature range of 5-30
°C for the reduction of cytochromesb andf in the pH range,
7-8.5, is approximately 30 kJ/mol and increased to 35 and
40 kJ/mol at pH 6 (data not shown), somewhat smaller than
the values of 46-50 kJ/mol measured at pH 7.8 after an
extended (300 ms) flash (46). This is comparable to the pH-
independent activation energy of approximately 40 kJ/mol
for the reduction of cytochromesb andc1 in thebc1 complex

from Rb. sphaeroides(20, 47). The activation energy at pH
8.0 for the steady-state reduction of cytochromec by the
mitochondrialbc1 complex was found to be approximately
30 and 44 kJ/mol for the bovine and yeast enzymes,
respectively, for which a pH-dependence of-5.7 kJ/mol per
unit pH change was reported (19).

Deuterium Kinetic Isotope Effects on Electron-Transfer
Reactions of the Cytochrome b6 f Complex.A substantial
kinetic isotope effect,kH2O/kD2O, was found over the pH range
6-8 for the reduction of cytochromesb6, kH2O/kD2O ≈ 3
(Figure 5A) andf, kH2O/kD2O ) 2-4 (Figure 5B), and the
microsecond electrochromic band shiftkH2O/kD2O ≈ 2.5
(Figure 5C). The plot ofkH2O/kD2O vs pH or pD for
cytochromef reduction is best fit to a Henderson-Hassel-
balch equation using an effective pK value of 6.4. This
demonstrates that D/H isotope exchange affects the pK values
linked to rate-limiting steps of proton transfer in both the
low and high potential chains of theb6 f complex. Thus, it
is inferred that pD values in the preparation of deuterated
solvents can be determined by adding a correction of 0.4 to
the measured value of pH as discussed above in Methods.
The isotope effects were also independent of the time of
incubation in deuterated buffers (48).

Reduction of Cytochrome b; Electrochromic Bandshift. The
value of the deuterium kinetic isotope effect,kH2O/kD2O ≈

FIGURE 4: Amplitude as a function of pH of light-induced reduction
of cytochromesb6 (A) and f (B), and of the slow phase of the
electrochromic bandshift,∆Ψs (C). The kinetics traces were offset
along the time axis. Arrows indicate direction of (A) reduction of
cytochrome b6, (B) oxidation of cytochromef, (C) generation of
∆Ψs, and start of light flash. Reaction medium: pH buffers as
described in Methods, 400µM duroquinol, 100 µM methyl
viologen, 0.5µM nigericin, 0.5µM nonactin, and 0.2µM NQNO
added for measurement of cytochromeb reduction.
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3.0, for the reduction of cytochromeb in the low potential
chain over the pH or pD range, 6-8, is slightly larger at
acidic pH/pD values (Figure 5A). The kinetic isotope effect
for the electrochromic bandshift,kH2O/kD2O ≈ 2.5, is also
approximately independent of pH over the range of possible
measurements (Figure 5C), which extends only to pH 6.7
because of diminishing amplitude at lower pH values (Figure
4C). A kinetic isotope effect,kH2O/kD2O ) 1.4, had been
reported previously for the bandshift in spinach chloroplasts
at pH/pD) 7.0 (49), and a value of 4.0 has been obtained
from initial rates of the onset of∆Ψs in whole cells ofC.
reinhardtii (48). Deuterated buffers caused a similar decrease
in the amplitudes of cytochromeb6 reduction and the
generation of∆Ψs (data not shown).

Oxidation and Reduction of Cytochrome f. The oxidation
of cytochromef in the high potential chain has a small kinetic
isotope effect,kH2O/kD2O ≈ 1.3, at pH 7.8, and a small
monotonic pH dependence (Figure 5D). Values ofkH2O/kD2O

< 1.4 are most likely due to solvation effects and to
differences in the physical properties of D2O and H2O (34).
In contrast, the kinetic isotope effect for the reduction of
cytochromef undergoes a major increase on the acid side of
pH 6.5-7.0 (Figure 5B). The kinetic isotope effect for
reduction of cytochromef increased 2-fold in the physi-
ological pH region near pH 6, withkH2O

fred/kH2O
fred ≈ 4 at pH

5.7-6.3. These values of the ambient pH are assumed to be
very similar to those in the thylakoid lumen because of the
presence of the ionophores nigericin and nonactin in the

reaction medium. The small isotope effect obtained for the
oxidation of cytochromef is consistent with the results
obtained with intact cells ofC. reinhardtii (48).

DISCUSSION

1. Kinetic Isotope Effects. The use of D2O as solvent in
place of H2O results in nonspecific isotopic substitutions
because all readily exchangeable hydrogens such as those
in O-H and N-H bonds will exchange rapidly with the
deuterium in the solvent (50). Kinetic isotope effects on
reaction rates are observed only if there are changes in
bonding to the isotope that is actually undergoing transfer
during the reaction. The effects on reaction rate arise as a
result of a decrease in zero-point energy of the bond as H is
replaced with the heavier2H (34). Factors such as the relative
accessibility to solvent of the H-atoms in the protein will
contribute to the observed solvent isotope effect (34, 50).
Hence, solvent isotope effects are often difficult to interpret
on a mechanistic level, but can indicate the involvement of
proton transfer in the overall reaction mechanism.

The presence of observable isotope effects on charge-
transfer reactions within the cytochromeb6 f complex implies
the coupling of proton and electron transfer, and that the
rate-determining step can involve proton transfer. If the
coupling of proton and electron transfer is the same for all
the subsequent charge-transfer events, then one should expect
to observe similar isotope effects for all the charge-transfer
events within theb6 f complex. However, the pH or pD

FIGURE 5: Deuterium isotope effect,kH2O/kD2O, as a function of pH(pD) for (A) cytochromeb reduction, (B) cytochromef reduction, (C)
generation of∆Ψs, and (D) cytochromef oxidation. Inserted kinetics traces are for pH or pD) 7.2 for (A) cytochromeb reduction, (B)
cytochromef oxidation-reduction, and for pH or pD) 7.0 for (C) generation of∆Ψs. Black and red traces in each inset are for measurements
in H2O and D2O, respectively. Arrows indicate start of light flash. The plot ofkH2O/kD2O vs pH or pD for cytochromef reduction is best fit
to a Henderson-Hasselbalch equation using an effective pK value of 6.4( 0.2. Error bars represent standard deviations (g3 trials).
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dependence of the isotope effect for cytochromef reduction
(Figure 5B) is markedly different from that of the other
charge transfer events (Figure 5A,C,D). A likely explanation
is that in addition to deprotonation events common to the
reduction of the high and low potential chains, additional
deprotonation steps involving transfer of H+(II) from PQH•

that are rate-limiting at pH 6 are also coupled to the reduction
of cytochromef (Figure 1).

2. Bifurcated Charge Transfer in the b6 f and bc1 Com-
plexes. The movement of the ISP [2Fe-2S] cluster from the
Qp-proximal site to the cytc1-proximal site upon reduction
provides a physical basis for the bifurcated oxidation of the
quinol (11). After the first proton, H+(I), and electron are
transferred from the quinol to the ISP, the soluble domain
of the ISP undergoes a large scale rotation-translation from
the Qp-site and is no longer available to function as an
acceptor for the second electron from the semiquinone, PQH•

or PQ-
•
. Thus, the semiquinone is not only thermodynami-

cally competent to carry out reduction of the hemebp, but
this heme becomes the only available electron acceptor after
the departure of the ISP from its binding site proximal to
the Qp binding niche. If it is assumed that the positions of
stigmatellin and myxothiazol indicate the different positions
of quinol and semiquinone, respectively, during electron and
proton transfer to the Rieske ISP and to cytochromeb, the
neutral semiquinone, PQH•, can move to a second site closer
to hemebp through lateral diffusion in the membrane, or by
transfer to a neighboring quinone (19, 26, 51). The semi-
quinone, PQH•, would utilize a pathway for its deprotonation
and transfer of H+(II) to the p-side aqueous phase different
from that through which the first proton is transferred (Figure
1). Thus, not only electron transfer, but proton transfer as
well, can be bifurcated. The second proton would be
transferred to the aqueous phase on thep-side of the
membrane through intramembrane residues in cytochrome
b6, a chain or cluster of membrane-buried and -interfacial
water molecules similar to those proposed in ref47, described
in the structure of the yeastbc1 complex (14); pdb #1EZV
and, as suggested in the present work, through the cyto-
chromef intraprotein exit port (Figure 6). The scheme for
charge-transfer reactions for the cytochromeb6 f complex
proposed in the present study is similar to that inferred from
the effects of DCCD on charge-transfer events in theb6 f
complex (52), where bifurcation of H+ transfer involves two
p-side quinone binding sites.

The presence of a Qp site and charge-transfer mechanisms
in the cytochromeb6 f complex similar to those in thebc1

complex is likely, despite the differences between cyto-
chrome f and c1 (31), because of the high degree of
conservation of amino acids between theb6 f and bc1

complexes on thep-side of the membrane (24). Thus, one
can discuss the rate-determining steps in thep-side charge-
transfer reactions of the complex.

3. Sequence of Charge-Transfer Reactions in the b6 f
Complex.Electron and proton transfer from plastoquinol at
the Qp1 site initiates the charge-transfer reactions in theb6 f
complex [Figure 1, eq 1]. Deprotonation of the neutral PQH2

likely involves transfer of the first proton, H+(I), to the
Rieske ISP along with the first electron (eq 1-ii). Charge
transfer to the ISP (eq 1-ii) and to the low-potential heme
bp (eqs 1-iv) can be also be considered concerted.

Reduction of heme bp by PQ-
•

(eq 1-iv) is thermody-
namically more favorable than by PQH• (53), so deproto-
nation of PQH• should occur prior to or concomitant with,
electron transfer to heme bp. Because, as observed in intact
C. reinhardtii (30), as well as in spinach thylakoids [cf.,
Figures 3A, and also ref22)], the rate of cytochromeb6

reduction is approximately 2-fold larger than that of cyto-
chromef [cf., Figure 3A above, and also refs22, 30, 41],
the transfer of the second proton, H+(II) from PQH• is
believed to precede reduction of cytochromef (eqs 2-i,ii):

or

The larger deuterium isotope effect for cytochromef reduc-
tion at lower pH implies that transfer of H+(II) to cytochrome
f either precedes (eqs 2-i, ii) or occurs in parallel with its
reduction by the ISP (eq 2-iii). It is difficult to distinguish a
sequential (eqs 2-i,ii) mechanism from one that is totally
cooperative (eq 2-iii). The close coupling of electron and
proton-transfer events in the cytochromeb6 f complex
suggests that the description of tight coupling in simpler
chemical systems may also apply to the cytochrome com-
plexes (54).

4. Proposed Intraprotein Proton-Transfer Pathways.Trans-
fer of the second proton, H+(II), generated by the oxidation
of quinol to the aqueousp-side space could occur through
proton transfer from the semiquinone ofp-side intramem-
brane polar amino acids and connected water molecules.
These amino acids could be part of the transmembrane
“proton channels” in the cytochromeb6 f complex as
proposed in ref52. The internal water chain in cytochrome
f could then provide the final exit pathway for the proton.

FIGURE 6: Proposedp-side lumenal exit pathway through cyto-
chromef for the second proton, H+(II), released in the oxidation
of PQH2 (eq 1). Cytochromef is tilted in the model so that the
heme makes∼30° angle relative to the membrane plane. Transfer
of H+ from the membrane can occur through protonation of charged
residues R154, K29, or D54 of cytochromef. Also shown are the
axial ligands of the heme Fe, Y1, and H25. The waters are shown
as balls and are numbered according to pdb file 1HCZ. This figure
was drawn with MOLSCRIPT (16).

(i) cyt f(ox) + H+(II) f cyt f(ox)-H + (2)

(ii) ISP- + cyt f(ox)-H+ f ISP+ cyt f(red)-H

(iii) cyt f(ox) + e- + H+(II) f cyt f(red)-H
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The highest resolution structural model for intramembrane
water chains in H+ transfer linked to energy transduction is
that of bacteriorhodopsin (55). A p-side water chain has been
described in the yeast cytochromebc1 complex (14) and was
proposed earlier to participate in H+ translocation across the
membrane (47). In the latter model, an H-bond network at
the Qp site is formed by a histidine ligand of the 2Fe-2S
cluster, water molecules, and side chains of Glu272 from
cytochromeb. Another H-bond network around hemebp is
formed by water molecules, propionates of hemebp, and side
chains of cytochromeb. The chain of water molecules at
this site lies in a pocket that is near the interface of
cytochromesb andc1.

5. H+ Transfer into Cytochrome f. Regarding the mech-
anism of transfer of H+(II) from the membrane interface into
cytochromef, if the heme of cytochromef is tilted at∼30°
with respect to the membrane plane, the H+(II) could be
taken up by protonatable residues on the surface of cyto-
chromef, from which the protons could access the water
chain. The 75 Å long cytochromef is expected to lie almost
parallel to the membrane plane because in chloroplasts, the
width of the lumenal space is only 40-90 Å with the larger
dimension found during darkness (56, 57). A cluster of
charged residues, Lys29, Asp54, and Arg154, on the surface
of cytochromef and accessible to the water chain via Ala27,
which H-bonds to one of the waters, could act as proton
acceptors (Figure 6). However, the distances from the side
chains of the charged residues are greater than the length of
an H-bond. It would be necessary in the model that H+

transfer be facilitated by side chain motion or the presence
of intervening water molecules. There are precedents for side
chain motion of significant amplitude. For example, (a) in
the M state of bacteriorhodopsin, Cú of the side chain of
Arg82 moves toward the extracellular side, along thec axis,
by 1.6 Å to function as both a proton donor and acceptor
during the bR photocycle (58). (b) The position of the side
chain of Glu272 in the bovine cytochromebc1 complex in
the presence of stigmatellin is about 3.5 Å from its position
in the absence of the inhibitor (11). The latter conformational
change has been proposed to play a role in ap-side H+

transfer similar to that described in the present work (47). It
should be noted that the model for the transfer of H+(II) to
cytochromef does not include a possible exit port from
cytochromef for this proton.

6. Proton Wires in Cytochrome f and Gramicidin A. A
comparison can be made of the linear 5-water chain in
cytochromef with the 10-water linear chain of the gramicidin
A channel. Like the water chain in cytochromef, the single-
file waters in the gramicidin A channel are interconnected
through H-bonds and also make additional H-bonds with the
polypeptide backbone (59). Proton transport along a proton
wire has been modeled as a collective process of transfer of
an ionic defect (an excess proton) followed by transfer of a
bonding defect (reorientation of H-bonds) (60). Simulation
of the dynamics of H+ transfer through the gramicidin A
channel has shown that this process occurs through a
collective fluctuation of H-bond lengths along the chain and
that proton conductance depends on the presence of well-
connected H-bonds as well as flexibility of the chain. A water
molecule can donate two H-bonds and accept two H-bonds
via the two lone pairs of the O atom. The H-bonding network
of cytochromef (31) shows that all the H-bonds for the

waters are “filled” except between two waters at the end of
the chain. In the gramicidin channel, each water in the file
has three H-bonds (two with its two neighbors and one with
the protein backbone). On the basis of the structure of turnip
cytochromef, the average water-water (O-O) lengths are
comparable to those in the gramicidin A channel (average
of 2.6 Å). In cytochromef, the extensive H-bonds with
backbone amino acids in addition to the water-water bonds
can decrease the flexibility of the chain relative to that in
gramicidin. Given the saturation of the H-bonds in the
5-water proton wire of cytochromef, how can an excess
proton be transferred across this chain? The structure of
cytochromef may represent the structure in the presence of
an excess proton. Propagation of this excess positive charge
could take place through subtle changes in H-bond lengths.
Also, the environment of the water chain in cytochromef is
not entirely nonpolar due to the presence of the heme. It is
also likely that an excess negative charge on the heme Fe
can facilitate proton translocation. Reorientation of the water
chain is also necessary because the movement of the proton
will cause dipoles to change direction. Before the next proton
can enter the wire, the dipoles have to reorient. It has been
shown that this reorientation can be rate-limiting in H+

transfer (59). In cytochromef, an incoming H+ could cause
the H-bonds to fluctuate or rearrange such that each O atom
can be protonated. This seems plausible given the variable
water-water and water-backbone H-bond lengths in cyto-
chromef.

7. Charge Neutralization Function of Cytochrome f Water
Chain. As a mediator of proton-coupled electron transfer in
cytochromef, the water chain could also serve as a “dielectric
well” (61). If the water chain provides the sole exit port for
release of protons to thep-side bulk aqueous phase, then
the functions of charge neutralization and terminal exit port
are achieved through the same charge-transfer events. If there
is an alternative exit port, then charge neutralization involving
proton movement could be important in itself. In the latter
case, the question would arise as to why cytochromef
requires a unique vectorially oriented 11 Å-long H2O chain
to accomplish the charge neutralization.

8. Cytochromes f and c1. Because of the extensive lack of
identity between cytochromesc1 and f (31, 62), a proton-
transfer function for cytochromec1 analogous to that for
cytochrome f discussed here would not necessarily be
predicted. However, bound water molecules which might
facilitate H+ transfer are seen in cytochromec1 of the yeast
bc1 complex (14).
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