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ABSTRACT: The 1.96 Å structure of turnip cytochromef revealed a linear internal chain of H2O molecules
with the oxygen atoms of the chain having occupancies and “B” factors comparable to those of neighboring
atoms [Martinez et al. (1996)Protein Sci. 5, 1081-1092.]. Four waters extend 11 Å from the heme
toward Lys66 on the cytochrome surface. All residues that contribute an atom to the 15 H-bonds of five
internal H2O molecules are essentially conserved in 23 cytochrome sequences. With only Gln and Asn
side chains involved in H-bonding, the water chain resembles a “proton wire”. The function of the conserved
H2O chain was tested through site-directed mutagenesis of these Asn and Gln residues. Four of the five
conserved Asn/Gln residues were changed in six mutants generated in the green alga,Chlamydomonas
reinhardtii. Except for the N168F mutant, all grew photosynthetically. Although the rates of oxidation of
cyt f oxidation and of reduction of cytb6 (5-6 ms in the wild type) were not significantly affected, the
rates of cytf reduction and generation of the slow electrochromic band shift (∆ψs) were markedly decreased,
the half-times increasing to as much as 38 and 18 ms, respectively. Thus, in these mutants, reduction of
cyt b6 reduction clearly precedes that of cytf. Retardation of∆ψs in the absence of an observable change
in the rate of cytb6 reduction implied that the rate of H+ translocation decreased in the mutants, and
electron transfer was concomitantly retarded, most likely between the ISP and cytf. The following was
concluded: (i) proton and electron transfer are coupled in reduction of cytf, and the cytf water chain
functions in H+ transfer; (ii) reduction of the high- and low-potential chains in theb6f complex is not
concerted in the water chain mutants; and (iii) quinol deprotonation and electron transfer from reduced
quinone are initiated by an early event, probably the movement of the ISP triggered by oxidation of cyt
f.

The 1.96 Å structure of turnip cytf revealed an internal
chain of water molecules with the O atoms of the chain
having occupancies and “B” factors comparable to those of
neighboring atoms (1). The waters are arranged in an “L”
shape whose longer arm extends 11 Å from the vicinity of
the heme toward Lys66 on the surface of cytf. A network
of internal waters has been observed on then-side of the
Rhodobacter sphaeroidesreaction center (2). Essentially all
residues that form hydrogen bonds with the O atoms of the
water molecules are invariant among at least 23 cytf
sequences. For the residues that contribute side chains to
the H-bond chain, there are two exceptions: (i) in the
sequence from bean,Vicia faba, Thr (codon ACC) is reported
at position 153 (3) instead of Asn (possible codon AAC);

and (ii) the marine diatom algaOdontella sinensis, where
Ile (codon ATT) is reported at position 168 (4) instead of
Asn (possible codon AAT).

The nature of the cytf internal water chain as an apparent
“proton wire” suggests a possible function in thep-side exit
port for H+ translocated by theb6f complex (1). The
properties of the internal H2O chain of cyt f that are
compatible with those of a “proton wire” are the following:
(i) The residues (i.e., Asn, Gln) and backbone carbonyl and
amide groups involved in hydrogen-bonding to the water O
atoms have pK values far outside the physiological range,
so none of these groups can act as a proton donor or acceptor;
thus, once a proton enters the H2O chain it can only leave at
either end. (ii) The isolation of the water chain from the bulk
solvent implies that the exchange of the buried internal water
molecules with the waters in the bulk aqueous phase should
occur on a much slower time scale than would that of
surface-bound waters. In addition, one internal H2O forms
an H-bond with the heme so that there is a possibility of
coupling proton transfer and electron transfer in a transfer
mechanism that is electro-neutral. The change in heme redox
state could act as an “on-off” signal for proton transfer,
triggering redox-linked pK changes of protonatable residues
that can inject H+ into the H2O chain (1).

In the present study, the H-bond system to the water chain
was perturbed by site-directed mutagenesis. The nature of
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the residue substitution was planned to exert a small (Gln
T Asn) or large (Glnf Leu; Asnf Phe, Leu) perturbation.
These mutations resulted in a substantial retardation in the
reduction of cytf such that its reduction was no longer in
concert with that of cytb6. The rate of generation of the
slow electrochromic band shift was also smaller than in the
wild type. From these changes in the time course of redox
changes of cytochromesf andb6, and of the slow electro-
chromic band shift, the following was inferred: (i) the struc-
ture of the buried water chain functions in a pathway of light-
dependent proton transfer from the plastoquinol through cyt
f, (ii) proton and electron transfer are coupled in the pathway
of cyt f reduction, and (iii) reduction of the low- and high-
potential chains that accept electrons from quinol need not
be in concert. A preliminary report of these studies has been
presented (5).

MATERIALS AND METHODS

1. Growth of Chlamydomonas reinhardtii. Wild-type
(transformed) and mutant strains ofC. reinhardtiiwere main-
tained on high salt with acetate (HSA) medium plates sup-
plied with 100µg/mL of spectinomycin under low light (5-
10 µEinstein/(m2‚s)). The∆petA mutant strain was main-
tained on HSA plates under low light. Liquid cultures were
grown in high-salt (HS) medium, bubbled with air-5% CO2,
light intensity 150µEinstein/(m2‚s). Sufficient copper was
present that the electron acceptor of cytf was plastocyanin.
The cells were collected in late logarithmic growth phase.
Phototrophic cultures were started by inoculating cells from
stock HSA agar plates. Generation times were determined
by counting cells with a hemocytometer and a light micro-
scope under bright field illumination.

2. Mutagenesis and transformation.Site-directed mutagen-
esis was carried out inEscherichia coliaccording to ref6.
The pTP101 single-strand DNA was annealed with mutagen-
ic primers, and a complementary DNA strand was synthe-
sized (7). The following primers were used (restriction sites
introduced for convenient screening are underlined): Q158L-
(HaeIII), TGGTCGTGGCCTAG TATATCC; N168F(TaqI),
GGTAAAAAATCGAACTTCACTATTTACAACG; N233L-
(HinfI), CAAACAACCCTCTCGTTGGTGGATTCGGT-
CAG;N168Q(TaqI),GGTAAAAAATCGAACCAGACTATT-
TACAACG; N153Q(HaeIII), CCTATTTATTTTGGTGGC-
CAACGTGGTCGTGGTC; and Q158N (TaqI), AATCGTG-
GTCGAGGTAACGTATATCCAGATGG. Mutation sites
were confirmed by sequencing. TheXbaI-AflII fragments
carrying mutations were recloned from pTP101 to the
pTP103 construct to be used in trans-
formation. The cytochromef deletion mutant, kindly provided
by R. Malkin (8), was transformed using the biolistic trans-
formation procedure. Spectinomycin-resistant colonies were
isolated from plates containing 100µg/mL spectinomycin.
Cells were propagated and probed for phototrophic growth
by plating them on minimal medium. Cellular DNA was
isolated from phototrophically grown cells,petA was ampli-
fied by PCR, and the resulting PCR fragments were subjected
to restriction digestion to demonstrate the presence of
putative mutations.

3. Construction of Expression Vector pUCPF2.ThepetA
gene was amplified by PCR from the plasmid pTP101 (7)
that contains a mutation from the construct pADFI283ST I252
f “stop” codon with an added uniqueNheI site in order to

generate the truncated soluble cytochromef (9). The StuI
restriction site (underlined) was designed within the 5′ PCR
primer AGT CCA GCT CAG GCC TAC CCT GTA TTT
GC, just before the Tyr1 codon. The 3′ PCR primer was
AGC TAA ATT GCC AAC GGC TTA GTC CGC. The
PCR fragment was cloned into the pGEM-T vector (Prome-
ga), and petA was excised by restriction endonuclease
digestion withStuI and NheI and ligated into the pET25b
expression vector (Novagen) previously cut withMscI and
NheI enzymes. Recombinant clones were identified by
restriction digestion, and the proper fusion ofpetA with the
pelB leader of the pET25b vector was checked by sequenc-
ing. In the resulting pETPF1 plasmid, thepetA was placed
under transcription control of the T7 promoter and fused with
the pelB signal sequence with the ribosome binding site
located immediately upstream for potential localization in
the periplasm. Expression from plasmid pETPF1 under a
variety of conditions (aerobic, anaerobic, and semi-anaerobic
growth in the presence of different electron acceptors) has
yielded only trace amounts of holocytochromef (15-40 µg/
L). To express cytf under the control of the stronglac
promoter, anXbaI-NheI fragment isolated from the pETPF1
construct, which contained the ribosome binding site,pelB
leader and thepetA gene, was cloned in the right orientation
into the XbaI site of the high copy number vector pUC19
(New England Biolabs) to give plasmid pUCPF2. ThepetA
sequence was verified by sequencing. The construct has a
TGA stop codon downstream from theXbaI site and
upstream frompetA in frame with thelacZ gene sequence
to prevent synthesis of a fusion protein.

4. E. coli culture conditions.The pUCPF2 plasmid was
cotransformed along with pEC86 plasmid (Cmr), which
carries the cassette of cytochromec maturation genes
ccmABCDEFGH, which was kindly provided by L. Tho¨ny-
Meyer (10), into MV1190 strain (Bio-Rad). Transformants
were isolated on plates containing ampicillin and chloram-
phenicol and used in expression experiments.

Test tube aerobic cultures inoculated with freshly trans-
formed E. coli cells were grown for 5-6 h. The culture
medium (1.8 L) used for holocytochromef expression, LB
medium supplemented with 20 mM Tris-HCl, pH 7.5, 1 mM
KNO3, 0.2 g/L ampicillin, 0.02 g/L chloramphenicol, 0.3 mM
IPTG, in 2 L flasks, was inoculated with aerobically grown
cells (104-fold dilution), and grown under semi-anaerobic
conditions at 37°C with slow shaking (50 rpm) for 18-24
h (11, 12).

Cells were harvested and resuspended in 1/70 volume of
sucrose buffer (20% sucrose, 30 mM Tris-HCl, pH 7.5, 1
mM EDTA), vigorously stirred for 15 min, centrifuged,
resuspended in 2/70 volume of ice-cold water for osmotic
shock, stirred for 15 min, and centrifuged again. More than
95% of cytochromef was found in the soluble fraction after
the osmotic shock. The yield of wild-type holocytochrome
in the crude extract was 0.6-1 mg/L.

5. Expression of Soluble Mutant Forms of Cytochrome f
in E. coli. Plasmid pUCPF2 was digested sequentially with
BstEII and PpuMI restriction enzymes, and the vector part
was purified. Plasmid pTP101 carrying one of the water chain
mutations N153Q, N168Q, Q158N, or Q158L was digested
with BstEII andPpuMI , and the 340 bp fragments carrying
the mutatedpetA sequence were purified and ligated into
theBsteII-PpuMI digested pUCPF2. The resulting constructs
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pUCPF2-N153Q, pUCPF2-N168Q, pUCPF2-Q158N, and
pUCPF2-Q158L were sequenced to verify mutation sites and
the intactness of the remainder ofpetA. Protein expression
was carried out as described above.

6. SDS-PAGE and Western blotting. C. reinhardtiicells,
at a concentration equivalent to approximately 1 mg/mL Chl,
were frozen in liquid nitrogen and thawed in 10 mM Tris-
HCl, pH 7.0. Proteins from the whole cell extract or the
soluble fraction of broken cells were separated on SDS-
PAGE, 15% polyacrylamide. Western blotting was carried
out using secondary anti-rabbit antibody conjugated to
alkaline phosphatase (Sigma).

7. Heme Stain.Samples were dissolved immediately before
electrophoresis in 2% SDS, 50 mM Tris, pH 7.5, and a 10%
glycerol at 90°C for 40 s. Staining of heme proteins was
performed according to Thomas et al. (13).

8. Flash Kinetic Spectroscopy.Phototrophically grownC.
reinhardtii were harvested in late log phase, washed,
resuspended in 20 mM MES/NaOH, pH 7.0, and kept in the
dark. The kinetics of flash-induced cytf oxidation and
reduction in intact cells ofC. reinhardtii were assayed by
flash absorbance spectroscopy as previously described (7).
Cytochromef oxidation in whole cells was triggered by a
short, saturating flash from a xenon lamp blocked by two
Corning 2-58 filters (λ > 600 nm). The sample in a cuvette
volume of 2 mL, consisting of 20 mM MES/NaOH, pH 7.0,
5% Ficoll andC. reinhardtiicells at a chlorophyll concentra-
tion of 30 µg/mL, was preilluminated with saturating light
for 1 min, 10µM DCMU/1 mM hydroxylamine and FCCP
(40 µM) were then added, and the sample was incubated
for 5 min in the dark before data acquisition. The high
concentration of FCCP was required to eliminate interference
from the electrochromic bandshift. It is recognized that this
concentration is unusually high, which could be a conse-
quence of strain differences in cell wall permeability. The
time course of the flash-induced absorbance change (average
of 36 flashes) was assayed at 554, 545, and 572 nm. The
absorbance change (∆A) of cyt f at 554 nm was corrected
for residual electrochromic bandshift and nonspecific absor-
bance changes using the following formula:∆A(cyt f) )
∆A(554)- 1/3(2∆A(545)+ ∆A(572)). Cytb6 reduction was
measured as the difference between absorption changes at
564 and 575 nm, after averaging 25 flashes. Kinetic traces
at 564 and 575 nm were recorded in the same sample after
acquisition of the cytf data, that is, after the sample was
exposed to 108 “preflashes”. The instrument response time
was 0.1 ms for all measurements except for cytochromef
oxidation (0.05 ms).

The slow phase of the electrochromic bandshift which is
associated with charge transfer within theb6f complex was
monitored at 515 nm in the absence of FCCP, DCMU, and
hydroxylamine (14). Dark-adapted cells at a chlorophyll
concentration of 30µg/mL in 20 mM MES/NaOH, pH 7.0,
and 5% Ficoll were used to determine the∆A at 515 nm
induced by a saturated flash in the absence and presence of
10 µM DBMIB (3 min incubation). Each time course was
the average of 10 flashes. The slow phase was determined
as the difference of∆A515 in the presence and absence of
DBMIB (15).

Data were recorded using LabView 3.1 software from
National Instruments, Inc. Data processing and exponential

fitting were carried out using the KaleidaGraph program
(Abelbeck Software).

9. Determination of Cytochrome f Midpoint Potential.
Midpoint oxidation-reduction potentials at pH 7.0 in 50 mM
K2HPO4-KH2PO4 buffer for wild-type and mutant forms
of cyt f were determined by titration with ferri/ferrocyanide
while monitoring the absorbance at 554 nm. The initial
potential (ca. 450 mV) was set by addition of 0.5 mM
potassium ferricyanide and the titration carried out by
subsequent addition of sodium ascorbate. The potential at
each point of the titration was measured with a digital
multimeter (Fluke 73 Series II). The electrochemical cell
consisted of a Pt wire and a Ag/AgCl electrode (MF 2052
microelectrode, Bioanalytical Systems) as reference. The
potential of the Ag/AgCl electrode was calibrated using a
saturated quinhydrone solution (16). The titration was fit to
a one-electron Nernst equation.

10. Oxygen EVolution. Oxygen evolution rates were
measured at room temperature with a Clark-type oxygen
electrode and a saturating actinic light intensity of 2000-
2500µEinstein/(m2‚s), with C. reinhardtii cells suspended
at a chlorophyll concentration of 10µg/mL in 40 mM
HEPES, pH 7.5, and 10 mM bicarbonate.

RESULTS

1. Water Chain Mutants of Cytochrome f. The unique
structure of cytf (Figure 1A), originally defined in the
cytochromeb6f complex from higher plant (turnip) chloro-
plasts (17), and the presence of the internal H2O chain [Figure
1A,B; ref 1] are found in cytochromesf extending to the
earliest stages of evolution. Recently solved structures of
cytochromef from the green alga,Chlamydomonas rein-
hardtii (18), and the cyanobacterium,Phormidium laminosum
(19), have the same major features as those of the turnip
structure (2): two structural domains, a predominantâ-strand
motif, heme ligation by the N-terminalR-amino group, and
a buried chain of five water molecules. The functional
significance of the internal water chain in cytf was tested
by site-directed mutagenesis. Residues from the hydrogen-
bonding environment of the water chain were substituted in
order to perturb its integrity. Six mutants were generated in
C. reinhardtii: N153Q, Q158N, Q158L, N168Q, N168F, and
N233L. The three Qf N and Nf Q mutations were chosen
to create minimum perturbation of the H2O chain. All of
the mutants except for N168F grew phototrophically.

2. Assembly.The cytf content in the wild type and mutants
was estimated by heme stain (Figure 2A). Within the error
of this kind of experiment (ca.(25%), the mutants N168Q,
N153Q, Q158N, and N233L (Figure 2A, lanes 2-5) have
the same level of assembled cytf as that in the wild type
(lane 1). The mutant Q158L showed a band that was
reproducibly of somewhat (ca. 20%) lower intensity (Figure
2A, lane 6).

3. Growth Rates and O2 EVolution. The doubling times
for cell growth of the mutant strains grown under nonsat-
urating illumination (∼150µEinstein/(m2 s)) were increased
by 25-90%, with the Q158L mutant growing most slowly.
O2 evolution rates were inhibited approximately in proportion
to the change in growth rate, with the slowest rate also in
the Q158L mutant (Table 1). The hierarchy of the degree of
inhibition of growth and O2 evolution rates in the mutants
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is similar to that obtained for cytf reduction (Table 2),
although the magnitude of the effects on the latter are larger,
presumably because of the lack of energetic constraint by
∆µ̃H+ in a single flash experiment.

4. Flash-Induced Oxidation of Cytochrome f in Wild Type
and Mutants.The amplitude of the corrected absorbance
change of cytf at 554 nm,∆A ) (4-5) × 10-4, arising
from its oxidation by plastocyanin, was similar in the wild
type and the N168Q, N153Q, Q158N, and Q158L mutants
(Figure 3). The approximate level of assembled cytf in wild
type and mutants is shown by heme stain (Figure 2A). With
a ∆εm at 554 nm) 26 mM-1 cm-1 (20) and a Chl/b6f ratio
of 950/1 (21) this absorbance change corresponds to oxida-
tion of 45-55% of the cyt f. The N233L mutant strain
reproducibly showed a larger extent of cytf oxidation. The

average half-times (t1/2) for cyt f oxidation in mutants were
237-383 µs (summarized in Table 2), and were not
significantly changed relative to the value oft1/2 ) 220 µs
for the wild type. These oxidation rates are consistent with
previously reported values (7, 22). Similar rates were
obtained with subsaturating (60% of saturation) flashes (data
not shown).

5. Reduction of Cytochrome f in Wild Type and Mutants.
The major effect on cytf function in vivo in the water chain
mutants was a pronounced decrease in the rate of cytf
reduction in the dark after imposition of the light flash. The
cells were preilluminated in the absence of PS II inhibitors
before data acquisition to reduce the PQ pool (cf. Methods).
This ensured that cytf re-reduction was essentially complete
for all strains. The rates of cytf re-reduction in mutants were
decreased by a factor of 2.3-6.3 relative to the wild type,
for which t1/2 ) 6 ( 2 ms (Figure 3A), as shown in Figure
3 and summarized in Table 2. The functions describing the
time course of reduction were sometimes better fit with two
rate constants. The dominant rate constant, for which half-
times are discussed in the text, was at least 0.9 of the total.
The smallest effect in the rate of reduction was observed
for the N168Q mutant (t1/2 ) 14 ( 4 ms, Figure 3B) and
the largest for Q158L (t1/2 ) 38 ( 10 ms) (Figure 3F, Table
2). The t1/2 values for the other two QT N “minimal
perturbation” mutants were 27( 8 ms for N153Q (Figure
3D) and 29( 9 ms for Q158N (Figure 3E). Thus, for
mutations of the same character, the increase in thet1/2 for
cyt f reduction was qualitatively larger, the closer the residue
to the heme (Figure 1B). In addition, for a given residue,
the less conservative the mutation, the greater the increase
in the reductivet1/2. A similar effect on reduction kinetics
was observed with subsaturating (25% of saturation) flashes.

Under multiple turnover conditions, the retardation of cyt
f reduction could be formally accounted for by an increased
content of plastocyanin in mutants, although the mechanism
by which the PC level would increase is not immediately
apparent. In principle, electron transfer into a larger pool of
acceptor could delay net reduction of cytf. However, as

FIGURE 1: (A) The cytochromef water chain in the perspective of
the structure of the lumen-side domain of cytochromef. The protein
backbone is shown as a CR trace with the heme in the large domain
(17). The O atoms of the five buried waters are drawn as shaded
spheres. (B) Schematic diagram of the hydrogen-bonding environ-
ment of the buried water chain of cytochromef. Hydrogen bonds
are drawn in dotted lines; hydrogen bond lengths in Å are indicated.

BA C

FIGURE 2: (A) Comparison of the content of assembled cytochrome
f in phototrophically grownC. reinhardtiiwild-type and cytochrome
f mutants (lane 1, WT; 2, N168Q; 3, N153Q; 4, Q158N; 5, N233L;
6, Q158L) assayed by heme stain. Whole cell protein extracts, 20
µg of Chl/lane. (B) Heme stain of soluble wild-type and mutant
cytochromef expressed inE. coli. Each lane was loaded with 2µg
of the appropriate protein inE. coli extract, as determined by
chemical difference spectra: lanes 1, WT; 2, Q158L; 3, N153Q;
4, Q158N; 5, N168Q. (C) Western blots of proteins from the soluble
fraction of brokenC. reinhardtii cells processed with anti-PC
antibody. Lanes were loaded with an amount of extract equivalent
to 20 µg Chl: lane 1, wild type; 2, Q158L mutant.

Table 1: Doubling Times (A) and Rates of O2 Evolution (B) in
Wild-Type and Cytochromef Mutants ofC. reinhardtii

WT N168Q N153Q N233L Q158N Q158L

(A) n ) 4a 5.1( 0.4b 6.5( 0.5 7.5( 0.7 7.9( 1.1 8.4( 1.2 9.7( 0.8
(B) n ) 3 147( 10c 106( 13 90( 9 102( 7 88( 9 76( 6

a Number of trials.b Units, h. c Units, µM O2 (mg of Chl)-1 h-1.
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shown in the Western blot of Figure 2C, the plastocyanin
level is approximately the same in the wild type and in the
Q158L mutant that shows the largest changes in the rates of
cyt f reduction and∆ψs. Thus, slower cytf rates in the
mutants cannot be explained by an increased plastocyanin
pool size.

A second explanation for decreased rates of reduction of
cyt f could be changes of the equilibrium constant between
the ISP and cytf. Although some of the mutants have a
significant shift in their Em (see below, section 8), the

variation in amplitude of cytf oxidation among the mutants
is not significant (Figure 3) and, as discussed below (Results,
section 8), except for the most extreme Q158L mutant, there
is no correlation between the∆Em and the rate of reduction.

6. Flash-Induced Electrochromic Band Shift.The light-
induced electrochromic band shift was monitored by the
absorbance change at 515 nm. Two kinetic phases are
observed: a fast phase associated with the charge separation
in PSI and PSII reaction centers and a slow (ms) phase
associated with electrogenic reaction(s) in cytb6f complex.
The time course of the slow electrochromic phase in wild
type and mutants is shown as the difference of the 515 nm
absorbance change in the absence and presence of the
inhibitor DBMIB (Figure 4a), which acts as a quinol
analogue inhibitor at the Qp site in theb6f complex (23, 24).
In DBMIB-treated cells, only the fast component of the
electrochromic bandshift is observed. The spectrum of the

Table 2: Half-Times for Flash-Induced Oxidation and Re-reduction
of Cytochromef, Cytochromeb6 Reduction, and Generation of Slow
Electrochromic Phase in Wild Type and Mutants of Cytochromef in
C. reinhardtii a

cytochromef b

strain
t1/2, oxidation

(µs)
t1/2, reduction

(ms)

cytochrome
b6

c t1/2,
reduction (ms)

slow ∆ψc

t1/2, ms

WT 220( 47 (n ) 7) 6 ( 2 (n ) 7) 4.7( 1.5 (n ) 5) 6 ( 1 (n ) 9)
N168Q 268( 27 (n ) 4) 14( 4 (n ) 5) 5.3( 0.6 (n ) 4) 12( 3 (n ) 4)
N233L 375( 88 (n ) 5) 26( 6 (n ) 5) 5.6( 1.8 (n ) 5) 9 ( 2 (n ) 5)
N153Q 237( 56 (n ) 4) 27( 8 (n ) 4) 5.0( 0.6 (n ) 7) 11( 3 (n ) 5)
Q158N 270( 33 (n ) 5) 29( 9 (n ) 6) 5.4( 1.5 (n ) 6) 11( 1 (n ) 6)
Q158L 383( 74 (n ) 4) 38( 10(n ) 7) 6.3( 1.6 (n ) 5) 18( 3 (n ) 7)

a n, number of trials.b Trial algorithm for fitting the time course of
cyt f absorbance charge;∆A ) ∆Ao(1 - exp(-k1t))(f exp(-k2t) + (1
- f) exp(-k3t)) used to obtain best fit to time course;k1 andk2 are rate
constants for monophasic oxidation and reduction (k3 ) 0); k2 andk3

are the rate constants of the fast and slow components in the case of
biphasic reduction with fractional amplitudesf and (1- f); f was always
g0.9. c The algorithm,∆A ) ∆Ao(1 - exp(-k1t)) exp(-k2t)), was used
to obtain the best fit for the time course of cytb6 reduction and the
generation of∆ψs, wherek1 is the rate constant for the reduction of
cyt b6 and the generation of∆ψs, respectively, andk2 is the rate constant
for the reoxidation of cytb6 and the decay of∆ψs, respectively.

FIGURE 3: Kinetics of flash-induced cytochromef redox changes
in vivo: A, WT; B, N168Q; C, N233L; D, N153Q; E, Q158N; F,
Q158L. Phototrophically grown cells of wild-type and cytf mutants
of C. reinhardtii. Reaction medium: 20 mM MES/NaOH, pH 7.0,
5% Ficoll, 10µM DCMU, 1 mM hydroxylamine, 40µM FCCP,
and cells at [Chl]) 30 µg/mL. Each time course is an average of
36 flashes with 5 s ofdarkness between sweeps.

FIGURE 4: (a) Kinetics of the slow electrochromic phase in vivo:
A, WT; B, N168Q; C, N233L; D, N153Q; E, Q158N; F, Q158L.
Phototrophically grown cells of wild-type and mutantC. reinhardtii.
The traces are the difference of the flash-induced 515 nm absor-
bance changes in native cells and in cells treated with 10µM
DBMIB. Reaction medium: 20 mM MES/NaOH, pH 7.0, 5%
Ficoll, cells at [Chl]) 30 µg/mL. Each time course is an average
of 10 flashes with 5 s ofdarkness between sweeps. (b) Spectrum
of the slow electrochromic bandshift in wild-typeC. reinhardtii.
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slow phase in wild-type cells with a characteristic peak and
bandwidth (14) is shown (Figure 4b). The half-times for the
rise in the slow phase are increased by a factor of 1.5-3 in
the mutants, with the three “conservative mutants” all having
approximately the samet1/2 ) 11-12 ms, within experi-
mental error. As for cytf reduction, the maximal decrease
in rate was observed for the mutant Q158L, for which the
t1/2 was 18 ms (Table 2). The ratio of amplitudes of slow
and fast components indicates the stoichiometry of charge
transfer in theb6f complex relative to the PSII and PSI
reaction centers. In the wild type, the ratio of the slow to
fast phase,∆A515slow/∆A515fast, indicative of the number of
net charges translocated across theb6f complex, was 0.8(
0.1, calculated using values for the amplitude of the slow
phase from data fit to kinetic parameters as described in the
legend for Table 2. In the mutants, this ratio was in the range
0.7-1.0. Assuming that the fast phase arises from trans-
membrane charge transfer from each photosystem, these
stoichiometries imply that 1.5-2 charges are translocated
across the membrane for each turnover of theb6f complex.

7. Flash-Induced Reduction of Cytochrome b6. The time
course of cytb6 reduction in wild-typeC. reinhardtii was
monitored by the absorbance change at 564-575 nm (Figure
5). The spectrum of this flash-induced absorbance change
showed a characteristic peak at 564 nm and a bandwidth of
approximately 12 nm, as in ref25 [data not shown]. The
average amplitude of cytb6 reduction was 6× 10-4 in wild
type and (4-5) × 10-4 in the mutants. With a∆εm at 564
nm of 24 mM-1 cm-1 (20) and a Chl/b6f ratio of 950/1, these
absorbance changes correspond to reduction of 75% and 45-
60% of one heme of cytb6 in the wild type and mutants,
respectively.

The half-times for cytb6 reduction in wild type and
mutants are summarized (Table 2). The observed rates of

cyt b6 reduction in the mutants N153Q, Q158N, N168Q, and
N233L are the same within experimental error as in the wild
type (t1/2 ) 4.7 ( 1.5 ms), and in Q158L slightly slower
(t1/2 ) 6.3 ( 1.6 ms). It is important to note that, to obtain
a reproducible response for the reduction of cytb6, it was
necessary to collect data after approximately 100 flashes
(“pre-flashes”). Reduction of cytb6 was not observed during
the first 36 pre-flashes. Its amplitude reached approximately
half of its maximum level during the next 36 flashes and
was maximal after approximately 100 flashes. The kinetics
of cyt b6 reoxidation, t1/2 ≈ 30 ms initially, became
progressively slower as the amplitude of the reductive
absorbance change increased with flash number. Thet1/2

values for cyt f reduction shown in Table 2 were ap-
proximately 20% larger if the measurement of cytf kinetics
was initiated after 100 pre-flashes. The addition of NQNO
(4-12µM) did not increase the amplitude of cytb6 reduction
measured after 108 flashes, perhaps because the amplitude
of cyt b6 reduction is similar to the increased amplitude
observed in chloroplasts in the presence of NQNO (26).

8. Expression of Soluble Wild-Type and Mutant Forms of
Cyt f in E. coli: Em and Visible Spectra.The soluble forms
of C. reinhardtii wild-type cyt f and the N153Q, Q158N,
N168Q, and Q158L mutants were expressed inE. coli from
the plasmid pUCPF2. The yield in the soluble fraction of
osmotically shockedE. coli cells was 0.6-1 mg/L for wild
type and the mutants as measured from the chemical
difference spectrum, using a differential extinction coef-
ficient, ∆ε ) 26 mM-1 cm-1 (20). Within experimental error,
the mutant proteins showed the same intensity detected by
heme stain as the wild type (all withMr ∼30 kDa, Figure
2B), implying that there is no major change in extinction
coefficient of the mutants relative to wild-type protein. The
cyt f isolated fromE. coli was in the reduced state in all
cases.

The midpoint oxidation-reduction potentials (Em) of cyt
f from wild-type C. reinhardtii and the N153Q, Q158N,
N168Q, and Q158L mutants were measured inE. coli
extracts and are summarized in Table 3, where the mutants
are arranged according to their rates of cytf reduction. The
Em was decreased by 30-80 mV in the mutants relative to
the wild type, with the lowestEm value observed for the
Q158L mutant. It can be seen that, although Q158L has the
largest∆Em and reductivet1/2, there is no correlation between
the∆Em and reductivet1/2 for the three conservative mutants,
N168Q, N153Q, and Q158N. Thus, among the mutants,
N168Q has the second largest∆Em, about-60 mV, relative
to wild-type cyt f, but has the fastest rate of reduction (14
vs 6 ms for the wild type). The spectral characteristics of
the mutant proteins were different compared to those of the
wild type. TheR-band peaks of reduced-oxidized spectra
of the Q158N and Q158L mutants are slightly blue-shifted
(spectra 3 and 4 in Figure 6A, Table 3), as is that of N168Q
(not shown in Figure 6A). The peak of N153Q mutant
(Spectrum 2) is red-shifted by about 1 nm and has an
additional shoulder at 549 nm. The Soret peaks of the four
mutant proteins are slightly shifted in the reduced state
absolute spectra and by 0.5-3 nm in oxidized state absolute
spectra compared to wild-type protein. The spectrum of
reduced Q158L has an additional prominent band at 400 nm,
associated with a ferric high spin character (27). N153Q also
showed this band in some preparations.

FIGURE 5: Kinetics of flash-induced cytochromeb6 reduction
(absorbance change at 564 relative to 575 nm) in vivo: A, WT; B,
N168Q; C, N233L; D, N153Q; E, Q158N; F, Q158L. Conditions
as in Figure 3. Each time course is an average of 25 flashes with
5 s of darkness between sweeps.
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DISCUSSION

1. Structural Significance of the Internal Water Chain:
“proton wire”. The unique nature of the buried water chain
implies a necessary structural role in the protein. The internal
waters clearly contribute to stability and proper tertiary
structure of the protein. TheEm was changed in all mutant
proteins expressed inE. coli in soluble form (Table 3). This
argues that the fine atomic arrangement of the water chain
region and hydrogen-bonding of one of the waters by the
heme ligand His25 are important for the precise setting of
the cytochromef Em in the wild-type protein (Figure 1). It
is somewhat surprising that there was a larger∆Em in mutant
N168Q relative to N153Q and Q158N, despite the fact that
Asn 168 contacts water molecules located farther from the
heme than waters contacted by Asn153 and Gln158.

The H-bond ligands of the internal water chain and the
linear arrangement of the four waters has the structure of an
ideal “proton wire”. The following are some conceptual

problems with a functional H+ wire inside cytf: (i) it is not
clear how the plastoquinol H+ donor at the Qp site can be
connected to cytf through the ISP; and (ii) the cytf Em is
pH-independent from pH 4.5 to 8.0 (1). The answer to (i)
may ultimately be provided by a high-resolution structure.
The space group and unit cell parameters of diffracting
crystals of theb6f complex have recently been determined
(28). Regarding (ii), all redox titrations of the cytf Em have
been performed under equilibrium conditions. Under these
conditions, the pH dependence of theEm values of cyto-
chrome oxidase, now well-documented to be a redox-linked
H+ pump (29-31), is not pronounced (32). The coupling
between electron transfer and H+ uptake into the bacterial
photosynthetic reaction center is also only well-documented
by the pH dependence of electron transfer under the
nonequilibrium conditions of the functioning membrane (33,
34).

2. Nature of Water Chain Mutants.The atomic structure
of cyt f revealed a conserved internal chain of 5 H2O
molecules that has the features of a “proton wire” extending
11 Å from the His-25 heme ligand. Six mutants were
constructed inC. reinhardtii from site-directed alteration of
four of the five conserved Asn and Gln residues forming
H-bonds to the H2O chain. Gln 59 was not targeted because
it forms a hydrogen bond with one of the heme propionate
groups. The nonphototrophic mutant N168F did not show,
through heme stain, the presence of a component indicative
of assembled cytf, although the presence of the gene was
verified by PCR (data not shown). Of the five mutants that
grew phototrophically, the mutants N153Q, N168Q, and
Q158N can be considered conservative and Q158L and
N233L extreme in terms of the nature of the amino acid
substitutions.

3. Rate of Cytochrome f Oxidation.The absence of a
significant change in the apparent rate of cytf oxidation (t1/2

) 237-270 µs) in the conservative mutants, and the
relatively small decrease in oxidation rate of N233L and
Q158L, implies that the perturbation of the internal H2O
chain does not affect the pathway from the cytf heme to
plastocyanin. The unchanged oxidation rate implies that the
operating midpoint potential of cytf is not greatly altered
by the mutations. However, theEm values of mutant cytf,
expressed inE. coli in a soluble form without the membrane
anchor, were decreased by 30-80 mV, which could be
expected to cause a measurable increase in the rate of
oxidation if electron transfer is rate-limiting in the oxidation
of cyt f by PC. That is, if (i) the reorganization energyλ )
1.0 eV, a typical value for protein systems (35, 36), and (ii)
the Em of plastocyanin is+ 0.42 V (37), and the∆Em )
Em(PC) - Em(cyt f) ) 106, 78, 75, and 126 mV, respec-

Table 3: Midpoint Potentials and Spectral Maxima of Chemical Difference Spectra (R-Band) and Absolute Spectra (Soret-Band) of Wild-Type
and Mutant Cytochromesf a

Soret band,λmax (nm)

cyt f
t1/2, reduction

(ms)
Em (mV)b R-band

λmax (nm)
reduced

state
oxidized

state

wild type 6( 2 (n ) 7) 373( 3 (n ) 2)c 554.1( 0.2 421.1( 0.2 410.0( 0.4
N168Q 14( 4 (n ) 5) 314( 3 (n ) 3) 553.6( 0.2 421.3( 0.2 409.5( 0.4
N153Q 27( 8 (n ) 4) 342( 3 (n ) 3) 555.0( 0.2 (549)d 420.7( 0.2 407.0( 0.4
Q158N 29( 9 (n ) 6) 345( 4 (n ) 2) 553.6( 0.2 421.0( 0.2 408.6( 0.4
Q158L 38( 10 (n ) 7) 294( 6 (n ) 2) 553.7( 0.2 420.6( 0.2 (400, 408)d 407.6( 0.4

a Cytochromef expressed inE. coli. b Measured versus H2 electrode at pH 7.0.c n, number of experiments.d Major secondary peaks in parentheses.

FIGURE 6: Chemical difference spectra of (A) theR-band [1, WT;
2, N153Q; 3, Q158N; 4, Q158L; reductant was ascorbate, and
oxidant was potassium ferricyanide] and (B) absolute spectra in
the Soret region [1, WT; 2, N153Q; 3, Q158N; 4, Q158L] of the
reduced soluble forms of wild type and three mutants of cytochrome
f expressed inE. coli.
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tively, for the mutants N168Q, N153Q, Q158N, and Q158L,
then the rates of cytf oxidation by plastocyanin, according
to Marcus (38), should be larger relative to wild type by
factors of 3, 1.7, 1.7, and 4.2, respectively. From this
consideration, cytf oxidation monitored spectroscopically
in vivo may not be limited by the electron-transfer reaction,
and thet1/2 for electron transfer between wild-type cytf and
plastocyanin may occur on a faster time scale than the
observedt1/2 ∼200-250 µs. The limiting processes could
be the release of plastocyanin from PSI or its diffusion
between PSI andb6f. The absence of an increase in the rate
of oxidation of cytf was also observed with cytf N-terminal
mutant P2V (8), whoset1/2 ) 40 ms for reduction.

4. Nonconcerted Reduction of Cytochromes b6 and f in
Water Chain Mutants.An equal rate of reduction, that is,
“concerted reduction”, of cytochromesf andb6 in the high-
and low-potential branches of the oxidative pathway of
plastoquinol is generally believed to provide basic evidence
in support of a “Q cycle” mechanism and pathway (39). In
the water chain mutants, the rate of cytb6 reduction (t1/2 )
4.7-6.3 ms) was not significantly changed (Table 2).
However, the rate of cytf reduction decreased from that
characterized by at1/2 ) 6 ms in the wild type to 27-29 ms
in two of the three mutants involving the conservative NT
Q changes. In the third conservative mutant, Asn168f Gln,
at a site farther from the heme (Figure 1B), the reductive
half-time was 14 ms, and in the nonconservatively altered
Gln158 f Leu mutant, it was approximately 38 ms. In
general, it appears that a greater retardation in cytf reduction
occurs in mutants for which hydrogen-bonding of waters
close to the heme is perturbed. In all of the water chain
mutants, the reduction of cytb6 precedes that of cytf. A
2-fold faster reduction of cytb6 relative to cyt f had
previously been observed in chloroplasts (26), and a 3-4-
fold faster reduction of cytochromesc andc1 compared to
cyt b has been reported in the absence of antimycin A in
chromatophores ofRb. capsulatus(40).

5. The Sequence of PQH2 Deprotonation and Oxidation
EVents.Because the midpoint potential (Em) for oxidation
of quinol to the anionic quinol is much too positive [Em >
+900 mV; ref41] to allow reduction of the components of
the electron transport chain, the initial event in quinol
oxidation by thebc1 or b6f complexes must be quinol
deprotonation (42). Quinol deprotonation has been inferred
to be the rate-limiting step in quinol oxidation by the
mitochondrialbc1 complex (43). For the plastoquinol couple,

the pK ) 10.8 was assumed to be that of the trimethylhy-
droquinone couple (44). If rate-limiting, the half-time for
this event in wild-typeb6f complex ofC. reinhardtii is e5-6
ms, the half-time for reduction of cytochromeb6 or f. The
first functional reductant that is generated is the anionic
quinol, PQH-, whose midpoint potential,Em ) + 240 mV,
for the transfer of the first electron,

has been calculated from the three pK values associated with
the pathways of quinol deprotonation and its dismutation
constant, all measured in alcohol solutions (16, 44). If the

extrapolation of pK andEm data from alcohol solutions to
membranes is accurate, then theEm of this reaction is
thermodynamically appropriate for PQH- to serve as the
reductant for the ISP (Em7 ∼ +0.30 V; ref45) and its electron
acceptor, cytf (Em ) 0. 37 V for the wild type) in the high-
potential chain.

A plausible sequence of the subsequent electron-transfer
events from the anionic quinol and the anionic semiquinone,
respectively, to the electron acceptors in the high- and low-
potential chains, the ISP in the high-potential chain, and the
hemebp of the cytochromeb subunit in the low-potential
chain, would be

The subsequent electron-transfer events from hemebp will
not be discussed here.

The high-resolution structures of the lumen side of the
ISP from thebc1 complex in bovine mitochondria (46) and
the b6f complex in spinach chloroplasts (47) indicate that
the two histidine ligands to the [2Fe-2S] cluster are posi-
tioned close to the membrane surface and are likely acceptors
for an H+ donated by the quinol.

Eq 5(a,b) describes electron transfer from the ISP to cyt
f for the case of the proton bound to the ISP being transferred
(a) to the bulk aqueous (H2O) phase, or (b) to protonable
group(s) on cytf and its internal water chain.

The proton in the internal water chain of cytf would
ultimately be transferred to the bulk aqueous phase while
coupled to intraprotein electron transfer from cytf to PC
(eq 5c).

The above logic and set of reactions, compatible with the
major tenets of the Q cycle, imply that it is the ISPf cyt f
electron-transfer event (eq 5b) that is inhibited in the water
chain mutants. The inhibition would occur if the transfer of
electrons and protons to cytf is coupled, and proton transfer
is impeded by perturbation of the cytf water chain.

The proton released in the initial deprotonation of PQH2

(eq 1 above) does not have a physical connection with the
cyt f water chain, and its pathway and time course of release
are not affected in the cytf mutants. This implies that the
two protons associated with oxidation of PQH2 have different
pathways of transfer to thep-side aqueous phase.

The above description of the sequence of electron- and
proton-transfer events is more or less conventional in a Q
cycle context, except for the inference of proton-coupled
electron transfer between the Rieske protein and cytf. This
description does not, however, account for a faster reduction
of the low-potential chain under the initial conditions that

PQH- + ISP(ox)f PQ• + ISP(red)‚H+ (3)

PQ• + cyt bp(ox) f PQ+ cyt bp(red) (4)

ISP(red)‚H+ + cyt f(ox) f ISP(ox)+ cyt f(red)+ H+

(bulk H2O) (5a)

ISP(red)‚H+ + cyt f(ox) f ISP(ox)+ cyt f(red)‚H+

(internal H2O) (5b)

cyt f(red)‚H+(internal H2O) + PC(ox)f cyt f(ox) + H+

(bulk H2O) + PC(red) (5c)

PQH2 f PQH- + H+ (1)

PQH- f PQH• + e- (2)
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exist in the experiment: cytf-PC-P700 reduced; first electron
transfer is the creation of a hole, P700+. The subsequent
electron transfer through the high-potential chain could not
create an active deprotonated or oxidized quinone species
without a delay of 15-40 ms in the mutants.

Therefore, the faster reduction of cytb6 requires (i) that a
fast signal, presumably cytf oxidation, would initiate
deprotonation of PQH2. On the basis of the structure of the
mitochondrialbc1 complex (48-50), cyt f oxidation could
cause the ISP to move to the quinol binding site, thus altering
its environment, pK, andEm. (ii) PQH- would transfer an
electron to the ISP, which would have to be oxidized in the
dark. (iii) The PQH- f ISP electron transfer would have to
be faster than that from ISP to cytf.

If the ISP is reduced in the dark before the flash, then the
only ways to explain the faster reduction of cytb6 are the
following: (i) the bound quinone species in the Qp niche is
not PQH2 but PQ•; or (ii) PQH- is the reductant for the low-
potential chain (“deprotonation-induced reduction”). Whether
the ISP is oxidized or reduced in the dark, the initial
deprotonation and/or electron transfer requires a triggered
signal, presumably from cytf oxidation.

6. ISPf cyt f electron transfer.Theket for cyt f reduction
in the most inhibited mutant is approximately 20 s-1. ket for
the ISPf cyt c1 has been estimated to be∼105 s-1 (51).
Thus, if ISPf cyt f has a similarket in the wild type, the
inhibition of the ISPf cyt f electron-transfer rate in the
mutants relative to the wild type would be a factor of about
5 × 103. The extent of this inhibition is far greater than that
which is calculated (factors of 2.9, 1.8, 1.7, and 4.3 for the
mutants N168Q, N153Q, Q158N, and Q158L, respectively)
from “Marcus theory” (38) using a value for the reorganiza-
tion energyλ ) 1.0 eV, and the 30-80 mV decrease inEm

in the mutants (Table 3). We note that, because a reduction
of cyt b faster than that of cytf and cytc1 has been observed
in spinach chloroplasts (26) and bacterial chromatophores
(40), respectively, theket for the ISPf cyt f and cytc1 may
be significantly smaller than the value of 105 s-1, inferred
from a ket ) 4 × 103 s-1 for oxidation measured in the
presence of inhibitors (51).

7. Kinetics of the Slow Electrochromic Band Shift in the
Mutants. The additional kinetic data from the cytf mutants
that bear on the sequence of charge-transfer events through
the b6f complex are those for the slow electrochromic or
carotenoid band shift that reflects the membrane potential
(∆ψ) and/or local electrical fields that arise from uncom-
pensated charge transfer through theb6f complex. The rate
of generation of the slow electrochromic band shift was
decreased by a factor of 2 in the conservative mutants, from
a half-time of 6 ms to approximately 12 ms, and to 18 ms in
the nonconservative but phototrophic Gln158f Leu mutant
(Table 2). The∆ψs in the b6f complex has been attributed
to (a) trans-membrane electron transfer from thep- to the
n-side of the membrane (26, 52), with a major component
arising from interheme transfer between hemebp andbn of
the cyt b6 subunit of mitochondria, chromatophores, and
chloroplasts, and (b) ton f p-side proton transfer (40, 53,
54). In the present case, the decrease in the rate of∆ψs

generation in the mutants is attributed to a retardation of H+

transfer because the mutants display no significant change
in the rate of reduction of cytb6 (Figure 5; Table 2).

8. Electrogenic Nature of the Proton Transfer from Quinol
to Cytochrome f; Role of the Internal Water Chain in Charge
Transfer.From the absence of inhibition of cytb6 reduction
in the mutants, it is inferred that the retardation of the slow
electrochromic phase in the mutants is a consequence of an
effect on H+ transfer. It has previously been inferred that
all or most of the slow electrogenic reaction is due to
electrogenic H+ transfer (15, 54). Then, the retardation of
the slow electrochromic phase in the cytf water chain
mutants implies that the effect on∆ψs is a consequence of
a decrease in the rate of H+ transfer from PQH- to cyt f (eq
5a,b above), and that the H2O chain of cytf is intimately
involved in the pathway ofp-side H+ transfer. It should be
noted that the slow H+ transfer step has to occur late in the
sequence of charge-transfer events in theb6f complex because
it cannot limit the reduction of cytb6, whose rate remains
unchanged relative to that of the wild type. The fact that the
retardation in∆ψs is approximately half of that of cytf
reduction may be explained by only one of the two H+ from
PQH2 being released into a dielectrically responsive environ-
ment. It is noted that a structural question in this model is
whether the ISP-cyt f complex can include an environment
of sufficiently low dielectric constant that uncompensated
charge transfer can be electrogenic. This depends on the
density of packing of these proteins and neighboring peptide
segments at the membrane surface and on the freedom of
movement of the ISP in the bulk H2O phase.

In summary, the electron-transfer events that occur in the
b6f complex of the cytf “water chain mutants” show a
nonclassical pattern that differs from the concerted reduction
of cytochromesf and b6 associated with the Q cycle. The
retarded electron transfer in cytf is attributed to inhibition
of coupled proton transfer through the perturbed water chain.
Because the altered electron-transfer kinetics are attributed
to the ISPf cyt f transfer step, the nonconcerted transfer
does not necessarily violate the basic tenets of the Q cycle
mechanism.
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