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ABSTRACT: Basic amino acid side chains situated in active sites may mediate critical proton transfers
during an enzymatic catalytic cycle. In the case of photosynthetic water oxidation, a strong base is postulated
to facilitate the deprotonation of the active site Mn4-Ca cluster, thereby allowing the otherwise
thermodynamically constrained transfer of an electron away from the Mn4-Ca cluster to the oxidized
redox active tyrosine radical, YZ•, generated by photosynthetic charge separation. Arginine 357 of the
CP43 polypeptide may be located in the second coordination shell of the O2-evolving Mn4-Ca cluster of
photosystem II (PSII) according to current structural models. An ostensibly conservative substitution
mutation, CP43-357K, was investigated using polarographic and fluorescence techniques in evaluating
its potential impact on S-state cycling. Cells containing the CP43-357K mutation lost their capacity for
autotrophic growth and exhibited a drastic reduction in O2 evolving activity (∼15% of that of the wild
type) despite the fact that mutant cells contained more than 80% of the concentration of charge-separating
PSII reaction centers and more than half of these contained photooxidizable Mn. Fluorescence kinetics
indicated that acceptor side electron transfer, dominated by the transfer of electrons from QA

- to QB, was
unaffected, but the fraction of centers containing Mn clusters capable of forming the S2 state was reduced
to ∼40% of that of the wild type. Analysis of O2 yields using a bare platinum electrode indicated a severe
defect in the S-state cycling properties of the mutant H2O oxidation complexes. Although O2 evolution
was delayed to the third flash during a train of single-turnover saturating flashes, the pattern of O2 emission
did not exhibit a discernible periodicity indicating a very high miss factor, which was estimated to be
∼45% compared to the wild-type value of∼10%. On the other hand, the multiflash fluorescence
measurements indicate that the yield of formation of the S2 state from S1 is diminished by∼20%, although
this latter estimate is complicated by the presence of damaged PSII centers. Taken together, the experiments
indicate that the high miss factor observed during S-state cycling is likely due to a defect in the higher
S-state transitions. These results are discussed in relation to the idea that CP43-R357 may serve as a
ligand to bicarbonate or as the catalytic base proposed to mediate proton-coupled electron transfer (PCET)
in the higher S states of the catalytic cycle of H2O oxidation.

The light-driven extraction of hydrogen atoms from
substrate water molecules is the signature catalytic feature

of oxygenic photosynthesis and is catalyzed by the H2O
oxidation complex (WOC)1 of photosystem II (PSII). This
thermodynamically difficult process is further complicated
by the fact that the full oxidation of water, with the
concomitant liberation of molecular oxygen, is a four-
electron, four-proton process, whereas oxidizing power
produced at the photochemical reaction center is univalent,
occurring one electron per charge separation. On the basis
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of the observation that the yield of oxygen oscillates with a
periodicity of 4 when dark-adapted samples are exposed to
a train of brief (<10 µs) saturating flashes (1), Kok and co-
workers developed a model of the catalytic cycle involving
the sequential accumulation of four oxidizing equivalents
prior to the release of dioxygen (2). The catalytic cycle of
the H2O oxidation complex most basically consists of a
sequence of oxidation states, termed S states, designated S0-
S4. The S1 state predominates in dark-adapted samples,
accounting for maximal yields occurring on the third flash,
the S4 state being a hypothesized transient state preceding
dioxygen bond formation. A metal cluster consisting of four
Mn molecules and one Ca (Mn4-Ca) is involved in this
accumulation of oxidizing equivalents due to light-induced
electron transfer reactions within PSII (for reviews, see refs
3-6).

The three-dimensional structure of theThermosynecho-
coccus elongatusPSII complex has been determined up to
3.0 Å resolution (7-10) using X-ray diffraction, although
the likelihood of radiation damage to Mn4-Ca during data
collection has raised questions about the actual structure of
Mn4-Ca (11-13). The cofactors involved in light-induced
primary charge separation in the PSII reaction center are
coordinated by the hetrodimeric D1 and D2 polypeptides,
including the primary electron donor, P680, and the early
acceptor, PheoD1, a pheophytin, and plastoquinone secondary
acceptors, QA and QB (reviewed in ref14). The D1-D2
heterodimer is surrounded by a number of intrinsic and
extrinsic polypeptides, most notably for this discussion, the
CP43 and CP47 chlorophyll proteins, which serve as
proximal light-harvesting antennae to the reaction center and,
in the case of CP43, provide key amino acid side chains to
the active site of the WOC (see below). Photochemical
charge separation involves the rapid formation of the
P680+PheoD1

- radical pair with the subsequent transfer of
the electron from PheoD1

- to the nonexchangeable plasto-
quinone, QA

-, all occurring in<1 µs. The charge-separated
state is further stabilized when QA

- transfers its electron to
an exchangeable plastoquinone QB, which occurs on a time
scale of hundreds of microseconds. In its doubly reduced
and protonated form, this plastoquinone diffuses from the
QB binding site into the lipid bilayer to interact with, and
become oxidized by, the remainder of the electron transport
chain. Photooxidized primary donor, P680+, is re-reduced
in <1 µs by the redox active tyrosine, YZ, of the D1 protein.
YZ forms the interface between the four-oxidizing equivalent
accumulating capacity of Mn4-Ca and the univalent oxidiz-
ing power of the photochemical reaction center (15).

One of the important findings of the recent X-ray crystal-
lographic analyses of theThermosynechococcusPSII reaction
centers was the identification of residues participating in the
formation of the WOC that are part of the large lumenal
e-loop connecting transmembrane helices 5 and 6 of CP43.

These findings are consistent with earlier site-directed
mutagenesis studies that had highlighted the functional
importance of basic and acidic residues located within the
CP43 e-loop (16, 17). According to current structural models,
coordination of Mn4-Ca involves several amino acids of
the D1 polypeptide as well as glutamate 354 of the CP43
polypeptide (CP43-E354). These assignments, however, need
to be treated with due caution because (1) the resolution of
the crystallographic data remains above 3 Å and (2) the
above-mentioned damage to Mn4-Ca (11-13) is likely to
cause dislocations of the amino acid ligands as well as the
cluster itself. Nevertheless, ligation of Mn by CP43-E354 is
consistent with the observation that the mutation of the
equivalent residue to glutamine (CP43-E354Q)2 in the genetic
model, Synechocystissp. PCC6803, results in severely
impaired O2 evolving activity (17). Nearby, in the second
coordination sphere of Mn4-Ca in the structure models, is
arginine 357 (CP43-R357), which has been strictly conserved
during the evolution of PSII, suggesting an important
function within the WOC (18). As shown in Figure 1, the
model of Loll et al. (9) places the guanidinium N atom of
CP43-Arg357 approximately 3 Å from the carboxylate O
atom of D1-Asp170, the critical high-affinity site residue.
Indeed, mutation of this residue to a serine (CP43-R357S)
results in a severe decrease in O2 evolving activity (16),

1 Abbreviations: CP43, chlorophyll protein subunit of the PSII
complex encoded by thepsbCgene; D1, reaction center protein encoded
by thepsbAgene; DCBQ, 2,6-dichlorobenzoquinone; EDTA, (ethyl-
enedinitrilo)tetraacetic acid; Hepes, 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid; HBG-11, normal BG-11 growth medium buffered
with Hepes-NaOH (pH 8); LED, light-emitting diode; Mn4-Ca, metal
cluster functioning in H2O oxidation; PCET, proton-coupled electron
transfer; PSII, photosystem II; WOC, H2O oxidation complex of PSII;
XRD, X-ray diffraction; YZ, redox active tyrosine of the D1 protein
acting as a secondary electron donor of the reaction center.

2 Because of differences in the length and numbering of the amino
acid sequence of the CP43 protein structurally resolved fromThermo-
synechoccusPSII and CP43 found in the genetic modelSynechocystis
sp. PCC6803, the amino acid sequence number designations of
structural equivalent amino acids do not match. The designations of
ThermosynechoccusCP43 will be used for the mutations at the
equivalent positions inSynechocystisstrains used in this study.
Specifically, the CP43-E354 and CP43-R357 nomenclature of the three-
dimensional structure has been used for the mutant strains with CP43-
E339 and CP43-R342 substitutions of theSynechocystisstrains used
here.

FIGURE 1: CP43-Arg357 environment within the PSII H2O oxida-
tion complex. Red circles with numbers represent the four Mn atoms
of the cluster (but see ref11). The image was made using the
coordinates deposited in the Protein Data Bank (2AXT) by Loll et
al. (9). Dashed lines indicate distances in angstroms. Note that the
CP43-Arg357 guanidinium N atom is∼3 Å from the carboxylate
O atom of high-affinity Mn site residue D1-Asp170 and∼3.5 Å
from the mature D1 terminal carboxyl moiety essential for the
formation of the metal cluster.
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including a marked increase in the miss factor (19). This
arginine was proposed to coordinate a bicarbonate anion near
Mn4-Ca and be responsible for the activation of its assembly
and catalytic activity (19-21). In principle, the binding of
the bicarbonate anion to CP43-R357 could also provide an
alternate means of ligating a metal atom of Mn4-Ca
considering that in the transferrin family of Fe-binding
proteins, a strongly conserved arginine mediates the binding
of the transition metal by binding and positioning a bicar-
bonate anion, which, in turn, acts one of the direct ligands
to the coordinated Fe (22). Alternatively, CP43-R357 may
mediate chloride binding, consistent with recent EXAFS
results (23) and the hypothesis that the anion is involved in
the positioning of substrate water. Finally, CP43-R357 has
been proposed to serve as a catalytic base functioning to
extract protons directly from substrate water (24, 25). The
action of such a catalytic base was originally predicted by
Krishtalik, considering the relatively small driving force
associated with the oxidation of H2O by P680+ (26). Time-
resolved X-ray studies monitoring the redox state of Mn4-
Ca revealed a 200µs lag initiating the O2-yielding S3-[S4]-
S0 transition (24). The lag was discussed in terms of a
deprotonation of a catalytic base, perhaps CP43-R357, with
the actual loss of the proton being the electrostatic result of
the positive charge developing in the vicinity of YZ due to
its oxidation by P680+. CP43-R357 also figures in related
arguments concerning whether electron transfer is coupled
to proton transfer [proton-coupled electron transfer (PCET)],
where it is suggested that Mn oxidation during the S2-S3

and S3-S0 transitions, but not the S0-S1 and S1-S2

transitions, requires deprotonation of a Mn4-Ca proximal
base (mix-mode PCET) (24, 25, 27). In this report, we further
investigate the role of CP43 position 357, analyzing the lysine
substitution mutation, CP43-357K, using polarographic and
fluorescence techniques. In the case of the bicarbonate-
coordinating arginine found in transferrins, substitutions with
lysine are tolerated, and the mutant is able to bind iron,
although release of iron is moderately faster (28). Although
the substitution of the arginine with a lysine is apparently a
more conservative mutation than the serine substitution, its
effect appears to be as severe as that of the previously
investigated CP43-R357S (16, 19). Analysis of the mutant
S-state cycling characteristics shows that while the mutation
is likely to have a strong impact on the ability of Mn4-Ca
to advance through the higher S states, the transition
probability of the S1-S2 transition is already deeply impaired.

MATERIALS AND METHODS

Strains and Growth Conditions. The naturally transform-
able, glucose-utilizing strain ofSynechocystissp. PCC6803
and the mutant derivatives were maintained on solid agar
and in liquid BG-11 medium buffered with 20 mM HEPES-
NaOH (pH 8.0) (HBG-11) supplemented with 5 mM glucose
and 10µM DCMU (29-34). Experimental cultures were
grown in HBG-11 with 5 mM glucose and under a PFD
(photon flux density) of∼70 µmol m-2 s-1 at 30 °C with
bubbling with filter-sterilized air enriched with 3% CO2.
Light intensity measurements were made with a LiCor
(Lincoln, NE) sensor. The CP43-R357K mutation was
constructed in thepsbCgene and transformed into a host
strain ofSynechocystisthat lacks the large extrinsic loop of
CP43 and contains a hexahistidine tag (His tag) fused to the

C-terminus of CP47 (35). Construction of mutations in the
large extrinsic loop of CP43 is similar to that described
previously (36). The similarly hexahistidine-tagged strain
designated HT-3 (37) is identical to the wild type, apart from
the His tag on CP47, and has kinetic properties indistinguish-
able from those of the wild type (38). It was also noticed
that liquid cultures of CP43-R357K exhibited considerable
variability in the content of PSII (assayed as variable
fluorescence) depending upon the age of the culture and the
fact that the highest PSII activities were obtained from mid-
log phase cultures (OD750 ∼ 1.2). All preparations were
therefore obtained from cells harvested during this phase.

Isolation of Thylakoid Membranes. Thylakoid membranes
were isolated using previously described procedures (29, 30,
32, 33). Harvested cells were pelleted by centrifugation (5
min at 8000g), suspended in a buffer containing 50 mM
MES-NaOH (pH 6.0), 1.2 M betaine, 10% (v/v) glycerol, 5
mM CaCl2, 5 mM MgCl2, 1 mM benzamidine, 1 mM
ε-amino-n-caproic acid, 1 mM phenylmethanesulfonyl fluo-
ride, and then broken by nine cycles (10 s on and 5 min off)
in a glass bead homogenizer (Bead-Beater, BioSpec Products,
Bartlesville, OK). Unbroken cells and debris were removed
by centrifugation, and the supernatant material containing
thylakoid membranes was centrifuged (20 min at 40 000 rpm
in a Beckman 70Ti rotor) to collect the thylakoids, which
were then resuspended to a concentration of 1.0-1.5 mg of
Chl/mL in a buffer containing 50 mM MES-NaOH (pH 6.0),
1.2 M betaine, 10% (v/v) glycerol, 20 mM CaCl2, and 5 mM
MgCl2. The concentrated thylakoid membranes were flash-
frozen as 0.5 mL aliquots in liquid nitrogen and stored at
-80 °C until they were used.

Flash O2 Yield and Kinetic Measurements. Flash O2 yields
were performed using a bare platinum electrode that permits
the centrifugal deposition of samples upon the electrode
surface (39), as described previously (31, 40). For each
measurement, membrane samples containing 2µg of Chl in
400 µL of a buffer consisting of 50 mM MES-NaOH, 10
mM CaCl2, 5 mM MgCl2, and 800 mM sucrose (pH 6.5)
were centrifugally deposited at 16400g for 10 min onto the
platinum surface of the electrode in a Sorvall HB-4 swing-
out rotor. The buffer was supplemented with 250 mM NaCl
to increase the electrical conductivity to better resolve the
rise kinetic corresponding to oxygen release during the S0-
[S4]-S0 transition in experiments attempting to resolve the
dioxygen release kinetics and 100 mM NaCl for experiments
focusing on flash yield patterns in dark-adapted samples.
Samples were generally given a sequence of 20 saturating
xenon preflashes (6µs, full width at half-maximal intensity)
and then dark-adapted for 10 min prior to the initiation of
the measurement of O2 signals in response to a train of
saturating xenon flashes. For some experiments, samples
were extensively dark adapted (>2 h) as indicated in the
text. Polarization of the electrode (0.73 V) was initiated 20
s before the initiation of data acquisition (10 points per ms),
and the flash sequence (19 flashes at a frequency of 4 Hz)
was initiated 333 ms after that. The polarographic amplifier
response time is approximately 100µs. Timing of the flash
points relative to the O2 signals and instrument response time
was verified by separate trials by allowing exposure of the
silver electrode and using the photoelectric signal resulting
from the xenon flash impinging it. Analysis of the oscillatory
pattern of release of O2 from dark-adapted samples subject
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to a train of flashes was performed assuming a four-state
model (35, 41-43). To obtain better a signal-to-noise ratio
for analysis of the rise kinetic due to oxygen release during
the S0-[S4]-S0 transition, 40 individual signals were aver-
aged.

Quantification of PSII and Measurements of Fluorescence
Kinetics. Measurements of variable fluorescence yields were
performed with a double-modulation kinetic chlorophyll
fluorometer fitted with a second actinic flash illumination
source (PSI Instruments, Brno, Czech Republic). Cells from
the mid-log growth phase were kept under dim light on a
shaker at 200 rpm before being used for experiments and
diluted to 5µg of Chl/mL for measurements. Fluorescence
kinetics were assayed using variations of the standard
instrument settings that sample the low-fluorescence F0 state
in dark-adapted samples by probing fluorescence yield with
four measuring pulses followed 200µs later by a 30µs
saturating actinic flash, followed by a sequence of measuring
pulses beginning 50µs after the actinic flash. PSII has a
high fluorescent yield when it is in the P680QA

- state, which
is formed when P680 absorbs a photon of light and donates
an electron to QA. Without inhibitors, the principal compo-
nent of decay of this state is due to the oxidation of QA

- by
a plastoquinone in the QB site. When DCMU blocks the
transfer of electrons from QA- to QB, this causes P680 QA-

to persist until the electron recombines with oxidants on the
donor side, which in the case of the intact enzyme is
principally the S2 state of Mn4-Ca. The total variable
fluorescence was evaluated with the relationFv ) (Ft - F0)/
F0, whereFt is the fluorescence at timet andF0 is the lowest
level of fluorescence yield obtained as the average yield of
a sequence of four weak measuring flashes applied before
the first saturating flash. Analysis of the kinetic components
of the fluorescence decay was performed according to ref
44 except that a correction for exciton sharing between
centers was not applied (44, 45). However, the flashes were
oversaturating, helping to ensure all centers advanced in
multiflash experiments, but this resulted in a relative increase
in the observed rates of decay (45).

Estimation of the concentration of charge-separating PSII
centers was performed essentially as described previously
(39, 46). The cells were incubated in the dark for 5 min with
300µM DCBQ and 300µM KFeCN to oxidize any residual
QA

-. DCMU was then added to a concentration of 20µM
and the mixture allowed to incubate for 1 min, and then 10
mM hydroxylamine was added. Measurement of variable
fluorescence was initiated several seconds after the hydroxyl-
amine was added by applying 30 saturating actinic flashes

(20 Hz), with the fluorescence yield being sampled after each
flash.

RESULTS

Growth and Oxygen EVolution Characteristics. The func-
tion of strictly conserved (18) CP43-R357 was explored by
the construction and analysis of the ostensibly conservative
Arg to Lys substitution, CP43-R357K. While this mutation
was hypothesized to provide an intermediate impact upon
H2O oxidation activity compared to the CP43-R357S (16)
mutant and the wild type, the Arg to Lys substitution actually
proved to have an impact nearly as severe as that of the
chemically more disparate Arg to Ser substitution (16, 19).
Like the CP43-R357S cells, CP43-R357K cells were inca-
pable of autotrophic growth, and the light-saturated, steady-
state O2 evolving activity of CP43-R357K cells was highly
depressed. Additions of higher concentrations of chloride and
calcium in the culture medium did not restore the capacity
for autotrophic growth. Maximal rates of O2 evolution were
approximately 130µmol of O2 (mg of Chl)-1 h-1 for CP43-
R357K compared to 710µmol of O2 (µg of Chl)-1 h-1 for
wild-type cells grown under similar conditions (Table 1).
The disparity between the wild type and the mutant was
somewhat greater in isolated membranes, indicating the
mutation causes a slight decrease in stability, presumably
of the WOC, during preparation of the membranes.

To evaluate whether this severe depression in the maximal
rate of O2 evolution corresponded to a decline in the cellular
content of PSII, the fraction of charge-separating PSII centers
relative to the wild type was assayed by measuring variable
fluorescence in the presence of the artificial PSII electron
donor, hydroxylamine (39, 46). This assay measures the
relative concentration of PSII centers capable of transferring
electrons from the PSII donor side to the plastoquinone at
the QA site, and this concentration has been shown to
correlate with the concentration of PSII herbicide-binding
sites assayed using radiolabeled [14C]DCMU (46). In contrast
to the severe depression in the maximal rate of O2 evolution,
the content of assembled, charge-separating PSII centers was
more than 80% of that of the wild type. Therefore, it is
evident that the CP43-R357K mutation does not greatly
weaken the ability to assemble photochemically active PSII
reaction centers but instead severely impairs the capacity to
sustain H2O oxidation activity in the PSII centers that are
capable of charge separation.

The fraction of charge-separating centers with bound
photooxidizable Mn was estimated using an assay that relies
upon the accumulation of QA- during exposure to saturating

Table 1: Characterization of Wild-Type and CP43-R357K MutantSynechocystissp. PCC6803a

oxygen evolutionb

[µmol of O2
• (mg of Chl)-1 h-1 (% of wt)]

strain cells membranes

relative PSII content assayed
as the maximum variable
fluorescencec (% of wt)

fraction of PSII centers
containing photooxidizable Mnd

wild type 710 (100) 690 (100) 0.72 (100) >98%
CP43-R357K 130 (18) 110 (15) 0.59 (82) 58%
a All the data are the average of three or more measurements, and standard deviations do not exceed 10%.b Oxygen evolution in cells was

assessed at a chlorophyll concentration of 6.25µg/mL in HN buffer [10 mM Hepes-NaOH and 30 mM NaCl (pH 7.2)] with the addition of 750
µM DCBQ and 2 mM K3Fe(CN)6. Rates of membranes were measured in a buffer consisting of 50 mM MES-NaOH, 10 mM CaCl2, 5 mM MgCl2,
and 800 mM sucrose (pH 6.5).c The relative PSII content was estimated from the yield of variable chlorophylla fluorescence (Fmax - F0)/F0.
Measurements were taken in the presence of 20 mM hydroxylamine and 20µM DCMU, according to the methods of Nixon and Diner (39) and Chu
et al. (46). d Estimated from the rate of accumulation of QA

- under strong illumination and in the presence of DCMU (46).

11990 Biochemistry, Vol. 46, No. 43, 2007 Accelerated Publications



continuous illumination based on the principal that centers
containing photooxidizable Mn will not accumulate QA

- as
a result of donation by secondary PSII donors that compete
with bound Mn for the reduction of P680+ (46). As shown
in the last column of Table 1, more than half (58%) of the
charge-separating PSII centers are estimated to contain
photooxidizable Mn. While this number can be considered
only approximate for a variety of reasons (46, 47), one can
conclude that the CP43-R357K mutation causes a substantial
fraction of centers to lack photooxidizable Mn in vivo, yet
this fraction is probably too small to account the very low
rates of O2 evolving activity in the mutant. The relative
content of charge-separating centers (∼80%) and the fraction
of charge-separating centers containing photooxidizable Mn
(∼55%) allow us to estimate that the mutant has ap-
proximately 45% of the centers with photooxidizable Mn
compared to the wild type. Therefore, the low O2 evolving
activity in the mutant (<20% of that of the wild type) is
probably due to either (1) a large fraction of centers with
photooxidizable Mn that cannot catalyze O2 evolution or (2)
a population of centers containing assembled Mn4-Ca but
which are very impaired in terms of their intrinsic rate or
quantum efficiency of catalytic turnover.

Fluorescence Measurements. To evaluate the basis of the
greatly reduced steady-state H2O oxidation activity in PSII
of CP43-R357K, the properties of the electron acceptor and
donor sides of the mutant reaction centers were investigated
by assessing the relaxation of flash-induced variable fluo-
rescence. Illumination of dark-adapted samples by a single
saturating flash results in the rapid formation of QA

- and an
oxidized donor side of PSII, wherein the oxidant is trans-
ferred from P680+ to secondary donors, principally YZ and
Mn4-Ca in the intact wild-type system. The dark-adapted
samples are in a low-fluorescence yield state corresponding
to the YZP680QA state. Application of a saturating actinic
flash rapidly forms the low-fluorescence YZP680+QA

- state.
Due to limitations in the time resolution of the fluorescence
kinetics instrument, the subsequent rapid reduction of P680+

by YZ is not resolved and the first time point, occurring 50
µs after the saturating actinic flash, mainly captures the
highly fluorescent P680QA- state. Consequently, this initial
50 µs sampling time point generally returns the highest
fluorescence yield value of the entire kinetic trace, and the
remainder of the fluorescence transient is a multicomponent
decay that corresponds to the reoxidation of QA

- and re-
formation of the YZP680QA state.

Figure 2A shows typical kinetic traces of the variable
fluorescence of wild-type (O) Synechocystisand the mutant
CP43-R357K (]) in the absence DCMU. In the absence of
DCMU, the principal pathway for reoxidation QA

- is the
forward electron transfer to the QB site. While the amplitude
of the maximal variable fluorescence is diminished in the
mutant to 60-70% of that of the wild type in the absence
of DCMU, the kinetics of decay were not discernibly altered.
Therefore, it is concluded that the CP43-R357K mutation
does not appreciably affect the acceptor side of PSII,
consistent with the donor side location of the mutation;
however, the overall lower amplitude of the signal (∼70%
compared to that of the wild type at the first time point after
the flash) is largely due to the reduced concentration of
charge-separating centers as noted above.

Significant kinetic differences between the mutant and wild
type were, however, observed in the presence of DCMU
where the primary avenue of QA

- reoxidation is recombina-
tion with the oxidant donor side. Figure 2B shows typical
kinetic traces of the flash-induced variable fluorescence of
wild-type (b) Synechocystisand the mutant CP43-R35K ([)
in the presence of DCMU. Fluorescence relaxation in the
wild type is adequately described by assuming two decay
components (44), a fast kinetic phase with a characteristic
time of 1.1 ms and a slower phase with characteristic time
of 450 ms, which have relative amplitudes of 3 and 97%,
respectively. The predominant slower component of decay
corresponds to S2-QA

- charge recombination (44). The
corresponding mutant trace exhibits kinetic features, notably
a prominent fast phase, that are not obvious in the wild type

FIGURE 2: Decay of flash-induced variable fluorescence. Wild-type (circles) and CP43-R35K (diamonds) cells in the absence (A) and
presence of 20µM DCMU (B) were analyzed using a double-modulation kinetic fluorometer. Four weak measuring pulses were applied
at 200µs intervals to measureF0, followed 200µs later by a 30µs saturating actinic flash. The decay of the fluorescence yield was
monitored by a train of weak measuring light pulses (eight per decade of time) starting 50µs after the saturating actinic flash. The highest
fluorescence yield level corresponds to the first sampling (filled symbols in panel A) in the train of weak measuring light pulses in both
samples which occurred at the first time point 50µs after the termination of the saturating flash. Each trace represents the average of three
measurements.
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and indicate that the CP43-R357K mutation results in a
significant modification of the donor side. Analysis of the
decay curve in the mutant indicates contributions consisting
of a 0.9 ms phase with a 41% relative amplitude, a 10 ms
phase (13%), and a slower 370 ms (46%) phase. The
prominent 0.9 and 10 ms fast phases in the mutant are likely
due to rapid recombination between QA

- and P680+ or YZ
+

in centers which fail to advance Mn4-Ca to the S2 state or
which do not have a fully intact donor side, whereas the
slower (370 ms) component of decay is likely to be due to
S2-QA

- charge recombination.
Oxygen Yield Characteristics Using a Bare Platinum

Electrode. To further probe the impaired O2 evolving activity
in CP43-R357K, thylakoid membranes were isolated and
analyzed using a centrifugal bare platinum electrode. The
patterns of flash O2 yield give information about the S-state
cycling kinetics of the WOC and are shown in Figure 3.
After deposition on the electrode surface, membranes were
given a sequence of 19 preflashes, dark-adapted for 10 min,
and then were illuminated by a sequence of saturating, single-
turnover flashes given at a frequency of 4 Hz. The preflash
sequence is given to fully oxidize centers that may populate
the so-called “super-reduced” S-1 and S-2 states, while the
intervening 10 min dark period allows PSII centers to relax
to the S0 and S1 states. It is worth noting that the gain in the
polarographic signal amplifier was set to twice the sensitivity

for the mutant membranes for these measurements. Consid-
ering this, the amplitudes of the O2 signals in the mutants
were diminished to∼10% compared to that of the wild type,
which is roughly consistent with the lower maximal rates of
O2 evolution described above. An effect due to the addition
of bicarbonate reported for CP43-R357S was not observed
for CP43-R357K.

The most striking aspect of the O2 yield measurements
was that the mutant does not exhibit any oscillatory pattern
(Figure 3B,D). The wild type (Figure 3A,C) exhibits a deep
and sustained period four oscillation in O2 yields typical of
the dark-adapted WOC (1, 2, 48). The mutant lacks these
oscillations. While the first major O2 signal in CP43-R357K,
45 min dark-adapted membranes was delayed until the third
flash, its magnitude actually increased on the subsequent
flashes until reaching a steady-state amplitude on the fifth
and six flashes that was maintained throughout the remaining
flash sequence [Figure 3D ([)]. If samples are given 19
preflashes and dark-adapted for 10 min, a relatively small
signal on the second flash in the CP43-R357K trace is
observed [Figure 3D (2)]. The small O2 signal on the second
flash is attributed to centers failing to fully decay to the S0

and S1 states during the intervening 10 min dark period
between the preflashes and the onset of the measuring flash
sequence. It indicates that either the S2 or the S3 state is more
stable than the corresponding state(s) in the wild type, which

FIGURE 3: Flash O2 yields of isolated membranes. Dark-adapted thylakoid membranes that have been centrifugally deposited upon the
surface of a bare platinum electrode were given a sequence of 19 saturating xenon flashes at 4 Hz. Panels A and B are oxygen signals of
mutant and wild-type membranes over 5 s. Panels C and D show an oscillatory pattern of oxygen release as a function of flash number:
wild-type membranes, dark-adapted for 10 min (b); CP43-R357K, dark-adapted for 10 min (2) or dark-adapted for 45 min ([). After
deposition on the electrode surface, membranes were given a sequence of 19 preflashes and dark-adapted for 10 min, and then the measuring
flashes were applied. The gain on the polarographic signal amplifier was set to double the sensitivity for the mutant membranes because
of their smaller signal amplitudes (∼10% of that of the wild type on similar amplifier gain settings). Note that the unfiltered xenon flash
lamp produces an artifactual photoelectric signal from the electrode, resulting in a brief upward deflection on each flash.
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completely relaxes to predominantly a mixture of the centers
in the S0 and S1 state (Table 2) during the 10 min dark period
(1, 2, 48), as previously observed for similarSynechocystis
membrane preparations (31, 49). The delay in the appearance
of the polarographic signals and the dark decay characteristics
suggestive of a stabilized S2 and/or S3 state are consistent
with the signals being due to O2 rather than another species
such as hydrogen peroxide. Furthermore, oxygen evolution
measurements using a Clark-type concentration electrode,
which excludes hydrogen peroxide from the reactive platinum
surface of the electrode, showed no enhancement with the
addition of catalase (not shown), suggesting that the species
released by membranes under illumination truly is oxygen.
On the basis of these considerations, it is also very unlikely
that the gradually developing O2 signal in CP43-R357K is
due to the presence of super-reduced forms of Mn4-Ca and
instead is the result of a very high miss factor, perhaps even
more so than that estimated for CP43-R357S by fluorescence
techniques (19). The absence of oscillations in the pattern
of O2 release in the CP43-R357K mutant made the extraction
of Kok parameters using standard algorithms problematic.
However, assuming a standard initial S-state distribution
similar to the control, an average (homogeneous) miss factor
of 46% was obtained for CP43-R357K (Table 2). Although
this result is tentative due to its reliance on the assumption
on the initial S-state distribution, it fits well with the
gradually developing O2 signal and the absence of discernible
oscillations in O2 yield.

Kinetics of the O2 signals from isolated membranes
deposited as a thin layer on a bare platinum electrode are
shown in Figure 4. We observed that the CP43-R357K
mutant [Figure 4 (s)] exhibits slightly retarded kinetics in
the rise of the O2 signal compared to the wild type [Figure
4 (- - -)]. The rise time of the O2 signal depends on the rate
constant for O2 formation during the S3-[S4]-S0 transition
and the time for diffusion of oxygen through the intervening
buffer to the electrode surface (50). The decay of the signal
depends on the rise kinetics in a characteristic fashion as
discussed previously (50), which explains the slower signal
decay time observed in the mutant compared to the wild type.
Analysis of the rise kinetic of the wild-type signal (31, 51)
yields a half-rise time of 0.9 ms, approximating the rate
previously estimated for the S3-[S4]-S0 transition, and
suggests that the rise kinetic is not limited by diffusion (31,
50-53). This rapid rise kinetic reflects minimization of the
amount of sample deposited to reduce the diffusion path to
the platinum surface and the presence of 250 mM NaCl
ensuring a high conductivity and rapid response in the
electrode system. Similar analysis with the mutant gives a
half-rise time of 4.2 ms, indicating that the CP43-R357K
mutation retards the O2 rise kinetics. The inset of Figure 4

shows an enlargement of the first 4 ms of the O2 signal.
The signals have been normalized to facilitate comparison,
and clearly, the mutant signal is noisy compared to that of
the wild type. Because of the higher level of noise, it is
unclear whether the initial feature seen at the beginning of
the mutant signal rise has any biochemical significance or
is, more likely, an artifact. No delay between the initiation
of the flash (t ) 0) and the onset in the rise of the O2 signal
is detected in the wild type with this system, yet the mutant
appears to have a delay (∼250 µs) in the initiation of the
signal rise.

The very high miss factor during S-state cycling in CP43-
R357K deduced from the absence of any oscillatory O2 yield
behavior in dark-adapted samples under flashing light (Figure
3B,D) could, in principle, be due to any one or all of the
S-state transitions. Since the single-flash fluorescence decay
experiments shown in Figure 2B showed that a single flash
in the presence of DCMU produced an apparent S2 state in
a large fraction of the mutant reaction centers, it is possible
that a still higher yield of that state could be formed by
additional flashes if the quantum yield of the S1-S2 transition
is low (i.e., has a high miss factor). To test this possibility,
essentially the same experiment depicted in Figure 2B was

Table 2: S-State Decay Cycling Parametersa

strain
S-state distribution
[S0/S1/S2/S3 (%)] misses,R hits,â double hits,γ deactivations,δ

O2 signal riseb t1/2,
membranes

wild-type 27/69/2/2a 11% 84% 2% 3% 0.9 ms
CP43-R357K 27/69/2/2c 46% 54% - - 3.2 ms
a Cells were given a series of 20 preflashes prior to the dark period (10 min for the wild type and 20 min for CP43-R357K) preceding the series

of measuring flashes. Numerical analysis of the amplitudes was performed using a four-state model as described previously (41, 43). b Oxygen
signal rise kinetics was estimated from the rising portion of the O2 signal (Figure 4) using the exponential method as described previously (51).
c The absence of discernible oscillations in the pattern of O2 release in the CP43-R357K mutant precluded estimation of the S-state distribution by
fitting; therefore, the values for the wild type were assumed to make an estimate of the miss parameter.

FIGURE 4: Oxygen signals of mutant (s) and wild-type (- - -)
membranes. After deposition on the electrode surface, membranes
were given a sequence of 20 preflashes and dark-adapted for 10
min, and then 40 measuring flashes were applied and the individual
signals compiled from the data set and averaged. Each signal trace
represents the average of 35 individual signals. As in Figure 3, the
gain on the polarographic signal amplifier was set to be twice as
sensitive for the mutant membranes as the wild-type membranes.
The exponential rise times of the depicted signals are given in Table
2. Kinetic analysis of the data was performed according to the
exponential method described by Jursinic and Dennenberg (51).
Signals were collected with the analog amplifier high-pass filter
set to 2000 Hz and then digitally acquired at a rate of 10 points/
ms. A yellow optical filter was used to suppress the photoelectric
artifact. The inset shows that the early part of the O2 signal is
enlarged with the signals being normalized to 1.
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performed, except that a variable number of saturating actinic
flashes were given prior to the measurement of fluorescence
yield decay (Figure 5). The multiple flashes were given 10
ms apart, which is short compared to the decay of the S2

state but long enough to allow rapid reaction center charge
recombination (QA- with either P680+ or YZ

•) in centers
failing to advance from S1 to S2 due to the first flash. Thus,
if the quantum yield is low for the S1-S2 transition, then
application of a second flash should produce a significant
increase in the level of the fluorescence component decaying
with kinetics corresponding to the decay of the S2 state. A
dramatic change in the shape of the decay curve in response
to multiple flashes does not occur in the wild type, although
some enhancement of the slowly decaying component
corresponding to the decay of the S2 state does occur (Figure
5A), consistent with the low miss factor associated with the
S1-S2 transition in wild-type centers (13, 54). As shown for
CP43-R357K in Figure 5B, the relative amplitude of the slow
phase of decay corresponding to the fraction of PSII centers,
tentatively ascribed to the S2QA

- state, was significantly
increased at the expense of the fast components, and the
signal of the slow component saturated at four flashes. On
the basis of the approach to the maximum amplitude of the
slow phase, the miss factor for the S1-S2 transition is
estimated to be∼23%. However, the analysis is complicated
by the heterogeneity of fluorescence kinetics, including the
emergence of an additional very slow (∼10 s) component,
probably due to damaged centers. In contrast, the second
flash applied to wild-type cells only marginally increased
(∼6%) the level of the slow component corresponding to
the S2 state, and the subsequent flashes produced no further
increase in the magnitude of the slow phase. This high-
quantum yield generation of the S2 state is roughly consistent
with the homogeneous (averaged over all S-state transitions)
showing a 12% miss factor estimated from the oscillations
of O2 yield (Table 2) for the wild type and previous estimates
(13, 54).

DISCUSSION

The CP43-R357K mutation produces a severe defect in
the ability of couple charge separation to S-state advancement

despite the fact that it permits fairly high levels of assembled
PSII. Cells containing the CP43-R357K mutation fail to grow
autotrophically and are characterized by a dramatic reduction
in O2 evolving activity (∼15% of that of the wild type)
despite the fact that mutant cells contained more than 80%
of the concentration of charge-separating PSII reaction
centers and more than half of these contained photooxidizable
Mn. Measurement of O2 yields using a bare platinum
electrode indicated a severe defect in the S-state cycling
properties of the mutant H2O oxidation complexes evidenced
by the gradual development of an O2 signal and the absence
of oscillations in O2 yield under flashing light. These results
are best explained by an overall increase in miss factor
averaged over all the S states that is clearly very large, with
the average miss estimated to be 46% compared to an
average miss for the wild type being∼12%. The results are
difficult to model using matrix analysis (41, 43), but the
presence of super-reduced forms of the complex can be ruled
out on the basis of the behavior of the signals in double-
flash experiments which actually suggest an enhanced
stability of the S2 state (not shown). The O2 signal of the
mutant was slowed (Figure 4), but not as severely as those
of other mutants (31, 55). Perhaps, more interestingly, there
appears to be an∼250 µs delay in the initiation of the O2
signal in the mutant, although signal-to-noise issues and the
need for extensive signal averaging mean that this observa-
tion needs to be independently confirmed. At the same time,
the rise kinetic (t1/2 ) 900 µs) in the wild-type O2 signal is
among the fastest reported, yet the trace provides no evidence
of an∼250µs intermediate as seen by time-resolved X-ray
spectroscopy and delayed fluorescence (24, 56). This dis-
crepancy regarding the lack of an∼250 µs intermediate in
the wild type may be due to differences in sample source
and preparation since the duration of the intermediate appears
to be sensitive to these factors (57). It is more difficult to
reconcile our results with previous rate electrode analysis
that also aimed to investigateSynechocystisbut favored such
an intermediate (53). In this regard, the kinetics of the rise
of the O2 signal is a function of the length and structure of
the diffusion path, the response of the electrode, and the
catalytic rate of formation and release of product from the

FIGURE 5: Effect of multiple saturating flashes on the accumulation of the S2 state in the presence of DCMU. Wild-type cells (A) and
CP43-R35K cells (B) in the presence of 20µM DCMU were given a single saturating flash (diamonds), two saturating flashes (triangles),
or four saturating flashes (inverted triangles). Multiple flashes were spaced 10 ms apart, and the fluorescence yield was monitored by a
train of weak measuring light pulses (eight per decade of time) starting 50µs after the last saturating actinic flash. Each trace represents
the average of three measurements. Variable fluorescence [Fv ) (Ft - F0)/F0] curves are normalized to 1 at the maximal value.
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H2O oxidase during the S3-[S4]-S0 transition (analyzed in
ref 50). Since the observed 900µs kinetic is close to (even
faster than) the rate observed for the transfer of an electron
from the Mn complex to YZ•, which coincides with dioxygen
formation during the S4-S0 transition (24, 50-52, 58-60),
then the kinetics of the electrode signals reported here appear
to be rate-limited by the actual dioxygen formation process
rather that the subsequent diffusion and response events.
Assuming that the∼250 µs delay observed in the mutant
indeed reflects a delay in the initiation of the formation of
O2 from the enzyme, it would then indicate that the primary
defect in the mechanism caused by the Argf Lys substitu-
tion is prior to the dioxygen-forming step (S4-S0). A strong
base is postulated, originally by Krishtalik, to facilitate the
deprotonation of active site Mn4-Ca (24-26), thereby
allowing the otherwise thermodynamically constrained trans-
fer of an electron away from Mn4-Ca to the oxidized redox
active tyrosine radical, YZ•, generated by photosynthetic
charge separation. Recent proposals suggest the development
of positive charge near YZ• [due to constrained proton loss
(61-64)] initiates the deprotonation of CP43-R357, which
then has the capacity to abstract a proton from Mn4-Ca or
associated substrate water (24, 25). Our results are consistent
with an assignment of CP43-R357 to this function. However,
because dioxygen is formed, albeit with impaired quantum
efficiency, the substituting lysine or some other base must
be capable of substituting for the native arginine in the
capacity of abstracting protons assuming that this is, in fact,
the normal function of the arginine. While a proton abstract-
ing function for CP43-R357 is an attractive assignment for
this residue, more direct approaches will be required to
evaluate this hypothesis. Indeed, other chemical groups may
perform the requisite proton abstracting role that must occur
during water oxidation, and CP43-R357 may instead serve
another role within the catalytic site. These possibilities
include the binding of an anion such as bicarbonate or Cl-,
which could, in turn, be involved in the proton exit pathway
or in positioning substrate water, and at this stage, an
allosteric structural role cannot be ruled out.

The multiflash fluorescence experiment depicted in Figure
5 leads us to suggest an increase in the miss factor for the
S1-S2 transition from 6% in the wild type to 23% in the
mutant. In other words, the very high average miss factor
(∼43%) during S-state cycling may be due to a defect already
apparent during the S1-S2 transition. This assessment is
based upon the increase in the amplitude of the more slowly
decaying 370 ms phase in the mutant that after four flashes
bears an uncanny resemblance to thebona fideS2 decay
(∼450 ms) phase in the wild type that dominates the kinetics
even after the first flash (Figure 5A). The conclusion that
an increased miss factor already occurs in the S1-S2

transition is rendered tentative due to uncertainties regarding
the origin of the fluorescence phases in the mutant. It is also
problematic relative to the known properties of the S-state
cycle. Notably, findings show (1) under normal conditions
the misses are very low for the S1-S2 transition and the
majority of misses occur during the S2-S3 transition and,
especially, during the S3-[S4]-S0 transition (65), (2) various
chemical treatments inhibit the higher S-state transitions, but
not the S1-S2 transition (e.g., refs66 and67), and (3) the
S1-S2 transition is much less pH-dependent than the transi-
tions to higher S states (54). On the other hand, there is

precedent for mutations inSynechocystisPSII being inhibited
S1-S2 transitions. Mutation of histidine 332 of the D1 protein
results in an inhibition of the S1-S2 transition, with the
glutamate substitution (D1-H332E) being most severe and
shown to exhibit a very low quantum yield for formation of
the S2 multiline EPR signal (68, 69). Examination of the
fluorescence kinetics of this mutant, as well as other D1-
H332 substitutions, revealed characteristics not unlike those
observed here: multiple flashes were required for the
complete accumulation of fluorescence decay phases at-
tributed to QA

-S2 recombination (44). On the basis of these
considerations, the less efficient photoaccumulation of the
slow fluorescence decay phase, while suggestive, is only
tentatively attributed to an impaired quantum yield of the
S1-S2 transition in the mutant, and thus, this issue awaits a
more definitive analysis. However, the possibility that the
S1-S2 transition may also have a high miss factor suggests
that if this residue does serve a role in facilitating PCET in
the higher S states, then this function may be in operation
in the lower S states and, perhaps, even during the assembly
of Mn4-Ca given its proximity to the high-affinity site
ligand, D1-Asp170.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP on October 4, 2007, with
a minor text error in the abstract. The correct version was
published on October 5, 2007.
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