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ABSTRACT: We have probed the electrostatics of P680+ reduction in oxygenic photosynthesis using histidine-
tagged and histidine-tagged YD-less Photosystem II cores. We make two main observations: (i) that His-
taggedChlamydomonascores show kinetics which are essentially identical to those of Photosystem II
enriched thylakoid membranes from spinach; (ii) that the microsecond kinetics, previously shown to be
proton/hydrogen transfer limited [Schilstra et al. (1998)Biochemistry 37, 3974-3981], are significantly
different in YD-lessChlamydomonasparticles when compared with both the His-taggedChlamydomonas
particles and the spinach membranes. The oscillatory nature of the kinetics in bothChlamydomonassamples
is normal, indicating that S-state cycling is unaffected by either the histidine-tagging or the replacement
of tyrosine D with phenylalanine. We propose that the effects on the proton-coupled electron transfers of
P680+ reduction in the absence of YD are likely to be due to pK shifts of residues in a hydrogen-bonded
network of amino acids in the vicinity of YZ. Tyrosine D is 35 Å from YZ and yet has a significant
influence on proton-coupled electron transfer events in the vicinity of YZ. This finding emphasizes the
delicacy of the proton balance that Photosystem II has to achieve during the water splitting process.

Photosystem II (PSII)1 is the membrane-protein complex
which catalyses electron transfer from water to plastoquinone
(1-3). In PSII, electron transfer starts with the excitation of
the reaction center chlorophylla, P680, to its excited form
P680* and rapid electron transfer away from P680*, via
pheophytin, to the bound plastoquinone, QA, to form the
P680+QA

- state. Subsequent electron transfer then occurs
from QA

- to a second plastoquinone, QB. Following two
turnovers, QB has accepted two electrons and taken up two
protons. QBH2 dissociates from its site into the membrane
pool of plastoquinone and is replaced by a new molecule of
QB. P680+ extracts an electron from the water-oxidizing
complex (WOC) via tyrosine-161 (cyanobacterial numbering)
on the polypeptide D1 (PSII-A) commonly known as YZ.
Sequential electron extraction cycles the WOC through
oxidation states of the Mn cluster (named S0 to S4). During
the S-state cycle, two molecules of water bind to the OEC
(4). During the S3 to S0 transition, the S4 state is transiently
formed, which spontaneously decays to S0, releasing one
molecule of O2. In the dark, the S2 and S3 states decay to S1
within a few minutes. On further dark adaptation, the S0 state

is oxidized to S1 by a second redox-active tyrosine, YD,
tyrosine-160 on the D2 (PSII-D) polypeptide (5-7). Evi-
dence indicates that D2 histidine-190 forms a hydrogen bond
to YD, which is located in a relatively hydrophobic pocket
(8-10).

The kinetics of reduction of P680+ by YZ and subsequently
YZ

• (the neutral radical) by the WOC are dependent on the
S-state. A large fraction of P680+ is reduced by YZ in
nanoseconds, but at least 15% occurs on time scales smaller
than 1µs (11-17). In a previous paper (15), we investigated
the reduction kinetics of P680+ during the S-state transitions.
Our analysis concentrated on differences between decays
within a series of flashes, by subtracting the averaged decay
from the individual curves, so that contributions of nonoscil-
latory processes disappear. These results showed that the
S-state-dependent oscillatory behavior extended from the
nanosecond domain far into the microsecond domain. We
also found that there is no significant deuterium isotope effect
on processes that occur in the nanosecond time domain, but
that H2O/D2O exchange causes a significant decrease in the
P680+ reduction rate in the microsecond time domain. This
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suggests a role for proton-coupled electron transfer processes,
in which proton/hydrogen transfer is required to complete
the reduction of P680+ through an alteration in the equilib-
rium between YZ/YZ

• and P680/P680+. These results have
been confirmed by other researchers (16, 18).

Lifetimes of <3 to 250 µs have been reported for the
transition YZ

•S0/YZS1, 30-140µs for YZ
•S1/YZS2, 100-600

µs for YZ
•S2/YZS3, and up to 4.5 ms for YZ•S3/YZS0 (19, 20).

Four protons are released to the lumenal side of the thylakoid
membrane during the S-state cycle. This release of protons
into the lumen, together with proton uptake at the stromal
QB site, creates a pH gradient across the membrane. The
stoichiometry of the proton release is dependent on the pH
and on the preparation of PSII used. The release of the four
protons is distributed more or less equally over the four light-
induced transitions (S0/S1 to S3/S0) in the S-state cycle
(reviewed in ref21) for core complexes. Evidence has been
presented that the proton release into the bulk takes place
within some tens of microseconds after the excitation (19,
22). This means that proton release precedes the actual S-state
transition and is coupled to P680+ reduction and YZ
oxidation, rather than to YZ reduction and the oxidation of
water itself.

The green unicellular algaChlamydomonas reinhardtiiis
a eukaryotic model system for studies of photosynthesis.
Chlamydomonascan be transformed and has the ability to
grow heterotrophically using acetate while still synthesizing
the photosynthetic apparatus, so that a range of photosyn-
thetic mutants can be made. However, the biochemical and
biophysical analysis of PSII inChlamydomonashas been
hindered by the difficulties of purifying PSII while retaining
activities such as water oxidation. Recently the use of metal
affinity chromatography has been used to purify PSII from
Chlamydomonas(23, 24). The procedure uses mutants in
which a number of histidine residues have been added to a
PSII polypeptide using molecular genetics. We have pro-
duced a novel histidine-tagged PSII using a rapid purification
procedure, which produces fromC. reinhardtii a PSII
preparation free of PSI that retains very high activities such
as oxygen evolution. In this paper, we present an investiga-
tion of the reduction kinetics of P680+ during the four S-state
transitions in PSII preparations from histidine-tagged native
PSII and histidine-tagged mutant D2-Y160F PSII.

MATERIALS AND METHODS

Strains and Culture Conditions. C. reinhardtii cells were
grown in Tris-acetate phosphate (TAP) medium or high salt
minimal (HSM) (25) at 25°C under an illumination of 10-
20 (small cultures) or 20-100 (8L cultures)µE m-2 s-1

photosynthetically active radiation. Chlorophyll assays were
performed on cells and PSII according to the methods of
Arnon (26) and Porra (27).

Construction of the Histidine-Tagged PSII-H Mutant.
Recombinant DNA techniques were according to standard
protocols (28). The histidine-tagged PSII-H was constructed
and was used to transform apsbH disruption mutant, H-null
opposite, ofC. reinhardtii (29). This disruption mutant was
constructed using insertion of theaadA antibiotic resistance
cassette within thepsbH gene. Transformation was carried
out using the biolistic technique as in ref29. Transformants
were selected for by recovery of photoautotrophic growth,

as the PSII-H-deficient mutant lacks PSII and therefore is
unable to grow photoautotrophically. This process also leads
to loss of theaadA antibiotic resistance cassette. Transfor-
mants, termed H-his, were taken through more than three
rounds of single colony isolations on HSM to obtain
homoplasmic lines. This was confirmed by Southern blot
analysis of miniprep DNA (28) and by PCR. Incorporation
of the histidine tag was confirmed by oligonucleotide
sequencing of the transformantpsbH gene (ABI Prism 377).
This gave a translated C-terminal amino acid sequence for
PSII-H of LAKVSQLHHHHHH for H-his PSII-H compared
to LAKVS for wild-type PSII-H.

Isolation of PSII from the C. reinhardtii H-His Mutant.
Throughout the purification procedure, cells and PSII were
exposed to minimum light and were kept at 4°C. C.
reinhardtii cells were harvested, washed, and then broken
in a French press. The membranes were solubilized at a
concentration of 1 mg Chl/mL with 25 mM dodecyl
maltoside (DM) at pH 6.5 and centrifuged at 11 000g for 10
min to remove debris. Protease inhibitors (Sigma) were added
as a precaution. The supernatant was added to washed nickel
resin (Qiagen) in 25 mM MES (pH 6.5), 100 mM NaCl,
10% glycerol, 0.03% (w/v) DM, 10 mM ascorbic acid, and
5 mM imidazole. After 30 min, the slurry was poured into
a chromatography column and washed until the eluate was
clear. The PSII was eluted with buffer as above but at pH
6.0 and containing 200 mM imidazole and then mixed with
an equal volume of 20 mM MES (pH 6.3), 15 mM NaCl,
20%(w/v) poly(ethylene glycol) (PEG) 3000, 10 mM ascor-
bic acid, and 10 mM EDTA. The precipitate was pelleted
by centrifugation at 11 000g for 10 min. The pellet was
resuspended in 20 mM MES (pH 6.3), 15 mM NaCl, 10
mM ascorbic acid, 10% PEG 3000 or 8000, 10 mM CaCl2

and centrifuged again at 11 000g for 10 min. The PSII was
finally resuspended and stored in a small volume of 20 mM
MES (pH 6.3), 15 mM NaCl, 333 mM sucrose, and 10 mM
CaCl2 (Final buffer). Manganese depletion ofC. reinhardtii
PSII was achieved by incubating PSII at 0.5 mg/mL and 275
K in Final buffer excluding CaCl2 but containing 10 mM
NH2OH for 10 min. The samples were pelleted and washed
using a repeat of the PEG precipitation steps above and
resuspended in Final buffer.

Construction of Histidine-Tagged PSII-D2-Y160F Mutant.
The C-PSII-YD

- was constructed by introducing a site-
directed mutation, D2-Y160F, into a His-taggedpsbD
plasmid, pBD3020H, which is similar to pBD110H (23) but
has a recyclableaadA cassette (30) in the middle of the
psaA2 gene so as to inhibit the expression of thepsaA gene.
The D2-Y160F mutation was introduced by a “Mega-primer”
method (31) using the mutagenic oligonucleotide, 5′-TTC-
CTAATTTTCCCATTAGGT-3′. Incorporation of the ty-
rosine to phenylalanine change was confirmed by oligonu-
cleotide sequencing of the transformantpsbD gene.

Electron Paramagnetic Resonance (EPR) Analysis.For
EPR, 0.3-0.4 mL samples (approximately 1-3 mg Chl/mL)
were placed in calibrated∼3 mm quartz EPR tubes. Identical
sets of samples in calibrated EPR tubes were made for each
experiment, using the same preparation and chlorophyll
concentration. They were given a brief (30s) illumination at
277 K to turnover the PSII reaction center and restore YD

•

lost on storage. They were then dark adapted for 1 h and
then frozen in liquid nitrogen in the dark. Samples were
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illuminated at 200 K using an ethanol/dry ice bath in an
unsilvered clear glass dewar and a 1000 W light source,
protecting the sample from heating by a 5 cmwater filter,
before storage at 77 K in liquid nitrogen in the dark.

Samples were examined by EPR at cryogenic temperatures
using a JEOL RE1X X-band spectrometer (9.090 GHz) with
100-kHz modulation and fitted with an Oxford Instruments
cryostat. EPR conditions are given in the figure legends.
Illumination in the EPR cavity was by a 150 W light source
and fiberoptic light guide. Spectra were recorded and
manipulated using a Dell microcomputer running Asyst
software. No filtering, smoothing, fitting, or background
subtractions were used. The vertical scale showing first
derivative EPR spectra is arbitrary, with spectra at the same
instrument gain. The field scale corresponds tog-values as
follows: g ) 6 at 108 mT,g ) 3 at 216 mT, andg ) 2 at
323 mT.

Isolation of PSII from Spinach.Oxygen-evolving PSII-
enriched granal membranes (BBYs) were prepared from fresh
market spinach according to ref32, with the minor modifica-
tions described in ref19. The membrane fragments were
stored at-80 °C at a chlorophyll concentration of 5 mg/
mL in a buffer containing 25 mM MES pH 6.5, 10 mM
NaCl, 5 mM MgCl2, 5 mM CaCl2, and 0.3 M sucrose
(SMNCB). Manganese depletion of BBY membranes was
achieved by incubating membranes at 5 mg chlorophyll/mL
at room temperature in SMNCB containing 50 mM NH2OH
for 5 min. The membranes were pelleted in an eppendorf
centrifuge (5 min at 15 000 rpm) and washed once with
SMNCB before use.

Oxygen EVolution Analysis.Steady-state oxygen evolution
studies were performed using a Clark type oxygen electrode.
The electron acceptors used were 2,6-dimethylbenzoquinone
(final concentration 1 mM) and potassium ferricyanide (final
concentration 1 mM). Average values and standard deviations
from triplicate measurements for each were 1900( 160µmol
O2 (mg Chl)-1 h-1 for C-PSII and 2000( 200 µmol O2

(mg Chl)-1 h-1 for C-PSII-YD
-. The O2 evolution rate of

the BBY preparation was approximately 800µmol O2 (mg
Chl)-1 h-1 when 2,6-dichlorobenzoquinone (DCBQ) was
used as a secondary acceptor. DCBQ was purchased from
Kodak and dissolved in ethanol (96%) to a concentration of
50 mM. All measurements were carried out at saturating
illumination; this was checked by routinely measuring rates
at different chlorophyll concentrations. Mn-depleted particles
showed<5% the oxygen evolution rates of the corresponding
intact particles.

Transient Absorption Spectroscopy. The equipment used
has been described in detail previously (15). In short, the
samples were excited by saturating flashes from a frequency
doubled, Q-switched Nd:YAG laser (λ ) 532 nm, pulse
duration 7 ns (fwhm), 10 mJ/ pulse, corresponding to 20 mJ
cm-2 at the sample). P680+ reduction was monitored at 830
nm, using a 35 mW continuous wave laser diode as a light
source. Scattered excitation light and fluorescence were
excluded by an appropriate combination of spatial and
transmission filters. The response time of the system was
10 ns (fwhm). The signals were transferred to a 100 MHz
oscilloscope (Gould 4072, 400 Ms/s, or Tektronix TDS 220,
1 Gs/s), and from there via an IEEE 488 instrumentation
interface to a PC. Samples were diluted in SMNCB to final
concentrations of 20 (C. reinhardtii preparations) or 80

(BBYs) µg/mL of chlorophyll, to which 0.015% (w/v)
dodecyl maltoside (C. reinhardtii preparations) or 0.016%
(w/v) Triton X-100 (BBYs) was added to reduce the light
scattering caused by large aggregates. The samples (250µL)
were placed in a 4 mm× 4 mm fluorescence cuvette. Under
these conditions, the transmission of the samples was about
80% (BBYs and C-PSII-YD-) or 50% (C-PSII), although
there was some variation between batches. The lower
transmission in the C-PSII sample does not reflect inhomo-
geneity in this sample, merely a differing level of aggrega-
tion. Addition of higher concentrations of dodecyl maltoside
improved the transmission to a degree. However, to avoid
the potential for altered kinetics at very high detergent
concentrations, we chose to work at this lower transmis-
sion: minimizing docecyl maltoside concentration but
maintaining sufficient transmission to obtain good signal/
noise. We know that aggregation does not affect the kinetics,
and this is confirmed by the data presented here.

Immediately prior to the measurements, 100µM DCBQ
was added. The curves shown in Figures 3-5 are the average
of 100 excitations, and to produce the data in Figure 6, 20
(BBYs), 40 (C-PSII), or 170 (C-PSII-YD-) data sets of 21
consecutive excitations each were averaged. Global and
autocorrelation analyses were carried out as described in (15),
and miss factors were estimated using the equations derived
by (33).

RESULTS

EPR Measurements.To confirm that the isolated PSII was
suitable for biophysical analysis, EPR measurements were
performed. Using EPR spectroscopy it is possible to establish
the PSI and PSII content of thylakoids or PSII preparations
using observations on characteristic spectra from their
electron transfer components; for example, the spectrum of
YD

• in dark adapted samples is indicative of PSII, whereas
the P700+ spectrum, formed on illumination at cryogenic
temperatures, is indicative of PSI. EPR can detect these
components at low levels, and hence it is an extremely
sensitive diagnostic tool. In Figure 1 the YD

• spectrum present
in dark adapted samples in wild-typeC. reinhardtii (Figure
1A, bold line) is absent in the H-null mutant that lacks PSII
(Figure 1B) but is present in the histidine-tagged transformant
(Figure 1C) and the PSII isolated from it (C-PSII, Figure
1D, bold line). Following illumination at 12 K, the signal
for the P700+ is present in the wild-type (Figure 1A, outer
line), the H-null (Figure 1B, bold outer line), and histidine-
tagged mutant (Figure 1C, outer line). The purified histidine-
tagged PSII (C-PSII, Figure 1D) does not show the signal
for P700+, confirming the absence of PSI. The small increase
on illumination of the C-PSII (Figure 1D, outer line) is
mostly due to oxidation of YD reduced during storage at 77
K before the EPR experiment and partly to formation of Chl+

(Chl Z+) (34-36) in PSII, which can be distinguished from
P700+ by its broader line width. No signal from the PSI
iron-sulfur center A or B was detected by EPR (not shown)
confirming that this small increase was not due to any (>1%)
residual PSI.

To confirm that all YD had been removed in the histidine-
tagged YD-less Chlamydomonasstrain (C-PSII-YD

-), the
spectra of purified PSII from C-PSII and C-PSII-YD

- were
compared. Figure 2 shows spectra from PSII particles isolated
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from C-PSII, (Figure 2A) and C-PSII-YD- (Figure 2C).
Samples were illuminated at 200 K to fully oxidize YD.
During subsequent storage at 77 K, a slow (i.e., days)
recombination of electron acceptor Qa•- with YD

• occurs in
some centers (34-36). Each sample was stored at 77 K for
1 week; the resulting spectrum was recorded then the sample
was re-illuminated in the EPR cavity at 10 K and the
spectrum recorded again. After illumination the signal from
YD

• (shown by the difference spectrum Figure 2B) in C-PSII
is fully restored, but no YD• is seen in C-PSII-YD- (Figure
2D) as expected. The signal seen in C-PSII-YD

- is probably
from oxidized carotenoid, Car+, and/or the accessory chlo-
rophyll, Chl Z+, these components acting as secondary
electron donors to PSII (34-36). The spectra confirm the
absence of the redox-active tyrosine, YD, in the C-PSII-YD

-

and also that its absence disturbs the pathways of electron
donation to P680+ at cryogenic temperatures, allowing
secondary donors to be detected more easily.

P680+ Reduction Kinetics.The average P680+ reduction
kinetics were measured for PSII particles isolated from a
His-tagged D2-Y160F mutant ofChlamydomonas(C-PSII-
YD

-), a control His-taggedChlamydomonasstrain (C-PSII),
and PSII membranes from spinach (BBYs). These are shown
in Figure 3. The BBY data were normalized to give the same
initial P680+ concentration as the C-PSII and C-PSII-YD

-

data. The normalization factor indicated that the C-PSII and
C-PSII-YD

- particles both contain about 40 molecules of
chlorophyll per P680, assuming about 250 molecules of
chlorophyll per P680 in BBYs and similar PSII membrane
preparations (32, 37, 38). The slight difference between the
P680+ reduction kinetics in the BBY and C-PSII preparations
may be due to small differences in the fraction of particles
lacking the oxygen-evolving complex. Importantly though,
the kinetics in C-PSII and C-PSII-YD- are indistinguishable
for the first few microseconds. After this, the reduction

FIGURE 1: EPR spectra showing the purification of PSII in the
histidine-tagged transformant ofC. reinhardtii. In each pair of
spectra, the inner line is the spectrum of a dark adapted sample,
whereas the outer line is the spectrum following illumination for
2.5 min at 12 K. (A) Wild-type thylakoid membranes. The bold
inner line shows the spectrum of YD

•. (B) H-null thylakoid
membranes. The bold outer line shows the P700+ induced by
illumination. (C) Thylakoid membranes from the histidine-tagged
transformant. (D) Purified PSII from the histidine-tagged transfor-
mant (C-PSII) showing the absence of P700+ after illumination.
EPR conditions: microwave power 0.001 mW, modulation ampli-
tude 0.2 mT, temperature 12 K.

FIGURE 2: EPR spectra of purified PSII from histidine-tagged (C-
PSII, 2.9 mg Chl/mL) and D2-Y160F/histidine-tagged (C-PSII-YD

-,
2 mg Chl/mL)C. reinhardtii strains. Samples were illuminated at
200K, stored at 77 K for 1 week, and then re-illuminated in the
cavity at 10 K. The YD• spectrum is clearly seen in the dark adapted
C-PSII but is not present in the spectrum for C-PSII-YD

-. (A)
C-PSII before and after reillumination at 10 K. (B) Illuminated
minus stored dark difference spectrum from sample A showing
spectrum of YD• restored by illumination. (C) C-PSII-YD- before
and after reillumination at 10 K showing the absence of YD

•. The
spectrum in the C-PSII-YD- sample is probably Chl Z+ or Car+
(see text for further detail). (D) Illuminated minus stored dark
difference spectrum from sample C. EPR conditions: microwave
power 0.001 mW, temperature 10K, modulation amplitude 0.2 mT.

FIGURE 3: Average P680+ reduction kinetics in His-tagged PSII
(C-PSII) and His-tagged YD-less PSII (C-PSII-YD-) from Chlamy-
domonascompared with BBYs. (a) Kinetics in all three preparations
on a 40µs time scale. The upper line represents C-PSII-YD

-, and
the lower line represents C-PSII. P680+ reduction kinetics in BBYs
(O) are shown at one point per microsecond for clarity. Curves are
the average of 100 excitations, collected at 20 ns/channel. (b)
Closeup of the first 10µs of panel a. For clarity, the BBY data (O)
are shown at one point per 300 ns. See Table 1 for the results of
exponential fits to these data.
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kinetics in C-PSII-YD
- are slow compared to both C-PSII

and BBYs.
To quantify these visible differences in kinetics, the

Chlamydomonasdata shown in Figure 3 were fitted to
multiexponential decays. A sum of four exponentials and
an offset were required to adequately describe the data over
50 µs. The results of these fits are shown in Table 1. The
parameters which describe the kinetics in C-PSII agree well
with those for BBYs. In C-PSII-YD- the lifetimeτ3 (and to
a lesser extentτ2) is significantly longer than that in the
control preparations. There is significant variation in the
microsecond lifetimeτ4 between the three samples, probably
since this lifetime is long compared to the time scale of the
data and is therefore difficult to determine accurately.
However, in C-PSII-YD- it can be seen that the offset A5

makes up an increased proportion of the microsecond kinetics
with respect to A4, indicating the presence of components
of longer lifetimes which cannot be determined from 50µs
of data. This fitting protocol therefore confirms in a
quantitative manner the conclusion drawn from Figure 3 that
only the microsecond phases are affected by the replacement
of YD with phenylalanine.

Manganese-depleted C-PSII samples were also examined.
The main purpose of checking these kinetics was to ensure
that the differences observed in the microsecond time domain
in C-PSII-YD

- could not be explained by a larger proportion
of Mn-depleted particles in that preparation. A typical decay
is shown in Figure 4, along with those of intact C-PSII and
both intact and Mn-depleted BBYs. The kinetics are slowed
in Mn-depleted C-PSII, in agreement with the situation in

Mn-depleted BBYs (39). One obvious explanation of the data
might be that the C-PSII-YD- particles have a higher
proportion of Mn-depleted particles. Figure 5 shows the
average P680+ reduction kinetics of C-PSII-YD- compared
with a simulated decay which is a linear combination of 50%
C-PSII and 50% Mn-depleted C-PSII. This combination only
fits the C-PSII-YD

- data after approximately 15µs: before
this time, the combination predicts a much slower rate of
P680+ reduction. This means that the altered microsecond
kinetics in C-PSII-YD

- cannot be explained by the presence
of Mn-depleted particles: no proportion will be able to fit
both the microsecond phases and the sub-microsecond ones.

To compare kinetics from active particles, the deviations
from the average P680+ reduction kinetics due to S-state
cycling over 21 consecutive flashes were analyzed (see15
for a justification). These oscillatory deviations from average
over 2.5 µs were fitted and required a sum of three
exponentials and an offset to give a random distribution of
residuals. The data from all three particles were fitted
together, and the lifetimes were linked, since varying them
independently did not significantly improve the fit. The
lifetimes obtained were 20, 130, and 600 ns, and the
amplitudes are plotted in Figure 6. The period-4 oscillatory
kinetics are almost identical in all three particles, as are the
miss factors: 12% for BBYs, 10% for C-PSII, and 13% for
C-PSII-YD

-. The miss factor is the probability that an actinic
flash will not result in S-state advancement and is responsible
for the damping of the oscillations shown in Figure 6. The
20 ns component (A1, maximal in flashes 1, 4, and 5) relates

Table 1: Results of Multiexponential Fits to Data Shown in Figure 3a

sample τ1 (ns)( S.E. A1 (%) τ2 (ns)( S.E. A2 (%) τ3 (µs) ( S.E. A3 (%) τ4 (µs) ( S.E. A4 (%) A5 (%)

C-PSII 14( 3 37 150( 30 25 0.7( 0.1 11 8( 0.4 19 8
C-PSII-YD

- 15 ( 3 38 190( 20 28 1.8( 0.1 14 15( 0.8 7 13
BBYs 18( 4 26 110( 10 33 0.7( 0.1 18 12( 1.6 12 11

a Data over 50µs were fitted to a sum of four exponentials and an offset. Lifetimes are quoted with standard errors derived from the fitting
procedure. Amplitudes are expressed as percentages of the total amplitude. Standard errors in the amplitudes are less than 10% of the quoted
percentage.ø-square values for the fits are as follows: C-PSII, 5× 10-4 (4 × 10-3 for 3 exponentials and an offset); C-PSII-YD

-, 8 × 10-4 (2 ×
10-3 for 3 exponentials and an offset); BBYs, 8× 10-5 (6 × 10-4 for 3 exponentials and an offset).

FIGURE 4: Average P680+ reduction kinetics in BBYs (O, shown
at one point per microsecond for clarity), Mn-depleted BBYs,
C-PSII, and Mn-depleted C-PSII. Mn depletion was carried out by
washing the samples in buffer containing hydroxylamine (see
Materials and Methods). Curves are the average of 100 excitations,
collected at 20 ns/channel.

FIGURE 5: P680+ reduction kinetics in C-PSII-YD- (0) and in a
simulated linear combination of 50% C-PSII and 50% Mn-depleted
C-PSII (O). This graph shows that the altered microsecond kinetics
in C-PSII-YD

- cannot be due to the presence of a larger fraction
of Mn-depleted particles in that preparation. Data for C-PSII-YD

-

were taken from Figure 3, and data for the linear combination were
calculated from the C-PSII and Mn-depleted C-PSII in Figure 4.
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mainly, but not exclusively, to events occurring in the S0 to
S1 and S1 to S2 transitions. The 130 ns and 600 ns
components (A2 andA3, maximal in flashes 2 and 3) relate
largely to the S2 to S3 and S3 to S0 transitions. There was a
strong correlation betweenA2 and A3 in all data sets (see
also 15), and therefore, only the compositeA2 + A3 is
presented here.

DISCUSSION

General.The average kinetics of P680+ reduction in PsbH
histidine-tagged PSII fromChlamydomonasare very similar
to those of PSII from spinach (Figure 3), with slightly faster
kinetics over the first few microseconds. As the kinetics in
C-PSII-YD

- are identical to those of C-PSII for the first few
microseconds, it is likely that this slight difference with
BBYs in this time domain is a real feature of theChlamy-
domonassystem. The pattern of oscillations in C-PSII are,
however, indistinguishable from that in BBYs (Figure 6).
Histidine-tagged PSII fromChlamydomonasseems therefore
to be a suitable model PSII preparation and a suitable control
for the experiments described in this paper.

Beyond 2-3 µs, the kinetics in C-PSII-YD- are slowed
compared to both C-PSII and BBYs. This cannot be
explained by an increased proportion of Mn-depleted par-
ticles in the C-PSII-YD- preparation, as demonstrated in
Figure 5. It is clear from Figure 3 that the equilibrium
constant for the microsecond phases of P680+ reduction has
been altered by the mutation. This will affect both the
observed rate constant (since for a shallow equilibrium, the
observed rate is the sum of the forward and backward rates)
and the amplitudes of the kinetic components. It is not
possible at this stage to determine how much of the observed
change is due to rate constant changes and how much is due
to amplitude changes, since the two are interlinked. From
the observation that the amplitudes of the oscillations are
the same in all particles (Figure 6), it seems reasonable to
conclude that the amplitudes are likely to have been affected
far less by the mutation than the rate constants and that the
main effect of the D2-Y160F mutation has been to slow the
rates of electron transfer in the microsecond domain. The
kinetics in the microsecond domain have been shown by
H2O/D2O exchange experiments to be rate limited by proton/
hydrogen transfer (15, 16, 18). Proton/hydrogen transfer is
suggested to be required to complete P680+ reduction
through a shift in the equilibrium between YZ and P680+.
In light of this, the simplest interpretation of the results
presented here is that the replacement of YD with phenyla-
lanine perturbs the normal proton transfer pathways which
occur during P680+ reduction. The electron transfers which
are not rate limited by proton transfer seem totally unaffected,
since the kinetics of C-PSII-YD- before 2-3 µs are indis-
tinguishable from those of C-PSII. At first glance, it is
difficult to rationalize this retardation of proton transfer with
structural knowledge of PSII. Tyrosine D is approximately
35 Å from YZ (40) and about the same distance from the
manganese cluster (41, see also models in refs42-44) and
is normally assumed to have no role in water splitting. It is
hydrogen bonded through its phenolic proton to a histidine
residue, D2-His190 (8, 9, 42, 45). Although the proton
involved in the motions in the microsecond phases of P680+

reduction has not been identified, it seems likely that it is
one in the chain of the hydrogen-bonded amino acids on D1
in the region of YZ (17, 46-49). How YD could affect
motions on this side of PSII is not immediately obvious.

The results presented here suggest that YD affects the
proton/hydrogen transfers which accompany the relaxation
phases of P680+ reduction. This does not necessarily mean
that YD is directly involved in a proton transfer pathway,
but merely that its electrostatic or structural contribution is

FIGURE 6: Oscillations in the kinetic components of P680+

reduction in BBYs (9), C-PSII (b), and C-PSII-YD
- (2) over 21

flashes. Difference from mean data on a 2.5µs time scale were
fitted to a sum of three exponentials and an offset. The lifetimes
obtained were 20, 130, and 600 ns. AmplitudesA1, A2 + A3, and
A4 (offset) are plotted here. The composite amplitudeA2 + A3 is
plotted due to the strong correlation between these two components
(see15).
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required for normal proton/hydrogen transfer. Its absence is
likely to cause shifts in the pKs of nearby amino acid side
chains. Previous work on a YD-less mutant ofSynechocystis
showed that the structure or redox properties of YZ were
altered (50), so this kind of ‘action at a distance’ is not
unprecedented.

It has previously been suggested that YD
•, present in the

light, is partially responsible for pushing the P680+ cation
over to the YZ side of PSII (see51) in order to increase the
rate of YZ to P680+ electron transfer compared to YD to
P680+. It might therefore be expected that in the absence of
YD, the P680/P680+ redox potential would be affected. We
see no evidence for this. Even a small change in the free
energy gap between P680 and YZ should be noticeable in
the average rate of P680+ reduction, causing either an
increase or a decrease in the rate constants for all of the
sub-microsecond phases. This follows from electron transfer
theory relating the rate of electron transfer to the free energy
gap (and hence the redox potential difference) between the
two redox components (52). (As the microsecond phases are
rate limited by proton transfers, nonadiabatic electron transfer
theory is irrelevant for these phases). Figure 3 clearly shows
that only the microsecond phases have been affected by the
D2-Y160F mutation. More quantitatively, Table 1 shows that
while τ1 is unchanged in C-PSII-YD- compared to C-PSII
and BBYs,τ2 is marginally slowed andτ3 is significantly
slowed. Only if all sub-microsecond phases were seen to
slow or speed up in response to the D2-Y160F mutation,
would it be possible to correlate this to a shift in the redox
potential of P680.

A recent paper has described the effects of the D2-Y160F
mutation inSynechocystison assembly of the Mn cluster
(53). This showed that assembly of the cluster occurred more
slowly and with a lower quantum efficiency in the mutant
compared to wild-type. They considered that one possible
explanation for the observed effects was that YD

• acts to raise
the redox potential of P680+/P680 by about 20 meV (53).
However, this value was calculated using earlier data
showing the P680+/QA

- recombination rate to be altered in
Mn-depleted particles of this mutant (50). How applicable
the data from the Mn-depleted system are to a system
undergoing assembly of the Mn cluster is not clear. Using
an equation derived by Dutton (54) to predict the effect of
free energy changes on the electron transfer rate, we estimate
that a shift of about 20 meV in the redox potential of P680+/
P680 would be observable as an alteration of the sub-
microsecond kinetics; such an alteration is not observed.
Further work to investigate the possibility of a small change
in redox potential including close study of the fastest (20
ns) phases of P680+ reduction in C-PSII-YD- will clarify
this issue.

Period-4 Oscillations.The oscillatory kinetics in all three
preparations are essentially identical (Figure 6). The lifetimes
and oscillation patterns obtained from the analysis in this
report are similar to those reported previously (15). The
observation that the C-PSII sample shows normal oscillations
indicates that the histidine-tagging used here in no way
impairs the S-state cycle; this is confirmed by the high rates
of oxygen evolution obtained. Similarly, the mutation of YD

to phenylalanine does not affect S-state cycling.
It is not currently known how much of the microsecond

kinetics of P680+ reduction are due to relaxations of the

equilibrium constant and how much are due to inhomoge-
neity within the sample. De Wijn et al. proposed that
deprotonation of D1-His190 is rate limiting for the micro-
second phases of P680+ reduction in 11-12% of particles,
implying heterogeneity in the protonation state of this residue
in the sample (55). However, they emphasized the difficulties
in distinguishing between heterogeneity and relaxation of
equilibria (55). A dynamic heterogeneity has been proposed
(56) in which there is a redistribution of effective and
ineffective stabilizers of charge separation on a 10 ms time
scale. This too is difficult to distinguish experimentally from
the equilibrium relaxation model proposed by Rappaport et
al. (57). Nevertheless, it is generally agreed upon that the
microsecond phases of P680+ reduction reflects events
occurring in water-splitting centers and that they involve
proton/hydrogen motions (15, 16). We can therefore look at
the effects of the D2-Y160F mutation on these phases
regardless of their actual origin.

The observation that the amplitude of the microsecond
oscillations is the same in all three particles is worthy of
note. It suggests that the effect of the D2-Y160F mutation
is independent of the S-state, and lends support to the
proposal that the main effect of the mutation is on the rates
of electron transfer in the microsecond time domain. It further
supports the conclusion that the altered microsecond kinetics
in the C-PSII-YD

- sample are not due to a larger proportion
of Mn-depleted particles, since an increased number of non-
oxygen-evolving centers would result in diminished oscil-
lations in the microsecond phase.

It is known that S0 reacts with YD
• to form the S1 state (5,

7), this being an important reaction in the dark adaptation
process, converting a 25% S0 and 75% S1 sample to 100%
S1 over a period of hours. It is not possible to tell whether
this dark adaptation is occurring in the mutant sample, since
under the conditions of the experiments reported here (YAG
repetition rate 1 Hz) it is not possible to distinguish between
75% initial S1 and 100% initial S1 (5 and references therein).

Tyrosine D can be oxidized by the manganese cluster in
S2 and S3 only, this process being pH dependent and having
a lifetime of 1-30 s (58). The YD

• radical can be reduced
by the S0 state of the manganese cluster, with a pH dependent
lifetime of 5-40 min (5, 7). In comparison, the YZ• radical
is reduced by all S-states, with lifetimes from around 3µs
to 4.5 ms (see Introduction). The YD

•/YD couple is thought
to have a redox potential of around 750 mV (7), whereas
the YZ

•/YZ couple probably has a redox potential of about 1
V (59). It has been suggested that YD may be involved in
the photoactivation process, donating electrons to P680+ to
minimize possible photodamage caused by this oxidant in
the absence of a functioning manganese cluster (5, 60). It
has also been proposed to be involved in stabilizing the intact
cluster through its reaction with the S0 state, in which
manganese is thought to be more weakly bound (5, 61). Our
results show that normal S-state cycling occurs in C-PSII-
YD

- (Figure 6), although the average P680+ reduction
kinetics are altered (Figure 3). It is possible that the
purification procedure discriminates against PSII centers with
incomplete Mn clusters, and so it is not possible for us to
conclude anything categoric about the role of YD in photo-
assembly. In PSII with fully assembled Mn clusters however,
replacement of YD with phenylalanine has a clear effect on
the proton-limited electron transfer steps.
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Conclusions.We have shown that the D2-Y160F mutation
has no effect on the oscillatory nature of P680+ reduction
but that it has selectively affected the proton-limited electron
transfers, which occur with a microsecond rate constant. We
see no evidence for a change in the free energy gap between
P680 and YZ, which implies that, at least for the sub-
microsecond phases, the presence of YD

• does not affect the
redox potential of P680/P680+. The most likely cause of the
altered microsecond kinetics in the mutant are shifts in the
pKs of residues in a hydrogen-bonded network in and around
the YZ site. Such shifts could easily be produced by the
absence of the phenolic proton of YD, which is known to be
closely associated with YD in both its oxidized and reduced
states.
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