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ABSTRACT. We have probed the electrostatics of P68&duction in oxygenic photosynthesis using histidine-
tagged and histidine-taggedhYess Photosystem Il cores. We make two main observations: (i) that His-
taggedChlamydomonasores show kinetics which are essentially identical to those of Photosystem Il
enriched thylakoid membranes from spinach; (ii) that the microsecond kinetics, previously shown to be
proton/hydrogen transfer limited [Schilstra et al. (1988)chemistry 373974-3981], are significantly
different in Yp-lessChlamydomonaparticles when compared with both the His-tag@¢damydomonas
particles and the spinach membranes. The oscillatory nature of the kinetics i@hdathydomonasamples

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 ofyYare likely to be due to I shifts of residues in a hydrogen-bonded
network of amino acids in the vicinity of X Tyrosine D is 35 A from ¥ and yet has a significant
influence on proton-coupled electron transfer events in the vicinity 0fThis finding emphasizes the
delicacy of the proton balance that Photosystem Il has to achieve during the water splitting process.

Photosystem Il (PSH)is the membraneprotein complex is oxidized to $ by a second redox-active tyrosinep,Y
which catalyses electron transfer from water to plastoquinonetyrosine-160 on the D2 (PSII-D) polypeptidé—<7). Evi-
(1—-3). In PSII, electron transfer starts with the excitation of dence indicates that D2 histidine-190 forms a hydrogen bond
the reaction center chlorophydl P680, to its excited form  to Yp, which is located in a relatively hydrophobic pocket
P680* and rapid electron transfer away from P680*, via (8—10).
pheophytin, to the bound plastoquinone,, @ form the The kinetics of reduction of P68®y Yz and subsequently
P680Qa~ state. Subsequent electron transfer then occursYz* (the neutral radical) by the WOC are dependent on the
from Qa~ to a second plastoquinone g QFollowing two S-state. A large fraction of P680is reduced by ¥ in
turnovers, @ has accepted two electrons and taken up two nanoseconds, but at least 15% occurs on time scales smaller
protons. @H, dissociates from its site into the membrane than lus (11-17). In a previous papetf), we investigated
pool of plastoquinone and is replaced by a new molecule of the reduction kinetics of P68@luring the S-state transitions.
Qs. P680 extracts an electron from the water-oxidizing Our analysis concentrated on differences between decays
complex (WOC) via tyrosine-161 (cyanobacterial numbering) within a series of flashes, by subtracting the averaged decay
on the polypeptide D1 (PSII-A) commonly known as.Y  from the individual curves, so that contributions of nonoscil-
Sequential electron extraction cycles the WOC through latory processes disappear. These results showed that the
oxidation states of the Mn cluster (hamegt& S;). During S-state-dependent oscillatory behavior extended from the
the S-state cycle, two molecules of water bind to the OEC nanosecond domain far into the microsecond domain. We
(4). During the 3to § transition, the $state is transiently  also found that there is no significant deuterium isotope effect
formed, which spontaneously decays t§ fleasing one  on processes that occur in the nanosecond time domain, but
molecule of Q. In the dark, the Sand S states decay to;S  that HO/D,O exchange causes a significant decrease in the
within a few minutes. On further dark adaptation, thestate P680" reduction rate in the microsecond time domain. This
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suggests a role for proton-coupled electron transfer processesas the PSII-H-deficient mutant lacks PSIl and therefore is
in which proton/hydrogen transfer is required to complete unable to grow photoautotrophically. This process also leads
the reduction of P680through an alteration in the equilib- to loss of theaadA antibiotic resistance cassette. Transfor-
rium between Y/Yz* and P680/P68Q These results have mants, termed H-his, were taken through more than three
been confirmed by other researchets, (18). rounds of single colony isolations on HSM to obtain
Lifetimes of <3 to 250us have been reported for the homoplasmic lines. This was confirmed by Southern blot
transition Y,*So/Y 7Sy, 30—140us for Y2*S//Y 7S, 100-600 analysis of miniprep DNAZ8) and by PCR. Incorporation
us for Y-*S,/Y 2S5, and up to 4.5 ms for ¥Ss/Y S, (19, 20). of the histidine tag was confirmed by oligonucleotide
Four protons are released to the lumenal side of the thylakoidSequencing of the transformaretH gene (ABI Prism 377).
membrane during the S-state cycle. This release of protonsThis gave a translated C-terminal amino acid sequence for
into the lumen, together with proton uptake at the stromal PSII-H of LAKVSQLHHHHHH for H-his PSII-H compared
Qs site, creates a pH gradient across the membrane. Theto LAKVS for wild-type PSII-H.
stoichiometry of the proton release is dependent on the pH Isolation of PSII from the C. reinhardtii H-His Mutant
and on the preparation of PSIl used. The release of the fourThroughout the purification procedure, cells and PSIl were
protons is distributed more or less equally over the four light- €xposed to minimum light and were kept at°€. C.
induced transitions (S, to S/Sy) in the S-state cycle  reinhardtii cells were harvested, washed, and then broken
(reviewed in ref21) for core complexes. Evidence has been in a French press. The membranes were solubilized at a
presented that the proton release into the bulk takes placeconcentration of 1 mg Chl/mL with 25 mM dodecyl
within some tens of microseconds after the excitatib® (  maltoside (DM) at pH 6.5 and centrifuged at 11 §@6r 10
22). This means that proton release precedes the actual S-stat@in to remove debris. Protease inhibitors (Sigma) were added

transition and is coupled to P680reduction and ¥ as a precaution. The supernatant was added to washed nickel

oxidation, rather than to Yreduction and the oxidation of ~ resin (Qiagen) in 25 mM MES (pH 6.5), 100 mM Nacl,

water itself. 10% glycerol, 0.03% (w/v) DM, 10 mM ascorbic acid, and
The green unicellular algahlamydomonas reinhardiis 5 mM imidazole. After 30 min, the slurry was poured into

a eukaryotic model system for studies of photosynthesis. @ chromatography column and washed until the eluate was
Chlamydomonasan be transformed and has the ability to ¢l€ar- The PSIl was eluted with buffer as above but at pH
grow heterotrophically using acetate while still synthesizing 6-0 and containing 200 mM imidazole and then mixed with

the photosynthetic apparatus, so that a range of photosyn-2n egual volume of 20 mM MES (pH 6.3), 15 mM NaCl,
thetic mutants can be made. However, the biochemical and20%(W/v) poly(ethylene glycol) (PEG) 3000, 10 mM ascor-

biophysical analysis of PSII iChlamydomonakas been  Dic acid, and 10 mM EDTA. The precipitate was pelleted
hindered by the difficulties of purifying PSII while retaining Py centrifugation at 11 0@for 10 min. The pellet was
activities such as water oxidation. Recently the use of metal 'éSuspended in 20 mM MES (pH 6.3), 15 mM NaCl, 10
affinity chromatography has been used to purify PSII from MM ascorbic acid, 10% PEG 3000 or 8000, 10 mM GaCl
Chlamydomonag23, 24). The procedure uses mutants in &nd centrifuged again at 11 09@r 10 min. The PSII was
which a number of histidine residues have been added to afin&lly resuspended and stored in a small volume of 20 mM
PSII polypeptide using molecular genetics. We have pro- MES (PH 6.3), 15 mM NaCl, 333 mM sucrose, and 10 mM
duced a novel histidine-tagged PSII using a rapid purification €aCk (Final buffer). Manganese depletion ©f reinhardtii
procedure, which produces frorg. reinhardtii a PSII PSIi was achieved by incubating PSIl at 0.5 mg/mL and 275
preparation free of PSI that retains very high activities such K in Final buffer excluding CaGlbut containing 10 mM

as oxygen evolution. In this paper, we present an investiga- NH20H for 10 min. The samples were pelleted and washed
tion of the reduction kinetics of P68@uring the four S-state ~ USing & repeat of the PEG precipitation steps above and
transitions in PSII preparations from histidine-tagged native "eSuspended in Final buffer.

PSIl and histidine-tagged mutant D2-Y160F PSII. Construction of Histidine-Tagged PSII-D2-Y160F Mutant.
The C-PSII-Y5~ was constructed by introducing a site-
MATERIALS AND METHODS directed mutation, D2-Y160F, into a His-tagggustD

plasmid, pBD3020H, which is similar to pBD110H3) but

Strains and Culture Condition€. reinhardtii cells were has a recyclabl@adA cassette 30) in the middle of the
grown in Tris-acetate phosphate (TAP) medium or high salt psaA2 gene so as to inhibit the expression of fis@A gene.
minimal (HSM) @5) at 25°C under an illumination of 16 The D2-Y160F mutation was introduced by a “Mega-primer”
20 (small cultures) or 26100 (8L culturesuE m=2 s method 81) using the mutagenic oligonucleotidée; BT C-
photosynthetically active radiation. Chlorophyll assays were CTAATTTTCCCATTAGGT-3. Incorporation of the ty-
performed on cells and PSII according to the methods of rosine to phenylalanine change was confirmed by oligonu-
Arnon (26) and Porra 27). cleotide sequencing of the transformastD gene.

Construction of the Histidine-Tagged PSII-H Mutant. Electron Paramagnetic Resonance (EPR) AnalySt.
Recombinant DNA techniques were according to standard EPR, 0.3-0.4 mL samples (approximately-B mg Chl/mL)
protocols 28). The histidine-tagged PSII-H was constructed were placed in calibrated3 mm quartz EPR tubes. Identical
and was used to transfornmpalH disruption mutant, H-null sets of samples in calibrated EPR tubes were made for each
opposite, ofC. reinhardtii (29). This disruption mutant was  experiment, using the same preparation and chlorophyll
constructed using insertion of tla@dA antibiotic resistance  concentration. They were given a bri€0§ illumination at
cassette within th@skH gene. Transformation was carried 277 K to turnover the PSII reaction center and restoge Y
out using the biolistic technique as in 129. Transformants  lost on storage. They were then dark adaptedifd and
were selected for by recovery of photoautotrophic growth, 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 (BBYs) ug/mL of chlorophyll, to which 0.015% (w/v)
unsilvered clear glass dewar and a 1000 W light source, dodecyl maltoside. reinhardtii preparations) or 0.016%
protecting the sample from heating b 5 cmwater filter, (w/v) Triton X-100 (BBYs) was added to reduce the light
before storage at 77 K in liquid nitrogen in the dark. scattering caused by large aggregates. The sample#(250
Samples were examined by EPR at cryogenic temperaturesvere placedn a 4 mmx 4 mm fluorescence cuvette. Under
using a JEOL RE1X X-band spectrometer (9.090 GHz) with these conditions, the transmission of the samples was about
100-kHz modulation and fitted with an Oxford Instruments 80% (BBYs and C-PSII-¥~) or 50% (C-PSllI), although
cryostat. EPR conditions are given in the figure legends. there was some variation between batches. The lower
lllumination in the EPR cavity was by a 150 W light source transmission in the C-PSII sample does not reflect inhomo-
and fiberoptic light guide. Spectra were recorded and geneity in this sample, merely a differing level of aggrega-
manipulated using a Dell microcomputer running Asyst tion. Addition of higher concentrations of dodecyl maltoside
software. No filtering, smoothing, fitting, or background improved the transmission to a degree. However, to avoid
subtractions were used. The vertical scale showing first the potential for altered kinetics at very high detergent
derivative EPR spectra is arbitrary, with spectra at the sameconcentrations, we chose to work at this lower transmis-
instrument gain. The field scale correspondgHealues as sion: minimizing docecyl maltoside concentration but
follows: g =6 at 108 mT,g = 3 at 216 mT, and) = 2 at maintaining sufficient transmission to obtain good signal/
323 mT. noise. We know that aggregation does not affect the kinetics,
Isolation of PSII from SpinachOxygen-evolving PSIl-  and this is confirmed by the data presented here.

enriched granal membranes (BBYs) were prepared from fresh  jmmediately prior to the measurements, 100 DCBQ
market spinach according to &2, with the minor modifica-  was added. The curves shown in Figures3are the average
tions described in rel9. The membrane fragments were of 100 excitations, and to produce the data in Figure 6, 20
stored at—80 °C at a chlorophyll concentration of 5 mg/  (BBYs), 40 (C-PSII), or 170 (C-PSII-Y") data sets of 21
mL in a buffer containing 25 mM MES pH 6.5, 10 mM  consecutive excitations each were averaged. Global and
NaCl, 5 mM MgCh, 5 mM CaC}, and 0.3 M sucrose  autocorrelation analyses were carried out as describddjn (

(SMNCB). Manganese depletion of BBY membranes was and miss factors were estimated using the equations derived
achieved by incubating membranes at 5 mg chlorophyll/mL py (33).

at room temperature in SMNCB containing 50 mM pOH
for 5 min. The membranes were pelleted in an eppendorf RESULTS
centrifuge (5 min at 15000 rpm) and washed once with
SMNCB before use. EPR Measurement$o confirm that the isolated PSIl was
Oxygen Eolution AnalysisSteady-state oxygen evolution ~ Suitable for biophysical analysis, EPR measurements were
studies were performed using a Clark type oxygen electrode.performed. Using EPR spectroscopy it is possible to establish
The electron acceptors used were 2,6-dimethylbenzoquinonethe PSI and PSII content of thylakoids or PSII preparations
(final concentration 1 mM) and potassium ferricyanide (final Using observations on characteristic spectra from their
concentration 1 mM). Average values and standard deviationselectron transfer components; for example, the spectrum of
from triplicate measurements for each were 190060.mol Yo in dark adapted samples is indicative of PSII, whereas
0, (mg Chiy h™t for C-PSIl and 2000+ 200 xmol O, the P700 spectrum, formed on illumination at cryogenic
(mg Chlyt h~* for C-PSII-Yp~. The G evolution rate of temperatures, is indicative of PSI. EPR can detect these
the BBY preparation was approximately 8@tol O, (mg components at low levels, and hence it is an extremely
Chl)"* h~ when 2,6-dichlorobenzoquinone (DCBQ) was Sensitive diagnostic tool. In Figure 1 thg"$pectrum present
used as a secondary acceptor. DCBQ was purchased fronin dark adapted samples in wild-tyjge reinhardtii (Figure
Kodak and dissolved in ethanol (96%) to a concentration of 1A, bold line) is absent in the H-null mutant that lacks PSII
50 mM. All measurements were carried out at saturating (Figure 1B) butis present in the histidine-tagged transformant
illumination; this was checked by routinely measuring rates (Figure 1C) and the PSII isolated from it (C-PSlI, Figure
at different chlorophyll concentrations. Mn-depleted particles 1D, bold line). Following illumination at 12 K, the signal
showed<5% the oxygen evolution rates of the corresponding for the P700 is present in the wild-type (Figure 1A, outer
intact particles. line), the H-null (Figure 1B, bold outer line), and histidine-
Transient Absorption Spectroscomhe equipment used taQQEd mutant (Figure 1C, outer ”ne). The puriﬁEd histidine-
has been described in detail previouslp) In short, the  tagged PSII (C-PSlII, Figure 1D) does not show the signal
Samp'es were excited by Saturating ﬂashes from a frequencyfor P7OU, Confirming the absence Of PSI. The Sma” increase
doubled, Q-switched Nd:YAG lasei (= 532 nm, pulse on illumination of the C-PSIlI (Figure 1D, outer line) is
duration 7 ns (fwhm), 10 mJ/ pu|se, Corresponding to20 mJ mOStly due to oxidation of ¥ reduced duriﬂg storage at 77
cm-2 at the sample). P68reduction was monitored at 830 K before the EPR experiment and partly to formation of'Chl
nm, using a 35 mW continuous wave laser diode as a light (Chl Z%) (34-36) in PSII, which can be distinguished from
source. Scattered excitation light and fluorescence wereP700" by its broader line width. No signal from the PSI
excluded by an appropriate combination of spatial and iron—sulfur center A or B was detected by EPR (not shown)
transmission filters. The response time of the system wasconfirming that this small increase was not due to any%)
10 ns (fwhm). The signals were transferred to a 100 MHz residual PSI.
oscilloscope (Gould 4072, 400 Ms/s, or Tektronix TDS 220,  To confirm that all Y5 had been removed in the histidine-
1 Gs/s), and from there via an IEEE 488 instrumentation tagged Y%-less Chlamydomonastrain (C-PSII-Y¥;7), the
interface to a PC. Samples were diluted in SMNCB to final spectra of purified PSII from C-PSIl and C-PSI5Ywere
concentrations of 20Q. reinhardtii preparations) or 80  compared. Figure 2 shows spectra from PSII particles isolated
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‘ \ — Ficure 3: Average P680 reduction kinetics in His-tagged PSII
319 321 323 325 327 (C-PSll) and His-tagged ¥less PSII (C-PSII-¥~) from Chlamy-

FiGURe 2: EPR spectra of purified PSII from histidine-tagged (C- domonasompared with BBYs. (a) Kinetics in all three preparations

PSII, 2.9 mg Chl/mL) and D2-Y160F/histidine-tagged (C-PS§=Y on a 40us time scale. The upper line represents C-PS$JtsYand

2 mg Chl/mL)C. reinhardtii strains. Samples were illuminated at the lower line represents C-PSII. P68@duction kinetics in BBYs
200K, stored at 77 K for 1 week, and then re-illuminated in the (O) are shown at one point per microsecond for clarity. Curves are

cavity at 10 K. The ¥+ spectrum is clearly seen in the dark adapted the average of 100 excitations, collected at 20 ns/channel. (b)
C-PSII but is not present in the spectrum for C-PSH=Y (A) Closeup of the first 1@s of panel a. For clarity, the BBY dat@)
C-PSII before and after reillumination at 10 K. (B) llluminated are shown at one point per 300 ns. See Table 1 for the results of
minus stored dark difference spectrum from sample A showing €XPonential fits to these data.

spectrum of ¥ restored by illumination. (C) C-PSll¥" before

and after reillumination at 10 K showing the absence gf Yhe and also that its absence disturbs the pathways of electron

?pe‘:t{“”t‘ }” ”}le t(ri'PSJ"tbﬁ.l)sa(lrgg"?”is prol:ag)ly Chlzc;r Cgﬁd . donation to P680 at cryogenic temperatures, allowing
see text for further detail). uminated minus stored dar :

difference spectrum from sample C. EPR conditions: microwave secondary dono_rs to _be Qetected more easily. .
power 0.001 mW, temperature 10K, modulation amplitude 0.2 mT.  P680" Reduction KineticsThe average P680reduction

kinetics were measured for PSII particles isolated from a
from C-PSIl, (Figure 2A) and C-PSll (Figure 2C). His-tagged D2-Y160F mutant @@hlamydomonaéC-PSlI-
Samples were illuminated at 200 K to fully oxidizepY Yp~), a control His-tagge@€hlamydomonastrain (C-PSll),
During subsequent storage at 77 K, a slow (i.e., days) and PSIl membranes from spinach (BBYs). These are shown
recombination of electron acceptor ‘Qavith Yp* occurs in in Figure 3. The BBY data were normalized to give the same
some centers3éd—36). Each sample was stored at 77 K for initial P680" concentration as the C-PSll and C-PSH-Y
1 week; the resulting spectrum was recorded then the sampledata. The normalization factor indicated that the C-PSII and
was re-illuminated in the EPR cavity at 10 K and the C-PSIl-Yp~ particles both contain about 40 molecules of
spectrum recorded again. After illumination the signal from chlorophyll per P680, assuming about 250 molecules of
Y (shown by the difference spectrum Figure 2B) in C-PSIl chlorophyll per P680 in BBYs and similar PSII membrane
is fully restored, but no ¥° is seen in C-PSII-¥~ (Figure preparations32, 37, 38). The slight difference between the
2D) as expected. The signal seen in C-PS}I-¥s probably P680 reduction kinetics in the BBY and C-PSl| preparations
from oxidized carotenoid, Cay and/or the accessory chlo- may be due to small differences in the fraction of particles
rophyll, Chl Z*, these components acting as secondary lacking the oxygen-evolving complex. Importantly though,
electron donors to PSIIBA—36). The spectra confirm the  the kinetics in C-PSlIl and C-PSlIo¥ are indistinguishable
absence of the redox-active tyrosing, Yh the C-PSII-Y5~ for the first few microseconds. After this, the reduction
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Table 1: Results of Multiexponential Fits to Data Shown in Figute 3
sample 1(ns)= S.E. AL (%) 72 (ns)+ S.E. A (%) 3(us)£ S.E.  As (%) T4 (us)+£ S.E.  A4(%) As (%)

C-PSlI 14+ 3 37 150+ 30 25 0.7£0.1 11 8+ 0.4 19 8
C-PSII-Yp~ 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

aData over 5Qus 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
percentagey-square values for the fits are as follows: C-PSIi30 (4 x 1072 for 3 exponentials and an offset); C-PSIkY, 8 x 1074 (2 x
1078 for 3 exponentials and an offset); BBYs,»8107° (6 x 10~ for 3 exponentials and an offset).
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FIGURE 4: Average P680 reduction kinetics in BBYs®, shown FiGURE 5: P680 reduction kinetics in C-PSlI-y~ (O) and in a
at one point per microsecond for clarity), Mn-depleted BBYs, simulated linear combination of 50% C-PSIl and 50% Mn-depleted

C-PSlI, and Mn-depleted C-PSII. Mn depletion was carried out by C-PSII ©). This graph shows that the altered microsecond kinetics
washing the samples in buffer containing hydroxylamine (see in C-PSlI-Yo~ cannot be due to the presence of a larger fraction
Materials and Methods). Curves are the average of 100 excitations,0f Mn-depleted particles in that preparation. Data for C-PJi-Y
collected at 20 ns/channel. were taken from Figure 3, and data for the linear combination were
calculated from the C-PSIl and Mn-depleted C-PSllI in Figure 4.
kinetics in C-PSII-¥%~ are slow compared to both C-PSII
and BBYs. Mn-depleted BBYs39). One obvious explanation of the data
To quantify these visible differences in kinetics, the might be that the C-PSIl-y~ particles have a higher
Chlamydomonagiata shown in Figure 3 were fitted to proportion of Mn-depleted particles. Figure 5 shows the
multiexponential decays. A sum of four exponentials and average P680reduction kinetics of C-PSll-y~ compared
an offset were required to adequately describe the data ovemwith a simulated decay which is a linear combination of 50%
50 us. The results of these fits are shown in Table 1. The C-PSIl and 50% Mn-depleted C-PSII. This combination only
parameters which describe the kinetics in C-PSII agree well fits the C-PSII-Y5~ data after approximately 1%s: before
with those for BBYs. In C-PSII-¥~ the lifetimez; (and to this time, the combination predicts a much slower rate of
a lesser extent,) is significantly longer than that in the P680 reduction. This means that the altered microsecond
control preparations. There is significant variation in the kinetics in C-PSII-Y5~ cannot be explained by the presence
microsecond lifetime, between the three samples, probably of Mn-depleted particles: no proportion will be able to fit
since this lifetime is long compared to the time scale of the both the microsecond phases and the sub-microsecond ones.
data and is therefore difficult to determine accurately. = To compare kinetics from active particles, the deviations
However, in C-PSII-¥%~ it can be seen that the offses A from the average P680reduction kinetics due to S-state
makes up an increased proportion of the microsecond kineticscycling over 21 consecutive flashes were analyzed {&ee
with respect to A, indicating the presence of components for a justification). These oscillatory deviations from average
of longer lifetimes which cannot be determined from/&0 over 2.5 us were fitted and required a sum of three
of data. This fitting protocol therefore confirms in a exponentials and an offset to give a random distribution of
guantitative manner the conclusion drawn from Figure 3 that residuals. The data from all three particles were fitted
only the microsecond phases are affected by the replacementogether, and the lifetimes were linked, since varying them
of Yp with phenylalanine. independently did not significantly improve the fit. The
Manganese-depleted C-PSIlI samples were also examinedlifetimes obtained were 20, 130, and 600 ns, and the
The main purpose of checking these kinetics was to ensureamplitudes are plotted in Figure 6. The period-4 oscillatory
that the differences observed in the microsecond time domainkinetics are almost identical in all three particles, as are the
in C-PSII-Yp~ could not be explained by a larger proportion miss factors: 12% for BBYs, 10% for C-PSlI, and 13% for
of Mn-depleted particles in that preparation. A typical decay C-PSII-Yp~. The miss factor is the probability that an actinic
is shown in Figure 4, along with those of intact C-PSIl and flash will not result in S-state advancement and is responsible
both intact and Mn-depleted BBYs. The kinetics are slowed for the damping of the oscillations shown in Figure 6. The
in Mn-depleted C-PSlI, in agreement with the situation in 20 ns componenty;, maximal in flashes 1, 4, and 5) relates
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flashes. Difference from mean data on a 2$5time scale were
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obtained were 20, 130, and 600 ns. AmplitudgsA, + Az, and
A, (offset) are plotted here. The composite amplitédet As is

plotted due to the strong correlation between these two component

(seelh).

mainly, but not exclusively, to events occurring in thet&

S, and § to & transitions. The 130 ns and 600 ns
componentsA, and Az, maximal in flashes 2 and 3) relate
largely to the $to S and S to S transitions. There was a
strong correlation betweef, and A; in all data sets (see

also 15), and therefore, only the composife + As is
presented here.
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DISCUSSION

General.The average kinetics of P68@eduction in PsbH
histidine-tagged PSII fror@hlamydomonaare very similar
to those of PSII from spinach (Figure 3), with slightly faster
kinetics over the first few microseconds. As the kinetics in
C-PSIlI-Yp~ are identical to those of C-PSlI for the first few
microseconds, it is likely that this slight difference with
BBYs in this time domain is a real feature of tidlamy-
domonassystem. The pattern of oscillations in C-PSlII are,
however, indistinguishable from that in BBYs (Figure 6).
Histidine-tagged PSII fronChlamydomonaseems therefore
to be a suitable model PSII preparation and a suitable control
for the experiments described in this paper.

Beyond 2-3 us, the kinetics in C-PSll-y~ are slowed
compared to both C-PSIl and BBYs. This cannot be
explained by an increased proportion of Mn-depleted par-
ticles in the C-PSII-~ preparation, as demonstrated in
Figure 5. It is clear from Figure 3 that the equilibrium
constant for the microsecond phases of P6&@luction 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
H,O/D,O exchange experiments to be rate limited by proton/
hydrogen transferl, 16, 18). Proton/hydrogen transfer is
suggested to be required to complete P68@duction
through a shift in the equilibrium between, Yand P680.

In light of this, the simplest interpretation of the results
presented here is that the replacement gfwith phenyla-
lanine perturbs the normal proton transfer pathways which
occur during P680reduction. The electron transfers which
are not rate limited by proton transfer seem totally unaffected,
since the kinetics of C-PSllY" before 2-3 us are indis-
tinguishable from those of C-PSIl. At first glance, it is
difficult to rationalize this retardation of proton transfer with
structural knowledge of PSII. Tyrosine D is approximately
35 A from Yz (40) and about the same distance from the
manganese clusted], see also models in refi2—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-His1908§, 9, 42, 45). Although the proton
involved in the motions in the microsecond phases of P680
Seduction 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 Y (17, 46—49). How Yp could affect
motions on this side of PSII is not immediately obvious.

The results presented here suggest thataffects the
proton/hydrogen transfers which accompany the relaxation
phases of P680reduction. This does not necessarily mean
that Yp is directly involved in a proton transfer pathway,
but merely that its electrostatic or structural contribution is
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required for normal proton/hydrogen transfer. Its absence is equilibrium constant and how much are due to inhomoge-
likely to cause shifts in theKs of nearby amino acid side neity within the sample. De Wijn et al. proposed that
chains. Previous work on ap¥less mutant oSynechocystis  deprotonation of D1-His190 is rate limiting for the micro-
showed that the structure or redox properties gfwere second phases of P68@eduction in 1+12% of particles,
altered B0), so this kind of ‘action at a distance’ is not implying heterogeneity in the protonation state of this residue
unprecedented. in the sampleg5). However, they emphasized the difficulties

It has previously been suggested that,Ypresent in the in distinguishing between heterogeneity and relaxation of
light, is partially responsible for pushing the P68€ation equilibria 65). A dynamic heterogeneity has been proposed
over to the ¥ side of PSII (se®1l) in order to increase the  (56) in which there is a redistribution of effective and
rate of Y, to P680 electron transfer compared top Yo ineffective stabilizers of charge separation on a 10 ms time
P680. It might therefore be expected that in the absence of scale. This too is difficult to distinguish experimentally from
Y, the P680/P680redox potential would be affected. We the equilibrium relaxation model proposed by Rappaport et
see no evidence for this. Even a small change in the freeal. (57). Nevertheless, it is generally agreed upon that the
energy gap between P680 and ¥hould be noticeable in  microsecond phases of P68@eduction reflects events
the average rate of P680reduction, causing either an occurring in water-splitting centers and that they involve
increase or a decrease in the rate constants for all of theproton/hydrogen motiond b, 16). We can therefore look at
sub-microsecond phases. This follows from electron transferthe effects of the D2-Y160F mutation on these phases
theory relating the rate of electron transfer to the free energyregardless of their actual origin.
gap (and hence the redox potential difference) between the The observation that the amplitude of the microsecond
two redox component$p). (As the microsecond phases are oscillations is the same in all three particles is worthy of
rate limited by proton transfers, nonadiabatic electron transfer note. It suggests that the effect of the D2-Y160F mutation
theory is irrelevant for these phases). Figure 3 clearly showsis independent of the S-state, and lends support to the
that only the microsecond phases have been affected by thegproposal that the main effect of the mutation is on the rates
D2-Y160F mutation. More quantitatively, Table 1 shows that of electron transfer in the microsecond time domain. It further
while 7; is unchanged in C-PSlloY" compared to C-PSIl  supports the conclusion that the altered microsecond kinetics
and BBYs,7, is marginally slowed ands; is significantly in the C-PSII-Y5~ sample are not due to a larger proportion
slowed. Only if all sub-microsecond phases were seen toof Mn-depleted particles, since an increased number of non-
slow or speed up in response to the D2-Y160F mutation, oxygen-evolving centers would result in diminished oscil-
would it be possible to correlate this to a shift in the redox lations in the microsecond phase.
potential of P680. It is known that g reacts with Y to form the S state b,

A recent paper has described the effects of the D2-Y160F 7), this being an important reaction in the dark adaptation
mutation in Synechocystisn assembly of the Mn cluster  process, converting a 25% 8nd 75% $ sample to 100%
(53). This showed that assembly of the cluster occurred more S, over a period of hours. It is not possible to tell whether
slowly and with a lower quantum efficiency in the mutant this dark adaptation is occurring in the mutant sample, since
compared to wild-type. They considered that one possible under the conditions of the experiments reported here (YAG

explanation for the observed effects was thgt &Cts to raise
the redox potential of P680P680 by about 20 meV5Q).

However, this value was calculated using earlier data

showing the P680Q,~ recombination rate to be altered in
Mn-depleted particles of this mutari@). How applicable

repetition rate 1 Hz) it is not possible to distinguish between
75% initial S and 100% initial $(5 and references therein).

Tyrosine D can be oxidized by the manganese cluster in
S; and S only, this process being pH dependent and having
a lifetime of 1-30 s 68). The Yp* radical can be reduced

the data from the Mn-depleted system are to a systemby the $ state of the manganese cluster, with a pH dependent
undergoing assembly of the Mn cluster is not clear. Using lifetime of 5-40 min (5, 7). In comparison, the ¥ radical

an equation derived by Dutto®4) to predict the effect of

is reduced by all S-states, with lifetimes from arounds3

free energy changes on the electron transfer rate, we estimatéo 4.5 ms (see Introduction). ThesYY s couple is thought

that a shift of about 20 meV in the redox potential of P&80

to have a redox potential of around 750 m¥),(whereas

P680 would be observable as an alteration of the sub-the Yz*/Y; couple probably has a redox potential of about 1
microsecond kinetics; such an alteration is not observed.V (59). It has been suggested thap Yhay be involved in
Further work to investigate the possibility of a small change the photoactivation process, donating electrons to P80
in redox potential including close study of the fastest (20 minimize possible photodamage caused by this oxidant in

ns) phases of P680reduction in C-PSII-¥~ will clarify
this issue.
Period-4 OscillationsThe oscillatory kinetics in all three

the absence of a functioning manganese clugie6@). It
has also been proposed to be involved in stabilizing the intact
cluster through its reaction with they, State, in which

preparations are essentially identical (Figure 6). The lifetimes manganese is thought to be more weakly bom@1). Our

and oscillation patterns obtained from the analysis in this results show that normal S-state cycling occurs in C-PSlI-
report are similar to those reported previoushb)( The Yo~ (Figure 6), although the average P68@eduction
observation that the C-PSII sample shows normal oscillationskinetics are altered (Figure 3). It is possible that the
indicates that the histidine-tagging used here in no way purification procedure discriminates against PSII centers with
impairs the S-state cycle; this is confirmed by the high rates incomplete Mn clusters, and so it is not possible for us to
of oxygen evolution obtained. Similarly, the mutation f Y  conclude anything categoric about the role ¢f i photo-

to phenylalanine does not affect S-state cycling. assembly. In PSII with fully assembled Mn clusters however,

It is not currently known how much of the microsecond replacement of ¥ with phenylalanine has a clear effect on

kinetics of P680 reduction are due to relaxations of the the proton-limited electron transfer steps.
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ConclusionsWe have shown that the D2-Y160F mutation
has no effect on the oscillatory nature of P68@duction
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 between3o0.

P680 and Y, which implies that, at least for the sub-
microsecond phases, the presence gfdbes not affect the
redox potential of P680/P680The 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 ofYwhich is known to be
closely associated within both its oxidized and reduced
states.
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