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ABSTRACT. We have investigated the pH dependence for each individual redox transition in the S-cycle
of the oxygen evolving complex (OEC) of photosystem Il by electron paramagnetic resonance (EPR)
spectroscopy. In the experiments, OEC is advanced to the appropriate S-state at normal pH. Then, the pH
is rapidly changed, and a new flash is given. The ability to advance to the next S-state in the cycle at
different pHs is determined by measurements of the decrease or increase of characteristic EPR signals
from the OEC in different S-states. In some cases the measured EPR signals are very small (this holds
especially for the ML signal at pH>7.5 and pH<4.8). Therefore, we refrain from providing error

limits for the determined I§’'s. Our results indicate that the; S~ S, transition is independent of pH
between 4.1 and 8.4. All other S-transitions are blocked at low pH. In the acidic regiorK'thépthe
inhibition of the $ — S3, the S — [S4] — S, and the $— S transitions are about 4.0, 4.5, and 4.7,
respectively. The similarity of theseKpvalues indicates that the inhibition of the steady-state oxygen
evolution in the acidic range, which occurs witl p= 4.8, is a consequence of similar pH blocks in three

of the redox steps involved in the oxygen evolution. In the alkaline region, we report a clear pH block in
the S — [S4 — So transition with a i of about 8.0. Our study also indicates the existence of a pH block

at very high pH (K ~ 9.4) in the $ — S; transition. The §— S, transition is not affected, at least up

to pH 9.0. This suggests that the inhibition of the steady-state oxygen evolution, which occurs With a p

of 8.0, is dominated by the inhibition of thes S> [S)] — S transition. Our results are obtained in the
presence of 5% methanol (v/v). However, it is unlikely that the determin€d are affected by the
presence of methanol since our results also show that the pH dependence of the steady-state oxygen
evolution is not affected by methanol. The results in the alkaline region are in good agreement with a
model, which suggests that the redox potential gf¥; is directly affected by high pH. At high pH the

Y z°/Y 7z potential becomes lower than that of § and S/S,. The acidic block, with ald of 4—5 in three
S-transitions, implies that the inhibition mechanism is similar, and we suggest that it reflects protonation
of a carboxylic side chain in the proton relay that expels protons from the OEC.

Photosystem Il (PSlt)catalyzes the light-driven reduction The PSII reaction center is a large, multisubunit enzyme
of plastoquinone. The electrons needed for the reduction(1—4). It is situated in the thylakoid membrane in oxygen
come from water that is oxidized to molecular oxygen evolving photosynthetic organisms where it spans the

according to the equation: membrane from the lumenal to the stromal side. Water
N 3 oxidation occurs on the lumenal side of PSII and is carried
2H,0— 0, +4H" +4e 1) out by a triad §) of highly oxidizing components, which

. . , are the primary donor P680, tyrosinéY;) and the Mn
Thereby, PSII supplies the biosphere with both electrons cluster. Yz and the Mn cluster constitute the catalytic site

from an endiess resource and the oxygen needed forfor water oxidation in the OEC3( 6—8). The donor side

respi_ratory processes in all aeropic ”f?- Watef oxidation by triad carries out a sequential series of electron transfer
PSIl is thus one of the key reactions in the biosphere. reactions ultimately oxidizing water

When a photon hits the PSII antenna chlorophylls, the
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in PSII that is composed of a pheophytin molecule and two
quinones (Q and @) situated on the stromal side of the
membrane. The oxidized primary donor P686 rapidly
reduced in multiphasic reactions frony ¥3). This is a pure
electron transfer reaction, but at its oxidatiog ¢ depro-
tonated to a closely lying base D1-His133-14), resulting
in formation of the neutral ¥ radical (5—21). Y is
reduced by the Mncomplex. Either ¥ is reduced by an
electron from the Mncluster while the proton is returned
from D1-His190 (1, 22—25; see also re26) or Yz is
reduced by H-atom transfer or proton-coupled electron
transfer from the Mpcomplex (5—23).

During turnover, the OEC cycles through the S-cy@@) (
(Scheme 1). TheSstate is the most reduced state. The S
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attempted for §— S, which in early work (using small
EPR signals) was interpreted to be pH independent between
pH 5.5-8.5 (43). There also exist other attempts to estimate
or discuss the pH dependence of other S-transitions using
the oscillation over a flash series of @eld or an S-state
related thermoluminescence band as the experimental probe
(44, 45). However, in these experiments the pH was always
changed already in the, State. Thus, clear results on steps
later in the cycle could not be obtained.

In this study, we have measured the pH dependence
between pH 4 and pH 9 for each individual S-transition. We
have prepared PSII in the, State by flashes at 2T at pH
6.0. The pH was then rapidly adjusted by a pH jurg, (

47). The ability to advance to the,§ state was then tested
with an additional flash. We have used EPR signals from
the §, S, and S states §, 48—57) and our recently acquired
knowledge of their pH dependenc&6( 47, 54) to probe if
the transition is functional at a certain pH or not.

MATERIALS AND METHODS

PSIl Membrane PreparationPSll-enriched membrane
fragments were prepared according to5&from greenhouse-
grown spinach plants cultivated on liquid culture medium.
The preparations were stored -a80 °C at approximately
10 mg of Chl/mL. The oxygen evolution was 35000umol

state is one step more oxidized and is the dark stable state(mg of Chly™ h™%. All chlorophyll determinations were made
The further sequential removal of three more electrons resultsin 80% acetone9).

in formation of $, S;, and finally the $ state. The $state

Synchronization of PSIl and pH-Jump Experimeiftst

is an unstable, transient state that rapidly releases a molecul@ll pH experiments the PSll-enriched membranes were

of oxygen, resulting in reduction of OEC to thg Sate.
The oxidation of water to molecular oxygen (eq 1) also

transferred to a low-buffering medium [0.5 mM Mes, 5%
methanol (v/v), 400 mM sucrose, 10 mM MgCLO mM

involves the release of four protons. These are expelled fromNaCl, 5 mM CaCj at pH 6.0] to facilitate the later pH
PSII on the lumenal side of the complex. Scheme 1 shows changes46). The samples were filled into calibrated EPR

one experimentally determined pattern for the¢ tlease
(28, 29), but this pattern is very preparation sensitive,
especially to the integrity of the studied PSII complex (e.g.,

tubes to a final concentration of-3l mg of Chl/mL. The
purpose of the methanol addition was to allow observation
of the $ ML EPR signal 48, 49), which was used for the

the presence of extrinsic subunits on the lumen side of PSII)determination of the pH dependencies of two of the four

(30—33). It also varies very much with the measuring pH
(29, 30, 32, 34, 35).

S-transitions (Scheme 2). Also, the ML signal is larger
in the presence of methand@), which also facilitates our

Itis currently much debated how protons are released from analysis. The addition of 5% methanol is known to have no

the OEC. Proponents for models where the reductionof Y
involves H-atom transfer from the Mrcluster argue that
the proton is always expelled fromOH. The proton

effect on the steady-state oxygen evolution in P60),(and
our results here also show that methanol addition does not
alter the pH dependence of the oxygen evolution (see below).

release occurs through a hydrogen bond network starting The membranes were then illuminated with room light at

from Yz and His190 {1, 12, 14—21, 36, 37) and occurs
with fast kinetics as Yis oxidized @0, 35, 38). In contrast,
models where reduction of 2Yfrom the Mry cluster only

20 °C for 3 min to oxidize %, and then they were dark
incubated for 15 min. PSIl was synchronized in thestate
by using a preflash protocol followed by a subsequent dark

involves electron transfer demand that the protons are adaptation for 15 min §1—63). The external electron

expelled from the water site in the Mn cluster via ill-defined
pathway(s) 26, 29, 39, 40). There also exist proposals that
protons are expelled from the Mrtluster in some S-
transitions and from ¥ in other S-transitions22—24, 41).

In contrast to the proton release pattern, the overall pH

acceptor PBQ (dissolved in DMSO) was added to a final
concentration of 0.5 mM, 1 min before the excitation flashes.
The OEC was advanced to the appropriate S-state at pH 6.0
by providing 0 (9), 1 (&), 2 (S), or 3 (§) saturating flashes

at 20°C (denoted thexcitation flashes given at 5 Hz from

dependence for steady-state oxygen evolution is clear and® Nd:YAG laser (6 ns, 532 nm, 350 mJ).

well described. The oxygen evolution in PSll-enriched
membranes is maximal at pH 6-@.0 (for example, see refs

After the excitation flashes, the pH of the medium was
adjusted by addition of a stronger buffer in the range of pH

42 and43). It decreases on the alkaline and the acidic sides 3.75-9.5 (10% v/v) added and quickly mixed (280 s)

with half-inhibition values at pH 4:85.5 and 7.4-8.0 (42,

43). It is however not clear which step(s) in the S-cycle is
(are) responsible for this inhibition pattern. The pH depen-
dence for an individual S-cycle transition has only been

with a Hamilton syringe equipped with a spiral-shaped tip.
The buffers used wereL-glutamic acid/KOH (pH 3.75
5.0), Mes/KOH (pH 5.6-7.0), Hepes/KOH (pH 7.68.0),
and glycylglycine/KOH (pH 8.6-9.5) @6). The final buffer
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concentration was 14 mM. The EPR samples were either In this protocol the amplitude of the, ML signal measured

frozen at this level of sample preparation (to obtain con- after the pH reversal directly indicated how muchstte

trol samples prior to the probe flash) or exposed to one was indeed formed by the probe flash. The two alternative

more laser flash, therobe flash provided immediately after ~ protocols gave identical results.

the pH jump. In the latter case, the samples were frozen Experimental Protocol and Data Analysis for theS S

within 1—2 s after the flash. The probe flash was provided Transition. In the studies of the S— S transition we

at 20°C. followed the disappearance or decrease of thelISsignal
Experimental Protocol and Data Analysis for the-S S after the probe flash (Scheme 2, panel B). Two parallel

Transition. To study the $— S, transition, the formation ~ sample series were prepared. The pH was changed inthe S

of the S ML signal was followed. In these experiments the state. Then, the samples were frozen after either one or two

samples were frozen after the pH jump and the probe flashprobe flashes (Scheme 2, panel B). The probe flash(es) was

(Scheme 2, panel A). The probe flash was provided less than(were) provided less time5 s after the pH change in &as

5 s after the pH change was completed. completed. The SML signal intensity was estimated and

The S ML signal was recorded after the probe flash, and then normalized to ¥* and to the various pHs as described
the signal intensity was estimated by the sum of three for the S — S, transition. . _ _
hyperfine lines as indicated in Figure 48). The spectra Itis important to note that this experimental design was
were normalized to Siby, the radical EPR signal from the ~based on our observation that the-S S, transition was pH
neutral Yo' radical, which was used as an internal standard independent (see Results). Thus, it was possible to study the
to quantify the amount of PSII centers in the sample (see &2 — s transition in samples where the pH was changed

below, EPR section). No other corrections were necessaryalready in the gstate. We also attempted to study the-S
in this experiment. S transition in samples where the pH jump was performed

in the S state, but this experiment proved to be imprecise
ddue to the pH-dependent decay of the Sate, which
omplicated our analysis.

The efficiency of the 8— S; transition at different pHs
was calculated by comparison of the fraction of PSII centers
present in the Sstate in the parallel samples from the one-
and two-flash series. The principle in the experiment was
that the $ state population obtained by the first flash (at a
certain pH) diminished following the second flash §-S
S; was functional. If 3— S; was inhibited, the Spopulation
remained (it could even have increased if the block was total)
after the second flash. Our detailed analysis was based on
the equation:

The pH dependence of the; S> S, transition was
estimated from the fraction of the PSII centers that reache
the S state with the probe flash. This fraction was determined ¢
from the amplitude of the SML signal obtained at different
pHs. However, we earlier found that the amplitude of the S
ML signal is pH dependent4g). We used this knowledge
to estimate the pH dependence of the-SS, transition by
the division of the normalized amplitudes of theMiL signal
at different pHs with the titration curve of the amplitude of
the S ML EPR signal. This titration curve was originally
published in ref46. In our earlier work 46) the S state was
exposed to the modified pH for 30 s. At elevated pH, these
30 s cause a significant decay of thes&te. In our present
\1vi)r2k, the S_state was only exposed to the modified pH for [S,],0 = (100— [S,],;)(1 — o) +

s (the time between the probe flash and the freezing of
the EPR sample). In our analysis, we therefore corrected our [SolunX + [Sal1a(1 — X)e (2)
earlier titration curve for the amplitude of the BIL signal
using newly acquired data for the pH-dependent decay of
the S ML signal (this work, Figure 2A, inset).

To demonstrate the reliability of this signal amplitude
correction, we also applied an alternative approach. In this [S,]14 = 100(1— o) (3)
experiment the pH was moved back to p¢6.0 after the
probe flash had been given. These reversibility experimentsandx is the “block” parameter. Thus, the efficiency of the
were achieved by the addition of 10% (v/v) 400 mM Mes/ transition corresponds to (+ x). The efficiency of the
KOH at pH 5.75 (if the initial pH= 4.1) or 6.25 (pH= transition was depicted as a function of pH and was fitted
8.0). EPR spectra were recorded either directly after the probewith a bell-shaped titration curve with twd<fs (eq 5 in ref
flash (at pH 4.1 or 8.0) or after the pH reversal (to@.0). 46).

where [S]is and [S]zx are the $ state populations (in
percent) after one and two flashes, respectivelig. the miss
parameter of the series, determined by the equation
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Exp_e_rimental PrOtOC(_)I and Data Analysis for th@—S S Table 1: Distribution of the S-State Population afterdSaturating
Transition. In the studies of the S— & transition the Flashes at pH 620
formation pf the g population or the (_jlsappearancg of the ~fochno.  “S-state S SO S0 S0
S; population was followed by two different experimental

protocols. 1 % 1gg 8% % %
In the former case the formation of the 8L signal was 2 S 2 26 72 0
measured in the samples which were frozen after the pH 3 S 0 6 33 61
jump and the probe flash (Scheme 2, panel C). The probe 33 So nd nd <8 58
S nd nd nd <15

flash was given 30 s after the last excitation flash.
To decrease the, ML signal contribution in the EPR a Obtained from the oscillation of the,&nd $ state ML signals.

: ; : The miss factorg, was~0.15.> Dominant S-state’ The samples are
spectra after the probe flash, 4 min dark incubation was synchronized in the Sstate (see Materials and Method$yvith 4 min

applied at room temperature between the probe flash andyark adaptation after the third flash (see Materials and Methods).
freezing of the EPR sample. This allows quite efficient decay e calculated from the lifetime of thesSstate determined by Styring

of any S and S centers (remaining after the flashes) without and Rutherford §1).
affecting the § population too much. Thus, this treatment

reduces the SML signal, which would otherwise complicate  (Scheme 2, panel D). A second dark incubation step (4 min)

our analysis of the SML spectra 46, 48, 51). was applied before the samples were frozen, and the second
The raw spectra were normalized to il Then, any  get of EPR spectra was recorded.

irr?trgr?lsri]tmgofstr':/tla L ; Il\%lrlialsic?wr;tlnk\)/tljr?i?:ﬂ ngiv ?jlf)br;ri?]‘:tee dd J}Ze The raw spectra were subjected to the same data handling
Y : gnal, - 7 __protocol as described for the spectra in the-SS, transition
spectra, was est_lmated by the sum of three hyperﬁne IInesstudies (see above) except for the correction of the pH-
as indicated in Figures 5 and 89). These |nFenS|tles were dependent decay of the BIL signal, which was unnecessary
corrected for_ the small d_ecay Of_ the B”.‘ 5|gna_l, Wh'Ch.. for two reasons. First, the initial 4 min dark incubation was
occurred during the 4 min dark incubation, using stability applied at pH 6.0 for all samples. Thus all of the control

data for the gstate at different pHs from ref2. . X
- " samples represent the samg8pulation irrespective of the
The efficiency of the §— & transition was calculated finalpmeaSSring pH. Second F?Kb ®IL EPRpsignaI was
from these corrected (SVIL signal intensities. However, detected between pH 6.2 and pH 7.5 after the probe flash

similar to the $ ML signal, the amplitude of the (SVIL .

. . . X thus, there was no signal to be corrected). Below pH 6.0,
signal is pH dependen#€). To determine the fraction of Ehe S decay is very glow and theo$)opu)lation hafdly
PSII that reached the,State with the probe flash, it was changes during the 4 min 1dark incubation peria@)(

necessary to correct the amplitude of theM. signal for .

this pH dependence. Therefore, the correcteMB ampli- The efficiency of the §— S, turnover at low and neutral

tudes were divided by the bell-shaped pH dependence curvePHS IS calculated from the relative decrease of thevis
signal intensities after the probe flash. The calculated, pH-

of the intensity of this signa#@). The [K's of the inhibitions e o -~
of this transition were then estimated as described in the d€Pendent efficiency of the,S> S, transition at acidic and
neutral pHs was fitted by a singlé&kp(eq 1 in ref47).

section about the S~ S transition.

We also applied an alternative experiment to investigate At alkaline pHs the §signal is small and difficult to
the S— S transition. Here, the disappearance of th}e S measure with precision. However, in the studies of tbe S
population was directly followed by measurements of the — Si transition a complementary technique with parallel
SY, Signa| that can be induced from th@ Sate at h|gh Samples could be applled above pH 7.0. In these studies,
pH (47). In these experiments, a second pH jump to pH 8.3 the formation of the Spopulation was detected instead of
[achieved by the addition of 10% (v/v) 400 mM glycylgly- the disappearance of the Sopulation. In the experiments,
cine at pH 8.5] was applied immediately after the probe flash, one sample was frozen before and one after the probe flash
before the samples were frozen. This second pH jump wasat each pH. The probe flash was given 30 s after the last
performed to make the,$;* split signal detectable from  flash of the exciting flash series. The samples were then given
any centers that were left in thg Sate after the probe flash. an additional illumination at 200 K after the cursive probe
The time interval between the flashes was as described aboveflash. lllumination at 200 K allows the;S> $; transition in
The samples were frozen directly after the second pH jump, the OEC 61, 65). Thus, if § centers are present after the
which immediately followed the probe flash. Thus, in this Probe flash, they will be quantitatively converted to the S
experiment we did not wait 4 min after the probe flash. The state. Consequently, comparison of thev. signal intensi-
amp"tude of the Sp|it Signa| was measured as indref ties before and after illumination at 200 K provided a

Experimental Protocol and Data Analysis for the-S S, measure of the Jopulation formed by the probe flash. The
Transition. In the studies of the S— S, transition two S, population was in each case estimated from the corrected
different protocols were applied, depending on the pH S ML signal amplitude titration curve (see the text concern-
interval studied. ing the § — S; transition and re#6).

At acidic and neutral pHs the disappearance or decrease Characterization of the Sample Series and the diatlial
of the $ ML signal was followed. First, the (Sstate was Samples.The flash-dependent S-state distribution of the
formed by three flashes. Then, 4 min dark incubation was samples (Table 1) was calculated from the miss factor
applied to allow $ML signal decay. Thereafter, the pH was parameterin each indvidual series This parameter was
changed, and the first EPR spectra were recorded to estimateletermined by the flash-number dependent oscillations of
the $ ML signal at the various pHs. Then, the sample was S, and $ state ML signals over a flash sequend®, (48,
thawed to 20°C (30 s), and the probe flash was given 51, 62, 63). When the EPR measurements were finished, the
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samples were thawed, and the final pH, steady-state O S, — S, and S — S; transitions) by measuring the, 8nd
evolution at pH 6.0 46, 47), and Chl concentration were S, ML EPR signal intensities, respectively (Scheme 2).
determined. Table 1 shows the S-state distribution in our samples after
EPR SpectroscopylLow-temperature continuous-wave 0—4 flashes, which was determined from oscillations of the
EPR measurements were performed with an ESP500eS and $ ML EPR signals. The miss factor in these
spectrometer using a SuperX EPR049 microwave bridge andexperiments was about 15%, determined in many series at
an ER4122SHQ cavity (Bruker Analytik GmbH, Karlsruhe, PH 6.0. Our flash protocol using the preflash technique makes
Germany). The system was fitted with a liquid helium it possible to reach 85%,572% S, and 61% § after one,
cryostat and temperature controller from Oxford Instruments two, and three flashes, respectively.
Ltd. (Oxon, U.K.). Spectrometer settings are given in the The miss factor is considered to be S-state and pH
figure legends. dependenti3, 44). Despite this, we used the same average

Sllgon, the EPR signal from the tyrosytadical (Yo*), was ~ MiSs parameterx15%) over the whole pH range between

preillumination protocol (3 min at 26C using room light) miss factor or an acidic or alkaline block is the same: the
is known to oxidize all % to its radical state. At normal transition does not work. The exact value of the miss factors
pHs, Yo is very stable, and after our preflash and dark (if thi.s is_S—state dependent) for the particular S-transition
adaptation procedure it is safe to assume thatamounts ~ has little importance when the S- S; and $ — [SJ] — S

to 1 radical per PSII centeB(42, 53, 62) before pH jump transitions are investigated since thea®d $ populations _
and flash protocol. In most experiments the pH jump and mcrea;ed from zero after the probe flash. Contrary to th|_s,
the flashing took about 30 s, but in some studies we appliedthe miss parameters were of greater importance in studies
4 min dark adaptation prior to freezing (see above). This is Of the S — S transition, where, as a consequence of the
short enough that decay ofsYcan be neglected at all pHs ~ Misses, a significant;population (25%) was still present
<7.7. At the very high pHs, however, ;Y might decay after the second flash (see Materials and .l\_/lethods). .
somewhat. It was therefore not used as a standard here, but PH Dependence of the, S~ S, Transition In this
other suitable internal standards are difficult to envisage. €xperiment we changed the pH in the Sate before the
Therefore, we used the mean integral for ¥ all samples ~ Probe flash was given and the sample was frozen (Scheme
between pH 4.0 and pH 7.7 in the particular experimental 2, Panel A). The left panel in Figure 1 shows the L

series (5-15 samples) as an internal standard in samples atEPR signal formed at three different pHs. At pH 6.0
pH >7.7. (spectrum b), where PSII is fully functional, we observe a

large S ML signal. The signal is significantly smaller at

measured with a Clark-type oxygen electrode (Hansatech,20th low (spectrum &) and high (spectrum c) pH. The
Pentney, U.K.) at 20C in a medium containing 20 mM appearance of the,ML S'Qf‘a' even at pH 4.1 and 8.0
Mes, 10 mM MgC}, 10 mM NaCl, 5 mM CaG} and 400 reveals that the S— S, transition is partially or totally open
mM sucrose. The measurements were made in either thebet\{veen these pH vglues. .

absence or presence of 5% (v/v) methanol. The pH of the _ Figure 2A (data points) shows the amplitude of the/.
buffer used was adjusted before the measuremepgQpP  Signal formed between pH 4.1 and pH 8.4. The thick line
(in DMSO: 0.5 mM final concentration) was added as an SNows the fit of the data points to twds (46). At first
external acceptor. lllumination was supplied from a saturating 912nce it seems that the formation of iS inhibited at both
white light source filtered by an OG590 orange glass filter Nigh and low pHHowever, this is not the caséhe S ML
(Schott, Mainz, Germany). The final pH was measured in signal data in Figure 2A need more careful interpretation.

Steady-State £Evolution. Steady-state ©evolution was

the O, cell after the measurements. We recently found that the amplitude of thgMBL signal
was pH dependen#, 54). The S ML signal amplitude
RESULTS decreased at low and high pH witlKjs of 4.5+ 0.1 and

7.6 + 0.1 without affecting the actual population of the S

S-State Distribution as a Function of the Number of state. It is necessary to account for this pH-dependent
Flashes Our intention was to study the pH dependence of amplitude change in the evaluation of the data points in
each S-transition individually and to minimize the interfer- Figure 2A.
ence with possible pH-induced blocks from the other  There is, however, one very important difference between
S-transitions. Therefore, it was inappropriate in this study our experiments here and those of Geijer et 4).(Here,
to cycle through the entire S-cycle at each pH. Instead, only we change the pH in the, State; then we flash and freeze
the S-transition in question was carried out at the modified within 1 s after the flash. Thus, the State is never exposed
pH. for extreme pHs more than—22 s. In contrast, Geijer and

To accomplish this, we first exposed PSII membranes co-workers 46) changed the pH in the,State which was
(with OEC synchronized in the ;Sstate by a preflash  exposed for extreme pHs for 30 s. The decay pfsSpH
protocol; see Materials and Methods) te ® powerful laser dependent and faster at elevated gd)(The inset in Figure
flashes at pH 6.0. After the flashes the pH was rapidly 2A shows a measurement of the pH-dependent decay of S
changed, and a new flash (the probe flash) was given. Theduring 30 s incubation. At pH>7.8, the decay is so fast
S-state advancement at different pHs was determined bythat it substantially affects the interpretations from our earlier
measurements of the decrease or increase of the characteristigtudy. In the final analysis this pH-dependent decay was
EPR signals from different S-state populations after the probetaken into account. For example, at pH 8.4 almost 60% of
flash. We followed the changes of the &ate (for the $— the S state had decayed during the 30 s mixing time in our
[S4 — Sy and § — S transitions) and the Sstate (for the original study 46, compare with inset in Figure 2A) while
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Ficure 1: S state ML EPR signal induced by one saturating laser flash gaftem the pH jump to (a, d) pH 4.1, (b, €) pH 6.0, and (c,
f) pH 8.0. The samples were frozen immediately after the flastt)ar were subjected to a second pH change to pH 6-0)(d’he dotted
lines indicate the three peaks used to determine the spectral intensity of the signal. The radical EPR signal &iogn=Y2 has been

excised for clarity. EPR settings: microwave power 12 mW; microwave frequency 9.41 GHz; temperature 7 K; modulation frequency 100

kHz; modulation amplitude 15 G.

A ®e . .
S 100 |- S
& L
L
E’ e 80F
£ 50 ool s
'g gaol //
w [ Emp, A
0- 1 1 I L

0 60 75 80 85
o | | 1 | | L1
S 150 o
P o °
% L °, o 8 6,%0
5 100 -t
% r ° o 000 ° 8 4]
£ sof %
E T | I | | I

4 5 6 7 8
pH

Ficure 2: pH dependence of the; S— S; transition. (A) pH
dependence of the,3/L signal intensity. The SML signal was
induced by one saturating laser flash givafter the pH jump
(compare Figure 1). The experimental ML signal intensi®) (
corresponds to the sum of the amplitudes of the three peaks in theand it might be argued that the experiment is too different
S; ML signal indicated by dotted lines in Figure 1. The thick line
represents the fit of the experimental points with tw¢'9(46).

The thin line represents the titration curve of the ML signal

amplitudes, taken from ref6 and corrected by the time-dependent the S state really was formed to a large extent by a flash
decay of the SML signal (see inset and text for explanation). The given at all studied pHs. In this experiment (Figure 1, left
corrected titration curve has twdfs of 4.4+ 0.1 and 8.0+ 0.1,
respectively. Inset: pH dependence of the decay of tidlSsignal

during a 30 s incubation at room temperature. (B) Efficiency of

the § — S; transition as a function of pH. The data poin®) @re
obtained from panel A by division of the experimental poir@ (
with the decay-corrected titration curve of theMiL signal (panel

A, thin line). The line represents a fit of the data pointy {(vith
a parabolic function indicating that there is no pH dependence in

the transition.

the decay was very smaks6%) in our present study. This
forced us to recalculate the titration curve from Geijer et al. afterthe flash, the signal amplitude increased in the samples

(46) to our present conditions. The recalculation was carried
out by correcting the SML intensities on the titration curve
from ref 46 with the fraction of the signal that decays during
the 30 s incubation period (this work, Figure 2A, inset). This
resulted in an increase of the alkalirk io the titration curve
from 7.6 (in ref46) to 8.0+ 0.1 while the acidic K was
hardly affected.

In Figure 2A, the thin line shows the recalculated titration
curve from Geijer et al.46) when the decay of the,State
at high pH is taken into account. It is clear that our measured
amplitudes (Figure 2A, fitted with the thick line) are very
similar to the corrected curve from Geijer et al. (Figure 2A,
thin line). This shows that the same amount pfsSformed
by a flash at every pH. In other words, the-S S; transition
is pH independent over the pH range 48.4 (Figure 2B;
see also Table 2).

The results presented in Figure 2 indicate that the-S
S, transition is pH independent between pH 4.1 and pH 8.4.
However, the analysis depends entirely on comparison with
our earlier pH titration curve for the amplitude of the S
multiline signal amplitude. This was obtained by performing
the pH jump in the Sstate, and not like here in the State,

to allow this comparison without further controls. We
therefore performed an alternative experiment to test wether

panel) we changed the pH in the §ate; then the sample

was exposed to the probe flash and the EPR spectra were

recorded. In a parallel sample, the pH was adjusted back to
~6 directly after the flash. Then the EPR was measured.
Figure 1 shows the EPR spectra obtained by such an
experiment. When the flash was given at pH 4.1 or pH 8.0,
the S multiline signal was much smaller than when the flash

was given at pH 6.0 (Figure 1, left panel). However, in the

parallel samples, where the pH was changed back to pH 6.0
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that were flashed at pH 4.1 and 8.0 (Figure 1, right panel).
At both pHs the signal increased to an amplitude comparable
in size to the signal recorded in a parallel sample that was
exposed only to pH 6.0 (Figure 1, spectrum e). This shows
that the same amount of the &ate was indeed formed by
the flash irrespective of the pH. After flashes at low and
high pH the final multiline signal amplitude was always
somewhat smaller than at pH 6.0. The reversal of the signal
amplitude by the pH shift from low pH encompassed 83%
of the centers that were in the State. At basic pH, the
reversal encompassed nearly all available centers inthe S
state since we obtained 93% of the reference (spectrum e)
amplitude after the pH change from 8.0 to 6.0. This means,
by taking into account the decay of the $IL signal
amplitide during the 10 s incubation period (7%), that we
formed about 100% Sby the probe flash at pH 8.0. The
reversibility of the decrease of the State multiline signal T T
amplitude at high and low pH is higher than in our earlier 2800 3200 3600 4000

work (ref 46, Figure 6A,B). This is due to the very short .

incubation time at the extreme pHs in the present experiment Magnetic field (G)

(10 s compared to 3660 s in our earlier work) and using a Ficure 3: S state ML EPR signal induced by one flash (thin
more simple protocol (without sequential sample thawing) g&ei%gaégrg?'?;?%ﬁﬂggw‘(’g) (émcg g”?;]) dﬂ?cs)h;?l %“;m%éh;gnal
which minimizes the pH-dependent decay of thes@te.  fom v - atg~ 2 has been excised for clarity. EPR settings as in

Thus we conclude that the experiment presented in Figurerigure 1.

1 (right panel) further strengthens our conclusion that the

S1 — S transition is pH independent between pH 4.1 and clear why their result differed from ours (rdb and this
pH 8.4. If there are any pH-dependent blocks of this step, study) and Cole et al6d). One possible reason is that the
the (K is <2.5 at the acidic side or 9.5 at the alkaline side,  reported spectra ML signals are shown only at pH 5.5
respectively. The experiment also lends further support to and 7.3 ¢3, Figure 1)] are much smaller that those reported
our original conclusion46) that it is the amplitude of the by Cole et al. 64) or used by us (reft6 and this study),

S, state multiline signal that is pH dependent; it is not the which might have made quantification of the signal amplitude
S, state that is lost during short exposures to extreme pHs.decrease less obvious.

Our results that the;S— S; transition is pH independent pH Dependence of the, S> S; Transition. Since the $
between pH 4.1 and pH 8.4 but that the amplitude of the S — S, transition proved to be pH independent between pH
ML is pH dependent extend earlier work and clarify some 4.1 and pH 8.4 (see above), it was possible to study the pH
disagreement in the literature. Damoder and Dismuk8s (  dependence of the,S> S; transition by a pH adjustment in
found the induction of the SVIL signal to be pH independent  the S state followed by one or two flashes (Scheme 2, panel
between pH 5.5 and pH 8.5. In contrast, Cole et &) ( B). This has the advantage that we can avoid any decay of
found two effects at elevated pH when samples were incu-the $ state during the pH jump, which otherwise would
bated fo 1 h onice. First, they observed a smaller amplitude occur rapidly (especially at high pH). Figure 3 shows the
of the S ML induced by illumination at 200 K above pH results of these experiments at three different pH values. At
6.8. Second, they observed that this decrease partially wamormal (spectra b, pH 6.2), low (spectra a, pH 3.9), and high
due to irreversible destruction of OEC above pH 8.0. pH (spectra ¢, pH 8.7), the pH-dependent ML signal

In essence our results (this study and 46f agree and intensity achieved by one flash (thin line spectra) was
extend the work by Cole et al64). We also find that OEC  significantly decreased by the second flash (thick line
partially is irreversibly destroyed at pH8.0 [1—-2 min spectra). This shows that the State formed by the first
incubation at 20°C results in~20% decrease of the , O flash (giving rise to the ML signal) is converted to the S
evolution @6)] while 15—30 s incubation at high pH (pH  state (no ML signal). The relative decrease of the signal was
<9.0) has little effect46). It should be emphasized that the biggest at pH 6.2 (Figure 4A), which indicates partial blocks
O, evolution at pH 6.0 was measured in every single EPR at low and high pH during the,S— S; transition.
sample when the EPR analysis was finished. This was done To determine thelf’s for the inhibition, the “block factor”
both here and in our earlier world®), and results from  was determined using eqgs 2 and 3. This evaluation takes into
samples with severe loss of, @volution were discarded. account that there are threg Sopulations with different

We also find the decrease in the formation of thevik origin after the second flash. The first part is formed by S
amplitude at high pH, but our investigations in thestte centers which did not form sSdue to block at acidic or
(46) show that the signal is decreased due to pH effects onalkaline pH (0% when the transition is open, 8% < 72%
the S state not due to inhibition of the;S> S, transition. when the transition is blocked). The secondfi@ction is
Cole et al. 64) were not aware of this effect. Damoder and turned over from $centers which weraot turned over to
Dismukes 43) claim that the $— S; transition is functional S, on the first flash (15%x 0.85~ 13%; see Table 1).
at pH <8.5 (similar to our conclusion) since their observed Finally, the third part is formed by,Senters, which were
S, ML signal is similar at neutral and evaluated pH (the S in S, after the first flash but dichot turn over to g due to
ML signal was induced by illumination at 200 K). It is not the misses (85%« 0.15~ 13%; see Table 1).
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Ficure 4: pH dependence of the, S~ S; transition. (A) pH
dependence of the,3/4L signal intensity. The SML signal was
induced by one®) or remained after two{) flashes giverafter

the pH change. The amplitudes were measured and compared a

in Figures 1 and 2A. The line shows the decay-corrected titration
curve of the amplitude of the,3AL signal derived as described in
Figure 2A. (B) Efficiency of the §— S; transition as a function

of pH, calculated by eqgs 2 and ®) (see text for details). The
points were fitted with a titration curve (solid line, fitted by eq 5
from ref 46) with pK’s of about 4.0 and 9.4.

The efficiency of the — S; transition was calculated at
all pHs from the $ ML signal intensities after one and two
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Ficure 5: Low-field region of the $state ML EPR signal induced

y two saturating laser flashes at pH 6.0 followed by the pH jump

nd the subsequent probe flash. The final pH was (a) pH 4.8, (b)
pH 6.2, (c) pH 7.3, and (d) pH 8.3\ 4 min dark incubation was
applied before the samples were frozen to minimize the contribution
of the S ML signal. Any remaining $ ML signal has been
subtracted from the EPR spectra. (For raw spectra see Supporting
Information.) The dotted lines indicate the three peaks used for
the determination of the spectral intensities in Figure 6A. EPR
settings: microwave power 50 mW; microwave frequency 9.41
GHz; temperature 7 K; modulation frequency 100 kHz; modulation
amplitude 15 G.

flashes and the exact miss factor of the examined series. The

results are shown in Figure 4B, which shows that the-S
S; transition is totally open between pH 5.0 and pH 8.0 and
partially inhibited below and above these values. Fitting the
transition efficiency with two [ values é6) revealed that
this transition is inhibited with I§ ~ 4.0 in the acidic range

determine a [ from this experiment, but the data qualita-
tively supported the results presented in Figure 4.

It is noteworthy that we find that S— S;3 is fully
functional at least up to pH 8.0 (Figure 4B). We found this
in an experiment where the pH jump was performed already

(Table 2). There also seems to be a weak inhibition at high in the S state. Thus, if there had been any inhibition in the

pH. The approximatelois 9.4 (Table 2). However, the exact
titration point for this alkaline block is not possible to
determine with precision. The reasons for this uncertainty
are twofold. First, we cannot study the transition at pel
since the OEC is quickly inactivated at such high pHs. Thus,
if there really occurs a block withp~ 9.4, we can only
observe a fraction of this block in our available pH range.
Second, at pH 8:89.0, even the SML signal is small,
which decreases the precision in our measurement.

It should be noted that we studied the-S S; transition
using our knowledge that;S> S; is fully open in the entire
pH range. This allowed us to alter the pH already in the S
state. However, we also attempted to study theSS;
transition by changing pH in the,State (15 s mixing was
applied). This experiment proved to be impossible at pH
>7.7 due to the fast decay of &t elevated pH (Figure 2,

S, — S transition, this would have been revealed also in
the analysis of the S— S; data. Consequently, the results
in Figure 4B support our conclusion that-S S, transition

is fully operational up to pH 8.0.

pH Dependence of thesS> [S)] — & Transition. The
recent determination of the pH dependence of théVg
signal amplitude46) made similar pH studies on the S
[S4] — S and on the §— S transitions possible. The
principles of the measurements were similar as applied in
our measurements of thg S+ S; and $ — S; transitions.

In the study of the pH dependence of the-S[S)] — S
transition two flashes were given before the pH change,
which was followed by the probe flash (Scheme 2, panel
C). The probe flash was followed/a 4 min dark incubation
to allow decay the SML signal that otherwise interferes
with the § ML signal spectra, making the analysis difficult.

inset), which leads to severe scrambling of the S-states duringFour representative spectra are shown in Figure 5. At pH

the mixing period and the subsequent probe flash.
Unfortunately, it was also impossible to obtain high-quality
data in the acidic region for similar reasons, i.e., severe
scrambling of the S-states during the pH jump. However, at
pH 4.0 and 4.5 the SMVIL signal actually increased on the
second flash (not shown). This shows that thestate did
not turn over to $at low pH while centers remaining in the
S, state formed Son the probe flash. We were unable to

6.2 (spectrum b) the,d/L signal has its maximal amplitude
while the signal intensity was much smaller at pH 4.8
(spectrum a) and pH 7.3 (spectrum c¢) and even smaller at
pH 8.0 (spectrum d).

Figure 6A shows the relative amplitude of the KL
signal as a function of pH. Fitting of these points with two
pK’s (46) resulted in a bell-shaped titration curve (thick line).
This titration curve is significantly narrower than the curve
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Ficure 6: pH dependence of the; S> [S)] — S transition. (A)

pH dependence of theo L intensity. The $ ML signal was
induced by two flashes. These were followed by the pH jump and
a probe flash. The plottedy $IL signal intensity ®) corresponds

to the sum of the amplitudes of three peaks in thevik signal
(dotted lines in Figure 5), corrected for the decay of thestate
during the 4 min dark incubation that was applied after the probe

flash (see inset and text for explanation). The thick line represents

a fit of the experimental points with a titration curve with twi§’p
(see eq 5 in refl6). The thin line shows the titration curve of the
amplitude of the SML signal from ref46. Inset: the pH-dependent
decay of the §ML signal during the 4 min dark incubation at (a)
pH 4.8, (b) 6.2, (c) 7.3, and (d) pH 8.0. The measured signal
intensities (black columns) were completed by the calculated
decayed fraction (white columns) of the signal. Thdifgtimes at
different pHs are taken from r&f2. The plotted points®) in (A)
represent the sum of the black and white columns. (B) Efficiency
of the § — [S4] — S transition as a function of pH. One set of
the data points@) represents the efficiency of formation of the S
state at different pHs which was calculated by the division of the
data points @) from panel A and the titration curve of the BIL
signal amplitude (panel A, thin line). The second set of the points
(m) is taken from an alternative experiment targeting the relative
decrease of thes;Jopulation after the probe flash (see Figure 7
and text for explanation). The data points are fitted with a bell-
shaped titration curve (solid line; see eq 5 in46f which yielded

the K values of about 4.5 and 8.0 in the acidic and alkaline regions,
respectively.

reported for the pH dependence of thg BIL signal
amplitude [Figure 6A, thin line, i§'s of 4.2 + 0.2 and 8.0
+ 0.1 @6)]. This indicates that thesS— [S4] — S transition
is blocked at both acidic and alkaline pH values.

Bernd et al.
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FiIcUrRe 7: Results from an alternative experiment to determine the
pH dependence of theS> [S4] — S transition. The spectra show
the induction of the §z* split signal by two flashesApH;, the
probe flash, and\pH, to pH 8.3 (see text). The pH after the first
pH change in this experiment was (a) pH 7.3, (b) pH 7.9, and (c)
pH 8.2. To better visualize the,%,* split signal, the big underlying
signal from Yp* has been subtracted. Tlge~ 2 region has been
excised for clarity. EPR settings: microwave power 25 mW,;
microwave frequency 9.40 GHz; temperature 7 K; modulation
frequency 100 kHz; modulation amplitude 5 G.

protonation/deprotonation steps (see eq 5 irt&fwith pK,
~ 4.5 and K, ~ 8.0, respectively.

We have recently found}y) that a 96-100 G wide Y
split signal can be induced by a pH jump to pH 8.0 or above
in the S state (in our earlier study the pH jump was
performed after two flashes). The&Kpof this § — S,Y 7
conversion was 8.5- 0.3. The alkaline K of the S — [S/]

— S transition, measured by the formation of the NsL
signal, occurred below this valueKp~ 8.0, Figure 6B).
Therefore, we could also follow the disappearance (or
absence of disappearance!) of thesgte at different pHs
above pH 6.0 by using a special experimental protocol. In
this protocol we applied a second pH change [after the
sequence of two flashes, pH jump and probe flash (Scheme
2, panel C)] to elevate the pH to 8.3. The second pH move
was applied to reveal the remaining Sate in the shape of
the SY7 signal.

Figure 7 shows spectra from this experiment. After two
flashes,ApH; to pH 7.3, the probe flash, antipH, to pH
8.3 (Figure 7, spectrum a), there was no observap¥eS
(“S3”) signal. This shows that thes;Senters completely

Again, these data must be evaluated with care prior to turned over to gat pH 7.3. However, the same protocol
defining the pH dependence. It is necessary to take intowith a ApH; to pH 7.9 (Figure 7, spectrum b) or 8.2 (Figure

account both the pH dependence of the ML signal
amplitude 46) and the decay of thep®enters during the 4
min dark incubation [due to the reactiog¥s® — SiY b (42)].

7, spectrum c) induced a signal fromaYS*. The signal was
bigger when the probe flash was applied at the higher pH.
This shows that thesS— [S4] — S transition was inhibited

The latter reaction has two components decaying in the at these pH values. This complex experiment was conducted
minutes and hours time scale, respectively. The half-time of at several alkaline pHs, and the formation of th¥ & split

the fast (minutes) component is about 48 min at pH 4.4 but signal after two flasheg\pH,, one flash, and\pH,, occurred
decreases to about 8 min when the pH is elevated to 6.8 orwith pK ~ 8.1 (Figure 6B, black squares). This is in very

above 42). Thus, the decay of3s significant at the higher
pHs. The calculated decay of the IEL signal during the 4
min dark incubation is presented in the inset of Figure 6A.

The results of these corrections are shown in Figure 6B,

which shows that thesS— [Ss] — S transition is inhibited
at both low and high pH. The data can be fitted well with

good agreement with the result obtained by our measure-
ments of the gsignal (Figure 6B, open circles; see above).
Thus, this second experiment is particularly valuable since
the § ML signal studied in the first approach is very small
in the alkaline region (Figure 5, spectra ¢ and d; Figure 6),
which is an inherent problem in our experiment. In our
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Magretic field (G) FicurRe 9: pH dependence of theo S~ S; transition. (A) pH
FiIGure 8: Low-field part of the g state ML EPR signal induced  dependence of the;$AL signal intensity. The $ML signal was
by three flashes at pH 6.0 followed by either a pH jump (spectra induced by three flashes followed by the pH jun® or remained
a and c) or a pH jump and a probe flash (spectra b and d). The after the subsequent probe flag)(See Figure 8 for experimental
final pH was 4.6 (a and b) and 6.2 (¢ and d). The same samplesconditions. The amplitudes were measured and compared as in
were used for both experiment pairs. The probe flash was providedFigures 5 and 6A except that the decay of thg sate was
after the sample had been thawed after the first EPR measurementsnsignificant. (B) Efficiency of the $§— S; transition as a function
A 4 min dark incubation was applied before the sample was frozen of pH. The data pointsd) are obtained from panel A where the
the first and second time to minimize the contribution of the S  relative difference of the intensity before and after the probe flash
ML signal. Any remaining $ML signal has been subtracted from  at each pH @, O) corresponds to the efficiency of the transition.
the spectra. (For raw spectra see Supporting Information.) The The data points are fitted with a titration curve with or€ (solid
dotted lines indicate the three peaks used for the determination ofline; see eq 1 in re#7) which yielded a j value about of 4.7.
the spectral intensities in Figure 9A. EPR settings as in Figure 5.

o o _ _ The individual data points are shown in Figure 9A. The
opinion, the similar results obtained by the two different rejative difference of the data points (between the filled
protocols strengthen our results obtained by the complicatedgjrcles and open squares) is characteristic for the-SS,
experimental protocols and data analysis. transition at different pHs. The efficiency of the S+ S,

pH Dependence of theoS—> S Transition. The pH transition is shown in Figure 9B. The data points can be
dependence of the,S> S transition was studied by the fitted by a simple titration curve withip~ 4.7. We should
disappearance of the $IL signal after the probe flash (see  emphasize that in this experiment we did not have to correct
above). In a similar fashion, the decrease of th¥5 signal our measurements for the pH-dependent amplitude of the
after the probe flash was used to study tge-SS; transition S, ML signal 46) since the measurements before and after
(Scheme 2, panel D). The analysis was simpler for he-S  the probe flash were done at exactly the same pH. It is worth
S: transition, because the decay of thesate is slow (at  mentioning that we carried out similar experiments with two
pH 6). This made it possible to @s 4 min dark incubation  parallel sample series (independent samples frozen after the
to eliminate the remainingsSopulation before the probe probe flash) and the sameKpvalue was obtained (not
flash was given (see Table 1). This was necessary, since thghown).
probe flash otherwise could inducg feom the significant Due to the small signal intensity, thg Signal cannot be
S; population after the third flash~33%, Table 1). In  used for studies above pH 7.5 to establish if there is a block
addition, the stability of the ML signal at pH=<6 allowed  at high(er) pH or not. Fortunately, the formation of the S
us to use the same sample to measure the signal both beforetate centers can be followed by measuring the difference
and after the probe flash. A second 4 min dark incubation of the S ML signal intensity before and after a subsequent

was applied after the probe flash to decrease iélSsignal illumination at 200 K, which oxidize the formed, 8enters
contribution in the spectra. This would otherwise be large to the S state 61, 65).

since there was a significant Sopulation prior to the probe Figure 10 shows four Slifference &200 K illumination)
flash. ML spectra at pH 7.3 (spectra a and b) and 8.9 (spectra ¢

Figure 8 shows two pairs of spectra, recorded at pH 4.6 and d) representing the $opulations before (spectra a and
(spectra a and b) and 6.2 (spectra c and d), after three flashes) and after (spectrum b and d) the probe flash, respectively.
and a pH jump (spectra a and c) and after three flashes andrhere was an observable increase in the&pulation after
a pH jump, followed by the probe flash (spectra b and d). the probe flash even at pH 8.9 (Figure 10, spectrum d),
The S ML signal disappeared completely after the probe indicating that the §— S, transition seems to be (at least
flash at pH 6.2 (spectrum d). In contrast, at pH 4.6, a partially) open at this pH. The individual data points are
significant fraction of the signal remained after the flash presented in Figure 11A. The relative difference between
(spectrum b). This indicates that thg S S, transition is the data points is a direct measure of the efficiency of the
open at pH 6.2 but blocked at low pH. S — S transition over this pH range, as shown in Figure
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Magnetic field (G) Ficure 11: An alternative protocol to determine the pH dependence

of the $ — S, transition at alkaline pH. (A) pH dependence of the

S, ML spectra induced by 200 K illumination from PSII centers
oPoised in the §state either after three saturating laser flashes
followed by the pH jump[{) or after also the subsequent probe
flash @). The amplitudes were measured and compared as in
Figures 1 and 2A. The data points are fitted with a bell-shaped
titration curve (see eq 5 in ref6). (B) Efficiency of the $— S;
ransition as a function of pH. The data poin) (are obtained
rom panel A by using the difference of the two sets of poiss (
0) and normalizing this difference to the correctedMi signal
amplitude titration curve (Figure 2A, thin line, and 486). The
points were fitted with a linear function.

Ficure 10: Analysis of the pH-dependefarmationof the S state
during the 3— S, transition. The PSII centers that reached the S
state with the probe flash after the pH change were converted t
the S state by illumination at 200 K. This allowed us to estimate
the S population from the intensity of the,3/L signal formed

by the illumination at 200 K. The spectra represent the difference
between the spectrum recorded after illumination at 200 K and the
spectrum recorded before in samples exposed to three flashe
followed by the pH jump (spectra a and c) or after a subsequent
probe flash (spectra b and d). The final pH was 7.3 (spectra a and
b) and 8.9 (spectra ¢ and d). Thex~ 2 region has been excised
for clarity. For EPR settings see Figure 1.

11B. Since the efficiency is 100% even at pH 8.9, it could
be concluded that the,S— S; transition is open in the
alkaline pH range. Thus, the theoretical alkaline block (if
there is any) is at very high pH>(10.0).

Comparison of the pH Dependence of the blidlial
S-State Transitions and the Steady-State OxygetuEon.
It is worthwhile to compare the pH dependence of the 0
individual S-transitions and the pH dependence of the steady-
state oxygen evolution, which, depending on the PSII 100
preparation procedure, shows half-inhibition values between
pH 4.8-5.5 and pH 7.48.0 42, 43). In our PSII preparation
in the presence of 5% methanol (v/\B8], we found that
the oxygen evolution (Figure 12A, open circles) is inhibited
with half-inhibition values around pH 4.8 and 8.0. This is
identical to the pH dependence in the absence of methanol N B A R
(Figure 12A, filled circles). Multiplication of the functions 4 5 6 1 8 9
describing the pH dependence of the individual S-state pH

trans_ltlons reveals the efficiency of the whole cycle a_s 4 Fieure 12: pH dependence of the whole S-cycle. (A) Steady-state
function of pH and, consequently, of the oxygen evolution oyxygen evolution at different pHs measured in the presedyel

if the pH dependence is dominated by the S-cycle. This absence®) of 5% methanol (v/v). The maximal oxygen evolution

calculation (Figure 12B) resulted in a titration curve for the at pH 6.5 fr400umol of O, (mg of Chly™ h™'] was considered to

oxygen evolution with half-inhibition values at pH 5.0 and € 100%. (B) Multiplication of the titration curves, described by

8.0. This is in remarkably good agreement with the inhibition €q 5 in refas, belor}glng 0 thg three pH-dependent S-transitions:
- ) S, — S5 (pKy & 4.0; Kz ~ 9.4; thin solid line), $— S (pK1 ~

of the steady-state oxygen evolution. 4.5; K, ~ 8.0; dashed line), and,S~ S; (pK ~ 4.7; dotted line).

This analysis shows that the decrease of the steady-statd "€ Product of their multiplication (thick line) gives the pH
. . dependence of the whole S-cycle.
oxygen evolution at low pH is a consequence of the
S|multaneous. inhibition pf yh_rge of the S—tranS|t|ons.. N bIScUSSION
contrast, at high pH the inhibition of the oxygen evolution
is almost completely determined by the inhibition of the S First in the discussion we should discuss the precision in
— [S4] — S transition. our measurements. To allow efficient turnover, we are forced

—
[=]
[=]

Oxygen yield (%)
W
S

50

Turnover (%)
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to work with weak concentrations of PSIl membranes as has less influence. This emphasizes the importance of the
compared to many other EPR investigations. This makes ourproton concentration in the lumen for the function of PSII.
studied ML EPR signals small. However, our experiment is When the leaf is exposed to light, the pH rapidly drops in
made possible since we use the very sensitive SHQ cavitythe lumen where the OEC is located. Our results indicate
which makes our signal to noise ratio much better than in that PSII is blocked at the level of individual S-transitions
our earlier studies of the,&nd $ ML signals @6, 48, 51). in a pH range easily reached under physiological conditions.
Both the $ and $ ML signals are decreased in size at  There is a vast literature on the proton release pattern in
alkaline and acidic pHs. Despite this, the 8L signal is the S-cycle and how pH affects the function of various redox
large enough to be measured accurately in the entire pHcomponents in PSII. Our results here have importance for
interval from 3.9-8.9. The situation is different for theyS  the interpretations in many of these studies. However, we
ML signal, which is much smaller at all pH4& 51). This find it too early to discuss all of these aspects at this stage.
makes our precision lower both at alkaline and at acidic pHs. Instead, we will restrict our discussion to mechanisms that
Partially we have overcome this by measuring many samplescan explain the inhibition of certain S-state transitions at low
in many independent series. Despite this, our precision isand high pH. We will also speculate somewhat on why the
lower in the transitions where the, Signal was our spec- S, — S, transition is pH independent.

tral probe (8 — [S)] — S and S — ) than in the The inhibition at low pH occurs withk ~ 4.0—4.7 and
transitions where the,VIL signal was measured (S~ S, seems to be similar in each S-transition except in the>S
and $ — ). S, transition. We see two different mechanisms that can give

We feel that our data are as good as can be producedrise to this inhibition pattern. ¥is connected to a hydrogen
The amplitudes of the ML signals are inherently small at bond network that probably involves His190 (on the D1
the extreme pHs. We have also applied complex experimentalprotein) ©—14, 16, 19—23) and one or several carboxylic
protocols and much data treatment, which makes the trueresidues. The latter have not been identified, but many groups
error in the data difficult to ascertain. We have therefore including ours 9, 13, 19—21, 66, 67) have suggested that
chosen not to provide error estimations of our determined D1-Glu189 can be one of these. It was recently found that
pK’s. In most cases the inhibition (or absence of inhibition) the midpoint potential of the X/Y; couple can be titrated
is clear. We also trust the conclusion that the acidicfor by changing the pH in the buffer. The interpretation from
the inhibition of S — S is lower than that of $— [S;] — these results was that the hydrogen bond network extends
Sp which is lower that that of §— S; (Table 2). Itis also ~ from Yz to the solvent47). It was furthermore suggested
clear that the weakestKpassignment is the alkaline block that this hydrogen bond network in fact is the proton release
of the S — S transition (K &~ 9.4), which could only be  pathway in PSII and that proton release consequently is
partially studied. triggered upon the oxidation ofY{similar to what has been

suggested by Babcock and co-workets, (16, 18—21)].
Table 2: pH-Dependent Inhibition of the Individual Steps in the . Itis not un“ke_ly that one or several carboxylic residue(s)
S-Cycle is (are) the point of contact between the hydrogen bond
network and the solvent4{). Carboxylic amino acids

iti b b
ransion , S _pKz normally become protonated withKfs around 4.5. Proto-
%:2 g%mde‘)endem 9p4H independent nation of a proton release site would close the proton release
S:—[S] — S 45 8.0 pathway from Y, thereby preventing turnover of the OEC.
S— S 4.7 pH independent The protonation of the pathway would possibly dlstrease

aThe (K values are given without error estimation. This was the€ midpoint potential of the X/Y; couple. The ¥/Y;
necessary since the errors cannot be estimated due to the combinatiofpotential then could become close to the available oxidizing
of very complex experimental protocols and very small EPR signals at potential of the P680P680 pair below pH 44.5 (47). This
the extreme pHs (see text for discussidrpK, and K are the [Kfor - \yoyld slow or prevent oxidation of ¥at very low pHs. This
the inhibition in the acidic and alkaline regions, respectively. could explain our inhibitory pattern.

It has also been proposed that the low pH actually induces

Table 2 summarizes the pH dependence of the four redoxa C&* release from its site in the OE®&—70). This would
transitions in the oxygen evolving S-cycle studied by our explain a block in the S-cycle between &d S, which is
single flash technique. They S~ S; transition is blocked often thought to be the site for inhibition due to %a
with pK ~ 4.7 in the acidic region while it is open at least depletion (ref6 and references cited therein). It is less
up to pH 10. The §— S; transition is not affected by the  obvious how it would affect the other transitions that are
pH. It is fully operational between pH 4.1 and pH 8.4. The blocked at low pH (§— S; and S — [S4]— ). However,
S, — S; transition is inhibited with g3 ~ 4.0 in the acidic it is unlikely that our conditions would give rise to release
region and Kz &~ 9.4 in the alkaline region. The most distinct of C&" from the OEC. In our experience, €alepletion is
inhibition pattern is found for thesS— [S;] — S transition, achieved at pH 3.0 in the presence of a chelator that binds
which shows well-defined pH-dependent blocks both at C&* (5 min treatment; ref§7 and71) and not at pH 45
acidic pH (K; ~ 4.5) and at alkaline pH &, ~ 8.0). Our for 30 s in the presence of 5 mM CaQbur conditions; see
simulation of how these S-state transition inhibition profiles Materials and Methods).
contribute to the overall pH dependence of steady-state We are thus of the opinion that the inhibition at low pH
oxygen evolution (Figure 12) shows that the oxygen evolu- rather reflects protonation of one or several carboxylic
tion in PSll-enriched membranes is mainly influenced by residues in the proton release pathway from the OEC. The
pH modulations at the Mytluster and ¥ while the acceptor ~ most likely candidate is a carboxylic residue close toavid
side (at least in the presence gfBQ as electron acceptor) D1-His190. The pH titration of the P680@eduction kinetics
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(13, 26, 72, 73) and deuterium isotope effects on the pH-
dependent P680reduction 74) support this idea.

The inhibition at alkaline pH is probably easier to explain.
We recently found that a pH jump in the State induced
the formation of the &7 state 47). We proposed that this
reflected a pH-induced shift of the redox potential of the
Y 2/Y z couple, making it less oxidizing than the/S; couple
of the Mn cluster.

We propose that this mechanism applies to the/¥f;
couple in all S-states. It explains well the inhibition of the
S — [S4] — S transition since ¥ cannot oxidize the 5
state above pH -88.5 fast enough to avoid side reactions
leading to reduction of ¥. In contrast, both theSand the
S, states are low enough in potential so that they can be
oxidized by Yz* even at high pH [the oxidizing potential of
the Yz/Y z couple approaches800 mV even at pH 8.5 (see
Figure 8 in ref47)]. Thus, there is no alkaline block in the
S — S and § — S, transitions. The situation is less clear
for the S — S; transition, which was found to be blocked
with pK ~ 9.4. The $ state is considered to be about 50
mV less oxidizing than ¥ at pH 6-7 (42, 75). This would
mean that ¥* would become unable to oxidize the Sate
above pH~8 if the oxidizing potential of the Sstate was
unaffected by pH. We find, however, that the & $;
transition is inhibited with g ~ 9.4. A simple explanation
to this is that the redox potential of the/S, state is pH
dependent in parallel to thezYY; couple. This idea is
similar to what was proposed earlier from different arguments

(47).

One further aspect of our results should be discussed. Why

is the § — S; transition independent of pH over the whole
studied pH interval? As discussed above, the proposed
titration of the midpoint potential of the /Y z couple can
explain the lack of a block on the alkaline side. The midpoint
potential of the ¥*/Yz couple can be expected to be higher
than the $redox potential also at elevated pHSs.

However, it less obvious why there is no block on the
acidic side in the §— S; transition which otherwise affects
all (both high potential and low redox potential) S-transitions
similarly. The proton release pattern in the-S S, transition
is complex and difficult to measure. In PSll-enriched
membranes, the proton release in the first flash was not
measured due to experimental complicatio83, 84), and
the proton release in thg S S; transition was studied only
in the fifth flash. It was found that no protons were released
below pH 5.5 and that about G-8.8 proton was released
in a pH-dependent manner above pH 6.5. If this proton
release pattern also applies for the first flash (corresponding
to our conditions), the lack of proton release below pH 5.5
explains the pH independence of this transition also below
pH 5.
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SUPPORTING INFORMATION AVAILABLE

Two figures showing the raw spectra, containing both the
S; ML signal (from a fraction of centers) and the BIL

Bernd et al.

signal, used to produce the “pure”s AL spectra to
determine the I§’'s for the S — S and S — S transition,
the pure $ spectra being derived by subtraction of the
contaminating $ML contribution. This material is available
free of charge via the Internet at http://pubs.acs.org.
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