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ABSTRACT. Time-resolved EPR oximetry has been used to determine the oxygen release kinetics in spinach
thylakoids and PSIl membranes. We observe release kinetics with half-time®. &b and~1.45 ms for
thylakoids and PSIl membranes, respectively, which are in close agreement with the EPR detepmined Y
decay kinetics for the S5— — S transition in these systems. The results show conclusively that water-
oxygen chemistry is not a rate-limiting step in the donor side of PSIl under normal turnover conditions.
By analyzing the oxygen release kinetics in thylakoids under nonphysiological, but still functionally
competent conditions (low pH or high salt), we observed an initial delay in thel®ase of up to 200

us following flash turnover from thestate. This is the first direct indication of a probable quasi-stable
intermediate in the $5—— S turnover of PSII, possibly representing the putatiyestgte. Under conditions

more closely approaching physiological, no such delay was resolved, indicating thatth®,Sransition

occurs within 5Q:s under such circumstances. Two possible reaction sequencesf@nfation consistent

with these and other data are discussed. It is suggested that the more probable foxhisoh“&ct the

S + Y2 combination, which must undergo some molecular rearrangement on the tens to hundreds of
microseconds time scale before formation chemistry occurs.

In oxygenic photosynthetic organisms, water is oxidized It has for some time been realized that the time scale for
to molecular oxygen by a manganese-containing catalytic flash-induced oxygen release in the-S (S;) — S transition
site in Photosystem Il (PSIHwhich involves up to four Mn is of an order similar (one to a few milliseconds) to that of
ions. The four required oxidizing equivalents for the water the S state turnover, with the latter monitored by EPR or
oxidation are sequentially accumulated in the Mn cluster by optical absorption techniques (for a summary see6)ef
changing its redox state. The formal redox states of the Mn Generally, however, the time resolution of the oxygen release
cluster are known as the S states, labelgdS, where the ~ measurements has been significantly poorer than that of the
index represents the number of oxidizing equivalents stored S, turnover determinations, with the result that only a coarse
(1). The S state is unstable, and its spontaneous reduction ypper limit could be put on the lifetime of the putativg S
to & is accompanied by oxygen release. A tyrosine residue, state. Oxygen formation kinetics have been studied in a
Y., is an intermediate electron carrier which transfers the number of different ways, with the apparent oxygen release
oxidizing equivalents from P680to the Mn clusterZ, 3. times being shown to depend on the technique and the
Since the rate of ¥ rereduction is S-state-dependent, the material used. Using polarographic techniques the half-time
time scale of each;S> S, transition can be obtained by ¢ oxygen release was estimated as about 0.98)2(ms
measuring the ¥ rereduction kinetics. In intact systems the (9), and 1.5-2.2 ms (0) in Chlorella; 3 ms (L1) and 1.2
EPR signal of ¥ (neutral radical) is conventionally called 5 (12) in chloroplasts; 2.7 ms 0£6 ms (L3) in thylakoids;
signal Ik (4). The first determinations of these kinetics by <5 5 @3 and 36-130 ms (4) in PSIl membrane
the observation of EPR transients of Were performed by fragments:<11 ms (3) in leaf disks; and 1.2 mslp) in
Babcqck and co—wo'rkerﬁx. Reqenﬂy, we haye refined this b naliella tetiolecta The half-time of oxygen release was
technique and provided a detailed description of the S state,; shown to be less than 5 ms (i€ and see also ref?)
turnover kinetics by EPR for the four meta stable S states, in leaf disks using the photoacoustic technique and 3 ms

S to .& 6, 7) The uncer'.cqmtles in the time constants using a UV absorption spectroscopy techniql@).(
associated with these transitions are now only a few tens of o ) .
The fact that the lower limit of these various estimates

microseconds.
(millisecond time scale) overlaps with the observed range
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The oxygen release time has been recently measured usingnd 0.8 M NaCl as buffer B, or in 50 mM MES/NaOH (pH
an alternative approachl9, 20Q. This technique, EPR  6.0), 5 mM MgC}, 50 mM NaCl, 3 mM CaCl and 0.4 M
oximetry, is based on the effect of molecular oxygen, as a sucrose as buffer C. The chlorophyll concentration was
paramagnetic species, on the EPR spectra of stable radicalsadjusted to 2 mg/mL. PSIl membranes were prepared as
Through paramagnetic spirspin interaction, collisions  previously describedr]. The final pellet of PSII membranes
between molecular oxygen and the spin probe will result in was resuspended in 50 mM MES/NaOH (pH 6.0), 5 mM
changes in the spectrum line width and microwave saturationMgCl,, 15 mM NaCl, 3 mM CaGl and 0.4 M sucrose as
behavior of the spin probe, due to effects on both the T buffer D. The chlorophyll concentration was adjusted to 2
and T; relaxation times of the probe. At high microwave mg/mL. All preparation steps were performed &Clin dim
power levels, an increase in the oxygen concentration causedight, and the chlorophyll concentration was determined by
a proportional increase in the peak height of the oxygen probethe method of Porra et al2{).

(7). The & evolution activity was measured with a Clark-type
In comparison with the polarography technique, EPR electrode. For thylakoids the @ctivity was measured in
oximetry has one major disadvantage, its poor signal-to-noisethe assay mixture of buffer A, B or C containing 0.25 mM

ratio, especially in time-resolved EPR oximetry. However PPBQ, 0.5 mM ferricyanide, and 5 mM N@I. For PSII

if this limitation can be accommodated, EPR oximetry has membranes the Qactivity was measured in 50 mM MES/
numerous advantages as a technique for determining rapidNaOH (pH 6.0), 5 mM MgGl, 15 mM NaCl, 3 mM CaGl
changes in dissolved oxygen concentrations. The measure0-4 M sucrose, 0.25 mM PPBQ, and 0.5 mM ferricyanide
ment is truly “in situ”, with negligible time lags associated @as the assay mixture. The chlorophyll concentration during
with mixing or boundary layer diffusion processes. In the assay was about 2@y/mL. The steady-state rates of
addition, oxygen is not consumed by the measurement, noroXygen evolution for thylakoids and PSII membranes were

By using**N-perdeutrated Tempone as the oxygen probe (mg OIhChII;;itl)’ ;\?vspec'tur:/elg. T_he_se dldantc?e?“nE- byt_
; ' more than 6 between the beginning and end of a kinetic
Strzalka et al. (1990) reported a half-time of ©@l5 ms un

for the oxygen release time in spinach thylakoids, which '

unexpectedly, was faster than any previously reported half- All EPR measurements were carrieq out a1l °C on a
time for the § — S transition. However, by using lithium Bruker ESP 300E spectrometer equipped with a TMO11

phthalocyanine as the oxygen prob&gd)( Tang et al.  Ccavity. The sample was continuously pumpee3Q uL/s)
measured a half-time of-12 ms for oxygen release time in through the EPR cuvette from a long tube, functioning as a

PSII membranes, which is in closer agreement with oxygen "€Servoir and kept in a water bath at°€ in the dark.
electrode measurements. Saturating 1Q«s xenon flashes from an EG&G electrooptics

. L flash lamp were used to excite the sample. A fiber optic cable
In this paper we report the oxygen release kinetics from a5 ysed as a light guide to illuminate the sample directly
PSII obtained from extensive averaging of the flash-induced j,, ihe EPR cavity. The flash frequency (4 Hz) and pump

change_in the signal amplitude of PDT, using tim_e-re_solved flow rate were chosen to allow each aliquot to receiks
EPR oximetry. We have also measured the signatiietics  fiashes within the EPR cavity. This is critical because
of the sample under the same experimental conditions asgycessive turnover on any aliquot leads to slight signal
were used for the oxygen release kinetics. This allows, for yosition drift, which distorts the kinetic output. A data run
the first time, a direct comparison of thg & & transition consisted of 500010000 flashes in total.

kinetics with the oxygen release kinetics in the same
photosynthetic system. Comparison of the data of thylakoids
under physiological conditions (pH 7.5) with those under
nonphysiological conditions (low pH and high salt) shows
the presence of a resolved intermediate in the 5
transition. Also, it is clearly shown that oxygen release is
retarded in detergent-solubilized PSII membrane particles,
in comparison with thylakoids as active physiological
samples.

15N-perdeutrated tempone (PDT) (from C/D/N isotopes
Quebec, Canada) was used as an oxygen probe to measure
the G release kinetics (see r2D), at a final concentration
in the sample of 10&M.

The signal s kinetic measurements were performed using
100 kHz modulation frequency, 100 mW microwave power,
4 G modulation amplitude, and 465 time constant, at the
low-field peak of signal § (g = 2.010). PBQ 1 mM and 1
mM KsFe(CN) or 1 mM PPBQ and 1 mM kre(CN) were
MATERIALS AND METHODS included as the electron acceptors for thylakoids and PSII

membranes, respectively. A field-independent flash artifact

Thylakoid membranes were isolated from market spinach. was measured at a position 50 G offset frgrs 2.00 and
About 400 g of leaves were deveined and homogenized in subtracted from the signal Il kinetic signal, )

50 mM HEPES/NaOH (pH 7.5), 5 mM Mgg;150 mM Nacl, The oxygen release measurements were performed using
and 0.4 M sucrose. The homogenate was strained through 8100 kHz modulation frequency, 159 mW microwave power,
layers of cheesecloth and one layer of nylonmeshu(35 2.5 G modulation amplitude, and 160 or 3268 time

and centrifuged at 10@0for 10 min. The pellet was constant. The measurement position was at the downfield
resuspended in 50 mM HEPES/NaOH (pH 7.5), 5 mM peak of the PDT signal, in the presence of the above artificial
MgCl,, and 50 mM NaCl to give an osmotic shock and electron acceptors. We have shown earliérthat under
centrifuged at 1509 for 10 min. The pellet was finally  these conditions of saturating power and overmodulation,
resuspended in the homogenizing buffer as buffer A, in 50 the signal peak to peak amplitude increases monotonically
mM HEPES/NaOH (pH 7.5), 5 mM Mggl3 mM CacC, with dissolved Q concentration. The PDT peak is centered
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80 Table 1: Results of $SKinetic Turnover Measured by Signalll
Rereduction and Oxygen Release, Determined by Time-Resolved
__ 60 EPR Oximetry
; signal lis
= 40 - a kinetics oxygen release kinetics
S 20l S—S =% S—S% S—S
= ty2 (Ms) a ty (Ms) btz (MS) ¢ ty2 (Ms) d
0| thylakoids (pH= 7.5) 0.75 0.85 0.80 <0.05
. ] | : l [ , | thylakoids (pH= 6.0) 1.05 1.25 1.05 0.2
1 0 1 o 3 4 5 6 - thylakoids (0.8 M NaCl) 1.3 1.4 1.3 0.1
) . PSIl membranes 14 14 145 <0.05
time (ms)
a Interpretation of parameters according to Scheme 1 (See text). The
1.0 O, kinetics show half-times for the overall release process (b, not
generally simple exponential) and its decomposition into sequential first-
3 08 order processes (c, d), according to reactions in Scheme 1. The
£ 06 uncertainty (from data fits) for a, b, and c4$5% and for d is~20%.
)
Z 04
8
E oo Fort <O
00 T T T T T T T T A(t) - 0 (1)
10 1 2 3 4 8 ime () fort > 0

Ficure 1: (a) The signal Ik kinetics and fit of eqs 3 and 4 plus ket — ket
(b) the oxygen release kinetics and fit of eqs 1 and 2 for repetitive — [83] 1+ 1 2
flashing on a sample of dark-adapted thylakoids in buffer A (pH A(t) k, — Kk,
7.5). The signal amplitudes are divided by the number of averaged

events: 18 000 for the signal4kinetics and 40 000 for the oxygen wherek; is the rate constant for the;S- S, transition and

release kinetics. The insert to panel (b) shows the PDT spectrum, . .
and peak used for the measurement. The instrument time constank? IS the rate constant for the spontaneous transition, 6 S

for oxygen release measurements is 160Other conditions are ~ O2. Ac is the amplitude of the PDT signal at timend [S
as described in Materials and Methods. ] the fractional $ state population immediately before the

flash. The smooth curves in Figures 1, 2, 3, and 4b represent
atg = 2.015 and overlaps the signal Il measurement point the least-squares fits of the above equations, including the
somewhat. However the signal, due to the probe concentra-instrument response time, to the experimental data points.
tion and narrow line width, is-100 times more intense than  The resulting oxygen release half-times are listed in Table
signal Il components. 1.
Timing and control of the EPR acquisition were performed ~ Figures 1a, 2a, 3a, and 4a show the signalkinetics
by the ESP 300E spectrometer computer. During acquisition Obtained by repetitive flashing of a sample aliquot, summed

of a kinetic signal, the flash lamp was triggered after a (short) Over many aliquots. The ;kinetic signals were obtained
fixed delay in the acquisition sequence, to obtain data both under the same conditions as those used for oxygen release

2)

immediately before and after the flash. measurements, except that the PDT probe was absent. The
response should correspond closely to that from a uniform
RESULTS mixture of the four S states. The smooth curves in Figures

la, 2a, 3a, and 4a then represent the least-squares fits to the
Figures 1, 2, 3, and 4b show the oxygen release kineticsdata of eqs 3 and 4, where for< 0
measured by monitoring changes in the signal amplitude of
the PDT signal. The data were obtained by subtracting the lp=0 3)
kinetic traces measured at the positive peak of the PDT signal f
. . . ort>20
from the corresponding traces measured at its negative peak
(Figure 1b, insert). This improves the signal-to-noise ratio — —tre) _ (—t/1) _
and cancels any background signals arising from flash o Ia[O.75((é € O — ) +
artifacts or signal Il turnover. The sample was circulated 0.25((& " — VN1, — 1)) +
continuously, and each dark-adapted aliquot received about (—tlry _ (i) _
12 flashes. During the course of the kinetic measurements (e € V(U = k] (4)

the PDT spectrum was regularly scanned and the magneticyhere ¢ is the decay time constant for the turnover from
field periodically readjust_ed to maintain position on the PDT' S, 7o is the average decay time constant for the three earlier
measurement peak. This procedure is necessary as cavitys siate transitionss is the decay time constant for turnovers
tuning varies slightly throughout the course of the measure- 4f inactive centers, and is the instrument response time. |
ments, due to dissolved Gccumulation in the sample,-  4ng | are the signal amplitudes for active and inactive
among other factors. centers, respectively, and are assumed to be S-state-
For the § — (S5) — O; transition, the response of the independent.lcorresponds to the fraction (205%) of
PDT probe to the turnover-induced dissolved oxygen changenonfunctional centers which turnover with a decay time
can be defined by the following equations. constant {5 of ~10 ms. We have shown previousl§, (7)
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Ficure 2: (a) The signal Ik kinetics and (b) the oxygen release FiGURE 3: (a) The signal Ik kinetics and (b) the oxygen release

kinetics, with fits as in Figure 1, from repetitive flashing on a sample kinetics, with fits as in Figure 1, from repetitive flashing on a sample

of dark-adapted PSII membranes in buffer D (pH 6.0). The signal of dark-adapted thylakoids in buffer C (pH 6.0). The signal

amplitudes are divided by the number of averaged events: 20 000amplitudes are divided by the number of averaged events: 24 000

for the signal I} kinetics and 40 000 for the oxygen release kinetics. for the signal s kinetics and 50 000 for the oxygen release kinetics.

Other conditions are as in Figure 1. The instrument time constant for oxygen release kinetics is 320
us. Other conditions are as in Figure 1.

that the decay time constants for the three early S state
transitions in functional PSII centers are comparable, and are not completely defined, qualitatively one may say that
differ by approximately an order of magnitude from that of in the first instance the lumenal pHs5 and in the second
the (S|ower) S—— transition. This allows the latter to the lumenal ionic Strength is1 M. Both of these conditions
be isolated from a three exponential fit to the decay kinetics are known to reversibly inhibit £evolution and significantly
of unsynchronized sample turnovers. It is further assumed pPerturb Y; function in isolated PSIl particles or core
that the rise and fall kinetics of the,signal in each S state ~ Preparations32, 23. Their effects in the present instance
are monoexponential, with the rise time governed by the Were less severe, with near control levels ofr@lease per
spectrometer response (46). The resulting half-decay times ~ flash turnover being retained, as well as near normal S state
for Y, rereduction following turnover fromSlisted as $  cycling of Y.
— S), are given in Table 1. Figure 3 shows the results for signak Heduction and @
Examination of Table 1 shows that, under conventionally reléase kinetics for thylakoids in external pH 6.0 buffer.
optimal sample conditions (thylakoids at pH 7.5, PSIl Although the principle kinetics for Orelease again match
membranes at pH 6.0), the kinetics of signal lecay and  closely that of ¥} reduction (Table 1) there is now a readily
oxygen release match very closely. This clearly indicates that,discernible lag of 20Qus in O, release, following flash
under physiological (or near) conditions, photosynthesis is turnover. The delay cannot be associated with therige
not rate-limited by the oxygen formation chemistry. The time, which in our hands is instrument response time-limited.
maximum delay we could infer between-Yeduction and ~ Here this is 4Qus, but earlier work has showZ, 24, 23
O; release is 5@is, and the fits in Figures 1 and 2b) were that Y; oxidation, even in NaCl- or pH-inhibited samples,
made with this value. As we have previously reportéd ( occurs within a few microseconds. The most detailed results
7), Y, rereduction on the S— (S;) — transition is of pH effects on Y, Psgo kinetics have been summarized
significantly slower in PSIl membranes than intact thylakoid recently by Junge and co-worker23.
preparations, although no comparable effect on the oxygen Figure 4 shows the corresponding data for thylakoids in
chemistry kinetics is resolvable in PSIl. To determine if the high salt. This reveals qualitatively the same pattern as in
Y reduction and @release time scales could be separated, Figure 3, with a discernible initial lag in the ;Qelease
we sought to displace the system away from its physiological pattern, which then closely matches the kinetics of Y
optimum. Our flexibility in this regard was limited, as the rereduction. The lag here (1@@) is less than that observed
perturbed sample system still had to be stably functional overby the low pH treatment, but the inhibition of the,Y
~2 h for the EPR measurements. For this reason only rereduction rate is somewhat greater. In fact, Table 1 shows
thylakoids were examined. Two protocols were employed: that, in all cases examined here, thg &nhd usually the @
lowering the external pH to 6.0 and suspending the thylakoids lag kinetics are slowed under nonphysiological approximating
in high monovalent salt (0.8 M NacCl). Although the precise (thylakoids pH 7.5) conditions, but that there is no obvious
lumenal conditions obtained during turnover in these casescorrelation between the extent of these two effects.
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120 sible for Y, rereduction following a flash turnover in thg S
100 L state, and that this is the rate-determining step.
3 sl It appears that at least two physically reasonable reaction
s sequences could accommodate our results. These are shown
Z 60 a as Schemes 1 and 2. The first is the conventional ordering
§ 40 showing the formation of a transient, $tate, which
T ool undergos a 4 electron concerted reaction to produgér@m
0 N two water (or hydroxyl, or oxyl) groups. The resolved
— : : : : : : : transient in our measurements would then define the lifetime
-1 0 1 2 3 4 5 6 7 of this state. However, because our measurement of the Y
time (ms) kinetics is basically a mixture of all S state contributions
12 (with the lower S state components significantly attenuated
10 | due to the 4Qus time constant used), thearly (<200 us)
o8l time course of ¥ rereduction following the flash inSs
3 06 obscured somewhat. Thus it is possible that the lag reported
= T b by O, release represents actually a lag in réreduction, as
Z 0-4( in Scheme 2, and that no “formal’,Sstate exists. An
E o2l important distinction between these reactions, apart from the
0.0 b obvious implications for the detailed,@rmation chemistry,
— , ‘ ; : T is that Scheme 1 requires 4 oxidizing equivalents to be stored
-1 0 1 2 3 4 5 6 7 (transiently) in the Mn cluster of the OEC, while Scheme 2
time (ms) requires only 3. These storage requirements appear inescap-

FIGURE 4: (a) The signal Iy kinetics and (b) the oxygen release able given the demonstration by Wydrzynski and colleagues
kinetics, with fits as in Figure 1, from repetitive flashing on a sample (27) that substrate water is freely exchangeable with the OEC
of dark-adapted thylakoids in buffer B (0.8 M NacCl). The signal up to S.

amplitudes are divided by the number of averaged events: 22 000 A likely decision between the two reaction sequences is

for the signal I kinetics and 35 000 for the oxygen release kinetics. . .
The instrument time constant for oxygen release kinetics is 320 possible when optical absorbance data grtufnover and

us. Other conditions are as in Figure 1. electrochromism in the OEC are consider2d,(29. These
measurements typically have nearly an order of magnitude
Scheme 4 faster time resolution than our EPR data. Lavernge and

v s i Vs, My (o) o o colleagues found that whenz‘(urnover was monitored at
zro 7 z7 ] 2Tt 295 nm, the, for Y rereduction following turnover from
S; was the same (1.2 ms) as that seen by us for PSII
membranes under comparable conditions, but that an initial
YZ+SJ_<§',Z_>Y£+53_) woom Ly Lo 40, lag (e ~ SQ us) preceded ¥ reduction. When viewed _
* electrochromically (446424 nm changes), the same transi-
M, tion showed a rapid initial changé 4 ~30 us) followed by
<50-200 s a slower change, with the latter decay kinetics indistinguish-
aTwo possible reaction pathways for, @rmation consistent with able from that of '¥* reduction {y> ~ 1.2 ms). Our own

the O release kinetics observed here. Scheme 2 is more consistent€Xtensively averaged data at 28 time resolution 7) on
with the Y;, turnover and electrochromic kinetics observed by Rappa- PSII membranes would seem to exclude any lag of order 50

Scheme 2

port et al. R9). us in the Y, rereduction kinetics for the Kok transitions up
to S, but not for the $— S transition, which within the
DISCUSSION uncertainty of the data might exhibit such an effect (see

_ i _ . Figures 6 and 8 in ref). Taken together, these results suggest
These results give the first unequivocal demonstration thatihat Scheme 2 is favored. that is. that the lag inr@ease

a kinetically identifiable transient is associated with the O 4rises from a lag in ¥ rereduction on flashing the;State.
formation or release kinetics in PSII, following turnover from A gefinitive demonstration would involve a determination
the & state. Under conditions of essentially functional of the “pure” §— — S, Y, turnover of one of the perturbed
turnover, this transient may be as long 20 butis<50  samples, using a procedure such as that employed previously
us under optimal conditions. While this might represent by us for thylakoids and PSIl membranés 7). Unfortu-
simply a diffusion barrier to @ release into a region nately, the EPR S state synchronizing and measurement
accessible to the tempone probe, this seems highly implau-protocol necessary for such measurements places significant
sible given the known permeability of membranes to small demands on the sample integrity and long term stability. So
neutral molecules26), as well as the fact, demonstrated here, far, we have successfully used this procedure only with
that modest pH changes modulate the effect by nearly ansamples operating under optimum conditions. However,
order of magnitude. This latter observation, in addition to examination of Figures 1a, 2a, 3a, and 4a showsdhigtin

the high ionic strength result (likely if anything to “loosen”  Figure 3 does the fit of eqs 3 and 4 to the" Yurnover

the peripheral protein matrix around the OEC), argues for a response significantly fail to reproduce the data below 100
chemical origin of the transient. Beyond the transient, us (by about 3 of the noise), and this case corresponds of
however, the present data show clearly that théo@nation course to the instance of most pronounced initial lag in the
chemistry is closely coupled to the electron transfer respon- O, release kinetics. Here the,@elease delay is at least a
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factor of 5 greater than under optimum control conditions,
while the Y rereduction kinetics have been only modestly
slowed (~30%) and the fraction of uncoupled centets (
component) is not significantly different from the control
value.

The biphasic electrochromic response on the-5— S
transition in PSIl membranes has been interpre2a) in
terms of models similar to Scheme 2. The fast 43D phase
of the electrochromic response, as well as the equivalgnt Y
rereduction lag, is suggested to arise from either proton
ejection or OH binding in the vicinity of the electrochromic
reporter (probably &), and this event “primes” the Mn
cluster responsible for oxygen chemistry. This would then
occur rapidly by a concerted four electron process, with one
electron reducing ¥ electrogenically and the other three
reducing the Mn center(s). Since the 295 nm absorption
kinetics report about equally on,Yand OEC Mn reduction
(29), the difference, if any, between the rates of OEC
turnover and Y reduction is at present unresolvably small.
Our findings support this picture, both kinetically and
phenomenologically, in terms of the expected effect of
external pH on the lag phase reaction. The nature of the
putative molecular rearrangement in Scheme 2 is as yet
unknown, but the weak pH dependence of various OEC
parameters between pH 5.5 and28)(argues strongly for
proton ejection rather than Otbinding. The trigger for this
local proton displacement, which may not involve release
to bulk solvent, is presumably electrostatic following Y
oxidation. That Y turnover is at least apparently electrogenic,
however, is probably a requirement famy plausible
mechanism of water oxidation within the OEC, including
the hydrogen abstraction models of OEC function currently
suggested by Babcock, Britt, and collaborators (see for
example refs30, 31). Although these models propose a
coupled proton/electron transfer from Mn center(s) within
the OEC to ¥, a formally electroneutral process, the
distancesmoved by the positive and negative charges are
likely to be quite different. Thus the proton typically moves
only ~1 A across a hydrogen bond to the phenoxide oxygen
of Y, (e.g. @), Figure 1), while the electron could displace
its average position by-10 A, from a Mn center to the
phenoxide ring. In terms of local electrostatic changes, this
is virtually equivalent to the movement of the electron alone.
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