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ABSTRACT: The first direct evidence which shows that both substratater molecules are bound to the
O-evolving catalytic site in the Sstate of photosystem Il (PSll) is presented. Raf@lisotope exchange
measurements betweeny'fD incubated in the Sstate of PSll-enriched membrane samples and the
photogenerated eveal a fast and a slow phase of exchang®e/at34 (which measures the level of the
160180 product). The rate constant for the slow phase of exchaifgg équals 1.9+ 0.3 st at 10°C,
while the fast phase of exchange is unresolved by our current experimental ¥&tup (75 s1). The
unresolvable fast phase has left open the possibility that the second substtge molecule binds to

the catalytic site only after the formation of thes®ate [Hillier, W., and Wydrzynski, T. (200Biochemistry

39, 4399-4405]. However, for PSIl samples depleted of the 17 and 23 kDa extrinsic proteins (Ex-depleted
PSIlI), two completely resolvable phases®D exchange are observed in the $ate of the residual
activity, with the following rate constants’; = 2.6 = 0.3 st and3%, = 120+ 14 st at 10°C. Upon
addition of 15 mM CaGClto Ex-depleted PSII, the £evolution activity increases te80% of the control
level, while the two resolvable phases of exchange remain the same. In measurements of Ex-depleted
PSII atm/e 36 (which measures the level of tA#'0 product), only a single phase of exchange is
observed in the Sstate, with a rate constant®; = 2.5+ 0.2 s'1) that is identical to the slow rate of
exchange in then/e 34 data. Taken together, these results show that the fast pha%@ ekchange is
specifically slowed by the removal of the 17 and 23 kDa extrinsic proteins and that the two substrate
water molecules must be bound to independent sites already in 8tat&. In contrast, thBO exchange
behavior in the state of Ex-depleted PSII is no different from what is observed for the control, with or
without the addition of CaGl Since the fast phase of exchange in thestte is unresolved (i.€%%k, >

100 s1), the possibility remains that the second substratater molecule binds to the catalytic site only
after the formation of the Sstate. The role of the 17 and 23 kDa extrinsic proteins in establishing an
asymmetric dielectric environment around the substrate binding sites is discussed.

The oxidation of water to molecular oxygen AjQluring been reached, the OEC reacts to produgari@ the gstate,
photosynthesis is catalyzed by the oxygen evolving complex as the cycle begins anew.

(OECY of photosystem Il (PSII). The OEC contains an  |mportant mechanistic questions remain. During which
inorganic core consisting of four Mn ions, one “Cdon, step in the S state cycle do the two substratater
and possibly one Clion. The primary function of the OEC  molecules bind, and how does this influence the formation
is to couple the four-electron oxidation of water to the one- of the O-O bond? In the original Kok hypothesig)( it
electron photochemistry that occurs at the PSII reaction was implied that the substratevater molecules enter the
center chIoro_phyII speciesd Electron trapsfer betyveen t.he reaction sequence during the last transition {S[Ss] —
OEC and Bis mediated by the redox active tyrosine residue ;) immediately prior to the release obQHowever, current
Yz (Y161 of the D1 proteinSynechocystisumbering). To  mechanistic models invoke the binding of the substrate
achieve the potential required to split water into molecular water molecules to the OEC at the beginning of the S state
Oz, the OEC must successively accumulate four oxidation cycle £—15).

equivalents. These oxidation equivalents are represented by Many attempts have been made to probe the substrate

the § states (where =0, 1, 2, 3, or 4) £). Thus, beginning  \ater molecules in the OEC, using proton release measure-

in S, each S state transition is driven forward by the ants 7, 16), magnetic resonance method</£19), and
absorption of a light quantum atdg Once the pstate has FTIR spectroscopy 20, 21). However, an unequivocal

*To whom correspondence should be addressed. Telephose: interpretation with respect to the exact nature of substrate
2 6125 5892. Fax:+61 2 6125 8056. E-mail: TOM@rsbs.anu.edu.au. Water binding has not been reached. The most direct

1 Abbreviations: Ex-depleted PSII, PSll-enriched membrane samples information thus far has come from rapifO isotope
depleted of the 17 and 23 kDa extrinsic proteins; OEC, oxygen-evolving exchange measurements between addefOHand the

complex; PSII, photosystem II; MES, 4-morpholinoethanesulfonic acid; ; ; ;
PPBQ, phenyp-benzoquinone; FTIR, Fourier transform infrared photogenerated {lising mass specirometric technigue2 {

spectroscopy: Chl, chlorophyll; SBSAGE, sodium dodecy! sulfate 25). The recen“y employed “C|959d Chambef" SyStQ?, ( .
polyacrylamide gel electrophoresis. 23) has provided a 5000-fold improvement in the kinetic
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resolution over the earlier measureme2§ 7) and allows procedure of Berthold et al4Q). Briefly, thylakoid mem-

180 exchange times down t&6 ms to be determined. In  branes were solubilized in 5% Triton X-100 buffered in 30
the first applications of the rapidO exchange measurements, mM MES/NaOH (pH 6.3), 15 mM NacCl, and 5 mM MggCl

the data obtained a/e 34 (which measures the amount of with gentle stirring for 20 min in the dark at€. The PSII

the 100 product) clearly showed biphasic exchange samples were collected by centrifugation at 36909 °C)
behavior in all of the S states using thylakoid samp28.( and were washed and resuspended in a final buffered medium
Detailed analysis of the data in the State yielded two  containing 30 mM MES/NaOH (pH 6.3), 15 mM NacCl, 5
kinetically distinct exchange rate constants, reflecting the mM MgCl,, and 400 mM sucrose. The samples were then
independent exchange by the substratater molecules at  snap frozen in liquid N and stored at-80 °C until the
separate sites within the OEQ3J). The data also revealed measurements were taken.

that the “slowly” exchanging substratevater molecule is Removal of the 17 and 23 kDa extrinsic proteins from
bound throughout the entire S state cycl)( However,  he pS|| samples was essentially performed according to the
the kinetics of the “fast’ exchanging substraigater  method of Kuwabara and Muratdd) by incubation in 1 M
molecule could not be resolved in thg Sy, or S state and  NaCI. At 10 min intervals during the incubation, the sample
thus left open the possibility that the second substratater was gently passed twice through a Teflon homogenizer.
r_nolecule enters the reaction sequence only after the fOfma‘FoIIowing a second 30 min treatment, the samples were
tion of the S state @4). washed twice and resuspended in the final buffered medium,

In higher plants, two extrinsic proteins with molecular snap frozen in liquid B and stored at-80 °C until the
masses of approximately 17 and 23 kDa are peripherally jeasurements were taken.

bound to PSIl and are involved in regulating thgeolving : .
o ; ; SDS-PAGE and Protein AnalysisSDS-PAGE was
activity (reviewed in re28). Removal of the 17 and 23 kDa performed according to the method of Laemndig), The

extrinsic proteins (Ex-depleted PSII) by incubation in2l . . ; . ;

M NaCl (29, 30) largely inhibits Q evolution. The activity ~ '€50Iving gel matrix contained a linear gradient of 10 to
can be restored t680% of the untreated control by adding 17.5% acrylam|d:_e/b|s solution (37.5:1, Bio-Rad) and Llia
relatively high levels of CH to the sample (e.g., 220 HCI (pH 8.8) adjusted to 0.6 M.' Both the stackmg_and
) (25,30, It s been proposed ht e 230 e 220100 0% “Crrents Sorianes 00 14 uea, For o
protein in particular promotes the high-affinity retention of 90 °C in a denaturing buffer consisting of 0.0625 M Tris-

P
Ca&" within the OEC 81). A recent study by Vrettos et al. HCI (pH 6.8), 2% (wiv) SDS, 0.1% bromophenol blue, 10%

32) showed that in Ex-depleted PSII the free energy of : o
E)inajing of C&"* to the OEC gecreases by 2.5 kcal/molg}ll'he glycerol, and 5%g-mercaptoethanol. Aliquots containing 10
’ : g of chlorophyll (Chl) were loaded onto the gel and

ﬁ)lgglocrj?e?:(\;tﬁ g I;%ﬁ: g ?rfglségfg?ﬁé;g E;(zrirtr;s of changes in theglectrophoresed f® h at 100 mV. The gel wastained with

It has also been found that Ex-depleted PSII exhibits Coomassie Blue R-250, and densitometry scans were made

increased sensitivity to reduction by exogenously added using a Bio-Rad model 1650 scanning densitometer.
NH,OH and hydroquinone, implying that in the absence of Oz Evolution Measurementdnitial steady state rates of
these proteins the catalytic site is more exposed to the bulkOz evolution were measured at 2& using a Clark-type
medium than in the intact systen83 34). In many electrode (Hansatech) under continuous saturating illumina-
enzymatic mechanisms, an important parameter in determin-tion (custom-built 150 W tungsten light source, viz5000

ing the reaction path is one of substrate access to the catalytigsmol m=2s™). A typical assay contained 1@y of Chl/mL

site 35—37). In photosystem II, the regulation of solvent ~ With 1 mM KsFe(CN) and 40QuM phenylp-benzoquinone
water access to the OEC may also be important, by (PPBQ) as electron acceptors in the final buffered medium.
preventing unwanted side reactions (such as the productionChlorophyll concentrations were determined according to the
of H,0,) (38). Such regulation of the solventvater acces- ~ Method of Porra et al4Q).

sibility could be achieved through S state-dependent protein  Mass Spectrometric Measuremenisotopic determina-
conformational change89) or through protein specific water  tions of the amount of flash-induced: @roduced by PSiII-
channels, which may involve extrinsic proteirg8). enriched samples were madenale 34 and 36 using an in-

In an effort to address the role of the 17 and 23 kDa line MM6 mass spectrometer (Vacuum Generation, Winsford,
extrinsic proteins in the mechanism of &volution, we have  U.K.) as described previoush22, 23). A stirred, closed
undertaken'®O isotope exchange measurements on PSII- chamber system was used for the rapid equilibration of 25
enriched samples depleted of these proteins (Ex-depleteduL of H,'%0 (98.5% enrichment, ISOTECH, Miamisberg,
PSII). Previous measurements of Ex-depleted PSIlin the S OH) into 160uL of the sample. Injection of the labeled water
state have shown that there is a small but significant decreasevas carried out using a Hamilton CR700-200 spring-loaded
in the rate of the fast exchanging substrateater molecule  syringe triggered by a computer-actuated solenoid. Samples
as compared with that of an intact sam@®8)( In this paper, were activated using saturating light flashes (fwhI8 us)
we report the effects of the removal of the 17 and 23 kDa provided by a battery of xenon flash lamps (FX-1163 lamp
extrinsic proteins o0 exchange in theSand S states.  with internal reflector, 4F at 1 kV capacitor, EG&G, Salem,
The data provide the first direct evidence that both substrate  MA) through a fiber optic situated directly in front of the
water molecules are bound to the OEC in thestte. sample chamber window. The flash/injection protocols used

to measure the extent 810 exchange in the various S states
EXPERIMENTAL PROCEDURES are given in Figure 1 of re4 and were controlled via a

Sample Preparation$’Sll-enriched membrane fragments computer. Accurate timing intervals were established from

were isolated from fresh market spinach according to the a digital oscilloscope (Tektronix, model 350).
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The ®0 exchange measurements were made in the B AR
presence of 1 mM kre(CN) and 400uM PPBQ. Samples ‘ Mgyt S 40.0 kDa
were first preset in the;Sstate by a preflash followed by a et

10 min dark period at room temperature. For each exchange -

measurement, electron acceptors were added to an aliquot

and the aliquot was loaded into the sample chamber in the 23 kDa 201 Kb
dark and degassed for 10 min at XD prior to the particular - B 20.1 kDa
flash/injection sequence that was used. For optimal signal 17 kDa i

to noise @N), the final sample concentration was adjusted

to 0.5 mg of Chl/mL for the $state measurement and to 1 2 3

0.2 mg of Chl/mL for the gand § state megsurements. n IGURE 1: SDS-PAGE analysis of PSll-enriched membrane
the latter measurements, the short delay times (5 ms) usedamples following treatment vitL M NaCl: lane 1, Ex-depleted
between the turnover flashes necessitated the use of a batterpsii sample; lane 2, intact PSIl sample; and lane 3, molecular mass
of three flash lamps in which each flash lamp was optically markers, as indicated.

coupled to the sample chamber via a 3-to-1 optical fiber. .

To compensate for a reduction in the overall flash intensity N contrast, at/e 36 plots of*®Ysc versusAt exhibit only
under this arrangement, the chlorophyll concentration was ©"€ kinetic phase and were analyzed in terms of a single
lowered to ensure light saturation. After the rapid turnover €xponential:

flashes were given, due to the time it takes for the gas to 3 3

diffuse from the sample chamber to the ionizing source Nz =1 — exp(-*kt) 3)
within the mass spectrometer, a series of normalization ) _

flashes were applied at 0.05 Hz. To minimize S-state Sigma Plot (SPSS, Chicago, IL) was used to fit the data
deactivation between the normalization flashes, measure-according to egs 2 and 3.

ments were taken at 1TC.

The G, background introduced into the sample during the RESULTS
injection of H'®0 was subtracted from the amount of  Figure 1 shows the SDSPAGE analysis of the Ex-
photogenerated £by performing a preinjection under the depleted PSII samples following treatmenttwit M NaCl.
same conditions but without illumination. To reduce the size Densitometry analysis of the gel pattern indicated that the
of the G background, small quantities of glucose, glucose Ex-depleted PSIl samples retain less than 8% of the 17 and
oxidase, and catalase were added to the labeled water prioR3 kDa extrinsic proteins and more than 90% of the 33 kDa
to injection without any interference with the photogenerated extrinsic protein. As shown in Table 1, the removal of these
0. The signal amplitude for the third flashyg in the proteins lowers the overall @evolving activity to~20% of
turnover sequence, minus the contribution from the injection the control, which can be restored #80% of the control
(Yinj) and double hits Yox, as calculated in refid), was by addtion of 15 mM CaGl
normalized to the sum of flashes-Z given in the normal- Figure 2 shows the normalized @ash yield patterns (i.e.,
ization sequence, to correct for small variations in sample Y,/Yss vs flash numbern) for the various PSIl samples
concentration and membrane permeability between differentmeasured atve 34 following complete isotopic equilibration

measurements with added H'®0 (i.e., at an exchange time &f10 s). The
control sample reveals normal period 4 oscillations, clearly
Y3 — Yinj = Yo indicating that under these measuring conditions (i.e., at 10
Yan = R 1) °C with a flash repetition rate of 0.05 Hz), normal S state
ZY turnover occurs. The effective miss parameter for the control
& " sample in this case is 10.5%, based on the Kok method of

analysis. In contrast, for the Ex-depleted PSII sample, the
The Yay value at each exchange time was then further O: flash yield pattern shows a much heavier damping, with
normalized to the value obtained after complete exchangean effective miss parameter of 25.5%. The increased miss
(i.e., 10 s) to giveYsc. Finally, the data at fast exchange parameter correlates with the reduced steady state O

times (<10 ms) was corrected for the 175%sinjection evolving activity for the Ex-depleted samples (Table 1). As
response of the sample chamber as described id4efhe is commonly observed, the addition of 15 mM Cafol Ex-
level of 80 enrichment in the sample chambe) (vas depleted PSII restores not only a large part of the steady
~12%, as determined according to ¥ef. state Q-evolving activity (Table 1) but also the normal

At m/e 34, plots of the corrected Gields after the third ~ oscillation pattern (Figure 2).
flash, 34Ysc, versus thé®O exchange time in a particular S To determine the influence of the 17 and 23 kDa extrinsic
state,At, are clearly biphasic and were analyzed as the sum proteins on the binding of the substrateater molecule to

of two exponentials the OEC, the extent dfO exchange was measurednae

34 (which measures the amount of tR®'0 product) for

e = 0.57[1— exp(—>,t)] + 0.43[1— exp %k, t)] variously treated PSll-enriched samples in the $, and
2) S, states. The results are shown in Figure 3, where the

corrected @ yields after the third flash in the turnover
where the relative contributions from the two phases follow sequence 3¢Ysc) are plotted as a function of the 150
from the isotopic distribution due to exchange at two exchange times in a particular S stafd)( For the control
independent sites (see I28). PSIl sample, thé®O exchange measurements in thestte
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Table 1. Q-Evolving Activities and*®0 Exchange Rate Constantsrafe 34 for Variously Treated PSII-Enriched Membrane Samples étCLO

O.-evolving S; state Sstate $state
activity? Mg (s) k(s Hk(sH o (s 4y (s7Y M, (s7h
PSII membranes 862 63 25+0.2 30+ 2 19+03 =175 0.022+ 0.002 >100
Ex-depleted PSII membrarfes 200+ 6 24+05 20+ 3 2.6+£0.3 120+ 14  0.021+ 0.003 >100

Ex-depleted PSIl membranes with C#Cl 696+ 18 2.0+ 0.7 18+ 4 1.6+0.2 102+ 8 0.022+ 0.003 >100

a0, evolution activity expressed as micromoles off@r milligram of Chl per hour? PSII membranes depleted of the 17 and 23 kDa extrinsic
proteins (see the text for detail§)Ex-depleted PSII membranes incubated Zch in 15 mM CaCk.

3 a 3%, of 120 &+ 14 s! (Table 1). Interestingly, the slow
exchange component remains unaffected under these condi-
tions. To confirm this last observation, measurements were
2t also taken atmwe 36 (which measures the amount of the
1800 product) for the Ex-depleted PSiIl in the Sate. The
data are shown in Figure 4 and reveal only a single exchange
1t N it component with a rate constaftk of 2.5+ 0.2 s. This
\/ value is virtually identical t6*%; in the S state (Table 1)

] and confirms that the rate 6080 formation is limited by
0 - . " . . the substratewater molecule undergoing the slowest ex-
change process. These results conclusively show that under
these conditions, the second substratater molecule is
Ficure 2: Normalized Q flash yield patterns determined aie already bound to the OEC in the State.

34 after complete isotopic equilibration with¥0: (@) intact PSII gy .
sample, &) Ex-depleted PSII sample, anm Ex-depleted PSII A similar trend could not be observed in the Sate of

sample incubated f@ h in 15 mMCaCb. See the text for details. ~ Ex-depleted PSII, where the fast exchange component
remains unresolvable and is limited by the total time of the
exhibit strong biphasic behavior. According to eq 2, the rate turnover flash sequence (i.e., 10 ms). There are*ie
constants for the slow and fast exchanging componéfiés ( Points at<0.50 measured at the shéfO exchange times.
and34%,, respectively) were determined to be 2%.2 and ~ However, like in the $and S states, the slow rate of
30 + 2 s%, respectively (Table 1). These values compare €xchange in the;State is virtually unaffected by the removal
very well with those previously reported for thylakoid3)( of the 17 and 23 kDa proteins. Th#; value in the $state
and for other PSll-enriched samples in thesgte £5). equals 0.02H 0.0_03 s! (Table 1) and i; nearly identical
Figure 3 also shows the fir&O exchange measurements to the cqrrespondlng rate constant obtained for_ the control
for PSll-enriched samples in the, @nd S states. The PSI!-enrlched sample (Table 1) as well as for intact thyl-
biphasic exchange behavior is maintained in both of these 2K0ids @4). o _
states as well, in which the rate constants for the slow The 17 and 23 kDa extrinsic proteins are known fo
component ¥,) equal 1.9+ 0.3 s for the S state and modulate the binding affinity of the functional €431, 32),
0.022+ 0.002 s for the S state. These rate constants are N which the removal of these proteins leads to a slow release
almost identical to those reported for the slow component Of the C&". After long incubation times (2 h), the
in the S and S states of thylakoids24). However, as in resulting low Q evolution activity in Ex-depleted PSII
the measurements of thylakoids, the fast component for theS@mples can be restored+@0% of the control level by the
PSll-enriched samples remains unresolvable, whfgeor addition of millimolar concentrations of CaC(Table 1).
the S state is limited by the injection response time§( Likewise, the addition of Cagllso restores the normakO
ms) and® for the § state is limited by the total time of ~ flash yield pattern (Figure 2). In view of these observations,
the turnover flash sequence (10 ms). These data provideWe assessed tH&O exchange behavior of Ex-depleted PSlI
evidence that treatment with 5% Triton X-100 has little effect Samples in the presence of 15 mM CaCihe results are
on substratewater binding through the S state cycle and @IS0 shown in Figure 3, and the corresponding rate constants
that the biphasic exchange behavior is inherent to PSII.  are given in Table 1. In the;State.*%; = 2.0+ 0.7 s*

3 — —1. ; 34, — 1
Although the fast phase kinetics in the Sate is limited and*; =18+ 4 s% in the S state*, =16+ 025

3 = —1 i 3 =
by the injection response time, close examination of the da’tagnodo,;k2 1. 133{5 E iobanld (|:n the $state, :i(rl] N anthi ith
in Figure 3 reveals &int of a resolvable fast component, S—anaTig S . Lomparison ot these data wi

1 -
with a number of*Ysc points at<0.50 measured at exchange the %0 exchange measurements made on Ex-depleted PSlI
times of <15 ms. In exploring the role of the 17 and 23 alone shows that there is no further effect of adde#i ©a

kDa extrinsic proteins in the mechanism of &volution the 180 exchange behavior under these conditions. Thus, the
we found initially that for Ex-depleted PSIl samples in'the _specific slowing in the rate of the fast exchange component
S, state there is an-30% slowing in the fast exchange in the S and S states of Ex-depleted PSII samples is due

component compared with the contr@b}. The same effect only to the loss of the 17 and 23 kDa proteins.

is clearly demonstrated in the State data shown in Figure DISCUSSION

3, where®%, decreases from 3@ 2 to 20+ 3 s'! (Table

1). Most importantly, however, a similar trend is also  On the basis of the time resolution of our current
observed in the Sstate data, to the point where the fast experimental setup~6 ms), a measurable kinetic isotope
component now becomes completely resolvable and yieldseffect will conclusively show the existence of a bound

a=e

Normalized O, Yield (Y,/Y,,)
»>

Flash Number
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Ficure 3: 180 exchange measurements madend 34 in the $3—S; states for intact PSIl samples, Ex-depleted PSII samples, and Ex-
depleted PSIl samples incubated foh in 15 mMCaCb. The corrected @yields on the third flash in the initial turnover sequent¥4{)

are plotted as a function of the isotopic exchange tith® {h each S state at 1TC. Solid lines are kinetic fits according to eq 2. See the
text for details.

substrate-water molecule in the OEC. This is justified by In our effort to address the possible influence of the 17
the observations that Qelease upon thesS— [S] — S and 23 kDa extrinsic proteins on substrateater binding,
transition occurs in-2 ms while the rest of the S state cycle we have extended S state-depend&dtexchange measure-
from & to S; takes at most an additional 1 m%).( Thus, ments to PSlI-enriched membrane samples depleted of these

any 80 exchange slower than3 ms will be indicative of proteins (Ex-depleted PSII). Interestingly, following the
bound water. Hence, the exact determination of the slow removal of these proteins, the rate constant for the fast
phase 80 exchange kinetics in the (SS; states 24) exchanging component in thg State decreases by30%,
conclusively showed that one substrate water molecule isfrom 30+ 2 to 20+ 3 s'* (Table 1), while the rate constant
bound to the OEC throughout the S state cycle. However, for the slow exchanging component remains virtually un-
since the fast phastO exchange kinetics in the earlier affected. However, most importantly, in the Sate there is
measurements could only be determined in thst&te, the also a slowing of the fast exchanging component, to the point
possibility remained that the second substrate water moleculewvhere it is kinetically resolved for the first time by our
binds to the OEC only after the formation of the Sate current experimental setup. In this case, the rate constant
(24). (®%) is found to equal 12@- 14 s (Table 1). Asinthe §



Substrate-Water Binding in the $State of Photosystem Il Biochemistry, Vol. 41, No. 44, 20023333

states are slowed. We have argued earlier that the local

Q g
ﬁ 1.00 | °/. o dielectric around the substrate binding sites can influence
o - the 180 exchange behavio29). Thus, it could be that the
=R oo removal of the 17 and 23 kDa proteins increases the level
> «gs- 075 Y 1 of exposure of the fast exchanging site to the solvent water.
g’ < " A consequent increase in the level of regional hydration
o E 0.50 F o ] around this site could then give rise to a local change in the
57T o dielectric @5, 46) and to an altered®0 exchange rate.
ﬁ ,-E / Interestingly, there would have to be an asymmetry in the
o 0251 ofe ] dielectric distribution within the OEC, since the slow
S o exchanging site is unaffected by the removal of the proteins.
z OOOV . . . |t Such a situation would strongly imply that the two substrate
025 050 075  1.00 3.006.00 binding sites are located in different chemical environments.
" o The chemical nature of the,S> S transition is a matter
H,™0 Exchange Time in the S, state, At (s) of considerable debate@{15). However, it is clear from
FIGURE 4: 80 exchange measurements madena 36 in the $ our results that there is no change in the exchange rate of

state for Ex-depleted PSII membranes. The correctegiglds on the slowly exchanging substrate-water molecule on the
g“se;f;ggc‘;'i%ihoif”tﬁgeisi'gitt(i)auguéggx; S:(tlim@%%) ag? ?I?ttedt S, — S; transition, in either the intact or Ex-depleted PSlI
in . R
10°C. The solid line is a Ifinetic fit acgcl:ording)(to eqe3. S?e:t?l:text samples (Table ]24)_' These ob_serva_tlons thus indicate that
for details. the slowly exchanging water is unlikely to be bound to a
metal site undergoing a formal oxidation state increase, in
state, there is virtually no effect of protein removal on the which the oxygen ligand exchange rate would be expected
slow exchanging component in the State (Figure 3 and to decrease by as much as a factor~df0* (47). On the
Table 1). other hand, there is at best a slowing in the exchange rate of
The fact that two distinct®0 exchange rates can be the fast exchanging water by a factor-eb on the $— S
measured in the Sstate of Ex-depleted PSII indicates that transition (Table 1). Although such a decrease in the
both substrate water molecules must be bound to the OECexchange rate is also unlikely to reflect a metal-centered
under these conditions. Although we cannot unambiguously oxidation increase, it would be compatible with a deproto-
determine the fast phase exchange kinetics in thet&e nation of the substrate wate4®) or with a rearrangement
for intact PSII samples, close examination of tH© in the H-bonding at the binding site, as has been suggested
exchange data revealhint of a resolvable fast exchanging previously @, 4, 5, 8).
component. For both PSll-enriched membrane samples Likewise, itis often implied that the two substrateater
(Figure 3) and thylakoids2d), a number of*Ysc values of molecules are bound to separate Mn ions differing by a
<0.50 at exchange times &f15 ms can be measured outside formal oxidation state [e.g., Mn(lll) and Mn(IV)] in thesS
of the expected error. For Ex-depleted PSII in thestate, state and/or in the Sstate @, 3, 6, 7, 9, 13, 14). In this
there is an~30% slowing of the fast exchanging component. situation as well, we would also expect to observe a
If a similar trend is assumed in the State, where the fast  significant difference (again by as much as a factor &)
exchanging component is at the detectable kinetic limit of in the magnitudes of the exchange rates for the two sites
175 st (due to the injection response), then it is likely that (47). Instead, the exchange rates for the two sites differ by
both substrate-water molecules are bound to the OEC in factors of only ~10 and ~50 in the § and $ states,
the S state of the intact system as well. respectively (Table 1). Thus, if Mn forms the binding sites
In support of the above arguments, we note that the for the substratewater molecules, we would minimally
removal of the 17 and 23 kDa extrinsic proteins from PSIl suggest that the Mn sites have similar oxidation character
results in a much lower overall £volving activity, which (47). Alternatively, the difference in the exchange rates for
can be largely restored by the addition of 15 mM GaCl the two sites could reflect ligation by one of the substrate
(Table 1). When thé®0 exchange of Ex-depleted PSIl in water molecules to a non-manganese site such as to the
the presence of Caglis assessed, the fast exchanging functional C&" (5, 8, 12). Indeed, a number of factors
component in the Sstate still remains resolvable withP4, determine oxygen ligand exchange. These include not only
of 102 + 8 s. Thus, even in this highly active sample, the nature of the site, whether it is a metal, but also the
both substratewater molecules must be bound to the OEC oxidation level of the site, the degree of protonation and
in the S state and it is the loss of the 17 and 23 kDa extrinsic geometry of the oxygen ligand, H-bonding, and thé qf
proteins that specifically slows the rate of fast exchange. the reaction sphere. Clearly, the overall exchange kinetics
In contrast, no effect of the protein removal could be of the bound substratavater molecules in the OEC is a
observed in thé®0 exchange behavior in the, State, in summation of these properties, all of which will need to be
which the fast phase kinetics remains completely unresolvedconsidered in future interpretations of the-&olving
(Figure 3 and Table 1). This last observation leaves openmechanism.
the possibility that the second substrateater molecule
binds to the OEC only after the formation of the Sate. CONCLUSION
It is important to note that the slow pha¥® exchange We have presented in this communication the first direct
kinetics in the $—S,; states remain virtually unaffected by evidence to show that both substrate water molecules are
the removal of the 17 and 23 kDa extrinsic proteins and that bound to the OEC in the Sstate. The removal of the 17
only the fast phas&O exchange kinetics in the;and S and 23 kDa extrinsic proteins from PSIl membranes leads
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to a specific slowing of the fast exchanging substratater
molecule to the point where its rate of exchange can be
exactly determined in both the 8nd S states. On the basis

of the magnitude of the change in the fast exchange rates

induced by the removal of these proteins, it is likely that
there is an asymmetric distribution in the dielectric around

the

substrate binding sites within the OEC.
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