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ABSTRACT: In a previous communication we showed from rapid isotopic exchange measurements that the
exchangeability of the substrate water at the water oxidation catalytic site in the S3 state undergoes biphasic
kinetics although the fast phase could not be fully resolved at that time [Messinger, J., Badger, M., and
Wydrzynski, T. (1995)Proc. Natl. Acad. Sci. U.S.A. 92, 3209-3213]. We have since improved the time
resolution for these measurements by a further factor of 3 and report here the first detailed kinetics for
the fast phase of exchange. First-order exchange kinetics were determined from mass spectrometric
measurements of photogenerated O2 as a function of time after injection of H218O into spinach thylakoid
samples preset in the S3 state at 10°C. For measurements made atm/e ) 34 (i.e., for the mixed labeled
16,18O2 product), the two kinetic components are observed: a slow component withk1 ) 2.2 ( 0.1 s-1

(t1/2 ∼ 315 ms) and a fast component withk2 ) 38 ( 4 s-1 (t1/2 ∼ 18 ms). When the isotopic exchange
is measured atm/e ) 36 (i.e., for the double labeled18,18O2 product), only the slow component (k1) is
observed, clearly indicating that the substrate water undergoing slow isotopic exchange provides the rate-
limiting step in the formation of the double labeled18,18O2 product. When the isotopic exchange is measured
as a function of temperature, the two kinetic components reveal different temperature dependencies in
which k1 increases by a factor of 10 over the range 0-20 °C while k2 increases by only a factor of 3.
Assuming simple Arrhenius behavior, the activation energies are estimated to be 78( 10 kJ mol-1 for
the slow component and 39( 5 kJ mol-1 for the fast component. The different kinetic components in
the18O isotopic exchange provide firm evidence that the two substrate water molecules undergo separate
exchange processes at two different chemical sites in the S3 state, prior to the O2 release step (t1/2 ∼ 1 ms
at 20°C). The results are discussed in terms of how the substrate water may be bound at two separate
metal sites.

One of the most important processes in nature is the
photosynthetic oxidation of water to molecular oxygen by
the chlorophyll/protein complex photosystem II (PSII).1 The
catalytic site for water oxidation involves a cluster of 4 Mn
ions and a redox active tyrosine (YZ) in a domain called the
water oxidizing complex (WOC) (1, 2). A fundamental
property of the WOC is that O2 is released with a periodicity
of four upon illumination with single turnover light flashes
(3). To explain this behavior, Kok and co-workers (4)
proposed that the reaction cycles through five so-called Sn

states (forn ) 0, 1, 2, 3, 4). Beginning in S0 and traversing
to S4, each S state is advanced by a single quantum event at
the photochemical reaction center. Upon reaching the S4

state, O2 is released (within 1-2 ms) and the S0 state is
regenerated to begin the cycle again. To account for the
observed damping in the period four oscillations, a miss
parameter (R) and a double hit parameter (â) were introduced
to allow for the mixing of the Sn state populations during a
flash sequence. Since the peak O2 yield occurs on the third
flash in dark-adapted samples, the S1 state was concluded
to be dark-stable.

In the original Kok hypothesis it was implied that the two
substrate water molecules entered the reaction sequence
during the last step, just prior to O2 release (4). More modern
models invoke substrate water binding to the WOC at the
beginning of the S state cycle (5, 6) with the possible
involvement of a peroxyl intermediate in the S3 state (7).
However, definitive experimental evidence to show how and
at which step the O-O bond is formed has remained elusive.

Upon the discovery of a low-temperature, multiline EPR
signal that is associated with the S2 state and arises from
the catalytic manganese cluster (8), many attempts were made
to identify manganese-water interactions through the use
of isotopically labeled substrate analogues (e.g., H2

17O, D2O,
15NH3) (9-14). Although it is generally concluded from
these studies that substrate water is indeed bound to the
catalytic Mn in the S2 state, some of the experimental
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evidence is not easily justified (15-19). One difficulty in
this experimental approach is to unequivocally discriminate
between the isotopic exchange by the substrate water and
the possible isotopic exchange by other water, oxygen, or
proton ligands that may be in the first coordination sphere
of the catalytic Mn. Furthermore, there is not yet complete
agreement in the literature as to the origin of the S2 state
EPR signals, whether they arise from magnetic couplings
between two (20) or four (2) Mn ions. If the EPR signals
arise from only part of the catalytic Mn cluster, then perhaps
only part of the manganese-water interactions will be
observable.

In another approach to study the binding interactions
between the substrate water and the catalytic site, isotopic
exchange measurements can be made of photogenerated O2

upon incubation of a sample in18O-labeled water using mass
spectrometric techniques (21-24). In the first studies using
this approach, it was concluded that there was no nonex-
changeable water bound to the WOC prior to the S4 state
(21, 22). However, in these studies an “open” sample
chamber system had to be used in which the long mixing
and instrument stabilization times needed upon the addition
of isotopically labeled water to the sample limited the kinetic
resolution of the measurements tog30 s. Recently, we were
able to reduce the mixing/stabilization times considerably,
by a factor of about 1000, through the use of a “closed”
chamber system. In the first report of our findings, we
showed that the WOC in the S3 state exhibits two distinct
kinetic phases in the18O isotopic exchange, a slow compo-
nent with a rate constant of 2.2 s-1 at 10 °C and an
unresolved fast component (24). We have since been able
to improve the mixing/stabilization times of our experimental
setup by another factor of 3, and we report in this com-
munication the first detailed kinetics for the fast exchanging
component.

MATERIALS AND METHODS

Thylakoid membranes were prepared by standard proce-
dures from hydroponically grown spinach and suspended in
a medium containing 50 mM HEPES/NaOH (pH 6.8), 400
mM sucrose, 15 mM NaCl, and 5 mM MgCl2. The samples
were then frozen as small beads in liquid N2 and stored at
-70 °C. After thawing the thylakoids at room temperature
in the dark, they were given a preflash and a 10 min dark
period in order to enrich the S1 population and then kept on
ice until measurement. The thylakoid suspension medium
was pH calibrated at each temperature used in the various
measurements.

The flash-induced O2 produced by the sample was
measured atm/e ) 34 and ) 36 with an in-line mass
spectrometer (Vacuum Generation MM6, Winsford, UK) for
the single and double18O-labeled O2, respectively. A closed,
stirred cuvette similar to the one used in our earlier work
(24) but with a smaller internal volume (160µL) was
connected to the mass spectrometer via a dry ice/ethanol bath.
A silicon membrane was used to separate the liquid phase
from the mass spectrometer inlet, to allow for the passage
of gases. Rapid injection of H218O was achieved with a
Hamilton CR-200 syringe that was triggered with a computer-
actuated solenoid. Samples were illuminated with saturating
light flashes (∼8 µs) from a xenon lamp (FX-193 lamp, 4

µF @ 1 kV capacitor, EG & G, Salem MA) which was
positioned directly in front of the sample chamber window.
A chlorophyll concentration of 0.9 mg mL-1 was used for
optimal S/N. The flash and injection sequence was con-
trolled via a computer, and accurate timing intervals were
established with a digital oscilloscope.

The exact18O isotopic enrichment in the sample chamber
was determined from the ratio of18O incorporation into CO2
measured atm/e ) 44, 46, and 48, that is,

whereε is the18O% concentration. The typical18O enrich-
ment value wasε ) 12.0%( 0.25%. The H218O isotopic
equilibration with CO2 is a consequence of the normal
hydration/dehydration reactions of CO2 in the suspension
medium.

The 18O isotopic exchange was measured for the S3 state
at 20, 15, 10, 5, and 0°C. The thylakoids were loaded in
the dark, and the cuvette was degassed for 10-12 min. The
injection/flash protocol employed to measure the isotopically
labeled O2 is illustrated below where∆t is the time between
the H2

18O injection and the third flash:

The dark time between the second and third flashes (t2,3)
was held constant as∆t was varied in order to maintain the
same extent of S state deactivation within a data set (t2,3 was
typically 10 s). Signals from the mass spectrometer were
recorded on anx-t plotter. Due to the slow response of the
instrument because of the gas diffusion path length, the O2

yield per flash had to be determined by extrapolating to the
time of flash excitation (see Figure 2 in ref24). The O2

background signal caused by the injection of the labeled
water (Yinj) was determined by performing separate injections
under the same conditions but without flashing. To reduce
the size of theYinj, small quantities of glucose, glucose
oxidase, and catalase were added to the labeled water prior
to injection. This caused a reproducible reduction inYinj

without interfering with the photogenerated O2. Typically
theYinj was<3% of the maximum34Y3 (determined at long
∆t values measured atm/e ) 34); however,Yinj was∼30%
of the maximum36Y3 (determined at long∆t values measured
at m/e ) 36) due to a background of atmospheric36Ar. The
measured signal amplitudes for the third flash,Y3(M), less
the contributions from theYinj were normalized to the sum
of the flashes 4f 7 in order to correct for small variations
in the sample concentration and changes in the membrane
permeability between measurements, that is,

For comparative purposes theY3(N) values were then normal-
ized to 1 by dividing by theY3(N) value at long∆t when the

44:46:48) (1 - ε)2:2ε(1 - ε):ε2 ) 100% (1)

Y3(N) ) [Y3(M) - Yinj]/∑
n)4

7

Yn (2)
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isotopic exchange was complete. Nonlinear curve fitting was
performed with Sigma Plot (Jandel Scientific).

To profile the kinetics of the injection and mixing
response, fluorescein dye was injected into the sample
chamber and the fluorescence yield measured with a PAM
101 fluorimeter (Heinz Waltz, Effeltrich, Germany) modu-
lated at 100 kHz and recorded on a digital oscilloscope. The
fluorescence was excited by a LL-450 LED source and
detected by an ED-101US/D photodiode (Waltz) through LS-
450 and LL-500 (Corion) cutoff filters.

RESULTS

Mass Spectrometric Measurements of Oxygen. The vari-
ous 16O and 18O isotopic mixtures of dioxygen can be
determined by mass spectrometric measurements atm/e )
32 for the unlabeled16,16O2, m/e ) 34 for the mixed labeled
16,18O2, andm/e) 36 for the double labeled18,18O2. Without
additional18O enrichment, the16,18O2 and18,18O2 background
levels are too small to influence our measurements because
of the low natural abundance of18O in water (∼0.2%).
However, when18O enrichment is provided, the16,18O2 and
18,18O2 produced by spinach thylakoids during a sequence
of flashes shows the typical damped, period four oscillation
pattern as observed in amperometric measurements (see ref
24). Kok analysis (25) of the mass spectrometric flash
patterns measured at 0.05 Hz and 10°C yielded the following
set of parameters: initial S1 population, [S1] ) 100%; miss
parameter,R ) 10%; and double hit parameter,â ) 4%.

To accurately determine the fast18O exchange kinetics at
very short incubation times a correction has to be made for
the injection response. Figure 1 shows the injection and
mixing profiles of our new sample chamber system as
monitored by the fluorescence yield changes upon the
injection of fluorescein dye at 10°C. The fluorescence trace
can be fit to a first-order exponential withkinj ) 175 s-1 as
indicated by the dotted line in Figure 1. There were no
significant variations in the fluorescence yield changes due
to injection volume (20-40 µL) or to variations in the

solution viscosity at different temperatures (data not shown).
For these reasons we assume that the mixing in the chamber
is instantaneous and that it is due to the force of the injection
itself. The normalizedY3(N) values can thus be corrected as
follows:

for

whereY3(C)(t) is the corrected value for the normalized O2

yield of the third flash,Y3(N)(t), at a particular∆t. Equation
3 corrects the O2 yield for the changing levels of18O
enrichment and sample concentration in the sample chamber
during the injection process. In principle, a further correction
for the nonlinear dependence of the16,18O2 yield from the
H2

18O enrichment according to eq 1 would apply. This
correction, however, is too small under our conditions to
affect the data and was consequently ignored. Figure 1
compares the uncorrectedY3(N) values (3) with the corrected
Y3(C) values (b) for the fast phase of exchange measured at
m/e ) 34 in spinach thylakoids at 10°C. It is obvious that
the correction becomes important for data points at∆t e 20
ms. This correction was thus made to allm/e ) 34 data
points at short incubation times but was not performed with
the m/e ) 36 data due to the much slower kinetics (see
below), in this caseY3(C) ) Y3(N).

18O Exchange in the S3 State. The kinetics for the18O
isotopic exchange at the water oxidation catalytic site in the
S3 state was measured according to the flash protocol
described in the Materials and Methods section. The results
are shown in Figure 2, where the corrected O2 yields of the
third flash (Y3(C)) are plotted as a function of∆t for the mixed
labeled16,18O2 at m/e ) 34 (top) and for the double labeled
18,18O2 at m/e ) 36 (bottom) at 20, 15, 10, 5, and 0°C. As
the temperature is lowered, the kinetics become slower; hence
the time axes in Figure 2 are adjusted accordingly.

The plots of them/e) 36 data exhibit only a single kinetic
phase and are best fit with a first-order exponential function,
that is,

In contrast, the plots of them/e ) 34 data clearly exhibit
biphasic kinetics, with distinct fast and slow components.
The insets to the top panels in Figure 2 show an expanded
time ordinate to reveal the fast phase. As the apparent
kinetics for the two components differ by a factor of about
10, the fast phase is virtually complete before the slow phase
begins. At short∆t values it is apparent that only one
substrate water molecule must be undergoing18O exchange
since there is no fast phase in them/e ) 36 data for the
double labeled18,18O2. Thus, with an18O enrichment ofε
) 12%, them/e ) 32:34:36 distribution at the short∆t will
be 88:12:0. On the other hand, at longer∆t when the second
substrate water molecule undergoes18O exchange, the
equilibrium distribution will be 77.44:21.12:1.44 (eq 1).

FIGURE 1: Sample chamber injection profile as monitored by
fluorescence. The sample chamber contained 160µL of the standard
suspension medium at 10°C into which 30µL of a 9% fluorescein
solution was injected. The observed fluorescence (solid line) rises
to a steady-state level which can be fit to a simple exponential
function withkinj ) 175 s-1 (dotted line). The O2 yields measured
at m/e ) 34 after very short isotopic incubation times are plotted
before (3) and after (b) correction of the data for changes in the
isotopic enrichment and sample concentration during injection (eq
3, see text for details).

Y3(C)(t) ) Y3(N)(t)
ε

ε(1 - e-175t)(1 + ∆chl) (e-175t)
(3)

∆chl )
[chl](t)0) - [chl](t)∞)

[chl](t)∞)

36Y3(C) ) (1 - e-36kt) (4)
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Therefore, the relative contributions of the fast and slow
phases will be unequal, with the fast phase representing
∼57% (i.e., 12/21.12) of the total amplitude and the slow
phase∼43%. The exchange kinetics for them/e ) 34 data
can then be exactly fit by the product of two first-order
exponential functions as follows:

In this work at all temperatures measured and in our
previous work (24), we have found through independent
analyses that the rate constant for them/e ) 36 data (36k) is
virtually identical to the rate constant for the slow component
in them/e ) 34 data (34k1). The obvious explanation is that
the water molecule undergoing slow exchange is the rate-
limiting step in the formation of the double labeled18,18O2.
In analyzing the exchange kinetics, therefore, the data atm/e
) 36 was cross-correlated with the slow component in the
data atm/e) 34, using a common rate constant and nonlinear
regression (i.e.,36k ) 34k1 ). Table 1 lists the values for the
rate constantsk1 andk2 and their standard errors at various
temperatures as derived by this method, using eqs 4 and 5.
The fits are shown by the solid lines in Figure 2. It should
be kept in mind that the rate constant for the fast component
is a lower limit as instantaneous mixing is assumed.

Temperature Dependence of the18O Exchange Rates. The
18O exchange rate data listed in Table 1 show a significant

temperature dependence. Upon increasing the temperature
from 0 to 20 °C, k1 increases by a factor of 10 whilek2

increases by a factor of only about 3. Figure 3 shows
Arrhenius plots ofk1 andk2. In these plotsk2 is practically
linear with inverse temperature whereas close inspection of
k1 may reveal a break at around 5°C. Recently, it has been
proposed that the temperature dependence for rate processes
occurring within lipid membranes is in fact nonuniform over
a broad temperature range and involves a number of change
points (26). It may be that the apparent break at around 5
°C in k1 is a change point that is outside of the standard
error of the measurements. If this is the case, it is clear that
a similar change point does not occur ink2. Nevertheless,
when a simple Arrhenius behavior over the temperature range
measured is assumed, linear regression and least-squares
analysis of the data yield activation energies of 78( 10 kJ

FIGURE 2: The normalized yields of O2 produced on the third flash by spinach thylakoid samples plotted as a function of H2
18O incubation

time, ∆t, in the S3 state. Measurements were made atm/e ) 34 (top) for the mixed labeled16,18O2 and atm/e ) 36 (bottom) for the double
labeled18,18O2 at 20, 15, 10, 5, and 0°C. The O2 yields at very short incubation times were corrected for changes in isotopic enrichment
and sample concentration during injection (see Figure 1). All measurements were made at 0.9 mg of Chl/mL in an assay medium consisting
of 400 mM sucrose, 15 mM NaCl, 5 mM MgCl2, and 50 mM HEPES/NaOH (pH 6.8). Solid lines show first-order kinetic fits according
to eqs 4 and 5 (see text for details).

Table 1: Calculated Values for the Slow (k1) and Fast (k2) Rates of
18O Exchange in the S3 State as a Function of Temperaturea

temp (°C) k1 (s-1) k2 (s-1)

20 4.9( 0.3 56( 6
15 2.9( 0.1 54( 7
10 2.2( 0.1 38( 4
5 1.2( 0.1 25( 7
0 0.42( 0.02 19.0( 1.2

a The kinetic plots are shown in Figure 2.

36Y3(C) ) 0.57(1- e-34k2t) + 0.43(1- e-34k1t) (5)

FIGURE 3: Arrhenius plots of the rate constantsk1 (O) andk2 (b)
listed in Table 1, as determined from the kinetic plots of Figure 2.
Activation energies were calculated to be 78( 10 kJ mol-1 for
the slow phase of exchange (k1) and 39( 5 kJ mol-1 for the fast
phase of exchange (k2) based on the assumtion that the rate constants
follow Arrhenius behavior over the temperature range of 0-20 °C.
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mol-1 for the slow component and 39( 5 kJ mol-1 for the
fast component. These estimates for the activation energies
support the idea that the different kinetic components
represent different exchange processes.

DISCUSSION

Injection of H2
18O into the S3 state of spinach thylakoid

samples and the appearance of18O in the photogenerated
O2 reflects an isotopic exchange process between the bulk
solvent water and the substrate water within the WOC. The
data for the mixed labeled16,18O2 product measured atm/e
) 34 clearly reveals biphasic kinetics (Figure 2), and in our
first work (24), we determined that one substrate water
molecule must be bound in the S3 state. However, at the
time we could not make any firm conclusions about the
second substrate water molecule since, with the kinetic
resolution that was available, we could not rule out the
possibility that the fast phase of exchange represented a
substrate water molecule entering the reaction sequence from
the solvent phase during the final S3 to S4 to S0 transition.
In the present work, we have improved the time response of
our experimental setup (Figure 1) and can now kinetically
resolve the fast phase in the18O isotopic exchange. The
rate constants for this component as a function of temperature
(Table 1) clearly show that it is kinetically slower than the
time needed for O2 release (27, 28) and YZ

ox reduction (29,
30) on the final S3 to S4 to S0 transition (i.e., 1-2 ms). Thus,
we conclude that both substrate water molecules must be
bound in the S3 state. Since the rate constants and temper-
ature dependencies for the two phases of18O isotopic
exchange are significantly different from each other (Figures
2 and 3, Table 1), we also conclude that the two substrate
water molecules must be undergoing separate exhange
processes at chemically different sites.

The Slow18O Isotopic Exchange Process. The exchange
process for the substrate water undergoing slow18O isotopic
exchange in the S3 state has a rate constant ofk1 ) 2.2 (
0.1 s-1 at 10°C (Table 1) and an estimated activation energy
of 78 ( 10 kJ mol-1 at temperatures above 0°C (Figure 3).
According to our current knowledge, it is likely that the
substrate water binds to the metal cofactors of the WOC,
that is, either to MnIII or MnIV ions (31, 32) or to a CaII ion
(33-36). For comparison, Table 2 lists the water ligand
exchange rates for various metal complexes. In the first
instance, it seems unlikely that the slow exchange process
involves a hydrated CaII ion as the rates of exchange differ
by 7-8 orders of magnitude (37). However, unfortunately,
water ligand exchange rates have not been determined for
hydrated MnIII or MnIV ions as they do not formally exist in
aqueous solution. Nevertheless, it may be expected that rates
for manganese-water exchange follow the sequencekex-
(MnII-OH2) > kex(MnIII-OH2) > kex(MnIV-OH2), as the
ionic radius of the metal center decreases (38). On the basis
of a comparison with Fe and Ru complexes (39-41), the
water ligand exchange rates for Mn ions may be expected
to slow by∼10-4 s-1 for each formal oxidation state increase
(Table 2). Similarly, a comparison with CrIII (42) can
provide a clue to the magnitude of the water ligand exchange
rate for MnIV since the two ions are isoelectronic with a stable
d3 configuration (Table 2). In general, therefore, we may
expect that the water ligand exchange rates are in the range
of 10-3 to 10-1 s-1 for MnIII and 10-5 to 10-7 s-1 for MnIV.

Clearly though, there are factors other than the redox state
of the metal center that could strongly influence water ligand
exchange. One of these in particular is the protonation of
the bound water ligand. In general, it may be expected that
kex(MsOH2) > kex(MsOH) > kex(MdO), where protonation
of the bound water ligand will depend on the pKa of the
metal complex, which in turn is a function of not only the
redox state of the metal center but also of the type(s) of other
ligands. This behavior is illlustrated in Table 2 by the large
difference in the rate constants for oxo ligand exchange in a
TidO complex (43, 44) and in a VdO complex (45). In
this case, it is believed that the TidO complex is very easily
protonated (43). The importance of protonation is also
observed with the horseraddish peroxidase FeIVdO complex
which undergoes18O exchange at pH 7 but not at pH 9 (46).
Consequently, although higher oxidation state Mn ions will
tend to polarize bound water favoring hydroxyl or oxo
ligands, the pKa of the Mn complex as influenced by the
other ligands bound to it could have a strong effect on the
water ligand exchange rate. The pKa’s for various Mn
complexes have been reported elsewhere (47).

It has also been proposed that a bridging di (Mn)2 µ-oxo
intermediate may be involved in the water oxidation chem-
istry (48). However, in this case the exchange process should
be very slow. As shown in Table 2, the exchange rate for
the µ-oxo bridge in ribonucleotide reductase (49) and in a
[MoV

2 O4(OH2)6]2+ complex (50) is <10-6 s-1 while in a
[MoIV

3O4(OH2)9]4+ complex (51) no exchange was discern-
ible over a 2 year period. Nevertheless, a more labile oxygen
bridging structure for the catalytic Mn in the WOC cannot
be excluded conclusively at present.

Other important factors that may influence the isotopic
exchange at a metal site are the coordination geometry (axial
vs equatorial) and whether the metal center is high or low
spin. These factors are yet to be defined for the catalytic
Mn in the WOC, but it is generally believed that the catalytic
Mn is mainly coordinated to carboxyl groups (48, 52) which
would tend to promote high spin clusters. In summary, our
data for the slow isotopic exchange process in the S3 state
of the WOC would be consistent with a terminally bound
substrate water ligand most likely in the form of MnIII s
OH, or MnIVsOH.

Table 2: Ligand Exchange Rates for Various Hydrated Metal
Complexes

exchange rate (s-1) reference

S3 state of PS II
slow phase (k1 at 10°C) 2× 100 this work
fast phase (k2 at 10°C) 4× 101 work

hydrated M2+ ions
[Ca(H2O)6]2+ (dimagnetic) 3× 108 37
[Fe(H2O)6]2+ (high spin) 4× 106 39
[Ru(H2O)6]2+ (low spin) 2× 10-2 41

hydrated M3+ ions
[Fe(H2O)6]3+ (high spin) 2× 102 40
[Ru(H2O)6]3+ (low spin) 4× 10-6 41
[Cr(H2O)6]3+ (high spin) 2× 10-6 42

terminal oxo ligands
[TiO(H2O)5]2+ 2 × 104 43, 44
[VO(H2O)5]2+ 1 × 10-5 45

µ-oxo bridges
[FeIII

2] - ribonucleotide 8× 10-4 49
reductase
[MoV

2 O4 (OH2)6]2- 3 × 10-6 50
[MoIV

3 O4 (OH2)9]4- <10-8 51
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The Fast18O Isotopic Exchange Process. The exchange
process for the substrate water molecule undergoing the fast
18O exchange in the S3 state has a rate constant ofk2 ) 38
( 4 s-1 at 10°C (Table 1) and an estimated activation energy
of 39 ( 5 kJ mol-1 at temperatures above 0°C (Figure 3).
Sincek2 differs fromk1 by only about an order of magnitude
at all temperatures measured, the second substrate binding
site could have a ligand configuration similar to, but
nonequivalent with, those proposed above for the first
substrate binding site, that is, either MnIIIsOH or MnIVs
OH. However, because the difference betweenk1 andk2 is
not very large, manganese-substrate pair combinations
differing by a formal oxidation state may be considered
unlikely, unless countered by significant differences in
ligation. Thus, the exchange processes that we measure may
reflect substrate binding to terminal sites on two separate
Mn ions of the same oxidation state, as has been suggested
earlier (5, 6). Our present data, however, gives no informa-
tion with respect to the suggestion that two partially
deprotonated water molecules exist in redox isomerization
with a peroxyl intermediate in the S3 state (7).

Regardless of the above arguments, it cannot be absolutely
excluded at this time that the fast exchanging component
does not represent a diffusional or isotopic equilibration
process. Since the catalytic site is located within the protein
domain of the WOC, away from the bulk solvent phase, a
phenomonological water channel most likely exists and may
provide an important role in regulating the water oxidation
chemistry (53). In this case, solvent H218O may come into
equilibrium with the bound substrate water at the catatlytic
site either through mass water movement or via isotopic
exchange over an chain of water molecules through the
protein matrix. Water channels have recently been proposed
for proteins such as cytochromec oxidase (54, 55) and
cytochrome P450 (56). Although water exchange within
small proteins has been determined to be very fast (103-
109 s-1) (57, 58), water movement into the WOC may in
particular be functionally restricted. However, in order for
such a water channel to have a role in the exchange process,
it would have to be assumed that one substrate water
molecule binds to a site in more rapid exchange, such as a
CaII ion (59), and that the channel does not limit the exhange
at the second substrate water binding site.

Although with the present data we cannot determine
whether the differences between slow and fast18O exchange
processes in the S3 state are due to differences in charge
delocalization at metal sites, the protonation and hydrogen
bonding of the bound substrate water, and/or the structure
of the protein matrix surrounding the catatlytic site, we
anticipate that measurements of the18O exchange rates as a
function of S states, pH, deuteration, metal substitution, and
protein modification will help discern some of these pos-
sibilities.
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