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Abstract

In mass spectroscopic experiments of oxygen evolution in Photosystem II at 50% enrichment of H2
18O, one expects equal signals of 18O2

and 16O2 unless one of the isotopes is favored by the oxygen evolving complex (OEC). We have observed a deviation from this expectation,

being a clear indication of an isotope effect. We have measured the effect to be 1.14–1.30, which is higher than the theoretically predicted

value of 1.014–1.06. This together with the strong temperature variation of the measured effect with a discontinuity at 11 jC observed for

wild-type tobacco and at 9 jC for a yellow-green tobacco mutant suggest that an additional mechanism is responsible for the observed high

isotope effect. The entry of a finite size of water clusters to the cleavage site of the OEC can explain the observation.

D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photosynthetic water oxidation occurring in thylakoid

membranes of higher plants, algae and cyanobacteria is the

only process which has enriched the formerly anaerobic

atmosphere with oxygen up to the present level. It is

Photosystem II (PS II) which is responsible for oxygen

evolution [1]. Within recent years, our knowledge on PS II

structure and function has increased significantly. It has

been established that PS II is a multisubunit protein complex

containing the intrinsic proteins D1, D2, CP47, CP43,

cytochrome b559 and the extrinsic polypeptides 33, 23 and

17 kDa. These proteins are the major subunits associated

with the oxygen evolving complex (OEC). It has been found

that a manganese complex, bound to the D1 polypeptide [2],

is the catalytic site for the conversion of water to molecular

oxygen [3]. Among other inorganic cofactors, calcium and

chloride ions were shown to be crucial for the proper

functioning of the water splitting enzyme [4,5]. Water

oxidation is a light-driven reaction [6]. Oxygen evolution

measured as consequence of short saturating flashes has a

periodicity of 4 which has been observed for the first time

by Joliot et al. [7] and described by Kok et al. [8].

According to the Kok model, the water splitting complex

cycles via subsequent five oxidation states Si (i = 0, 1, 2, 3,

4), where i denotes the number of accumulated charges. O2

is evolved during the S3! (S4)! S0 transition.

Despite extensive studies of the OEC, the fundamental

problem when and how water molecules enter and bind to

the catalytic site is still open.

Recently growing experimental evidence supports the

hypothesis of free access of water to the cleavage site of

the water splitting enzyme independently of the redox states

of the Mn complex. It has been estimated that water clusters

that enter the cleavage site of the OEC contain in average

12F 2 water molecules [9]. Moreover, it has been shown by

Evans et al. [10] that the exposure of the manganese

complex to the aqueous environment is not homogenous.

At the moment, it is not clear whether the water molecules

occur in a bulk or whether they constitute structural water.

To get some direct insight into the mechanism of water

splitting, we have made H2
18O-labeled mass spectroscopic

studies of oxygen evolution with thylakoids of two tobacco

species differing in their thylakoid grana structure. Under

the assumption of independent mixing of the labeled water,

one expects that the equilibrium values of the mass spectro-

scopic signals 36:34:32 should be a2:2a(1� a):(1� a)2
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independently of the temperature, where a is the 18O-labeled

water enrichment defined as the ratio of the H2
18O volume to

the total (H2
18O +H2

16O) volume of water. The experiments

have shown that this is not the case. There are two possible

explanations for this experimental observation: (i) the cluster

mechanism described in Ref. [9] and/or (ii) an oxygen-18

isotope effect. To disentangle the issue of the presence or

absence of an isotope effect, we propose mass spectroscopic

measurements with 50% enrichment of H2
18O. For a = 0.5,

there is an entire symmetry between the fractions of 16O and
18O, namely, 18O2:

16O18O:16O2 = 0.25:0.5:0.25 and the sys-

tem should react with both water species identically. Only if

an isotope effect existed, asymmetry should occur.

2. Materials and methods

Thylakoid membranes were prepared from Nicotana

tabacum var John William’s Broadleaf (JWB) and from

the yellow-green mutant Su/su using the procedure devel-

oped by Homann and Schmid [11] with slight modifica-

tions. Only freshly isolated thylakoids were used. Samples

containing 100 Ag chlorophyll in the case of wild-type

tobacco and 50 Ag chlorophyll in the case of the mutant

were suspended in Tricine/KCl (0.06 M/0.03 M), pH 7.5.

The enrichment in labeled water H2
18O was always 50%

in a final assay volume of 3 ml. H2
18O was obtained from

CEA-Oris, Bureau des Isotopes Stables, Gif-sur-Yvette,

France.

Oxygen evolution was measured in the presence of 1 mM

ferricyanide by means of the mass-spectrometer ‘type-Delta’

from Finnigan MAT (Bremen, Germany) with a modified

magnetic sector field. Details of the setup, adapted for these

highly sensitive O2 measurements are described in Refs.

[12,13]. Thirty-two (16O2), 34 (16O18O) and 36 (18O2)

signals induced in dark-adapted thylakoid membranes by

excitation with 10 short saturating flashes spaced 300 ms

apart were detected every 10 min after H2
18O injection.

Flashes with a half-width of 5 As were provided by the

stroboscope 1539A from General Radio (xenon flash lamp).

The sample cell was cooled via connection to a thermo-

stat. The temperature was kept constant within 0.1 jC.
To check the mixing process through diffusional relaxa-

tion induced by the fast injection of labeled water, we also

measured the time-dependent mass spectroscopic signals 44

and 46 (C18O16O and C16O2) in preparations containing 10

mM HCO3
� and 100 units of carbonic anhydrase (dark

reaction). We added 0.2 ml water enriched in 95.4% H2
18O

into 2.133 ml sample containing H2
16O. This is a standard

procedure to determine the isotope enrichment in mass

spectroscopic measurements when the spectrometer has

low sensitivity [14]. In that case, there are usually problems

in handling small quantities of isotope [14]. Our mass

spectroscopic device is much more sensitive which permits

the use of very low H2
18O labelings in direct measurements

of oxygen evolution [13].

3. Results

We have studied time-dependent oxygen evolution in

thylakoid membranes from wild-type tobacco and a yellow-

green tobacco mutant in buffer containing 50% labeled

water, as H2
18O (a= 0.5). Measurements have been per-

formed in a wide range of temperatures, from 4 to 22 jC.
Typical mass spectroscopic signals at masses 32, 34 and 36

Fig. 1. Photosynthetic oxygen evolution in thylakoid membranes prepared

from N. tabacum JBW. Ten short saturating flashes were given in intervals

of 10 min. The measurement was started 10 min after the injection of

H2
18O. Shown are mass spectroscopic signals at masses 32, 34 and 36, the

sum of which is normalized to 100%. The enrichment in labeled water

(H2
18O) was 50%.
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for N. tabacum (JWB) thylakoids at 10 and 4.8 jC are

shown in Fig. 1. If one assumes absence of an isotope effect,

the ratio of the 18O2:
18O16O:16O2 signals should be

0.25:0.5:0.25 for a= 0.5.
The experimental curves reach equilibrium after a num-

ber of repeatable short saturating flashes given at constant

intervals of 10 min. This characteristic feature of the data

can be explained theoretically by diffusional relaxation [9].

In fact, due to the fast injection of labeled water, the mass

spectrometric signals 32, 34 and 36 reach the equilibrium

value Peq much faster than expected for pure diffusion.

Clearly, the determined equilibrium state is reached only

after the mixing process is completed. In Fig. 2, we present

the ratio of the signals 46:44 (C18O16O and C16O2), which is

a very sensitive parameter of the real enrichment in the

sample [14]. The diffusional process led to equilibrium

within 50 min (at 20 jC) after the injection of labeled

water, as has been also observed for the O2 signals (Ref. [9]

and this work). The reached equilibrium state for the signals

44 and 46 corresponds to the theoretical predictions accord-

ing to the binomial distribution (Fig. 2). However, the ratios

of the signals 36:34:32 for the steady states differ from the

theoretical ratio 0.25:0.5:0.25 for the case of 50% enrich-

ment, which means that the OEC distinguishes these two

oxygen isotopes.

To quantify the effect, we introduce the concept of

effective enrichment (aeff) — a quantity defined by the best

fit to the experimental results from the formula:

36Peq:
34 Peq:

32 Peq ¼ a2eff : 2aeff ð1� aeff Þ:ð1� aeff Þ2: ð1Þ

This corresponds to the 18O enrichment felt by the OEC.

The effective enrichment aeff can be calculated from Eq. (1)

which when solved for aeff gives:

aeff ¼
236Peq þ34 Peq

2
ð2Þ

or alternatively, as described in Ref. [9], from the ratio of the

average cluster size entering the reaction pocket and of the

average number of H2
18O molecules in the cluster. In Fig. 3,

Fig. 2. Ratio of mass spectroscopic signals 46:44 corresponding to

C16O18O:C16O2 as a function of time after the fast injection of H2
18O. The

solid line is a theoretical fit to the experimental data. The dashed line is the

theoretical prediction of the ratio of signals 46 and 44 calculated from the

binomial distribution for the applied enrichment a= 0.0818 (the calculated

ratio of these signals = 0.178).

Fig. 3. Temperature dependence of the effective enrichment aeff (values are
given on the left scale), felt by the studied systems (thylakoid membranes

from N. tabacum JWB and from the yellow-green mutant Su/su) and of the

experimentally observed isotope effect estimated from aeff/a, where a= 0.5
(values are given on the right scale). The samples contained 50% of H2

18O.

aeff is calculated from Eq. (2) or from the ratio hki/hNi, where hNi is the
average number of the water molecules in the water cluster entering the

reaction pocket and hki is the number of H2
18O molecules in the cluster.

Note, that the error bars for the data displayed by triangles are of the symbol

size.
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we show the effective concentrations aeff for wild-type and

yellow-green tobacco. For both tobacco species, the exper-

imentally obtained H2
18O enrichment varies with the temper-

ature exhibiting a transition temperature at 11 jC for the

wild type and at 9 jC for the yellow-green tobacco mutant.

In the calculations, we took into account the effect of

an oxygen consumption within the examined systems. It

varied usually between 4% and 10% of the total O2

yield.

4. Discussion

The observed asymmetry of the equilibrium signals for
32Peq and

36Peq (see Fig. 1) indicates that the system prefers

to evolve 18O2. Experimental conditions were settled in such

a way as to ensure no preferential factors for any oxygen

species. Thus, the existence of an asymmetry can be only

attributed to an intrinsic preference of the OEC for one of

the isotopes, that is to an isotope effect. The ratio of aeff/a is

a measure of the experimentally observed isotope effect (see

Fig. 3). The observed effect is very strong. We compare it to

the equilibrium constant for an isotope exchange, Keq,

which plays a role similar to the ratio aeff/a.
In case of the water splitting enzyme, the manganese

complex takes part as an intermediate in the process of

oxygen yield (for review, see Refs. [15–17]). Assuming the

existence of an intermediate stage E, which is related to the

Mn cluster: E + 2H2OXE(2H2O)!E(2O) + 4e�+ 4H+!

E+O2 +4e
� + 4H+, the isotope equilibrium constant can

be calculated as follows:

K18
eq ¼ f ð18O2Þ

f ð16O2Þ

" #,
f ðE*18OÞ
f ðE*16OÞ

" #20
@

1
A

	
"
f ðE*18OÞ
f ðE*16OÞ

#,"
f ðH 18

2 OÞ
f ðH 16

2 OÞ

# !
: ð3Þ

The square power results from the stoichiometry of the

reaction 2(E
O)!O2. The equilibrium constant depends on

the ratios of isotopic partition functions ( f18/f16) of the

participating chemical molecules. The partition functions

for diatomic and polyatomic molecules were calculated in

the quantum approximation of harmonic oscillators as a

function of their frequencies according to Urey and Grieff

[18]. Table 1 contains the vibrational frequencies of chosen

synthesized compounds, being model systems of the OEC.

The compounds consist of dinuclear or tetranuclear Mn

components possessing mixed-valence manganese A-oxo
bridges [24–26,28]. These compounds have been found to

undergo one- or two-redox conversions and some of them

are able to evolve oxygen [29,30]. It is believed that

dioxygen binding OUO occurs at di- or tetranuclear Mn

complexes through the coupling of A-oxo bridges [15] or the
formation of peroxo bridges [31,32]. In the latter case, one

of the Mn cations can be exchanged by other residues (e.g.

histidine) [33,34], which could be active during the water

Table 1

Vibrational frequencies (cm� 1) and ratios of partition functions ( f 18/f 16)

Molecule Mode Vibrational frequencies f 18/f 16

m16 m18 279 K 300 K

O2
a 1556 1467 1.689 1.662

H2O
b HUO 3834 3821t

HUO 3943 3934t 1.29 1.28

HUOUH 1647 1641t

Mn cluster of the OECc MnUOUMn 606 579t 1.230 1.226

[Mn2O2(pbz)4]
3 + [Mn2O2(pbz)4]

4 + d [MnIII/IVAUO]2
+ 3 694(3) 665(4) 1.237 1.232

[Mn2O(O2CCH3)2(HBpz3)2]
e MnIIIUOUMnIII 558 541 1.275 1.265

717 680

[Mn(O)D4-R1 – 4]
� f MnVQO 975.5 937 1.267 1.259

MnIIIHRPg MnIVMO 622 592 1.268 1.263

Index t means that m18 is calculated from the formula m18=(l18/l16)
1/2m16, where li is the reduced mass of a component containing 18O or 16O, respectively. All

other values are experimental data.

pbz = 2-(2-pyridyl) benzimidazole.

HBpz3
� = hydrotris (1-pyrazolyl) borate.

MnHRP=manganese-substituted horseradish peroxidase.
a m16 taken from Ref. [19].
b m16 from Ref. [20].
c m16 from Ref. [21].
d m16 and m18 from Ref. [22].
e m16 and m18 from Ref. [23], similar streching bands at 560 and 700 cm� 1 have been observed for [(H2O)MnIII(A-O)-(AO2CR)2MnIII(L)], where L=CrO7

2�,

CH3OH) by Dave and Czernuszewicz [24].
f Average of m16 and m18 for different manganyls [25], where R1– 4 are different tetradeprotonated tetraamide macrocycles described in Refs. [25,26].
g m16 and m18 from Ref. [27].
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splitting mechanism according to the model proposed in

Ref. [29].

We give the ratios of the partition functions estimated for

two different temperatures (279 and 300 K) in Table 1. It is

interesting to note that the ratios of partition functions for

compounds with MnUO (MO) bonds are only slightly

smaller (by about 1–4%) than for a water molecule with

HUO bonds. Such small differences result from the fact that

a decrease of the force constant for MnUO in comparison

with HUO is compensated by an increase of the mass (Mn

vs. H) in the partition function.

The values of isotopic equilibrium constants calculated

according to the formula (3) are given in Table 2. In the

most simple case when we consider a direct equilibrium

between O2 and 2H2O, the isotopic exchange equilibrium is

expressed by:

K18
eq ¼ f ð18O2Þ

f ð16O2Þ

" #,"
f ðH 18

2 OÞ
f ðH 16

2 OÞ

#2
: ð4Þ

Thus, as can be seen from Table 2, an isotope effect

should be of the order of 1.014 at room temperature.

Introduction of the intermediate state E [as discussed above

(see Eq. (3))] into the estimation of the equilibrium isotope

effect increases Keq even up to 1.06. However, this is not

sufficient, because the experimental isotope effect measured

as the ratio aeff/a is much stronger than the theoretically

predicted one and varies between 1.14 and 1.30 for both

types of tobacco. We want to emphasize that the effect is

independent on the H2
18O enrichment (see Fig. 3 in Ref. [9]).

The isotope effect changes due to differences of force

constants between reactant and transition states at the site

of isotopic substitution. The accumulation of the heavier

isotope, in our case of 18O or 15N as in the case of the earlier

described hydroxylamine oxidation in tobacco chloroplasts

(IE = 1.05) [35], can be observed when the force constant

tends to be larger. On first sight, it might look plausible that

a kinetic isotope effect is responsible for the difference

between the theoretical and experimental isotope effect, but

in general, kinetic heavy atom effects are small in compar-

ison to equilibrium isotope effects [36].

There is no doubt that the observed effect is an intrinsic

feature of the water splitting system which shows a dis-

continuity at 11 jC for wild-type tobacco and at about 9 jC
for the yellow-green tobacco mutant. One sees from the

temperature-dependent part of the partition function that the

isotope effect should only weakly decrease with temperature

[37]. However, at the transition temperatures, the observed

effect increases two times. It is rather unusual to observe

such significant changes of an isotope effect in such a

narrow temperature range and therefore we expect that an

additional mechanism within the OEC takes place, which

depends on the structure of the lamellar system. In fact, the

idea that the observed amplification of the isotope effect is

due to a temperature-dependent rearrangement of the whole

catalytic site (we mean conformational changes of the

protein matrix), affecting water accessibility to the cleavage

site of the water splitting enzyme, is very attractive. It would

be consistent with the observed temperature changes of S-

state populations, of the transitions between them and the

modes of O2 yield [38,39] as well as with the temperature

dependence of the kinetic H/D isotope exchange effect on

univalent oxidation steps of OEC PS II membrane frag-

ments, studied by absorption changes on the donor side

[40]. The detected discontinuities at 11 jC are in agreement

with our mass spectroscopic data. The changes in hydro-

philic properties at the catalytic site may be responsible for

the heterogeneity described in Refs. [38,41].

A similar isotope effect to the one discussed in this

paper was observed in the EPR measurements of Hansson

et al. [42]. A simulation of the S2 EPR signal with less than

six water ligands has given a good agreement with the

experimental data only for an unrealistic high enrichment

z 50% in comparison with the applied one 42%. This

makes the isotope effect to be larger than 1.19 (IEz (0.5/

0.42)z 1.19).

In conclusion, the presence of an isotope effect is not

sufficient to explain the strong deviations of the isotope

distribution of oxygen molecules at equilibrium from the

values 0.25:0.5:0.25 expected from Eq. (1) for 50% H2
18O

enrichment. We postulate that the mechanism that underlies

this effect, leading to an amplification of the isotope effect,

is due to a clustering of water molecules at the catalytic site.

The water cluster should be understood as a hydration

sphere of metal ion(s) (most probably Ca2 + and/or Mn2 +

[43]) and it is known from the studies on water exchanges

between hydrated cations and solvent water that cations

have greater affinity for H2
18O than for H2

16O [44].
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