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ABSTRACT: The oxygen-evolving complex (OEC) of photosystem II (PSII) consists of a Mn cluster (believed
to be tetranuclear) and a tyrosine (Tyr Z or YZ). During the sequential absorption of four photons by
PSII, the OEC undergoes four oxidative transitions, S0 to S1, ..., S3 to (S4)S0. Oxygen evolves during the
S3 to S0 transition (S4 being a transient state). Trapping of intermediates of the S-state transitions, particularly
those involving the tyrosyl radical, has been a goal of ultimate importance, as that can test critically
models employing a role of Tyr Z in proton (in addition to electron) transfer, and also provide important
clues about the mechanism of water oxidation. Until very recently, however, critical experimental
information was lacking. We review and evaluate recent observations on the trapping of metalloradical
intermediates of the S-state transitions, at liquid helium temperatures. These transients are assigned to
Tyr Z• magnetically interacting with the Mn cluster. Besides the importance of trapping intermediates of
this unique catalytic mechanism, liquid helium temperatures offer the additional advantage that proton
motions (unlike electron transfer) are blocked except perhaps across strong hydrogen bonds. This paper
summarizes the recent observations and discusses the constraints that the phenomenology imposes.

The oxidation of water to molecular oxygen in green
plants, algae, and cyanobacteria is catalyzed by photosystem
II (PSII), a membrane-protein complex. Upon photon
excitation of P680, a specialized chlorophyll moiety, electron
transfer to a terminal electron acceptor, an iron-quinone
complex, is initiated. A Mn cluster donates an electron to
P680

+ via a redox active tyrosine denoted Tyr Z or YZ. The
Mn cluster (believed to be tetranuclear) and Tyr Z comprise
what is called the oxygen-evolving complex (OEC). The
OEC undergoes four oxidative state transitions [S0 to S1, ...,

S3 to (S4)S0] during the absorption of four photons. One
electron and on the average one proton are extracted from
bound water for each photon absorbed by PSII. Oxygen
evolves during the S3 to S0 transition, the S4 being a transient
state (see refs1 and2 for recent reviews).

The pathway and kinetics of electron transfer in PSII are
fairly well established (3). It is also established now, on the
basis of EPR and EXAFS studies, that the oxidizing
equivalents (positive holes) during the S-state transitions are
stored on the Mn cluster. Water, the ultimate electron donor,
must accordingly be bound in the immediate vicinity of Mn.
The mechanism of proton abstraction from water is, however,
debated. An elegant model that received considerable atten-
tion proposes a metalloradical mechanism for the generation
of oxygen. In this model, Tyr Z abstracts hydrogen atoms
from water bound to Mn (4). Until very recently, however,
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1 Abbreviations: vis, visible light; NIR, near-IR light. The Sn state
of the Mn cluster is schematically represented as H4-n[Mn] n, wheren
denotes the number of electrons abstracted from Mn and H4-n the
number of substrate protons remaining in the system.
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critical experimental information was lacking. It has been
thought that YZ• is too short-lived (or nonoxidizable at
cryogenic temperatures) in intact preparations to be trapped
for EPR studies. A growing body of evidence in recent years
points, however, to the possibility of trapping this radical at
liquid helium temperatures. Actually, intermediates of almost
all S-state transitions (except the S3 to S0 transition) have
been trapped and identified by EPR. Besides the importance
of trapping intermediates of this unique catalytic mechanism,
liquid helium temperatures offer the additional advantage that
proton motions (unlike electron transfer) are blocked except
perhaps across strong hydrogen bonds. This paper sum-
marizes the recent observations and discusses the constraints
that the phenomenology imposes.

OVerView of the Experimental ObserVations

Examination and Assignment of the S-State Intermediates.
The S-state intermediates can be induced at liquid helium
temperatures either by visible-light illumination of the lower
S states or by near-IR excitation of the higher S-states (5-
10). Representative EPR traces emphasizing the main spectral
features are shown in Figure 1 (top four traces). The spectra,
taking into consideration their width, the high microwave
power for saturation, and the progressive narrowing of the
width at high temperatures (G. Sioros and V. Petrouleas,
unpublished results), are indicative of a radical species
weakly interacting with a paramagnetic metal center. These
metalloradical intermediates have been assigned to Tyr Z•

magnetically interacting with the Mn cluster, based on the
following observations. (i) The transients can advance to the
next S-state at elevated temperatures (this reaction has not
been tested yet for the S0YZ

• transient) (5-8, 10); this is
compatible with the fact that Tyr Z• is the natural oxidant of
the Mn cluster. (ii) The EPR signals are reminiscent of the
signals obtained in preparations inhibited in the S2 to S3 step
by acetate treatment or calcium depletion (bottom two spectra
in Figure 1), attributed by most authors to an S2YZ

•

intermediate (11-13). (iii) The approximate distance of Tyr
Z from the Mn cluster, inferred from EPR studies (11-13),
and more recently from the X-ray crystallographic studies
(14-16), is 5.1-8 Å; the lower limit is an edge to edge

distance (16), while the upper limit is the approximate
distance of the centers of electronic density. This short
distance is compatible with the observed magnetic broaden-
ing and the fast relaxation of the EPR signals, as well as the
fact that the signals vary in shape with the oxidation state
(and therefore the spin state) of the Mn cluster. (iv) Of the
known electron donors implicated in side pathways, ChlZ

and Car are rather far from the Mn cluster (14-16), and
have narrow-radical EPR spectra, independent of the pres-
ence or absence of Mn (17). It is reasonable, accordingly,
to discuss this phenomenology in relation to the properties
of Tyr Z, which is suitably placed and tuned to act as an
intermediate of the S-state transitions.

Visible-LightVersus NIR Illumination.Visible-light excita-
tion of S0 or S1 at liquid helium temperatures produces
S0YZ

•‚‚‚QA
- or S1YZ

•‚‚‚QA
-, respectively [Figure 1 (5, 9)].

The S2 and S3 states do not give rise to detectable levels of
radical intermediates by visible-light illumination (7, 8).
However, near-IR excitation of the Mn cluster in S2 or S3 at
liquid helium temperatures produces S1YZ

• (8) or S2′YZ
• (7),

respectively. This unusual property is attributed to the
photochemistry of a Mn(III) ion (8). The S1YZ

• signal exhibits
EPR features similar to those of the one produced by visible-
light excitation of S1 (Figure 1). The rather complex but
interesting phenomenology of S2′YZ

• formation (6, 7) can
be traced with the aid of Figure 2.

Charge recombination of the S3‚‚‚QA
- state (top spectrum

in Figure 2 characterized by low-field signals and theg )
1.9 feature from the QA-Fe2+ acceptor complex) produces
slowly (days to weeks) at 77 K the S2′ state (second spectrum
from the bottom) (6). The spectrum of S2′ contains a
characteristicg ) 4.7 resonance attributed to anS ) 7/2
configuration of the Mn cluster (18). S2′ is a proton deficient
S2 configuration and converts to the normal S2 state above
220 K (bottom spectrum), by proton uptake (see ref6 for
more details). Visible-light excitation of S2′ produces the
S2′YZ

• intermediate (third spectrum in the panel and second
spectrum in the inset; see also Figure 1). The spectrum is
characterized by a Mn-centered part atg ) 4.7 and a radical
signal atg ) 2 that is broadened by the magnetic interaction

FIGURE 1: Representative spectra of the intermediates of the S-states
in the intact system (top four traces), compared with the S2YZ

•

spectra of preparations inhibited in the S2 to S3 step by addition of
acetate or depletion of calcium (two bottom spectra). Primes
distinguish different configurations of S2. Two S0YZ

• spectra are
shown, obtained in the absence or presence of 3% (v/v) methanol.
EPR conditions: modulation amplitude of 25 G (4 G for the
spectrum of S2′YZ

•) and microwave power of 32 mW. FIGURE 2: Two pathways for the formation of the S2′YZ
• intermedi-

ate. The inset shows an expanded view comparing the radical region
of the S2′YZ

• spectra produced via the two different pathways.
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with Mn (18). A similar spectrum can be alternatively
produced by NIR excitation of the S3 state (second spectrum
from top and top spectrum in the inset) (7). Theg ) 2 regions
of the two spectra appear to be identical within spectral
resolution, but small differences can be observed in the
Mn part atg ) 4.7. The NIR-induced signal is somewhat
broader and is accompanied by ag ∼ 3 derivative. This has
been attributed to small differences in the crystal field
parameters of the Mn cluster (18); a plausible explanation
is considered later in this paper. The S2′YZ

• intermediates
decay to the S2′ state by charge recombination of YZ

• with
QA

-, at liquid helium temperatures, or reoxidize the Mn
cluster atg77 K.

The observations given above are summarized by the
following reactions, where use is made of the fact that most
S-state transitions (except that from S1 to S2) are blocked
below ∼220 K (19):

The reactions do not distinguish between the intermediates
produced by NIR excitation of the Mn cluster and those
produced by visible-light-induced charge separation. Besides
potential spectral differences atg ) 2, a notable difference
is in the decay kinetics of the two sets of signals. The decay
half-times of the S1YZ

• and S2′YZ
• transients at liquid helium

temperatures are in the range of a few minutes when induced
by visible light, and in the range of tens of minutes when
induced by NIR excitation (5, 7-9). A plausible explanation
of this difference is provided in the next section.

The Intermediates Can Represent a Significant Fraction
of Centers. Determination of the fraction of centers repre-
sented by the intermediates is not easy without knowing the
low-lying spin states of the Mn cluster (the intensity of the
signal will depend on factors such as transition probabilities,
Boltzman distribution, etc.). Indirect estimates based on
quantification of the fraction of QA- acting as the acceptor
partner of the metalloradical state suggest percentages of 40-
50% for S1YZ

• and S0YZ
• (20).

EValuation of the Results and Mechanistic Implications

An Interesting Correlation Exists between the Different
Low-Temperature Photochemical Properties of S0 and S1

Compared with Those of S2 and S3 and the Postulated More
PositiVe Charge on the Latter Set of States. Oxidation of
Tyr Z at cryogenic temperatures correlates with less positiVe
charge on the OEC.

It is widely accepted that the OEC is more positively
charged in the S2 and S3 states than in the S0 and S1 states
(see ref21, and critical discussions in refs4 and 22-24).
The recent experiments indicate that oxidation of Tyr Z by
P680

+, at cryogenic temperatures, is possible only in the less

positively charged S states or configurations of S states, that
is, the S0, S1, and proton deficient S2′ states. On the other
hand, the production of metalloradical intermediates by NIR
excitation of the Mn cluster in the S2 and S3 states is coupled
to the reduction of the Mn cluster at a temperature at which
uptake of a compensating proton from the aqueous phase is
restricted.

The Oxidation of Tyr Z at Cryogenic Temperatures
Indicates Efficient Coupling to a Suitable Base, B.The
oxidation potential of the protonated Tyr Z is prohibitively
high, and its oxidation (at least by P680

+) must be coupled
to deprotonation (22). At liquid helium temperatures, proton
motions are severely restricted, except perhaps across an
existing hydrogen bond, which would likely be a tunneling
and not an activated process. We must assume therefore that
an efficient base, B, accepts the proton upon tyrosine
oxidation (for an interesting discussion concerning the Tyr
Z-base proton exchange, see ref25).

The Charge on the Mn Cluster Can Modulate the pK of
Base B, and This Affects the Oxidizability of Tyr Z at
Cryogenic Temperatures.The variation of the charge on the
Mn cluster should in principle affect the oxidation potential
of Tyr Z and to a lesser extent that of P680 by electrostatic
interaction. Tyr Z should have a relatively increased oxida-
tion potential in more positively charged states S2 and S3.
This would slow the rate of oxidation of Tyr Z by P680

+, but
it is unlikely that it would block Tyr Z oxidation at cryogenic
temperatures. It is more likely that the buildup of positive
charge on the Mn cluster, or in its vicinity, lowers the pK of
base B, affecting the strength of the hydrogen bonding with
Tyr Z. This would slow the kinetics of Tyr Z oxidation at
ambient temperature and impose kinetic barriers blocking
Tyr Z oxidation at cryogenic temperatures (see also ref25).
An impressive example is provided by the observation that
the t1/2 for Tyr D oxidation is reduced dramatically below
an apparent pKa of 7.6, and this correlates with the blockage
of tyrosine oxidation below∼180 K (26).

An Elucidating Experiment, the Case of the Proton
Deficient S2 Configuration, S2′. Tyr Z cannot be oxidized in
S2 and S3 by visible-light excitation, at liquid helium
temperatures. This suggests that B is not tuned to accept the
proton of the tyrosine. However, as illustrated in Figure 2
and summarized by reaction 3, slow charge recombination
of the S3‚‚‚QA

- state at 77 K results in a deprotonated
configuration, S2′ (6), which can perform low-temperature
photochemistry similar to that of S0 and S1; i.e., it can form
the S2′YZ

• intermediate by visible-light illumination. The
same intermediate can be produced by the NIR excitation
of the S3 state. No molecular reorganization or long-range
proton motions are possible at these low temperatures. To
understand these experiments, we must assume that the less
positive charge on the Mn cluster in S2′ enhances the proton
accepting ability of base B near YZ.

Of the Two Bases, Tyr Z and B, B Is More Efficiently
Coupled to the Mn Cluster.Changes of the charge on the
Mn cluster can modulate the relative basicity of B and YZ

depending on their arrangement. The observations described
above suggest that B is located closer to the Mn cluster, or
is connected to it via a H-bond chain, while Tyr Z is
positioned farther from the Mn cluster, i.e., [Mn]n‚‚‚B‚‚‚HYZ.
Hence, an increase in the positive charge on the Mn cluster
will cause a relative decrease in the pK of B. B is assumed
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to be in a high-pK state, BH, in S0, S1, and S2′ and in a low-
pK state, BL, in S2 and S3.

The Extra PositiVe Charge of the S2 and S3 States Is
Attributed to a Proton that Is Withheld during the S1 to S2

Transition on an Appropriate Base, B1, in the Immediate
Vicinity of the Mn Cluster.All S transitions are blocked
below ∼220 K (19), except the S1 to S2 transition, which
can occur at temperatures close to 77 K. At 77 K, the proton
released upon oxidation of the Mn cluster cannot move
further than an existing H-bond; we assume that it is retained
on a nearby base, denoted B1. The more positive charge of
S2 and S3 is attributed to it retaining this proton. The fact
that the low-temperature photochemical properties of S2 are
the same whether S2 is produced at 200 K or ambient
temperature indicates that the positive charge does not move
much further at equilibrium. These considerations support
the suggestion that the pattern of proton release to the
aqueous phase during the S0 to S1, ..., and S3 to (S4)S0

transitions is close to 1, 0, 1, 2 rather than 1, 1, 1, 1 (see
critical discussions in refs4 and22-24).

Examination of the IndiVidual S-State Transitions.A model
incorporating the ideas described above is presented sepa-
rately for each transition in Schemes 1-3.

S0 to S1 Transition (Scheme 1). This transition has a half-
inhibition temperature of 220-225 K (19). The recent data
show that illumination of S0 readily produces S0YZ

• down

to 4.2 K (9, 13). The step therefore that is blocked below
225 K must be the S0YZ

• to S1 transition which requires the
release of a proton to the aqueous phase. The end S1‚‚‚QA

-

state is unusually stable (does not decay on the tens of
minutes time scale at ambient temperature; private com-
munications with J. Messinger and I. Vass and unpublished
results of N. Ioannidis and V. Petrouleas). The explanation
of this behavior lies probably in the fact that the S-states
recombine with QA- via the metalloradical intermediates. The
rate-limiting factor is the difference between the reduction
potential of the various S-states and the oxidation potential
of Tyr Z. The S1/S0 couple is known to have a redox potential
at least 210 mV lower than that of the S2/S1 and S3/S2 couples
(27).

S1 to S2 Transition (Scheme 2). The first line shows the
charge separation reactions induced by visible light. In the
last step, the Mn cluster is oxidized but the proton is retained
on B1, as described above. The increased positive charge in
the vicinity converts B to a low-pK form, BL. The second
line shows the reactions initiated by the NIR excitation of
the Mn cluster in S2. This induces transfer of the positive
hole from the Mn cluster to Tyr Z concomitant to the
conversion of base B to a high-pK form.

S2 to S3 Transition (Scheme 3). This is the most complex
of the three transitions but also the most informative, since
the EPR signatures of all intermediates (except the interme-

Scheme 1: S0 to S1 Transition

Scheme 2: S1 to S2 Transitiona

a The first row shows the reactions induced by visible light. There is no net proton release during this transition; instead, the proton is retained
on nearby base B1. The second row traces the reactions triggered by the NIR excitation of the S2 state. Note the conversion of base B to a high-pK
state, BH, or a low-pK state, BL, as the net charge on the Mn cluster changes.

Scheme 3: S2 to S3 Transitiona

a All states and intermediates have been trapped and characterized by EPR, except the S2YZ
• intermediate (middle of the first row).
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diate of the S2 to S3 transition in the middle of first line)
have been traced (Figure 2). The S2 to S3 transition has a
half-inhibition temperature of 230 K (19), similar to that of
the S0 to S1 transition, but unlike the latter, Tyr Z oxidation
is not observed by visible illumination of S2 at cryogenic
temperatures. This is attributed to the low-pK state of B,
BL, in S2. It is suggested in Scheme 3 (first row) that
oxidation of Tyr Z is enabled by the release of a proton at
high temperatures, and the concomitant conversion of base
BL to the high-pK form, BH. No thermal barrier is indicated
for the subsequent oxidation of the Mn cluster by Tyr Z•,
but it is likely that internal charge rearrangement or bond
length changes may be blocked at liquid helium temperatures
(see also below). The second and third rows depict the NIR
and visible-light-induced transitions between S3 and S2′. The
reactions are entirely analogous to those between the S1 and
S2 states (Scheme 2).

Additional Comments. It might be argued that once B is
converted to low pK a separate base acts as the proton
acceptor for Tyr Z. The inability, however, to oxidize Tyr Z
by visible-light excitation of the S2 state at cryogenic
temperatures indicates that such an unconstrained coupling
to a base does not exist. On the other hand, B converts readily
to high pK even at cryogenic temperatures, once the charge
on the Mn cluster changes. In Scheme 3, we adopt a
concerted mechanism where oxidation of Tyr Z is coupled
to the release of a proton from the Mn cluster. Presumably,
a similar situation applies in the S3 to S4 transition.

It is assumed in Schemes 2 and 3 that the Mn cluster is
reduced by NIR excitation, but the compensating proton
charge stays on B1 at low temperatures. This can explain
certain observations. (i) The Mn-centered part of the NIR-
induced S2′YZ

• signal (g ) 3-5 region of Figure 2) appears
to be somewhat distorted, and (ii) the recombination reaction
of YZ

• with QA
- at liquid helium temperatures is very slow

when YZ
• is produced by NIR excitation. The uncompensated

negative charge on the Mn cluster should decrease the
reduction potential of YZ• and therefore increase the energy
gap from P680

+, which is the intermediate of the recombina-
tion reaction. Experiments in progress (C. Goussias and V.
Petrouleas) reveal that the recombination rate of YZ

• produced
by NIR excitation of S2 is strongly temperature dependent,
and above ca. 35 K converges to that of the S1YZ

• intermedi-
ate, produced by visible-light excitation of S1. Presumably,
deprotonation of B1 is thermally activated above 35 K. (iii)
The intermediates decay preferentially by charge recombina-
tion of YZ

• with QA
-, at liquid helium temperatures, while

oxidation of the Mn cluster by YZ• is activated at elevated
temperatures (5-8). The barriers associated with the transfer
of the proton to and from base B1 could explain this behavior
but not in all cases. There should be no such barrier in the
reoxidation of the manganese cluster by the NIR-induced
YZ

• radical. We may assume that the oxidation of the Mn
cluster by tyrosine involves extra barriers associated with
charge rearrangement, and/or changes in bond lengths. The
NIR excitation gives the energy necessary to overcome these,
but the reverse reaction requires thermal activation energy.

A Possible Molecular Model.It would be instructive to
relate bases B and B1 to known residues of the oxygen-
evolving site. Base B could correspond to D1 His190 (D1
Tyr161). D1 Glu189, which according to the latest crystal
structure at 3.2 Å resolution (14) appears to be equidistant
from both the Mn cluster and TyrZ, could play the role of
base B1 (see also ref28). This latter choice should be
examined in light of the mutation work on D1 Glu189 (29),
which shows that five (Gln, Lys, Arg, Leu, and Ile) of 17
mutants examined sustain O2 evolution at decreased levels
(40-80% of the wild-type level). It is possible that some of
the mutants can compensate for the B1 function of Glu189
or certain steps of the mechanism are modified for the other
mutants, resulting in both cases being less efficient. Actually,
the fact that 12 mutants are incapable of O2 evolution points
to an important role of Glu189. To critically test the role of
this residue, it would be very helpful if the low-temperature
photochemistry of the mutants were studied in light of the
considerations presented here. Scheme 4 illustrates the
changes occurring during the S1 to S2 transition in cor-
respondence to the first row of Scheme 2. Similar schemes
can be produced for the other transitions and the various
intermediates.

Implications for the Role of Tyr Z.These considerations
suggest an intimate relationship between Tyr Z and the Mn
cluster, but do not support the proposed role of Tyr Z as a
H-atom abstractor (4). It is likely that the proton displacement
toward base B during the oxidation of Tyr Z by P680

+ could
be the driving force for Mn deprotonation [role of Tyr Z as
an electron abstractor and proton repeller (7, 8)] particularly
in the S2 to S3 (Scheme 3) and S3 to S4 transitions. This
paper does not address the pathway of proton translocation,
but an interesting proposal implicating Arg357 of CP43 can
be found in ref30. It can also be noted that some of the
constraints derived from these low-temperature data bear
strong analogies to those in ref30 based mostly on
independent experimental evidence.

Scheme 4: Proposed Reaction Model for the S1 to S2 Transitiona

a Only the Mn atom close to Glu189 is shown. The water ligand of Glu189 is probably not substrate water.
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