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Nature’s water splitting cofactor passes through a series of cata-
lytic intermediates (S0-S4) before O-O bond formation and O2 re-
lease. In the second last transition (S2 to S3) cofactor oxidation is
coupled to water molecule binding to Mn1. It is this activated,
water-enriched all MnIV form of the cofactor that goes on to form
the O-O bond, after the next light-induced oxidation to S4. How
cofactor activation proceeds remains an open question. Here, we
report a so far not described intermediate (S3’) in which cofactor
oxidation has occurred without water insertion. This intermediate
can be trapped in a significant fraction of centers (>50%) in (i)
chemical-modified cofactors in which Ca2+ is exchanged with
Sr2+; the Mn4O5Sr cofactor remains active, but the S2-S3 and S3-
S0 transitions are slower than for the Mn4O5Ca cofactor; and (ii)
upon addition of 3% vol/vol methanol; methanol is thought to act
as a substrate water analog. The S3’ electron paramagnetic reso-
nance (EPR) signal is significantly broader than the untreated S3
signal (2.5 T vs. 1.5 T), indicating the cofactor still contains a
5-coordinate Mn ion, as seen in the preceding S2 state. Magnetic
double resonance data extend these findings revealing the elec-
tronic connectivity of the S3’ cofactor is similar to the high spin form
of the preceding S2 state, which contains a cuboidal Mn3O4Ca unit
tethered to an external, 5-coordinate Mn ion (Mn4). These results
demonstrate that cofactor oxidation regulates water molecule in-
sertion via binding to Mn4. The interaction of ammonia with the
cofactor is also discussed.
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Nature’s water splitting catalyst, a penta-oxygen tetramanganese-
calcium cofactor (Mn4O5Ca) is found in a unique protein,

Photosystem II (PSII) (1, 2). The catalytic cycle of the cofactor is
comprised of 5 distinct redox intermediates, the Sn states, where
the subscript indicates the number of stored oxidizing equivalents
(n = 0–4) required to split 2 water molecules and release molecular
oxygen (3). (Fig. 1A) Importantly, each S-state transition is multi-
step, with the cofactor’s oxidation coupled to its deprotonation
(with the exception of the S1 to S2 transition) and conformational
changes (4). S-state progression is driven by the reaction center of
PSII, which is a multichlorophyll pigment assembly. Light absorption
and charge separation generates an in situ photo-oxidant (P680•+),
coupled to the Mn4O5Ca cofactor via an intermediary redox-active
tyrosine residue, YZ. After 4 charge separation events, the tran-
siently formed [S4] state rapidly decays to the S0 state with the con-
comitant release of molecular triplet oxygen and rebinding of one
substrate water molecule (5, 6).
X-ray diffraction (XRD) (1) along with more recent X-ray free

electron laser (XFEL) measurements (7, 8) have resolved the
structure of the Mn4O5Ca cluster in its dark-stable (S1) state. The
metal ions form a “distorted chair” with Mn1, Mn2, and Mn3
together with the Ca2+ ion as the base of the “chair,” a Mn3O3Ca
open cubane, with the fourth dangler/outer Mn4 connected to the
base via 2 oxygen bridges, O4 and O5 (Fig. 1A). The oxidation
states of the Mn ions are III, IV, IV, and III.

The water molecules W2 and W3, together with the O5 bridge,
are considered the most likely substrate-binding sites in the S1
state (9–12). The structure of the cofactor is, however, dynamic
as it progresses through the catalytic cycle. This flexibility first
emerges in the S2 state, whose net oxidation state is now
(MnIV)3MnIII. Here, the cofactor can adopt 2 interconvertible
manganese core topologies (13) involving the movement of the
O5 bridge: an open cubane motif (S2

A) as seen in the current
X-ray (1, 7, 8) and previous DFT (14) structures and a closed
cubane motif (S2

B) (Fig. 1B). The S2
A form displays a low-spin

electronic ground state configuration (SG = 1/2) locating the only
5-coordinate Mn, the MnIII ion, within the cuboidal unit (Mn1). In
contrast, the S2

B form displays a high-spin (SG = 5/2) electronic
configuration, in which the position of the 5-coordinate MnIII ion
shifts to the “dangler” Mn4 (13, 15).
In the next state, S3, the net oxidation state of the cofactor is

all (MnIV)4. Electron paramagnetic resonance (EPR) (16), X-ray
absorption spectroscopy (XAS) and X-ray emission spectroscopy
(XES) (17, 18), Fourier transform infrared (FTIR) (19, 20), and
recent XFEL data (8, 21) suggest that in this S state, all 4 Mn ions
are octahedral, requiring the insertion of a new water molecule
into the cofactor. Structural models of the cofactor in the S3 state
more closely resemble the preceding S2

A form compared with the
S2

B form, with an additional oxygen (most likely hydroxide) ligand
at Mn1 (8, 14, 16, 21) (Fig. 1C). Curiously, however, from an
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electronic perspective it more closely resembles S2
B, exhibiting a

high-spin electronic configuration with SG = 3 (16). It is this ac-
tivated form of the cofactor that goes on to form the O-O bond.
Rationalizing the S2 → S3 transition is thus important for

understanding the mechanism of water oxidation. It is at this
point in the cycle that inhibitory treatments—the removal of
Ca2+ (22) or Cl− (23) and acetate binding to the cofactor (24)—
block S-state progression. In unperturbed samples, the entire
transition spans 350 μs, with at least 3 discrete phases identified.
The initial, ultrafast phase involves light excitation to generate
the photo-oxidant P680•+, which is rapidly rereduced by YZ (25).
Photo-acoustic beam deflection measurements along with XAS
data (17, 26) assign the next 2 phases. The fast 30-μs kinetic
phase is attributed to deprotonation of the cluster, with the slow
350-μs phase representing structural rearrangement, e.g., water
insertion and cofactor oxidation. A more recent FTIR study
suggests that deprotonation may also occur during the slow 350-μs
phase (19). In either case, theoretical calculations support the
notion that cofactor oxidation only proceeds via redox tuning
(deprotonation) of the cofactor. The W1 ligand is considered to
be the deprotonation site; it loses its proton via a channel that
includes the Asp61 residue (27–30) (Fig. 1A).
There are 4 basic molecular pathways describing the S2 → S3

progression during the slow kinetic phase. They differ in terms of
whether the S2

A or S2
B state progresses to the S3 state, and

whether water binding initiates cofactor oxidation or if instead
cofactor oxidation is necessary for water binding (15, 28, 31–34).
That is to say whether the cofactor progresses via (i) an S2-like
(S2’ state), in which the cofactor’s net oxidation state is the same
as S2 but the cofactor has an additional water-derived ligand; or
(ii) an S3-like (S3’ state) in which the cofactor’s net oxidation
state is the same as S3, but the additional water binding has not
yet occurred, Fig. 2 (2, 11).
Recent XFEL measurements provide further details on this

sequence (8). Two structures have been collected during the S2
to S3 transition, resolving a lengthening of the Mn1-Mn4 dis-
tance that is complete at 150 μs and the buildup of electron
density near Mn1 clearly visible at 400 μs. This new density is
indicative of water insertion and clearly demonstrates this pro-
cess is associated with the slow kinetic phase. On that basis, and
because of the partial detachment of Glu189 from the Ca2+ ion,
which may remove steric constrains for a direct water insertion at
Mn1, the authors favored a direct water insertion pathway into
an A-type intermediate (Fig. 2 A and B). However, the XFEL
data do not exclude short-lived B-type S2’/S3’ intermediate(s).
Quantum chemical calculations (28, 32–34) instead favor an

indirect water insertion pathway (Fig. 2 C and D). In these
models, the 5-coordinate Mn site is first transferred to Mn4,
opening a solvent accessible coordination site for water binding.
Following water binding and cofactor oxidation, a transient

Fig. 1. The Mn4O5Ca cofactor and its catalytic (Kok)
cycle (3). (A) Potential substrate water channels
leading to and from the Mn4O5Ca cofactor. (B) The
open cubane (S2

A, SG = 1/2) and the closed cubane
(S2

B, SG = 5/2) structures of the S2 state; the 2 S2 state
forms differ in their core connectivity by the re-
organization of O5 (13). (C) The open cubane (S3

A,
SG = 3) structure of the S3 state.

Fig. 2. 4 proposed pathways for water insertion
during the S2 to S3 transition leading to the activated
cluster. (A) An S2

A type structure binds a water
molecule (a new water WX or W3) at Mn1 concom-
itant with its deprotonation (S2’), followed by co-
factor oxidation (14). (B) An S2

A-type structure first
undergoes oxidation (S3’) followed by water mole-
cule insertion (WX or W3) at Mn1 and concomitant
deprotonation. (C) An S2

B type structure binds a
water molecule (S2’) via either the Ca2+ channel (32,
33) or Asp61 channel, which terminates on the back
face of Mn4 (34). Subsequently, Mn4 is oxidized and
the cofactor rearranges to give an S3

A-type structure
(35). (D) An S2

B-type structure first undergoes oxi-
dation (S3’) followed by water molecule insertion at
Mn4 (28) and cofactor rearrangements to give an
S3

A-type structure (35). Note the cofactor has been
rotated 90° compared with Fig. 1.

16842 | www.pnas.org/cgi/doi/10.1073/pnas.1817526116 Chrysina et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.1817526116


S3
B type structure is formed. This can then progress to S3

A by
shuttling a proton between the 2 oxygens bound on the Mn1/Mn4
axis (35), a process which presumably involves short range (≈2 Å)
proton tunneling (36). An interesting feature of these mechanisms
is that the water that binds to the cofactor does not need to be the
site of deprotonation (28, 33, 34), allowing the redox tuning event
to occur first via the W1/Asp61 residue, as described above.
High-field EPR spectroscopy is a powerful tool to study the S2

to S3 transition as it is able to both monitor the oxidation and
ligand state of all 4 Mn ions. One way to potentially trap such
intermediates (S2’, S3’) is to add small molecules, which mimic
the water molecule to be inserted, i.e., methanol (MeOH) or
ammonia (NH3). Both these molecules associate with the water
channels of PSII leading to the catalyst but do not inhibit ca-
talysis, although there is evidence that they render S-state ad-
vancement less efficient (37, 38). In the case of methanol, it
associates with the channel that terminates at Mn4 (Asp61
channel) and possibly also the channel that terminates at the
Ca2+ (39) (Fig. 1A). However, it does not directly interact with
the Mn ions, which make up the cluster (40). In the case of
ammonia, it associates with the Asp61 channel, displacing the
W1 water ligand on Mn4 (9, 41, 42). An alternative approach is
to chemically modify the cofactor by biosynthetically replacing
the Ca2+ ion with Sr2+. This modified cofactor is still catalytically
competent but has a slower O-O bond formation rate. In the
precursor S2 state, all these systems display similar EPR (multiline)

spectra compared with wild type (9, 41, 43, 44). In this article we
report that the addition of methanol and Ca2+/Sr2+ substitution
leads to the stabilization of a so far not described S3 intermediate
(S3’) in a significant fraction of PSII centers. Untreated PSII re-
solves the same intermediate, but at much lower concentration.
These observations demonstrate that water binding is not neces-
sary for cofactor oxidation. Instead, it is cofactor oxidation that
initiates water binding during the S2 → S3 transition.

Results and Discussion
A Modified S3 EPR Signal Is Observed upon Methanol Addition and in
PSII in Which Ca2+ Is Biosynthetically Exchanged by Sr2+. Fig. 3 shows
the frozen solution W-band pulse EPR S3 state spectrum of the
untreated PSII core preparations of Thermosynechococcus elon-
gatus (16) and the 3 modified samples studied here. EPR mea-
surements were performed on the preceding S2 state to check the
integrity of all samples (SI Appendix, Fig. S1). The S3 spectrum of
all samples is centered at approximately g ≈ 2 (3.4 T) and falls
within the 1.5- to 5-T magnetic field range. All spectra shown
are obtained by subtracting the background spectrum of dark-
adapted PSII (S1 state) from the spectrum collected after 2
flashes (S3 state), (SI Appendix, Figs. S2–S7). Throughout the
text we refer to the S3 state measured in different PSII samples
as follows: S3

Ca, untreated PSII; S3
Sr, biosynthetically exchanged

Ca2+/Sr2+ PSII; S3
MeOH, PSII with 3% vol/vol methanol (MeOH)

added; and S3
NH3, PSII with 100 mM ammonium chloride added,

Fig. 3. (A) Microwave nutation curves measured for
the modified S3 state (S3

MeOH) EPR spectrum com-
pared with the nutation of the YD_ signal (in black)
assigns the spin value to S = 3. (B–G) W band EPR
spectra of the S3 state measured for untreated (S3

Ca),
ammonia-treated (S3

NH3), methanol-treated (S3
MeOH),

and Sr2+-substituted (S3
Sr) PSII. All data (black lines)

represent light-minus-dark difference spectra be-
tween samples poised in the S3 state and poised in the
S1 state (SI Appendix, Figs. S2–S7). Data represent echo
detected absorption spectra (B and C), and processed
(pseudomodulated) echo detected spectra (D–G).
Simulations (red dashed lines) of absorption spectra
(B and C) include only the dominant species, while
simulations of the pseudomodulated spectra (D–G)
include all contributing species (SI Appendix, Fig. S11).
A decomposition of the absorption spectra simulations
according to individual transitions are also shown (see
color code). Simulation parameters are listed in the SI
Appendix, Table S1. The asterisk indicates the mag-
netic field position where the microwave nutation was
performed. Experimental parameters are listed in SI
Appendix.
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giving a concentration of 2 mM ammonia (NH3) in solution at
pH 7.5. The S3

NH3 spectrum is almost identical to the untreated
S3 state spectrum (S3

Ca). By taking the pseudomodulated
transform of the absorption spectrum, it can more clearly be
observed that the spectrum is made up of 2 signals: one identical
to the untreated form and a second that is 10 mT broader (Fig. 3
and SI Appendix, Fig. S6). Both fractions have approximately
equal intensity, suggesting that NH3 is only bound in 50% of
centers and thus its binding affinity decreases upon S3 formation.
In any case, NH3 binding to the cofactor has only a very small
effect on its electronic structure, suggesting ammonia does not
interfere with S3 state progression. This is consistent with mass
spectrometry measurements that show that the addition of NH3
does not strongly alter substrate exchange kinetics in the S3 state
(SI Appendix, Fig. S8). We suspect that NH3 weakly binds at the
same location as in the S2 state and that the 2 populations (NH3
bound and untreated) are in equilibrium and readily interconvert
via W1/NH3 exchange. In contrast to the S3

NH3 spectrum, both
the S3

MeOH spectrum and the S3
Sr spectrum are strongly per-

turbed. Both spectra are significantly broader than the untreated
one (2.5 T vs. 1.5 T), with the S3

Sr spectrum being the broadest,
but displaying an overall similar profile. In both the S3

MeOH and
S3

Sr spectrum, there is a contribution of the S3
Ca spectrum of

about 20%. For the S3
MeOH spectrum, this fraction cannot be

completely removed but is further suppressed if the methanol
concentration is increased from 3 to 5% vol/vol (SI Appendix,
Fig. S5). Upon close inspection it is observed that the S3

MeOH
–

like spectrum is also present in samples without methanol (S3
Ca),

as judged by the low field turning point at 1.9 T. This “methanol-
like” population also increases with increasing concentrations of
the cryoprotectant glycerol to up to 20% (SI Appendix, Fig. S3).
Glycerol is a larger molecule, which has no direct access to the
cofactor. This result, and the observation that the S3

MeOH and
S3

Sr spectra are essentially the same, suggests that it is not a
specific molecular interaction that leads to the perturbed S3
spectrum, but instead that these modifications somehow alter the
protein-cofactor interface.

Spin Hamiltonian Analysis of All S3-State Spectra. The S3-state EPR
signal seen for all sample types can be easily understood. The
unpaired electron spins of the 4 Mn ions, which make up the
cofactor, couple together by electron spin exchange. These in-
teractions are much larger in energy than the microwave quan-
tum and, as such, the EPR experiment only accesses the lowest
energy state, which can be described in terms of a single effective
spin state. In this instance, the Mn ions must predominately in-
teract in a ferromagnetic fashion, leading to an effective spin
state which has multiple unpaired electrons (high spin). Such a
spin system gives rise to multiple EPR transitions, explaining the
complexity of the signal profile observed. The degeneracy of the
set of EPR transitions is lifted by the fine-structure interaction (D,
E), which arises from the dipolar interactions of the unpaired
electrons. Thus, these zero-field splitting parameters describe the
width and overall shape of the spectrum (SI Appendix, Fig. S9).
The effective ground spin state (S) of all S3 state forms can be

determined by a microwave nutation experiment (SI Appendix,
Fig. 3A). In this experiment, an additional preparation pulse of
variable length is applied before the detection sequence, causing
the signal’s intensity to oscillate. The period of this oscillation
decreases as the spin state increases. The nutation curve of the
background tyrosine YD_ radical signal (S = 1/2) is used as an
internal reference. The period of oscillation for all S3 forms is
approximately the same, consistent with a total spin state of S = 3
(SI Appendix), implying that the electronic connectivity of the 4
Mn ions is similar for all S3 isoforms (αααβ).
Simulations of all EPR spectra were performed using the spin

Hamiltonian formalism assuming an S = 3 ground spin state.
Fitted parameters are listed in SI Appendix, Table S1 and Fig.

S11). The width of the spectrum scales with the magnitude of jDj
whereas the symmetry of the spectrum instead is determined by
the ratio of E to D (E/D); a large E/D (0.3) yields the most
symmetric profile at about g ≈ 2, whereas a small E/D value leads
to a contraction of the high field edge. Thus, the S3

Ca and S3
NH3

simulations yield a smaller jDj than the S3
MeOH and S3

Sr simu-
lations. The opposite is true for the E/D value which is larger for
S3

Ca and S3
NH3 compared with S3

MeOH and S3
Sr. The simulations shown

are decomposed into sets of EPR transitions. Importantly, at the 2
edges of the spectrum (1.9 and 4.4 T), there is only one EPR
transition, j−3> → j−2>. In subsequent double resonance exper-
iments, it is thus convenient to perform measurements at these
field positions.

The Magnitude of D as a Marker for the Coordination Number of the
Mn Ions. The fitted spin Hamiltonian parameter D is made up of
weighted contributions of the site fine structure interaction (di)
of each Mn ion, with the weighting factors (spin projection fac-
tors, ρi) determined by the spin exchange interactions between
the Mn sites (SI Appendix, Eqs. S9 and S13). The local di values
themselves come about from the interaction of unpaired elec-
trons within the d shell of each ion, which couple via spin-spin
and spin-orbit type mechanisms. Importantly, the magnitude of
d can be used as a fingerprint for the oxidation state and ligand
field of the metal ion. For example, octahedral MnIV complexes
display small d values (<0.3 cm−1) owing to the nearly spherical
distribution of the electrons in the half-filled t2g set of d orbitals.
In contrast, Jahn-Teller active, octahedral MnIII complexes, or
MnIV complexes with distorted ligand fields, have much larger
d values of the order of 2 cm−1 (ref. 44 and refs. therein). Thus, a
complex which contains only octahedral MnIV ions should dis-
play a small net D value, as the contribution of each Mn ion is
small, whereas a complex which contains a MnIII ion or a dis-
torted MnIV ion (i.e., 5 coordinate MnIV) should display a
comparatively larger D value. Based on this simple observation,
we previously noted that the small D value measured for the
untreated S3 state indicated that the cofactor consists of only
octahedral MnIV ions (16). Biomimetic Mn3O4Ca cubane mod-
els, which contain only octahedral MnIV ions (45), were used as a
reference point. As the cofactor in the preceding S2 state does
contain a 5-coordinate Mn (44), this observation requires the
insertion of a water molecule into the cluster during the S2 → S3
transition. Following this logic, the larger D seen in modified
PSII (S3

MeOH, S3
Sr) centers suggest that in these samples a

population of the cofactor still contains a 5-coordinate Mn ion.
Thus, in a significant population of modified PSII samples
(S3

MeOH, S3
Sr), no water binding event takes place during the

S2 → S3 transition.
A more quantitative analysis of the magnitude of D can be

made in support of the above hypothesis. To do this, it is im-
portant to note that D scales with the effective spin state (SI
Appendix). As a rule of thumb, the measured D can be scaled by
the following ratio to allow comparison of different systems:

Dcorr =
SAð2SA − 1Þ
SBð2SB − 1ÞDmeasured [1]

The biomimetic Mn3
IVO4Ca2 cubane model (45) mentioned

above—an all octahedral MnIV complex—displays a small D
similar to that seen for the untreated S3 state. The effective spin
value of the complex is S = 9/2, and its D = j0.068j cm−1 (45).
Using Eq. 1, we need to scale the measured D value by 12/5 to
directly compare it to the S3 state, yielding a corrected D =
j0.162j cm−1. This is almost identical to the D value measured
for the S3

Ca system (i.e., 0.175 cm−1
, within 10%). The same

comparison can be made to the preceding high-spin S2
B state,

which contains a 5 coordinate MnIII ion. Multifrequency EPR
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measurements have estimated the D value for the cofactor in this
state to be j0.45j cm−1 (46). Using Eq. 1, we now need to scale
the measured D value by 2/3 to directly compare it to the S3
state, yielding a corrected D = 0.3 cm−1 (SI Appendix). This value
is now in very good agreement to that observed for the methanol-
treated and Sr2+-substituted samples, suggesting that the cofac-
tor retains its 5-coordinate Mn site, but now in the IV+ oxidation
state, i.e., an S3’ state.

Magnetic Double Resonance Experiments Provide Further Evidence
for a 5-Coordinate MnIV ion in the S3 State Measured in Modified
PSII. The unpaired electrons of the cofactor, which give rise to
the EPR spectrum, couple with the nuclear spin of the 4 55Mn
nuclei via hyperfine interaction. This interaction can be moni-
tored by double resonance techniques, such as electron-electron
double resonance-detected NMR (EDNMR). The observed hy-
perfine coupling value (Ai) of each Mn nucleus is the product of
the site hyperfine tensor (ai) weighted by the spin projection
factor (ρi) associated with each Mn ion. Thus, as with D, the
hyperfine interaction provides site information about the local
oxidation state and coordination number of each Mn and how
they are electronically connected. EDNMR is performed at fixed
magnetic fields within the EPR spectrum. Because of this we can
measure hyperfine interactions for specific EPR transitions that
make up the whole EPR spectrum. Furthermore, as each field
position describes a unique orientation of the cofactor relative to
the laboratory frame, these measurements map out the hyperfine
interactions in 3 dimensions (SI Appendix, Figs. S12–S17).
In our previous study of S3

Ca, all peaks observed in 55Mn
EDNMR spectra appeared in approximately the same position
when measuring at different positions across the EPR spectrum.
This result implied that all hyperfine interactions were in-
dependent of the orientation of the cofactor in the laboratory
frame and, thus (Fig. 4A), the electronic environment of all 4 Mn
ions is spherically symmetric, a property of octahedral MnIV ions
(see above). This is not observed for the set of EDNMR spectra
of the modified S3 state, with some lines strongly dependent on
the field position at which they were measured (Fig. 4B). This
provides further evidence that the modified S3 state forms con-
tain a 5-coordinate MnIV ion. In addition, the set of EDNMR
spectra of the modified S3 state do not resolve a peak at, or near,
the 55Mn Larmor frequency, as seen for S3

Ca. This result requires
that all 4 Mn ions carry large spin projection factors, another
deviation from that observed for the final S3 state, where the spin
density was more unequally shared between the 4 Mn ions.
Constrained simulations of the set of modified S3 state

EDNMR spectra described in SI Appendix support these obser-
vations (SI Appendix, Fig. S15). Four hyperfine tensors were
needed to describe all spectral lines: 3 negative, near-isotropic
tensors with one additional positive anisotropic tensor. As the
magnitude of the site hyperfine interaction (ai) is expected to be
similar for all 4 Mn ions, the fitting implies the 4 Mn ions carry 3
positive (α spin) and one negative (β spin) spin projection factors
of similar magnitude consistent with EPR results. The same set
of projection factors is observed for S2

B (SI Appendix, Table S3),
suggesting the overall structure of the S3’ cofactor is similar to
the S2

B state (28).

The Nature of the S3’ Intermediate. The results presented above
demonstrate that it is possible to advance to the S3 state without
a water binding event, i.e., via an S3’ intermediate. Importantly,
this cofactor form, albeit at low concentration, is also seen in
untreated samples, suggesting that it does represent a physio-
logical intermediate. This result implies that cofactor oxidation is
not triggered by water binding. Instead, it is the oxidation event
that precedes water binding and, indeed, may be necessary for
water binding. Thus, only pathway (B) and pathway (D) are
consistent with experiment (Fig. 2). Of these, EPR data favor

pathway (D) as the S3’ intermediate resembles S2
B. The obser-

vation that cofactor oxidation precedes water binding makes good
chemical sense, as water binding in the S2 state would necessarily
involve its binding on the Jahn–Teller axis of a MnIII ion, whereas
water binding in the S3 state instead involves binding to a
MnIV ion, a better Lewis acid. The results presented also imply
that the S3’ intermediate, under appropriate conditions, is long
lived. This suggests that there are tunable thermodynamic and
kinetic barriers to S2 → S3 progression. Within this framework, the
effect of methanol and Ca2+/Sr2+ substitution can be understood.
Methanol likely introduces a kinetic barrier to S-state progression,
with its association with water molecules near the cofactor re-
ducing the efficiency of water binding (40). We suspect a similar
mechanism operates upon Ca2+/Sr2+ substitution (47). Interest-
ingly, a recent report has shown that Ca2+/Sr2+ substitution alters
the pKa values of the cofactors titratable ligands (W1, W2) (48).
As water binding is likely coupled with either proton egression or
an internal proton shift, perturbation of the proton network may
also disrupt water binding (SI Appendix, Fig. S18).

Consequences for the Mechanism of O-O Bond Formation. We stress
that in all modified samples the untreated S3 cofactor signal was
still observed (20% of centers). As such, we do not propose that
the S3 state without water bound is able to directly progress to
the transient [S4] state. Instead, as discussed above, we suggest
that these perturbations alter the energy landscape between the
final S3 state and its precursor (S3’), allowing us to trap the
precursor state by freezing to cryogenic temperatures in a sig-
nificant fraction of centers. At physiological temperatures these
2 forms are presumably in a dynamic equilibrium, suggesting the

Fig. 4. W band 55Mn-EDNMR spectra collected on the low and high field
edge of untreated (S3

Ca) (A) and methanol-treated (S3
MeOH) (B) PSII (SI Ap-

pendix, Figs. S12–S17). Experimental data are shown as black lines; simula-
tions as red dashed lines. A decomposition of the fitting into individual 55Mn
nuclei (A1–A4) is also shown (see color code). Simulated and experimental
parameters are listed in the SI Appendix, Table S2. Top Left side scheme
explains the set of S3

MeOH EDNMR spectra, whereas the Top Right scheme
explains the set of S3

Ca EDNMR spectra (16).
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barrier for interconversion is small and tunable. Thus, delayed
water binding is the most likely cause for the catalytic retardation
and not perturbation of the transient [S4] state. These observa-
tions are in line with water exchange data, which show only
modest changes between the S2 and S3 states, suggesting the
bound substrate waters have a similar coordination in both states
or at least can achieve a similar coordination via low barrier
interconversion (11). In conclusion, our data show that the
S2

B state is an intermediate on the path to generating the S3’
state, which has a similar structure as S2

B, but where Mn4 is now
a 5-coordinate MnIV ion. In unperturbed centers this S3

B-type
state quickly binds water to form the stable S3

A state, which can
proceed to [S4] following a further oxidation event.

Materials and Methods
PSII core complex preparations from T. elongatuswere obtained as described
earlier (49, 50). The S3-state was generated by 2 flashes using an Nd-YAG
laser, and the samples were immediately frozen in liquid N2. EPR measure-
ments at W band were performed using a Bruker ELEXSYS E680 at T = 4.8 K.
Simulations of the EPR and EDNMR spectra were performed using the
EasySpin package (51). See SI Appendix for further details.
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