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ABSTRACT: In biological water oxidation, a redox-active tyrosine residue (D1- Y,  Hisi90 /

Tyrl61 or Y;) mediates electron transfer between the Mn,CaOj cluster of the /\
oxygen-evolving complex and the charge-separation site of photosystem II (PSII), \24 £ ““““ Lﬂ\isnzgs
driving the cluster through progressively higher oxidation states S; (i = 0—4). In

contrast to lower S-states (S, S;), in higher S-states (S,, S;) of the Mn,CaOj cluster,

Y, cannot be oxidized at cryogenic temperatures due to the accumulation of positive S, MK, gt  KIE=73
charge in the S; — S, transition. However, oxidation of Y, by illumination of S, at ncubation at 0K

77—190 K followed by rapid freezing and charge recombination between Y,* and S,'Y;Q4
the plastoquinone radical Q,*~ allows trapping of an S, variant, the so-called S,"*PP*¢

state (S,"), that is capable of forming Y;* at cryogenic temperature. To identify the differences between the S, and S," states, we
used the S,Y,® intermediate as a probe for the S, state and followed the S,'Y;*/Q,*” recombination kinetics at 10 K using
time-resolved electron paramagnetic resonance spectroscopy in H,O and D,O. The results show that while S,7Y,*/Q,*~
recombination can be described as pure electron transfer occurring in the Marcus inverted region, the S," — S, reversion
depends on proton rearrangement and exhibits a strong kinetic isotope effect. This suggests that Y, oxidation in the S,' state is
facilitated by favorable proton redistribution in the vicinity of Y, most likely within the hydrogen-bonded Y,—His190—Asn298
triad. Computational models show that tautomerization of Asn298 to its imidic acid form enables proton translocation to an
adjacent asparagine-rich cavity of water molecules that functions as a proton reservoir and can further participate in proton
egress to the lumen.

ho, 10K

S;Y; Q) noKIE

incubation at 10 K

1. INTRODUCTION Y, (Tyr161 of polypeptide D1) in a time scale of nanoseconds
to microseconds. The resulting Y,* radical regains its electron
by oxidizing the Mn,CaOj cluster within tens of microseconds
for the S, — S, transition to ca. 1 ms for the S; — (S,) — S,
transition.” Oxygen evolves from the transient S, state during
the latter, experimentally unresolved transition (see refs 8—19
and references therein).

A critical aspect of water oxidation is the requirement for
efficient removal of protons along with the four one-electron
oxidation steps. The removal of protons and electrons is
known to occur in a strictly alternate fashion at each S-state
transition.'"> However, identification of the proton removal
pathways remains elusive. Several water channels have been
identified in PSII**~*° forming a complex network™ that
connects the OEC with the lumen. Apparent water channels
that are associated with the Mn,CaOj cluster and might be
suitable for proton transfer include a channel with an endpoint
close to the O4 bridge of the cluster that leads to the PsbU/
PsbO protein interface (A in Figure 1c), a channel associated

Photosystem II (PSII) catalyzes the light-driven oxidation of
water that is coupled to plastoquinone reduction in plants,
algae, and cyanobacteria. The site of water oxidation, called the
oxygen-evolving complex (OEC), comprises an oxo-bridged
cluster of four Mn and one Ca®" ions. X-ray and more recently
femtosecond X-ray free electron laser crystallography of PSII
isolated from thermophilic cyanobacteria yielded structures of
up to 1.9 A resolution of the dark-adapted S, state’™* and
more recently of higher states.” A structure of spinach
photosystem II at 3.2 A resolution was also reported by
cryoelectron microscopy.” The catalytic cycle of the OEC
involves four light-driven one-electron oxidation steps, Sy —
S, 81— S, S, = S5, and S5 — (S,) = S,, accompanied by the
progressive removal of four protons from two bound water
molecules (Figure 1). Each step is initiated by light absorption
that results in charge separation; a special chlorophyll dimer
species called Pgg is photo-oxidized to Pgg,*, while the electron
is transferred to a series of electron acceptors, pheo

(pheophytin), Q,, and Qg (primary and secondary plastoqui-

none acceptors). Q, is a single-electron acceptor, whereas Qg Received: March 12, 2019
is a two-electron/two-proton acceptor. Pgg" in turn oxidizes Published: March 19, 2019
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Figure 1. (a) Redox-active components and electron-transfer chain in PSII; (b) cycle of S-states; (c) OEC and endpoints of three channel systems;
(d) schematic depiction of the inorganic cluster with labeling of the atoms and first-sphere ligands.

with the proximal chloride ion that leads to PsbO (B in Figure
1c), and a branched channel system with endpoints around the
calcium ion and the Y,—His190—Asn298 triad that is
suggested to connect the OEC with PsbV (C in Figure lc).?
Different studies have proposed different functions for each
channel and raised the possibility of a given channel serving a
different role depending on the particular S-state transition;
therefore, the prec1se role of each channel in proton egress
remains inconclusive.'” The Asp61 residue, and hence channel
B of Figure 1lc, has often been implicated in proton
removal,"***”7*° but channel A facing the O4 bridge has
also been suggested to serve in proton egress at least in the S
— S, transition.”” More recent studies have additionally
proposed a possible role for channel C,>***'~** particularly for
the S, — S; transition.

Significant insights into proton rearrangement and proton
translocation can be gained by examining the different S-state
transitions. For example, examination of the S, = S; and S; =
So transitions at ambient temperatures indicated that induction
of Y,* resulted in proton expulsion from the Mn cluster or its
immediate environment with a time constant 7 of about 30 us
in the former™ and about 200 us in the latter transition’ prior
to the electron-transfer step from the cluster to the Y;,* radical.
Reaction rates, activation energies, and kinetic isotope effects
(KIEs) have been obtained for the proton and electron-transfer
steps of both transitions®”*® for the activation energy of S; —

S, state transition.

Moreover, a crucial source of insight can be the properties of
the observable S)Y,* metalloradical intermediates since they
constitute true chemical intermediates of the S, — S,
transitions and report on the nature of the changes that
occur in each transition. Various S;Y,* intermediates have been
extensively studied by electron paramagnetic resonance (EPR)
spectroscopy.”’ ~*” At liquid helium temperatures, the common
feature of the SY,* intermediates is the splitting of the EPR
spectrum of Y;,;* owing to the magnetic interaction of the latter
with the Mn,CaOyg cluster. As the temperature increases, the
relaxation rate of Mn,CaOj; increases gradually, causing the
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weakening of the magnetic interaction between the Mn cluster
and the Y;*. This effect results in the progressive narrowing of
the metalloradical EPR signals,so whereas at T > 100 K the
unperturbed Y,* spectrum is revealed.’® Crucially, the
temperature profile of SY,* formation gives information
about barriers of the respective S; — S,,; transition. Previous
EPR studies showed that Yy is readily oxidized at liquid helium
temperatures in the S, and S, states of active samples”’ ~* but
not in the more electropositive S, and S; states. The S,Y,*
intermediate can be created only at T > 77 K,*" whereas S;Y,°
can be trapped at temperatures near and above the half
inhibition temperature of the S; — S, transition (ca. 230 K).*>
Elevated temperatures are presumably needed to overcome
thermal barriers caused by local pK, changes during the S, —
S, transition. Shs3

The S, — S; transition is not only the most complex and
most intensively studied among the observable transitions of
the catalytic cycle but also the most contested one because of
the multitude of intermediates and the still unresolved
heterogeneous nature of the S; state. Regarding the early
stages of the transition, the S,Y,* intermediate is trapped by
flash illumination in the temperature range 77—190 K,
followed by rapid freezing at 10 K. This metalloradical signal
decays by charge recombination with Q,*~ within minutes, but
the resulting S,' state is able to form again the S,Y,*
intermediate by visible light illumination directly at 10 K
This recombination gives rise to a phenolate structure of the
Y, tyrosine. This S,Y,* signal (more appropriately termed
S,'Y,* henceforth) can be reinduced several times after its
decay at 10 K, implying that a light-adapted con 5%uration of
S,, termed S,* (S,™P*4)  is trapped by this method.”’ The EPR
signal of S,' shows no alteration compared to the normal
multiline signal of S,; thus, the electronic configuration of the
Mn,CaOs cluster does not change upon formation of S,".

More detailed EPR experiments show that the S,'Y,* signal
consists of two components: a wide one with a splitting of ca.
170 G and a narrow one characterized by a splitting of ca. 120
G (Figure 2). Lower temperatures of illumination in the 77—
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Figure 2. Summary of previous EPR observations related to the S,
intermediate.”** (a) At the S, state, Y, cannot be oxidized at 10 K
due to the positive charge in the vicinity of the OEC. However, Y,* is
formed by illumination at T > 77 K and can be trapped by rapid
freezing to 10 K. Two distinct EPR signals have been observed: the
“narrow” in green and the “wide” in blue; the former is favored by
higher temperatures of illumination and the latter by lower
temperatures. (b) The narrow component of the Y,* proceeds to
the S; state upon annealing at T > 220 K, and thus it is an
intermediate of the S-cycle. (c) At 10 K, both signals decay within
minutes due to recombination with Q,~. The wide signal decays to
the normal S, state or to a spectroscopically similar state. The narrow
signal decays to the S," state (S,"*P*), which is distinguished by the
normal S, because it is capable of forming Y;* by illumination directly
at 10 K. (d) The narrow signal can be formed several times at 10 K as
soon as S,' is present. Interestingly, the S,'Y,* intermediate
represented by the narrow signal that has been formed at 10 K can
proceed to S; at T > 220 K. (e) S, decays slowly to S,.

190 K range favor the wide component, which at 10 K decays
faster than the narrow one. Reillumination at 10 K after decay
of the signal trapped at 77—190 K induces only the narrow
component, which can be considered as the characteristic
metalloradical signal of S,'. The wide S,'Y," is assigned to an
intermediate that lies between S, and S,". Slow and rapid scan
EPR experiments in the temperature range 77—190 K revealed
high-resolution spectra of the isolated Y,* radical and no
evidence of alternative radicals. The two signals of the S,7Y,*
intermediate were tentatively attributed to two sequential
proton transfers during oxidation of Y,: a primary proton
transfer from Y, to DI1-His190 resulting in a transient
electropositive configuration of S,Y,* (wide signal) and a
secondary one from D1-His190 to D1-Asn298 resulting in a
relaxed configuration characterized by the narrow signal.”* The
above interpretation of the EPR data implies a role for Asn298
in proton rearrangement and possibly involvement of channel
C in proton egress.

In this work, we aim to characterize better the features of the
S," state by identifying the chemical nature of its differences
with the relaxed S, state and to examine possible molecular
mechanisms for involvement of Asn298 in proton rearrange-
ment. Assuming a two-state model (S, < S,') according to
which only the S,', but not the normally prepared S, state, can
give rise to Y;°* by illumination at 10 K, the equilibrium would
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be expected to shift toward S,' upon increasing induction
temperature. Furthermore, one would expect the recombina-
tion reaction rate of S,Y,* with Q,*~ to remain indifferent to
changes in the temperature of S,' induction. To investigate
these points, we followed the recombination kinetics of S,'Y,*
with Q,*~ by time-resolved EPR spectroscopy at 10 K for S,"
induced by illumination in the 77—212 K range upon H,0/
D,0 exchange. Spectroscopically, the same narrow S,7Y,*
signal is obtained at 10 K, irrespective of the S," induction
temperature. However, the recombination reaction rates
decrease with increasing induction temperature, whereas the
driving force of the reaction increases. The results show that
the recombination reaction between S,'Y,* and Q,°~ involves
only electron transfer and shows no dependence on H,0/D,0
exchange, whereas the S,* to S, state reversion depends on
proton rearrangement and exhibits a strong primary kinetic
isotope effect. This establishes that the S,' is in a constrained
configuration that can be gradually relieved by raising the
temperature and is formed after proton movement in the Y,
environment without proton egress to the bulk. Using
computational models, it was found that proton transfer
could occur from His190 via Asn298 to a vicinal asparagine-
rich water cavity, which acts as a proton reservoir. This proton
movement is enabled by tautomerization of Asn298 from the
amide to the imidic acid form and can be an intermediate step
in further translocation and release of the proton to the bulk.

2. METHODS

2.1. Isolation of PSIl Samples. PSlII-enriched thylakoid
membranes were isolated from spinach.”>*® Samples for EPR
measurements were suspended in 0.4 M sucrose, 15 mM NaCl,
40 mM 2-N-morpholineethanesulfonic acid (MES), pH 6.5, at
about 6—8 mg Chl mL™" (Chl: chlorophyll) and stored in
liquid nitrogen. For experiments performed in D,O, the above
buffer was prepared in D,O (99.9% purity, obtained from
Deutero GmbH) and the pD was adjusted to 6.5 (pH meter
showed 6.1). The samples were subsequently supplemented
with 1 mM 2,6-dichloro-p-benzoquinone (DCBQ), dissolved
in dimethyl sulfoxide, as an exogenous electron acceptor.

2.2. lllumination Conditions. For illumination purposes,
two studio photographic power supplies were used: a 600 W
device with pulse duration of 2.1 ms, at temperatures below ca.
220 K, and a 200 W device with pulse duration of 1.2 ms, at
temperatures above 220 K. The latter produced single
turnovers (i.e., no double hits) at —S °C. The S, state was
produced typically by single-flash illumination of the S, state at
—5 °C and kept at the same temperature for 30 s to allow
electron transfer from Q,~ to DCBQ. This single flash also
resulted in advancement to the S, state of any small amounts of
the S, state invariably present along with the S, state in freshly
prepared PSII samples. Furthermore, no S; state could be
detected (from double hits on the S; state). The S, state was
maximized by applying the following illumination cycle three
times: one strong flash at 190 K followed by incubation for 1
min at the same temperature and 30 s at —10 °C. This flash
caused the advancement of the remaining S; population to the
S, state. Spectroscopically, the population of the S, state
achieved is very close to 100% since no S; state is observed.
For the induction of the S,' state, which can give rise to the
S,Y,* intermediate by reillumination at 10 K, samples were
flash-excited at the appropriate temperatures and, within 0.5—1
s, transferred to liquid nitrogen and from there into the EPR
cryostat at 10 K. Following incubation of about 15—20 min at

DOI: 10.1021/acs.jpcb.9b02317
J. Phys. Chem. B 2019, 123, 3068—3078


http://dx.doi.org/10.1021/acs.jpcb.9b02317

The Journal of Physical Chemistry B

10 K, to allow for the decay of the trapped radicals,”* the
intermediates were reinduced at 10 K by excitation with 3
flashes spaced by 2 s.

2.3. EPR Measurements. EPR measurements were
obtained with an extensively upgraded former Bruker ER-
200D spectrometer interfaced to a personal computer and
equipped with an Oxford ESR 900 cryostat, an Anritsu MF76A
frequency counter, a Bruker 035M NMR gaussmeter, and an
SR830 digital lock-in amplifier by Stanford Research. The
perpendicular 4102ST cavity was used, and the microwave
frequency was 9.41 GHz. In the rapid scan experiments, the
data were recorded by a multifunction NI 6251 pci card by
National Instruments (16 bit/1.25 MS/s) mounted on a
personal computer running appropriate software in the
LabView programming environment. Synchronization of the
data acquisition with the magnetic field ramp produced by the
time base unit was achieved by triggering the analog-to-digital
converter with a transistor—transistor logic pulse produced by
the time base unit at the beginning of each scan. The minimum
duration possible for each scan was 20 ms with a delay of 20
ms between the scans.

2.4. Density Functional Theory (DFT) Calculations.
Geometry optimizations were carried out with the ORCA
program®’ using the BP86 density functional’®*’ Scalar
relativistic effects were included with the zeroth-order regular
approximation (ZORA).*”®" The ZORA-recontracted”” TZVP
basis sets”® were used for all atoms, except for C and H, in
which the ZORA-SVP basis sets were applied. The resolution
of identity approximation was used for the Coulomb integrals
with fully decontracted auxiliary def2/] basis sets.”* Atom-
pairwise dispersion corrections according to Grimme®® were
applied, and implicit solvation was considered with CPCM,*°
with a dielectric constant of & = 4.0. Increased integration grids
(Grid4) and tight SCF convergence criteria were used.

The initial geometry was based on the XFEL coordinates of
Suga et al.* (PDB 4UB6), considering the residues bonded to
the OEC (Asp170, Glu189, His332, Glu333, Asp342, Ala344,
and CP43-Glu354), second sphere ligands (Asp61, Tyrl6l,
His190, His337, CP43-Arg357), and the backbones of Ser169,
Asnl91, Asn298, Gly299, Phe300, Asn301, Leu343, Val407,
Gly408, Gly409, Val410, Ala411, and Thr412, as well as 17
water molecules. Of these, four are ligands to the OEC (one of
them deprotonated as the W2 = OH ligand to Mn4), whereas
the others are involved in H-bond networks around the OEC,
the Tyrl61, and the asparagine-rich cavity that lies next to
Asn298. The model contains a total of 343 atoms. The
positions of a-carbon atoms were kept fixed, as in previous
studies.”>*’~®  Additional constraints on backbone atoms
defining the Asn-rich cavity were applied during exploration of
proton storage states in the water pocket adjacent to Asn298 as
described in the text.

3. RESULTS AND DISCUSSION

3.1. Recombination Kinetics of Photoinduced S,'Y,*
with Q,°". Given that between the S, and S,' configurations,
only the latter is able to form the S,'Y,* intermediate by visible
illumination at 10 K, the S,' state was first induced by flash
illumination on the S, state at 148 K. Subsequently, the S,'Y,*
was formed by flash illumination at 10 K, whereas its detailed
study of the decay kinetics was followed at the same
temperature by rapid scanning EPR. In Figure 3, we present
the experimental data, along with the fitting curve. In the inset
of Figure 3, the EPR spectrum of the S,Y,* is shown; the two
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Figure 3. Decay kinetics of the S,'Y,* EPR signal followed at 10 K.
The S,' state was flash-induced at 148 K. Data points represent the
intensity difference at 3285 G minus 3410 G. A single exponential
curve (solid line) is fitted to the data with a reaction rate constant k =
0.00531 s~*. Inset: transient S,’Y,* EPR spectrum recorded at 10 K; it
represents the average of the first 10 spectra recorded after the flash
minus the average of 10 spectra recorded at time = 700 s after the
flash. Arrows indicate the positions on the spectrum used for the
decay kinetics recording. Rapid-mode EPR conditions: modulation
amplitude, 25 Gpp; microwave power, 31.7 mW; microwave
frequency, 9.41 GHz; modulation frequency, 100 kHz; sweep field
width, 200 G; sweep time, 2 s; time constant, 10 ms.

arrows indicate the magnetic field positions at which their
intensity difference is plotted against time. A single exponential
decay curve with k = 5.31 X 107 57! was fitted to the data.
This means that the recombination of the S,'Y,* with Q,°~ can
be adequately described by a single kinetic event.

The charge recombination kinetics of the S,7Y,* with Q,*~
were followed at 10 K for the S,' state induced by illumination
in the temperature range 77—212 K. The temperature
dependence of the reaction rate constants of recombination
thus obtained is shown in Figure 4. If one assumed a two-state
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Figure 4. Variation of the recombination reaction rate of the S,Y,*/
Q,"” pair with temperature of induction of the S, state. The
recombination reaction kinetics were followed at 10 K. The dashed
line is drawn only as an aid to the eye.

model for the S, state, that is, S, <> S, according to which the
S, state, as normally prepared, could not give rise to Y,* by
illumination at 10 K, but the S, state could, then one would
expect the equilibrium between the two to shift toward the S,
state as the induction temperature increased. Our results show
that the latter holds true. As mentioned in the Introduction,
the S,"Y,°® radical obtained after illumination of the S,' state at
10 K represents the narrow signal (~120 Gpp) and is
spectroscopically homogeneous. Hence, at first, one would
anticipate that by increasing the temperature of S," induction,
its population should increase; this is indeed observed
experimentally (not shown), and a maximum is reached at
roughly 150 K. Above this temperature, the rate of deactivation
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of the S," state presumably becomes higher than the rate of
trapping, and its population diminishes.

It is also expected that the rate of recombination of the
reinduced S,Y;* with Q,°~ at 10 K should have been constant
and independent of the temperature of S, induction. However,
as shown in Figure 4, the reaction rate constant decreases with
increasing temperature of S,° induction. The recombination
reaction rate constants vary from 7.14 X 107> s™* (at 77 K) to
3.33 X 107 s7! (at 212 K) (see Table S1 in the Supporting
Information). Nonetheless, after S,' induction at a certain
temperature, each rate constant of S,'Y;*/Q,"” recombination
was found to be temperature independent from 4.2 K to about
40 K. For example, for S, that was induced at 145 K, a mean
recombination k = 5 X 107> s™' was measured in the range
42-35 K. In a separate experiment, the S,Y,°/Q,°” rate
constant was calculated at 5.26 X 1073 s7!, the same order as
with the S, state. Also, from our previous study,”® we can
observe that the rate constant obtained at 70 K (slow phase
accounted for 82% of centers) was 9.72 X 107> s™". It appears
that the rate constants do not vary significantly with
temperature from 10 K to about 70 K. Also, these rate
constants are similar to those previously reported for the
recombination of S,Y;*, S;Y,*, and S,'Y,* (S,’ was induced at
200 K) with Q,"” in the study of PSII from Thermosynecho-
coccus elongatus.”' The observation that S,'Y,*/Q,"" charge
recombination kinetics (of S,' induced at a certain temper-
ature) appear virtually temperature independent (in agreement
with ref 71) indicates that the reaction can be described as
electron tunneling between Y,* and Q,°~ (at a distance of ~32
A).

In a previous investigation,”' it was observed that the
reaction rate decreased upon increasing of the driving force of
the reaction. The investigators used the Hopfield equation’” (a
semiclassical version of the Marcus equation”””*) for electron
transfer

2
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where H,y is the electronic coupling between the electron
donor and acceptor, AG® is the standard free reaction energy
(i.e., —AGC is the driving force), /A is the reorganization energy,
T is the temperature, kg is the Boltzmann constant, and o is a
single high-frequency vibrational mode, which is coupled to
the electron-transfer event to fit their data. By assuming that
Aiw = 70 meV (a value taken from the P*/Q,*~ charge
recombination in bacterial reaction centers),”” they deduced
values of 547 meV for A and 7.6 X 107° meV for H,j. Allowing
for variation in driving force and Aw, it was concluded that A
remained small and did not change much.

We used the same expression for electron transfer and the
values iw = 70 meV, Hyp = 7.6 X 107 meV, and A = 550 meV
as in ref 71 and calculated the driving force —AG® for all our
measured respective reaction rates; the dependence of the
thus-calculated driving force (see Table S1 in the Supporting
Information) on the rate constants is depicted in Figure S.

Our experimentally determined reaction rate constants, k,
decrease with increasing driving force, —AG? and at the same
time the latter is noticeably greater than 4 (—AG’ ~ 241);
hence, the reaction takes place in the inverted region of the
Marcus curve. The effect of having a large —AG® into the
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Figure S. Driving force dependence of reaction rate constants. The

continuous line was drawn using the Hopfield expression with Aw =
70 meV, Hyp = 7.6 X 107 meV, A = 550 meV, and T = 10 K.

inverted region is to effectively cause the retardation of the
Q,°" to Y,* back-reaction, ensuring efficient forward electron
transfer from the Mn cluster to Y;°.

3.2. Kinetic Isotope Effect of the S,' to S, Reversion.
To probe whether there is an effect of possible proton
rearrangement or even removal that occurred upon S,'
induction, we performed the recombination reactions in buffer
solutions prepared in D, 0. Following induction of the S, state
at various temperatures, examination of the reaction rate
constants of the S,'Y;*/Q,°*” charge recombination showed
that they were indifferent to H/D exchange, in accord with
Boussac et al.”" This result shows that in the rate-determining
step of the recombination reaction, only electron transfer is
involved and there is no proton transfer. However, a large
kinetic isotope effect (KIE) was found in the reversion of the
S,' state back to the normal S, state. This reversion was
prompted by incubating the S, state at higher temperatures for
various time intervals. After the incubation period, the sample
was cooled down to 10 K and illuminated to form the S,'Y,*
state. Its EPR signal amplitude was compared to the maximal
one obtained prior to incubation. In each experiment
performed, the maximal signal was obtained by induction of
the S," state at 150 K. It was found that the S,' in H,O
remained stable for at least an hour at around 40 K, whereas in
D,0 it was stable for an hour at around 50 K. Figure 6 depicts
the time course of the S, to S, reversion by incubation at 62 K.
The rate constants deduced by fitting a single exponential
function to the data were 0.415 min™" in H,O and 0.057 min ™"
in D,0. In the first case, the reversion reaction was completed
to about 80%, whereas in the latter case, the reaction was
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Figure 6. Time-dependent reversion of the S,' to the S, state upon
incubation at 62 K in the presence of H,O (rectangles) or D,0O
(circles). The maximal S,' occupancy was obtained by illumination of
the S, state at 150 K. Single exponential functions plus offsets were
fitted to the experimental points with rate constants of 0.415 min™" in
H,O and 0.057 min~" in D,0.
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Figure 7. Asn298 water pocket that can serve as a proton reservoir (W631, WS558, W604, and W628) and selected residues and water molecules
forming a possible hydrogen-bond network that extends beyond the cavity toward the lumen. The labeling of water molecules follows the 4UB6

model.

completed to about 60%. The reversion reactions do not
appear to reach completion. It is tentatively assumed that the
S,' state as prepared comprises more than one conformers, in
which the proton is delocalized on different locations, and
these conformers need to overcome somewhat different
thermal barriers. The temperature dependence of the S, to
S, reversion is currently under investigation. The sizeable
primary KIE of 7.3 indicates that proton translocation(s) are
involved in the rate-determining step(s) of the S,' to S,
reversion.

A similarly strong KIE of 5.6 was found in the “S,*” to “S,"
reaction, which represents the first elementary step in the S, —
S, state transition, where S," represents the normal S, state
(the extra charge denotes that there was no proton release in
the previous S; — S, state transition)’*””" and S," represents
the ensuing neutral S, state. This elementary step was
attributed to deprotonation of the water environment of the
Mn cluster, triggered by the oxidation of Y, by Pg,".*" The
deprotonation event was monitored by time-resolved photo-
thermal beam deflection experiments and was characterized by
high activation energy (E, = 0.46 eV) and fast kinetics (7 = 30
ms) at 20 °C. It appears that the S,' state is similar to the S,"
state’ since both represent the S, state, which has lost a
proton, prior to electron transfer from the Mn,CaOjy cluster to
Y,*. However, the fact that the S,’ state is able to revert back to
the normal S, state simply by incubation at temperatures above
ca. 60 K indicates that it does not represent a deprotonated S,
state. Instead, the positive charge is rearranged but maintained
in close proximity. This is in accord with our previous study”’
where we examined the spectral characteristics of Y,* at
temperatures around 200 K, where the radical is magnetically
uncoupled from the Mn,CaO; cluster. In that study, we
concluded that the Y,* radical was involved in a strong H bond
and/or it was found in an electropositive environment because
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its EPR spectrum was characterized by a small g, (estimated to
2.00689) and a considerably high value for p.; (~0.41) (where
e is the spin density of carbon 1 of the Y, ring). Hence, we
suggest that the S," state lies temporally prior to S,", in which
proton translocation to the bulk has presumably occurred.

According to the EPR results, the proton movement does
not appear to originate from the Mn,CaOy cluster itself since
we could not detect any changes in the Mn multiline EPR
signal in the S,' configuration, that is, in the state that is
capable of producing the narrow signal at 10 K. That is to say,
the Mn multiline signal is the same in the S, and S,' states.
However, changes are detected on the multiline signal only in
the presence of the S,' Y,* signal; they manifest as spectral line
shifts and are attributed to the magnetic interaction of the
manganese cluster with the tyrosine radical.”' Since the origin
of the spectral shifts is not found on the Mn,CaOy cluster, it
follows that they most likely originate from changes in the
environment of Y;. We note that an alternative hypothesis has
postulated the involvement of a radical centered on His190 as
the origin of one of the different signals.80 However, this can
be excluded since the hyperfine structure of both EPR signals
at elevated temperatures, where the magnetic interaction with
the Mn cluster is relieved, clearly identifies them with the
tyrosyl radical.”*

It is evident that by changing the temperature of S,'
induction, that is, flash illumination of the S, state in the
range of 77-212 K, we managed to trap different
conformations of S,". These, upon illumination at 10 K, give
rise to S,'Y,° intermediates that are indistinguishable
spectroscopically yet exhibit varied recombination kinetics.
To explain the experimental finding that the S,'Y,*
intermediate comprised two EPR signals, a wide one with
width 170 Gpp and a narrow one with width ~120 Gpp, we
had previously proposed a model involving proton movement
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Figure 8. Computational models with tautomerized Asn298 where the proton is translocated in different positions within the vicinal water cavity
((a) Wss8; (b) W628; (c) W604/Asn301). Red numbers indicate labeling of water molecules according to 4UB6. For clarity, only a small part of
the models is depicted; full structures are provided in the Supporting Information.

from Y,* to His190 to form His190* (attributed to the wide
signal) and from His190" to Asn298 to form Asn298*
(attributed to the narrow signal).”* Upon illumination of the
S,¢ state at 10 K, only the narrow signal is observed. Hence,
according to the above hypothesis, at each temperature of S,'
induction, although proton translocation to Asn298 has been
completed, the Y,"—His198—Asn298" state may have not
reached a relaxed configuration. These variably strained states
may account for the temperature-dependent recombination
reaction rate of the S,°Y,*/Q,°” pair, being faster and in a
more strained conformation at lower temperatures, whereas at
higher temperatures, the strain is relieved and the recombina-
tion rate is decreased (vide infra). A similarly strained tyrosine
radical—histidine pair (Y,*—D2-His189) was described pre-
viously, where the strain was relieved by raising the
temperature to 77 K.°' In the following, the possible
involvement of Asn298 in accepting and transferring a proton
from His190" will be investigated on the basis of structural
analysis and quantum chemical calculations.

3.3. Asn298 and Its Adjacent Asn-Rich Water Cavity.
Asn298 is a conserved residue in cyanobacteria and plants, and
mutations at this site have been shown to significantly impair
oxygen-evolving activity.”” If Asn298 plays a direct role in
proton transfer, it is unclear how this can be achieved at the
atomic level. Whether our previous suggestion holds true or
not, namely, that Asn298 may be able to accept a proton from
His190%, any further proton movement requires a molecular
mechanism for bond rearrangement and for proton stabiliza-
tion in a position that lies beyond the Y,—His190—Asn298
triad. With respect to the latter requirement, water clusters can
serve the purpose of stabilizing protons as hydrogen-bonded
hydronium ions; therefore, we investigated the region around
Asn298 for extensively hydrogen-bonded water clusters. The
most likely candidate is a pocket of water molecules within a
cavity directly proximal to Asn298 (Figure 7). This water
cluster has been already suggested as a possible proton
reservoir.”” A highly unusual feature of this cavity is that it is
lined almost exclusively by asparagine residues: in addition to
Asn298, the cavity is defined by the side chains of Asnl91,
Asn301, Asn303, Asn322, Asn325, and GIn187. Following the
nomenclature of the 4UB6 structure, the main water molecules
in this pocket are W631, W558, W604, and W628; additional
hydrogen-bonded water molecules include W563, W592, and
W632.
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With respect to the first requirement stated above, that is, a
molecular mechanism of bond rearrangement to enable proton
translocation, it is suggested that this can occur via
tautomerization of Asn298 from the amide to the imidic acid
form. This type of tautomerization has already been shown to
mediate proton transfer through a H-bond network in cellulase
PcCel45A from the basidiomycete Phanerochaete chrysospo-
rium. Neutron and X-ray diffraction studies confirmed that an
asparagine residue (Asn92), via tautomerization to the imidic
acid form, accepts a proton from a water molecule during
hydrolysis of cellulose, while at the same time an aspartate
(Aspl14) on the other side of the reaction center loses a
proton; the two residues are recovered by proton hopping
through an H-bond network.”” The definition of the water
cavity and the hypothesis of Asn tautomerization provide the
basis for examining the feasibility of an analogous tautomeriza-
tion-assisted proton transfer mechanism in the case of Asn298
of PSIL

3.4. Tautomerization-Assisted Proton Translocation.
Large quantum mechanics (QM) models were constructed,
explicitly including the OEC together with the complete Y,—
His190—Asn298 triad and the adjacent cavity. The structures
of the Mn cluster and the Mn oxidation states were assigned
according to the “open cubane” structure of the S, state that is
associated with the multiline g = 2 EPR signal of spin § = 1/2.
Upon oxidation of this model, a Y,* tyrosyl radical is formed,
and the proton is transferred to the N, atom of His190,
resulting in a positively charged imidazolium. This electronic
structure is the starting point for all models discussed below.
First of all, the possibility of proton transfer from the Ny of
His190" to the CO group of Asn298 was examined with DFT
calculations. Assuming that no major backbone rearrangements
occur, our efforts to locate a minimum with a neutral His190
and a positively charged Asn298 reverted to a doubly
protonated His190. This suggests that proton movement
toward Asn298 most likely cannot lead to a stable minimum
without additional structural modifications, which are probably
not captured automatically by our models. On the other hand,
if Asn298 does accept a proton from His190%, it can be
stabilized by tautomerization into its imidic acid form,
donating a proton from its NH, group further to a water
acceptor in the vicinal Asn-rich cavity. In this way, Asn298
would avoid the unfavorable buildup of positive charge, and
the proton would be stabilized within the highly connected H-
bonding network of the water cavity. DFT calculations that
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incorporate the imidic acid form of Asn298 confirm that this is
indeed the case (Scheme S1 in the Supporting Information
shows a possible pathway for the above chemical events).

Figure 8 depicts models in which the proton is stabilized at
different positions within the cavity (see the Supporting
Information for complete atomic coordinates). Maintaining the
crystallographic assignment for the orientation of all Asn side
chains, an optimized structure was obtained with a hydronium
ion stabilized at the WS558 position, with hydrogen bonds to
W628, W604, and the backbone carbonyl of Gly299 (Figure
8a). Rotations of the side chains of the asparagine residues that
line the cavity play a direct role in stabilizing the cation at
different positions. Upon rotation of Asnl191, the hydronium
ion is stabilized at W628, with hydrogen bonds to Asnl91,
Asn301, W558, and the backbone carbonyl of Phe300 (Figure
8b). If the side chain of Asn301 is rotated, then the hydronium
ion can be transiently stabilized at W604, and subsequently a
more stable minimum is reached at which the proton is mostly
shifted toward the amide carbonyl of Asn301 (Figure 8c).
Thus, with the exception of W631, all other waters in the cavity
can accommodate the proton.

The above results demonstrate that the water cavity next to
Asn298 can function as a proton reservoir, and they support
the fact that proton translocation from Tyrl61 to the water
cluster is enabled by Asn298 tautomerization. It is likely that
multiple water clusters around the OEC could have different
functions at different steps of the S-cycle. From this
perspective, the present models rationalize the unusual high
concentration of asparagines in the cavity: simple rotations of
the amide side chains can create multiple hydrogen-bonding
arrangements and thus assist in “delocalizing” the positive
charge. It is noted that our models are not large or flexible
enough to deliver reliable energetics for the possible proton
transfer steps and cannot be considered to have sampled the
conformational space sufficiently—both tasks would be best
tackled with large-scale ab initio molecular dynamics. For
reference, the relative energies of models (a)—(c) shown in
Figure 8 are 0.0, 8.0, and 3.7 kcal mol ™!, respectively,
suggesting that charge shift within and across the cavity is
facile. Despite intrinsic uncertainties in energetics, the models
do provide clear suggestions toward interpreting the
experimental observations discussed above: the multiple,
temperature-dependent, and variously strained configurations
attributed to the S,‘ state may result from the various proton
transfer steps involved in Asn298 tautomerism and trans-
location to the water cavity.

A more precise role for the multiple asparagine residues
might be to direct the transfer of proton toward specific
pathways. The fact that in one of the models the Asn301 easily
accepts a proton from a hydronium at W604 implies that this
can be another candidate for tautomerization; hence, by
rotation of the side chain or by donation of its NH, proton to
another proton acceptor, it could transfer the proton outside
the cavity or push it further along the hydrogen-bond network.
Alternatively, a proton accommodated at W628 could be
transferred to one of W592 or W632 (see Figure 7). Although
our QM models are already too large to extend beyond the
initial section of this cavity, it is possible to identify possible
pathways for proton release to the lumen by correlating these
models with crystallographic data. Asn322 was suggested by
Umena et al. to be part of a hydrogen-bond network that
extends from the Y,—His190—Asn298 site via His304, Asp319,
Asn322, and Arg323 to the PsbV residues Tyr137, Asp128, and
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Lys129, terminating at the lumen-exposed ArgSS. The proton
transfer possibilities examined here converge to the above
suggestion at Asn322 but explicitly involve tautomerization of
Asn298 and proton hopping through W631, W558, W604, and
W628. This can be followed by involvement of other water
molecules or by another tautomerization or amide rotation and
proton shifting through the tightly bound Asn301—Asn303—
Asn322 triad. Closer inspection of the crystal structure around
the Asn322 residue suggests an additional pathway alternative
to that proposed by Umena et al. If Asn322 is assumed to gate
proton transfer to W614, then there is only a very short
distance with two intervening water molecules (W613 and
(D2)W628) until the hydrogen-bonded pair of D1-Asn315
and D2-GIn322 is reached (see Figure 7), which appears to be
already in contact with the lumen. Proton release in that case
would be at the interface of PsbA (D1) and PsbD (D2), which
is significant because it does not implicate an extrinsic protein
(PsbV) that is specific to cyanobacteria. Regardless of the exit
points, the Asn residues may be functioning as gates:
continuity in the hydrogen-bonding network that would
facilitate proton transfer can be enabled either by rotation of
the amide side chain or by tautomerization from the amide to
the imidic acid form.

In addition to the structure-based suggestion of Umena et al.
regarding a possible role of the Asn298-related channel C in
proton translocation, Dau and co-workers based on PBD
experiments’ in combination with mutations of the Asp61
residue’”** suggested that the elementary proton transfer step
during S, — S;, that is, formation of S," from S, is realized via
the water circuit between the Mn cluster and Y, toward the
lumen, that is, via the Asn298 proton pathway. Eventually,
electron transfer to Y,* coupled with proton transfer to the
deprotonated water close to Y,* takes place. Interestingly, the
authors suggested that this pathway serves in proton removal
during the S, — S; transition, whereas in S; — S, the Asp61
pathway plays this role.’® This suggestion is in agreement with
our observations for the S,Y,° and S,Y,* intermediates:
gradual increase of S,Y,* signal intensity upon increasing
induction temperature and the phenomenology described
previously is attributed to proton movement from Y,* toward
Asn298 and the adjacent water cavity, which is favored by
increasing temperature. By contrast, no such effect has been
observed during the S; — S, transition; S;Y,° can be trapped
only at ca. 230 K,>* which implies that the first deprotonation
step follows a different mechanism in the two transitions.

The Noguchi group based on the Fourier-transform infrared
(FTIR) observation of a polarizable proton between Y,* and
His190* in Mn-depleted samples, together with QM/
molecular mechanics simulations, proposed that during the
S, — S, transition the proton trapped between Y;* and His190
can hop to a water molecule that is hydrogen-bonded to the
calcium-bound water W4.*" This water molecule that acts as an
immediate proton acceptor is connected to the channel near
Asn298 that leads to the lumen, but is outside the Asn-rich
cavity described in the present work. Time-resolved FTIR
experiments in the S, — S; transition of active PSII were also
consistent with proton removal from this channel coupled with
Y, reduction by the Mn cluster.”’ FTIR studies of the
Asn298Ala PSII mutant suggested that this proton abstraction
pathway acts during S, — S; and also the first deprotonation
step in the S; — S transition.” In these studies, Asn298 itself
is considered part of the hydrogen-bond network but has no
direct involvement in proton removal. The present work
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therefore is consistent with the above suggestions regarding
proton translocation originating from the Y site but supports
that Asn298 itself plays a direct gating role through its
tautomerization, which enables proton translocation from
His190 to the vicinal water cluster. Molecular dynamics
simulations of PSII by Ishikita and co-workers independently
suggested that the water molecules assigned here to the
asparagine-rich crypt are not easily exchangeable with bulk
water, consistent with a role in proton transfer.**

An important consequence of the idea that Asn298 and the
associated H-bond pathway may serve in proton transfer is that
Y,* may play a dual role in both electron and proton
abstraction from the Mn cluster, at least for specific steps of the
cycle. This would be consistent with the original (now largely
abandoned) concept of hydrogen-atom abstraction by Y,*
proposed by Babcock®> and with ideas explored in more
recent works on the S, — S, transition.’”*' The likelihood of
different proton storage sites and translocation pathways in the
OEC, and their mechanistic implications should be further
investigated in the light of the new findings.

4. CONCLUSIONS

In the present paper, we investigate the differences between
the S, and S, configurations and the role of the Asn298 in the
proton transfer process during the S, to S,‘ step of the OEC.
The metalloradical EPR signal of S,'Y,* was used as a probe of
the S," state since between the S, and S,' configurations only
the latter is able to form the S,'Y,* that is proportional to the
S, population. By using time-resolved EPR spectroscopy, we
have undertaken a detailed kinetic study of both S,7Y,*/Q,*~
- $,'Y,/Q, and S, — S, upon H,0/D,0 exchange. The
results show that the recombination reaction S,7Y;*/Q,*~ —
S,fY,/Q, presents no dependence on the H,0/D,0 exchange
and can be described as pure electron transfer occurring in the
Marcus inverted region. By contrast, the S, to S, state
reversion depends on the proton rearrangement and exhibits a
strong kinetic isotope effect. This establishes that the S, is in a
constrained configuration that can be gradually relieved to the
S, state by raising the temperature. Our observations strongly
indicate that the modification of the proton arrangement of the
Mn,O;Ca during the S, to S,' step results in proton
redistribution in the vicinity of Y, presumably along the
Y,—His190—Asn298 pathway. This effect facilitates the
oxidation of Yy in the S, constrained configuration, reflecting
the difference between the latter configuration and the S,. To
examine the possibility of proton transfer with the involvement
of Asn298 upon oxidation of Yz, we have performed DFT
calculations, which suggest that proton transfer can occur from
His190 via Asn298 to a vicinal asparagine-rich water cavity,
which acts as a proton reservoir. This proton movement is
enabled by tautomerization of Asn298 from the amide to the
imidic acid form and can be an intermediate step in further
translocation and release of the proton to the bulk.
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