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ABSTRACT: Photosystem II (PSII) of oxygenic photosyn-
thesis captures sunlight to drive the catalytic oxidation of water
and the reduction of plastoquinone. Among the several redox-
active cofactors that participate in intricate electron transfer
pathways there are two tyrosine residues, Y, and Yp,. They are
situated in symmetry-related electron transfer branches but have
different environments and play distinct roles. Y, is the
immediate oxidant of the oxygen-evolving Mn,CaOj cluster,
whereas Y, serves regulatory and protective functions. The
protonation states and hydrogen-bond network in the environ-
ment of Yy, remain debated, while the role of microsolvation in
stabilizing different redox states of Y, and facilitating oxidation
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or mediating deprotonation, as well the fate of the phenolic proton, is unclear. Here we present detailed structural models of Yy,
and its environment using large-scale quantum mechanical models and all-atom molecular dynamics of a complete PSII
monomer. The energetics of water distribution within a hydrophobic cavity adjacent to Y, are shown to correlate directly with
electron paramagnetic resonance (EPR) parameters such as the tyrosyl g-tensor, allowing us to map the correspondence
between specific structural models and available experimental observations. EPR spectra obtained under different conditions are
explained with respect to the mode of interaction of the proximal water with the tyrosyl radical and the position of the phenolic
proton within the cavity. Our results revise previous models of the energetics and build a detailed view of the role of confined
water in the oxidation and deprotonation of Yp,. Finally, the model of microsolvation developed in the present work rationalizes
in a straightforward way the biphasic oxidation kinetics of Yy, offering new structural insights regarding the function of the

radical in biological photosynthesis.

B INTRODUCTION

Photosystem II (PSII) is the primary enzymatic complex in
oxygenic photosynthesis. It uses the energy of sunlight to drive
the oxidation of water to dioxygen and the reduction of a
mobile plastoquinone, which carries reducing equivalents
further along the photosynthetic chain to be eventually used
in carbon fixation.”” PSII contains several redox-active
cofactors that sustain a complex network of electron transfer
pathways, which play both productive and protective roles
(Figure 1).3 Among the redox-active components of PSII are
the two tyrosine residues D1-Tyrl61 (Y;) and D2-Tyrl60
(Yp). 57 Y, is interacting directly with the water oxidation site
of PSII, the oxygen-evolving complex (OEC).*” The
chlorophyll-containing primary charge separation site'’ of the
enzyme (Pgs’") oxidizes Yy, and the resulting tyrosyl radical
functions in turn as the immediate oxidant of the
tetramanganese—calcium (Mn,CaO;) cluster of the OEC
that catalyzes water oxidation."'™"> The other redox-active
tyrosine, Yp, is located in the symmetric electron transfer
branch of PSII that is not active in water oxidation.'®"’
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Although Y, does not participate in the mainstream electron
transfer processes, it plays important regulatory roles for the
smooth and efficient functioning of PSIL'’™* Despite the
large distance between Yy, and the OEC (ca. 30 A), it is crucial
for modulating the various S; oxidation states (i = 0—4)** of
the Mn,CaOs cluster of the OEC."®'**>?° Y, is oxidized on a
time scale of seconds by the OEC in its S, or S; state,'*°~>*
while Yp-O°® can be reduced by the S, state during dark
adaptation,”””" both processes aiding the OEC to reach the
dark-stable S, state. In addition, Yy, is proposed to enhance the
rate of electron transfer at the Y, site by specific electrostatic
interaction with Pgg,**.>>*" 73>

The two tyrosine residues have different properties, as Y,
exhibits fast oxidation and reduction kinetics, whereas Y,
displays slower oxidation and reduction rates at physiological
pH.>* The Y," radical is short-lived and decays with a t, 1 of
0.03—1 ms,”**” whereas Yp," decays with a t, /» in the range of
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Figure 1. (a) Important redox-active cofactors of photosystem II involved in charge separation, electron transfer, and catalysis. The blue arrows
indicate the physiological electron flow from water to the plastoquinone acceptor. (b) Comparison of the immediate environment of the two redox-
active tyrosine residues, Y, (left) and Yy (right). Coordinates are obtained from the 1.9 A resolution crystallographic model of PSII* (PDB ID:

3WU2).

minutes to hours.”® Additionally, they have different estimated
redox potentials, i.e., +900—1000 mV for YZ19 and +700—800
mV for Yp.'”* Looking at the immediate environment for
potential structural explanations of these divergent properties,
it becomes obvious that the two residues have clear similarities
but also important differences. Both tyrosines have a hydrogen-
bonded histidine partner, D1-His190 for Y;, and D2-His189 for
Yp. D1-His190 is further hydrogen-bonded to D1-Asn298,”
while D2-His189 to D2-Arg294. A fundamental difference is
that whereas Y, is embedded in a water-rich hydrogen-bonding
network, which includes waters directly coordinated to the
calcium ion of the OEC cluster, Yy, is situated at a hydrophobic
phenylalanine-rich cavity that in recent crystallographic models
appears to accommodate a single water molecule confined
between Y, and an arginine—aspartate pair, D2-Argl80—
Asp333. Two water positions have been identified in some, but
not all, crystallographic models.*”**~* These are termed
proximal (at a hydrogen-bonding distance of ca. 2.7 A from the
phenolic oxygen of Y,) and distal (at a distance of >4.0 A from
the phenolic oxygen). Understanding the effect of micro-
solvation and the role of the histidine partner and the confined
water is fundamental for understanding the mechanism of
formation of the Yy, radical, its spectroscopic properties and
differences from Y, the possible proton translocation path-
ways, and ultimately the functional role of Yy, in the context of
biological photosynthesis.

A fundamental question is whether deprotonation proceeds
with the same mechanism in both tyrosine sites upon oxidation
or not. Two contrasting ideas exist in the literature. The first is
that Y, follows the same mechanism as Y,,**~* for which it is
rather well established that the phenolic proton simply shifts
toward the His partner upon oxidation and is available to
return for fast reduction of the Y,* radical. This has been
traditionally assumed to be the case with the Y,—His189 pair
and guided the interpretation of experimental data and past
modeling of the system. The second idea is that proton transfer
in Yp, follows an entirely different mechanism;*°~> however
on this point diverging views exist’>"” and the available data
are structurally ambiguous. Even before the crystallographic
confirmation of the presence of a water molecule near Yy,
there were reports supporting the presence of one or more
coupled water molecules or exchangeable protons near
Yp.#%¥7% For example, the electron paramagnetic resonance
(EPR) spectrum64 of oxidized Y, in His189GIln mutants is
characteristic of a neutral tyrosyl radical with no hydrogen
bond, suggesting the existence of a proton acceptor other than
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His189. Similar conclusions were reached from FTIR studies.®®
Even more intriguingléy, based on a proton inventory study
Barry and co-workers®®” reported on a multiproton donation
pathway to the Yy, radical, suggesting that water plays a crucial
role in proton transfer to and from the Yy, site. Additionally,
FTIR studies by Hienerwadel et al. suggested the presence of
two proton exit channels®® and claimed the observation of
proton release to the membrane surface upon Yy, radical
formation.”””® Currently it is not obvious how to cast all of
these observations and interpretations into a unique and
precise structural model.

The identification of the cavity water in recent crystallo-
graphic models of PSII led to renewed discussions and
speculations on its role and importance. This has been recently
highlighted experimentally by Sjoholm et al,,>> who employed
continuous-wave EPR and two-pulse electron spin echo
envelope modulation (ESEEM) spectroscopy to correlate the
time of H/D exchange with the redox state of Yp and
suggested that the position of the water molecule might be
relevant for interpreting their observations. Further studies®>>*
conjectured that the biphasic kinetics of Y, oxidation may be
related to the position of the water molecule in the
hydrophobic cavity. Using computational simulations Saito et
al.>® suggested that the two water positions reflect a
mechanism of water-mediated proton removal upon oxidation
of the Yp, residue: it was suggested that the water molecule
preferably occupies the proximal position, hydrogen bonding
to the reduced Yy, residue, but abstracts the phenolic proton
upon formation of Yp°® and shifts to the distal position,
releasing the proton outside the cavity with the involvement of
Arg180. The above studies attribute functional significance to
the presence of two crystallographic water positions, but the
structural interpretations they propose are neither clear nor
consistent with each other, while their agreement with all
available data from crystallography and spectroscopy has not
been explicitly examined.

A powerful way to clarify these open questions is to use
quantum chemical methods in order to couple the detailed
modeling of the Y, environment with calculation of
spectroscopic parameters for possible oxidized forms of Yy, in
relation to protonation states and the position of the cavity
water. EPR spectroscopy offers an invaluable source of
electronic structure information and has been used extensively
in the study of Y, oxidation,”**”®*”'=" but the various
observations have not received atomistic explanations in the
context of current structural information. In the present work

DOI: 10.1021/jacs.8b13123
J. Am. Chem. Soc. 2019, 141, 3217-3231


http://dx.doi.org/10.1021/jacs.8b13123

Journal of the American Chemical Society

we offer new insights into the mechanism of Y, oxidation using
extended quantum chemical models as well as all-atom force-
field molecular dynamics modeling of PSII to understand the
energetics of water distribution and to relate available EPR
observations with specific structural models. Our results lead to
a revised model regarding the role of microsolvation for the
oxidation of the Yp, residue and suggest a coherent structure-
based explanation of both the spectroscopic and the kinetic
data reported for the Yy, radical of PSIL

B METHODOLOGY

Molecular Dynamics Simulations. Classical molecular dynamics
simulations were performed on the PSII monomer obtained from the
1.9 A crystal structure (PDB ID: 3WU2)® to understand the stability
and dynamics of the water molecule in the Yp cavity under the
influence of the protein environment. The protonation states of Yy,
and the nearby residues were assigned manually. The AMBERO3 force
field® parameters were used for standard protein residues and ions,
and the TIP3P water model®' was employed for water molecules.
Force-field garameters for the various cofactors were taken from the
literature.*>** The PSII monomer was solvated with TIP3P water in a
simulation box of dimensions 115.1 X 130.98 X 128.76 A.
Crystallographic waters were retained during system preparation,
and counterions were added to maintain charge neutrality. The final
system consists of 428 890 atoms. Energy minimization to remove the
structural bad contacts included 2000 steps of steepest descent
followed by conjugate-gradient minimization. The solvent around the
protein is well equilibrated using a force constant of 10 kJ mol™ A~
on the heavy atoms (except hydrogens and oxygen of water) of the
protein. The equilibration phase included NVT and NPT simulations
performed for 100 ps at 300 K. A subsequent production run of 3000
ps (T =300 K, P = 1 bar) was performed with a time integration step
of 1 fs. C, carbon atoms were restrained with a force constant of 100
kJ mol™" A2 to avoid unnatural large-scale backbone movements due
to absence of the membrane. The temperature and pressure were
maintained using the Berendsen thermostat™ and Parinello-Rahman
barostat®® with a coupling constant of 0.1 and 2.0 ps, respectively. The
nonbonded interactions were treated explicitly up to 12 A in the
production run, and interactions above this cutoff were treated using
the particle-mesh-Ewald (PME) summation algorithm.***” The
LINCS constraint algorithm®® was employed for all bonds. The
simulations were performed using the GROMACS software package
(version 4.6.7).%

Quantum Cluster Models. The starting point for the quantum
chemical simulations was the same crystal structure of PSII (PDB ID:
3WU2) from which we built quantum cluster models that encompass
a large region of the protein around the Yy, residue (Figure 2). The
model includes the D2 residues lle159, Tyr160 (Yp), Pro161, Leul62,
Glul63, GIn164, Phel69, Ala170, Arg180, Phel81, Leul82, Leul83,
Phel84, Phel8S, GIn186, Gly187, Phel88, His189 (the H-bonding
partner of Yp), Asn292, Arg294, Asp333, Phe362, and Phe363, as well
as the CP47 residues Phe362 and Phe363. The continuous chain
fragment Argl80—His189 defines an a-helical region. The cavity that
contains the water molecule is lined by hydrophobic residues Phel69,
Phel81, Phel84, Phel85, and CP47-Phe362. The side chains of
residues Ile159, Leul62, Leul82, Leul83, GIn186, Phel88, and
CP47-Phe363 point to the exterior of the model; so for computational
convenience in the final QM calculations they were terminated at the
Cj atom, replaced by hydrogen. The total size of the final QM cluster
model after addition of hydrogens and corrections for proper
termination of peptide bonds is 301 or 302 atoms depending on
the choice of protonation state.

For refining the structure of the QM model all hydrogen positions
were first optimized by constraining non-hydrogen atoms in their
crystallographic positions and freezing specific hydrogen atoms that
replaced backbone atoms representing the directions of continuation
of peptide chains. Following this initial cleanup of the model, the
system was allowed to optimize with imposition of only C, and Cy
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Figure 2. Residues considered for the construction of the QM cluster
model used in the present work. The coordinates were obtained from
PDB structure 3WU2. Both sites for the cavity water (red spheres) are
shown, according to their crystallographic occupancies. Selected
amino acid residues are labeled, all from the D2 protein of PSII unless
otherwise indicated. The water cavity is defined by the side chain
phenyl groups of Phel69, Phel81, Phel84, Phel8S, and CP47-
Phe362. The side outward-pointing chains of certain peripheral helix
residues were simplified in the final QM calculations as described in
the main text. The residues shown in yellow correspond to the fully
relaxed part of the QM model.

constraints to maintain the protein folding effect. The system was
divided into a relaxed active part and a part that is still treated fully
quantum mechanically but where constraints are applied to heavy
atoms. The constrained part includes most of the hydrophobic
residues that define the hydrophobic cavity, while the relaxed part
consists of Yp, His189, Arg294, Argl80, Asp333, the backbone
peptide bonds (CO-NH) of Phel69—Alal70 and Phe362—Phe363,
the manually added hydrogens on C, atoms of these residues, and the
cavity water.

Computational Details. Geometry optimizations were per-
formed with the PBE functional®® using D3(BJ) dispersion
corrections.”””> The Def2-TZVP basis sets”> were used for all
atoms in the fully optimized part, and the Def2-SVP” basis sets were
used for atoms in the constrained part of the model. This combination
led to a total number of 3477 basis functions. The resolution of
identity (RI) approximation’*” was employed to speed up the
calculations of Coulomb integrals, in combination with Weigend’s
universal Def2/] auxiliary basis sets.”®”” The conductor-like polar-
izable continuum model (CPCM)”® was employed with a dielectric
constant of £ = 6 throughout the investigation. Single-point energy
calculations on selected models were Operformed using the hybrid
B3LYP” and the meta-hybrid TPSSh'® functionals in conjunction
with the larger Def2-TZVPP basis set (total of 6795 basis functions).
EPR parameters of the tyrosyl radical in our models were calculated
using the TPSSh functional with Barone’s EPR-II basis set.'"" This
approach has been shown to be reliable for the calculation of EPR
parameters in various related systems (see also the Supporting
Information for a brief comparison of functionals).'"®*~'% The chain-
of-spheres approximation'® was used in the evaluation of exchange
integrals for the calculations employing hybrid functionals. Tight
convergence settings were used throughout, along with higher than
default integration grids (Grid6é and GridX6 in ORCA nomenclature).
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The g-factors of tyrosyl radical models were computed within the
framework of a DFT-based coupled-perturbed self-consistent field
approach,''® in conjunction with an efficient implementation of the
spin—orbit mean-field approximation to the Breit—Pauli operator''’
for the spin—orbit coupling. The gauge origin for the computation of
gfactors was chosen to be the center of the tyrosyl radical ring. The
hyperfine coupling constants calculations were performed for the
protons present on the Yp* radical ring, on the Cj carbon, and also for
protons that are directly hydrogen-bonded to the Yp,® radical, His-
N.H and H,0. We have also computed the hyperfine coupling
constants for the '3C nuclei and the 7O of Yp, as well as of the >N of
His189. All quantum chemical calculations were performed with
ORCA, 12113

B RESULTS

Analysis of Crystallographic Models. Table 1 collects
representative data from crystallographic models of PSII (see

Table 1. Distances between the O Atom of Y, and the O
Atom of the Cavity Water That Can Be Assigned to Either
the Proximal or the Distal Position®

resolution Oyp:--Oprox Oyp..-Ogist

PDB organism (A) (A) ref
SMX2 T. elongatus 2.55 4.0 40
SMX2 T. elongatus 2.55 3.9 40
SH2F T. elongatus 22 4.4 41
SH2F T. elongatus 2.2 4.3 41
4IL6 T. vulcanus 2.1 43 42
41L6 T. vulcanus 2.1 4.1 42
4UB6 T. vulcanus 1.95 2.7 (0.40) 4.5 (0.60) 9
4UB6 T. vulcanus 1.95 3.1 (0.65) 4.5 (0.35) 9
4UB8 T. vulcanus 1.95 2.6 (0.35) 4.3 (0.65) 9
4UBS8 T. vulcanus 1.95 2.7 (0.40) 4.5 (0.60) 9
3WU2  T. vulcanus 1.9 2.9 (0.5) 4.4 (0.5) 8
3wu2 T. vulcanus 1.9 4.4 8
6DHP” T elongatus 2.04 4.5 114
6DHP T. elongatus 2.04 4.4 114

“Two entries per structure are provided, corresponding to each one of
the PSII monomers. When both proximal and distal water sites are
occupied, the numbers in parentheses correspond to crystallographic
occupancies for the O atom. “From the S, state enriched sample; see
Table S1 for complete data.

Table S1 for a complete collection of data).””**~*»''* The

absence of a proximal water in many cases, the distribution of
distances between the phenolic oxygen of Yp and the cavity
water, and the relative occupancies of the two water positions
when both sites are modeled as occupied in the refinement of
the crystallographic data suggest that the distal water position
can be considered the dominant/majority form. It is likely that
the distribution of water between proximal and distal positions
correlates with the oxidation state of Yy, in the samples, but it is
not possible to confirm the oxidation state of Y, in all cases or
the percentage of centers containing a Yp,* radical. Therefore,
no such correlation can be deduced by inspection of available
crystallographic models. Nevertheless, EPR measurements
performed on the same samples used for a recent crystallo-
graphic model (SMX2) of OEC-depleted PSII that has only a
distal water in both monomers showed no Yp radical signal;
that is, Y was reduced in these samples.*’ This suoggests, in

contrast to the computational study of Saito et al,’” that the
distal water position might be more stable compared to the
proximal position irrespective of the redox state of the Yp
residue.
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Therefore, the problem of Y, microsolvation needs to be
revisited with refined energetics obtained using expanded
models. Additionally, it is necessary to seek connections with
spectroscopic data, particularly the EPR spectra of the radical,
which we accomplish as described in the following by explicit
computation of the tyrosyl g-tensor for a series of possible
structural models.

Energetics of Cavity Water Distribution in the
Reduced State. Various protonation states and patterns
along with different positions and orientations of the cavity
water were explored with QM cluster calculations. We single
out three models for further discussion and analysis as
representative of the major species obtained as stable minima
under the assumption of a neutral (Y,-OH) tyrosine residue
(Figure 3). In models 1y and 2y (the subscript “R” is used to
denote the reduced state of Yp,) the protonation of the Ny (or
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Figure 3. Depiction of the central region extracted from three
optimized QM models with reduced Yp, featuring different proton
arrangements in the Arg294—His189—Yy, triad and different positions
of the cavity water. Selected distances are indicated (in A) between
the O atom of the cavity water, the O atom of Yy, the O atom of the
Phel69 peptide carbonyl, and the N, atom of the NH, group of
Arg180 that interacts with water at the distal position.
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Figure 4. Results of MD calculations regarding the evolution of Y,(O)—0,,,. distances and their probability distribution from a 3 ns production
run.

N,) site of His189 is blocked by hydrogen bonding with the and 2y naturally gives rise to two minima and hence to the dual
N.H group of Arg294, which acts as a proton donor. As a occupancy of the water molecule.

result, the N, (or N,) site of the imidazole is protonated and In terms of energetics, the results based on the protonation
acts as hydrogen bond donor to the phenolic oxygen of the Yy, scheme of models 1z and 2y are consistent with the
while the phenolic proton of Yy, points toward the cavity. Of observations from crystallography discussed above, which
the two models, one corresponds to the proximal (1g) and the indicate that the distal position should be more stable.
other to the distal water position (2g). In model 1y the However, our results are in contrast to the computed values
proximal water is stabilized by hydrogen bonds with Y,-OH reported by Saito et al,>’ who suggested that the proximal
and the backbone carbonyl of Phel69. In model 2y the water position is instead more stable than the distal position by a
in the distal position also interacts with the backbone carbonyl similar energy margin of ca. 4 keal mol™". After close inspection
but forms a hydrogen bond with Argl80. The distances of the computational models and methods used by Saito et al.,
between Y,(O) and O, are 2.78 and 4.35 A for the two we conclude that the reason for this large discrepancy on the

order of 10 kcal mol™" is the very limited QM region employed
in that QM/MM study, which likely leads to artifacts in the
evaluation of hydrogen bonds. It appears that some parts of the
model, despite being in hydrogen-bonding interaction with the
cavity water, were not included in the QM region but treated
with force-field parameters. Since the water molecule and the
different hydrogen-bonding partners available in the cavity
were not uniformly part of the same theoretical representation,
their interactions were not treated with a common level and
type of theory. The definition of the computational model and
the unequal representation likely explains why the reported
relative energetics in the study of Saito et al. deviate from those
reported here. In the present work all hydrogen-bonding
interactions are treated equally at a fully quantum mechanical
level with large converged basis sets, and hence we suggest that
the present values can be considered to be a qualitatively
correct representation of the relative stabilities of the two water
sites, even if the absolute numerical values may still be open to

optimized models. Importantly, the distal water position is
computed to be more stable than the proximal by 4.4 kcal
mol ™" with the PBE functional. This value is similar to different
hybrid functionals and with the larger basis set, i.e., 5.0 kcal
mol™" (B3LYP) and 4.6 kcal mol™! (TPSSh). Apparently, the
water is better stabilized at the distal position because the
interaction with Argl80 is stronger than the interaction with
Y,-OH.

Additional protonation states and hydrogen-bonding
patterns have been considered. Model 3 mimics the
hydrogen-bonding pattern of the Y site, with Y,-OH acting
as hydrogen bond donor to the His189. In this case the only
stable distribution of protons among Arg294—His189—Tyr160
is that depicted in Figure 3 for model 3y; that is, the imidazole
Nj is protonated and an unusual protonation state of Arg294 is
obtained, with its deprotonated N, acting as acceptor for the
N;s-H of His189. Note that the total number of protons in

model 3y is reduced by one compared to 1 and 2y; therefore refinement.
3R is not an isomer of the other two models and their relative Molecular Dynamics Simulations of Cavity Water
energies cannot be compared. A most important result Distribution. To further evaluate this assignment using a
regarding this protonation arrangement is that no optimized methodologically orthogonal approach, we performed molec-
structure associated with the proximal water position could be ular dynamics simulations on a complete PSII monomer.
located. Only the distal position of the water molecule gives Along the trajectory of the MD simulation we observed that
rise to a stable minimum, with an optimized Yp(O)=Ojager the water molecule explores the whole cavity. However, from
distance of 4.25 A. This is a crucial observation because it the analysis of the results it is clear that two regions are most
implies that under a protonation and hydrogen-bonding frequently visited on average, and these correlate directly with
scenario directly analogous to that of Y, the cavity water the proximal and distal sites discussed above. The proximal site
cannot function as a hydrogen bond partner to Yp, and as will in the MD simulations is more well-defined, having a rather
be discussed below, this excludes a role of water in Yy sharp peak at ca. 2.75 A in the graph depicting the time
oxidation. By contrast, the protonation state of models 1y evolution of the distance between the O atom of the cavity
3221 DOI: 10.1021/jacs.8b13123
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water and the phenolic oxygen of Yp. In contrast, there is no
well-defined unique minimum that can be ascribed to the distal
site, but rather a broad distance range at ca. 4.0—5.0 A. This
encompasses the range of “distal” water positions reported in
various crystal structures (see Table 1), a fact that supports the
validity of the simulations and at the same time justifies the
spread of crystallographic values.

The difference between the two sites relates to the fact that
the proximal position is spatially more restricted, and when the
water occupies this position, there is one optimal hydrogen-
bonding arrangement, which coincides with that of the QM
model shown in Figure 2. On the other hand, there is greater
conformational flexibility in the distal region as a combined
result of the larger space and the flexibility of the Argl80 side
chain. In fact, we observed that water may exit and re-enter the
cavity (points with Yp(O)—O,y distances longer than those
that fall within the distal range in Figure 4), a motion
facilitated by tilting of the Arg180 guanidinium group. What is
most relevant for the preceding discussion is the distribution of
the cavity water among the proximal and distal positions. In
this respect the MD simulations show that the distal region is
more frequently occupied by the cavity water molecule. This is
also the region to which water tends to drift toward in MD
runs initiated with water at the proximal position (see
Supporting Information Figure S1 for an additional MD
simulation that demonstrates this point). Using the distance of
3.5 A as a cutoff point between proximal and distal regions, the
frames with Yp(O)—O,,. distances shorter than 3.5 A
account for ca. 26.6% of the population, while those above
3.5 A account for 73.4%. Discounting the frames where water
is outside the cavity and using the distance of 5.5 A as a second
cutoff for the distal region, the relative populations become
27.3% and 72.7%, respectively.

In conclusion, both classical MM/MD simulations on a PSII
monomer and quantum chemical optimizations with large QM
cluster models support that in the reduced state of Y, the
cavity water occupies preferentially the distal position,
although access to the less favorable proximal position is not
energetically inhibited.

Formation of the Tyrosyl Radical. Based on the
protonation state of the residues discussed above, His189
cannot function as a proton acceptor unless the entire
protonation state of the His189—Arg294 pair is altered so
that His189 becomes a hydrogen bond acceptor in its
interaction with Yp,. Interestingly, Arg294 was identified by
targeted random mutagenesis studies as functionally important
for PSIL'"> With the models favoring the orientation of the
phenolic proton of the tyrosine toward the cavity it can be
concluded that the cavity water is the most likely recipient of
the proton upon oxidation of Yp,. By attempting to oxidize the
models shown in Figure 3, it becomes apparent that model 2y,
which contains the water at the distal position, cannot be
oxidized: upon electron removal from the model, we observed
no coupled deprotonation of Y, and no spin localization.
Rather, the unpaired spin density was sparsely distributed over
the model (see Figure S2). This result appears to be
independent of the density functional used (e.g, PBE0,"' """
B3LYP,” TPSS0,"'® and TPSSh'®’). This particular observa-
tion emphasizes that Y cannot be oxidized with distal
occupancy of the water molecule when His189 is a hydrogen
bond donor to Yp,. By contrast, oxidation of model 1y with the
water at the proximal position proceeds easily and yields a
tyrosyl radical with concomitant shift of the phenolic proton to
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the proximal water (model 1, of Figure S). The optimized
geometry contains the tyrosyl radical bound with two
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Figure 5. Parts of optimized models with oxidized Yp* depicting
different positions of the cavity water with respect to the translocation
of the phenolic proton. Selected distances are indicated (in A)
between the O atom of the cavity water, the O atom of Yy, the O
atom of the Phel69 peptide carbonyl, and the N, atom of Argl80.
When the proton is still present in the cavity, the cavity water is
stabilized in either the proximal (1g,) or an intermediate position
(20x)- Model 34, can be seen as either a model related to the other
two, where the proton has left the cavity and the water is stabilized
exclusively in the distal position, or as the oxidized form of model 3,
where oxidation of Y, is accompanied by proton shift to His189—
Arg294 and the water, at the distal position regardless of the oxidation
state of Y, has no involvement.
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Arg294
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hydrogen bonds, from His189 and the proximal water. As a
result of the strong hydrogen-bonding interaction between the
proximal water—Yp pair, the hydrogen-bonding distance
involving the Y,—His189 pair becomes larger (O--N = 3.03
A). Following the deprotonation of the Y,—OH, we observed
no explicit formation of a hydronium ion (H;0%), but rather a
proton shift toward the peptide carbonyl of Phe169 (see Figure

S).
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Table 2. Computed g Values and O Lowdin Spin Population for the Y,* Models, Compared to the Experimental Ranges of

Values Reported under Various Conditions

model I8
1o, 2.0063
20, 2.0073
3ox 2.0073
experiment” 2.0074—2.0078 or 2.0064"

gy & Po
2.0044 2.0022 0.325
2.0044 2.0021 0.347
2.0043 2.0021 0.345
2.0042—2.0045 2.0020—2.0023 0.28"19120

“Detailed experimental g values from available EPR studies are listed in Table S2. ng value from tyrosyl radical generated at 1.8 K at pH ca. 8.5.%

In model 2, the water is optimized in a position that is
intermediate between proximal and distal (Yp(O)—Oyper =
3.58 A) with the proton essentially attached to the backbone
carbonyl of Phel69. Models 14, and 2, are distinct geometric
minima, but they are not energetically distinguishable by DFT
because the relative energy difference between the models is
0.0 or 0.3 kcal mol™! with the B3LYP and TPSSh functionals,
respectively, although 14, is 3.2 kcal mol™" lower than 2, with
the PBE functional. We note that structures 1, and 2, have
not been previously identified in the literature. The third
model shown in Figure S is 3q,, with Y5(O)-+- Oy = 4.18 A,
i.e., with water at the distal position. This can be viewed in two
ways: (1) as directly related to the other two models in a
hypothetical sequence 1o, = 20, = [30x + H'], where the
cavity water takes the proton at the proximal position (1¢y),
moves to the intermediate position (2,), and then is stabilized
at the distal position with the proton having left the cavity; or
(2) as the oxidized form of model 3z in which a proton
translocation has taken place from Yy, to His189-N, and from
His189-N; to Arg294.

Our calculations suggest that a hydronium cation cannot be
stabilized at the distal position. Additionally, no Yp-oxidized
model with an overall proton configuration similar to 3¢, could
be obtained with the water at the proximal position. These
results admit two interpretations. First, if 3y better reflects the
reduced state of Yy, then oxidation follows a “Y,”-like proton
shift; that is, His189 is the immediate proton acceptor. In this
scenario the water is exclusively stabilized at a unique
minimum in the distal position and hence is only a spectator,
playing no role in the oxidation and deprotonation of Y. The
obvious problem with this interpretation is that it does not
allow for occupation of the proximal position under any redox
state of Yp,. If, on the other hand, the pair 15/2y better reflects
the reduced state of Yy, then upon oxidation, the proton either
remains within the cavity as a hydronium at proximal or
intermediate positions (1o, and 2,) or leaves the cavity and
the water is stabilized in the distal position (3q,). This
accommodates the existence of distinct minima for the water
position and implicates the cavity water directly in Yp
oxidation and the release of the phenolic proton. The precise
mechanism of proton removal in the latter scenario cannot be
directly deduced from the QM models described here, but it
would likely involve participation of Argl80 as proposed by
Saito et al.”’

EPR Spectroscopy: g-Tensors. In an attempt to identify
connections between the three models presented above and
the available EPR observations, we examine the g-tensors of
the three oxidized models. The computed g values of all
models are tabulated in Table 2 and compared with the
experimental values. The orientation of principal g-matrix
components is shown in Figure 6.

The g values of phenoxyl radicals depend on two factors,
which are in turn influenced by the protein environment (local
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Figure 6. Orientation of the principal g-matrix components for the
Yp® radical (model 3¢, is used for this plot).

electrostatics) and hydrogen bonding: (1) the unpaired spin
density on the oxygen atom, which has the largest spin—orbit
coupling constant, and (2) the relative energy difference
between the oxygen-based p, and p, orbitals. The p, orbital of
the oxygen atom is orthogonal to the ring plane and
contributes to the SOMO of the radical. The g, value is
affected by the energy difference between the SOMO and the
in-plane p, lone pair of the phenolic oxygen. The relative
energy of the in-plane p, orbital with respect to the SOMO is
influenced by the number, strength, and orientation of
hydrogen bonds to the oxygen atom. In-plane hydrogen
bonds (from D2-His189 in the case of Yp) stabilize the o
orbitals, increasing the energy difference between the p, and
the SOMO, which results in less effective spin—orbit coupling
and decreased g, values.

Shifts in g values as a response to the number and
orientation of hydrogen bonds to tyrosine radicals have been
studied for simple models'*'~"** as well as explicitly for the
Y,* of PSII'° and the Y.,;* of ribonucleotide reductase
(RNR)."*>'*° In the case of Y,* the g, value was shown to
decrease with the number of hydrogen bonds, and this change
tracked also the decrease in oxygen spin population.'> For
example, the associated g, values of Y,* with the one, two, and
three hydrogen bonds were reported to be 2.0072, 2.0063, and
2.0054, respectively. It was also demonstrated that the g, value
for any specific hydrogen-bonding scenario depends on the
Y,(O)--H distance that affects the unpaired spin density on
the oxygen, the atom with the largest spin—orbit coupling.
Elaborate studies conducted on the redox-active NH,Y,;,
radical'* of RNR yielded a g, value of 2.0052 as characteristic
of three hydrogen bonds associated with the radical. The above
observations clearly delineate the direct correlation between
the number of hydrogen bonds and the g, values of the
phenoxyl radical.

This analysis is fully consistent with the present results for
the Yy, models. Specifically, models 2, and 3, have similar g,
values (2.0073), as both contain only one hydrogen bond to
the tyrosyl radical, from the N, (N,) of His189. By contrast, in
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model 15, the g, value decreases to 2.0063 as a result of the
two hydrogen bonds, i.e,, from His189 and from the proximal
water/hydronium. Only the g, value differs between the three
models, while g, and g, remain the same. Therefore, the
difference in g, is directly correlated to the number of
hydrogen bonds and therefore to the position of the cavity
water. Even though the intermediate and distal water positions
cannot be distinguished because the Yp,* radical in both cases
appears with the same g, of 2.0073, the present results enable
us to conclusively and uniquely correlate the occupation of the
proximal water position with the g, value of 2.0063.

It has been observed experimentally that a g, ~ 2.0064 signal
is obtained when Yy, is oxidized under high pH conditions at
cryogenic temperatures.46’47’72 Importantly, upon increasing
the temperature, the g, shifts to 2.0075—2.0078. As will be
discussed in the following, this change in the g, value does not
reflect the protonation state of His189, as assumed in past
literature,*””'*” but is correlated with the movement of the
proton-accepting water inside the cavity.

EPR Spectroscopy: Hyperfine Coupling Constants. In
addition to the g-tensor, an important parameter that can offer
insight into the electronic structure of the tyrosyl radical and
help in evaluating computational models is the hyperfine
coupling constants (HFC) for protons and heavier nuclei
bound to or strongly interacting with it.”"!0%!1%/120/122127=137
In addition to proton HFCs, Brynda and Britt have analyzed
the ®C and "N HFCs using a computational Tyr—His
model,"** and we refer the interested reader to that work for a
discussion of the data. Here we will briefly focus on selected
data relating only to the protons/deuterons because they are
most relevant to the subject of microsolvation of Yp*. Two
types of “H ENDOR HFCs have been reported, i.e., where the
tyrosyl radical is generated under physiological pH (6.5)”” and
high pH (8.7)* conditions. Radicals generated under both
conditions give the characteristic g, ~ 2.0074 signal,”" which
implies that Y,,* interacts only with His189; that is, N, (N,)
acts as the sole hydrogen bond donor to Yp®.""' The
experimentally fitted HFC parameters for both cases are
similar (Table 3), suggesting that the pH difference does not
change the immediate protonation environment of Yp* under
physiological temperatures. The computed HFCs for the
His189 N, deuteron for models that correspond to the same
class of g, signal, i.e., for models 24, and 3,, agree well with
the experimental values (Table 3), which again confirms that
the radical is bound with only one hydrogen bond, to His189.

Table 3. Computed Hyperfine and Quadrupole Tensor
Components (MHz) for Exchangeable Deuterons

H-bond
model partner A, A, A, Q. Q Q,
lo, HisiggND 101  —060 —047 0.110 —0.062 —0.048
D,0 129 —086 —0.77 0078 —0.049 —0.029
20, His;gg-N,D 135 —082 —073 0096 —0.055 —0.041
30x  His;grN,D 134 —079 —071 0096 —0.055 —0.041
expt (pH 6.5)”° 110 —059 -0.51 0300 —0.190 —0.110
expt (pH 8.7, 106 —058 —048 011  —0.07 —0.04
relaxed)*
159 —091 —0.68 014 —0.074 —0.066

expt (pH 8.7,
unrelaxed) ,46’"

“Unrelaxed Yp,* intermediate trapped at 7 K. The uncertainty in the
calculated parameters is estimated to be 20%."*”'*° The components
of the A and Q tensors are described such as lxl > Iyl > lzl.
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Similar agreement is obtained with the computed HFC:s for the
protons of the tyrosyl ring, *C (Yp) and 7O (Yp) (Figure S3
and Tables S3—S7), which also agree well with experimental
data,”"""*"2%13% support the orientation and environment of
the Yp radical in the present models. The computed
quadrupole tensors provided in Table 3 agree somewhat
better with the results obtained under high pH conditions, but
at this point we are running the risk of overinterpreting both
our results and the information content of the experiment. The
experimentally fitted distance between the tyrosyl oxygen and
the His189-bound proton was reported as 1.84 and 1.75 A at
physiological and high pH, respectively. These are consistent
with the computed distances (1.79 and 1.78 A for models 2o,
and 3,), but the calculations clearly suggest that the fitted
parameters derived from experimental data independently of
explicit atomistic models would be worth revisiting using QM-
optimized distances and accounting for the cavity water.
Overall, the agreement of the computed HFCs for the His189
proton with the experimental values is consistent with the
structural interpretation derived from the g values.

As discussed above, the Yp,® radical generated at 1.8 K and
pH 8.5 shows a g, = 2.0064, which we assigned to a structural
configuration with a proximal water-like model 1g,. Table 3
also reports computed HFCs for model 1o, in which Yp*
interacts directly with two hydrogens, the N,-H of His189 and
the proximal water molecule. The HFC parameters for 1o,
suggest comparable HFCs for the two partners. Interestingly,
the computed parameters for the proximal water resemble
closely those of the His189 hydrogen in the other two models
(205 and 3¢,), whereas the His189 hydrogen in 1o,
experiences relatively weaker coupling. Both values can be
considered consistent with experimental HFCs of higher-g,
species, but comparisons with the cryogenic HFCs are not
entirely reliable for two reasons. First, no spectral simulations
have been reported with the assumption of the Y, radical
interacting with more than one deuteron.*® Second, based on
the g value calculations, model 14, is only an approximate
structural model for Yy, oxidation at cryogenic temperature and
high pH, but cannot be an exact representation of the
cryogenic state because the positions of heavy atoms are
optimized. In our view it is not possible to either deduce from
experiment the extent of proton shift toward the proximal
water or to model reliably with standard QM models the
evolution of proton movement along the Y,—O-H:---OH,-
OC(Phel69) network at the initial stages of Y, oxidation.
Nevertheless, the present results strongly suggest that existing
studies should be revisited and the data refitted with the
acknowledgment that the cryogenic state involves two coupled
deuterons.

Computed HFCs of heavier nuclei (**C, '*N, and "O) are
reported in the Supporting Information and compared with the
available experimental data (Table S7). We find that the
models 2o, and 3o, show excellent a§reement with the
experimental *C and 7O HFC values.'"” This is important
because the experimental g, value of the isotopically labeled Yy,
radical was found to be 2.0076, which is consistent with the g,
values computed for the same models, i.e., with the Yy, radical
bound with only one hydrogen bond to His189. Another result
that corroborates this observation is the isotropic hyperfine
coupling for the "N (N, of His189). While for model 14, a
rather low value of 0.26 MHz was computed, for models 2,
and 3o, the computed values are 0.49 and 0.58 MHz,
respectively, which agree well with the SN ENDOR
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determined value of 0.8 MHz.'*' This reaffirms the
conclusions of the experimental report that the His189 is the
direct, and only, hydrogen-bonding partner of the Yy, radical.

B DISCUSSION

In the reduced state of Yp, the cavity water molecule can
occupy two positions in the cavity defined by the cluster of
phenylalanine residues shown in Figure 2, proximal and distal
with respect to the Y, residue (Figure 3). In both positions the
backbone carbonyl of Phel69 plays the role of H-bond
acceptor; in the proximal position the water is additionally
stabilized by a H-bond to Yy, which therefore acts as proton
donor (model 1), while in the distal (models 25 and 3g) it is
stabilized by an additional H-bond to Argl80. The results
presented above show that the distal position is energetically
preferred compared to the proximal position when Yp is
reduced. This conclusion is in contrast with a previous
suggestion,”” but it is in line with available crystallographic
data and supported both by large-scale QM calculations and by
MD simulations. Our models additionally suggest a correlation
between the protonation pattern in the Arg294—His189-Yy
triad and the water position: if Y, acts as a proton donor to
His189, then the cavity water cannot be stabilized in the
proximal position.

Two ideas can be formulated regarding the de_})rotonation of
Yy, upon oxidation: deprotonation to His189'"**~*7* or to
the cavity water molecule.””*"*?7>° The idea of Yp
deprotonation to the His189 parallels the mechanism proposed
for the other redox-active Y, residue, which deprotonates to
the coupled His190. The computational models presented here
can in principle accommodate the scenario of a Y;-like proton
shift, which is equivalent to model 3y being oxidized to model
30x In the following we will discuss why the latter scenario is
disfavored and how the computed energetics of water
distribution and the related EPR parameters explain the
whole range of EPR observations, including the temperature
dependence of EPR spectra, on the basis of the oxidized
models presented here. Simultaneously, compelling evidence in
favor of the present models and of water-assisted oxidation and
deprotonation comes from the structural explanation of the
biphasic kinetics of Yy, oxidation.

Water Distribution and Kinetics of Yy Oxidation. The
two results—(a) that the distal water position is more stable
than the proximal when Y}, is reduced and (b) that Yy, can be
oxidized only when water is found in the proximal position—
imply that oxidation of Y, for the majority of PSII centers
would be inhibited because of the requirement for distal water
to move to the less favorable proximal local minimum. This
provides a natural explanation for a wide range of experimental
observations. It is known that no Yy, centers undergo oxidation
at cryogenic temperature (S K, at pH 6.5).% According to the
present models, under such conditions almost all Yy, centers
are expected to be associated with the distal water and the
movement of water to the proximal position is expected to be
blocked. This dependence of Y, oxidation on the spatial
availability of the cavity water as proton acceptor fundamen-
tally differentiates the oxidation characteristics of Yy, from the
Y, radical of PSIL It is also in line with the distinct rates of
oxidation for Yp, and Y;: under physiological conditions (pH ~
6.5), Yp is oxidized on the microsecond time scale (t,,, > 150
us), much slower compared to Y, (t,,, & 2—10 us).”

Mamedov and co-workers studied the oxidation kinetics of
Yy, at different pH values and concluded that at pH 4.7 and 6.3
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the oxidation kinetics of Yy, are biphasic; that is, they exhibit a
fast and a slow phase.’>** Crucially, it was observed that the
amplitude of the slow phase is always higher than that of the
fast phase. The hypothesis that the two phases may correlate
with the position of the cavity water is fully borne out by the
detailed computational models presented here. The observa-
tion of the dominance of the slow phase is consistent with the
result that the majority of Y, centers have the cavity water
present at the distal position, whereas the proximal position is
occupied only in a minority of centers and gives rise to the
small-amplitude fast phase in oxidation kinetics. Therefore, our
computational models fully agree with the suggested
correlation of oxidation kinetics and water distribution
proposed for the low-pH situation in the studies by Ahmadova
et al.>” and SjGholm et al.>* (but not for the high-pH situation
as will be discussed in the following).

Experiments performed with the presence of DCMU (3-
(3,4-dichlorophenyl)-1,1-dimethylurea), an inhibitor of the Qg
site that blocks forward electron transfer in PSII, forcing Q,~S,
recombination, show only the fast phase irrespective of the pH
of the sample.”® This study concluded that the fast-phase Yy
oxidation outcompetes the Q,~ S, recombination, whereas the
rate of the slow-phase oxidation (according to the present
interpretation, Y, centers with distal water) lags compared to
the Q4 S, recombination. This is why the slow phase is not
observed. This analogy is evident from the fact that the
amplitude of the fast phase is the same with or without
DCMU. In addition, only 24% Yy, centers get oxidized at pH
6.3 with DCMU compared to 63% at the same pH without
DCMU. The above results become transparent in terms of
their structural interpretation in view of the present models
that support simultaneously the enhanced stability of the distal
water position and the necessity of a proximal water for Yy
oxidation.

Structural Explanation of EPR Spectroscopy. Compel-
ling evidence for correlating experimental observations with
the water position comes from comparing EPR data with the
computed g-matrix values we report for our models. Two types
of EPR signal can be distinguished based on the g, value of the
Y, radical, close to either 2.0064 or 2.0075. Yy, exhibits
interesting EPR properties under high pH condi-
tions.””*>*>*"”> Faller et al. showed that at high pH the
reduced Yy, can be oxidized even at 1.8 K, giving rise to an EPR
signal with a g, of 2.0064.*””* Upon increasing the temperature
(77 K), the increased g, value of 2.0075 was observed.”” HE-
EPR experiments by Chatterjee et al.*® are consistent with
these observations: an unrelaxed state could be trapped at 7 K
upon Y oxidation with a g, value of 2.0067, while upon
thermal relaxation, the g, value increases to 2.0078. The g,
value of 2.0074—2.0078 is observed experimentally for the Yy
radical generated under physiological temperatures at any pH
value.

The original structural explanation of the two signals
implicated proton transfer from Y, to the N, of a singly
protonated (at N,;) His189 and formation of a cationic His189
species (low g,), which deprotonates (from N,) at higher
temperature, relaxing to the lower-field signal.47 The present
calculations do not support this scenario. Instead, the
“cryogenic” signal corresponds directly to the value computed
for model 1, (g, = 2.0063), and hence we attribute this to the
presence of two hydrogen bonds to Yy, or, equivalently, to the
presence of water (as proton acceptor) at the proximal
position. According to this interpretation, the experimentally

DOI: 10.1021/jacs.8b13123
J. Am. Chem. Soc. 2019, 141, 3217-3231


http://dx.doi.org/10.1021/jacs.8b13123

Journal of the American Chemical Society

observed change in g, is not related to the behavior of the
histidine, but to the movement of the water/hydronium from
the proximal position (model 1,) to an intermediate position
with the proton retained in the cavity (model 24,) or a distal
position with the proton removed from the cavity (model 3,).
Both 24, and 3¢, have g, values of 2.0073 and are consistent
with the EPR of a tyrosyl radical having only one hydrogen
bond (to His189). Therefore, this signal implies that the water
has moved away from the proximal position after accepting the
proton. However, the existing data do not allow us to
determine whether the proton has left the cavity (model 3,)
or not (model 2¢,).

pH Dependence of Y, Oxidation. As already stated
above, the pH affects the oxidation of Yp,. We suggest that the
molecular basis of this effect relates to the change in the
relative stability of the proximal and distal water positions. Yy,
is known to outcompete Y, in high-pH conditions; for example
at pH 8.5 oxidation of Yj, becomes extremely fast (¢, & 190
ns),”” and recent results from Schlodder et al. report this rate
to be even faster (f,,, ® 30 ns) at pH 9."%% These faster
oxidation rates also depend on the location of the cation on the
reaction center, and it is suggestedzz’138 that in high-pH (8.5)
conditions the major proportion of cation resides on the Pp,
side of the reaction center,"**'* unlike in low-pH conditions,
where the cation is mainly localized on the Pp,; side.”® This
charge shift presumably makes electron transfer faster from the
reduced Yp, to Pggy (t, & 30—190 ns). Ahmadova et al.>’
observed nearly 78% of the fully oxidized Y, centers at pH 8.5.
At pH 8.5 it is observed that the Y}, oxidation follows a single-
exponential phase with fast oxidation rates.’®> This was
attributed to the deprotonation of Yp in the reduced form
(i.e., a tyrosinate anion), which would render the subsequent
oxidation a pure electron transfer event.”> Our computational
models however provide no support for this for two reasons:
first, the identification of a minimum with a Y5-O™ form was
not possible, and second, the radical formed upon oxidation of
this hypothetical deprotonated form would be inconsistent
with the low g, value observed in EPR and assigned to model
1o, Therefore, we suggest that the observed effects are not
attributable to changes in protonation state of the reduced Yy,
residue,’”*>** but are again associated with the distribution of
water within the cavity. Specifically, the observations at high
pH would be consistent with association of most Yy, centers
with the proximal water. According to the model presented in
the present work, the observations may reflect a shift in the
relative energetics of proximal vs distal water positions, that is,
a progressive stabilization of the proximal position at increasing
pH values.

It is acknowledged that the present models and computa-
tional approaches cannot provide a detailed view of how
protonation states of residues respond to bulk pH changes or
how hydrogen-bonding networks are rearranged at large scales
within PSIL. Hence, it is also unclear how increasing bulk pH
might stabilize the proximal position. However, based on the
structure of the cavity we suggest that a possible local
explanation of the observed effects is that at high pH the distal
water position might be destabilized by perturbation of the
Arg180—Asp333 salt bridge that is in contact with the protein
surface through a rather short water channel.”’ The result
would be the preferential occupation of the proximal water
position at high pH, rendering the Yy, readily oxidizable even at
cryogenic temperatures since water movement is no longer
required to switch on the electron transfer. The special
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importance of Argl80 was highlighted in site-directed
mutagenesis studies by Manna et al,'*” who reported that
mutations at the Argl80 residue resulted in EPR signals
attributed to the Yy radical being of reduced intensity and
altered line shape. More importantly, Argl80 mutants had
limited oxygen evolution capacity of PSIIL, and the amount of
enzyme present in thylakoids was reduced, demonstrating the
functional importance of this residue for smooth redox
behavior at the Yp, site.

Fate of the Proton. The fate of the phenolic proton after
oxidation of the Yy, relates to all three factors: the relative
stabilities of the cavity water positions, the effect of pH, and
the role of the Argl80—Asp333 salt bridge. A detailed scenario
on a possible deprotonation pathway has been presented by
Ishikita and co-workers,””>" who suggested that after Yy,
oxidation the proton is transferred toward the bulk via proton
exchange through Argl80—Asp333 and a series of water
molecules beyond this salt bridge. A recent FTIR study”” from
Nakamura and Noguchi reported the detection of the proton
released upon Y,-OH oxidation to the bulk, assuming a
correspondence of their observations with the model of Saito
et al. On the other hand, that model required a very large
energy for the return of the proton (ca. 80—120 kcal/mol)
upon Y, reduction.

The experimental observations on the deprotonation step
remain debatable. A proton inventory study by Barry and co-
workers®® supported the existence of multiple proton donation
pathways to the Y, radical at high pH, one of them involving
multiple protons and the other a single proton. The proton-
coupled electron transfer (PCET) mechanism under high pH
conditions is supported by the difference FTIR study of
Heinerwadel et al,*® where it is proposed that Y, remains
protonated under a pH range 6.0—10.0 and is involved in a
strong hydrogen bond. A pure ET process upon oxidation is
instead supported by a recent EPR study of Schlodder et al.,"**
where no change in oxidation rates was observed upon
introducing exchangeable protons. In addition, their flash-
induced absorbance study reports that Y, oxidation is
independent of temperature between S and 250 K at pH 9.

If we focus on the EPR results, a clear conclusion based on
the present oxidized models 2, and 3¢, is that they correlate
equally well with the g, > 2.0073 tyrosyl EPR signals and
hence accommodate two distinct possibilities equally well: that
the proton remains in the cavity (20,) or that the proton has
left the cavity (3¢,). The latter model reflects the scenario
described by Saito et al.’”*" The former, however, represents a
possibility that has not been previously represented by
computational models and can be of relevance in interpreting
experimental results obtained at different pH values. Beyond
the agreement of this “proton-in-the-cavity” 24, model with
the EPR, it is interesting to note that it would be consistent
with one of the proposed roles of the Yy, residue. Specifically, it
has been suggested that the oxidized Y, might be exerting an
electrostatic effect on the primary charge separation site,
pushing the electron hole toward the Pp,; side of Pgg, and
hence enhancing the Y;-Pyg, donation rates,* 2138139141 gop
this function it would be required that the proton is retained
near the Yp residue,” ie., like in model 2q,. The oxidized
models described here therefore provide a structural basis for
discussing several observations and mechanistic possibilities,
but further investigations will be required to clarify which one
corresponds to the real system and under which conditions.
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B CONCLUSIONS

In this work we investigated the role of a confined water in
regulating the properties of the redox-active tyrosine Yp of
PSII. Static and dynamic calculations showed that in the
reduced form of the tyrosine both proximal and distal positions
are stable, but the distal position of the cavity water is
energetically favored. When we take into account simulta-
neously the energetics of cavity water distribution in relation to
the ability of Yp, to be oxidized and in relation to the EPR data
reported under various conditions, our results are consistent
with the idea that the histidine partner plays a different role in
Y, and Y. Whereas D1-His190 accepts the proton of oxidized
Y, and keeps it in immediate availability to be returned to Y,
when it is reduced by the manganese cluster of the OEC, our
models are consistent with assigning the role of Y, proton
acceptor to the cavity water. The proton can remain within the
cavity or not; closer integration of computational modeling
and experiment will be required to clarify which scenario is
most likely under which conditions. Crucially, if His189 acts as
a proton donor to Yp, which can be considered as a “normal”
situation due to its expected interaction with Arg294, then Yj,
can be oxidized only when the cavity water is at the proximal
position to accept the phenolic proton. In combination with
the proposed energetics of water distribution in the cavity, this
has profound implications for understanding and explaining
the experimental observations of biphasic Y oxidation
kinetics: the predominant slow phase is ascribed to the
majority population where water is found at the distal position.
The EPR calculations reported here lead to a natural
interpretation of the spectroscopic observations, correlating
the observed distribution of g, values with the position of the
cavity water, as opposed to the protonation state or structural
relaxation of the His189 residue as previously speculated. In
addition, our results suggest a new structural rationalization of
the observed pH effect. In contrast to a previous hypothesis
that attributed the effect of pH to a direct change of the YD
protonation state,’”>>>* we propose that at high pH the
relative stabilities of the two water sites are simply inverted,
enabling the oxidation of Y, at cryogenic temperatures. The
detailed structure—spectroscopy correlations described in the
present work can serve as the basis for revisiting past
experiments in light of the role of the cavity water and also
for designing future experiments that will further probe the role
of microsolvation in regulating the behavior and function of
the redox-active tyrosine.
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