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Proton-transfer proteins are often exposed to the bulk clusters of carboxylate groups that might bind
protons transiently. This raises important questions as to how the carboxylate groups of a protonated
cluster interact with each other and with water, and how charged protein groups and hydrogen-bonded
waters could have an impact on proton transfers at the cluster. We address these questions by
combining classical mechanical and quantum mechanical computations with the analysis of cyanobacterial
photosystem |l crystal structures from Thermosynechococcus elongatus. The model system we use consists
of an interface between PsbO and PsbU, which are two extrinsic proteins of photosystem Il. We find that a
protonated carboxylate pair of PsbO is part of a dynamic network of protein—water hydrogen bonds which
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extends across the protein interface. Hydrogen-bonded waters and a conserved lysine sidechain largely
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Introduction

Proton transfer is ubiquitous in biology. Prominent examples of
bio-systems that rely on proton transfers for their functioning
include proton transporters which move protons across cell
membranes," ATP synthase which couples proton transfers
with the synthesis of adenosine triphosphate,” and photosystem
(PS) 11 which uses light energy to oxidatively cleave water mole-
cules generating molecular oxygen, electrons and protons.”> A
feature that is often observed in proton-transfer proteins is that
they are exposed to the bulk clusters of carboxylate groups,
sometimes to histidine groups, which can bind protons, function-
ing as a proton-binding cluster, or proton antennas.*® In a
proton antenna, the surface carboxylate groups that are located
close to each other might retain a proton for longer times than a
single carboxylate component of the cluster.® Such proton antennas
have been discussed, for example, in the reaction center,®
cytochrome ¢ oxidase,*® bacteriorhodopsin,® green fluorescent
protein,’® and the PsbO subunit of PSIL>'"'* In order to
understand the dynamics of water hydrogen bonding and
proton transfer in a surface carboxylate cluster, we carried out
computations with classical and quantum mechanics, dissected

“ Freie Universitdt Berlin, Department of Physics, Theoretical Molecular Biophysics
Group, Amimallee 14, D-14195 Berlin, Germany. E-mail: nbondar@zedat.fu-berlin.de

b Humboldt Universtiit zu Berlin, Institute for Biology, Structural Biology and
Biochemistry, Berlin, Germany

¢ Humboldt Universtdt zu Berlin, Institute for Biology, Biophysics of Photosynthess,
Berlin, Germany

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

¢9cp03926k

This journal is © the Owner Societies 2019

shape the energetics of proton transfer at the carboxylate cluster.

water dynamics, and analyzed the crystal-structure interactions at
a protein interface where PsbO might bind a proton.

The high-resolution structure of dimeric Thermosynechococcus
vulcanus PSII solved at 100 K to a resolution of 1.9 A allowed the
assignment of 19 protein subunits for each of the PSII monomers,
cofactors and special lipid molecules, and of numerous
water molecules.”® The protein subunits include the intrinsic
membrane subunits CP43/CP47, D1/D2, and cytb-559, and
twelve other small subunits (Fig. 1).

Three extrinsic subunits - PsbO, PsbV and PsbU - which are
also denoted as, respectively, the 33 kDa protein, cytochrome
¢-550 and 12 kDa, bind at the lumen side of PSIL'* PsbO
stabilizes the inorganic Mn,CaOs cluster,"® where the catalytic
oxidation of two water molecules occurs. PsbU plays a role
in heat protection of PSIL'®™® optimal oxygen evolution,'*?°
energy transfer and electron transport.”* PsbO binds to PSII at
the late stages of the assembly of the complex®” and it can bind
independently of cyt ¢-550 and PsbU.'*** By contrast, the
effective binding of PsbU to photosystem II requires other
extrinsic proteins to be present.'**

The mechanism of water splitting at the Mn,CaOj5 cluster is
described using the Kok cycle as a four-photon induced, four
electron/four proton reaction with the formation of five inter-
mediate states, S, to Sy, at different time points.>***> The cycle
starts in the dark-stable state S;, in which the two manganese
ions of the Mn,CaO5 complex are thought to be in the oxidation
state (III), and the other two manganese ions are in the
oxidation state (IV);*® the same average manganese oxidation
level might be compatible with different sequences of manganese
oxidation states.>”
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Interface between PsbO and PsbU in the crystal structure. The protein subunits of PSIl from ref. 13 are shown as green ribbons, except for PsbO

and PsbU, which are colored brown and ice blue, respectively. The selected protein groups are shown as bonds with carbon atoms colored cyan,
nitrogen-blue, and oxygen-red. The inset shows a close view of the interface between PsbO and PsbU.** The small cyan spheres indicate water oxygen
atoms observed in the crystal structure. We note that the groups of PsbO also interact closely with the membrane-intrinsic protein subunit D1 and CP43.

Fig. 1, 5, 6 and 7 were prepared using PyMol version 2.20.%*

A fundamental question for PSII research is how protons
that are generated during the water-splitting reaction will be
released to the lumen. The potential pathways for proton
transfer in the protein environment of PSII, and protein groups
that might be directly involved in proton transfer, have been
discussed based on experiments and computations (see, e.g.,
ref. 11 and 28-35). An intriguing aspect is that the surface of
PsbO has numerous carboxylate groups,'"'> some of which are
thought to function as a proton antenna.”'™'* In the crystal
structure of PSII** and of a truncated PsbO model*® the highly
conserved'”> PsbO-E97 and D102 are within the direct H-bond
distance (Fig. 1), which was interpreted to suggest that a proton
binds at this site.*"*°

In PSII,' E97 and D102 are located at the interface between
PsbO and PsbU, where they are part of an extended polar
cluster of protein groups and water molecules (Fig. 1 inset).
This molecular picture from the static crystal structure raises
the question as to whether the PsbO proton-binding site could
bridge to PsbU via dynamic hydrogen-bonded water chains.

Atomistic molecular dynamics (MD) computations are a
valuable tool to study dynamic protein-water interactions, as
they allow us to, for example, characterize interactions between
water molecules and specific protein groups, and to evaluate
the energetics of proton transfer. Previous MD simulations
indicated that the residence times of waters largely depend
on the location of the hydration site: waters in the convex
regions of myoglobin were found to have short residence times
of <10 ps, whereas waters trapped inside the protein or in
groove regions could have residence times as long as ~457 ps;>” a
qualitatively similar observation was made in recent computa-
tions of the SecA protein motor.>® The upper value of water
residence times obtained from MD simulations is compatible
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with Nuclear Magnetic Resonance (NMR) studies indicating a
subnanosecond range for the residence times of water mole-
cules on a protein surface.”

To dissect dynamic interactions at the interface between
PsbO and PsbU we analyzed the crystal structures of PSII,
performed classical mechanical MD simulations, implemented
a protocol to compute the residence times of waters interacting
with PsbO and PsbU, and pursued extensive analysis of
dynamic carboxylate-water H-bond networks. To evaluate the
energetics of proton transfer, we performed quantum mechanical
(QM) computations of proton transfers for model clusters. We
find that the interface between PsbO and PsbU has several sites
with long water lifetimes, and that the proton-binding site is part
of a dynamic H-bonded network that extends across the interface.
The energetic cost for transferring a proton within the carboxylate
cluster is relatively high.

Methods

Protein structure

The coordinates for the PsbO-PsbU complex were extracted
from the crystal structure of PSII from 7. vulcanus'® (PDB ID: 3WU2,
monomer 1). The calcium ion associated with PsbO in the crystal
structure and 302 water molecules associated with PsbO and PsbU
were included with the complex. We used CHARMM-GUI***! to
place the PsbO-PsbU complex in a cubic box of TIP3P** water
molecules, with the addition of potassium ions for charge
neutrality. C19 and C44 of PsbO are disulfide bridged.*
Previous crystal structure analysis and computations
suggested that PsbO-D102 was likely protonated.*'*® We thus
considered PsbO-D102 as protonated (neutral), and all other
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titratable groups of PsbO and PsbU in standard protonation
states, with Asp and Glu sidechains - negatively charged, Arg
and Lys sidechains positively charged, and His sidechains
single protonated on the N§ atom. The simulation system has
in total 262 627 atoms.

Potential energy function and the MD simulation protocol

We used CHARMM36m**™® for the potential energy function
and NAMD"*° to perform the computations. Short-range real-
space interactions were switched off using a switch function
between 10 and 12 A, and long-range Coulomb interactions were
described with the smooth-particle mesh Ewald summation.>*>
The length of all covalent bonds to H atoms was constrained.’*>*

Starting from the same set of coordinates of the simulation
system, we performed 3 independent simulations (Sim1, Sim2
and Sim3) as described below and summarized in Table 1.
All 3 simulations use as starting coordinates the PsbO-PsbU
complex embedded in a water box.

Simulation Sim1 started with a geometry optimization
followed by 100 ps equilibration with velocity rescaling and harmo-
nic constraints applied to the backbone and sidechain heavy atoms
with force constants of 1 keal mol™* A=2 and 0.1 keal mol ! A2,
respectively. All constraints were switched off for the remaining of
the production run. We used a Langevin dynamic scheme®>”® with
a Nosé-Hoover piston to perform the simulations in the NPT
ensemble (constant number of atoms N, constant pressure P =
1 bar, and constant temperature 7= 300 K); the damping coefficient
was set to 5 ps'. During equilibration with velocity rescaling we
used anisotropic coupling and an integration step of 1 fs. For the
production run we used isotropic coupling and a multiple time
integration scheme®”*® with 1 fs for the bonded forces, 2 fs for
short-range non-bonded, and 4 fs for long-range electrostatics.

Simulation Sim2 uses the same starting coordinates and the
same MD protocol as Sim1, but it starts with an independent
assignment of atom velocities. Sim?2 is thus a repeat simulation
of Sim1.

Table 1 Summary of the simulations performed

Starting coordinate Constraints during Length

Simulation® set production run” (ns)

Sim1 Crystal structure None 185.0
Stopla Sim1 at 24 ns 1.0
Stop1b 1.0
Stoplc 1.0
Stop1d Sim1 at 185 ns 1.0
Stople 1.0
Stop1f 1.0
Sim2 Crystal structure None 185.0
Stop2a Sim2 at 151 ns 1.0
Stop2b 1.0
Stop2c 1.0
Sim3 Crystal structure 8 Co atoms 185.0
Stop3a Sim3 at 151 ns 1.0
Stop3b 1.0
Stop3c 1.0

¢ Simulations labeled with a-d are short NVE simulations started from the
selected coordinate snapshots of the parent NPT simulation. ® The 8 Ca
atoms on which constraints were placed in Sim3 are shown in Fig. 2B.
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Simulation Sim3 was performed with weak harmonic con-
straints (1 kcal mol™* A7) on 8 Ca atoms from the interface
between PsbO and PsbU (Fig. 1); the harmonic constraints on
these 8 Ca atoms were maintained throughout the entire Sim3.
Except for these constraints, the MD protocol used for Sim3
is the same as that for Sim1 and Sim2. We saved coordinates
each 10 ps.

To sample fast water motions, we used coordinate sets from
Sim1-Sim3 to perform 12 additional, independent NVE simula-
tions (constant volume V and constant energy E). Each of the
NVE simulations was prolonged to 1 ns using an integration
step of 1 fs and saving coordinates each 10 fs. To distinguish
these short trajectories from the parent simulation, we denote
them as Stops (Table 1).

Calculations of the distance between PsbO and PsbU

To monitor fluctuations in the relative orientation of PsbO and
PsbU, we first used VMD®’ to calculate the principal axis the
PsbO-PsbU complex and to align this axis with the z axis of the
coordinate system. We then divided PsbO and PsbU into 4 slices
each, and for each of these slices we computed the center of
mass using MDAnalysis.®>®" We monitored 4 center-of-mass
distances between PsbO and PsbU slices (colored pink, cyan,
magenta, and blue in Fig. 2B), and used these distances to
characterize the relative orientation of PsbO and PsbU.

Algorithm to detect carboxylate-water H-bond bridges

We consider that two groups are H bonded when the distance
between the heavy atom of the acceptor and the H atom of the
donor group is <2.5 A. The H-Bond bridges between carboxylate
oxygen atoms are defined as two carboxylate groups bridged by a
chain of up to 5 H-bonded water molecules."'*> The number of
H-bonded waters in the bridge, L, gives the length of that bridge.

The maximum value allowed for L was chosen for computa-
tional simplicity, because it allows us to account for the H-bond
paths that could be relevant to proton transfer: in acid-base proton
transfer reactions studied in aqueous solution, the probability for
proton transfer was higher when there were 2-3 intervening waters
between the acid and the base, and essentially zero probability of
proton transfer for 5 intervening waters.*>

To find water-mediated H-bond bridges between carboxy-
lates we used an algorithm (Scheme 1) similar to that we
implemented recently to analyze water-phosphate bridges at
lipid membrane interfaces.®® Briefly, we first determine water
oxygen atoms within 11 A of each carboxylate oxygen atom
(Scheme 1A); this distance threshold suffices to capture water
bridges with L = 5. For all carboxylate groups and water
molecules included in the selection, we calculate all water-
water and water—-carboxylate H bonds, and use these H bonds to
construct a graph whose nodes are oxygen atoms (carboxylate
or water), and whose edges are H bonds (Scheme 1B). To reduce
memory cost, we used adjacency lists to represent the graph.
Each carboxylate oxygen atom is then used as a starting point for a
modified depth first search® that starts from one carboxylate
oxygen atom to search along vertices (edges of the H-bond graph)
until another carboxylate group, or until a 6th water molecule is
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Fig. 2 Structural stability of the PsbO—-PsbU complex in agueous solution at room temperature. (A) Overlap of 5 coordinate snapshots from Sim3 with
the starting coordinates from the crystal structure (colored red); the coordinate snapshots were taken from Sim3 at times 1 ns, 50 ns, 100 ns, 150 ns, and
185 ns. (B) Starting structure of the complex illustrating the 4 slices used for the center-of-mass distance calculation. The red spheres indicate the eight
Co atoms on which we placed weak harmonic constraints throughout Sim3: T94, K194, A202, and E235 of PsbO, and L17, L48, L75, and V92 of PsbU.
(C) Co RMSD values computed from Sim3; as a reference structure we used the starting crystal structure. (D) Time series of the center-of-mass distances
computed for the 4 slices indicated in panel B. Numbers indicating the center-of-mass distances in the starting crystal structure® are color coded
according to the distance profiles. The details of the RMSD profiles for PsbO and PsbU, and a RMSD matrix for the PsbO—-PsbU complex, are presented in
Fig. S1 (ESIT). Additional analyses of the structural stability of PsbO and PsbU are presented in Fig. S2 (ESIT).

reached. The result of the search is a path or a set of paths from
the starting carboxylate oxygen atom to another carboxylate
oxygen atom via 1-5 H-bonded waters (Scheme 1C). We report
all L < 5 water bridges.

Occupancy of H-bonded bridges

Two carboxylate groups are part of a H-bonded water bridge if
they bridge via at least one H-bonded water chain (Scheme 1C).
When this condition is met, we denote the bridge as being
occupied. For Sim1-Sim3, we used the entire simulation
trajectories to compute average occupancies.

Lifetime of water bridges

To estimate the lifetime of the H-bonded water bridges of a
given H-bond path, we first calculate the correlation function

Ny
C(t) :ﬁgtzgw(m,w t), 1)

where N(¢) is the number of time intervals, N, is the number of
water bridges, ¢, is the time origin, and the function p;(ty,t, + ) = 1
if the water bridge is present (connecting a specific pair of

25452 | Phys. Chem. Chem. Phys., 2019, 21, 25449-25466

carboxylate oxygen atoms) at time interval ¢ without interruption,
and it is equal to 0 otherwise.®*®> The calculation is performed
separately for each value L of the water bridge length. The
normalized correlation function

CN(I) =—= (2)

is then fitted using a stretched exponential (the Kohlrausch-
Williams-Watts, KWW, function),

Cy(t) = exp [— (2)1], (3)

and the lifetime of the water bridge, tg, is given by®®
T (1
=-I(- 4
<TB> /’{ (/’{)7 ( )

where I is the gamma function. To evaluate the quality of the
fit we compute the Residual Sum of Squares, RSS,%” according
to the equation

RSS = 3" (Cu (1) — Cw (1)’ (5)

t
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water

. carboxylate
oxygen atoms

Scheme 1 Algorithm to detect H-bonded water wires between carboxylate groups. (A) Schematic representation of two carboxylate groups and nearby
waters. Water molecules within 11 A of any of the carboxylate oxygen atoms are shown with oxygen atoms colored red, and H atoms colored white;
waters that are further away from the carboxylates are shown in dark gray. (B) A H-bond network is constructed as a graph whose nodes are carboxylate
(red) and water oxygen atoms (blue), and whose edges (black lines) are H bonds between these atoms. A water molecule on the right side of the graph
has no H bond (no edge) to other groups. (C) Selection of carboxylate—water bridges. The bridge colored in green connects two carboxylate oxygen
atoms via 5 H-bonded waters, and it is accepted as a valid bridge for further analysis. The water bridges colored in orange have L > 5, and are rejected.
Unless specified otherwise, all molecular graphics were prepared using VMD 1.9.2.5°

where Cy(?) is the original value, and Cy(¢) is the value obtained
from the fit. A value RSS = 0 is obtained when the fit reproduces
the data points. We discarded the residence times obtained
from fits with RSS > 0.1 (as such values indicate that the fit is a
poor representation of the data), the residence times of bridges
sampled fewer than 20 times, and the residence times of
bridges that are sampled in only one of the Stop trajectories
generated from each Sim (Table 1).

For each bridge we calculated the average lifetime separately
for each value of L, and for sets of Stop trajectories generated
from the same coordinate set. We report the average lifetimes
computed from Stop1l-Stoplc, Stop1d-Stopif, Stop2a-Stop2b,
and Stop3a-Stop3c (Table 1).

Residence times of water in the first hydration shells of PsbO
and PsbU

For each amino acid residue of PsbO and PsbU we calculated
the water residence times from Stop3a. We used the correlation
function C(¢) from eqn (1) by considering p;(to,to + t) = 1 if the
distance between the oxygen atom of water molecule j and any
heavy atom of a specific amino acid residue is <4 A. To
estimate errors in C(¢) we used block averaging.®®

The KWW stretched exponential from eqn (3) had been used
to calculate the water residence times of water molecules
interacting with proteins®®®>® and lipid bilayers.®® Our initial
test computations indicated that, for a relatively large number
of sites of the PsbO-PsbU complex, the KWW exponential gives

This journal is © the Owner Societies 2019

relatively poor fits of C(¢); this result is compatible with
previous observations.*”

To circumvent difficulties with the fitting when using the
KWW stretched exponential, we implemented an algorithm
whereby we estimated the water residence time independently
by using three additional different expressions for functions
used to fit C(¢),

Cy = aexp (—é) +(1—-a) eXp(—é) )

Cw = aexp <— (é)l) +(1—a)exp (—é) %

Cy =exp (—L) } (8)
Ts

A sum of exponentials as given by eqn (6) was used in ref. 37
to calculate the residence times of waters at the hydration sites
of myoglobin. The weighting parameter a gives the fraction of
water molecules that enter a site and remain there for average
time 74, relative to fast waters that enter and depart quickly with
residence time 1,, such that the terms weighted by a and (1 — a)
describe the slow and fast waters, respectively.®”

A sum of an exponential function and a stretched exponential
function, as we used in eqn (7), was introduced in ref. 70 to
describe water dynamics at the interface between hydrophobic

Phys. Chem. Chem. Phys., 2019, 21, 25449-25466 | 25453
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solutes. The exponential function was proposed for dynamic
waters that exchange rapidly with bulk waters, and the stretched
exponential — with stretch exponent 2 — was proposed for trapped
waters that exchange more slowly with the bulk.”® The pre-
exponent a in eqn (7) describes the fraction of water molecules
whose dynamics are described by the stretched exponential and
takes values a € [0,1]. We note that in ref. 70 the exponential
function was weighted by another parameter b. Our tests sug-
gested that, in the particular system studied here, using (1 — a) as
the weight of the exponential function provides a good model of
the correlation function for small values of time ¢ < 20 ps.

A simpler exponential from eqn (8) was used in ref. 71 to
describe relatively slow waters at a micelle surface.

For the stretched exponential terms - eqn (3) and the first term
in eqn (7) - we report the mean residence time as calculated with
eqn (4). The resulting average values are denoted as 75 if eqn (7)
was used, and as 7¢ if eqn (3) was used to fit C(z).

For each site on the surface of PsbO and PsbU, we estimated
the water residence time independently using eqn (3) and (6)—(8)
for the fits. To find out which of the four individual fits approx-
imates best the correlation function from eqn (2), and select a
unique value of the water residence times, we used the Bayesian
Information Criterion, BIC, as defined in ref. 72 and 73 as

BIC = pIn(n) — 21n(K), 9)

where p provides the number of parameters used in the
individual fits (here, 4, 74, 72, 3%, T4, 75, @, and 7 in eqn (3)
and (6)—(8)); n is the size of the sample - here, n is the number
of time origins ¢, from eqn (1) for which Cx(¢) is nonzero; K is
the maximum likelihood of the estimated model and gives the
likelihood of the fitting parameters used to describe the corre-
lation function. The lower the BIC value, the better the fit. For
values a ¢ [0,1], i.e., unphysical fitting parameters, we used the
next best fit according to the BIC criterion. Fits with large errors
were removed and replaced with fits for which visual inspection
indicated good fits of the correlation function.

Cross-correlation and orientational dynamics analysis for
carboxylates of H-bonded bridges

To find out whether carboxylates of H-bond bridges have
correlated motions, we used Carma 1.7”* to analyze the correla-
tions between motions of two atoms i and j according to the
equation”®

L (An0An)
Cj ((Ari(l‘)2><A}’j(l‘)2>)l/27 (10)
with
Ar; = rt) = (r{?)) (11)

where 7,(t) and r;(t) are the position vectors for the two atoms.
The correlation function C; has values between —1 (atoms
move in opposite directions) and 1 (atoms move in the same
direction); C; = 0 indicates lack of correlation, i.e., the atoms
move independently from each other.

25454 | Phys. Chem. Chem. Phys., 2019, 21, 25449-25466
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Scheme 2 Distances used to probe the orientational dynamics of
carboxylate groups at the PsbO—-PsbU interface. (A) Ad > 0 indicates that
the two carboxylate groups orient towards each other. (B) Ad < 0
indicates that the two carboxylate groups orient away from each other.

As our analyses are focused on H-bond networks, we com-
puted C; only for pairs of heavy atoms within 22 A during at
least 50% of the MD simulation.

To probe the relative orientation of carboxyl groups involved
in H-bond bridges at the interface between PsbO and PsbU, we
monitored, for pairs of carboxyl groups, (i) the distance d,.
between the carbon atoms of carboxyl group pairs; (ii) the
distance dy between the midpoints of carboxyl oxygen atoms
(Scheme 2). We used the difference Ad = d.. — dym to char-
acterize the relative orientation of the pairs of carboxyl groups:
positive Ad values indicate that the carboxyl groups of the pairs
are oriented with the oxygen atoms towards each other, whereas
negative Ad values indicate the opposite.

Cluster models for QM proton transfer calculations

We performed QM computations to test the energetics of
proton transfer at the interface between PsbO and PsbU. For
computational efficiency we used four clusters of protein
groups and water molecules taken from the snapshots of the
equilibrated NPT simulations (Scheme 3).

Cluster A Sim 3,171 ns
PsbO-E97, D102, K123, N124
PsbU-K51, E93

47 water molecules

path 2

removed PsbU-K51
removed 8 water molecules

Cluster A1 path 1

Cluster B Sim 2, 151ns

PsbO-E97, E98, D99, D102, K123, N124
PsbU-K51

46 water molecules

path 3, 6

removed PsbU-K123 removed PsbU-K51

cluster Bl|~ path 4, 7 [custer |32|— path 8

Cluster C Sim 3, 151 ns
PsbO-E97, D99, D102, K123, N124 ths
PsbU-K51 pa

47 water molecules

Scheme 3 Clusters used for QM proton transfer calculations. The ener-
getics of paths 1-8 is summarized in Table 3.
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A first set of coordinate sets for the QM calculations was
taken from Sim3, as the interface between PsbO and PsbU is
best preserved due to the weak harmonic constraints used
(Table 1). For an additional set of coordinate sets we inspected
the relative orientation of the protonated PsbO-D102 relative to
that of PsbO-E97 in Sim1 and Sim2. The two simulations
indicate similar orientations of PsbO-E97 relative to the proto-
nated PsbO-D102, with an average distance between E97-Cd
and D102-Cy of 6.3 + 0.7 A in Sim1 and 5.8 + 0.3 A in Sim2. As
in Sim2 the distance between PsbO and PsbU is somewhat
shorter than that in Sim1 - which could result in shorter water
bridges and reduced computational costs, and we used Sim2 to
select coordinates for QM computations.

The clusters used for QM calculations (Scheme 3) contain
2-4 Asp/Glu groups, 1-2 Lys groups, 1 Asn group, and 39-47
water molecules (Scheme 3). The water molecules included
in QM were selected based on the visual inspection of the
trajectories in VMD. We started with the protein groups to be
included in the computations, and selected all water molecules
within 7 A of these protein amino acid residues; this initial
selection of the water molecules was manually filtered to
include those water molecules located between any protein
groups of the cluster, and waters of the hydration shell of these
protein-bound waters.

To further reduce computational costs, backbone groups
were not included and instead each protein group was capped
by a methyl group at CP. To preserve the starting relative
positioning of the protein groups, all CB atoms were fixed
throughout the QM computations. The number of atoms in
the QM clusters ranges from 171 in cluster Al to 216 atoms
in cluster B.

QM description of carboxylate-water clusters

QM computations were performed with 3rd-order SCC-DFTB
(Self-Consistent Charge Density Functional Tight Binding”®””)
in CHARMM**’® using the 3ob parameters with modified
parameters for the sp>-hybridized nitrogen atom.”® Using the
standard CHARMM settings for SCC-DFTB, the starting config-
urations of the four clusters in the reactant state were energy
minimized to an energy gradient of 10~ * keal mol * A",

Proton-transfer calculations

The starting geometries of the clusters used for QM computations
(Scheme 3) have protonated PsbO-D102, as set in the parent NPT
simulation. We denote PsbO-D102 as the proton donor group,
and cluster configurations with protonated PsbO-D102 as the
reactant states of the proton transfer paths. The proton acceptor
group is either PsbO-E97 or PsbO-D99, and we denote as product
states cluster configurations in which PsbO-D102 is negatively
charged and PsbO-E97 or PsbO-D99 is protonated.

We optimized with QM the structures of the parent A-C
clusters whose coordinates originated from Sim2 or Sim3
(Scheme 3). Smaller clusters A1, B1 and B2 were generated by
removing from the original coordinate set of the parent cluster
selected protein groups and water molecules (Scheme 3), and
re-optimizing the geometry with QM.
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The QM-optimized structures of the six clusters (A, B, C, A1,
B1, and B2) in their reactant states were independent of proton-
transfer computations. In the first step, we used coordinate
driving®®®! with the distance d = dp — d, as the reaction
coordinate; here, dp, is the distance between the proton and
the donor oxygen atom, and d, is the distance between the
proton and the acceptor oxygen atom.®'

The coordinate sets from the coordinate driving paths were
then used as the input for computations of proton-transfer
paths with Conjugate Peak Refinement, CPR,?” and with default
convergence criteria from the TReK module of CHARMM.
CPR has been used successfully to calculate minimum energy
paths (MEPs) for proton transfer,*"* % hydrolysis of ATP,*®
and isomerization reactions.*””°° CPR starts with an initial
guess of the path that consists of energy-optimized reactants
and product states, with or without intermediate configurations,
and finds a MEP that connects the reactant and the product by
identifying the first-order saddle point(s) along the path. The
selected local minima along the MEPs were further geometry
optimized using the same convergence criterion as for the reactant
and product states. The highest-energy first-order saddle point
along the reaction path provides the rate-limiting step of that
pathway.

Conserved water binding sites in the crystal structures of PsbO
and PSII

To identify the conserved binding sites for water on the surface
of PsbO and PsbU we used a data set of 8 recent crystal
structures of PSII solved at resolutions of 2.5 A or higher
(Table 2). The crystal structures chosen for data analysis were
collected for the S, state of dimeric PSII at 100 K, and at room
temperature using femtosecond X-ray Free Laser (fs-XFEL)
crystallography.

We used PyMol®! to calculate the number of water oxygen
atoms within the 3.5 A distance of the nitrogen or oxygen atoms
of all amino acid residues of the PsbO and PsbU, and to inspect
amino acid residues and water molecules that could bridge
PsbO and PsbU via H bonds. The average values for inter-
atomic distances were computed using the 8 crystal structures
listed in Table 2.

To further assess the H-bond network at the interface between
PsbO and PsbU in crystal structures, we used the crystal-structure
coordinates of PsbO and PsbU from ref. 13 together with the

Table 2 Crystal structures of PSIl in the S1 state used for analysis of water
binding sites

PDB ID Resolution (A) Temperature (K) Method Ref.
3wWuU2 1.9 100 XRD* 13
4UB6 1.95 100 97
4UBS8 1.95 100 97
6DHE 2.05 298 XFEL? 98
5WS5 2.35 293 XFEL 99
5GTH 2.5 293 XFEL 99
5B66 1.85 100 XRD 100
5B5E 1.87 100 XRD 100

“ X-ray diffraction. ? Serial femtosecond X-ray crystallography.
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associated calcium ion and the 302 water oxygen atoms, and we
added H atoms as described above for the MD system prepara-
tion, fixed all heavy atoms to their crystal-structure coordinates,
and then used CHARMM to geometry optimize the coordinates of
the H atoms.

Results and discussion

The 3 independent simulations of PsbO-PsbU indicate that the
structures of PsbO and PsbU are stable, with relatively small
values of the root-mean-square distances (RMSD) for the
B-barrel region of PsbO and for the helical regions of PsbU
(Fig. 2C and Fig. S1, ESIt), and with overall good preservation of
the secondary structure (Fig. S2, ESIf). In Sim1 and Sim2,
which were performed without any constraints, the changes
in the center-of-mass distances computed for the interface
between PsbO and PsbU suggest reorientation with an overall
smaller opening of the cavity between PsbO and PsbU (Fig. S3,
ESIY). In Sim3, in which we used weak harmonic constraints on
eight Co atoms from the PsbO-PsbU interface, the center-of-
mass distances indicate that the relative orientation between
PsbO and PsbU is well preserved (Fig. 2D). In what follows we
will use Sim3 as a reference for the discussion.

Water dynamics on the protein surface

Most of the water molecules visit the surface of PsbO and PsbU
for short times: for numerous sites, the water residence times
are ~5-10 ps, and ~90% of the waters from the first hydration
shells of PsbO and PsbU have residence times of <25 ps (Fig. 3
and Fig. S4, ESIt). The minority of waters with longer residence
times of ~100-500 ps are found in cavities on the surface of the

600 -

o 500

residence times (ps
= N w By
(o] o o o
o (] o o

50 100 150 200 20 40 60 80 100
PsbO PsbU

# amino acid residue

Fig. 3 Water residence times at the surface of PsbO and PsbU. Con-
verged water residence times obtained by fitting with egn (3), (6), (7) or (8)
are shown as a function of the amino acid residue for PsbO and PsbU. For
~87% of the total number of sites, convergence of the water residence
times was obtained when using egn (3) and (8), suggesting that most of the
sites have short water residence times. The water residence times from
each fit are presented in Fig. S4 (ESIt).
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A Dnot converged residence times

Itrapped water molecules
residence time (ps)

PsbO-N124

A

Fig. 4 Water binding at the interface between PsbO and PsbU. (A) PsbO
and PsbU colored according to the water residence time, ranging from blue
(short residence time) to red (long residence time). Green indicates water
residence times >500 ps, and yellow indicates sites for which convergence
of the water residence time computations could not be obtained (e.g., due to
the small number of waters visiting these sites). For protein groups for which
water residence times were computed according to egn (5) or (7), we use the
longer residence time value. The amino acid residues with water residence
times >30 ps are shown as bonds. (B and C) Cavities at the interface between
PsbO and PsbU where water molecules have long residence times. Additional
molecular graphics illustrating PsbO groups with long average water resi-
dence times are presented in Fig. S5 (ESI¥).

protein — cavities that can be as small as to bind a single water
molecule (Fig. 4 and Fig. S5, ESIT).

Some of the longest water residence times are observed for
groups at the interface between PsbO and PsbU: waters close to
PsbO-S191 and PsbU-E93 have residence times of 541.3 &+ 0.9 ps
and 320.6 £ 0.6 ps, respectively (Fig. 4A). At the interface, several
charge and polar groups have water residence times longer than
the average: PsbO-E97 (67.9 £ 0.1 ps), PsbO-E98 (42.9 + 0.1 ps),
PsbO-N154 (134 £ 0.1 ps), PsbU-D96 (53.3 + 0.2 ps), and PsbU-
R97 (95.1 & 0.1 ps). Taken together, the computations of the water
residence times indicate that the interface between PsbO and
PsbU has several sites with relatively long-lived waters.

To test the robustness of the water residence time calcula-
tions, we excluded from the calculations a long-lived water

This journal is © the Owner Societies 2019
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Fig. 5 Interactions at the PsbO proton binding site in crystal structures.
The molecular graphics in Fig. 5-7 are based on PDB ID:3WU2.** The
carbon atoms of PsbO and PsbU groups are colored brown and gray,
respectively; for both protein chains, the oxygen atoms are colored red,
and nitrogen in blue. The water oxygen atoms are colored teal; the
electron density represented at 1.5¢, 1o and 0.75¢ is colored light red,
light green and light blue, respectively. The electron densities shown at
contour levels 0.5q, 1.0¢ and 1.5¢ indicate that the carboxylate groups of
E97 and D102 are within the H-bond distance. The water molecule could
donate a H bond to D102.

molecule, and recomputed the residence times. The water
molecule we excluded in this test is within 4 A of PsbU-E93
for 99.986% steps of the MD trajectory.

We find that eqn (6) gives the best fit of C(t) for both
computations, with and without the water molecule. When
we exclude the stable water molecule from the water residence
time computation, the residence times for waters close to PsbU-
E93 are slightly reduced from 7, = 320.6 & 0.6 ps to 7, = 312.2 +
0.5 ps, and from 7, = 15.04 £ 0.02 to 7, = 13.96 £+ 0.02 ps.
Pursuant to these considerations, we suggest that the computa-
tions of water residence times are robust.

Protein-water H bonds at the PsbO-PsbU interface in crystal
structures of PSII

The 8 crystal structures of PSII we analyzed (Table 2 and Fig. S6,
ESIt) indicate common features of interactions at the PsbO-PsbU

View Article Online
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interface. PsbO-E97 and PsbO-D102 H bond in all structures
(Fig. 5), such that the average distance between their carboxylate
groups is 2.6 + 0.1 A; a nearby water molecule is within the
H-bond distance of D102 (Fig. 5).

There are 4-5 waters within the H-bond distance from PsbU-
D96 (Fig. 6A). 6 of the crystal structures have 4 conserved water
sites within <3.1 A from PsbU-E93 (Fig. 6B); the 2 remaining
crystal structures (PDB IDs 5WS5 and 6DHE in Table 2) have
only 2 waters close to PsbU-E93, which could be due to waters
being mobile at room temperature. Some of the waters could
mediate H-bond bridges between PsbO and PsbU, e.g., between
PsbU-E93 and PsbO-N124 (Fig. 7A), and between PsbU-D96 and
PsbO-N155 (Fig. 7C, D and Fig. S7, ESIt).

The observation here that PsbO-E97, PsbO-N154, PsbU-E93,
and PsbU-D96 interact closely with water oxygen atoms in
crystal structures (Fig. 5, 6, 7A-D and Fig. S7, ESIY) is compa-
tible with the relatively long water residence times that MD
simulations indicate for these protein groups (Fig. 4). For two
other carboxylate groups, PsbO-D169 and PsbU-D14, which in
the crystal structure bridge via one water molecule (Fig. 7B), the
water residence times are relatively short, ~9-13 ps, suggesting
the rapid exchange of waters at this site.

Dynamic carboxylate-water bridges at the proton-binding site

The MD simulations indicate that PsbO-E97, PsbO-D102, and PsbU-
E93 are part of an extended network of protein-water H bonds at
the interface between PsbO and PsbU (Fig. 8, 9 and Fig. S8, ESIY).

PsbO-E97 samples frequent H bonds with PsbO-K123, and
infrequent H bonds with PsbO-N124 (Fig. 9A). PsbO-K123
further samples water-mediated H bonds with several other
carboxylate groups, including PsbO-D102 (Fig. 9B); likewise,
PsbU-K51 samples transient H bonds with several PsbO carbox-
ylate groups, including E97 and D99 (Fig. 9B). PsbO-E97 and
D102, which bridge each other via a high-occupancy water bridge
(Fig. 10A and C), can also bridge transiently to PsbU-E93, which
bridges to PsbU-D96 (Fig. 10A, C and Fig. S8, ESIt). The somewhat
higher occupancy of the water mediated bridge between PsbO-
D99 and PsbU-E93 in Sim2 (~90%) than in Sim3 (~60%,
Fig. 10C) likely arises from PsbO-D99 being closer to PsbU-E93
in Sim2 than in Sim3. Overall, we find that the shorter the bridge,
the higher its occupancy (Fig. 10B).

2.8/ .7 ~
Ed
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-
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a

Fig. 6 Water H bonding at the surface of PsbU. (A) Close view of water H bonding to PsbU-D96. There are 5 water oxygen atoms within the H-bond
distance of D96; 2 of these waters could bridge D96 to the backbone carbonyl of A90. (B) There are 4 water oxygen atoms within the H-bond distance
from PsbU-E93, and one of these waters bridges the carboxylate group to the backbone amide group of G94.
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Fig. 7 Water-mediated H bonding between PsbO and PsbU in the crystal structure. (A) There are 2 water molecules within the H-bond distance from
PsbO-N124 and PsbU-E93. One of these waters, for which the H-bond angle is 133.6°, could H bond simultaneously to PsbU-E93 and PsbU-N124; the
second water, for which the H-bond angle is 172.4°, is more likely to only H bond only to PsbU-E93. (B) A water oxygen atom bridges PsbO-D169 and
PsbU-D14. (C and D) Water H bonding between PsbU-D96 and PsbO-N155. In panel C, two water molecules could bridge simultaneously to PsbO-N155
and PsbU-D96. In panel D, a 3rd water molecule can bridge PsbU-D96 with PsbO-T153.
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Fig. 8 Carboxylate—water bridges at the interface between PsbO and
PsbU. The protein sidechains are shown as bonds, and water molecules as
van der Waals spheres. The image is based on a coordinate snapshot from
Sim3. We inspected the results of the water bridge analysis and chose a
coordinate snapshot at which the carboxylate groups depicted explicitly
are bridged by H-bonding waters.

The observation of water-mediated interactions between
PsbO-E97 and D102 (Fig. 10C) might appear at odds with the
direct H bonding in crystal structures (Fig. 5). There is, how-
ever, a water molecule within the H-bond distance from PsbO-
D102 in the crystal structure (Fig. 5), and a preference for water-
mediated bridging in aqueous solution at room temperature

25458 | Phys. Chem. Chem. Phys., 2019, 21, 25449-25466

might arise from protein and water dynamics. Alternatively, the
preference for water-mediated interactions between PsbO-E97
and D102 in simulations could arise from limitations of the
force field.

Carboxylate-water bridges have short lifetimes

The occupancy of a carboxylate-water bridge indicates the
percentage of time during which two carboxylate groups are
bridged by a H-bonded water chain, regardless of the length L
of the water chain. That is, the occupancy of a bridge does not
inform on the time during which the same water molecules
bridge the carboxylates.

To find out for how long a pair of carboxylates can bridge via
the same waters, we calculated the lifetime 75 of the water bridges
of L = 1-5 (Fig. 11). We found that 3 is small, in the picosecond-
subpicosecond range, and that it decays exponentially with the
bridge length L (Fig. 11A). At the interface between PsbO and PsbU,
where most water bridges have L = 3-5, 1 is within 0.5 ps (Fig. 11B).

Correlated motions and orientational dynamics of carboxylate
groups
We mapped onto the structure of PsbO-PsbU inter-atomic correla-
tions between groups sufficiently close to each other to engage in
direct or water-mediated H bridging (Fig. 11C). We observe several
sites of PsbO and PsbU where pairs of protein groups have correlated
motions, particularly at loops and turns (Fig. 11C and Fig. S9, ESIt).
At the interface between PsbO and PsbU there are weak,
if any, correlations - for example, weak correlations involve
PsbO-E84, E97, E98, D99 and PsbU-E93 (C; takes values

This journal is © the Owner Societies 2019
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Fig. 9 Direct and water-mediated H bonds between the sidechains at the interface between PsbO and PsbU. (A) Histogram of the occupancy of the
selected H bonds at the proton-binding site. The blue bars show the occupancy of the H bonds between the selected sidechains and PsbO-K123; the
magenta bar indicates H bonding between PsbO-E97 and PsbO-N124. (B) Histogram of water-mediated H bonds between the selected sidechains at
the interface between PsbO and PsbU. The red, blue and magenta bars indicate occupancies of H bonds with PsbU-K51, PsbO-K123 and PsbO-N124,
respectively. Note that PsbU-K51 samples high-occupancy H bonding with PsbO-D99; PsbO-K123 samples high-occupancy H bonding with PsbO-E97
and D99, and lower-occupancy H bonding with PsbO-D102.
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Fig. 10 Dynamic carboxylate—water bridges connect PsbO with PsbU. (A) Close view of the PsbO—-PsbU interface based on a coordinate snapshot from
Sim3. The lines connecting carboxylate groups indicate H-bonded water bridges between the carboxylates. For clarity, we used carbon atoms of the
carboxylate groups (Cy for Asp, C3 for Glu) as end points for the lines. We consider all bridges that have occupancies of at least 1% throughout the entire
Sim3. The analyses performed for Siml are presented in Fig. S6 (ESIt). (B) Occupancy of the carboxylate—water bridges as a function of the distance
between the carboxylate groups, computed from Sim1-Sim3. To measure these distances, we used the center of coordinates of the carboxylate oxygen
atoms of each carboxylate group. When the carboxylate oxygen atoms are far away from each other, close to the ~22 A maximum separation allowed
here, the occupancy of the water bridges is zero. (C) Occupancy of carboxylate—water bridges at the interface between PsbO and PsbU.

between 0.1 and 0.34 (Fig. 11QC)); this is compatible with the
short lifetimes of water-mediated bridges between PsbO and
PsbU (Fig. 11B).

Although motions of PsbO-E97 and PsbU-E93 are not corre-
lated (C; = —0.07), their carboxylate groups are oriented

This journal is © the Owner Societies 2019

towards each other most of the time (Ad = 0.98 A, Fig. 11D),
which is compatible with the relatively high occupancy (62%) of
their water-mediated bridging (Fig. 10C). But high-occupancy
water bridging for a particular carboxylate pair need not
necessarily associate with small orientational dynamics - for
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Fig. 11 Lifetime of carboxylate—water bridges. (A) Lifetime of water bridges as a function of the water bridge length L. For each Stop, we calculated the
bridge lifetimes for each length L and for each carboxylate pair of the PsbO—-PsbU complex. The average bridge lifetime of each carboxylate pair was
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each Stop. (B) Lifetimes of water bridges at the interface between PsbO and PsbU as calculated from Stop3. The error bars indicate the standard error.

(C) Cross-correlation analysis of the carboxyl-group carbon atoms. (D) Average orientation of the carboxyl groups at the interface between PsbO and
PsbU. Additional analyses are presented in Fig. S9 (ESI¥).

example, the occupancy of the water bridge between PsbO-D99
and PsbU-E93 is 59%, even though these two groups orient
almost perpendicular to each other (Ad = 0.28 A, Fig. 11D and
Fig. S9B, ESIY)

Proton transfers at the interface between PsbO and PsbU

To characterize the energetics of proton transfer at the PsbO-
D102 site, we computed 8 different paths (paths 1-8 in Table 3)
starting from the QM-optimized geometries of 6 different
protein-water clusters - the 3 parent clusters A-C, and the

sub-clusters A1, B1 and B2, derived from parent clusters by
removing selected protein groups and water molecules
(Scheme 3). Parent clusters A and C use 2 different coordinate
snapshots of Sim3, and cluster B uses coordinates from Sim2
(Scheme 3). The results and analysis of the QM proton-transfer
computations are summarized in Table 3, Fig. 12-14 and
Fig. S10-S14 (ESIY).

Cluster A includes the proton-binding site PsbO-D102,
its immediate PsbO environment E97, K123 and K124, 2 PsbU
groups from the interface - K51 and E93, and 47 water

Table 3 Summary of the proton-transfer computations. The energy profiles of the proton-transfer pathways are presented in Fig. 8

Path Proton acceptor Lys included” Proton-transfer path L of proton-transfer wire AE” (kecal mol ™) AE (kcal mol )
Path 1 PsbO-E97 K123 Via water 1 5.0/2.2 —-3.3

Path 2 K51, K123 Via water 1 7.3 3.7

Path 3 Via water 1 10.8 4.9

Path 4 K51 Via water 1 9.0 —0.6

Path 5 PsbO-D99 K51, K123 Via water 3 21.1 14.2

Path 6 PsbO-E97 K51, K123 Direct 0 9.8 —10.8°

Path 7 K51 Direct 0 8.4 3.9

Path 8 K123 Direct 0 9.7 5.4

% We included in the QM clusters PsbO-K123 or PsbU-K51, or both of these Lys groups. © The lower energy of the product state obtained for path 6 as
compared to path 3 is due to the rearrangements of several water molecules from the vicinity of PsbO-N124 after proton transfer has already been
completed. At reaction coordinate { = 0.7 of path 6, when proton transfer is completed, the energy of the intermediate path point is 4 keal mol ™" higher
than that of the reactant state.
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molecules (Fig. 8 and 12B). In the QM-optimized structure of
the reactant state, protonated PsbO-D102 H bonds to E97 via
water (Fig. S10A, ESIt). Proton transfer from PsbO-D102 to
PsbO-E97 via the intervening water (path 2, Table 3) involves
an increase by ~1 A of the distance between PsbO-E97 and
K123 (Fig. 14A), and shortening by ~1 A of the donor-acceptor
distance (Fig. 14D and Fig. S9B, ESIY); the energy barrier of the
path is 7.3 kcal mol ™" (Table 3).

Given the relatively short distance between PsbO-E97 and
PsbU-K51 (Fig. 12A), we sought to test how the absence of PsbO-
K51 might have an impact on proton-transfer energetics. We
thus removed PsbU-K51 and nearby waters, re-optimized the
geometry with QM (cluster A1 in Table 1 and Fig. S10A, ESIY),
and calculated water-mediated proton transfer from PsbO-D102
to PsbO-E97 (path 1 in Table 3). The initial segment of the MEP
(from the reactant state at { = 0 to the local minimum at { = 0.52
in Fig. 12B) includes relocation of a water molecule away from
PsbO-D102, with an associated energy barrier of 5 kcal mol
(Table 3 and Fig. S12A, ESIT). At the local minimum at { = 0.52
(Fig. 12B), PsbO-D102 and E97 H bond via only one intervening
water molecule; proton transfer from PsbO-D102 to E97 via this
intervening water costs 2.2 kcal mol ' (Fig. 124, 13, 14A
and Table 3).

Cluster B was prepared from a different coordinate snapshot
from that used for cluster A (Scheme 3). While in the coordinate
snapshot used for cluster A the shortest distance between PsbO-
D102 and D99 is 9.0 A, in cluster B this distance is 5.2 A;

This journal is © the Owner Societies 2019

likewise, the shortest distance between PsbO-D102 and E98
is 4.4 A shorter in cluster B as compared to cluster A. Pursuant
to these considerations, the carboxylates close to the proton
donor/acceptor pair in cluster B are PsbO-E98 and D99
(Scheme 2 and Fig. S10C, ESI¥).

When starting from the QM-optimized geometry of cluster B
(Fig. S7C, ESIt), the transfer of a proton from PsbO-D102 to E97
via a water molecule (path 3) costs 10.8 kcal mol ', which is
3.5 keal mol™" higher than that obtained for path 2 (Table 3).
We note that, compared to path 2, in path 3 there is less change
in interactions between PsbO-E97 and K123 (Fig. 14A), as
PsbO-K123 maintains a stable H bond with N124 (Fig. 14C
and Fig. S10C, ESIT); we suggest that the reduced flexibility of
PsbO-K123 could contribute to path 3 having a somewhat
higher energy barrier than path 2.

Starting from the same QM-optimized structure of cluster B
(Fig. S11A, ESI{) we obtained for the direct transfer of a proton
from PsbO-D102 to E97 (path 6) a MEP with two transition
states (the pink profile in Fig. 12D). The path starts with
two water molecules moving away from PsbO-D102 and E97
(Fig. S13B and C, ESIf), such that at the transition state at
{ = 0.3 (Fig. 12D) the distance between the donor and oxygen
atoms has shortened to 2.7 A (Fig. 14D); this structural rear-
rangement is associated with an energy barrier of ~5 kcal mol ™"
(Fig. 12D); proton transfer ({ = 0.5 in Fig. 12D) requires
9.8 kcal mol ™" relative to the lowest-energy local minimum at
{ = 0.1 (Fig. 12D and Table 3). Thus, cluster B gives largely
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similar proton-transfer barriers for both the direct and water-
mediated paths.

To further verify the impact that selected interactions might
have on the energetics of proton transfer, we used cluster B to
generate clusters B1 and B2, in which we removed PsbO-K123
and PsbU-K51, respectively (Scheme 3).

When PsbO-K123 is removed (cluster B1), the transfer of a
proton from PsbO-D102 to E97 is associated with an energy
barrier of 9.0 kcal mol™' when transfer occurs via a water
molecule (path 4), and 9.8 kcal mol ™' when transfer is direct
(path 7). These energy barriers for proton transfers are close to

25462 | Phys. Chem. Chem. Phys., 2019, 21, 25449-25466
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those of paths 3 and 6 computed with K123 present (Table 3). A
possible explanation for paths computed with vs. without K123
having similar energy barriers is that, when PsbO-K123 is
absent, the waters near the proton donor and acceptor groups
relocate, such that there are more waters close to PsbO-E97 in
path 4 than in path 3 (Fig. 13A and B).

In the absence of PsbU-K51 (path 8, cluster B2), direct
proton transfer from PsbO-D102 to E97 requires reorientation
of PsbO-E97 (Fig. S14C and D, ESIf), and it has an energy
barrier of 9.7 keal mol ™" - which is almost the same as for the
direct path 6 computed with PsbU-K51 (Table 3). As observed
for cluster B1 above, when PsbO-K51 is removed (cluster B2),
during QM geometry optimization water molecules relocate
(Fig. 13), potentially influencing structural rearrangements
and energetics along the path. For example, the distance
between PsbO-K123 and N124 increases by 3.4 A along path
6, but it remains a direct H-bond distance along path 8
(Fig. 14Q).

In cluster C we started from a different coordinate snapshot
of Sim3 and used the same composition of protein groups as in
cluster B. Because in the QM-optimized cluster C PsbO-D99 H
bonds to D102 via a chain of 3 water molecules (Fig. S7E and
S10A, ESIT), we calculated proton transfer from PsbO-D102 to
D99 via water (path 5 in Table 3); the high-energy barrier of this
proton transfer (21.1 kcal mol *, Table 3 and Fig. 12C) suggests
that the proton transfer is highly unlikely.

Taken together, the QM path computations suggest that
proton transfer from PsbO-D102 to a nearby carboxylate group
tends to be energetically unfavorable; this observation is
compatible with the observation of direct H bonding between
PsbO-D102 and E97 in crystal structures (Fig. 5), and with the
hypothesis that a proton is bound at this site.>'*¢

Conclusions

We studied the crystal structure and pursued extensive computa-
tions of PsbO and PsbU to characterize structural and energetic
elements that could have an impact on water H bonding and
proton transfer at the interface between these two proteins.

In the crystal structure of the dimeric PSII complex at 100 K,"
PsbO-E97 and D102 are part of a network of water molecules and
charged protein groups which connects PsbO with PsbU (Fig. 1
inset). On the timescale of the 3 simulations performed on the
PsbO-PsbU complex in aqueous solution, the two proteins
remained bound to each other (Fig. 2 and Fig. S1, ESIt) - though
the interface between PsbO and PsbU was best preserved when we
placed weak harmonic constraints on 8 atoms (Sim3 in Table 1).
We thus used as a reference simulation Sim3, in which these weak
constraints were used (Table 1).

To characterize water dynamics on the surface of PsbO-PsbU
we implemented a protocol whereby we compute and choose
between 4 different functions to fit the correlation function. This
protocol improved the overall convergence of the water residence
time computations. For water-mediated bridges we implemented
an algorithm that relies on a modified depth first search and a

This journal is © the Owner Societies 2019
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description of the carboxylate groups and water oxygen atoms as
nodes of a graph.

We found that most water molecules that visit the surfaces
of PsbO and PsbU do so only transiently - about 90% of these
waters have residence times <25 ps (Fig. 3 and Fig. S4, ESIt).
Some of the longest water residence times are observed at the
interface between PsbO and PsbU, including for PsbO-E97 and
PsbU-E93, which are close to the putative proton-binding site
PsbO-D102 (Fig. 3, 4 and Fig. S4, S5, ESIT). That waters close to
PsbU-E93 have long residence times in MD simulations (Fig. 3
and 4) is consistent with the presence of at least 2 waters within
the H-bond from PsbO-E93 in all crystal structures we analyzed
(Fig. 6B and 7A).

A network of dynamic carboxylate-water H-bond bridges
connects the protonated PsbO-D102 to carboxylates of both
PsbO and PsbU (Fig. 8 and 10A). A few of the water-mediated
bridges across the interface, e.g., between PsbO-E97 and PsbU-E93,
and between PsbO-D99 and PsbU-E93, can have relatively high
occupancy (Fig. 10A and C), ie., there is a significant probability
that these groups bridge via H-bonding water. That is, the proton-
binding site on the surface of PsbO connects, via water-mediated
bridges, to the charged groups on the surface of PsbU.

Water-mediated bridges at the interface between PsbO and
PsbU are quite dynamic, as water molecules of the bridge
exchange rapidly with nearby waters. The longer the bridge,
the shorter is the time during which the same waters constitute

This journal is © the Owner Societies 2019

the bridge (lifetime, Fig. 11A), and most water-mediated
bridges at the interface between PsbO and PsbU have short
lifetimes, on the order of picoseconds or sub-picoseconds. Such
short lifetimes of the water bridges are compatible with the
picosecond-subpicosecond timescale for bulk water H bonding,”***
and with the ~4 ps timescale for water bridges between lipid
phosphate groups.®

The energetics of putative proton binding and proton transfer
at the surface of PsbO is poorly described. Our QM computations
suggest that the energy barrier for proton transfer from PsbO-
D102 to E97 tends to be relatively high. For the largest protein-
water cluster used in the QM computations, cluster B, proton
transfer is associated with energy barriers of ~10-11 kcal mol™ %,
i.e., facile proton transfer at the PsbO-D102 site appears unlikely - a
proton bound to D102 could be stored, at least in the conformation
used for our computations. Charged groups of PsbU participate in
H-bond bridges and could have an impact on the energetics
of proton transfer at the PsbO-D102 proton binding site (see
PsbU-K51 in path 5), suggesting that the dynamic water-mediated
bridges between PsbO and PsbU need to be accounted for in
consideration of the proton antenna functionality of PsbO.

A potential caveat of our QM computations is that we
derived MEPs for proton transfer, and the energy barrier might
be lower at room temperature: for example, in computations of
proton transfer for the bacteriorhodopsin proton pump, the
energy barrier for the primary proton transfer step from the

Phys. Chem. Chem. Phys., 2019, 21, 25449-25466 | 25463
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Schiff base to a nearby carboxylate was ~ 3 kcal mol™" lower at
room temperature than when computed with MEPs.®> We
attempted to circumvent this caveat by using clusters of protein
groups and water molecules selected from three different
coordinate snapshots, and with different compositions of the
clusters.

Further computational studies would be needed to dissect
the energetics of putative proton transfers on the surface of
PsbO along the Kok cycle of PSII, including at other carboxylate
groups of PsbO and other subunits of PSII. Of particular
interest is, for example, PsbO-D224, which in the PSII complex
is part of a H-bond network leading to the reaction center,""
PsbU-D96, which might participate in the release of protons
from the manganese cluster,® and the heme-propionic
groups of cyt-550, for which pH-dependent protonation was
discussed.’® The analysis protocol implemented here for the
analysis of dynamic water-mediated bridges could be extended
to study the complete PSII complex, and other proteins are
thought to be used as proton antennas.
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