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ABSTRACT: The oxygen-evolving complex (OEC) catalyzes water-splitting
through a reaction mechanism that cycles the OEC through the “S-state”
intermediates. Understanding structure/function relationsships of the S-states is
crucial for elucidating the water-oxidation mechanism. Serial femtosecond X-ray
crystallography has been used to obtain radiation damage-free structures.
However, it remains to be established whether “diffraction-before-destruction” is
actually accomplished or if significant changes are produced by the high-intensity
X-ray pulses during the femtosecond scattering measurement. Here, we use ab
initio molecular dynamics simulations to estimate the extent of structural changes
induced on the femtosecond time scale. We found that the radiation damage is
dependent on the bonding and charge of each atom in the OEC, in a manner
that may provide lessons for XFEL studies of other metalloproteins. The
maximum displacement of Mn and oxygen centers is 0.25 and 0.39 A,
respectively, during the 50 fs pulse, which is significantly smaller than the
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uncertainty given the 1.9 A resolution of the current PSII crystal structures. However, these structural changes might be
detectable when comparing isomorphous Fourier differences of electron density maps of the different S-states. One conclusion is
that pulses shorter than 15 fs should be used to avoid significant radiation damage.

B INTRODUCTION

Photosystem II (PSII) catalyzes O, evolution by water splitting
at the oxygen-evolving complex (OEC), embedded in the D1
protein subunit.”* The OEC is an oxomaganese core composed
of four Mn ions and one Ca®', connected by oxo-bridges and
coordinated by terminal water ligands and side-chains of
surrounding amino-acid residues.” A complex chemical process
cycles the OEC through five redox states (S, S, S,, S5, and the
transient S,), as it is oxidized four times in a sequence of
catalytic steps before triggering the O—O bond formation
leading to O, evolution. The transitions between S-states
involve oxidation of Mn centers, upon visible light absorption
by chlorophyll chromophores, leading to energy transfer,
charge separation, and oxidation of the redox active tyrosine
Z next to the OEC. All of the S-state transitions, except for S;
— §,, involve deprotonation of the OEC to balance the positive
charge left behind upon Mn oxidation. Because there is no
proton release in the S; — S, transition, a positive charge is
accumulated at the Mn,OsCa cluster.”> Except for the O,-
evolving S, — S, transition, the S-state transitions are all light-
driven and take place in hundreds of microseconds.’

The structure of the OEC has been determined by
conventional X-ray crystallography at 1.90 A resolution,
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which is sufficient to begin to see the detailed structure of
the Mn,OsCa cluster.’ However, the exposure to X-ray
radiation during conventional X-ray crystallographic data
collection likely induces reduction of the high-valent Mn
ions, forming low-valent states, including Mn*', that do not
correspond to any of the active S-state intermediates. Thus,
although the 1.9 A structure provided valuable structural
information on the OEC, the data likely represent a mixture of
states, including redox states of the OEC more reduced than
So.”® Computational studies based on density functional theory
(DFT) have used the reduced structure to generate models of a
range of possible S-state intermediate structures.””"”

X-ray free electron laser (XFEL) sources generate ultra-
intense, ultrashort laser pulses that provide the possibility of
radiation damage-free X-ray structures. During XFEL experi-
ments, the sample is destroyed due to the high intensity beam.
Thus, serial femtosecond X-ray crystallography aims to
overcome the radiation damage challenge by using XFEL
pulses that induce diffraction on the femtosecond time scale
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before the crystals are destroyed by the high intensity pulse
field.'® By exciting the crystals with a series of visible-light
flashes at proper intervals immediately prior to X-ray
irradiation, it becomes possible to explore the structures of
the different S-states with such a technique. The S, structure of
the OEC obtained by the short XFEL pulse'’ shows less
radiation damage than the conventional X-ray structure.’’
However, it is unknown what radiation damage may still occur
during the very short exposure time owing to the intensity of
the X-ray pulse that can causes atomic ionization and
subsequent ion—ion repulsion. The degree of damage is
dependent on the beam characteristics, including energy,
intensity, and pulse duration.”’ Thus, it is important to
understand how the ultrashort time scale and ultra-intensity
of pulses can distort the model of the OEC that is derived from
the XFEL studies.

In the past few years, several crystal structures of the OEC
have been solved by diffraction from an XFEL beam. However,
the beam characteristics have greatly varied among the different
measurements. For example, Shen and co-workers used a pulse
duration of 10 fs,'”** while Yano and Yachandra group used
pulses of 35 to 45 fs.”’ Fromme and co-workers used a longer
pulse duration (50 fs).** Thus, in the calculations reported
here, we will use Ehrenfest dynamics to study the correlation
between the pulse duration and the radiation damage, which
leads to suggestions for the appropriate pulse duration to obtain
radiation damage-free structures.

We build upon an earlier study where we implemented ab
initio molecular dynamics (AIMD) methods to study the
correlation between the beam characteristics and radiation
damage at the OEC, prepared in the resting S state.”' Here, we
explore the sensitivity of the OEC to radiation damage along
the S-state cycle as modulated by the geometrical and electronic
structure of the OEC. We simulate the “diffraction-before-
destruction” experiment using AIMD for different S-states
keeping the beam characteristics fixed. We expose Sj, S,, and S;
model structures to an external field that mimics the XFEL
beam and we determine the magnitude and direction of the
structural changes induced by the beam due to displacement of
each Mn, Ca, and p-oxo in the various S-states. The aim is to
determine whether changes in the positions of the ions induced
by radiation damage could be detected by isomorphous Fourier
differences of electron density maps of the different S-states. In
addition, we compare radiation damage for the g = 2.0 and g =
4.1 spin isomers of the S, state as well as for the “open” and
“closed” structural isomers of the Sj state.

B METHODS

TDDFT and Ehrenfest Dynamics. The calculations start
from the DFT optimized structure in the localized orbital
framework; the ground state wave function is obtained in the
real space grid representation in OCTOPUS™ with 0.18 A grid
spacing. Then, the time propagation method is used to evolve
the ground state wave function in time with 0.002 fs time step
in the presence of a Gaussian shaped laser field of 1.3 X 10"
W/cm?. In addition, a mask wave function is applied on the
borders of the simulation box to absorb the electronic flux and
to properly model the ionization of the atoms. The temperature
effect is considered through Fermi Dirac smearing. The ions are
allowed to move in an Ehrenfest dynamics framework.

The model used for the AIMD includes the OEC, the amino
acid ligands, and additional key residues (175 atoms) (Figure
1). The initial coordinates were obtained from the QM/MM
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Figure 1. Model used for the AIMD calculations. The Mn are shown
in magenta, Ca in green, and oxygens in red. R357 and E354 are from
the CP43 subunit. All the other amino acids are from the D1 subunit.
The Mn atoms are labeled with bold numbers. The oxygen labels are
placed inside the red spheres.

structures reported in refs 9, 14, and 26. The initial structure for
those models was taken from the 1.9 A crystal structure (PDB
code: 3ARC).? The reason that we used the 3ARC model and
not the updated 3WU2 is that the differences are marginal and
the system is minimized to the QM/MM local minima. The
QM/MM model included all protein residues, cofactors, and
crystallographic water molecules within 15 A of any atom in the
OEC. The peptide loops that were missing as a result of the cut
were included in the models if they contained one or two
protein residues. The rest of the chains were capped using ACE
and NME groups (shown in square brackets). This resulted in
the residue selection in Table 1.

Hydrogen atom placements were added using the
AmberTools12 software package.”” The residues having
carboxylic side chains (ASP, GLU) were modeled as anions.
Histidine protonation patterns were determined by inspection:
His190 is protonated at Nj to be a hydrogen-bond acceptor
from D1-Tyr161, His332 is protonated at N to leave N, as a
ligand to Mn2, and His337 is protonated so that N, donates a
hydrogen bond to O3. Hydrogens are added before
minimization to fill the empty valences. Sodium counterions
were added based on the electrostatic potential outside the
protein to neutralize the system. There are S sodium ions
added for Sy, 4 for S; and S, and 3 for S;. Charges on the OEC
atoms were assigned as previously reported.”®

B RESULTS AND DISCUSSION

The XFEL field induces atomic ionization and inelastic electron
scattering through the sample.”” The electron loss leads to
accumulation of positive charge and an increase of repulsive
potential energy, which in turn leads to increased kinetic energy
for individual atoms in the cluster. The evolution of the kinetic
energy through the pulse duration and its dependency on the
beam intensity and energy has been studied extensively.”'
During the resulting Coulomb explosion, each ion experiences
different forces due to their distinct surrounding environment
and moves in the direction that minimizes the potential energy
given the large electrostatic Coulomb repulsions. The initial
temperature of the sample affects the thermal motion of the
atoms. Thus, it is important to distinguish the atomic
displacements induced by the XFEL field from the equilibrium
thermal vibrational motion. However, because XFEL scattering
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Table 1. Residue Selection

D1

CP43

D2

290]-291-[292]

323]-324-344-[ C-terminus]

[290]-
[57]-58-67-[68] [305]-306-314-[315]
[81]-82-91-[92] [334]-335-337-[338] [311]-312-321-[322]
[107]-108-112-[113] [341]-342-[343] [347]-348-352:[C-terminus
[155]-156-192-[193] [350]-351-358-[359]
[289]-290-298-[299] [398]-399-402-[403]
[ [ [408]- [

408]-409-413-[414]

takes place in femtoseconds, measuring the induced structural
changes experimentally is very difficult.

Ehrenfest dynamics and surface hopping®® are techniques
used to model the effect of nonadiabatic processes,”"** such as
those induced by an external laser field, on classical molecular
dynamics. In the surface hopping method, transitions between
the adiabatic potential energy surfaces are implemented based
on transition probabilities, while in Ehrenfest dynamics the
systems propagate on the mean potential surface.”” Ehrenfest
dynamics has been used extensively to study nonadiabatic
processes including the effect of an external laser field on
molecules.”*** Here, we use ab initio Ehrenfest dynamics to
study the effect of the XFEL beam on the system configuration
of the OEC and surrounding residues.

Initially, we propagate the evolution of the electronic state
and ionic coordinates of the S,-state structure according to the
Ehrenfest mean field forces, with no XFEL field applied to
study the thermal motion, to compare the ionic motion due to
the XFEL field to the equilibrium vibrational motion and to
identify components responsible for the onset of radiation
damage. It is known from model compounds that the internal
Mn,O;Ca OEC cluster vibrational modes are in the low IR
region v < 700 cm™' (~S0 fs).* Thus, the average atomic
displacement due to room temperature motion of the 4 Mn
centers in 50 fs is about 0.07 A.

Our previous studies have shown that the radiation damage is
independent of the beam intensity below a threshold of
approximately 10" W/cm2>' Thus, because all of the OEC
structures are solved experimentally using a beam intensity an
order of magnitude lower than this threshold, we will fix the
beam peak intensity at 1.3 X 10" W/cm?®. In addition, due to
the SASE (self-amplified spontaneous emission) nature of the
XFEL beam, the generated shots have a bandwidth of ~40 eV
and their intensity profile has significant variation.****

To consider the worst-case scenario, we have used a model
beam field formed by a superposition of 5 Gaussians with
different intensities spanning a frequency range of 40 eV similar
to the SASE spectrum (Figure 2) where the intensity peaks
near the beginning of the pulse. The beam has a median energy
of 5§ keV and pulse duration of 50 fs.

The energy of the XFEL beam is higher than the binding
energy of most of the electrons in the system. Therefore, these
electrons will be ejected from their orbitals and begin to move
with different kinetic energies. Once they reach the boundaries
of the simulation box they are absorbed due to the mask wave
function placed on the boundaries (see Method section).
Figure SI1 shows the electron loss through the 50 fs pulse. Due
to the accumulated positive charges in the system, the ions start
to move to reduce the potential energy.

Figure 3 shows the displacement of each Mn center of the
OEC, relative to their initial coordinates as a function of time
during the first 50 fs of dynamics under the influence of the
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Figure 2. Intensity profile of the model X-ray pulse, formed by a
superposition of 5 Gaussian pulses that span an energy range of 40 eV
with a median energy of 5 keV.* The peak intensity is 1.3 X 10" W/
cm? and the pulse duration is 50 fs.

model pulse. In the dark-stable S, state, the formal charge has
Mn1(III), Mn2(IV), Mn3(IV), Mn4(III), and each u-oxo*"
The “dangler” Mn4, which with two water ligands is less
connected to the cluster, exhibits the largest deviation from the
initial position (0.19 A), then Mn1 (0.17 A) and Mn2 (0.12 A).
The smallest deviation is observed for Mn3 (0.09 A). The
displacements of light oxo-bridges are much larger than those
of heavier Mn centers, consistent with previous studies
suggesting higher uncertainty about the positions of oxygen
atoms that remain partially unresolved, even at 1.95 A.*>*” The
average displacement of the u-oxo ligands after SO fs is 0.51 A.
These effects are intensity dependent as found previously.”'
The net displacements, shown in Figure 3, result from both
thermal vibrational motion and the influence of the XFEL field.
To estimate the component due to the XFEL field, we
subtracted the observed displacements after 50 fs in the absence
of the field from the corresponding displacements of the
structure exposed to the XFEL field. We find that the
displacements due to the field are 0.14 and 0.10 A for Mn4
and Mn2, respectively, and 0.20 and 0.10 A for Mn1 and Mn3,
respectively. Therefore, displacements due to the XFEL field
during the 50 fs pulse are comparable in magnitude to
displacements due to thermal fluctuations, although usually in a
different direction. In addition, by integrating the electron
density around the Mn centers, we found that the Mn
ionization states do not change significantly from their initial
states. The average translation induced by the XFEL field on
the five p-oxo oxygens is 0.31 A during the first SO fs, with a
maximum displacement of 0.39 A observed for OS5, which alone
among the oxygens changes position through the reaction.
After 20 fs, the average displacement of the y-oxo oxygens is
0.15 and 0.07 A for the heavier Mn centers. Thus, in addition to
the difficulty of resolving the electron density of the u-oxo-
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Figure 3. Displacements of the four Mn ions, in A (Y-axis), as a
function of time in fs (X-axis). Color key: Mn1 (red), Mn2 (green),
Mn3 (cyan), and Mn4 (purple). Mn2 and Mn3 are IV in all states.
MnlisIIin S; and S, g=2. Mn4 is IIlin S; and S, g = 4.1. In the S;
structures all Mn are in the IV state.

bridges because of the density of the neighboring Mn ions,*
radiation damage also decreases the accuracy of the
experimental oxygen positions.

The S; — S, transition is due to oxidation of either Mn4 (g =
2 structure) or Mnl (g = 4.1 structure), leading to formation of
two states of similar energy.***’ The g = 2 isomer has a total
spin of § = 1/2 and a shorter Mn4—0OS bond, while the g = 4.1
has a spin of § = 5/2 and a shorter Mn1—OS bond. Both S,
isomers have the same number of atoms as the S, state because
there is no deprotonation during the S, — S, transition.
Therefore, there is an extra positive charge accumulated on the
cluster. The S, structure is thus expected to be more susceptible
to Coulomb explosion than S;. In the g = 2 structure, due to
oxidation of the dangler Mn4 to Mn(IV), the translation
pattern of the Mn ions is similar to that of the S, state (with
maximum displacements for Mnl and Mn4 and minimum for
Mn3). However, the overall displacements are on average larger
in the S, state due to the larger repulsive potential.

The S, g = 4.1 isomer, with Mn1 oxidized to Mn(IV) during
the S; — S, transition, exhibits a different pattern of
displacements induced by the XFEL field. The Mnl center is
part of the OEC cuboidal structure and its oxidation induces
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more significant displacements for Mn1 and Mn2 than for Mn3
and Mn4. Thus, although the two S, isomers have the same
number of atoms and the same charge, the different electronic
structure leads them to respond differently to the XFEL field.

We observe a clear correlation between the ligand environ-
ment/oxidation state of Mn ions and their resulting displace-
ments. The key difference is that when Mn4 is oxidized to
Mn(IV) and attains a complete 6-coordinate ligation shell in
the g = 2 S,-state isomer, it exhibits a large deviation from the
S,-state coordinates. In the g = 4.1 S,-state isomer, however,
Mn4 exhibits less significant displacement since it has an
incomplete S-coordinate ligation shell and is relatively
separated from the Mn;0O,Ca cube. The onset of the Coulomb
explosion increases the separation between positively charged
ions and centers with higher charges, such as Mn(IV),
experience more significant displacements than the less charged
Mn(III) centers. In addition, the Mn-ligand distances are
shorter in the higher oxidation states. Thus, the higher
oxidation-state Mn ions are subject to greater radiation damage
in the comparison of the two S,-state isomers.

The S, — S; transition involves oxidation of the last Mn(I1I)
in the cluster and deprotonation to the lumen to balance the
accumulated positive charges on the OEC.>° The resulting
proton-coupled electron-transfer (PCET) causes larger struc-
tural changes when compared to those of the S, — S,
transition, consistent with EXAFS measurements," '™ and
is thought to involve binding of a water molecule to the OEC
core, forming an additional 0)(o—bridge.16’54’55 Current models
for the S; state include “open” and “closed” structures of the
Mn,OsCa cubane."”™"” Some studies suggest that both
structures may play a role in different stages of the catalytic
cycle."* We find that the radiation-damage pattern is similar for
the two structures. However, in the “open” structure, Mn4 and
Mn1 exhibit smaller displacements than in the “closed” form,
while Mn2 and Mn3 exhibit more significant displacements in
the “open” structure.

In general, there is no clear correlation between specific Mn
displacement in the different states due to the radiation
damage. However, the overall displacement increases in the
advanced S-states due to the accumulation of positive charges,
which increases the potential energy of the system, and we
expect this to be found in XFEL studies of different
metalloproteins.

For each structure, the atomic displacements induced by the
XFEL field correspond to the displacements that reduce the
ion—ion repulsion. As shown in Table 2, the angles of
divergence are different for the different S-states with no simple
correlation between the directions of motion for the different
structures. Thus, caution must be taken when analyzing Fourier
difference maps between two states since XFEL induced
displacements will not be canceled. For example, the latest
study by Young et al. suggests that Mn—Mn distances are
shortened and W3 and W4 are displaced toward E189 and
D170, respectively, in the S; structure.”> However, our
simulations suggest that the Mn—Mn and W3-to-D179
distances would increase due to the influence of the pulse,
although the W4 to E189 distance is reduced by 0.1 A. Thus,
radiation-induced changes may lead to an underestimation of
some displacements and overestimation of others, particularly
when using typical pulses of 35—45 fs.

The location of the two oxygens that form O, during the S,
— S, transition remains a subject of great interest. Formation
of the O=0 bond requires a reduction of the distance between
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Table 2. Scattering Angles of the Mn Ions Due to Coulomb
Explosion”

Si S 857"
£05-Mn4-Mn4, 142 125 92
£04-Mn4-Mn4; 130 82 170
£W2-Mn4-Mn4, 53 102 8
£03-Mn1-Mnl¢ 120 104 117
£01-Mn1-Mnl¢ 80 81 147
£05-Mnl-Mnl; 158 39 132
4204-Mn3-Mn3; 69 139 142
£02-Mn3-Mn3; 119 80 68
£03-Mn3-Mn3; 114 39 137
£03-Mn2-Mn2; 137 75 84
£02-Mn2-Mn2; 76 103 168
£01-Mn2-Mn2; 136 144 84

“All the angles are in degrees. The subscript f indicates the final
position after 50 fs. The correlation coefficient R* between the
scattering angles of the ions in the S, and S, is of 0.08, S, and S; have
R? of 0.03, and R* 0.007 of for S, and S;.

the oxygens forming the O, molecule. Our calculations suggest
that the distance between OS and the additional oxygen
inserted during the S,-to-S; transition can decrease from 2.8 to
2.6 A in about 50 fs, simply due to the influence of the XFEL
field. Thus, the recommended pulse duration for studies of the
O=0 bond formation should be shorter than 15 fs for typical
intensities, so that the change in the reactive oxygen-to-oxygen
distance will not exceed 0.1 A.

In summary, the simulations suggest that the displacement of
ions, due to the influence of the XFEL field, is less than 0.05 A
when the pulse duration is less than 10 fs for any S-state. After
1S fs, the oxo-bridges exhibit displacements larger than 0.1 A,
although displacements of Mn ions remain smaller than 0.05 A.
However, significant displacements above thermal fluctuations
may be observed when the pulse duration exceeds 40 fs. Table
3 shows the beam characteristics for the different XFEL
structures obtained for photosystem II. The structures by Suga
et al.'”*” are obtained with a beam of pulse duration equal to or
shorter than 10 fs and considered radiation damage free based
on our simulations.

B CONCLUSIONS

We have shown that structural changes induced by the XFEL
field are dependent on the electronic state and molecular
conformation of the atoms in a cluster. For the Mn,O;Ca OEC
cluster, the atomic displacements induced by the XFEL field are
smaller in the less oxidized S; structure. However, oxidation of
the cluster to the S, state accumulates a positive charge, which
increases the ionic repulsion and, therefore, the resulting ionic
displacements. The simulations suggest that for the analyzed

beam intensities (i.e, peak intensity of 1.3 X 10" W/cm?),
structures exposed to pulses of duration of less than 15 fs may
be considered free of radiation damage. Although the calculated
ionic displacement is significantly below the resolution of
current XFEL crystal structure models of the OEC, these
changes maybe significant when comparing isomorphous
Fourier differences of electron density maps for different S-
states. In particular, XFEL induced motions may suggest
shorter oxygen-to-oxygen distances which should not be
misinterpreted as the actual changes in interatomic distances
required for O=0 bond formation.
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