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ABSTRACT: Computational simulations of electrostatic
potentials (ESPs), based on atomistic models and
independent atomic scattering factors, have remained
challenging when applied to the oxygen-evolving complex
(OEC) of photosystem II (PSII). Here, we overcome that
challenge by using an ESP function obtained with density
functional theory and atomic coordinates for the OEC of
PSII obtained by optimization of the dark-adapted S,
state. We find that the ESP is much higher for the OEC
than for the nearby reference side chain of amino acid
residue D1-H190. In contrast, experimental ESP maps
recently published for two PSII-light-harvesting complex
II super-complexes show that the ESP of the OEC is
approximately half the value of the D1-H190 side chain.
The apparent disparity is attributed to a reduced 31—-38%
occupancy of the OEC, likely associated with its reduction
by electron scattering.

hotosystem II (PSII) is responsible for water oxidation to

generate molecular oxygen that supports all aerobic life on
the planet. It has been a subject of extensive biochemical,
biophysical, and theoretical studies using methods such as X-
ray crystallography and quantum mechanics.' ™ It was found
that the oxygen-evolving complex (OEC) is reduced upon X-
ray irradiation.” Most recently, cryo-electron microscopic
(EM) structures reported for spinach PSII-light-harvesting
complex II (LHCII) supercomplexes at ~3.2 A resolution
(EMD 6617 and PDB 3JCU; EMD 6742 and PDF SXNM)
provide experimental electrostatic potential (ESP) functions
and thus information about the ionic charges in the
supercomplexes.”® We are interested in information provided
by these structures about the Mn,CaOjy cluster that catalyzes
the water-oxidation reaction in the OEC of PSII, particularly
information about whether the OEC is also reduced upon
electron irradiation.

Fourier transformation of the molecular ESP function results
in the electron structure factors, and Fourier transformation of
an atomic ESP function results in an electron scattering length.
An atomic ESP function is a sum of two ESP functions
generated by Dirac o-function nuclear charges and distributed
electrons. The ESP of nuclear charges follows a Coulombic
expression w(r) = q/(4ze,r) in which the charge is in electron
units and the distance in angstroms or the charge is in
coulombs and the distance in meters (i.e., volts), and the
negative charge of the distributed electrons is replaced by an
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integral of the electron probability density function in the same
expression, where q is the charge, r is the distance to the
nucleus, and €, is the dielectric constant in vacuum. When
r = 0, the ESP for each of the nuclear and electron terms
becomes infinite, but their sum for any neutral atom remains
well-defined. As a result, the corresponding electron scattering
length for any neutral atom is also well-determined at zero
scattering angle even though they are not for any ionized atom.
Cations have a positive infinite electron scattering length, and
anions have a negative infinite length.

The Mn ions in the OEC of PSII are expected to have an
ESP value much higher than that of protein atoms because the
electron scattering length of a neutral Mn scatterer (7.506 A at
zero scattering angle) is at least 3 times that of common
protein atoms (C, 2.509 A; N, 2.211 A; and O, 1.983 A; see
International Tables for Crystallography).” The disparity further
increases when high oxidation states of Mn centers in the OEC
are considered because ionic scattering lengths are determined
at small scattering angles of sin /4 < 0.05 by the Coulombic
charge term. Considering coordinate errors in an X-ray (and
EM) structure determination, as well as errors due to X-ray-
induced reduction of the OEC, it would be difficult to reliably
assign atomic charges to the OEC for a computer simulation of
the ESP function so that one may calculate an ESP function
using only atomic scattering factors based on empirically
assigned partial charges. In this study, we overcome that
challenge by computing the ESP function with density
functional theory (DFT), using DFT-optimized coordinates
of the OEC in the dark-adapted S, state.” The resulting ESP is
compared to experimental ESP maps recently reported using
cryo-electron microscopy (EM),”® to provide insights into
changes in the ESP and thus in the occupancy of the OEC
induced during electron irradiation in cryo-EM measurements.
The ESP function was calculated on an optimized 353-atom
cluster model of the OEC and its surrounding environment.
The cluster model was based upon a two-layer quantum
mechanics/molecular mechanics model of PSII in the S, state.”
In total, 23 residues and 19 water molecules were included in
the model along with the chloride anion bound to D2-K317.
Residues included those directly bound to the OEC (D1-
D170, -E189, -H332, -E333, -H337, -D342, and -A344 and
CP43-E354 and -R357) along with several secondary shell
residues (D1-D61, -N87, -Y,, -Q165, -S167, -S169, -G171,
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-F182, -V18S, -F186, -H190, and -N298 and D2-K317). The
calculations were performed using DFT/B3LYP in the
Gaussian 2009 software package.'”'' To efficiently and
accurately compute all atom types present, multiple basis sets
were used. C, N, and H atoms were treated with 6-31G, O
atom with 6-31G(d), Cl anion with 6-31+G(d), and metal ions
(Mn and Ca) with the LanL2DZ pseudopotential and basis
set.””'® The calculated ESP functions were examined and
Gaussian-filtered using the graphics programs Chimera and
Coot;'”"® map manipulations were performed using the
program CCP4 package,'” and figures were made using
PyMol.*’

The experimental ESP maps (EMD 6617 and PDB 3JCU;
EMD 6742 and PDB SXNM), recently reported for PSII—
LHCII supercomplexes at ~3.2 A resolution, unexpectedly
show that the ESP values at the OEC core are much lower than
at the surrounding proteinaceous side chains (Figure 1).5°

Figure 1. Experimental ESP maps obtained for the OEC of spinach
PSII-LHCII supercomplexes contoured at 5.00 (blue, left) and 7.0
(cyan, right), superimposed on the corresponding atomic models. (A)
EMD 6617 and PDB 3JCU.® (B) EMD 6742 and PDB SXNM.®

When contoured at 7.00, the protein side chains are clearly
visible continuously inside the iso-potential envelope whereas
the OEC has no visible features. These differences are larger
for the EMD 6742 model than for the EMD 6617 map, as
quantified by the ESP ratio between the ESP of the OEC and
the nearby reference side chain of amino acid residue DI1-
H190.

The asymptotic ESP ratio of neutral Mn and C scatterers
can be obtained from the ratio of the zero-angle scattering
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lengths, as the corresponding ratio of the asymptotic electron
density (ED) is obtained at zero scattering angle from the ratio
of the total number of electrons.”’ However, for charged
scatterers, the ESP ratio is also highly dependent on the net
charge of the ions, especially at a small scattering angle,””
which makes the ESP ratios difficult to predict when the partial
charges of the scatterers are not accurately determined.
Unfortunately, that is the case for the OEC of PSII because
of the uncertainty in the precise coordinates of the ions and
significant charge transfer interactions between the Mn ions
and the oxo bridges. Here, we bypass those technical
challenges by using DFT to obtain the ESP function of the
OEC cluster after geometry optimization.

Another difficulty in the interpretation of experimental ESP
maps is that the low-frequency structure factors are associated
with a non-zero mean ESP value for water molecules in a
“vitreous ice”like state.”’ That difficulty can be overcome
using charge density (CD) maps because the charge neutrality
of any biomolecule ensures that the zero-frequency term will
be zero for CD maps (even though not for ESP maps).”"***

The experimental EMD 6617 map® deposited in the EMD
database has already been sharpened using a negative AB value
(=150 A?), which alters the ESP ratio. However, this
sharpening can be and was reversed. The negated Laplacian
operation on the unsharpened ESP map results in an
unmodified CD map.”' The resulting CD map exhibits spatial
resolution that is better than that of the sharpened ESP maps
(Figure 2), as documented elsewhere.”* In the case of the
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Figure 2. Experimental CD maps obtained for the OEC of spinach
PSII-LHCII supercomplexes, contoured at 3.5¢ (blue, left) and 7.5¢
(cyan, right), superimposed on the atomic model (EMD 6617 and
PDB 3JCU). The map has been unsharpened by AB = 150 A%

entire protein complex, with approximate charge neutrality, the
mean CD value can be accurately determined. Thus, the
corresponding relative occupancies of the subunits can be
determined.”

For the OEC, charge neutrality may not be necessarily
maintained so that the estimated CD and ESP ratios are only
approximate. For that reason, it is important to use an internal
reference (the nearby DI1-H190 side chain) that allows for
comparisons of CD and ESP peak ratios. Table 1 shows the
comparison of ratios for both the original experimental EM
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Table 1. Experimental ESP and CD Ratios between the
OEC and the Side Chain of D1-H190 as a Function of
Resolution in the Range of 3.2—5.0 A”

EMD 6742 and PDB

EMD 6617 and PDB 3JCU SXNM
Resolution ESP CD/B150 ESP CD/B150

ESPO 0.55 0.44

32A 0.65 0.56 0.54 0.54
36 A 0.63 0.56 0.48 0.47
40 A 0.57 0.53 0.55 0.43
45 A 0.76 0.78 0.73 0.67
S0A 0.78 0.72 0.64 0.54

“At a resolution lower than 4.0 A, the effect of the net charge in the
OEC becomes the determinant factor for the observed peak ratio but
not necessarily for the occupancy. ESPO represents the original ESP
map, which was recalculated with the highest resolution indicated in
the first column. The charge density map has been unsharpened using
AB = 150 A%

maps and the recalculated EM maps at various resolution
cutoffs. It shows that the CD ratio between the OEC and the
side chain of residue D1-H190 does not change significantly
from 3.2 to 4.0 A resolution, maintaining a mean value of 0.55
+ 0.02 for the EMD 6617 map and 0.45 + 0.02 for the EMD
6742 model. The ESP ratios prior to zero-frequency correction
are 0.63 = 0.04 and 0.52 =+ 0.04 for the EMD 6617 and EMD
6742 maps, respectively, at the same resolution. The higher
estimates of the ESP peak ratios, when compared to the CD
peak ratios, are likely due to extra positive charges of the OEC
ions relative to D1-H190 and the missing zero-frequency term,
as discussed elsewhere.”'

From ratios calculated at different resolutions, we decouple
the contribution of varying occupancies from that of varying
atomic B factors. The observation that the CD ratio does not
change significantly over the analyzed resolution range suggests
that the reduced CD ratio is not due to increased atomic B
factors of the OEC atoms but rather primarily attributable to a
reduced occupancy of the OEC.

To quantify the occupancy of the OEC, as influenced by
reduction caused by electron irradiation during the cryo-EM
measurements, we calculated the DFT ESP function of the
OEC in the dark-adapted S, state (Figure 3A). The resulting
ESP function was further subjected to Gaussian broadening
with standard deviations of 0.50, 0.75, and 1.00 A (Figure 3B—
D, respectively, and Figure S1), corresponding to mean atomic
B factors of 20, 44, and 79 A” and effective resolutions of 1.7,
2.7, and 3.6 A, respectively, according to an empirical
relationship derived from protein X-ray structures.”” The
theoretical CD and ESP peak ratios between the OEC and the
side chain of amino acid residue D1-H190 were evaluated
(Table 2). Even at 3.6 A resolution, the theoretical CD peak
ratio is approximately 1.4S, while at 1.7 A resolution, it is 2.7.
According to these theoretical values, the occupancy of the
OEC is estimated to be 38% in the EMD 6617 map and 31%
in the EMD 6742 map.”°

Figure 3 shows that the appearance of the ESP map changes
significantly with Gaussian broadening, B factor, and
contouring level. For example, ordered water molecules are
visible at a contour level of 4.06, when the atomic B factor is
<20 A’ but not when B is >44 A”. Similarly, the chloride anion
is visible when the B factor is <44 A but not when it is >79 A
(Figure 3, Figure S1, and Table 2). For the minimum energy
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Figure 3. Theoretical ESP maps obtained (A) using DFT, convoluted
with a Gaussian broadening function with root-mean-square displace-
ments of (B) 0.5, (C) 0.75, and (D) 1.0 A, contoured at 4.06, and
superimposed on the atomistic model.

Table 2. Theoretical ESP and CD Ratios between the OEC
and the Side Chain of Amino Acid Residue D1-H190 as a
Function of the B Factor, Resolution, and Coordinate
Displacement Used in Gaussian Filtering [B = 87°(6}a,1)*]

Oiaq (A) B value (A*)  resolution (A) ESP ratio CD ratio
I 0.50 20 1.68 2.1 2.70
11 0.75 44 2.59 1.5 2.36
111 1.00 79 3.58 1.3 1.45

configuration of the OEC in the S, state, the nuclear
coordinates are well-defined so one can examine the ESP
function as a function of B value, either on an absolute scale or
relative to an internal reference such as the Mn2 center (Figure
S2), whose oxidation state remains constant during the
catalytic cycle. On a relative scale, the ESP ratios provide
some insight into the magnitudes of the charge differences
between the atom of interest and the reference Mn2 center.
For example, the chloride anion has a —1.0e charge, and its
ESP ratio relative to that of the Mn2 center decreases rapidly
as a function of increasing B factor; Ca** has a +2.0¢ charge
(but a value smaller than that of the Mn2 center), and its ratio
also decreases but with a reduced slope. The ESP ratios for all
three of the other Mn centers relative to the internal Mn2
center are more complicated because of charge transfer
interactions with the oxo bridges with negative partial atomic
charges.

There was no apparent loss of the OEC during purification
of samples from spinach leaves, which included a sucrose
density gradient.” An oxygen evolution assay showed that band
9, which was used for cryo-EM studies, exhibited the same
activity as those purified from Arabidopsis.” It is rather
unexpected that the occupancies of two extrinsic subunits
PsbQ and PsbP were found to be only ~20% in the
experimental ESP and CD maps derived from EMD 6714
for the PSII-LHCII supercomplex.”’ These two subunits play
an important role in maintaining the integrity of the OEC, but
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the step(s) in which they were lost remains unclear.”®

Therefore, the reduced occupancy of the OEC observed here
in the cryo-EM structures of PSII-LHCII supercomplexes
could result from either (i) particle-selection procedures
during image reconstruction or (ii) electron-induced radiation
damage during data acquisition. When the raw cryo-EM
images were available like those for the Thermoplasma
acidophilum proteasome, the T, — T, difference (ie. late
frames minus early frames in each particle image) Fourier
method could be used to reveal electron radiation-induced
changes in ESP functions,” which is beyond the scope of this
study.

The reduced occupancy of the OEC observed here is likely
to have happened during data acquisition because the ESP
maps of other redox enzymes obtained by cryo-EM or electron
crystallography show evidence of reduced redox centers. For
example, the ESP of the heme iron bound in human
hemoglobin exhibits a value much lower than the ESP of the
surrounding protein environment as determined from the cryo-
EM structure (Figure 4).°° Similarly, it was also found that the
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Figure 4. Experimental ESP maps measured for human hemoglobin,
contoured at 36 (green), 66 (cyan), 116 (magenta), and 100 (red) for
subunits A and B.*

ESP of the heme iron bound in catalase determined by using
electron cr7ystallography (PDB 3]7B, also at ~3.2 A
resolution)”” is much lower than for the nearby protein
residues (Figure S3). In both examples, the affinity of Fe(III)
for apo-heme is extremely high and so is the affinity of the
heme for these proteins. It is extremely difficult to purify these
proteins without heme or without Fe(III). Therefore, the loss
of the ESP value at the Fe center must be associated with
electron irradiation, which is likely to be controlled by redox
potentials.

Given the fact that cryo-EM uses a dose much larger than
that used during electron crystallography, it is likely that the
OEC is reduced, leading to disorder and dissociation of metal
centers during the electron scattering experiments. X-ray-
induced reduction of the OEC has well been established in
crystal structures of PSII during data acquisition at the liquid
nitrogen temperature.” Byproducts of radiation-induced
damage to protein samples caused by exposure to either X-
rays or electron beams may bear some resemblance. Both
might split water molecules into hydroxyl and hydrogenous
free radicals, which are amplified by biological molecules or/
and other small organic molecules present in the samples. Both
hydroxyl and hydrogen free radicals are very reactive, often
resulting in redox-related modifications of proteins and redox
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centers.”®”’ Furthermore, highly reducing hydrated electrons
are specifically generated by inelastic scattering during electron
irradiation of protein samples and cause dehydrogenation-like
reactions, resulting in the release of large amounts of H,.*°
Although there are some striking similarities in the
consequences of electron and X-ray radiation-induced damage
to protein samples as discovered in this study, the underlying
chemistry likely differs, with one involving highly reductive,
mobile hydrated electrons and the other involving both highly
reactive, mobile hydrogenous and hydroxyl free radicals.”
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