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Abstract

Structural distortion of protein-bound ligands can play a critical role in enzyme
function by tuning the electronic and chemical properties of the ligand molecule. How-
ever, quantifying these effects is difficult due to the limited resolution of protein struc-
tures and the difficulty of generating accurate structural restrains for non-protein lig-
ands. Here, we seek to quantify these effects through a statistical analysis of ligand
distortion in Chlorophyll (Chl) proteins (CP), where ring deformation is thought to
play a role in energy and electron transfer. To assess the accuracy of ring-deformation
estimates from available structural data, we take advantage of the C2 symmetry of
Photosystem II (PSII), comparing ring-deformation estimates for equivalent sites both
within and between 113 distinct X-ray and Cryogenic electron microscopy (CryoEM)
PSII structures. Significantly, we find that several deformation modes exhibit consid-
erable variability in predictions, even for equivalent monomers, down to 2 A resolution,
to an extent that probably prevents their utilization in optical calculations. We further

find that refinement restrains play a critical role in determining deformation values to



resolution as low as 2 A. However, for those modes that are well-resolved in the struc-
tural data, ring deformation in PSII is strongly conserved across all species tested, from
cyanobacteria to algae. These results highlight both the opportunities and limitations
inherent in the structure-based analysis of the bioenergetic and optical properties of

CPs and other protein-ligand complexes.

Introduction

Non-protein ligands play a central role in the function of many biological enzymes, catalyzing
chemical and photophysical processes that cannot be achieved by the 20 natural amino acids
directly. As a result, the characterization of protein-ligand interaction and binding is critical
both for the mechanistic understanding of native protein function and for the design of
new ligands and ligand-protein complexes in emerging fields such as computer-aided drug
discovery,! protein engineering®® and de novo enzyme design.%”

While ligand-induced changes to protein structure are widely studied (often understood
via the “induced fit” or “conformational selection” mechanisms®® 1), the forces that drive
ligand binding are equally capable of distorting the structure of the ligand itself. These dis-
tortions can play a mechanistic role in protein function, tuning the electronic and vibrational
properties of the ligand to facilitate specific physical or chemical purposes.*1?

Unfortunately, quantifying the energetics of such distortion is complicated by the fact
that (in contrast to the amino acid residues that comprise the protein scaffold), relatively
few solved structures or validated molecular-mechanics forces fields exist for most ligands.
Most structures solved in structural biology are not determined to atomic resolution. This
implies that the resulting structural models, which are specified as atomic positions, rely
heavily on prior chemical knowledge, implemented as model restrains in various refinement
software.?°2? For the twenty natural amino acids, a set of highly curated restrains were

generated from atomic resolution structures.?*2% For some ligands, reasonable chemical re-

strains may be available, but in many cases these restrains only recently became available.



In addition, many researchers generate their own restrains using the computational method
available to them. Generating correct restrains for metal coordinating molecules (which are
common enzyme cofactors) is difficult and constitutes its own, yet unresolved, challenge. 2%
In addition, and in contrast to the twenty natural amino acids, high quality ligand validation
in deposited structures is problematic and still under development.

A notable success in characterizing the functional significance of ligand deformation comes
from the heme group found in oxygen-transport proteins such as hemoglobin and myglobin
and in redox-active proteins such as cytochromes. Building on a rich literature on por-
phyrin structure and spectroscopy,?® the large number of available crystal structures for
heme proteins, and their easily measured spectroscopic properties, Shelnutt and coworkers
established a biologically conserved relationship between structural distortion of protein-
bound heme groups and their electronic properties in various proteins. 223 More recently,
heme deformation has been extensively characterized via a variety of spectroscopy tech-

13,3137 and the specific impact of heme deformation on functional metrics such as O

niques,
binding affinity®® and electron transfer rates3 have been investigated in detail. A variety of
computational tools (including an online server“’) has likewise been developed for automated
heme deformation analysis.*!™44

This success in characterizing heme distortion has prompted interest in the functional
deformation of related ligands, particularly the Chlorophyll (Chl) and Bacteriochlorophyll
(BChl) pigments that drive biological photosynthesis. Distortion of the (B)Chl macrocycle
has long been suspected of playing a functional role in photosynthesis by tuning electron-
transfer properties and “site energies” (local electronic transition frequencies) that, along
with inter-pigment excitonic interactions, determine the optical absorption spectra of light-
harvesting proteins. 1219284556 For example, ultra-fast electron density differences around the
special pair Bchl’s in the purple bacteria reaction center were observed. These were suggested

to emanate from chlorophyll ring structural changes (among others) that contribute to the

high efficiency of charge separation in this system.?” However, structure based calculations



did not identify the expected changes in the redox potential of the Bchl’s in the reaction
center.? These discrepancies may be attributed to the difficulty in capturing the observed
map differences in structural models.

To quantify ring deformation in (B)Chl systems, most studies employ the normal-mode
structural decomposition (NSD) approach developed by Shelnutt and coworkers for heme
proteins. 2?4 Briefly, the NSD method projects the observed deformation of individual pig-
ments from an experimental structure onto a basis of six harmonic normal modes: saddle
(“sad”), ruffle (“ruf”), dome (“dom”), wave (“wav(x)” and “wav(y)” depending on the wave
axis), and propeller (“pro”).*! Relative to the “strain energy” often used to quantify lig-
and deformation,®®5 the NSD approach is simpler and more physically transparent but
less accurate in terms of computed energies. Whereas ligand deformation is often com-
puted with high-level quantum-mechanical methods able to quantify anharmonic effects and
ligand-specific chemistry, the NSD approach computes deformation energies for a variety of
different porphyrin-like molecules (hemes, Chls, BChls, etc.) using a single set of harmonic
normal modes and force constants computed for a standard (Cu(II) porphine) reference.
The advantages of this approach are computational speed and, more importantly, the con-
ceptual utility of having a single, transferable basis with which to quantify deformation in
porphyrin-like systems. The recent observation that ligand strain energy trends are often
quite well conserved across varying levels of theory®® supports the idea that simple models
like NSD analysis can offer useful physical insight, despite their simplicity.

A particularly detailed NSD study on the Photosystem II (PSII) complex has been re-
ported by Saito et al., which examined both the nature and environmental origins of observed
Chl ring deformations in the 1.9 A crystal structure of Umena et al.% Although large de-
formations were observed for several PSII sites, QM /MM calculations indicated a relatively
minor role for such distortions in determining the redox potential in the reaction center.®
Zucchelli et al. adapted the NSD approach to predict shifts in both the HOMO — LUMO
and (HOMO-1) — (LUMO+1) transition energies for Chl a and Chl b molecules.*®! Using



a simple model for electronic mixing between these two transitions, the NSD coefficients
were then translated to predicted shifts in the Qy transition frequencies (or site energies) of
individual Chl molecules in LHCII. In terms of direct comparison against experimental data,
however, the application of such NSD-based methods to predict spectroscopic or electronic
parameters remains largely untested.

This lack of experimental validation is likely due in part to the scarcity of Chl-protein
structures with sufficiently high resolution to make ring-deformation calculations feasible.
Whereas an atomic displacement of a few tenths of an Angstrom will have little impact on
a long-range electrostatic interaction, it can represent a significant perturbation on ring-
deformation energies. Thus a rigorous assessment of the NSD-based methods (or any other
approach focused on ring deformation) must simultaneously address both whether the specific
deformation model is reliable and whether the available structural data is sufficiently precise.

The goal of this work is to identify what structural resolution is “good enough” that Chl
ring deformation may be accurately assessed by NSD and related approaches. To accomplish
this goal, we carried out an NSD-based survey of ring-deformation statistics across a library
of 113 solved structures for a single, large CP: the Photosystem II (PSII) complex of oxygenic
photosynthesis. The C2 symmetry of the complex (which allows for comparison of equivalent
sites on both halves of a structure), the structural diversity of its Chl binding sites, and
the large number of independent structures of PSII available (of varying resolution) offer a
fertile testing ground for the reproducibility of ring-deformation estimates. These results for
PSII are then benchmarked against an even larger ensemble of Chl- and Bacteriochlorophyll
(BChl)-containing structures from the protein data bank (PDB) and the PDB-Redo server
(which offers a refinement “redo” of X-ray data from the PDB),%%% exploring how the
structural refinement protocol impacts Chl ring-deformation estimates.

At a basic level, our results provide a concrete assessment of the precision with which
ring-deformation energetics can be characterized in Chl-binding proteins as a function of

resolution. We anticipate that these observations will help to calibrate expectations of what



insights can and cannot be extracted from NSD analysis of a given Chl-protein structural
model. More broadly, our analysis offers insight into the factors that determine the accuracy
of ligand binding geometries, highlighting the importance of minimizing refinement bias
by using structural models constructed using a unified refinement protocol, such as those

publicly available from the PDB-redo database. %763

Approach

In this section, we provide a brief overview of our approach. Technical details are provided in
the Methods section. Figure 1 provides a schematic overview of our workflow. First, a Basic
Local Alignment Search Tool (BLAST) search was used to identify as many available PSII
structures as possible. Second, home-built Python scripts were used to split each structure
into monomeric PSII cores and to align each core against a single reference structure; this
allowed us to automatically identify matching pigments across all structures, accounting for
the fact that not all structures contain the same number of pigments. We then performed
NSD calculations using the PigmentHunter app® to quantify out-of-plane deformation of
each Chl and Pheo ligand in each structure. Finally, from this database on NSD coefficients,
we analysed statistically the variability of NSD estimates both from structure to structure

and from site to site within each structure.

Selection of PSII Structures

To identify available PSII structures, we ran BLAST queries for the sequences of PSII chains
A (D1 protein), B (CP47 protein), C (CP43 protein), and D (D2 protein) from 10 differ-
ent organisms (see Table 1) against the pdbaa sequence database representing all entries
in the RCSB Protein Databank. (See Methods for additional details.) Because the Ther-
mosynechococcus vestitus and Thermostichus vulcanus sequences are nearly identical, only

one search was performed for both species, based on the T. wvestitus sequence. Note that the
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Figure 1: Workflow schematic for our NSD statistical analysis on PSII.

species names Thermosynechococcus vestitus and Thermostichus vulcanus have recently been
updated, from Thermosynechococcus elongatus and Thermosynechococcus vulcanus, respec-
tively, and many of the FASTA sequence files online still contain the old species identifiers.

For comparison against these “raw” PDB structures, we likewise downloaded the equiv-
alent structure from the site pdb-redo.eu, which hosts “re-done” versions of PDB models

(Credoﬂ

that have been rebuilt using a fixed refinement protocol.%1 % Comparison of these
structures against the native PDB entries offers a look at the impact of the refinement pro-
tocol on ring-deformation predictions. Note, however, that pdb-redo operates only on X-ray
data; a similar server has recently been established for CryoEM data, but at the time of our
analysis, the number of available chlorophyll-protein structures was not sufficient for robust
statistical analysis.%

Since different PSII structures use different numbering conventions for the bound pig-

ments, we performed a systematic alignment of each monomeric PSII structure against a



Table 1: Results from blastp search of the pdbaa sequence database against reference se-
quences for ten organisms. The column “# PDB entries” indicates the total number of PDB
entries located that contained at least one copy of the D1/CP47/CP43/D2 core monomer.
The column labeled “# monomers” indicates the total number of such core monomers from
all PDB entries. (Most, but not all, PDB entries contain 2 monomers in a dimeric arrange-
ment.)

Organism # PDB entries | # monomers
Thermosynechococcus vestitus 53 112
(Thermosynechococcus elongatus)
Thermostichus vulcanus 29 69
(Thermosynechococcus vulcanus)
Dunaliella salina 5 14
Chacetoceros gracilis 5 10
Synechocystis PCC 6803 3 5
Chlamydomonas reinhardtii 3 6
Pisum sativum 3 6
Arabidopsis thaliana 2 4
Cyanidium caldarium 1 4
Spinacia oleracea 1 2
Total 113 225

single reference structure, the first PSII monomer (chains A-Z) present in the 1.9 A 3WU2
structure.®® (See Methods for detailed alignment protocol.) The choice of this reference
is somewhat arbitrary, but we chose 3SWU2 as a suitably high-resolution reference with a
convenient numbering scheme for the bound Chl and pheophytin (Pheo) pigments. (For
example, pigment ordering in 3WU2 is consistent with the proposed numbering scheme of
Ref.%) The results of this procedure are illustrated graphically in Figure 2, where small
colored spheres represent the Mg atoms for all Chl molecules in all PDB structures consid-
ered. Larger yellow spheres indicate additional pigments, not present in 3WU2, identified
in a small number of structures. (The PDB identifiers of the corresponding structures are
depicted in yellow.) These additional Chls come from PSII supercomplex structures, where
they are bound between the core proteins and a peripheral antenna. Since they are present
in only a few structures, we exclude them here from our statistical analysis. As can be seen

in Figure 2, the positions of the remaining 35 Chl a molecules are strongly conserved across



Stroma

Figure 2: Alignment results for PSII structures from the PDB. For visualization purposes,
the two pigment pools that are positioned toward the lumenal and stromal sides of the
membrane are separated into separate panels (A: Lumen; B: Stroma). Small colored spheres
represent “core” Chl a molecules that are present in the 3WU2 reference structure. Larger
yellow spheres indicate additional pigments located in PSII supercomplexes (PDB codes
indicated in yellow). The colored ovals indicate the protein chain to which each pigment is
assigned.

all structures, with Mg atom positions typically within 2 A of the 3WU2 reference.

NSD Calculation

To quantify ring deformation in bound Chl and Pheophytin (Pheo) molecules, we incorpo-
rated the normal coordinate structural decomposition (NSD) method developed by Shelnutt
and co-workers into the PigmentHunter application,® which automates the process of iden-
tifying and characterizing Chl pigments in protein structures. (See Methods for implemen-

tation details.) In the NSD approach, each pigment is first aligned against a fully planar



symmetry-adapted Copper(II) porphine reference structure. After alignment, normal mode
deformation coefficients d,,, are calculated by taking the scalar product between a given nor-
mal mode vector and the difference between the actual coordinates of the aligned pigment
ring atoms and those of the Copper(II) porphine reference. Mathematically, for the k"

normal mode, we have
dy, = Dy - Dops (1)

where ﬁk is the normal mode displacement vector (with 3Nyioms elements and unit norm)
for normal mode £, and Dobs is the vector of observed displacements between the aligned
pigment and the Copper(Il) porphine reference. Here and in what follows, we omit the
superscript I used by Jentzen et al. to denote the symmetry group of each vibration, since
we restrict our attention to the “minimal basis” consisting of the lowest-frequency out-
of-plane deformation mode of each symmetry.*! (The corresponding symmetry groups are
noted in Table 2.) Higher frequency mode deformations are expected to be more difficult to
quantify from structural data since they represent smaller displacements in real space.?%4!

For reference, Figure 3 illustrates the impact of deformation by dj, = 1 A along each of these

normal modes on the structure of an otherwise-planar porphyrin ring.

Table 2: Properties for the six deformation modes comprising the minimal basis for NSD

analysis: index (k), symmetry ('), force constant (k), and frequency (7). Data is from
Refs. 4148

k | Name I' [k (m A2 |7 (em™)
1 sad Bo, 761 65
2 ruf Biy 1,379 88
3| dom Agy, 3,461 135
4| wav(x) | Bgw | 5,626 176
5| wav(y) | Eg) 5,626 176
6 pro Ay, 19,929 335
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Figure 3: Geometries of a porphine ring displaced by 1 A along each NSD basis mode (see
frame labels). Frames a - f are viewed from above the ring; red indicates positive displacement
(toward the viewer), while blue indicates negative displacement (away from the viewer); the
radius of each dot indicates the amplitude of the displacement of each atom. Frames g -1 are
viewed from the side, corresponding to an 80° rotation around the NA - NC axis relative to
frames a - f. The blue block arrow indicates the approximate direction of the Q, transition
dipole moment.

Methods

BLAST Search

Searches were run using a local installation of the blastp tool, obtained from https://blast.
ncbi.nlm.nih.gov/Blast.cgi against a copy of the pdbaa database last updated on August
9, 2023. The blastp output was formatted to print the percent identity of each sequence
against the subject accession number (‘sacc’ flag), percentage of identical matches (‘pident’
flag), number of mismatches (‘mismatch’ flag), and all subject sequence IDs (‘sallseqid’ flag).
The ‘sallseqid’ flag ensures that all matching PDB structures are reported, including distinct
monomers within multimeric PSII structures. (Most PSII structures are dimeric.) This
output was then post-processed using Python scripts to first identify PDB structures that
contain at least 90% identity and fewer than 10 mismatches against each of the four chains
corresponding to proteins D1, CP47, CP43, and D2 and then to download selected PDB
structures and split them into individual PDB files for each PSII monomer. Only the chains

corresponding to D1, CP47, CP43, and D2 were kept at this stage. The mismatch allowance
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provides some redundancy, since, e.g., the A. thaliana and S. Oleracea sequence searches
both include each other; only one copy of each structure was included in our database,
however, and in subsequent analysis all structures were identified by the source organism

specified in its own FASTA sequence.

PSII Alignment

Structure alignment was complicated by the varying number (and order) of pigments present
in each structure, particularly since even the chain assignments for pigments in the reaction
center (RC) sometimes vary from structure to structure. To standardize the aligment process,

we adopted the following three-step protocol:
1. Initial alignment against Pheo positions:

e Identify the two Pheo residues. Pheos were identified as any molecule that con-
tains four atoms named ‘NA’, ‘NB’, ‘NC’, and ‘ND’ but does not include an atom

named ‘MG’. In each structure queried, exactly two such residues were identified.

e Determine the identity of the two Pheos based on proximity to the D1 and D2
chains. This step is necessary because some PSII structures assign both Pheos to

the same chain.

e Align the identified Pheo residues against the ring atoms of the corresponding

residues in the reference structure.

2. First-round Chl a alignment: Although Pheo alignment brings the subject structure
into approximate alignment with the reference, pigments far from the RC may remain
poorly aligned. We thus repeated the alignment based on Chl Mg atom positions as

follows:

e Match Chl molecules in the subject structure to corresponding Chls in the ref-

erence structure, based on the distance between their ‘MG’ atoms. Any subject

12



Chl that cannot be matched to within 4.0 A of a reference pigment is ignored in

the alignment.

e Align the structures based on the position of all matched Chl Mg atoms.

3. Final Chl a alignment: Step 2 is repeated on the new structures, with a tighter cutoff
of 2.0 A for matching Chl MG atom positions. This alignment helps to ensure that
any pigments excluded from Step 2 due to the crudeness of the initial Pheo alignment

are accounted for in the final alignment.

Chl and BChl Ligand Search

For further statistical analysis, we searched the PDB for all structures containing either
Chl or BChl ligands. Structures were identified by first searching the string “chlorophyll,
bacteriochlorophyll” in the Advanced Search > By Chemical Attributes > By Chemical
Name > “has exact phrase” feature at www.rcsb.org and then retaining only those PDB
structures for which a corresponding PDB-Redo structure could be located. In total, this

search returned 261 pairs of PDB/Redo structural models.

NSD Implementation

The NSD method was implemented as described in Ref.#! with two minor adjustments, which
were necessary to determine the sign of the displacement coefficients dj, for each mode. These
adjustments have no impact on total deformation energies, the key quantity of interest in
most NSD applications in the literature. First, in rotating the subject Chl into the plane
of the reference porphyrin, we added a step to explicitly enforce that the normal vector
of the subject Chl ring is aligned parallel and not antiparallel to the normal vector of the
reference porphyrin. (The original Jentzen protocol guarantees that the two rings are co-
planar, but does not distinguish between a “top” and “bottom” plane since, for symmetric
A

porphyrins, the distinction is irrelevant In our implementation, the subject normal vector

13



is always parallel to the vector 7"Ng X T™na, Where 7ya and 7xg are the coordinates of the NA
and NB nitrogen atoms after centering the Chl ring at the origin. (By this convention, the
normal vector points out of the page toward the reader in frames a - f of Figure 3.) Second,
we corrected what we believe to be a typographical error in Eq. B9 of the Supporting

f..4

Information for Re we choose the final rotation angle 6 in the xy plane via the condition

(in the notation of Ref.%!)

(52,8, — 54,5,) sin0 + (52,5, + 5

ref’ ref ref™~ obs ref

ggbs> cosf > 0. (2)

The corresponding condition of Ref.! (Eq. B9) has the cosf and sin 6 switched; when we
found this not to produce optimal alignment, we rederived Eq. 2 from Eqs. B7 and BS
of Ref.#! We hasten to add that this change does not affect any literature results we are
aware of since (as with the normal vector convention already noted) it changes only the
sign on the deformation coefficients dj; deformation energies (which are quadratic in dj) are
unchanged. To validate our algorithm, we compared NSD outputs from our PigmentHunter
implementation to those of the Liptak server®#? for chain J of the IRWT structure®” of the
light-harvesting complex II. Within output precision, the results match exactly up to changes
in sign on the deformation coefficients dy, presumably due to implementation differences such

as those already noted.

Site Energy Estimates

To assess the potential impact of ring deformation on pigment transition energies, we im-
plemented a method developed by Zucchelli et al. to estimate site energy shifts from NSD
coefficients. Briefly, the energy gaps AEFy ., and AEy_ 1,71 for the HOMO — LUMO and

14



HOMO-1 — LUMO+1 transitions for Chl pigments are calculated as

AEH_)L - (ESQ(CC) - E((l)lu) + <5E€g(5c) - 6E‘11u) (3)

AEg 11 = (B ) — En,,) + (0Ee, ) — 0Ea,,) (4)

where EQ is the undistorated (planar) reference energy of the electronic state with symmetry
I', and dFEr is the distortion energy due to displacement of the macrocycle along normal
modes in the I' symmetry group. Since our calculations consider only the lowest-frequency

mode of each symmetry, this is simply
5EF = Iikdk = &L (5)

where ky is the force constant for displacement along the normal mode k& which belongs to
the symmetry group I' (see Table 2). The quantity &y, is the deformation energy for mode k,
i.e., the change in the molecular potential energy due to distortion of the ring away from a

full planar geometry. The Q) transition frequency of each pigment is then calculated as

1
Qy = §[AEH_>L +AEg 15001 — V(ABy 1y — ABgp)? + 4C?) (6)

Where C is a coupling coefficient that accounts for mixing between the HOMO — LUMO
and HOMO-1 — LUMO+1 transitions, and has been estimated by Zucchelli et al. as 6742
cm ™! for Chl a and 6215 cm™! for Chl b.
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Monomer-to-Monomer Variation

To quantify variation across two or more monomers within a single PSII structural model,

we use the metric

1 Nsites
= - 2 7
Fmm Nsites —1 SZ:; s ( )
where
1 Nmon
_ - (s;m) _ (s)
75 7| Npom — 1 mzl <€’f “ ) (®)

is the sample standard deviation in ¢, calculated for site s across all monomers m present
in a given PDB entry. Here the superscript (s,m) indicates the deformation energy ey
calculated for site s in monomer m, while 5_,({:8) indicates the average deformaiton energy for
site s across all monomers extracted from the same PDB entry. Expressed briefly, o,,,, is the
sample standard deviation across all sites of the sample standard deviation in €; across each
monomer within a given PDB structure. In the most common case that only two monomers
are present, o, reduces to simply the root-mean-square difference in deformation coefficients
between the two monomers.

Note that our NSD calculations do not directly take into account the positional uncer-
tainty associated with the finite resolution of each structure or variations in local resolution
within a given structure. A single NSD coefficient is calculated for each site in each structure
using the final reported coordinates of each atom; and the same global resolution reported in
the PDB entry is assigned to all sites. Statistical metrics like oy, are then used to explore
(as a function of reported resolution and refinement protocol) how reproducible are the ring
deformation coefficients associated with each site in the PSII complex. In the future, it may
be informative to examine to what extent these metrics are affected by variations in local

resolution within each structure, although a preliminary check for such effects in our data

16



set did not reveal clear trends.

Results and Discussion

Ring Deformation in PSII structures from thermophilic Cyanobac-

teria

For a first look at ring-deformation in PSII, we focus on PDB structures derived from the
two thermophilic cyanobacteria T. vulcanus and T. vestitus. Since the great majority of PSII
structures derive from one of these two species, and since the sequences of their Chl-binding
PSII subunits are nearly identical, their combined pool of PSII structures offers a useful
test for structure-to-structure variability in ring-deformation assignments. In addition, since
T. vulcanus PSII was also the focus of a previous NSD study by Saito et al., the deformation
coefficients we analyze statistically here can be compared to the previously reported values,
with the caveat that Saito et al. employ a modified NSD basis adapted for Mg-porphyrins.*°

Figure 4 summarizes ring-deformation statistics for each pigment in PSII across a pop-
ulation of 134 PSII monomers extracted from 69 7. vulcanus and T. vestitus PDB entries
with resolutions of 3 A or better. The black dot for each site represents the average defor-
mation coefficient dj, while “whiskers” indicate plus and minus one standard deviation. The
shaded gray area indicates the corresponding range (mean value plus or minus one standard
deviation) in calculated ring-deformation energies ¢; for each site. For comparison, the red
dashed line indicates the thermal energy kg7 = 208 cm~! available at 300 K. Frame g shows
the corresponding site energies calculated using the model of Zucchelli et al.*®

This analysis reveals that ring-deformation along the two lowest-frequency modes — the

L respectively — are

“saddle” and “ruffle” deformations, with frequencies of 65 and 88 cm™
remarkably consistent across the entire structural ensemble; for both modes, the root-mean-
square (RMS) average of the standard deviations across all sites is less than 0.12 A, corre-

sponding to less than 70 cm ™! of uncertainty in deformation energy. For the higher-frequency

17
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Figure 4: NSD coefficients (Frames a - f, left axis), deformation energies (Frames a - f, right
axis), and estimated site energies (Frame g) for each pigment in PSII from thermophilic
cyanobacterial structures with resolution better than 3.0 A. Frames a - f: black dots represent
the average value of each deformation coefficient dj, across all structures (scale on left axis);
error bars indicate plus and minus one standard deviation. The grey dashed line indicates
zero deformation. Markers along the x-axis indicate the protein chain (A = psbA, i.e., the
D1 protein; B = psbB, i.e., CP47; C = psbC, i.e., CP43; D = psbD, i.e., the D2 protein) and
pigment numbers from Figure 2. The colored backgrounds denote different protein chain as in
Figure 2. Gray shaded areas indicate plus and minus one standard deviation in deformation
energy ¢ (right axis). The red dashed line indicates the thermal energy, kg7 = 208 cm™,
at 300 K. Frame g plots site energies calculated using the model of Zucchelli et al.*® Black
dots indicate average values; error bars indicate plus and minus one standard deviation.

modes, the absolute error in the coefficients dj, are similarly less than 0.1 A. But the cor-
responding uncertainty in the deformation energy is much larger (on the order of 100 - 200
cm™!) thanks to the quadratic scaling of ¢, with normal mode displacement. This uncer-
tainty translates into correspondingly large errors in the calculated site energies: the RMS
average for the uncertainty at each site is 170 cm™!, compared with a standard deviation of
only 93 cm ™! between the average energies of each site. On average, the uncertainty at each
site is thus larger than the site-energy variability between sites.

On the one hand, it is encouraging that in these results the absolute ring-deformation
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errors appear to be substantially lower than the reported model resolution. Note here that
the deformation coefficient dj, for a given mode represents an upper bound on the spatial dis-
placement of any single atom, since the Cartesian displacements for each atom are obtained
by multiplying d; (with units of A) against a normalized vector whose entries (represent-
ing the Cartesian displacements of each atom as the normal mode is displaced) each have
absolute values less than one.

On the other hand, the large uncertainty in deformation energies for the higher-frequency
modes bodes poorly for the accurate assessment of ring-distortion energetics from raw struc-
tural data. This observation is particularly troubling in that the total deformation energy
for each site is a simple sum of the deformation energies along each mode; thus uncertainties
in the energetics of each individual mode will be compounded in the total energetic uncer-
tainty. This compounding of errors is even more severe when calculating site energies under
the Zucchelli model, in which the high-uncertainty wav(x) and pro modes play a dominant

role due to their matching of the HOMO and LUMO orbital symmetries (see Eq.(3) above).*®

Dependence on Resolution

This raises the obvious question: If 3 A resolution is not “good enough” to accurately assess
ring-deformation energetics, what resolution would be sufficient? In answering this question,
care must be taken that variations in the experimental conditions under which different
structures were obtained do not invalidate their comparison. For example, some structures
in our ensemble are from low temperatures, while others were studied at room temperature;
some PSII structures feature metal exchange sites, point mutations, or even subunit deletion,
any of which could plausibly cause variations in the true ring-deformation values for each site.
Other structures are part of an X-ray free electron laser (XFEL) series (see, e.g., Refs.586%),
where multiple structures are solved together as a function of the time-delay after some
excitation pulse; including such series data could arguably either increase the heterogenity

of the overall ensemble (if the excitation pulse induces structural changes in the pigments®")
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or decrease heterogeneity (since any input bias in the refinement procedure will be nearly
identical for all structures.) On the other hand, excluding individual structural models from
the data is somewhat subjective and rapidly decreases the quality of the statistical ensemble.

The symmetric structure of PSII offers a unique opportunity to circumvent this diffi-
culty: instead of examining the variance in deformation energies at each site across the
entire ensemble, we can instead examine the monomer-to-monomer variance within each
PSII structure. To quantify such variability, we use a metric oy, (see Eq. (7) in Methods),
which in the most common case that a PDB structure contains exactly two monomers is sim-
ply the root-mean-square deviation between deformation energies for equivalent sites across
the two monomers. When more than two monomers are present, o, generalizes to be a
site-averaged sample standard deviation.

The advantage of this metric is that the calculated deviations 5,(;“’8) — 5‘,(:) are always
taken between equivalent sites within a single structure, so that all sites are subject to the
same experimental conditions and structural refinement methods. Since the two monomers
of the PSIT complex are both structurally and functionally equivalent (according to current
knowledge), omm provides a measure of the uncertainty in assigning ring-deformation energies
across equivalent sites.

The results of this analysis are presented in frames a - f of Figure 5, where red dots
represent PDB entries solved via X-ray diffraction and blue ‘x’ marks represent CryoEM
structures. The data in Figure 5 extends over our entire PDB PSII ensemble (from all
organisms), since the calculated oy, values are calculated independently for each structure
and thus any true species-to-species structural variations should not affect the outcome.

Two observations bear immediate comment: first, that the monomer-to-monomer error
Omm 18 near zero for almost all CryoEM structures and, second, that for most modes o,
actually increases systematically with improved resolution for PDB X-ray structures. The
first result is something of a technical artifact: in a system with C2 symmetry, there is

no a prior: way to distinguish between individual monomers in raw CryoEM images; as
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Figure 5: Cross-monomer deviation oy, for each deformation coefficient, tabulated for all
available PSII structures that include at least two equivalent monomers. Frames a - f are
for PDB structures; red indicates structures solved by X-ray, while blue indicates CryoEM
structures. Frames g - 1 are for X-ray structures from the PDB-Redo server.

a result, CryoEM refinement protocols usually either directly enforce symmetry between
equivalent monomers or “expand” the raw data set by including both the raw image and its
180° rotation. Because C2 symmetry is thus built into the refinement protocol itself, oy, is
simply not a useful metric for examining prediction error in CryoEM structures. Note also
that the resolution listed for CryoEM structures is the global resolution; the local resolution
for individual sites may vary considerably.

The increasing oy,, values in the X-ray structures is more informative; this trend may at
first appear surprising, but it is not difficult to rationalize. For low-resolution X-ray struc-
tures, the raw data is not of sufficient quality to meaningfully constrain atomic positions,
apart from showing the approximate location and orientation of the molecule. Indeed, sites
near the periphery of the complex may not be fully occupied even for high-quality crystals,
further limiting the information available to the experiment. Assigning the precise locations
of each atom must thus rely heavily on predefined molecular topologies and energetic con-
straints that are introduced by the user and are the same for all sites. As a result, local
molecular conformations in the two halves of the monomer are similar simply because both

closely match the input parameters defined by the user. In a high-resolution structure, by
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contrast, the assignment of atom positions relies much more heavily on the experimental
data. Although this provides a more objective description of the actual atom locations, it

also makes the structure much more sensitive to noise in the experimental data set.

Dependence on the Refinement Procedure

Both of these observations call attention to the role played by the refinement protocol in
making structural predictions. In order to examine this role more closely, we repeated the
omm analysis using structures pulled from the PDB-Redo repository (www.pdb-redo.eu),
which hosts structural models rebuilt from the experimental diffraction data (taken from
the PDB repository) using a single, systematic protocol.51"%3 Comparison between PDB
and PDB-Redo structures offers a simple way to test the sensitivity of individual structural
assignments to the input assumptions of a given refinement protocol.

Frames g - 1 of Figure 5 plot calculated oy, values for PDB-Redo structures. For both
very high- and very low-resolution structures, the o, values are generally similar for PDB-
Redo and raw PDB structures, indicating that at both extremes, the performance of the
various refinement protocols are similar. At intermediate resolution (3 to 5 A), however, the
PDB and PDB-Redo o, values follow a qualitatively different trend: while the PDB o,
errors increase essentially monotonically with decreasing resolution, the PDB-Redo errors
reach a peak near 4 A and then decrease steadily as resolution improves. Although the
PDB structures in our ensemble are refined under a variety of different protocols by various
authors, this difference in the behavior of o,,, would appear to indicate that the PDB-Redo
protocol (which applies a similar protocol to all structures) either depends more heavily on
the experimental data or imposes fewer symmetry constraints on the model at intermediate
resolution. Although this produces larger monomer-to-monomer error at intermediate reso-
lution, it also yields much more systematic performance as the resolution improves, which
may reflect a more objective relaxation of restrains with increasing data quality.

To better elucidate the role of input bias in structural refinement, we next examined
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Figure 6: Error distributions across all thermophilic cyanobacterial PSII structures as a func-
tion of resolution. Gray curves are for structures from the PDB; red curves are for PDB-Redo
structures. Each histogram is constructed by taking the average deformation coefficient J,(:)
across all structures with resolution better than 2.0 A as the “true” deformation coefficient
for each site s in the PSII structure and then tabulating deviations from this value for each
site in each structural model.
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the deviation of the normal mode deformation coefficients for every site in every structure
from the ensemble average cZEj) for that site across all structures with resolutions below 2
A. The coefficient df) may be understood as the best available estimate of the true ring-
deformation value for site s, so that the deviation d,(:) — J,(:) indicates the deviation of any
individual structure from that best estimate. Since we are here again comparing deformation
values for individual sites across different structures, we restrict our attention to structures
from the thermophilic cyanobacteria. We likewise consider only those structures for which a
corresponding PDB-Redo entry exists, so as to allow for a direct comparison between PDB
and PDB-Redo statistics. The best-estimate deformation JS:) is averaged across both PDB
and PDB-Redo structures.

The results of this analysis are presented in Figure 6 in the form of histograms (across
all structures and all sites) of the calculated deviations d,(:) - CZS:) for each normal mode.
The histograms are divided into 3 data sets, representing structures with resolutions in the
ranges 0to 2 A, 2to4 A, and 4 to 6 A. Gray-shaded curves correspond to raw PDB entries,
while red-shaded curves correspond to PDB-Redo structures. For the lowest-frequency mode
(frame a), little “bias” in the refinement method is apparent, since all deformation-error his-
tograms are essentially symmetric on either side of zero. For the remaining modes, however,
the error histograms exhibit systematic shifts between the PDB and PDB-Redo predictions,
which gradually disappear with improving resolution. This trend is most apparent in frame
e, corresponding to the “wave(y)” mode, which corresponds to a wavelike deformation (see
Figure 3) along the N to Np molecular axis (the same direction as the Q, electronic tran-
sition dipole moment). For this mode, PDB-Redo structures strongly favor distortions in
the negative direction (relative to the best-estimate value ds), while the raw PDB structures
show no such systematic shift. The higher prevalence of systematic shifts in the PDB-Redo
data set may be due to the fact that all PDB-Redo structures were constructed using a single

protocol, whereas the corresponding PDB models were built by a variety of different authors

using different protocols.
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To further quantify the effects of such refinement bias, we next tabulated PDB vs. PDB-
redo differences for equivalent pigments from an expanded data set that included all PDB
models (for which corresponding PDB-Redo structures could be located) that included at
least one chlorophyll or bacteriochlorophyll ligand. After matching corresponding pigments
between the PDB and PDB-Redo structures using a Python script (since residue ordering is
sometimes different between PDB and PDB-redo structures), we calculated the deformation

difference
Adk _ d]gPDB) i d]E:RedO) (9)

with d,gPDB) the deformation coefficient calculated for a single pigment from the PDB repos-
itory and d,gRedO) the deformation from the corresponding site of the PDB-Redo structure.
While this expanded data set provides no reference for the true ring-deformation value for
any given site, it does provide much better statistical accuracy for comparing PDB and
PDB-Redo differences than does the more limited PSII structural ensemble analyzed so far.

The results of this analysis are presented in Figure 7 in the form of Ady histograms,
subdivided by the resolution of the corresponding structure (labeled on the left-hand side),
from 1 A to 7A. (No models were located with sub-Angstrom resolution.) The sample stan-
dard deviation o (a measure of the histogram width) is printed for reference alongside each
curve. As may be expected by this point, all modes show considerable error for structures
above 2.0 A resolution, with the exception of the “propeller” distortion, which is presumably
not sufficiently resolved (even below 2 A resolution) for experimental structural models to
make meaningful predictions. Interestingly, the “dome” and “wave” modes exhibit a pro-
nounced bias in the 2 - 6 A resolution range, with PDB-Redo structures favoring negative
displacement along the dome and wave(y) deformations and positive displacements along

the wave(x) deformation. This bias is particularly pronounced for the doming mode, even

in the 2 - 3 A range and corresponds to quite significant errors in calculated deformation
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Figure 7: Distributions for the difference Ady between PDB and PDB-Redo predictions
for all Chl and BChl molecules for which both PDB and PDB-Redo structures could be
identified. Histograms are constructed by grouping structures by resolution in 1-A intervals
between 1 and 7 A. Inset text indicates the sample standard deviation o for Ady across
all structures in each bin. Thin gray lines represent ordinate and abscissa axes for each

histogram.
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energy: the peak near 0.5 A in the 2-3 A doming histogram, for example, corresponds to a

deformation energy of (see Table 2 and Eq. (5))
€3 = (3, 461cm*1£\‘2) x (0.5A)? = 825 cm ™! (10)

roughly four times the thermal energy kg7 available at room temperature. Below 2.0 A res-
olution, however, such systematic bias disappears almost completely: all distributions peak
near 0 A, albeit with much larger distribution widths for the dome, wave(x), and wave(y)
modes (sample standard deviations: 0.14 A, 0.12 A, and 0.18 A, respectively) compared
to the apparently well-converged saddle and ruffle modes (0.09 A and 0.08 A standard

deviations, respectively).

Ring Deformation is Conserved in PSII

With these error estimates in place, we can begin to investigate the statistical significance
of ring deformation in PSII. Specifically, for structures at 2 A resolution (or better), we can
consider ring deformation to be significant if it is larger than ~0.08 A in the saddle and
ruffle modes, and greater than ~0.15 A for the dome and wave modes. As judged by the
2 A-resolution histograms in Figure 7), any deformation values below these “cutoffs” are
likely to be determined primarily by the structure-refinement process, rather than by the
structural data itself. Propeller-mode distortions show no sign of convergence even below
2 A resolution and thus should probably not be interpreted literally in existing structural
models.

With these “guard rails” in mind, a look back at Figure 4 (from thermophilic cyanobac-
teria structures with 3 A resolution or better) reveals statistically significant deformation in
PSII for the saddle, ruffle, and dome deformations; deformations for the wave and propeller
modes are generally smaller than their corresponding cutoffs. Of the three modes with sig-

nificant deformation, only doming deformations correspond to energies larger than kg1 at
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300 K: the saddle and ruffle modes are well-resolved, but are likely to be largely washed
out by the thermal energy available at room temperature. The fact that doming is the only
deformation (of the six considered here) that exhibits both statistically and thermally sig-
nificant deformation in PSII suggests that doming in particular bears further investigation
for potential functional significance in Chl proteins.

With respect to the prior PSII NSD study of Saito et al.,?® our statistical analysis largely
confirms their single-structure observations, at least for the saddle, ruffle, and doming modes.
For example, the Pp; pigment of the RC (site D1 in our numbering) exhibits a strongly
conserved negative saddle deformation in our data, in agreement with the observations of
Saito et al.?® Note that there appears to be a sign change for the doming-mode between

50
fl,

our study and Re which uses a different NSD basis: e.g., the mostly positive doming

coefficients observed by Saito et al. are largely negative in our calculations, whereas the

f.59 reports for the last two sites in CP47 becomes strong positive

strong negative doming Re
doming in our analysis.
An obvious follow-up question is: To what extent are such deformations conserved across
different photosynthetic organisms? To explore this question, Figure 8 compares ring-
deformation coefficients for each PSII site across 8 different organisms: two thermophilic
cyanobacteria (7. vulcanus and T. vestitus), the mesophilic cyanobacterium S. PCC 6803,
the diatom C. gracilis, the red alga C. caldarium, two green algae (C. reinhardtii and
D. salina), and three green plants (S. oleracea, A. thaliana, and P. sativum). The shaded
gray area in each frame of Figure 8 represents the p + o curve for thermophilic structures
with resolutions better than 2 A, with p and ¢ the sample mean and sample standard de-
viation, respectively. Colored lines depict mean-deformation estimates across all available
PDB and PDB-Redo structures for each non-thermophilic organism; not enough structures
were available for these 6 organisms (see Table 1) to construct meaningful error bars or to
impose constraints on the experimental resolution. (Of the entire non-thermophilic data set,

only the Synechocystis PCC 6803 structure 7N8O has better than 2 A resolution. ) Given
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Figure 8: Comparison of deformation coefficients dj across PSII across species. The gray
shaded area in each plot indicates the +¢ region for thermophilic structures better than 2.0
A resolution. Colored lines indicate average values across all PSII structures found for that
organism. Both PDB and PDB-Redo structures are included (with equal statistical weight)
whenever available.

these limitations, considerable noise is to be expected in the non-thermophilic deformation
estimates. Even with this caveat in mind, however, correlation amongst the deformation
coefficients for the saddle, ruffle, and dome modes is apparent in the data. Indeed, for the
saddle and ruffle modes, the thermophilic deformation data is almost completely obscured
by curves from the other six species, which (with few exceptions) lie directly on top of it.

"L72 with resolu-

The outliers from A. thaliana come from averaging over only two structures,
tions of 2.79 Aand 5.3A in the intermediate range where ring-deformation is most sensitive
to experimental noise (see Figures 5 - 7). Correlation in the doming mode is less perfect,
but qualitative agreement is still apparent (i.e., dome-up sites in the thermophilic structures
are typically domed up in all species, and dome-down sites are typically domed down in all
species). Inter-species correlation for the wave modes is less clear, but this is to be expected

from the fact that the site-to-site variation in these modes is of similar magnitude as the

statistical error at each site individually.
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Figure 9: Scatter plot illustrating site-by-site correlation between average ring deformation
coefficients from thermophilic cyanobacteria (horizontal axis; structures with 2.0 A resolution
or better) and structures from C. gracilis (black points), D. Salina (red points), and S. PCC
6803 (blue points) with resolution better than 2.5 A.

Figure 9 presents a more quantitative assessment of this correlation via scatter plots
of thermophilic ring deformation against deformation in the three non-thermophilic species
with PSII structures available at resolutions better than 2.5 A. Colored text in each frame
indicates the corresponding Pearson correlation coefficient, which ranges between -1 and +1;
p = —1 corresponds to perfect (linear) anticorrelation, while p = 41 correspond to perfect
correlation. Strong linear correlation (p > 0.87) is observed for the saddle deformation; the
quality of the correlation decreases for the higher frequency modes, but remains significant
(p = 0.65 to p = 0.92) for the ruffle and dome modes. Note that the Pearson correlation
coefficient indicates only correlation, not equality; thus while doming coefficients for S. PCC
6803 are strongly correlated with the thermophilic values (p = 0.86), the slope of the correla-
tion plot is less than one: the Synechocystis structures systematically underestimate doming
relative to the thermophilic reference. Based on our earlier discussion, this preference for pla-
narity in the Synechocystis structures likely reflects the input assumptions of the refinement

procedure. Taken together, these results indicate that ring deformation is indeed conserved
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across photosynthetic organisms, at least for those modes that can currently be accurately

resolved.

Breaking Symmetry in the PSII Monomer

The fact that ring deformation is conserved, however, does not necessarily imply functional
significance. It is possible that ring deformation is conserved merely in order to preserve the
structure of the complex as a whole (e.g., through maintaining pigment-protein hydrogen
bonding patterns), rather than due to any particular significance of the deformation itself.
While our structural analysis cannot alone demonstrate functional significance, it is nonethe-
less worth investigating whether any concrete correlation can be identified between specific
ring deformation features in PSII and the spectroscopic (and by extension light-harvesting)
properties of the complex. Since the relevance of ring-deformation for electron transfer in the
RC has already been considered in some detail by Saito et al.,?® we focus here on potential
effects on site energies and energy transfer in the core antennas CP43 and CP47.

A simple place to look for such correlation is to again make use of symmetry. But rather
than the complete C2 symmetry of the PSII core complex as a whole, we focus here on the
pseudo-C2 symmetry that exists within each PSII monomer. Both the D1 and D2 proteins
of the RC and the CP43 and CP47 core antennae form approximate C2 symmetry pairs;
although the symmetry is not perfect (broken especially by the addition of 3 extra Chls in
CP47 relative to CP43), the sequences within each pair are strongly homologous, and the
pigment locations match closely upon 180° rotation around a pseudo-symmetry axis passing
between the Chl D1/Chl A1 pair and orthogonal to the membrane plane.

This approximate symmetry is illustrated in Figure 10, which shows the locations of the
Mg atoms of each Chl in PSII; the orientation and numbering of pigments are the same as
in Figure 2, but the coloring is determined by the mean doming coefficient dz calculated
for each site from the thermophillic cyanobacteria structures with resolution better than 2.0

A. Full red coloring indicates ds ~ —0.6 A, while full blue coloring indicates ds ~ +0.6 A;
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Figure 10: Arrangement of pigments in the lumenal (Frame A) and stromal (Frame B) layers
of PSII from the 3WU2 structure.% Large spheres indicate Chl Mg atoms; smaller spheres
indicate Pheo N atoms. Sphere color indicates doming deformation: red indicates negative
doming (d3 < 0); blue indicates positive doming (d3 > 0).
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white coloring indicates d3 = 0 A. Each Pheo residue is indicated by four smaller spheres
representing the four central N atoms. In the figure, pseudo-symmetric pigment clusters are
enclosed by solid lines. Note that the approximate symmetry between CP43 and CP47 is
broken by the addition of three “extra” Chls (numbers 1, 2, and 6) in CP47.

The broken structural symmetry of the PSIT monomer is matched by functional asymme-
try in the operation of both the RC and the core antennae. Within the RC, the D1 and D2
pigments are known to play distinct roles in the charge separation process, although specific
assignments are somewhat controversial. ¢ The asymmetry between CP43 and CP47 is sim-
pler to characterize energetically, since CP47 is known possess a low-energy electronic state
(denoted “F695”) that fluoresces 695 nm light at low temperature; in contrast the lowest-
energy states in CP43 emit near 685 nm, in approximate resonance with P680 state of the
RC.%73 Significantly (and perhaps surprisingly), F695 is typically not believed to arise from
the three “extra” pigments of CP47, but from a localized transition residing on Chl B16, the
symmetry analog of Chl C13 of CP43.56:77" This assignment is again the subject of con-
siderable debate, however, due mostly to the difficulty of fitting available spectroscopic data
under the assumption that site B16 is the lowest-energy pigment in the complex. 78! The
functional significance of the F695 state is unknown, although photoprotection and far-red
light absorption are both plausible assignments.

Two asymmetric features in the RC bear comment. First, Chl A1 of the D1 protein (Chl
Pp; in the notation of Ref.%) exhibits a negative doming of roughly -0.37 A | somewhat
larger than its symmetry partner in the D2 protein (for which d3 ~ —0.13 A) However,
the asymmetry between these two coefficients is only slightly above the cutoff of ~ 0.15
A below which refinement model choices are likely to have a significant impact on observed
structures. Moreover, the doming asymmetry within this pair has been pointed out before
in conjunction with high-level quantum mechanics/molecular mechanics (QM/MM) analysis
and was concluded to be unlikely to have a strong impact on RC function.’® A somewhat

stronger asymmetry is observed between the two pheophytins, with ds ~ 0.02 for site A3
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Figure 11: Ring deformation in CP43 compared with CP47 Chls. Frames a and b presents
overlays of the stromal and lumenal CP43 and CP47 Chl pigments from Figure 10 after
rotating the CP43 structure by 180° to bring it into alignment with CP47. Frame ¢ compares
the geometries of the B16 and C13 pigments after aligning their respective His ligands. A
180° flip of the Chl ring results in an inversion of the respective doming coordinates.
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(Pheo D in Ref.%) and ds ~ 0.31 A for site D3 (Pheo D5 in Ref.%%). This difference is signif-
icantly larger than our estimated uncertainty of 0.15 A and may merit further investigation
into potential functional significance.

However, the strongest asymmetry in PSII doming occurs outside the RC in the CP43
and CP47 core antennas. Figure 11 illustrates this feature by overlaying the CP43 and
CP47 pigments after rotation by 180° around the central pseudo-C2 axis. Frame a shows
the stromal pool of pigments, while Frame b presents the lumenal layer. Note that the Mg
atoms have not been aligned through any best-fit procedure here; only a 180° degree rotation
is necessary to bring the Mg centers into close overlap so that corresponding pigment pairs
may be identified directly by eye. (The three unpaired Mg atoms in the Lumenal layer are
the “extra” sites of CP47, 1, 2 and 6.)

As is visible in the figure, most CP43/CP47 pigment pairs exhibit nearly identical doming
values; the sole exception is the B16/C13 pair, where strong positive doming of the CP47
site (d3 ~ 0.41 A) contrasts strongly with negative doming in the corresponding CP43 site
(ds = —0.32 A). This observation is particularly striking in light of the fact that it is the B16
site that has been implicated by mutagenesis experiments in 695 nm fluorescence, which is
present in CP47 but absent from CP43.7475:77

What causes this change in ring deformation? Comparison of the two binding sites reveals
that, although the two pigments are ligated by homologous His residues, the two pigments
are flipped inside the binding pocket, so that the phytyl tail appears on the opposite side
relative to the His ligand. The significance of such “syn” and “anti” (or « and () ligand

binding geometries has previously been highlighted by Balaban et al.,%?

although no simple
conclusions have yet been reached as to when such effects may (or may not) play a significant
role in biological function. In the present context, it is clear that at least one consequence
of the switch from “anti” ligation in CP43 to “syn” ligation in CP47 is the reversal of the
doming geometry of the site. The fact that this change occurs specifically at the B16 site that

has traditionally been assigned as the origin of the F695 state (and that doming is otherwise
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largely conserved between the two homologs) likewise suggests that such geometric changes
may indeed play an important role in determining the electronic properties of individual Chl

pigments.

Site Energy Modeling

To assess such claims quantitatively, it would be highly desirable to have a computational
method capable of accurately “translating” calculated ring deformation values into predicted
site energies. The model of Zucchelli et al. seeks to do exactly this, assigning energetic shifts
to each Chl electronic state based on the deformation energy of the mode with matching
symmetry.*® Unfortunately, these symmetry considerations imply that site energies calcu-
lated under this model are particularly sensitive to deformations along the wav(x) and prop
modes, since these match the respective symmetries of the LUMO and HOMO electronic
states. Since the prop mode in particular shows large uncertainty even down to 2.0 A reso-
lution, our results suggest that currently available structures are not sufficiently resolved to
accurately estimate site energies under this model.

To quantify this expectation, Figure 12 shows calculated site energies using the Zucchelli
model for each site in PSII, obtained from thermophilic cyanobacterial structures (both
PDB and PDB-Redo) with resolutions better than 2.0 A. Although the results show some
improvement over those shown in Figure 4 for 3.0 A-resolution structures, the site-to-site
variation (122 ¢cm™?) is still smaller than the RMS uncertainty (144 cm™!) at each site
individually. Note that because the Zucchelli model depends only on the total deformation
energy €, of each mode, it is insensitive to changes in sign;?® thus (as seen in Figure 12) the
“fipping” of the d3 coefficient between sites B16 and C13 does not affect the calculated site
energies in this model.

It should be emphasized that these results do not invalidate the Zucchelli model: they
simply indicate that current crystallographic data is not sufficiently accurate for it to be

reliably applied to raw PSII structures. On the other hand, it is also possible that alternative
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theoretical models could provide better performance, even at currently available resolutions,
either through relaxation of the symmetry arguments on which the Zucchelli model relies

(which are not strictly valid for Chl a) or through fortuitous correlations between low- and

high-frequency deformations as has been observed for Hemes.??
T
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Figure 12: Pigment site energies in thermophilic cyanobacterial PSII estimated using the
model of Zucchelli et al.*® Black dots represent average values over all structures with reso-
lution better than 2.0 A; error bars indicate plus and minus one standard deviation.

Conclusions

Perhaps the most significant point to emerge from this analysis is the importance of assessing
input bias during the structure refinement process. The comparisons in Figures 5 to 7
between PDB and PDB-Redo structures highlight the fact that at moderate resolutions (2 -
3 A), the geometries of individual ligands are strongly impacted by the refinement approach.
In energetic terms, such discrepancies can easily represent hundreds or thousands of cm™! in
predicted deformation energies. While no structure-refinement method can be entirely free of
such biases, comparing the results of multiple refinement protocols — especially standardized
protocols such as those offered by PDB-Redo — can at least serve to keep such input bias
from going unnoticed and thus wrongly interpreted.

In terms of relevance to photosynthesis, by examining quantitatively the variability of
ring deformation predictions across a large number of Chl protein structures, we have estab-

lished approximate error bars for such predictions as a function of experimental resolution.

Significantly, the relevant error bars are not the same for deformation along all ligand de-
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grees of freedom: higher-energy deformations tend to carry higher statistical error (in both
real-space and energetic terms) than do lower-energy deformations, likely due to stronger
sensitivity of the high-energy deformation coordinate values to user-defined input parameters
during model refinement. Of the six modes examined here, only the three lowest-frequency
modes (saddle, ruffle, and dome) carry error bars sufficiently low that robust conclusions can
be drawn about their values in PSII and, even then, only for very high-resolution structures
(better than 2 A resolution).

Despite these limitations, several useful insights are obtained by comparing ring-deformation
values across different species and between subunits within the PSII core. Specifically, ring
deformation is found to be conserved across all species tested, at least for the three lowest-
frequency modes; and the doming deformation is well conserved between the CP43 and CP47
homologs with the notable exception of the Chl B16/Chl C13 pair. Due to a “flipping” of
the pigment plane, strong negative doming of Chl C13 in CP43 is converted into strong
positive doming in CP47. Given the proposed (though not universally accepted) association
of the B16 site of CP47 with 695 nm fluorescence, these observations support the notion
that the Chl doming deformation may play a role in tuning Chl site energies. Unfortunately,
given the sensitivity of existing site energy models (such as that of Zucchelli et al.*®) to
structural uncertainty, quantifying such effects must likely await either alternate theoretical

and computational tools or even higher structural resolutions than are currently available.
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