UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Pattern formation in photosynthetic membranes: a physical and statistical approach

Permalink
https://escholarship.org/uc/item/1681k0xq

Author
Schneider, Anna Rachel

Publication Date
2013

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1681k0xg
https://escholarship.org
http://www.cdlib.org/

Pattern formation in photosynthetic membranes: a physical and statistical approach

By

Anna Rachel Schneider

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Biophysics
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Phillip L. Geissler, Chair
Professor Jan T. Liphardt
Professor Naomi S. Ginsberg
Professor Berend Smit

Fall 2013



Pattern formation in photosynthetic membranes: a physical and statistical approach

Copyright 2013
by
Anna Rachel Schneider



Abstract
Pattern formation in photosynthetic membranes: a physical and statistical approach
by
Anna Rachel Schneider
Doctor of Philosophy in Biophysics
University of California, Berkeley

Professor Phillip L. Geissler, Chair

Photosystem II (PSII) and its associated light-harvesting complex II (LHCII) are highly
concentrated in the stacked grana regions of photosynthetic thylakoid membranes from
plants and green algae. PSII-LHCII supercomplexes can be arranged in disordered packings,
ordered arrays, or mixtures thereof. The physical driving forces underlying array formation
are unknown, and statistically robust methods of identifying arrays in micrographs are lacking,
complicating attempts to determine a possible functional role for arrays in regulating light
harvesting or energy conversion efficiency. This dissertation introduces new computational
tools for studying the nano- and mesoscale organization of the membrane proteins that
comprise the photosynthetic apparatus, and applies them to illuminate the origins of the
diversity of local structural motifs in this adaptive biomaterial. First, we introduce a coarse-
grained model of protein interactions in coupled photosynthetic membranes, focusing on a
small number of particle types that feature simple shapes and potential energies motivated by
structural studies. Reporting on computer simulations of the model’s equilibrium fluctuations,
we demonstrate its success in reproducing diverse structural features observed in experiments,
including extended PSII-LHCII arrays. Free energy calculations reveal that the appearance
of arrays marks a phase transition from the disordered fluid state to a system-spanning
crystal. The predicted region of fluid-crystal coexistence is broad, encompassing much of the
physiologically relevant parameter regime. Our results suggest that grana membranes lie
at or near phase coexistence, conferring significant structural and functional flexibility to
this densely packed membrane protein system. Upon extending this model to include simple
representations of the membrane morphology and protein components found in thylakoid
margins and stroma lamellae, we find that LHCII stacking and crowding in the grana are
also primary determinants of the segregation of protein components between stacked and
unstacked regions of the thylakoid membrane. In addition, we develop a statistical pipeline for
identifying PSII crystals in nanometer-resolution micrographs of thylakoid membranes that
would assist in future experimental tests of the predictions put forth in this dissertation; we
validate our method on atomic force microscopy measurements of grana membranes isolated



from Arabidopsis thaliana wild-type and soql mutant plants. As a whole, this work creates
a foundation for future rigorous biophysical investigations of the structure, function, and
dynamics of the photosynthetic apparatus.
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Chapter 1

Introduction

Photosynthesis powers life on Earth by converting a fluctuating supply of solar energy
into chemical energy in the form of biomaterials that we use for food and fuel. Statistical
physics probes the partitioning of energy and entropy, of order and disorder, and of work
and dissipation in fluctuating systems. This dissertation marks one of the first attempts
to bridge these two disparate fields while making significant contributions to both. Such
interdisciplinary work is rewarding but challenging, both for the researcher and the reader.
Therefore, to make your life easier, this introduction is divided into several sections targeted
at different audiences: the first for statistical mechanicians looking for biological context, the
second for photosynthesis biologists who want to learn modeling methods, and the third for
those interested in previously published work at the intersection of these fields.

1.1 Molecular photosynthesis for soft matter physicists

1.1.1 Preliminaries

First, a note on scope. This dissertation is specifically focused on the molecular structures
in plants that perform the very first steps of photosynthesis, namely light harvesting, exciton
transport, charge separation, and electron transport—in other words, the part of a plant that
acts like a solar panel. When I use the term the “photosynthetic apparatus,” I refer to this
structural and functional unit. Downstream processes in photosynthesis, e.g., carbon capture,
are outside the scope of this dissertation, as are the structurally-divergent photosynthetic
apparatuses in various photosynthetic bacteria (although these topics are also fascinating).
Because the photosynthetic apparatus of green algae like Chlamydomonas reinhardtii is highly
but not completely homologous to that of plants like the model organism Arabidopsis thaliana,
much but not all of this material generalizes to green algae as well.

Also, a note on language. Photosynthesis involves a long list of biomolecules and biochem-
ical processes that have been the subject of decades of study by structural and cell biologists.
Therefore, whether we like it or not, the terminology in this field is dominated by alphabet
soup and Greek morphemes. To get to the interesting questions, one is well served by a bit
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of patience and stamina on this front.

For those looking to enter the field of photosynthesis, I especially recommend the ubiqui-
tously cited review by Dekker and Boekema for a thorough introduction [48], the January
2012 special issue of Biochimica et Biophysica Acta (BBA) - Bioenergetics (Volume 1817,
Issue 1) for a collection of modern reviews of many important topics, and the very recent
review by Antal et al. for tabulations of useful numerical constants [9].

1.1.2 Protein structure and function

Photosynthesis is a driven four-photon process that consumes HyO and produces Og,
ATP, and NADPH. There are five main protein complexes that carry out this process: light
harvesting complex II (LHCII), photosystem II (PSII), cytochrome bgf (cyt bg f), photosystem
I (PSI), and ATP synthase (Figure 1.1). All of these proteins are integral membrane proteins
embedded in the thylakoid membrane inside chloroplasts, with distinct faces on the lumen
(interior) and stroma (exterior) sides of the membrane.

LHCII is one of the most abundant membrane proteins in the biosphere [15]. The primary
function of LHCII is to scaffold chlorophyll a and b pigments that become excited by visible
photons and transfer that excitation energy toward photosystems. Because LHCII pigment-
protein complexes increase the functional absorption cross-section of the photosynthetic
apparatus, they are sometimes called “antenna” complexes. LHCII commonly refers to the
“major” light harvesting complex, a trimer of Lhcbl, Lheb2, and/or Lheb3 gene products;
other members of the LHC family are termed “minor” complexes (Lhcb4, Lhcb5, and Lhcb6
yield CP29, CP26, and CP24, respectively). X-ray crystal structures show that the LHCII
trimer is roughly cylindrical with a diameter of approximately 6.5 nm in the plane of the
membrane [120, 166]. The stromal face of LHCII features a negatively charged surface and
positively charged N-terminal tails [166]. In vitro, high concentrations of LHCII form lamellar
aggregates in the presence of various lipids or detergents, and these lamellae stack in the
presence of divalent cations [161, 132].

PSII houses the oxygen-evolving complex (OEC), which splits water into protons and
molecular oxygen via catalysis by a Mn,CaOQOj cluster, and uses the extracted electrons to
reduce the membrane-soluble electron carrier plastoquinone (PQ). The atomic structure of
cyanobacterial PSIT has been resolved in increasing detail [193, 94, 57, 175, 97], leading to
advances in our understanding of the catalytic cycle [68]. The PSII core is a large complex
composed of the D1 and D2 proteins, which perform charge separation and are essential for
water splitting; CP43 and CP47, which form the core antenna; the extrinsic proteins of the
OEC, which protrude on the lumenal side of the thylakoid membrane; and dozens of smaller
polypeptides [158]. PSII is often found as a dimer and the two lobes of the OEC protrusion,
separated by =9 nm, allow PSII to be easily identified in electron microscopy (EM) and
atomic force microscopy (AFM) images of thylakoid membranes [101, 167, 35].

The protons and electrons separated by PSII follow different paths thereafter. The first
step of linear electron transport is diffusion of plastoquinone from PSII to cyt bgf, which
transfers electrons to the water-soluble electron carrier plastocyanin (Pc); cyt bg f also acts
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'Aq Eberhard S, et al. 2008.
Annu. Rev. Genet. 42:463-515

Figure 1.1: Structure and function of the primary proteins in photosynthetic electron transport.
Both panels show side views a: ribbon diagrams of crystal structures. b: cartoons showing
linear electron flow through the system. The yellow band represents the lipid bilayer of the
thylakoid membrane. Reproduced from [54].

as a sensor of the redox state of the membrane [114] and plays a key role in cyclic electron
transfer [92]. Next, plastocyanin diffuses through the lumen to PSI, a 20 nm x 16 nm
complex with several monomers of light harvesting complex I (LHCI) [24], which performs
photon-catalyzed charge separation and transfers electrons to ferredoxin, ultimately reducing
NADP* to NADPH [34]. Protons, in contrast, accumulate in the lumen to form a proton
motive force across the thylakoid membrane, which powers F1Fq ATP synthase, a monomeric
rotary motor with a head diameter of 16 nm [45, 127].

1.1.3 Membrane morphology

The thylakoid is a complex folded membrane system that partitions aqueous space
inside the chloroplast into a single continuous interior lumen and an exterior stroma. This
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partitioning is essential for photosynthetic function because it permits the formation of
the proton gradient that powers ATP synthase (Figure 1.1). The volume of the aqueous
stroma is much larger than that of the lumen, and ribosomes, RuBisCo, and most other
globular chloroplast proteins reside in the former. Most thylakoid lipids are galactolipids,
approximately half of which are the non-bilayer-forming lipid MGDG [188].

The thylakoid membrane is differentiated into stacks of flat discs of tightly appressed
membrane called grana, tubes or sheets of unappressed membrane called stroma lamellae,
and highly curved junctional regions called margins (Figure 1.2). Grana stacks have typical
diameters in the range 300-600 nm and a vertical periodicity in the range 14-21 nm [48].
This repeat distance implies that the stromal faces of grana lamellae are separated by no
more than a few nanometers of water, and that there are steric conflicts between PSII OECs
in the lumen of at least some grana stacks [104]. Driving forces for three-dimensional stacking
include electrostatics [14], interlayer interactions that can be disrupted by phosphorylation of
LHCII or PSII [39, 87, 62, 79], protein-induced membrane curvature [10], and other generic
membrane-membrane interactions [38]. The relative contributions of these interactions to
thylakoid ultrastructure are not known [38].

Several groups have published electron cryo-tomography (ET) studies that put forth
competing models for the overall topology of the thylakoid [159, 33, 134, 64, 45, 12]. While
most ET studies try to interpret their findings within the context of a perfectly periodic
model, Austin and Staehelin’s work is notable for acknowledging the role of fluctuations, for
example by enumerating the variability in the size of the junctions between stroma lamellae
and grana membranes [12]. Consensus is emerging around variations of the basic helical
model originally proposed in [142], although the structural details of the margins remain
under debate [44, 137].

In the helical model, stroma lamellae wind around the grana stack in a right-handed
helix. To the best of my knowledge, neither the physical nor the biochemical origins of this
surprising chirality have been investigated. I speculate that clues may come from the so-called
chiral macrodomains in grana membranes that have been studied by Garab and coworkers
using circular dichroism (e.g., [80]), or from the cubic membrane structures called prolamellar
bodies that can occur at the etioplast stage of thylakoid biogenesis (e.g., [156]), but these
phenomena are not well understood at the nanoscale either. Overall, many open questions
remain about thylakoid morphology and morphogenesis [2].

Isolated grana membranes are common model systems for the full thylakoid membrane.
Grana can be isolated away from stroma lamellae by solubilization with various detergents:
the original BBY protocol used Triton X-100 [22], while newer protocols use milder detergents
such as a-DM in the hope of better preserving the protein organization within the grana
[131]. Isolated grana are typically observed as stroma-associated pairs of lipid bilayers whose
lumenal faces can be probed by AFM [103, 167]. Because pairing occurs between the “exterior”
stromal faces and leaves the “interior” lumenal faces exposed, isolated grana are sometimes
called “inside-out membranes;” this also suggests that net stroma-side attractions are stronger
than net lumen-side attractions.



1.1. MOLECULAR PHOTOSYNTHESIS FOR SOFT MATTER PHYSICISTS5

I VAR, A
e e
aq. stroma

sl OOOOO
D) OO PSI

lumen gap (6-15 nm) C ag. lumen
thylakoid membrane bilayer (~4 nm) ( “ Q

stromal gap (2-4 nm) C

PSIl organization: . .

crystalline array, linear, disordered

e
L

Ln

stroma lamellae

\K/ (connect to other grana stacks)

grana stack
(~500 nm diameter)

Figure 1.2: Cartoon of thylakoid membrane and protein organization. Inset design inspired
by [48].

1.1.4 Flexible hierarchical assembly

PSII and LHCII exhibit self-assembled organization on a range of length scales [48, 137].
At the macromolecular scale, dimers of PSII core complexes associate specifically with 1-6
trimers of LHCII and up to 2 monomers of each of the minor light harvesting complexes
(CP24, CP26, and CP29) to form a family of PSII supercomplexes that can be isolated by
sucrose gradients and observed by single-particle electron microscopy [26, 35, 172]. PSII
supercomplexes are named for the number of PSII core and LHCII trimer complexes they
include: for instance, the large CoSsMs supercomplex includes a dimer of PSIT Core complexes
(red in Figure 1.3), two Strongly bound LHCII trimers (green), and two Moderately bound
LHCII trimers (black) (as well as the minor antenna complexes that do not contribute to
the naming scheme). The nomenclature of “strong” and “moderate” binding is due to the
apparent hierarchical nature of assembly, and not due to direct determination of binding free
energies in experiment or simulation. The presumed typical order of binding is (i) PSII core
dimerization, then (ii) binding of CP26, CP29, and an LHCII trimer at the “S” position, then
(iii) binding of CP24 and an LHCII trimer at the “M” position, although exceptions like CoM
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complexes can be found. In the model plant Arabidopsis thaliana, the CoSoMs complex is the
most commonly observed, while smaller C5Ss and CySoM complexes are more common in
spinach [109]. Although CP24 appears to mediate LHCII binding at the M position in plants,
the green alga Chlamydomonas reinhardtic can bind M complexes although it lacks the gene
for CP24; Chlamydomonas PSII supercomplexes can also contain rarer loosely bound (L)
complexes [172].

O M trimer
O S trimer
O cP29

PSII dimeric
() cP2s core
() cpes

Figure 1.3: PSII supercomplexes in Arabidopsis thaliana characterized by single-particle EM.
Adapted from [35].

PSII supercomplexes can further assemble into regular 2d patterns termed arrays. Since
their early description in the 1960s [143], these striking motifs have frequently been observed
in EM and AFM studies of stacked thylakoid membranes, and are composed of tens or
hundreds of unit cells containing one PSII core dimer and variable quantities of LHCII
(reviewed in [109, 48, 71]). Array extent and unit cell have been correlated with a number of
experimental factors, including the use of strains that lack various light-harvesting complex
(190, 150, 112, 46, 43], PsbS [96], or photosystem I [130] proteins; cold storage [157, 167];
and acclimation to low light [102, 110]. Yet, in part because observed arrays can vary widely
between similar samples [25, 189], quantitatively predictive statements about the structure
and function of PSII arrays have not emerged. Hypothesized functional rationales for PSII
arrays primarily focus on predicted exciton transport effects, such as optimizing antenna size,
excitation quenching site availability, or reaction center connectivity to match light conditions
[41, 83], and on protein and electron carrier mobility arguments [103, 67], but no functional
role has been proven. PSII arrays are the focus of Chapters 3 and 5.

Zooming out still further, many photosynthetic membrane proteins display dramatic
lateral heterogeneity within the complex architecture of the thylakoid. Specifically, PSII
and LHCII typically localize to grana membranes; photosystem I and ATP synthase are
sterically excluded from appressed membranes by their large stromal protrusions and are
thus predominantly found in unappressed membranes; and other proteins such as cytochrome
bgf are present in both regions [3, 165]. The packing fraction of proteins in grana can be
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estimated by combining the number density of PSII (as counted in AFM or EM images) with
the stoichiometries of other protein components to PSII (as measured by gel electrophoresis
of proteins extracted from fractionated membranes), yielding typical packing fractions in
the range ~ 0.6-0.8 [133, 107, 70, 110]—much denser than a generic cell membrane. The
protein packing fraction in stroma lamellae is harder to measure because the particle counting
step is more difficult, but it is thought that stroma lamellae are less dense than grana. A
functional rationale for high grana protein density is easy to guess—high chromophore density
surrounding a high density of water-splitting catalysts—but the physical driving forces that
maintain these density and composition gradients are not known. This question is the focus
of Chapter 4.

Photosynthetic efficiency relies on precise spatial organization of sites for light harvesting,
exciton transport, and charge separation [155]. Nanoscale maps of the relative arrangement of
LHCII and PSII in native-like grana membrane environments will be necessary for building a
complete picture of exciton flow during photosynthetic light harvesting and energy conversion.
LHCII lacks a lumenal protrusion like that of the PSII OEC; this has prevented microscopists
from simultaneously mapping the positions of LHCII and PSII in disordered membrane
environments (i.e., outside of arrays). Super-resolution fluorescence imaging techniques are
a promising alternative, but have not yet been successfully applied to grana membranes,
which are already highly fluorescent. Computer simulation has the potential to complement
experiment and address this important gap in structural and mechanistic understanding.
Potential uses for simulated protein maps as platforms for other studies are discussed in
Chapter 6.

1.1.5 The thylakoid as an active material

Thus far, I have framed the photosynthetic apparatus as a complicated but ultimately
static system that accomplishes the basic functions of a solar panel and little more. Yet
the natural photosynthetic apparatus is a much richer solar energy conversion device than
its artificial counterparts—it is an active material that adapts to fluctuating photon inputs
and downstream energetic demands on a variety of time scales, and is self-repairing when
photodamage occurs. Because PSII is a key site of photodamage [179], many of these dynamic
processes share the phenotype of a reduction in productive photochemistry at PSII and a
concomitant increase in exciton relaxation via other pathways such as fluorescence. This
has led to the use of the umbrella term nonphotochemical quenching (NPQ) to cover a
family of processes with more or less archaic names, including energy-dependent quenching
(qE), state transitions (qT), and photoinhibition (qI). While most of the research in this
dissertation does not directly answer questions about NPQ, an awareness of NP(Q) is essential
for understanding the motivations for, implications of, and potential extensions from this
work, and could inspire the design of artificial biomimetic active materials.

The qE component of NPQ is a response to a rapid increase in light intensity, on the scale
of seconds to minutes [192, 149]. The sequence of events in qE is as follows: (i) increased
water-splitting activity at PSII decreases the pH in the lumen; (ii) the xanthophyll cycle
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enzyme violaxanthin deepoxidase (VDE) becomes protonated and catalyzes the conversion of
violaxanthin to zeaxanthin; (iii) PsbS [116, 117], a difficult-to-characterize member of the
LHC family, also becomes protonated; (iv) molecular rearrangements occur; (v) excitations
of antenna chlorophylls are quenched. Although a quantitatively predictive mathematical
model of qE has been developed based on current knowledge [191], many details of this
process remain unclear, and in particular, many proposed models of step (iv) are unsatisfying
from a soft matter perspective. PsbS may undergo a dimer-to-monomer transition upon
protonation [20], and PsbS expression levels have been correlated (via the npg4 knockout and
L17 overexpression mutants) to PSII array formation [96], grana stacking [108], fluorescence
lifetime [81], dissociation of a LHCII-CP29-CP24 complex from PSII [23], and changes in
typical inter-PSIT distances [23]. In addition, the NPQ phenotype of E has been correlated to
changes in typical inter-PSII and inter-LHCII distances [91], changes in bulk protein mobility
[91], and various spectroscopic signatures of LHCII aggregation (e.g., [148, 177]). These
findings are often interpreted within the context of xanthophyll-mediated LHCII aggregation
(69, 84], although more work is needed to characterize these putative aggregates in vivo.

The other two well-characterized components of NPQ, state transitions and photoinhibi-
tion, are both dependent on phosphorylation of the stromal faces of grana-localized proteins,
leading to PSII supercomplex disassembly, diffusive transport of the phosphorylated proteins
from grana to stroma lamellae, and a change in the degree of grana stacking [170, 181].
Yet the two processes have little else in common. State transitions occur when the redox
balance of the plastoquinone pool is upset in moderate or fluctuating light conditions [114],
involve phosphorylation of LHCII by the kinase STN7 [18] and detachment of LHCII from
PSII [87, 51, 88, 49], and result in an increase in LHCII mobility [52, 40, 86|, the formation
of physical and excitonic connections between LHCII and PSI [122, 63], and ultimately in
the smoothing of structural and composition gradients between grana and stroma lamellae
[39]. It is often stated that 80% of major LHCII complexes participate in state transitions
in Chlamydomonas while only 20% do in plants; the classic references for these two claims
([49] and [6, 16], respectively) use somewhat outdated experimental methods. On the other
hand, in the PSII photodamage-and-repair cycle, damaging high light conditions trigger
phosphorylation of PSII core proteins by the kinase STNS, leading to complete disassembly
of the supercomplex [171], increased bulk pigment-protein mobility [79], transport of the
damaged D1 protein to the stroma lamellae for degradation and resynthesis [13], and reduction
in the diameter of grana stacks [62, 79]. From a physical perspective, open problems in state
transitions and PSII repair include constructing clear framings of their out-of-equilibrium
character (i.e., is each better thought of as a driven process or as relaxation after a perturba-
tion), determining the nature of the driving forces for protein and membrane rearrangement
induced by phosphorylation, and dissecting the protein-specific mobility patterns that are
convoluted within the current state-of-the-art fluorescence recovery after photobleaching
(FRAP) experiments.
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1.2 Coarse-grained simulation for plant biologists

1.2.1 Motivation for modeling

Photosynthesis spans disparate length and time scales, from femtosecond quantum events
to seasonal canopy-scale processes. Many of the key phenomena that regulate the efficiency
of light-harvesting and charge separation in the thylakoid membrane occur on intermediate
scales—nanometers to microns in space, and milliseconds to minutes in time. In this regime,
it has been experimentally challenging to simultaneously probe structure and function. On
one hand, atomic force microscopy (AFM) and electron microscopy (EM) and tomography
(ET) have proven to be powerful tools for elucidating the organization of the thylakoid
membrane architecture and of its intrinsic pigment-proteins, but they typically lack sufficient
temporal resolution to resolve dynamic structural fluctuations in detail. On the other hand,
the popular biochemical, spectroscopic, and fluorescence microscopy methods are effective for
exploring protein behavior within and trafficking between grana and stroma lamellae, but
obscure functional distinctions between the many local environments within each membrane
region. In addition, while isolated grana are useful model systems, the complexities of
thylakoid morphology and pigment-protein synthesis have made it difficult to construct
minimal reconstituted systems that would enhance experimental control over the membrane’s
structure and contents.

Coarse-grained computer simulation has the potential to bridge the gap between these
structural and functional techniques. Computer simulation offers control over every input
to the system (e.g., the number and identity of particles), and access to every output (e.g.,
particle locations over time), enabling the researcher to test hypotheses and make predictions
about relationships between thermodynamic parameters and biologically-relevant phenotypes.
Here, we specifically consider coarse-graining at the nanoscale, where soft matter physics is
often more illuminating than quantum-mechanical or even atomistic chemical perspectives.
Coarse-grained modeling is powerful and widely applicable, yet, like any scientific technique,
requires attention to a host of subtleties if it is to yield meaningful insights [59].

1.2.2 Energetics

Coarse-grained models derive their strength from the clarity and broad applicability of
their assumptions, rather than from the precision of their details. Therefore, the potential
energy function governing a coarse-grained model should include the simplest set of particles,
interactions, and material properties that captures the phenomenology of interest and is
motivated by the underlying physics.

For instance, consider the nanoscale properties of a generic protein: it occupies space;
it may have a compact shape; it may form specific contacts with other proteins; it may
aggregate or crystallize. In many cases, these properties can be represented mathematically
by pairwise energetic potentials between protein particles.

The basic features of appropriate potentials between particles representing proteins (or
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strongly bound complexes) are often clearly dictated by their scale and molecular nature.
For example, forces between proteins with well-defined internal structure should include
a steric contribution, establishing the volumes they occupy. This repulsive interaction is
harsh, acting over short range, and can be reasonably caricatured as a singular “hard core.
Continuous potentials that achieve the same effect, such as the Weeks-Chandler-Andersen
(WCA) potential [182], are sometimes preferred for practical reasons. Purely repulsive hard
spheres were among the earliest model systems studied with molecular simulation techniques
and, despite their simplicity, display a rich phase behavior [4]. Phase diagrams have also
been explored for nonspherical hard shapes, including rods [28], ellipsoids [140], cubes [162],
and exotic polyhedra [42, 78].

Cohesion between proteins in solution can emerge from many sources, e.g., hydrogen
bonding, screened Coulomb interactions, hydrophobic effects, and other solvent-mediated
effects. Despite this variety, however, the attractions effected by these forces are similar in
nature at the coarse-grained level. In particular, they typically attenuate over distances that
are short compared to the scale of proteins themselves. They thus act primarily as contact
potentials, which reward close approach of coarse-grained particles. A minimal model of
this behavior is a “square-well” potential that has a constant strength within a cutoff radius
and is noninteracting beyond the cutoff radius. Other models use the Lennard-Jones (LJ)
potential to accurately capture the /6 decay of van der Waals interactions [115], the Yukawa
potential to capture screened electrostatics [55], or custom functional forms to capture other
phenomenology (e.g., [154, 144]). Square-well and Yukawa potentials are typically used
in concert with a hard-core repulsion; the LJ potential includes its own volume exclusion
term, from which the WCA potential is derived. Any attractive interaction can be made to
act isotropically, favoring nonspecific aggregation, or between interaction sites on so-called
“patchy” particles, often favoring self-assembly of specific structures [75].

Lipid bilayer membranes are modeled in different ways depending on the desired range
of bending fluctuations. If the membrane is essentially flat and bending fluctuations are
not expected to affect the phenomenon of interest, it can be modeled simply as a static
planar surface through which particles representing intrinsic membrane proteins can travel.
Because grana lamellae appear flat in most electron micrograms and tomograms (reviewed in
[48, 44, 137]), this approach has been used for coarse-grained simulations of grana proteins
[154, 107, 174, 173, 52].

In more generality, a membrane can be well described by the Helfrich Hamiltonian for an
elastic sheet [151]. When only small-amplitude fluctuations about a planar equilibrium state
are considered, it is convenient to represent the membrane in the Monge gauge (i.e., each
point (z,y) in the plane is associated with a height h(x,y) above the plane), and to linearize
the Hamiltonian to decouple the Fourier modes [151]. If significant changes in membrane
curvature or topology are essential to the research question, then the membrane can be
represented as a triangulated set of tethers and nodes [65], or as a collection of “membrane
patch” particles governed by a many-body potential that mimics the hydrophobic forces
that drive lipid bilayer cohesion [144]. To represent the internal structure of lipids at higher
resolution, various models have been developed (e.g., [47, 183, 89]).

)
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1.2.3 Dynamics

Coarse-grained biophysical models forego an explicit solvent for computational and con-
ceptual efficiency. They instead include the random buffeting of an implicit solvent via
stochasticity and friction in the algorithm that generates new configurations in a trajectory.
Two common classes of algorithms for this purpose are Langevin dynamics and Metropo-
lis Monte Carlo, which we sketch here; see the excellent textbooks [60, 8] for thorough
explanations and implementation guidelines.

Overdamped Langevin dynamics, also known as Brownian dynamics, propagate a system
by integrating equations of motion that include deterministic forces derived from the potential
energy function, as well as random forces parameterized by diffusion coefficients. For systems
of particles, the integration is typically performed in real space; for a membrane in the Monge
gauge, it is often easier to perform the integration in Fourier space [32]. Because the equations
of motion involve gradients of the potential, standard algorithms for Brownian dynamics
require the interaction energies to be differentiable.

Metropolis Monte Carlo takes a conceptually different approach: each new configuration
is generated from the previous one by proposing a random perturbation or “move” of the
system, then accepting or rejecting the move according to the Metropolis-Hastings acceptance
criterion. The researcher is permitted considerable leeway in selecting the types of moves
that are proposed. These moves can be physically motivated, such as small displacements
or rotations of single particles, or they can be starkly nonphysical, such as the insertion or
deletion of entire particles; in either case, moves should be designed to efficiently sample the
most important regions of state space. The main requirement is that the proposal-acceptance
scheme must obey detailed balance so that the process creates a Markov chain with a
well-defined stationary distribution. Advanced Monte Carlo methods include algorithms
for free energy calculations (e.g., umbrella sampling with MBAR [160]), equilibration on
rough landscapes (e.g., replica exchange [53]), and rare event sampling (e.g., transition path
sampling [27]).

The choice of simulation dynamics algorithm often hinges on whether it is more important
to fully characterize the system’s equilibrium properties, or to most realistically capture its
dynamics. Brownian dynamics and Monte Carlo dynamics can both accurately simulate
time correlations in the low-Reynolds-number systems of biology in some limits, although
hydrodynamic effects can be difficult to compute correctly [56, 32, 21]; both can require
large computational resources to explore the system’s equilibrium fluctuations. In Monte
Carlo, cleverly-chosen move sets can dramatically reduce the computational time necessary
to sample the equilibrium distribution—yet these moves are often ones that create highly
unphysical dynamics. However, compromises exist; for instance, virtual-move Monte Carlo is
a computationally-efficient Monte Carlo method that yields the correct dynamic behavior
both for single particles undergoing free diffusion, and for large clusters undergoing collective
motion [185]. We note that when investigating an inherently time-dependent question such as
the kinetics of a system’s relaxation after a perturbation, it is often illustrative to characterize
the equilibrium ensembles before and after the perturbation as a prelude to studying the
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dynamics in between.

1.2.4 Emergent behavior

In equilibrium simulations with Monte Carlo or Brownian dynamics, as in reality, it
is not the minimum energy classes of configurations that are the most probable ones—it
is the minimum free energy classes, which account for the effects of entropy as well as
energy. The complex interplay between energetic and entropic forces can give rise to striking
self-assembled structures and counterintuitive collective phenomena, even in seemingly simple
systems. Discovery, characterization, and prediction of such emergent properties are frequent
goals of coarse-grained modeling.

Several classes of entropic forces are likely to be important in photosynthetic protein—
membrane systems. One is depletion-attraction, an effective attraction that brings some
components of a system closer together in order to maximize the entropy of other (often
smaller) components [11]. Depletion-attraction is ubiquitous in biological systems [123], and
it is the driving force behind the crystallization of hard particles (described above). Another
entropic force acts between layers of a stack of membranes, whose out-of-plane fluctuations are
suppressed by steric constraints imposed by neighboring layers [77]. An accurate accounting
of this force is necessary to understand the adhesion of membrane stacks [118].

Other emergent behaviors can arise from coupling between membranes and membrane
proteins. For instance, membrane-mediated forces between intrinsic membrane proteins are
caused by hydrophobic mismatch [73, 152], membrane curvature [169], and lipid composition
[47]. Conversely, membrane-associated proteins can sculpt the membrane’s morphology and
composition fluctuations [163, 124].

Phase transitions are the paragon of collective behavior in statistical mechanics. Charac-
terized by nonanalytic change (e.g., a discontinuity) in an observable quantity, they arise not
only in simple molecular substances (e.g., water freezing or boiling) but also in a variety of
biophysical contexts, including membrane binding-unbinding transitions [118] and protein
crystallization [154]. At phase coexistence, a system can stably exist in each of two very
different states, but is unstable as a mixture of the two (unless coexistence is allowed by the
thermodynamic ensemble) [37]. Even if only one phase is stable at a time, the kinetics of
phase transitions can nevertheless be complex. In classical nucleation theory, it is first slow
to overcome the free energy barrier to nucleation of the new phase inside the old, then fast
for nuclei to begin to grow, and finally (for high-symmetry phases) slow for defects to anneal;
even more sluggish and exotic dynamics can be observed in practice [184, 76].

1.3 Previous applications of coarse-grained modeling
to photosynthesis

Membrane morphology The mechanism of membrane curvature generation in the pho-
tosynthetic purple bacterium Rhodobacter sphaeroides has been investigated by Monte Carlo
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simulation [61]. In that work, four physical features of the biological system were included
in the coarse-grained model: the flexibility and fluidity of the membrane, the high packing
fraction of reaction center-light harvesting 1 (RC-LH1) complexes and light harvesting 2
(LH2) complexes in the membrane, the size disparity between RC-LH1 and LH2 complexes,
and the wedge shape of the complexes. Thus, the coarse-grained model consisted of a fluc-
tuating triangulated network representing the membrane, with hard spheres at the vertices
representing protein complexes. By varying the spontaneous curvatures and diameters of the
hard sphere vertices in equilibrium simulations, the authors found support for the hypotheses
that protein shape (via the Helfrich energy) and crowding (via depletion-attraction) both
influence the organization of the bacterial photosynthetic membrane.

Protein self-assembly Thylakoid membrane proteins, particularly photosystem II (PSII)
and light-harvesting complex II (LHCII), display a variety of self-assembled structural motifs
(reviewed in [48, 137, 109]). Kirchhoff, Tremmel, and coworkers investigated crowding effects
on PSII and LHCII organization by conducting Monte Carlo simulations of a coarse-grained
model in which the protein complexes were represented by hard particles with structurally-
detailed shapes, and the membrane was represented by a discretized static 2d sheet [174, 107].
This approach was computationally challenging because the discretization of space introduced
artifacts when a short-range attraction was added to the model, and may have exacerbated
the inherent difficulty of equilibrating a dense system using single-particle Monte Carlo
moves [174]. These studies concluded that a richer model would be necessary to capture key
structural motifs observed in vivo [107].

Mobility Particle mobility due to Brownian motion is characterized by a diffusion co-
efficient and can be studied experimentally by techniques like fluorescence recovery after
photobleaching (FRAP) [103, 66, 91, 79, 106], single-particle tracking [40], or fluorescence
correlation spectroscopy (FCS) [86]. After a perturbation that brings a system out of equilib-
rium, diffusion leads to fluxes of particle density that act to smooth out gradients in chemical
potential, whether or not the perturbation changed the intrinsic particle diffusion coefficients.
In contrast, in an equilibrium system, Brownian motion does not lead to net transport of
particles, even if diffusion coefficients are large.

Plastoquinone mobility was considered using simulations of the Kirchhoff-Tremmel model,
yielding a percolation threshold for plastoquinone at 60-70% protein packing fraction [173, 174].
LHCII diffusive transport from grana to stroma lamellae during state transitions was studied
via Monte Carlo simulation of a mixture of hard discs; by fitting to time series of membrane
fractionation data, the authors concluded that phosphorylated LHCII has a higher diffusion
coeflicient than unphosphorylated LHCII [52].
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Chapter 2

A coarse-grained model of the
photosynthetic apparatus

This Chapter lays out the model and methods that are used in Chapters 3 and 4. Our
model was developed to recapitulate key features of thylakoid membrane protein organization
described in Chapter 1, particularly in stacked grana membranes, at a spatial resolution
comparable to that achieved by AFM and EM (i.e., at the nanoscale). We extend the previous
computational approaches described in Chapter 1 in two key ways: we simulate multiple,
coupled membrane layers in a grana stack; and we employ computational methods capable of
exploring highly cooperative transitions. This Chapter contains published work from [154].

2.1 The model

2.1.1 Geometry

Our model consists of two coupled 2d layers, representing stroma-paired grana membranes,
which comprise the minimal system for PSIT array formation [45]. These two layers can be
thought of as an isolated membrane pair, or as two stroma-paired membranes in a larger
grana stack where lumen-side interactions are assumed to be negligible [48].

We represent protein complexes within membrane layers of a grana stack as greatly
simplified particles that can move in only two directions (z and y) and rotate only about
the axis z perpendicular to these layers. Our simulations sample configurations of a pair
of these two-dimensional systems, periodically replicated in x and y, coupled by stacking
interactions between particles in different layers. The model includes two particle species:
isotropic disc-shaped particles represent trimeric LHCII complexes, and discorectangle-shaped
particles represent PSII supercomplexes (specifically the so-called CySy supercomplex in
Chlamydomonas [172], spinach [139], and Arabidopsis [35]) (Fig. 2.1).

Particle shapes are simple approximations of the solved protein complex structures
(35, 138], and particle sizes are assigned to be consistent with the protein structures and with
previous coarse-grained models [173]. Specifically, each LHCII particle has a diameter op, =
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6.5 nm, and each PSII particle has a rectangle width and cap diameter Dp = 12.0 nm and
rectangle length Lp = 14.5 nm (Fig. 2.2). PSII particles, like PSII protein supercomplexes,
have two constituent embedded LHCIIs that move with the PSII particle as a rigid body.
The embedded LHCIIs are constrained to their physiological locations on either side of the
PSII axis [138], making the PSII particles chiral.

a PSII-LHCII intralayer attraction
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Figure 2.1: Graphical summary of the model. a: Side view cartoon of protein geometry and
interactions. PSII (blue) and LHCII (green) particles reside in two coupled layers, each of
which represents a lipid bilayer grana membrane (tan) surrounded by stromal and lumenal
aqueous regions (pale blue). b and ¢: Top view from the lumenal side of the coarse-graining
procedure. Solved protein structures of LHCII trimers are roughly circular; model LHCII
particles are hard discs with diameter 6.5 nm (dark green: S-LHCII; medium green: M-
LHCII). PSII C5S, supercomplexes are roughly rod-shaped; model PSII particles are hard
discorectangles with diameter 12 nm and tip-to-tip length 26.5 nm (blue). The orange
dots show LHCII binding sites that allow formation of supramolecular complexes, including
(C9S2)2 (b, governed by es,_p) and C2SoMs (¢, governed by eyp_p). Protein structures
adapted from [35, 48]. d: Potential energy of the LHCII interlayer stacking interaction.
Insets: side view cartoons of unbound LHCII (light green) in stacked (left) and unstacked
(right) configurations.

2.1.2 Energetics

In addition to excluding area within the layer that they occupy, these particles attract
one another in three distinct ways.

The first two attractions act between an interaction site on PSII and an LHCII par-
ticle residing in the same layer. These interactions are motivated by experiments where,
when protein complexes are isolated from thylakoid membranes of Arabidopsis, spinach,
or Chlamydomonas, LHCII complexes are found to be distributed among at least three
different local environments: they can be strongly bound within a supercomplex (embedded
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Figure 2.2: Detailed geometry of the particle sizes, shapes, and intralayer interactions. (left)
Non-embedded LHCII particles (light or medium green) are discs with diameter o, = 6.5
nm, excluding an area ay, = %0124 ~ 33 nm?. PSII particles (blue) are discorectangles with
width Dp = 12.0 nm and length Lp = 14.5 nm, yielding a total tip-to-tip length of 26.5 nm
and excluding a total area ap = %D% + LpDp ~ 287 nm?. Within PSII particles, embedded
LHCII particles (dark green) and in-plane PSII-LHCII binding sites (orange) participate
in attractive interactions but do not exclude area. (right) LHCII particles are considered
bound to an in-plane binding site if the LHCII particle penetrates a disc of radius r. = 1.04
nm around the in-plane binding site. If the LHCII particle is embedded, then, in addition
to satisfying the distance cutoff, the angle difference between the long axes of the two PSII
particles hosting the interaction sites must be < 30°. PSII particles in the bottom (left)
and top (right) layers of the two-layer simulation geometry are mirror images because PSII
protein supercomplexes are chiral and have distinct stromal and lumenal faces (see Fig. 2.1a).

or S-LHCII), moderately bound to the edge of a supercomplex (bound or M-LHCII), or
structurally detached from PSII (free LHCII) [35, 48, 189, 172]. Motivated by the apparent
equilibrium between moderately bound and free LHCIIs, we introduce two interaction sites
on the periphery of each PSII particle, as illustrated by the orange dots in Fig. 2.1b and c
and Fig. 2.2. These interaction sites attract LHCIIs in the same layer over a short range (/1
nm), such that modeled M-LHCIIs in the “bound” state are constrained to locations relative
to PSII that are consistent with published C2SoM, complexes [35, 172].

Experiments suggest that the intralayer interactions between PSII supercomplexes and free
LHCIIs are similar to yet distinct from those between a PSII supercomplex and the S-LHCII
of another supercomplex; for instance, binding of M-LHCII (Fig. 2.1¢) appears to require
PSII subunit CP24 in Arabidopsis, while association of S-LHCII with the same site (Fig. 2.1b)
may not [112]. We therefore define separate energy scales for these interactions (eyy,—p and
€sL—p, respectively). Based on measurements of intramembrane associations between other
protein complexes in photosynthetic membranes [119] and on other coarse-grained membrane
protein models [126], these energies are expected to be modest, on the order of one or a few
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kgT'; we focus on esy,_p = emr,_p = 2kgT.

We model both PSII-LHCII interactions as square-well potentials, with a distance cutoff
of 0.6601, between the LHCII center and the binding site, or equivalently a distance cutoff
between the LHCII edge and the binding site of 0.1601, = 1.04 nm; this short-range distance
cutoff ensures that each binding site can bind at most one LHCII at a time and is comparable
to other coarse-grained membrane protein models [126]. This square well completely describes
the eyr.p interaction between PSIIs and nonembedded LHCII particles. The attraction
between PSIIs and embedded LHCIIs, egr.p, has an additional constraint: the angle difference
between the long axes of the two PSII particles hosting the interaction sites must be < 30°,
ensuring that only approximately-parallel PSIIs may participate [48]. Temperature T is fixed
at 1 throughout, such that kg7 is our reduced unit of energy.

The other attraction involves two LHCII particles (free or embedded) in different layers.
Electrostatic interactions between LHCII stromal faces contribute to grana stack integrity [14]
and are implicated in PSII array formation in experiments [45, 25]. Standfuss and coworkers
have proposed a “velcro-like” qualitative model for the LHCII stacking interaction [166], but
a quantitative understanding is lacking. We have chosen a simple phenomenological form for
the LHCII-LHCII interlayer attraction that favors LHCII face-to-face contact (Fig. 2.1a,d).
This interaction has an energetic minimum, with a value of €r.;,, when one disc completely
eclipses another as viewed from above the layers. It vanishes continuously at r = oy,, where
r is the lateral distance between the centers of two LHCII discs. Specifically, let r be the
lateral distance between LHCII particle centers, i.e., the magnitude of the disc-disc separation
vector once projected into the plane of a membrane sheet. Then the form of the model
LHCII-LHCII interlayer interaction, Usacking, iS

2

o r—oy, if

Ustackin (T) = Lt ( L ) <oy (21)

g .
0 otherwise

and is plotted in Fig. 2.1d. All LHCII particles can participate in this interaction.

We set the strength of the attraction to e, = 4 kgT, except where noted, which creates
strong but reversible binding. This is consistent with the electrostatic attraction expected
between two correspondingly charged parallel plates in an aqueous solution of counterions.
According to the approximate approach of Ref. [129], this energy can be estimated as
FEaec = —2mac?d/(4mege), where a is the plate area, o is the surface charge density on each
plate, d is the distance between the plates, ¢, is the permittivity of free space, and e is the
dielectric constant of water. Here, the plates represent the negatively-charged stromal surfaces
of LHCII, and the counterions represent positively-charged LHCII N-terminal domains (which
are flexible and extend into the aqueous gap [166]) as well as dissolved cations. Therefore,
we assign a = ar,, the area of an LHCII particle (which has been matched to the protein
structure), and ¢ = —0.02 C'/m?, within the range of measured surface charge densities on
the stromal side of grana membranes [14]. When two such plates are separated by a typical
stromal gap distance d = 1.8 nm [48], we obtain Ege. = —3.94 kgT.

We emphasize that this model includes only the short-ranged intramembrane protein-
protein attractions that are most conclusively established by single-particle structural studies.
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Longer-range patterns in our simulations can only arise from emergent correlations involving
many particles. We also emphasize that the values of the interaction strengths that we have
selected are intended to be representative of the physiology of a generic grana membrane,
and not to represent any specific species or growth condition. Experimental measurements
of the interaction strengths, which would be difficult but not inconceivable (e.g., along the
lines of Ref. [119]), could support future efforts to tailor the model to precisely match specific
experimental conditions.

2.2 Monte Carlo simulations

Using standard Metropolis Monte Carlo methods, we sampled equilibrium configurational
distributions of systems comprising Np PSII particles and a variable number Ny, of free LHCII
particles. Trial moves included translational displacements of a randomly chosen LHCII or
PSII particle, and rotational displacements of a randomly chosen PSII particle. Translational
moves were restricted to periodically replicated 2D surfaces, each with area A per layer. z-
and y-components of translational moves were chosen from Gaussian distributions with zero
mean and variances of 0.6 nm? for free LHCII displacements or 0.2 nm? for PSII displacements.
PSII rotations were chosen uniformly on the interval (—10°,10°). An “MC sweep” consisted
on average of Ny, LHCII displacements, Np PSII displacements, and Np PSII rotations.

To scrutinize phase behavior, we performed simulations in which A and Ny, were allowed
to fluctuate (i.e., sampling an osmotic ensemble [125]). These fluctuations were regulated by
specified values of a two-dimensional pressure p and a chemical potential uy,, respectively. In
addition to particle displacement trial moves, osmotic ensemble simulations included trial
moves that change A (box area moves) and trial moves that change Ny, (LHCII insertion and
deletion moves). Acceptance probabilities for the latter moves were constructed to satisfy
detailed balance, with the area per layer A scaled by the number of layers n; where necessary.

2.3 Analysis of simulated data

2.3.1 Clustering algorithm

PSII arrays were identified using connected component analysis [82] with three neighbor
criteria, all of which must be satisfied for two PSII particles to be “connected”: (i) the angle
difference between particle axes must be < 15°; (ii) the component of the center-to-center
separation vector parallel to a particle axis must be < 26.5 nm; (iii) the component of the
center-to-center separation vector perpendicular to a particle axis must be < 14 nm.

2.3.2 Free energy calculations

We determined free energy profiles F'(p) as a function of total packing fraction p by
exploiting the fundamental relationship F'(p) = —kgT In P(p) to the probability distribution
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P(p) for spontaneous packing fraction fluctuations. Statistics of p were in turn determined by
maximum likelihood estimation from osmotic ensemble simulations with imposed harmonic
bias potentials of the form wupias(p) = k(p — po)?. The MBAR method as implemented in the
PyMBAR package [160] was used to pool and reweight these umbrella sampling results as
follows.

2.3.3 Thermodynamic reweighting

In the osmotic ensemble, a microscopic state (i.e., a particular realization of all fluctuating
variables) is specified by I' = (A, Np,, N ), where 'V is a vector detailing the coordinates of
all N = N, + Np particles. Defining n; as the number of membrane layers (n; = 2 for all
calculations described in this work), the equilibrium probability distribution P(T") of such
microstates is given by

1 —B (U(F)+nzAp—(uL—u£0))NL)

P(I) x NL!€2NL€

(2.2)

where 8 = (kgT)™!, £ = 1 nm is a reference length scale defining the standard state, and
,u(LO) is the chemical potential of noninteracting LHCII particles at the standard state density
¢=2. We report all chemical potential values relative to u£0), defining jip, = py, — M(LO). The
proportionality coefficient in Eq. 2.2 is determined by normalization, Y-p P(I') = 1, where
Sp(--+) = [dAY N, [,4dr™(--+) implies summation/integration over all fluctuating variables.

The packing fraction p = (n;A)~' Y, a;N; is proportional to a linear combination of the
excluded areas a; for each particle type i. Its probability density P(p) sums the statistical
weights of all microstates sharing a given value of p, say p = o:

P(o) o« Y PM)d(p—o)
o exp [~BF(o)],

Now consider probability distributions P(I') and P(p) at a different set of thermodynamic
parameters, i, = pur, + Apg, and p = p + Ap. The simple connection between weights of a
particular microstate at different thermodynamic parameters,

P(I) < P(T")exp [— 0 (njAAp — N, Auy)],

allows us to determine P(p) at p = o by “reweighting” density statistics at the original
parameters pup, and p:

P(g) o< > P (p— o) exp[—f (mAAp — NLAuL)]
x (exp =0 (njAAp — N Auy)])
« o [-7(0)].

o{p,uL}
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The subscript o, {p, 1.} on angled brackets indicates a conditional average over configurations
with p = p, at chemical potential p;, and pressure p. We exploited these relationships to
compute free energy profiles for a range of values of yy, and p, using data from simulations at
a single thermodynamic state.

2.3.4 Drawing the phase diagram

Constructing coexistence curves in the ¢,p-plane requires computing the average com-
position (¢), and packing fraction (p), for each phase a at each state {p*, uj} of phase
equilibrium. To do so, we associate with phase v a continuous interval of p that: (a) straddles
the corresponding minimum in free energy at p,, (b) does not cross the local free energy
maximum at intermediate packing fraction p*, and (c) is bounded on either side by values
Poound Satistying F'(ppound) = F(pa) + AF. The coexistence curves we present were obtained
with AF = 10 kgT; results are quite insensitive to this choice provided that AF is significantly
larger than kg7 but smaller than the barrier height F(p*) — F(pa).

Integrating over these intervals, we computed average order parameters at p* = p + Ap,
ui = pr, + Apy, according to

(pa = /a dpP(p)p, and
@a =5 [ AP, ey

Using the same reweighting scheme described above, <NL>p {pr )} Was calculated from

statistics at the reference state {p, ur}:

.  (Npexp [=8 (nAAp — NuAp)])
Lip L} — (exp [=B (nfAAp — N Apy)])

pippL}

pipuL}

Systems with fixed density and composition that lie inside the coexistence region will of
course phase separate, yielding at equilibrium a fluid phase with parameters (¢¢,pf) and a
crystalline phase with parameters (¢.,p.), separated by an interface. For a given net packing
fraction p and composition ¢, the end points of its tie line in Fig. 3.10 indicate the properties
o¢, pt, Oc, and p. of these consitituent phases, which lie along the corresponding coexistence
curves. The tie lines were calculated parametrically, by varying the possible proportions of
coexisting states. Let f = Ag/A be the fraction of total area partitioned to the fluid phase, so
that 1 — f = A./A is the fraction partitioned to the crystal phase. The net packing fraction is
a simple linear combination p(f) = pef+ pc(1— f) of the coexisting values. Net composition is
more conveniently written in terms of z = f/(1— f) and the ratio r = (ap¢. +ap)/(ar¢s + ap)
of packed area per PSII in the two phases,

_ Gspez + rPcpe

QS(Z) PEZ 4 Tpc
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Given coexisting values of ¢¢, pg, ¢c, pe (from which r can be easily determined), we vary f
from 0 to 1 (thus varying z from 0 to o). The set of paired values (¢, p) generated in this
way comprise a single tie line.

2.4 Comparison to experimental data

Let ¢ be an experimentally measured mole ratio of LHCII trimers (including free, S-
LHCII, etc.) to PSII core monomers, e.g., as measured by Western blots or spectroscopy.
Because there are two PSII core monomers and two LHCII trimers per CySy supercomplex,
¢ =2¢ — 2.

Let np be a number density of PSII, typically reported in units of PSII per square micron.
Then p = np (ap + ¢ay,).

To calculate the experimental data points in Fig. 3.10, we took values of np and ¢’ from
Tables 2 and 4, respectively, in Ref. [102], and used a;, = 33.18 nm? and ap = 287.1 nm?
(Fig. 2.2). For the low-light growth condition, ¢/ = 5.42 np = 1436 £ 57/um? =— ¢ =
8.84,p = 0.833 + 0.013. For the ordinary-light growth condition, ¢’ = 3.28, np = 1720 +
63/um? = ¢ = 4.56,p = 0.754 £ 0.028. If a standard deviation or standard error were
available for ¢, it could be included when calculating the error in p.
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Chapter 3

Coexistence of fluid and crystalline
phases of proteins in photosynthetic
membranes

In this Chapter, we use the model and simulations described in Chapter 2 to examine
PSII array formation in system sizes comparable to full grana discs (hundreds of nanometers
in diameter). By thoroughly examining thermal fluctuations in our model of a PSII-LHCII
binary mixture, we reveal a phase transition between a relatively dilute, disordered PSII-
LHCII fluid and a dense, ordered PSII-LHCII crystal. Physiological protein concentrations
are at fluid-crystal phase coexistence or near the boundary between the fluid and coexistence
regions, where small changes in protein density or interactions can lead to dramatic shifts
in the observed degree of array formation and in any array-dependent functionality. This
Chapter contains published work from [154].

3.1 Simulations capture experimentally-determined in-
tramembrane protein organization

We performed Monte Carlo simulations to sample equilibrium particle configurations at
a wide range of particle concentrations within experimentally relevant parameter regimes.
Two standard experimental measures of grana protein content are the LHCII:PSII ratio
(specifically, the mole ratio ¢ of free LHCII trimers to PSII CyS; supercomplexes) and the
number density of PSII (typically PSII per square micron of membrane). These metrics
can be combined to estimate the total protein packing fraction p (i.e., the fraction of grana
membrane area occupied by proteins). Published values of these quantities vary significantly
based on plant growth conditions and membrane preparation protocols: ¢ is typically in the
range =~ 2-6 [90, 102, 180], and p is typically in the range ~ 0.6-0.8 [133, 107, 70, 110]. We
performed simulations with the parameters given in Table 3.1. For each set of structural
parameters; for each set of parameters, at least 7 simulations were initialized from independent
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fluid or partially crystalline configurations.

1

710 15 20 25 30 35 40 45
PSII center-to-center distance (nm)

Figure 3.1: Intramembrane structure of a coupled pair of model grana membranes at
1750 PSII/pum?. a: Snapshot of the lumen-side-up membrane layer from a simulation at
p = 0.70, ¢ = 3.36 showing a representative disordered configuration. Example supramolecular
complexes are circled, clockwise from top: CaSy, CoSoM, (C3S2)2, CaS3M,. Color scheme as in
Fig. 2.1; scale bar = 50 nm. b and c: Comparison between experimental and simulated data
for the statistics of intramembrane PSII center-to-center separation distances. b shows the
distribution of nearest-neighbor distances, and ¢ shows the radial distribution function g(r).
Freeze-fracture EM data on isolated spinach grana membranes [107], with 1700 PSIT/um? on
average, are consistent with these simulations of the disordered state. In contrast, simulations
at p = 0.75 show PSII aggregation and ordering.

Simulations of moderately dense systems (p = 0.70, ¢ = 3.36) showed good agreement
with a variety of experimental probes of intramembrane protein organization. Fig. 3.1 shows
data from lumen-side-up layers of simulated membrane stacks, the perspective from which
PSII positions are routinely detected experimentally [109]. LHCII and PSII particles were
distributed uniformly and isotropically throughout the layer, with PSII orientations correlated
over about 30 nm (2.5 PSII widths). Statistics of PSII-PSII separation distances matched
well with experimental results, with computed and experimental nearest-neighbor PSII center-
to-center distances of 18.7 + 2.9 nm and 19.0 + 4.1 nm, respectively, and weakly structured
radial distribution functions g(r) (Fig. 3.1b and ¢, [107]); small offsets in peak positions could
be due to our simplified particle shapes. These correlations arise both from direct association
between PSII pairs and from effective forces mediated by LHCIIs and by particles in the
opposing layer. Contributions from LHCII fluctuations include “depletion” attractions [11],
which tend to cluster PSIIs in order to maximize the space available to the smaller LHCII
species.

Though simple in form, our model of PSII-LHCII intralayer attraction was sufficient to
stabilize significant populations of several known supramolecular complexes—PSII supercom-
plex dimers ((C3S2)2), PSII supercomplex with one additional LHCII (CyS;M), and PSII
supercomplex with two additional LHCIIs (C3S2Ms)—in equilibrium with a pool of lone PSII
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supercomplexes (C3Ss). The balance of this equilibrium can be tuned by changing the strength
of the intralayer attraction; at es;,_p = eyr,_p = 2 kg7', LHCII binding and unbinding is
facile, and approximately 25% of LHCII particles are bound to PSII supercomplexes under
these conditions.

3.2 LHCII stacking creates interlayer PSII correlations

Our simple model of LHCII stacking interactions similarly proved sufficient to generate a
range of structural motifs that have been inferred from experiment. Specifically, we frequently
observed (1) pairs of stacked, nearly parallel PSIIs, in which the LHCIIs chirally embedded
in one PSII are both aligned with the embedded LHCIIs of the opposing PSII (of opposite
chirality) (Fig. 3.4a); (2) nearly perpendicular pairs, in which all embedded LHCIIs stack
over free LHCIIs in the other layer (Fig. 3.4b); and (3) rows of rotated PSIIs in one layer
stacked atop a parallel but oppositely rotated row in the other layer, in which the two LHCIIs
embedded in a given PSII are aligned with those of two different PSIIs in the opposing layer
(Fig. 3.4c). In the absence of LHCII stacking interactions (i.e., when ep_1, = 0), these PSII
correlations disappeared (Fig. 3.2).

All three of these motifs have been reported in separate experimental studies: Fig. 3.4a
resembles single-particle electron micrographs of isolated PSII pairs [139], Fig. 3.4b resembles
cryo-electron tomograms of PSII arrays in thylakoids [45], and Fig. 3.4c resembles transmission
electron micrographs of PSII arrays in BBY membranes [25]. From those observations,
however, it was not clear whether different motifs could be simultaneously abundant; nor
could those authors establish LHCII stacking as a sufficient driving force for various interlayer
correlations. Our results indicate that LHCII stacking can indeed drive all of these associations
among PSIIs in opposing layers.

3.3 Simulated PSII arrays depend on packing fraction
and attraction strength

Above a packing fraction of p = 0.7, simulations exhibited sizable ordered arrays, featuring
alternating rows of PSIIs and LHCIIs (Fig. 3.4d-f). Interestingly, PSIIs in these configurations
do not engage in direct intralayer attractions. Instead, adhesion between PSII rows is provided
by intralayer attractions to the interspersed M-LHCIIs that bridge between PSII rows, similar
to the bridging seen in the CySoM arrays in Ref. [25]. Although arrays with only CsSy unit
cells have been observed, especially in the absence of CP24 [112], arrays with additional
LHCIIs are more common in wild-type plants [110], suggesting that M-LHCIIs also play a
role in array formation in vivo.

Each row of PSIIs is stabilized by stacking interactions with a PSII row in the opposing
layer, as in Fig. 3.4c (and by the less geometrically specific depletion attractions). This
key role for stacking of embedded LHCIIs is highlighted by an absence of ordered arrays
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Figure 3.2: Probability distributions of interlayer distances and angles in canonical ensemble
simulations with 1750 PSII particles per pm?. Interlayer distance is the projected distance
between particle centers in opposing layers and does not include any implicit vertical separation.
a-c: Probability distributions in the presence of LHCII stacking interactions (er,_, = 4 kgT).
d-f: Probability distributions in the absence of LHCII stacking interactions (er,_, = 0 kgT).
In all conditions, stacking increases the probability of LHCII closer than 2 nm (a vs d) and
PSII closer than 5 nm (b vs e). The large peaks in the p = 0.75 data in panels a-c are due
to interlayer LHCII contacts in crystals.



3.3. SIMULATED PSIT ARRAYS DEPEND ON PACKING FRACTION AND

ATTRACTION STRENGTH 27
1.0 0.7 T
~ 0.6 ]
0.8
‘Ifl 0.5 B
o |
o 0.6 0.4 \“ _
Iy |
£ 04 03 || ]
5 |
o 0.2 | —
g 02 0.1 ‘\3\’ -
‘ 0 )
0.0 0.0
0 15 30 45 60 75
1.0 0.7 T T T T T
~ $=0.78,p=055 —o—if
Z0s 0.6 p=1.88,p=0.61 —e—
S o ¢=250,p=0.65 o
n 05 $=336,p=070 o |
0.6 0.4 |9=422,p=075 —e— |
=
= 0.3 N
Z 04
§ 0.2 -
502 01 (Fag, ,
2385 0000088800e
0.0 0.0 0.0 . . . . L
4 6 8 10 12 14 16 10 15 20 25 30 0 15 30 45 60 75 90
distance to nearest distance to nearest rotation to nearest
intralayer LHCII (nm) intralayer PSII (nm) intralayer PSII (degrees)

Figure 3.3: Probability distributions of intralayer distances and angles in canonical ensemble
simulations with 1750 PSII particles per um?. Intralayer distance is the distance between
particle centers in the same layer; hard-core replusions prohibit LHCII-LHCII separations of
less than 6.5 nm and PSIT-PSII separations of less than 12 nm. a-c: Probability distributions
in the presence of LHCII stacking interactions (er,_1, = 4 kgT'). d-f: Probability distributions
in the absence of LHCII stacking interactions (e, = 0 kgT'). Stacking has little effect on
the nearest-neighbor distance and angle distributions in the absence of crystals (p < 0.75).
The large peaks in the p = 0.75 data in panels b and c are due to protein packing in crystals.
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Figure 3.4: LHCII stacking effects on PSII organization. a-c: PSII interlayer motifs, as
described in the text. Green and blue outlines: LHCII and PSII particles in the upper (lumen-
side-up) layer; purple and red outlines: LHCII and PSII particles in the lower (stroma-side-up)
layer. Black lines drawn parallel to the long axis of selected rods highlight orientational
relationships between PSII particles in different layers. Orientation correlations Af also
appear in Fig. 3.2c. Scale bars = 10 nm. d: Snapshot of the top layer from a simulation
at ¢ = 4.22, p = 0.75 showing a representative array. Color scheme as in Fig. 2.1, except
arrayed PSII are colored red (see Chapter 2). Scale bar = 50 nm. e and f: Magnified views
of the boxed region in panel d. Scale bars = 20 nm. The role of intralayer attractions is
highlighted in e by showing only particles in the top layer and indicating the locations of
PSIT-LHCII interaction sites on each PSII. The stabilizing role of stacking is highlighted in f
by showing particles from both layers in outline form (as in panels a-c).

in simulations with e, = 0 (Fig. 3.3). The experimental correlation between arrays and
stacking [45] supports the realism of our coarse-grained model, as well as the conclusion that
both modes of attraction in our model are essential for ordering.

3.4 A fluid-crystal phase transition is manifested in os-
motic ensemble simulations

Configurations in which tens or hundreds of PSIIs cluster tightly together, such as in
Fig. 3.4 and in many EM images, reflect strong emergent forces of association, sufficient
to offset the entropic cost of sequestering the constituent complexes from the surrounding
disordered environment. Computer simulations allow us to address whether these large arrays
further signify a more profound underlying phenomenon, namely, a true phase transition
from a disordered “fluid” of relatively low PSII density to a system-spanning crystal of tightly
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packed PSIIs. The simulations we have described thus far are not suited to address this
question, nor would be experiments probing isolated grana membranes with fixed protein
content. In these situations crystallization could not proceed to completion, simply because
the system’s net composition and total area are fixed at values inconsistent with the crystalline
phase. Indeed, in simulations of closed systems like those shown in Fig. 3.4, array growth
halted before all PSII had been incorporated, creating a dynamic equilibrium between arrayed
and disordered PSII (Fig. 3.5).

Phase transitions can be more readily identified by studying open systems such as the
osmotic ensemble, in which area and composition can fluctuate subject to external fields
at fixed temperature [125]. First, we imposed a 2D “pressure” p that regulates changes in
total area. More precisely, we fixed the osmotic pressure that particles experience parallel
to the plane of the membrane; simulated area fluctuations implicitly represent addition
or subtraction of lipids from the membrane. Second, we allowed the population of one
component (we chose LHCII) to fluctuate at fixed chemical potential py,. Corresponding
number fluctuations in a real system involve exchanging material with a very large bath. In
intact thylakoids, the stroma lamellae and other connected grana stacks could play the role
of a bath.

Our examination of detailed phase behavior focused on the type of C,SsM array shown in
Fig. 3.4d by restricting the model interactions. In the simulations described below, intralayer
attractions to free LHCIIs were retained by maintaining eyy,_p = 2 kgT’, while attractions
between PSIls and embedded LHCIIs were omitted by setting egr,_p = 0. This simplification
did not affect the internal energy of the CoSoM array and ensured that CoSoM, complexes
were the only single-layer supramolecular structures directly stabilized by model energetics.
The prevalence of CoSyM, complexes in Arabidopsis [35] and Chlamydomonas [172] suggests
that the restricted model may be particularly appropriate for these organisms. We expect
the fully interacting model to exhibit qualitatively similar phase behavior, although there
may be an additional CySy phase.

Varying pressure at fixed chemical potential ur, produced a sharp change in average packing
fraction (Fig. 3.7a), indicating a highly cooperative transition. The concomitantly sudden
appearance of a system-spanning PSII array (Fig. 3.7¢, Fig. 3.6) suggests that the degree
of cooperativity would grow with system size, as in a first-order phase transition. The low-
and high-density phases are distinguished as well by substantially different compressibilities
p~ 1 (0p/ ), un.Npi We therefore liken them to a low-density fluid and a tightly packed crystal,
respectively.

For the finite, micron-scale system that we simulated, the jump in packing fraction p is
necessarily rounded and could only become discontinuous in the thermodynamic limit of
an infinitely large system. Demonstrating true phase behavior would require an analysis of
scaling as this limit is approached. Given the limited spatial extent of natural thylakoids, we
instead scrutinized remnant hallmarks of phase coexistence in a finite system, specifically
bistable free energy profiles and the presence of stable interfaces.

We computed the free energy F'(p) as a function of packing fraction for specific values of the
thermodynamic parameters (p, ur, T') using umbrella sampling (Fig. 3.8). Free energy profiles
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Figure 3.5: Trajectories of long-lived crystalline order in simulations with 1750 PSII/um?. a

and b: Trajectories of crystallinity and potential energy from three representative simulations
at p = 0.75, ¢ = 4.22. In a, crystallinity is defined as the fraction of PSII particles in the
largest crystalline array, as determined with the clustering algorithm. Crystallinity and
potential energy are both stable over the course of 45 million MC sweeps, with a slight trend
toward higher crystallinity and lower potential energy. c: Snapshots from trajectory 3 after
5 x 10° (first row) and 45 x 10° (second row) MC sweeps, with periodic boundary conditions
in z and y. In both snapshots, PSII particles that are part of the largest crystalline array at
the earlier time point are dark blue, and other PSII particles are light blue. At the later time
point, some formerly crystalline PSIIs have dissociated and some formerly non-crystalline
PSIIs have joined the crystal, showing that the system is in dynamic equilibrium. Scale bar
= 50 nm.
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Figure 3.6: Crystallinity in reweighted osmotic ensemble simulations. Crystallinity is the
fraction of PSII particles in the largest crystalline array, as determined with the clustering
algorithm. Top panel: Free energy (dotted black line) and crystallinity (solid gray line) as a
function of packing fraction, at jiy, = 0.2 kgT, p = 0.0715 kg7 /nm?. Bottom panel: Packing
fraction p (dotted black line) and crystallinity (solid gray line) as a function of pressure, at
i, = 0.2 kgT. Whiskers are standard deviations. Crystallinity is ~ 0 in the fluid phase,
intermediate on the free energy barrier (top) or at coexistence (bottom), and ~ 1 in the
crystal phase.

at many other values of these parameters were then calculated by thermodynamic reweighting
[160]. These profiles exhibit two distinct basins, with minima at p; < 0.7 and p. > 0.8, over a
range of pressures (Fig. 3.7b). The low-packing fraction minimum corresponds to a disordered
PSITI-LHCII two-component fluid (bottom of Fig. 3.7c); configurations representative of the
high-packing fraction minimum are nearly perfect PSII-LHCII co-crystals (top left of Fig. 3.7,
Fig. 3.6). Constraining the packing fraction to lie midway between p; and p. produces
heterogeneous structures in which fluid and crystal coexist, separated by a system-spanning
interface (Fig. 3.7¢c). Together with observations of hysteresis when pressure is cycled above
and below the coexistence pressure p* (Fig. 3.9), these observations point strongly to a
first-order phase transition.
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Figure 3.7: Umbrella sampling simulations provide evidence for a phase transition. a: Applied
pressure p versus packing fraction p along a line of constant chemical potential shows a
sharp crossover at p* from a low-pressure, low-packing fraction regime to a high-pressure,
high-packing fraction regime. Means (line and points) and root-mean-squared fluctuations
(whiskers) of p at each pressure are calculated from probability distributions derived from free
energy surfaces like those in panel b. Fluctuations, and therefore whiskers, are large in the
vicinity of p*; for clarity we show only one whisker in this region. b: Free energy as a function
of p for a system at relative chemical potential ji;, = 0.1 kg7 and three values of pressure
near coexistence: within the fluid phase (blue, p = 0.06996 kT /nm?), within the crystalline
phase (red, p = 0.07020 kg7 /nm?), and at coexistence (green, p* = 0.07007 kg7 /nm?). Error
bars estimated from the MBAR method are smaller than the symbols. Because the zero of
free energy is arbitrary at each pressure, curves are vertically offset for clarity. Dotted lines
are guides to the eye. c: Snapshots taken from umbrella sampling simulations biased to the
stated packing fractions. Color scheme as in Fig. 3.4d. Scale bars = 50 nm.

3.5 Phase coexistence region includes physiological con-
ditions

From free energy profiles like those of Fig. 3.7b, we constructed a phase diagram in
the plane of packing fraction p and composition ¢. For a given chemical potential uj, the
coexistence pressure p* can be uniquely identified as the pressure that maximizes the variance
of packing fraction fluctuations; note the large standard deviation at p* in Fig. 3.7a. Values of
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Figure 3.8: Details of the umbrella sampling simulations. Statistics of p were determined by

maximum likelihood estimation from a set of 139 osmotic ensemble simulations (fiex,r,

of p obtained from the umbrella sampling simulations, with fr,

the form up;as(p)
k
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Figure 3.9: Comparison between straightforward and umbrella sampling simulations in the
osmotic ensemble. Axes are reversed compared to Fig. 3.7a to put the independent variable
(p) on the z-axis. Open and filled symbols: straightfoward osmotic ensemble simulations
initialized from a crystalline or fluid configuration, respectively, at the stated values of j,
(in units of kgT'). Hysteresis in the straightforward simulations is present even after tens of
millions of Monte Carlo sweeps. Umbrella sampling (lines) gives excellent agreement with
straightforward simulations in the low and high density regimes along each line of constant
i1, and exhibits a sharp transition in between.
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p and ¢ for the two phases at the thermodynamic state (uf, p*) determine a pair of points at
the boundaries of the crystal-fluid coexistence region. Repeating this procedure for different
values of uj, we traced out coexistence curves bounding regions where homogeneous fluid
and crystal phases are thermodynamically stable (Fig. 3.10).

0.85 'crys'tall - +
0.80 coexistence

0.75
0.70
0.65
0.60

packing fraction p

12 3 45 6 7 8 9
LHCII:PSII ratio ¢

Figure 3.10: Phase diagram of crystal-fluid coexistence in the (¢, p) plane. Each thermody-
namic state (uf, p*) of phase equilibrium maps in this plane to two points and a corresponding
tie line. One point lies at the boundary of the homogeneous fluid phase (low packing fraction
and high LHCII content, shaded blue), the other at the boundary of the fully crystalline state
(high packing fraction and low LHCII content, shaded red). Example tie lines are drawn
as dashed lines connecting these boundaries for selected values of p*. Coexistence (shaded
green) and pure-phase regions extend beyond the shaded areas determined by our limited
data. In particular, the coexistence region is expected to span the entire upper-right-hand
quadrant. Filled and open symbols are low-light and ordinary-light phase points, respectively,
calculated from data in Ref. [102] (see Chapter 2).

The dashed lines in Fig. 3.10 trace tie lines, i.e., lines along which the relative extent of
the two pure phase regions varies while the packing fraction and composition of each phase
remains constant (as determined by the endpoints). These tie lines thus enable straightforward
predictions for thermodynamic states in the coexistence region, requiring no characterization
beyond the physical properties of the endpoints.

Remarkably, the resulting coexistence region encompasses the grana packing fractions
and compositions reported from many in vivo and in vitro experiments. For instance, the
filled and open squares in Fig. 3.10 are experimental measurements from Ref. [102]. Other
reports suggest that ¢ is typically in the range ~ 2-6 [90, 102, 180], and that p is typically in
the range ~ 0.6-0.8 [133, 107, 70, 110]. Thus, our model of the LHCII-PSII protein system
supports coexistence in some physiologically relevant conditions.
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3.6 Discussion

We have demonstrated that simulations of a simple model of PSIT and LHCII in stacked
grana membranes, when configured to represent a generic grana membrane, can recapitulate
many disparate and nontrivial experimental observations. These behaviors emerge sponta-
neously from the model’s short-ranged interactions without the need for us to presuppose any
particular target assembled structures. Specifically, we observe a distribution of C5Ss, CoSoM,
and CySoMs complexes (Fig. 3.1a); LHCII-mediated intermembrane associations between
PSII supercomplexes (Fig. 3.4a—c); and co-occurence of disordered and crystalline-ordered
regions in PSII- and LHCII-rich membranes (Fig. 3.4d). Importantly, all of these qualitative
features appear to be common to grana membranes from many photosynthetic organisms
and many growth conditions, although the quantitative details of course vary. To the best
of our knowledge, this work marks the first reported computational investigation of grana
membranes to share these commonalities with experiment.

Our principal prediction from numerical studies of this model is that the appearance of
finite arrays of PSII and LHCII signals thermodynamic coexistence of disordered (fluid) and
ordered (crystalline) phases. The phase boundaries we have computed further suggest that
many physiological conditions lie at or near such coexistence. The experimental data reported
in Ref. [102], correlating degree of array formation with the packing fraction and composition
of grana membranes, offer the most concrete opportunity for comparison. Membranes at
conditions just inside our coexistence region, from plants grown in so-called “ordinary”
light (300 gmol photons/m?/s), were found to exhibit a low degree (< 2%) of crystallinity.
Membranes corresponding to conditions deep within our coexistence region, grown in low
light (30 pmol photons/m?/s), showed significantly enhanced (22%) crystallinity. These
consistent observations are indicated by the filled and open symbols in Fig. 3.10. The tie
line we have computed suggests that a fully equilibrated system in ordinary light would
possess greater crystallinity than observed in experiment, possibly reflecting high nucleation
barriers or the slow growth characteristic of dynamics near coexistence (see Fig. 3.6). Active
processes, such as phosphorylation [170], protein translation, or lipid exchange [58], could
also prevent the system from achieving an equilibrated crystalline state. A recent study of
low-light-acclimated membranes [110] reported arrays at protein packing fractions (p < 0.6)
much lower than previously measured. Our calculations do not provide a direct way to resolve
this apparent discrepancy, unless the different organisms feature substantially different energy
scales and/or modes of protein association.

Experiments that systematically quantify dependence of crystallinity upon packing fraction
at various protein compositions could further test or exploit our predictions. For example,
grana membranes could be isolated from plants grown at different light intensities, generating
samples over a range of values of ¢. Diluting these membranes with additional lipid [70]
and measuring crystallinity via AFM or EM would allow construction of experimental phase
diagrams analogous to those we have computed. Matching experimental and theoretical
results in detail could determine appropriate values of the interaction parameters in our
model.



3.6. DISCUSSION 37

The well-understood phenomenology of phase transitions helps explain why the extent
of PSII array formation varies so dramatically between similar samples in experiment.
The presence, extent, and number of arrays in the laboratory may be influenced by the
characteristically slow dynamics associated with phase transitions. Nucleation of one phase
from the other will be governed by rare structural fluctuations (although biological signalling
processes could favor the growth of precritical nuclei [93]). Crowding within grana membranes
[103, 104] will likely make the subsequent repartitioning of material between phases slow as
well. Moreover, grana isolation protocols that increase the protein packing fraction beyond
the freezing transition densities for 2d hard discs (p ~ 0.7 [85]) or hard rods (p ~ 0.8 [17]),
such as BBY [70], could trap the isolated grana in jammed nonequilibrium configurations,
further complicating experimental determinations of the equilibrium distribution of PSII
arrays. Further work will be required to elucidate these dynamic effects.

Proximity to phase coexistence could also contribute to substantial changes in thylakoid
function observed to accompany modest changes in protein content and interactions. In
addition to the low-light acclimation scenario discussed above, many regulatory processes
associated with non-photochemical quenching, photoprotection, and repair shift the system’s
position relative to phase boundaries in the p, ¢-plane: (1) State transitions involve transport
of LHCII from PSII-rich to PSI-rich membranes [88], reducing the local protein density
and LHCIIL:PSII ratio. (2) Photoinhibition-induced phosphorylation decreases the diameter
of grana stacks and breaks up PSII supercomplexes [62, 79], changing the system size
and composition. (3) The qE component of nonphotochemical quenching may introduce
an additional intramembrane attraction among LHCII [91], affecting the relative stability
of the fluid and crystal phases. These spatioregulatory processes are often interpreted
as acting primarily over short length scales, tuning exciton fate by changing the relative
distances between light harvesting sites, quenchers, and reaction centers. We suggest that,
in addition, these processes may directly regulate global protein organization within the
thylakoid membrane by inducing cooperative structural transitions.

Suitably adapted, the model and computational framework developed in this study may
help to clarify the mechanisms of such spatioregulatory changes. Direct analyses of grana-scale
LHCII organization are difficult and rare, with the notable recent exception of Ref. [91].
With a few experimental parameters as input (namely ¢ and p or their equivalents), our
methods can generate physiologically reasonable LHCII configurations in the presence of PSII
in a physically grounded and unbiased fashion, and in sufficient quantity to enable statistical
comparisons (e.g., Figs. 3.2 and 3.3). These ensembles of configurations could serve as the
foundation for future studies of the many phenomena in which LHCII plays a key role.
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Chapter 4

Vignettes from beyond the grana, or,
extended models capture some
structural features of NPQ

The composition and total packing fraction of membrane proteins vary between the grana
and stroma lamellae regions of the thylakoid membrane [165]; this is often termed “lateral
heterogeneity” in the literature. The physicochemical driving forces that maintain these
density and composition gradients are not well characterized [38]. Compelling hypotheses
have been put forward for some aspects of the spatial variations in composition—PSI and
ATP synthase are likely to be sterically excluded from tightly appressed grana membranes
by their bulky stroma-side protrusions (Figure 1.1), while attractive stacking interactions
between LHCII complexes (Chapter 3) are likely to favor their accumulation in the grana.
Yet these hypotheses are insufficient to explain the density gradient between grana and
stroma lamellae, or why PSII complexes accumulate in the denser grana region. A better
understanding of lateral heterogeneity would shed light on regulatory processes in which
proteins redistribute between thylakoid membrane regions, namely state transitions and PSII
repair.

In this Chapter, we approach this problem by extending the model developed in Chapter
2 to include coarse-grained representations of the key thylakoid membrane proteins that were
neglected in the grana-only model, and to include effective external potentials with spatial
variation between grana, stroma lamellae, and marginal regions of the simulation box. Using
interaction strengths similar to those in Chapter 3 in simulations parameterized by data from
Helmut Kirchhoff’s group, we find that LHCII stacking energetics and entropic effects in the
grana are sufficient to account qualitatively for most of the composition gradients observed
in vivo both before and after photodamaging high-light treatment; external potentials can
be tuned to achieve better quantitative agreement. Surprisingly, these simulations do not
display gradients in the total density between subsystems; further work is needed to resolve
this discrepancy. In the last section of this Chapter, we return to the grana and investigate a
simple model of LHCII aggregation during qE, which also displays partial agreement with
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experiments. This work was informed and guided by discussions with Helmut Kirchhoff,
Kapil Amarnath, and as always Phill Geissler.

4.1 An extended model supports composition gradi-
ents within the thylakoid

In Chapters 2 and 3, we focused on the two protein complexes that make up the vast
majority of the grana protein content, LHCII and PSII. A full model of the thylakoid should
also include the other proteins in Figure 1.1: cyt bgf, PSI, and ATPase. To represent
these complexes in our coarse-grained model, here we introduce three additional species of
disc-shaped particles, with hard-core diameters opg; = 15.5 nm (with LHCIs [24]), 0aTPase =
10.0 nm [1], and ocyiper = 8.0 nm [113]; these particle sizes are similar to those in used in
the models of [105, 52]. To the best of our knowledge, the only co-complex of these proteins
that has been isolated and characterized via single-particle EM is the PSI-LHCII complex
involved in state transitions [122, 63]; we neglect this specific binding interaction here and
treat all cyt bgf, PSI, and ATPase particles as being subject to no pairwise potentials besides
hard-core repulsions.

Physiologically-relevant composition gradients between the stacked grana G and the
unstacked margin M and stroma lamellae S regions of the simulation box were favored by
modifying LHCII stacking interaction in Eq. 2.1 such that it was only active if both LHCII
particles were located in the grana region. Specifically, for two LHCII particles located at r;
and r; in opposing simulation layers,

] 2
m) r;,r; € Gand |r; —r;| < oL

—eL-L ( oL

(4.1)
0 otherwise.

Ustacking,L(ria rj) = {

The most direct effect of this interaction is to favor the localization of LHCII (either free or
embedded in PSII particles) to the grana. This modification captured the fact that grana are
defined by the presence of tight stroma-side appression, while the other membrane regions
(margins and stroma lamellae) are defined by its absence. With this model alone, the margin
and stroma subsystems are energetically identical; later we add external potentials that
distinguish between them.

With this extended model in hand, the challenge is now to identify the range of parameters
for which the model recapitulates experimentally-observed compositions within each of the
three thylakoid subsystems. This is a nontrivial task due to the large number of parameters
(Table 4.1). A canonical ensemble simulation is specified by 3 subsystem areas A; or area
fractions f;, 5 particle counts N, or particle number densities 7,, and the 3 energetic
parameters of the original model (e,_1, es,_p, and eyp,_p). Our approach is to estimate
fi and 7, from experiment (as described below), equilibrate simulations under a range of
potentials, and identify Hamiltonians for which the 3 subsystem packing fractions p; and 15
mole fractions m,; best approximate the experimental values.
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variable description definition reported  fixed
in expt? in sim?

N number of particles of type « in subsystem i no no
A; area of subsystem 1 no yes
N, total number of particles of type « i Nai no yes

A total area S A no yes

fi fraction of total area in subsystem 1 A;/A yes yes

Na overall number density of particle « N, /A no yes
Nov,i number density of particle o in subsystem 4 Na.ifA; yes no
Do overall stoichiometry of particle a to particle 3 No/Ng yes yes
®a:pi  stoichiometry of particle « to particle 8 in subsystem ¢ N, ;/Ng; yes no
My i mole fraction of particle o in subsystem ¢ Nai/Ny yes no

Table 4.1: Quick reference for variables in the thylakoid model.

To parameterize our simulations, we collaborated with the group of Helmut Kirchhoff at
Washington State University. Table 4.2 lists their experimental measurements of f;, mps;,
and ¢q.psii; for i € (G, M, S) and a € (LHCIIL, PSI, cytb6f), and npsiq, for Arabidopsis
thylakoids before and after a brief period of high-light illumination that induced the PSII
damage-and-repair cycle. In detail, they measured the ratios ® of monomeric PSI, monomeric
cyt bg f, and total trimeric LHCII to monomeric PSII, while our simulations require the ratios
¢ of monomeric PSI, dimeric cyt b f, and free trimeric LHCII to PSII CySy supercomplexes;
this conversion is accomplished by

2®,.psi1; —2 o = LHCII

Gapsiti = 4§ 2Pa.psini a = PSI (4.2)
D.psiri a = cyt bg f

This data set is sufficient to calculate the number density of each particle species « in the
full canonical ensemble simulation box, i.e.,

npsit = Mpsinefa/mpsinc (4.3)
Na = 7pSI Z MPSITLiPa:PSILi (4.4)
1€(G,M,S)

The values of 7pgi1,¢ were measured in isolated grana, which are denser than grana in vivo
[70]; after correcting for this systematic error, we selected the parameters in Table 4.3 as a
good consensus for both the control and high-light conditions. All simulations were run using
these parameters in a two-layer stroma-paired simulation geometry, where each rectangular
layer was divided into three regions—grana (left), margin (middle), and stroma lamellae
(right)—such that the total area was apportioned according to fg, far, and fg. All particles
could freely diffuse between all regions within a layer via single-particle Monte Carlo moves
as in Chapter 2. Simulations were initialized with a CoSo;M crystal nucleus in the grana
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parameter control  high-light source
fa 0.60 0.48 HK
I 0.20 0.35 HK
fs 0.20 0.17 HK
®rucrmpsi,c 3.76 4.85 HK
Ppgrpsir,a 0.19 0.17 HK
@y ib6ePSILG 0.14 0.15 HK
PrLucmpsi M 2.92 3.07 HK
Ppsr.psim 0.87 0.72 HK
Dy th6f:PSIT,M 1.58 1.04 HK
®phormpsiys - 1.74 HK
PpgrpsiLs 1.69 0.86 HK
Dy tb6f:PSILS 0.84 0.44 HK
TIPSILG 1732/pm? 1437/ pm? HK
T)ATPase,G 0 0 assumption
T)ATPase,M 0 0 low estimate
T)ATPase,S 1200/pm?  1200/pm?  estimate, [164, 45]
mpsii,G 0.77 0.60 HK
mpsi,M 0.14 0.27 HK
mpsi1,s 0.09 0.12 HK

Table 4.2: Experimentally measured parameters of thylakoids in control and high-light
conditions. ®s are based on monomeric PSII, PSI, and cytb6f, and trimeric LHCII. ns are
based on CySy PSII, monomeric PSI, dimeric cytb6f, and trimeric free LHCII. HK: personal
communication from Helmut Kirchhoff and Sujith Puthiyaveetil, 2013.

region to aid equilibration; configurations after several million MC sweeps of equilibration
are shown in Figure 4.1.

First, we examined the performance of this model with e, _;, =4 kgT (as in Chapter 3) for
the “control” scenario (Figure 4.1a). Figure 4.2a shows how the five particle species partition
between the three subsystems in these simulations. We find that mpucn e and mpsn e (black
bars) are greater than fi (lower dotted line), while mpsr ¢, MATPase.c; and Meytver.c are less
than fg; these trends are expected because the LHCII stacking interaction drives PSII and
LHCII to localize to the grana subsystem, which then drives steric crowding of the other
particles from the grana. These driving forces alone are sufficient to yield partitionings of
LHCII and PSII that compare quite favorably to the values of mpgrr; and mpmcr,; measured
by Kirchhoff’s group (compare bar boundaries to red markers in Figure 4.2a). This agreement
further validates our choice of e;,_r, = 4 kg7 in Chapter 3, and suggests that LHCII stacking
is a primary driving force for LHCII and PSII lateral heterogeneity.

On the other hand, the simulated and experimental values of m,; do not match as well
for PSI and ATPase. The simulated value of mpgr ¢ is much lower than Kirchhoft’s value
for control membranes, but only slightly higher than typical values in the literature such as
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parameter control high-light
A 667 nm x 157 nm = 0.105¢m? 667 nm x 157 nm = 0.105um?
fa 0.60 0.48
fu 0.20 0.35
fs 0.20 0.17
Npsit 110 110
Nrucn 635 635
Npsgr 90 90
NATPase 25 25
Neytvst 45 45
p 0.705 0.705

Table 4.3: Actual simulation input parameters. All numbers are for a single membrane layer,
and based on CyS, PSII, monomeric PSI, dimeric cyt bg f, and trimeric free LHCII.
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Figure 4.1: Particle configurations taken from the top (lumen-side-up) layer of simulations at
the parameters in Table 4.3. (a) and (b) are “control”, (¢) and (d) are “high-light;” (a) and
(c) have p1o; = 0 for all a, 7; (b) and (d) have ppsi e = 0.5, ftaTPase,c = 3, and feytber,e = —0.5
kgT, and with all other p,; = 0. Green discs are LHCII particles, blue rods are PSII particles,
large tan discs are PSI particles, medium-sized orange discs are ATP synthase particles, and
small brown discs are cyt bg f particles.
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Figure 4.2: Comparison of particle partitioning in “control” thylakoids between simulation
and experiment. (a) Mole fractions m,; of each particle species in each subsystem. Bars are
simulation, markers are experiment (red markers from Kirchhoff, green markers from [165]),
dotted lines are the expected mole fractions in a purely hard simulation (i.e., based on the
system geometry alone). (b) Free energy difference AF,,; for each particle species in each
subsystem, such that AF,; > 0 when the particle experiences an excess repulsion from the
subsystem in simulations, and AF,; < 0 when the particle experiences an excess attraction.

[165] (green markers in Figure 4.2a). Because the mole fraction of PSI in grana observed
by Kirchhoff is significantly higher than the consensus in the literature, we choose to focus
on Staehelin’s target value of mpgr ¢ = 0.1 instead. Kirchhoff did not measure marpase; SO
we focus on Staehelin’s value for ATPase as well, i.e., marpase.c = 0, which is much lower
than the simulated value. This suggests that PSI and ATPase experience repulsions from the
grana in addition to crowding in the plane of the membrane, consistent with the standard
theory of lateral heterogeneity due to steric exclusion of lumenal protrusions.

In addition, we find that cyt bgf is distributed roughly equally between the three subsys-
tems. This distribution agrees qualitatively with published reports [165, 48] but does not
agree quantitatively with Kirchhoff’s measurements; mcyier,ar is lower in simulation than in
experiment.

To estimate the magnitude of the effective potentials in vivo that are not accounted for
by our model, we constructed free energy differences AF' as the difference in the logs of the
probabilities of particle species o appearing in subsystem ¢ in simulation vs. in experiment,
ie., AF,; = —10g (Masim/Maiexpt). Figure 4.2b shows that PSI and ATPase particles
experience an excess attraction to the grana of 0.5 and 3.3 kgT', respectively, in simulations
of control membranes, while cyt bgf particles experience an excess repulsion from the margin
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Figure 4.3: Comparison of particle partitioning in “control” thylakoids between simulation
and experiment, with ppsig = 0.5, faTPase,c = 3, and peytvsr,c = —0.5 kgT', and with all

other pi,; = 0. Rest of key as in Figure 4.2.

of 0.6 kg7 and an excess attraction to the stroma of 0.5 kg7'. All other excess interactions
are less than 0.5 kg7 in absolute value; given the number of assumptions we have made in
constructing the simulations and interpreting the experiments, we consider |AF, ;| < 0.5 kgT'
to indicate quite good agreement.

Next, we incorporated these effective interactions by subjecting each particle species a to
a generic spatially-varying external potential

Mta,G r; € G
Ualr) = pas 1€ M (45)
Ma,s r; € S.

These potentials can be thought of as accounting in a very coarse-grained, mean-field way
for any chemical details that vary between regions and that we do not explicitly include in
the model, such as lipid-mediated effects, lumen-side interactions, curvature effects, or, in
particular, steric repulsions of stromal protrusions from grana stacks. Figures Figure 4.1b and
4.3 show the results of simulations with ppgr ¢ = 0.5, ftarpase,c = 3, and fieyiner.c = —0.5 kg7,
and with all other p,, = 0. As expected, the inclusion of these external potentials on PSI,
ATPase, and cyt bgf particles decreased the magnitude of the unaccounted-for interactions
of those species. Importantly, the redistribution of these particles did not dramatically affect
the distribution of PSII and LHCII particles; |AFpgir;| and |AFygcn;| remained less than
0.5 kgT for all subsystems .

In summary, we find that an extension of the model in Chapter 2 that includes simple
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coarse-grained representations of PSI, ATP synthase, and cyt bgf complexes, and adds a
spatially-varying component to the LHCII stacking interaction, is sufficient to capture much
of the lateral heterogeneity seen in thylakoid membranes in experiment. Thus, it appears that
LHCII stacking and crowding in the grana are primary driving forces for lateral heterogeneity.
The fit of simulated composition gradients can be further tuned to match experimental
measurements by imposing spatially-varying external potentials on PSI, ATP synthase, and
cyt bgf particles. The nature of the effective repulsion of PSI and ATP synthase from the
grana is easy to rationalize based on sterics, but the physical basis of the apparent slight
preference of cyt bg f for the margin is more mysterious. Further experimental and theoretical
work will be necessary to confirm these initial observations and refine our predictions for the
nature and magnitude of the driving forces for lateral heterogeneity in vivo.

4.2 PSII transport during repair is coupled to changes
in grana size

In Kirchhoft’s “high-light” experiments from the previous section, PSII photodamage
was triggered, causing many PSII supercomplexes to be phosphorylated and disassembled
and the PSII cores to migrate to unstacked regions of the thylakoid membrane. In the
“control” condition, the most likely driving force for the localization of non-photodamaged
PSII to the grana is stroma-side stacking attractions, either between LHCII complexes
embedded in PSII supercomplexes or between PSII cores directly. Thus, two hypotheses for
PSII core redistribution include a weakening of the LHCII-mediated driving force, due to
supercomplex disassembly, or a weakening of the PSII-mediated driving force, due to PSII
core phosphorylation. (Both of these hypotheses are often discussed in terms of changes in
PSII core diffusion coefficient, but a change in diffusion coefficient does not a priori change the
steady-state probabilities of particle partitioning; here we focus on equilibrium phenomena.)

Rather than directly testing those two hypotheses, we instead determined the extent of
the driving forces for PSII redistribution in “high-light” membranes that are unaccounted for
by the model developed in the previous section. Figures 4.1cd, 4.4, and 4.5 show the results
of simulations that are analogous to those of Figures 4.1ab, 4.2, and 4.3, respectively, but
with fq, fur, and fg selected to match Kirchhoff’s “high-light” scenario.

Surprisingly, we find excellent agreement between simulation and experiment for the
partitioning of PSII between thylakoid subsystems without any further adjustments to the
model. This agreement suggests that the driving force for PSII transport out of the grana
during repair is primarily entropic, and is equivalent to a reduction in the relative size of
the stacked region of the membrane (fg = 0.60 in “control” vs fg = 0.48 in “high light”).
This then shifts the question to, what is the driving force for shrinkage of the grana upon
exposure to high light? PSII core phosphorylation may play an energetic role in this process;
a simulation ensemble in which the relative areas of the subsystems can dynamically fluctuate
would be an appropriate framework for investigating this hypothesis.

All other trends in particle partitionings in Figures 4.4 and 4.5 are analogous to those
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Figure 4.4: Comparison of particle partitioning in “high-light” thylakoids between simulation
and experiment, with p,,; = 0. Rest of key as in Figure 4.2.

in Figures 4.2 and 4.3. The only notable discrepancy is in the extent of LHCII partitioning
to stroma lamellae, but we hesitate to speculate on this because the experimental value of
myuci,s is surprisingly small.

4.3 Extent of lateral heterogeneity depends on LHCII
stacking

To further investigate the role of the LHCII stacking interaction in our model of thylakoid
membranes, we repeated the above simulations with values of the interaction strength e,
between 0 and 6 kgT. We evaluated the goodness of fit to experiment by constructing an
error function as the sum of the excess effective potentials as shown in Figures 4.2-4.5, i.e.,
error = Y_; >, |AF,;|. For p,,; = 0, this error was minimized at e, = 5 kg7 in “control”
simulations and at e;.;, = 3 kg7 in “high-light” simulations (red lines in Figure 4.6). The
locations of these minima further validate e;, 1, = 4 kg'T" as a reasonable approximate strength
for the phenomenological LHCII stacking interaction in vivo, while also suggesting that
deviations from this value are likely to occur in different experimental conditions. When
nonzero external potentials are imposed (blue lines), €11, = 4 kgT minimizes the error for
both “control” and “high-light” scenarios. This shift in the minima is not surprising because
the magnitudes of the external potentials were selected based on the e, 1, = 4 kg7 simulations.

Thus far, this Chapter has focused on composition gradients between regions of the
thylakoid membrane. A gradient in the total packing fraction is also expected between
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Figure 4.6: Error = Y, >, |AF, ;| between simulation and experiment as a function of LHCII
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the grana and stroma lamellae regions: typical packing fractions for the grana are in the
range ~ 0.6-0.8 [133, 107, 70, 110], while the stroma is expected to be much less densely
packed with proteins [3]. Figure 4.7 shows the packing fractions in each simulation subsystem
in simulations under a range of Hamiltonians. Surprisingly, we find very little difference
in packing fractions between the stacked and unstacked regions of the simulation box; all
average packing fractions are within +0.03 of the overall packing fraction of 0.705. Even more
surprisingly, we find that the packing fraction of the grana is not monotonic as a function of
€11, and is in fact less dense that the margin and stroma regions for moderate values of €f,_p,
in the presence of the external potentials (right panels of Figure 4.7). Although the total
packing fraction of the grana is nonmonotonic, the packing fractions of each particle species
are monotonic and show the expected trends: the concentrations of LHCII and PSII increase
in the grana as e[, increases, while the concentrations of the other components decrease.

This dramatic discrepancy between simulation and experiment could be due to several
reasons. One possibility is that conventional wisdom is incorrect, and there is in fact very
little difference in protein packing fraction between stacked and unstacked membranes in
vivo. Another possibility is that the simulations were conducted with parameters that are
not representative of the membrane in vivo. Despite the care we took in deriving the f;
and N, parameters that define these canonical ensemble simulations from experimental
measurements, and despite the good agreement between simulation and experiment in the
rest of this dissertation for ey, = 4 kgT', we hesitate to make a strong prediction that the
protein density in unstacked membranes is higher than previously thought. Further work is
needed to resolve this discrepancy.
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Figure 4.7: Dependence of protein particle packing fraction in regions of simulated thylakoids
on LHCII stacking. Top and bottom are “control” and “high-light” scenario simulations,
respectively; left and right are p,; = 0 for all a,i and (upsie = 0.5, paTPasec = 3,
Heytbet.c = —0.5 kpT'), respectively. Black triangles, medium gray circles, and light gray
squares are for grana, margin, and stroma subsystems, respectively. Error bars are standard
deviations.
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4.4 LHCII aggregation can be induced by a square-well
attraction

As a final vignette, we return to the grana and consider the question of LHCII aggregation.
There is evidence that LHCII complexes colocalize or “aggregate” during qE (reviewed in
Chapter 1 and, e.g., [149]). In particular, Johnson et al. [91] found that LHCII and PSII
clustering in the grana of intact Arabidopsis thylakoids is correlated to the degree of NPQ, and
is related to the presence of different xanthophyll pigments zeaxanthin and violaxanthin, which
bind to the periphery of LHCII [120]. The combination of energetic and entropic forces that
drive this behavior are not known, nor is it known whether it indicates an underlying LHCII
fluid-crystal phase transition that could amend the PSII-LHCII phase diagram presented
in Chapter 3 [154]; for convenience, I will use the term aggregation nevertheless. Many of
the proposed physicochemical processes associated with qE could favor LHCII aggregation:
increased protonation or conversion of bound violaxanthin to zeaxanthin [149] could, either
directly or indirectly (e.g., by inducing a conformational change of LHCII), increase energetic
attractions among LHCII complexes to favor LHCII clustering, or could decrease energetic
attractions between LHCII and PSII complexes to favor LHCII phase separation from PSII.
On the other hand, a qE-associated conformational change of LHCII that decreases its volume
[178] would decrease the entropic driving force for aggregation.

To investigate the effect of a non-specific energetic driving force for LHCII aggregation,
we extended the model in Chapter 2 to include an in-plane square well interaction between
LHCII particles

0 r > Aoy,
Usw,L—L(T) = —€w Ao >T > 01, (4-6)
0 r < oy,

where 7 is the radial distance between the centers of LHCII particles in the same membrane
plane. Simulations with interaction strengths e, = 0.5, 1.0 kgT were compared to simulations
with this interaction turned off (€5, = 0.0). We used an interaction range of A = 1.15,
corresponding to an edge-to-edge distance of 0.975 nm. This interaction range is comparable
to that of the square well PSII-LHCII interaction in Chapter 2, and is in a region of parameter
space where a pure 2d square well system has neither a solid-solid transition [29] nor a fluid-
fluid transition [141]. Canonical ensemble simulations were performed at ¢ = 2.7,6 (to match
[30] and [176], respectively); with p = 0.70,0.75,0.80; and with all other parameters as in
Chapter 2 (er,_1, = 4,esp-p = €p—p = 2). A representative particle configuration from these
simulations is shown in Figure 4.9.

Unsurprisingly, the addition of a generic isotropic attraction between LHCII particles
leads to LHCII aggregation and ordering. Figure 4.10 shows two standard measures of particle
ordering in 2d, the radial distribution function g(r) (left) and the probability distribution
function of the local hexatic bond-orientational order parameter 1; = 1/N; > exp [616;;]
where 6;; is the angular polar coordinate of the vector from particle i to particle j [135]
(middle). As expected from Chapter 3, liquid-like structure is present in both distributions
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Figure 4.9: Particle configuration taken from the top (lumen-side-up) layer of a simulation
with €5, = 1.0, p = 0.75, ¢ = 2.7 in a 400-nm square box. (a) highlights a region of ordered
LHCII; (b) highlights a region of disordered LHCII; (c) highlights a C3So PSII crystal; (d)
highlights a C3S;M PSII crystal.

at (¢ = 6.0, €5, = 0, p = 0.70) (top): g(r) is weakly structured, and the distribution of ¢ has
a large peak near 0 and a shoulder near 1. Increasing the total protein packing fraction to
p = 0.75 increases the structure of the LHCII fluid slightly, due to entropic driving forces.
Increasing the LHCII square-well interaction strength to €, = 0.5 has a similar structuring
effect, but due instead to energetic driving forces. Further increases to p = 0.80 or €5, = 1.0
lead to dramatic increases in structure, consistent with a fluid-crystal transition. Although
the precise location of the LHCII fluid-crystal transition in the context of this complex fluid
would be difficult to predict a priori (and indeed I make no attempt to do so), all of these
qualitative trends are exactly in line with what one would expect.

An interaction strength of e, = 1.0 between LHCII particles also increases the ordering
of PSII particles (Figures 4.10, right). In-plane energetic attractions between LHCII particles
increase the line tension between LHCII-rich and PSII-rich domains, lowering the nucleation
barrier to formation and/or the thermodynamic stability of PSII crystals within the PSII-rich
domains. These trends are present but weaker at ¢ = 2.7 (Figure 4.11). This may be because
the effective LHCII density is lower; e.g., when (p = 0.75,¢ = 2.7), LHCII particles are
present at an effective packing fraction of 0.42 in the space unoccupied by PSII particles
(without accounting for the inaccessible space due to packing effects), but at an effective
packing fraction of 0.55 when (p = 0.75,¢ = 6.0). Anecdotal evidence suggests that the
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Figure 4.10: LHCII and PSII ordering induced by a square-well attraction at ¢ = 6.0. Top,
middle, and bottom rows have p = 0.70,0.75,0.80, respectively. Left, middle, and right
columns plot LHCII g(r), LHCII ¢, and PSII g(r), respectively.
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Figure 4.11: LHCII and PSII ordering induced by a square-well attraction at ¢ = 2.7. Top,
middle, and bottom rows have p = 0.70,0.75,0.80, respectively. Left, middle, and right
columns plot LHCII g(r), LHCII ¢, and PSII g(r), respectively.



4.4. LHCII AGGREGATION CAN BE INDUCED BY A SQUARE-WELL
ATTRACTION 55

LHCII interaction favors a mixture of CoSs and CoSeM crystals (e.g., Figure 4.9).

How do these ordering phenomena compare to the LHCII aggregation reported in experi-
ments? Johnson et al. use a nonstandard measure of particle clustering, namely the number
of particles of the same species a within a given radial cutoff distance 7., [91]. Specifically,
they select r.1, = 25nm ~ 3.801, and r.p = 50nm ~ 4.2Dy, = 3.4Lp. They find that the
distributions of these quantities are visually well fit by Gaussians, with means and variances
that are positively correlated to the amount of NPQ (i.e., more NPQ means more clustering).
We calculated the same quantities from the simulated data; Figure 4.12 shows the means of
these distributions along with the means of the experimental distributions [91].

The experimental and simulated data in Figure 4.12 do not agree well. The simulated data
with ¢ = 2.7 spans roughly the same range of average PSII clustering as the experimental
data but has greater LHCII clustering, while the simulated data with ¢ = 6.0 spans roughly
the same range of LHCII clustering but has greater PSII clustering. Because the experimental
data lie on a diagonal between the two sets of simulated data, it is likely that the experimental
data could be better fit by simulated membranes at an intermediate ¢ between 2.7 and 6.0,
which would be within the range of other experiments and would be unsurprising. Yet a
rough interpolation suggests that adjusting ¢ alone would result in simulated data with
significantly more clustering of both LHCII and PSII than seen in experiment; a drastic
reduction of total density to p < 0.70 would be needed to bring simulations into quantitative
agreement with experiment. Such a low packing fraction would be outside the range of other
experiments and would be quite surprising.

Because the disagreement between experiment and simulation is larger than can be
accounted for by fitting via adjustments to the coarse-grained LHCII aggregation potential
alone, we hesitate to draw conclusions about the realism of this model for LHCII aggregation
or to make further predictions based on it. Accurate simultaneous measurements of ¢, p, and
any clustering order parameter as a function of NPQ could better constrain future modeling
and simulation efforts, leading to a better understanding of the structural and thermodynamic
basis for LHCII aggregation during NPQ.
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Chapter 5

A statistical learning pipeline can
classify local order of PSII in atomic
force micrographs of grana
membranes

In this Chapter, we develop and apply a statistical learning pipeline for the analysis
of PSII organization in grana membranes at fluid-crystal phase coexistence (Chapter 3).
By fitting a Gaussian mixture model to our training data set of PSII crystalline unit cells
(comprised of data from the literature and of Bravais lattices fit to nearest-neighbor shells
of particles in AFM images), we obtain two important results: an intuitive yet statistically
grounded taxonomy of PSII unit cell classes and a tool for classifying any unit cell into one of
these classes. We apply this classifier to a larger data set of particle positions extracted from
AFM images of isolated grana from wild-type and soql Arabidopsis plants, and find that the
soql mutation has a structural phenotype that may support its functional phenotype in NPQ
[31]. This work was a close collaboration between myself and Bibiana Onoa with help from
Matt Brooks and Patricia Grob, and of course the guidance of our advisers (Phill Geissler,
Carlos Bustamante, Kris Niyogi, and Eva Nogales, respectively).

5.1 Background

Because many grana membranes may be at crystal-fluid phase coexistence in vivo (Chapter
3, [154]), a common step in the analysis of nano-resolution EM and AFM images is separating
particles with crystalline local environments (henceforth “crystalline particles”) from those
with disordered local environments (henceforth “disordered particles”). Yet previous studies
have not published an algorithmic basis for distinguishing between crystalline and disordered
PSII complexes [150, 190, 112, 46, 66, 96, 43, 102, 110]. Robust algorithmic identification of
spatial motifs like crystalline unit cells is a ubiquitous task in biophysics and nanoscience,
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yet different fields tend to take different approaches. In the electron microscopy (EM)
literature, local motifs are typically identified by cross-correlation of pixel intensity and class
averaging [72], however this approach does not perform well on atomic force microscopy (AFM)
micrographs. In contrast, local motifs in configurations taken from molecular simulations are
often characterized using shape-matching methods on Fourier or Zernike rotation-invariant
feature sets [98, 99], which can take point particles as input but require inherently high-
dimensional data sets to classify motifs that are not well described by a simple n-fold
symmetry.

In this Chapter, we develop an analysis pipeline for detecting and classifying local
patterns in configurations of 2d coordinates using an easy-to-understand feature set: the
(a,b,0) parameters of a unit cell in a Bravais lattice. Because our method acts on the
spatial coordinates of a set of particles, rather than on image data, it can be applied to
coordinates extracted from images taken with EM, AFM, or any other imaging modality, or
from computer simulations. This generality puts disparate experimental techniques on equal
footing, promoting straightforward aggregation of and comparison between large data sets.
We applied this method to a high-resolution AFM data set of Arabidopsis wild-type and soq1
[31] grana membranes collected before and after exposure to excess light (see Appendix A for
data collection methods), and found that it was robust enough to be consistent with previous
reports of total crystallinity in wild type, while powerful enough to quantitatively discriminate
between coexisting PSII crystals. Through detailed analysis of the local organization of
PSII supercomplexes in ordered and disordered phases, we found evidence that interactions
among light-harvesting antenna complexes are weakened in the absence of SOQ1, inducing
protein rearrangements that favor larger separations between PSII complexes in the majority
(disordered) phase and reshaping the PSII crystallization landscape. Because the quenching
that is suppressed by SOQ1 is thought to occur in antennae, the structural effects that we
detect could play a role in its NPQ function. The features we observe are distinct from known
protein rearrangements associated with NPQ, providing further support for a role of SOQ1
in a novel NPQ pathway.

To aid in future clustering efforts and to promote the use of standardized methods for
analyzing PSII organization, we developed Picolo (Point-Intensity Classification of Local
Order) [153]. Picolo is an open-source Python package that supports a complete pipeline
for analysis of local spatial organization in sets of © — y coordinates, particularly for sets
of PSII coordinates picked from micrographs of grana membranes. Picolo includes all the
algorithms used in this Chapter, as well as standard algorithms for rotation-invariant Fourier
and Zernike features, support vector machine classifiers, and radial distribution functions.

5.2 Extraction of Bravais lattice features

After identifying PSII particle positions in grana discs (described in Appendix ?7?), we
characterized the local environment of each PSII particle by its unit cell, using an algorithm
in Picolo that optimizes a Bravais lattice to the coordinates of a particle’s nearest-neighbor
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shell. Unit cells are convenient for our analysis because, having only three features (vector
lengths a and b, and angle ), they are inherently lower-dimensional than the typical feature
sets used in shape-matching [98, 99]. Additionally, unit cells are commonly published in the
thylakoid electron microscopy literature, allowing us to include many previously published
unit cells in the clustering stage of the analysis.

Specifically, for particle i at position r;, a local unit cell ©; = (a;, b;, 0;) was extracted by
the following algorithm:

1. Determine the set A; of neighboring particles j around particle i, A; = {r; | rmm <
Tij < Tmax ), Where the cutoffs rpy, = 14 nm and 7,,x = 33 nm are chosen to select the
first PSII coordination shell based on typical PSII g(r) data. Let n; be the number of
particles in A;.

2. Find the Bravais lattice B; centered at r; spanned by the real-space lattice vectors
(ws,vi), B; = {rg |t = ny,w;+n,,v; ¥V ny,n, € Z}, that minimizes the penalty function

(i)

1
) = — i ; 5.1
0= X iy ) (5.1
using the radial error function €(r)
2% ifr <
(=" T (5:2)
1 otherwise

and a cutoff distance rg = 7 nm. COBYLA [146] was used to minimize 7(i) subject to
the constraints ryin < |W;| < rmax and i < [vi| < Tmax.

3. If n; <4 or (i) > mmin = 0.2, then ©; does not exist. Otherwise, ©; exists; continue.

4. We can write any point ry in B; in polar coordinates, ry = n,, w; + n,,v; = (7, k).
For any pair of distinct points ry,r; € B;, define the unit cell Oy = (ag, by, Orr) by
ag, = Tk, by = 11, and O = 0; — O € [0,27). Let C; be the set of smallest unit cells,
C; = {Ou|ny,, Ny, , Ny, My, € {—1,0,1}}. Then we select ©; via

©; = argmin |0, — 0| (5.3)
O eC;
subject to the constraints ag; < by + re and O, < O < Omax. The angular parameters
Ormin = H0°, Onax = 120°, and 6* = 75° were chosen to favor unit cells in the range of
the unit cells in [110]; r. = 1 nm is a small error term on the scale of the pixel size that
allows the angular constraints to be satisfied consistently when ay; = by;.

This scheme robustly yields unit cells that agree with unit cells obtained from traditional
Fourier transform methods on large ordered regions, but does not rely on long-range periodicity
for its success. Our choices of error function and minimization algorithm for this fitting
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procedure lead to fast, numerically stable code that accurately identifies unit cells when the
coordinates of the neighboring particles are highly ordered. When positional noise is above
an upper threshold, i.e., when the neighboring particles are not well fit by any Bravais lattice,
the particle is assigned as disordered. This can lead to false positives (assigning disordered
particles as crystalline) if the threshold on the error function is too high, or false negatives
(assigning crystalline particles as disordered) if the threshold is too low. To be conservative,
we have selected a relatively low threshold, which means that we are erring on the side of
underestimating the total crystal content of the membranes.

5.3 Selecting a GMM clustering model

A key step in our analysis pipeline is selecting a taxonomy of unit cell classes into which
the unit cells of individual particles are classified. The PSII crystalline array literature
contains more than 100 unit cells, each comprising a single CySy, C2SoM, or CoS;Ms particle
with a different placement and orientation [25, 110, 190, 43, 45, 130, 96, 102, 110]. Although
qualitative distinctions have been drawn between sets of CoSoMy unit cells [48, 110] to
our knowledge, no authors have previously presented an objective, quantitative method for
separating the unit cells for each particle type into structurally distinct classes.

In the language of statistical learning [74], constructing this taxonomy is an unsupervised
classification or clustering task, and we approached it using the Gaussian mixture model
clustering method. A Gaussian mixture model (GMM) is a probabilistic model for a data set
that is derived by fitting several multivariate Gaussian distributions to the data, typically
using the expectation-maximization algorithm [50]. Each Gaussian component in the mixture
is characterized by a vector of means p that describes the center of the cluster, a covariance
matrix o2 that describes the extent of the cluster along each dimension of the data, and
a scalar mixture weight that describes the relative probability of that cluster within the
data set; the only other fitting parameter is the number of components k. In contrast to
other popular clustering methods such as hierarchical clustering, a GMM can be completely
described using this small set of easy-to-interpret parameters. Moreover, a GMM is readily
amenable to conversion to a probabilistic classifier [168], allowing us to transition from the
original unsupervised classification problem to the target supervised classification problem.
Ultimately, fitting a GMM to our training data set yielded two important results: an intuitive
yet statistically grounded taxonomy of PSII unit cell classes, and a tool for classifying any
unit cell into one of these classes.

Specifically, we constructed a training data set consisting of 3 features (a;, b;, 6;) for each
of 101 unit cells from published PSII crystalline arrays [25, 110, 190, 43, 45, 96, 109] and 303
unit cells extracted from particles in 31 high-resolution (150 nm x 150 nm) AFM images
(Appendix A). The scikit-learn Python package [145] was used to fit diagonal Gaussian
mixture models to this data set.

The GMM method alone does not yield information about which value of £ produces
the most meaningful clustering; additional model selection criteria are necessary if k is
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not known a priori. To select the number k of components in the Gaussian mixture, 1000
bootstrap-resampled data sets were generated and the best value of k£ in the range 1-10 was
selected for each data set via the Bayes Information Criterion (BIC) [74]; Figure 5.1 shows
that k£ = 6 was most frequently selected as the best number of clusters. Yet overall, K = 6
was selected in only 27% of the bootstrap resamplings, while £k = 5, 7, and 10 were each
selected in 15-20% of resamplings. While this model selection process guided us to present
results with £ = 6 in this work, it also suggests that one should use caution when drawing
conclusions about the “ground truth” number and identity of classes of PSII unit cells in this
data set. For all three features in the k£ = 6 model, the mean ;1 and standard deviation o of

each Gaussian mixture component of the non-resampled model fell within the bootstrapped
95% confidence interval (Table 5.1).
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Figure 5.1: Bootstrap and BIC analysis for GMM model selection. Top: Frequency with
which each value of k£ had the minimum value of BIC out of 1000 bootstrap resamplings.
Bottom: BIC values for each value of k, with (red and blue boxplot) and without (green)
bootstrap resampling.

Figure 5.2 illustrates the six classes of unit cells that arose from cluster analysis of the
training data set. Classes (a) through (f) were ordered by decreasing mixture weight, such
that class (a) had the most members (98 particles) and class (f) had the fewest (33 particles).
Class (a) is prevalent in the CySsMs data set of [110], allowing us to assign it as being
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Table 5.1: Estimation of GMM parameters p and o2 for the k¥ = 6 model in Figure 5.2. The
first line of each pair of rows is the fit to the training data set, and the second is the mean
and 95% confidence interval of fits to 1000 bootstrap resampled data sets.

parameter (a) (b) (c) (d) (e) (f)
mixture weight 0.29 0.24 0.18 0.11 0.12 0.05
e (nm) 20.8 21.9 20.3 18.9 19.7 22.0

e CI (nm) 209+£07 21.7£08 203£15 1894+04 19.7+04 21.8+0.9
tp (nm) 25.6 23.1 24.0 23.0 28.2 26.0

iy CI (nm) 2565+06 232+£08 244+£21 227+1.1 281+£06 26.1£1.3
o (degrees) 71.6 74.9 76.5 83.2 68.9 63.4

py CI (degrees) | 71.6 £1.9 746+35 75.6+11.2 839+25 689+23 63.5+8.1
0, (nm) 1.27 0.74 0.60 1.01 0.69 1.18

0, CI (nm) 0.96+049 0.81+£035 082=£0.45 095+£0.33 0.69+£0.21 1.10£0.54
op (nm) 1.01 0.78 0.93 1.74 0.41 1.53

op CI (nm) 1.00£0.37 0.77+£0.25 1.00£049 1.53£0.52 040+0.35 1.35+£0.54
op (degrees) 2.50 3.03 3.21 3.85 1.86 5.86

og CI (degrees) | 2.34 £1.25 2.60+1.27 291+1.60 3.33+1.72 1.88+0.67 5.86+3.09

composed of CySyM, particles. Classes (b) and (c) had slightly smaller b values than class
(a) and thus smaller average areas; these classes may be composed of C2S;Ms and/or slightly
smaller supercomplexes (e.g., C2SsM). Class (d) contained the CoSy unit cells [25, 45, 130],
had the smallest average area, and was reminiscent of other rectangular C,Ss unit cells
(112, 46]. Class (e) was distinguished by a larger b value, which manifests as a larger spacing
between rows and the largest average area, and was almost entirely composed of CySoM,
unit cells like those in Koufil et al’s “normal light” and “low light” conditions. Class (f)
contained the CySsMy unit cells from [110], as well as some outliers with unusually acute
angles (6 < 65°) that may be artifacts of the unit cell determination algorithm.

5.4 Detection and classification of local order in grana
membranes

For classification, a two-step pipeline was used. First, a probabilistic classifier was
constructed from the k = 6 Gaussian mixture model using the maximum likelihood decision
rule; a rejection cutoff on the class probability of p. = 0.005 was used to classify outliers into
an additional “disordered” class (also occupied by particles for which no unit cell was found).
(Multiclass linear support vector machines were also investigated as possible classifiers, but
this approach was rejected because outlier detection was not possible without moving to a
less human-interpretable class boundary using a kernel such as the radial basis function.)
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Figure 5.2: Results of cluster analysis of unit cells in the training data set. (a)-(f): Fitted
Bravais lattices for each particle in the training set, grouped by Gaussian mixture model
(GMM) component. The a vector of each unit cell lattice is aligned with the horizontal
axis. Tick marks are spaced 10 nm apart. Panel (a) illustrates the unit cell conventions
used throughout this work. g: Two-dimensional views of the three-dimensional (a, b, f) data
points in the training set, colored by GMM component. h: Histograms of unit cell area
(area = absin ), grouped by GMM component. Values in legend are means + s.d. in square

nanometers; lines are normal distributions with these means and standard deviations.
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Second, a spatial k-nearest neighbor majority-rule filter, where k is the number of particles
within a radius 7,4, of particle 7, was used on the categorical output of the classifier to reduce
the noise.

We tested this newly developed methodology on larger, lower-resolution AFM micrographs
(500 nm x 500 nm). Figure 5.3 shows particle classifications for several representative AFM
images. Examination of the classification results reveals a mixture of contiguous disordered
regions, contiguous regions of a single crystal type, and regions with small pockets of several
crystal types. By eye, the classification results had a very low false positive rate (i.e., few
particles that appear to have disordered local environments were assigned to any crystal
class) but a higher false negative rate (i.e., the algorithm did not give a crystal label to all
particles that a human might assign as crystalline). In the absence of “true” labels, a more
thorough analysis of prediction accuracy or false negative rate is not possible.

oCrystal a oCrystalb  @Crystalc e@Crystald oCrystale oOCrystalf oODisordered

Figure 5.3: Classification of crystalline particles in low-resolution AFM images. Representative
masked AFM micrographs (top) and their respective reconstructed images showing results of
particle classification (bottom) for membranes enriched with crystal classes (a), (b), and (c),
respectively, and crystal-free grana disc (panel d).

While several previous studies have reported the average net crystallinity of grana
membranes, either by particle or by area, these authors do not report their crystal detection
methods, nor do they provide crystallinity distribution functions that could be compared
to predictions from phase diagrams like the one presented in Chapter 3 [154]. To measure
the net crystallinity in each low-resolution AFM image, we divided the number of particles
assigned to any crystal class by the total number of particles in the image. Histograms of
this quantity (Figure 5.4a) show that PSII membranes from plants acclimated to low light
have a higher crystal content than membranes from high-light-treated membranes. The effect
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of high light was more drastic for wild-type plants than for sog? plants: high light treatment
decreased the average net crystallinity from 9.2% to 3.5% in wild-type membranes, but only
from 8.1% to 5.3% in sogl membranes. It is important to note, however, that the average
crystallinity does not capture the full probability distribution: at least one membrane patch
with >25% crystallinity was observed in every experimental condition, while the majority of
images have <5% crystallinity (Figure 5.4a).

In control light conditions, our results indicate that, regardless of the genetic background,
a small amount of crystalline arrays is present (8-10% of total particles). Under comparable
experimental conditions, our result for WT membranes is consistent with a recent EM study
[110]. Specifically, our observed average crystallinity by area is similar to their fraction of
micrographs with any crystal. Although we detect crystals in more micrographs than [110],
many of our crystals are small, and the big crystals dominate the average. Also, the average
crystal’s unit cells reported by EM are slightly larger than those presented here. This could
be due to the presence of crystals in the EM study that are absent from our samples, or could
be due to differences in experimental and data analysis methods.

We found that even relatively short exposure (90 minutes) to high light triggers crystal
dissolution in both WT and soqg! membranes. Our results are in line with observations
reported for fully high-light-acclimated membranes, in which the crystalline regions were
severely reduced [110]. Crystallinity in wild-type membranes appears to be more sensitive
to photoinhibition than mutant membranes; average net crystallinity decreased by almost a
factor of 3 in the former, and only decreased by a factor of 1.5 in the latter.

The frequency of different crystal types was also found to depend on the light treatment
and the soq! mutation. Figure 5.4b shows the distribution of particles between crystal classes;
the remaining particles were disordered. As expected from the clustering model, classes (a),
(b), and (c) together accounted for the majority of crystalline particles in each experimental
condition, with extremely few particles assigned to classes (d), (e), and (f).

5.5 Application: structural phenotype of the sog1 mu-
tation

The recently-characterized SOQ1 protein is implicated in a potentially novel NPQ pathway
[31]. Because this pathway displays slow relaxation kinetics after high light exposure, Brooks
et al. speculated that the sog! mutation may shift the position of grana membranes within the
fluid-crystal coexistence region. Figure 5.4a does not support this hypothesis because there is
not a dramatic difference in the overall crystallinity between wild-type and soq! membranes
in this data set. Nevertheless, the differences in the distribution of particles between different
crystal classes, particularly classes (b) and (c), in different experimental conditions (Figure
5.4b) are intriguing. In control light conditions, crystal (¢) prevails in WT membranes and
crystal (b) in soql. Upon high-light treatment, crystal (c) is drastically reduced in WT-PI
but is enhanced in sog?-PI. Crystal (b), on the other hand, is reduced in both WT and
soql membranes, the latter being more severely affected. Therefore, although SOQ1 does
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particles analyzed; the remaining fraction of
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Figure 5.4: Classification of crystallinity by particle in AFM images of WT (upper left),
high-light-treated WT (WT-PI, upper right), sogl (lower left), and high-light-treated soq1
(soq1-PI, lower right) membranes.
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not have more than a minor effect on the stability of the PSII-LHCII fluid phase relative
to any crystalline phase, it appears to reshape the phase diagram within the crystalline
phase, including exerting a stabilizing effect on class (c) relative to class (b) in control light
conditions and destabilizing class (c) after prolonged illumination.

It is difficult to know whether these differences are physiologically significant based on
this structural analysis alone; atomic-resolution structures of each of the crystals would be
necessary to determine the functional consequences of this modulation of the crystallization
landscape. Based on the nanoscale AFM data, we propose internal structures for the dominant
PSII-LHCII crystal classes (a), (b), and (c) as depicted in Figure 5.5. As expected, class (a)
was very well fit by the model in Figure 3a of [110], which features end-to-end arrangements
of CP26 (cyan) and of CP24 (green) subunits on adjacent supercomplexes, with separations of
several nanometers within each pair of minor complexes (white arrows). The best-fit models
for class (c) were similar to class (a), but with smaller separations between the peripheral
antenna of adjacent supercomplexes. In contrast, the Bravais lattice of class (b) was best
fit by a model with face-to-face arrangements of CP26 subunits, and with close end-to-end
contacts between CP24 subunits. Rotations of the PSII axis by £6° were possible within
crystal (a) without creating steric clashes, while the smaller unit cells of crystals (b) and (c)
led to smaller ranges of rotational freedom (+2° and 40.5°, respectively). We note that each
of these lattices could also be fit by tiling molecular models of smaller supercomplexes, e.g.,
CoSoM. If in vivo crystals lack supercomplex subunits, these models should be refined.

These possible structures suggest an intriguing hypothesis for the structural modulations
that occur in the absence of SOQ1. Crystals (a) and (c) may be able to locally interconvert
via slight rotations or translations while maintaining similar antenna contacts. On the other
hand, the rotational restriction and distinct minor antenna contacts of crystal (b), which
dominates in soql control-light membranes, indicates that it may be stabilized by different
energetic driving forces and that a cooperative transition would be necessary to convert
between crystal (b) and the other crystals. Slight changes to the relative organization of
chlorophyll dipoles can have dramatic effects on fluorescence and energy transfer efficiency
[177, 5], so it is conceivable that the distinct CP26 and CP24 contacts in crystal class (b)
could have a functional effect.

To investigate the possibility that absence of SOQ1 also affects inter-antenna interactions
in the fluid phase, we measured the particle number density (Figure 5.6) and radial nearest-
neighbor distance distribution function (Figure 5.7) within the fluid phase. Other EM and
AFM studies of grana membranes have reported these metrics, but have not separated out the
contributions from fluid and crystalline phases; this is a strength of our approach. In disordered
regions, the density difference between WT and sog! membranes are very pronounced (Figure
5.6 center). Another significant difference was found between sog! membranes before and
after photoinhibitory light treatment: the particle density in disordered regions significantly
decreased upon light treatment, consistent with a net flow of PSII from the grana to the
stroma lamellae during the PSIT damage-and-repair cycle [66] and in agreement with the
finding that soql plants are not deficient in PSII repair [31]. In general, the crystalline
particle densities were higher than the disordered densities, and were tightly clustered around
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Figure 5.5: Proposed molecular models of crystal classes (a), (b), and (c¢). These structures
were generated by fitting a molecular model of the PSII CyS;Ms supercomplex [35] into the
average unit cell of each class (Table 5.1), then refined by determining the range of PSII
orientations that did not yield steric collision. Reaction center core dimer (Cy), S-LHCII
trimers, and minor antenna CP29 are represented in yellow; M-LHCII, CP24, and CP26
antenna monomers are depicted in red, green, and cyan respectively. Inter-supercomplex
M-CP24 interactions are indicated by white arrowheads, and CP26 interactions are indicated
by white arrows.

2000-2100 particles/um?*for all conditions (Figure 5.6 right). Note that 2050 particles/pm?
corresponds to 488 nm?/particle, approximately the size of a CoSoM, unit cell (Figure 5.2h),
as expected.

While a unit cell completely describes the internal organization of a crystal, the particle
density is insufficient to describe the internal characteristics of a disordered particle config-
uration. Therefore, we calculated the nearest-neighbor distribution function (NNDF) for
particles in micrographs with no crystalline particles (Figure 5.7). The NNDF for WT was
consistent with previously published distributions from Arabidopsis and spinach plants grown
under similar conditions [23, 67, 107, 103, 110]. NNDFs from all conditions had a dominant
intermediate-distance peak (/=18 nm), with flanking peaks centered at shorter (=14 nm) and
longer (/22 nm) distances, similar to previous reports [23, 103]. The structure of the NNDF
was similar for disordered particles in WT, WT-PI, and soq!-PI membranes. Interestingly,
the short-distance shoulder was markedly larger in the sog? NNDF compared to the other
conditions, and the long-distance shoulder was smaller.

These findings point to a role for SOQ1 in affecting PSII density in the grana by disrupting
protein-protein interactions that favor smaller PSII separations. One candidate driving force
that could be affected by SOQ1 in the absence of photoinhibitory light is attractive interactions
between minor antenna complexes of neighboring PSII complexes. We favor this hypothesis
because different contacts between minor antenna complexes are present in the crystals in soql
membranes (Figure 5.5), because SOQ1 is thought to affect an antenna-associated component
of NPQ [31], and because arguments about entropic driving forces are not consistent with a
higher PSII density in soq! grana. The reducing function of the lumen-localized thioredoxin-
like domain of SOQ1 [31] could be involved, directly or indirectly, in a biochemical modification
that causes the modulation in antenna interactions.
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Figure 5.6: Particle number density in all (left), disordered (center), and crystalline (right)
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Figure 5.7: Nearest-neighbor distance distributions of disordered particles in WT, WT-
PI, soq1, and soq1-PI membranes, from bottom to top; error bars are SEM (N = 5-28
micrographs).
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In the future, possible structural roles of SOQI1, or of other grana proteins, could be
further investigated by continued collection of AFM or EM data sets. PSII particles picked
from these images could be classified using the GMM classifier presented here, or clustering
and model building could be repeated on the expanded data sets. While the data set used
to build our model uses much of the data at our disposal, it is still relatively small and
incomplete; we anticipate that clustering models trained on expanded data sets may yield
different results.
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Chapter 6

Conclusions

6.1 Implications

Plant photosynthetic membranes are remarkable examples of active materials in which
emergent phenomena underlie biological functions that are essential to life on Earth, providing
a rich source of opportunities for fruitful applications of soft matter physics to open biological
questions. This dissertation has explored the driving forces for protein organization in photo-
synthetic membranes from the perspective of statistical thermodynamics, and demonstrates
that modeling and experiment have great potential to play complementary roles in future
studies of nanoscale processes in plant photosynthetic membranes.

Specifically, we have shown in Chapters 24 that simulations of relatively simple, biologically-
motivated models of protein complexes in stacked thylakoid membranes can capture a broad
range of known structural motifs, including extended PSII arrays, composition gradients
between thylakoid subsystems (“lateral heterogeneity”), and LHCII aggregates. By studying
PSII arrays within the theoretical framework of thermodynamic phase transitions, we found
that the arrays are evidence of a true crystalline phase, which coexists with a fluid phase in
the experimentally-relevant region of our predicted phase diagram. Our results suggested the
existence of a driving force for crystallization in vivo, providing a mechanism for collective
rearrangements of the photosynthetic light harvesting and energy conversion apparatus.
Two key components of this driving force are stroma-side stacking interactions between
LHCII particles in adjacent membrane layers, and the high protein packing fraction in grana
membranes; we found that these factors also drive lateral heterogeneity.

Although the topics we studied with simulation are long-standing questions in the pho-
tosynthesis literature, future experimental work will be needed to test our predictions. For
instance, the PSII-LHCII phase diagram in Figure 3.10 can be tested by measuring the
partitioning of PSII complexes between crystalline and fluid phases at many points in (¢, p)
parameter space using EM or AFM, and comparing the crystallinity to the predicted tie
lines through the coexistence region. This approach would be greatly aided by a quantitative
method of assigning PSII particles in nanoscale microscopy images as crystalline or disordered
that standardizes the qualitative manual assignments used in the past. Towards this end, in
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Chapter 5 we developed a statistical learning pipeline that can classify the nearest-neighbor
shell of individual PSII particles within a taxonomy of PSII crystalline unit cells. Applying
this classifier to PSII particle positions picked from AFM images of grana membranes isolated
from wild-type and soq! mutant Arabidopsis plants, we found evidence that the absence of the
SOQ1 protein modulates interactions between peripheral antenna complexes; this structural
phenotype could be associated with the functional phenotype of SOQ1 in suppressing an
antenna-associated component of NPQ.

Other recent advances in experimental techniques for thylakoid biophysics could also aid
in the parameterization and verification of physical and statistical models of thylakoid protein
nano- and mesoscale structure. Reconstituted proteoliposomes like the one demonstrated in
[187] allow greater control over the identity and quantity of each component of the system,
creating experimental model systems that are more directly comparable to simulation models.
In addition, AFM methods including high-speed AFM [36] and force-spectroscopy AFM [119]
have been used to determine protein interaction free energies and diffusion coefficients in
bacterial photosynthetic membranes; similar studies of the plant photosynthetic apparatus
could inform and test coarse-grained models.

6.2 Future directions

This dissertation opens up several new avenues of interdisciplinary research in the molecular
biophysics of photosynthesis. Here I outline a few specific projects (in no particular order)
that one could pursue as extensions of this work.

Membrane morphology Similar approaches to that of Chapters 2-4 could be used to un-
derstand the morphogenesis of the plant thylakoid membrane. There is experimental evidence
that crowding in the aqueous stroma induces an entropic attraction between membrane layers
in grana stacks [100]. This hypothesis could be tested by constructing a triangulated [65] or
patchy-particle [144] membrane with a thylakoid-like topology, equilibrating the membrane
in the presence of varying densities of hard spheres in the stroma-like space, and measuring
grana cohesion. In addition, the influence of energetic forces that have been proposed to play
important roles in grana formation [38, 154] could be investigated by introducing appropriate
coarse-grained potentials between fluctuating membrane sites. Independent control over
each driving force has not been achieved in experiment, but could be straight-forward in
simulation, allowing computational studies to advance our understanding of the biophysics of
thylakoid morphology.

Energy transfer Ensembles of particle configurations taken from coarse-grained simula-
tions like those in Chapters 2-4 could be used as the foundation for future studies of energy
transfer in photosynthetic membranes. Models have been developed that yield energy transfer
rate matrices within PSIT supercomplexes, including a recent study by the Fleming group [19],
but they have not been extended to study energy transfer on longer length scales, such as
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between PSII supercomplexes in a crystal, within pools of peripheral antenna, in the presence
of qE quenching sites, between stacked membrane layers, or in heterogeneous environments
with all of these features. Observables that could depend on the mesoscale structure of
the grana in interesting ways include exciton diffusion path lengths and timescales, light
harvesting quantum efficiency (i.e., the fraction of absorbed photons that lead to productive
photochemistry), and the existence of spatial regions that are energetically disconnected from
each other (e.g., LHCII aggregates that are disconnected from any PSII reaction center).
Each of these observables are calculable given a set of chlorophyll coordinates extracted
from a coarse-grained particle-based simulation like those of Chapters 3 and 4, a rate matrix
for energy transfer within pigment-protein complexes like that of [19], a model for short-
range energy transfer between complexes, and standard network data analysis methods. A
collaboration between myself and the authors of [19] is underway to pursue this strategy.

PSII supercomplex assembly PSII repair requires the complete disassembly of the
PSII supercomplex [13], and qE [23] and state transitions [87] may involve at least partial
supercomplex disassembly as well. The model of the CySy PSII supercomplex proposed
in Chapter 2 is insufficient to capture phenomena in which supercomplex disassembly is a
key feature. Instead, a more detailed model would be appropriate for the study of these
questions, with a larger number of particle types (at least five for the PSII core monomer,
LHCII trimer, CP24, CP26, and CP29; possibly also PsbS, cyt bg f, Lhcb123 monomers, etc.)
that obey potentials that favor the supercomplex assembly pathway suggested by Figure
1.3. Due to the large number of particle types, the highly anisotropic self-assembly target,
the possible importance of membrane-mediated interactions, and the lack of experimental
results to guide intuition, a phenomenological model like that of Chapter 2 is likely to be
underconstrained and difficult to parameterize, with or without the use of path sampling
techniques. The best approach here may be to attempt a systematic coarse-graining by
calculating potentials of mean force between pairs of PSII supercomplex components in
atomistic membrane-pigment-protein simulations.

Coupling through the lumen The lumenal space within grana stacks is crowded [104].
Steric repulsions between the extrinsic portions of PSII complexes are likely to create lumen-
side couplings between adjacent membrane layers; other types of protein-protein interactions
could be important as well. Together with the stroma-side coupling explored in Chapter 3,
this may lead to cooperative phase transitions that propagate throughout the full vertical
extent of the grana stack. This hypothesis could be investigated by extending the model
of Chapter 2 by providing PSII particles with a volume-excluding interaction site on the
lumenal side (e.g., a coarse-grained version of the steric model in Figure 3 of Ref. [104]), and
simulating a PSII-LHCII mixture in a taller grana stack geometry. It would be difficult but
not impossible to test predictions generated by this analysis using electron tomography [45];
an interesting alternative could be to predict material properties such as stiffness that are
observable by AFM [147].
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State transitions as phase transitions State transitions (qT) involve the transport
of phosphorylated LHCII from PSII-rich membranes in “state 1”7 to PSI-rich membranes
in “state 2,” leading to a smoothing of composition gradients between membrane regions
(reviewed in Chapter 1 and, e.g., [6, 128]). Because a large fraction of LHCII complexes
participate in this process, it may be subject to interesting collective effects due to a demixing
transition. For instance, the fraction of LHCII that localize to stroma lamellae at equilibrium
could have a nonlinear dependence on the fraction of LHCII that are phosphorylated. To the
best of our knowledge, this data set has not been collected experimentally, in part because the
notion of an equilibrium or steady-state is not well defined for this biological context; state
transitions occur on intermediate time scales (minutes to tens of minutes) and are triggered
in situations that also trigger processes that occur on faster (qE, seconds to minutes) and
slower (protein translation, tens of minutes to hours) time scales.

Several different hypotheses have been put forward for the physicochemical driving
force created by LHCII phosphorylation that leads to state transitions [7]. (1) LHCII
phosphorylation could disrupt attractive LHCII stacking interactions in the grana, either due
to the additional negative charge or to protein conformational changes, weakening the driving
force for localization of phosphorylated LHCII to grana. (2) LHCII phosphorylation could
disrupt lateral attractions between LHCII and PSII, favoring dissociation of LHCII from
PSIT and subsequent demixing [87]; dissociation is less pronounced in plants than in algae
[186]. (3) Because LHCII-PSI co-complexes can be isolated from membranes and are more
common in state 2 [111, 63], phosphorylation may increase the binding affinity of LHCII to
PSI. Each of these hypotheses could be tested in simulations by modifying the appropriate
pair potentials for LHCII particles that are tagged as “phosphorylated.” Preliminary work to
test hypothesis (1) using a model similar to that of Chapter 4 has not shown any evidence of
cooperativity, but this model did not allow for realistic membrane destacking transitions. A
model that includes explicit membrane bending fluctuations, or an effective potential that
mimics bending fluctuations, would be useful for further investigations.

Other crystals Chapter 3 focuses on a specific C;SoM PSII crystal, but Chapter 5 makes
it clear that other unit cells are also prevalent in grana membranes in vivo and should be
included in a complete PSII-LHCII phase diagram. When eg,_p # 0, a CyS5 crystal is
favored by the (CySy)s interaction highlighted in Figure 3.1 and is at least metastable. A
straightforward extension of Chapter 3 would be to conduct similar simulations with es;,_p # 0
to add a CyS, crystal region to the phase diagram in Figure 3.10. We have not observed
metastability of the other unit cell classes in Chapter 5 using the model of Chapter 2; a
more detailed model, for instance at the level described in the “PSII supercomplex assembly”
paragraph above, may be necessary to stabilize these other crystals.

Mobility It is very appealing to use coarse-grained models in which desired thermodynamic
properties have been demonstrated to explain or predict the kinetics of protein mobility that
accompany perturbative phenomena like qE, state transitions, and PSII photoinhibition and
repair. The biggest challenge with projects of this nature is in posing the right questions,



6.3. BROADER IMPACTS 75

namely ones where simulation could lead to nontrivial, falsifiable, experimentally-accessible
predictions. On the simulation side, one must select a dynamical scheme that yields sufficiently
realistic statistics for particle displacements over time in a dense system at phase coexistence
and can access experimentally relevant time scales (at least seconds), and use biological
intuition when constructing the time-varying part of the Hamiltonian. On the experimental
side, thylakoid protein mobility is typically probed using native chlorophyll fluorescence,
traditionally by FRAP [103, 66, 91, 79, 106] and recently by FCS [86], yielding a signal that
is difficult to interpret rigorously because it convolutes a multicomponent, multiphase system
in a confined geometry. Advances in high-speed AFM by the Bustamante and Scheuring
groups [36] or in near-field cathololuminescence microscopy by the Ginsberg group [95], or
further use of single-particle tracking methods [40], could yield signatures of thylakoid protein
mobility that are more easily compared to those measured by simulations.

6.3 Broader impacts

Photosynthesis is a venerable topic of study in part because it spans so many length
and time scales and can be approached by scientists from so many backgrounds. Indeed, as
someone who could claim to be a computational biophysical chemist, the interdisciplinary
nature of basic research in photosynthesis was a large part of its original appeal to me and has
been a continuing source of intellectual stimulation. More broadly, however, photosynthesis
is also foundational to our economy, society, and global environment. Although the work in
this dissertation is many steps removed from crops that could fix more carbon, feed more
people, yield more biofuels, or better adapt to climate change, or from commercially-viable
synthetic systems that capture more solar energy or convert it into more useful forms, these
larger societal goals have been motivating to me as well. It would be an honor if this work
contributes to the future development of design principles for light-harvesting and energy
conversion systems that can more efficiently function across the wide range of environmental
conditions that the world offers.
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Appendix A

Experimental materials and methods

The work described in this Appendix was a collaboration supported by the SISGR grant.
Matt Brooks prepared the samples, Bibiana Onoa performed the AFM data acquisition and
analysis, and Patricia Grob assisted with data analysis.

A.1 Sample preparation

Arabidopsis thaliana plants were grown at 150-200 pmol photons m~2 s™! of light (10
h/day) at 21.5 °C for 7-10 weeks. For high-light treated samples, leaves were exposed at 1,200
pmol photons m™2 s™! for 90 minutes before isolating thylakoids. Grana membranes were
isolated as described [35] with the following modifications. Leaves were homogenized in a
commercial blender by 8-10 half second pulses and filtered through a 41 ym nylon membrane
using a light hand-generated vacuum. Thylakoid membranes were adjusted to a chlorophyll
concentration of 2.5 mg/mL and 3/16 volumes of 7.6% (w/v) n-dodecyl-a maltoside (a-DM),
15 mM NaCl, 5 mM MgCl; was added and incubated with gentle rocking for 20 minutes at 4
°C in the dark. The detergent a-DM was used rather than Triton X-100, as this treatment
yielded larger and more homogeneous membranes in agreement with previous reports [131].
The final sample was frozen immediately in liquid nitrogen as 5 ulL aliquots for microscopic
inspection.

A.2 AFM data acquisition

Four different types of samples were imaged: WT low-light-acclimated (WT) and pho-
toinhibited (WT-PI) grana membranes; and sog-1 mutant low-light-acclimated (soq!) and
photoinhibited (soq1-PI) membranes. Grana aliquots were thawed and diluted 1:15 in depo-
sition buffer (10 mM tris-HCI pH 7.5, 150 mM KCI and 25 mM MgCly) on freshly cleaved
ultra-clean mica (Grade V, Ted Pella, Inc.), and incubated at room temperature for 1-3
hours. The mica discs were then rinsed with purified 18.2 M2 deionized water ten times and
dried under a gentle Ny gas flow, perpendicular to the mica surface. AFM measurements were
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performed with a Multimode AFM Nanoscope V (Bruker corporation, Santa Barbara, CA,
USA) equipped with a vertical engagement E-scanner (15-micron x 15-micron X 2.5-micron
vertical range). The samples were imaged in tapping mode; the probes were excited on
resonance with free amplitudes of 2—-15 nm and phases of 20-30 degrees. The image amplitude
(set point As) and free amplitude (A0) ratio (As/A0) was kept at 0.8. Images were acquired
using silicon cantilevers (Nanosensors), with a high-resonance frequency in the range of
280-350 kHz and a spring constant of 46 N/m. Images (512 x 512 pixels) were captured in
the trace direction; the scan angle was maintained at 0 degrees. All samples were imaged
at room temperature in air, at a relative humidity of 30%. More than eight different grana
patches were scanned per each type of membrane. Bi-layered patches were fully mapped at
scans of 500 x 500 nm. Higher resolution of 150 x 150 nm images were also recorded.

A.3 Image processing and particle picking

Raw AFM images were flattened and leveled using Gwyddion 2.3 [136]. To determine the
height of the membranes and/or particles, bare mica was set at zero nm. Single particles were
picked from the 500 and 150 nm images. For simplicity, the particle picking was restricted to
bi-layer areas by masking out multi-layer and bare mica areas. Single particles were selected
interactively using Boxer from EMAN [121], with a window size of 20 x 20 pixels. The center
of mass of each particle was extracted using SPIDER. Truncated particles were manually
excluded from the images.

A.4 Membrane characterization

AFM showed a heterogeneous mixture of grana membranes patches, as shown in Figure
A.1. The patches varied in shape and size (from 150 nm to a few microns in diameter)
indicating a general trend of grana fusion. Most of these patches were double membranes
based on their average height of 11 nm, which we refer to as grana discs (Figure A.1).
Some membrane patches also had higher-order stacking of additional membranes distributed
randomly throughout the patch (Figure A.la). The residual upper layers corresponded to
partially disrupted grana discs, because their heights are multiples of 11 nm (Figure A.la
inset) in agreement with previous reports [103]. Our analyses were limited to the double
membrane grana discs.

Each grana disc was densely packed with particles, with approximate diameters of 15-25
nm and protrusions above the lipid bilayer of 2-4 nm. High-resolution images revealed
internal structure within the particles (Figure A.1b, phase inset). For some particles, two
prominent peaks were easily detected with a peak-to-peak separation of approximately 7-9
nm (Figure A.1b cross-section profile inset). This separation is expected between the two
extrinsic oxygen-evolving complexes (OECs) in the dimeric PSII. Thus, we assign these
particles as PSII reaction centers protruding from the grana luminal face in good agreement
with other groups [101, 167].
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Figure A.1: AFM characterization of grana membranes. (a) Typical fused grana membranes
displaying various levels of thylakoid stacking. White line is a cross-section site with a height
profile represented in the inset. As many as eight different membrane layers form four stacked
grana discs. z scale 0-60 nm. (b) A high resolution image of a grana disc exposes individual
PSII supercomplexes protruding from the membrane. AFM Phase contrast image resolves
internal structure in each supercomplex (left inset). The cross-section profile on individual
complexes (red and blue lines) distinguishes two prominent peaks per complex separated
by 9 nm (right inset). (¢) Grana membranes can be composed of semicrystalline arrays of
complexes (marked by black polygons) adjacent to disordered regions (marked by blue dotted
lines). Inset shows a 3d representation to facilitate visual array detection. z scale 0-20 nm.
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