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ABSTRACT

Eukaryotic algae perform approximately one third of global CO, fixation in organelles called pyrenoids
which supercharge fixation and are found across vast evolutionary taxa. Transplanting algal pyrenoids
into pyrenoid-less crop plants to supercharge their CO; fixation offers a promising strategy to increase
yields. It has long been known that algal pyrenoids are densely packed with the CO,-fixing enzyme
Rubisco. More recently it has emerged that Rubisco packaging and formation of the pyrenoid is
underpinned by a dynamic process called liquid-liquid phase separation (LLPS) that is critical to
pyrenoid function. Understanding of pyrenoid assembly and evolution outside of model species has
been limited by the lack of sequence conservation of the proteins that drive LLPS of Rubisco across
algal lineages, termed ‘linker’ proteins. To address this knowledge gap, a sequence-independent Fast
Linker Identification Pipeline for Pyrenoids (FLIPPer) was developed to identify analogous linker
proteins in unexplored pyrenoids. Assessment of the time-calibrated phylogenetic distribution of these
linker proteins allowed identification of a shared timepoint for the convergent evolution of pyrenoids
that coincided with plant-driven atmospheric oxygenation at the end of the Paleozoic Era. Detailed
characterisation of a linker protein identified in the green microalga Chlorella sorokiniana (CsLinker)
subsequently demonstrated its role as a bona fide pyrenoid linker protein. Structurally, it was shown
that LLPS of Chlorella Rubisco is underpinned by multivalent binding of CsLinker to a highly
conserved interface on the Rubisco large subunit which enables CsLinker to promiscuously phase
separate other Rubiscos. This promiscuity enables CsLinker to functionally replace the native linker
protein in the pyrenoid of Chlamydomonas, despite sharing no sequence homology with the native
sequence. Excitingly, the promiscuity of CsLinker also extends to certain plant Rubiscos, where it
demonstrated both in vitro and in planta Rubisco condensation. CsLinker therefore presents exciting

future opportunities for engineering pyrenoids in crop plants.
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1. INTRODUCTION

1.1. Declaration
The purpose of this chapter is to provide the reader with an overview of the literature base that was
interpreted in the formation of hypotheses that provided the framework for Chapters 2-5. The majority
of writing within this section is consistent with the review “Pyrenoids: CO,-fixing phase separated
liquid organelles” that was published in April 2021 in Biochimica et Biophysica Acta (BBA)- Molecular
Cell Research as part of the special issue “State without borders: Membrane-less organelles and liquid—

liquid phase transitions”. Where appropriate, sections have been updated considering new literature.

1.2. Chapter overview

As this introductory chapter encompasses a wide and extensive literature base and in places does not
follow a linear digestibility, a brief explanation of the overall structure of the chapter is provided here
for clarity. In section 1.3 the basis of Rubisco-mediated carbon fixation is described, along with the
drawbacks of Rubisco and how these are compensated in different photosynthetic organisms. From this
section emerges the commonality of Rubisco condensation by liquid-liquid phase separation (LLPS) in
one of these approaches — biophysical CCMs. As such, section 1.4 follows by describing the general
theory, importance and understanding of LLPS in biological systems to provide basis for discussion of
LLPS in the context of pyrenoids subsequently. Section 1.5 demonstrates the breadth of pyrenoids in
eukaryotic algae and summarises the discovery of pyrenoids, and significant milestones in their
characterisation. Given that the majority of our understanding of pyrenoid-based CCMs, pyrenoid
assembly, Rubisco phase separation and the liquid-like properties of pyrenoids comes from the wealth
of Chlamydomonas pyrenoid literature, a deep-dive on the current state of knowledge is provided in
section 1.6. Section 1.7 follows the description of the key LLPS indicators in the Chlamydomonas
pyrenoid, by extending the qualitative observations to those of pyrenoids in diverse algae to also
rationale their formation by LLPS. The current state of understanding of pyrenoid evolution and
structural diversity is outlined in section 1.8, and how this might relate to ongoing pyrenoid engineering

efforts in plants in section 1.9 is also introduced.



1.3. Carbon fixation and concentration

1.3.1. Photosynthesis, photorespiration, and Rubisco § bottleneck

Photosynthesis is the gateway between inorganic carbon (i.e., CO,) and organic carbon in the global
carbon cycle. It harnesses energy from sunlight to annually reduce ~400 gigatonnes of CO, (Net Primary
Production; (Field ef al., 1998)) whilst simultaneously releasing O,. Photosynthesis is broadly split into
two reaction schemes: the light and dark reactions. During the light reactions, light energy is converted
into biochemical energy in the form of adenosine triose phosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH) by the action of a series of light-dependent reactions at the thylakoid
membranes within the plastids of photosynthetic organisms. The high-energy compounds NADPH and
ATP that are products of the light reactions subsequently power the dark reactions which exist as part
of the Calvin-Benson-Bassham (CBB) cycle and are the entry point for CO; in the organic carbon cycle
(Fig. 1-1). The CBB cycle revolves around the five-carbon compound ribulose-1,5-bisphosphate
(RuBP) and can be broadly divided into 3 phases: carboxylation, reduction and regeneration (Benson
et al., 1950). In the carboxylation reaction, CO» is covalently joined with RuBP by the enzyme Ribulose-
1,5-bisphosphate carboxylase oxygenase (Rubisco) to produce a short-lived six-carbon intermediate
which rapidly decomposes into two molecules of 3-phosphoglycerate (3-PGA). In the reductive phase,
ATP and NADPH are utilised to reduce 3-PGA into glyceraldehyde-3-phosphate (G3P), which is the 3
carbon compound that gives rise to organic compounds and is the result of so-called ‘Cs photosynthesis’.
G3P that is not used for organic compounds by the organism is regenerated back to RuBP through a
ribulose-5-phosphate intermediate at the expense of further ATP. 3 completions of the CBB cycle are
required for the net production of a G3P molecule at a cost of 9 ATP and 6 NADPH molecules per G3P
produced. Virtually all global carboxylation of RuBP with CO» is completed by Rubisco, making it the
most abundant and geochemically important enzyme on earth (Bar-On & Milo, 2019; Raven, 2013).
However, carboxylation of RuBP is also typically the rate-limiting factor in the CBB cycle due to the
relatively slow catalytic rate of Rubisco compared to other central metabolic enzymes (typically 8-10
times lower than the median value (Bar-Even et al., 2011). The slow speed of Rubisco contributes one

of its two primary drawbacks.
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Figure 1-1 | The CBB and photorespiratory cycles.

Simplified schematic diagrams of the Calvin-Benson-Bassham (CBB) and photorespiratory cycles. Exogenous
biochemical inputs are shown in grey. The schematic is based on an original image by Wikimedia Commons user
Rachel Purdon and is adapted and distributed under the Creative Commons Attribution-Share Alike 3.0 Unported
license.

The other primary drawback of Rubisco concerns the specificity for its substrate. In addition to the
carboxylation of RuBP using CO,, Rubisco can also catalyse the oxygenation of RuBP using O, as a
substrate, for which Rubisco possesses a similar catalytic rate (ke ~2-3 s in plants) (Flamholz et al.,
2019). The poor substrate specificity of Rubisco has been proposed to be due to difficulty in
distinguishing between the similar size, shape and electrostatic potential of CO, and O, molecules in
the active site (Tcherkez et al., 2006). The oxygenation reaction of Rubisco results in the production of
one 3-PGA molecule in addition to a 2-phosphoglycolate (2-PG) molecule, consistent with the
decomposition of an oxygenated 5-carbon intermediate formed from the oxygenation of RuBP (Fig. 1-
1). In contrast to 3-PGA, 2-PG cannot be used in the CBB cycle and must be scavenged back to 3-PGA
through an energetically expensive process known as photorespiration (Ogren, 1984). Not only does
the fixation of an O, molecule prevent fixation of a CO, at the same site, but the photorespiratory
pathway wastes another molecule of CO, that had previously been fixed by the CBB cycle (Fig. 1-1),
resulting in an effective loss of two CO> molecules per O fixed. The respiratory short-fall of Rubisco
has been accentuated by the vastly different composition of the present-day atmosphere, as compared
to when Rubisco evolved in the Archean Eon (2,500-4,000 million years ago (Mya)) (Shih et al., 2016).

Estimates suggest CO, was historically in vast excess over O,, which was almost non-existent when



Rubisco evolved (Berner, 2009; Berner & Kothavala, 2001). The atmospheric composition changes that
occurred over the subsequent ~2,500 My to the present day not only reduced the absolute availability
of CO; as Rubisco’s primary substrate, but also flooded Rubisco with O, resulting in compounded

reduced carboxylation due to both availability and specificity challenges.

Given that nearly all carbon fixation is performed by Rubisco and it is one the earliest evolved enzymes,
it is puzzling that over its >2.5 billion year existence it has remained generally slow and has a relatively
poor selectivity for CO; over O, under current atmospheric concentrations (Whitney et al., 2011).
Arguments have been made previously that these characteristics are due to an evolutionary trade-off
between Rubisco’s catalytic rate and its specificity for CO, over O, (Flamholz et al., 2019; Studer et
al., 2014; Tcherkez et al., 2006). This hypothesis effectively argues that Rubiscos have evolved to
balance being either; i) slower and more specific (e.g., in red algae) or ii) faster and less specific (e.g.,
in cyanobacteria) (Fig. 1-2). More recent arguments have suggested this trade-off is driven more by the
phylogenetic constraints of the sequences (Bouvier et al., 2021) and that Rubisco itself is still evolving
to optimise both speed and selectivity, at least in Cs plants (Bouvier et al., 2023). What is clear though
is that Rubiscos across all phylogenetic taxa are amongst the slowest evolving proteins on earth, with
one amino acid substitution occurring on average every 7.2 My in the catalytic domain (Bouvier ef al.,
2023). This suggests that changes in atmospheric conditions have effectively occurred faster than
Rubisco could evolutionarily respond, and that Rubisco is slowly catching up with the challenges
presented by present day atmospheric conditions. The inefficiencies bestowed upon Rubisco by its slow
evolution of speed and selectivity traits result in it contributing the bottleneck to photosynthesis in most

cases and contributing to the sub-optimal operation of carbon fixation in many organisms.



1.3.2.  Rubisco form and function

Plants, cyanobacteria, most proteobacteria and most algae possess form I Rubisco, which consists of a
hexadecameric complex comprised of an octameric core of four Rubisco large subunit dimers (RbcLg)
capped by two sets of four Rubisco small subunits (RbcSs) that form the holoenzyme (LsSg) (Fig. 1-2).
Within each RbcL subunit lies an active site that catalyses the carboxylation/oxygenation of RuBP.
Form I Rubiscos can be further subdivided into Form IA and IB, that comprise the ‘green’ Rubiscos of
all plants and green algae and some proteobacteria and cyanobacteria, and form IC and ID that comprise
the ‘red’ Rubiscos of proteobacteria and non-green algae. The overall structure of form I Rubiscos is
highly conserved (Fig. 1-2), though sub-form differences do exist. Other Rubisco forms (I’, II, III and

IV) exist (Tabita et al., 2008), but are vastly less represented in phototrophs and not a focus of this

study.
Rb
RbcS
Host Synechococcus Chlamydomonas Spinacia Thalassiosira
0s elongatus reinhardtii oleracea hyalina
Host type Cyanobacteria Green alga Plant Diatom
Rubisco Form 1B B 1B ID
CCM? + + - +
Speed
(K.ICD) (s7)
20 14.4 5.8 3.7 24 2
Specificity
(Sco)
40 43 61 82 80 100

Figure 1-2 | Form I Rubisco variation.

Surface representations of Form I Rubisco structures from Synechococcus elongatus (PDB: 1RBL; (Newman et
al.,, 1993)), Chlamydomonas reinhardtii (PDB: 7JFO; (He et al., 2020)), Spinacea oleracea (PDB: 8RUC,;
(Andersson, 1996)) and Thalassiosira hyalina (PDB: SN9Z; (Valegard et al., 2018)). Subunits of the structures
are coloured as indicated. The trend in general properties of the enzyme are indicated below each structure, though
the positioning is not exact. Reported values are taken from (Ang et al., 2022) and (Young et al., 2016).



1.3.3.  Carbon concentrating mechanisms accelerate photosynthesis

Photosynthetic organisms have evolved diverse strategies to overcome Rubisco’s inefficiencies and
maximise carbon fixation. Many terrestrial plants that operate C; photosynthesis attain high CO;
fixation and reduce photorespiration by investing large amounts of resources into Rubisco that is
catalytically slow but has a relatively high specificity for CO, over O; (e.g., Spinach (Spinacia oleracea)
— Fig. 1-2) (Flamholz et al., 2019). This results in Rubisco typically accounting for approximately 25%
of soluble protein in plant leaves (Galmés et al., 2014), accounting for its title as most abundant protein
on earth (Ellis, 1979; Raven, 2013). C; plants pay huge energy, nitrogen, and water usage costs to
produce such vast amounts of Rubisco, yet are still mostly limited by the bottleneck of Rubisco in the
CBB cycle in agricultural environments (Sharkey, 1988), which translates to real-world reductions in

crop yields that threaten future food security (Walker et al., 2016).

An alternative strategy to increase carbon fixation evolved by some plants (non-C;) and nearly all
aquatic photosynthetic organisms is to operate carbon concentrating mechanisms (CCMs). CCMs
function to actively increase the concentration of free CO», and in turn the CO,:O; ratio, at the active
site of Rubisco, thus enabling high CO, fixation rates by reducing the amount of photorespiratory
wastage. Generally, Rubiscos that operate within CCMs are faster and less specific than their non-CCM
counterparts, though exceptions to this trend do exist (e.g., diatom CCMs) (Fig. 1-2). The operation of
fast non-specific Rubisco in a high CO,:0, environment affords the host organisms significant
advantages in carbon fixation, meaning less energy, nitrogen, and water is invested to produce Rubisco,
which consequently increases the growth rate of organisms operating CCMs. CCM is a broad term that
covers mechanisms that can be broadly grouped into two types; those with a biochemical basis and
those that are so-called ‘biophysical’. The focus of this thesis is on biophysical CCMs, the dominant
CCM type found in aquatic photosynthetic organisms, though biochemical CCMs are described here in

brief for completeness and comparison.



1.3.3.1. Biochemical CCMs

Biochemical CCMs are most abundant in non-C; land plants, where they evolved convergently in
independent lineages and operate on similar principles (Edwards & Ogburn, 2012). In most
characterised biochemical CCMs, inorganic carbon in the form of bicarbonate (HCO3") is fixed into a
four carbon compound by the enzyme phosphoenolpyruvate carboxylase (PEPC), constituting the
‘biochemical’ phase of the concentrating mechanism. The resulting four carbon compound is shuttled
to and subsequently decarboxylated in the vicinity of Rubisco to allow fixation of the released high
concentration CO; in the CBB cycle (Ku et al., 1996). Two main categories of biochemical CCMs exist:
C4and Crassulacean Acid Metabolism (CAM). The more anciently evolved of the two, CAM (~30 Mya)
(Sage et al., 2023), relies on the temporal separation of carbon capture and Rubisco carboxylation and
is found in plants such as cacti, aloe and pineapple (Nobel, 1991). In CAM plants, PEPC is active at
night and accumulates a large pool of four carbon compounds that are stored in the vacuole. During the
day the four carbon compounds are released, transported to the vicinity of Rubisco and decarboxylated
to release CO for fixation in the CBB cycle, powered by the light reactions (Ming et al., 2015; Wai et
al., 2017). C4 photosynthesis, which evolved more recently (~20 Mya) in maize, sugar cane and grasses
(Kadereit et al., 2003; Sage, 2004), operates on the principle of spatial rather than temporal separation
of carbon capture. Here, specialized mesophyll cells within the leaf structure are the predominant site
of carboxylation by PEPC, after which the resulting four carbon compounds are modified and shuttled
to bundle sheath cells where Rubisco is localised. As with CAM, the four carbon compounds are then
decarboxylated to release CO, for fixation by Rubisco in the CBB cycle (Hatch, 1987; Kanai &
Edwards, 1999). Given the advantages afforded by C4 photosynthesis in host plants, there is great
interest in engineering C4 photosynthesis in keystone Cs crops such as rice (in the C4 Rice Project),
though these approaches require huge engineering efforts to alter cell type and metabolism and are

consequently progressing slowly.



1.3.3.2. Biophysical CCMs

Biophysical CCMs operate similarly to Cs4 photosynthesis in that carbon fixation is spatially segregated.
However, instead of concentrating four carbon compounds that have been biochemically accumulated,
in biophysical CCMs, inorganic carbon is directly concentrated, and CO; is released in the locale of
Rubisco that is itself spatially segregated. Biophysical CCMs typically function via the concentration
of inorganic carbon in the form of bicarbonate (HCO5"), given its abundance in aqueous environments
that are commonly home to organisms operating biophysical CCMs. Generally, the functionality of
biophysical CCMs is achieved through out-of-equilibrium carbonate chemistry, pH changes across
membranes and the heterogeneous distribution of carbonic anhydrases (Fig. 1-3¢) (Flamholz & Shih,
2020; Karlsson et al., 1998; Mangan et al., 2016; Price & Badger, 1989). pH determines the HCO;:CO»
ratio, with HCO3™ ~100 times more abundant than CO» at pH 8. That being said, the equilibrium between
HCOs™ and CO; is exceptionally slow in the absence of catalytic carbonic anhydrase (Schulz et al.,
2006; Soli & Byrne, 2002), which enables the accumulation of HCOj3™ in conditions where it is out-of-
equilibrium (low pH). Charged HCO; ions also have much lower membrane permeability than CO,,
which further enables the accumulation of HCOs™ in membrane-bound compartments (e.g., the cytosol
of cyanobacteria or the thylakoid lumen of algae). The spatial segregation of carbonic anhydrases in a
pH environment that favours CO; in the equilibrium (pH < 7) completes the mechanism, as HCO3™ can
be rapidly converted to CO», diffuse across membranes where necessary, and be fixed by Rubisco (Fig.

1-3a,b).

Biophysical CCMs found in oxygenic phototrophs can be generally split into two types: carboxysome-
based CCMs found in prokaryotic cyanobacteria, and pyrenoid-based CCMs found in eukaryotic algae
and some non-vascular plants (most hornwort species). Cyanobacterial carboxysomes are icosahedral
100+ megadalton protein assemblies where densely packaged Rubisco is encapsulated in a protein shell
with a typical diameter of 150-200 nm (Rae ef al., 2013) (Fig. 1-3a). Once formed, the carboxysome
structure is largely stable in the cell. HCO;3™ concentrated in the cyanobacterial cytosol diffuses into the
carboxysome through hexameric shell proteins where it is rapidly dehydrated to CO; via carbonic

anhydrases for fixation by Rubisco (Fig. 1-3a). In contrast to the stroma of chloroplasts which are



universally pH ~8 (Fig. 1-3b), the cytosol of cyanobacteria is closer to pH 7 (Belkin et al., 1987).
Crucially then, considering the CO,:HCOs equilibrium is shifted towards CO, at pH 7, the
cyanobacterial cytosol is devoid of carbonic anhydrases to allow the accumulation of out-of-equilibrium
HCOs™ (Price & Badger, 1989).This arrangement also allows the specific release of CO, in the
carboxysome, which is the only region of the cell populated with carbonic anhydrases (Mangan &
Brenner, 2014). As with C4 photosynthesis, there is great interest in engineering these mechanisms in
C; plants (Hanson et al., 2016). Though these engineering efforts have been somewhat successful in the
construction of carboxysomes that are able to support photosynthetic growth (Chen, Hojka, et al., 2023),
significant challenges face the future engineering approaches. Previous work has shown that the
presence of a carbonic anhydrase outside of the carboxysome can short circuit the cyanobacterial CCM
(Price & Badger, 1989), and it is therefore assumed that the presence of carbonic anhydrases in the
chloroplast of host plants will need to ablated. Clearly this represents a huge engineering effort for each
of the host plants in which carboxysome engineering is attempted, and recent results demonstrate a

hugely detrimental effect on plant development from doing so in Cs plants (Hines et al., 2021)

Like carboxysomes, pyrenoid-based biophysical CCMs are also centred around spatially segregated
Rubisco assemblies, but they are much larger (~1-2 um diameter), lack a proteinaceous shell, and are
typically traversed by membranes that are continuous with the thylakoid network that operates the light
reactions of photosynthesis (Fig. 1-3b) (Meyer, Goudet, et al., 2020). Their non-encapsulated form
means they are also dynamic in size by growing and shrinking in response to CO; and light (see section
1.6). Algal pyrenoid-based CCMs operate on largely similar principles to those of carboxysomes, with
some key differences. Instead of concentrating HCOs™ in the cytosol and allowing diffusion into the
spatially segregated Rubisco, HCOjs is first shuttled from the extracellular space through a series of
channels into the acidic thylakoid lumen (pH ~5.5 in light) that is continuous with thylakoid material
that traverses the pyrenoid (Fig. 1-3b). There, the specific localisation of a carbonic anhydrase in the
region of thylakoid that traverses the pyrenoid allows rapid dehydration and release of CO, within the

pyrenoid, creating a “point source” for delivery to Rubisco (Fig. 1-3b,c). Although in green plastids the



pyrenoid is not encapsulated in a protein shell to prevent CO, escape, most pyrenoids are surrounded

by some kind of material that is proposed to function as a diffusion barrier (see section 1.8).
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Carboxysome-based CCM Pyrenoid-based CCM
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@@ Bicarbonate transporter ®@ cCarbonic anhydrase . Diffusion

Barrier

@@ Carbon dioxide transporter . Rubisco

Figure 1-3 | Biophysical CCMs.

(a) Schematic representation of the general principles of a carboxysome-based CCM. The carboxysome is
encapsulated by a protein shell (black line) that aids in the operation of the CCM by preventing efflux of CO.. (b)
Schematic representation of the general principles of a pyrenoid-based CCM. Most pyrenoids are encapsulated
with some kind of diffusion barrier, represented by the dotted black line. (c) Carbonate chemistry across
membranes is dependent on pH and carbonic anhydrase (CAH) presence. The specific scenario presented is
reflective of the current understanding of pyrenoid-based CCMs.

Though the architecture of the mechanisms supplying CO- to Rubisco differs between carboxysomes
and pyrenoids, common and essential to both mechanisms is the dense packing of Rubisco in a spatially
segregated region that can be supplied with high concentration CO; (orange-brown in Fig. 1-3). The
measured concentration of the packed Rubisco in carboxysomes (~800 uM; (Metskas et al., 2022)) and
pyrenoids (~650 uM; (Freeman Rosenzweig et al., 2017)), far exceeds that of the calculated protein
concentration of the bacterial (Zimmerman & Trach, 1991) and eukaryotic (Zeskind et al., 2007)

cytosolic spaces, which indicated an active mechanism for the concentration of Rubisco in these

spatially segregated region.
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1.3.4.  Rubisco condensation is driven by disordered, multivalent Rubisco binding proteins

In recent years, it has become clear that the dense packing of Rubisco in pyrenoids and carboxysomes
is underpinned by interaction with largely disordered, multivalent, Rubisco-binding proteins, termed
‘linkers’, in a process termed ‘biomolecular condensation’. Although there is no sequence homology
between the so-called linkers, structural analogy exists between them as discussed here. Expanding on
the above description, there are two types of carboxysome, a and [, that appear to have evolved
independently (Rae et al., 2013). Nearly all carboxysome components have counterparts across o and
B types, including linkers that display structural analogy (Fig. 1-3). In the a-carboxysome, the N-
terminal domain (NTD) of CsoS2 multivalently binds Rubisco using 4 repeats of a helical NTD motif
that are spaced by regions of disorder (CsoS2-NTD — Fig. 1-3) (Oltrogge et al., 2020). Similarly, in -
carboxysomes the CcmM335 region of the CcmM protein performs an analogous role, binding Rubisco
multivalently using 3 spaced repeats of an RbcS-like domain (Wang ef al., 2019). In vitro, spontaneous
demixing into droplets densely packed with Rubisco occurs when the regions of CsoS2 or CcmM
containing the multivalent Rubisco interacting domains (as displayed in Fig. 1-3), are mixed with their
cognate Rubiscos (Oltrogge et al., 2020; Wang et al., 2019), indicating condensation is mediated by
liquid-liquid phase separation (LLPS). In both cases, deletion of the full length linker proteins in vivo
abrogates carboxysome assembly, leading to a high-CO, requiring phenotype — the characteristic
signature of a non-functional CCM (Cai et al., 2015; Ludwig et al., 2000). Accordingly, it is postulated
that Rubisco condensation by carboxysomal linker proteins plays a key role in assembly of both

carboxysome types, and that this process is likely underpinned by LLPS.

In contrast to the two evolutionary origins of carboxysomes, and the clear conservation of carboxysome
components across species (Kerfeld & Melnicki, 2016), pyrenoid evolution appears to be far more
complex, owing to the complex phylogeny of algae (see sections 1.5, 1.7 and 1.8). Accordingly, there
is a distinct absence of conserved structural components across diverse algal lineages (Mackinder et al.,
2016; Meyer, Goudet, et al., 2020). Nearly all of our data on Rubisco condensation in pyrenoids is based
on the model green alga Chlamydomonas reinhardtii (Chlamydomonas hereafter), where the interaction

of the 5 repeated helical regions of the linker protein EPYCI1 (Essential PYrenoid Component 1,
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formerly LCI5) with Rubisco causes condensation by LLPS (Freeman Rosenzweig et al., 2017;
Mackinder et al., 2016; Wunder et al., 2018). Similar to the linkers of carboxysomes, knock-out of
EPYCI1 in vivo results in the failure to condense Rubisco in the pyrenoid and a high CO,-requiring
phenotype typical of a non-functioning CCM (Mackinder ef a/., 2016). More recent evidence exists for
the role of an analogous multivalent disordered protein in the condensation of Rubisco in the pyrenoid
of the diatom Phaeodactylum tricornutum, where in vitro experiments demonstrate the ability of
PYCOL to demix Rubisco (Oh ef al., 2023). Like EPYC1 and CsoS2-NTD, the interaction between
PYCOI1 and Rubisco is mediated by repeated helices spaced by regions of disorder (Fig. 1-3). Common
to all linkers is the quasi-even spacing of Rubisco-binding domains by regions of disordered protein
sequence of ~30-80 amino acids in length, in line with the role of linkers in cross-linking Rubisco
proteins to underpin LLPS. Importantly, the hexadecameric structure of Rubisco provides an equal
opportunity for multivalent interaction with the respective linker proteins, containing 8 repeated

asymmetrical units for binding (Fig.1-2).

Cso0s2-NTD (1-259) - a-carboxysome

o o @0 K

CcmM35 (196-540) - B-carboxysome O Rubisco-binding

g @@ @@ Disorder
EPYC1 (1-317) - ‘green’ pyrenoid

O O O
PYCO1 (1-592) - ‘red’ pyrenoid
@ @ O @

Figure 1-4 | Linker proteins form carboxysomes and pyrenoids.
Scaled schematic representation of the phase-separating domains of linkers from carboxysomes and the full length
phase-separating proteins from pyrenoids.
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1.4. General properties of liquid-liquid phase separated (LLPS) systems

Considering liquid-liquid phase separation (LLPS) is assumed to play an important role in the
condensation of Rubisco in both carboxysomes and pyrenoids, at this point it is useful to describe the
general properties of LLPS systems. The theoretical basis of general LLPS biology forms the basis for
a large degree of subsequent discussion surrounding pyrenoid form and function in both

Chlamydomonas and other pyrenoid-containing species in the remainder of this thesis.

Liquid-liquid phase separation (LLPS) is the process by which a homogeneous solution reversibly
demixes to form a dense phase that is distinguished from a coexisting dilute phase. The solution
composition, concentration, and conditions (pH, temperature etc.) define a phase diagram for demixing

that is bounded by a coexistence line (also known as the binodal) that determines the one- and two-

phase states (Fig. 1-5).

PN

y. >
y »_One phase

£ »
/ oy
/ 0

Y/ Y
y/ two phase N
\
b \
\\
-
\
$ @
¥ \
°*®» "
\
X x \
o

Concentration

Conditions (pH, temp. etc.)

1
I
I
1
1
1
I
1
I
I
I
I
'

Figure 1-5 | Phase diagrams explain LLPS.
(a) A phase diagram determines a one- and two-phase state of the system, where the two-phase state consists of

droplets distinguished from the coexisting dilute phase. Changes in solution conditions that affect interaction
strength (y) and concentration of components (x) alter the phase state of the system relative to the coexistence line
(black dashed). (b) Schematic of droplet growth where Ostwald ripening is shown with arrows that indicate the
trafficking of solute from smaller to larger droplets. Asterisk indicates coalescence of two adjacent demixed

droplets.

In biology, LLPS is prescribed to give rise to an array of membraneless bodies (Alberti, 2017) that
provide spatiotemporal control over diverse cellular processes (Boeynaems et al, 2018) by
concentrating particular protein and nucleic acid species relative to the bulk phase (Li et al, 2012),
whilst permitting a rapidly diffusing biochemical environment (Banani et al, 2017). Although

membraneless bodies were described as early as 1803 (Vaucher, 1803), their liquid-like properties were
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demonstrated much more recently. Brangwynne et al. (2009) reported fusion, dripping, fission and
internal/external rearrangement of spherical P granules over second timescales in 2009. These
observations hold true for many biomolecular condensates, where growth can occur by Ostwald
ripening (growth of larger droplets at the expense of smaller droplets to reduce surface tension energetic
penalty; Fig. 1-5b) and elastic ripening (transport of solute down a stiffness gradient) in addition to
fusion by coalescence (Fig. 1-5b, asterisk) (Hyman et al., 2014; Rosowski et al., 2020). It should be
highlighted that many systems have been classified as LLPS based on these qualitative descriptions,
though other mechanisms of biomolecular condensate assembly are possible, and quantitative

descriptors are required for their distinction (McSwiggen et al., 2019).

Given their liquid-like nature, it is postulated that membraneless bodies can respond more rapidly to
environmental cues than membrane-bound compartments (Cuevas-Velazquez & Dinneny, 2018), and
as such are implicated in many transitory processes across a vast array of cellular contexts. Their
composition is often accordingly vast (Mitrea & Kriwacki, 2016), and accompanied by an array of
underpinning interactions, including electrostatic, t-x, cation-m, hydrophobic associations and hydrogen
bonds between subsumed components (Dignon et al., 2020). These interactions are often weak in nature
and high in valency (number of binding sites on a binding partner) to facilitate formation of a network
of interactions, required for phase separation (Peran & Mittag, 2020). This network forms
homotypically, in simple coacervation, or between multiple protein species in complex coacervation
(Alberti, 2017). Across these coacervation mechanisms, multivalency is provided by a range of
associating sequence and structural features, comprising folded and/or unfolded domains, that can be
loosely termed ‘stickers’. Variegating these stickers, are regions of structure or sequence that are termed
‘spacers’ (Choi & Pappu, 2020). Although often not directly involved in coacervation interactions,
spacer presence and composition has marked effects on condensate properties, dependent on their
solvation properties, but little effect on phase separation driving forces has been demonstrated (Choi et
al., 2020). Changes in valency, concentration and affinity of stickers sharply determines phase
separation thresholds (Li ef a/., 2012) and coacervate composition (Banani et al., 2016). These changes

often occur rapidly, through sharp transitions that can be influenced by a host of cellular factors, both
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globally (pH, temperature and ionic strength - see Dignon et al. (2020) for review) and targeted
(including methylation, phosphorylation, acetylation, SUMOylation - see Owen and Shewmaker

(2019)), that account for condensate transiency.

Despite experiencing rapid transitions in response to relatively minute changes, biomolecular
condensates can be stable throughout generational lifetimes (e.g., the Chlamydomonas reinhardtii
pyrenoid that is inherited and maintained through multiple cell division events (Freeman Rosenzweig
et al., 2017)), whilst retaining their liquid-like properties. Owing to their liquid nature, condensate
morphology can be reversibly deformed, by wetting (adherence to solid surfaces due to intermolecular
interactions) (Brangwynne et al., 2009), disruption (Feric & Brangwynne, 2013) or compositional
effects (Elbaum-Garfinkle et al, 2015), commonly observed in the cellular environment. Surface
tension underpins this behaviour (Han et a/., 2018), and is affected by coacervate component interaction
strength and valency (Elbaum-Garfinkle et al., 2015). A range of viscosity is also observed across
coacervates and their lifetimes, and has been implicated in their functionality (Wei et al., 2017). The
maturation of condensates to more solid states has been proposed to occur in vivo (Banani ef al., 2017),
mirroring the effect of gelation (transition towards a less dynamic structure underpinned by interaction
strength increase) that influences droplet dynamics in vitro (Harmon et al., 2017). The mechanistic
implications of these macroscopic properties are relatively unexplored (Dignon et al., 2020; Peran &
Mittag, 2020), but are likely central to condensate activity regulation and physical resilience.
Accordingly, microscopic perturbations that alter macroscopic properties are functionally intertwined.
The movement of species within biomolecular condensates is influenced by both macroscopic and
microscopic properties. The porosity of the primary scaffold components that constitute condensates
determines the relative mobility of their subsumed components in a size-dependent manner (Banani et
al., 2017), referred to as the mesh-size, that is dependent on the extent of physical cross links (Peran &
Mittag, 2020). Microscopically, the interaction of diffusing species with the biomolecular scaffold will

also influence their mobility.
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1.5. 4 brief summary of pyrenoids in algae

The majority of this thesis focusses on the characterisation of pyrenoids and their components, and it is
therefore useful to provide a general overview prior to providing an in-depth account of the current state
of knowledge of pyrenoid research. The breadth of pyrenoid presence in algae is also discussed here
such that the context of the research within this thesis relative to the extent of uncharacterised pyrenoids

can be considered.

1.5.1. Pyrenoids across algae

Pyrenoids are present in all algal lineages and most hornwort plants (Fig. 1-6) (Villarreal & Renner,
2012), but are not present in all other land plants (liverworts, mosses, ferns, and vascular plants) and
presumably also not in non-photosynthetic organisms. Algae is a polyphyletic term for mostly aquatic
photosynthetic eukaryotes, which includes over 70,000 described extant species (Guiry, 2012), though
there are currently ~175,000 species records present in AlgaeBase (as of September 2023), suggesting
this number could be significantly higher. Algal lineages are distributed widely across the eukaryotic
tree of life (Fig. 1-6), with far greater diversity between algal species than between humans and other
model eukaryotes. The complex phylogeny of algae is widely debated given their wide distribution
(Leliaert et al., 2012), though for the purposes of this study algae are grouped into seven clades
according to their accepted chloroplast ancestry (Burki et al., 2020) as follows. The first clade,
Archaeplastida, which contains glaucophytes, rhodophytes (red algae) and green algae (chlorophytes,
streptophytes, charophytes and prasinophytes) (and land plants), acquired their chloroplasts through
separate primary endosymbiosis events of cyanobacteria >1 billion years ago (De Clerck et al., 2012).
Phylogeny of the Archaeplastida is perhaps most well understood relative to other clades (Cortona et
al., 2020; Jackson et al., 2018; Yang, Ma, et al., 2023), owing to the presence of several model
organisms including Chlamydomonas reinhardtii, and the relationship with land plants within. All other
algal clades inherited their chloroplasts through secondary or tertiary endosymbiotic events. The second
clade, which contains only one photosynthetic group (euglenids), and the third clade, rhizaria,
containing only photosynthetic chlorachniophytes, inherited their chloroplasts through separate

secondary endosymbiosis events of green algae much more recently. The fourth clade, stramenopiles
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(containing xanthophytes, chrysophytes, phaeophytes and bacilliarophytes/diatoms) inherited their
chloroplasts through secondary endosymbiosis of a red alga. Stramenopiles contain likely the most
geochemically important pyrenoids given the dominance of diatoms in the oceans (Mackinder et al.,
2016), and are in their infancy in terms of understanding of the molecular basis of pyrenoid assembly
(Oh et al., 2023). In the fifth clade, alveolates (containing dinoflagellates), chloroplast inheritance is
complex with species having secondary or tertiary endosymbiosis-derived plastids originating from
both red and green algal lineages. Algae belonging to clades 3, 4 and 5 are often summarised to the
TSAR supergroup (Fig. 1-5). The sixth clade (containing haptophytes/coccolithophores) and the
seventh clade (containing cryptophytes) both inherited their chloroplasts through separate secondary
endosymbiosis events of red algae. Despite the breadth of algal species most of our molecular
understanding of pyrenoids comes from two species Chlamydomonas reinhardtii and Phaeodactylum

tricornutum (red asterisks — Fig. 1-6).
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Figure 1-6 | Pyrenoid containing algae are polyphyletic and found across the eukaryotic tree of life.

Tree is based on Burki ef al. (2020). Dashed lines indicate uncertainty about the monophyletic nature of these
groups. Transmission electron microscope image descriptions (clockwise from top left): A dividing pyrenoid (also
known as central body) of the glaucophyte Cyanophora paradoxa (Sato et al., 2009). Porphyridium cruentum
with thylakoid membranes stained dark via photooxidation of 3,3'-diaminobenzidine.4HCI] (DAB) that depicts
Photosystem I activity (McKay & Gibbs, 1990). The model green alga Chlamydomonas reinhardtii (Ohad et al.,
1967). Notothylas breutelii (Li et al., 2017). Euglena granulata (Walne & Arnott, 1967). The model diatom
Phaeodactylum tricornutum (Tachibana et al., 2011a). The dinoflagellate Calciodinellum aff. operosum
(Zinssmeister et al., 2013). Lotharella vacuolata (Ota et al., 2005). The abundant biogeochemically important
calcifying coccolithophore Emiliania huxleyi (author’s collection). Rhinomonas reticulata var. atrorosea (Nam et
al., 2013). P indicates pyrenoid. The clades as mentioned in text are indicated. Red asterisks indicated species in
which the most understanding of the pyrenoid is held.
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1.5.2. A brief history of the pyrenoid

Many of the points in this section are expanded on in later sections, though this summary serves to
demonstrate the acceleration of our understanding of pyrenoid biology over the last 220 years of study.
The relatively large size and high density of pyrenoids make them easy to see via light microscopy, with
descriptions in algae referring to the pyrenoid from 1803 (Fig. 1-7; (Vaucher, 1803)) and the first reports
of pyrenoids in hornworts from 1885 (Schimper, 1885). As a result, pyrenoids may be the first LLPS
organelles to be described, with the nucleolus described later in 1835 (Wagner, 1835). The term
pyrenoid was coined in 1882 (Schmitz, 1882) and its presence and variation across evolutionarily-
diverse algae was described throughout the mid-1900s by the increased use of transmission electron
microscopy (TEM) imaging (Fig. 1-6), which allowed characterization of the pyrenoid ultrastructure.
From early TEM images, it was assumed that the pyrenoid matrix, depending on the species, was either
crystalline or amorphous; a view that was held until the development and implementation of high
resolution imaging techniques in algae (Freeman Rosenzweig et al., 2017). In the 1970s Rubisco was
shown to be a major constituent of pyrenoids by enzymatic characterization of purified pyrenoids and
analysis of Rubisco knock-out lines (Goodenough & Levine, 1970; Holdsworth, 1971; Kerby & Evans,
1978; Salisbury & Floyd, 1978), which was later confirmed by immunocytochemistry (Lacoste-Royal,
Ginette & Gibbs, 1987; Vladimirova et al., 1982). The association between pyrenoid presence and
efficient CCM function was first made in the 1990s. Experimental observations showed that pyrenoid
containing algae have an efficient CCM, with CCM induction concurrent with biochemical and
structural changes to the pyrenoid, whereas algae lacking pyrenoids either lack a CCM or have a reduced
ability to concentrate CO, (Badger et al., 1993; Kuchitsu ef al., 1991; Palmqvist, 1993; Ramazanov et
al., 1994). The golden-age of understanding of the Chlamydomonas pyrenoid began in 2015, when a
detailed understanding of the pyrenoid structure and Rubisco arrangement in the pyrenoid of
Chlamydomonas reinhardtii was provided by high resolution cryogenic electron tomography (cryo-ET)
(Engel et al., 2015). The discovery that EPYCI1 linked Rubisco to form the pyrenoid rapidly followed
in 2016 (Mackinder et al., 2016), with its liquid-like nature identified in 2017 (Freeman Rosenzweig et
al., 2017). The LLPS nature of the Rubisco-EPYC1 interaction was characterised in vitro in 2018

(Wunder et al., 2018), and the structural basis of the interaction was determined by single particle
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cryogenic electron microscopy in 2020 (He et al., 2020). Later the same year, the characterisation of
several proteins containing EPYC1-like Rubisco-binding motifs (RBMs) led to the formation of an
RBM-guided assembly hypothesis for the pyrenoid (Meyer, Itakura, ef al., 2020). In 2023 the linker
protein PYCO1 from the diatom Phaeodactylum tricornutum was characterised in vitro and represented
the first step towards understanding the assembly of a pyrenoid outside of Chlamydomonas (Oh ef al.,
2023). This brief history by no means represents a complete history of pyrenoid research, as many of
the featured advances are built on years of fundamental research, though the more recent advances
represent the most transformative research pieces with respect to our current understanding of the
pyrenoid and its assembly. As outlined in this timeline, the majority of our detailed understanding of

pyrenoid form and function comes from the model green alga Chlamydomonas reinhardtii.
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Figure 1-7 | A brief history of the pyrenoid

Pyrenoids were first described in the green alga Spirogyra by Jean-Pierre Vaucher in 1803. The original drawings by Vaucher display one ribbon-like chloroplast per cell
that contains multiple spherical pyrenoids (Vaucher, 1803). In 1882, the term pyrenoid (Greek pyrene, stone kernel-like) was coined by Friedrich Schmitz, who observed
pyrenoids in several algae species (Schmitz, 1882). Six years later, in 1888 the model alga Chlamydomonas reinhardtii was first described by Pierre Augustin Dangeard
(Dangeard, 1888). Chlamydomonas, which is the central model for pyrenoid research, has one pyrenoid per cell that is visible in light microscopy (light microscopy
image by Moritz Meyer (Meyer et al., 2017)). In the 1940s, Chlamydomonas entered into research labs and over time became an essential model system (Salomé &
Merchant, 2019). The use of TEM to image algae from the early 1950s onward made details of the pyrenoid ultrastructure with matrix, traversing thylakoids and starch
sheath visible (TEM image of Chlamydomonas by Ohad et al. (Ohad et al., 1967)). From the 1970s onward, it became clear that the pyrenoid contains most of the cell’s
Rubisco, which was later incontrovertibly proved by immunogold labelling (TEM image of immunogold-labelled Rubisco (black dots) in Chlamydomonas by Lacoste-
Royal et al. (1987). The first associations of the pyrenoid with the CCM were made in the 1990s. In 2015, the 3D structure of the Chlamydomonas pyrenoid was resolved
by cryo-electron tomography reconstruction of the pyrenoid (thylakoid tubules in green, starch sheath in beige, matrix is not displayed) by Engel ef al. (2015). EPYC1
and its function as a Rubisco linker in the Chlamydomonas pyrenoid was discovered in 2016 (Mackinder et al., 2016). In 2017 it was shown that the pyrenoid is formed
by liquid-liquid phase separation (top left, the pyrenoid divides via fission; top right, fluorescent recovery after photobleaching shows that Rubisco undergoes internal
mixing over second timescales in the pyrenoid) (Freeman Rosenzweig et al., 2017) and multiple distinct protein regions were described, including the pyrenoid matrix
(left, Rubisco), pyrenoid tubules (middle, PSAH) and starch sheath (right, LCI9) (Mackinder et al., 2017) (fluorescence microscopy images (magenta: chlorophyll,
green: labelled protein)). Zhan et al. (2018) reported a pyrenoid proteome in 2018. In 2018, it was demonstrated that Rubisco and EPYC1 demix by LLPS in vitro
(Wunder et al., 2018), and the structural basis for the interaction between EPYC1 and Rubisco that underpins this behaviour was later reported (He et al., 2020). In the
same year the RBM-guided assembly of the Chlamydomonas pyrenoid was proposed based on the identification of EPYC1-like Rubisco-binding motifs in a subset of
Chlamydomonas pyrenoid proteins (Meyer, Itakura, et al., 2020). In 2023, a linker protein (PYCO1) from the diatom Phaeodactylum tricornutum was reported (Oh et
al., 2023).
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1.6. The Chlamydomonas pyrenoid

Given that the pyrenoid of Chlamydomonas is the most well-characterised, it is useful to here
summarise the current state of knowledge of its function, assembly, properties, and other knowledge
that are relevant to comparisons made in Chapters 2-5. Many of the studies outlined here were
foundational to hypotheses made in subsequent research chapters. As before, this text is mainly based

on the review completed in 2021 but updated where appropriate.

1.6.1. Structure and function of the Chlamydomonas pyrenoid

The functionality of the Chlamydomonas pyrenoid to concentrate CO, at Rubisco’s active site requires
structural features in addition to the pyrenoid matrix formed through Rubisco condensation (Fig. 1-3b).
Central to CO; concentration and pyrenoid function is the shuttling of inorganic carbon through the
subcellular environment to Rubisco within the pyrenoid. The spatial segregation of a carbonic
anhydrase within the pyrenoid is essential for catalysing the subsequent dehydration of inorganic carbon
(in the form of HCO3") to CO», allowing release for carboxylation by Rubisco in the matrix (Fig. 1-3c).
As discussed above, these characteristics are considered basal for the function of biophysical CCMs

and are thus expected to be conserved across pyrenoid-based CCMs.

Although ultrastructural information is available for a wealth of species across diverse lineages, our
most complete insights relating to pyrenoid form and function are from Chlamydomonas. Detailed
three-dimensional structural information of the pyrenoid obtained by ion beam milling cryo-Electron
Tomography (cryo-ET; (Engel ef al., 2015; Freeman Rosenzweig et al., 2017; He et al., 2020)), Quick
Freeze Deep-Etch Electron Microscopy (QFDEEM; (Mackinder et al., 2016)) and high throughput
fluorescent protein localization (Mackinder et al., 2017; Wang et al., 2023), have significantly enhanced
our understanding of pyrenoid architecture (Fig. 1-7). Further, proteomics of pyrenoid-enriched
fractions have revealed the complex composition of the pyrenoid, containing at least 190 different
proteins, many of which remain uncharacterized (Mackinder et al., 2016; Zhan et al., 2018). An
integrated localization and interaction study also indicated a large number of pyrenoid components (89),

many of which have been localized at sub-pyrenoid resolution (Mackinder et al., 2017). A more recent
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proximity labelling approach indicated a high confidence ‘proxiome’ specific to the pyrenoid matrix
which contained 30 proteins, and revealed further novel components (Lau et al., 2023). Although many
different proteins have been localized to the pyrenoid, proteomic analysis shows the pyrenoid matrix
consists mainly of Rubisco molecules (Freeman Rosenzweig et al., 2017)) and the linker protein
EPYCI1, that is essential for condensation of Rubisco to form the pyrenoid matrix (Fig. 1-8b) (Freeman
Rosenzweig et al., 2017; Mackinder et al., 2016). Here, Rubisco functions within the CBB cycle, with
strong evidence supporting that it is the only CBB enzyme partitioned within the pyrenoid (Fig. 1-8c)

(Kiiken et al., 2018).

1.6.2. CO;delivery in the pyrenoid

In addition to the pyrenoid matrix, TEM has previously revealed the thylakoid membranes that traverse
the pyrenoid form a characteristic star-shaped network within (Fig. 1-8a). More recent in sifu cryo-ET
revealed the intriguing complexity of this thylakoid membrane organization and structural changes as
it enters the pyrenoid matrix. Thylakoid membranes outside of the pyrenoid that mediate the
photosynthetic light reactions are organized in multiple parallel stacked membrane layers (Wietrzynski
et al., 2020), which drastically change as they enter the pyrenoid matrix through fenestrations in the
transient stromal starch sheath. The membrane layers merge into cylindrical structures, termed pyrenoid
tubules, that advance through the pyrenoid matrix and converge in the centre of the pyrenoid, forming
an interconnected network of smaller, shorter tubules (Engel et al., 2015). Within pyrenoid tubules,
minitubules form luminal conduits between the chloroplast stroma and the pyrenoid matrix and based
on their diameter (~3-4 nm at matrix opening) have been proposed to facilitate exchange of ATP and
CBB metabolites (incoming RuBP and outgoing 3-PGA) but not proteins (Fig. 1-8c) (Engel et al., 2015;
Kiiken et al., 2018; Mackinder et al., 2016). The wider lumen of the pyrenoid tubules is continuous
with the thylakoid lumen and is postulated to transport HCO;3™ towards the centre of the pyrenoid as
outlined in the general scheme of a biophysical CCM (Fig. 1-3b). HCOs" is proposed to be channelled
from the chloroplast stroma into the thylakoid lumen through bestrophin-like channels (Mukherjee et
al., 2019). Central to CO; delivery is the carbonic anhydrase CAH3, that catalyses the dehydration of

HCOs to CO» in the acidic lumen of the pyrenoid tubules, enabling the release of CO» across the tubule
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membrane into the pyrenoid matrix (Fig. 1-8d). CAH3 has been localized to the pyrenoid tubules and a
cah3 mutant has a defective CCM, despite accumulating inorganic carbon at higher concentrations than
wild-type (Duanmu et al., 2009; Karlsson et al., 1998; Mitra et al., 2004; Sinetova et al., 2012). There
is strong evidence that the pyrenoid tubules also differ in their protein composition from the rest of the
thylakoid membrane. Immunogold labelling and photosystem (PS) I and PSII activity assays suggested
that the pyrenoid tubules contain active PSI but not PSII (McKay & Gibbs, 1991). However, more
recent fluorescent protein tagging of several photosystem proteins revealed that subunits of both
photosystems are present in the tubules, indicating that partially-assembled or inactive PSII may be
present (Mackinder ef al., 2017). Strikingly, some PSI subunits (e.g., PSAH) are even enriched in the
tubules. The functional implications of these depletion/enrichment patterns are yet to be experimentally
shown but could be related to reducing photorespiration by minimizing O- release within the pyrenoid
through the absence of photosynthetic H,O splitting at PSII reaction centres. Collectively, these
observations highlight the importance of membrane traversions in the metabolic fluxes of the pyrenoid
and suggest an important role in its photosynthetic operation. It should be noted here that the stellate
thylakoid traversions and minitubule organisation observed in Chlamydomonas appear to be an outlying
case, rather than the norm for membrane traversion in pyrenoids more generally (Fig. 1-6 and Fig. 1-

9).
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Figure 1-8 | The Chlamydomonas pyrenoid is at the heart of the CO2 concentrating mechanism and enables
efficient CO: fixation.

(a) TEM image of Chlamydomonas reinhardtii grown in light and under air levels of CO2 where a complete
pyrenoid is assembled. Zoom highlights key structural parts of the pyrenoid. Thylakoids false coloured green for
clarity. Top left diagram is for orientation of panels B-D. (b) The pyrenoid matrix is predominantly composed of
Rubisco-EPYC1 condensate. Multiple Rubisco binding regions on EPYC1 enable complex coacervation with the
Rubisco holoenzyme which is a hexadecameric assembly of 8 large and 8 small subunits. (c) As thylakoids enter
the pyrenoid they form pyrenoid tubules. Minitubules (dashed lines) form within the pyrenoid tubules and connect
the pyrenoid matrix to the stroma. They are postulated to enable the large flux of metabolites in and out of the
pyrenoid. Inset: cross-section (X-section) of minitubules within a pyrenoid tubule. (d) Pyrenoid tubules are
proposed to deliver CO> to Rubisco in the pyrenoid matrix. Current data supports that HCOs enters from the
stroma into the thylakoid lumen via bestrophin-like channels. In the acidic lumen, HCOs™ is converted to CO2 via
CAH3 and subsequently diffuses into the pyrenoid matrix. LCIB/LCIC is proposed to convert stromal CO: to
HCO:s via active CO» uptake and CO: recapture from the pyrenoid. Minitubules are not shown for clarity.
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1.6.3. Mechanisms to reduce CO; loss

The Chlamydomonas pyrenoid is surrounded by a sheath that is composed of several starch plates. The
starch sheath develops rapidly under limiting CO; concentrations (Kuchitsu ez a/., 1988) and has been
proposed to act as a diffusion barrier to reduce the loss of CO, that diffuses readily between the stroma
and matrix (Ramazanov et al., 1994). Although it has been suggested that the absence of the starch
sheath does not affect photosynthetic productivity (Villarejo et al., 1996), recent studies indicate a
correctly formed starch sheath is required for normal pyrenoid formation and the operation of an
efficient CCM (Itakura et al, 2019; Shimamura et al, 2023; Toyokawa et al, 2020). Modelling
approaches have also demonstrated the benefit of the starch sheath as a diffusion barrier in the pyrenoid
(Fei et al., 2022). In addition to starch, the sheath also contains several proteins. These proteins appear
to be distributed uniformly over the starch plates, or localized in distinct puncta or meshes in close
proximity to the starch plates (Mackinder et al., 2017). The functional implications of these different
distribution patterns remain unclear, but their positioning appears to be important for CCM function
(Shimamura et al., 2023; Toyokawa et al., 2020). A subset of proteins that localize in a plate-like pattern
are predicted to function as starch-branching enzymes, whereas the mesh distributed proteins appear to
fill the gaps between the starch plates, indicating a potential structural function (Mackinder et al., 2017).
A predicted starch-binding Rubisco-interacting protein, SAGA1 (StArch Granules Abnormal 1), that
localizes to distinct puncta at the pyrenoid matrix/starch interface was shown to affect pyrenoid number
and sheath morphology (Itakura et al., 2019), and has also been shown to influence regulation of CCM
components (Shimamura et al., 2023). Interestingly, two carbonic anhydrase homologs, LCIB and
LCIC, that are recruited to the pyrenoid in very low CO» concentrations (<0.02% CO,) are also localized
in distinct puncta but on the external surface of the starch sheath (Mackinder et al., 2017; Yamano et
al., 2010). Here they are expected to minimize the loss of CO, from the pyrenoid by converting
emanating CO; back to HCO;™ such that it can be readily concentrated again (Fig. 1-8d) (Wang et al.,
2015). LCIB homologs show in vitro carbonic anhydrase activity, however this could not be
demonstrated for the Chlamydomonas LCIB/LCIC proteins (Jin et al., 2016), potentially indicating the

absence of critical regulatory subunits or that activity requires specific cellular conditions.
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1.6.4. EPYCI links Rubisco to form the pyrenoid matrix

In Chlamydomonas, the abundant, low CO,-induced linker protein, EPYCI, underpins the functional
phase separation of Rubisco to form the pyrenoid (Mackinder et al., 2016; Wunder et al., 2018). In
mutants depleted of EPYC1, Rubisco fails to aggregate and is dispersed in the chloroplast (Mackinder
et al., 2016), resulting in a deficient CCM (Mackinder ef al., 2016). EPYCI is a low complexity, largely
disordered ~35 kDa protein, consisting of five near-identical repeats (Fig. 1-4) (He et al., 2020;
Mackinder et al., 2016; Wunder et al., 2018). Each ~60 amino acid repeat contains a predicted a-helix,
and significant charge patterning (Mackinder et al., 2016; Wunder et al., 2018). The high isoelectric
point (pl) of EPYC1 (11.7) establishes a net positive charge of the unmodified protein in the slightly
basic pyrenoid matrix (pH ~7-8.5), in both photosynthetic and non-photosynthetic conditions (Antal et
al., 2013; Freeman Rosenzweig et al., 2017). In vitro demixing assays have demonstrated that LLPS of
Rubisco by EPYC1 occurs via complex coacervation, in which both components are required (Wunder
et al., 2018). In line with general LLPS principles (Mitrea & Kriwacki, 2016), demixing was also

demonstrated to require multivalent interactions between the Rubisco holoenzyme and EPYCI.

Prior to EPYC1 discovery and functional characterization, Meyer et al. (2012) demonstrated that the
sequence composition of the surface-exposed o-helices of the Rubisco small subunit (RbcS) was
conditional for Chlamydomonas pyrenoid formation. Wunder ef al. (2018) confirmed the importance
of this interface for in vitro demixing and suggested the association could be dominated by charge
interactions between negative patches of the RbcS a-helices and regions of patterned positive charge in
EPYCI1. Yeast two-hybrid (Y2H) data confirmed the RbcS a-helices are necessary for interaction with
EPYCI1, and that other RbcS features enhance this interaction (Atkinson et al., 2019). In line with
previous predictions (Mackinder ef al., 2016), it was later demonstrated that EPYC1’s interaction with
Rubisco is enhanced by its repeating helical regions (Atkinson et al., 2019). More recently, single
particle cryogenic Electron Microscopy (cryo-EM) of a complex of Rubisco and a 24 amino acid
EPYC1 peptide containing the helical region has outlined the structural basis for this interaction,
revealing a primarily electrostatic and hydrophobic interface (He et al., 2020). The peptide was bound

to each of the small subunits of Rubisco, indicating the holoenzyme can bind one of EPYC1’s five
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helical regions up to 8 times. In the same study, mutation of EPYC1 interface residues decreased
demixing of Rubisco in vitro and Rubisco substitutions at the interface prevented pyrenoid formation
in vivo, confirming the role of this low affinity interaction in condensation of Rubisco. It is proposed
that consecutive binding regions of the full length EPYCI1 protein can facilitate the low affinity,
multivalent interactions with multiple Rubisco molecules required for condensation into the pyrenoid
matrix. Key to this model is the ability for the unstructured region between two adjacent helical regions
to span the distance between Rubisco holoenzymes in the pyrenoid. /n situ cryo-ET data indicates a
median distance of ~4 nm between EPYCI1 binding sites on adjacent holoenzymes (Engel et al., 2015;
He et al., 2020). The ~40 amino acid unstructured regions between the 5 binding regions of EPYC1 are
proposed to facilitate the spanning of this distance, with wormlike chain models indicating a minimal
energetic cost (< 3 k,7) for stretching (He et al., 2020). More recent modelling approaches have begun
to provide a theoretical framework for the condensation of Rubisco by EPYC1 (GrandPre ef al., 2023;

Schaefer, 2023).

As discussed in section 1.3.4, EPYC1 displays functional similarity to the linkers PYCOI1 of
Phaeodactylum tricornutum and CsoS2 and CcmM of cyanobacteria (Cai et al., 2015; Oh et al., 2023;
Oltrogge et al., 2020; Wang et al., 2019). EPYC1, PYCOI and CsoS2 all utilise helical regions to
contact Rubisco, whereas CcmM utilises a RbcS-like globular domain. Although all four Rubisco
condensation events appear to be underpinned by a similar multivalent mechanism, the sequences of
the Rubisco-interacting regions of CsoS2 and CcmM bear no homology to each other nor EPYC1 or
PYCOL, suggesting this mechanism evolved independently in each lineage. CsoS2 and CcmM
concurrently contact both the large and small subunits of the morphologically similar form I Rubisco
holoenzyme in the cyanobacterium Synechococcus elongatus and the chemoautotrophic
proteobacterium Halothiobacillus neapolitanus respectively (Oltrogge et al., 2020; Wang et al., 2019).
It is postulated that the concurrent binding of CsoS2 and CcmM to both the Rubisco large and small
subunits results in only fully assembled and functional Rubisco holoenzymes being incorporated into
the carboxysome (Oltrogge et al., 2020; Wang et al., 2019). Current data suggests that EPYC1 may

exclusively contact the small subunit (He et al., 2020), whereas PYCOI1 contacts both the large and
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small subunit of Rubisco using separate helical interaction domains (Oh ef al., 2023). Additionally,
whereas CsoS2 and CcmM facilitate aggregation using only a portion of their full-length sequence,
EPYC1 and PYCOI appear to dedicate their full length to multivalent interactions with Rubisco
(Oltrogge et al., 2020; Wang et al., 2019). Although it is expected that linker proteins facilitate phase
separation of other pyrenoids, the lack of obvious EPYC1/PYCO1 homologs suggests that analogous
linker proteins will display a range of sequence characteristics across pyrenoid lineages, especially
outside of the Archaeplastida (form IB Rubisco), where Rubisco forms are variant
(dinoflagellates/alveolata [form II], all other clades [form ID]). Predictions based on characterized
linkers, suggest that analogous proteins will contain a) regions of disorder that are continuous and cover
part, or all of the protein sequence; b) repeat motifs within this disordered region that will interact with
Rubisco using localized structure; c) patterning of charged residues throughout the full-length protein;
and d) low complexity amino acid sequences. Mackinder et al. (2016) predicted the presence of
analogous proteins in four other species using a search framework based on some of these constraints,
but these are yet to be experimentally validated. These observations, alongside data from green algae
that pyrenoid presence is not determined by RbcS sequence (Goudet et al., 2020), certainly suggest that
the presence of analogous linker proteins is probably widely determinant of pyrenoid formation across

lineages.
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1.6.5. A Rubisco-binding motif targets proteins to the pyrenoid and may guide pyrenoid assembly

Recent work has proposed a framework for assembly of the Chlamydomonas pyrenoid with its
ultrastructural features (Fig. 1-7), based on the observation that multiple pyrenoid localized proteins
contain the same Rubisco-binding motif (RBM) that underpins EPYC1’s interaction with Rubisco
(Meyer, Itakura, et al., 2020). The RBM is repeated two or more times, including at the C-terminal, in
other confirmed pyrenoid localised proteins with diverse structural features including predicted
transmembrane domains and predicted starch binding domains. Two proteins that contain both RBMs
and transmembrane domains (termed Rubisco Binding Membrane Proteins 1 and 2 — RBMP1/2)
specifically localise to the pyrenoid tubules. A further two proteins containing RBMs and starch binding
domains, SAGA1/2, localized to the pyrenoid matrix starch interface. From these data, an elegant
assembly mechanism was suggested, in which RBMP1/2 tether the Rubisco matrix to the pyrenoid
tubules and SAGA1/2 tether the starch sheath to the matrix (Meyer, Itakura, et al., 2020). Since this
hypothesis was proposed, characterization of RBMP1, also known as Bestrophin-like protein 4 (BST4)
has suggested no direct role in thylakoid traversion (Adler et al., 2023). Characterisation of RBMP2
deletion mutants has yet to be completed though there is supporting evidence for the role of SAGA1 as
a Rubisco matrix starch tether (Itakura et al., 2019). Further to this hypothesis, fusion of the RBM to
both non-pyrenoid localised stromal, and thylakoid, proteins was shown to relocalise those proteins to
the pyrenoid matrix and pyrenoid tubules respectively (Meyer, Itakura, et al., 2020), suggesting RBMs
also play a role in targeting of proteins to the pyrenoid. This hypothesis was supported by recent
evidence in which the RBMs of RBMP1 were mutated, which caused relocalisation from the pyrenoid
to the whole thylakoid network (Adler ef al., 2023). Taken together these evidence support the role of
RBMs akin to those of EPYC1 in the assembly and function of the Chlamydomonas pyrenoid. A similar

mechanism has not been explored in Phaeodactylum.
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1.6.6. Evidence for pyrenoid LLPS

Several lines of both qualitative and quantitative evidence exist to support that the pyrenoid in
Chlamydomonas is underpinned by LLPS. Qualitatively, the classical in vivo observations that the
pyrenoid adopts a largely spherical morphology that can be reversibly deformed and appears to be
wetted to the surrounding starch sheath (Griffiths, 1970) suggest the condensate experiences surface
tension effects characteristic of liquid-like condensates (Hyman et al., 2014). Further qualitative in vivo
evidence in line with the reports of Brangwynne et al. (2009) were reported by the pioneering work of
Freeman Rosenzweig et al. (2017) who observed fluorescently labelled Chlamydomonas pyrenoids
through consecutive mitotic cellular divisions. In the majority case (~66%), the Chlamydomonas
pyrenoid is inherited by fission of the pyrenoid from the mother cell into the two resulting daughter
cells. Time-resolved imaging of this process highlighted a “bridge” of matrix between the dividing
pyrenoids prior to separation (visible in Fig. 1-4 — 2017 box, top left), akin to the “dripping” observed
in P granules (Brangwynne et al., 2009); a hallmark behaviour of a simple liquid. Consistent with
surface tension effects, the “bridge” of matrix retracted following separation to reform the spherical
morphology of the ‘vegetative’ pyrenoid matrix. In cases where the pyrenoid is not divided by fission
and asymmetric inheritance occurs, the pyrenoid-less daughter cell can form a pyrenoid de novo, thus
demonstrating two additional indicators of LLPS. During the formation of the de novo pyrenoid, several
fluorescent puncta containing both Rubisco and EPYCI1 emerge over minute timescales, indicating a
quantitative threshold for condensate formation in the daughter cell — another key indicator of LLPS,
also termed the ‘critical concentration’. These puncta subsequently fused by coalescence or grow,
presumably by Ostwald ripening, to form a single pyrenoid on the scale of the mother pyrenoid,
consistent with the droplet growth mechanisms outlined in section 1.4 (Fig. 1-5b). Prior to division, it
was observed that a significant portion (~35-50%) of Rubisco and EPYCI1 dissolve from the pyrenoid
into the chloroplast stroma, and subsequently relocalise back to the pyrenoid following division. The
rapid timescale of this dynamic process (1-5 minutes) whilst maintaining phase separation of the
condensate demonstrated another key property of liquid-like compartments observed in other systems
(Brangwynne et al., 2009; Li et al., 2012). It is expected that this dispersion reduces pyrenoid viscosity

and surface tension and accordingly reduces the mechanical force required for pyrenoid fission by the
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centrally positioned cleavage furrow of the dividing chloroplast, in line with physical theory
(Giustiniani et al, 2017). In addition to the observation of pyrenoids during division, Freeman
Rosenzweig et al. (2017) also made several quantitative measurements of the pyrenoid matrix in
‘vegetative’ pyrenoids that affirmed their liquid-like nature. /n sifu measurement of the distribution of
individual Rubisco molecules using cryo-ET demonstrated short-range distribution patterns that are
characteristic of liquid-like order. Additionally, Fluorescence Recovery After Photobleaching (FRAP)
measurements of EPYC1 and Rubisco in the pyrenoid demonstrated internal rearrangement over second

timescales.

The second primary lines of evidence for the LLPS nature of the Chlamydomonas pyrenoid were
provided by the equally pioneering in vitro work of Wunder et al. (2018). Here it was demonstrated that
functional Rubisco could be demixed by the linker EPYCI1 under physiologically relevant conditions
and concentrations in a valency-dependent manner. The resultant phase demonstrated similarities with
the in vivo pyrenoid counterparts, with FRAP analysis indicating rearrangement over similar timescales.
The dynamic fusion, ripening and dissolution of droplets were also demonstrated. Taken together, the
in vivo and in vitro observations of the Chlamydomonas pyrenoid demonstrate its liquid-like nature and

formation by liquid-liquid phase separation (LLPS).
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1.7. Does LLPS underpin pyrenoid assembly across lineages?

Pyrenoids in all lineages consist of an electron-dense matrix that is believed to be a Rubisco condensate
(Fig. 1-6, Fig. 1-9). This assumption is based on observations across pyrenoid containing lineages that
the pyrenoid matrix contains most of the cell’s Rubisco (Blank & Trench, 1988; Kajikawa et al., 1988;
Kiss et al., 1986; Lacoste-Royal, Ginette & Gibbs, 1987; McKay & Gibbs, 1990, 1989, 1991; McKay
et al., 1991; Mustardy et al., 1990; Osafune et al., 1989, 1990; Vaughn et al., 1990; Vladimirova et al.,
1982). To date there is only conclusive evidence in Chlamydomonas that the pyrenoid is a LLPS
organelle (Freeman Rosenzweig ef al., 2017; Wunder et al., 2018), with emerging evidence that the
LLPS may play a role in the assembly of the Phaeodactylum tricornutum pyrenoid (Oh et al., 2023).
There are however several lines of evidence that suggest that less explored pyrenoids could be formed

by LLPS across diverse lineages also.

Firstly, analysis of ultrastructural reports of pyrenoids across diverse taxa indicates that almost
universally, pyrenoids have spherical/elliptical shapes as described for the Chlamydomonas pyrenoid
(Fig. 1-6, Fig. 1-9), consistent with surface tension effects. The pyrenoid matrix in many cases also
appears to be commonly deformed by, or wetted to, the wide range of arrangements of ultrastructural
features observed across pyrenoids. Secondly as outlined in section 1.6, much of the evidence for the
liquid-like nature of the Chlamydomonas pyrenoid comes from observations of the pyrenoid during
division. Fission (Chan, 1974) and de novo (Hoffman, 1968b; Ohiwa, 1976; Retallack & Butler, 1970)
pyrenoid inheritance are classically described in green algae, but have also been described in hornworts
(McAllister, 1914) and non-green lineages (fission: (Gantt & Conti, 1965; Hori & Inouye, 1981; Lander,
1935; Schornstein & Scott, 1982); de novo assembly: (Cox, 1981; Evans, 1966; McAllister, 1927;
Nagasato & Motomura, 2002; Osafune et al., 1990; Sun, 1962)), where both mechanisms appear equally
prevalent. Besides Chlamydomonas, multiple concurrent pyrenoid inheritance mechanisms (i.e., fission
and de novo mechanisms occurring in the same cell population) have only been reported in
Arachnochrysis demoulinii sp. nov. (stramenopila; (Han et al., 2018)) and Chlorogonium elongatum
(chlorophyta; (Ueda, 1963)). It is unlikely the observation of multiple pyrenoid inheritance is unique to

these species and Chlamydomonas, and is instead likely reported due to more intensive characterization
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of those species. Anecdotally, de novo pyrenoid formation following division appears to be reported
more commonly in species where vegetative cells possess multiple distinct pyrenoids. This observation
appears to extend across lineages, but exceptions do exist in some chlorophyta (Smith, 1918; Vitova et
al., 2008) and the definition of ‘multiple pyrenoids’ becomes unclear, especially in multicellular
hornworts (Vaughn et al., 1990). Pyrenoid fission in most cases is typically induced by plastid
constriction, or less commonly, starch sheath invagination (Chan, 1974), with pyrenoid fission driven
by plastid constriction being documented across lineages: green algae (chlorophyta) (Goodenough,
1970), haptophytes (haptophyta) (Manton, 1967), hornworts (bryophyta) (Lander, 1935; Schuette &
Renzaglia, 2010), diatoms (stramenopila) (Mann, 1985; Subrahmanyan, 1945), brown algae
(stramenopila) (Evans, 1966; Tanaka et al, 2007), red algae (rhodophyta) (Patrone et al, 1991;
Schornstein & Scott, 1982) and dinoflagellates (alveolata) (Jenks & Gibbs, 2000). Thirdly, dissolution
of the pyrenoid and dynamic Rubisco relocalization has been reported across diverse algae including
the dinoflagellate Gonyaulax (Nassoury et al., 2001) and the green alga Dunaliella tertiolecta (Lin &
Carpenter, 1997) as well as Fuglena gracilis (Osafune et al., 1990) and in hornworts (Vaughn et al.,
1990). Though far from definitive, these qualitative indicators suggest that the dynamic processes
associated with LLPS of the Chlamydomonas pyrenoid are present in a wide range of pyrenoid-

containing species.

Lastly, along with observational evidence, bioinformatic analysis revealed the occurrence of proteins in
a broad range of algae that show similarities to the Chlamydomonas Rubisco linker protein EPYCI
(Mackinder et al., 2016). These proteins have a similar repeat number, length, isoelectric point, and
disorder profile to EPYCI, indicating a putative function as linker proteins. All in all, the observed
spherical shape of the pyrenoid, the observation of pyrenoid fission and identification of proposed
Rubisco linker proteins, suggests that pyrenoids are formed by LLPS across algal lineages. Taken
together these four primary lines of evidence suggest that pyrenoids across diverse taxa demonstrate

qualitative hallmarks of LLPS and may be underpinned by similar assembly principles.
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Figure 1-9 | Pyrenoids are structurally diverse.

Peripheral TEM images are used to demonstrate non-exhaustive examples of combinations of pyrenoid structural
features. Starting centrally, with the defining pyrenoid matrix and radiating outwards, combinations of matrix
shape/position, traversing membrane organization and sheath organization can be achieved. Observed
combinations are loosely demarcated by dashed lines between and within rings, but no combinations are
definitively excluded. Coloured dots indicate combinations of structural features, corresponding to image borders.
Image labelling is from original publication: p/py/pyr/*, pyrenoid; s/st, starch; pl, plastid; cv, capping vesicle.
References for images, clockwise from Caulerpa geminata (Calvert et al., 1976), Onchynonema laeve (Goudet et
al., 2020), Chlamydomonas reinhardtii (authors collection), Rhodella violacea (Scott et al., 2011), Streptosarcina
arenaria (Mikhailyuk et al., 2018), Porphyridium cruentum (McKay & Gibbs, 1990), Aulacoseira baicalensis
(Bedoshvili et al., 2009), Phaeodactylum tricornutum (De Martino et al., 2011), Cladophora glomerata
(McDonald & Pickett-Heaps, 1976), Calciodinellum aff. Operosum (Zinssmeister et al., 2013), Lotharella

amoeboformis sp. nov (Ishida et al., 2000), Symbiodinium tridacnidorum (Lee et al., 2015), Amphidinium carterae
(Jenks & Gibbs, 2000), Aureodinium pigmentosu (Dodge, 1968).
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1.8. Pyrenoid evolution and diversity

1.8.1. Pyrenoid evolution

Though pyrenoids occur in all algal lineages and in hornworts (Fig. 1-6), not all algae or hornwort
species contain pyrenoids, consistent with the fact their molecular basis was not inherited from a
common ancestor. Pyrenoid-less algae (e.g., the extremophile rhodophyte class Cyanidiophyceae,
members of the chlorophyte genera Bathycoccus and Chloromonas, the TSAR class chrysophyte
(golden algae), and most species of the Eustigmatophyte genus Nannochloropsis) and hornworts are
interspersed across the phylogenetic tree, suggesting that pyrenoids were gained multiple times during
evolution (Morita et al., 1998; Raven et al., 2012; Villarreal & Renner, 2012), possibly with hundreds
of evolutionary origins (Meyer, Goudet, ef al., 2020). The exact distribution of pyrenoids within each
lineage is unknown since the anatomy of many algae has rarely been investigated thoroughly at even
phylogenetic family levels. Perhaps occluding this, the occurrence of a pyrenoid in different algal
species could depend on factors such as CO, abundance, light, and life-cycle stage. Thus, the apparent
absence of pyrenoids in some species might be attributed to the metabolic state of the imaged cells, life-
cycle stage or even missed due to insufficient imaging. Accordingly, the evolutionary history of
pyrenoids is far from understood in most pyrenoid-containing lineages. Analysis of ultrastructural
differences between the pyrenoids of algal species in different lineages has previously been used to
constrain their evolution to timepoints following the divergence of the linecages and support the
convergent evolution theory of pyrenoids (He et al., 2023), though this approach is far from definitive.

Elsewhere, direct evidence for this theory is sparse.

The only example of definitively traced pyrenoid evolution comes from hornworts, where pyrenoids
have been shown to have evolved at least 5-6 times independently and have also been lost at least 5-6
times (Villarreal & Renner, 2012). The first hornwort pyrenoids appeared ~100 million years ago in a
period that coincided with declining atmospheric CO, levels and increasing O, levels, consistent with
their role. Other younger pyrenoid-containing hornwort clades originated during periods of similar
atmospheric conditions and concurrently pyrenoids were apparently lost in hornwort clades during the

same period (Villarreal & Renner, 2012). The lack of PYCO1 homologues between Phaeodactylum
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tricornutum and other pyrenoid-containing diatoms that diverged in the last 90 million years (e.g.,
Thalassiosira pseudonana; (Bowler et al., 2008) might suggest a similar timepoint for the evolution of
diatom pyrenoids. Likewise, the lack of sequence homologues of EPYC1 also constrains the evolution
of pyrenoids to prior to the divergence of the earliest Chlamydomonas species ~240 Mya (Herron et al.,
2009), and provides molecular evidence for the convergent evolution of pyrenoids at least in
Phaeodactylum and Chlamydomonas. The evolutionary timing of pyrenoids more generally remains an
outstanding question, though previous approaches have suggested likely timelines based on
environmental factors. Estimates have ranged: ~400 Mya (Griffiths et al., 2017), ~300 Mya (Raven et
al., 2017), >360 Mya (Meyer, Goudet, ef al., 2020) and 275-400 Mya (Badger & Price, 2003), but are

generally consistent with a late-Paleozoic origin for the evolution of pyrenoid-based CCMs.

1.8.2. Pyrenoid structural diversity across different algal lineages

Pyrenoid structure varies greatly between different algal and hornwort species (Fig. 1-6, Fig. 1-9).
Common to all pyrenoids is that they consist of a dense Rubisco matrix, which is probably formed
through LLPS, as discussed in section 1.7. Whereas most species have only one pyrenoid per
chloroplast, some species have two or more (Gibbs, 1962; Hoffman, 1968a; Lokhorst & Star, 1980;
Vaucher, 1803), which can even be ultrastructurally distinct (Lokhorst ef al., 1988). In many species the
pyrenoid is localized centrally in the chloroplast amidst the thylakoids (common in glaucophytes and
all green lineages; some rhodophytes and diatoms). In other species the pyrenoid is localized in
peripheral protrusions of the chloroplast (common in all TSAR lineages and some rhodophytes). In
species with a peripheral pyrenoid, the pyrenoid is tightly encircled by the chloroplast envelope and the
protrusion is typically into the central cytosolic space. In many species the pyrenoid is traversed by one
or more membranes that typically are continuous with the thylakoid membrane but can be derived from
other cellular membranes. The membrane traversions are presumably important for the delivery of
inorganic carbon as discussed for Chlamydomonas and postulated in the diatom Phaeodactylum
tricornutum, whose single pyrenoid membrane traversion contains a carbonic anhydrase (Kikutani et

al., 2016).
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Although it is currently assumed that the pyrenoid-traversing thylakoid membranes are important for
the delivery of inorganic carbon to the pyrenoid, not all pyrenoid containing species have a matrix
traversed by thylakoid membranes. In species with peripheral pyrenoids the pyrenoid-traversing
thylakoid membranes are often missing. In these species, the thylakoid membrane often stops before
the pyrenoid matrix begins (Deane et al., 1998; Evans, 1966; Fresnel & Probert, 2005; Scott et al.,
2011) and, in some cases, the thylakoid tips extend into the matrix (Klopper et al., 2013). However,
there are exceptions (e.g., dinophytes) where thylakoid membranes cross the matrix of peripheral
pyrenoids completely or even form networks in them (Scott et al., 2006; Zinssmeister et al., 2013). In
species with peripheral pyrenoids without thylakoid membrane traversions, the chloroplast envelope
can extend into the pyrenoid matrix by forming tubular intrusions, indicating that membranes traversing
the pyrenoid is potentially a ubiquitous feature of pyrenoids. In striking examples of such envelope
intrusions, the internal region of the pyrenoid seems to be directly connected to the cytosol, nucleus or
mitochondria (Jouenne et al., 2011), opening the possibility that photorespiratory CO» release could
directly be driving photosynthetic carbon fixation. The function of all pyrenoid traversing chloroplast
envelope intrusions remain unknown, but it seems likely that they are also involved in CO, delivery to

the pyrenoid.

Even though different algal lineages use different carbohydrates for energy storage, there are example
species from all algal clades that surround their pyrenoid with a layer of their storage material (hereafter
referred to as starch sheath). This is even more astonishing considering that rhodophytes and algal
lineages that inherited a “red” chloroplast through secondary endosymbiosis store their reserve material
not in the chloroplast but in the cytosol. Consequently, only peripheral pyrenoids in “red” chloroplasts
exhibit a starch sheath and central pyrenoids are always sheath-less in these lineages. Glaucophytes
never have a starch sheath, and in the green lineages the pyrenoid is often, but not always, surrounded
by a starch sheath. The morphology of the starch sheath also varies greatly between species (Fig. 1-9).
The starch sheath can be formed by only one plate (Deane et al., 1998; Obornik et al., 2011; Van Thinh
et al., 1986) and in species where the pyrenoid matrix is crossed by a single thylakoid sheet, the starch

sheath is sometimes formed by two plates (Gértner et al., 2015; McDonald & Pickett-Heaps, 1976), but
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in most cases the starch sheath is formed by several plates. In some species there are broad gaps between
the starch plates (Mikhailyuk et al., 2018; Nam et al., 2013; Scott et al., 2011), whereas in others the

plates sit tightly together, sometimes even in multiple layers (Mikhailyuk ef al., 2014).

Differences in pyrenoid structure across algae indicate that inorganic carbon flow from the external
environment to Rubisco must differ from the described mechanism for Chlamydomonas. In species
with pyrenoids lacking thylakoid membrane traversions, inorganic carbon must enter the pyrenoid
matrix directly from the chloroplast stroma without entering the thylakoid lumen or even from the
cytosol in the case of peripheral pyrenoids without even entering the chloroplast stroma, perhaps
through chloroplast envelope intrusions that extend into the pyrenoid matrix. Species without a starch
sheath around the pyrenoid potentially lose more CO, through leaking than species with a starch sheath.
However, the presence of low electron dense CO; impermeable protein layers or membrane diffusion
barriers created from adjacent thylakoids or the chloroplast envelope cannot be ruled out. Outside of
Chlamydomonas, we currently lack a molecular understanding of the structural arrangement of the
pyrenoid across algal lineages and hornworts and, consequently, mostly understand the operation of
these CCMs by analogy to Chlamydomonas. Taken together the commonalities and structural variation
observed across pyrenoids suggests that although the pyrenoid matrix is likely underpinned by LLPS,
the assembly of the matrix with other ultrastructural features is likely orchestrated by different
molecular mechanisms, in line with the apparent convergent evolution of pyrenoids. Characterisation
of more diverse pyrenoids therefore may offer promising novel approaches for engineering pyrenoids

into plants.
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1.9. Engineering pyrenoid-based CCMs in plants

In modern agriculture where abiotic and biotic stresses such as water and nitrogen availability, pests
and pathogens can be controlled, crop yield is often limited by CO, fixation (Ainsworth & Long, 2005).
Calculations show that many Cs crops, such as rice, wheat and soya are only reaching at maximum a
third of their theoretical potential of conversion of solar energy capture to carbohydrate synthesis (Zhu
et al., 2008), and this results in losses in yield (Walker et al., 2016). It is thought that photosynthetic
performance has not been selectively improved through breeding programmes due to it being highly
conserved within crop species, giving very little room for positive selection (Long et al., 2019). As
discussed in previous sections, a promising strategy for photosynthetic improvements is the engineering
of a CCM into C; crops (see Adler et al., (2022), Hennacy & Jonikas (2020); Mackinder (2018), Meyer
et al., (2016), Rae et al., (2017) for recent detailed reviews). Modelling has shown that biophysical
CCM engineering in the form of a pyrenoid- or carboxysome-based CCM could result in theoretical
yield increases of 60% along with improvements in water and nitrogen use efficiencies (Long et al.,
2019; McGrath & Long, 2014). This is caveated with the disclaimer that predicting yield increases from
photosynthetic improvements is complicated due to the interplay of multiple processes that determine
crop yield. This has been demonstrated by cross-scale modelling that indicate that simultaneous
improvements in Rubisco activity (i.e., CCM presence), electron transport and mesophyll conductance
may be required for significant yield improvements (Wu, Hammer, ef al., 2019). That said, field data in
tobacco supports photosynthetic engineering as a promising approach, with significant increases in
plant biomass seen with multiple approaches, including synthetic photorespiratory bypasses to reduce
photorespiration (South et al., 2019), enhanced photoprotection (Kromdijk et al., 2016) combined
improvements in RuBP regeneration and electron transport (Lopez-Calcagno et al., 2020) and
expression of form ID Rubisco (Zhou et al., 2023). Again, how biomass improvements translates to
grain crop yields also remains unclear. However, the potential for increasing CO, supply to Rubisco
through CCM engineering to translate into grain yield improvements is supported to some extent by in
field data, where season-long CO, enrichment using Free-Air Concentration Enrichment (FACE)
technology has demonstrated yield improvements on average of 17% across rice, wheat, cotton and

sorghum (Ainsworth & Long, 2005).
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Of the ongoing CCM engineering strategies, engineering of a pyrenoid-based CCM remains amongst
the most promising and achievable for three key reasons. Firstly, in contrast to Cs- and carboxysome-
based engineering approaches which will require previously outlined extensive modifications to each
target host plant, no extraneous modifications to the host plant physiology are expected to be required
to allow function of a pyrenoid-based CCM in C; plants. Secondly, for the same reasons, it is hoped
that a “one size fits all” approach can be developed for the pyrenoid-based CCM, such that the same
protein blueprints can be implemented in a range of plants with minimal host-specific modifications
required. Thirdly, the closer phylogenetic relationship between donor pyrenoid-containing chlorophyte
algae and the target host plants (Fig. 1-6), relative to that of carboxysome-containing cyanobacteria and
plants, is expected to afford increased compatibility of pyrenoid CCM components in plants. One key
drawback of engineering the Chlamydomonas pyrenoid-based CCM is that replacement of the RbcS in
each host plant with that of Chlamydomonas is required to allow interaction with EPYC1 and RBM-
containing proteins. Crop plants often contain multiple non-homologous copies of the RbcS gene, which

are non-trivial to remove given their nuclear encoding in high ploidy genomes (Mao et al., 2022).

Proof of concept engineering of the Chlamydomonas pyrenoid-based CCM is currently ongoing as part
of the Combining Algal and Plant and Photosynthesis (CAPP) consortium. In support of the predicted
cross-compatibility of algal components, multiple CCM components have been expressed and shown
to correctly localize in Arabidopsis thaliana (Atkinson et al., 2016). To prime plants for Rubisco
condensation by EPYC1, Arabidopsis lines that have had the majority of their native Rubisco small
subunit replaced with Chlamydomonas RbcS have been developed and the hybrid Rubisco shown to be
functional (Atkinson et al, 2017). Purified hybrid Arabidopsis/Chlamydomonas Rubisco has
subsequently been shown to undergo LLPS in vitro (Atkinson et al., 2019). Expression of EPYC1 in
Arabidopsis lines expressing hybrid Arabidopsis/Chlamydomonas Rubisco has recently resulted in in
planta proto-pyrenoid assembly (i.e., EPYCI1-Rubisco condensation) (Atkinson et al., 2020), with
Arabidopsis proto-pyrenoids having a comparable size and internal mixing to cognate Chlamydomonas
pyrenoids (Freeman Rosenzweig et al., 2017). In contrast to in planta carboxysome assembly where

Rubisco packaging results in severely reduced plant growth (Long et al., 2018), proto-pyrenoid
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expressing lines have a similar photosynthetic performance to wild-type (Atkinson et al., 2020),
suggesting condensation of Rubisco by EPYC1 has no detrimental impact on carbon fixation. Although
plant proto-pyrenoid assembly is a major breakthrough, photosynthetic improvements most likely will
only be realized once a complete CCM is assembled. Based on conserved structural features of
pyrenoids across algae and our current knowledge of the Chlamydomonas CCM as well as recent
modelling approaches (Fei et al., 2022), a minimum CCM is expected to require: 1) Rubisco
condensation around thylakoids; 2) inorganic carbon delivery to the matrix traversing thylakoids via
HCOs™ channels; 3) accelerated dehydration of HCO;™ to CO; via a carbonic anhydrase localized in the
matrix traversing thylakoids and 4) a diffusion barrier surrounding the Rubisco condensate (e.g., starch).
Further less certain requirements may include modification of thylakoids traversing the pyrenoid
matrix, similar to pyrenoid tubule assemblies observed in Chlamydomonas and additional inorganic
carbon accumulation systems at the chloroplast envelope (i.e., LCIA) and pyrenoid periphery (i.e.,
LCIB/LCIC complex). In addition, detailed understanding and control of pyrenoid assembly, regulation,

and division within different plant leaf cell-types will be critical for successful function.

A major goal for pyrenoid engineering in plants is to discover or develop a linker protein that can phase-
separate plant (specifically crop) Rubiscos without modification. This would overcome the primary
drawback of the Chlamydomonas engineering strategy and remove the need for any modification of the
native host plant genes. It is also hoped that understanding pyrenoid assembly across diverse algal
lineages will offer additional approaches to engineering plants with pyrenoid CCMs. Given the wide
ultrastructural diversity of pyrenoids (Fig. 1-9), it is expected that alternative, perhaps simpler
mechanisms exist in nature and that through their characterisation alternative pyrenoid assembly
proteins may discovered. Identification of the RBMs within these hypothesised proteins would
presumably allow ‘mix and matching’ of assembly proteins by replacement of RBMs with those that
are putatively plant-compatible. In summary, engineering of pyrenoid-based CCMs in plants is still very
much in its infancy and there is huge scope to provide valuable insight for future engineering efforts

past the proof-of-concept stage.
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1.10. Aims of this study and framework of the thesis

The fundamental hypothesis of this study was that linker proteins commonly underpin the condensation
of Rubisco in pyrenoids across the tree of life, as first supposed by Mackinder ef al. (2016) and
described in this introductory chapter. The motivation for the identification and characterisation of these
hypothesised proteins was two-fold. The primary motivation was to discover novel approaches to
pyrenoid assembly in nature that could benefit ongoing efforts to engineer pyrenoid-based CCMs in
plants. Secondary to this goal it was hypothesised that the identification of a wide range of pyrenoid
linker and assembly proteins from evolutionary distinct pyrenoid-containing algae would allow the
currently uncertain timepoint for the evolution of most pyrenoids to be usefully narrowed, and that the

hypothesised convergent evolution of pyrenoids could be molecularly proven or disproven.

Though not originally part of the framework of this study, the COVID-19 lockdowns enforced in the
early stages of the study provided a ‘unique’ opportunity to explore the fundamental hypothesis
bioinformatically, which is presented in Chapter 2. Following directly from the bioinformatic
characterisations, Chapters 3 and 4 present a detailed molecular and structural characterisation of a
linker protein from another unicellular green alga, Chlorella sorokiniana. Chapter 5 builds on Chapter
4’s structural characterisation of the linker’s interaction with Rubisco and presents surprising, yet

hugely exciting cross-compatibility of the identified linker protein.

The majority of the results in Chapters 3, 4 and 5 form part of a submitted manuscript entitled ‘A
promiscuous mechanism to phase separate eukaryotic carbon fixation’. As such, some of the work is
shared with co-authors as indicated by disclaimers throughout the thesis, though the overwhelming
majority of results were produced and analysed by me. The results are rewritten in a more verbose
format to allow for more discussion in the context of literature and provide a personal outlook on future
efforts. Results from Chapter 2 are largely unformatted for publication though are part of ongoing

characterisations building towards manuscripts of their own.
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1.11. Fundamental methodologies

1.11.1. Disorder prediction with I[UPred

IUPred is a computational approach that allows the rapid prediction of protein regions that are
incompatible with ordered regions (Dosztanyi et al., 2005). The speed of the model is facilitated by its
basis in a low-resolution statistical approach that is underpinned by simple arithmetic equations derived
from an energy predictor matrix that is used to assess the energy of interactions available to a given
residue within the sequence. The values defined in the energy predictor matrix were populated based
on assessment of the expected pairwise energy of interacting residues in a set of globular proteins with
known structures (Mészaros et al., 2018; Thomas & Dill, 1996). Calculation of the predicted energy of
each of the residues within the sequence is completed considering the surrounding residues in the local
sequence environment (2-100 residues adjacent). Residues with unfavourable energies are predicted
disordered and the disorder score is smoothed over a specified window to give a probability of disorder

for the defined region of the protein sequence, which is reported as a value between 0 and 1.

1.11.2. Protein structure prediction with AlphaFold

AlphaFold 2 utilises a deep learning approach to predict protein structure from primary sequence
(Jumper et al., 2021). Fundamentally the system is comprised of three main parts. Firstly, a deep
multiple sequence alignment (MSA) is constructed from the query sequence by comparison against
extensive sequence databases. The MSA is the input for the iterative neural network that forms the
second main part of the prediction system, denoted the ‘Evoformer’. In this module the relation between
residues, termed pair representations, within the alignments are assessed and compared with structural
hypotheses based on these representations to identify likely interactions within the sequences.
Principally, this assessment is based on the observation of co-evolution of stabilising interactions within
protein sequences (Lupo et al., 2022). Over the defined number of iterations, the neural network builds
a model of predicted interactions within the protein, which are inputs for the final module in the system,
the structural module. In addition to the pair representations, the sequence variation captured in the
MSA is also an input for the structural module. The structural module also utilises an iterative approach

to predict the final three dimensional structure. Initially, all residues are placed at the origin of the
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coordinate system and subsequently a set of displacements and rotations are performed to the main
chain of the sequence to form the overall structure that satisfies the predicted interactions from the
Evoformer module. During the structural modelling, side chains are also positioned based on a
conventional implementation of the permitted torsion angles for the residues. In addition to the
predicted 3D coordinates of the protein, two further outputs are also obtained as scored metrics; the per-
residue confidence, pLDDT, and the topological score, Predicted Aligned Error (PAE). The predicted
local-distance difference test (pLDDT) score estimates how well the prediction would agree with an
experimentally determined structure of the same sequence. To do so, a local distance difference test is
performed on the Ca coordinates (IDDT-Ca)) (Mariani et al., 2013) such that the quality of the local
atomic environment of the model is assessed. In this sense, the pLDDT score represents the confidence
in the prediction of regions of substructure within the prediction but does not penalise deviations from
alignment of the overall 3D structure. In contrast, the PAE score assesses the positional error based on
the relative position of two residues within the predicted structure when aligned on a particular residue.
PAE is therefore useful for assessing the overall 3D structure and accordingly the relative position and

orientation of domains within.

1.11.3. Molecular clock analyses and phylogenetic chronograms

Molecular clock analyses are used to assess evolutionary rates of sequences over time which can be
used as inputs to construct phylogenetic chronograms which inform on the time estimates of the
divergence points of lineages (Langley & Fitch, 1974). Principally, molecular clock analyses function
by assessing the mutation rate by comparison of homologous sequences in organisms that have time-
calibrated divergence points in order to define evolutionary rates for those sequences. In most instances
absolute time calibration is performed against fossil records, though other calibrations including for
geological and biogeographic events can be performed (Ho & Duchéne, 2014). Early molecular clock
analyses assumed homogeneous evolutionary rates of proteins across lineages, referred to as ‘strict’
analyses. The accuracy of strict molecular clock analyses has since been disproven (dos Reis et al.,
2016), and ‘relaxed’ analyses, utilising a Bayesian approach to integrate differences in evolutionary

rates and uncertainty in calibration timepoints and tree topologies are now more commonplace
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(Wertheim ef al., 2010). The output of these analyses are used to draw phylogenetic chronograms, in
which branch lengths are defined in units of time and nodes are positioned with confidence estimates

based on the Bayesian predictions.

1.11.4. Surface Plasmon Resonance (SPR)

The phenomena of Surface Plasmon Resonance (SPR) can be used to measure the interaction of
biomolecules at a sensor surface. SPR occurs when electrons in the metallic sensor surface are excited
by incident polarised light, creating plasmon waves that reduce the intensity of the reflected light at a
particular angle, referred to as the resonance angle. The resonance angle is proportionate to the mass on
the sensor that determines the refractive index of the surface. As such, changes in the resonance angle
can be used to detect the mass change that results from the interaction of biomolecules at the sensor

surface.

1.11.5. Single particle cryogenic electron microscopy (cryo-EM)

Cryogenic electron microscopy (cryo-EM) is rapidly developing as a powerful tool for determining the
3D structure of proteins in solution (Callaway, 2015). In cryo-EM, samples immobilised on grids are
vitrified by rapid plunging into liquid ethane, which prevents the formation of crystalline ice and
maintains the native state of proteins in the sample. The vitrified samples are subsequently subjected to
Transmission Electron Microscopy (TEM) to capture two dimensional images of the protein from many
different angles that are ultimately used to reconstruct a 3D volume of the protein (Henderson et al.,
1990). In TEM, electrons are accelerated in a high vacuum towards the sample, which gives rise to their
elastic and inelastic scattering as they traverse and interact with the sample. The scattered electrons as
well as the unscattered electrons that pass through the samples are subsequently focussed by
electromagnetic lenses onto an electron detector. The interference of the unscattered electrons and the
elastically scattered electrons, which have a known scattering angle, give rise to phase contrast at the
electron detector. The characteristic phase contrast is directly influenced by the focus, and as such
different defocus values result in different phase contrast images of the same sample at the detector. A

Fourier transform is required to convert the digital measurement of the phase contrast image at the
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electron detector to a reconstructed 2D projection of the sample. Following correction for beam-induced
motion of the sample during imaging, Contrast Transfer Function (CTF) correction is performed to
model the constructive, destructive and inverting interference in the phase contrast image. Practically,
this is performed by estimation of the CTF in each of the micrographs (Rohou & Grigorieff, 2015;
Zhang, 2016), and also accounts for aberrations in the imaging process, such as spherical aberration of

the focussing electromagnetic lenses.

Following the manual or automated picking of single particles representing the species of interest, 2D
images of different orientations of the sample are grouped by classification and erroneous particles are
removed from the dataset. To reconstruct a 3D volume of the sample from the 2D images that represent
information for central Fourier slices of the object, the orientations of the randomly oriented particles
within the 2D images must then be assigned. Since direct assessment of the projection angles from the
2D images is precluded by the signal to noise ratio, CTF and particle picking errors, most 3D
reconstruction methods rely on expectation maximisation approaches that can be completed de novo or
with the assistance of a 3D reference model (Scheres, 2012; Zivanov et al., 2018). These methods use
an iterative approach in which projection vectors are assigned, a 3D model is reconstructed from the
assigned vectors and a comparison between the 2D image information, and the 3D model is performed.
This process is repeated until the model and assigned vectors converge. Multiple rounds of 3D
reconstruction and particle selection can be performed in a process termed 3D classification, in order to
further refine particle selection or distinguish structural heterogeneity within the sample. Depending on
the processing pipeline used, a further series of refinement, polishing and correction procedures can be
performed to maximise the resolution of the 3D reconstruction (Punjani et al., 2017; Zivanov et al.,
2018). To assess the quality and report a resolution of the final reconstruction the “gold-standard”
Fourier Shell Correlation (FSC) curve of the map is most commonly used (Henderson ef al., 2012). The
gold-standard FSC is the correlation between two 3D volumes reconstructed from independent halves
of the data (half maps) and the resolution at which the FSC passes through 0.143 is most commonly

reported as the estimated resolution.
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2. AFAST LINKER IDENTIFICATION PIPELINE FOR PYRENOIDS
2.1. Introduction
Although pyrenoids exist across vast evolutionary taxa (He ef al., 2023; Meyer et al., 2017), and have
been hypothesised to be commonly underpinned by liquid-liquid phase separation (Barrett et al., 2021),
only two pyrenoid linker proteins have so far been identified (Mackinder et al., 2016; Oh et al., 2023).
In line with the apparent commonality of LLPS in pyrenoids, it has previously been hypothesised that
linker proteins are also commonly required for the condensation of Rubisco within pyrenoids
(Mackinder et al., 2016). The main limitation for the identification of hypothesised additional linker
proteins lies in the supposed lack of sequence conservation between the linker proteins of different algal
lineages. In support of this, default NCBI BLASTp searches of PYCOI only return the PYCOI
sequence from Phaeodactylum tricornutum, and those of EPYCI1 return sequences in species exclusive
to the Chlamydomonadales order (Table 2-1). Further to this, the biochemical investment to identify
both EPYC1 and PYCO1 was extensive in both cases, with authors completing multiple rounds of mass
spectrometry (Mackinder ef al., 2016; Oh et al., 2023). Mackinder et al., (2016) previously attempted
to shortcut these extensive characterisations by bioinformatically identifying functional analogues of
EPYC1 with conserved properties, namely: a high isoelectric point, tandem repeats, a repeating disorder
profile and lack of transmembrane domains. Though stringent filtering of input sequences was achieved
using this approach, no hits were observed in pyrenoid-containing Chlorella variabilis or Micromonas
pusilla species and there is no support for the role of the identified proteins in Thalassiosira
pseudonana, Phaeodactylum tricornutum and Emiliania huxleyi (Mackinder et al., 2016), suggesting
the approach had considerable limitations. The aim of this chapter was accordingly to develop a
bioinformatic pipeline inspired by the work of Mackinder ez al., (2016) to identify functional analogues

of EPYCI1 more accurately in pyrenoid-containing species.
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Table 2-1: NCBI BLASTD hits for PYCO1 and EPYC1 with XSTREAM identified repeat number.

Query  Hit Species E value %ldentity XSTREAM Repeats  Accession
PYCO1 Phaeodactylum tricornutum 0 97.8 4.52 XP_002184702.1
EPYC1  Chlamydomonas reinhardtii 0 100 4.39 XP_001690584.2
EPYC1  Chlamydomonas incerta 4E-103 85.5 5.03 KAG2432954.1
EPYC1  Chlamydomonas schloesseri SE-100 843 4.93 KAG2448775.1
EPYC1  Pleodorina starrii 3E-69 52.9 4.81 GLC41192.1
EPYC1 Jolvox reticuliferus 4E-69 49.1 2.83 GIL71809.1
EPYC1 Jolvox africanus 2E-66 59.7 4.28 GLI63967.1
EPYC1 Jolvox carteri 3E-65 56.3 4.72 XP_002946604.1
EPYC1  Edaphochlamys debaryana 2E-51 56.6 3.69 KAG2501276.1
EPYC1 Astrephomene gubernaculifera  4E-45 62.6 5.32 GFR42532.1
EPYC1  Gonium pectorale SE-44 66.3 3.15 KXZ746518.1
EPYC1 Tetrabaena socialis 9E-31 54.2 2.87 PNH11430.1
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https://www.ncbi.nlm.nih.gov/protein/XP_001690584.2?report=genbank&log$=prottop&blast_rank=3&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/KAG2432954.1?report=genbank&log$=prottop&blast_rank=5&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/KAG2448775.1?report=genbank&log$=prottop&blast_rank=6&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/GLC41192.1?report=genbank&log$=prottop&blast_rank=8&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/GIL71809.1?report=genbank&log$=prottop&blast_rank=9&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/GLI63967.1?report=genbank&log$=prottop&blast_rank=10&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/XP_002946604.1?report=genbank&log$=prottop&blast_rank=11&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/KAG2501276.1?report=genbank&log$=prottop&blast_rank=13&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/GFR42532.1?report=genbank&log$=prottop&blast_rank=14&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/KXZ46518.1?report=genbank&log$=prottop&blast_rank=15&RID=DTTDEFS5013
https://www.ncbi.nlm.nih.gov/protein/PNH11430.1?report=genbank&log$=prottop&blast_rank=16&RID=DTTDEFS5013

2.2. Construction and testing of a Fast Linker Identification Pipeline for Pyrenoids (FLIPPer)

Development of the bioinformatic pipeline was commenced in early 2020, prior to the presentation or
publication of the pyrenoid linker protein in Phaeodactylum tricornutum (Phaecodactylum hereafter);
PYCO1 (Oh et al, 2023). Accordingly, all the initial development was completed based on the
properties of the single confirmed pyrenoid linker protein at the time, belonging to Chlamydomonas;
EPYC1. Hypotheses about the EPYC1 protein structure and function during the initial development of
the pipeline were also respective of the available publications at the time of development but are

discussed here in the context of current understanding.

2.2.1.  Primary sequence analysis of EPYCI and sequence pre-filtering

To determine an appropriate strategy and which programs to use for sequence filtering, an initial
analysis of the EPYCI primary sequence was completed. As noted by Mackinder ef al., (2016) the
isoelectric point of the EPYCI protein is exceptionally high (pI = 11.9) (Fig. 2-1), which determines a
net positive charge of the protein in the pH ~8 stroma of the illuminated chloroplast where the pyrenoid
resides (Fig. 1-3) (Heldt et al., 1973; Werdan et al., 1975). Prior to publication of the 3D structure of
the EPYC1-Rubisco interaction (He et al., 2020), the positive charge of EPYC1 and net negative charge
of Chlamydomonas Rubisco (pl = 6.28) in the stroma were hypothesised to contribute to the interaction
between the proteins and possibly underpin a complex coacervation mechanism for liquid-liquid phase
separation (Wunder et al., 2018). Given the largely conserved sequence and consequent isoelectric point
of Rubiscos across phylogenetic taxa (Liu et al., 2017), it was presumed the net negative surface charge
of Rubiscos in the stroma of pyrenoid-containing algae is also conserved. The isoelectric point of
hypothesised linker proteins was accordingly presumed to have to exceed the pH of the illuminated
chloroplast stroma also to determine a net positive charge and allow interaction with Rubisco. This
requirement was easily and efficiently integrated in the first pre-filtering step in the bioinformatic
pipeline using the ProtParam module of the Biopython package (Fig. 2-3) (Cock et al., 2009; Gasteiger

et al., 2005).
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Table 2-2: EPYC1 primary sequence analysis.

% of full length EPYCI sequence

pl | Structure Disorder A C DE F GHI KL MNP QR S T VW Y

11.9 13 42 20 023 0301541310 2927 44 3 0

In line with predictions (Mackinder et al., 2016), EPYC1 has previously been shown to be a largely
disordered protein in solution using circular dichroism spectroscopy of the purified protein (Wunder et
al., 2018). Prior to the release of AlphaFold for accurate structure prediction (Jumper et al., 2021),
PSIPRED v3.3 (Buchan et al., 2013) and Phyre2 (Kelley et al., 2015) were used by Mackinder et al.,
(2016) to predict secondary structure within the disordered EPYC1 sequence. 4 predicted helices of 9
and 12 amino acids were present in each of the predictions respectively, representing 11% and 15% of
the total amino acids in each case. The predicted helices were subsequently shown to contribute to the
interaction of EPYC1 with Chlamydomonas Rubisco in yeast two-hybrid (Y2H) experiments at the
time (Atkinson et al., 2019), a fact which has been demonstrated structurally since (He et al., 2020). In
line with secondary structure predictions, ProtParam analysis of the residue composition in the EPYC1
sequence indicated 13% of the sequence was hydrophobic and structure-promoting (Phe, Iso, Leu, Val,
Trp, Tyr; (Pace & Scholtz, 1998)) (Table 2-2), and this was therefore used to roughly determine the
fraction of each sequence likely involved in structural elements. The unstructured, disordered regions
between the helical regions of EPYC1 were presumed of equal importance to the function of EPYC1
by allowing extension of adjacent helices over the length-scale required for Rubisco cross-linking (3-5
nm) (Engel ef al., 2015; Mackinder et al., 2016). In agreement with the disordered nature of EPYCI,
42% of the EPYC1 primary sequence was comprised of disorder-promoting residues (Pro, Asn, Gly,
Ser). Based on the assumption that both the structured and unstructured regions are essential to the
function of EPYC1, a requirement that the sequences contain at least an equal percentage of disorder-
promoting and structure-promoting residues was imposed in the pre-filtering step. The proportion of
Serine and Alanine residues within EPYC1 was also notably high (Table 2-2), due to their presence in
the disordered spacer regions of EPYC1 (Fig. 2-2). A final sequence pre-filtering step ensured the

presence of these amino acids in the sequences (Fig. 2-3). Following these sequence pre-filtering steps,
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~25% (7,679) of the 32,672 input sequences from the Chlamydomonas genome (Chlamydomonas
reinhardtii CC-4532 v6.1) remained. Of the pre-filtering steps, filtering by isoelectric point had the
largest impact on the number of remaining sequences (60% of the total 75% filtering efficiency), in line
with the binodal distribution of protein isoelectric points in the Chlamydomonas genome (Fig. 2-1).
Filtering by the ratio of structure- to disorder-promoting residues had less of an effect (12%), with
Serine and Alanine filtering having little effect (<2% each). The sequence pre-filtering module was
implemented using Biopython sequence handling and analysis, with subsequent compositional filtering

completed using pandas dataframes.
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Figure 2-1 | Distribution of protein isoelectric points in the Chlamydomonas genome.
Histogram of the frequency of theoretical isoelectric points (pls) of proteins in the Chlamydomonas genome. Data
was binned in 0.2 pH units from pH 4.0 to pH 12.0. The pI of EPYC1 is indicated by the red dot.

2.2.2.  Primary sequence repeat detection in EPYCI and application to the pipeline

The multivalency afforded by the 4 quasi-identical and single C-terminal partial repeats of EPYC1 is
essential to its function in the condensation of Rubisco (Wunder et a/., 2018), and was accordingly an
important property of linker sequences to capture in the pipeline. In line with the distance between
adjacent Rubiscos in the pyrenoid (Engel et al., 2015), the repeats of EPYCI are ~60 amino acids in
length (Fig. 2-2), which has been shown to allow the required distance between Rubiscos to be spanned
with minimal energetic cost (He et al., 2020). To identify appropriately scaled repeats in the sequences,
three repeat detection programs were initially compared. XSTREAM (Newman & Cooper, 2007),
RADAR (Heger & Holm, 2000) and HHrepID (Biegert & Soding, 2008) all correctly identified 5

repeats of ~60 amino acids within the EPYC1 sequence (Fig. 2-2). Due to the hidden Markov model
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methodology implemented by HHreplD, this program was comparatively much slower than
XSTREAM and RADAR which both use seed-based approaches to rapidly remove non-repeating
sequences. Although RADAR and XSTREAM were comparable in terms of accuracy and speed,
XSTREAM was developed for large scale analysis and thus more appropriately suited in terms of output
and optimisation to the analysis of the thousands of input sequences resulting from the sequence pre-
filtering module. Using python handling, the output of XSTREAM could also be easily manipulated for

use in the downstream pipeline (Fig. 2-3).

HHreplD (5 repeats, 61 period)

Figure 2-2 | Comparison of repeat detection software.

(a) Multiple sequence alignment of repeats detected by XSTREAM (see methods). (b) Alignment of tandem
repeats detected by RADAR web tool run with default settings. (c) Alignment of tandem repeats detected by
HHrepID web tool run with default settings. In each alignment the predicted helical region is indicated (o) and
residues are coloured by property according to the Clustal X colour scheme

XSTREAM also allows a large degree of parameterisation to adjust the properties of the tandem repeats
that are detected. As such, some of the default values were adjusted based on a set of pre-formed
hypotheses. Whilst EPYC1 demonstrates near identical repeats of the same approximate length (Fig. 2-

2), it was hypothesised that there may be variation in other sequences either due to genuine biological
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differences, or errors introduced from genome assembly or protein annotation which is more
challenging with low complexity repeat sequences (Peona er al, 2021). Specifically, it was
hypothesised the number of repeat regions was likely to be variable, which was supported by
XSTREAM analysis of the EPYC1 homologues (Table 2-1). To account for this, the minimum number
of complete repeat regions required for identification was set to 3, with no upper limit. Similarly, it was
hypothesised other sequences may not maintain the high degree of repeat-level conservation observed
for EPYC1 (Fig. 2-2), and accordingly the maximum number of permitted gaps in each repeat was
increased to 50 (from a default value of 3). The minimum consensus and repeat match thresholds, which
represent the percentage similarity of each repeat to the consensus repeat sequence and of each repeat
to the others respectively, were also decreased to 40% (from a default value of 70%). It was also
hypothesised that the total repeat length would exhibit some variance. As such, a lower threshold of 20
amino acids for the repeat length was set according to the minimum spacing observed between Rubiscos
in the pyrenoid (2 nm), and the minimum feasible number of amino acids to bridge this length scale.
An upper repeat length threshold of 120 amino acids was arbitrarily set based on double the length of
the EPYCI repeat length. Lastly, a requirement that the identified tandem repeats represent over 70%
of the input sequences was enforced, based on the assumption that bona fide linker proteins would not
be fused to other non-linker domains, but would have a cleaved chloroplast transit peptide that accounts
for <30% of the total sequence length. XSTREAM analysis of the 7,679 pre-filtered Chlamydomonas
sequences with these settings resulted in filtering to 0.9% (294) of the 32,672 input sequences. Crucially
these sequences included EPYC1, in line with the previous performance of XSTREAM used under the
same settings to detect EPYC1 repeats (Fig. 2-2). Whilst this represented a significant reduction from
the number of input sequences, the high number of remaining sequences would be unfeasible to screen

manually in de novo studies, and as such an additional filtering step was pursued.

2.2.3. Disorder assessment

At this point in the bioinformatic pipeline, protein sequences have been filtered to be net positively
charged, contain some structure and some disorder, and contain greater than 3 repeat regions of 20-120

amino acids in length. Arguably these properties could all be possessed by globular proteins, should the
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primary sequence be arranged appropriately. It was therefore necessary to introduce a filtering step to
explicitly predict local secondary structure and filter for overall disorder of the protein sequences.
Ideally this step would be completed as a whole sequence structural prediction using tools such as
Phyre2 or at the time unpublished, AlphaFold2, though the time and computational expense of these
approaches was unfeasible for the medium throughput application required here. Alternative 3D

structure-independent approaches were instead pursued.

IUPred allows the rapid assessment of local disorder likelihood based on an energy estimation that
characterises the likelihood of interaction between pairs of residues within a sequence (Dosztanyi et al.,
2005). The algorithm employed by [UPred is particularly well suited to linker proteins as it is optimised
for the prediction of disordered regions greater than 30 amino acids, consistent with the length of the
disordered region interspaced between the helices of EPYC1 (Fig. 2-2). The approach of IUPred
contrasts other, less appropriate disorder prediction software which are more suited to the identification
of short regions of disorder within globular proteins (Kozlowski & Bujnicki, 2012; Linding et al., 2003;
Romero et al., 2001; Walsh et al., 2012). Accordingly, [UPred2A was employed for rapid disorder
assessment of each of the protein sequences following XSTREAM repeat detection. The average
IUPred2A score of the proteins was then filtered to a threshold of greater than 0.5, corresponding to
>50% of the sequence being disordered. This filtering step reduced the number of sequences to 160
(~0.5%), from the 32,672 input sequences. This point represented the first iteration of the pipeline, here
termed Fast Linker Identification Pipeline for Pyrenoids (FLIPPer) vO (beta), which was built in a shell
environment and was tested extensively in Windows environments but took significant porting to run
successfully in UNIX environments. The time for analysis of the Chlamydomonas genome was ~5
minutes (M2 MacBook Air, 16GB RAM), which largely consisted of XSTREAM repeat detection of
the large number of input sequences and highlighted the need for selection of an efficient repeat
detection software. Whilst the performance with the Chlamydomonas genome was far from the desired
level, it was appropriate at this point to determine the efficacy against the genomes of other pyrenoid-

containing species.

56



/" FLIPPer v0 (beta)

Input Sequences

!

Sequence Pre-filtering
pl>8
Structure:Disorder > 1
Ser/Ala>5%/1%

\

BIOPYTHON

+ (25 %)
Repeat Detection

>3, 20-120 AA

50 gaps,

0.4 repeat match

0.4 consensus match

1 (0.9%)
Disorder Filtering
>0.5 IlUPred2A score

| (0.5%)

Km Candidate Linkers |

XSTREAM

IUPRED2A

/

SHELL

FASTA Validation

!

i

PYTHON3

FLIPPer v1

-

[U Input Sequences ]
.

Sequence Pre-filtering
pl>8
Structure:Disorder > 1
Ser/Ala>5% /1%

+ (25 %)
Repeat Detection
>3, 20-120 AA

50 gaps,
0.3625 repeat match
0.4 consensus match

v (2%)
Repeat Filtering

22 electrostatic AA
21 aromatic AA

{ (0.6%)

Disorder Filtering
>0.5 IUPred2A score

1 (0.4%)

XSTREAM

PYTHON3

} IUPRED2A

K[H Candidate Linkers }

~

BIOPYTHON

/

Figure 2-3 | Fast Linker Identification Pipeline for Pyrenoids (FLIPPer) v0 (beta).
(a) Schematic representation of v0 (beta) of FLIPPer. The general process completed at each stage is indicated in
bold in each box, with the program used in italics adjacent. The key parameters for each program or filtering step
are indicated in the boxes also, where other settings were left as default. The filtering percentage at each stage,
relative to the number input sequences is shown based on the statistics of the Chlamydomonas genome. (b)
Schematic representation of FLIPPer v1, labelled as in Fig. 2-3a.

2.2.4. Initial trials of FLIPPer v0

PYTHON3

Following the optimisation of FLIPPer v parameters with EPYC1 and the Chlamydomonas sequences,

FLIPPer v0 was applied to the well-annotated genomes of a selection of pyrenoid-containing species.

Surprisingly, the speed and selectivity of the pipeline was much greater for all non-Chlamydomonas

genomes, indicating the Chlamydomonas genome was not a representative benchmark for the

performance of the pipeline (Table 2-3). Besides the larger number of input sequences, the high average

sequence length of the pre-filtered sequences in the Chlamydomonas genome appeared to have a large

impact on the speed of the analysis, likely due to the seeded approach XSTREAM uses. The lower

number of output sequences from the non-Chlamydomonas genomes was much more amenable to more

intensive in silico characterisations. Accordingly, AlphaFold2 modelling of the candidate sequences

57



demonstrated that the output sequences largely contained the desired properties consistent with those
of EPYCI (i.e, largely disordered, spaced repeating structural elements) (Fig. 2-4). Together these
encouraging results demonstrated the efficacy of FLIPPer v0 in identification of EPYC1-like proteins.

Table 2-3: FLIPPer v0 benchmarks of genomes with high confidence linker candidates.

Species Time (s)  Average Input Length #Inputs #Candidates  %Selectivity
Chlamydomonas reinhardtii ~ ~300 783 AA 32,672 160 0.49
Phaeodactylum tricornutum 5 430 AA 12,178 7 0.06
Chlorella sorokiniana 23 524 AA 12,871 24 0.19
Ulva mutabilis 20 462 AA 12,924 10 0.08
a
Phatr3_J49957* Phatr3_EG00381 Phatr3_EG01285 Phatr3_EG02652 Phatr3_J40692
(PYCO1)
Phatr3_J46710* Phatr3_J46711* EPYC1
b
UMO007_0135 UMO012_0142 UMO018_0001
UMO048_0068 UMO049_0054 UMO093_0014 UM120_0037* UM163_0001
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https://www.ncbi.nlm.nih.gov/protein/XP_001690584.2?report=genbank&log$=prottop&blast_rank=3&RID=DTTDEFS5013

123000000288 123000001077 123000001633 123000003474 123000004096

123000004449 123000004470 123000006306

123000006588 123000007788 123000007793
123000008029 123000008654 123000009489 123000010462 123000010554
123000010558 123000010979 123000012064

Figure 2-4 | AlphaFold2 models of candidate linker proteins identified by FLIPPer v0.

(a) Top ranked AlphaFold2 models of the 7 candidate proteins from the Phaeodactylum tricornutum v3 genome.
The AlphaFold2 model of EPYCI is also shown for comparison. The models are coloured according to per-residue
pLDDT scoring, with blue indicating high and red indicating low scores. The gene names are shown below each
model, with starred names indicating proteins discussed further in text. (b) Top ranked AlphaFold2 models of the
10 candidate proteins from the Ulva mutabilis genome, coloured as in Fig. 2-4a. UM120 0037 is the later-
characterised putative linker sequence, and indicated by the asterisk. (c) Top ranked AlphaFold2 models of the 23
candidate proteins from the Chlorella sorokiniana UTEX1230 genome, coloured as in Fig. 2-4a.
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2.2.5. Repeat filtering addition to FLIPPer vl

During the development of FLIPPer v0, preliminary data from the characterisation of the
Phaeodactylum linker PYCO1 was generously shared by the authors at the 10th International
Symposium on Inorganic Carbon Utilization by Aquatic Photosynthetic Organisms (CCMI10).
Encouragingly PYCO1 (Phatr3_J49957) was amongst the 7 candidate proteins identified by FLIPPer
v0 analysis of the Phaeodactylum genome (Table 2-3 and Fig. 2-4a). The subsequently published
characterisation of PYCO! interaction with Rubisco (Oh et al., 2023) allowed further comparison of
the properties of the linker proteins from Chlamydomonas and Phacodactylum. Enforcing the accuracy
of FLIPPer v0, the proteins possessed largely similar isoelectric points, fraction of structure- and
disorder-promoting residues, repeat length and number, and overall disordered structure (Table 2-4, Fig.
2-4a). 3D structures for both the Chlamydomonas linker EPYC1 (He et al., 2020) and Phaeodactylum
linker PYCO1 (Oh et al., 2023) and their interactions with Rubisco were previously determined by
cryogenic Electron Microscopy (cryo-EM), which highlighted the identity of the Rubisco-interacting
motifs of the linker proteins. Comparison of the consensus Rubisco-interacting motifs from EPYCI
(WKQELESLR) and PYCO1 (KWSPR) indicated they both contain at least 2 electrostatic residues and
an aromatic residue (Table 2-4). As such, an additional step was added to FLIPPer to filter for proteins
in which the XSTREAM identified consensus repeat contains at least 2 electrostatic residues and 1
aromatic residue (Fig. 2-3b). Notably, this approach differs from sequence pre-filtering approaches that
would identify the total number of electrostatic or aromatic residues in the sequence, and instead filters
for the presence of these residues in the identified repeat sequences that likely contribute to the
interaction with Rubisco. This filtering step was implemented in tandem with a slight modification to
the XSTREAM consensus repeat match value (from 0.4 in v0 to 0.3625 in v1), based on further repeat
detection testing (data not shown). Finally, a major overhaul was completed in which FLIPPer was
rebuilt in a python3 environment to allow seamless use in both Windows and UNIX environments (Fig.
2-3b). During this overhaul an additional FASTA format validation module and file autocue module
were implemented to allow high throughput usage of the pipeline, as well as a command line user
interface to allow customisation of parameters within the program (Fig. 2-5). This marked the

generation of FLIPPer vl which was used for all subsequent characterisations. The performance of
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FLIPPer vl was improved over v0, with the selectivity increasing for both the Chlamydomonas (0.5%

[vO] to 0.4% [v1]) and Phaeodactylum (0.06% [v0] to 0.04% [v1]) genomes whilst retaining

identification of the bona fide linker proteins. The effect on the speed of operation of the pipeline was

negligible, given the low computational expense of the implemented filtering steps in v1.

[

Would you like to use custom pre-filtering variables? (y/n): y

Please set filtering variables...

Set pI threshold (recommended = 8): 8

Set Turn/Helix Ratio threshold (recommended = 1): 1

Set Serine content threshold (recommended = 0.05): 0.05
Set Alanine content threshold (recommneded = ©0.01): 0.01

FLIPPer - Fast Linker Identification Pipeline for Pyrenoids - v1 (built 30.07.2022, J. Barrett [jb1725Qyork.ac.uk])

Would you like to use custom XSTREAM variables? (y/n): vy
Please set Xstream variables...

Set minimum copy number (recommended = 3): 3

Set minmum word match (recommended = 0.3625): 0.3625

Set consensus match (recommended = 0.4): 0.4

Set maximum gaps in repeats (recommended = 50): 50

Set minimum repeat period (recommended = 20): 20

Set maximum repeat period (recommended = 120): 120

Set sequence proportion repeats cover (0.4 for fusions, 0.7 for full linkers): 0.7

Would you like to filter sequences after XSTREAM? (y/n): y
Please set post-XSTREAM filtering variables...

Set minimum number of aromatic resiudes in repeat region(recommended = 1): 1
Set minmum number of electrostatic residues in repeat region(recommended = 2): 2

Would you like to filter the sequences after IUPred analysis? (y/n): y
Threshold for IUPred filtering? (recommended = 0.5): 0.5

Would you like to plot iupred profiles for candidate sequences? - y recommended (y/n): l

Figure 2-5 | Command line user interface for FLIPPer v1.

Screenshots from the operation of FLIPPer v1 using the command line interface for parameterisation of each stage
of the pipeline. This setup phase is completed prior to the FASTA validation and autocue module shown in Fig.
2-3b and applied to all the subsequent analyses for each run. The recommended settings are shown in the interface,

though the pipeline can be run in default mode with all the recommended settings and no user input.

Table 2-4: Comparison of EPYC1 and PYCO1 properties.

% of full length sequence XSTREAM analysis # in interacting motif
Linker pl Structure Disorder Repeat number ~ Repeat Length | Electrostatic
EPYC1 119 13 42 4.39 61 4
PYCO1 100 13 52 5.69 70 2
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2.3. Implementation of FLIPPer v1 and validation of candidate proteins

Following the construction and parameterisation of FLIPPer v1, it was then aimed to implement the
pipeline to discover novel pyrenoid linker proteins in the genomes of other pyrenoid-containing species.
Experimental validation of the output of some of these analyses was also pursued in this work, as well
as with the support of collaborators, for which gratuity is extended. Initially, annotated genomes of algal
species were collated, and a literature review was performed to validate the presence of a pyrenoid in
each species (Table 2-5). FLIPPer vl was subsequently applied to the 96 available annotated genomes
that represented coverage of a wide range of phylogenetic taxa. The selectivity of the pipeline was
largely consistent with the small scale trial of FLIPPer vl completed against the Phaeodactylum
genome, with an average of 0.09% = 0.13% S.D. of the input sequences outputted as candidates, leaving
an average of 20 sequences per genome for further analysis. For each of the outputted candidate
sequences, the XSTREAM identified repeats and IUPred disorder profile were manually interrogated
to determine the likelihood of each sequence as pyrenoid linker proteins. A selection of the discoveries
from implementation of FLIPPer v1 are discussed in the remainder of this chapter, as well as in the

remainder of the thesis.
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Table 2-5: FLIPPer v1 analysis of the annotated genomes of pyrenoid-containing species. The right 4 columns show the filtering efficiency after the indicated stage, relative
to the number of input sequences.

Species and strain Reference for pyrenoid presence Class M0 Pre- 2IULIEIG L L IUP.red
Source filtered Repeats Repeats  Candidates
Pyropia yezoensis U-51 (Kim et al., 2016) Rhodaphyta JGI 8.99% 0.15% 0.15% 0.08%
Porphyridium purpureum CCMP1328  (Nelson & Ryan, 1988) Rhodaphyta JGI 9.41% 0.02% 0.02% 0.02%
Rhodosorus marinus (Krayesky-Self et al., 2020) Rhodaphyta NCBI 6.74% 0.00% 0.00% 0.00%
Cyanophora paradoxa CCMP329 (Price et al., 2019) Glaucophyta JGI 28.08% 2.97% 2.97% 1.18%
Prasinoderma coloniale (Jouenne et al., 2011) Prasinodermophyta JGI 9.60% 0.27% 0.27% 0.10%
Astrephomene gubernaculifera 4017 (Stein, 1958) Chlorophyceae JGI 23.13% 0.91% 0.26% 0.17%
Chlamydomonas eustigma NIES-2499  (Hirooka et al., 2017) Chlorophyceae JGI 11.99% 0.07% 0.03% 0.00%
Chlamydomonas incerta SAG 7.73 (Proschold & Darienko, 2018) Chlorophyceae JGI 20.25% 2.18% 0.52% 0.34%
Chlamydomonas priscuii UW0241 (Possmayer et al., 2016) Chlorophyceae JGI 16.44% 0.82% 0.38% 0.19%
Chlamydomonas reinhardtii CC-4532 (Lacoste-Royal & Gibbs, 1987) Chlorophyceae JGI 23.50% 2.08% 0.61% 0.41%
Chlamydomonas schloesseri 11/173 (Proschold et al., 2018) Chlorophyceae JGI 22.07% 2.27% 0.55% 0.35%
Desmodesmus armatus UTEX B 2533 (Matusiak-Mikulin ef al., 2006) Chlorophyceae JGI 12.33% 0.54% 0.54% 0.17%
Dunaliella salina CCAP19/18 (Polle et al., 2020) Chlorophyceae JGI 20.76% 0.51% 0.51% 0.15%
Edaphochlamys debaryana 11/70 (Yoshitomi et al., 2020) Chlorophyceae JGI 20.59% 1.83% 0.55% 0.29%
Enallax costatus CCAP 276/31 (Cardon et al., 2018) Chlorophyceae JGI 12.34% 0.41% 0.41% 0.06%
Gonium pectorale NIES-2863 (Arakaki et al., 2013) Chlorophyceae JGI 13.56% 0.52% 0.21% 0.12%
Microglena sp. YARC (Demchenko et al., 2012) Chlorophyceae JGI 15.69% 0.40% 0.40% 0.14%
Monoraphidium minutum 26B-AM (Krienitz et al., 2001) Chlorophyceae JGI 26.11% 2.74% 2.74% 0.68%
Monoraphidium neglectum SAG 48.87  (Krienitz et al., 2001) Chlorophyceae JGI 16.94% 0.80% 0.80% 0.36%
Pleodorina starii NIES-4479 (Nozaki et al., 2006) Chlorophyceae JGI 22.47% 1.25% 0.35% 0.24%
Raphidocelis subcapitata NIES-35 (Proschold et al., 2011) Chlorophyceae JGI 22.42% 2.72% 2.72% 1.01%
Scenedesmus obliqguus EN0004 (Miyachi et al., 1986) Chlorophyceae JGI 13.90% 0.73% 0.73% 0.17%
Scenedesmus obliquus var. DOE0013 (Miyachi et al., 1986) Chlorophyceae JGI 13.04% 0.41% 0.41% 0.08%
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Scenedesmus obliquus var. UTEX2630
Scenedesmus obliquus UTEX 393
Scenedesmus obliquus UTEX 3031
Scenedesmus obliquus UTEX 1450
Tetrabaena socialis NIES-571
Tetradesmus obliqguus UTEX 72
Volvox africanus NIES-4468
Volvox carteri

Volvox reticuliferus NIES-3785
Bryopsis sp. KO-2023

Caulerpa lentillifera

Ulva mutabilis Foyn

Asterochloris sp. Cgr/DAlpho T
Botryococcus braunii Race B
Chlorella ohadii

Chlorella sorokiniana DOE1412
Chlorella sorokiniana UTEX 1230
Chlorella sorokiniana Str1228
Chlorella variabilis NC64A
Chlorella variabilis NC64A
Chlorella vulgaris 211/11P
Helicosporidium sp. ATCC 50920
Micractinium conductrix SAG 241.80
Tetraselmis striata

Micromonas commoda NOUM17
Micromonas pusilla CCMP1545
Micromonas pusilla CCMP1545
Micromonas sp. AD1

(Miyachi et al., 1986)
(Miyachi et al., 1986)
(Miyachi et al., 1986)
(Miyachi et al., 1986)
(Arakaki et al., 2013)
(Ahiahonu ef al., 2022)
(Kochert & Olson, 1970)
(Kochert & Olson, 1970)
(Kochert & Olson, 1970)
(Satoh et al., 1985)
(Miyamura et al., 1996)
(Katsaros et al., 2017)
(Friedl, 1989)

(Suzuki et al., 2013)
(Treves et al., 2016)
(Azaman et al., 2017)
(Azaman et al., 2017)
(Azaman et al., 2017)
(Hoshina et al., 2010)
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(van Baren et al., 2016)
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Trebouxiophyceae
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Trebouxiophyceae
Trebouxiophyceae
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Trebouxiophyceae

Chlorodendrophyceae

Mameillophyceae
Mameillophyceae
Mameillophyceae
Mameillophyceae

JGI
JGI
JGI
JGI
JGI
JGI
JGI
JGI
JGI
NCBI
JGI
JGI
JGI
JGI
NCBI
JGI
JGI
JGI
NCBI
JGI
NCBI
NCBI
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JGI
JGI
JGI
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13.65%
17.07%
13.03%
14.21%
20.46%
14.72%
20.56%
25.03%
22.70%
10.95%
5.78%
14.69%
7.38%
16.33%
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11.24%
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Chlorokybus atmophyticus
Mesostigma viride CCAC1140
Klebsormidium nitens NIES-2285
Closterium sp. NIES-67
Mesotaenium endlicherianum
Mesotaenium kramstae NIES-657
Zygnema cf- cylindricum SAG 698
Zygnema circumcarinatum SAG 698
Z.circumcarinatum UTEX 1559

Z. circumcarinatum UTEX 1560
Baffinella frigidus CCMP2293
Guillardia theta

Chrysochromulina parva Lackey
Chrysochromulina tobin CCMP291
Emiliania huxleyi

Phaeocystis antarctica CCMP 1374
Phaeocystis globosa

Bigelowiella natans CCMP2755
Bigelowiella natans CCMP2755
Chaetoceros tenuissimus NIES-3715
Cyclotella cryptica CCMP332
Fistulifera solaris JPCC DA0580
Fragilariopsis cylindrus

Nitzschia inconspicua GAI-293
Nitzschia putrida NIES-4239
Phaeodactylum tricornutum
Pseudo-nitzschia multiseries CLN-47

Seminavis robusta D6

(Gartner & Ingolic, 1989)
(Manton & Ettl, 1965)
(Mikhailyuk et al., 2014)
(Weber, 1965)

(Busch & Hess, 2022)
(Busch & Hess, 2022)
(Feng et al., 2021)

(Feng et al., 2021)

(Feng et al., 2021)

(Feng et al., 2021)
(Daugbjerg et al., 2018)
(Deschamps ef al., 2006)
(Manton & Leedale, 1961)
(Manton & Leedale, 1961)
(Uwizeye et al., 2021)
(Decelle et al., 2019)
(Decelle et al., 2019)
(Hirakawa & Ishida, 2015)
(Hirakawa & Ishida, 2015)
(Kimura & Tomaru, 2015)
(Hoops & Floyd, 1979)
(Sunaga et al., 2015)

(von Quillfeldt, 2001)
(Drum, 1963)

(Drum, 1963)

(Tachibana et al., 2011b)
(Lundholm & Moestrup, 2002)
(Aspar, 2013)
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11.41%
16.87%
13.84%
19.99%
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7.48%
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0.07%
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0.03%
0.10%
0.06%
0.16%
0.10%
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0.06%
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0.23%
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Thalassiosira oceanica CCMP1005 (Nawaly et al., 2023) Bacillariophyta ENSMBL 26.16% 0.19% 0.19% 0.08%
Thalassiosira pseudonana 1335 (Nawaly et al., 2023) Bacillariophyta ENSMBL 8.79% 0.12% 0.12% 0.09%
Ectocarpus siliculosus (Evans, 1966) Phaeophyta JGI 20.01% 0.45% 0.45% 0.26%
Ectocarpus siliculosus (Evans, 1966) Phaeophyta ORCAE 25.84% 0.57% 0.57% 0.32%
Monodopsis C141 (Santos & Leedale, 1995) Eustigmatophyta JGI 11.89% 0.14% 0.14% 0.00%
Monodopsis C73 (Santos & Leedale, 1995) Eustigmatophyta JGI 11.88% 0.16% 0.16% 0.00%
Vischeria C74 (Gértner et al., 2012) Eustigmatophyta JGI 9.90% 0.11% 0.11% 0.00%
Ochromonas sp. CCMP1393 (Andersen, 2011) Chrysophyta JGI 9.52% 0.47% 0.47% 0.09%
Paraphysomonas imperforata 1604 (O’Kelly et al., 2003) Chrysophyta JGI 6.69% 0.08% 0.08% 0.03%
Aureococcus anophagefferens 1984 (Sieburth et al., 1988) Pelagophyta JGI 5.86% 0.24% 0.24% 0.11%
Vitrella brassicaformis CCMP3155 (Obornik et al., 2012) Chromerida JGI 12.28% 0.05% 0.05% 0.04%
Breviolum minutum (Shinzato et al., 2014) Dinophyta JGI 8.63% 0.10% 0.10% 0.04%
Cladocopium goreaui SCF055-01 (Yang, Wei, et al., 2023) Dinophyta JGI 5.62% 0.05% 0.05% 0.03%
Polarella glacialis CCMP1383 (Montresor et al., 1999) Dinophyta JGI 13.09% 0.34% 0.34% 0.16%
Polarella glacialis CCMP2088 (Montresor et al., 1999) Dinophyta JGI 13.11% 0.35% 0.35% 0.17%
Symbiodinium microadriaticum 2467 (Kevin et al., 1969) Dinophyta JGI 7.76% 0.10% 7.76% 0.10%
Averages 14.4£5.6%  0.5+£0.6%  0.18+0.2% 0.09+0.13%
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2.3.1. Robust sequence-independent identification of EPYC1 homologues in the
Chlamydomonadales using FLIPPer v1

Conventional homology BLAST approaches previously identified direct sequence homologues of
EPYCI1 in closely related species of the Chlamydomonadales order (Table 2-1). Subsequent XSTREAM
analysis demonstrated a degree of variability in the linker repeat number of the EPYC1 homologues
which was factored during the construction of the pipeline (Fig. 2-3b). FLIPPer v1 analysis of the same
Chlamydomonadales genomes identified all the BLAST identified EPYC1 homologues (Table 2-1,
Table 2-5) and demonstrated the robustness of FLIPPer in the sequence-independent identification of
linker proteins despite variation in their repeat number and structure (Fig. 2-6). In addition to the varying
number of repeating predicted helical RBMs (3-6), the repeat length also varied from 44 to 84 amino
acids, reinforcing the need for leniency in parameterisation of XSTREAM repeat detection within the
pipeline. The selectivity of FLIPPer v1 against the genomes of the Chlamydomonadales species was of
the lowest in the 96 genomes analysed (Table 2-5; 0.22 % + 0.11 % S.D.), in line with previous
observations of FLIPPer vO analysis of the Chlamydomonas genome (Table 2-2). Clearly, identification
of the EPYCI1 linker homologues from the moderate number of candidates identified by FLIPPer v1
analysis of the non-Chlamydomonas genomes was facilitated by the sequence homology with EPYC1
of Chlamydomonas reinhardtii, but nevertheless the presence of the bona fide linkers in the candidate
sequences was encouraging for the implementation of FLIPPer in unexplored genomes. The greater
selectivity of FLIPPer v1 against other genomes also suggested great promise for analysis of these other

genomes.
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Figure 2-6 | EPYC1 homologues identified in the Chlamydomonadales using FLIPPer v1.

Scaled schematic representation of EPYC1 homologues identified by FLIPPer vl in species of the
Chlamydomonadales. The sequences are shown following removal of the chloroplast transit peptide based on
alignment with the Chlamydomonas reinhardtii sequence (EPYC1), and prior experimental work (Atkinson et al.,
2019). The helices are shown as oblongs with the consensus sequence indicated. The helices are shown linked by
disordered spacer regions.

2.3.2.  Insilico characterisation of Phaeodactylum linker candidate proteins

As mentioned, FLIPPer v1 showed greater selectivity against the Phaeodactylum genome than FLIPPer
v0, with only 4 candidate sequences outputted from v1 (Table 2-2, Table 2-5), including the sequence
of PYCOL1. As expected, the 6 RbcS-interacting ‘KWSPR’ motifs in the PYCO1 sequence were
identified and aligned correctly by XSTREAM (Fig. 2-7b). In addition to the RbcS-interacting KWSPR
motif, the 3D structure of a fragment of PYCO1 in complex with Phaeodactylum Rubisco previously
demonstrated that a second motif (‘(AAEWGSMNQ’) within PYCOL1 is responsible for a separate
interaction with the Rubisco large subunit (RbcL) (Fig. 2-7a,d) (Oh et al., 2023). Interestingly, one of
the 3 other candidate proteins identified by FLIPPer v1 (Phatr3_J46710) contains 3 motifs with a high
degree of sequence similarity to the RbcL-interacting motif of PYCO1 (Phatr3-J49957) (Fig. 2-7d).
Like PYCO1, the motif in Phatr3 J46710 were separated at a length-scale feasible for Rubisco cross-
linking as demonstrated by AlphaFold2 modelling (Fig. 2-7c). Default NCBI BLASTp analysis of the
Phatr3_J46710 sequence identified a homologous protein (Phatr3 J46711), which was also identified
by FLIPPer v0 analysis (Fig. 2-4a), in addition to a non-homologous protein from Plasmodium coatneyi.

Both Phatr3 J46710 and Phatr3 J46711 showed properties largely consistent with that of PYCOI (Fig.
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2-7a,c), suggesting they may also play roles in assembly of the Phacodactylum pyrenoid and certainly
warrant further investigation. It is possible these proteins could play redundant roles in the assembly of
the Phaeodactylum pyrenoid. In the absence of functional demonstration or abundance quantification
of PYCOL in vivo it is difficult to rule out that other proteins such as those identified here could also be
contributing to Rubisco condensation. This discovery further enforced the selectivity of FLIPPer and

potential for discovery of novel pyrenoid assembly proteins in the genomes of other species.
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Figure 2-7 | In silico characterisation of Phaeodactylum FLIPPer v1 candidates.

(a) Top ranked AlphaFold2 model of PYCO1. RbcS-interacting motifs identified by Oh et al., (2023) are shown
in blue and indicated by blue arrows. The RbcL-interacting motifs, as shown in Fig. 2-7d are shown in red and
indicated by red arrows. (b) Alignment of the repeat sequences identified by XSTREAM analysis of the protein
sequence. The RbcS-interacting motif is indicated by the blue bar and residues are coloured by property according
to the Clustal X colour scheme (c) Top ranked AlphaFold2 model of Phatr3 46710. RbcL-interacting motifs are
indicated in red, with corresponding red arrows. (d) Alignment of the RbcL-interacting motifs identified in
Phatr3 J49957 (PYCO1) and Phatr3 J46710. The RbcL-interacting motif is indicated by the red bar.
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2.3.3.  Characterisation of a candidate Porphyridium linker protein

The characterisation of EPYC1 and PYCO!1 have demonstrated analogous mechanisms of condensing
form IB and form ID Rubiscos respectively (Oh et al., 2023; Wunder et al., 2018), suggesting that
analogous mechanisms may be widespread in pyrenoid-containing species across plastids of red and
green origins. Porphyridium is a genus of unicellular red algae that lies phylogenetically between
Phaeodactylum and Chlamydomonas as a member of the Archaeplastida that possesses form ID (‘red’)
Rubisco (Fig. 1-6) (Oh et al., 2022; Pichard ef al., 1997). Akin to the pyrenoid of Phaeodactylum, the
pyrenoid of Porphyridium is not surrounded by a starch sheath as observed in Chlamydomonas, owing
to the lack of starch in the plastids of red origin (Viola et al., 2001). Contrastingly, the pyrenoid of
Porphyridium is traversed by a complex network of thylakoids that also appear to delimit its boundary
(Fig. 1-9). FLIPPer v1 analysis of the Porphyridium purpureum CCMP1328 genome initially returned
only a single sequence that was not a convincing linker analogue. When the threshold for the sequence
covered by XSTREAM identified repeats was lowered from 70% to 67.5% a second candidate protein
was identified. AlphaFold2 modelling of the sequence (KAA8498780) showed a repeating structural
motif that was consistent with the 10 repeating motifs within the sequence (Fig. 2-8a-c). The repeats
had an average length of 44 residues with a range of 34-54. Two additional C-terminal helices which
did not contain the repeated motif were predicted in the AlphaFold2 model of KAA8498780, explaining
the lack of detection with the 70% sequence coverage threshold. The second helix had a high probability
of being transmembrane as assessed by TMHMM 2.0 (Fig. 2-8d), perhaps suggesting a role in
interaction with the traversing and surrounding thylakoid membranes. Default NCBI BLASTp analysis
of the KAA8498780 sequence revealed 2 additional proteins in the Porphyridium purpureum
CCMP1328 genome, with no additional sequence homologues outside Porphyridium (Table 2-6),
consistent with the distributions of EPYC1 and PYCO1 (Table 2-1).

Table 2-6: BLAST results for the putative Porphyridium linker.

Query Hit Species E value Y%ldentity Accession

KAAB8498780 Porphyridium purpureum 0 100.0 KAAB8498780
KAAB8498780 Porphyridium purpureum 1E-25 34.9 KAA8499344
KAA8498780 Porphyridium purpureum 9E-20 52.1 KAAB498779
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Figure 2-8 | In silico characterisation of the Porphyridium linker candidate.

a) Top ranked AlphaFold2 model of KAA8498780. The predicted a-helical regions are shown in red and indicated
by red arrows. The predicted transmembrane helix is shown in blue. (b) Alignment of repeated a-helical regions
in the KAA8498780 sequence. Residues are coloured by property according to the Clustal X colour scheme. (c)
Scaled schematic representation of the full length KAA8498780 protein. Pale blue oblongs represent the repeating
predicted helical regions, connected by disordered sequence. The predicted transmembrane helix is shown in dark
blue at the C-terminus. (d) TMHMM 2.0 prediction of the sequence, the predicted transmembrane is shown in
blue.

71



Whilst the validation of this protein as a bona fide linker in the Porphyridium pyrenoid is very much in
its infancy, some evidence for its role is presented for clarity with permission from Sabina Musiat
(University of York) who completed the work. To validate interaction of the native putative linker
protein with Rubisco, co-immunoprecipitation (co-IP) mass spectrometry experiments were completed
on the lysate of Porphyridium purpureum cells using an antibody raised to a surface exposed region of
the Rubisco large subunit (RbcL) (Fig. 2-9). The co-IP experiment demonstrated enrichment of both
the Rubisco large subunit (RbcL) and Rubisco small subunit (RbcS), confirming pulldown of the intact
holoenzyme. Both the chloroplast- and nuclear-encoded Rubisco activase proteins (CbbX(C) and
CbbX(N) respectively) were also enriched, in line with their essential role in reactivating Rubisco
(Mueller-Cajar et al., 2011). The putative Porphyridium linker protein was enriched to a similar degree
as both Rubisco and CbbX, consistent with complex formation between the two proteins ex vivo and
increasing the likelihood of the hypothesised role of the protein as a bona fide linker protein. Further
work to confirm the localisation of the protein in vivo, as well as the interaction between the putative
linker and Rubisco in vitro should be completed to validate the role of KAA8498780 as a pyrenoid

linker protein.
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Figure 2-9 | Ex vivo validation of Porphyridium linker interaction with Rubisco.

Scatter plot of co-immunoprecipitation mass spectrometry results from experiments completed with an antibody
raised to the Rubisco large subunit (RbcL) relative to a blank control experiment. Only values with a positive
enrichment relative to the control are shown. Proteins of interest are shown in filled blue circles and annotated.
The nuclear and chloroplast forms of the Rubisco activase CbbX are indicated (N and C respectively).
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2.3.4. Characterisation of candidate Ulva linker proteins

Owing to the high quality genome assembly (De Clerck et al, 2018), and rapid development of
molecular tools (Blomme et al., 2021), the globally abundant green seaweed Ulva mutabilis (Ulva
hereafter) is rapidly emerging as a model organism (Blomme et al, 2023). In contrast to
Chlamydomonas, Ulva is a multicellular alga with pyrenoids that remain almost entirely
uncharacterised. More generally, pyrenoids in multicellular organisms also remain uncharacterised at a
molecular level. As such, there is great interest in the characterisation of the Ulva pyrenoid. Ulva and
Chlamydomonas both belong to the Ulvophyceae, Trebouxiophyceae, Chlorophyceae (UTC) clade
within the chlorophytes, and though they diverged ~800 million years ago (Mya) (Cortona et al., 2020),
the ultrastructure of their pyrenoids is largely similar. 12 candidate linker sequences were identified by
FLIPPer vl analysis of the Ulva genome (Table 2-5). Of the 12 outputted sequences, one sequence
(UM120_0037) was clearly most analogous to EPYCI as it demonstrated 6 quasi-identical repeats with
electrostatic and aromatic-containing motifs that mapped to predicted structural features within the
largely disordered protein (Fig. 2-10a,b). Additionally, the repeating helices of UM120 0037 are spaced
at a distance similar to those of EPYC1 (~50 residues) (Fig. 2-10c), consistent with a hypothesised role
in cross-linking Rubiscos. BLAST analysis of UM120 0037 identified sequence homologues of
UM120 0037 in the draft sequences of the genomes of Ulva linza and Ulva prolifera (Fig 2-10c), with
no homologous sequences identified outside of Ulva species, consistent with the limited conservation
of EPYCI within the Chlamydomonadales and PYCO1 in Phaeodactylum (Table 2-1). The putative
Ulva linker sequences from the 3 species demonstrated highly similar arrangement of the predicted

helical regions (Fig. 2-10c), consistent with their hypothesised conserved role in Rubisco-cross linking.
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Figure 2-10 | In silico characterisation of the hypothesised Ulva linker protein.

(a) Top ranked AlphaFold2 model of UM120_0037. The predicted a-helical regions are shown in red and indicated
by red arrows. (b) Alignment of the repeat sequences identified by XSTREAM analysis of the UM120 0037
sequence. The predicted a-helices are indicated by the red bar. Residues are coloured by property according to the
Clustal X colour scheme. (¢) Scaled schematic representation of putative Ulva linker sequences identified by
BLAST in the three Ulva genomes. The sequences are shown following cleaving of the TargetP predicted
chloroplast transit peptide. Green oblongs represent the predicted helical regions, connected by disordered
sequence.

To validate the role of the putative Ulva linker sequence in vivo, YFP-tagged UM120 0037 was
localised in Ulva mutabilis by Jonas Blomme (University of Ghent) who previously established a robust
tagging methodology (Blomme et al.,, 2021). Consistent with the putative role of UM120_0037 in
Rubisco condensation, the YFP signal was localised almost exclusively to the pyrenoid (Fig. 2-11a).
The same localisation was observed for YFP-tagged Rubisco small subunit (RbcS; UM023 0100 — Fig.
2-11b), consistent with both the putative linker and Rubisco localising in the pyrenoid. Preliminary

qualitative Fluorescence Recovery After Photobleaching (FRAP) experiments also completed by Jonas
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Blomme demonstrated the mobility of the protein within the pyrenoid (Fig. 2-11c). Whilst this evidence
is not sufficient to distinguish the candidate sequence as a bona fide linker protein, the similarity of the
protein structure and extent of conservation, as well as the localisation and mobility in the pyrenoid are
consistent with the putative role. Further characterisation by knockout of the protein in vivo as well as
in vitro characterisation of the putative interaction with Rubisco should be pursued to empirically

validate UM120 0037 as a bona fide linker protein.
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Figure 2-11 | In vivo validation of the Ulva linker sequence.

(a) Confocal fluorescence microscopy image of YFP-tagged Ulva linker (UM120 0037) expressed in Ulva
mutabilis. Red is chlorophyll autofluorescence, and green is YFP fluorescence. Scale bar = 5 pm. (b) Confocal
fluorescence microscopy image of YFP-tagged Ulva Rubisco small subunit (RbcS) (UM023 0100) expressed in
Ulva mutabilis. Red is chlorophyll autofluorescence, and green is YFP fluorescence. (c) Snapshots from a
representative FRAP experiment of YFP-tagged linker in the pyrenoid. The red boxes, indicated by arrows
represent the bleached region. Scale bar = 2 pm.
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2.3.5.  Characterisation of candidate Chlorella linker proteins

Chlorella are unicellular green algae that belong to the Trebouxiophyceae class within the UTC clade
and represent a well-studied genus (Krienitz et al., 2015), with over 15 sequenced genomes. Despite
huge interest in the bio-production of Chlorella for a range of applications (Safi et al., 2014), very little
molecular characterisation of the pyrenoid has been completed (Villarejo et al., 1998). Given the
structural analogy of EPYC1 and the putative Ulva linker (Fig. 2-10), it was expected a similar protein
would be found in the genomes of Chlorella species. In the large scale implementation of FLIPPer v1,
analysis was completed against 7 annotated Chlorella genomes and the genome of a closely related
Chlorellaceae species, Micractinium conductrix (Table 2-5). Of the 8 genomes analysed, the lowest
number of candidate sequences was obtained from that of Chlorella vulgaris CCAP211/11P (Cecchin
et al., 2019), in which 7 candidates were identified. AlphaFold2 modelling of the sequences, and
comparison with the XSTREAM identified repeats demonstrated one sequence (KAI3425152) with
clear analogous features to those of EPYC1 and the putative Ulva linker (Fig. 2-12a). As with EPYCI,
PYCO1 and the putative Porphyridium and Ulva linkers, the predicted helical motifs of the
KAI3425152 sequence also contained an aromatic residue and multiple electrostatic residues (Fig. 2-
12b). Homologues of this protein were also identified by FLIPPer in the other 6 Chlorella genomes and
the Micractinium genome, albeit with lower selectivity (Table 2-5, Fig. 2-12c). As observed with
EPYC1 homologues in the Chlamydomonadales, homologues of the putative Chlorella linker
demonstrated variation in repeat number and length. The range of repeat length across all sequences
was 30-136 residues, with a range of 3-8 repeated helical regions also present, which exemplified the
need for the previously completed parameterisation of FLIPPer v1. Default NCBI BLASTp analysis of
KAI3425152 did not identify any homologous proteins outside of Chlorella or Micractinium species

(Table 2-7), again reinforcing the specificity of distribution of the proteins.
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Figure 2-12 | In silico characterisation of the putative Chlorella linker protein.

Top ranked AlphaFold2 model of KAI3425152 identified by FLIPPer from the genome of Chlorella vulgaris
CCAP211/11P. The. Predicted a-helical regions are shown in red and indicated by red arrows. (b) Alignment of
the repeat sequences identified by XSTREAM analysis of the KAI3425152 sequence. The predicted a-helices are
indicated by the red bar. Residues are coloured by property according to the Clustal X colour scheme. (¢) Scaled
schematic representation of putative Chlorella linker sequences identified by FLIPPer in the Chlorella genomes.
The sequences are shown following cleaving of the TargetP 2.0 predicted chloroplast transit peptide. Purple
oblongs represent the predicted helical regions, connected by disordered sequence.
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Table 2-7: BLAST results for the putative Chlorella linker.

Query Hit Species E value Y%ldentity Accession
KAI3425152.1 Chlorella vulgaris 0 100.00% KAI3425152.1
KAI3425152.1 Chlorella vulgaris 6E-102 72.89% KAI3429225.1
KAI3425152.1 Chlorella vulgaris 2E-91 70.47% KAI3429224.1
KAI3425152.1 Chlorella variabilis 8E-53 46.67% XP_005851975.1
KAI3425152.1 Micractinium conductrix 1E-44 43.15% PSC68468.1
KAI3425152.1 Micractinium conductrix 7E-41 43.80% PSC68430.1
KAI3425152.1 Chlorella sorokiniana 6E-35 48.99% PRW44308.1
KAI3425152.1 Micractinium conductrix 7E-31 46.74% PSC72476.1
KAI3425152.1 Micractinium conductrix 9E-31 46.74% PSC72477.1
KAI3425152.1 Chlorella vulgaris 4E-23 52.09% KAI3430698.1
KAI3425152.1 Micractinium conductrix SE-22 45.40% PSC69993.1
KAI3425152.1 Micractinium conductrix 1E-21 45.09% PSC69992.1
KAI3425152.1 Chlorella sorokiniana 4E-21 50.41% PRWS50772.1
KAI3425152.1 Chlorella variabilis 4E-19 44.27% XP_005850249.1
KAI3425152.1 Chlorella variabilis 9E-16 37.81% XP_005844057.1
KAI3425152.1 Chlorella vulgaris 7E-15 43.80% KAI3427970.1
KAI3425152.1 Chlorella ohadii 9E-13 38.43% KAI7840023.1

A complete characterisation of the Chlorella linker is presented in Chapters 3, 4 and 5 but some

validation is presented in this section for clarity. As previously demonstrated with EPYC1 and

Chlamydomonas Rubisco (Wunder et al., 2018), when purified Chlorella linker was mixed with

purified Chlorella Rubisco the two proteins spontaneously demixed into micron-scale droplets akin to

in vivo pyrenoids. The droplets also contained both Rubisco and the linker protein (Fig. 2-13). Ex vivo

co-immunoprecipitation mass spectrometry, in vivo absolute quantification mass spectrometry and

extensive biochemical characterisation all presented in subsequent chapters also supported the

hypothesised role of the identified Chlorella protein as a bona fide pyrenoid linker.
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Figure 2-13 | In vitro validation of the Chlorella linker candidate.

Confocal fluorescence microscopy image (left) of Chlorella linker (green) and Chlorella Rubisco (magenta) co-
localised in droplets (P) demixed from solution (S). Scale bar = 2 um. Droplets were centrifuged (middle) to
separate the supernatant (S) and pelleted droplet (P) phase which were separated by SDS-PAGE (right) and
demonstrated the presence of the Chlorella linker candidate and Rubisco in the droplet phase (see Chapter 3
methods).

2.3.6. General observations from FLIPPer vl usage

In addition to the success of FLIPPer v1 in the identification of at least 3 apparent novel linker proteins,
several reflections from the wide scale implementation of the pipeline can also be made. Although
relative success was achieved, with FLIPPer robustly identifying EPYCI structural analogues in the
genomes of diverse species, there was also a large number of genomes in which no convincing proof of
analogous pyrenoid linker proteins could be obtained. Possible explanations for this are discussed with

examples here.

Given the success of FLIPPer v1 in identification of PYCO1 and possible additional linker-like proteins
in Phaeodactylum (Fig. 2-7), it was expected that identification of analogous linker proteins in the high
quality genome of the related model centric diatom Thalassiosira pseudonana would be equally trivial.
By contrast, no convincing linker candidate proteins were identified with FLIPPer v1 run in default
mode, nor when an extensive parameter search space was explored. Comparison to the results of a
Rubisco co-IP experiment completed by Dr. Onyou Nam concurred with this observation, that no clear
linker candidate could be identified. It should be noted however that the biochemical identification of
PYCOL1 was also reportedly challenging, given its scarcity in Rubisco co-IP experiments (Oh et al.,
2023), and so may also preclude identification of a hypothesised Thalassiosira linker protein by this
method. This observation leaves an open question as to whether an analogous mechanism is utilised by

the diatom Thalassiosira to assemble the pyrenoid, or whether an alternative mechanism to condense
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Rubisco has evolved. The lack of conservation of PYCO in Thalassiosira despite their relatively recent
divergence in the last 100 My (Sims ef al, 2006), would certainly suggest a relatively recent,
independently evolved mechanism. Critically, the direct role of PYCO1 in functional condensation of
Rubisco in vivo has not been demonstrated and thus it is also possible that although PYCO1 exhibits
phase separation of Rubisco, but that this is not essential to condensation and function of Rubisco in
the pyrenoid. Further work to understand the biogenesis, division, and dynamics of diatom pyrenoids
will be essential to understand the role and evolution of linker proteins and Rubisco phase separation

in their function.

Notably, no strong linker candidates were identified in the genomes of species belonging to
prasinophytes; a polyphyletic group of flagellate, unicellular, green algal species that anciently diverged
from the chlorophytes (Fawley et al., 2001; Guillou et al., 2004). The average genome size of
prasinophytes is approximately one third that of chlorophyte species (Li ef al., 2020; Worden et al.,
2009), and accordingly the number of annotated proteins is also roughly a third of the number in
Chlamydomonas (Craig et al., 2023). Given that 4 Micromonas genomes and a Prasinoderma genome
were analysed by FLIPPer v1, it was surprising that no candidates were obtained. This again suggested
an alternative mechanism for Rubisco condensation, that was not detected by FLIPPer has also evolved
in this species — perhaps explained by the minimal genome size of these species. Despite their
abundance in the Chlorophyta, the pyrenoids of prasinophyte algae are almost undiscussed and certainly
warrant further investigation. Notably, prasinophyte pyrenoids have a wholly simple ultrastructure (Fig.
1-9) (van Baren et al., 2016) and possess possible invagination of mitochondria-containing outer
membranes (Jouenne et al., 2011). Other notable exemptions from linker detection included the high
quality genomes of the halophile Dunaliella salina and the acidophile Chlamydomonas eustigma, which
are both closely related Chlamydomonas in the Volvacales (Craig et al., 2021), and diverged less than
500 Mya (Davidi et al., 2023). The extremophilic nature of these species may suggest an alternative
mechanism required for the condensation of Rubisco that was again not detected by FLIPPer.
Elsewhere, the FLIPPer outputs required much further analysis beyond the scope of this project to

decipher the identity of linker proteins with a confidence high enough to progress.
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Taken together, the results of FLIPPer v1 analysis demonstrated the pipeline performed its intended role
in the identification of proteins with the key features of EPYC1. Whilst this was productive in the
identification of analogues in Chlorella, Ulva and Porphyridium species, it may also have limited the
identification of proteins that only possessed some of the features of EPYCI, or those that represent an
entirely different mechanism for Rubisco condensation. Although a large degree of useful flexibility is
achievable within the pipeline through customisation using the terminal user inputs (Fig. 2-5) as
exemplified in the identification of the Porphyridium linker, some limitations were imposed by the
programs used and construction of the pipeline. Given that XSTREAM was designed to identify head-
to-tail (tandem) repeats, it was not suited for the identification of repeat sequences that were not
continuously repetitive. This became apparent upon the analysis of the Pleodorina starii and
Phaeodactylum genomes. In the Pleodorina genome, the EPYC1 homologue contains variable spacer
regions (Fig. 2-7), which precluded identification of the final repeat region by XSTREAM. Similarly,
the lack of ‘tandem’ repeat nature in the Phatr3 J46711 sequence precluded its identification in FLIPPer
v1 analysis. This scenario is eminently possible in other hypothesised linker proteins and may have
contributed to some of the missing candidates where they were expected. The other considered repeat
detection software, RADAR (Fig. 2-2), is not reliant on the identification of tandem repeats and thus
could be further explored as an alternative to XSTREAM to remedy this drawback. That said, most of
the accurate selectivity of the pipeline relies on the correct parameterisation of XSTREAM and this
would need to be carefully considered and tested when exploring the implementation of alternative
repeat detection software. More generally, exploring a more integrated approach to analysis of the
outputted results would vastly improve the objectivity of the final analysis. In FLIPPer v1, a degree of
subjectivity is introduced in the analysis of the outputs to decide which candidates to explore further in
silico where the number of candidates precludes total exploration. Integrating the common downstream
analyses (BLAST, disorder repeat structure, structural mapping of repeats and structural modelling) into
the pipeline prior to user analysis should be prioritised in future developments of the pipeline. Future
iterations of FLIPPer (v2) should also aim to reassess the search criteria based on the outcome of

ongoing characterisations and novel pyrenoid biology.
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2.4. Assessment of RBM-guided pyrenoid assembly in Ulva and Chlorella

In Chlamydomonas, formation of the pyrenoid matrix is underpinned by multivalent interaction
between the repeating helices of EPYC1 termed Rubisco-binding motifs (RBMs), and the small subunit
of Rubisco (He et al., 2020; Mackinder et al, 2016). In addition to EPYCI, several other
Chlamydomonas proteins that contained additional structural features were also found to possess
similar RBMs that bound Rubisco (Meyer, Itakura, et al., 2020). It was hypothesised that a subset of
these proteins guide assembly of the pyrenoid matrix with the surrounding starch sheath and traversing
thylakoid material through RBM-guided interaction with Rubisco in the matrix and separate
interactions with the respective ultrastructural features using the additional structural domains. Meyer
et al., (2020) highlighted two carbohydrate binding module family 20 (CBM20)-containing proteins,
StArch Granules Abnormal 1 and 2 (SAGA1 and SAGAZ2) that possess multiple copies of the RBM. A
mutant of the SAGAI1 protein was previously shown to have irregularly shaped starch plates
surrounding the pyrenoids, which were also abnormally numerous in the chloroplast, consistent with
the hypothesised role of SAGATI in Rubisco-guided assembly of the starch sheath with the pyrenoid
(Itakura et al., 2019). Given the high CO,-requiring phenotype of the SAGA1 mutant, it was proposed
that SAGA1 and SAGA?2 play essential, non-redundant roles in assembly of the starch sheath with the
pyrenoid matrix. Two RBM-containing proteins were also proposed to underpin interaction between
the pyrenoid matrix and the traversing thylakoids. The first, Rubisco-binding membrane protein 1
(RBMP1) otherwise known as bestrophin-like protein 4 (BST4), contains a bestrophin-like domain in
addition to an extended C-terminus containing multiple RBMs. Although exclusive localisation of the
protein to the traversing thylakoid material has been shown to be dependent on the RBMs, no growth
phenotype or effect on thylakoid traversion was demonstrated in a mutant of the protein (Adler et al.,
2023). The second Rubisco-binding membrane protein (RBMP2) contains a split Rhodanese domain
and weakly predicted transmembrane character in addition to the multiple RBMs. No evidence exists
to date to support the hypothesised function of this protein. A host of other RBM-containing proteins
were also highlighted, consistent with the role of RBMs in targeting proteins to the pyrenoid also (e.g.,
the chloroplast epimerase CSP41a) (Meyer, Itakura, et al, 2020). Given the apparently analogous

evolved features of pyrenoid linker proteins in Chlamydomonas (Fig. 2-6), Ulva (Fig. 2-10) and
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Chlorella (Fig. 2-12), it was hypothesised that Ulva and Chlorella may also have evolved similar RBM-
guided pyrenoid assembly mechanisms. To this end, it was aimed to determine whether analogous
proteins exist in these two species and to assess the likelihood of RBM-guided assembly having evolved

as a conserved trait.

2.4.1. Identification of RBM-containing proteins in Ulva

Given the structural analogy of EPYCI1 (Fig. 2-4, Fig. 2-6) and the putative Ulva linker (Fig. 2-10), it
was reasonable to assume the interaction between the linker protein and Rubisco would also be
underpinned by the predicted helical region as observed for EPYC1 (He et al., 2020). To determine the
search parameters for the putative RBM in Ulva, the predicted helices of the linkers from the 3 Ulva
species were initially compared, and demonstrated complete conservation of several residues within the
predicted helices (Fig. 2-14a). Consistent with the motif composition in EPYC1 (Table 2-3), 4
electrostatic residues and a central aromatic tyrosine residue were completely conserved across the 18
aligned helices. A python-implemented regular expression (regex) search of the Ulva genome using the
conserved residues of the predicted helices ([R/K][R][X][X][X][D/SI[Y][X][X][R][R]) highlighted 5
additional motif-containing proteins (Table 2-8). Interestingly an annotated Rubisco activase-like
protein (UMO003 0241) was identified amongst these and contained a single conserved motif in an
exposed N-terminal region, suggesting a role in interaction with Rubisco (Fig. 2-14b). Alongside the
putative linker protein (UM120 0037), 3 of the other proteins contained multiple putative RBMs, of
which 2 contained no additional sequence annotations (UMO004 0280 and UMO0047 0002). The
remaining protein with multiple RBMs (UMO0016_026) contained a high confidence predicted
transmembrane domain at the C-terminus (Fig. 2-14e), suggesting a possible role as a tether protein
between the traversing thylakoid material and the pyrenoid matrix, analogous to the proposed role of
RBMP2 in Chlamydomonas (Meyer, Itakura, ef al., 2020). Jonas Blomme kindly tagged this protein in
Ulva and demonstrated a sub-pyrenoid localisation consistent with the hypothesised interaction with
the traversing thylakoid material (Fig. 2-14g). Closer inspection of the UM0016_026 sequence revealed
multiple variations of the putative RBM (Fig. 2-14d), that were also present in the UM004 0280 and

UMO047_002 sequences (Fig. 2-14c), suggesting some variation is permitted within the RBM sequence.
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Localisation of UM004 0280 in Ulva demonstrated uniformity throughout the pyrenoid, in line with
the lack of annotated domains (Table 2-7, Fig. 2-14f). This result suggests there may be redundant
function of multiple motif-containing linker-like proteins in Ulva as also proposed in Phaeodactylum.
Further work to characterise the relative expression and abundance in vivo as well as the in vitro Rubisco
condensation properties of the linker-like proteins should be completed to decipher their exact role in
pyrenoid assembly.

Table 2-8: Regular expression search results for RBM-containing proteins in Ulva.

ID Number of motifs Annotation

UMO003 0241.1 1 Rubisco activase

UMO004_0280.1 5 None

UMO016_0026.1 6 Transmembrane (thylakoid tether?)
UMO047_0002.1 7 None

UMI19_0040.1 1 None

UM120_0037.1 6 Putative linker

Given the apparent conservation of an analogous thylakoid-matrix tether protein in Ulva, it was
expected that a starch-matrix tether akin to SAGA1/2 in Chlamydomonas would also be present. By
contrast, no clear starch-interacting domains were identified in the RBM-containing sequences
identified by regex search with the canonical RBM, or more lenient searches with non-canonical RBM
sequences identified in other pyrenoid-localised proteins (Fig. 2-14c). Similarly, BLAST analysis of the
motif in the Ulva genome returned the same proteins identified by regex search of the canonical RBM
(Table 2-8). BLAST of the CBM20 domain of SAGA1 from Chlamydomonas in the Ulva genome
returned several CBM20-containing proteins, though none possessed RBM or RBM-like sequences,
suggesting a direct SAGA analogue is not present in Ulva. Taken together, the results of this section
suggest that RBM-containing proteins likely play a role in assembly of the Ulva pyrenoid, but that total
conservation of an analogous RBM-driven assembly mechanism proposed in Chlamydomonas is
unlikely. Further work to characterise the proteome of the Ulva pyrenoid and decipher whether Ulva
has evolved an alternate mechanism to arrange the starch sheath around the matrix would be of
particular interest moving forward. Similarly, empirical evidence for the functions of the identified

RBM-containing proteins should also be prioritised.
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Figure 2-14 | Characterisation of RBM-containing proteins in Ulva.

(a) Alignment of the predicted helical regions from the putative linker proteins of the 3 Ulva species (linza,
prolifera and mutabilis). Residues are coloured by property according to the Clustal X colour scheme. (b) Top
ranked AlphaFold2 model of the RbcX-like protein UM003 0241. The predicted RbcX-like fold is shown in blue.
The putative RBM is shown in red and indicated by a red arrow. (c) Alignment of the putative RBMs from
UMO16 0026. The coloured bar adjacent to the sequence demonstrates canonical (red) or non-canonical (yellow)
RBMs. Residues are coloured by property according to the Clustal X colour scheme. (d) Top ranked AlphaFold2
model of UMO016_0026. The canonical RBMs are shown in red indicated by red arrows, with the non-canonical
RBMs in orange indicated by orange arrows. The predicted transmembrane domain is shown in blue. (e) Scaled
schematic representation of the multiple motif-containing proteins. Green oblongs represent the canonical RBMs
as present in the UM120 0037 linker (Fig. 2-14a) and grey oblongs represent non-canonical RBMs (yellow in
Fig. 2-14d). The predicted transmembrane domain in UM016_0026 is shown in blue. (f) Confocal fluorescence
microscopy image of YFP-tagged UM004 0280 in Ulva completed by Jonas Blomme. (g) Confocal fluorescence
microscopy image of YFP-tagged UM016_0026 in Ulva completed by Jonas Blomme.

2.4.2. Identification of RBM-containing proteins in Chlorella

Given the presence of RBM-containing proteins in Ulva and the related phylogeny of Chlamydomonas,
Ulva and Chlorella species in the UTC clade, it was hypothesised that similar RBM-containing proteins
could also be present in the genomes of Chlorella species. Given the high number of genomes available
for Chlorella species (Table 2-5), it was also more likely a complete picture of the evolution and
conservation of the hypothesised RBM-containing proteins could be obtained. As such, a similar regex
search was completed, using the conserved features of the 49 putative RBMs aligned from the 9
identified linker sequences in Chlorella species (Fig. 2-12¢, 2-15a). Searching the regular expression
of [D/E][Q][X][X][F][L/M/V][X][R][K/R] against all 8 Chlorella genomes returned an average of ~9
motif-containing sequences in each genome (Table 2-9).

Table 2-9: Regular expression search results for RBM-containing proteins in Chlorella species.

Species Number of sequences Average number of motifs per sequence
Chlorella sorokiniana (Str1228) 8 2.1
Micractinium conductrix 11 2.8
Chlorella sorokiniana (UTEX1602) 13 1.5
Chlorella ohadii 6 1.6
Chlorella sorokiniana (UTEX1230) 8 3.1
Chlorella vulgaris (CCAP211/11P) 13 3.6
Chlorella variabilis (NC64A) 7 43
Chlorella sorokiniana (DOE1412) 7 2.7
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Each of the Chlorella sorokiniana, Chlorella ohadii and Micractinium conductrix genomes contained a
single clear CBM20 domain containing sequence with multiple RBMs that presented clear analogy to
the SAGA proteins of Chlamydomonas (Fig. 2-15b). Chlorella variabilis and Chlorella vulgaris
possessed multiple CBM20 domain containing sequences amongst the identified RBM-containing
sequences, which all demonstrated homology to those of sorokiniana, ohadii and Micractinium. The
clear structural similarity of the Chlorella CBM20-containing proteins with those of Chlamydomonas
suggests the proteins have separately evolved the same function in tethering the starch sheath to the
pyrenoid matrix. As such, the SAGA analogues in Chlorella are hereafter termed Pyrenoid Matrix
Starch Tether (PMST) proteins. The structural similarity of the PMST proteins between species was in
agreement with the phylogeny of Chlorella (Fig. 2-15b) (Wang et al., 2020), with the early diverged
sorokiniana and ohadii sequences demonstrating conserved, but clearly different arrangement than the
later diverged Micractinium sequence. The vulgaris and variabilis PMST sequences showed further
differences, in line with their even more recent divergence. This suggests that PMST proteins were
present in a common ancestor of extant Chlorella species, and that the sequence evolved divergently
over the last ~165 My, after Chlorella sorokiniana and ohadii first diverged from the remaining extant

species.

Although the PMST proteins are all structurally analogous to the SAGA proteins of Chlamydomonas,
they exist more as pseudo-linker sequences fused to the CBM20 domain. That is, the sequence between
the RBMs of the PSMTs is more akin to the spacer sequence of the putative linker proteins, in contrast
to SAGA1/2 in Chlamydomonas, where the spacer sequence possesses predicted coiled-coil structure.
Further work to determine whether the spacer regions in the PMSTs and the putative linker sequences
of each species are of the same origin may shed light on the evolution of RBM-containing proteins,
possibly providing evidence for the hypothesis that they evolved from the duplication of an early linker
sequence. The in vivo abundance and ex vivo Rubisco interaction of PMST from Chlorella sorokiniana
UTEX1230 was subsequently confirmed in work completed by Mihris Naduthodi (University of York),
and presented briefly in Chapter 3, though further empirical proof of the role of these proteins in vivo

and in vitro should also be pursued.

87



Chlorella sorokiniana
165 Chlorella ohadii
Micractinium conductrix
315 Chlorella variabilis
Chlorella vulgaris
Parachlorella kessleri
LA I I B
300 200 100 0 CSI2_123000007310-RA
Million years ago (PMST - Chlorella sorokiniana UTEX1230)

Q

. ohadii CBM20

. conductrix

. sorokiniana (UTEX1230)
. sorokiniana (UTEX1602)
. sorokiniana (DOE1412)
. sorokiniana (Str1228)

. vulgaris - 1

. variabilis - 1

. variabilis - 2

O O O O O O O o 5 O

100 200 300 400 500
Residues from cTP cleavage site

. vulgaris - 2

Figure 2-15 | Characterisation of CBM20 domain containing RBM proteins in Chlorella.

(a) Consensus logo based on the alignment of the 49 predicted helices in the 9 identified Chlorella linker
sequences. The conserved residues are coloured according to the Clustal X colour scheme. The size of the one
letter amino acid code in each position indicates the level of conservation at each position. (b) Time-calibrated
phylogenetic chronogram of Chlorella species taken from (Wang et al., 2020). (c) Top ranked AlphaFold2 model
of the Pyrenoid Matrix Starch Tether (PMST) from Chlorella sorokiniana UTEX1230 (CS1230000007310-RA).
The putative RBMs are shown in red and indicated with red arrows. The CBM20 domain is shown in blue. (d)
Scaled schematic representation of the PMST proteins identified in the Chlorella genomes. The TargetP 2.0
predicted cTP was removed prior to alignment. The CBM20 domain is shown in blue and the putative RBMs are
shown as purple squares.

88



Given the highly conserved nature of the PMST proteins across the Chlorella species (Fig. 2-15c¢), it
was expected there would be a similar level of conservation of any thylakoid matrix tether proteins
analogous to RBMP1/2 of Chlamydomonas in the Chlorella species. By contrast, amongst the RBM-
containing sequences identified in each of the species analysed, there existed a range of potential
thylakoid interaction mechanisms. Given the putative role in tethering the pyrenoid matrix to the
traversing thylakoid network of these mechanisms, these proteins are hereafter termed pyrenoid matrix

thylakoid tether (PMTT) proteins.

In the genome of Chlorella sorokiniana UTEX 1230, there exists a multiple RBM-containing protein
(CSI2 123000003237) fused to 2 additional structural domains; an N-terminal coiled-coil and a C-
terminal rhodanese-like domain (Fig. 2-16a,c). Interestingly, the protein is predicted to have a Twin-
Arginine Translocation (TAT) thylakoid luminal transfer peptide immediately followed by a potential
transmembrane domain (Fig. 2-16c,d), which would presumably anchor the protein in the thylakoid
membrane, leaving the C-terminal RBMs and Rhodanese exposed in the chloroplast stroma (Fig. 2-
16b). The stromal exposed RBMs could then presumably interact with condensed Rubisco in the
pyrenoid matrix and act to tether the condensate to the thylakoid. The potential role of the Rhodanese
domain, or how the PMTT protein could be positioned correctly within the thylakoid network are

unclear from the domain composition.

An analogous but structurally and sequence distinct PMTT protein was also identified in the genome
of Micractinium conductrix (rma-C2E20 4272), in which a PsbP-like domain is present fused to the
multiple RBMs and a C-terminal Rhodanese domain (Fig. 2-17). In line with the function of PsbP
domains at the thylakoid luminal side of photosystem II (Ifuku ef al., 2008), the identified protein also
contains a predicted TAT thylakoid luminal transfer peptide. Although there is no clearly predicted
transmembrane domain following the PsbP domain, it is likely the RBMs and Rhodanese domain are
somehow exposed in the chloroplast stroma also to allow interaction with Rubisco (Fig. 2-17b). The
conservation of the Rhodanese domain between the PMTT proteins of Micractinium conductrix and

Chlorella sorokiniana suggests the domain plays a role in the functionality of the protein.
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Figure 2-16 | Characterisation of a potential thylakoid matrix tether from Chlorella sorokiniana UTEX1230.
(a) Top ranked AlphaFold2 model of the putative pyrenoid matrix thylakoid tether (PMTT) from Chlorella
sorokiniana UTEX1230 (CSI2_123000003237-RA). The predicted transmembrane is shown in black and
indicated by a black arrow. The predicted coiled-coil is shown in blue, the putative RBMs in red, and the C-
terminal Rhodanese in green. (b) Schematic model for PMTT function at the pyrenoid matrix thylakoid interface.
(c) Scaled schematic of PMTT shown annotated with the transit peptide, transmembrane domain (blue), RBMs
(purple squares) and Rhodanese (green) corresponding to Fig. 2-16a. (d) Overlaid TMHMM (grey) and TargetP
2.0 predictions. The predicted thylakoid luminal transfer peptide is shown in grey and indicated by an arrow. The

predicted transmembrane helix is shown in black.
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Figure 2-17 | Characterisation of a potential thylakoid matrix tether from Micractinium conductrix.

(a) Top ranked AlphaFold2 model of the putative pyrenoid matrix thylakoid tether (PMTT) from Micractinium
conductrix (rna-C2E20_4272). The predicted PsbP is shown in blue, the putative RBMs in red, and the C-terminal
Rhodanese in green. (b) Schematic model for Micractinium PMTT function at the pyrenoid matrix thylakoid
interface. The proposed transmembrane location is indicated by the question mark. Photosystem II (PSII) is also
indicated in the thylakoid membrane. (c) Scaled schematic of PMTT shown annotated with the transit peptide,
PsbP domain (blue), RBMs (purple squares) and Rhodanese (green) corresponding to Fig. 2-17a.

A third class of putative PMTT analogue was identified in the genome of Chlorella vulgaris
(KAI3429225), in which a predicted methyltransferase appears fused to multiple C-terminal RBMs
(Fig. 2-18). The protein also contains a predicted N-terminal transmembrane domain, which would
presumably anchor the protein in the thylakoid membrane (Fig. 2-18b). A VAST search of the
AlphaFold2 predicted structure of the methyltransferase domain revealed homology to a Magnesium
Protoporphyrin IX Methyltransferase (PDB: 4QDK), which has previously been shown to localise to
the thylakoid network, possibly by embedding in the outer leaflet of the membrane (Block et al., 2002).

Together this evidence suggests the protein could be membrane-embedded with the C-terminal RBMs

exposed in the chloroplast stroma (Fig 2-18b).
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Figure 2-18 | Characterisation of a potential thylakoid matrix tether from Chlorella vulgaris.

(a) Top ranked AlphaFold2 model of the putative pyrenoid matrix thylakoid tether (PMTT) from Chlorella
vulgaris (KAI3429225). The predicted transmembrane domain is shown in black, the predicted Magnesium
Protoporphyrin IX Methyltransferase is shown in blue and the putative RBMs in red. (b) Schematic model for
Chlorella vulgaris PMTT function at the pyrenoid matrix thylakoid interface. Homologues of the
methyltransferase in other species insert into one leaf of the thylakoid membrane, as depicted here. (c) Scaled
schematic of PMTT shown annotated with the transmembrane (black), Magnesium Protoporphyrin IX
Methyltransferase (blue) and RBMs (purple squares) corresponding to Fig. 1-18a.

Taken together, the identification of three apparently analogous PMTT proteins in the Chlorella species
suggest that the general approach of RBM-guided assembly of the pyrenoid with the traversing
thylakoid may be conserved, but that the specifics of the approach used have evolved separately within
each of the species. This appears to contrast with the putative linker and PMST proteins which
demonstrated largely similar sequence and structural arrangement (Fig. 2-12, Fig. 2-15), consistent with
their inheritance from a common ancestor and subsequent divergent evolution over the last ~165 My.
The distinct structural arrangement of the PMTT proteins implies they each evolved following the

divergence from their closest ancestor with a different PMTT analogue, constraining their evolution to

the last ~165 My when Chlorella sorokiniana and Micractinium conductrix diverged (Fig. 2-15c).
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Across all 3 analogous PMTT proteins the spacer region between the RBMs was akin to that of the
linker sequence. As discussed with the PMST proteins, it is unclear whether the RBM-containing PMTT
sequences evolved from a pseudo-linker sequence that was commonly inherited then fused to thylakoid-
interacting domains or whether the sequences arose de novo within the respective species. Further work
to decipher this mechanism would provide great insight into the evolution of pyrenoid assembly
proteins, and more generally the evolution of functional phase-separated condensates in biology. Of
course, empirical evidence for the functional role of these proteins is still required, but the in silico
analyses suggest two interesting hypotheses. Firstly, it seems likely that the evolution of PMTT proteins
followed the evolution of the linker and PMST proteins, which were presumably also evolved in a
stepwise manner. This suggests a possible stepwise assembly of the pyrenoid throughout evolutionary
history, in which a linker protein first evolved to condense Rubisco into the pyrenoid matrix (‘naked’),
followed by evolution of PMST proteins to encase the condensate in starch (‘sheathed’) and finally
evolution of PMTT proteins to allow traversion of a thylakoid through the matrix (‘traversed’) (Fig. 2-
19). Presumably for this hypothesised stepwise assembly to be feasible, each stage must have provided
some physiological advantage (or at least no physiological detriment) for the respective hypothesised
alga. In line with this hypothesis, the diversity of pyrenoid ultrastructure across the eukaryotic tree of
life certainly suggests these ‘intermediate’ assembly steps are feasible to support CO,-concentrating
mechanisms, with ‘naked’, ‘sheathed’ and ‘traversed’ pyrenoids all observed in extant species (Fig. 1-
9) (Barrett et al., 2021). In support of this hypothesis, modelling approaches have suggested that
condensation of Rubisco with or without a co-condensed carbonic anhydrase would provide a marked
increase in Rubisco carboxylation rate (Long et al., 2021). Separate modelling approaches have also
suggested a marked benefit to adding a diffusion barrier surrounding the Rubisco condensate to prevent

CO; leakage (Fei et al., 2022).

93



Evolutionary period

Linker? PMST? PMTT?
Chlorella sorokiniana
Chlorella ohadii
Micractinium conductrix
Chlorella variabilis
Chlorella vulgaris
Parachlorella kessleri
| ! I ! | ! 1
300 200 100 0

Million years ago

Figure 2-19 | Proposed evolutionary periods for pyrenoid components in Chlorella.
Phylogenetic chronogram of Chlorella linker-containing species relative to Parachlorella kessleri. The proposed
evolutionary periods of pyrenoid assembly periods are indicated by the red shading.

The second hypothesis that can be derived from the identified sequences is based on the properties of
the RBM-containing regions of the proteins. As discussed, these regions appear to present as pseudo-
linkers with largely regular spacing of the putative RBMs by sequence that has properties akin to that
of the linker. This is in contrast to the spacer sequences between RBMs in the RBMP and SAGA proteins
of Chlamydomonas which show largely different properties to those of EPYC1 (Meyer, Itakura, et al.,
2020). The pseudo-linker nature of the Chlorella PMST and PMTT proteins suggest that they may have
evolved from a common origin linker sequence as discussed in the context of stepwise assembly.
Though little evidence for this hypothesis is presented here, future comparison of the spacer properties
within the respective species may uncover a molecular clock that would allow distinction of the timing
and origin of evolution of the RBM-containing proteins. Likewise, similar analyses with the RBMP and
SAGA proteins within the Chlamydomonadales genomes would allow an independent point of

reference for the evolution of RBM-containing proteins.

From the identification of analogous assembly proteins, an in silico derived model of pyrenoid assembly
in Chlorella sorokiniana UTEX1230 could be proposed and compared with that of Chlamydomonas
(Fig. 1-20). Chlamydomonas possesses a relatively complex pyrenoid ultrastructure, with numerous
starch plates surrounding the matrix and a reticulated ‘thylakoid knot’ at the centre that also contains
so-called ‘minitubules’ (Fig. 2-20a) (Engel et al., 2015). Comparatively, the Chlorella pyrenoid is

surrounded by only two starch plates, which are split by the traversion of two thylakoid sheets through
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the matrix (Fig. 2-20b). In line with the simpler pyrenoid morphology and smaller genome size of
Chlorella, the number of proteins required to assemble the pyrenoid with its ultrastructural features
appears to be fewer than that of Chlamydomonas. The potentially simpler assembly blueprints of the
Chlorella pyrenoid relative to that of Chlamydomonas are of great interest with respect to ongoing
efforts to engineer functional pyrenoid-based CCMs in plants (Adler et al., 2022; Atkinson et al., 2020).
In the context of work presented in Chapters 4 and 5, engineering of the Chlorella pyrenoid in planta
accordingly becomes a tangible goal with much less engineering of the host plant required for potential
function, relative to the current efforts with the Chlamydomonas system. The identification of clearly
analogous parts from different species of Chlorella that likely utilise the same putative RBM also
presents an opportunity to combine parts from different Chlorella species, as well as with those of
Chlamydomonas presuming the RBMs can be functionally replaced. In this sense, the comprehensive
assessment of assembly proteins from a range of Chlorella species was a valuable approach that allowed
hypotheses of evolutionary origin and timing as well as providing a catalogue of potential pyrenoid

assembly proteins.

Chlamydomonas reinhardtii Chilorella sorokiniana (UTEX1230)

Figure 2-20 | Comparison of the in silico assembled pyrenoid of Chlorella with that of Chlamydomonas.

(a) Schematic model of the Chlamydomonas reinhardtii pyrenoid shown relative to a transmission electron
micrograph of a pyrenoid in vivo (top left) (Jessi Hennacy — Princeton University). The RBM-containing proteins
hypothesised by Meyer et al., (2020) to guide assembly of the pyrenoid matrix are shown schematically in the
localised positions with the RBMs indicated by yellow circles. The thylakoids are shown in green, with the starch
sheath in grey, surrounding the pyrenoid matrix (dark grey) (b) Schematic model of the Chlorella sorokiniana
UTEX1230 pyrenoid shown relative to a transmission electron micrograph of a pyrenoid in vivo (top left) (Huang
et al., 2021). The identified RBM-containing proteins hypothesised to guide assembly of the pyrenoid matrix are
shown schematically in the hypothesised positions with the RBMs indicated by purple circles. The thylakoids are
shown in green, with the starch sheath in grey, surrounding the pyrenoid matrix (dark grey).
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2.5. Dating linker evolution in the UTC clade

The identification of novel sequence-disparate linker analogues provided the unique opportunity to
make more general comparisons about the distribution of the respective sequences with respect to their
phylogenetic evolution. The identification of putative linkers in Ulva and Chlorella species provided
representative sequences in the Ulvophyceae and Trebouxiophyceae classes respectively which,
alongside EPYC1 of Chlamydomonas within the Chlorophyceae, gave representative sequences from
each the classes within the UTC clade for comparison. UTC algae are exceptionally well represented
with respect to genome sequences relative to other algal clades where linkers were identified

(Rhodophyta, Bacillariophyta), making them particularly suited to subsequent analysis.

2.5.1. Construction of a phylogenetic chronogram for the UTC clade

To compare the likely evolutionary timepoint of each of the linker sequences, a consensus time-
calibrated phylogenetic chronogram of sequenced pyrenoid-containing algae in the UTC clade was
constructed. To do so, published phylogenetic chronograms were collated and a combined tree was
built, with the values of key nodes presented as an average of published values (Fig. 2-21) (see
methods). In some cases, published values precluded construction of the downstream tree and were
excluded from the construction (asterisks in figure). A large proportion of the tree building was made
possible by a recently published phylogenetic chronogram of green algae (Cortona et al., 2020), with
reliance on more focussed phylogenies of Chlamydomonas (Herron et al., 2009) and Chlorella (Wang
et al., 2020) species for their construction. Generally, the phylogenies of each of the representative
phylogenetic orders of Ulva, Chlorella and Chlamydomonas species were well-represented in the tree,
relative to other species where the number of sequenced closely related species was fewer. In agreement
with recent estimates (Cortona et al., 2020), the chronogram indicated divergence of the Ulvophyceae,
Trebouxiophyceae and Chlorophyceae ~800 million years ago (Mya), which themselves basally

diverged from a hypothetical ancestral green flagellate ~1000 Mya.
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Figure 2-21 | Consensus phylogenetic chronogram of the UTC clade.

Consensus phylogenetic chronogram of sequenced pyrenoid-containing species in the UTC clade relative to other
key taxa drawn from existing literature values, indicated by the letters positioned at branch points. Data for points
a and b were taken from Cortona et al., (2020) figure 1 and figure S9b respectively, ¢ from Jackson et al., (2018),
d from Wang et al., (2020), e from Munakata et al., (2016), f from Herron et al., (2009) and g from Davidi et al.,
(2023). Major divergence points are positioned at an average value with a grey window bounded by the range of
literature values, shown as lines within the window for those species. Asterisks indicate values that were excluded
from averaging as they prevented assembly of the downstream tree when included. Dashed lines indicate
phylogenetic placements that are uncertain or disputed in literature. Light grey divergence points indicate
timepoints that are undefined and estimated from non time-calibrated reference phylogenies. For each of the key
linker sequences identified, the ‘representative’ species (Chlamydomonas reinhardtii, Ulva mutabilis and
Chlorella sorokiniana) is bolded. The extent of the phylogenetic sequence conservation of the linker sequence
from that species, as determined by BLAST analysis is indicated by the colouring of the adjacent phylogenetic
branches. For the detailed phylogeny of these groups, data was used from Herron et al., (2009) for
Chlamydomonas, Cortona et al., (2020) for Ulva and Wang et al., (2020) for Chlorella. The linker evolution
window is defined as the common period in which each of the representative species was diverged from its closest
ancestor without the linker sequence (red branches), but not diverged from its closest ancestor possessing the
linker sequence (magenta branches), namely 237-275 Mya.
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2.5.2.  Identification of a shared timepoint for linker evolution

From the phylogenetic chronogram an evolutionary timepoint for each of the linker sequences could be
hypothesised based on two previous observations. Firstly, the lack of sequence homology outside of
closely related species for each of the linker sequences (Table 2-1, Table 2-7) suggested that the linkers
evolved following divergence from the closest ancestor that did not contain the same linker sequence
(closest divergence branch to the base of each group of sequences in Fig. 2-21, shown in red). Equally,
the structural and sequence similarity of each of the linker sequences within the closely related species
suggested that the linker sequence was inherited from a common ancestor to all extant species which
predated the divergence of the two earliest diverged species within each of the closely related linker-
containing species (earliest divergence branch in each group in Fig. 2-21, shown in magenta). From
these two limitations, a hypothetical linker evolution window could be determined for each of the
sequences (Table 2-10). For each of the respective linker sequences, the timepoints for the divergence
of the closest ancestor without the respective linker sequence was largely agreeable (red branches; 275-
420 Mya). Likewise, the divergence timepoint for the closest ancestor with the respective linker
sequences was agreeable for Chlorella and Chlamydomonas (magenta branches; 165-237 Mya) though
appeared much later for the Ulva sequence (65 Mya), likely due to the lack of sequence information for
earlier diverged species in the Ulvales (Fig. 2-21). Taking the latest of the 3 timepoints for the
divergence of the species without the respective linker (latest red branch - Ulva; 275 Mya), and the
earliest divergence timepoint for the species with the respective linker (earliest magenta branch -
Chlamydomonas; 237 Mya), a minimal shared hypothetical ‘linker evolution window’ could be derived
(237-275 Mya) (Fig. 2-21). Clearly this hypothesised window is based on several assumptions and is
determined by timepoints which themselves come with a large degree of error, though together the
results suggest a likely timepoint for linker evolution at the end of the Paleozoic Era. This hypothesis

could be further strengthened with two types of additional data.

Firstly, the number of sequenced genomes in Ulva species limits the analysis for the closest ancestor
with the identified linker sequence. Therefore, assessment of linker sequence conservation in species of

the Ulvales that diverged between the 65-275 Mya timeframe would allow a more accurate revision of

98



the latest timepoint at which the putative Ulva linker could have evolved (the magenta branch in the
Ulva group). Likewise, assessment of species that diverged closer than the current sequenced closest
ancestor without each respective linker would allow more accurate assessment of the earliest timepoint
at which each respective linker could have evolved (red branches in each group). The second type of
data that would allow testing of the hypothesised linker evolution window would be to identify and
validate linker sequences in species that diverged within the hypothesised linker evolution window. For
example, assessing whether Dunaliella salina and Haematococcus species, which diverged ~270 Mya
(Fig. 2-21), contain the same linker sequence would either support or allow revision of the hypothesised
linker evolution window. Likewise, identification and validation of additional linker sequences in
species that diverged either before or after the hypothesised window would allow further assessment.
Regardless, the identification of a shared window for linker protein evolution in the late Paleozoic Era
in 3 separate classes of algae that themselves diverged ~800 Mya is unlikely coincidental and certainly

suggests a common pressure to evolve this mechanism.

Table 2-10: Hypothesised timepoints for linker evolution.

Divergence timepoint of closest ancestor

Genus Phylogenetic Order without respective linker with respective linker
Ulva Ulvophyceae 275 Mya 65 Mya
Chlorella Trebouxiophyceae 315 Mya 165 Mya
Chlamydomonas Chlorophyceae 420 Mya 237 Mya
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2.5.3.  Linker evolutionary timing in the context of historical environmental conditions

To try and provide a rationale for the proposed linker evolutionary window derived from sequence

analysis, it is useful to look to past analyses of atmospheric conditions as well as other environmental

factors.
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Figure 2-22 | Atmospheric conditions in the context of linker phylogeny and evolution.

(a) Atmospheric COz (solid line) and Oz (dashed line) levels over the last 4 billion years. An estimate for pre-
Paleozoic atmospheric conditions from Catling and Zahnle (2020) is depicted. Estimates for the last ~500 million
years were taken from GEOCARB III and GEOCARBSULFO models (Berner, 2009; Berner & Kothavala, 2001).
(b) Simplified consensus phylogenetic chronogram calibrated to the timescale of Fig. 1-22a. For the three primary
Chlorophyta classes (bolded), the coloured and grey diverged branches represent the closest ancestors with and
without sequence homologues of the representative sequences as presented in Fig. 1-21. Red shading indicates
the hypothesised linker evolution window. Blue shading indicates the evolutionary window for Rubisco.

Form I Rubisco almost certainly evolved in the Archean Eon ~2.5-4 billion years ago (Gya) (Shih et
al., 2016) when estimates suggest atmospheric CO, was in vast excess over O (Fig. 2-22a) (Catling &
Zahnle, 2020). Presumably due to evolution of oxygenic photosynthesis (Kasting, 2013), over the

following 2 billion years (0.5-2.5 Gya) the levels of atmospheric oxygen rose to current day levels,
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whilst concurrently CO; levels dropped to ~0.5%. Over the last 500 million years, CO; levels generally
reduced, with a minimum reached in a window at the end of the Paleozoic Era (~260-330 Mya) that
was comparable to present day atmospheric levels and has been accredited to the burial of organic
matter (Berner & Kothavala, 2001). O; levels over the same time period were relatively consistent, with
amajor peak at the end of the Paleozoic Era (260-300 Mya) accredited to the radiation of vascular plants
(specifically gymnosperm and angiosperm trees) that increased chemical weathering of silicates
(Berner, 2006). Interestingly the O,:CO, maxima at the end of the Paleozoic Era (~260-300 Mya) aligns
well with the hypothesised linker evolution window (Fig. 2-22), suggesting atmospheric conditions
during this timepoint provided significant evolutionary pressure to evolve compensatory mechanisms.
Atmospheric Atmospheric Glacial Glaciation

0O, % CO, % Frequency Area (°)
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Figure 2-23 | Environmental conditions in the context of linker evolution.

Atmospheric and ice conditions in the late-Paleozoic early-Mesozoic Eras. The atmospheric O2 and COz are
presented as in Fig. 2-22. Glacial frequency (number of major glacial events at each time point) and glaciation
area (presence of ice at the indicated paleolatitude) are adapted from (Montafiez & Poulsen, 2013).The
hypothesised linker evolution window from sequence analysis is indicated by the yellow horizontal box
(‘Sequence’) and the feasible evolutionary window from environmental conditions is indicated by the magenta
box (‘Environmental”). The crossover is indiated.

The proposed linker evolution window also follows the demise of the Late Paleozoic Ice Age (LPIA),
in which glaciation events almost altogether diminished from ~275-290 Mya in all but the southern
hemisphere (Fig. 2-23) (Montafiez & Poulsen, 2013). Presumably evolution during the LPIA would
have been somewhat slowed by the freezing temperatures and global ice coverage, especially for aquatic
organisms, suggesting the post-LPIA Paleozoic atmosphere (~250-275 Mya) may have been the earliest
environment in which pyrenoid-based CCMs could have evolved in these species. Melting of ice
following the demise of LPIA may also have provided ecological niches for these algal CCMs to evolve,

and the locale of the early LPIA demise presumably excluded evolution of the linker sequences in the

southern hemisphere. Evolution of pyrenoid-based CCMs following the Carboniferous period (~300-
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360 Mya) also agrees with previous arguments that evolution and retention of eukaryotic CCMs through
earlier periods of high CO; would have been unlikely (Raven et al., 2017). Similar arguments have also
been made for the evolution of prokaryotic carboxysome-based CCMs in the same period (Badger et
al., 2002). Finally, it seems logical that evolution of the pyrenoid-based CCM would be constrained to
the period of highest evolutionary pressure, i.e., before the rise of CO, and fall in O, at the end of the
Permian period (Fig. 2-23). From these observations, a proposed evolutionary window for linker
proteins within the Paleozoic Era can be proposed from the environmental conditions alone. Namely,
the period 260-290 Mya when the 0,:CO, was maximal and the LPIA had demised in all but the
southern hemisphere (‘Environmental’ in Fig. 2-23). Combining this window with the window derived
from sequence analysis alone (‘Sequence’ in Fig. 2-23), the most likely window for linker and pyrenoid

evolution in the UTC clade appears to be 260-275 Mya (‘Shared’ in Fig. 2-23).

The identification and determination of the time-constrained evolutionary timepoints of 3 independently
evolved pyrenoid linker proteins in the UTC clade provides some of the strongest support for the
previously hypothesised window of pyrenoid-based CCM evolution in chlorophyte algae. In contrast,
other pyrenoid-based CCMs, such as those in hornworts, appear to have evolved much later, with the
majority proposed to have evolved in the last 35 My (Villarreal & Renner, 2012). Likewise, the lack of
PYCOL1 conservation between Phaeodactylum and Thalassiosira, which diverged ~90 Mya,
presumably suggests a similarly recent origin for evolution of pyrenoids in the Bacillariophyta. Further
evidence is required to make conclusions about evolution of pyrenoids in red algae, though it seems
likely a similar evolutionary timepoint as observed for the Chlorophyte algae is conserved, given their
similarly ancient divergence (Brawley et al, 2017). Similar analyses as presented here in these
pyrenoid-containing species may shed light on the evolutionary drivers for pyrenoid evolution. Taken
together the observations suggest that pyrenoids in the UTC clade likely evolved in response to the
0,:CO; maxima observed following the Carboniferous period that was a product of rapid oxygenation

by the radiation of vascular plants.
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2.6. Discussion
The aim of this chapter was to identify hypothesised linker sequences in unexplored pyrenoids, that
have conserved physicochemical properties to those of pyrenoids that have been previously
characterised (i.e., Chlamydomonas and Phaeodactylum). To do this, a highly selective (0.09% + 0.13%
S.D. of the input sequences) Fast Linker Identification Pipeline for Pyrenoids (FLIPPer) was
constructed and tested, which demonstrated filtering of whole genome annotated sequences to a number
of sequences that could feasibly be individually interrogated to determine their likelihood as bona fide
linker proteins. In line with the rigorous testing and development of the pipeline, FLIPPer demonstrated
good specificity. The pipeline robustly identified sequences that were largely disordered, with repeating
structural elements that contained likely Rubisco-interacting residues across the ~100 genomes
analysed. Through this, a large catalogue of candidate pyrenoid linker proteins were outputted in a wide
range of phylogenetic taxa for further analysis. From the genomes analysed, 3 novel linker proteins
were interrogated as high confidence outputs, and for each sequence, preliminary validation

demonstrated good likelihood that the identified sequences were indeed pyrenoid linker proteins.

The similarity of structural arrangement and physicochemical properties but almost total lack of
sequence identity in the 3 high confidence linkers of species separated by at least 800 million years of
evolution provided the first direct evidence for the long-standing hypothesis that linker proteins, and
presumably in turn pyrenoids, have evolved independently and convergently within their respective
phylogenetic taxa. The identification of the putative Rubisco-binding motif in the linkers further
allowed interrogation of the hypothesis that RBM-guided assembly of the pyrenoid may have also
evolved convergently as a general mechanism to arrange the ultrastructural features of a pyrenoid. For
Porphyridium and Ulva only direct evidence could be found for a potential tether between the pyrenoid
matrix and traversing thylakoid membranes, suggesting that this feature at least may be conserved. In
contrast, analysis of the large number of Chlorella genomes allowed rigorous assessment of RBM-
guided assembly in the Trebouxiophyceae, where both pyrenoid matrix starch- and thylakoid-tether
(PMST and PMTT) protein candidates were observed across species, suggesting convergent co-

evolution of the pyrenoid assembly machinery in Chlorella as proposed in Chlamydomonas. The
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apparently non-conserved mechanisms of the PMTT proteins in their association with the thylakoid
membranes suggested separate convergent evolution of these mechanisms following the divergence of
the Chlorella species ~150 Mya, in contrast to the linker and PMST proteins which appear to have been
inherited from the common ancestor to all extant species and subsequently divergently evolved. The
identification of clear linker, PMST and PMTT proteins in the genome of Chlorella sorokiniana
UTEX1230 allowed a model for RBM-guided pyrenoid assembly to be proposed, which demonstrated
simpler morphology than that of Chlamydomonas, in line with the ultrastructural arrangement of the

Chlorella pyrenoid and provides good promise for plant engineering of pyrenoids.

Finally, the mapping of the UTC clade pyrenoid linker proteins to a consensus phylogenetic chronogram
allowed identification of a shared evolutionary timepoint under which linkers are likely to have evolved.
This timepoint of all 3 linkers aligned well with previously proposed windows for CCM evolution, in
line with the vascular plant induced O,:CO, maxima and provided direct evidence for concurrent,
convergent evolution at this timepoint. The similarity of the 3 linker proteins across the species of the
UTC clade was much higher than between the Porphyridium and Phaeodactylum linker proteins,
suggesting that the specific evolutionary constraints at this timepoint in those species led to evolution

of highly similar mechanisms for Rubisco condensation.

More generally, FLIPPer could likely be easily parameterised to allow identification of phase separating
proteins in non-pyrenoid contexts given that the general principles of protein phase separation rely on
disorder, multivalency and residue composition. Either combined with experimental data or for de novo
discovery this tool could provide more rapid identification of the driver proteins for liquid-liquid phase

separation in a wide range of biological contexts.
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2.7. Materials and methods

2.7.1. General bioinformatic methods

2.7.1.1. Multiple sequence alignment

Multiple sequence alignments (MSAs) were produced using MAFFT v7.4 run in Geneious Prime 2023
or with the standalone MAFFT v7.5 terminal tool (Katoh & Standley, 2013). In both instances a gap

opening penalty of 1.53 and an offset value of 0.123 were imposed. MSA figures were produced using

Jalview v2.11 (Waterhouse et al., 2009)

2.7.1.2. BLASTp analysis

Unless otherwise stated, all BLASTp analysis was completed using the online NCBI blastp (protein-
protein BLAST) tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences were compared against the
non-redundant protein sequences (nr) database and the low complexity region filter was not imposed.

The settings were otherwise default (100 max target sequences, 0.5 E threshold, 5 word size).

2.7.1.3. AlphaFold modelling

All AlphaFold2 modelling was completed using the “ColabFold v1.5.2.-patch: AlphaFold2 using
MMseqs2” Google Colab tool (https://colab.research.google.com/github/sokrypton/ColabFold/)
(Mirdita et al., 2022). The modelling was completed with default settings. The top ranked model was
presented in all cases, in which the per-residue pLDDT was mapped to structure using the AlphaFold

Error Plot function in UCSF ChimeraX (Pettersen et al., 2021)

2.7.1.4. Transmembrane prediction with TMHMM

Transmembrane prediction was completed using the online TMHMM 2.0 online tool (Krogh et al.,
2001) (https://services.healthtech.dtu.dk/servicessy TMHMM-2.0/). The program was operated with

default settings and the outputted graphics were used for figure production.
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2.7.1.5. Chloroplast transit peptide prediction with ChloroP

Chloroplast transit peptide prediction was completed using the TargetP 2.0 online tool (Almagro

Armenteros ef al., 2019) run in ‘plant’ mode with ‘long’ output format.

2.7.1.6. Consensus sequence logo production

Consensus sequence logos were produced using the WebLogo online tool (Crooks et al, 2004)
(https://weblogo.berkeley.edu/logo.cgi) with the outputted sequence alignments produced using

MAFFT. Settings were otherwise left as default.

2.7.1.7. Primary sequence analysis

Primary sequence composition and isoelectric point analysis was completed using Biopython

implementation of the ProtParam module (Cock et al., 2009; Gasteiger et al., 2005).

2.7.2.  Repeat detection software comparison

For comparison of the efficacy of repeat detection software, the full length EPYC1 sequence
(Cre10.g436550) was used. For RADAR, the online tool was used with default settings (Madeira et al.,
2022) (https://www.ebi.ac.uk/Tools/pfa/radar/). For HHrepID analysis, the MPI Bioinformatics Toolkit
implementation was used with default settings (Biegert & Sdding, 2008; Zimmermann et al., 2018).
For XSTREAM analysis XSTREAM v1.73 was run locally from terminal with the following parameters
(-10.4,-10.4,-e2,-g50,-m 20, -x 120, -T 0.7). The same settings for XSTREAM were used in FLIPPer

vO0.

2.7.3.  Disorder prediction with I[UPred

Disorder prediction was implemented in FLIPPer vO using the [UPred2A python code run from
command prompt in ‘long’ mode (Dosztanyi et al., 2005). Graphical ouptuts were produced using the

matplotlib plot python module.
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2.74. FLIPPervl
FLIPPer vl code is available in a private GitHub repository (https://github.com/james-r-
barrett/FLIPPer), and is included as a supplementary file (FLIPPer-main.zip) in this thesis submission.
Implementation of sequence pre-filtering, XSTREAM analysis and [UPred analysis was completed as
described previously with modifications as discussed in text. The repeat filtering module was built using
ProtParam analysis of the consensus repeat sequences outputted from XSTREAM, that were extracted
using a regex matching of the XSTREAM output html file converted using the BeautifulSoup python
module (Richardson, 2007). [UPred score filtering was completed using pandas dataframe thresholding
based on the average IUPred score for each sequence. The fasta validation module was implemented
using the Biopython SeqlO module. Large scale implementation of FLIPPer vl was completed using

the default settings as defined in the GitHub deposited version.

2.7.5. Regular expression searches

The code used to complete regular expression searches of genomes is available in a public GitHub

repository (https://github.com/james-r-barrett/RBM-Search).

2.7.6. Construction of the consensus phylogenetic chronogram for the UTC clade

As described in text, construction of the consensus phylogenetic chronogram was based on the extensive
tree of (Cortona et al., 2020). Positioning of each of the major branch points in the tree was determined
from an average of all available literature values for each point as described in the figure legend of Fig.
2-21. In two instances values were excluded as the average branch value with their inclusion prevented
construction of the downstream from the available values for those branch points. Specifically the two
basal divergence values of the Ulvophyceae from Jackson et al., (2018) were excluded. Several other
branch points were estimated from the phylogeny of species, where definite values were not available.
Specifically: Microglena and Characiochloris, Characiochloris and Haemotococcus, Tetradesmus and
Scenedesmus, Tetrastichococcus and Botrycococcus. Detailed phylogenies for the groups where high
confidence linker candidates were present (Chlamydomonas, Ulva and Chlorella) were taken from

previous publications as described in Fig. 2-21.
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3. CSLINKER IS A BONA FIDE PYRENOID LINKER PROTEIN

3.1. Introduction
In the previous chapter several high confidence pyrenoid linker proteins were identified using the Fast
Linker Identification Pipeline for Pyrenoids (FLIPPer), for some of which preliminary evidence of their
function was presented thanks to the generous contribution of collaborators. Most of the subsequent
work focusses on the validation and characterisation of the candidate pyrenoid linker protein from
Chlorella species. The Chlorella linker was selected for several reasons. 1) As a genus of the
Trebouxiophyceae, Chlorella exists in the oldest diverged class of primary chlorophytes from the
Chlorophyceae in which Chlamydomonas exists (ca. 810 Mya) (Fig. 2-22b). This fact provides the
greatest potential to understand the apparent convergent evolution of linker proteins with respect to their
general function and modus operandi. 2) Although the Chlorophytes split from plant-containing
Streptophytes ~1 Gya (Fig. 2-21) the common green origin of their plastids, due to a hypothetical shared
green flagellate ancestor (Leliaert ef al., 2011), provides a direct phylogenetic relationship between the
species that increases the likelihood of direct compatibility of Chlorella pyrenoid components in planta
(Atkinson et al., 2016), relative to other non-green origin components (e.g., from Porphyridium and
Phaeodactylum). 3) Analysis of the putative RBM-containing proteins in the genome of Chlorella
species indicated a simpler pyrenoid assembly framework relative to Chlamydomonas (Fig. 2-20), in
line with its simpler pyrenoid morphology (Bertagnolli & Nadakavukaren, 1970; del Pino Plumed et
al., 1996; lkeda & Takeda, 1995). The Chlorella pyrenoid therefore potentially offers an alternative,

simpler system to engineer into plants.

Unlike the Chlamydomonadales order, where Chlamydomonas reinhardtii has been a clear model
organism since the 1940s (Harris, 2001), there is no clear model species of the Chlorellales order. It was
therefore required that a Chlorella species and strain be selected for validation of the linker protein. To
date, >15 genomes representing 6 reported Chlorella clade species (C. ohadii, C. dessicata, C.
sorokiniana, C. vulgaris, C. variabilis, Micractinium conductrix) exist. Chlorella sorokiniana is by the
far the most sequenced species with the genomes of at least 8 different strains available (Arriola ef al.,

2018; Hovde et al., 2018; Wu, Li, et al., 2019). Chlorella sorokiniana and its historical equivalent in
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the literature, Chlorella pyrenoidosa, is also arguably the most studied of the Chlorella species, with a
strong literature history of ultrastructural (Bertagnolli & Nadakavukaren, 1970; Guo et al., 2022) and
fundamental physiological (Bonaventura & Myers, 1969; del Pino Plumed et al., 1996; Sun et al., 2016;
Treves et al., 2016) studies. Of the Chlorella sorokiniana species genomes, that of strain UTEX1230
(SAG 211-8k, CCAP 211/8k, ATCC 22521, CCALA 259 (CCAO 259) equivalents) was determined to
be of the highest quality with respect to assembly and annotation (Table 3-1). The UTEX1230 genome
presented the lowest number of contigs at the full genome size, with the highest N50 and number of
annotated protein sequences, representing a near chromosomal level assembly. Chlorella sorokiniana
UTEX1230 (Chlorella hereafter) was also readily available from culture collections, and therefore used
for the remainder of the characterisations.

Table 3-1: Comparison of Chlorella sorokiniana genome assembly quality statistics ordered by quality.

Metric 1230 1228 1412 1602 BD09 BDO08 Dachan SLA04
Genome size (Mb) 58.5 614 57.9 594 54.0 58.6 60.4 38.6

# of contigs 20 64 65 158 1,614 3,167 5,036 13
N50 (Mb) 3.82 241 2.20 2.59 3.58 3.63 2.58 3.05

# of annotated proteins 12,871 12,166 12,611 9,587 9,668 10,240 9,821 -
Average protein length 544 524 644 631 578 553 535 -

This chapter focusses on the validation of the identified linker protein from Chlorella and had several
key aims, in line with the requirements of the characterised pyrenoid linker protein EPCY1 from
Chlamydomonas. In short it was aimed to demonstrate 1) comparable in vivo linker and Rubisco
abundances (Hammel et al., 2018; Mackinder et al., 2016), 2) in vivo interaction and co-localisation
(Mackinder et al., 2016, 2017), 3) in vivo function (Mackinder et al., 2016) and 4) in vitro demixing of

Rubisco by the linker protein (Wunder et al., 2018).
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3.2. In vivo and ex vivo validation of Chlorella pyrenoid linker identity

Given the purely in silico discovery of the Chlorella linker proteins, it was of particular importance to
validate the identity and function of the protein in vivo. As there was a distinct lack of genetic tools,
biochemical protocols, and database information available, this section as much encapsulates validation

as it does method development.

3.2.1. Confirmation of CsLinker identity in vivo

The linker identified from the Chlorella sorokiniana UTEX1230 genome (CsLinker hereafter) has gene
ID CSI2_123000012064-RA and consists a 364 amino acid protein encoded by a gene with a genomic
sequence of 2,792 bp and a predicted gene model comprising 7 exons and 6 introns (Fig. 3-1a). To
confirm the genomic sequence, the locus was PCR amplified in 4 parts (Fig. 3-1b) and sequenced. 100%
coverage of the exon sequences was obtained, and the sequence relative to the reference genomic
sequence was correct throughout, in line with the quality of genomic assembly of the strain (Table 3-
1). Peptides from later introduced proteomics experiments were mapped to the predicted protein
sequence, and for 5 of the 6 exon-exon junctions, intron-spanning peptides were obtained, allowing
confirmation of the predicted gene model (Fig. 3-1a). Elsewhere coverage of the protein sequence was
almost complete, with most excluded regions accounted for by the ambiguous peptides produced from
trypsin digestion of those repeated regions. The TargetP 2.0 predicted chloroplast transit peptide (cTP)
spans exons 1 and 2 (Fig. 3-1c), and accordingly no intron-spanning peptides were obtained for this
region (Fig. 3-1a), suggesting the protein is indeed imported to the chloroplast as hypothesised. Taken
together, these results confirm the identity, gene model and expression of the protein in vivo. With the
protein identity confirmed, the next aim was to determine the in vivo abundance of CsLinker relative to
that of Rubisco, given that EPYC1 and Rubisco were determined to be equimolar in Chlamydomonas
(Hammel et al., 2018). In order to do this, purified protein standards of both CsLinker and Rubisco

were required, such that absolute quantification mass spectrometry experiments could be completed.
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Figure 3-1 | Confirmation of CsLinker genomic and protein sequence.

(a) Schematic summary of the predicted gene model of CSI2 123000012064-RA. The primers used to amplify
the sequences in Fig. 3-1b and their expected lengths (top) are shown relative to the gene model (below). The
primer sequences are available in Table 3-14. In the gene model, exons are represented by the blocks, connected
by a line representing the introns. The predicted chloroplast transit peptide (cTP) from Fig. 3-1c is shown in green.
A selection of the mapped peptides from the later introduced absolute quantification mass spectrometry
experiments are shown below the gene model where the mapped peptide sequence is represented by blocks aligned
to the relative position of the corresponding amino acids in the gene sequence. Peptides that span introns are
represented with a line between adjacent blocks. Sequencing results, represented as quality chromatograms,
mapped to the gene are shown at the bottom of the figure. (b) DNA gel electrophoresis of PCR products
corresponding to the mapped products in Fig. 3-1a. The same products were subsequently sequenced. (c) TargetP
2.0 prediction of the chloroplast transit peptide location in the first 39 residues. The predicted cleavage site is after
the Met30 residue.

3.2.2.  Recombinant production and purification of CsLinker

Based on literature reports of insolubility and proteolytic degradation of linker proteins during
production and purification (Oh et al., 2023; Wunder et al., 2018), the mature coding sequence of
CsLinker was fused to an N-terminal 6xHis-mEGFP in addition to a C-terminal MBP-6xHis tag. From
previous attempts to purify the putative Ulva linker protein, not discussed here, the fusion of these tags

to improved solubility and integrity of the fusion protein, allowing high quality purification (Fig. 3-2).
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Figure 3-2 | Comparison of Ulva linker protein purification with and without protective fusion.

(a) SDS-PAGE analysis of purification of putative Ulva linker protein (not CsLinker) fused to a 6xHis tag. FT =
flow through from the nickel affinity purification. (b) SDS-PAGE analysis of purification of the same Ulva linker
protein fused to protective mEGFP and MBP tags. The expected product size in both instance is indicated.

The same high quality purification was achieved with the mEGFP-CsLinker-MBP fusion protein (Fig.
3-3a). Inclusion of Tobacco Etch Virus (TEV) cleavage sites between the fusion tags and the CsLinker
permitted release of the mature untagged CsLinker protein from the fusion protein, which remained
soluble and was purified by collecting the flowthrough of a second nickel affinity column purification
(Fig. 3-3b). Notably, the cleaved CsLinker product was observed to run higher than the predicted
molecular weight, relative to the cleaved MBP and mEGFP proteins, likely due to the high isoelectric
point of the cleaved product (pI = 11.74). The purified protein was observed to be of good integrity with
little contamination of other protein bands, when assessed by SDS-PAGE at a normalised load of ~30
pg (Fig. 3-3b, right). Importantly, due to the lack of tryptophans and consequent low extinction
coefficient (11,920 M cm™) and absorbance at 280 nm (0.33 AU) of the untagged CsLinker protein,
the protein concentration could not be estimated by spectrophotometric approaches (e.g., NanoDrop).
The final concentration of the CsLinker was instead quantified by Bradford assay (Fig. 3-4a) and
compared to a normalised 4 pg load of bovine serum albumin (BSA) (Fig. 3-4b). For reference,
NanoDrop analysis of the same sample underestimated protein concentration 2.5-fold relative to the

Bradford assay and normalised load.
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Figure 3-3 | Purification of untagged CsLinker.

(a) SDS-PAGE analysis of nickel affinity purification of full length CsLinker fused to mEGFP and MBP tags. The
fractions pooled and taken for cleavage (H10-2A3) are indicated by the red box. (b) SDS-PAGE analysis of TEV
cleavage products and nickel affinity column flowthrough purification of the untagged CsLinker. 10x FT indicates
the normalised load was 10x that of the ‘Pooled FT’ lane (~30 pg), and was used to assess the purity of the sample.
Due to high isoelectric point of CsLinker, the purified protein runs high on an SDS-PAGE gel and distinction
between CsLinker and the MBP band is obscured in some cases.
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Figure 3-4 | Estimation of untagged CsLinker concentration.

(a) Bradford assay standard curve of BSA standards (open circles). A quadratic fit was used to derive the
concentration of the CsLinker based on the absorbance value (filled circle). (b) Qualitative comparison of 4 pg
load of BSA (weighed pure protein) and CsLinker by SDS-PAGE following quantification by Bradford assay.
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3.2.3.  Purification of Chlorella Rubisco

Although significant advancements have been made in the recombinant production and purification of
Rubisco from E. coli (Aigner et al., 2017; Buck et al., 2023), the requirement for species-specific
assembly factors and chaperones means purification from native material is often preferred. To this end,
a Rubisco purification protocol based on that of Shivhare & Mueller-Cajar (2017) was employed (see
methods). In addition to a modified ammonium sulphate precipitation which removed chlorophyll-
bound proteins of the LHCII complex (data not shown — confirmed by mass spectrometry), sucrose
density gradient centrifugation was introduced to remove most other soluble proteins (Fig. 3-5a).
Subsequent anion exchange and size exclusion chromatography approaches polished the Rubisco
sample to a high level of purity (Fig. 3-5b,c). The post-injection elution volume of Rubisco from a
HiLoad superdex 16/600 200 pg column was as expected for the calculated size of the Rubisco
holoenzyme (549 kDa) (Fig. 3-5¢) and demonstrated the integrity of the hexadecameric complex of 8

Rubisco large subunits (RbcLs) and 8 Rubisco small subunits (RbcSs).
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Figure 3-5 | Purification of Chlorella Rubisco.

(a) SDS-PAGE analysis of fractions from a representative sucrose density gradient following centrifugation and
fractionation. The calibrated sucrose concentration based on the fractionation volume in each fraction is indicated.
The red box indicates the fractions pooled for anion exchange chromatography (22-25% sucrose) (b) SDS-PAGE
analysis of elution fractions from an anion exchange chromatography purification of the pooled sample from Fig.
3-5a. The approximate salt concentration based on the conductivity measurement in the elution fractions is
indicated. The red box indicates the fractions that were pooled for further purification (¢) SDS-PAGE analysis of
elution fractions from a size exclusion chromatography purification of the pooled sample from Fig. 3-5b. The
volume of the elution fraction relative to the injection is indicated. The red box indicates the pooled final fractions
that were used in subsequent experiments.
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3.2.4. Determining the in vivo abundance of CsLinker and Rubisco in vivo

THE WORK IN THIS SECTION WAS COMPLETED IN COLLABORATION WITH MIHRIS
NADUTHODI (UNIVERSITY OF YORK) AND IS PRESENTED HERE IN THE INTERESTS OF
COMPLETENESS.

To determine the in vivo abundance of CsLinker and Chlorella Rubisco, absolute quantification mass
spectrometry using the purified proteins as concentration standards was pursued. In this methodology,
the unique peptide fragments identified from the second mass spectrometer (MS2) in liquid
chromatography tandem mass spectrometry (LC-MS/MS) are mapped backed to the corresponding
peptide peaks from the first mass spectrometer (MS1) and the integrated, summed intensity of the MS1
peptide peaks is used to construct a calibration curve based on the indicated concentration of the purified
protein standards. For the CsLinker protein standards, 14 unique peptides were identified and there was
a clear linear relationship between input concentration and MS1 intensity for the 3-point calibration
curve across the 2 replicates (Fig. 3-6a). For Chlorella Rubisco, only 2 unique peptides were identified
for the Rubisco small subunit (RbcS), whereas 16 were identified for the Chlorella Rubisco large
subunit (CsRbcL), in line with the size differences of the proteins. The RbcS was excluded from further
analysis as the small number of unique peptides obscured accurate quantification of the Rubisco
holoenzyme concentration due to non-linearity of the standard curve. The 3-point calibration curve for
the CsRbcL. demonstrated good linearity (Fig. 3-6b). The same peak integration methodology was
applied to whole cell Chlorella samples in triplicate, where two technical replicates were used to
determine the MS1 intensity in each replicate. For these experiments Chlorella cells were grown at
ambient CO; under photoautotrophic conditions (under which a pyrenoid-based CCM is presumably
required). Very little variance was observed between replicates, which allowed determination of the
absolute concentration of the proteins in the whole cell samples (Fig. 3-6a,b). Although the data
demonstrated a good linear relationship, the third calibration point would ideally be placed closer that
of the lower concentrations in future experiments. Densitometric western blot confirmation of the
approximate in vivo concentrations could also be completed relative to the protein standards to provide

an independent validation of these measurements.
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Figure 3-6 | Absolute quantification mass spectrometry determination of in vivo CsLinker and Rubisco
concentrations.

(a) Linear calibration curve of CsLinker protein standards (purple circles). The whole cell proteomic values are
represented by grey squares. Error bars where visible represent S.D. (b) Linear calibration curve of Chlorella RbcL
(CsRbcL) protein standards (blue circles). The whole cell proteomic values are represented by grey triangles.
Error bars where visible represent S.D. (c) Violin plot of calculated chloroplast concentration of CsLinker and
Chlorella Rubisco (CsRubisco). The mean value is represented by the line with each lobe representing the average
of 2 technical replicates (n = 3 biological replicates). The ratio between the two proteins is indicated.

The chloroplast volume of Auxenochlorella pyrenoidosa (~15 pm®) has been measured by focused ion
beam scanning electron microscopy (FIB-SEM) segmentation previously (Guo et al., 2022). Based on
the historic mis-classification of Auxenochlorella pyrenoidosa species and the similarity in genome size
of the reported strain (FACHB-9) and that of Chlorella sorokiniana (56.8 and 58.5 Mb respectively)
(Fan, Ning, et al., 2015), relative to that of bona fide Auxenochlorella species (22.9 Mb; (Gao et al.,
2014)), it is likely this species was also mis-characterised and in fact represents a close relative of
Chlorella sorokiniana, as present in historic literature. Using this reported chloroplast volume, the in

vivo concentration of CsLinker and Rubisco in the chloroplast was calculated (Tables 3-2 , 3-3 and Fig.

3-6¢). The same calculation was completed using the published values of absolute EPYC1 and RbcL in
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vivo abundance (Hammel et al., 2018) and chloroplast volume (Gaffal ef al., 1995; Weiss et al., 2000)

in Chlamydomonas (Tables 3-4, 3-5). The calculated concentration of Rubisco and the respective linker

proteins was comparable between Chlamydomonas and Chlorella, though Chlorella did demonstrate
~7-fold lower chloroplast Rubisco concentration than Chlamydomonas. In contrast to Chlamydomonas,

where EPYC1 and Rubisco are roughly equimolar (Tables 3-4, 3-5), CsLinker was found to be in ~2-

fold excess over Chlorella Rubisco (Fig. 3-6¢), with absolute concentrations of 4.58 = 0.53 S.D. and

2.16 = 0.04 S.D. uM respectively. Taken together these results suggest CsLinker is an abundant

chloroplast component, as observed previously for EPYC1 in Chlamydomonas, but that perhaps some

global concentration differences of the components in Chlorella are present.

Table 3-2: Calculation of CsLinker concentration in the chloroplast.

MSI1 intensity replicate 1
MSI1 intensity replicate 2
MSI1 intensity replicate 3

Table 3-3: Calculation of Chlorella Rubisco (CsRubisco) concentration in the chloroplast.

MSI1 intensity replicate 1
MSI1 intensity replicate 2
MSI1 intensity replicate 3

1224976 fmols (/2641)
1064847  fmols (/2641)
975129.7 fmols (/2641)

average fmols

average mols

mol / cell (/6E+6)
[chloroplast] (M) (/1.5E-14)
[CsLinker chloroplast] (nM)

463.8

403.2

369.2

412.1

4.12E-13
6.87E-20
4.58E-6

4.58 = 0.53 S.D.

1110011.8  fmols (/5613)
1095989.3  fmols (/5613)

molecules / cell (av. mol*NA) 4.13E+04

197.8

195.3

1067985 fmols (/5613) 190.3
average fmols 194.4

average mols 1.94E-13

mol / cell (/6E+6) 3.24E-20
[chloroplast] (M) (/1.5E-14) 2.16E-6
[CsRubisco chloroplast] (uM) 2.16 + 0.04 S.D.

molecules / cell (av. mol*NA) 1.95E+04
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Table 3-4: Calculation of EPYC1 concentration in the Chlamydomonas chloroplast.

mol / cell (EPYC1) 2E-18
[chloroplast] (M) (/1.33E-13) 1.50E-5
[EPYCI1 chloroplast] (nM) 15.0

Table 3-5: Calculation of Chlamydomonas Rubisco (CrRubisco) concentration in the Chlamydomonas
chloroplast.

mol / cell (CsRubisco) (16.1E-8/2) 2.05E-18
[chloroplast] (M) (/1.33E-13) 1.54E-5
[CrRubisco chloroplast] (nM) 15.4

The absolute quantification measurements of the whole cell samples were completed on cells grown
under ambient CO, conditions (0.04% CO). In Chlamydomonas the abundance of EPYC1 increases
when cells are switched from COs-replete (>1% CO,) to ambient conditions (Mackinder et al., 2016;
Miura et al., 2004), coincident with the accompanying biogenesis of the pyrenoid (Borkhsenious ef al.,
1998; Mackinder et al., 2016) and induction of the CCM (Badger et al., 1980; Manuel & Moroney,
1988). It was hypothesised the same response exists in Chlorella species, despite mixed reports of
pyrenoid presence under CO,-replete (del Pino Plumed ef al., 1996; Gergis, 1972; Gorelova et al., 2019;
Miyachi et al., 1986; Villarejo et al., 1997) and dark (Budd et al., 1969) growth conditions. To assess
the relative abundance of CsLinker under ambient and replete CO, conditions in vivo, an antibody that
was raised to a unique region of the protein (‘PTPVSNSGVRSAMSSG’) was used. An antibody raised
to a C-terminal region of the Rubisco large subunit (‘“EVWKEIKFEFETIDTL”), which is common to
most green lineage Rubiscos was used for coincident quantification of Chlorella Rubisco relative
abundance. Western blot analysis indicated that CsLinker abundance was ~9-fold higher in cells grown
under ambient CO; relative to CO,-replete (3%) conditions (Fig. 3-7a); a response ~5-fold stronger than
that observed for EPYC1 which has 2-fold greater abundance under ambient conditions (Mackinder et
al., 2016). Contrastingly, the abundance of CsRbcL, and presumably that of the Chlorella Rubisco
holoenzyme, was largely consistent (0.8-fold ambient to replete abundance change; Fig. 3-7b), in line
with reports in Chlamydomonas (Mackinder et al., 2016). The strong CO, response of CsLinker appears

in contrast to the literature reports of pyrenoid presence under CO»-replete conditions but consistent
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with the expected low CO; induction of the CCM (Fan, Xu, et al., 2015; Villarejo et al., 1997, 1998).
Further investigation into pyrenoid presence under different CO; conditions should certainly be further
investigated in Chlorella. Taken together the results presented in this section confirm that CsLinker is
an abundant cellular component with a calculated chloroplast concentration that would permit phase

separation of Rubisco if an appropriate interaction between the two proteins exists under ambient CO;

conditions.
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Figure 3-7 | Relative abundance of CsLinker in response to CO: availability.

(a) Western blot analysis of whole cell lysates of cells grown under the indicated CO: conditions using the
CsLinker antibody at the indicated concentration. The bands used for densitometric relative quantification, and
the relative intensity difference between them, are indicated. ‘% Load’ indicates the relative loading of the same
sample with 100% representing 40 pL of lysate (see methods). (b) The same membrane from Fig. 3-6a was
subsequently probed with the RbcL antibody and the same analysis completed as indicated. (c) The same
membrane separately probed with a Tubulin antibody that was detected with a different secondary antibody as in
Fig 3-6a and Fig. 3-6b. The loading error correction applied to the abundance difference in a and b is indicated.
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3.2.5. Characterising _ex vivo _interaction _between CsLinker and Rubisco by co-
immunoprecipitation coupled mass spectrometry (co-IP)

THE WORK IN THIS SECTION WAS COMPLETED IN COLLABORATION WITH MIHRIS
NADUTHODI (UNIVERSITY OF YORK) AND IS PRESENTED HERE IN THE INTERESTS OF
COMPLETENESS.

Despite widespread reports of nuclear transformation of Chlorella species by electroporation, biolistic
bombardment, and peptide co-transformation, none of the published methodologies were replicable
using a wide range of constructs and parameters (Table 3-6) (see methods for further details). There are
no reports of immunofluorescence localisation in Chlorella species, and accordingly extensive attempts
to localise Chlorella Rubisco and CsLinker were also unsuccessful (Table 3-7), suggesting poor
permeability of the cells in line with the lack of successful transformation. Although immunogold
localisation of Rubisco in the pyrenoid using the RbcL antibody was successful and consistent with
previous reports (Villarejo et al., 1998), no labelling was observed with the CsLinker antibody (Fig. 3-

8). Clearly, these difficulties obfuscated the in vivo validation of the CsLinker-Rubisco interaction or

co-localisation and instead ex vivo approaches were pursued.

Thylakoid

Matrix

Starch

CsRbcL Immunogold CsLinker Immunogold

Figure 3-8 | Immunoelectron microscopy of Chlorella pyrenoid components.
TEM images of Chlorella pyrenoids incubated with RbcL (left) or CsLinker (right) primary antibodies. Examples
of the immunogold particles are indicated by the white arrows. Scale bar =200 nm.
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Table 3-6: Summary of protocols used for attempted transformation of Chlorella.

No.  Construct Method Parameters

1 pLMO17 (5 ng, linear) Electroporation (Gene Pulser IT) ~ 5x107 cells, 800V, 25 pF

2 pLM&845 (5 g, linear) Electroporation (Gene Pulser IT) ~ 5x107 cells, 800V, 25 pF

3 pLM847 (5 ng, linear) Electroporation (Gene Pulser II)  5x107 cells, 800V, 25 uF

4 pLM849 (5 ng, linear) Electroporation (Gene Pulser IT)  5x107 cells, 800V, 25 pF

5 pLM630 (5 pg, linear) Electroporation (Gene Pulser II)  5x107 cells, 800V, 25 uF

6 pCAMBIA1301 (3 pg, circular) Electroporation (Gene Pulser II)  1x10? cells, 500, 750, 1000, 1500, 2000V, 25 uF, 30 pg salmon sperm

7 pCAMBIA1301 (3 pg, circular) Electroporation (Gene Pulser II)  1x10° cells, 500, 750, 1000, 1500, 2000V, 25 uF, 30 pg salmon sperm

8 pCAMBIA1301 (1 pg, linear) Electroporation (Gene Pulser IT)  1x108 cells, 1000, 1500, 2000V, 25 pF, 10 pg salmon sperm

9 pCAMBIA1301 (1 pg, linear) Electroporation (Gene Pulser IT)  1x10° cells, 1000, 1500, 2000V, 25 pF, 10 pg salmon sperm

10 pCAMBIA1301 (1.5 pg, circular)  Electroporation (NEPA21) 4x10° cells, 200-300V, 2-5 poring pulses of 2-9 ms, 5 20V transfer pulses of 50 ms
10 pCAMBIA1301 (1.5 pg, circular)  Electroporation (NEPA21) 2x10?® cells, 200-300V, 2-5 poring pulses of 2-9 ms, 5 20V transfer pulses of 50 ms
11 pCAMBIA1301 (1.5 pg, circular)  Electroporation (NEPA21) 2x10? cells, 200-300V, 2-5 poring pulses of 2-9 ms, 5 20V transfer pulses of 50 ms
12 pCAMBIA1301 (2.5 pg, circular)  Electroporation (NEPA21) 2.5x108 cells, 200-300V, 2-5 poring pulses of 2-9 ms, 5 20V transfer pulses of 50 ms
13 pCAMBIA1301 (4 pg, circular) Electroporation (NEPA21) 2.25x108 cells, 200-300V, 2-5 poring pulses of 2-9 ms, 5 20V transfer pulses of 50 ms
14 pCAMBIA1301 (2.5 pg, circular)  Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

15 pCAMBIA1301 (4.5 pg, linear) Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

16 pLMO021 (2.5 pg, circular) Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

17 pLMO031 (2.5 pg, circular) Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

18 pLM631 (2.5 pg, circular) Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

19 pLM847 (2.5 ng, circular) Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

20 pLM848 (2.5 ng, circular) Biolistic (PDS-1000/He) 1x107 cells, 0.5 mg gold

21 pSK397 (2.5 pg, circular) Electroporation (Pulser XCell) 1x10° protoplasts, 655V, 3.4 ms

22 pCAMBIA1301 (1 pg, linear) Peptide (HIV-TAT) 2x10° protoplasts, 4 ug HIV-TAT peptide, 48 hours incubation
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Table 3-7: Summary of attempted immunofluorescence protocols.

No. Fixation Permeabilization

—

3.7% PFA in PBS (30 minutes at RT)  0.5% T-X (15 minutes at RT)

2 3.7% PFA in PBS (30 minutes at RT)  0.05% DMSO (10 minutes at RT)

3 3.7% PFA in PBS (30 minutes at RT) 1% DMSO (10 minutes at RT)

4 3.7% PFA in PBS (30 minutes at RT)  100% MeOH (10 minutes at RT)

5 3.7% PFA in PBS (30 minutes at RT)  100% acetone (1 minute at RT)

6 3.7% PFA in PBS (30 minutes at RT)  0.01% SDS (10 minutes at RT)

7 3.7% PFA in PBS (30 minutes at RT)  Electroporation (NEPA21; (Yamano & Fukuzawa, 2020)

8 3.7% PFA in PBS (30 minutes at RT)  Electroporation (Gene Pulser II;(Emrich-Mills et al., 2021)
9 3.7% PFA in PBS (30 minutes at RT)  Electroporation (Gene Pulser II; 2500V c¢cm™!, 50 pF

10 96% EtOH used for 1-step fixation and permeabilization (30 minutes on ice)

11 100% MeOH used for 1-step fixation and permeabilization (30 minutes on ice)

Control  3.7% PFA in PBS (30 minutes at RT)  0.5% T-X (15 minutes at RT)

To determine if the native CsLinker and Chlorella Rubisco proteins interact ex vivo, a co-
immunoprecipitation mass spectrometry (co-IP) approach was applied. Similar approaches have
previously demonstrated the interaction of Chlamydomonas and Phaeodactylum linker proteins with
Rubisco by using Rubisco as a bait protein in the experiments. (Mackinder et al., 2017; Oh et al., 2023).
The reciprocal experiment in Chlamydomonas, in which EPYC1 was the bait protein was also
completed and demonstrated a high confidence interaction between the two proteins (Mackinder et al.,
2017). Accordingly, reciprocal co-IP experiments using both Rubisco and CsLinker as prey were
completed by loading protein A resin with the primary antibodies raised to the RbcL and CsLinker
proteins respectively, prior to incubation with whole cell lysate of cells grown under ambient CO;
conditions where CsLinker abundance was highest (Fig. 3-7). Control co-IPs in which the protein A
resin was loaded with a primary antibody raised to Chlamydomonas Bestrophin-like protein 2
(Mukherjee et al., 2019), which was assumed to have no cross-reactivity in Chlorella, were used as a
comparison for relative enrichment. The RbcL co-IP demonstrated strong enrichment of both the
CsRbcL and CsRbcS subunits and indicated the intended loading of the Chlorella Rubisco holoenzyme
onto the protein A beads (Fig. 3-9a). The top 5 enriched proteins in the CsRbcL co-IP were the

previously introduced pyrenoid-matrix starch tether (PMST), RbcX, CsRbcS, CsLinker and CsRbcL
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respectively, which all also had exceptionally low adjusted P values, indicating bona fide ex vivo
interaction between the proteins and the Chlorella Rubisco holoenzyme (Fig. 3-9a). The previously
introduced pyrenoid matrix thylakoid tether (PMTT) protein was also significantly enriched to a lesser
extent, possibly due to residual integration in membranous material as no detergent was used during
lysis of the cells. In the reciprocal CsLinker co-IP experiment, CsLinker was the most significantly
enriched protein and co-enriched both CsRbcL and CsRbcS (Fig. 3-9b). As expected, given the lack of
predicted Rubisco-like interfaces on the proteins, PMST, RbcX and PMTT were not enriched in the
CsLinker co-IP, consistent with the specificity of their interaction with Rubisco. Taken together the co-
IP experiments indicated a high confidence ex vivo interaction between CsLinker and the Chlorella
Rubisco holoenzyme and affirmed the likelihood of CsLinker as a bona fide linker protein in vivo,

should the interaction give rise to phase separation between the proteins.
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Figure 3-9 | Co-immunoprecipitation mass spectrometry (co-IP) of CsLinker and Rubisco.

(a) Scatter plot of co-IP results from experiments completed with the RbcL antibody against Chlorella RbcL
(CsRbcL). Only values with a positive enrichment and adjusted P value < 0.05 are shown. Dashed lines indicate
arbitrary significance thresholds (—logio[Adjusted P Value] > 5, logz[Fold Change] > 4), above which points are
sized according to summed MS1 peak intensity from three replicates as per the inset key. (b) Scatter plot of co-IP
results from experiments completed with the CsLinker antibody. Only values with a positive enrichment and
adjusted P value < 0.05 are shown. The same significance thresholds as in a were used, above which the sizing
was completed in the same way and is consistent with the key in Fig. 3-9a.
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3.3. Characterising the in vitro interaction of CsLinker with Chlorella Rubisco

Having presented in vivo and ex vivo evidence that is consistent with the role of CsLinker as a pyrenoid
linker protein in Chlorella, it was next required to demonstrate the interaction between the protein gives
rise to the hypothesised emergent properties of pyrenoid matrices (Barrett et al., 2021); namely liquid-
liquid phase separation (LLPS). For Chlamydomonas and Phaeodactylum, in vitro reconstitutions have
plainly demonstrated this fact for the respective linker proteins, with the reconstitutions presenting
analogous properties to the in vivo condensates (Freeman Rosenzweig et al., 2017; Oh et al., 2023;
Waunder et al., 2018). Accordingly, the aim of this section was to reconstitute the Chlorella pyrenoid
matrix in vitro, which was hypothesised to be underpinned by the interaction of CsLinker and Chlorella
Rubisco, and study the properties of the resulting reconstitution as a proxy for the properties of the

pyrenoid matrix in vivo.

3.3.1. Native PAGE validation of CsLinker-Rubisco interaction in vitro

It was initially appropriate to determine the ex vivo interaction demonstrated between native CsLinker
and Rubisco (Fig. 3-9) was replicable with the purified proteins (Figs. 3-3 and 3-5). To this end, native
polyacrylamide gel electrophoresis (native PAGE), which allows the separation of protein complexes
based on size and charge due to the non-denaturing conditions under which the experiment is completed
and has been used to demonstrate a range of Rubisco-linker interactions (Oh et al., 2023; Oltrogge et
al., 2020; Wunder et al., 2018), was employed. In the experiments Rubisco incubated alone was
observed to migrate as a single band above the 245 kDa marker, reinforcing the purity and integrity of
the purified Rubisco holoenzyme (Fig. 3-10a, left). When purified CsLinker was incubated with
Rubisco, the monomeric Rubisco band demonstrated a concentration-dependent reduction in intensity
(Fig. 3-10a, right). Due to the high isoelectric point (11.74) of untagged CsLinker and its consequent
net positive charge in the native PAGE running buffer (pH = ~8.3), CsLinker does not enter the gel in
the unbound state. Any changes in the intensity or migration of the monomeric Rubisco band are
presumably therefore due to some interaction between CsLinker and Rubisco that either permits entry
of the complex into the gel and retards the migration of Rubisco through size and charge effects or

prevents entry of Rubisco into the gel and reduces intensity of the observed band. This hypothesised
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interaction is termed the ‘bound’ Rubisco state. Densitometric quantification of monomeric Rubisco at
each condition indicated an apparent Kos for ‘bound’ Rubisco of ~0.8 uM and affirmed interaction

between the proteins in vitro (Fig. 3-10b).
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Figure 3-10 | Characterisation of ir vitro CsLinker-CsRubisco interaction by native PAGE.

(a) Native PAGE analysis of 1 uM Chlorella Rubisco incubated with increasing indicated concentrations of
CsLinker prior to separation. The intensity of the monomeric Rubisco band was used for quantification of data in
Fig. 3-10b. (b) Quantification of ‘bound’ Rubisco derived from the inverse relative intensity of the monomeric
Rubisco band in Fig. 3-10a. A hill model of binding was fitted to the data to derive the apparent Ko.s: (Y = (Ymax
* XM)/(Ko.s"+X"), where h is the hill coefficient).

3.3.2.  Characterising droplet formation and composition with CsLinker-CsRubisco solutions

Under the conditions at which all Rubisco was in the ‘bound’ state (Fig. 3-10), the solution was observed
to turn cloudy seconds after mixing, relative to the control experiments in which no CsLinker was added
(Fig. 3-11a). CsLinker incubated alone in solution also was not cloudy. Brightfield microscopy
indicated the formation of spherical micron-scale droplets in solution when both proteins were present,
in contrast to solutions of the proteins incubated alone where no droplets were observed (Fig. 3-11a).
Subsequent droplet sedimentation assays completed on the centrifuged solutions indicated both Rubisco
and CsLinker were present in the pelleted (P) phase of the droplet-containing solution, consistent with
their formation requiring both components. Accordingly, very little Rubisco and CsLinker were present
in the pelleted phase of the solutions in which they were incubated alone (Fig. 3-11b). These results
were consistent with the previous observation that both EPYCI and Chlamydomonas Rubisco were
required to form droplets in the reconstitution of the Chlamydomonas pyrenoid (Wunder et al., 2018).

The results also suggest CsLinker does not homotypically phase separate under the quasi-physiological
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conditions (pH 8.0, 50 mM NaCl, 2 uM CsLinker) used for the experiment, in contrast to PYCOI1 of

Phaeodactylum which homotypically phase separates into droplets under similar conditions (Oh ef al.,

2023).
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Figure 3-11 | Characterisation of in vitro droplet formation in solutions of CsLinker and CsRubisco.

(a) Brightfield microscopy (bottom) of the solution (top) at the indicated concentrations of Rubisco (left) and
CsLinker (middle) alone and together (right). Scale bar =5 um. (b) SDS-PAGE analysis of droplet sedimentation
assays showing the composition of the supernatant (S) and pelleted (P) phases in each of the solutions formed
under the same conditions as in Fig. 3-11a.

3.3.3.  Quantification of droplet formation between CsLinker and CsRubisco

In Chlamydomonas, EPYC1 and Rubisco are equimolar in the chloroplast (Tables 3-4, 3-5). Titration
droplet sedimentation assays with EPYC1 fixed at half the absolute in vivo concentrations demonstrated
a two-fold excess of EPYC1 completely demixed both components (Wunder ef al., 2018). The resulting
droplets had dynamic properties analogous to those of the in vivo condensates (Freeman Rosenzweig et
al., 2017), suggesting the reconstituted droplets in this concentration range were a good proxy for the
in vivo condensate. To this end, the same analysis was completed with CsLinker and Chlorella Rubisco,

which were both separately fixed at half the determined absolute in vivo concentration (2 pM and 1 uM

126



respectively) (Fig. 3-6¢), and the other component was titrated. In both titrations, a 2-fold molar excess

of CsLinker over CsRubisco completely demixed both components (Fig. 3-12), in line with ~2-fold

abundance in vivo and consistent with the saturation concentration of ‘bound’ Rubisco assessed by

native PAGE (Fig. 3-10). Taken together this evidence suggested droplets formed under a 2-fold excess

of CsLinker are likely representative of the in vivo condensates, and as such most future characterisation

was completed at this molar ratio.
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Figure 3-12 | Quantification of in vifro CsLinker-CsRubisco droplet formation by reciprocal titration
droplet sedimentation assays.

(a) Quantification of CsRubisco pelleted in droplet sedimentation assays in which CsRubisco concentration was
fixed at I uM and CsLinker was titrated at the indicated concentrations. A hill model of binding was fitted to the
data (Y = (Ymax * X")/(Ko.s"+X"), where h is the hill coefficient). Error bars represent S.D. (b) Quantification of
CsLinker pelleted in droplet sedimentation assays in which CsLinker concentration was fixed at 2 puM and
CsRubisco was titrated at the indicated concentrations. The same analysis as in a was performed. (¢c) SDS-PAGE
analysis of droplet sedimentation assays at fixed 1 uM CsRubisco concentration. Red box indicates the regions
which were quantified by densitometry to produce Fig. 3-12a, which represents the average of the RbcL and RbcS
measurements (d) SDS-PAGE analysis of droplet sedimentation assays at fixed 2 pM CsLinker concentration.
The red box indicates the region which was quantified by densitometry to produce Fig. 3-12b.

As it was hypothesised the CsLinker-CsRubisco droplets were formed by liquid-liquid phase separation,
their formation should only be triggered above a certain critical concentration that is dependent on
solution conditions (Alberti, 2017; McSwiggen ef al., 2019). Analysis of solutions at increasing global
protein concentrations with a fixed 2-fold excess of CsLinker to CsRubisco at pH 8.0 and 50 mM NaCl
indeed indicated a critical concentration of ~0.6 uM global concentration (0.2 uM CsRubisco, 0.4 pM

CsLinker) (Fig. 3-13), consistent with the traversion of a phase separation boundary.
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Figure 3-13 | Quantification of CsLinker-CsRubisco critical concentration for droplet formation.
Brightfield microscopy images of CsLinker-CsRubisco solutions at the indicated concentrations. Scale bar = 5
pm.

Given the analogous secondary structure of CsLinker and EPYCI1 (Fig. 1-4), it was hypothesised the
interaction between CsLinker and CsRubisco is also underpinned by a similar interaction of the helical
regions of CsLinker, as is the case for EPYC1 (He et al., 2020). Given the electrostatic nature of residues
within the predicted helices of CsLinker, droplet formation should show the same salt-dependency as
observed previously for the Chlamydomonas reconstitution, where 300 mM NaCl completely
eradicated droplet formation presumably due to the ablation of salt bridges between EPYC1 and

Chlamydomonas Rubisco (Wunder et al., 2018). Droplet formation with CsLinker and CsRubisco as

assessed by sedimentation assay demonstrated a similarly strong salt dependency, with a sharp transition
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above 150 mM NaCl (Fig. 3-14). The apparent eradication of droplet formation at increased salt

concentrations was consistent with the screening of electrostatic interactions between CsLinker and

CsRubisco that shift the phase boundary to higher global protein concentrations. Taken together the

results from this section demonstrated that droplets formed under quasi-physiological conditions exhibit

hallmarks that begin to support their formation is due to liquid-liquid phase separation of the proteins,

namely: droplet roundness (Fig. 3-13), critical concentration (Fig. 3-13) and salt-dependency (Fig. 3-

14). To further demonstrate hallmarks of LLPS (e.g., internal and external mixing, and fusion) it was

necessary to label the components of the droplets.
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Figure 3-14 | Quantification of salt-dependency for droplet formation with CsLinker and CsRubisco.

(a) Quantification of CsLinker (purple triangles) and CsRubisco (blue circles) in droplet sedimentation assays.
For CsRubisco, an average of CsRbcL and CsRbcS band intensity was taken. Error bars represent S.D. (b) SDS-
PAGE analysis of droplets formed with 1 pM CsRubisco and 2 uM CsRubisco at the indicated salt concentrations.
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3.3.4. Labelling CsLinker and CsRubisco

Although fluorescent tags have been shown to affect phase separation dynamics (Uebel & Phillips,
2019), when used at low concentrations relative to the untagged protein (~5% molar concentration), the
effect of the tag on the droplet properties is assumed to be minimal. An N-terminally labelled mEGFP-
CsLinker fusion was accordingly produced and purified. Although increased cleavage of the full length
product was observed during the purification, presumably due to the lack of the C-terminal protective
MBP-6xHis fusion, the final product was still of high purity (Fig. 3-15a). Due to the lack of in vivo
tractability in Chlorella (Table 3-6), a fluorescent protein fusion of CsRubisco could not be created and
purified for use in the assays. Instead, a previously employed Atto594-labelling approach was employed
(Oh et al., 2023; Schaefer, 2023), that labelled CsRubisco non-specifically at exposed surface amine
groups of the purified CsRubisco protein. An estimate of the degree of labelling was made based on the
absorption of the sample at 594 nm and 280 nm using equation 3.1 and indicated ~50 Atto-594 dyes per
Rubisco holoenzyme.

Equation 3.1: Calculation of the degree of Atto594 labelling of Rubisco.

Amax Eprot
(A280 - Amax ) CFZSO) " Emax

Degree of labelling =

Where:

Apax 18 the absorbance at the absorption maxima of the dye (594 nm)

Eprot 18 the extinction coefficient of the protein at 280 nm (848,000)

As,g s the absorbance at 280 nm (0.38)

CF,go is the correction factor determined at 280 nm due to absorbance of the dye (0.51)
Emax 18 the extinction coefficient of the dye at the absorption maximum (120,000)

0.584 - 848,000
(0.38 —0.584-0.51) - 120,000

Degree of labelling =

Degree of labelling = 50.2 dyes / Rubisco
The resulting labelled proteins were added to droplets formed at the empirically determined chloroplast
concentrations (2 uM CsRubisco, 4 pM CsLinker) at 0.5% and 5% molar ratio relative to the untagged
components respectively. As expected, signal from both proteins was present throughout the droplets
(Fig. 3-15b), consistent with the results of the untagged proteins as assessed by droplet sedimentation

(Fig. 3-11), indicating the droplets were appropriately labelled for further assessment.
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Figure 3-15 | Labelling of CsLinker-CsRubisco droplets.

(a) SDS-PAGE analysis of samples taken during purification of mEGFP-CsLinker. FT = flow though from the
nickel column. The red box indicates the fractions that were pooled. The cleavage products and free mEGFP
present because of cleavage are also indicated. (b) Confocal fluorescence microscopy images of droplets formed
under the indicated conditions labelled with 5% molar ratio mEGFP-tagged CsLinker and 0.5% Atto594 labelled
CsRubisco. Scale bar =5 pm.

3.3.5. Assessment of the liquid-like properties of labelled CsLinker-CsRubisco droplets

Both mEGFP-CsLinker and Atto594-CsRubisco labelled droplets were observed to undergo fusion by
coalescence over second timescales (Fig. 3-16a,b), though anecdotally, such events were not as
commonly observed as expected, based on the observations of the Chlamydomonas reconstitution
(Wunder et al.,, 2018). Observation of droplets at the bottom of the imaging chamber in the minutes
following formation demonstrated that the droplets tended to remain segregated as round droplets rather
than decomposing into large amorphous condensates, suggesting a qualitatively higher barrier to fusion
than observed in the Chlamydomonas reconstitution (Fig. 3-16¢). Regardless, the apparent fusion by
coalescence of the droplets demonstrated a definite liquid-like property of the droplets in their capability

for post-fusion surface relaxation.
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Figure 3-16 | Analysis of fusion and lack thereof in labelled CsLinker-CsRubisco droplets.

(a) Confocal microscopy images during the fusion of 5% mEGFP-CsLinker labelled droplets formed at 2 uM
CsRubisco, 4 uM CsLinker. Arrows indicate imminent fusion events complete in the next frame. Scale bar = 1
pm. (b) Confocal microscopy images during the fusion of 0.5% Atto594-CsRubisco labelled droplets formed at 2
puM CsRubisco, 4 uM CsLinker. Arrows indicate imminent fusion events present in the next frame. Scale bar = 1
pm. (c) Wide confocal microscopy images taken at the bottom of the imaging chamber in the minutes following
droplet formation with 5% mEGFP-CsLinker labelled droplets formed at 2 uM CsRubisco, 4 uM CsLinker. Scale
bar =5 pm.

To assess internal and external mixing of the droplet components, fluorescence recovery after
photobleaching (FRAP) experiments were pursued. FRAP experiments have been used to assess the
relative mobility of components in both in vivo and in vitro Rubisco-linker settings (Freeman
Rosenzweig et al., 2017; Oh et al., 2023; Wunder et al., 2018; Zang et al., 2021). Half FRAP
experiments, which primarily delineate internal mixing, demonstrated the mobility of mEGFP-
CsLinker within droplets formed under the quasi-physiological conditions (Fig. 3-17a,b). Bleaching a
region that represented approximately half the area of droplets with an ~1 um radius (~1.6 um?®) gave
rise to an apparent 7os of 131 seconds (95 confidence interval (Clos): 121-142 seconds) (Fig. 3-17a,b).

Although average FRAP curves are presented here, all 75 values were calculated by individual fitting

to each FRAP recovery curve (see methods). Whole FRAP experiments of droplets with the same
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approximate radius indicated a slower apparent 755 of 201 seconds (Clos: 165-238 seconds), that was
consistent with the increased area of bleaching (~3.2 um?; Fig. 3-17c.e), and plainly demonstrated
exchange of CsLinker with the dilute phase. The apparent 705 scaled with the bleach area between the
half FRAP and whole FRAP experiments (y = 82.8x; Fig. 3-17d), suggesting fluorescence recovery was
limited by internal mixing of the condensate rather than supply of CsLinker to the droplet. This was
made apparent by the ring pattern of fluorescence recovery that appeared following bleaching of the

whole droplet (Fig. 3-17e, arrow).

Although the FRAP results demonstrate definite mobility of CsLinker both internally and externally,
the measured 7Typs values were much slower than those observed for EPYC1 in the in vitro
Chlamydomonas reconstitutions, where bleaching of an ~1.25 um? region gave rise to Tos of ~10
seconds. Similarly, in vivo measurement of EPYC1-Venus mobility in an unreported area (available
data suggests an ~1.6 um? bleach area) demonstrated a Ty s of ~15 seconds (Freeman Rosenzweig et al.,
2017). No direct comparison can be made with PYCO1 mobility in Phacodactylum reconstitutions due
to the differential mobility observed under different droplet compositions, though FRAP of PYCO1-
CFP in vivo demonstrated little recovery (Oh et al., 2023). Taken together, the FRAP results of CsLinker
and the previously reported lack of decomposition of droplets (Fig. 3-16¢) suggested the Chlorella
reconstitution possesses analogous but distinct properties than observed for the in vitro Chlamydomonas
reconstitution. To probe these differences further, similar FRAP experiments were completed with

Atto594-CsRubisco in droplets of the same composition.
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Figure 3-17 | Characterisation of mEGFP-CsLinker mobility in CsLinker-CsRubisco droplets.

(a) Average half-FRAP recovery curve of 5% mEGFP-CsLinker in CsLinker-CsRubisco droplets formed at quasi-
physiological conditions (2 uM CsRubisco, 4 uM CsLinker). The mean 7o.5 from exponential fitting (see methods)
of the 26 individual FRAP curves is reported. The full-scale normalised average FRAP curve is presented with
the mean, S.E.M. and S.D. of each timepoint after the data was binned 5x for display. (b) Representative images
from a half FRAP experiment of 5% mEGFP-CsLinker in CsLinker-CsRubisco droplets. The white box indicates
the bleached region. Scale bar = 2 um. (c¢) Average whole-FRAP recovery curve of 5% mEGFP-CsLinker in
CsLinker-CsRubisco droplets formed at quasi-physiological conditions (2 uM CsRubisco, 4 uM CsLinker). The
mean 705 from exponential fitting of the 6 individual FRAP curves is reported. The full-scale normalised average
FRAP curve is presented with the mean, S.E.M. and S.D. of each timepoint. (d) Scatter plot of individually
calculated 705 values for half- (circles) and whole- (squares) FRAP experiments. A linear regression is fitted to
the data. (e) Representative images from a whole FRAP experiment of 5% mEGFP-CsLinker in CsLinker-
CsRubisco droplets. The white arrow indicates the ring of fluorescence recovery following bleaching. The white
box indicates the bleached region. Scale bar =2 um.
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Figure 3-18 | Comparison of Atto594-CsRubisco FRAP in CsLinker-CsRubisco droplets to Chlamydomonas
droplets.

(a) Average half FRAP recovery curve of 0.5% Atto594-labelled Chlorella Rubisco (Atto594-CsRubisco) in
CsLinker-CsRubisco droplets formed at quasi-physiological conditions (2 uM CsRubisco, 4 uM CsLinker).
Clearly no 7o value could be fitted to the data from the 24 individual FRAP curves. The full-scale normalised
average FRAP curve is presented with the mean, S.E.M. and S.D. of each timepoint. (b) Representative images
from a half FRAP experiment of Atto594-CsRubisco in CsLinker-CsRubisco droplets. The white box indicates
the bleached region. Scale bar = 2 um. (c) Average half FRAP recovery curve of 0.5% Atto594-labelled
Chlamydomonas Rubisco (Atto594-CrRubisco) in EPYC1-CrRubisco droplets formed at 2 pM CrRubisco, 2 pM
EPYCI. The mean Tos from exponential fitting of the 11 individual FRAP curves is reported. The full-scale
normalised average FRAP curve is presented with the mean, S.E.M. and S.D. of each timepoint. (d) Representative
images from a half FRAP experiment of Atto594-CrRubisco in EPYC1-CrRubisco droplets. The white box
indicates the bleached region. Scale bar =2 pum. (e) Average half FRAP recovery curve of 5% EPYC1-mEGFP in
EPYC1-CrRubisco droplets formed at 2 uM CrRubisco, 2 uM EPYC1. The mean 7o from exponential fitting of
the 14 individual FRAP curves is reported. The full-scale normalised average FRAP curve is presented with the
mean, S.E.M. and S.D. of each timepoint. (f) Representative images from a half FRAP experiment of EPYCI-
mEGFP in EPYC1-CrRubisco droplets. The white box indicates the bleached region. Scale bar = 2 pum.
Surprisingly, Atto594-CsRubisco showed no recovery of fluorescent signal over hour timescales in
condensates, suggesting little internal or external mobility of CsRubisco (Fig. 3-18a,b). To confirm this
result was not an artefact of Atto-labelling the Rubisco, a direct comparison with the Chlamydomonas
reconstitution was made, where in vivo FRAP analysis has demonstrated the mobility of Rubisco
(Freeman Rosenzweig et al, 2017). The components of the Chlamydomonas reconstitution were
purified according to the previous publication (see methods) (Wunder et al., 2018). Droplets were
formed under the same Rubisco concentration as the Chlorella droplets (2 uM), though the EPYC1
concentration was made equimolar, in line with in vivo abundance (Tables 3-4, 3-5). Atto594-labelled
Chlamydomonas Rubisco (CrRubisco) within the droplets demonstrated an apparent 7o.5 of 55 seconds
(Clgs: 44-67 seconds) when a region of ~1.6 um” was bleached (Fig. 3-18c,d). The apparent Ty s of 5%
GFP-tagged EPYC1 was 22 seconds (Clos: 19-26 seconds) when a region of ~3 um* was bleached in
droplets of the same composition (Fig. 3-18e,d). Though the mobility of Rubisco in Chlamydomonas
reconstitutions was not previously measured, the mobility measured here was largely consistent with
the in vivo measured value (~30 seconds; (Freeman Rosenzweig et al., 2017)). Likewise the value for
EPYC1 mobility was not dissimilar from the in vitro (~10 seconds; (Wunder et al., 2018)) and in vivo
(~15 seconds; (Freeman Rosenzweig et al., 2017)) values. Taken together the results suggest that under
the quasi-physiological conditions the droplets were formed at, Chlorella Rubisco within them shows

little mobility with respect to internal mixing or exchange with the dilute phase. Though there was little

mobility in passively observed droplets (Fig. 3-18a,b), Atto594-CsRubisco was able to rearrange upon
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surface relaxation following fusion by coalescence (Fig. 3-16b), suggesting that Rubisco is not
completely immobilised within the droplets. This conclusion is similar to that of the Phacodactylum
reconstitution where Rubisco also demonstrates low mobility in FRAP experiments, but is able to
rearrange during fusion events (Oh et al., 2023). In this work Oh et al. (2023) also demonstrated that
the composition of the droplets with respect to Rubisco and PYCOI ratio had a large impact on the
mobility of the condensate components. Alternative compositions were not tested here for the Chlorella
reconstitution but may also have an impact on relative component mobility despite the lack of

homotypic phase separation of CsLinker (Fig. 3-11).

It is not unfeasible to suggest that the observed relative mobility of the components in the Chlorella
reconstitution is reflective of the in vivo condensate, given that the conditions used in the experiments
were assumed quasi-physiological according to the measured in vivo concentrations. Immobility of
Rubisco is readily observed in a-carboxysomes, where Rubisco is presumed to be phase separated by
Cs0S2 during assembly (Oltrogge et al., 2020), but demonstrates immobile higher order upon assembly
and still permits freedom of motion of other essential carboxysome components (Metskas et al., 2022;
Ni et al., 2022). Similarly, Rubisco also appears to have low mobility in B-carboxysomes (Chen et al.,
2013), further reinforcing that internal mixing of Rubisco is not essential to its function in the condensed
state. Nevertheless, further investigation of the arrangement of Rubisco in Chlorella pyrenoids in vivo
using established methods (Engel et al., 2015; Freeman Rosenzweig et al., 2017; He et al., 2020), as

well as further assessment of component mobility in vitro should be pursued.
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3.4. Discussion
In this chapter it was aimed to validate the role of the in silico identified putative linker protein of the
Chlorella species. Although the protein was not directly localised to the pyrenoid, overwhelmingly, the
evidence suggested the hypothesised role as a pyrenoid linker protein was valid. Firstly, the predicted
chloroplast transit peptide of the protein was not detected in any mass spectrometry experiments despite
extensive coverage of the rest of the protein (Fig. 3-1a). This evidence was consistent with the import
of CsLinker into the chloroplast. Secondly, assuming correct import, CsLinker was demonstrated to be
an abundant component of the chloroplast (Fig. 3-5c), and the abundance was directly linked to CO»
availability, consistent with the hypothesised role in low CO. induced pyrenoid biogenesis and CCM
activation. Thirdly, CsLinker and CsRubisco demonstrated a high confidence interaction ex vivo (Fig.
3-9), which was replicated in vitro (Fig. 3-10). Lastly, the purified proteins at conditions analogous to
the in vivo scenario, demonstrated heterotypic phase separation into droplets that possessed hallmarks

of liquid-liquid phase separation.

Despite the convincing ex vivo and in vitro validation of the role of CsLinker, the characterisation was
not completed without resistance. Primarily the challenges encountered in this chapter were related to
attempts to directly validate CsLinker’s role in vivo. Alongside the work of Dr Mihris Naduthodi, a
huge investment to replicate the reported nuclear transformation of Chlorella species was undertaken.
Direct attempts to replicate published results with existing constructs as well as novel methodologies
and constructs were all performed with no success. This outcome is consistent with verbal
communication with several members of the CCM community at conferences, who expressed similar
experiences in trying to replicate published Chlorella transformation protocols. It is therefore tentatively
concluded that no bona fide nuclear transformation protocol for Chlorella exists, and that existing
publications are ‘artefactual’ in their nature. Undoubtedly, should a robust protocol for the
transformation of Chlorella species exist, there would be huge interest from a host of industrial sectors
given the huge interest in Chlorella for a range of applications including CO»-sequestration, bio-
production and supplementation (Liu & Chen, 2016). The lack of genetic tractability precluded two

pieces of primary evidence that would have provided almost total support for the hypothesised role as
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a linker protein. Firstly, fluorescent tagging of the protein would have allowed localisation of CsLinker
and CsRubisco within the pyrenoid and provided an important comparison for the mobility of
components in vivo, given the surprising lack of mobility of CsRubisco demonstrated i vitro. Secondly,
if the CsLinker protein could have been knocked down by RNA interference, or knocked out by genetic
disruption (random integration or CRISPR), a direct correlation between pyrenoid presence and
CsLinker expression could have been explored, as done so previously for EPYC1 in Chlamydomonas
(Mackinder et al., 2016) and CsoS2 in a-carboxysomes (Cai et al., 2015). This second piece of evidence
would also allow a direct link to functionality of the pyrenoid to be made. In lieu of this direct evidence
in Chlorella, alternative ‘in capsa’ approaches using a Chlamydomonas chassis strain are explored in
Chapter 5 and demonstrate both the localisation and functionality of CsLinker by proxy. The lack of
genetic tractability will pose the same challenges for the future characterisation of putative pyrenoid
assembly proteins PMTT and PMST, where demonstration of the proposed functionality of the proteins
in vitro will likely be more challenging. Proposed alternative in capsa approaches are further discussed

in Chapter 5.

Encouragingly, co-immunoprecipitation of the PMTT and PMST proteins by CsRubisco demonstrated
interaction between the proteins and was consistent with their association with the pyrenoid in
Chlorella. Importantly, the co-IP experiments also showed that none of the 16 other protein sequences
outputted by FLIPPer analysis of the Chlorella sorokiniana UTEX1230 genome (Table 2-4) were
detected as potential CsRubisco interactors, lessening the likelihood that alternative linker candidates
could behave analogously and strengthening the case for CsLinker as the sole linker protein in Chlorella.
Likewise, no additional potential pyrenoid assembly proteins (PMTT/PMST analogues) were detected
in the experiments, consistent with the hypothesis that the blueprints for pyrenoid assembly in Chlorella
may be simpler than those for Chlamydomonas (Meyer, Itakura, ef al., 2020). This, alongside the
simpler morphology of Chlorella pyrenoids, is of great interest with respect to engineering pyrenoid-
based CCMs into C; crop plants (Adler ef al., 2022). In line with this goal, further work to determine a
more complete pyrenoid proteome would greatly contribute to the understanding of pyrenoid assembly

in Chlorella and allow further assessment of hypotheses outlined in Chapter 2. A precedent for pyrenoid
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isolation in Chlorella vulgaris already exists (Villarejo et al., 1998), and a mass spectrometry-based
approach has previously been used to determine the Chlamydomonas pyrenoid proteome (Mackinder

et al., 2016; Zhan et al., 2018). Both approaches should be explored in Chlorella.

In vitro characterisation of CsLinker, CsRubisco and their interaction demonstrated some key
similarities and differences between the Chlorella in vitro reconstitution and those of Chlamydomonas
and Phaeodactylum. In line with the putative role of CsLinker, and those of EPYC1 and PYCOI, all
three proteins demonstrated LLPS of their respective Rubisco proteins at physiological concentrations
(<5 uM). Consistent with the phylogeny and apparent concurrent convergent evolution of CsLinker and
EPYC1, more parallels could be drawn between the Chlorella and Chlamydomonas reconstitutions than
that of Phaeodactylum. Most strikingly, CsLinker and EPYC1 did not demonstrate homotypic phase
separation, in contrast to PYCOL. It is unclear whether this behaviour of PYCOI plays a functional role
in vivo, and consequently whether this was a requirement during its evolution, but this behaviour was
clearly not a constraint during the evolution of CsLinker and EPYC1. From the structural similarity of
CsLinker and EPYCI it was expected the droplets would also behave analogously. Although droplet
formation demonstrated a similar salt-dependency and relative compositional requirement, the
mesoscopic properties of the droplets formed under similar compositions were clearly different.
Importantly, the Chlamydomonas reconstitution was recapitulated in this study which allowed direct
comparison between the two systems. Whilst all the hallmarks of LLPS were observed for the Chlorella
droplets also, there was a stark contrast in the mobility of both CsLinker and CsRubisco, suggesting
differences in the modus operandi of the CsLinker-CsRubisco interaction which are explored in the

following chapter.
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3.5. Material and Methods

3.5.1.  Strains and culture conditions

3.5.1.1. Escherichia coli (E. coli)

E. coli strains used in this study (Dh5o and BL21(DE3)) were maintained using 25 g L' Miller’s
modified Luria broth media (LB (Miller); L3522 — Sigma Aldrich). Where necessary, agar powder
(A7921 — Sigma Aldrich) was added to 1.5 % weight by volume (w/v). Media was sterilised by
autoclaving at 121 °C for 15 minutes. Antibiotics were added to liquid media or melted agar media
cooled to ~60 °C according to table 3-8. Overnight cultures were of 5 mL volume and cultivated in 15
mL round-bottomed culture tubes. Plates were of ~15 mL volume in 90 mm Petri dishes. Large-scale
cultures for protein purification were of 1 or 1.5 L volume and cultivated in 2.5 L half-baffle shake
flasks. All cultivation was completed at 37 °C and where relevant shaking was completed at 200 rpm.

Table 3-8: Antibiotic concentrations used in LB media.

Antibiotic. Working Concentration Stock

Carbenicillin 100 ug mL! 100 mg mL! dissolved in dH20

Chloramphenicol 25 pg mL! 25 mg mL! dissolved in 100% EtOH

Kanamycin 50 pg mL! 50 mg mL! dissolved in dH20
3.5.1.2. Algae

Wild type (WT) Chlorella sorokiniana (UTEX1230; SAG211-8k) and Chlamydomonas reinhardltii
(CC-4533) algal strains were maintained using Tris-acetate phosphate (TAP) or Tris-HCI phosphate
(TP) media with Kropat’s revised trace elements (Kropat ef al., 2011). Where necessary, agar powder
(A7921 — Sigma Aldrich) was added to 1.5 % (w/v) to maintain cultures on plates. Unless otherwise
stated, algal strains were cultivated under ambient conditions in 50 mL volumes in Erlenmeyer flasks
of 100 mL with shaking at 140 rpm. Light conditions were ~50 umol photons m™ s™ and temperature

was ~21 °C.
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3.5.2.  General molecular biology methods

3.5.2.1. Polymerase chain reaction (PCR)

All PCRs were completed using Phusion™ high-fidelity DNA polymerase (F530 — ThermoFisher

Scientific) with composition according to table 3-9. In all cases an extension time of 30 seconds per

kilobase of target amplicon was calculated. The annealing temperature (Tn) for each reaction was

calculated using the ThermoFisher Scientific online Ty, calculator, after which 0.5 °C a was subtracted.

Otherwise, conditions are stated in table 3-10.

Table 3-9: Phusion™ PCR composition.

Component Volume (uL)
dH20 28

5x Phusion™ GC Buffer 10

dNTP mix (R0192 — ThermoFisher) 1

Forward primer (10 uM stock) 2.5

Reverse primer (10 uM stock) 2.5

DMSO (F515 — ThermoFisher) 4.5

Template (10 ng pL! plasmid, ~50 ng pL! genomic) 1

Phusion™ DNA Polymerase (2 U puL) 0.5

Total 50

Table 3-10: Phusion™ PCR conditions.

Temperature (°C) Time (s) Number of cycles
98 30 1

98 10

Calculated 30 35

72 Calculated

72 600 1

3.5.2.2. Gel Electrophoresis

Gel electrophoresis of PCR products and digested plasmids was completed using Tris-acetate EDTA

(TAE) 1% w/v agarose (A9539 — Sigma Aldrich) gels run at 120 V until the desired migration was

achieved. Gels were visualised using a UVITEC Essential V6 gel imaging system (UVITEC).
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3.5.2.3. PCR purification, gel extraction and miniprep

PCR purification was completed using either a MinElute or QIAquick PCR purification kit (Qiagen)
according to manufacturer’s instructions. Gel extraction was completed using either MinElute or
QIAquick gel extraction kits. Plasmids were purified using a QIAprep spin miniprep kit (Qiagen)
according to manufacturer’s instructions. DNA concentrations were subsequently quantified using a

NanoDrop 1000 spectrophotometer (ThermoFisher Scientific).

3.5.2.4. E. coli transformation

E. coli strains were transformed by heat-shock method. 50 pL aliquots of cells were defrosted on ice
before mixing with 5 puL of genetic material and incubation on ice for 30 minutes. Heat-shock was
performed at 42 °C for 30 seconds before recovery on ice for 5 minutes. 600 puL of SOC media was
added and the cells were recovered for 90 minutes at 37 °C with 200 rpm shaking. Recovered cells were
collected by centrifugation for 3 minutes at 4,000 g prior to plating in a volume of ~50-100 pL on LB-

agar plates with the relevant antibiotic selection (Table 3-8).

3.5.2.5. Golden gate assembly

Golden gate assembly was completed using composition and conditions according to tables 3-11 and
3-12. Type IIs restriction enzymes used were either Bsal-HF®v2 (R3733 — New England BioLabs [20
U uL™) or Bpil (ER1011 — ThermoFisher Scientific [10 U uL™]).

Table 3-11: General composition of Golden Gate assembly reactions.

Component Concentration
Insert(s) 50 fmol
Acceptor vector 25 fmol

Type IIs restriction enzyme (Bsal/Bpil) 0.5U pL!

T4 DNA Ligase (400 U uL!; M0202 — New England BioLabs) 10 U pL!

10x T4 DNA ligase buffer (New England BioLabs) Ix

dH20 To 10 pL
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Table 3-12: General Golden Gate assembly conditions.

Temperature (°C) Time (m) Cycles
37 5 35

16 5 35

37 10 1

65 20 1

3.5.2.6. Ligation-independent cloning (LIC)

2.5 pg of LIC acceptor vectors were linearised for 2 hours at 37 °C with 1 pL of either Sspl-HF (R3132
— New England BioLabs) for vl vectors (1GFP) or Hpal (RO105 — New England BioLabs) for v2
vectors (2Cc-T) in 1x CutSmart buffer (New England BioLabs) and subsequently gel extracted.
Separate LIC reactions were completed for the linearised vectors and inserts according to the
composition in table 3-13. The reactions were incubated at 20 °C for 40 minutes, followed by heat-
inactivation at 75 °C for 20 minutes. The vector and insert were subsequently mixed at a 1:3 molar ratio
and incubated for 30 minutes at room temperature (~22 °C) before transformation into Dh5a.

Table 3-13: General composition of LIC reactions for the vector.

Component Concentration
Digested vector ~10ng pL-!
Buffer 2.1 (New England BioLabs) Ix

dGTP (for 1GFP vector and v2 inserts) or dCTP (for 2Cc-T vector and v1 inserts) 5mM

DTT 10 mM

T4 DNA polymerase (M0203; New England BioLabs) 0.12 U L
dH20 To 10 pL

3.5.2.7. Sequencing

All sequencing reactions were completed using Eurofins LightRun Tube sequencing reactions (Eurofins

Genomics) prepared according to manufacturer’s instructions.
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3.5.3.  Sequencing of the CsLinker genomic locus

The CsLinker genomic locus was amplified in 4 parts (Fig. 3-1) using primers according to table 3-14.
The products were analysed by gel electrophoresis (Fig. 3-1b) and subsequently PCR-purified and
sequenced with the same primers used for their amplification.

Table 3-14: Primers used for amplification of CsLinker genomic locus.

Name Purpose Oligonucleotide Sequence
oLM2130 Part a Forward AAGGCATTCCTGGAGCG
oLM2131 Part a Reverse AAAAATGTGCTGGCACCC
oLM2132 Part b Forward AAGGCATTCCTGGAGCG
oLM2133 Part b Reverse AAAAATGTGCTGGCACCC
oLM2134 Part ¢ Forward AGTTCCTGGAGCGCAAG
oLM2135 Part ¢ Reverse GCTGAGTTCCACCCCAG
oLM2136 Part d Forward AGACCGAGCTGCATGTTC
oLM2137 Part d Reverse ACATCACACACACAGGCC

3.5.4. Cloning of CsLinker for protein purification and expression

The TargetP 2.0 predicted mature CsLinker sequence (Fig. 3-1c) was back-translated and codon-
optimised using the Geneious back translation tool and E. coli K12 (high) codon usage table. Due to its
repetitive nature, the nucleotide sequence was split and synthesised in 3 parts by TWIST Bioscience
(pLM672, pLM673 and pLM674; Table 3-16). The 3 synthesised parts were re-assembled using Golden
Gate Assembly into the pUAP1 universal acceptor plasmid (Addgene plasmid #63674) to create
pLM701. The assembled vector was confirmed by sequencing using oLM271 and oLM272 (Table 3-
14). The sequence of the mature CsLinker was PCR-amplified from pLM701 using oLM2341 and
oLM2344 and subsequently gel extracted. Ligation-independent cloning (LIC) was used to clone the
fragment into the pET His6 GFP TEV LIC cloning vector 1GFP (Addgene #29663) to create pLM712
which was used for the production and purification of mEGFP-CsLinker. The mEGFP-CsLinker
sequence was amplified from pLM712 using 0LM2487 and 0LM2655 and assembled into the pET TEV
MBP His6 cloning vector 2Cc-T (Addgene #37237) to create pLM872 which was used for the
production and purification of the CsLinker protein. The sequence of the assembled vectors was

confirmed by sequencing with oLM2025 and oLM2237.
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Table 3-15: Primers used for cloning of CsLinker for protein expression and purification.

Name Purpose Oligonucleotide Sequence

oLM271 Forward sequencing of pLM701 AGTTGGAACCTCTTACGTGC

oLM272 Reverse sequencing of pLM701 TTTGAGTGAGCTGATACCGC

oLM2341  Forward primer for amplification of CsLinker =~ TACTTCCAATCCAATGCAATGGCCACAG
from pLM701 for LIC cloning into pLM712 CCCAATTAAGTGCTGAAC

oLM2344  Reverse primer for amplification of CsLinker =~ TTATCCACTTCCAATGTTATTACCTGCGG
from pLM701 for LIC cloning into pLM712 CGCGGGGTAGAGCTG

oLM2487  Forward primer for amplification of mEGFP- ~ AGTTCCT
CsLinker from pLM712 for LIC cloning into TTTAAGAAGGAGATATAGTTCATGGGTT
pLM872 CTTCTCACCATCACCATC

GGAGCGCAAG

oLM2655  Reverse primer for amplification of mEGFP- GGATTGGAAGTAGAGGTTCTCCCTGCG
CsLinker from pLM712 for LIC cloning into GCGCGGGGTAG
pLM872

oLM2025  Forward sequencing of pLM712/pLM872 TAATACGACTCACTATAGGG

oLM2237  Reverse sequencing of pLM712/pLM872 GCTAGTTATTGCTCAGCGG

3.5.5. Cloning of Chlorella antibiotic resistance vectors for attempted transformation

To assemble the antibiotic resistance cassettes used for attempted transformation of Chlorella, ~500 bp
regions corresponding to the predicted promoter and terminator of the Chlorella PSAD gene (pPSAD
and tPSAD respectively) were amplified with primer pairs 0LM2442/2443 and oLM?2444/2445
respectively from Chlorella genomic DNA (Table 3-15). The resulting products were Golden Gate
assembled separately into pUAP1 using Bpil to create LO parts which were sequenced with oLM271
and oLM272. Likewise, the Rbcs2 promoter (pRbcS) and terminator (tRbcS) regions were amplified
with primer pairs 0LM2446/2447 and 0L.M2448/2449 respectively and assembled and sequenced the
same way. The LO promoter and terminator parts were assembled with LO hygromycin (pCM0-073),
paromomycin (pCMO0-074) and zeocin (pCMO0-077) resistance genes from the Chlamydomonas MoClo

toolkit (Crozet et al, 2018) in different combinations to create pLM845, pLM847, pLM848 and

pLM849 (Table 3-16), which were used for the attempted transformations.
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Table 3-16: Primers used for cloning of Chlorella antibiotic resistance cassettes.

Name Purpose Oligonucleotide Sequence

oLM2442  Chlorella PSAD Promoter Cloning ATCTACGAAGACATCTCAGGAGACAAGTGCG
Forward GGTAGAGC

oLM2443  Chlorella PSAD Promoter Cloning TAGTACGAAGACTACTCGCATTGTTTGGCCTC
Primer Reverse TGTCCTGG

oLM2444  Chlorella PSAD Terminator Cloning ATCTACGAAGACATCTCAGCTTTCGGCCCAGC
Primer Forward AGCTTG

oLM2445  Chlorella PSAD Terminator Cloning TAGTACGAAGACTACTCGAGCGCCAGGCTCG
Primer Reverse CAACAATCC

oLM2446  Chlorella RBCS2 Promoter Cloning ATCTACGAAGACATCTCAGGAGCAATGGGTGT
Primer Forward CGGCAGG

oLM2447  Chlorella RBCS2 Promoter Cloning TAGTACGAAGACTACTCGCATTTTGAAGGGAT
Primer Reverse GTGGATGG

oLM2448  Chlorella RBCS2 Terminator Cloning ATCTACGAAGACATCTCAGCTTCGGTCTGCGG
Primer Forward CATGATG

oLM2449  Chlorella RBCS2 Terminator Cloning ~ TAGTACGAAGACTACTCGAGCGTGAATCTCTG

Primer Forward

CCGCACG

3.5.6. General protein biochemistry techniques

3.5.6.1. SDS-PAGE

Unless otherwise stated, Sodium Dodecyl Sulfate Polyacrylamide gel electrophoresis (SDS-PAGE) was

completed using 10- or 15-well 4-20% Mini-PROTEAN® TGX™ Precast Protein Gels (4561094 or

4561096 — Bio-Rad Laboratories). Samples were prepared by mixing with Laemmli buffer to 1x final

concentration and incubation at 100 °C for 5-15 minutes. The running buffer for SDS-PAGE was 25

mM Tris, 192 mM Glycine, 0.1% SDS at pH 8.3 and gels were run at 200 V. Gels were stained using

InstantBlue® Coomassie Protein Stain (ISBIL — Abcam) and visualised using an iBright CL750

imaging platform (ThermoFisher Scientific).
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3.5.6.2. Native-PAGE
Unless otherwise stated, native PAGE experiments were completed using 15-well 4-20% Mini-
PROTEAN® TGX™ gels. The 4x loading buffer consisted of 80 mM Tris-HCI pH 8.0, 200 mM NacCl,
40% glycerol and the running buffer was 25 mM Tris, 192 mM Glycine. Gels were run at 100 V for 4

hours at 4 °C. Gels were stained and imaged as before.

3.5.6.3. Western blotting

Unless otherwise stated, an iBlot™ 2 system (IB21001 — ThermoFisher Scientific) and iBlot™ 2 mini
nitrocellulose transfer stacks (IB23002 — ThermoFisher Scientific) were used for transfer of proteins
from SDS-PAGE gels. The membrane was blocked with a 5% milk (w/v) solution in Tris-buffered saline
(20 mM Tris, 150 mM NaCl) supplemented with 0.1% (w/v) Tween®-20 (TBST) for 1 hour at room
temperature. The stated dilutions of the primary antibodies were subsequently incubated in 1% milk
TBST with the membranes overnight at 4 °C. Membranes were washed with TBST and incubated with
1:10,000 dilutions of secondary antibodies (Anti-rabbit Alexa488; A11008 or Anti-mouse Alexa555;
A28180 — Invitrogen) in 1% TBST for 1 hour at room temperature prior to washing and imaging with

an Amersham™ Typhoon™ 5 imaging platform (29187191 — Cytiva Life Sciences).

3.5.6.4. Densitometric analysis

Following separation by SDS-PAGE or native PAGE and in western blotting, densitometric analysis
was completed using Fiji (Schindelin et al., 2012) as described below. A horizontal region of interest
was drawn over the bands (Fig. 3-18a), and the Analyze>Gels>Plot Lanes function was used to assess
the gray value in each lane. A line was drawn at the base of each of the peaks (Fig. 3-18b) and the wand
tool was used to measure the area of each of the bounded peaks. The fraction of pelleted material was
derived by dividing the intensity of the pelleted lane by the sum of the supernatant and pelleted intensity

for each sample.
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Figure 3-19 | Densitometric analysis of band intensity.

(a) Screenshot of an SDS-PAGE gel with the horizontal region of interest drawn in Fiji indicated. (b) Intensity of
the lanes within the region of interest plotted with Fiji and shown with the lines drawn at the base of each of the
peaks.

3.5.7.  Protein expression, purification and labelling

3.5.7.1. Expression of mEGFP-CsLinker (nLM712) and CsLinker (pLM872) constructs

~50 ng of pLM712 and pLM872 were separately heat-shock transformed into BL21(DE3) cells and
recovered on LB plates overnight under the relevant antibiotic selection at 37 °C. A fresh transformation
was completed each time expression was completed. A single colony from each plate was inoculated
into a 50 mL volume of LB with the relevant antibiotic in 100 mL Erlenmeyer flasks and grown
overnight at 37 °C with 200 rpm shaking. All subsequent pre-cultures for other constructs were obtained
in the same manner. The pre-culture was diluted 1:100 in 1 L of fresh LB with the relevant antibiotic.
The cultures were grown to an ODggo of ~0.5-0.8 before induction with 1 mM Isopropyl-beta-D-
thiogalactopyranoside (IPTG; 2938909090 — Apollo Scientific) followed by further growth for 2-3
hours at 37 °C. At the end of induction the culture flasks were plunged into an ice bath before harvesting
by centrifugation at 5,000 g for 10 minutes at 4 °C in pre-cooled centrifuge and buckets. The pellets

were snap-frozen in liquid nitrogen and stored at -20 °C prior to purification.

3.5.7.2. Expression of TEV protease construct (pRK793)

A glycerol stock of BL21(DE3)-RIL harbouring the plasmid pRK793 (Addgene #8827) for the
expression of TEV protease was obtained from Addgene and a published protocol (Tubb ef al., 2009)
was mostly followed for expression and purification. The pre-culture was diluted 1:100 in 1 L of fresh

LB with both antibiotics and grown under the same conditions to an ODsg of ~0.5 prior to induction
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with 1 mM IPTG and further growth at 30 °C for 4 hours. Cells were harvested by centrifugation at

5,000 g for 10 minutes prior to storage of the pellet at -20 °C before purification.

3.5.7.3. Co-expression of pHueCrEPYCI1 and pHueFLAGCrEPYCI1GFP constructs with the
pBadGroEL/S chaperone construct

Plasmids for the expression of EPYC1 and EPYC1-GFP as well as the chaperone GroEL/S were kindly
provided by Tobias Wunder and Oliver Mueller-Cajar and as such the expression and purification of
EPCY1 and EPYCI1-GFP was almost solely based on the methods of Wunder et al., (2018). ~100 ng of
pBadGroEL/S and ~100 ng of the pHue plasmids containing either the EPYCI of EPYCI1-GFP
sequence were co-transformed into BL21(DE3) by heat-shock transformation and recovered on plates
containing antibiotics for the selection of both plasmids overnight at 37 °C. The pre-culture was diluted
1:100 in 1 L of fresh LB with both antibiotics and the cultures were grown to an ODggo of ~0.5 before
induction of expression of the GroEL/S chaperone with 0.2% (w/v) L-arabinose (104980250 —
ThermoFisher Scientific). 20 minutes later, induction of the EPYCI1 constructs was induced with 1 mM
IPTG and growth was continued for 2-3 hours at 37 °C with 200 rpm shaking. Cells were harvested by

centrifugation at 5,000 g for 10 minutes prior to storage of the pellet at -20 °C before purification.

3.5.7.4. Expression of the USP2 protease construct (pHUSP2-p2cc)

The pHUSP2-p2cc construct was kindly provided by Tobias Wunder and Oliver Mueller-Cajar and
expression and purification was largely completed according to previous publication (Baker et al.,
2005). The pre-culture was diluted 1:100 in 1 L of fresh LB with both antibiotics and the cultures were

grown to an ODggo of ~0.8 before induction of expression with 0.4 mM IPTG overnight at 23 °C.

3.5.7.5. Purification of mEGFP-CsLinker

All steps during the purification of all proteins were fastidiously completed at 4 °C or on ice. The pellet
from 1 L of culture was resuspended in 50 mL of lysis buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl,
25 mM Imidazole), with a cOmplete EDTA-free protease inhibitor table (11873580001 — Roche).

Phenylmethylsulfonyl fluoride (PMSF; 10837091001~ Merck) was added to 2 mM immediately prior
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to lysis which was completed by ultrasonication with 3 minutes total processing time. 3 second pulses
were interspersed by 7 second breaks to allow sample cooling. The lysate was clarified by centrifugation
at 47,850 g for 30 minutes at 4 °C and subsequent 0.2 pum filtration of the supernatant. The clarified
supernatant was loaded onto a 5 mL HisTrap FF crude column at 5 mL min™ (17525501 — Cytiva Life
Sciences) using an AKTA go purification platform (29383015 — Cytiva Life Sciences) and the column
was washed with ~10 column volumes of lysis buffer until the Ao value reached baseline. The bound
protein was eluted with a linear gradient over 10 column volumes to 100% of the elution buffer (50 mM
Tris-HCI pH 8.0, 500 mM NaCl, 500 mM Imidazole). The eluted fractions were analysed by SDS-
PAGE (Fig. 3-14) and the purest fractions were pooled. The pooled fractions were subjected to size-
exclusion chromatography (SEC) using a HiLL.oad 16/600 Superdex 75 pg column (28989333 — Cytiva
Life Sciences) equilibrated with gel filtration buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl). Eluted
fractions were pooled and concentrated using Amicon® Ultra-15 Ultracel-10 regenerated cellulose
membrane centrifugal filter units (UFC901024 — Merck Millipore). 5% glycerol (v/v) was added prior

to snap-freezing in liquid nitrogen and storage at -80 °C

3.5.7.6. Purification of TEV Protease

The cell pellet was resuspended in TEV lysis buffer (50 mM sodium phosphate (pH 8.0), 200 mM NaCl,
10% glycerol (v/v), 25 mM Imidazole) with a cOmplete tablet. PMSF was added to 1 mM prior to lysis
as for mEGFP-CsLinker. The remainder of the purification was completed as for the mEGFP-CsLinker
also except that the elution buffer was TEV elution buffer (50 mM sodium phosphate (pH 8.0), 200 mM
NaCl, 10% glycerol (v/v), 500 mM Imidazole). The elution was pooled and snap-frozen for storage at

-80 °C.

3.5.7.7. Purification of untagged CsLinker

The full length mEGFP-CsLinker-MBP fusion protein was purified in the same way as the mEGFP-
CsLinker except the pooled eluate from the HisTrap column was not subjected to SEC. To cleave the
fusion tags, purified TEV protease was added in a 1:100 ratio relative to the concentration of the fusion

protein and cleaved overnight on ice. The cleaved solution was buffer exchanged by ~20-fold
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concentration in Amicon® Ultra-15 Ultracel-10 filter units and dilution in 50 mM Tris-HCI pH 8.0, 500
mM NaCl to the original volume. The buffer exchanged solution was subsequently passed over a 5 mL.
HisTrap FF column and the flow through was collected, pooled, concentrated and subjected to SEC as

for the mEGFP-CsLinker protein before concentration and storage in the same manner.

3.5.7.8. Purification of USP2 protease

The cell pellet was resuspended in 50 mL of USP2 lysis buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl,
10 mM Imidazole, 30% glycerol). The cells were lysed, and the protein was purified using the same
methodology as the TEV protease, except a one-step elution was completed with USP2 elution buffer
(50 mM Tris-HCI pH 8.0, 300 mM NacCl, 200 mM Imidazole, 30% glycerol). The protein was not

concentrated following elution.

3.5.7.9. Purification of EPYCI and EPYCI-GFP

EPYC1 and EPYCI1-GFP were purified as for mEGFP-CsLinker except the HisTrap elution was not
subjected to SEC. Instead the pooled eluates were incubated with a 1:100 dilution of USP2 protease
after addition of glycerol to 3.5% (v/v) and -mercaptoethanol to 4.7 mM overnight on ice to cleave the
His-tagged ubiquitin moiety. The cleaved solution was buffer exchanged and re-purified as for the

untagged CsLinker.

3.5.7.10.  Purification of Rubisco

Purification of Chlorella and Chlamydomonas Rubisco was performed using an identical protocol. Cells
were grown to late exponential phase (1x10” cells mL™ for Chlamydomonas and 5x107 cells mL™' for
Chlorella) in 10 L of TP media in Carboys (2251-0020 — Nalgene) sparged with 3% CO; under light at
~50 pmol photons m? s and temperature at ~21 °C. The cells were harvested by centrifugation at 5,000
g for 15 minutes at 4 °C and resuspended in Rubisco lysis buffer (100 mM Tris-HCI pH 8.0, 100 mM
NaCl, 0.5 mM EDTA pH 8.0, 1 mM MgCl,) supplemented with 5 mM DTT added fresh. Lysis was
completed by ultrasonication with a processing time of 5 minutes. 3 second pulses were interspersed by

7 second breaks to allow sample cooling. The lysate was clarified by centrifugation at 47,850 g for 30
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minutes at 4 °C and subsequent 0.2 um filtration of the supernatant. To the supernatant ammonium
sulphate (89363 — Alfa Aesar) was added to 190 mg mL™' final concentration and the solution was stirred
at 4 °C for 1-2 hours. Precipitate was removed by centrifugation at 47,850 g for 10 minutes at 4 °C. An
additional 190 mg mL"' of ammonium sulphate was added to the supernatant and the solution was stirred
for a further 1-2 hours. The precipitate was collected as before and resuspended in ~15 mL of Rubisco
IEX buffer A (50 mM Tris-HCI, 50 mM NaCl). 1.5 mL of the solution was applied to the top of 12 mL.
10-30% (w/v) sucrose gradients that were formed in Rubisco IEX buffer A using a Gradient Master 108
(Biocomp). The gradients were centrifuged at 37,000 rpm in an SW 41 Ti rotor (Beckman Coulter) for
16.5 hours at 4 °C. The gradients were fractionated and analysed by SDS-PAGE (Fig. 3-5a) and the pure
fractions were pooled and diluted 3-fold in Rubisco IEX buffer A. This solution was applied to a 5 mL
HiTrap Q XL 5 mL column (Cytiva Life Sciences) equilibrated with Rubisco IEX buffer A. The column
was washed with ~10 column volumes of the same buffer until the Asgo value reached baseline. The
bound protein was eluted with a linear gradient to 100% Rubisco IEX buffer B (50 mM Tris-HCI pH
8.0, 500 mM NacCl) over 10 column volumes. The eluted fractions were analysed by SDS-PAGE (Fig.
3-5b) and the purest fractions were pooled and concentrated using the filtration units used previously.
The concentrated fraction was subjected to size-exclusion chromatography (SEC) using a HiLoad
16/600 Superdex 200 pg column (28989335 — Cytiva Life Sciences) equilibrated with Rubisco gel
filtration buffer (50 mM Tris-HCI pH 8.0, 50 mM NaCl, 5% glycerol (v/v), 1| mM DTT). The eluted
fractions were analysed by SDS-PAGE (Fig. 3-5¢) and the purest fractions were pooled, concentrated

and snap-frozen for storage at -80 °C.

3.5.7.11. Atto594 labelling of Rubisco

Both Chlorella and Chlamydomonas Rubisco were labelled using the same methodology. An Atto 594
protein labelling kit (68616-1KT — Merck) was used largely according to manufacturer’s instructions.
0.175 mg of Rubisco was buffer exchanged into sodium bicarbonate buffer solution B (0.2 M Sodium
bicarbonate, pH 8.3) using Amicon Ultra-0.5 centrifugal filter units (UFC501024 — Merck). A 0.2 mg
vial of Atto 594 dye was resuspended in 20 pL of sodium bicarbonate buffer solution B. Rubisco was

labelled using 3.5 pL of the dye solution in a total volume of 100 pL for 2 hours at room temperature
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with agitation. The labelled protein was applied to the supplied PD-10 desalting column that had been
equilibrated with 5 volumes of PBS and 5 mL of PBS was applied. The labelled protein band (blue)
was collected and separated from the free dye (second, pink band). The protein was subsequently
concentrated using Amicon Ultra-0.5 filter units and buffer exchanged into 50 mM Tris-HCI pH 8.0, 50

mM NaCl buffer before snap-freezing and storage at -80 °C.

3.5.7.12.  Estimation of protein concentrations

For mEGFP-CsLinker, Rubisco, EPYC1, EPYCI1-GFP, TEV protease, USP2 protease and mEGFP-
CsLinker-MBP proteins, concentrations were estimated using the calculated molecular weights and
extinction coefficients and a NanoDrop ND-1000 spectrophotometer. For untagged CsLinker, a
Bradford assay (23236 — ThermoFisher Scientific) using a 4-point BSA calibration curve was completed
(Fig. 3-4a) to estimate the protein concentration. The results of the Bradford assay were validated by

comparison to a 4 pg load of BSA on an SDS-PAGE gel (Fig. 3-4b).

3.5.8.  Attempted transformations of Chlorella (completed with Mihris Naduthodi)

In all cases, the cells that were used in attempted transformations were in the exponential phase (~1x10°-
1x107 cells mL™") after growth in TAP media under ~50 pmol photons m™ s™' and a temperature of ~21
°C. For all transformations completed with the Bio-Rad Gene Pulser® II electroporation system, 0.4
cm cuvettes (EP-104 — Cell Projects) were used with an electroporation volume of 250 pL containing
the indicated number of cells. The genetic material was mixed with the cells in the electroporation
volume and pulsed immediately with the indicated parameters. For all transformations completed with
the NEPA21 (Nepa Gene), 0.2 cm cuvettes (EP-102 — Cell Projects) were used with an electroporation
volume adjusted such that the measured resistance was ~0.4. In all electroporation-based
transformations, the cells were recovered for ~24 hours in TAP supplemented with 40 mM sucrose, then
plated on TAP plates supplemented with the relevant antibiotics. For all biolistic transformations
completed with the Bio-Rad PDS-1000/He particle bombardment system, 1100 psi rupture disks were
used, and the transformation plate was positioned ~9 cm from the rupture disk. 550 nm gold

nanoparticles (S550d — Seashell Technologies) were washed with dH,O and bound with the indicated
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genetic material using precipitation buffer as per the manufacturer’s instructions. The indicated number
of cells were plated TAP-agar plates ~2-4 hours prior to transformation. Following transformation, the
cells were recovered on the same plates for ~24 hours prior to transfer to TAP selection plates containing

the relevant antibiotics.

For the transformation of protoplasts, cells were protoplasted by incubation overnight in protoplast
buffer (1 mg mL™"' lysozyme, 1 mg mL" sulfatase, 0.25 mg mL™" chitinase) in the dark at room
temperature. Protoplasted cells were subsequently either electroporated in 0.2 cm cuvettes using a Bio-
Rad Pulser XCell transformation system at the indicated parameters or transformed using a HIV-TAT
peptide. Following incubation with the HIV-TAT peptide and DNA solution, the cells were plated on

TAP plates supplemented with the relevant antibiotics.

3.5.9.  Attempted immunofluorescence localisation protocols

For all the separate fixation and permeabilization immunofluorescence methods, TP-grown cells were
fixed in 3.7% paraformaldehyde made up in PBS for 30 minutes at room temperature with agitation.
The cells were washed twice in PBS prior to treatment with the indicated conditions. All
immunofluorescence trials. The one-step fixation and permeabilization methods were completed as
indicated. Following permeabilization all samples were washed with PBS and incubated with a 1:100
dilution of the RbcL antibody (YZ8186) for 1 hour at room temperature followed by washing with PBS
and incubation with a 1:1000 dilution of the goat anti-rabbit secondary antibody for 45 minutes at room
temperature. The cells were imaged as for the in vitro droplets except that 10 pL of cells were overlaid

with 30 puL of 1% low-melting point agarose made up in TP.

3.5.10. Absolute quantification mass spectrometry (completed with Mihris Naduthodi)

6x10° cells were harvested from triplicate Chlorella cultures grown to mid-exponential phase (6x10°
cells mL™") in TP under ambient CO, conditions and at ~50 pmol photons m™ s and a temperature of
~21 °C. The harvested cells were boiled in 50 pL of Laemmli buffer for 15 minutes. The protein

standards were separately boiled in duplicate in the same volume. The whole sample volumes were
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loaded into 10-well 4-20% Mini-PROTEAN® TGX™ gels and run for ~10 minutes at 120 V until the
entirety of the samples had entered the gel. The samples and standards were run on separate gels. The
gels were stained with InstantBlue and the sample bands were excised and submitted for mass
spectrometry analysis. Samples were trypsin-digested from the gel slices, post reduced with 1,4-
Dithioerythritol (DTE) and alkylated with iodoacetamide prior to separation of the extracted peptides
by ultra-performance liquid chromatography (UPLC) with a 25 cm PepMap column (ThermoFisher
Scientific) and 1 hour acquisition by data-dependent acquisition (DDA) using an Orbitrap Fusion
Lumos Tribrid (ThermoFisher Scientific). High resolution MS1 and top speed 1s cycle linear ion trap
(LIT) MS2 post higher-energy C-trap dissociation (HCD) fragmentation were used during collection.
The biological triplicate whole cell samples were acquired as technical duplicates (two injections).
Liquid chromatography mass spectrometry (LC-MS) chromatograms were aligned using Progenesis QI
(Waters) and the MS2 spectra were exported and searched using Mascot (Matrix Science) with a 1%
false discovery rate. Peptide matches were reimported and mapped to MS1 peak intensity using
Progenesis QI, integrated and summed at protein level. The calibration curves from the protein
standards were used to calculate protein abundance in the biological samples (Fig. 3-5). All proteomics

data were deposited in MassIVE, with ProteomeXchange identifier PXD044179.

3.5.11. Antibodies
Affinity purified rabbit primary antibodies were raised to regions specific to CsLinker (C-Ahx-
PTPVSNSGVRSAMSSG-amide) and Rubisco (C-Ahx-EVWKEIKFEFETIDTL-cooh) by YenZym
antibodies LLC in duplicate. For this study YenZym antibodies YZ8175 (CsLinker) and YZ8186

(Rubisco) were used.

3.5.12. Western blot for relative abundance of CsLinker and Chlorella Rubisco

1x10® cells were harvested from Chlorella cultures grown in 5 mL of TP in 6-well plates and at ~50
pmol photons m? s and a temperature of ~21 °C either under ambient CO, conditions or in gallon
Ziploc bags (351126 — Ziploc) supplemented with 3% CO,. Harvested cells were resuspended in 50 pL.

of 1x Laemmli buffer and boiled for 15 minutes prior to loading.
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3.5.13. Co-immunoprecipitation mass spectrometry (co-IP) (completed with Mihris Naduthodi)

1x10° cells were harvested from a Chlorella culture grown to mid-exponential phase (3x10° cells mL™)
in TP under ambient CO, conditions and at ~50 pmol photons m? s™" and a temperature of ~21 °C. Cells
were lysed by ultrasonication as before, in 10 mL of IP buffer (20 mM Tris-HCI pH 8.0, 50 mM NaCl,
0.1 mM EDTA, 12.5% glycerol, 5 mM DTT) with 1 cOmplete EDTA-free protease inhibitor tablet. The
lysate was clarified by centrifugation at 20,000 g for 30 minutes at 4 °C. All subsequent steps were also
completed at 4 °C. For each replicate, 200 pL of Dynabeads™ Protein A in 2 mL Eppendorf tubes were
washed twice with 500 pL of IP buffer by mixing and removal using a magnrack. 32 pg of each of the
primary antibodies (YZ8175 and Y78186) was dissolved in 500 pL of IP buffer and incubated with the
beads for 2 hours. The control antibody used for comparison of enrichment was previously raised to
Chlamydomonas BST2 (Mukherjee et al., 2019). The loaded beads were washed twice with IP buffer
and blocked with 500 pL of a 2 mg mL™' BSA solution in IP buffer for 1 hour. The blocked beads were
washed with IP buffer and incubated with 1 mL of lysate for 3 hours, followed by 3 washes and
resuspension in 500 pL IP buffer. 250 pL of beads were transferred to a new tube and the IP buffer was
removed. The beads were boiled in 60 pL of Laemmli buffer and the supernatant was loaded onto 10-
well 4-20% Mini-PROTEAN® TGX™ gels. The samples were run, stained, excised, and digested as
for the absolute quantification mass spectrometry approaches. UPLC separation was performed by
60SDP EvoSep One method (EvoSep). Acquisition was performed using a parallel accumulation-serial
fragmentation data-independent acquisition (PASEF-DIA) approach with a TimsTOF HT mass
spectrometer (Bruker Instruments). Data were searched using DIA neural network (DIA-NN)
(Demicheyv et al., 2020) and filtered to 1% FDR and a minimum of two peptides. Statistical comparison

was completed using FragPipe-Analyst (http://fragpipe-analyst.nesvilab.org/).

3.5.14. Immunoelectron microscopy

Cells were harvested from a Chlorella culture grown to mid-exponential phase (3x10° cells mL™") in TP
under ambient CO, conditions and at ~50 umol photons m™ s and a temperature of ~21 °C. The
harvested cells were fixed in 1% Glutaraldehyde, 2% Formaldehyde in 0.1 M Sodium cacodylate (pH

7.4) for 1 hour with agitation at room temperature, then washed twice in the same buffer. The fixed cells
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were resuspended in 2% low melting point agarose (16520050 — Invitrogen). Cubes of cells in agar
blocks were dehydrated through a graded ethanol series at progressive low temperature (10%, 20% and
30% at ambient temperature followed by 50% at 4C and 70%, 90% and 100% at -20C), based on
previous methods (Vandenbosch, 1990). Dehydrated specimens were infiltrated with medium hardness
LRWhite resin (AGR1281 — Agar Scientific) containing 0.5% Benzoin methyl ether for 48 hours with
rotation. The infiltrated samples were polymerised in gelatin capsules using UV light for 24 hours at -
20 °C, followed by a further 24 hours at -10 °C. 70 nm sections were cut using a Leica UCT7
ultramicrotome with a Diatome knife and mounted on Nickel grids. For immunolabelling, the grids
were blocked with 3% BSA in phosphate buffered saline (PBS) for 30 minutes at room temperature.
The blocked grids were incubated with 1:700 dilutions of the primary antibodies (YZ8175 or YZ8186)
in 1% BSA-PBS for 1 hour at 30 °C in a humidity chamber. Grids were washed 3 times in PBS and
incubated with a 1 :40 dilution of the secondary Goat anti-rabbit IgG 10 nm gold conjugate antibody
(G7402 — Merck) in 1% BSA-PBS. The grids were finally washed 3 times in PBS and 3 times in dHO.
The primed grids were then incubated in 2% uranyl acetate (w/v) for 5 minutes followed by 5 minutes
in lead citrate as per previous methods (Reynolds, 1963). Imaging was completed by Dr Clare Steele-

King using an FEI Tecnai T12 BioTWIN TEM operating at 120 kV with a Ceta CCD camera.

3.5.15. Droplet sedimentation assays

All droplet sedimentation assays in this study were completed using the same following methodology.
The reaction volume was 5 pL in all cases, to which the reaction buffer (50 mM Tris-HCI pH 8.0, 50
mM NaCl) was added first followed by a high salt buffer (50 mM Tris-HCI pH 8.0, 500 mM NaCl)
where appropriate (Fig. 3-13). Of the protein components, Rubisco was consistently added prior to the
linker protein, after which the samples were immediately vortexed for ~2 seconds and incubated for
~15 minutes at room temperature. The samples were subsequently centrifuged at 17,900 g for 5 minutes
at room temperature to pellet the droplet phase. The supernatant was removed and incubated with
Laemmli buffer at a 1x final concentration. To the empty tube, 6 pL of 1x Laemmli buffer made up in

reaction buffer was added to dissolve the pelleted phase. Both the supernatant and pellet fractions were
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boiled for 5 minutes prior to loading on SDS-PAGE gels as described previously. Densitometric analysis

of the supernatant and pelleted fractions was completed as described previously.

3.5.16. General microscopy methods

3.5.16.1. Invitro droplet formation

For all brightfield and confocal microscopy imaging of in vitro droplet solutions in this study, iBidi p-
Slide 15-well 3D slides (81506 — iBidi) were used. The formation of droplets was completed in the

same stepwise fashion as used for the droplet sedimentation assays. The reaction volume was either 5

or 10 pL.

3.5.16.2.  Brightfield and confocal microscopy

For all brightfield and non-FRAP confocal microscopy, a Zeiss LSM 880 Airyscan microscope was
used in confocal mode without use of the Airyscan module. In all cases a 63x 1.4 numerical aperture
(NA) Plan-Apo oil-immersion lens (Carl Zeiss) was used with Carl Zeiss™ Immersol™ immersion oil
(518F — Carl Zeiss). For brightfield microscopy, the 488 nm excitation laser was used at 1% power with
a pinhole of ~80 and the transmitted photomultiplier tube (T-PMT) detector was activated. The master
gain was set to ~250, with a digital gain of 1.0. No offset was applied. For confocal fluorescence
microscopy either the 488 nm or 561 nm laser were used at 1% power for visualisation of EGFP or
Atto594 respectively. The master and digital gain settings were varied between imaging conditions but
were ~750 and 1.5 respectively in most cases. A 488/561 main beam splitter (MBS) was used and the
mirror was inserted. For 2-colour experiments, separate channels were used for the 488 nm and 561 nm

excitation lasers and were imaged sequentially.

3.5.16.3.  Fluorescence recovery after photobleaching (FRAP) microscopy

For all FRAP experiments, a Zeiss LSM980 MP Airyscan 2 microscope with a Definite Focus 3 module
was used without use of the Airyscan 2 module. In all cases a 63x 1.4 numerical aperture (NA) Plan-
Apo oil-immersion lens (Carl Zeiss) was used with Carl Zeiss™ Immersol™ immersion oil (518F —

Carl Zeiss). Droplets were formed in 10 pL. volumes as previously described, except the aqueous
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solution was overlaid with 30 pL of iBidi Anti-Evaporation oil (50051 — iBidi) to prevent evaporation
of the solution during imaging. Both half- and whole-FRAP experiments were completed with 15 pre-
bleach frames. For mEGFP, 1 bleach cycle at 100% 488 nm laser intensity was used. For Atto594, 5
bleach cycles using the 488 nm and 561 nm lasers at 100% intensity were used for bleaching. The
bleach regions were primarily drawn horizontally, parallel to the laser scanning direction, to allow more
accurate positional bleaching. The bleach parameters resulted in largely consistent bleaching to ~60-
75% of the mean gray intensity compared to the pre-bleach intensity. Between each of the subsequent
imaging frames, which were consistent with the settings used for non-FRAP confocal microscopy
images, the Definite Focus 3 module was used to retain the Z-focus of the imaging platform. Zen Blue

was used for microscope control.

3.5.16.4. Fluorescence recovery after photobleaching (FRAP) image analysis

All FRAP images were initially analysed using Fiji. The brightfield (T-PMT) channel from the imported
images was used to translationally stabilise the image using the Image Stabilizer plugin with 4 pyramid
levels, a template update coefficient of 0.99 in translation mode and otherwise default settings. The
resulting translation log was subsequently applied to the fluorescence channel prior to analysis. At least
2 regions of interest for the background (non-droplet) and reference (unbleached droplets) regions were
drawn using the Fiji selection tool in each image. Using the multi-measure function, the mean gray
intensity in each of the ROIs (including the bleached ROIs imported from Zen Blue) was measured and

imported to Microsoft Excel.

Initially, the intensity of the ROIls in each of the images was plotted and any ROIs that showed
fluorescence spikes or drops were excluded from analysis. Subsequently an average background
intensity was taken from the multiple background ROIs and the average value was subtracted from all
of the raw bleached and unbleached reference ROI values. To correct for photobleaching the
photobleaching rate of the unbleached reference ROIs was calculated as follows. The 15 pre-bleach
images in the reference unbleached ROIs were plotted and any erroneous data points were excluded

before an average pre-bleach value from the remaining values was calculated. The relative intensity at
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each of the subsequent timepoints in the unbleached reference ROIs was calculated relative to the
average pre-bleach value. An average of the relative bleach values in each of the reference unbleached
ROIs was then taken. The same correction relative to the average pre-bleach value was completed with
each of the bleached ROls, to which photobleach correction was applied by dividing the resulting value
by the average relative reference unbleached value at the same timepoint. Finally, the data was full-
scale normalised by subtracting the minima in each of the bleached ROIs from each of the values and

subsequently dividing each value by 1 — the minima.

For each of the resulting FRAP curves, an exponential model (y(t) = A * (1-¢™), where A is the plateau,
k is fitted and t is post-bleach time), was fitted to the post-bleach data using the SciPy curve fit module
in python3. The fit was used to derive the 7o 5 value for each of the FRAP curves, from which an average
Tos value with error was calculated in GraphPad Prism 9. For the average FRAP curve plots, the mean,
standard error of the mean (S.E.M.) and standard deviation (S.D.) were calculated for each of the

timepoints from the individual curves and plotted using python3.
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Table 3-17: Plasmids used in Chapter 3.

Name Description Use Origin

pLMO17 EPYC1-Venus (Paromomycin) Attempted Chlorella transformation (Mackinder et al., 2016)
pLMO021 CrRbcS2-Venus (Paromomycin) Attempted Chlorella transformation (Mackinder et al., 2016)
pLMO31 CrRbceS2-mCherry (Hygromycin) Attempted Chlorella transformation (Mackinder et al., 2016)
pLM630 Chlamydomonas Paromomycin cassette Attempted Chlorella transformation (Crozet et al., 2018)
pLM631 Chlamydomonas Hygromycin cassette Attempted Chlorella transformation (Crozet et al., 2018)
pICH47732 L1 Golden Gate acceptor vector Cloning of pLM845-849 (Weber et al,, 2011)
pCMO0-073 LO Hygromycin resistance vector Cloning of pLM845 (Crozet et al., 2018)
pCMO0-074 LO Paromomycin resistance vector Cloning of pLM847 and pLM848 (Crozet et al., 2018)
pCMO0-077 LO Zeocin resistance vector Cloning of pLM849 (Crozet et al., 2018)
pLM845 Chlorella Hygromycin cassette (pPSAD/tPSAD)  Attempted Chlorella transformation This study

pLMg47 Chlorella Paromomycin cassette (pPSAD/tPSAD)  Attempted Chlorella transformation This study

pLM848 Chlorella Paromomycin cassette (pRbcS2/tPSAD)  Attempted Chlorella transformation This study

pLM849 Chlorella Zeocin cassette (pPPSAD/tPSAD) Attempted Chlorella transformation This study
pCAMBIA1301 Plant Hygromycin cassette (pCaMV35s) Attempted Chlorella transformation (Sharma et al., 2021)
pSK397 Chlorella Geneticin cassette (pHSP70) Attempted Chlorella transformation (Kumar et al., 2018)
pLM672 CsLinker E. coli-optimised part 1 Assembly of E. coli optimised CsLinker for protein expression TWIST bioscience
pLM673 CsLinker E. coli-optimised part 2 Assembly of E. coli optimised CsLinker for protein expression TWIST bioscience
pLM674 CsLinker E. coli-optimised part 3 Assembly of E. coli optimised CsLinker for protein expression TWIST bioscience
pUAPI1 LO acceptor plasmid Assembly of E. coli optimised CsLinker for protein expression (Patron ef al., 2015)
pLM701 LO CsLinker E. coli-optimised Amplification of CsLinker for assembly in expression vectors  This study

1-GFP N-terminal 6xHis-mEGFP-TEV LIC vector Cloning of CsLinker for mEGFP-tagging and purification Addgene #29663
pLM712 6xHis-mEGFP-TEV-CsLinker Purification of mEGFP-CsLinker and assembly of pLM872 This study

2-Cce-T C-terminal MBP-6xHis LIC vector Cloning of CsLinker for untagged purification Addgene #37237
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pLM872

pRK793
pHueCrEPYCl1
pHueCrEPYC1-GFP
pBADGroEL/S
pHUSP2-p2cc

6xHis-mEGFP-TEV-CsLinker-TEV-MBP-6xHis
MBP-6xHis-TEV protease
6xHis-Ubiqutin-EPYC1
6xHis-Ubiqutin-EPYC1-GFP

GroEL/ES chaperone

USP2 protease

Purification of untagged CsLinker

Purification of TEV protease

Purification of untagged EPYC1

Purification of GFP-tagged EPYCl1

Co-expression of GroEL/S chaperone with EPYCI proteins
Purification of USP2 protease
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4. CSLINKER INTERACTS WITH THE LARGE SUBUNIT OF RUBISCO

4.1. Introduction
In the previous chapter it was demonstrated that CsLinker is a bona fide pyrenoid linker protein, and
that the interaction between CsLinker and Chlorella Rubisco gives rise to largely analogous properties
to those observed for EPYC1 and Chlamydomonas Rubisco. However, key differences in the behaviour
of the in vitro reconstitutions, as well as the sequence disparate nature of the two sequences suggested
differences in the modus operandi of CsLinker and EPYC1 that warrant further investigation. To this
end, this chapter aimed to biochemically and structurally characterise the interaction between CsLinker
and Chlorella Rubisco in an attempt to explain these differences by comparison with the previously
well-characterised interaction of EPYC1 and Chlamydomonas Rubisco (Atkinson ef al., 2019; He et

al., 2020; Wunder et al., 2018).
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4.2. Biochemical characterisation of the interaction between CsLinker and CsRubisco

In the two previously structurally characterised eukaryotic Rubisco-linker interactions (He et al., 2020;
Oh et al., 2023), and the prokaryotic a-carboxysome Rubisco-linker interaction (Oltrogge et al., 2020),
all linkers have been shown to interact with Rubisco using helical motifs (Fig. 4-1). It was therefore
hypothesised that the predicted helices of CsLinker would account for the interaction interface with
CsRubisco. Despite the shared structural features, previous approaches to biochemically characterise
linker fragment interactions with their cognate Rubiscos have varied. In both studies completed with
EPYCI1 from Chlamydomonas, the fragments used were not representative of native full repeat regions
of EPYC1 (He et al., 2020; Wunder et al., 2018), in contrast to studies of PYCO1 from Phaeodactylum,
where a fragment representing a full repeat region in addition to a C-terminal extension were used (Oh
et al., 2023). The latter approach using a longer PYCO1 repeat fragment afforded the authors additional
context in their structural study, as an additional binding region common to other pyrenoid proteins was
also present in the cryo-EM density map (Fig. 4-1b, right). Likewise in the a-carboxysomal linker study,
fragments of the Csos2 N-terminal domain representing full repeat regions were used for biochemical
studies, though the structure of the complex was obtained by fusion of a partial consensus repeat region
(Cs0S2-N*) to the Rubisco large subunit prior to crystallisation (Oltrogge et al., 2020). Based on these
characterisations it was concluded that working with full repeat regions of sequence native to the
CsLinker were likely to provide the greatest depth of data in the biochemical and structural studies of

CsLinker interaction with Chlorella Rubisco.

165



EPYC1
Rubisco

_%

90°

PYCO1
PYCO1*
Rubisco

_%

90°

Cs0S2-N*
Rubisco

_%

90°

Figure 4-1 | Structurally characterised linker-Rubisco interactions.

(a) Top (left) and side (right) views of EPYC1 interaction with Chlamydomonas Rubisco. A surface representation
of the Rubisco enzyme is shown in gray, with the EPYC1 fragment shown in magenta. (b) Top and side views of
PYCOIL interaction with Phacodactylum Rubisco. The additional PYCO1 density (PYCO1*) afforded by the
fragment used is shown in green. (c) Top and side views of Csos2-N* interaction with Halothiobacillus Rubisco.
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4.2.1. Choice of CsLinker fragments for characterisation

Based on the conclusions of the above, single and double helix fragments representing full repeat
regions of CsLinker centred on the third (a3), and third and fourth (a3-04) predicted helices were
generated for biochemical characterisation. Helices three and four were chosen from the CsLinker
sequence as they were deemed to be the most representative repeat regions within the full length
sequence with respect to both the predicted helices and disordered spacer regions, based on sequence
alignment of the repeats relative to the consensus sequence (Fig. 4-2). Both the a3 and a3-04 fragments
were purified to a high level using the same expression and purification strategy used previously for the

full length CsLinker protein (Fig. 4-3).

1 0 2 0 3 0 4 0 5 0 6 0 7 0
Consensus TPAPASYSAPAASYSAPAAAPA+GLSAEQREFLERKARESRSFPAPVETRGRSATPRPRSASPVGRP+SR

Repeat 1 (29-78) ~ —————————————————— ANARAO -PAP SPVQ
Repeat 2 (79-141) PAP -——SAPANG -PAP —P P SP-= P
Repeat 3 (142-207) PAP. APAAAPAGG -PAP -PRPRSASP--RP
Repeat 4 (208-272) gﬁP APAAAPAGG FIAP RPSA-=--

FIAPAP.G-TPIRI

Repeat 5 (273-313) ——=3| AG
Repeat 6 (314-364) -PA----—-—- SSY! SG

Predlcted Helices

Figure 4-2 | Comparison of repeat similarity in CsLinker used to determine fragment sequences.

The six repeat regions of CsLinker aligned using MAFFT, shown relative to the consensus repeat sequence (bold).
The regions used for the a3 and 03-04 fragments (repeat 3 and repeats 3 and 4 respectively) are shown bolded.
The predicted helices from AlphaFold2 are indicated. Residues are coloured by property according to the Clustal
X colour scheme. Residue numbering is relative to the position in the full length CsLinker protein (left) and
relative to the consensus repeat (top).
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Figure 4-3 | Purification of a3 and a3-a4 fragments.
SDS-PAGE of samples taken during Hisl and His2 purification of the fragments. The samples which were
subjected to SEC following His2 are indicated by red boxes. FT = flow through.

11t cegerrr

167



4.2.2.  Native PAGE characterisation of fragment-CsRubisco interaction

Due to the size, charge, and stability of the Rubisco holoenzyme and the high isoelectric point of the
interacting linker proteins, native gel electrophoresis has been readily employed to assay for interaction
between Rubiscos and fragments of their respective linker proteins (Oh et al., 2023; Oltrogge et al.,
2020; Wunder et al., 2018), and was used previously to characterise interaction of the full length
CsLinker protein with Chlorella Rubisco (Fig. 3-9). The same approach was initially applied to the a3
fragment and CsRubisco, over a wide concentration range, guided by the low affinity interaction (Kp
~3 mM) observed for the single helix EPYC1 fragment with Chlamydomonas Rubisco (He et al., 2020).
Upon addition of increasing a3 fragment at a fixed concentration of Rubisco (1 uM), an apparent shift
in the Rubisco band was readily observed (Fig. 4-4a). Under the same conditions which the band shift
was observed, there was no apparent condensate or aggregate formation in solution as assessed by
sedimentation and microscopy assays (Fig. 4-4b). This evidence indicated the concentration-dependent
band shift observed by native PAGE was due to bona fide interaction between a3 and CsRubisco in the
experiment. Clearly the observed band shift was unfit for quantification, likely due to the transiency of
the interaction causing band smearing, but does appear to be approaching a qualitative half-saturation
of the higher band at the 64 pM fragment concentration. The lack of phase separation observed with the
single helix fragment is consistent with the multivalent requirement of complex LLPS (Harmon ef al.,

2017), and observations with PYCO1-Rubisco interactions (Oh et al., 2023).

a i b 12 uM a3
[a3] (x10° M) 1 uM CsRubisco 12 uM a3
kDa S P 1 M CsRubisco
© © )
_ 0 PN 1 v A& 55w == |CsRbcL (53 kDa) ‘*

40 |
35| w

kDa 25 | -

| »eeess888
15 | s CsRbcS (16 kDa)

180 |4y

135 |jug - —— - - — 10| a3 (7.4 kDa) b

Figure 4-4 | Interaction between a3 and CsRubisco.

(a) Native PAGE band shift assay completed with CsRubisco fixed at 1 uM and increasing concentration of the
single helix a3 fragment. (b) Droplet sedimentation assay (left) and brightfield microscopy (right) of a3-
CsRubisco solution under the same conditions, at the indicated o3 fragment concentration (12 pM).
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Figure 4-5 | Interaction between 03-a4 and CsRubisco.

(a) Sedimentation (left) and brightfield microscopy (right) completed under the same conditions as in Fig. 4-4b,
at the indicated a3-04 fragment concentration (16 pM). (b) Native PAGE band shift assay completed with
CsRubisco fixed at 1 uM and increasing concentration of the double helix a3-04 fragment in Tris buffer (50 mM
Tris-HCI (pHS8.0), 50 mM NaCl). (c) Quantification of the occupancy of the higher order a3-a4-CsRubisco
complex from Fig. 4-5b and Fig. 4-5d derived from the inverse occupancy of the monomeric Rubisco band
determined by densitometric analysis. The ‘Mean’ values are taken from the replicates in Fig. 4-5b highlighted in
bold. (d) Native PAGE band shift assay completed as in Fig. 4-5b, except the buffer the proteins were incubated
in prior to analysis was different (200 mM sorbitol, 50 mM HEPES, 50 mM KOAc, 2 mM Mg(OAc)2:4H-20 and
1 mM CaClz at pH 6.8).

Considering the multivalent requirement for LLPS, and phase separation of Rubisco with a 2 helix
fragment of EPYC1 (Wunder ef al., 2018), it was expected that the 2 helix a3-a4 fragment would also
induce phase separation of CsRubisco. By contrast, no phase separation or aggregation was observed
by droplet sedimentation or microscopy assays (Fig. 4-5a), even at Rubisco and putative CsLinker
binding site concentrations previously demonstrated to phase separate CsRubisco with the full length
protein. When analysed by native PAGE, the o3-04 fragment readily demonstrated a concentration-
dependent band shift of CsRubisco into a stable higher order complex that had an apparent Ko5 of ~1.3
UM (Clos: 1.1-2.0 uM) in both the buffer used for condensate experiments (‘Tris’ in Fig. 4-5b,c), and in

a buffer previously used for biochemical studies with the single helix fragment of EPYC1 (‘Cryo’ in
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Fig. 4-5¢,d). Notably the size of the band shift observed with a3-04, relative to that of the a3, was
increased consistent with the formation of a higher molecular weight, isoelectric point and/or stability

complex between the proteins.

4.2.3.  SPR characterisation of fragment-CsRubisco interaction

Comparison of the native PAGE band shift assay results using the a3 and o3-a4 fragments indicated
that addition of the second repeat region in the a3-04 fragment led to an increase in affinity for
CsRubisco, consistent with the addition of a second equivalent putative binding region. To more
accurately determine this relative affinity increase, and allow comparison with previously determined
EPYC1 fragment affinity for Chlamydomonas Rubisco (He ef al., 2020), surface plasmon resonance
(SPR) was completed with the same fragments. To allow direct comparison, the experiments were
completed almost identically to those performed in He et al. (2020), with minor modifications (see
methods). Using amine-coupled CsRubisco as bait on the sensor chip, and the a3 and a3-04 fragments
as prey in separate triplicate experiments (Fig. 4-6a), affinities for CsRubisco were determined to be
103 uM [Clos: 79—-135 uM] for a3 and 1.21 pM [Clos: 1.10-1.34 uM] for a3-a4 (Fig. 4-6b). These
values were largely consistent with the qualitative results for a3 and semi-quantitative results for a3-o4
determined from the native PAGE experiments (Fig. 4-4a and Fig. 4-5). Importantly, the ~100-fold
higher affinity of a3-a4 for CsRubisco over a3 was replicated and was consistent with cooperative
binding of the second putative binding region to the same Rubisco rather than to a second Rubisco in
solution, supporting the lack of LLPS previously observed (Fig. 4-5a). Interestingly, the single helix
fragment (a3) showed ~30-fold higher affinity for CsRubisco than the previously reported affinity of a
single helix fragment of EPYC1 for Chlamydomonas Rubisco (Kp ~3 mM) (He et al., 2020), but was
largely consistent with affinity range estimated for a single helix fragment of CsoS2 binding to
Halothiobacillus neapolitanus Rubisco (Kp ~100-1000 pM) (Oltrogge et al., 2020). The a3-a4 affinity
was also largely in agreement with the reported value for a two helix fragment of CsoS2 at 60 mM NaCl
(Kp ~0.5 uM), which also did not demonstrate functional phase separation of Rubisco in vivo.
Importantly, the experiments performed in this work, and that of Oltrogge ef al., (2020) were completed

with full length repeats, in contrast to the partial repeat used in He et al., (2020). Hence, it is possible
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an increased affinity for Chlamydomonas Rubisco could be observed if regions representing total

repeats were observed. Equally, assessment of a native 2 repeat fragment of EPYCI may demonstrate

more similar properties to those observed here for CsLinker, in contrast to the previous results with a

non-native EPYC1 2 repeat fragment (Wunder et al., 2018). The affinity of PYCOI1 binding regions to

Rubisco was not previously characterised, so no comparison could be made. Taken together the SPR

results indicated the CsLinker fragments demonstrated affinity for Rubisco in the order observed for

other Rubisco linker fragment interactions, but that there were no differences sufficient to explain the

lack of emergent properties of 2 helix fragments and their interaction with the respective Rubiscos. As

such, further work to structurally characterise the modus operandi was pursued.
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Figure 4-6 | SPR analysis of @3 and a3-04 interaction with CsRubisco.
(a) Schematic representation of SPR experiment format of a3 or a3-a4 fragments binding immobilised CsRubisco
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4.3. Structural characterisation of CsLinker-CsRubisco interaction

Having validated the interaction of the repeat regions of the CsLinker protein with CsRubisco, it was
next desirable to understand the molecular details that underpinned this interaction. Cryogenic Electron
Microscopy (cryo-EM) has rapidly evolved over the last 10 years (Callaway, 2020), and as such single-
particle cryo-EM has been successfully utilised to determine the high resolution 3D structures of
numerous Rubiscos with (Flecken ef al., 2020; He et al., 2020; Huang et al., 2020; Li et al., 2022; Oh
etal, 2023; Wang et al., 2019; Xia et al., 2020), and without (Bhat et al., 2017; Evans et al., 2023; He
et al., 2020), interacting partners. Rubisco is particularly well suited to cryo-EM given its high degree
of internal symmetry and large overall size and was therefore selected as the primary technique to

determine the 3D structure of the CsLinker-CsRubisco complex.

4.3.1.  Grid preparation for crvo-EM

Inherently, single particle cryo-EM requires dispersion of the sample across the grid such that picking
of individual particles from the micrograph can be achieved. As it was previously demonstrated that full
length CsLinker can phase separate CsRubisco even at low global concentrations (Fig. 3-12), it was
implied that either a3 or a3-04 fragments should be used for grid preparation to allow dispersion of the
putative complex on the grids. To allow the best chance for capturing additional interaction outside of
the predicted helical interaction interface, it was decided that the a3-a4 fragment representing two
complete repeat regions should be used, though grids were prepared with the a3 fragment in case the
a3-a4 fragment appeared unsuitable. Accordingly, cryo-EM grids were prepared at a concentration of
CsRubisco that would allow dispersion of the Rubisco particles across the grid (0.5 uM) with a
concentration of a3-a4 that was previously shown to saturate CsRubisco in the a3-04-CsRubisco
complex by native PAGE and SPR in the same buffer (16 uM) (Fig. 4-5d and Fig. 4-6b). The
concentration of a3-a4 was such that the putative CsLinker binding site concentration was comparable
to that empirically determined in vivo (32 uM here, 27 pM in vivo — Fig. 3-5¢) The two components
were complexed in the same buffer used for both the previous SPR experiments, and used by He et al.

(2020) for the determination of the EPY C1-Chlamydomonas Rubisco complex. Under these conditions,
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Rubiscos were observed to be well-distributed across the grid with an appropriate ice thickness for data

collection (Fig. 4-7).

10000 nm

Figure 4-7 | Grid preparation used for data collection of a3-a4-CsRubisco complex.

(a) Representative micrograph of a grid square with the appropriate thickness of ice used for data
collection. (b) Zoomed view of a foil hole within the same grid square showing the lack of aggregation
or contamination on the grid. (c) Micrograph following motion correction showing dispersion of
Rubisco particles in the foil hole.

4.3.2.  Data collection

In contrast to most previously published Rubisco complex structure datasets that were collected using
300 kV electron microscopes, the dataset for the a3-a4-CsRubisco complex was collected with a 200

kV Glacios microscope at the University of York. EPU, operated in AFIS mode was used for data

collection over an ~14 hour data collection period in which 4,447 micrographs were collected.

4.3.3.  Particle picking, 2D classification and Initial Modelling

RELIONS3.1 was used for all data processing (Zivanov et al., 2018). Following motion correction with
MotionCorl.2 (Zheng et al., 2017), and Contrast Transfer Function (CTF) estimation with CTFFINDA4.1
(Rohou & Grigorieft, 2015), 465 particles were manually picked from a range of micrographs across
the dataset. The manually picked particles were extracted with 2x binning and subjected to 2D
classification. Representative top and side view classes of Rubisco were then used as 2D references in
auto-picking (Fig. 4-8a), which resulted in 237,035 particles being picked with high accuracy (Fig. 4-
8b), as confirmed by the high percentage of particles retained in the subsequently selected 2D classes

(Fig. 4-8c) (224,593 particles; 94.8% of auto-picked particles). A de novo 3D model was generated from
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the selected 2D classes in which the general shape and low resolution features of Rubisco were observed
(Fig 4-8d). Notably, regions of additional density, not accounted for by the holoenzyme model of

CsRubisco, were tentatively observed at the equatorial region of Rubisco at this stage.

side side

Figure 4-8 | 2D classification, autopicking of particles and de novo model generation.

(a) Selected side and top view 2D classes of the 465 manually picked particles used as 2D references for
subsequent auto-picking. (b) Representative motion-corrected micrograph shown without (left) and with (right)
the green auto-picked particle overlay. (c) Selected 2D classes of the auto-picked particles used for subsequent
3D classification. (d) De novo 3D Rubisco model generated from 2D classes. Arrows indicate regions of additional
density present in the map, that are not accounted for by Rubisco holoenzyme structural features.

4.3.4. 3D classification

Using the de novo 3D model as a reference map lowpass filtered to 50 A, 3D classification of the

selected 2D particles was completed with C1 symmetry into 5 classes with a regularisation parameter
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(T) of 4 (Fig. 4-9a). Of the resulting classes, only 1 demonstrated high resolution structural features
consistent with the Rubisco holoenzyme. The resultant class possessed 33% of the input particles from
2D classification and consisted of 73,962 particles, suggesting some heterogeneity in the quality of the
sample. The additional density that was identified in the de novo 3D model (Fig. 4-8d) was clearly
present in each of the axes of this 3D class and was of the size scale expected for the predicted helical
regions of the a3-04 fragment. This class was subsequently subjected to 3D auto-refinement and post-
processing with C1 and D4 symmetry, which demonstrated very little difference between the maps (Fig.
4-9b), confirming that no consistent asymmetric features were present in the particle dataset. Following
auto-refinement and post-processing the additional density present in the 3D class was much less visible
in both the D4 and C1 refinements, indicating much lower resolution information was present in this

region of the reconstruction.

4.3.5. CTF refinement, polishing and post-processing of the D4 map

The D4 symmetry refined map (of 3D refinement resolution 2.86 A) was processed through iterative
rounds of CTF refinement and 3D refinement to correct for beam tilt and 4™ order aberrations (2.81 A),
anisotropic magnification (2.81 A), per-particle defocus and per-micrograph astigmatism (2.73 A)
sequentially (see methods). Bayesian polishing was completed on the resulting particles, which
increased the resolution to 2.57 A prior to post-processing (2.39 A) (Fig. 4-9c,d). The FSC curve
indicated that no additional features were introduced from masking during refinement. In the resultant
map, the resolution of the additional density was too low to allow fitting of any candidate structural
features. Several possible explanations for the lower resolution of this density exist. If the structural
feature responsible for the density binds with heterogenous conformations in each subunit or is bound
sub-stoichiometrically with respect to the number of subunits, or indeed a combination of both, the
density across the subunits would be averaged leading to a lower resolution reconstruction. Given that
in both scenarios the heterogeneity would presumably not show preference for certain subunits, it is
also unlikely they would be isolated during C1 classification in which the particle is considered as one
unit. As such, an alternative approach in which binding at each subunit is considered individually was

pursued.
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Figure 4-9 | 3D classification and symmetry comparisons.

(a) Maps of the 5 3D classes and the distribution of particles within them. Particles in class 3 (bold) were selected
for further processing. Regions of additional density were present in the 3D class (arrows). All maps are shown at
a contour level of 0.01. (b) Post-processed maps of class 3 from Fig. 4-9a with C1 or D4 symmetry imposed
during refinement. Both maps are shown at a contour level of 0.032, at which the low-resolution additional density
was not visible. (c) Post-processed map following CTF refinement and Bayesian polishing with D4 refinement.
The map is presented at a contour level of 0.0553. (d) Fourier shell corelation curve showing the resolution
estimate for the D4 refined map with an FSC cut-off of 0.143.
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4.3.6. Symmetry expansion, 3D classification and refinement of the a3-a4-CsRubisco complex

Assuming the lower resolution of the putative a3-04 density was due to sub-stoichiometric binding in
the complex, a potential approach to increase the resolution of the reconstruction was to separately
classify subunits in which the fragment is bound, and complete refinements of the resultant classes
separately. The nature of the interaction between a3-04 and CsRubisco, which was presumed to give
rise to a distribution of occupancies on each Rubisco (from 0-8 occupied binding sites), precluded the
use of whole particle 3D classification to do this. Instead, the polished particle dataset (73,962 particles)
which gave rise to the 2.39 A D4 reconstruction (Fig. 4-9) was D4 symmetry expanded to separate the
8 Rubisco large subunits of CsRubisco for classification separately (591,696 effective particles). A soft,
featureless mask encapsulating the region of additional density present in the 3D class (Fig. 4-9a) was
created in UCSF Chimera by mapping the predicted helix of a3 into the density and lowpass filtering
to 20 A (Fig. 4-10a). The resulting mask was used in 2 rounds of 3D classification, in which bound and
unbound symmetry axes were clearly separated (Fig. 4-10b,c). After the second round of 3D
classification, a single class with high resolution features was obtained, suggesting there was little
heterogeneity in the binding pose of the a3-a4 fragment in the complex. The particles from the resulting
class were refined with C1 symmetry and post-processed to 2.76 A (Fig. 4-10d,g). During the
reconstruction the symmetry axes containing the additional density were aligned, leading to
reconstruction of the additional density at one of the subunits and removing the deprecating effect of
averaging across the 8 symmetry axes encountered previously (Fig. 4-9c). The lack of density at the
other subunits indicated good selectivity of the 3D classification. In line with this, the final non-
sharpened map demonstrated improved resolution for the additional density (Fig. 4-10e) over the
density in the non-sharpened post-processed D4 map (Fig. 4-10f). In this reconstruction, the density
also presented clearly helical nature for the first time, in line with the hypothesis that the predicted
helices of CsLinker underpin the interaction with Chlorella Rubisco. Based on the origin of the
symmetry expanded particles present in the 3D class used for reconstruction (Fig. 4-10c), it was also
possible to determine the distribution of the number of symmetry axes bound in each Rubisco. On
average, per Rubisco ~23% of symmetry axes possessed the additional density indicating that only 2 of

the 8 available binding sites for a3-a4 on CsRubisco were occupied under the conditions the dataset
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was collected. In agreement, there was a clear distribution of the number of axes occupied centred on
the mean (Fig. 4-10h). This clearly indicated that despite the incubation of a3-04 at concentrations
found to saturate Rubisco by SPR and native PAGE, the a3-04 fragment was indeed sub-

stoichiometrically bound.
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Figure 4-10 | Symmetry expansion, 3D classification and refinement of the a3-04-CsRubisco complex.

(a) Sharpened (B-factor: 45) post-processed map of the C1 symmetry-refined a3-a4-CsRubisco complex using
the D4 symmetry expanded particle dataset. The soft featureless mask used for the classification is shown in
purple, over the region of additional density, into which the predicted helix of 3 is built. Shown at a contour level
0f 0.0496. (b) The 5 3D classes from the first round of C1 classification with the featureless mask. The selected
class is shown in blue. (c) The 3 3D classes from the second round of classification, with the selected class used
for refinement shown in blue. (d) Local resolution estimate from Phenix shown on the map as in a. (¢) Focus on
the additional density present in the C1 refined, unsharpened post-processed map derived from the symmetry
expanded particles in Fig. 4-10c. Shown at contour level 0.0293. Density is carved within a radius of 2 around the
predicted helical region. (f) Focus of the equivalent region in the D4 refined, unsharpened post-process map
derived the non-symmetry-expanded dataset in Fig. 4-9c. Shown at contour level 0.0174, which showed
equivalent density for the Rubisco holoenzyme as the contour level used to produce Fig. 4-10e. Carved to the
same level. (g) Fourier shell corelation curve showing the resolution estimate for the C1 refined map with an FSC
cut-off of 0.143. (h) Histogram of the number of symmetry expanded axes in each particle used in the 3D class
selected for refinement of the C1 map.
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4.3.7.  Model building and refinement of the CsRubisco holoenzyme

Before regions of the CsLinker could be built into additional density present in the final C1 map, it was
necessary to build coordinates for the CsRubisco holoenzyme itself, to allow more accurate refinement
of the complex at later stages. For model building of the CsRubisco holoenzyme, AlphaFold2 models
of the CsRbcS and CsRbcL sequences were aligned to the Chlamydomonas Rubisco structure (PDB:
7IN4; (He et al., 2020)) and the model was rigid body fitted into the D4 map. The coordinates for one
CsRbcL and one CsRbceS chain were then flexibly fitted in Coot before real-space refinement in Phenix
and application to the other 7 chains. Several regions of the RbcL did not have clear density in the map,
as observed for the Chlamydomonas cryo-EM structure (He ef al., 2020), and were removed from the
model. As expected, the coordinates showed high similarity to the Chlamydomonas Rubisco cryo-EM

structure (average Ca root mean square deviation of RbcL = 1.106 A and RbcS = 0.937 A) (Fig. 4-11).

Chlorella Chlamydomonas Overlay
(This work; 8Q04) (He et al., (2020); 7JN4)

Figure 4-11 | Comparison of Chlorella and Chlamydomonas cyro-EM Rubisco holoenzyme coordinates.
Ribbon representation of the D4 refined Rubisco holoenzyme coordinates built into the map from Fig. 4-9c (left).
Ribbon representation of Chlamydomonas Rubisco (middle) and the overlay (right) showing high similarity of
the overall structures.

4.3.8.  Building CsLinker in the complex CsRubisco-a3-04 complex

Given that the additional density presented clear helical nature in the higher resolution refinements (Fig.
4-10a,e) , it was assumed this corresponded to the predicted helical regions of the a3-04 fragment that
were hypothesised to underpin the interaction with CsRubisco. Given there is only a single amino acid
difference between the two helical regions in the a3-04 fragment (Fig. 4-2), it was also assumed both

the a3 and a4 helices would have equal affinity for, and consequent presence in, the complex with
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CsRubisco. Further to this, the a3-04 fragment was incubated with Rubisco at 16 uM, which was well
below the Kp of the a3 fragment (~100 uM), but in excess of the a3-a4 fragment (~1 pM), suggesting
that for an a3-04 fragment to be present in the complex, both helices would have to be bound and
therefore should be equally abundant in the dataset. The resolution of the density was not high enough
for distinction between the amino acid difference in the helices. As such, the helix of a3 was elected to
build into the C1 complex map as it is the more representative helix sequence in the full length CsLinker
(Fig. 4-2), though it is likely that higher resolution data could have allowed classification of the
differences between the two helices. For model building, the coordinates of the holoenzyme from the
D4 model (Fig. 4-11) were positioned in the C1 complex map and real space refined. In Coot, the
AlphaFold2 predicted helical region of a3 was then flexibly fitted into the additional density present,
using the bulky density at the centre as an anchor for the central tyrosine residue. 3 additional residues,
N-terminal to the predicted helix could also be built manually into the density and represented some
conserved structure in the predicted disordered region (Fig. 4-12a). The complex of one CsRbcS, one
CsRbcL and the a3 helix was real space refined in Phenix and the coordinates of the CsRbcS and
CsRbcL were consequently applied to remaining 7 subunits. The side chains of multiple residues on the
non-interacting face of the helix were removed from the model due to their poor resolution in the map
(Fig. 4-12b). These residues were all non-interacting electrostatic residues with highly flexible side

chains, explaining their lack of defined conformation in the complex.

Figure 4-12 | CsLinker helical coordinates fitted into the additional density in the C1 map.

(a) Final coordinates of the a3 helix of the a3-04 fragment mapped into the additional density present
in the C1 map (Fig. 4-10d), shown with the non-fitted side chains removed at a contour level of 0.033,
carved with a radius of 2 from the coordinates. (b) The same region shown with the side chains that
were not modelled due to poor density in green. All the poor resolution side chains are present on the
non-interacting face of the helix.
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4.3.9. Collection, model quality and processing

Final coordinates of the structures were validated in MolProbity and submitted to the PDB (Table 4-1).

Table 4-1: Collection, refinement, and validation of cryo-EM models.

Data Collection and Processing

Magnification 240,000

Voltage (kV) 200

Electron fluence (e-/A?) 50

Pixel Size (A?) 0.574

Symmetry D4 Cl
Figure for map 4-9¢ 4-10d
Initial Particles 237,035 591,696 (8x expanded)
Final Particles 73,962 133,171
Map resolution (A) 2.39 2.77
FSC Threshold 0.143 0.143
Map resolution range (A) 8.05-2.23 9.42-2.29
Refinement CsRubisco CsRubisco-03-04
Map sharpening B factor (A?) 50 45
Model Composition

Non-H atoms 35979 35836
Residues 4424 4440
Water 1267 1011
Mean B factors (4°)

Protein 44.00 44.10
Water 42.40 47.97
RMS deviations

Bond length (A) 0.008 0.009
Bond angles (°) 1.164 1.171
Validation

MolProbity Score 1.30 1.30
Clashscore 2.09 2.20
Poor rotamers % 0 0
Ramachandran plot

Favored % 95.41 95.61
Allowed % 4.59 4.39
Outliers 0 0

PDB Code 8Q04 8Q05
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4.3.10. The molecular basis of CsLinker interaction with CsRubisco

Analysis of the CsRubisco-a3-04 coordinates showed the helix of CsLinker binds to the widest region
of CsRubisco (Fig. 4-10a,d), at an N-terminal interface of the CsRbcL formed by the oB helix, BC sheet,
CD loop and the N-terminal region of the BD sheet (Fig. 4-13a). Given that a3 was modelled in the
complex, all subsequent numbering of residues was completed according to the position of the
corresponding residues of a3 in the full length CsLinker sequence. PDBePISA analysis of the complex
coordinates highlighted several key interactions between the helix of CsLinker and CsRbcL (Table 4-
2). The interface primarily consisted of two salt bridges on a hydrophobic interface (Fig. 4-13b). The
two salt bridges were between Argl76 of CsLinker and Glu51 of aB in the CsRbcL, and between
Lys177 of CsLinker and Asp86 of CsRbcL BC. Argl76 was positioned in the complex to form multiple
salt bridges with Glu51 and likely adopts multiple conformations that were not resolved in the density
map. Lys177 occupied a notably extended rotamer to bridge an unusually large gap (11.5 A) to Asp86
of the CsRbcL, considering the adjacency of Argl76 and Lys177 in the helix of CsLinker. Phe173 of
CsLinker dominated the hydrophobic interaction with high buried surface area in a hydrophobic pocket
formed by I1e87 and Tyr97 of the CsRbcL BC and BD sheets respectively. Leul74 and Leul66 were
also positioned to contribute to the hydrophobic interaction with Pro89 and Pro91 of the CsRbcL D
and CD loop respectively (Fig. 4-13b). GIn170 of CsLinker also had high buried surface area within
the complex and was positioned to form hydrogen bond interactions with residues in the CD loop,
though density in the C1 complex map precluded empirical conclusion of this. Taken together the model
of CsRubisco-03-a4 allowed identification of the key interacting residues between CsLinker and
CsRubisco and confirmed the hypothesised interaction of the conserved residues within the helices (Fig.
2-15a). The composition of the interface residues were largely consistent with those of the EPYC1-
Chlamydomonas Rubisco interface, representing a hydrophobic interface anchored with salt bridges.
Importantly however, the structure of CsRubisco-a3-04 demonstrated binding to an altogether different
binding interface in the RbcL of Rubisco, in contrast to the expectation that binding would occur in the
RbcS as observed previously for EPYC1 (He et al., 2020). This was further evidence for the convergent

evolution of the linker proteins in Chlamydomonas and Chlorella.
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Table 4-2: PDBePISA analysis of a3-a4-CsRubisco complex interface.

Salt bridges

a3-04 residues CsRbcL residue (atom) Distance (A) Secondary structure
(atom)

Argl76 (NE) Glu51 (OE2) 3.04 oB
Argl76 (NE) Glu51 (OE1) 3.93 oB
Argl76 (NH2) Glu51 (OE2) 2.96 oB
Lys177 (NZ) Asp86 (OD1) 3.56 pC
Hydrogen bonds

Gly165 (0) Gly92 (N) 2.66 CD loop
Gin170 (NE2) Glu93 (0) 3.29 CD loop
Gin170 (NE2) Gin96 (0) 3.30 CD loop
Argl76 (NE) Glu51 (OE2) 3.04 oB
Argl76 (NH2) Glu51 (OE2) 2.96 oB
Lys177 (NZ) [1e87 (O) 2.68 BC
Lys177 (NZ Asp86 (OD1) 3.56 BC
03-04 Interface

a3-a4 residue Accessible surface area (A?) Buried surface area (A?) % Buried
Glyl64 121.72 28.64 23.5
Gly165 84.64 31.20 36.9
Leul66 105.80 36.00 34.0
Serl67 63.01 15.15 24.0
Alal68 87.15 0.00 0.0
Glul69 73.76 23.02 31.2
Ginl70 95.46 95.46 100.0
Argl71 46.76 0.00 0.0
Glul72 48.95 0.00 0.0
Phel73 90.09 90.09 100.0
Leul74 82.49 12.39 15.0
Glul75 63.88 0.00 0.00
Argl76 158.68 62.48 394
Lys177 149.89 64.24 42.9
Alal78 89.52 0.00 0.0
Argl79 124.39 0.00 0.0
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Figure 4-13 | CsLinker interaction with CsRbcL.

(a) Ribbon representation of the CsLinker(a3-04)-CsRubisco interaction interface from the C1 complex structure.
CsRbcL is coloured according to the structural features discussed in text; red is helix aB, cyan is sheet fC, blue
is the CD loop, magenta is sheet BD. (b) Dominating molecular interactions at the interface determined by
PDBePISA analysis of the structure. The shortest range electrostatic residues for each residue are shown (left), as
well as the residues identified as contributing to the hydrophobic interface (right), where the surface of CsRbcL
is coloured according to hydrophobicity according to Kyte-Doolittle scoring. (c¢) Map of interactions between a.3-
a4 and CsRubisco, where salt bridges are indicated by black dashed lines, hydrophobic interactions by wedges
and possible hydrogen bond interactions by gray fine dashed lines. (d) The possible hydrogen bond network
between Q170 and the CD loop of CsRbcL shown as a ribbon representation (left) and as an all atom model in the
C1 complex map density (Fig. 4-10d), shown at contour level 0.0396 (right).
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4.4. Biochemical validation of the CsLinker interaction interface

Having determined the 3D structure of the complex between a3-04 of CsLinker and CsRubisco, it was
next desirable to validate the identified molecular interactions at the interface. As the previously
completed native PAGE experiments with the a3-a4 fragment proved to be repeatable and consistent
with high resolution SPR experiments (Fig. 4-5 and Fig. 4-6), mutagenesis of the fragment for use in
native PAGE experiments was identified as a primary technique to validate the binding site of the

CsLinker protein. Validation of the binding site on Rubisco is completed by proxy in Chapter 5.

4.4.1. Site-directed mutagenesis (SDM) and native PAGE validation of o3-04-CsRubisco
interaction

Based on the identified interactions in the C1 complex (Fig.4-13c), two strategies to separately ablate
the hydrophobic and electrostatic interactions were designed. For these strategies the initial goal was to
perform the same mutation at the relevant residues in both helices in the a3-04 fragment. To ablate the
hydrophobic interactions, the central Phe (position 173 in a3 and position 239 in 04) and adjacent Leu
(position 174 in a3) or Met (position 240 in a4) were mutated to Asp residues, and the resulting fragment
was denoted the ‘hydrophobic’ mutant. Asp was chosen as it possesses vastly different properties to the
origin residues, and was previously shown to ablate hydrophobic interaction between EPYC1 and
Chlamydomonas Rubisco in peptide tiling arrays, yeast two-hybrid and in vivo experiments (He ef al.,
2020). To ablate the electrostatic interaction, Glu (positions 169 (a3) and 235 (04)) and Arg (positions
176 (a3) and 242 (04)) residues were mutated to Ala based on the same reasoning as the hydrophobic
mutations, in addition to the helix-promoting nature of Ala residues (Rohl et al., 1999). This fragment
was denoted the ‘electrostatic’ mutant. Mutation of the Glu (169/235) residues was based on an early
refinement of the structure (not shown), which suggested this residue plays a role in the interaction,
contrary to the final high-resolution structure (Fig. 4-13), as well as conservation of the residue in the
consensus helix (Fig. 2-15a). Analysis of the electrostatic SDM fragments is therefore interpreted
independent of changes to this residue and focusses on the impact of the Arg(176/242) mutation. Due
to fidelity of the Gibson Assembly SDM approach used to create the constructs (see methods), an

additional unplanned construct in which only Argl 76 was mutated to Ala was also obtained, which was
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denoted the ‘partial electrostatic’ mutant. Importantly, AlphaFold2 modelling of the mutated a3-04
fragments indicated the same length predicted helix as the WT sequence would be formed in solution
(Fig. 4-15a,b), allowing isolation of any interaction changes to molecular details rather than structural

conformation changes.
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Figure 4-14 | Purification of the SDM mutants of the a3-a4 fragments.

SDS-PAGE analysis of samples taken during the first and second His affinity (Hisl and His2 respectively) and
size-exclusion chromatography (SEC) purifications of the hydrophobic and electrostatic mutant fragments. The
pooled fractions taken for experiments are highlighted by the red boxes for each mutant. Data for the partial
electrostatic mutant is not shown.

The mutant fragments were purified to a high level (Fig. 4-14), using the same strategy previously
employed for the WT a3-a4 fragment (Fig. 4-3). Both the hydrophobic and electrostatic mutant
fragments showed no band shift in native PAGE experiments at concentrations shown to fully shift the
CsRubisco into the higher order complex with the WT fragment (Fig. 4-15c¢). Interestingly, the partial
electrostatic mutant appeared to show an intermediate band shift. The concentration at which the partial
band shift was observed was consistent with the concentrations observed to shift CsRubisco using the
single helix fragment (a3) previously (Fig. 4-4a). This could suggest that by mutating only one of the
Arg residues, only one interaction site has been ablated and the affinity for CsRubisco has been shifted
towards that of the a3 fragment. Irrespective of this conclusion, the intermediate shift demonstrates that
the Arg has a definite contribution to the interaction with CsRubisco. Taken together, the SDM native
PAGE experiments were consistent with the interacting residues highlighted from the 3D structure of

the a3-a4-CsRubisco complex.
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Figure 4-15 | SDM mutants of the a3-04 fragments.

(a) Alignment of the 3 SDM mutants of the a3-04 fragments with the AlphaFold2 predicted helical regions
indicated by the gray box. The mutated residues in the respective constructs are shown in red. (b) Top ranked
AlphaFold2 models of the SDM mutants. The mutated residues within the helical regions are shown in red. (c)
Native PAGE band shift assays completed with the SDM mutated a3-a4 fragments according to b.
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4.5. Discussion
In this body of work the aim was to characterise, at a biochemical and structural level, the interaction
between CsLinker and CsRubisco. Based on the analogous structural properties of the CsLinker and
analogous mesoscopic properties of the in vitro pyrenoid reconstitution when compared to that of
Chlamydomonas, it was naively hypothesised that the molecular details of the interaction would also
be largely similar to that of Chlamydomonas. Instead, the picture of convergent evolution of pyrenoid
proteins outlined in Chapter 2, was reinforced by several key differences alongside functional

similarities in the linker protein that emerged from the characterisation.

The first key hypothesis, and similarity with Chlamydomonas and Phaeodactylum linker proteins that
was confirmed, was that the interaction of the CsLinker protein with CsRubisco was underpinned by
the predicted repeating helical motif. Based on the similarity in sequence composition of the helices of
CsLinker and EPYC1 (Table 4-3), it was expected that the helix would also have similar affinity and
interaction mode for CsRubisco. Instead, a significantly different affinity of the single helix fragments
for Rubisco (~100 pM in CsLinker vs. ~3000 uM in EPYC1) was demonstrated, alongside an equally
different interaction mode of the double helix fragments (stable complex formation vs. LLPS). Although
no direct comparison can be made between the experiments due to differences in the construct design,
this finding does suggest that there is likely a broad parameter space for linker interaction strength and
mode that has been optimised over the ~250 My evolution of the proteins to allow functional

convergence.

Table 4-3: EPYC1 and CsLinker helix composition.

Residue property EPYCI helix CsLinker helix
Negative (D/E) 2 2
Positive (K/R) 2 2
Aromatic (F/W/Y) 1 1
Hydrophobic (A/I/L/M/V) 2 2
Other 4 1
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A second hypothesis, that EPYC1 and CsLinker may have evolved to use the same interface of Rubisco,
was spectacularly disproven. This hypothesis was based on the similarity in helix size, properties and
spacing in the two proteins, as well as their phylogenetic relationship, and the shared interaction
interface used in cyanobacterial linker proteins (Oltrogge et al., 2020; Wang et al., 2019), that likely
evolved in the same period. Additionally, preliminary HADDOCK molecular docking experiments,
performed according to correct predictive work with EPYC1 and Chlamydomonas RbcS prior to 3D
structure determination (personal communication with Oliver Caspari), showed convincing likelihood
of a RbcS-mediated interaction (Fig. 4-16). In contrast, an interaction interface in the N-terminal region
of the CsRbcL was uncovered that shared no similarity with previously published interaction sites of
linker proteins in pyrenoids (He ef al., 2020; Oh et al., 2023), or carboxysomes (Oltrogge et al., 2020;
Wang et al., 2019). The increasing number of non-shared interaction interfaces characterised in
pyrenoid linker proteins suggests that there is little restraint on the Rubisco binding site used for
interaction, as long as the interaction can fulfil some minimal affinity criteria that can be compensated
by the rest of the linker sequence and its interaction mode; a feat that seems eminently achievable over
250 My of evolution. The binding to the large subunit of Rubisco is also of huge interest with respect
to plant engineering goals, as the RbcL is chloroplast-encoded and highly conserved in the green

lineage. This is discussed in detail in Chapter 5.

a b =z
/\%CsLinker
.
paig
NS
EPYC1-Chlamydomonas CsLinker-Chlorella
(Cryo-EM; PDB: 7JFO) (HADDOCK molecular dock)

Figure 4-16 | Chlorella RbcS was a plausible interaction interface for CsLinker.

(a) EPYC1 (residues 49-72) bound to the Chlamydomonas RbcS from the indicated cryo-EM structure. (b)
HADDOCK molecular dock of CsLinker to the Chlorella RbcS, the lowest energy dock is presented (see
methods).
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The use of the 2 helix a3-a4 fragment of CsLinker in cryo-EM studies granted the highest chance of
yielding a complete picture of CsLinker binding to CsRubisco, in contrast to previous approaches using
shorter fragments that did not represent full repeat regions of the respective linker proteins (He et al.,
2020; Oltrogge et al., 2020). In contrast to the Phaeodactylum linker protein PYCO1 where two regions
of additional density corresponding to different sequence elements were present in the complex map,
the CsLinker-CsRubisco complex map demonstrated only a single region of additional density (Oh et
al., 2023). This suggested that the disordered spacer region between helices does not have a direct role
in binding to CsRubisco but does not rule out a role in overall affinity through entropic effects. Further
work to assess the contribution of the disordered regions to the binding affinity, either by native PAGE

or SPR of shorter fragments could be completed to empirically determine this.

More generally, the high affinity and different interaction modes of CsLinker fragments for CsRubisco
relative to EPYCI1 fragments for Chlamydomonas Rubisco may explain the decreased mobility of
pyrenoid components observed in the in vitro reconstitution (Fig. 3-16). Whether the affinity of the
fragments explains the formation of the observed stable a3-a4-CsRubisco complex over LLPS remains
to be seen, though evolving modelling approaches for Rubisco-linker interactions may go some way to
answer these questions (GrandPre et al., 2023; Schaefer, 2023). The sub-stoichiometric binding of the
a3-a4 fragment to CsRubisco determined by symmetry expansion in cryo-EM appears especially
puzzling, given the apparent saturation of the higher order complex by native PAGE and SPR analysis.
Further work to understand the relative position of each of the sub-stoichiometrically bound helical
regions on each CsRubisco, using the relative transformations performed during symmetry expansion,
may go some way to explain this but were unfinished within the timeframe of the study. As an attempt
to offer a theoretical explanation; the primary sequence of the helices in CsLinker determines an implied
directionality to themselves and the disordered spacer region between them. Equally, the 3D structure
of Rubisco determines a directionality of the equivalent interaction site. Based on the assembly of
Rubisco, the interaction sites on adjacent RbcLs are antiparallel, meaning the corresponding interacting
helices and disordered spacer region must be positioned equally antiparallel to interact with adjacent

Rubiscos (Fig. 4-17a). One can imagine an alternative scenario in which binding of the two helical
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regions of a3-04 is preferred to non-adjacent CsRbcLs, such that the adjacent CsRbcL binding site is
obscured, reducing the effective valency of CsRubisco from 8 to 4 (Fig. 4-17b). The preference for each
of these interaction modes would presumably be dominated by the entropic penalty of confining the
disordered spacer region to an extended confirmation, which in turn is determined by the innate
flexibility of said spacer region (PritiSanac et al., 2019). Determination of the flexibility of the spacer
region, in combination with aforementioned computational models and relative RbcL occupancy would
likely go some way to answering this question, and more generally the role of flexibility of the spacer

region in determining the overall properties of the linker protein.

a b
Effective valency = 8 Effective valency = 4
(highly flexible spacer) (less flexible spacer)

Figure 4-17 | Proposed explanation for the sub-stoichiometric binding of a3-04 to CsRubisco.

(a) A scenario in which a high flexibility spacer regions permits the binding of adjacent, anti-parallel
binding sites on CsRubisco (indicated by arrow directionality). The effective valency of CsRubisco is
8, as each CsRbcL is accessible. (b) A low flexibility spacer region scenario, in which binding to non-
adjacent, parallel binding sites on CsRubisco is preferred, obscuring the intermediate anti-parallel site
from binding, and reducing the effective valency of CsRubisco to 4.

In summary, drawing on the expertise of key members at the University of York and building on the
technical foundations of others in the field, in this chapter a robust biochemical and structural
characterisation of the CsLinker-CsRubisco interaction was completed. Through this it was
demonstrated that a linker protein with analogous secondary structure to EPYC1 has evolved a different
affinity, interaction site and binding mode for Rubisco, reinforcing the convergent evolution of linker

proteins and their properties. Notably, the binding to the Rubisco large subunit is a cause for great

excitement, as demonstrated in Chapter 5.
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4.6. Materials and methods

Unless otherwise stated, all strains and culture conditions, general molecular biology and protein
biochemistry methods were performed consistent with the methods outlined in Chapter 3. General

methods introduced in this chapter are outlined here.

4.6.1. General molecular biology methods

4.6.1.1. Gibson assembly

For all Gibson assembly reactions, 100 ng of the longest fragment (usually the plasmid backbone) was
used in each reaction with a 3x molar excess of each of the inserts calculated based on the molarity of
the backbone in the reaction. All reactions were completed in 20 pL volumes with NEB Gibson
Assembly master mix (E2611 — New England BioLabs). The reactions were incubated for 1 hour at 50
°C, before 5 puL aliquots of the reaction mix were separately transformed 3 times into Dh5a and plated

on the same relevant antibiotic selection plates.

4.6.1.2. Colony PCR
For all colony PCR reactions, a reaction composition as outlined in table 4-4 and cycling conditions as
outlined in table 4-5 were used. Colonies were restreaked with 200 pL pipette tips to fresh selection
plates prior to mixing with the 25 puL colony PCR reaction volumes by aspiration. The annealing
temperature (Tm) for each reaction was calculated using the ThermoFisher Scientific online Tr
calculator set to Tag-based polymerase, after which 2.5 °C was subtracted. In all cases an extension time
of 60 seconds per kilobase of target amplicon was used. 10 pL of the reaction mix following

amplification was resolved by DNA gel electrophoresis as described previously.
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Table 4-4: Taq colony PCR composition.

Component Volume (uL)
dH20 14.4

10x CoralLoad Buffer 2.5

dNTP mix (R0192 — ThermoFisher) 0.5

Forward primer (10 uM stock) 1.25
Reverse primer (10 uM stock) 1.25

5x Q-solution 5

Aspirated colony -

Tag DNA Polymerase (5 U uL!) 0.1

Total 25

Table 4-5: Taq colony PCR conditions.

Temperature (°C) Time (s) Number of cycles
94 300 1

94 30

Calculated 45 38

72 Calculated

72 300 1

4.6.2. Cloning of o3 and a3-04 CsLinker fragments

The o3 and a3-04 sequences were PCR-amplified from pLM872 using primer pairs oLM3148/3149
and oLM3150/3151 respectively (Table 4-6), then subsequently gel extracted. The backbone of
pLMS872, from the C-terminal TEV site to the N-terminal TEV site was separately amplified with
primers 0LM3144/3145 and gel extracted. The a3 and a3-04 fragments were Gibson assembled
separately into this pLM872 backbone fragment to create pLM1286 and pLM1287 respectively.
Colonies were screened by colony PCR using primers oLM1622/2237 and constructs with the correct

amplicon were sequenced with oLM1622.
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Table 4-6: Primers used for cloning of a3 and a3-a4 fragments.

Name Purpose Oligonucleotide Sequence

oLM3144 pLM872 Backbone forward GAGAACCTCTACTTCCAATCCG

oLM3145 pLM872 Backbone reverse GGATTGGAAGTACAGGTTTTCCTC

oLM3148 a3 forward GATCGAGGAAAACCTGTACTTCCAATCCACC
CCAGCACCTGCGAGTTATTC

oLM3149 a3 reverse CGGATTGGAAGTAGAGGTTCTCACGAGAGG
TCGGACGTGGTG

oLM3150 a3-a4 forward GATCGAGGAAAACCTGTACTTCCAATCCACC
CCAGCACCTGCGAGTTATTC

oLM3151 a3-a4 reverse CGGATTGGAAGTAGAGGTTCTCACGACTAC
TTGGGCGCGCTG

oLM1622 Colony PCR/forward sequencing of CACTACCTGAGCACCCAGTC

pLM1286/pLM1287
oLM2237 Colony PCR of pLM1286/pLM1287  GCTAGTTATTGCTCAGCGG

4.6.3. Cloning of site-directed mutagenized 0.3-04 fragments

For site-directed mutagenesis of the a3-04 fragment, primers containing the appropriate nucleotide
mutations were designed for the nucleotide sequences corresponding to the helices of a3-a4. The
‘backbone’ (forwards from a4 throughout the backbone to a3) and ‘insert’ (forwards from a3 to 04)
were amplified separately according to the primers in table 4-7. Separate Gibson Assembly reactions
for each of the introduced mutations using the respective backbone and insert fragments were performed

to create pLM1454 and pLM1455. pLM1461 was not planned but was isolated as an artefact of the

Gibson Assembly approach used for the assembly of pLM1455. Colonies were screened by colony PCR

using 0LM1622/3448 and constructs with the correct amplicon were sequenced with the same primers.
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Table 4-7: Primers used for cloning of a3-04 SDM fragments.

Name Purpose Oligonucleotide Sequence

oLM3424 pLM1454 ‘insert’ forward AGCAGCGCGAGGATGATGAGCGTAAAGCC
oLM3425 pLM1454 ‘insert’ reverse GCCTTACGCTCATCATCCTCACGTTGCTCG
oLM3426 pLM1454 ‘backbone’ forward CGAGCAACGTGAGGATGATGAGCGTAAGGC
oLM3427 pLM1454 ‘backbone’ reverse GGCTTTACGCTCATCATCCTCGCGCTGCT
oLM3428 pLM1455 ‘insert’ forward GCTGCGCAGCGCGAGTTTCTTGAGGCTAAAG
oLM3429 pLM1455 ‘insert’ reverse CCTTAGCCTCCATAAACTCACGTTGCGCGGC
oLM3430 pLM1455 ‘backbone’ forward GCCGCGCAACGTGAGTTTATGGAGGCTAAGG
oLM3431 pLM1455 ‘backbone’ reverse CTTTAGCCTCAAGAAACTCGCGCTGCGCAGC
oLM1622 Colony PCR and sequencing CACTACCTGAGCACCCAGTC

oLM3448 Colony PCR and sequencing CCGACTTCAGCGAGACCG

4.6.4. Expression and purification of a3, 0.3-04 and site-directed mutagenized a3-a4 fragments

Expression and purification of all fragments was completed consistent with the methods used for
mEGFP-CsLinker and untagged CsLinker used in Chapter 3 except that instead of 10 kDa Amicon

filtration units, 3 kDa units were used instead (UFC900324/UFC500324 — Merck).

4.6.5. Native PAGE experiments and quantification

Native PAGE experiments and densitometric analysis were also completed consistent with the methods
outlined in Chapter 3. For experiments completed in the ‘cryo’ buffer (200 mM sorbitol, 50 mM
HEPES, 50 mM KOAc, 2 mM Mg(OAc),"4H,O and 1 mM CaCl, at pH 6.8) the Rubisco and a3-04
fragment were buffer exchanged into the same buffer using Amicon 0.5 mL 3 kDa (for a3-04) or 10
kDa (for Rubisco) centrifugal filter units. Glycerol was added to 10% (v/v) final concentration prior to

loading on gels which were run at the same conditions as used previously.

4.6.6. Surface plasmon resonance (SPR)

SPR experiments were completed largely consistent with previously published methods for the
Chlamydomonas EPYC1 fragment (He et al., 2020) with minor modifications. All experiments were
completed using a Biacore™ T100 fitted with a T200 upgrade kit (28977963 — Cytiva Life Sciences)

with a sensor temperature of 25 °C and Series S CM5 sensor chips (BR100530 — Cytiva Life Sciences).
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The flow path mode was sequential across all 4 flow channels (1-2-3-4) where flow path 1 was used as
a blank reference for subtraction in all cases. Prior to use the chip was washed with a IM NaCl solution
made up in HBS-EP for 60 seconds contact time at 30 pL min'. An Amine Coupling Kit (BR100050 —
Cytiva Life Sciences) was used for the modification of the chip surface for Rubisco immobilisation.
For flow path 1 control modification and immobilisation reactions were performed. A 1:1 N-
Hydroxysuccinimide (NHS)/1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC)
solution was injected for 420 seconds at 5 uL min™', followed by 420 seconds with HBS-EP buffer and
60 seconds with the 1M NacCl solution at the same injection rate. Free amine groups were subsequently
capped by injection of a 1 M Ethanolamine hydrochloride-NaOH pH 8.5 solution. For the Rubisco flow
paths (2-3-4), Rubisco samples were diluted in 10 mM sodium acetate (pH 4.5) to a final concentration
of 0.1 mg mL" immediately prior to immobilisation. The same modification and immobilisation
procedure as used for the blank reference flow path was used here, except instead of HBS-EP injection
after NHS/EDC injection, the Rubisco sample was injected until the normalised response units in each
flow path was ~5,000. The Rubisco flow paths were washed and capped in the same way. All flow paths
were subsequently washed for 30 seconds with the 1 M NaCl solution. for which the running buffer was

a modified HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.05% Tween-20).

For all SPR experiments presented in this work, flow path 2 was immobilised with Chlamydomonas
reinhardtii Rubisco, flow path 3 with Chlorella Rubisco and flow path 4 with Ulva mutabilis Rubisco
(see Chapter 5). The running buffer for all the presented experiments was the same buffer used for
subsequent cryo-EM experiments, as well as in some of the native PAGE experiments (Fig. 3-5d) (200
mM sorbitol, 50 mM HEPES, 50 mM KOAc, 2 mM Mg(OAc),-4H,0O and 1 mM CaCl, at pH 6.8) 2-
fold serial dilutions of the analytes (a3 and a3-04) were made in the same buffer immediately prior to
the start of the experiments. The fragments were initially buffer exchanged into the running buffer using
Amicon 0.5 mL 3 kDa centrifugal filter units. For each of the three replicate experiments presented,
each of the serial dilution concentrations were injected and dissociated once, starting with the lowest
analyte concentration. For each analyte injection the flow was 15 L min™ for 30 seconds contact time,

followed by 360 seconds of dissociation with the running buffer. After a complete set of serial dilution
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concentrations had been injected and dissociated, the chip was washed with a 1M NaCl solution for 30
seconds, prior to equilibration with the running buffer for a further 360 seconds before the start of

injection of the next set of serial dilutions in the next replicate.

The average of the raw response unit (R.U.) values at each analyte concentration, following subtraction
of binding to the reference chip, were fitted with a least squares regression hill equation ((y(X) = Bmax*x
/ (Kp + x), where Bnax is the maximum specific binding, Kp is the apparent dissociation constant, and x
is the analyte concentration) using GraphPad Prism 9. The raw data was normalised to the calculated
Bmax value from the initial fit of the raw data to give the relative SPR response reported in the text. The
95% confidence intervals (Clos) of the Kp values were calculated using GraphPad Prism 9 in

asymmetrical mode.

4.6.7. Cryogenic electron microscopy

4.6.7.1. Grid preparation

Chlorella Rubisco and the a3-a4 fragment were separately buffer exchanged, as described for SPR
experiments, into cryo buffer (200 mM sorbitol, 50 mM HEPES, 50 mM KOAc, 2 mM
Mg(OAc),-4H,0 and 1 mM CaCl, at pH 6.8) immediately prior to grid preparation. Chlorella Rubisco
and a3-04 were mixed in the same cryo buffer to final concentrations of 0.5 uM and 16 pM respectively.
After mixing, the reaction was incubated at room temperature (~21 °C) for ~15 minutes as completed
for the native PAGE experiments. R1.2/1.3 Cu 400-mesh grids (4240C — Quantifoil) were glow-
discharged for 60 seconds with a current of 15 mA in a PELCO easiGlow system with the carbon side
of the grid exposed. The glow-discharged grids were held in an FEI Mark IV Vitrobot (ThermoFisher
Scientific) with a chamber temperature of 4 °C and a relative humidity setting of 95%. 2.5 pL of the
a3-a4/Rubisco reaction mix was applied to the carbon side of the grids and incubated for 30 seconds
prior to blotting for 8 seconds with a relative blot force of -5. The blotted grids were plunge frozen in
liquid ethane and stored in liquid nitrogen before use. Prior to data collection the grids were clipped by

Sam Hart (University of York cryo-EM research technician).
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4.6.7.2. Data collection
Grids were loaded using a Cryo-Autoloader into the University of York 200 kV Glacios Cryo-
Transmission Electron Microscope (Cryo-TEM) (ThermoFisher Scientific) equipped with a Falcon IV
counting direct electron detector. Initial calibrations and Atlas collection were completed by Sam Hart,
after which grids were screened for appropriate ice thickness using the EPU control software. Once an
appropriate grid was selected, individual grid squares were screened for ice thickness and integrity, and
holes were manually selected using the ‘hole selection’ tool in EPU. All screening was completed with

a defocus of 2.0 um.

EPU was used for subsequent automated data collection in aberration-free image shift (AFIS) mode. A
nominal magnification of 240,000 x and electron fluence of 50 e/A? with a calibrated pixel size of 0.574
A? was used during collection in which each exposure was 6.52 seconds. The 100 pm objective aperture
was inserted during collection and the C2 aperture was 50 um. A range of defocus values were used (-
1.8, -1.6, -1.4, -1.2, -1.0, -0.8 um). Data collection was completed in a single overnight session (~14

hours) over which 4,447 micrographs were captured.

4.6.7.3. Data processing of the CsRubisco map

All image processing and 3D reconstruction was completed using Relion 3.1.2 (Scheres, 2012; Zivanov
et al., 2018) operated on the University of York Viking supercomputer cluster, as discussed in text. Raw
EER files were imported and of the 1568 EER frames, 32 were grouped to give a fluence per frame of
1.02 /A% Relion’s own implementation of MotionCor2 was used for motion correction in which a
Bfactor of 150 was applied and a 5x5 patch pattern was used. CTFFIND4 (Rohou & Grigorieff, 2015)
was used for CTF estimation in which the dose-weighting and summed power spectra from motion

correction were used and a spherical aberration of 2.7 mm was assumed.

As discussed in text, 465 particles were manually picked from a selection of the higher defocus grids
using a template size of 130 A diameter. The extracted particles were 2x binned and reference-free 2D

classification was completed into 50 classes with a regularisation parameter (T) of 1, over 50 iterations
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with a soft circular mask of 150 A diameter. Selected 2D classes (Fig. 4-8a), that represented 388
particles were used as 2D references for auto-picking in which they were lowpass filtered to 20 A.
Autopicking was completed with a picking threshold of 0.9, a minimum inter-particle distance of 90 A
and a maximum standard deviation of noise of 1.1 which resulted in the peaking of 237,035 particles.
Extraction and reference-free 2D classification were completed using the same parameters as used for
the manually picked particle set. Selected 2D classes (Fig. 4-8c) which represented 224,593 particles
were used for de novo 3D initial model generation, in which C1 symmetry and a 150 A diameter mask
were used. 3D classification was completed on the same particles selected from the 2D classes, in which
the de novo 3D model was lowpass filtered to 50 A and used as a reference map. 3D classification was
performed with C1 symmetry into 5 classes with a regularisation parameter (T) of 4 over 25 iterations
with a soft spherical mask of 150 A diameter. The selected 3D class (Fig. 4-9a), representing 73,962
particles, was subjected to 3D auto-refinement in which the lowpass filtered de novo 3D model was
used as a reference and either C1 or D4 symmetry was imposed and a soft mask of diameter 150 A was
imposed. The resulting maps were post-processed with no sharpening factor (Fig. 4-9b). The D4
symmetry imposed post-processed map was subjected to CTF refinement in which beam tilt and 4™
order aberrations were estimated before another round of 3D auto-refinement with D4 imposed
symmetry and post-processing. The resulting particles were subjected to another CTF refinement in
which anisotropic magnification was estimated, prior to another round of 3D auto-refinement and post-
processing with the same parameters. In the next round of CTF refinement, per-particle defocus and
per-micrograph astigmatism were fitted and beamtilt was also estimated. 3D auto-refinement was again
performed on the resulting particles. Bayesian polishing (Zivanov et al., 2018) was performed using
s vel, s divands acc values of 0.783, 3915 and 3.765 respectively, based on a training job completed
on a previous dataset. A final D4 symmetry-imposed 3D auto-refinement job was completed on the
polished particles, after which a post-processing job with sharpening B factor (A?) of 50 was used and

resulted in the final CsRubisco map (Fig. 4-9c).
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4.6.7.4. Data processing of the CsRubisco-03-04 map

The final polished particles from the CsRubisco map were D4 symmetry expanded using the
relion_symmetry expand function, resulting in a particle dataset of 591,696 effective particles. To
create a mask for 3D classification of particles containing a3-a4 density, the predicted a3 helix of
CsLinker was positioned in the additional density present in the C1 symmetry-imposed 3D class from
the initial 3D classification of the CsRubisco map (Fig. 4-9a) in UCSF Chimera (Pettersen et al., 2004).
The UCSF Chimera molmap function was used to create a 5 A surface map of this region, which was
imported to Relion and a mask, lowpass filtered to 20 A, with a binarization threshold of 0.05, extended
6 pixels with a soft edge of 5 pixels was created (Fig. 4-10a). An initial round of C1 symmetry-imposed
3D classification in which this mask and the final 3D auto-refined CsRubisco map, lowpass filtered to
50 A and used as a reference, was performed on the symmetry expanded particle dataset. 5 classes and
a regularisation parameter (T) of 20 were imposed across 25 iterations with a soft spherical mask of 160
A diameter. The selected 3D class (Fig. 4-10b), representing 192,261 particles, was subjected to a
second round of C1 symmetry-imposed 3D classification with the same parameters except the number
of classes was reduced to 3. The selected 3D class (Fig. 4-10c), representing 133,171 particles, was
subjected to a round of C1 symmetry-imposed 3D auto-refinement with the --skip_align argument. In
this refinement a solvent mask, created from a 20 A lowpass filtered map of the holoenzyme map, was
used. A mask was created from the resulting 3D auto-refined map and lowpass filtered to 20 A with a
binarization threshold of 0.05, extension of 10 pixels and a soft edge of 6 pixels. The resulting mask
was used in post-processing of the final 3D auto-refined CsRubisco-a3-a4 map, in which the sharpening

B factor (A?) was -45 and resulted in the final CsRubisco-03-04 map (Fig. 4-10d). Local resolution

estimation was completed using the relevant module in Phenix 1.2 (Adams et al., 2010).

4.6.7.5. Model building, fitting, and refinement of the CsRubisco structure

The 3D structures of Chlorella RbcS and RbcL were predicted using AlphaFold2 (Jumper ef al., 2021)
in ColabFold (Mirdita et al, 2022). The 3D structures were aligned to the coordinates of the

Chlamydomonas Rubisco cryo-EM structure (PDB: 7JN4; (He et al., 2020)) using the MatchMaker
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function in UCSF Chimera to create a model of the Chlorella Rubisco holoenzyme. The holoenzyme
model was rigid body fitted into the final CsRubisco map in Chimera. The map and coordinates for one
RbcS and one RbcL were imported to Coot v0.9.8.7 (Emsley et al., 2010), in which flexible fitting was
performed. The residues of flexible regions, for which no density in the map was observed were
removed from the model. For the RbcL, residues 1-21, 60-78 and 461-475 were not visible, and for the
RbcS, residues 1 and 77-82 were not visible. The flexible fitted coordinates were real-space refined in
Phenix 1.20 (Adams et al., 2010) using default settings with the addition of hydrogens prior to
refinement. Rotamer outliers and clashes introduced during refinement were manually corrected in Coot
and the Phenix cryo-EM validation module was used to reassess the model quality. After multiple
rounds of correction, the map symmetry module was used to identify the symmetry axes in the final
map, and the apply NCS operators module was used to expand the RbcS/RbcL model to recreate the
holoenzyme. Any clashes introduced during this process were manually corrected in Coot. Finally, the
douse module in Phenix was used to add waters to the final model. The CsRubisco holoenzyme map

and model were submitted to the PDB with code 8Q04.

4.6.7.6. Model building, fitting and refinement of the CsRubisco-03-04 structure.

For the CsRubisco-03-a4 model, the coordinates of one RbcS and one RbcL from the CsRubisco
holoenzyme structure (PDB: 8Q04) were rigid body fitted into the final CsRubisco-a3-04 map and
imported to Coot. The predicted a3 helix of CsLinker was manually built into the additional density
present on one of the RbcLs (Fig. 4-10d) in Coot, using the bulky density of the phenylalanine as a
central anchor point. The built coordinates for the a3 helix were subsequently flexibly fitted in Coot
also. As mentioned in text, the density for several side chains could not be resolved, and these were
removed from the model prior to refinement (Fig. 4-12). Following this, the same refinement, manual
correction, and validation processes as completed for the CsRubisco model were completed for this
model in Phenix. The same NCS application process was also used, except that the 7 additional helices
present after NCS application were removed from the final model. The same douse process was also

completed. The final CsRubisco-03-0a4 map and model were submitted to the PDB with code 8Q04.
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4.6.7.7. Determination of occupied symmetry axes

In the symmetry expansion process, each particle is duplicated and transformed to position each of the
symmetry axes in the same orientation, such that the supplied mask can be used to identify additional
density in the relative position of each axis. For Rubisco with D4 symmetry, this results in each particle
having 8 symmetry axes which are individually assessed in the 3D classification process. To extract the
number of symmetry axes used from each particle during the reconstruction, a custom python script
which utilised the starfile package (https://github.com/teamtomo/starfile), was used to extract particle
data from the particle.star file of the 3D class used for the recreation of the final CsRubisco-03-a4 map.
The X (rlnCoordinateX) and Y (rlnCoordinateY) coordinates as well as the Image name
(rlnlmageName) were used to extract the number of symmetry axes from each particle used in the final
reconstruction. A histogram of the number of axes from each particle was plotted using GraphPad Prism

9 (Fig. 4-10h).

4.6.7.8. Figures

Structural figures were made using either UCSF Chimera or UCSF ChimeraX (Pettersen et al., 2021).

4.6.8. HADDOCK molecular docking

For the CsLinker -Chlorella RbcS dock the HADDOCK 2.4 web server was used (van Zundert et al.,
2016). AlphaFold2 predicted structures of the Chlorella RbcS and residues 164-186 of CsLinker (a3).
The dock was constrained to use the helix of the CsLinker fragment (residues 168-182) and the surface
helices of Chlorella RbcS (residues 23-35 and 86-99) as ‘active’ residues. The settings were otherwise

left default. The highest scoring (lowest energy) complex is presented in text (Fig. 4-16).

202



Table 4-8: Plasmids used in Chapter 4.

Name Description Use Origin

pLM872 6xHis-mEGFP-TEV-CsLinker-TEV-MBP-6xHis Cloning of pLM1286/pLM1287 This study
pLM1286  6xHis-mEGFP-TEV-a3-TEV-MBP-6xHis Purification of a3 fragment This study
pLM1287  6xHis-mEGFP-TEV-a3-04-TEV-MBP-6xHis Purification of a3-04 fragment and cloning of variants This study
pLM1454  6xHis-mEGFP-TEV-a3-04(hydrophobic)-TEV-MBP-6xHis Purification of hydrophobic a3-04 mutant This study
pLM1455  6xHis-mEGFP-TEV-a3-o04(electrostatic)-TEV-MBP-6xHis Purification of electrostatic a3-04 mutant This study
pLM1461 6xHis-mEGFP-TEV-a3-04(partial electrostatic)-TEV-MBP-6xHis Purification of partial electrostatic a3-04 mutant This study
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5. CSLINKER PROMISCUOUSLY PHASE SEPARATES GREEN LINEAGE
RUBISCOS

5.1. Introduction
In the previous chapter, the 3D structure of a CsLinker fragment in complex with CsRubisco
demonstrated a binding site on the large subunit of Rubisco (RbcL). This was a tantalising discovery
with respect to developing a plant Rubisco compatible linker protein, that could shortcut efforts to

engineering pyrenoids in crop plants for several reasons (Adler et al., 2022).

Firstly, the large subunit of Rubisco is universally encoded on the chloroplast genome (plastome) (Vitlin
Gruber & Feiz, 2018), overwhelmingly with only a single gene copy present in each plastome. This is
in contrast to the RbcS, which in plants is nuclear-encoded and present in multiple non-homologous
gene copies (Mao et al., 2022). This is significant as previous efforts to engineer pyrenoids in
Arabidopsis have required the replacement of the native nuclear-encoded RbcS genes with those of
Chlamydomonas, to allow interaction with EPYC1 (Atkinson et al., 2017, 2019, 2020). Though this
approach has been successful in allowing Rubisco condensation in planta into a ‘proto-pyrenoid’
(Atkinson et al., 2020), the feasibility in crop species where large numbers of RbcS genes (e.g., 25 in
bread wheat) are present (Mao et al., 2022) will likely be hindered by the huge engineering effort of
replacing the multiple RbcS genes as well as the complexity of crossing multiple edited genomic loci
into the elite crop lines (Moose & Mumm, 2008). As such, a large subunit binding linker protein offers
an exciting alternative as only a single gene copy in plants may need to be edited to allow cross-
reactivity with the linker, and this can be completed in a single step by homologous recombination
(Kanevski et al., 1999; Lin et al., 2021; Whitney et al., 2015; Zhou et al., 2023). However, in many

crop plants chloroplast genome engineering is not yet established.

Secondly, the sequence and structure of the large subunit of Rubisco is highly conserved across green
lineage species (Fig. 5-14), given its phylogenetic origin in a hypothetical ancestral flagellate that was
the most recent common ancestor to all present day green lineage species (Leliaert et al., 2016; Shih et

al., 2016). Again, this contrasts the RbcS genes which demonstrate much lower sequence conservation
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across species given their nuclear encoding in the green lineage (Dean et al., 1989; Spreitzer, 1993;
Spreitzer & Salvucci, 2002), and more recent evolution (Shih ef al., 2016). The sequence conservation
of the RbcL therefore offers the prospect that the CsLinker could either natively, or with slight
modification, itself exist as a plant-compatible linker protein. To this end, in this body of work the
primary objective was to explore if the RbcL binding of CsLinker affords any increased cross-reactivity

relative to the RbeS binding of EPYCI.
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5.2. Characterising in vitro species cross-compatibility of linker proteins from Chlorella and
Chlamydomonas

The most obvious place to start in the journey of characterising the relative cross-compatibility of
Rubisco linker proteins was with a direct comparison between CsLinker of Chlorella and EPYC1 of
Chlamydomonas. Understanding the molecular details of the interactions of both proteins with their

cognate Rubiscos was essential to this process.

5.2.1. Direct comparison of EPYCI and CsLinker binding sites

A comparison of the RbcS binding site of EPYC1 and RbcL binding site of CsLinker in the Rubisco
sequences from Chlamydomonas and Chlorella demonstrated the expected high conservation of
CsLinker interacting residues in the RbcL relative to the less conserved EPYC1 interacting residues in
the RbcS (Figure 5-1a,d). Analysis of the 3D structures of Chlamydomonas and Chlorella RbcS relative
to the binding site of EPYC1 indeed confirmed that the electrostatic interactions between EPYC1’s
Arg64 and the position 24 residue of the Chlorella RbeS would not be possible due to substitution from
a Gluto an Alaresidue (Fig. 5-1b). Additionally, the hydrophobicity of the binding interface was shown
to be markedly reduced in the Chlorella RbcS due to the substitution of Chlamydomonas Met87 and
Val94 with the less hydrophobic Gly87 and GIn94 residues respectively (Fig. 5-1¢). In contrast, the
CsLinker binding site in the RbcL showed total sequence conservation between the two species (Fig.
5-1d) as well as good positional conservation of the relevant residues in the 3D structures (Fig. 5-1e,f).
Both the electrostatic interactions and hydrophobic interface were shown to be almost indistinguishable
between the Chlorella and Chlamydomonas RbcL structures, presumably allowing equivalent
interaction of both Rubiscos with CsLinker. Together these comparisons suggested a greater likelihood
that the CsLinker would be cross-compatible with Chlamydomonas Rubisco than vice versa with

EPYCI.
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Figure 5-1 | Comparison of Rubisco interaction interfaces of EPYC1 and CsLinker.

(a) Alignment of the EPYCI interaction interfaces of the Chlamydomonas RbcS and equivalent region in the
Chlorella RbcS. Interacting residues in the Chlamydomonas sequence are shown in black, with non-conserved
equivalent residues in the Chlorella sequence shown in red. (b) Electrostatic interactions at the EPYCI1-RbcS
interface. The structure of the Chlamydomonas RbcS (7JFO; (He et al., 2020)) and Chlorella RbeS (8Q04; Chapter
4) are displayed overlaid. The electrostatic interactions are indicated by dashed lines. The non-conserved Ala
residue is shown in red. (¢) Hydrophobic interactions in the Chlamydomonas (left) and Chlorella (right) RbcS.
The RbcS is shown as a surface representation coloured by hydrophobicity calculated according to Kyte-Doolittle
scoring. Non-conserved residues in the RbcS are shown in red. (d) Alignment of the CsLinker interaction
interfaces in the RbcL. Interacting residues are shown in black. (¢) Electrostatic interactions at the CsLinker-RbcL
interface. The structure of the Chlamydomonas RbcL and Chlorella RbcL are displayed overlaid. The electrostatic
interactions are indicated by dashed lines. (f) Hydrophobic interactions in the Chlamydomonas (left) and Chlorella
(right) RbcL. The RbcL is shown as a surface representation coloured by hydrophobicity calculated according to
Kyte-Doolittle scoring.
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5.2.2.  Biochemical characterisation of CsLinker fragment interaction with Chlamydomonas
Rubisco

To determine if the apparently equivalent interaction interface in the 3D structure of Chlamydomonas
Rubisco (Fig. 5-1) translated to an equivalent interaction with the CsLinker, a characterisation of the
interaction with the previously generated fragments of CsLinker was completed. Native PAGE band
shift assays showed a similar concentration-dependent shift with both Chlamydomonas and Chlorella
Rubisco albeit with less definite complex formation in the Chlamydomonas sample (Fig. 5-2a).
Brightfield microscopy and droplet sedimentation assays indicated that no visible condensation or
aggregation occurred in the solution (Fig. 5-2b,c), as previously observed for the Chlorella Rubisco
(Fig. 4-5a,b). In agreement with these observations, the apparent Kp of the a3 and a3-a4 fragments for
Chlamydomonas Rubisco was almost indistinguishable from that of Chlorella Rubisco, as determined
by SPR experiments that were completed in tandem on the same sensor chip as the previously present
Chlorella SPR results (108 uM [Clos: 101-115 pM] for a3 and 1.30 uM [Clos: 1.15-1.47 uM] for a3-
a4) (Fig. 5-3 and Fig. 4-6). Together this evidence quantitively agreed with the structural comparison
that suggested an equivalent interaction between CsLinker and both Chlorella and Chlamydomonas

Rubiscos (Fig. 5-1d-f), and hinted cross-reactivity of the full length CsLinker protein.

a b c
S P
— ] — — — — W~ |CsRbcL
Chlorella ; - e
Rubisco : B ™~
A i a3-04
=M b | | &Rocs
B e S’ e Y R, b w — |CrRbcL
Chlamydomonas
Rubisco
. a3-04
o~ CrRbcS
§, 1 UM Rubisco
2 16 M a3-04

Figure 5-2 | Biochemical cross-reactivity of the a3-04 fragment with Chlamydomonas Rubisco.

(a) Comparison of tandem native PAGE band shift assays completed with the a3-04 CsLinker fragment and
Chlorella (top) and Chlamydomonas (bottom) Rubiscos. (b) Brightfield microscopy of a3-a4-Rubisco solutions
at the indicated concentrations with each Rubisco according to Fig. 5-2a. (c) Droplet sedimentation assays of the
solutions in Fig. 5-2b at the same concentrations. Data for Chlorella Rubisco in Fig. 5-2b and Fig. 5-2c is also
presented in Fig. 4-5 but are presented again here for clarity.
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Figure 5-3 | SPR quantification of cross-reactivity of CsLinker fragments with Chlamydomonas Rubisco.
SPR response normalised to Ymax value obtained from fit of raw data for Chlorella (left) and Chlamydomonas
(right) Rubisco; n=3, error bars = S.D. (see methods). The Chlorella data was presented previously in Fig. 4-6 but
is presented again here for direct comparison.

5.2.3.  Invitro comparison of phase separation cross-compatibility of EPYC1 and CsLinker with
Chlamydomonas and Chlorella Rubisco

Based on the cross-reactivity of the CsLinker fragments, it was expected that Chlamydomonas Rubisco
would also phase separate with the full length CsLinker protein. Although no quantitative biochemical
characterisation of EPYC1 fragment interaction with Chlorella Rubisco was completed, based on
structural analysis it was hypothesised Chlorella Rubisco would not interact with the same affinity and
consequently likely not phase separate with EPYC1 (Fig. 5-1a-c). Indeed, at the same concentrations
observed to induce phase separation of Chlorella Rubisco, Chlamydomonas Rubisco was also readily
phase separated (Fig. 5-4a,b). Reciprocally, EPYC1 was unable to induce phase separation of Chlorella
Rubisco at conditions under which Chlamydomonas Rubisco was readily phase separated (Fig. 5-4c,d).
For experiments with EPYCI, a ratio of 1:1 EPYCI1:Rubisco was used based on the in vivo relative
abundances of the proteins (Hammel et al., 2018), though the Rubisco concentration remained

consistent with that of the Chlorella solution.
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Figure 5-4 | Cross-compatibility of full length CsLinker and EPYC1 with Chlamydomonas and Chlorella

Rubiscos.

(a) Confocal fluorescence microscopy images of droplets formed at the indicated conditions with CsLinker ~10
minutes post-formation. mEGFP-tagged CsLinker was added to 5% molar ratio to allow visualisation. Scale bar
=5 um. (b) SDS-PAGE analysis of droplet sedimentation assays of the solutions formed under the same conditions
as in Fig. 5-4a. (c) Confocal fluorescence microscopy images as in Fig. 5-4a formed with EPYCI, with 5%
EPYC1-mEGFP added. (d) SDS-PAGE analysis of droplet sedimentation assays of solutions formed under the

same conditions as in Fig. 5-4c.
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5.3. Characterising in vivo species cross-compatibility of CsLinker in Chlamydomonas

The in vitro cross-reactivity of the CsLinker, presumably underpinned by its utilisation of the same
CsLinker interface (Fig. 5-1d-f), appeared to show similar behaviour of CsLinker and EPYCI despite
their distinct evolutionary origins. To probe whether this in vitro behaviour translated to analogous
functionality it was desirable to empirically validate this hypothesis in vivo. Previous work developed
a Chlamydomonas strain which lacks the native linker protein EPYC1 (AEPYC1), and thus is pyrenoid-
less and unable to grow in ambient CO; conditions due to the lack of a functional pyrenoid-based CCM
(Mackinder et al., 2016). This strain provided a unique opportunity to interrogate whether the in vitro
cross-reactivity of CsLinker translates to functional in vivo cross-compatibility, using functionality of

the Chlamydomonas CCM as a phenotypic readout.

Crucially with respect to this characterisation, the high CO.-requiring AEPYC1 strain developed by
Mackinder et al. (2016) remains unedited with respect to other essential CCM and pyrenoid-assembly
components and is only ablated in formation of the Rubisco condensate. As discussed in Chapter 1,
assembly of the Chlamydomonas Rubisco condensate with the pyrenoid’s ultrastructural features is
hypothesised to be driven by interaction with the same RbcS-interaction interface utilised by EPYCl1
(Itakura et al., 2019; Meyer, Itakura, et al., 2020), which also remains unedited in the AEPYCI strain.
It was therefore hypothesised that if CsLinker could recover formation of the condensate of
Chlamydomonas Rubisco in AEPYCI1 as observed in vitro, retention of the Chlamydomonas RbcS
would allow for the correct assembly and function of the pyrenoid-based CCM with the rest of its

functional components.

5.3.1. Generation of a AEPYCIARbCS strain

To probe this hypothesis, it was desirable to generate a strain in the same AEPYC1 background that
also lacks the native Chlamydomonas RbcS interface and should be unable to recover a functional
pyrenoid-based CCM, even if the Rubisco condensate is recapitulated. At the time the objective of

generating this strain was set, CRISPR manipulation of Chlamydomonas was very much in its infancy
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in comparison to recent developments (Chen, Yang, et al., 2023; Nievergelt et al., 2022). As such, a

genetic crossing approach using previously characterised strains was pursued.

To this end, paromomycin-resistant AEPYC1 strain CC-5360 (mt-) was crossed with zeocin-resistant
ARbcS strain CC-4691 (mt+), and the AEPYCIARDcS strains were recovered by growth on dual
selection plates (see methods). PCR screening indicated successful genetic crossing occurred in 7 of the
8 AEPYC1ARDCS colonies screened (Fig. 5-5). Subsequent western blot analysis of 6 of the genetically
crossed strains demonstrated clear RbcS knockout, though EPYC1 could not be detected in the positive
control WT (CC-4533) or ARbcS strains (Fig. 5-6a). It was presumed that EPYC1 was either not
expressed or not detectable due to the necessity of growing the ARbcS and AEPYC1ARbcS strains in
heterotrophic media (TAP) in the dark due to the lines not being able to grow photosynthetically in the
absence of Rubisco functionality. To reconcile this, it was desirable to grow the strains under
photosynthetic conditions in which EPYC1 is expressed (Turkina et al., 2006). In order to recover
photosynthetic growth of the AEPYC1ARbcS and ARbcS strains complementation with a WT copy of
Rbcs2 was completed. For these transformations the strains were recovered on minimal media (TP)
plates under 3% CO; conditions to select for successful recovery of photosynthetic growth by
complementation of Rubisco function. Blotting demonstrated successful reintroduction of the RbcS
protein in both the AEPYCI1ARDbcS and ARbcS strains with a range of expression levels, in line with
genomic ‘position effects’ due to random integration of the expression cassette (Fig. 5-6b) (Baier et al.,
2018). The resulting strains (AEPYC1ARDbcS::RbcS2 and ARbcS::Rbcs2) could then be grown under
photosynthetic conditions (TP +3% CO; for 3 days, then switched to TP + ambient CO; for 12 hours)
and blotted for the absence of EPYCI in comparison to WT and AEPYCI1 strains grown under the same
conditions. EPYC1 blots clearly demonstrated the absence of EPYCI in the expected strains and
allowed conclusion that EPYC1 was removed in the parent AEPYC1ARbcS strains prior to RbcS2
reintroduction (Fig. 5-6¢). Strain AEPYC1ARbcS-3 was taken forward as the sole AEPYCIARbcS

strain for further analyses.
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Figure 5-5 | PCR screening for genetic crossing in the AEPYC1ARDcS strain.

(a) PCR screening of the AEPYCI locus as indicated by the schematic (top), and the corresponding gel
electrophoresis below. (b) Screening for the WT EPYCI locus. Insertion of the paromomycin cassette (~3 kb)
ablates amplification of the product in the AEPYC1 locus. (c¢) Screening for ARbcS. Due to the presence of
multiple Rbes2 intron 1 copies in the Zeocin resistance cassette in the ARbcS strain, the same primers used for
the WT locus can be used for the ARbcS locus. (d) Screening for the WT RbeS loci. The highly similar RbcS1
and RbcS2 gene copies can be screened for using the same primer set.
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Figure 5-6 | Western blot screening for EPYC1 and RbcS knockout in crossed strains.

(a) Western blot analysis of the lysate of indicated stains grown in heterotrophic conditions in the dark. (b) Western
blot analysis of RbcS2 complemented strains and origin strains grown in heterotrophic conditions in the dark. (c)
Western blot analysis of the same strains as in Fig. 4-6b grown in photosynthetic conditions.

5.3.2.  Recovery of native CCM function in the AEPYCIARbCS strain

It has previously been shown that reintroduction of EPYC1 recovers the high-CO; requiring phenotype
of the AEPYCI strain (Mackinder ef al.,, 2016). To ensure appropriate tractability of the generated
AEPYC1ARDbcS strain, recovery of the native pyrenoid-based CCM was also attempted in this strain.
To this end, EPYC1 was reintroduced into the previously generated AEPYC1ARbcS::RbcS2 strain,
using the same plasmid previously used for AEPYC1 complementation (Mackinder et al., 2016). Spot
test analysis demonstrated the recovery of photosynthetic growth at high and low CO; in the
AEPYC1ARDbcS::RbcS2 and AEPYC1ARDbcS::RbcS2::EPYCI1 strains respectively (Fig. 5-7). Recovery
of low CO; growth in the AEPYCI strain was also recapitulated. Interestingly, even after
complementing the CC-4691 ARbcS strain with RbcS2, the strain still showed a light sensitive
phenotype, with very little growth even under 3% CO, conditions. This phenotype was somewhat
recovered in the equivalent AEPYC1ARbcS::RbcS2 line indicating that the CC-4691 strain likely
possesses additional mutations that render it light sensitive, which were crossed out in the creation of
the AEPYC1ARbcS line. Further, comparison of the growth of WT and AEPYCI1::EPYCI lines with
the AEPYC1ARDcS::RbcS1::EPYCI1 line indicates that the strain is not of completely comparable

health. Given the highly sensitive phenotype of CC-4691, it is likely some defects were inherited from
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this strain during crossing. Regardless, taken together the evidence indicated that CCM function and

presumably pyrenoid assembly can be appropriately recovered in the AEPYC1ARbcS strain.
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Figure 5-7 | Spot test analysis of CCM recovery in the AEPYC1ARbcS strain.
Images of spot test plates after 96 hours of growth of 1x10° cells at the indicated CO2 condition at pH 7.4.

5.3.3.  Expression of Chlorella RbcS (CsRbcS) in the AEPYCIARbCS strain

Having demonstrated that photosynthetic growth can be recovered in the AEPYC1ARDcS strain, the
next goal was to introduce a foreign RbcS that lacks cross-compatibility with EPYC1. As it was
previously demonstrated the Chlorella RbcS lacks cross-reactivity with EPYCI1 in vitro (Fig. 5-4), this
seemed an obvious choice. Initial attempts to express a codon-optimised Chlorella RbcS with the
Chlamydomonas RbcS?2 transit peptide and introns inserted at conserved positions, using the promoter
and terminator pair previously used for Chlamydomonas RbcS expression (pAR/tRbcS2) (Caspari,
2020) was unsuccessful as compared to the equivalent Chlamydomonas sequence (Table 5-1). Genkov
et al. (2010) reported similar results when trying to recover photosynthetic growth with a Spinach RbcS
gene in a different ARbcS strain. This was accredited to a Met to Lys substitution present in position 2
of the mature sequence of the small subunit of Spinach, which may affect cleavage of the transit peptide

as reported previously (Invernizzi et al., 2002; Su et al., 1999). When the Gln in position 2 of the mature
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Chlorella RbcS was mutated back to a Met, the efficiency of the transformations was recovered to levels
comparable to the WT Chlamydomonas sequence using the same promoter terminator pair (Table 5-1).
Notably, the strong promoter and terminator pair of PSAD was apparently unable to drive expression
of the RbcS even following the Q2M mutation.

Table 5-1: Summary of transformation efficiency of Chlorella RbcS constructs.

Construct Description Efficiency (%)
pLM1109 Codon-optimised, CrRbcS2 transit peptide and introns, pAR/tRBCS2 0.39
pLM1122 pLM1109 with Q2M mutation in mature RbcS2 sequence 116
pLM1118 pLM1122 with pPSAD/tPSAD instead of pAR/tRBCS2 0.25

To select the most appropriate strain to take forward, 96 colonies were screened for their phototrophic
growth under CO,-replete conditions for growth rate using a high throughput plate-based approach in
which colony size was recorded over time (Fig. 5-8a) (see methods). Growth rate was reasonably
consistent between colonies and the fastest growing colony after removal of outliers was selected for

further characterisation and denoted AEPYC1ARbcS::CsRbcS (Fig. 5-8b, red).

b 500

Colony size (pixels)

Figure 5-8 | Screening the growth rate of AEPYC1ARDbcS strain expressing Chlorella RbeS.
(a) Representation of screening approach. Colony size was quantified at each timepoint and used to plot points in
Fig. 1-8b. (b) Colony size plotted over time. The selected strain is indicated in red.
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5.3.4.  Optimisation of CsLinker expression in Chlamydomonas

With both the AEPYCI1 (expressing WT Chlamydomonas RbcS) and AEPYC1ARbcS::CsRbcS
(expressing Chlorella RbcS) strains established, the next challenge was to express the CsLinker protein
in both strains. To probe for species cross-compatibility of CsLinker in Chlamydomonas AEPYC1
strains, it was assumed that expression of CsLinker would have to be of a comparable level to that of
EPYC1 in the WT strain. Given the nuclear encoding of EPYC1 in WT Chlamydomonas, a nuclear
transformation approach was pursued initially. The mature CsLinker coding sequence was codon-
optimised for Chlamydomonas nuclear expression, had CrRbcS2 introns inserted and was fused to the
EPYC1 chloroplast transit peptide. To allow for rapid on-plate screening of colonies, the coding
sequence was also fused to a C-terminal mVenus tag. All 18 combinations of non-inducible
promoter/terminator pairs from the Chlamydomonas MoClo toolkit were used (Crozet et al., 2018), as
well as the vector used for expression of EPYC1 previously (Mackinder et al., 2016) (see methods for
cloning details). The resulting level 1 vectors were assembled separately at level 2 alongside a
hygromycin resistance cassette before transformation into AEPYCI. Although thousands of
hygromycin resistant colonies were obtained in each of the transformations, none showed detectable
fluorescence by plate scanning (data not shown). These results indicated expression of the gene is likely
being silenced, as is often the case with the expression of transgenes in Chlamydomonas (Baier et al.,
2020; Neupert et al., 2020; Schroda, 2019). Alternatively, processing and import of the protein into the

chloroplast could also have been affected.
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Table 5-2: Summary of nuclear expression vectors assembled for CsLinker expression in Chlamydomonas.

Number

Promoter

Terminator

Source

O 0 9 N A~ WD~

e e e e e e
O 0 9 N W b W NN = O

PSAD (pCMO0-016)
PSAD (pCMO0-016)
PSAD (pCMO0-016)
PSAD (pCMO0-016)
PSAD (pCMO0-016)
PSAD (pCMO0-016)
AR (pCM0-017)
AR (pCM0-017)
AR (pCM0-017)
AR (pCM0-017)
AR (pCM0-017)
AR (pCM0-017)
BTUB2 (pCM0-021)
BTUB2 (pCM0-021)
BTUB2 (pCM0-021)
BTUB2 (pCM0-021)
BTUB2 (pCM0-021)
BTUB2 (pCM0-021)
PSAD

PSAD (pCMO-114)
RBCS2 (pCMO-115)
RPS29 (pCMO-116)
CAI1 (pCMO0-117)
BTUB2 (pCMO0-118)
RPL23 (pCMO-119)
PSAD (pCMO0-114)
RBCS2 (pCMO-115)
RPS29 (pCMO-116)
CAI1 (pCMO0-117)
BTUB2 (pCMO0-118)
RPL23 (pCMO-119)
PSAD (pCMO0-114)
RBCS2 (pCMO-115)
RPS29 (pCMO-116)
CAIl (pCMO0-117)
BTUB2 (pCMO0-118)
RPL23 (pCMO-119)
CytC6

(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)
(Crozet et al., 2018)

(Mackinder et al., 2016)
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One approach to circumvent both silencing and processing problems for expression of proteins that are
targeted to the chloroplast is to move the expression location of the genetic material from the nuclear
to the chloroplast genome (Jackson et al. 2021). By the advice of René Inckemann (Erb Group — MPI
Marburg), based on results from the ongoing development of a large synthetic biology toolkit for the
Chlamydomonas chloroplast, the intron-less CsLinker mature coding sequence was codon-optimised
for chloroplast expression and assembled with a chloroplast codon-optimised N-terminal mVenus tag
into a vector where expression was driven by the pl6s promoter, psaA 5’UTR and psbA 3’UTR. An
analogous vector in which the mVenus was replaced with a 3XxFLAG tag was also assembled. The
vectors were transformed by particle bombardment into the AEPYC1 and AEPYC1ARbcS::CsRbcS
strains. Following 8 days of recovery on spectinomycin selection plates, most of the resulting colonies
transformed with the mVenus-CsLinker vector showed peripheral fluorescence consistent with
increasing expression of the inserted gene over time due to propagation of the genetic material by
homologous recombination throughout the multiple copies of the chloroplast genome (Fig. 5-9b)
(Karcher et al. 2009). Western blot analysis of resulting strains indicated expression of proteins with
the expected molecular weight (Fig. 5-9a). Notably, expression of the constructs in the
AEPYC1ARDbcS::CsRbcS strain appeared more variable. Detection of the CsLinker protein by western
blot proved challenging and is not discussed in detail here. Anecdotally it appeared the transfer of the
protein from gel to blotting membrane was the limiting factor, which was somewhat mitigated by
nitrocellulose membrane and a high voltage transfer system (iBlot 2). Addition of the mVenus tag also
appeared to make the protein more readily detectable, possibly due to a shift in the isoelectric point of
the fusion protein. Despite these challenges, by shifting expression to the chloroplast genome it was
possible to achieve detectable levels of expression of CsLinker in Chlamydomonas, which could be

used for further characterisation.
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Figure 5-9 | Analysis of expression of CsLinker in Chlamydomonas strains.

(a) Western blot analysis of the lysate of Chlamydomonas strains transformed with the indicated tagged
CsLinker constructs relative to the background strains. (b) Typhoon 8610 plate scan of a representative
AEPYC1 transformation plate at day 8 showing mVenus fluorescence. Chlorophyll and mVenus
channels are overlaid. Scale bar = 0.5 cm.
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5.3.5.  Analysis of Rubisco condensation by CsLinker in Chlamydomonas

To determine if CsLinker was able condense Chlamydomonas Rubisco as observed in vitro (Fig. 5-4),
the AEPYC1 and AEPYCI1ARbcS::CsRbcS strains expressing mVenus-CsLinker were analysed by
confocal microscopy. In the AEPYC1::mVenus-CsLinker lines, a single apparent condensate of micron
scale was observed in the canonical pyrenoid position (Fig. 5-10a). In contrast, in the
AEPYC1ARDbcS::CsRbcS strain multiple apparent condensates were observed, but were not positioned
at the canonical pyrenoid position, though were often proximal to it (Fig. 5-10b). From this data it was
tempting to conclude that the absence of the native Chlamydomonas RbcS, and hence the interaction
interface for the native Chlamydomonas pyrenoid-assembly proteins, was the reason for the mis-
positioning of the condensate in the chloroplast. However, when the reduced mVenus-CsLinker
expression level (Fig. 5-9) in the AEPYCI1ARDbcS::CsRbcS and strain health (Fig. 5-7) of the parent
AEPYCI1ARDcS strains are considered, the confidence in this conclusion is weak. Based on the mis-
positioning of the condensate and difficulty with comparable expression levels, further work with the
AEPYC1ARDbcS::CsRbcS strain was abandoned as it was assumed comparisons with AEPYC1 and WT
strains would not be valid. Future work to develop a healthy AEPYC1ARbcS parent strains that would
allow more direct comparison should be prioritised as this would allow a broad range of pyrenoid

assembly hypotheses to be assessed in vivo, as discussed later.
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Figure 5-10 | Confocal microscopy of mVenus-CsLinker expression in Chlamydomonas strains.
(a) Confocal fluorescence microscopy images of mVenus-CsLinker expressed in AEPYCI1. Scale bars = 2 um

(top), 10 um (bottom). (b) Confocal images of mVenus-CsLinker expressed AEPYC1ARbcS::CsRbcS. Scale bars
as above.
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To determine if the apparent condensates observed in the AEPYC1 background also contained Rubisco,
an mCherry-tagged copy of RbcS2 was introduced in the AEPYC1::mVenus-CsLinker strain. mCherry
signal was observed to colocalise with the mVenus signal of the CsLinker in the pyrenoid and it was

therefore assumed that Rubisco was also primarily present within the condensate (Fig. 5-11).

mVenus-CsLinker RbcS2-mCherry Chlorophyll

Merge

Figure 5-11 | Confocal microscopy of RbcS2-mCherry and mVenus-CsLinker colocalisation in
Chlamydomonas.

Zoomed (top) and wide views of AEPYC1::mVenus-CsLinker::RbcS2-mCherry strain. Scale bars = 2 um (top),
10 pm (bottom).
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5.3.6. Characterising functional cross-compatibility of the CsLinker-Rubisco condensate in
Chlamydomonas

Having demonstrated that CsLinker can condense Chlamydomonas Rubisco into a pyrenoid-like
Rubisco condensate, it was next desirable to determine if the functionality of the condensate was also
recovered. To avoid any detrimental effect of tags on the functionality of the CsLinker or the resulting
condensate, the CsLinker was cloned and transformed into the AEPYCI strain with no tag or epitope
(Fig. 5-12). The empty transformation vector, conferring spectinomycin resistance through the aadA
gene was also transformed into AEPYCI to create a control strain (AEPYCl1::aadA). Western blot
analysis demonstrated largely consistent expression of the CsLinker in 7 AEPYCl1::CsLinker strains

(Fig. 5-12), relative to expression of the Chlamydomonas Rubisco large subunit (CrRbcL).
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Figure 5-12 | Western blot analysis of untagged CsLinker expression in Chlamydomonas.Western blot
analysis of Chlamydomonas Rubisco and CsLinker expression in the AEPYCI1 background strain relative to
control strains.

To determine if the pyrenoid was functionally recovered in these strains, spot test growth assay
experiments were completed on the resulting strains. As expected, under high CO, and heterotrophic
(TAP) conditions at both pH 8.0 and pH 8.2, all strains were able to grow indistinguishably from WT,
as the pyrenoid-based CCM was not required (Fig. 5-13). Under air levels of CO, where a pyrenoid-
based CCM is required for efficient growth, at pH 8.0 the AEPYC1::CsLinker strains showed almost
WT levels of growth, suggesting functionality of the CsLinker-Rubisco condensate. Under these

conditions the control AEPYCl1::aadA strain showed no growth, though AEPYCI1 retained a low level
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of growth. At pH 8.2, growth of the AEPYC1 strain under ambient conditions was ablated, and again
the AEPYC1::CsLinker strains showed growth and apparent functional pyrenoid recovery. It should be
noted that recovery did not appear complete, as was observed when complementing the AEPYC1 with
the native linker protein EPYCI (Fig.5-7). Several possible explanations for the incomplete recovery
exist. Despite the optimisation of CsLinker expression, it is possible the expression level, and in vivo
abundance of the CsLinker protein is limiting when compared to the native levels of EPYCI1. Future
work to compare the in vivo abundance of CsLinker and EPYC1 in the strains using western blotting
approaches compared to protein standards could be used to determine if this is the case. Alternatively,
the pyrenoid could possess different mesoscopic properties — as observed with CsLinker in vitro
(Chapter 3) — that also affect the function of the pyrenoid in vivo. Nevertheless, the data presented here
suggest that CsLinker can functionally replace EPYCI1 in the pyrenoid of Chlamydomonas in line with
the observed in vitro cross-reactivity (Figs. 5-2, 5-3, 5-4) and in vivo co-localisation with Rubisco (Fig.
5-11), despite their distinct evolutionary origins. This exciting breakthrough demonstrates functional
cross-compatibility of a disordered phase-separating protein that is likely a coincidence of rapid
convergent evolution of the linker protein to interact with a protein that was itself evolving relatively
slowly. This finding has great significance with respect to pyrenoid engineering approaches also as it
shows for the first time that components from different pyrenoid systems can be functionally cross-

compatible.
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Figure 5-13 | Spot test growth assays of AEPYC1 strains complemented with CsLinker.
Images of spot test plates taken after 5 days of growth of 10,000 (outer ring), 1,000 (middle ring) and 100
(innermost ring) cells under the indicated conditions in the indicated strains.
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5.4. Characterising in vitro cross-reactivity of CsLinker across the green lineage

Having demonstrated the functional cross-compatibility of CsLinker between Chlorella and
Chlamydomonas, the next goal was to assess the extent of this cross-compatibility in the green lineage.
Particular interest was paid to the green lineage given the clear phylogenetic relationship of Chlorella

with higher crop plants (discussed in Chapter 2).

5.4.1. Comparison of the CsLinker binding site in RbcLs of the green lineage

Given the universal plastid encoding of the Rubisco large subunit (RbcL), a wealth of sequence data is
available for RbcLs across the green lineage, which allowed analysis of the equivalent CsLinker binding
sites in the respective sequences. Consensus sequences from MAFFT alignment of RbcLs in groups
that represent the green lineage indicated a high level of sequence conservation of the CsLinker RbcL
binding site, including the key interacting residues determined from the CsLinker-CsRubisco 3D
structure (Fig. 5-14). Although there is inevitably species-level variation within groups, the consensus
sequences demonstrated that the interface and the 4 CsLinker interacting residues are largely conserved
in RbcLs representing all groups that evolved prior to the divergence of the spermatophytes. In line
with the cross-compatibility observed with Chlamydomonas Rubisco which shared the same level of
conservation, this analysis suggested that cross-compatibility of CsLinker likely extends some way

across the green lineage.
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Figure 5-14 | Comparison of CsLinker RbcL binding sites in green lineage Rubiscos.

Alignment of the consensus sequences of the RbcL binding sites in Rubiscos of groups representing the green
lineage. The time-calibrated phylogenetic tree (left) demonstrates the evolutionary relationship between the
groups and the divergence of the spermatophytes is indicated. ‘n’ represents the number of sequences aligned in
each group to determine the consensus sequence presented (right). The CsLinker interacting residues are shown
in black, with non-conserved residues at the same relative positions in other Rubiscos shown in red. The consensus
sequence of the group in which Chlorella resides is outlined (Trebouxiophyceae).

5.4.2.  Characterising in vitro cross-compatibility of CsLinker with Ulva Rubisco

In addition to Chlorophyceae and Trebouxiophyceae which contain Chlamydomonas and Chlorella
species respectively, the third primary chlorophytan class is Ulvophyceae, comprising a highly diverse
class home to the main green seaweed lineages (Cortona et al., 2020). As discussed in chapter 2, Ulva
is the archetypal, model genus within the Ulvophyceae (Blomme et al., 2020, 2023; Wichard et al.,
2015), in which a candidate linker protein was also previously identified (Chapter 2). Ulva possesses a
similar phylogenetic relationship to Chlorella as Chlamydomonas (Fig. 2-22), and accordingly high
conservation of the CsLinker binding site in the RbcL (Fig. 5-14) and it was therefore hypothesised that

the cross-compatibility of CsLinker with Ulva Rubisco would also be similar.
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Figure 5-15 | In vitro cross-compatibility of CsLinker with Ulva Rubisco.

(a) SPR response normalised to Ymax value obtained from fit of raw data for Ulva Rubisco; n=3, error bars = S.D.
(b) Brightfield microscopy of a3-a4-UmRubisco solution at the indicated concentration (left) and SDS-PAGE
analysis of droplet sedimentation assays of the same solution composition (right). (¢) Confocal fluorescence
microscopy images of droplets formed at the indicated conditions with CsLinker ~10 minutes post-formation.
mEGFP-tagged CsLinker was added to 5% molar ratio to allow visualisation. Scale bar = 5 um. (d) SDS-PAGE
analysis of droplet sedimentation assays of the solutions formed under the same conditions as in Fig. 5-15c.

As with Chlorella and Chlamydomonas Rubisco, SPR experiments demonstrated binding of both the
a3 and 03-04 fragments of CsLinker to Ulva Rubisco, and the a3-a4 fragment did not induce phase
separation of the Ulva Rubisco (Fig. 5-15a,b). Interestingly, the affinity of both the o3 and a3-04
fragments was markedly reduced for Ulva Rubisco (160 pM [Clos: 155-166 uM] and 1.55 pM [Clos:
1.39-1.72 uM] respectively), compared to the near identical values for Chlorella/Chlamydomonas
Rubisco (103/108 uM and 1.2/1.3 puM respectively) (Fig. 5-3). When mixed with the full length
CsLinker protein at concentrations that induced phase separation with the Chlorella and
Chlamydomonas Rubiscos, Ulva Rubisco was phase separated into similar scale droplets (Fig. 5-15c),
that could be sedimented and analysed (Fig. 5-15d). In agreement with the reduced apparent Kp of the

CsLinker fragments, the efficiency of phase separation also appeared to be marginally reduced as

compared to the cognate interaction (Fig. 5-15d), though this was not analysed quantitatively. Closer
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analysis of the CsLinker interaction site of the Ulva Rubisco offered a possible explanation for the
reduced apparent affinity and phase separation propensity of CsLinker for Ulva Rubisco. Unique to
Ulvophyceae Rubiscos, there exists a single amino acid shortening of the BC-D loop (Fig. 5-14), that
alters the loop conformation as predicted by AlphaFold2 modelling (Fig. 5-16). The same BC-D loop
region of Chlorella RbcL was previously implicated in forming two hydrogen bonds with GIn170 of
the a3-a4 CsLinker fragment (Fig. 4-13d), one of which was disrupted in the AlphaFold2 modelled
Ulva Rubisco structure due to the amino acid change (Fig. 5-16). This discrepancy could account for
the small affinity and phase separation differences observed, though further analysis to empirically
determine the contribution of this hydrogen bond should be completed. Taken together the results with
Ulva Rubisco were agreeable with previous findings with Chlamydomonas Rubisco, and consistent
with the cross-compatibility of CsLinker being underpinned by its conserved interaction interface in the
Rubisco large subunit. Given the rapid development of molecular tools for Ulva (Blomme et al., 2020),
and in vivo localisation of the Ulva linker in the pyrenoid (Fig. 2-11), confirming the in vivo
functionality of CsLinker in Ulva is likely an achievable goal, and would add further weight to the

functional cross-compatibility explored in Chlamydomonas (Fig. 5-13).

Figure 5-16 | Possible disruption of the CsLinker-RbcL hydrogen bond network in Ulva Rubisco.

Ribbon representation of a3-04 interaction with Chlorella Rubisco (blue) from the cryo-EM determined 3D
structure, with the putative hydrogen bonds of Gln170 indicated by black dashed lines. The same region of the
AlphaFold2 modelled Ulva Rubisco is shown in green, with the disrupted hydrogen bond due to the loop change
shown in red.
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5.4.3.  Probing in vitro cross-compatibility of CsLinker with representative plant Rubiscos

Having demonstrated phase separation of evolutionarily distinct Rubiscos in the chlorophytes
presumably by use of the conserved RbcL interface, the next exciting goal was to determine if the cross-
compatibility of CsLinker extended to plant Rubiscos. Sequence analysis of the CsLinker binding site
in plant Rubiscos had previously demonstrated complete conservation in plant Rubiscos that evolved
prior to divergence of the spermatophytes (in bryophytes, lycophytes, and ferns), and these Rubiscos
were therefore of great interest with respect to compatibility with CsLinker. Ferns are the closest group
of phylogenetic ancestors to spermatophyte plants, representing the most recently diverged group of
streptophytes that possess all 4 of the CsLinker-interacting residues (Fig. 5-14). Testing the
compatibility of Rubisco from ferns was therefore a primary goal. To this end, Rubisco was purified
from the popular indoor fern Adiantum raddianum, whose RbcL sequence was completely conserved
with the consensus sequence of ferns represented in Fig. 5-14. Besides the complete conservation of the
consensus fern sequence, Adiantum was selected due to the commercial availability and amenability of
the material to Rubisco purification. Previous attempts to purify fern Rubisco completed with
environmental samples of common UK ferns (Asplenium, Dryopteris, Polypodia and Polystichum
species) were wholly unsuccessful, possibly due to polyphenol presence in plant lysate (data not
shown). As expected from the complete conservation of the CsLinker binding site (Fig. 5-14), fern
Rubisco was readily phase separated by CsLinker in vitro (Fig. 5-17a), with a similar efficiency to the
cognate interaction (Fig. 5-17b). This hugely significant result represented the first phase separation of

native plant Rubisco with an algal linker protein.
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Figure 5-17 | In vitro phase separation of fern Rubisco by CsLinker.

(a) Confocal fluorescence microscopy images of droplets formed at the indicated conditions with CsLinker ~10
minutes post-formation. mEGFP-tagged CsLinker was added to 5% molar ratio to allow visualisation. Scale bar
=5 um. (b) SDS-PAGE analysis of droplet sedimentation assays of the solutions formed under the same conditions
as in Fig. 5-17a.

Encouraged by the phase separation of fern Rubisco, the next logical step was to determine whether
CsLinker could phase separate flowering plant (spermatophyte) Rubiscos, with a particular focus on
the sequences of angiosperms (Eudicots and Monocots), that are home to most crop plants. Most
angiosperm plants possess a single substitution of Asp to His at position 86 in the RbcL (Fig. 5-14), and
it was therefore uncertain whether the Rubisco would be able to phase separate with CsLinker. The
Rubisco sequence of Spinacea oleracea (Spinach hereafter) represented complete conservation of the
consensus eudicot CsLinker-interacting Rubisco sequence and was consequently purified for in vitro
analysis. Presumably because of the ablation of the electrostatic interaction with Lys177 of CsLinker
(Fig. 4-13), Spinach Rubisco was unable to phase separate at the concentrations used for the cognate
reaction, or at elevated concentrations (Fig. 5-18a,b). In agreement, Arabidopsis Rubisco, which
possesses the same Asp86 to His86 change in addition to a Tyr97 to Phe97 substitution, was also unable
to phase separate under the same conditions, though some aggregation was observed at higher
concentrations (Fig. 5-18c,d). These results suggested that the amino acid substitutions at the CsLinker

interaction site in the selected plant Rubiscos were sufficient to prevent phase separation with CsLinker,

but other Rubisco-specific effects cannot be ruled out from this analysis alone.
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Figure 5-18 | Characterising cross-compatibility with Spinach Rubisco.

(a) Alignment of the CsLinker-interacting residues in the RbcL of Chlorella Rubisco and the equivalent regions
in the RbcL of Spinach and Arabidopsis RbcLs. The interacting residues in Chlorella are shown in black, with
non-compatible residues in equivalent positions in red. (b) Confocal fluorescence microscopy images of Spinach
Rubisco solutions at the indicated conditions with CsLinker ~10 minutes post-mixing. mEGFP-tagged CsLinker
was added to 5% molar ratio. Scale bar = 5 um. (c) SDS-PAGE analysis of droplet sedimentation assays of the
solution formed at 2 uM Spinach Rubisco, 4 pM CsLinker. (d) Confocal fluorescence microscopy images of
Arabidopsis Rubisco solutions at the indicated conditions with CsLinker ~10 minutes post-mixing. mEGFP-
tagged CsLinker was added to 5% molar ratio. Scale bar =5 um. (¢) SDS-PAGE analysis of droplet sedimentation
assays of the solution formed at 2 uM Arabidopsis Rubisco, 4 pM CsLinker.

5.4.4. Point mutation of Chlamydomonas Rubisco to probe the CsLinker interaction with the
RbcL

To seek more definitive proof that the single amino acid substitution present in spinach Rubisco was
sufficient to prevent phase separation, it was desirable to introduce the same substitution to a Rubisco
that had previously been phase separated with CsLinker. Given the tractability and precedent of RbcL
editing (Larson et al., 1997; Ott et al., 2000; Satagopan & Spreitzer, 2004), as well as the previous

demonstration of functional phase separation with CsLinker (Figs. 5-4, 5-10, 5-13), Chlamydomonas
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Rubisco was chosen for this purpose. A AEPYC1ARDbcL strain was initially created by the homologous
recombination of the aadA spectinomycin resistance cassette into the native Chlamydomonas RbcL
locus. The knockout was confirmed at both the genetic and protein level (Fig. 5-19a,b). A
Chlamydomonas RbcL in which the Asp86 was point mutated to His86 was then reintroduced to the
AEPYCI1ARDbcL strain by homologous recombination replacement of the aadA cassette and selection
for recovery of photosynthetic growth under COs-replete conditions. The RbcL locus of the
phototrophic colonies was PCR amplified and sequenced to ensure the mutation was present (Fig. 5-
19¢). A control transformation in which unedited Chlamydomonas RbcL was used was also performed
and the number of colonies obtained from both transformations was comparable (112 for WT, 109 for
D86H), suggesting the D86H mutation has no detrimental effect on Rubisco function i vivo (data not
shown). In contrast, transformation of Chlorella, Arabidopsis, Fern and Tobacco RbcL sequences in the
same vector yielded no phototrophic colonies after transformation, suggesting that Rubisco assembly
or function was affected in these strains, presumably due to species-specific assembly and activase

requirements (Carmo-Silva & Salvucci, 2013).
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Figure 5-19 | Creation of D8§6H mutated Rubisco.

(a) PCR screening of AEPYCIARbcL colonies following transformation with the aadA spectinomycin cassette
relative to controls. A schematic representation of the expected PCR products is shown below. (b) Western blot
confirmation of RbcL knockout in the AEPYC1ARbcL lines relative to WT and AEPYC1 controls. (¢) Sequencing
of the D86H mutated RbcL locus in the AEPYC1ARbcL::D86H_CrRubisco strain.
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D86H mutated Rubisco was subsequently purified from the AEPYC1ARbcL::D86H CrRubisco strain.
In contrast to the unedited Chlamydomonas Rubisco, the D86H mutated Rubisco did not phase separate
with CsLinker, in line with the results obtained with the Spinach Rubisco (Fig. 5-20a,b). Importantly
the D86H mutated Rubisco maintained the ability to phase separate with the cognate Chlamydomonas
linker EPYC1 (Fig. 5-20c,d), consistent with the maintenance of the EPYC1 binding site in the RbcS
of the Rubisco. As expected, Spinach Rubisco was unable to phase separate with EPYC1, presumably
due to the multiple amino acid substitutions in the equivalent EPYC1 binding site of the RbcS (Fig. 5-
20c). Taken together these results demonstrated a single amino acid substitution in the RbcL, which
likely ablates the electrostatic interaction between Asp86 of the RbcL and Lys177 of CsLinker (Fig. 4-
13b), is sufficient to ablate phase separation of the Chlamydomonas Rubisco. This data offered
biochemical support for the structurally determined CsLinker binding site on Rubisco, which was
previously only biochemically confirmed by mutagenesis with respect to the CsLinker sequence (Fig.
4-15). The results of the D86H mutated Chlamydomonas Rubisco were consistent with the same
substitution that is present in the Spinach Rubisco and offers a likely explanation as to the lack of phase
separation of Spinach (Fig. 5-18b,c) and Arabidopsis (Fig. 5-18d,e) Rubiscos. More generally, the
results indicated that the cross-compatibility of the CsLinker would likely not extend to Rubiscos that

possess a substitution at the equivalent D86 position of the Rubisco (Fig. 5-14).
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Figure 5-20 | In vitro characterisation of phase separation of D86H mutated Chlamydomonas Rubisco.

(a) Confocal fluorescence microscopy images of solutions at the indicated conditions with CsLinker ~10 minutes
post-formation. mEGFP-tagged CsLinker was added to 5% molar ratio to allow visualisation. The sequence of
the CsLinker interacting residues in the equivalent position of each RbcL is indicated below each image. Scale
bar = 5 um. (b) SDS-PAGE analysis of droplet sedimentation assays of the solutions formed under the same
conditions as in Fig. 5-20a. (c) Confocal fluorescence microscopy images of solutions at the indicated conditions
with EPYC1 ~10 minutes post-formation. EGFP-tagged EPYC1 was added to 5% molar ratio to allow
visualisation. The sequence of the EPYC1 interacting residues in the equivalent position of each RbcS is indicated
below each image. Scale bar = 5 um. (b) SDS-PAGE analysis of droplet sedimentation assays of the solutions
formed under the same conditions as in Fig. 5-20c.

5.4.5.  Exploring cross-compatibility of CsLinker for crop Rubiscos

Having demonstrated that the D86H substitution prevents phase separation with CsLinker, it was next
desirable to determine the distribution of this substitution across C; crop Rubiscos. Comparison of the
Rubisco large subunit sequences of the 24 most valuable C; crops indicated the CsLinker interaction
interface was one of the more variable regions relative to the rest of the subunit (Fig. 5-21). Accordingly,
there was some variation, but overwhelmingly position 86 of the RbcL was occupied by a His (Fig. 5-
22). Clear phylogenetic grouping of the sequences was observed, with notable examples in the both the
monocots (Wheat, Barley, and Oat) and eudicots (Beet and Spinach). The RbcL sequence of cotton was

an interesting outlier in this subset, possessing all 4 of the key CsLinker interacting residues and
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demonstrating almost total sequence conservation of the interaction interfaces with Chlorella,
suggesting this Rubisco would natively phase separate with CsLinker. Other outliers included Soy and
Cassava which possessed a Gly in position 86, which would presumably ablate the interaction with
CsLinker and prevent phase separation. Broadly the conclusions of experiments completed with
Spinach and Arabidopsis Rubiscos (Fig. 5-18) allowed prediction that most of the Cs crop Rubiscos
would not phase separate with CsLinker. Contrastingly, crop Rubiscos in the Solanales order
demonstrated an almost totally conserved position 86 Arg in addition to several other changes in the BC
and BC-D loop (Fig. 5-22). Although it was predicted the Arg86 substitution would likely ablate the
interaction with CsLinker, no comparisons could be drawn between this sequence and the sequence of
already tested Rubiscos, due to the large changes in sequence properties in these regions (D86R, P8IR,
E94K, N95D). It was therefore decided cross-compatibility with the Solanales Rubiscos should be

tested empirically.

| |
0 05 1

Conservation

Figure 5-21 | Conservation of Rubisco large subunit residues in crop Rubiscos.

Surface representation of Rubisco with one large subunit coloured according to sequence conservation based on
the alignment of the 24 Cs crop Rubiscos presented in Fig. 5-22. The a3-a4 helix is shown in the binding position
relative to the Chlorella Rubisco structure.
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Figure 5-22 | Phylogeny of Cs crop plants and comparison of their CsLinker RbcL binding sites.
Consensus phylogenetic chronogram (left) of the 24 most valuable Cs crop plants (from FAOSTAT data), as well
as representative model species (bold) interrogated in this study. See methods for a detailed description of how
the tree was built. An alignment of the CsLinker interacting residues of the RbcLs is shown adjacent. Black
colouring indicates conserved interacting residues relative to the Chlorella RbcL sequence, and red indicates non-
conserved residues.

5.4.6. Characterising in vitro cross-compatibility of CsLinker with Solanaceae Rubiscos

Nicotiana is the model Solanales genus (Goodin et al., 2008), where Nicotiana tabacum (Tobacco) and
Nicotiana benthamiana are the model species. Though the RbcL sequence of N. benthamiana was not
available, it was assumed to be highly similar if not identical to that of N. tabacum in line with the high
level of sequence conservation present in the Solanales (Fig. 5-22). N. benthamiana Rubisco was
subsequently purified for in vitro experiments. Based on the largely different properties of the amino
acid substitutions in the CsLinker binding interface, it was assumed that N. benthamiana Rubisco would

not phase separate with CsLinker. Surprisingly, at the concentrations used for the cognate interaction,
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small droplets that did not fuse over time were formed (Fig. 5-23a,¢). Regardless of droplet state, droplet
sedimentation assays indicated that both components entered the droplet phase at similar efficiency to
the cognate interaction (Fig. 5-23b). With increasing global concentrations at the same ratio of
components, droplets more readily fused and exhibited qualitative rearrangement over second
timescales in bleaching experiments (Fig. 5-23d). No comparison could be made to the cognate droplets
as FRAP experiments were not completed under these concentrations previously. As expected, no phase
separation was observed with EPYCI, in line with the lack of conservation of the EPYCI1 binding site
in the RbcS (Fig. 5-23e,f), as compared to the Chlamydomonas sequence (Fig. 5-20c). The surprising
result of CsLinker demixing N. benthamiana Rubisco indicated that other Solanales Rubiscos would
also phase separate, due to their highly conserved RbcL sequence (Fig. 5-22). Regardless, this result
represented the first phase separation of a native spermatophyte plant Rubisco. Motivated by this
finding, the next aim was therefore to determine if CsLinker could phase separate crop Rubiscos of the
Solanum genus. To this end, Potato (Solanum tuberosum) and Tomato (Solanum lycopersicum)

Rubiscos were purified.
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Figure 5-23 | Characterisation of cross-compatibility of CsLinker and EPYC1 with Nicotiana benthamiana.
(a) Confocal fluorescence microscopy images of solutions at the indicated conditions with CsLinker ~10 minutes
post-formation. mEGFP-tagged CsLinker was added to 5% molar ratio to allow visualisation. Scale bar = 5 um.
(b) SDS-PAGE analysis of droplet sedimentation assays of the solutions formed under the same conditions as in
Fig. 5-23a, left panel. (c) Confocal fluorescence microscopy image of non-fusing droplets. Scale bar = 5 um. (d)
Confocal fluorescence microscopy images taken throughout a qualitative FRAP experiment completed on droplets
formed at 6 uM Rubisco and 12 uM CsLinker. Scale bar = 5 pm. (e) Confocal fluorescence microscopy images
of solutions at the indicated conditions with EPYC1 ~10 minutes post-formation. EGFP-tagged EPYC1 was added
to 5% molar ratio to allow visualisation. Scale bar = 5 pm. (f) SDS-PAGE analysis of droplet sedimentation assays
of the solutions formed under the same conditions as in Fig. 5-23e, left panel.

Although purification of Tomato and Potato Rubisco was non-trivial, enough material was obtained to
complete preliminary in vitro trials at the lower global concentration points (2 uM and 4 uM Rubisco
datapoints). Both Rubiscos demonstrated a similar trend to that observed with N. benthamiana Rubisco,
forming small non-fusing droplets at the lower concentration that were more readily fused at higher
concentrations (Fig. 5-24a,c). Droplet sedimentation demonstrated complete demixing of Rubisco and
CsLinker with both Rubiscos at the lower concentration point (Fig. 5-24b,d). Following the results with

N. benthamiana Rubisco demixing of the crop Solanales Rubiscos was expected, given the total
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conservation of the presumed CsLinker binding site on Rubisco (Fig. 5-22) and demonstrated the first
phase separation of a crop plant Rubisco. Presuming binding to the same interface on Rubisco, the
surprising cross-compatibility of CsLinker with Solanales Rubiscos suggested that the interaction
between CsLinker and Rubisco was somehow compensated in place of the ablated electrostatic

interaction due to the Asp86 to Arg86 substitution.
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Figure 5-24 | Characterisation of in vitro cross-compatibility of CsLinker with Solanaceae crop Rubiscos.
a) Confocal fluorescence microscopy images of solutions at the indicated conditions with CsLinker ~10 minutes
post-formation. mEGFP-tagged CsLinker was added to 5% molar ratio to allow visualisation. Scale bar = 5 um.
(b) SDS-PAGE analysis of droplet sedimentation assays of the solutions formed under the same conditions as in
Fig. 1-24a, left panel. (c) Confocal fluorescence microscopy images of solutions at the indicated conditions with
CsLinker ~10 minutes post-formation. mEGFP-tagged CsLinker was added to 5% molar ratio to allow
visualisation. Scale bar = 5 pym. (d) SDS-PAGE analysis of droplet sedimentation assays of the solutions formed
under the same conditions as in Fig. 1-24c, left panel.
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5.4.7. A possible rationale for CsLinker interaction with Solanales Rubiscos

A crystal structure of Nicotiana tabacum Rubisco in the apo state was available to make direct
comparisons between the CsLinker binding interface on Chlorella Rubisco and the equivalent position
on Nictotiana Rubisco (Duff et al., 2000). As expected, the position 86 Arg in the Nicotiana structure
was not positioned to form favourable interactions with the CsLinker, though the other electrostatic
interaction between Glu51 of the RbcL and Argl76 of CsLinker was still accessible (Fig. 5-25b). The
hydrophobicity of the interface between the structures was also largely similar in line with the
conservation of the key Ile§7 and Tyr97 residues (Fig. 5-25a,c), though small differences were
accounted due to the Pro89 to Arg89 substitution in the Nicotiana RbcL (Fig. 5-22). As previously
noted, the largest changes between the sequences and structures exist in the BC-D loop (Fig. 5-25d).
The starkest change in residue property was present at position 94, where the Chlorella Glu94 is
substituted for an Lys94 in the Nicotiana structure. Interestingly, the substituted Lys94 residue was
positioned to feasibly form an electrostatic interaction with Glu169 of the CsLinker if an alternative
side chain rotamer could be occupied (Fig. 5-25¢). This conclusion comes with the caveat that the side
chain position of Glul69 was poorly resolved in the cyro-EM structure of the CsLinker-CsRubisco
complex (Fig. 4-12). Clearly this hypothesis requires biochemical and structural support but offers a
reasonable rationale behind the observed cross-compatibility of CsLinker with Solanales Rubiscos,
given the loss (D86R) and gain (E94K) of separate electrostatic interactions to maintain 2 electrostatic
interactions at the interface. The general finding of unexpected cross-compatibility also offers huge
promise with respect to synthetic engineering of linker proteins for phase separation of crop Rubisco,
suggesting that small changes may be made to the linker-Rubisco interaction interface to bimodally
tune phase separation propensity. Future studies could apply amino acid scanning or guided design
approaches to the CsLinker helix to facilitate interaction with, and phase separation of, the non-

Solanaceae crop Rubiscos which are largely incompatible due to a single amino acid substitution.

242



PPEEAG YRIERVVGEKDQY!
PPEEAG YDIEPVPGEENQY!

CsLinker-interacting RbcL Residues

Nicotiana
Chlorella

CsLinker

Chlorella Nicotiana

N95

D95

Figure 5-25 | Comparison of the Chlorella and Nicotiana CsLinker interactions sites in the RbcL.

(a) Alignment of the CsLinker interaction interfaces in the RbcL of Nicotiana and Chlorella. Interacting residues
in the Chlorella sequence and equivalent positions in the Nicotiana sequence are shown in black, non-compatible
interacting residues in red, non-interacting differences in purple and the possible additional interaction in green.
(b) Electrostatic interactions at the CsLinker-RbcL interface. The structure of the Nicotiana RbcL (from PDB:
1EJ7; (Duff et al., 2000)) and Chlorella RbcL (from the cryo-EM structure in Chapter 4, PDB: 8Q05) are displayed
overlaid. The electrostatic interactions are indicated by dashed lines. The presumably non-interacting R86 is
shown in red. (c) Hydrophobic interactions in the Chlorella (left) and Nicotiana (right) RbcL. The RbcL is shown
as a surface representation coloured by hydrophobicity calculated according to Kyte-Doolittle scoring. (d)
Differences in the BC-D loop region. Residues that are different between the two sequences are displayed and
numbered accordingly. (e) The possible additional electrostatic interaction between CsLinker and Nicotiana
Rubisco. The position of K94 in the 1EJ7 PDB structure is shown solid with green numbering. The alternative
possible rotamer is shown transparent and labelled K94*. The distances of the closest electrostatic interactions
are indicated.
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5.4.8. Testing in planta cross-compatibility of CsLinker with Solanaceae Rubisco

THE WORK IN THIS SECTION WAS COMPLETED IN COLLABORATION WITH YUWEI MAO
(UNIVERSITY OF EDINBURGH) AND IS PRESENTED HERE IN THE INTERESTS OF
COMPLETENESS FOR DISCUSSION.

Having demonstrated in vitro cross-compatibility of Solanaceae Rubiscos with CsLinker, it was next
desirable to test whether this translates in vivo. Separate transient expression in Nicotiana benthamiana
of TurboGFP (tGFP)- and mNeonGreen-tagged mature CsLinker sequences fused to the Arabidopsis
RbcS1A transit peptide resulted in clear condensate formation within the chloroplast, relative to control
infiltrations with the fluorophore sequence fused directly to the transit peptide (Fig. 5-26). The number
of condensates peaked with the level of expression on day 2, before reducing in abundance in the
following 3 days (data not shown). Multiple condensates were observed in each chloroplast, suggesting
that the condensates were not undergoing fusion or Ostwald ripening to form a single condensate, as
observed previously for Chlamydomonas proto-pyrenoids in Arabidopsis (Atkinson et al., 2020). This
behaviour is perhaps analogous to that observed with lower concentrations of protein in vitro (Fig. 5-
23). Although these results are very encouraging with respect to the phase separation of native plant
Rubisco in vivo, only tentative conclusions can be made based on several caveats of the preliminary
data. Firstly, so far, we have not demonstrated that Rubisco is present in the condensates, nor have we
shown that the condensates are bona fide liquid-liquid phase separated droplets. Secondly, the results
were obtained from the transient expression of CsLinker protein as opposed to the stable expression
lines used previously in Arabidopsis. Regardless, the results present a potentially huge step for plant
engineering that could allow the circumvention of complex Rubisco engineering to allow assembly of
a functional pyrenoid in planta. These results, in conjunction with the apparently simpler pyrenoid
assembly framework in Chlorella discussed in Chapter 2 could allow for the tangible assembly of

prototype pyrenoids in Solanales crops imminently.
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Figure 5-26 | Transient expression of CsLinker in planta.

(a) Confocal fluorescence microscopy images of tGFP-tagged CsLinker (top) and free tGFP (bottom), 2 days after
infiltration of Nicotiana benthamiana leaves. Scale bar = 5 um. (b) Confocal fluorescence microscopy images of
mNeonGreen-tagged CsLinker (top) and free mNeonGreen (bottom), 2 days after infiltration of Nicotiana
benthamiana leaves. Scale bar = 5 pm.
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5.5. Discussion
This chapter contributed several major findings relevant to general phase separation biology, plant
engineering and fundamental pyrenoid biology. These advances were afforded by the identification and
detailed characterisation of CsLinker in previous chapters which enabled a set of hypotheses to be

tested.

The finding that CsLinker interacts with the RbcL of Chlorella Rubisco in the previous chapter (Fig. 4-
13) was of great excitement as it suggested an increased likelihood of cross-compatibility of CsLinker
with plant Rubiscos given the similarity of RbcLs between algal chlorophytes and plant streptophytes
(Fig. 5-14). This was of unique excitement relative to other previously characterised Rubisco linkers
that are likely not cross-compatible with plant Rubiscos for a range of reasons. Although EPYCl is also
a Rubisco linker protein from an algal chlorophyte, its molecular interaction with the more species-
variable RbcS was hypothesised to prevent cross-compatibility with other green lineage Rubiscos. This
was empirically proven in this work (Fig. 5-4, Fig. 5-20, Fig. 5-23) and was consistent with previous
findings of the lack of cross-compatibility of EPYC1 with rice Rubisco (Wunder et al., 2018). PYCO1
has also been shown to lack cross-compatibility with Chlamydomonas Rubisco (Oh ef al., 2023), likely
due to the lack of conservation of the interacting residues between the red-origin form ID Rubisco of
Phaeodactylum and the green-origin form IB Rubisco of Chlamydomonas. Although not empirically
tested, the same scenario is likely true of the a-carboxysomal linker protein CsoS2 due to lack of
conservation of the RbcL residues between the form IA Rubisco of proteobacteria and the form 1B
Rubisco of the chlorophytes. It therefore emerged that CsLinker was a promising candidate to
demonstrate cross-compatibility across the green lineage, given the utilisation of a highly conserved
RbcL interaction interface that is a result of the close phylogenetic relationship relative to other linker
proteins. This hypothesis was tested both in vitro and in vivo using previously introduced techniques as

well as novel tools generated in this study.

As was expected from the similarity of the CsLinker interface of the RbcLs of Chlamydomonas and

Chlorella, CsLinker was able to demix Chlamydomonas Rubisco into droplets in an almost
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indistinguishably similar manner as the native interaction with Chlorella Rubisco (Fig. 5-4), consistent
with SPR data with CsLinker fragments which demonstrated the same indistinction (Fig. 5-3).
Uniquely, this finding was extended in vivo (Fig. 5-10), where for the first time a pyrenoid linker protein
was transplanted across species. The major finding that CsLinker could functionally replace EPYCI in
the pyrenoid of Chlamydomonas has several broad implications. Firstly, specific to the findings within
this study, the condensation of Chlamydomonas Rubisco into a condensate that recovers the function
of the pyrenoid-based CCM and growth under ambient CO; conditions provides good support for the
role of CsLinker in the pyrenoid of Chlorella, somewhat mitigating the lack of direct evidence in
Chlorella precluded by the lack of genetic tractability. By transplanting CsLinker into a strain in which
the native Chlamydomonas RbcS had been replaced with that of Chlorella, it was also possible to
tentatively conclude that the correct localisation of the Rubisco condensate in Chlamydomonas is
indeed underpinned by interaction of pyrenoid assembly proteins with the RbcS, as proposed previously
(Meyer, Itakura, et al., 2020). Although this AEPYCIARDbcS strain was marred by inheritance of
historical off-site mutations that prevented direct comparison with AEPYC1 strains (Fig. 5-7), the
approach pioneered here provides a useful tool for future pyrenoid engineering efforts. In particular,
testing the localisation and functionality of the PMST and PMTT proteins from Chlorella in
Chlamydomonas strains which possess a CsLinker-derived Rubisco condensate will likely be critical in
demonstrating the nature of these proteins and confirming the hypothesised shared principals of RBM-

guided pyrenoid assembly outlined in Chapter 2.

More generally, the replacement of EPYC1 with CsLinker in vivo exists as the only currently available
example of functional complementation through phase separation by a protein with no sequence
similarity to the replaced protein. In the field of general phase separation biology this is a compelling
example that the physicochemical properties more so than the primary sequence of intrinsically
disordered proteins underpin the functionality of the proteins. Extending this, the apparently concurrent
convergent evolution of CsLinker and EPYC1 ~250 Mya (Fig. 2-21), yet disparate nature of their
sequences, enforces that a certain set of constraints for the physicochemical nature of the interaction

with Rubisco needed to be fulfilled to allow functionality. This fact was outlined by the similarity in
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composition, yet altogether different locale of interacting residues at the interfaces of both EPYC1 and
CsLinker with their cognate Rubiscos (Fig. 4-13) (He ef al., 2020). This provides a unique example in
which two independently evolved proteins underpinning phase separation with the same functionality
can be directly compared. Future work to compare the ‘fitness’ of pyrenoids underpinned by phase
separation of linker protein variants from each species (e.g., all Chlorella/Chlamydomonas linker
variants identified in Chapter 2; Fig. 2-12) alongside the mesoscopic and molecular properties of the
resultant condensates will likely advance understanding of both pyrenoid linker evolution as well as

general constraints for the evolution of functional phase separation.

By mutation of the putatively shared CsLinker interface in the RbcL of Chlamydomonas Rubisco it was
empirically demonstrated that the functional cross-compatibility was indeed underpinned by interaction
with the same interface in Chlamydomonas Rubisco (Fig. 5-20). By comparison across the green
lineage, it was subsequently demonstrated that the same interface was conserved in most lineages that
evolved prior to divergence of the spermatophytes (Fig. 5-22) and in vitro characterisation of Ulva (Fig.
5-15) and fern (Fig. 5-17) Rubiscos accordingly demonstrated that this translated to phase separation
also. Consistent with the mutation made in the Chlamydomonas Rubisco, deviation of this interface by
even one of the key CsLinker-interacting residues completely abolished cross-compatibility of the

CsLinker, as observed with Spinach and Arabidopsis Rubiscos (Fig. 5-18).

With the previous findings of cross-compatibility of CsLinker in mind, the most surprising finding of
this chapter was the phase separation of Solanaceae Rubiscos (Fig. 5-23, Fig. 5-24). Given that sequence
alignments demonstrated the ablation of at least one electrostatic interaction in addition to an altered
BC-D loop (Fig.5-22), it was expected that these Rubiscos would behave in a similar manner to those
of Spinach and Arabidopsis. Instead, all tested Solanaceae Rubiscos phase separated with CsLinker,
consistent with shared use of the same interface. It should be emphasised that there were clear
differences in the properties of droplets formed with Solanaceae Rubiscos when compared to those of
the green algal and fern Rubiscos. It is likely these differences are underpinned by differences in

interaction between the two proteins because of the highlighted sequence substitutions in the RbcL. To
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try and rationalise the basis of interaction of Solanaceae Rubiscos with CsLinker, a hypothesised
compensatory interaction that utilises another electrostatic interaction at the same interface was
proposed based on the 3D structure of Nicotiana Rubisco (Fig. 5-25). This scenario appeared more
likely than alternatives explanations, such as the use of an altogether different interface that gives rise
to similar affinity and properties, though this cannot be ruled out from these data. For consideration,
EPYC1 was previously shown to form droplets with cyanobacterial Rubisco of Synechococcus PCC630
likely through use of an alternative interface on Rubisco (Wunder ef al., 2018). Determining the
structural basis of the interaction between CsLinker and Solanaceae Rubisco will allow conclusion of
this hypothesis and provide further insight into the permitted tunability of the interaction between
CsLinker and Rubisco. In a hugely significant step for plant engineering of pyrenoids, the in vitro phase
separation of Rubisco also appeared to translate to in planta phase separation of native Nicotiana
benthamiana Rubisco (Fig. 5-26). This was the first demonstration of phase separation of native plant
Rubisco and demonstrated the feasibility of engineering pyrenoid-based CCMs in planta without the
modification of Rubisco, thus shortcutting complex modifications previously required for EPYCI-
based approaches (Atkinson et al., 2020). Despite this, it has not yet been demonstrated that Rubisco is
also present in the condensates formed in planta, though ongoing characterisations suggest this is the
case. Additionally, it is unclear why there are multiple condensates in each chloroplast and whether this

is artefactual or biological and whether it will have implications for functioning of in planta pyrenoids.

Finally, the apparent compensatory interaction mechanism observed with Solanaceae Rubiscos provides
great promise for future engineering efforts in non-Solanaceae Rubiscos. As proposed to occur with
Solanaceae Rubisco, it seems likely that a single electrostatic interaction may need to be compensated
for in most non-Solanaceac Rubiscos to allow their phase separation by CsLinker (Fig. 5-22).
Accordingly, a large focus of future work should be to modify CsLinker to provide this compensatory
interaction in those Rubiscos. Based on the findings of this chapter and those previous, a general
approach to pursue this goal is outlined here. Designing and testing of many full length linker protein
variants is unfeasible due to difficulties in cloning, synthesis, and purification. Instead, an approach

initially utilising the high affinity, ease of cloning and purification and amenability of a3-04 fragment
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variants could be pursued (Fig. 5-27). As such a library of a3-a4 fragment variants modified at the
helices could be designed and probed for their affinity against representative target Rubiscos. Design
of variants could be completed either intelligently based on 3D structures of target Rubiscos, using
native RBM variants from bioinformatic analyses or by high throughput amino acid scanning
approaches. a3-04 variants with affinities like those of the cognate interaction (1 uM < Kp < 2 pM)
could then be selected and full length CsLinker variants with the same modifications in the helices
produced and tested for in vitro phase separation against the same Rubiscos. Finally, trialling transient
expression in planta in species with the same conserved Rubisco interaction interface could be
completed to identify plant-compatible linkers. This approach should allow fast-tracking of the design
of compatible linkers for other plant Rubiscos, or indeed other Rubiscos in general. Equally the ongoing
characterisation of linker proteins identified by FLIPPer may also reveal binding to an even more

conserved region of Rubisco that is natively compatible with non-Nightshade Rubiscos.
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Figure 5-27 | A strategy for design of a plant-compatible linker for non-Solanaceae Rubiscos.
Schematic diagram of a proposed design strategy for design of a plant-compatible linker protein. The general
phase at each stage is indicated to the right.

Taken together, the results of this chapter build on those of the previous and demonstrate that the RbcL-

interaction interface of CsLinker affords the protein cross-compatibility with much of the green lineage
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and provides great promise for future pyrenoid engineering approaches in plants. Furthermore, the
findings reinforce the convergent evolution of function of CsLinker and EPYC1 and begin to provide
clues as to the nature of the constraints during their evolution. These findings have broad implications

for general phase separation as well as pyrenoid biologists.
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5.6. Materials and methods

Unless otherwise stated, all strains and culture conditions, general molecular biology and protein
biochemistry methods were performed consistent with the methods outlined in Chapters 3 and 4.

General methods introduced in this chapter are outlined here.

5.6.1. General molecular biology methods

5.6.1.1. Chlamydomonas check PCR

For all PCR amplifications from Chlamydomonas nuclear and chloroplast DNA, whole cell DNA was
extracted by resuspension of a colony in 50 pL of 10 mM EDTA (pH 8.0) and incubation for 10 minutes
at 99 °C in a thermal cycler. The resulting solution was centrifuged for ~10 minutes at 2,500 g and 1 pL
of the supernatant was used in subsequent PCR reactions that had composition and conditions as in
table 5-3 and table 5-4 respectively. The annealing temperature (Tr) for each reaction was calculated
using the New England BioLabs online Ty, calculator set to One7ag Hot Start Quick-Load 2x Master
Mix with GC buffer, after which 2.5 °C was subtracted from the calculated Ty,. In all cases an extension
time of 60 seconds per kilobase of target amplicon was used. 10 puL of the reaction mix following
amplification was resolved by DNA gel electrophoresis as described previously.

Table 5-3: Chlamydomonas check PCR composition.

Component Volume (uL)
dH0 8

2x OneTag® Hot Start Quick-Load® Master Mix w/ GC buffer (M0849) 12.5

10x OneTag® High GC enhancer (B9026) 2.5

Forward primer (10 uM stock) 0.5

Reverse primer (10 uM stock) 0.5

DNA 1

Total 25
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Table 5-4: Chlamydomonas check PCR conditions.

Temperature (°C) Time (s) Number of cycles
94 300 1

94 30

Calculated 45 38

68 Calculated

68 300 1

5.6.2. General Chlamydomonas methods

5.6.2.1. Chlamydomonas nuclear transformation

For all transformations of Chlamydomonas for nuclear expression of transgenes, a protocol based on
previous work was used (Yamano & Fukuzawa, 2020). Relevant Chlamydomonas strains were grown
to mid-exponential phase (2-8x10° cells mL™"') in TAP media supplemented with the relevant antibiotics.
112 pL of cells at a concentration of ~2x10% cells mL" were incubated on ice in 0.2 cm gap
electroporation cuvettes (EP-202 — Cell Projects) for ~30 minutes prior to electroporation. For each
transformation 8 pL of linearised plasmid, containing ~1 pg of material was mixed with the cells
immediately prior to electroporation, bringing the final volume to 120 pL. Electroporation was
performed according to the conditions in Table 5-5 using a NEPA21 square pulse electroporator
(NepaGene). Following electroporation, cells were immediately recovered in 7 mL of TAP + 40 mM
sucrose in 15 mL falcon tubes overnight in very low light (~2-5 pmol photons m? s™') with agitation for
~24 hours before plating on TAP or TP plates. Recovery strategies varied between constructs and are
indicataed at the relevant points.

Table 5-5: NEPA21 electroporation parameters.

Component Voltage Pulse length Pulse interval ~ # of pulses Decay rate Polarity
Poring pulse 300V 8 ms 50 ms 2 40 +
Transfer pulse 20V 50 ms 50 ms 1 - +
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5.6.2.2. Chlamydomonas chloroplast transformation

Relevant Chlamydomonas strains were grown to mid-exponential phase (2-8x10° cells mL™") in TAP
media supplemented with the relevant antibiotics. 1x107 cells mL™ in a volume of ~100 pL were plated
on TAP plates and distributed to a diameter of ~3 cm in the centre of the plate. The plated cells were
allowed to recover for ~2-4 hours under low light conditions (~50 pmol photons m™ s™). DNAdel™
550 nm gold nanoparticles (Discontinued — Seashell Technologies) were resuspended to 50 mg mL™" in
the supplied binding buffer. For each transformation, 0.5 mg of gold was resuspended with 1-2 pg of
plasmid DNA to a final gold concentration of 30 mg mL™". An equal volume of precipitation buffer (50
mM spermidine, 1M CaCl,) was added to the suspension and allowed to incubate for 3 minutes
following vortexing for ~10 seconds. The solution was subsequently centrifuged for ~10 seconds at
10,000 g and the supernatant removed. 500 pL of 100% ice-cold ethanol was added, the particles were
resuspended, then pelleted in the same manner. The supernatant was removed and the gold solution was
resuspended in 100% ethanol to 50 mg mL"". 10 uL of the solution was pipetted onto the centre of sterile
macrocarriers (1652335 — Bio-Rad) and allowed to dry. A Bio-Rad PDS-1000/He™ system, with 1100
psi rupture disks (1652329 — Bio-Rad), was used for particle bombardment in which the transformation
plate was placed ~12 cm from the rupture disk. Following bombardment, plates were recovered for ~24
hours in low light conditions. The recovered cells were resuspended in 250 pL of TAP media and plated
on 3 separate 90 mm TAP or TP plates. Recovery strategies varied between constructs and are indicated

at the relevant points.

5.6.2.3. Chlamydomonas spot tests

Relevant Chlamydomonas strains were grown to mid-exponential phase (2-8x10° cells mL™") in TAP
media supplemented with the relevant antibiotics. Cells were pelleted and resuspended in TP media to
a concentration of 1x10° cells mL™" from which 10-fold serial dilutions were made. 10 uL of the relevant
cellular concentrations were plated on either TP or TAP plates and allowed to dry. TAP plates were
incubated at 10 pmol photons m™ s for ~2 weeks prior to imaging. TP plates were incubated under
different CO; conditions in custom-built growth chambers with continuous supply of CO- in air. The

TP plates were initially incubated for 24 hours at 50 umol photons m?s™, followed by 150 umol photons

254



m? s for 24 hours and ~3-5 days at 300 umol photons m? s”'. Plate images were captured with

Phenobooth (Singer Instruments).

5.6.2.4. Chlamydomonas growth rate screening

Relevant strains were arrayed from transformation plates to 96-pin format on TAP plates using the
Stinger attachment for a RoToR+ colony propagation robot (Singer Instruments), using coordinates
outputted from Phenobooth screening of the transformation plates. Colonies >5 pixel diameter, with
clear separation from other colonies were selected for transfer. After re-array to TAP plates, the strains
were grown for 2 generations without antibiotic selection and replicated using the pad attachment and
96-format long pins for the RoToR+. Ensuring even growth across the plates, the colonies were then
replicated to TP plates using the same methodology. The plates were incubated in Ziploc bags (351126
— Ziploc) supplemented with 3% CO, under 100 pmol photons m™ s™' light and imaged periodically
using the Phenobooth instrument. For quantification of colony size, the raw images from the
Phenobooth were imported to Fiji and the threshold function was used to segment the colonies from the
background. The area of the colony on the plate was then quantified and plotted using GraphPad Prism

0.

5.6.2.5. Screening of Chlamydomonas colonies plates for fluorescence

Chlamydomonas transformation plates were directly screened for fluorescence using a Typhoon 8610
Variable Mode Imager (Discontinued — GE Healthcare). Colonies were screened from 88 mL TAP agar
plates poured in RoToR PlusPlates (PLU-003 — Singer Instruments). The screening was completed at 3
mm above the scanner plate surface. The excitation wavelength, emission filter and PMT settings used
were according to Table 5-6.

Table 5-6: Typhoon 8610 screening parameters.

Channel Excitation wavelength (nm) Emission Filter PMT (V)
Chlorophyll 633 670 nm BP 30 300
Venus 532 555 nm BP 20 800
mCherry 532 610 nm BP 30 800
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5.6.2.6. Confocal fluorescence microscopy of Chlamydomonas strains

All confocal fluorescence imaging was completed using a Zeiss LSM 880 Airyscan microscope in
Airyscan mode. Zeiss LSM 880 Airyscan microscope was used in confocal mode without use of the
Airyscan module. In all cases a 63x 1.4 numerical aperture (NA) Plan-Apo oil-immersion lens (Carl
Zeiss) was used with Carl Zeiss™ Immersol™ immersion oil (518F — Carl Zeiss). 10 uL of cells were
left to settle in iBidi p-Slide 18-well chamber slides (81811 — iBidi) for ~5-10 minutes, after which 30

uL of 1% (w/v) low melting point TP-agarose was added to the chamber and allowed to set.

5.6.3. Generation of the AEPYCIARbCcS strain

Paromomycin-resistant AEPYC1 strain CC-5360 (mt-) and Zeocin-resistant ARbcS strain CC-4691
(mt+) were restreaked on TAP plates with no nitrogen (TAP NO) for 3 generations (~3 weeks). Prior to
restreaking on TAP N0, the cells were grown in a dense patch on TAP plates, which was subsequently
transferred between each restreak. After growth on NO plates, the strains were separately transferred to
TAP NO liquid media and resuspended to a concentration of ~5x10° cells mL™"'. The flasks were
incubated at ~10 pmol photons m™ s™ for 30 minutes with shaking. After 30 minutes, the two strains
were equally mixed in the same flask and incubated at ~50 umol photons m? s™* for 2 hours with no
shaking. After this, 200 pL of the suspension was plated on TAP 3% agar (w/v) plates and allowed to

dry without spreading and the plates were incubated at ~30 pumol photons m™ s

overnight, then
incubated in the dark for ~2 weeks. Using a sterilised scalpel, the vegetative cells were scraped away
from the plate and the plate was exposed to the fumes of 100% chloroform at a height of ~6 cm for 30
seconds. The region containing the remainder of the cells was excised and incubated overnight in TAP
liquid media with no shaking at ~10 pmol photons m™ s'. The following day, TAP + antibiotics was
added to a final concentration of 2.5 ug mL" Paromomcyin and 0.5 pg mL™" Zeocin. After 3 weeks of
growth at ~30 umol photons m™ s™! with shaking, 250 uL of the cell suspension was plated on TAP +
20 ug mL"' Paromomcyin and 10 ug mL™ Zeocin 1% agar (w/v) plates and grown until single colonies

could be restreaked for further analysis. PCR screening was completed according to Fig. 5-5, and the

primers used are listed in Table 5-7.
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Table 5-7: Primers used for screening AEPYC1ARDbcS strains.

Name Purpose Oligonucleotide Sequence
oLM002 Paromomycin cassette forward GACGTTACAGCACACCCTTG
oLM490 WT EPYCI1 locus forward GGCCGTGCACTCAATTAA
oLM491 WT EPYCI1 locus reverse CGAAGGACAGTAACAGTCG
oLMS851 Rbces?2 locus reverse ACTGATCAGCACGAAACGGG
oLM1625 RbeS2il forward TCTGTCGCTGTCTCAAGCAG
oLM1764 WT RbcS1/2 locus reverse CCTGCTTCTGGTTGTCGAAG
oLM1765 WT RbcS1/2 loccus forward GCAGGATGTTCGAGACCTTC

5.6.4. Cloning of CsLinker for expression from the nuclear genome in Chlamydomonas

The TargetP 2.0 predicted mature CsLinker sequence (Fig. 3-1c) was back-translated and codon-
optimised using the Geneious back translation tool and Kazusa Chlamydomonas codon usage table. 3
copies of the Chlamydomonas reinhardtii RbcS2 intron 1 were inserted in the sequence at ~500 bp
intervals at between adjacent Gaunine nucleotides, according to previous recommendations (Baier et
al., 2018). The resulting sequence was synthesised by TWIST bioscience as 4 separate parts L-1 parts.
Part 2 could not be synthesised and was instead PCR-amplified from Chlorella sorokiniana UTEX1230
genomic DNA using 01.M2398/2399. The 4 parts were assembled at LO by Golden Gate Assembly with
Bpil to create pPLM781. The resulting construct was sequenced with oLM271/272. The sequenced L0
CsLinker from pLM781 sequence was separately assembled with the indicated promoters and
terminators (Table 5-2) from the Chlamydomonas MoClo toolkit (Crozet et al., 2018), alongside the
mVenus part (pCMO0-113) into pICH47742. The resulting vectors were sequenced with oLM1271/1272
and assembled separately alongside the .1 Hygromycin resistance cassette (pLM631 — Table 3-16) into
pAGM4723. The resulting L2 vectors were transformed in Chlamydomonas AEPYCI1 strain as
described. To create the pPSAD/tCytC6 construct (#19 — Table 5-2), the LO CsLinker sequence was
PCR-amplified from pLM781 using primers o0LM3059/3060 and Gisbon Assembled into the backbone
of pPLMO031 (Table 3-16) that was PCR-amplified with 0LM3061/3062. The resulting colonies were

screened by colony PCR with 0LM054/258 and sequenced with the same primers.
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Table 5-8: Primers used for cloning of CsLinker for expression from the nucleus.

Name Purpose Oligonucleotide Sequence

oLM2398 CsLinker part 2 gDNA forward ATCATGCTAGAAGACTACTGAGCGCCGAGC
AGAAGGCA

oLM2399 CsLinker part 2 gDNA reverse CTGAATCAGGAAGACATGCCGCGGGTCTCC
ACGGGGGCGGGGC

oLM271 L0 sequencing forward AGTTGGAACCTCTTACGTGC

oLM272 L0 sequencing forward TTTGAGTGAGCTGATACCGC

oLM1271 L1 colony PCR/sequencing forward CACGCCCTTTTAAATATCCG

oLM1272 L1 colony PCR/sequencing reverse TGGCAGGATATATTGTGGTG

oLM3059 CsLinker Gibson Assembly forward ~ CGTGAAGACCGTGAAGGTCGCCGCCCGCAG
CGGTGGCCGTG

oLM3060 CsLinker Gibson Assembly forward GCTGCCACGACGGCTGTTGCGACG

oLM3061 Backbone Gibson Assembly Forward CGTCGCAACAGCCGTCGTGGCAGCGGCCAC
CACCATCACCACC

oLM3062 Backbone Gibson Assembly Reverse =~ GGCGGCGACCTTCACGGTCTTCACGCGGCC
AGAGACG

oLM054 PSAD promoter colony TTAGGTGTTGCGCTCTTGAC

PCR/sequencing forward
oLM258 PSAD 3’UTR colony AACCAAGTCGACGTGCCTAC

PCR/sequencing reverse

5.6.5. Cloning of CsLinker for expression from the chloroplast genome in Chlamydomonas

The TargetP 2.0 predicted mature CsLinker sequence (Fig. 3-1c) was back-translated and codon-
optimised using the Geneious back translation tool and Kazusa Chlamydomonas chloroplast codon
usage table. The sequence was synthesised in 3 parts by TWIST bioscience. The resulting plasmids
(pLM1375, pLM1376 and pLM1377) were assembled by Golden Gate Assembly using Bsal into the
L2 acceptor vector provided by René Inckemann (pLM1374). The resulting constructs were sequenced
with 0LM3354/3355 and gave rise to pLM 1385 which had no epitope or fluorescent tag on the CsLinker
sequence. To create the mVenus- and 3xFLAG-tagged variants, part 1 of the CsLinker sequence was
PCR-amplified from pLM1375 using primers 0L.M3395/2403 to modify the 5’ syntax. The amplicon
was gel-extracted for Golden Gate Assembly. For the mVenus construct, the mVenus sequence was PCR
amplified from an existing mVenus vector (pLM211), which was optimised for chloroplast expression

using codon usage optimizer (https://github.com/khai-/CUQO), using primers oLM271/0LM3396 to
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modify the 3° syntax. The resulting amplicon was also gel-extracted. For the 3xFLAG epitope, the

sequence was codon-optimised as described for the CsLinker sequence and ordered as forward and

reverse primers (0LM3397/3398) which were hybridised by mixing at 100 uM concentration, heating

t0 99 °C in a thermal cycler and allowing to cool to room temperature. The gel extracted syntax-modified

part 1 of CsLinker, pLM1376, pLM1377 and the mVenus amplicon were assembled by Golden Gate

Assembly using Bsal into pLM 1374 to create pLM 1450 which contained the mVenus-tagged CsLinker.

Separately, the gel extracted syntax-modified part 1 of CsLinker, pLM1376, pLM1377 and the

hybridised 3xFLAG part were assembled into pPLM1374 by Golden Gate Assembly with Bsal to create

pLM 1449 which contained the 3xFLAG-tagged CsLinker. The resulting colonies were sequenced using

oLM3354/3355.

Table 5-9: Primers used for cloning of CsLinker for expression from the nucleus.

Name Purpose Oligonucleotide Sequence

oLM3354 L2 sequencing primer forward GCGTTGCTAATGGTGTAAATAATG

oLM3355 L2 sequencing primer reverse GACGTCCTGCCAACTGC

oLM3395 CsLinker part 1 syntax-modification = TACAGACTACGAGGTCTCTTTCAGCTATGGC

forward AACTGCTCAATTATCAGC

0LM2403 CsLinker part 1 reverse AGGATTGTGCCCTCTGAGCG

oLM271 mVenus forward AGTTGGAACCTCTTACGTGC

oLM3396 mVenus syntax-modification reverse ~ GAGTCGTAGTGAGGTCTCGTGAACCTTTGTA
TAATTCATCCATACCTAAAGTAATACCAG

oLM3397 3xFLAG hybridisation forward AGACATGATGGTCTCAAATGGACTACAAAG
ACGATGACGATAAAGGTGATTACAAAGACG
ATGACGATAAAGGTGACTATAAAGACGATGA
CGATAAAGGTTCACGAGACCGTCAGCATC

oLM3398 3xFLAG hybridisation reverse GATGCTGACGGTCTCGTGAACCTTTATCGTC

ATCGTCTTTATAGTCACCTTTATCGTCATCGT
CTTTGTAATCACCTTTATCGTCATCGTCTTTG
TAGTCCATTTGAGACCATCATGTCT
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5.6.6. Cloning of RbcL chloroplast knockout and expression vectors

The ARbcL plasmid (pLMO084) was previously constructed by Professor Luke Mackinder by Gibson
Assembly of the AadA gene, conferring spectinomycin resistance, amplified from Chlamydomonas
strain CC-5168 (Economou et al., 2014), into plasmid P-67 cpDNA EcoRI 14 (Chlamydomonas
Resource Centre) to replace the RbcL CDS in frame. To create the Chlamydomonas RbcL chloroplast
expression vector, the WT RbcL sequence was PCR-amplified from the chloroplast DNA of strain CC-
4533 using primers 0.3555/3556 and the amplicon was subsequently gel-extracted. The amplicon was
Gibson Assembled with the backbone of pLMO084 to replace the AadA CDS in frame. The pLM084
backbone was amplified using 0LM3401/3402. The resulting vector (pLM1525) contained the WT
Chlamydomonas RbcL and homology arms for the RbcL locus in the chloroplast genome. The vector
was sequenced with oLM337/338. To create the D86H mutated RbcL expression vector primers
containing the relevant mutation were used to amplify the pLM1525 vector, which was subsequently
gel extracted. 1 pL of the gel-extracted product was used in a 10 pL KLD enzyme mix (M0554 — New
England BioLabs) reaction and incubated . The resulting construct (pLM1533) was sequenced with
0oLM337/338 and contained the D86H mutated Rubisco.

Table 5-10: Primers used for cloning of RbcL chloroplast expression vectors.

Name Purpose Oligonucleotide Sequence

oLM3555 RbcL forward TCGTCAAAAGAAGTTACATTTATTTATATAAA
TGGTTCCACAAACAGAAACTAAAG

oLM3556 RbcL reverse TCACATAAACATCATGAAAAATAAAAATTAA
AGTTTGTCAATAGTATCAAATTCG

oLM3401 pLMO084 backbone forward TTATATAAATAAATGTAACTTCTTTTGACGA

oLM3402 pLMO084 backbone reverse TTTTTATTTTTCATGATGTTTATGTGA

oLM337 RbcL 5’UTR sequencing forward AAAGGCCCTTTCTATGCTCG

oLM338 RbcL 3’UTR sequencing reverse ACCGATTGAGTTACATCCGC

oLM3549 RbcL D86H forward GCTCGATATGATAACAACGACC

oLM3550 RbcL D86H reverse CAGTTCCAGGTGAAGAAAACC
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5.6.7.  Rubisco purifications

The D86H-mutated Chlamydomonas Rubisco was purified exactly as described previously in Chapter
3 for the purification of WT Chlamydomonas Rubisco. Rubisco purifications of Ulva, Fern, Spinach,
Arabidopsis, Nicotiana, Tomato, Potato were completed in the same manner with the modifications

described here.

All seaweed and plant material was separated from stem, root and debris and washed in distilled water
3 time prior to processing. Instead of sonication, the material was lysed by blending and homogenisation
in the same buffer. For the blending, washed and processed material was mixed with a roughly equal
volume of lysis buffer, which had been pre-cooled to ~4 °C. The material was blended in 5, 30 second
pulses with ~5 minute breaks to allow the solution to cool. The blended material was then homogenised
in batches using a 55 mL Potter-Elvehjem homogenizer (15301331 — Fisher Scientific). The lysate was
clarified and processed according to the protocol used previously for Chlorella and Chlamydomonas

Rubiscos.

Ulva sp. material was sourced from intertidal rocks west of Staithes Harbour, North Yorkshire (Fig. 5-
27). Material was transported in sea water and processed on the same day to avoid degradation of the
sample. Adiantum raddianum (Fragrans variant) fern plants were sourced from Dean’s Garden Centre,
York. The plants were maintained in ambient conditions until processing of the leaf material. Spinacia
oleracea (Spinach) leaf material was sourced as ‘baby spinach, 300g’ bags from Co-op Food, Hull
Road, York and was processed the same day as purchased. Arabidopsis thaliana (Col-0) rosette material
was kindly provided by Jason Daff (University of York Horticulture staff). 5- week old Nicotiana
benthamiana plants and Potato leaf material were kindly provided by Dr. Liat Adler (University of

York). Tomato plant material was kindly provided by Sara Barrett.
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Figure 5-28 | Ulva material collection location.
Ordnance survey 1:25,000 map view of the coastline at Staithes with the collection location of the material
indicated.

5.6.8. Construction of crop Rubisco phylogenetic chronogram

The consensus phylogenetic chronogram in Fig. 5-22 was built using previously determined divergence
estimates from literature, where the average value was used in all cases. The values for divergence of
Rice from oat and oat from wheat/barley were taken from (Peng et al., 2022). The estimate for wheat
and barley divergence was taken from (Middleton et al., 2014). The estimate for sugarcane divergence
was taken from (Kellogg, 2001). Estimates for the divergence of plantain, onion and yam were taken
from (Hertweck et al., 2015). Estimates for divergence points of most Rosid species (grape, soy, alfalfa,
cassava, cotton and Arabidopsis/Rapeseed) and for divergence of rubber and coffee were taken from
(Zeng et al., 2017). An estimate for hemp and apple divergence is presented based on phylogeny, with
no time-calibration. Rapeseed/Arabidopsis divergence timepoint was taken from (Yang et al., 1999).
Spinach and Beet divergence was taken from (Xu et al., 2017). Divergence timepoints of the Solanales
species (sweet potato, pepper, aubergine, potato, tomato and tobacco) were taken from (Sarkinen et al.,
2013). The remainder of the divergence points were taken from previous analysis (see Chapter 2

methods).

5.6.9. In planta expression of CsLinker (with Yuwei Mao)

Cloning, transient expression and imaging of tagged CsLinker in Nicotiana benthamiana was
completed by Yuwei Mao (University of Edinburgh). The mature CsLinker sequence was codon

optimised and synthesised using GeneArt and the Nicotiana benthamiana codon usage table
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(ThermoFisher Scientific). The sequence was golden gate assembled into pICH47732 with a 35S
promoter, AtRbcS1A transit peptide, C-terminal Turbo-GFP or mNeonGreen and HSP+NOS double
terminator according to (Engler et al, 2014). Overnight cultures of electrocompetent GV3101
Agrobacterium harbouring the relevant plasmids were grown overnight in LB. Cultures were
resuspended in 10 mM MgCl, to ODsoo of 0.8 and syringe infiltrated into the youngest fully expanded
leaves of four-week old Nicotiana benthamiana plants. Images were captured using a Leica SP8
confocal microscope 48 hours after infiltration and incubation of plants at 25 °C, 16h light 8h dark, 170

uM photons m? s™.
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Table 5-11: Plasmids used in Chapter 5.

Name Description Use Origin

pODCI13 CrRbcS2 (pAR/tRbcS2) Creation of AEPYCI1ARbcS::RbcS2 and ARbcS::RbcS2 (Caspari, 2020)
pLMO036 EPYCI1 Complementation of EPYCI in relevant strains (Mackinder et al., 2016)
pLM804 Part 1 nuclear-optimised CsLinker Assembly of CsLinker nuclear expression vectors TWIST Bioscience
pLM709 Part 3 nuclear-optimised CsLinker Assembly of CsLinker nuclear expression vectors TWIST Bioscience
pLMB805 Part 4 nuclear-optimised CsLinker Assembly of CsLinker nuclear expression vectors TWIST Bioscience
pLM781 LO nuclear-optimised CsLinker Assembly of CsLinker nuclear expression vectors This study
pICH47742 L1 Golden Gate acceptor vector Assembly of CsLinker nuclear expression vectors (Engler et al., 2014)
pCMO-113 LO nuclear expression mVenus part Assembly of CsLinker nuclear expression vectors (Crozet et al., 2018)
pLM631 Chlamydomonas Hygromycin cassette Assembly of CsLinker nuclear expression vectors (Crozet et al., 2018)
pAGM4723 L2 Acceptor vector Assembly of CsLinker nuclear expression vectors (Engler et al.,, 2014)
pLMO31 EPYCI1 (pPSAD/tCytC6) vector Assembly of CsLinker nuclear expression vectors (Mackinder et al., 2016)
pLM1374 L2 Chlamydomonas chloroplast expression vector Assembly of CsLinker chloroplast expression vectors René Inckemann
pLM1375 Part 1 chloroplast optimised CsLinker Assembly of CsLinker chloroplast expression vectors TWIST Bioscience
pLM1376 Part 1 chloroplast optimised CsLinker Assembly of CsLinker chloroplast expression vectors TWIST Bioscience
pLM1377 Part 1 chloroplast optimised CsLinker Assembly of CsLinker chloroplast expression vectors TWIST Bioscience
pLM1385 Untagged CsLinker chloroplast expression Expression of untagged CsLinker in AEPYC1 This study

pLM1449 3xFLAG-tagged CsLinker chloroplast expression Expression of 3xFLAG-CsLinker in AEPYC1 This study

pLM1450 mVenus-tagged CsLinker chloroplast expression Expression of mVenus-CsLinker in AEPYC1 This study

pLMO084 Chlamydomonas ARbcL expression RbcL KO and cloning of WT RbcL and D86H RbcL Prof. Luke Mackinder
pLM1525 Chlamydomonas RbcL WT expression vector Expression of WT Chlamydomonas RbcL This study

pLM1533 Chlamydomonas D86H RbcL expression vector Expression of D§6H Chlamydomonas RbcL This study
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6. DISCUSSION

At the outset of this study, an overarching hypothesis was defined:

“The fundamental hypothesis of this study was that linker proteins commonly

underpin the condensation of Rubisco in pyrenoids across the tree of life”

The motivation for interrogating this hypothesis was also outlined:

“The primary motivation was to discover novel approaches to pyrenoid

assembly in nature that could benefit ongoing efforts to engineer pyrenoid-

based CCMs in plants”

The overarching hypothesis was interrogated through bioinformatic, biochemical, structural, and in vivo

means throughout this thesis in Chapters 2, 3, 4 and 5 respectively. The results of these interrogations

presented three broad major advances that are discussed separately below:

1) Pyrenoids in UTC algae convergently and concurrently evolved during a

period late in the Paleozoic Era (~260-275 Mya).

2) The pyrenoid linker protein from Chlorella sorokiniana (CsLinker) can

cross-complement functional Rubisco condensation in Chlamydomonas

across an ~800 My evolutionary gap.

3) CsLinker demonstrates cross-compatibility with native crop Rubiscos of the

nightshade family of plants — providing a route for easier plant engineering.

The context of these findings and their implications for future directions are subsequently discussed.
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6.1. Pyrenoids in UTC algae evolved convergently and concurrently

The majority of the work completed in Chapter 2 was completed during a COVID-19 enforced
lockdown period. Though frustrating, in hindsight this period provided an invaluable reflective window
that was transformative to the work completed in this study. Through completing a comprehensive
literature review (Barrett ef al., 2021), an appreciation of pyrenoid breadth and diversity was garnered
that directly influenced the course of the study. The striking observation that pyrenoid assembly is likely
commonly underpinned by liquid-liquid phase separation reinforced the hypothesis of Mackinder et al.
(2016) that EPYC1-like proteins are likely present in diverse pyrenoids. Building directly on the results
of the seminal Mackinder et al. (2016) study, during the same lockdown period, the development of a

Fast Linker Identification Pipeline for Pyrenoids (FLIPPer) was begun.

The results of FLIPPer analysis were mixed with respect to the fundamental hypothesis of the study, as
outlined in the discussion of Chapter 2. One clear story based on analysis of genomes in the UTC clade
of algae did, however, emerge. The identification of sequences that are functionally and structurally
analogous to EPYC1 in Ulva species of the Ulvophyceae class and Chlorella species of the

Trebouxiophyceae class allowed two broad conclusions:

1) Pyrenoid linker proteins definitively evolved convergently in Ulva, Chlorella
and Chlamydomonas long after the basal divergence from their shared most

recent common ancestor ~800 Mya.

2) Evolution of the linker proteins and probably pyrenoids themselves likely
occurred concurrently during a shared ‘window of opportunity’~260-275 Mya

when the atmospheric O,:CO; ratio was at its historic maximum.

These findings provided the first direct molecular evidence for the convergent evolution of pyrenoids
in green algae and the first time-calibrated molecular evidence for the proposed emergence of pyrenoids

in response to extreme challenges for Rubisco imposed by atmospheric conditions.
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The proposed emergence timepoint for pyrenoids in UTC algae was largely consistent with previous
predictions for CCM emergence (Badger & Price, 2003; Griffiths ef al., 2017; Raven et al., 2017).
Though the proposed timepoint displayed a satisfying and feasible alignment with atmospheric and

terrestrial conditions, many questions emerged from this conclusion.

Why did other pyrenoids not evolve at this time, and why were they lost later?
There is clear indication that hornwort and diatom pyrenoids likely evolved much later than the
proposed timepoint for the UTC algae. It remains unclear why pyrenoids were not evolved or passed
down from their ancestors that existed during the same period. In hornworts it is also clear that the later
evolved pyrenoids were lost in the same period they also evolved (Villarreal & Renner, 2012). A
possible explanation for both these phenomena could be the habitats in which the species evolved and
subsequently occupied. Most UTC algae exist in freshwater/brackish aqueous environments, whereas
diatoms are largely marine-dwelling and hormworts are either semi-aqueous or non-aqueous. It is
possible the subsumed environments of UTC algae provided the appropriate conditions for pyrenoid
evolution, which were not equivalent in hornworts and diatom ancestors at the time, explaining the
proposed evolution much later (in the last 100 My). Equally, hornwort lineages in which pyrenoids have
been lost may have subsequently occupied non-aqueous environments that removed the requirement

for pyrenoids.

Did functional CCM machinery evolve much earlier or was it co-opted?
The evolutionary timepoint of pyrenoid linker proteins far later than the basal divergence of Ulva,
Chlorella and Chlamydomonas species presents an interesting dichotomy. It is well established that
homologues of key Chlamydomonas CCM machinery (e.g., carbonic anhydrases (CAH3/LCIB) and
bicarbonate transporters (BSTs, LCIA)) are conserved across species in the UTC clade (Benlloch et al.,
2015; Jin et al., 2016; Mukherjee et al., 2019; Yamano et al., 2015), suggesting they were present in the
most recent common ancestor of all UTC algae ~800 Mya. This raises the question of whether a
primordial CCM was present in the common ancestor that was presumably devoid of a pyrenoid or

whether alternatively, these proteins were co-opted into a pyrenoid-based CCM prior to, or following
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the evolution of Rubisco condensation. The latter case would imply a similar convergent evolutionary
mechanism for CCM machinery as present for the linker proteins. Though discussed in Chapter 2 for
the Chlorella pyrenoid, generally the order of pyrenoid-based CCM evolution is unclear and clearly

requires further consideration, especially with consideration to ongoing efforts for plant engineering.

Did Rubisco s form and slow evolution play a role in the evolution of the linker proteins?
As outlined in the introduction, the catalytic properties of Rubisco are thought to be amongst the slowest
evolving of metabolic enzymes (Bouvier et al, 2023). The catalytic properties are also generally
grouped by Rubisco form (Bouvier et al., 2021; Flamholz et al., 2019). These two constraints could
have significant implications for the evolution of pyrenoids. Given Rubisco’s slow evolution, it is likely
that Rubisco is still evolving within pyrenoid-based CCMs to increase their carboxylation rate.
Presumably, trajectory towards a faster, less specific Rubisco would provide advantages for pyrenoid-
based CCMs. It would be interesting to test this empirically, perhaps by integrating a cyanobacterial
Rubisco in the Chlamydomonas pyrenoid-based CCM. The form-specific Rubisco properties could
have implications for the timepoint of linker evolution. For example, the relatively high specificity and
low catalytic rate of diatom Rubiscos may have afforded their ancestors the ability to survive through
the high O,, low CO; environment in which green algal pyrenoids evolved presumably to overcome the
relatively poor specificity of their Rubiscos. These considerations have important implications for
considering the future efficiency of Rubiscos in engineered pyrenoid-based CCMs, given the ongoing

rise in atmospheric CO».

In line with primary motivation of this study, identification of the Rubisco-binding motifs (RBMs) in
the identified linker sequences allowed the further identification of protein sequences that putatively
drive pyrenoid assembly with the ultrastructural features in those species (PMSTs and PMTTs). As
hoped, in Chlorella this uncovered an apparently simpler blueprint for the assembly of the pyrenoid
with direct implications for plant engineering, given the latterly uncovered cross-compatibility of
Chlorella RBMs with plant Rubiscos. Work to validate the simplicity of this mechanism is already

ongoing both in planta and in capsa, and there is a great deal of optimism surrounding this.
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More generally, the approaches undertaken in Chapter 2 demonstrate the impetus of in siflico analyses
yet equally demonstrate the importance of the foundations laid by years of fundamental algal and
pyrenoid research that allowed the formation of the hypotheses to be investigated. With this in mind,
several key questions remain outstanding that may only be answered with primary biological
investigations. Most intriguingly, there was a distinct lack of linker protein analogues in key pyrenoid-
containing species with high quality reference genomes (e.g., Thalassiosira pseudonana, Parachlorella
kessleri and all Prasinophytes). This reinforces the possibility that wholly alternative pyrenoid assembly
mechanisms exist in nature that are still to be determined. For example, some evidence exists for the
presence of DNA in the pyrenoid of Dunaliella salina (Oleksienko et al., 2020) — a species in which no
strong linker candidate was identified — raising the possibility for a DNA-driven Rubisco condensation
mechanism. Equally, the lack of SAGA/PMST analogues in the genomes of Ulva species raised the
intriguing question of how the starch sheath is attached to the pyrenoid matrix in those species. In the
UTC algae, the evolutionary origin of the primary sequences of the linker proteins, and presumably
subsequently evolved RBM-containing protein sequences, remains wholly unclear. Furthermore, given
the completely independent origin of the linker proteins in each lineage it is intriguing that such a high
degree of structural analogy is present between the proteins. This might indicate that the evolutionary
drivers in each species were highly similar, relative to drivers in other species with less analogous
sequences (e.g., Phaeodactylum). Equally, the available parts that could be co-opted into pyrenoid-
based CCMs may have been more similar in UTC algae than in diatoms and driven this similarity. The
number of outstanding questions surrounding pyrenoid evolution and assembly only serve to showcase

the relative infancy of this field of study, and the exciting biology that lies ahead.
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6.2. CsLinker cross-complements functional Rubisco condensation across 800 My

Chapter 5 presented the magnum opus of this study, which was pursued based on the foundations of the
extensive biochemical and structural characterisations of CsLinker undertaken in Chapters 3 and 4. At
the outset of the characterisation of CsLinker it was expected that the system would be unremarkably
like that of Chlamydomonas. In particular, it was anticipated that the interaction between CsLinker and
Chlorella Rubisco would be contributed by a similar Rubisco binding site as observed for EPYC1. The
discovery that CsLinker binding to Rubisco occurred in the highly cross-kingdom conserved RbcL was
somewhat of a “Eureka!” moment for the study and ultimately led to the latter two major findings of

the study as outlined above.

From initial in vitro observations of CsLinker’s cross-reactivity with Rubisco from Chlamydomonas, it
was immediately clear that the RbcL-binding of CsLinker would afford a greater degree of cross-
compatibility of the protein as compared to EPYCI. In an undeniable showcase of this behaviour the
CsLinker was expressed in a Chlamydomonas strain lacking the native linker EPYC1 and demonstrated
functional recovery of the pyrenoid-based CCM by driving Rubisco condensation. This behaviour

demonstrated 3 key findings empirically:

1) The disordered proteins CsLinker and EPYC1 have definitively convergently

evolved the same functionality in the phase separation of Rubisco, though the

modus operandi may not be so important.

2) Condensation of Rubisco is critical to pyrenoid function and enables assembly

with the ultrastructural features.

3) Chlamydomonas can act as a chassis organism to test functionality and

assembly of heterologous pyrenoid components.
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The recovery of pyrenoid function by complementation of Rubisco condensation with a completely
disordered protein represents as far as can be interpreted, the first demonstration of complementation
of function by phase separation with a protein bearing no sequence homology to the original.
Considering the purely in silico identification of CsLinker, this represents a unique finding that
demonstrates the power of the integrated approach implemented in this study. Other studies have
explored a similar type of complementation, collectively termed ‘orthogonal’ (Boeynaems et al., 2023),
though have always relied on retention of some sequence-conserved domains in the chimeric
‘orthogonal’ proteins (King & Petry, 2020; Rawat ef al., 2021; Shi et al., 2021). The fact that Rubisco
condensation by EPYCI and CsLinker are underpinned by different sequence interactions and give rise
to different apparent material properties is the most damning indictment that phase separation, rather
than EPYCl1-specific interactions are key to the function of the pyrenoid. As discussed in Chapter 5,
this sheds some insight into the evolutionary constraints of these proteins. It is posited that a linker
protein must have initially evolved from some specific interaction with a surface-exposed Rubisco
(‘sticker”) that had a certain appropriate affinity but had limited apparent positional constraint on the
surface of Rubisco. The ‘spacer’ region between the stickers may then have evolved compensatorily to

give rise to the appropriate properties of the interaction (i.e., phase separation of Rubisco).

In addition to important insights into cross-compatibility and linker evolution, the functionality of the
hybrid condensate formed in Chlamydomonas provides a useful proof-of-concept that Chlamydomonas
can be used as a chassis strain for so-called ‘in capsa’ testing of pyrenoid assembly components from
heterologous pyrenoids. This is currently being employed to interrogate the blueprints for assembly of
the Chlorella pyrenoid outlined in Chapter 2 and may more generally offer a rapid testing platform for
parts prior to, or in combination with, testing in planta. In this sense, the replacement of characterised
pyrenoid assembly proteins from Chlamydomonas may be functionally replaced by those of other
pyrenoids to demonstrate their functionality. This framework will likely provide a useful tool for

interrogating the pyrenoids of non-tractable species (e.g., Chlorella).

271



6.3. CsLinker provides a promising route for plant engineering

Undoubtedly the most exciting output of this study from a personal perspective was the finding that
CsLinker can phase separate nightshade plant Rubiscos both in vitro and crucially, in planta. Whilst
this was outlined as a possibility in early hypotheses, it was surprising that indeed a natural, plant-
compatible linker protein was identified that could complete this role. This represents a hugely
significant step forward for pyrenoid engineering in plants. Utilisation of the RbcL-binding interface of
CsLinker in plants will likely overcome the only major drawback of engineering a Chlamydomonas
pyrenoid-based CCM into plants, which is that the RbcSs of the host plant need to be replaced in each
case to allow interaction with EPYCI. In nightshade plants, there is optimism that CsLinker-based
pyrenoid assembly can be completed rapidly with little modification to either the host plant or donor
Chlorella sequences. Outside of nightshade Rubiscos, in vitro results suggested that the CsLinker was
non-compatible and as such, a roadmap for the development of compatible linker proteins for those

Rubiscos was outlined in the discussion of Chapter 5.

Currently, all pyrenoid-based CCM engineering efforts are taking place using Chlamydomonas as a
donor and Arabidopsis as a host (Atkinson et al., 2020), and will likely come to proof-of-concept
fruition in the near future. The next stage of engineering for this ambitious field will be to transfer a
working prototype into a C; crop plant. Here, the continued parallel characterisation of the
Chlamydomonas and Chlorella pyrenoids may prove invaluable. As outlined above, the major
contribution of the Chlorella system is of a plant-compatible linker protein and RBM sequence.
Therefore, the molecular insight gained from the engineering of the Chlamydomonas pyrenoid in planta
may be combined with the advantages provided by the Chlorella sequences. For example, there exists
the distinct possibility that RBMs may be able to be substituted between proteins of both origins to
create functional chimeric proteins. As an example, if the functionality of a Chlamydomonas assembly
protein (e.g., SAGA1) is demonstrated in planta, the Chlamydomonas RBMs could easily be substituted
with those of CsLinker to render the chimera ‘plant-compatible’. Through this approach, combined with
future efforts in the characterisation of other pyrenoids, a toolbox of proteins from different species

could be assembled that can be tested in combination to assemble chimeric pyrenoids in Cs crops that
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would otherwise require extensive engineering to make them amenable to pyrenoid transfer. Previous
work outlined in this study has developed the tools to test these proteins rapidly and accelerate the
assembly of truly ‘plant-compatible’ pyrenoids. The ultimate goal of this combined approach should be
to build a pyrenoid-based CCM that can be transplanted as a gene cassette into plants to enable pyrenoid
assembly without modification of the host plant genome. The highly collaborative nature of the
pyrenoid engineering community, in particular within the CAPP consortium gives great reason to be

optimistic that these goals can be achieved.
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6.4. Concluding remarks

By pursuing pyrenoid assembly outside of model species, an entirely novel linker protein was
discovered. Characterisations of this protein provided transformative contributions to pyrenoid biology,
biological phase separation, and plant engineering prospects that far exceeded expectations at the outset.
I am hugely grateful to have been afforded the opportunity to pursue this “blue-sky” approach during
my studies and appreciate the contribution this freedom had to my findings. I am hugely excited by the
future of this field, and hope that my contributions have accelerated progress towards its transformative

potential.
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8. APPENDIX

8.1. CsLinker sequences

- Where underlined amino acids (e.g., MQAL) indicate the predicted chloroplast transit peptide.
- And bold nucleotide sequences (e.g., ATGCGC) indicate introns.

>CsLinker protein CSIZ2 123000012064
MQALSARVTLGRPATARVAKKQQRPLTVAMATAQLSAEQKAFLERKARESRSPAPVETRGRSAPRPRS
ASPVGRPSSRTPAPASYSAPAASYSSAPANGLSAEQREFMERKARESRSPAPVETRGRSAPRPRSASP
RPTSRTPAPASYSAPAASYTAPAAAPAGGLSAEQREFLERKARESRSPAPVETRGRSAPRPRSASPRP
TSRTPAPASYSAPAASYSAPAAAPAGGLSAEQREFMERKARESRSFSAPVETRGRSASARPSARPSSR
TPTPVSNSGVRSAMSSGSSAGLSAEQREFLERKARESRSPAPAAASQSSSYGSAASGLSAEQREFLER
KARESRSFSAPAPTRGRSSTPRRR

>CsLinker fullCDS CSIZ2 123000012064
ATGCAGGCCCTGAGCGCACGCGTGACCCTCGGCCGCCCGGCCACCGCCCGGGTGGCCAAGAAGCAGECA
GCGCCCCCTGACTGTGGCCATGGCCACTGCCCAGCTGAGCGCCGAGCAGAAGGCATTCCTGGAGCGCA
AGGCGCGCGAGTCCCGCAGCCCCGCCCCCGTGGAGACCCGCGGCCGCAGCGCACCLCeGeeeceaeTee
GCTTCCCCTGTGGGCCGCCCCTCCAGCCGCACCCCCGCCCCCGCGTCCTACAGCGCCCCCGLTGLCTC
CTACAGCAGCGCCCCCGCTAACGGCCTGAGCGCTGAGCAGCGCGAGTTCATGGAGCGCAAGGCCCGTG
AGAGCCGCAGCCCCGCCCCCGTGGAGACCCGCGGCCGCAGCGLCGLCCCGLLeeeGLTCCGLETCCCCe
CGCCCCACCAGCCGCACCCCGGCCCCCGCCTCCTACAGCGCCCCCGCCGCTTCCTACACCGLCCCCCGL
CGCTGCCCCCGCTGGCGGCCTGAGCGCCGAGCAGCGCGAGTTCCTGGAGCGCAAGGCTCGTGAGAGCC
GCAGCCCTGCCCCCGTGGAGACCCGCGGCCGCAGCGCGCCCCGLLCLLalTCCGLETCCCCceeaseccee
ACCAGCCGCACCCCGGCCCCCGCGTCCTACAGCGCTCCTGCTGCCTCCTACAGCGCCCCCGCCGLTGL
CCCCGCTGGCGGCCTGAGCGCTGAGCAGCGCGAGTTCATGGAGCGGAAGGCGCGCGAGTCCCGCAGCT
TCAGCGCCCCCGTGGAGACCCGCGGCCGCAGCGCGTCTGCCCGCCCTTCGGCCCGCCCCTCCAGCCGL
ACCCCGACCCCCGTGTCCAACAGCGGCGTGCGCTCCGCCATGAGCTCTGGCTCCTCCGCGGGCCTGTC
CGCTGAGCAGCGCGAGTTCCTGGAGCGCAAGGCCCGTGAGAGCCGGTCCCCCGLCeeeGeeaeeaecT
CCCAGTCGTCCAGCTACGGCTCCGCGGCGTCTGGCCTGAGCGCCGAGCAGCGCGAGTTCCTGGAGCGC
AAGGCGCGCGAGTCCCGCAGCTTCAGCGCCCCCGCTCCCACCCGCGGCCGCAGCTCCACCCCCCGLeG
CCGCTAA

>CsLinker fullgene CSI2 123000012064

CTCCAGAATGGGGTAGGCTCGGGGAGGGCGCGGCGGCGTGCGAGGAGATGCTGGGTGTGCTGTGCCAC
ATGGGTGGGAGACTTCTGCCCGGCTCCCTCATCTGCCCGCGCCGCACCGCCCCGATCACCACTCCATT
CTTTCTGGGCACTGTAGGGCTTGCTGGCCGCCACTCTTGCACTCCTAGCAAGCCAAGCGTAACGATGC
AGGCCCTGAGCGCACGCGTGACCCTCGGCCGCCCGGCCACCGCCCGGGTGGCCAAGAAGCAGCAGGTG
CGCCCGGGCAGTGCGGCAATGCGCCAGCGGGGCGTCCAGGCGGCCGGCTGGGGCTGGGTATAGTAGTG
GGCCGGGCCAGCCCCTCGGTGCAGCGCCCAAGGGCCGGCGGCAGGCAGCGCATCGCGTTTGTGAGACA
GTTCGACGCCTGATCACGGCGGCAAAGAGGCGGTCGGACACAGCTTTGGGGGCACCCGCGCTGCCGCC
GCCCCGAGGAGTCTACCCCGTCGCTGACCGTCTGCCGCCCGCATCCCCGCCGCCTGCAGCGCCCCCTG
ACTGTGGCCATGGCCACTGCCCAGCTGAGCGCCGAGCAGAAGGCATTCCTGGAGCGCAAGGCGCGCGA
GTCCCGCAGCCCCGCCCCCGTGGAGGTGCGATTCAAGGCCTGATTCTTTTGGCGGTGCAGCACCCAGC
GCATGCACGGCGATTCCGCACATGCGCAGCCACCTGCAGCCCACAGCTGCATGCATGCACAGCTTTTG
ACGTCTGCATCCCTCCCATTATTGTGCCATGTGCAGACCCGCGGCCGCAGCGCACCCCGCCCCCGCTC
CGCTTCCCCTGTGGGCCGCCCCTCCAGCCGCACCCCCGCCCCCGCGTCCTACAGCGCCCCCGCTGCCT
CCTACAGCAGCGCCCCCGCTAACGGCCTGAGCGCTGAGCAGCGCGAGTTCATGGAGCGCAAGGCCCGT
GAGAGCCGCAGCCCCGCCCCCGTGGAGGTGAGAGGCTGAGGACAGTGGCTGGCATGCACCCTGGATCA
GCCCAGCACACGGTGCAAGGGTCGGTGCTCCGTGCAGTTCCTTCTGGCACCTGTGGGCAGCAGCAATG
CACATCCAGCATTGCCTGGATGCGTGCAGCAAGCAGAAATTGCAATGGGGCATGCGTGGGAGATACTA
CTCTGCCAGCGGCATCTCCCTGCATCAGCCCCTATCCGCTCGGGCAGCATGCCAGCCACCCACCCTGG
CTGAATTTAACCTGCCGTTCCCGCCATCAATCCCTCACTCCTGCCCGTTTCCACTGCCTTTTCTCCCT
GCAGACCCGCGGCCGCAGCGCGCCCCGCCCCCGCTCCGCGTCCCCCCGCCCCACCAGCCGCACCCCGG
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CCCCCGCCTCCTACAGCGCCCCCGCCGCTTCCTACACCGCCCCCGCCGCTGCCCCCGCTGGCGGCCTG
AGCGCCGAGCAGCGCGAGTTCCTGGAGCGCAAGGCTCGTGAGAGCCGCAGCCCTGCCCCCGTGGAGGT
GCGCCTGGGTCTTGGCTGGGTGCCAGCACATTTTTTTGAGGGATCAGCCTGAGGGCTGGCCAGGCCGT
GTTTGCGCCCCTTGAAGATGTACCGCACTTGCAGCCTGCACTCTTGCTTCGCCAAAGCGTCCTGAAAT
AGCCTGCAAATCTCACCGTTCCTTGCCTCTTGTGCGTCCCTCTACCCTGCAGACCCGCGGCCGCAGCG
CGCCCCGCCCCCGCTCCGCGTCCCCCCGCCCCACCAGCCGCACCCCGGCCCCCGCGTCCTACAGCGCT
CCTGCTGCCTCCTACAGCGCCCCCGCCGCTGCCCCCGCTGGCGGCCTGAGCGCTGAGCAGCGCGAGTT
CATGGAGCGGAAGGCGCGCGAGTCCCGCAGCTTCAGCGCCCCCGTGGAGGTGAGAGAAAGTTCTGGGG
TTGGGTTCGATTCTCTGCGGCGCATCTGCGTGGCATTTGCAAGCAAGATGCAAGATTTCTCGCATGCA
AGGCCAATCAGAGGCGTAGCCATCACGCCTAGCACACATCCTGACCCATGTTGCAACTTCCCACCTCC
TCCCTTTGCCATCTGCAGACCCGCGGCCGCAGCGCGTCTGCCCGCCCTTCGGCCCGCCCCTCCAGCCG
CACCCCGACCCCCGTGTCCAACAGCGGCGTGCGCTCCGCCATGAGCTCTGGCTCCTCCGCGGGCCTGT
CCGCTGAGCAGCGCGAGTTCCTGGAGCGCAAGGCCCGTGAGGTGAGACCGAGCTGCATGTTCTCTCAA
GGGAGCAATGGGGTGGAATGAGCAGAACGCCCTGCCTGGGGTGGAACTCAGCTGCATGCCACACGCGA
GTCCCGACACGCAGCCAGCGGGCATGTTCCCCTGCATGCCTCAAATCCAGCAACTGGCCTTTCACTTA
CTTACGACCCCGCCCAACCTGCCAATTTTCCCTTCCTGCAGAGCCGGTCCCCCGCCCCCGLCLCGLLGLC
TCCCAGTCGTCCAGCTACGGCTCCGCGGCGTCTGGCCTGAGCGCCGAGCAGCGCGAGTTCCTGGAGCG
CAAGGCGCGCGAGTCCCGCAGCTTCAGCGCCCCCGCTCCCACCCGCGGCCGCAGCTCCACCCCCCGCC
GCCGCTAAGCAGCTGAGCTAAGCAGCAGCTTTGGCCCCTGTGGCACTACATATGCCGGGCCGTCCGGL
CCGCAGCGGCGGCAGCCCCTGCCCAACGCAGCAGCGGCTGCGCCACAGCTGCAGTGCCGGCGGLGLGL
CGGCCTGTGTGTGTGATGTTGTGAAATGTTGACAGTGCGTCCCGGCAAGCTTCCCTCTGCTCTGCCCC
CGTC
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8.2. Other linker sequences

>EPYC1l protein Crel0.g436550
MATISSMRVGAASRVVVSGRVKTVKVAARGSWRESSTATVQASRASSATNRVSPTRSVLPANWRQELE
SLRNGNGSSSAASSAPAPARSSSASWRDAAPASSAPARSSSASKKAVTPSRSALPSNWKQELESLRSS
SPAPASSAPAPARSSSASWRDAAPASSAPARSSSSKKAVTPSRSALPSNWKQELESLRSSSPAPASSA
PAPARSSSASWRDAAPASSAPARSSSASKKAVTPSRSALPSNWKOELESLRSNSPAPASSAPAPARSS
SASWRDAPASSSSSSADKAGTNPWTGKSKPEIKRTALPADWRKGL

>PYCOl protein Phatr J49957
MKISVKSATLALLMVPTTGFLHAHPARSVETAFHAPTHTTWKTGARWGRTPRSGSSGESPQOSAGSYAG
RSAFGRDSTYGSSTSVGSATAPTAPGYSSMPAKVYANAGPNQKYSMTKWSPONGASVNGGSPSAYSSS
NGVPAGGNGAIGTGYNPSAQSNNAYQSSAPATGSAAPTYSSMPGQAYAGSGPPKNYSMVKWSPRGGSS
RASNGGGATGGSIGTGYNPAQPASAASSNDAYTAPSTGSGANGAPSYSSMPGQAYAGSGPRKNYSMVK
WSPRGGSSRASNGGGGGSPTYSSLPGQAYSGSGPGKNYSMVKWSPQGGSSVSSNRGGGASAGSLGTGY
NPAQPTTAGGASSNESYSAPSTGGSSSGSTPSYSSMPGQAYAGSGPSKNYSMVKWSPRGGSSRASNGG
GATGGSIGTGYNPAQAAPAASSYGSSPSSSNSNAYSAPTGNAAPSYSSMPGQTNTGSGPTKRYAMVKW
SPRGGSVVSFNRVGGGGGSMGTGYNPAQAAAPPAAAAASYSPAPPAPASSGYGNLASEWASMNTEKAS
PAPASSAYGGGAPSPAPAPAPAPRSGNAYGNLAAEWGSMNQGDSSAAF

> Porphyridium linker protein KAA8498780
MNDSVESMMMSGVAFMPGSAVPLGGGRYIVKGPASRTVRYDKPTRDPNPSFIDPNDPKAKQKATHTAP
KSFADYLAERARKEGTAPPAAAAAAPAQNGNGYKPSSVQVAPSAPKPAGGAMSPYEEYMAKRNGGDSA
SAASPAPPAPAAKAGGAMSPYEEYLOKRRAQESGSVPAYTAPAAASPLPSQSRAAPAAAKELSPYEEY
MRKRASQSQAPAAVPQPAATSAAPVKKEAELSPYEEYMRKRNGGGSVTGSTAPPAPKPYTPPAAPKAP
ASSGSATLYEEYMRARQQKESGRSASSPAASYSPPAASYTPPASPASPQPVTGNLEFEDYMKRRAEKEY
ARPATGTAPAPSAPRAFAPPAAPSGGSLFESYMRERAAKEAGSSQGTNAPGTRAAPAPTKSSASETSL
FDSYMRERAAKEGGAGSSSSSSSKPVSPTAAPAAAPVAAPKSAPKLAAVSGGSLFESYMAERKKKEAA
GGGTTSASSTPSVPRAAPPASSSTSSSSSSSPSEFSAPSESKPSESTPSMPKLEDFLILEKAAKSFASE
MOKSMTPSTSSTSKPYKASSSSTAGDGSGVAETHQALLLILVAMAIGVLAVYTSSGLSDERP

> Ulva linker protein UM120 0037
MLSLRAPVSSARRAVVLNARRPOPDYAARRSGGREARRSGAATNRQPIQRRASVDYSSRRSGGEEENN
RRRSGGYSSPTPSRSSSYSPPORNSSPAPANRLVSQAVLKRRSVDYAARRSGGREAQRSGSSPPARRA
SSSSSYSAPERNTSPAPANRLISQAVLKRRSVDYAARRSGGREAQRSGSSGRPSSSSSYSSPQRSSSP
APADRLVSQAVLKRRSVDYAARRSGGRAGSNDSRRRSSSESSPTPSRSSSPAPAPANRLVSPAVRKRR
SVDYSARRSGSQGRRNSRR
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8.3. PMST and PMTT sequences

>Chlorella sorokiniana UTEX1230 PMST CsI2 123000007310
MRAAVAAPSAARATMPRLAPVSARPSARPAIRRAPVRRASYHTAVVQASHTSDGADTMAVTEKLNRKV
NEFGOQELVLVGSTDSLGGWELARAPHMTWNEGDLWTATIELPAGTHVEYKFALWDPHSPPVWENCPNRA
FSVPAATVVTCAWDEPGATTCEPALEDGSSDSIQDVPAPAFRPATVVASYEANGHVTVEGRTTTAVKN
GKASATDGAYSAEQLDFLKRKLETTHAAPSAVRQPAAYPNGHANGHANGSAEYTPEQLEFLRRSGKLN
GSASPAPSQPARGASPAAASSAGGAQYTPEQLAFLORSGKSPSPAPAVRRSSSPRPPAVRRSSSPPPP
AARVNGAAAGSSAQYSPEQLAFLOQRSGKTPSPPPAAARQQOSAQPARGSASPAPSAAATQYTPEQLEFL
RRSGKLAGSSSSPRPAAQRSSASPAPGQYSPEQLEFLRRSGKL

>Chlorella sorokiniana UTEX1230 PMTT CSIZ2 123000003237
MOALAQRPSRPAGVLGRSARRLRRPARPGAAQARAQRSKTEPEADHGAGGWRSLLGAAALAVILKEAP
MATAAPADQALASPAAETAETRDGGSTLFTALAAGGVVGVALVAARSFAKGDDSEKAAMEAQVAAARA
RLPPPERPDPARSPSPPPAPAGSASPPPAPAGSASPPPAPAGSASPAPAPVRSPSPASAARLAVAAER
AEELODQAROMRTMLEEVSRSLAAVRQARQVAQEQLEAAAEAGLPLOLTQEELEAAELRAQQEAEAEA
AWVEADARFQODVLDDLEAEQRSVNQTQOQGVEADRLKARFLGILDELHAERERAAILQASHYKWLEEERE
KAAAAASAAARGRSPSPGPARSLSPAPPRPASPAPAAAAPGSAAAQFGAGRAASPMPSPAPAAAAGGL
SPEQAAFLERKRTASTSPAPPAVRPRSSSPRPSSROQPTASPRPTSROPSMSPPPSAAAAAEPAGLSAE
QLEFMERKRAASTSPSPAPSPAAAAGSAASAGLSAEQLEFMERKRAASSSPAPAAVRPRSSSPRPSSR
QPTVSPRPSSRQPTVSPRPTSRQASMSPPPASAAAAAPAGLSPEQAAFLERKRTASTSPPPATSPSPA
AAPAGLSAEQAAFLERKRAASTSPPPMAAEQGGNGAAPMQRPSEFRPSSRSPSPVARRAAQSQPPAASY
SPPPPSQOQAWEPAQQAQHTQOAAAPAGRORTWOQDPEFAAQTLAAFPEKSVASVEEARCLIEKGGYIF
LDVRPPIELEEEGRFAGATNIPLVHAERVEFDAASGKRELEEWTNEDEFVDQVKWREFPDLNTPLLVGDAD
GARLAVEALELLDDAGYTCLVGLKGGFAAWTRVFDSKGARRGASETVTA*

>Micractinium conductrix SAG 241.80 PMTT rna-C2E20 4272
MNVAVVSAFNSPAVQLRQPRCVRVAGGGTAAAASGRAGVCRAAQQQAQPAAAQOQOQOODQKLAAMATSR
RRVLALPAGLAAAAALAAGAGPAAAIVIPPPGYRYHVDKLDGYSFEFYPADWSVVTTSGNDVQYRNPEN
VEENLFVNVSSPSSSKYESVADLGSPMDAAKKLOSQFLEEFMSTRLGVKRTAEVVNAEERTGADGQLY
YDIATRVKSFASRNQLAVTQAEIEEGVVLEWDRVYLTVLGVAGRRLYEFRLOAANSVYEADPERLLTV
EPMQOALQQVASARPLVAGRPRARLPSGRRPQVLVAALSPEQQAFLDRKAREARSSSPVPAPTRGRSAS
SRPASVRPTSRPAPAAAPAPRYSSSAAAPAGSLSPEQQEFLARRAQEGRSASPAPVPTRGRSGSVRPS
SRTPSPVRPAASGHSAPAAAPAAGLSPEQQEFLARRAQEGRSASPAGAPTRGRSASARPASVRPTSRP
APVAAPAPSYSSSAAPSAGLTPEQOQEFLARRAQEARSASPAPAPTRGRSGSVRPSSRTPSPVRPAAPA
APAASPTRGRSGSVRPASLRPSSRTPAPVRPASAAAPSSYAAPASSSAAAPAGGLSPEQQEFLARRQQ
ESRSPPPAAAPTRGRSGSVRPSSRTPSPVRSAAASAPPPAQAEPRVGDVDFARAALERTLQTTPAVHP
RDQPQTRAPPAAAPAPTGPSTGRWPDPAFFQATLOAFPAKAVCDAEEARCLMDAGYAVLDVRSELESG
SKGKLRGSVMIPCVFQRQQFDAAAGOMVIDEQDNPGFLAQVARKFPRKDAPI IVMCGNGKQFSIDVLE
ALEEEGYVNLVGMQGGYTNEFTRTFDVKLNPRDRRPVPRRQLKKLI

>Chlorella vulgaris 211/11P PMTT KAI3429225
MPSLPKPTPLQRERLLLLLLGASAAAVLPATWRRLRSLRRKRGLPPVPTPAAAARSTTSSAGGGADAY
ETRKAVDEYLQFHFGRPEDITPYDIGPKEALRFTEQLAALCERHCSALRDFTGEGGEATAVDIGCAVG
GASFHLARAFPHVLGIDFSQHFVNAANTMRERGWMRYTAAEEGELSKENTAVVPEDIDRSRVRFQQAD
ACNLPGNLGPVDAVLAANLLCRLPDPTLFLGRMHSFIKRDGVLVLVSPYSWLPGWTPRDKWLGGFEFLDQ
EGKPVWTADVLKKLLGEHFTLVEEAELPFVIREHRRKFQWGVSHAMAPVVSRRADATRAPRHQRLRVQ
VOASLSAEQQAFLERRRSESRSPAAAPTRGRSTVLRSPVRPASSTPARGRSSAPAPAQSNGLTAEQQA
FLERRRSESRSPAPAPTRGRSTVPRSPVRPSSRAPSARPAASSPASYSPPSSAPAGGLSAEQKAFMDR
RRSESRPAASAPTRGRSTVPRRPITSSSAPRRASSSAPSASYSAPSSAPAGGLSAEQQAFLERHRSES
RSAAPAPTRGRSTVPRSPVRPTSRAPSARPAASSPTSYSPPSSAPAGGLSAEQQAFMDRRRSESRSPA
PAPTRGRSAVTRSPVRPTSRAPAAPAARTPSVRPSARPTSRPASGRPSSRPAAHRSGASSSPASSSGL
SAEQQAFLDRKRSGGR
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8.4. CsLinker purification products

- Where bold italics (e.g., ENLYFQ) indicate scar amino acids left following cleavage with
TEV protease.
- And bold red (e.g., DD) indicate mutated amino acids.

>pLM872 CsLinker protein product
SNAMATAQLSAEQKAFLERKARESRSPAPVETRGRSAPRPRSASPVGRPSSRTPAPASYSAPAASYSS
APANGLSAEQREFMERKARESRSPAPVETRGRSAPRPRSASPRPTSRTPAPASYSAPAASYTAPAAAP
AGGLSAEQREFLERKARESRSPAPVETRGRSAPRPRSASPRPTSRTPAPASYSAPAASYSAPAAAPAG
GLSAEQREFMERKARESRSFSAPVETRGRSASARPSARPSSRTPTPVSNSGVRSAMSSGSSAGLSAEQ
REFLERKARESRSPAPAAASQSSSYGSAASGLSAEQREFLERKARESRSEFSAPAPTRGRSSTPRRREN
LYFQ

>pLM712 mEGFP-CsLinker protein product
MGSSHHHHHHGSSVSKGEELFTGVVPILVELDGDVNGHKEFSVRGEGEGDATNGKLTLKFICTTGKLPV
PWPTLVTTLTYGVQCEFSRYPDHMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRT
ELKGIDFKEDGNILGHKLEYNENSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQONTPIGDG
PVLLPDNHYLSTQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGIEENLYFQSNAMATAQLSAE
QKAFLERKARESRSPAPVETRGRSAPRPRSASPVGRPSSRTPAPASYSAPAASYSSAPANGLSAEQRE
FMERKARESRSPAPVETRGRSAPRPRSASPRPTSRTPAPASYSAPAASYTAPAAAPAGGLSAEQREFL
ERKARESRSPAPVETRGRSAPRPRSASPRPTSRTPAPASYSAPAASYSAPAAAPAGGLSAEQREFMER
KARESRSFSAPVETRGRSASARPSARPSSRTPTPVSNSGVRSAMSSGSSAGLSAEQREFLERKARESR
SPAPAAASQSSSYGSAASGLSAEQREFLERKARESRSEFSAPAPTRGRSSTPRRR

>pLM1286 a3 protein product
STPAPASYSAPAASYTAPAAAPAGGLSAEQREFLERKARESRSPAPVETRGRSAPRPRSASPRPTSRE
NLYFQ

>pLM1287 a3-o4 protein product
STPAPASYSAPAASYTAPAAAPAGGLSAEQREFLERKARESRSPAPVETRGRSAPRPRSASPRPTSRT
PAPASYSAPAASYSAPAAAPAGGLSAEQREFMERKARESRSEFSAPVETRGRSASARPSARPSSRENLY
FQ

>pLM1454 oa3-ad4-hydrophobic-SDM protein product
STPAPASYSAPAASYTAPAAAPAGGLSAEQREDDERKARESRSPAPVETRGRSAPRPRSASPRPTSRT
PAPASYSAPAASYSAPAAAPAGGLSAEQREDDERKARESRSEFSAPVETRGRSASARPSARPSSRENLY

FQ

>pLM1455 a3-ad-electrostatic-SDM protein product
STPAPASYSAPAASYTAPAAAPAGGLSAAQREFLEAKARESRSPAPVETRGRSAPRPRSASPRPTSRT
PAPASYSAPAASYSAPAAAPAGGLSAAQREFMEAKARESRSFSAPVETRGRSASARPSARPSSRENLY
FQ

>pLM1461 a3-od-partial-electrostatic-SDM protein product
STPAPASYSAPAASYTAPAAAPAGGLSAAQREFLEAKARESRSPAPVETRGRSAPRPRSASPRPTSRT
PAPASYSAPAASYSAPAAAPAGGLSAAQREFMERKARESRSEFSAPVETRGRSASARPSARPSSRENLY
FQ
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8.5. Motifs from Chlorella linkers

- Used for the creation of the sequence logo in Fig. 2-15.

AEQKAFLERKARES
AEQREFMERKARES
AEQREFMERKARES
AEQREFLERKARES
AEQREFLERKAXES
AEQKAFLDRKARES
AEQVAFMERKARES
AEQREFMERKARES
KEQQEFMARKAQES
PEQEAFMQORKAAEQ
AEQEAFMQORKAAEV
AEQEAFMQORKAAEQ
AEQAAFVQRKAAEQ
KEQAQFLERKRAGG
EEQRQFLERKARES
AEQAAFLERKARES
KEQEEFMORKARES
SEQLAFLERKKVES
AEQAAFVQRKAAEQ
PEQEAFMQRKAAEV
AEQAAFVQRKAVEQ
AEQAAFVQRKAAEQ
KEQAEFLERKRAGG
AEQKAFLERKARES
AEQREFMERKARES
AEQREFLERKARES
AEQREFMERKARES
AEQREFLERKARES
AEQREFLERKARES
PEQQAFLDRKRQSG
AEQQAFLARKAQES
AEQQEFLARKAQES
AEQQAFLARKRSES
AEQQAFLARKVQES
AEQQAFLARKASGQ
AEQQOAFLDRKRNET
AEQQAFLERRRSES
AEQQAFLDRRRSES
AEQQAFLERRRSES
AEQQAFLDRRRSES
AEQQAFLDRKRNGG
ADQOAFLERKRRES
ADQQEFLERKRRET
AEQREFLERKRRES
AEQREFLERKRRES
AEQQEFLRRKASES
AEQQEFLRRKASEP
AEQRAFLERKAAET
AEQMAFLERKRSGG
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8.6. RbcL Sequences of

>Chlorella RbcL
MAPQTETRAGAGFKAGVKDYRLTYYTPDYQPKDTDILAAFRMTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVPGEENQYIAYIAYPLDLFEEGSVTNLFTSIVGNVEFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEAIYKSQAETGEIKGHYLNATAATAEEMLKRAECAKDLGVPIIMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROQRNHGIHFRVLAKALRLSGGDHLHSGTVVGKLEGERE
VTLGFVDLMRDDYIEKDRSRGIYFTODWVSLPGTMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLG
HPWGNAPGAAANRVALEACTQARNEGRDLAREGGDVIRAACKWSPELAAACEVWKEIKFEFETIDTL

>Chlamydomonas_RbcL
MVPQTETKAGAGFKAGVKDYRLTYYTPDYVVRDTDILAAFRMTPQLGVPPEECGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVPGEDNQYIAYVAYPIDLFEEGSVTNMEFTSIVGNVEFGFKALRALRLE
DLRIPPAYVKTFVGPPHGIQVERDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEATYKAQAETGEVKGHYLNATAGTCEEMMKRAVCAKELGVPIIMHDYLTG
GFTANTSLAIYCRDNGLLLHTHRAMHAVIDRORNHGIHFRVLAKALRMSGGDHLHSGTVVGKLEGERE
VTLGFVDLMRDDYVEKDRSRGIYFTQDWCSMPGVMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLG
HPWGNAPGAAANRVALEACTQARNEGRDLAREGGDVIRSACKWSPELAAACEVWKEIKFEFDTIDKL

>Chlamydomonas D86H RbcL
MVPQTETKAGAGFKAGVKDYRLTYYTPDYVVRDTDILAAFRMTPQLGVPPEECGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVPGEDNQYIAYVAYPIDLFEEGSVTNMEFTSIVGNVEFGFKALRALRLE
DLRIPPAYVKTFVGPPHGIQVERDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEATYKAQAETGEVKGHYLNATAGTCEEMMKRAVCAKELGVPIIMHDYLTG
GFTANTSLAIYCRDNGLLLHITHRAMHAVIDROQRNHGIHFRVLAKALRMSGGDHLHSGTVVGKLEGERE
VILGFVDLMRDDYVEKDRSRGIYFTQDWCSMPGVMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLG
HPWGNAPGAAANRVALEACTQARNEGRDLAREGGDVIRSACKWSPELAAACEVWKEIKFEFDTIDKL

>Ulva RbcL
MAPQTETKAGTGFKAGVKDYRLTYYTPDYQVKDTDILAAFRMTPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPLGEDDQYIAYIAYPLDLFEEGSVTNLFTSIVGNVEFGFKALRALRLED
LRIPPAYVKTFQGPPHGIQVERDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDEN
VNSQPFMRWRDRFLEVAEAIYKSQSETGEVKGHYLNATAGTCEEMMERGQFAKDLGVPIVMHDYITGG
FTANTTLAHFCRASGLLLHIHRAMHAVIDRORNHGIHFRVLAKILRMSGGDHLHSGTVVGKLEGEREI
TLGFVDLMRDDYIEKDRSRGIYFTQDWVSLPGTMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLGH
PWGNAPGAAANRVALEACTQARNEGRDLASEGGDVIRAACKWSPELAAACEVWKEIKFEFDAIDTL

>Fern RbcL
MSPQTETKASVGFKAGVKDYRLTYYTPEYVTLDTDILAAFRMTPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVAGEENQYIAYVAYPLDLFEEGSVTNMLTSIVGNVEFGFKALRALRLE
DLRIPPAYSKTFLGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEALFKSQAETGEIKGHYLNATAGTCEEMMKRAIFARELGAPIVMHDYLTG
GFTANTSLAFYCRDNGLLLHIHRAMHAVIDRQKNHGMHFRVLAKGLRMSGGDHIHAGTVVGKLEGERE
VTLGFVDLLRDDYIEKDRSRGIYFTQODWVSMPGVFPVASGGIHVWHMPALTEIFGDDAVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEITIREASKWSPELAAACE
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8.7. Consensus RbcL Sequences

>Monocot RbcL n=31,639
MSPOQTETKASVGFKAGVKDYKLTYYTPDYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVVGEENQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPPAYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEAIYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
MTLGEFVDLLRDDFIEKDRSRGIFFTQODWVSMPGVIPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI IREACKWSPELAAACEVWKAIKFEFEPVDKL

>Eudicot RbcL n=82, 622
MSPOQTETKASVGFKAGVKDYKLTYYTPEYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEENQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEATYKAQAETGE IKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHTHRAMHAVIDROKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
ITLGEFVDLLRDDFITEKDRSRGIYFTODWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI TREASKWSPELAAACEVWKEIKFEFEAMDTL

>Gynosperm RbcL n=4,785

MSPKTETKASVGFKAGVKDYRLTYYTPEYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWIDGLTSLDRYKGRCYDIEPVPGEETQFIAYVAYPLDLFEEGSVINLFTSIVGNVEGFKALRALRLE
DLRIPPAYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFVFCAEAIYKAQAETGEIKGHYLNATAGTCEEMMKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDRORNHGMHEFRVLAKALRMSGGDHIHAGTVVGKLEGERD
VILGEFVDLLRDDFIEKDRSRGIYFTQDWVSMPGVLPVASGGIHVWHMPALTEIFGDDSVLQEFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEVIREASKWSPELAAACEIWKEIKFEFDTIDRLD

>Fern RbcL n=11,785
MSPOQTETKAGVGFKAGVKDYRLTYYTPEYKTKDTDILAAFRMTPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVAGEENQYIAYVAYPLDLFEEGSVTNLFTSIVGNVEFGFKALRALRLE
DLRIPPAYSKTFIGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEALFKSQAETGEIKGHYLNATAGTCEEMMKRAVFARELGAPIVMHDYLTG
GFTANTSLAFYCRDNGLLLHIHRAMHAVIDROQRNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
VTLGFVDLLRDDYIEKDRSRGIYFTQODWVSMPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI IREASKWSPELAAACEIWKAIKFEFDTIDTL

>Lycophyte RbcL n=1,383
MSPOQTETKASVGFKAGVKDYRLTYYTPDYKTKDTDILAAFRMTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVAGEKDQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPPAYSKTFIGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDREFVEFVAEALYKAQAETGE IKGHYLNATAGTCEEMMKRAEFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHTHRAMHAVIDROQKNHGITHFRVLAKALRMSGGDHIHAGTVVGKLEGERQ
VTLGEFVDLLRDDYIEKDRSRGIYFTQDWVSMPGVLPVASGGIHVWHMPALTETFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLALEGNEITREASKWSPELAAACEVWKEIKFEFETIDTL

>Bryophyte RbcL n=2,615
MSPOQTETKAGVGFKAGVKDYRLTYYTPDYQTKETDILAAFRMTPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEAVPGEENQYIAYVAYPLDLFEEGSVTNLFTSIVGNVEFGFKALRALRLE
DLRIPPAYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEATYKSQAETGEIKGHYLNATAGTCEEMMKRAQFARELGMPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHTHRAMHAVIDROQKNHGMHFRVLAKALRLSGGDHIHAGTVVGKLEGERQ
VTLGFVDLLRDDYIEKDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEITREAAKWSPELAAACEVWKEIKFEFETIDTV
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>Charophyte RbcL n=1,347
MSPQTETKAGAGFKAGVKDYRLTYYTPDYETKDTDILAAFRMTPQPGVPPEEAGAAVAAESSTGTWTT
VWIDGLTSLDRYKGRCYDIEPVAGEENQYIAYVAYPLDLFEEGSVTINLFTSIVGNVEGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFVAEAIYKAQAETGEIKGHYLNATAGTCEEMMKRAEYAKELGVPIIMHDYLTG
GFTANTSLSHYCRDNGLLLHIHRAMHAVIDROKNHGIHFRVLAKALRMSGGDHIHSGTVVGKLEGERQ
VILGEFVDLLRDDYIEKDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQEFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEVIREAAKWS PELAAACEVWKEIKFEFXTIDTL

>Other_ Chlorophyte RbcL n=149

MAPQTETKTGTGFKAGVKDYRLTYYTPDYQVKETDILAAFRMTPQPGVPPEECGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVPGEDNQYICYVAYPIDLFEEGSVINLETSIVGNVEFGFKALRALRLE
DLRIPVAYCKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRELEFVAEATIYKSQAETGEIKGHYLNATAGTCEEMLKRAECAKELGVPIVMHDYLTG
GFTANTSLATYCRDNGLLLHIHRAMHAVIDRORNHGIHFRVLAKALRMSGGDHLHSGTVVGKLEGERE
VTLGFVDLMRDAYIEKDRSRGIYFTQDWCGLPGVMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLG
HPWGNAPGAAANRVALEACVQARNEGRDLAREGGDXIRAACKWSPELAAACEVWKEIKFEFDTVDTL

>Chlorophyceae RbcL n=1,536

MVPQTETKAGAGFKAGVKDYRLTYYTPDYVVKDTDILAAFRMTPQPGVPPEECGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVPGEDNQYIAYVAYPIDLFEEGSVTNLFTSIVGNVFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEATYKAQAETGEIKGHYLNATAGTCEEMLKRAQCAKELGVPIIMHDYLTG
GFTANTSLAHYCRDNGLLLHITHRAMHAVIDROQRNHGIHFRVLAKALRMSGGDHLHSGTVVGKLEGERE
VILGFVDLMRDDYIEKDRSRGIYFTQDWCSMPGVMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLG
HPWGNAPGAVANRVALEACTQARNEGRDLAREGGDVIRSACKWSPELAAACEVWKEIKFEFDTIDKL

>Ulvophyceae RbcL n=3,492
MAPQTETKAGAGFKAGVKDYRLTYYTPDYQVKDTDILAAFRMTPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVGEDNQYIAYVAYPLDLFEEGSVTNLETSIVGNVEGFKALRALRLED
LRIPPAYVKTFQGPPHGIQVERDKLNKYGRGLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDEN
VNSQPFMRWRDREFLFVAEATYKSQAETGEIKGHYLNATAGTCEEMMERGQFAKDLGVPITIMHDYITGG
FTANTSLAHFCRASGLLLHITHRAMHAVIDRQRNHGIHFRVLAKILRMSGGDHLHSGTVVGKLEGERET
TLGFVDLMRDDYIEKDRSRGIYFTQDWVSLPGTMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLGH
PWGNAPGAAANRVALEACTQARNEGRDLASEGGDVIRAACKWSPELAAACEVWKEIKFEFDTIDTL

>Trebouxiophyceae RbcL n=1, 328

MAPQTETKAGAGFKAGVKDYRLTYYTPDYQVKETDILAAFRMTPQPGVPPEECGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYDIEPVAGEENQYIAYVAYPLDLFEEGSVTNLFTSIVGNVFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRSLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLEFVAEATYKSQAETGEIKGHYLNATAGTCEEMLKRAECAKDLGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHITHRAMHAVIDROQRNHGIHFRVLAKALRLSGGDHLHSGTVVGKLEGERE
VILGFVDLMRDDYIEKDRSRGIYFTQODWVSLPGVMPVASGGIHVWHMPALVEIFGDDACLQFGGGTLG
HPWGNAPGAAANRVALEACTQARNEGRDLAREGGDVIRAACKWSPELAAACEVWKEIKFEFETIDTL
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8.8. C; Crop RbcL Sequences

>Wheat RbcL
MSPOQTETKAGVGFKAGVKDYKLTYYTPEYETKDTDILAAFRVSPQPGVPPEEAGAAVAAESSTGTWTT
VWIDGLTSLDRYKGRCYHIEPVAGEDSQWICYVAYPLDLFEEGSVTNMFTSIVGNVEGFKALRALRLE
DLRIPPTYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRACYECLRGGLDFTKDDE
NVNSQPFMRWRDREFVEFCAEATYKSQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTTLAHYCRDNGLLLHTIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHSGTVVGKLEGERE
MTLGFVDLLRDDFIEKDRARGIFFTQDWVSMPGVIPVASGGIHVWHMPALTEIFGDDSVLOQFGGGTLG
HPWGNAPGAAANRVALEACVQARNEGRDLAREGNEITRAACKWSPELAAACEVWKAIKFEFEPVDTID
K

>Barley RbcL
MSPQTETKAGVGFQAGVKDYKLTYYTPEYETKDTDILAAFRVSPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEDSQWICYVAYPLDLFEEGSVINMETSIVGNVEFGFKALRALRLE
DLRIPPTYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRACYECLRGGLDFTKDDE
NVNSQPFMRWRDREVFCAEAIYKSQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTTLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHSGTVVGKLEGERE
MTLGEVDLLRDDFIEKDRARGIFEFTQDWVSMPGVIPVASGGIHVWHMPALTEIFGDDSVLQEFGGGTLG
HPWGNAPGAAANRVALEACVQARNEGRDLAREGNEITRAACKWSPELAAACEVWKAIKFEFEPVDTID
KKV

>0at RbcL
MSPQEETKASVGFQAGVKDYKLTYYTPEYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEDNQWICYVAYPLDLFEEGSVTNMFTSIVGNVFGFKALRALRLE
DLRIPPAYTKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRACYECLRGGLDFTKDDE
NVNSQPFMRWRDRFVFCAEAIYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYITG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDRQKNHGMHFRVLAKALRMSGGDHIHSGTVVGKLEGERE
MTLGFVDLLRDDFIEKDRARGIFFTQDWVSMPGVIPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAAANRVALEACVQARNEGRDLAREGNEI IREACKWSPELAAACEVWKAIKFEFEPVDTID
E

>Rice RbcL
MSPQTETKASVGFKAGVKDYKLTYYTPEYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVVGEDNQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPPTYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRACYECLRGGLDFTKDDE
NVNSQPFMRWRDRFVFCAEAIYKSQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
MTLGEFVDLLRDDFIEKDRARGIFFTQODWVSMPGVIPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAAANRVALEACVQARNEGRDLAREGNEIIRSACKWSPELAAACEIWKAIKFEFEPVDKLD
S

>Plantain RbcL
MSCREGLMSPQTETKASVGFKAGVKDYKLNYYTPDYEVKDTDILAAFRVTPQPGVPPEEAGAAVAAES
STGTWTTVWTDGLTSLDRYKGRCYHIEAVVGEENQYTAYVAYPLDLFEEGSVTINMEFTSIVGNVEGEKA
LRALRLEDLRIPTSYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGL
DETKDDENVNSQPFMRWRDRFLFCTEALFKAQAETGEIKGHYLNATAGTCEEMMKRAICARELGVPIV
MHDYLTGGFTANTSLAHYCRDNGLLLHTIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVG
KLEGEREMTLGEFVDLLRDDYIEKDRSRGIFFTQDWVSMPGVLPVASGGIHVWHMPALTEIFGDDSVLQ
FGGGTLGHPWGNAPGAVANRVALEACVQARNEGRDLAREGNEIIREASKWSPELAAACEVWKEIKFEF
EPVDKLDKEKK
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>Onion RbcL
MSPOQTETKASVGFKAGVKDYRLTYYTPDYETKDTDILAAFRVTPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEAVVGEENQYIAYIAYPLDLFEEGSVTNMFTSIVGNVEGFKALRALRLE
DLRIPPAYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFIFCAEAIYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIIMHDYITG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
MTLGEVDLLRDDFIEKDRSRGIFFTQODWVSMPGVIPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI IREACKWSPELAAACEVWKEIKFEFEPVDKID
KQOK

>Yam RbcL
MSPQEETKASVGFKAGVKDYKLTYYTPDYETKDTDILAAFRVSPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIESVVGEENQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPTSYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEAIYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGAPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDRQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
MTLGEFVDLLRDDFIEKDRSRGIFFTQODWVSMPGVLPVASGGIHVWHMPALTEIFGDDSVLQEFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI IREACKWSPELAAACEVWKEIKFEFKPVDTLD
L

>Grape RbcL
SVGFKAGVKDYKLTYYTPEYETKPTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTTVWTDGLTSL
DRYKGRCYHIEPVAGEESQFIAYVAYPLDLFEEGSVINMFTSIVGNVEGFKALRALRLEDLRIPPAYT
KTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDENVNSQPFMR
WRDRFLFCAEAIFKSQAETGEIKGHYLNATAGTCEEMMKRAIFARELGVPIVMHDYLTGGEFTANTSLA
QYCRDNGLLLHTHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGEREITLGEFVDLL
RDDFVEKDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLGHPWGNAPGA
VANRVALEACVQARNEGRDLAREGNEIIRAASKWSPELAAACEVWKEIKFEFPAMDTL

>Soy RbcL
MSPQEETKASVGFKAGVKDYKLTYYTPDYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYGLEPVAGEENQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPTAYIKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEATFKSQAETGEIKGHYLNATAGTCEEMMKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHTHRAMHAVIDROKNHGMHFRVLAKALRLSGGDHVHAGTVVGKLEGERE
ITLGEFVDLLRDDEFVEKDRSRGIYFTQODWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI TREASKWSPELAAACEVWKEIKFEFEAMDTL

>Alfalfa RbcL
MSPOQTETKATVGFKAGVKDYRLTYYTPDYETKDTDILAAFRVSPQPGVPAEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEETQFIAYVAYPLDLFEEGSVNYMFTSIVGNVEFGFKALRALRLE
DLRIPAAYVKTFQGPPQGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEAIYKAQAETGEIKGHYLNATAGTCEEMMKRAVFARELGVPIVMHDYLTV
GFTANTTLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERD
ITLGEVDLLRDDFIEKDRSRGIFEFTQODWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEIIREATKWSPELAAACEVWKEIKFEFPAMDN

>Hemp RbcL
MSPOQTETKASVGFKAGVKDYKLTYYTPEYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEENQFTAYVAYPLDLFEEGSVTNMFTSIVGNVFGFKALRALRLE
DLRIPTSYTKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEATYKSQSETGEIKGHYLNATAGTCEEMMKRATFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHTHRAMHAVIDROQKNHGIHFRVLAKALRMSGGDHIHSGTVVGKLEGERE
ITLGFVDLLRDDFIEKDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTETIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEI TREACKWSPELAAACEVWKEIKFEFEAMDTL
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>Apple RbcL

MSPQTETKASVGFKAGVKDYKLTYYTPDYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEESQFIAYVAYPLDLFEEGSVINMETSIVGNVEFGFKALRALRLE
DLRIPVAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRELFCAEATIYKAQAETGEIKGHYLNATAGTCEDMMKRAVFARELGVPIVMHDYLTG
GFTANTTLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERE
ITLGEVDLLRDDFVEKDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTETIFGDDSVLQEFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEITREASKWSPELAAACEIWKEIKFEFEAMDTL

>Cassava RbcL
MSPQTETKASVGFKAGVKDYKLTYYTPDYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWITDGLTSLDRYKGRCYGLEPVPGEENQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEGFKALRALRLE
DLRVPPAYSKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEAIYKAQAETGEIKGHYLNATAGTCEEMIKRAVCARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROKNHGMHFRVLAKALRLSGGDHIHAGTVVGKLEGERD
ITLGFVDLLRDDFIEKDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNDI IREASKWSPELAAACEVWKEIKFEFAAVDTLD
K

>Cotton RbcL
MSPQTETKASVGFKAGVKEYKLTYYTPEYEVKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWIDGLTSLDRYKGRCYDIEPVPGEEDQYICYVAYPLDLFEEGSVTNMFTSIVGNVEGFKALRALRLE
DLRVPTAYIKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEAIFKSQAETGEIKGHYLNATAGTCEEMIKRAMCARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERD
ITLGFVDLLRDDVIEKDRSRGIYFTQDWVSMPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNEIIREASKWSPELAAACEVWKAIKFEFDAVDKLD
KPAS

>Rapeseed RbcL
MSPOQTETKASVGFKAGVKEYKLNYYTPEYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVPGEETQFIAYVAYPLDLFEEGSVTNMEFTSIVGNVEFGFKALAALRLE
DLRIPPAYTKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEATIYKSQAETGEIKGHYLNATAGTCEEMMKRATIFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHITHRAMHAVIDROQKNHGMHFRVLAKALRLSGGDHVHAGTVVGKLEGDRE
STLGFVDLLRDDYVEKDRSRGIFFTQODWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQOARNEGRDLAVEGNEI IREACKWSPELAAACEVWKEITENFPTIDKLD
GQD

>Arabidopsis RbcL
MSPOQTETKASVGFKAGVKEYKLTYYTPEYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVPGEETQFIAYVAYPLDLFEEGSVTNMEFTSIVGNVEFGFKALAALRLE
DLRIPPAYTKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEATIYKSQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTSLSHYCRDNGLLLHITHRAMHAVIDRQKNHGMHFRVLAKALRLSGGDHIHAGTVVGKLEGDRE
STLGFVDLLRDDYVEKDRSRGIFFTOQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAVEGNEI IREACKWSPELAAACEVWKEITEFNFPTIDKL

>Beet RbcL

MSPQTETKASVGFKAGVKDYKLTYYTPEYETLDTDILAAFRVSPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYHIEPVAGEENQYICYVAYPLDLFEEGSVTNMFTSIVGNVEFGFKALRALRLE
DLRIPVAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDNE
NVNSQPFMRWRDRFLFCAEALYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTTLAHYCRDNGLLLHIHRAMHAVIDROQKNHGMHFRVLAKALRLSGGDHIHSGTVVGKLEGERD
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ITLGEVDLLRDDYTEKDRSRGIYFTQSWVSTPGVLPVASGGIHVWHMPALTETIFGDDSVLQEFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRNLATEGNAITREASKWSPELAAACEVWKEIKFEFPAMDTV

>Spinach RbcL

MSPQTETKASVEFKAGVKDYKLTYYTPEYETLDTDILAAFRVSPQPGVPPEEAGAAVAAESSTGTWTT
VWITDGLTNLDRYKGRCYHIEPVAGEENQYICYVAYPLDLFEEGSVTNMFTSIVGNVEGFKALRALRLE
DLRIPVAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEALYKAQAETGEIKGHYLNATAGTCEDMMKRAVFARELGVPIVMHDYLTG
GFTANTTLSHYCRDNGLLLHIHRAMHAVIDROKNHGMHFRVLAKALRLSGGDHIHSGTVVGKLEGERD
ITLGFVDLLRDDYTEKDRSRGIYFTQSWVSTPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQARNEGRDLAREGNTIIREATKWSPELAAACEVWKEIKFEFPAMDTV

>Rubber RbcL
VGFKAGVKDYKLNYYTPDYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTAVWTDGLTSLD
RYKGRCYHIEPVAGEENQYIAYVAYPLDLFEEGSVTNMEFTSIVGNVEFGFKALRALRLEDLRIPPAYSK
TFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDENVNSQPFMRW
RDRFLFCAEALYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTGGFTANTSLAH
YCRDNGLLLHIHRAMHAVIDROKNHGIHFRVLAKALRMSGGDHIHAGTVVGKLEGERDITLGEVDLLR
DDEFVEKDRSRGIYFTQODWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOQFGGGTLGHPWGNAPGAV
ANRVALEACVRARNEGRDLAREGNEITREAAKWSPELAAACEVWKAIKFEFPAMDTL

>Coffee RbcL
MSPQTETKASVGFKAGVKEYKLTYYTPEYETKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTA
VWIDGLTSLDRYKGRCYHIEPVPGEENQYIAYVAYPLDLFEEGSVTNMFTSIVGNVEGFKALRALRLE
DLRVPPAYIKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFCFCAEALFKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHIHRAMHAVIDROKNHGMHFRVLAKGLRMSGGDHIHAGTVVGKLEGERD
ITLGFVDLLRDDFIEKDRSRGIYFTQDWVSLPGVIPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVKARNEGRDLAAEGNEIIREASKWSPELAAACEVWKEIRFNFEAMDKLD
KEKDL

>Sweet potato RbcL
MSPOQTETKASVGFKAGVKDYKLTYYTPEYQTKDTDILAASRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYRIERVIGEKDQYIAYVAYPLDLFEEGSVTNMEFTSIVGNVFGFKALRALRLE
DLRISTAYIKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDEFTKDDE
NVNSQPFMRWRDRFLFCAEALYKAQAETGEIKGHYLNATAGTCEEMMKRATIFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHITHRAMHAVIDROQKNHGMHFRVLAKALRLSGGDHIHAGTVVGKLEGERE
ITLGFVDLLRDDFVEQDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVQOARNEGRDLAREGNEIIREACKWSPELSAACEVWKEIRFEFKPVDTLD
PGTA

>Pepper RbcL
SVGFKAGVKEYKLTYYTPEYQTKDTDILAAFRVIPQPGVPPEEAGAAVAAESSTGTWITVWTDGLTSL
DRYKGRCYRIERVVGEKDQYIAYVAYPLDLFEEGSVINMFTSIVGNVEFGFKALRALRLEDLRVPTAYT
KTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDENVNSQPEFMR
WRDREFLFCAEALFKAQTETGEIKGHYLNATAGTCEEMMKRAIFARELGVPIVMHDYLTGGEFTANTSLA
HYCRDNGLLLHIHRAMHAVIDRQKNHGMHFRVLAKALRMSGGDHIHAGTVVGKLEGERDITLGEVDLL
RDDEFVEQDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLGHPWGNAPGA
VANRVALEACVKPRNEGRDLAREGNE I TREACKWSPELAAACEVWKE IVENFAAVDVLDK

>Aubergine RbcL

MSPOTETKASVGFKAGVKEYKLTYYTPEYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYRIERVVGEKDQYIAYVAYPLDLFEEGSVTNMEFTSIVGNVFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFCFCAEALFKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
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GFTANTTLAHYCRDNGLLLHIHRAMHAVIDROQKNHGIHFRVLAKALRMSGGDHIHAGTVVGKLEGERD
ITLGEVDLLRDDFVEQDRSRGIYFTQDWVSLPGVIPVASGGIHVWHMPALTETIFGDDSVLQEFGGGTLG
HPWGNAPGAVANRVALEACVKARNEGRDLAQEGNEITREASKWSPELAAACEVWKEIVENFAAVDVLD
K

>Potato RbcL
MSPOQTETKASVGFKAGVKEYKLTYYTPEYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYRIERVVGEKDQYIAYVAYPLDLFEEGSVTNMLTSIVGNVFGFKALRALRLE
DLRIPVAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEALFKAQAETGEIKGHYLNATAGTCEEMMKRAVFARELGTPIVMHDYLTG
GFTANTTLAHYCRDNGLLLHITHRAMHAVIDROQKNHGMHFRVLAKALRMSGGDHIHSGTVVGKLEGERD
ITLGFVDLLRDDFIEQDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVKARNEGRDLAREGNEI IREAAKWSPELAAACEVWKEIVENFAAMDVLD
K

>Tomato RbcL
MSPOQTETKASVGFKAGVKEYKLTYYTPEYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYRIERVVGEKDQYIAYVAYPLDLFEEGSVTNMEFTSIVGNVFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEALFKAQTETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTTLAHYCRDNGLLLHTIHRAMHAVIDROQKNHGIHFRVLAKALRMSGGDHIHSGTVVGKLEGERD
ITLGFVDLLRDDFVEQDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLOFGGGTLG
HPWGNAPGAVANRVALEACVKARNEGRDLAREGNEIIREACKWSPELAAACEVWKEIVENFAAVDVLD
K

>Tobacco RbcL
MSPOQTETKASVGFKAGVKEYKLTYYTPEYQTKDTDILAAFRVTPQPGVPPEEAGAAVAAESSTGTWTT
VWTDGLTSLDRYKGRCYRIERVVGEKDQYIAYVAYPLDLFEEGSVTNMEFTSIVGNVFGFKALRALRLE
DLRIPPAYVKTFQGPPHGIQVERDKLNKYGRPLLGCTIKPKLGLSAKNYGRAVYECLRGGLDFTKDDE
NVNSQPFMRWRDRFLFCAEALYKAQAETGEIKGHYLNATAGTCEEMIKRAVFARELGVPIVMHDYLTG
GFTANTSLAHYCRDNGLLLHITHRAMHAVIDROKNHGIHFRVLAKALRMSGGDHIHSGTVVGKLEGERD
ITLGFVDLLRDDFVEQDRSRGIYFTQDWVSLPGVLPVASGGIHVWHMPALTEIFGDDSVLQFGGGTLG
HPWGNAPGAVANRVALEACVKARNEGRDLAQEGNEIIREACKWSPELAAACEVWKEIVENFAAVDVLD
K

315



8.9. SPR Sensorgrams and raw data
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Figure 8-1 | Sensorgrams from SPR experiments.
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(a) Raw sensorgrams from the titration of a3 against Chlamydomonas Rubisco. (b) Raw sensorgrams from the
titration of a.3-a4 against Chlamydomonas Rubisco. (c) Raw sensorgrams from the titration of a3 against Chlorella
Rubisco. (d) Raw sensorgrams from the titration of a3-a4 against Chlorella Rubisco. (¢) Raw sensorgrams from
the titration of a3 against Ulva Rubisco. (f) Raw sensorgrams from the titration of a3-04 against Ulva Rubisco.
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Table 8-1: Reference-corrected data from SPR experiments

Bait Prey Prey concentration (uM) Binding to Rubisco (RUs)

Chlamydomonas a3 0 -0.3
1.25 17.2
2.5 34.8
5 69.1
10 133.8
20 249.7
40 440.7
80 716.3
160 1026.6
320 1226.2
0 -0.2
1.25 16
2.5 3255
5 67.7
10 131.1
20 245.1
40 431
80 704.2
160 1013.9
320 1213.4
0 -0.2
1.25 15.3
2.5 319
5 66.1
10 129.7
20 241.9
40 4234
80 693.7
160 995.6
320 1198.6
0 -0.3
1.25 17.2
2.5 34.8
5 69.1
10 133.8
20 249.7
40 440.7
80 716.3
160 1026.6
320 1226.2

Chlorella a3 0 0.5
1.25 86.6
2.5 130.1
5 185.4
10 260.5
20 368
40 526.9
80 766.9
160 1100.8
320 1491.3
0 0.7
1.25 82.6
2.5 124.6
5 179.7
10 252.1
20 356.1
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40 511.2
80 746.1
160 1076.6
320 1463
0 0.9
1.25 81.1
2.5 122.4
5 176.4
10 248.4
20 350.6
40 502.2
80 733.6
160 1055.7
320 1440.7
0 0.5
1.25 86.6
2.5 130.1
5 185.4
10 260.5
20 368
40 526.9
80 766.9
160 1100.8
320 1491.3
Ulva o3 0 -0.5
1.25 18.7
2.5 38.1
5 75.1
10 145
20 268.5
40 474.9
80 790
160 1195.5
320 1597.1
0 0
1.25 18.6
2.5 37.5
5 75.4
10 144.4
20 266.9
40 469.7
80 781
160 1183.9
320 1581
0 0.3
1.25 18.5
2.5 37.2
5 74
10 143.3
20 263.8
40 462.2
80 769.8
160 1162.5
320 1558.7
0 -0.5
1.25 18.7
2.5 38.1
5 75.1
10 145
20 268.5
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40 474.9
80 790
160 1195.5
320 1597.1
Chlamydomonas a3-a4 0 -0.5
0.03125 32.5
0.0625 56
0.125 105.8
0.25 205.6
0.5 446.4
1 755.6
2 1093
4 1342.8
8 1477.7
16 1493.7
0 0.2
0.03125 19.8
0.0625 14.2
0.125 53.8
0.25 208.8
0.5 429.8
1 745
2 1073.4
4 1331.9
8 1468.8
16 1469.9
0 0.3
0.03125 11.5
0.0625 1.1
0.125 65.2
0.25 210
0.5 413.4
1 729.4
2 1064.6
4 1316.7
8 1457.5
16 1468.1
Chlorella a3-a4 0 0.3
0.03125 93.8
0.0625 150.9
0.125 2333
0.25 331
0.5 496.8
1 718.2
2 996.3
4 1269.1
8 1474.4
16 1528
0 0.9
0.03125 60.2
0.0625 45
0.125 151.1
0.25 331.7
0.5 486.3
1 707.8
2 979.1
4 1256.7
8 1461.2
16 1496.6
0 1.2
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0.03125 36.7
0.0625 8.6
0.125 173.1
0.25 332.7
0.5 475.2
1 698.5
2 970.6
4 1237.5
8 1440.9
16 1488.1
Ulva 03-04 0 -0.3
0.03125 23.5
0.0625 43.3
0.125 91
0.25 196.2
0.5 440.2
1 756.7
2 1117
4 1421.9
8 1623.8
16 1671.2
0 0.2
0.03125 14.5
0.0625 10.6
0.125 43.7
0.25 199.6
0.5 428.6
1 747.1
2 1098.5
4 1410
8 1611.8
16 1639
0 0.2
0.03125 8.2
0.0625 1.4
0.125 54.5
0.25 203.6
0.5 412.6
1 737.1
2 1089.8
4 1390.8
8 1593.8
16 1634.8
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