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Abstract

Photosynthetic efficiencies in plants are restricted by the CO,-fixing enzyme Rubisco but could be enhanced by
introducing a CO,-concentrating mechanism (CCM) from green algae, such as Chlamydomonas reinhardtii (hereafter
Chlamydomonas). A key feature of the algal CCM is aggregation of Rubisco in the pyrenoid, a liquid-like organelle in
the chloroplast. Here we have used a yeast two-hybrid system and higher plants to investigate the protein—-protein
interaction between Rubisco and essential pyrenoid component 1 (EPYC1), a linker protein required for Rubisco ag-
gregation. We showed that EPYC1 interacts with the small subunit of Rubisco (SSU) from Chlamydomonas and that
EPYC1 has at least five SSU interaction sites. Interaction is crucially dependent on the two surface-exposed a-helices
of the Chlamydomonas SSU. EPYC1 could be localized to the chloroplast in higher plants and was not detrimental
to growth when expressed stably in Arabidopsis with or without a Chlamydomonas SSU. Although EPYC1 interacted
with Rubisco in planta, EPYC1 was a target for proteolytic degradation. Plants expressing EPYC1 did not show ob-
vious evidence of Rubisco aggregation. Nevertheless, hybrid Arabidopsis Rubisco containing the Chlamydomonas
SSU could phase separate into liquid droplets with purified EPYC1 in vitro, providing the first evidence of pyrenoid-
like aggregation for Rubisco derived from a higher plant.

Keywords: Arabidopsis thaliana, Chlamydomonas reinhardtii, chloroplast, CO,-concentrating mechanism, Nicotiana
benthamiana, photosynthesis, pyrenoid.

Introduction

Meeting the food demands of the rising global population is
one of the most pressing challenges for plant science (Long
et al.,2015; Simkin ef al.,2019).The required increases are un-
likely to be achieved entirely through traditional crop breeding
approaches or agricultural land expansion, and agricultural
sectors are increasingly looking to new genome engineering

approaches for solutions (Borel ef al., 2017; Waltz et al., 2017).
Improving photosynthetic conversion efficiencies is a prom-
ising strategy to achieve this goal, and several recent examples
in crops have demonstrated the capacity for photosynthetic
enhancements in crop species using this approach (Kromdijk
et al., 2016; Driever et al., 2017; Lopez-Calcagno et al., 2019).
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Much research is focused on overcoming the limitations of
C; photosynthesis, which is the most common form of CO,
assimilation in plants, including critical staple crops (e.g. rice,
wheat, and soybean) (Simkin et al.,2019). In C; plants, delivery
of carbon dioxide (CO,) to chloroplasts occurs by passive dif-
fusion, which limits photosynthetic efficiencies. A further limi-
tation is imposed by the unfavourable catalytic properties of the
primary carboxylase enzyme, Rubisco, located in the chloro-
plasts of leaf cells (Bathellier ef al.,2018). Rubisco restricts CO,
assimilation in plants because it has a slow turnover rate and a
relatively low affinity for CO,—it is only half-saturated with
CO, at concentrations inside C; chloroplasts. To compensate,
C; plants invest up to 25% of leaf nitrogen into producing
Rubisco (Parry et al., 2013). Rubisco also catalyses a competi-
tive side reaction with oxygen (O,) that typically leads to sub-
stantial metabolic costs associated with a salvage process for
the oxygenated product, called photorespiration (Busch et al.,
2018). Photorespiration can result in a loss of productivity of
up to 50% in Cj plants (South et al., 2018).

Several photosynthetic organisms, including cyanobac-
teria, algae, and a group of land plants called hornworts, have
evolved biophysical CO,-concentrating mechanisms (CCMs)
that actively increase the CO, concentration around Rubisco.
Researchers are currently working towards the introduction
of these CCMs into C; plants to increase the carboxylation
efficiency of Rubisco and reduce photorespiration (Rae et al.,
2017; Long et al.,2018). Engineering a biophysical CCM into
higher plants is predicted to significantly enhance photosyn-
thetic rates and productivity (Price et al., 2013; McGrath and
Long, 2014;Yin and Struik, 2017).The eukaryotic algal CCM
is composed of inorganic carbon (Ci) transporters at the plasma
membrane and chloroplast envelope, which work together
to deliver above ambient concentrations of CO, to Rubisco
within a chloroplastic microcompartment called the pyrenoid
(Yamano et al., 2015; Mackinder et al., 2017; Zhan et al., 2018).
Theoretical modelling approaches have demonstrated the re-
quirement for a pyrenoid in algal systems (Badger et al., 1998)
and shown that some form of microcompartment containing
Rubisco would also be needed for a successtul CCM in higher
plant systems (Price ef al., 2013).

The algal CCM is an attractive target for transfer as key
components of the CCM localize appropriately in higher
plants (Atkinson et al., 2016). Furthermore, the Rubisco
small subunit (SSU; encoded by the rbcS nuclear gene family)
of  Chlamydomonas  reinhardtii  (hereafter Chlamydomonas)
can complement severely SSU-deficient Arabidopsis mu-
tants (Atkinson et al., 2017), with only small impacts on
Rubisco function and assembly, and plant growth close to
wild-type levels reported. In contrast, the replacement of to-
bacco Rubisco with cyanobacterial Rubisco produced poorer
growing transplastomic plants, even when grown at greatly ele-
vated CO, concentrations, due to the low affinity of cyano-
bacterial Rubisco for CO, and its low level of expression (Lin
et al.,2014; Occhialini et al., 2016; Long et al., 2018). Thus, the
challenges of introducing an algal-based CCM incorporating
appropriate structural modifications that enable Rubisco ag-
gregation might be readily testable without large perturbations
to plant growth or a requirement for high CO.,.

Recent work in Chlamydomonas has revealed new details
about the structure and composition of the pyrenoid as a highly
dynamic organelle with liquid-like properties rather than a
static solid or crystalline structure (Engel ef al., 2015; Freeman
Rosenzweig et al., 2017; Mackinder et al., 2017). When the
CCM is active, the pyrenoid matrix is composed primarily of
Rubisco, Rubisco activase, and essential pyrenoid component
1 (EPYC1), a Rubisco linker protein important for Rubisco
packaging in the pyrenoid (Mackinder et al., 2016). EPYC1
is an intrinsically disordered protein containing four repeated
regions that are predicted to bind Rubisco via multiple low af-
finity interactions to promote phase transitions, which in turn
allow dynamic internal rearrangement within the pyrenoid
consistent with its liquid-like organization (Hyman et al.,2014;
Freeman Rosenzweig et al., 2017;Yizhi et al., 2018). Pyrenoid
formation is also dependent on the amino acid composition of
the Rubisco SSU and, more specifically,on two surface-exposed
a-helices, which differ markedly between Chlamydomonas
and higher plants (Meyer ef al., 2012). Recent work has shown
that Rubisco from Chlamydomonas and EPYC1 are necessary
and sufficient to induce the liquid—liquid phase separation ob-
served in pyrenoids and that such interactions with EPYC1 are
strongly influenced by the presence of the Chlamydomonas
SSU (Wunder et al., 2018). Currently little is known regarding
the potential interactive binding sites between EPYC1 and
Rubisco.

Here we reveal new insights into the protein—protein inter-
action between EPYC1 and Rubisco through their expression
in two heterologous systems: yeast and higher plants. When
expressed in planta, EPYC1 appeared unstable. However, hy-
brid Rubisco complexes from Arabidopsis were able to phase
separate with purified EPYC1 in vitro, thus recapitulating the
liquid-like behaviour of the Chlamydomonas pyrenoid. We
discuss the implications of these findings for ongoing efforts to
introduce a functional algal CCM into a higher plant.

Materials and methods

Plant material and growth conditions

Arabidopsis (Arabidopsis thaliana, Col-0) seeds were sown on compost,
stratified for 3 d at 4 °C, and grown at 20 °C, ambient CO,, 70% relative
humidity, and 150 umol photons m 2 s™! in 12 h light, 12 h dark. For
comparisons of different genotypes, plants were grown from seeds of the
same age and storage history, harvested from plants grown in the same
environmental conditions. Nicotiana benthamiana (L.) was grown at 20 °C
with 150 pmol photons m™>s™" in 12 h light, 12 h dark.

Construct design and transformation

The coding sequence of EPYC1 was codon optimized for expression
in higher plants using an online tool (www.idtdna.com/CodonOpt).
All variants of EPYC1 were synthesized as Gblock fragments (IDT)
and cloned directly into level 0 acceptor vectors (pAGM1299 and
pICH41264) of the Plant MoClo system (Engler et al., 2014) or
pB7WG2,0 vectors containing C- or N-terminal yellow fluores-
cent protein (YFP; Supplementary Table S1 at JXB online). To gen-
erate fusion proteins, gene expression constructs were assembled into
binary level M acceptor vectors. Level M vectors were transformed
into Agrobacterium tumefaciens (AGL1) for transient gene expression in
N. benthamiana (Schob et al., 1997) or stable insertion in Arabidopsis
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plants by floral dipping (Clough and Bent, 1998). Homozygous in-
sertion lines were identified in the T; generation using the pFAST-R
selection cassette (Shimada et al., 2010).

DNA and leaf protein analyses

PCRs were performed as in McCormick and Kruger (2015) using gene-
specific primers (Supplementary Table S2). Soluble protein was extracted
from frozen leaf material of 21-d-old plants (sixth and seventh leaf) in 5X
Bolt LDS sample buffer (ThermoFisher Scientific) with 200 mM DTT
at 70 °C for 15 min. Extracts were centrifuged and the supernatants
subjected to SDS-PAGE on a 4-12% (w/v) polyacrylamide gel and
transferred to a nitrocellulose membrane. Membranes were probed with
rabbit serum raised against wheat Rubisco at 1:10 000 dilution (Howe
et al., 1982) or against EPYC1 at 1:2000 dilution (Mackinder et al.,2016),
followed by horseradish peroxidase (HRP)-linked goat anti-rabbit IgG
(Abcam) at 1:10 000 dilution, and visualized using Pierce ECL Western
Blotting Substrate (Life Technologies).

Growth analysis and photosynthetic measurements

Rosette growth rates were quantified using an in-house imaging
system (Dobrescu et al., 2017). Maximum quantum yield of PSII
(F,/F,,) was measured using a Hansatech Handy PEA continuous exci-
tation chlorophyll fluorimeter (Hansatech Instruments Ltd). (Maxwell
and Johnson, 2000).

Co-immunoprecipitation (co-IP)

Rosettes of 35-day-old Arabidopsis plants expressing EPYC1 in a com-
plemented Rubisco mutant background (S2¢,, 1A, MOD, or 1A,,) were
snap-frozen and ground in liquid N,. An equal volume of IP extraction
bufter [100 mM HEPES (pH 7.5), 150 mM NaCl, 4 mM EDTA, 5 mM
DTT, 0.4 mM phenylmethylsulfonyl luoride (PMSF), 10% (v/v) glycerol,
0.1% (v/v) Triton X-100, and one Roche cOmplete EDTA-free protease
inhibitor tablet per 10 ml] was added, samples were rotated at 4 °C for
15 min, centrifuged at 4 °C, and filtered through two layers of Miracloth
(Merck). Each extract (2 ml) was pre-cleared by incubating with 50 pl of
Protein A Dynabeads (ThermoFisher Scientific) pre-equilibrated in IP
buffer for 1 h at 4 °C, before discarding the beads. Antibody-coated beads
were generated by applying 3.5 pg of anti-EPYC1 antibody to 50 pl of
Protein A Dynabeads, which were then rotated at 4 °C for 30 min. The
antibody was cross-linked to the beads using Pierce BS® cross-linking
agent (Thermo Scientific). Each protein extract was incubated with the
antibody-coated beads and rotated at 4 °C for 2 h. Unbound sample
(Aow-through) was discarded and the beads were washed four times with
washing buffer [20 mM Tris—HCI (pH 8), 150 mM NaCl, 0.1% (w/v)
SDS, 1% (v/v) Triton X-100, 2 mM EDTA]. Immunocomplexes were
eluted by adding 50 pl of elution buffer (2X LDS sample buffer, 200 mM
DTT) and heating for 15 min at 70 °C, before discarding beads and sub-
jecting to SDS-PAGE and immunoblotting.

Immunogold labelling and electron microscopy

Leaf samples were taken from 21-day-old S2¢, and S2, EPYC1 plants and
fixed with with 4% (v/v) paraformaldehyde, 0.5% (v/v) glutaraldehyde,
and 0.05 M sodium cacodylate (pH 7.2). Leat strips (1 mm wide) were
vacuum infiltrated with fixative three times for 15 min, then rotated
overnight at 4 °C. Samples were rinsed three times with phosphate-
buffered saline (PBS) then dehydrated sequentially by vacuum infiltrating
with 50, 70, 80, and 90% ethanol (v/v) for 1 h each, then three times
with 100%. Samples were infiltrated with increasing concentrations of
LR White Resin [30, 50, and 70% (w/v)] mixed with ethanol for 1 h
each, then with 100% resin three times. The resin was polymerized in
capsules at 50 °C overnight. Sections (1 pm thick) were cut on a Leica
Ultracut ultramicrotome, stained with Toluidine Blue, and viewed with
a light microscope to select suitable areas for investigation. Ultrathin
sections (60 nm thick) were cut from selected areas and mounted onto
plastic-coated copper grids. Grids were blocked with 1% (w/v) BSA in

TBSTT [Tris-buffered saline with 0.05% (v/v) Triton X-100 and 0.05%
(v/v) Tween-20], incubated overnight with anti-Rubisco antibody in
TBSTT at 1:250 dilution, and washed twice each with TBSTT and
water. Incubation with 15 nm gold particle-conjugated goat anti-rabbit
secondary antibody (Abcam) in TBSTT was carried out for 1 h at 1:200
dilution, before washing as before. Grids were stained in 2% (w/v) ur-
anyl acetate then viewed in a JEOL JEM-1400 Plus transmission electron
microscope. Images were collected on a GATAN OneView camera.

Confocal laser scanning microscopy

Leaves were imaged with a Leica TCS SP2 laser scanning confocal micro-
scope (Leica) as in Atkinson et al. (2016).

Protein production, droplet sedimentation assay, and
microscopy

Rubisco was purified from 25- to 30-day-old Arabidopsis rosettes using a
combination of ammonium sulfate precipitation, ion-exchange chroma-
tography, and gel filtration (Shivhare and Mueller-Cajar, 2017). Rubisco
was purified from Chlamydomonas cells (CC-2677), and EPYC1 and
EPYC1::GFP (green fluorescent protein) was produced in Escherichia coli
and purified as described in Wunder et al. (2018). EPYC1-Rubisco drop-
lets reconstituted at room temperature in 10 pl reactions for 5 min in
buffer A [20 mM Tris—HCI (pH 8.0), and 50 mM NaCl| were separated
at 4 °C from the bulk solution by centrifugation for 4 min at 21 100 g.
Pellet (droplet) and supernatant (bulk solution) fractions were subjected
to SDS-PAGE and Coomassie staining. For light and fluorescence mi-
croscopy, reaction solutions (5 pl) were imaged after 35 min with a
Nikon Eclipse Ti Inverted Microscope using the settings for differen-
tial interference contrast and epifluorescence microscopy (using fluores-
cein isothiocyanate filter settings) with a X100 oil-immersion objective
focusing on the coverslip surface. The coverslips used were 22X22 mm
(Superior Marienfeld, Germany) and fixed in one-well Chamlide CMS
chamber for 22X%22 coverslips (Live Cell Instrument, South Korea).
Image] was used to pseudocolour all images.

Liquid chromatography-mass spectrometry

Cell lysate was prepared from Chlamydomonas cells according to
Mackinder et al. (2016). Following membrane solubilization with 2%
(w/v) digitonin, the clarified lysate was applied to 150 pl of Protein
A Dynabeads that had been incubated with 20 pg of anti-EPYC1 anti-
body. The Dynabead—cell lysate was incubated for 1.5 h with rotation at
4 °C.The beads were then washed four times with IP buffer [50 mM
HEPES, 50 mM KOAc, 2 mM Mg(OAc),4H,0, 1 mM CaCl,, 200 mM
sorbitol, I mM NaF, 0.3 mM NA;VO,, Roche cOmplete EDTA-free
protease inhibitor| containing 0.1% (w/v) digitonin. EPYC1 was eluted
from the beads by incubating for 10 min in elution buffer [50 mM Tris—
HCI, 0.2 M glycine (pH 2.6)], and the eluate was immediately neutral-
ized with 1:10 (v/v) Tris=HCI (pH 8.5). A small amount of the eluate was
run on an SDS-PAGE gel and stained with Coomassie (Supplementary
Fig. S6A), and the remaining sample was used for LC-MS.

Intact protein LC-MS experiments were performed on a Synapt G2
Q-ToF instrument equipped with electrospray ionization (Waters Corp.,
Manchester, UK). LC separation was achieved using an Acquity UPLC
equipped with a reverse phase C4 Aeris Widepore 50%X2.1 mm HPLC
column (Phenomenex, CA, USA), and a gradient of 5-95% acetonitrile
(0.1% formic acid) over 10min was employed. Data analysis was per-
formed using MassLynx v4.1, and deconvolution was performed using
MaxEnt.

Yeast two-hybrid (Y2H) assay

The two-hybrid plasmid vectors pGBKT7 and pGADT7 were used to
detect interactions between proteins of interest. Genes were amplified
using Q5 DINA polymerase (NEB) and cloned into each vector using the
multiple cloning site, thus creating fusions with either the GAL4-DNA
binding domain or activation domain, respectively (Supplementary Table
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S1). Competent yeast cells (Y2H Gold, Clontech) were prepared from a
50 ml culture grown in YPDA medium supplemented with kanamycin
(50 pug ml™"). Cells were washed with ddH,O and a lithium acetate/
TE solution [100 mM LiAc, 10 mM Tris-HCI (pH 7.5), 1 mM EDTA]
before re-suspending in lithium acetate/TE solution. Cells were then
co-transformed with binding and activation domain vectors by mixing
50 pl of competent cells with 1 pg of each plasmid vector and a poly-
ethylene (PEG) solution [100 mM LiAc, 10 mM Tris—HCI (pH 7.5),
1 mM EDTA, 40% (v/v) PEG 4000]. Cells were incubated at 30 °C
for 30 min, then subjected to a heat shock of 42 °C for 20 min. The
cells were centrifuged, re-suspended in 500 pl of YPDA, and incubated
at 30 °C for ~90 min, then centrifuged and washed in TE. The pellet
was re-suspended in 200 pl of TE, spread onto SD-L-W (standard dex-
trose medium lacking leucine and tryptophan; Anachem), and grown
for 3 d at 30 °C.Ten to fifteen of the resulting colonies were pooled
per co-transtormation and grown in a single culture for 24 h. The fol-
lowing day, 1 ml of culture was harvested, cell density (ODy,) meas-
ured, centrifuged, and then diluted in TE to give a final ODy, of 0.5
or 0.1.Yeast cultures were then plated onto SD-L-W and SD-L-W-H
(Anachem) containing different concentrations of the HIS3 inhibitor
tri-aminotriazole (3-AT), and incubated for 3 d before assessing for the
presence or absence of growth, as in van Nues and Beggs (2001). Protein
extraction was carried out by re-suspending cells to an ODyg, of 1 from
an overnight liquid culture in a lysis buffer [50 mM Tris—=HCI (pH 6),
4% (v/v) SDS, 8 M urea, 30% (v/v) glycerol, 0.1 M DTT, 0.005% (w/v)
Bromophenol Blue], incubating at 65 °C for 30 min, and loading directly
onto a 10% (w/v) Bis-Tris protein gel (Expedeon).

Results
EPYC1 interacts with the small subunit of Rubisco

The two a-helices of the Chlamydomonas SSU have been
proposed previously as potential binding sites for EPYC1 (Fig.
1A-D) (Meyer et al., 2012; Mackinder ef al., 2016). We set out
to test this hypothesis using a semi-quantitative Y2H approach.
Chlamydomonas has two similar SSU homologues, S1¢, and
S2¢,, which are the same size, have identical a-helices and
[-sheets, but differ in amino acid sequence by four residues.
EPYC1 showed a relatively strong protein—protein interaction
with both S1¢, and S2, (i.e. growth at 10 mM 3-AT) (Fig.
1E). In contrast, EPYC1 did not interact with the 1A SSU
from Arabidopsis (1A,,) but did interact weakly with a hy-
brid 1A SSU carrying the o-helices from Chlamydomonas
(1AAMOD) (Atkinson et al.,2017). The Y2H assay showed that
EPYC1 does not interact with itself, other Chlamydomonas
CCM components associated with the pyrenoid (i.e. LCIB,
LCIC, and CAH3), or another intrinsically disordered protein
found in the chloroplast stroma (AtCP12; Lopez-Calcagno
et al.,2014) (Supplementary Fig. S1).These results indicate that
EPYC1 is not prone to false-positive protein—protein inter-
actions in Y2H assays.

The a-helices of the SSU are critical for interaction
with EPYC1

We next set out to identify the key domains on the
Chlamydomonas SSU required for interaction with EPYC1.
To isolate the structural components of the SSU, we gener-
ated a total of six different chimeric versions of 1A, bearing
residues from S1, associated with the three distinct [B-sheets

(BA, PC, and PD), the BA—BB loop, and the two a-helices (AA

and aB) (Spreitzer, 2003) (Fig. 1C; Supplementary Fig. S2). As
before, EPYC1 did not interact with 1A, and the addition
of the PB-sheets or the BA—B loop from Sl¢,, or both to-
gether, did not permit interaction (Fig. 2; Supplementary Fig.
S3A). Interactions were only observed in the presence of the
two a-helices from the Chlamydomonas SSU. The a-helices
alone produced a minimal interaction (i.e. on 0 mM 3-AT),
which was strengthened by the incorporation of the P-sheets
and the BA—fB loop from Sl¢,. Notably, the modified 1A,,
variant with the a-helices, B-sheets, and PA-BB loop from
Chlamydomonas (i.e. 79% sequence identity to S1.,) showed a
stronger interaction compared with S1.,, indicating that SSUs
can be engineered for increased athnity for EPYC1.

EPYC1 is a modular protein, and the predicted
a-helices are important for interaction with the SSU

We initially generated a variety of truncated EPYC1 variants
to characterize the key regions of EPYC1 required for inter-
action with the SSU. EPYC1 is a modular protein consisting
of four highly similar repeat sequences flanked by shorter
terminal regions. Thus, truncations were made to eliminate
each region sequentially from either the N- or C-terminus
direction (Fig. 3A; Supplementary Figs S3B, S4). Truncated
EPYC1 variants were expressed well in yeast (Supplementary
Fig. S5). InY2H experiments, the EPYC1 N-terminus alone
(N-ter) did not interact with S1,. Addition of the first
EPYC1 repeat region was sufficient to detect interaction,
and each subsequent repeat region correlated with growth
at increased concentrations of 3-AT, indicating that EPYC1
is a modular protein and each repeat has an additive effect
on SSU interaction. Addition of the C-terminal tail further
increased the strength of the interaction. Interestingly, the
C-terminus alone interacted with S1,, suggesting that SSU-
binding sites are not limited to the repeat regions. Removal of
the N-terminus also increased the interaction strength, which
is consistent with the predicted role of the N-terminus as a
chloroplastic transit peptide that would be cleaved during im-
port into the chloroplast (Mackinder et al., 2016). Prediction
tools ChloroP and PredAlgo suggest cleavage at residues 78
and 170, respectively (Emanuelsson et al., 2007). However,
both predictions are unconvincing as they would result in
cleavage within the repeat regions. To identify the potential
cleavage site, we immunoprecipitated and analysed EPYCI1
from Chlamydomonas using electrospray ionization-MS
(ESI-MS). Intact protein ESI-MS analysis revealed several
proteoforms of mature EPYC1 ranging from 29 622 Da to
30 621 Da (Supplementary Fig. S6). The molecular mass dif-
ference between proteoforms was 80 Da, suggesting variable
phosphorylation states; an observation consistent with pre-
vious reports highlighting the highly phosphorylated nature
of EPYC1 (Turkina ef al., 2006; Wang ef al.,2014). The highly
post-translationally modified state of EPYC1 made deter-
mination of the precise molecular mass of the mature protein
difficult. However, the smallest proteoform identified had a
molecular mass of 29.6 kDa which, based on the theoretical
mass of EPYC1, indicates a cleavage site between residues 26
(V) and 27 (A) (Fig. 1B).
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Fig. 1. EPYC1 interacts with the Rubisco small subunit. (A and B) EPYC1 consists of four near identical repeat regions (highlighted in yellow, green, blue,
and purple), each containing a predicted a-helix (red, underlined). The putative cleavage site of the chloroplastic transit peptide between 26 (V) and 27 (A)
is indicated. The N- and C- termini are shown in grey. (C) The predicted model of the small subunit of Rubisco (SSU; 1A, shown) has similar features in
algae and higher plants, including four -sheet (green) and two a-helical (purple) regions. (D) Amino acid alignments of mature Arabidopsis SSU 1A (1Ax)
and Chlamydomonas SSU 1 (S1,). Residues in red indicate the four amino acids that differ between the two Chlamydomonas SSUs, S1¢, and S2¢, (T/S,
A/S, T/S, F/W). (E) Yeast two-hybrid interactions with EPYCH1. Interaction strength is demonstrated by growth on increasing concentrations of the inhibitor
3-AT. Abbreviations: 3-AT, 3-amino-1,2,4-triazole; BD, binding domain; AD, activation domain; 1A,MOD, modified 1A carrying the two a-helical regions
from Chlamydomonas; SD-L-W, yeast synthetic minimal medium (SD medium) lacking leucine (L) and tryptophan (W); SD-L-W-H, SD medium lacking L,
W, and histidine (H). See Supplementary Fig. S1 for Y2H additional controls.

We hypothesized that the interaction between EPYC1 and the  of each of the four domains was analysed by eliminating the
SSU may be mediated through a predicted a-helix conserved in  predicted a-helical structure through mutation of the residues
each of the four repeats, which together would allow EPYC1 ‘RQELESL in the first repeat and ‘KQELESL in the subsequent
to bind at least four Rubisco complexes (Mackinder et al., 2016;  three repeats to seven alanines. Mutation of a single helix did not
Freeman Rosenzweig et al., 2017). The relative contribution have an impact on interaction strength. However, sequentially
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Fig. 2. EPYCH1 requires the a-helices of the Chlamydomonas SSU for interaction. Interaction is shown between EPYC1 and modified versions of

1Ax: (top), in which different components (see Fig. 1C, D) have been switched for those from Chlamydomonas S1¢, (bottom). The heat map indicates
interaction strength measured with yeast two-hybrid assays by the capacity for growth on increasing concentrations of 3-AT (mM). See Supplementary
Fig. S2 for SSU sequences and Supplementary Fig. S3A for raw Y2H image data.
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Fig. 3. EPYC1 repeat regions contribute to interaction with the Rubisco small subunit. (A) Decreasing the number of EPYC1 repeat regions reduced the
strength of interaction with S1,. (B) The predicted a-helical region in each repeat (red) is important for interaction with S1¢,. These were eliminated by
matutation to seven alanines in each of the different EPYC1 variants. The heat map indicates interaction strength measured with yeast two-hybrid assays
by the capacity for growth on increasing concentrations of 3-AT (mM). See Supplementary Fig. S3B and C for raw Y2H image data.

weaker interactions with S1., were observed with increasing interaction sites, located in each of its four repeat regions and
mutations of the a-helical regions (Fig. 3B; Supplementary Figs  the C-terminus, respectively.

S3C, S4). If all four a-helices were mutated, the interaction was

not eradicated completely. The latter finding supported our evi-  £py(c1 can be modified to improve interaction strength
dence for an additional SSU-binding site(s) on the C-terminus, /4 the SSU

as in the absence of all a-helices the interaction strength was

reduced to the same extent as the C-terminus alone (Fig. 3A).  Analysis of EPYC1 with PCOILS (https://toolkit.tuebingen.
Overall, our data suggest that EPYC1 has at least five SSU mpg.de/#/tools/pcoils) suggested that the putative a-helices
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of EPYC1 might behave like coiled-coil domains, with the first
repeat showing the highest predicted value (Fig. 4) (Gruber
et al., 2006; Zimmermann et al., 2018). Thus, we hypothesized
that the first repeat region could be a useful target scaffold to
engineer a synthetic EPYC1 with increased affinity for SSU
interaction. We constructed four synthetic EPYC1 variants
containing one, two, four, or eight copies of the first repeat in
tandem (Fig. 4A; Supplementary Fig. S3D). Four copies of the
first repeat (4 rep) showed a stronger interaction strength with
Sler and 1A,MOD compared with native mature EPYCI.
The strongest interaction was observed for the variant with
eight repeats (8 rep), which grew on the maximum 3-AT con-
centrations tested (80 mM).

Using the single copy variant (1 rep), we compared modi-
fications of the a-helix region for interaction strength based

Hﬂi’

on predictions from the PCOILS tool. Duplication of the
a-helical  region  (SVLPANWRQELESLRNNWRQEL
ESLRNGNGSS) or a G—Q substitution near the o-helix
(NWRQELESLRNQ) predicted an increased probability
of coiled-coil behaviour (Fig. 4B). In contrast to the predic-
tions by PCOILS, the former modification eradicated the
interaction, while the latter did not change the interaction
strength compared with the native 1 rep variant. Finally, we
attempted to knock out the interaction with either an L-R or
E—W substitution within the o-helix (NWRQELESRRN or
NWRQWLESLRN). Both substitutions eradicated the inter-
action. Our results suggest that EPYC1 a-helices do not be-
have like traditional coiled-coil domains, but that even single
point mutations within the a-helix can affect interaction.
These results support those presented in Fig. 2.

o
i —
|
|

1l

&
(@) § .
Q)'\ Nal\al
EPYC1 N
synthetic EPYC: 1rep
2reps
4 reps &
o
[ [ | 8reps k\:
2 a-helices 4 reps @

)

2 a-helices 1 rep
modified a-helix 1 rep

7

a-helix knockout A

[

a-helix knockout B

ff%
7

o
~

X Full-length EPYC1
0.3

o
S
N a1 w

0.1

o
-

0.0

Coiled Coil Probability

o

EPYC1 1 rep (wild-type)
a-helix knockout A

a-helix knockout B

modified a-helix

2 a-helices

mM 3-AT B 1
80 0.9
60
0.8
40 -
20 E 0.7
o
i 10 -5 0.6
BE %‘ 05
2.5
— © 04
1 2
[ |os o3
o025 02
0 0.1
§ no interaction 0

VSPTRSVLPANWRQELESLRNGNGSSSAASSAPAPARSSSASWRDAAPASSAPARSSSASKKA
VSPTRSVLPANWRQELESRRNGNGSSSAASSAPAPARSSSASWRDAAPASSAPARSSSASKKA
VSPTRSVLPANWRQWLESLRNGNGSSSAASSAPAPARSSSASWRDAAPASSAPARSSSASKKA
VSPTRSVLPANWRQELESLRNQNGSSSAASSAPAPARSSSASWRDAAPASSAPARSSSASKKA
VSPTRSVLPANWRQELESLRNNWRQELESLRNGNGSSSAASSAPAPARSSSASWRDAAPASSAPARSSSASKKA

Fig. 4. EPYC1 can be modified to increase the interaction strength with SSUs. (A) Synthetic variants of EPYC1 are based on the first repeat regions
(yellow) and the predicted a-helix (red). The heat map indicates interaction strength measured with yeast two-hybrid assays by the capacity for growth on
increasing concentrations of 3-AT (mM). See Supplementary Fig. S3D for raw Y2H image data. (B) Predicted coiled-coil domain strengths for synthetic
variants of the first repeat region of EPYC1 using the PCOILS bioinformatic tool. Matching colour-coded amino acid sequences are shown below, with
residues that differ from the wild-type sequence shown in bold. The inlay shows the prediction for full-length EPYCH.
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EPYCT1 requires a native chloroplastic transit peptide
for appropriate localization in plants

EPYC1 was codon optimized for nuclear expression in higher
plants (Supplementary Fig. S7), and binary expression vectors
were constructed whereby EPYC1 was C-terminally fused to
GFP and expressed under the control of the 35S constitutive
promoter. The localization of EPYC1::GFP was then visu-
alized in agro-infiltrated N. benthamiana leaves and in stably
transformed Arabidopsis plants. Unlike other chloroplast CCM
components expressed in plants thus far (Atkinson ef al., 2016),
EPYC1 was not able to localize to the chloroplast in either
N. benthamiana or Arabidopsis, with fluorescent signals absent
from the chloroplast (Fig. 5). The 1A, chloroplastic transit
peptide (1A,-TP) was therefore added to the N-terminus of
the full-length EPYC1::GFP. Preservation of the full native
EPYCI1 leader sequence was based on a conservative strategy
to avoid removing any potential interaction sites. Furthermore,
our Y2H results indicated that the presence of the N-terminus
did not strongly affect interaction with the Rubisco SSU
(Fig. 3). Fusion to 1A,~TP resulted in re-localization of
EPYC1::GFP to the chloroplast stroma in both N. benthamiana
and Arabidopsis.

EPYC1 is unstable in higher plants but does not affect
plant growth performance

Wild-type Arabidopsis plants and two Rubisco small subunit
(1a3b) mutant lines complemented with S2, or 1A, MOD, pre-
viously made by Atkinson et al. (2017) (Supplementary Fig. S2),
were transformed with 1A, ~-TP::EPYC1 (lacking a GFP tag)
(see Supplementary Fig. S7 for the plasmid map). We selected
three homozygous T} lines from each background for further
analyses (EPYC1_1-3, S2,_EPYC1_1-3, and 1A, MOD_
EPYC1_1-3). Immunoblots against 1A,~-TP:EPYC1 in
Arabidopsis produced a dominant band of ~34 kDa [slightly
smaller than the mature native Chlamydomonas isoform
(35 kDa)], suggesting cleavage of both 1A, ~TP and a portion of
the N-terminal region of EPYCI1 (the antibody serum targets
the C-terminus of EPYC1) (Emanuelsson ef al.,2007) (Fig. 6A;
Supplementary Fig. S8A). Densitometry analysis showed that
protein levels of EPYC1 in our highest expressing Arabidopsis
lines were ~14 times lower than those in Chlamydomonas in
relation to the Rubisco LSU (Supplementary Fig. S8B). Based
on the reported ratio of ~1:6 for EPYC1 to Rubisco LSU
in Chlamydomonas under low CO, (Mackinder ef al., 2016),
the stoichiometry of EPYC1 to the Arabidopsis LSU in our
transgenic line could therefore be estimated as 1:84.This ratio
is also lower than the observed occurrence of between one
and four EPYC1 peptides per Rubisco (i.e. eight LSUs) in
phase-separated material in the in vitro reconstituted pyrenoidal
system (Wunder er al., 2018). In addition to a non-specific
band at 29 kDa, several smaller bands were also evident for
EPYC1 in Arabidopsis (Fig. 6A). Additional bands were not
observed for EPYC1 extracted from Chlamydomonas or yeast
(Supplementary Fig. S8A), suggesting that EPYC1 may be tar-
geted by plant proteases.

Growth analyses showed a slightly reduced growth pheno-
type (i.e. area, FW, and DW) for some plants expressing

1A,~-TP::EPYCI1 their
segregants, but the observed decrease was not consistently sig-
nificant (Fig. 6B, C). Similarly, the photosynthetic efficiency of
plants expressing 1A, ~TP::EPYC1 (measured by dark-adapted
leat fluorescence; F,/F,) was unaffected (Supplementary
Table S3). Therefore, constitutive expression of EPYC1 in the
chloroplast did not appear to impact plant growth under the

compared with corresponding

conditions tested.

EPYCT1 interacts with Rubisco in wild-type and
complemented Arabidopsis SSU mutants

Having shown that specific SSUs can interact with EPYC1 in
a Y2H system, we then investigated whether the interactions
with Rubisco would occur in planta in two complemented
1a3b mutants and wild-type plant lines expressing EPYCI1
(S2¢. EPYC1_1, 1A\MOD_EPYCI1_1, and EPYC1_1, re-
spectively). We immunoprecipitated EPYC1 from each of these
lines using anti-EPYC1 antibody attached to Protein A-coated
beads, and analysed the elutes by immunoblot using antibodies
against EPYC1 or Rubisco (Fig. 7). Unexpectedly, the LSU
was detected in the elutes of S2., EPYC1 and 1A,MOD_
EPYCI1 lines, as well as the wild-type expressing EPYC1. To
ensure that the observed co-IP was not a result of Rubisco
promiscuity or non-specific binding onto the beads or anti-
bodies, several negative controls were included. Rubisco was
not detected in the eluate of pull-downs with anti-HA-coated
beads or beads with no antibody, or in the eluate from S2,
plants not transformed with EPYC1. Therefore, these results
indicated that EPYC1 was able to interact with Rubisco in
transformed plant lines in the absence of a Chlamydomonas or
Chlamydomonas-like SSU. It was not possible to fully quan-
tify the relative strength of the interactions due to the inherent
variation in EPYC1 expression levels between the three lines
tested. Nevertheless, the levels of EPYC1 eluted in the EPYC1
IP assays were similar, while the greater amounts of Rubisco
eluted in the 1AyMOD_EPYC1 and S22, EPYC1 co-IP as-
says could suggest a stronger interaction with EPYC1 in those
lines than in the wild-type background.

Bimolecular fluorescence complementation (BiFC) analysis
was carried out to provide additional information about the
EPYC1-Rubisco interaction in vivo. Three SSUs (1A,,, S2¢,,
and 1A, MOD) and EPYCI1, each fused at the C-terminus
to either YFPN or YFPC, were transiently co-expressed
in N. benthamiana (Walter et al., 2004). Consistent with
immunoprecipitation results (Fig. 7),a BiFC signal for reconsti-
tuted YFP fluorescence was observed with plants co-expressing
EPYC1 and each of the three SSUs, regardless of which pro-
tein was fused to YFP™ and which to YFP® (Fig. S9). A negative
control, AtCP12::YFP®, unexpectedly produced a BiFC signal
with 1AAt:YFPN. However this interaction may be artefactual
because there was no interaction between 1AAt::YFP® and
AtCP12:YFP™.

Immunogold labelling revealed no aggregation of
Rubisco in plants expressing EPYC1

To investigate the effect of EPYC1 on Rubisco aggregation
in planta, we examined the localization of Rubisco in the
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EPYCih:GER,

1AN-TP:EPYC1::GFP

&

1A,-TP::EPYCA:GFP

Fig. 5. Expression of GFP-fused EPYC1 with and without the 1A, chloroplastic transit peptide (1Ax-TP). (A) The constructs were expressed transiently
in Nicotiana benthamiana, alongside a GFP-fused Arabidopsis 1A small subunit of Rubisco (RbcS1A::GFP). (B) Stable expression in Arabidopsis. Green
and purple signals are GFP and chlorophyll autofluoresence, respectively. Overlapping signals are white. Scale bar=10 pm.
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Fig. 6. Growth of Arabidopsis plant lines expressing EPYC1 fused with the 1A,-TP in either the wild-type (WT), S2¢,, or the 1A,MOD background.

(A) Immunoblots show the relative EPYC1 expression levels in three independently transformed lines (T5) per background, compared with their
corresponding segregants (seg) lacking EPYCH1. (B) Plants were harvested at 31 d, and the fresh (FW) and dry (DW) weights were measured. (C) Rosette
growth of the nine transformed lines. Values are the means +SE of measurements made on 12 (FW, DW) or 16 (growth assays) rosettes. Asterisks
indicate significant difference in FW or DW between transformed lines and segregants (P<0.05) as determined by Student’s paired sample t-tests.
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Fig. 7. Co-immunoprecipitation of Rubisco with EPYC1. EPYC1 interacts with Rubisco in transgenic S2¢,, 1A5MOD, and wild-type (WT) lines expressing
EPYC1 fused with the 1A4-TP. Co-immunoprecipitation was performed using Protein-A coated beads that had been cross-linked to anti-EPYCA
antibody. The input, flow-through (F-T), fourth wash, and boiling elute were run on an SDS-PAGE gel, transferred to a nitrocellulose membrane, and
probed with either anti-Rubisco or anti-EPYC1 antibody. Negative controls (Neg.) were carried out by replacing the anti-EPYC1 antibody on the Protein
A beads with either anti-HA antibody (*) or no antibody (**) and proceeding with IP as before (only the eluted sample is shown). Asterisks (***) indicate a
non-specific band observed with the anti-EPYC1 antibody in all samples including the control line not expressing EPYC1 (S2¢,).

chloroplast of S2¢, complemented 7a3b mutants expressing the
highest levels of EPYC1 (S2¢, EPYC1_1). Immunogold label-
ling of Rubisco revealed an even distribution of gold particles
throughout the chloroplast when visualized by TEM similar
to the S2¢, control not expressing EPYC1 (Supplementary
Fig. S10), indicating that co-expression of EPYC1 and the
Chlamydomonas SSU did not induce detectable rigid aggre-
gations of Rubisco in these transformants.

EPYC1 phases separate with Rubisco from
Arabidopsis SSU mutants complemented with S2,

Current models of pyrenoid formation are based on specific
weak multivalent interactions that promote liquid-like phase
separation (Hyman et al., 2014; Freeman Rosenzweig et al.,
2017).To observe if such interactions could occur with hybrid
plant-derived Rubisco, we next examined if Rubisco from
Arabidopsis 1a3b mutants complemented with S2, was able
to facilitate liquid—liquid phase separation with EPYC1 using
an in vitro assay developed by Wunder ef al. (2018). Rubisco
was extracted from Chlamydomonas, Arabidopsis wild-type
plants, and S2¢, lines. The hybrid Rubisco complexes in S2¢,
lines consisted of the Arabidopsis LSU and a mixed population
of Arabidopsis SSUs and S2¢, (~1:1) (Atkinson et al., 2017).
Similarly to Chlamydomonas Rubisco, hybrid plant Rubisco
was able to demix with EPYC1 and formed liquid-like droplets
of comparable size, albeit at slightly higher EPYC1:Rubisco
ratios (Fig. 8A, B). In contrast, wild-type Arabidopsis Rubisco
did not phase separate under similar conditions, indicating
that the presence of S2¢, was critical for aggregation. In solu-
tions containing Chlamydomonas or hybrid plant Rubisco, the
droplets fused into a large homogeneous droplet (coalescence),
supporting their liquid nature (Fig. 8C) (Hyman et al., 2014).
Analysis by SDS-PAGE confirmed that both EPYC1 and
Rubisco had entered the droplets (Supplementary Fig. S11).

Discussion

EPYC1 is required for pyrenoid aggregation and function-
ality of the CCM in Chlamydomonas and will probably be a
crucial component for introducing an algal-based CCM into
higher plants. Previously, EPYC1 has been shown to interact
with Rubisco, but the site(s) of the interaction was unclear.
Mackinder ef al. (2016) hypothesized that interaction could be
mediated through the a-helices of the SSU, as previous work had
shown that exchanging the a-helices of the Chlamydomonas
SSU with those from spinach inhibited pyrenoid formation
(Meyer et al., 2012). In addition, Wunder ef al. (2018) have
demonstrated that the Chlamydomonas SSU is important for
the liquid-like aggregation typical of an algal pyrenoid. Here
we have characterized this interaction by expressing EPYC1
and different SSUs together in yeast and higher plants. We have
shown that the a-helical regions of the Chlamydomonas SSU
are necessary and sufficient for interaction with EPYC1, and
that introduction of the a-helices into an Arabidopsis SSU en-
abled interaction with EPYC1. Further inclusion of additional
features from the Chlamydomonas SSU strengthened the inter-
action in an additive fashion, suggesting that the conformation
of the SSU could have evolved, in part, to present the o.-helical
region to EPYC1. Although a stronger interaction may not
be optimal for pyrenoid phase transitions in Chlamydomonas
(Freeman Rosenzweig ef al., 2017), our results showed that the
strength of the EPYC1-SSU interaction could be further in-
creased by engineering the SSU alone. This may be required
for optimizing Rubisco aggregation in higher plants while re-
taining features of the higher plant SSU (Atkinson et al., 2017).

We established key regions of EPYC1 that affect binding
strength with the SSU. Previously Mackinder et al. (2016)
speculated that the Rubisco-binding sites in EPYC1 were
located within the four repeats. Our data supported this hy-
pothesis and identified the putative a-helices in each repeat as
key sites for SSU interaction. Our MS data suggested that the
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Fig. 8. Hybrid Arabidopsis Rubisco carrying a Chlamydomonas small subunit is able to phase separate and form liquid droplets with EPYC1. (A) Addition
of EPYC1 to Rubisco results in turbidity in Chlamydomonas (Cr) and hybrid (S2,), but not Arabidopsis (At) Rubisco (shown at ~3 min after mixing at

room temperature). (B) The turbidity is caused by the formation of spherical droplets. Fluoresence in samples containing EPYC1 is due to the inclusion of
EPYC1::GFP (0.25 uM). (C) Droplets from S2., Rubisco and EPYC1 fuse by coalescence. See Supplementary Fig. S11 for droplet sedimentation analysis.

N-terminus comprised a chloroplastic transit peptide (~26 res-  that the C-terminal region of EPYC1 probably contains an
idues in length) that is cleaved during import and maturation additional SSU interaction site(s) as this region could interact
in Chlamydomonas (Emanuelsson et al.,2007). We also showed — with the SSU independently as well as increase the strength of
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interaction when present with the four repeats. In support of
this hypothesis, Wunder et al. (2018) demonstrated that a single
EPYCI1 repeat fragment carrying the C-terminal region was
sufficient to demix with Rubisco (i.e. at least two interaction
sites are required to aggregate Rubisco). Based on our results,
we cannot rule out the existence of additional SSU-binding
sites in EPYC1. Thus, models in which EPYC1 has precisely
four binding sites for Rubisco are probably too simplistic
(Mackinder et al., 2016). Freeman Rosenzweig et al. (2017)
proposed a ‘magic number’ hypothesis, whereby the stoichi-
ometry between the number of available EPY C1-binding sites
and the surrounding Rubisco complexes defined the aggre-
gation state of Rubisco. In their model, an odd number of
binding sites was preferable for aggregation. Additional binding
sites in EPYC1, for example in the C-terminal region, may
help to explain such an observation. Furthermore, our data
suggested that the interaction strength of EPYC1 can be
modified from its native state, for example by duplicating the
first repeat region. This may provide additional options for op-
timizing Rubisco aggregation in heterologous environments,
such as higher plant chloroplasts.

Previous work has shown that most CCM components from
Chlamydomonas localized to the same subcellular locations
when expressed in plants (Atkinson et al., 2016). Thus, we were
surprised that a native chloroplastic transit peptide was required
for expression of EPYC1 in higher plant chloroplasts. One ex-
planation is that EPYC1 may be mistargeted to the mitochon-
drion, as chloroplast transit peptides from Chlamydomonas are
known to resemble mitochondrial transit peptides in higher
plants (Franzén et al., 1990). Alternatively, the N-terminus
might undergo proteolytic degradation when expressed in
plants, thus inhibiting chloroplastic import (Doran, 2006).
Even when redirected to the chloroplast with a native transit
peptide, the presence on immunoblots of several smaller bands
suggested that EPYC1 may be partially targeted by proteases
in the chloroplast (Fig. 6; Suppleentary Fig. S8) (Nishimura
et al., 2017). For future work, it may be desirable to identify
and modify motifs in EPYC1 recognized by native proteases to
enhance EPYC1 stability, and in addition reduce the length of
the native N-terminus by eliminating the sequence upstream
of the putative transit peptide cleavage site (Fig. 1B).

Previous work has shown that EPYC1 can phase separate
with heterologous Rubiscos of cyano- and chemoautotrophic
bacterial origin (Wunder et al., 2018). Even though droplet
formation was less efficient for those cases, it suggests a certain
promiscuity of the EPYC1-Rubisco interaction. Likewise, a
residual compatibility with plant Rubisco might account for
our observations made with EPYC1 expressed in planta (Fig.
7: Supplementary Fig. S9). EPYC1 may interact differently
with free SSUs—as in yeast—and SSUs assembled into the
octomeric (L8S8) Rubisco complex. Whilst no interactions
with EPYC1 were evident for 1A,, in yeast (Fig. 1), and simi-
larly no phase separation was observed in vitro with wild-type
Arabidopsis Rubisco and EPYC1 (Fig. 8), the high abundance
of Rubisco in plant chloroplasts may increase the likelihood of
potential interactions between the positively charged EPYC1
peptide and any negatively charged moieties on the LSU and/
or SSU (Wunder et al., 2018). Further work will be required

to distinguish whether the interactions observed in planta were
indicative of true liquid—liquid phase separation or symptom-
atic of residual interactions due to the abundance of Rubisco
(Hyman et al., 2014)—the average concentration of Rubisco
in plant chloroplasts is estimated at ~500 uM (Jensen and Bahr,
1977; Harris and Koniger, 1997), which is similar to that of
the pyrenoid in the Chlamydomonas chloroplast (~628 puM
Rubisco) (Freeman Rosenzweig et al.,2017).

Previously, Rubisco aggregates were observed in transgenic
tobacco plants expressing cyanobacterial Rubisco and the
P-carboxysomal assembly protein CemM35 (Lin et al., 2014).
However, CcmM35 cross-links Rubisco into a highly organ-
ized and rigid paracrystalline array in 3-carboxysomes (Faulkner
et al., 2017), which differs significantly from the dynamic and
more disordered phase separation observed during the forma-
tion of pyrenoidal Rubisco aggregates mediated by EPYC1
(Engel ef al., 2015; Freeman Rosenzweig ef al., 2017; Wunder
et al., 2018). Promisingly, the observed interactions between
EPYC1 and SSUs in yeast and recombinant EPYC1 with hy-
brid plant Rubisco suggest that EPYC1 does not require add-
itional modifications or chaperones for binding. However, the
low EPYC1:Rubisco protein ratio in our transgenic Arabidopsis
plants, which was probably compounded by proteolytic degrad-
ation of EPY C1, was insufficient to enable detectable phase sep-
aration (Supplementary Fig. S8). Plants typically produce 4- to
5-fold more Rubisco than Chlamydomonas (30% versus 6.6%
total protein per cell, respectively) (Parry et al., 2013; Hammel
et al.,2018). Modification of EPYC1:Rubisco in the transgenic
plants to give a more favourable ratio (i.e. through increased
expression of EPYC1, reduction in overall Rubisco, and/or in-
creased abundance of a pyrenoid-compatible SSU) may help to
further protect EPYC1 from degradation by assembling EPYC1
with Rubisco into a pyrenoid-like structure, which might shield
EPYC1 from proteases in the chloroplast. Reducing nitrogen
investment in Rubisco while increasing Rubisco operating ef-
ficiency, as seen in Chlamydomonas and other photosynthetic
organisms with CCMs (Rae et al., 2017), is in line with our
overarching goal. Such modifications could be achieved using
CRISPR (clustered regularly interspaced short palindromic re-
peats) to target the native Arabidopsis SSU family (Pottier ef al.,
2018; Khumsupan et al.,2019). Furthermore, our data show that
synthetic variants of EPYC1 could be developed to better en-
able aggregation of Rubisco in higher plants (Fig. 7). Recently
developed tools for expressing plant Rubisco in E. coli offer
the opportunity to more rapidly fine-tune this relationship for
expression in plants going forward (Aigner et al., 2017), and
further explore any potential interactions between EPYC1 and
other regions on the Rubisco complex. Overall, this study has
demonstrated the merits of testing protein—protein interactions
in different heterologous systems to improve our understanding
of the algal CCM and progress current efforts to introduce a
functional algal-based CCM into a higher plant.
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ments for EPY Cl-expressing plants from three backgrounds.

Fig. S1.Yeast two-hybrid interaction controls.

Fig. S2. Modified variants of the Arabidopsis 1A small sub-
unit of Rubisco.

Fig. S3. Semi-quantitative yeast two-hybrid interaction
assays.

Fig. S4. Modified variants of EPYC1.

Fig. S5. Immunoblot of EPYC1 and N-terminus truncated
variants in yeast.

Fig. S6. Immunoprecipitation and intact protein MS of ma-
ture EPYC1 from Chlamydomonas reinhardtii.

Fig. S7. Sequence map of the binary vector carrying
1A,-TP::EPYCI.

Fig. S8. Immunoblot analysis of EPYC1 and Rubisco pro-
duced and extracted from Arabidopsis, Chlamydomonas,
and yeast.

Fig. S9. Bimolecular fluorescence complementation assays.

Fig. S10. Immunogold labelling of Rubisco in Arabidopsis
plants expressing EPYC1.

Fig. S11. Droplet sedimentation analysis by SDS—-PAGE for
three different Rubiscos with EPYC1.
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