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Most unicellular microalgae achieve robust photosynthetic CO,-fixation by
sequestering their carboxylase in chloroplastic Rubisco condensates (Rubis-

condensates) termed pyrenoids. Only a fraction of the stromal proteome
partitions to the Rubiscondensate. One critical pyrenoid component is
Rubisco activase (Rca). Here we show that Chlamydomonas reinhardtii Rca
partitions into the minimal two component EPYC1-Rubisco condensate. We
identify the N-terminal domain (NTD) of Rca as containing the responsible

sticker motifs. Mutagenesis reveals that single amino acid substitutions pre-
viously shown to abolish Rca function also eliminate partitioning. Blue fluor-
escent protein is excluded from EPYCI-Rubisco condensates, but partitions
when fused to the Rca NTD. Expression of an NTD-GFP fusion in the Chlamy-
domonas chloroplast is consistent with the in vitro finding. We hypothesize
that partitioning of proteins to biomolecular condensates will frequently uti-
lize pre-existing functionally relevant protein-protein interactions. Identifica-
tion of the sticker motif provides additional avenues to localize synthetic or

phylogenetically remote pyrenoid components to the compartment.

Biological carbon dioxide fixation is almost exclusively catalysed by
the enzyme Rubisco. The enzyme is relatively slow and additionally
catalysers a side-reaction with oxygen'. Most Rubiscos also form
inhibited complexes with sugar phosphates that are removed by the
action of the molecular chaperone Rubisco activase (Rca)>’.

The function of Rubisco in aquatic phototrophs is almost always
enhanced by biophysical carbon concentrating mechanisms. In most
cases, these involve the compartmentalisation of Rubisco in car-
boxysomes (prokaryotes)* or pyrenoids (eukaryotes)*®. This
arrangement then permits the organism to concentrate the abundant
substrate bicarbonate near Rubisco, followed by a local equilibration
of inorganic carbon species by carbonic anhydrase’. It has emerged
in the past decade that Rubisco concentration in the green alga
Chlamydomonas reinhardtii is achieved via liquid-liquid phase
separation (LLPS), specifically a complex coacervation between the
intrinsically disordered multivalent Rubisco linker protein Essential

Pyrenoid Component 1 (EPYC1)® and the folded hexadecameric
enzyme Rubisco”’’. The pyrenoid is known to contain approximately
100 proteins™'% At the same time, the majority of the chloroplast
stromal proteins are excluded®. For the pyrenoid it has been sug-
gested that Rubisco and EPYC1 form a mesh that excludes compo-
nents greater than - 80 kDa2. More generally, the partitioning and
exclusion of client molecules from biomolecular condensates is a
critical question of current interest in the field of biomolecular
condensates™.

In this work, we address the partitioning of Rca. This molecular
chaperone has been shown to localise to the pyrenoid in vivo®™, and is
required to maintain Rubisco function as it continuously removes
tightly bound inhibitors from its active sites®'®. Meyer et al.” earlier
identified a Rubisco binding sequence motif present on multiple pyr-
enoid proteins, predominantly on their C-terminus. For these clients,
partitioning is thus determined by binding to the central Rubisco
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organiser. The motif is not found on Rca, suggesting its pyrenoidal
localisation is encoded differently.

Some years ago, we demonstrated that Rubisco and EPYCI are
necessary and sufficient to bring about the formation of a dense phase
we hypothesised to resemble the Chlamydomonas pyrenoid®. Here, we
extend this work by characterising three-component condensates that
include Rca. By interacting with both EPYCI and Rubisco, Rca readily and
specifically partitions to the binary Rubiscondensate, changing its
material properties. This localisation is highly fragile as it can be ablated
by single amino acid substitutions to the functionally important Rca
N-terminal domain. More generally, we propose that utilisation of pre-
existing interaction motifs or stickers may be a general feature driving
the partitioning of functional condensate components in biology.

Results

Rca partitions into Rubisco-EPYC1 condensates

Coacervation of Rubisco with EPYCI generates protein-dense droplets
that we use as in vitro facsimiles of the pyrenoid. The molecular cha-
perone Rca is a major component of the pyrenoid and is required to
maintain Rubisco in a catalytically competent state. We therefore asked
whether the minimal EPYCI1-Rubisco droplets were sufficient to partition
Rca. Chlamydomonas reinhardtii Rca (CrRca) was produced in Escherichia
coli, and purified to homogeneity. To carboxylate ribulose 1,5-bispho-
sphate (RuBP), Rubisco needs to be carbamylated at an active site lysine,
which then binds a second cofactor Mg” to form the functional
holoenzyme Enzyme-CO,-Mg*" (ECM). If the apo-enzyme binds the sub-
strate, an inhibited complex Enzyme-RuBP (ER) is formed. Rubisco acti-
vase activity is then assayed by comparing the formation of ECM from ER
in a spectrophotometric Rubisco assay in the presence and absence of
the activase. CrRca was functional as assessed by both ATPase assay and
the ability to remove RuBP from the inhibited Chlamydomonas Rubisco
(Fig. 1a and Supplementary Fig. 1a, b).

We next recapitulated the findings reported in Wunder et al. '8, by
forming the binary EPYCI1-Rubisco droplets. Quantification of the
dense phase using a combination of fluorescence microscopy and
sedimentation analysis indicated a dense phase concentration of
~100 mg/ml Rubisco and 11 mg/ml EPYC1 (Supplementary Fig. 1c-f).
Under these conditions, light phase concentrations are negligible as
assessed by sedimentation assay (Supplementary Fig. 1d). It is note-
worthy that physiological Rubisco concentrations in the pyrenoid have
been determined to be even higher (- 350 mg/ml)®.

When EPYCI-Rubisco droplets were formed in the presence of
fluorescently labelled CrRca, all three proteins localised to the dense
phase, as demonstrated by both microscopy and sedimentation assays
(Fig. 1b, ¢ and Supplementary Fig. 2a). Thus, Rca localisation to the
pyrenoid is governed by the presence of Rca-binding stickers on
EPYC], Rubisco or both.

CrRca partitioning was highly salt sensitive. At 100 mM NaCl,
EPYCI-Rubisco droplets formed, but Rca no longer partitioned to the
dense phase (Fig. 1d). Accordingly, sedimentation assays confirmed
that CrRca was mostly found in the light phase when NaCl con-
centrations exceeded 75mM (Fig. 1e). The interactions driving Rca
partitioning to the condensate are therefore electrostatic in nature.

If multivalent interactions between EPYC1 and Rca are responsible
for partitioning, then the two components should form a binary con-
densate. Indeed, we found that Rca and EPYCI alone were also able to
form a salt-sensitive condensate (Fig. 1f, g).

The properties of the Rubiscondensate can be modulated

by CrRca

As reported for the binary Rubiscondensate, the ternary droplets

coalesced and relaxed, indicating a liquid property and thus a rela-

tively short lifetime of relevant intermolecular interactions' (Fig. 2a).
We probed the mobility of droplet components using fluores-

cence recovery after photobleaching (FRAP) under two regimens we

call excess EPYC1 (10 pM) and limiting EPYCL (SuM). In our earlier
work'™® we reported rapid recovery of both EPYC1 and Rubisco. How-
ever, this early experiment was performed using fluorescent “foreign”
cyanobacterial Rubisco. For the binary system containing cognate
Rubisco from the alga Chlamydomonas and excess EPYCI1, we found
EPYC1 recovered 37% of its intensity in 30 s. Rubisco, in contrast, had a
very slow recovery rate (10% in one minute) (Fig.2b).

Including Rca in this experiment led to a reduction in mobility for
all components, where Rubisco and Rca failed to recover, and EPYC1
regained only 20% of fluorescence in 30 s (Fig. 2c). This effect was less
pronounced when EPYC1 was limiting (Supplementary Fig. 2¢, d). This
indicated that Rca-EPYC1 (as opposed to Rca-Rubisco) interactions
were mostly responsible for the observed reduction in mobility.

Our data so far suggested that partitioning of Rca to the EPYCI-
Rubisco condensate involves electrostatic interactions between all
three components. The combined effect of all possible interactions
results in a less dynamic condensate when EPYCl is in excess, reducing
the mobility of all proteins. These emergent properties imply that
realistic reconstitutions of the compartment for functional studies will
be complicated by the need to carefully titrate multiple assay com-
ponents, including proteins and ionic contributors.

The specificity of Rca partitioning

Next, we asked whether the ability of CrRca to partition to the Rubis-
condensate was specific to this protein or whether other negatively
charged AAA+ ATPases would also readily enter the dense phase. We
therefore tested a panel of diverse purified Rubisco activases for this
property (Supplementary Fig. 3a). For a long time it has been recognised
that for green-type Rcas (found in plants and green algae), there is a
functional incompatibility between enzymes derived from Solanaceae
and non-Solanaceae species”?. This is determined by the interaction
between specificity helix 9 of Rca and the 3C-3D loop of the Rubisco large
subunit”. Using Chlamydomonas Rubisco, we found this green algal
enzyme could be activated by all tested plant activases, but the Solena-
ceae Rca from tobacco was least functional (Fig. 3a). Strikingly sedi-
mentation assays indicated that the tobacco (Solenaceae)-Rca was mostly
excluded from the EPYCI-Rubisco dense phase (Fig. 3b). In contrast all
non-Solanaceae Rcas tested (from rice, Arabidopsis thaliana and Agave
tequilana) were found in the EPYCI-Rubisco pellet (Fig. 3b). The unre-
lated bacterial Rubisco activases RsCbbX*, AfQ202” and HnQO)** were
also largely excluded from EPYCI-Rubisco condensates (Fig. 3b).
Equivalent condensates were inspected by microscopy using DyLight
405-labelled activases (Fig. 3c). The distribution of fluorescence was
generally consistent with the sedimentation assays with the exception of
RsCbbX. This bacterial activase concentrated in clusters within the dro-
plets, which resembled cavities under DIC. In addition, irregular droplet
morphologies were observed in multiple cases, as earlier seen in EPYC1
droplets formed by non-cognate Rubiscos'®.

These findings raised the possibility that recruitment of the green-
type Rca proteins to the three-component condensate was related to
their Rubisco-activating function, specifically their relative ability to
productively bind the enzyme.

Partitioning of Rca into the dense phase could theoretically be
mediated by interactions with Rubisco, EPYC1 or both. We therefore
assessed the ability of different Rca proteins to form condensates with
EPYCI1 alone. The propensity to phase separate with EPYC1 was shared
by most Rca proteins, with the exception of the tobacco Rca (Fig. 3d-f
and Supplementary Fig. 3b). Even the bacterial Rca proteins con-
densed with EPYCI (Fig. 3b-f).

In summary, EPYC1 displayed a relative promiscuity in its ability to
interact and phase separate with different Rca proteins. However,
when Rubisco was included in the system, most non-cognate Rca
proteins exhibit reduced partitioning to the dense phase (Fig. 3b, c).
The ability of Rubisco to outcompete non-specific Rca proteins may
imply that EPYC1 utilises identical or overlapping stickers to interact
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with both Rca and Rubisco. Alternatively, the Rubisco-EPYC1 network
may sterically exclude the weakly binding, non-specific Rca proteins.

The Rca N-domain is essential for partitioning into the EPYCI-
Rubisco condensates

Green-type Rcas possess an intrinsically disordered N-terminal domain
(residues 1-61), which is essential for Rca function (Fig. 4a and
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Supplementary Fig. 4). The importance of this domain has been
appreciated for decades, as demonstrated by both single amino acid
substitutions and truncations®%, We produced and purified a trun-
cated CrRca lacking residues 1-61 and multiple point mutants of the
conserved Trp-9 and Ser-19 residues (Supplementary Fig. 5a). Ser-19
has been reported to be phosphorylated”°, and in plants, the analo-
gous phosphorylation is thought to inactivate the enzyme in the
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Fig. 1| Rubisco activase (CrRca) partitions to the binary Rubisco-EPYC1 con-
densate. a Purified CrRca is functional. The spectrophotometric Rubisco activase
assay was conducted using 0.2 uM Rubisco and 5 uM CrRca. Technical replicates
were performed for ECM, ER (n=6) and ER + CrRca (n = 3). Error bars indicate the
mean and s.d. of 3PG produced. ECM-activated Rubisco (Enzyme-CO,-Mg*"), ER-
inhibited Rubisco (Enzyme-RuBP). b Representative micrographs of CrRca
recruitment into EPYC1-CrRubisco condensates. The pink line denotes a single
droplet whose fluorescence intensity plot was depicted. Proportions of labelled
components: 1.33% EPYC1-GFP, 2.67% Atto 594-labelled CrRubisco, 22% CrRca-BFP.
Protein concentrations refer to monomers/ active sites for Rubisco (CrL;S;).

Representative data of 2 independent experiments are shown (n=2). ¢ The
majority of CrRca partitions into the condensates as assessed via droplet sedi-
mentation assays. S, supernatant; P, pellet. Representative data of 3 independent
experiments are shown (n=3). d, e CrRca partitioning is salt sensitive as shown
using microscopy (d) and sedimentation assay (e). The experiments were per-
formed once (n=1). f, g CrRca can condense with EPYCI alone at low salt con-
centrations as shown using microscopy (f, spiked with 3% EPYC1-GFP and 1% CrRca-
BFP, experiment performed once (n =1)) and sedimentation assay. Representative
data of 2 independent experiments are shown (n = 2). g Scale bars: 10 um. Source
data are provided as a Source Data file.

dark®-*, The variant proteins possessed similar ATPase activity rates as
the wild-type. As expected, the ability to activate Rubisco was abol-
ished (Fig. 4b). Sedimentation and microscopy assays indicated that
deletion of the N-terminal 61 residues eliminated both phase separa-
tion with EPYC1 and partitioning into EPYCI1-Rubisco droplets
(Fig. 4c-f). The three-point mutants condensed with EPYC1 (Fig. 4c, e
and f), but did not sediment with the dense phase when exposed to
EPYCI-Rubisco (Fig. 4d, e).

Therefore, the N-terminal domain of Rca interacts with both
EPYC1 and Rubisco. We produced a panel of fluorescent N-domain
fusion proteins (CrN61-mTagBFP2, abbreviated as CrN-BFP) harbour-
ing the wild-type N-domain and the three substitutions (Fig. 5a and
Supplementary Fig. 6a, b). The wild-type N-domain caused the fusion
protein to partition into the condensate, an attribute that was com-
pletely abolished by the three-point mutations (Fig. 5a). The micro-
scopy data indicated that these variants were in fact, depleted in the
dense phase. The partitioning property of the N-terminal fusion pro-
tein was similarly salt sensitive as Rca partitioning (Fig. 5b). Direct
binding of CrN-BFP to Rubisco could be detected by a Native-PAGE gel
shift assay, where CrN-BFP caused a concentration-dependent retar-
dation in electrophoretic migration (Fig. 5c). In contrast, the CrN-BFP
point mutants did not elicit this gel shift (Fig. 5d). Subsequent multiple
attempts to visualise the N-terminal domain bound to Rubisco by cryo-
electron microscopy have been unsuccessful thus far, possibly due to
high heterogeneity in the binding mode.

Finally, we used chloroplast transformation® to generate Chla-
mydomonas lines expressing chloroplastic CrN-mVenus and mVenus.
This procedure selects for homologous recombination of the expres-
sion vector with the plastome to restore photosynthetic function of a
psbH mutant and results in the isolation of markerless transformants
with gene expression driven by the psaA-exonl promoter®. mVenus
alone localised throughout the chloroplast stroma, but importantly
was excluded from the pyrenoid. In contrast, CrN-mVenus resulted in a
partial enrichment of the signal in the pyrenoid (Fig. 5e and Supple-
mentary Fig. 7). We also imaged lines generated earlier by the Jonikas
group where fluorescently tagged full-length pyrenoid components
EPYCI, RbcS and Rca were expressed following transformation of the
nuclear genome®, For these proteins, partitioning to the pyrenoid
appeared to be absolute (Fig. 5e and Supplementary Fig. 7). These
findings confirm that the N-terminal domain of Rca is sufficient to
convert mVenus into a pyrenoid client in vivo.

Discussion
In contrast to many other biomolecular condensates, the Rubiscon-
densates associated with pyrenoids and carboxysomes have a clearly
defined physiological function, which completely relies on the con-
centration of Rubisco active sites close to a source of the gas carbon
dioxide'. To achieve this goal, it is critical that space is used efficiently
and a highly selective compartment is established. Here, we use an
in vitro system to dissect the partitioning determinants of Rubisco’s
chaperone Rca and demonstrate that this property is specific and
easily perturbed.

In this phase-separated system we find that Rca forms multivalent
and salt-sensitive interactions with both of the two main components

of the pyrenoid, EPYCI and Rubisco. The interaction with Rubisco is
dominated by the previously discovered functional N-terminal inter-
action. This implies that the ancient pre-existing interaction between
Rca and Rubisco was co-opted here to ensure correct localisation of
the chaperone in the phase-separated compartment that houses its
substrate Rubisco. It will be interesting to see whether the recruitment
of pre-existing protein-protein interactions will be found to be a fre-
quently encountered feature of partitioning determinants for biomo-
lecular determinants.

The Rca localisation in our system is extremely fragile, and single
amino acid substitutions that eliminate Rca function also abolish par-
titioning. We do not currently understand the precise interaction
between the Rca N-terminal domain and Rubisco, but we hypothesise
that the mutations reduce binding. The loss of a single hydroxyl group
(e.g., in S19A) abolished both Rca function and partitioning, indicating
a critical contribution to the interaction likely by hydrogen bond for-
mation. The physiologically relevant phosphomimetic S19D has the
same effect, which would be expected to cause exclusion of the acti-
vase upon phosphorylation in vivo. It is therefore possible that the
lability of Rca partitioning is related to regulation by phosphorylation,
where the inactivated phosphorylated Rca®®*** is excluded from the
compartment.

For the Chlamydomonas pyrenoid, it has been shown that muta-
tion of a motif frequently found at the C-terminus of pyrenoid localised
proteins leads to stromal dispersion of the protein Crel0.g430350".
The motif is highly similar to the EPYC1 repeat region that has been
structurally validated to bind to the Rubisco small subunit’.

More generally, the exclusion of components from biomolecular
condensates following mutation has been reported for the stress
granule. Deletion of a 14-residue sequence from Ataxin-2 excludes the
protein from the compartment®. Similarly, a VI1A substitution in
G3BP1 disrupts an interaction with Caprin-1, reducing stress granule
assembly’.

We find that inclusion of Rca in the ternary condensate can lead to
enhanced viscosity and reduced component mobilities. The associated
change in material properties is anticipated to modify the functionality
of droplet components, complicating relevant analyses. The com-
plexity of the pyrenoid and combinatorial size of the associated
experimental space will therefore generate challenges. Along this line
of thought, it will also be important to initiate experiments utilising
more realistic stromal ionic compositions®. The detailed ionic com-
position of the Chlamydomonas pyrenoid or chloroplast stroma is not
known. Measurements of 64-223 mM K" in the algal chloroplast were
reported*®. Values reported for three plant species in a single study
ranged from 41-194 mM K, 41-72 mM Na* and 89-96 mM CI*°. These
cation values are higher than those used in our experiments, however,
their thermodynamic activities are expected to be lower in vivo com-
pared to in vitro due to association with proteins, membranes and
other cellular constituents*.

Overall, we posit that our study provides useful information on
the identity and nature of protein-protein interactions driving the
assembly of ternary Rubisco condensates. However, we recognise that
the findings also imply that a significant gap exists between our dro-
plets and the properties of the cellular compartment.
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e Sedimentation assays of the reactions shown in (d). f Densitometric quantification
of Rca sedimentation shown in (b), (e) and their technical replicates (n =3). Error
bars indicate the mean and s.d. of the percentage of activase pelleted. Source data
are provided as a Source Data file.
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Fig. 4 | Specific N-terminal domain residues dictate Rca partitioning to the
Rubiscondensate. a Scheme of Rca indicating the disordered N-terminal domain.
b N-terminal domain mutants are functional ATPases but are unable to activate
Rubisco. Error bars indicate S.D. of three independent experiments (n=3).

¢ Sedimentation assay of binary condensates. d Sedimentation assay of ternary
condensates. The tested variants do not partition to the dense phase.
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e Quantification of sedimentation assays shown in (c) and (d) comparing binary and
ternary condensates. Error bars represent the mean and S.D. from three different
experiments (n=3). f Micrographs of condensates formed using EPYC1 and the
N-terminal domain mutants. Scale bars: 10 um. Reactions include 0.3 uM EPYC1-
GFP. The experiment was performed once (n=1). Source data are provided as a
Source Data file.

The interaction of Rca with EPYCI is less specific than that with
Rubisco, and the relevant Rca point mutants are still able to form
binary condensates. This property is likely related to the intrinsic dis-
order of EPYCI, enabling fuzzy binding*. However, in the presence of
Rubisco, the enzyme outcompeted and excluded those Rca proteins
that do not effectively interact with the carboxylase. We consider the
interaction between Rca and Rubisco to be site-specific, and the
interaction between EPYC1 and Rca to be chemically specific (involving
the interaction between two intrinsically disordered proteins)™*. Both
interactions contribute to the final condensate, but the site-specific
interaction is clearly dominant.

Our findings suggest that the in vitro pyrenoidal Rubiscondensate
is a highly discriminatory compartment, which will not readily accept
“contamination” by non-cognate proteins such as BFP. In addition, the
stoichiometry of condensate components modulates the properties of
the dense phase. It will be fascinating to study whether this specificity
extends to the partitioning of small molecules' such as the multiple
small ions (such as RuBP and ATP) that are critical to Calvin cycle
function. In translational projects that aim to transplant the pyrenoid
into land plants*>** it may be useful to evaluate the basis of partitioning
and possibly engineer more robust localisation for critical
components.
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Methods Chlamydomonas reinhardtii strain CC-2677 (Chlamydomonas

Strains and growth conditions

Amplification of plasmids constructed in this study was performed in
E. coli DH5a (Thermo Fisher Scientific). Selected clones were culti-
vated in LB liquid media with the appropriate antibiotics at 37 °C and
grown overnight. E. coli BL21 (DE3, Sigma-Aldrich) cells were used for
recombinant production of the proteins used in this study.

resource centre) was used to produce Rubisco in this study, cultured in
Sueoka’s high-salt medium under airlift conditions at ambient
temperature.

C. reinhardtii strain CC-5168 was used for chloroplast transfor-
mation experiments®. CC-5168 were maintained on Tris-acetate
phosphate (TAP) plates under dim light (5-10 pE/m?/s) at 23 °C.
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Fig. 5| The Rca N-terminal domain is sufficient to target a foreign protein to the
Rubiscondensate. a Fusing the 61 residue N-terminal domain to mTagBFP2
enables partitioning to the EPYC1-Rubisco condensates. Functional point mutants
abolish partitioning. Representative data of 2 independent experiments are shown
(n=2). b Partitioning is salt sensitive. Reactions contain 0.3 uM EPYC1-GFP and
0.2 uM Atto 594-labelled Rubisco. Scalebars, 10 pm. The experiment was performed
once (n=1). ¢ The interaction causes a concentration-dependent gel shift of
Rubisco as assessed by Native-PAGE. The experiment was performed four times

independently, but using different protein concentrations (n=4). d The gel shift is
eliminated by amino acid substitutions. The experiment was performed once
(n=1). e CrN-mVenus localises to the pyrenoid, whereas mVenus alone is excluded
in plastome edited Chlamydomonas strains. A strain expressing Rca-mVenus is used
as a positive control. Micrographs were captured thrice for CrN-mVenus (n=3),
twice for mVenus untagged (n =2) and once for Rcal-mVenus (n =1). Scale bars:

5 um. Source data are provided as a Source Data file.

Liquid cultures of CC-5168 were grown in conical flasks with TAP media
with 100 pg/mL Spectinomycin at 23 °C, 120 rpm at 10 pE/m?/s.

CC-5359 (expressing EPYC1-mVenus), CC-5357 (expressing RbcS1-
mVenus) and CC-5358 (expressing Rca-mVenus)® were obtained from
the Chlamydomonas resource centre.

Chloroplast transformation

Chloroplast transformation involved agitating an algal/DNA suspen-
sion with glass beads of 400-625 pm diameter**. CC-5168 was grown in
a 400 mL TAP media with 100 pg/mL Spectinomycin, with the above-
mentioned growth conditions, to early log phase (approx. 2 x 10° cells/
ml). The culture was concentrated by centrifugation and resuspended
in TAP media to a concentration of ~ 2 x 10° cells/mL (approx. 4 mL).
300 uL of cells were added to a sterilised 5mL test tube containing
0.3 g of sterile glass beads. Circular plasmid DNA of 2.57 pmol (-10 -
12 ug) was added to the mixture and agitated vigorously at the max-
imum speed of a Vortex Genie Il for 30 sec. 3.5 mL of 0.5% (w/v) molten
agar (42 °C) was added to the tube and quickly poured onto HSM agar
plates for selection of psbH rescue mutants. The plates were incubated
at 23°C in dim light (-2 pE/m?%/s) overnight, then transferred to a
moderate light (-50 pE/m?%/s) the next day. Transformant colonies
were picked after 2-3 weeks, and total genomic DNA was extracted
from a small loopful of cells using the Chelex 100 method®. PCR
amplification using a three-primer method® confirmed the integration
of the foreign gene into the chloroplast genome.

Plasmids
Supplementary Data 1 shows the plasmids used in this study and the
amino acid sequence of proteins produced and used. Supplementary
Data 2 details the primers used.

pRSFDuet CrRca was generated by first amplifying the CrRca gene
by PCR from C. reinhardtii CC-2677 cDNA and cloning it into the
pGemT vector (Promega) (primers 1 and 2). Then, a follow-up PCR
amplified CrRca with Sacll and Hindlll restriction sites for cloning into
pHUE vector*® (primers 3 and 4). A separate PCR reaction was used on
the pRSFDuet vector encoding an unrelated gene to clone its back-
bone with EcoRI and Hindlll restriction sites (primers 5 and 6).
Thereafter, to generate pRSFDuet CrRca, PCR was utilised to amplify
the CrRca gene along with its 5 UTR elements while introducing EcoRI
and Hindlll restriction sites, the amplicon cloned into the pGemT
vector (primers 7 and 8). Thereafter, restriction digestion using EcoRI
and Hindlll of this construct and the above prepared pRSFDuet back-
bone enabled the construction of pRSFDuet CrRca. Plasmids encoding
CrRca N-domain mutations are all derived from pRSFDuet CrRca using
primers as described in Supplementary Dataset 2.

pRSFDuet CrRca-mTagBFP2 (protein name shortened to CrRca-
BFP in text) was also derived from pRSFDuet CrRca, where a PCR
reaction was used to remove the stop codon and introduce BamHI and
Pstl restriction sites (primers 9 and 10). Then, the mTagBFP2 gene was
amplified from pUC57 Kan mTagBFP2 using PCR, which also intro-
duced BamHI and Pstl restriction sites (primers 11 and 12) for insertion
into pGemT. Restriction digestion using BamHI and Pstl of these two
plasmids enabled the assembly of pRSFDuet CrRca-mTagBFP2. This
plasmid served as the template for further cloning to yield pRSFDuet
mTagBFP2 (protein name shortened to BFP in text), pRSFDuet

CrRcaN61-mTagBFP2 (protein name shortened to CrN-BFP in text) and
its point mutants.

A codon optimised ORF (using codon usage optimiser, Saul Pur-
ton laboratory website, UCL) encoding residues 1-61 of CrRca fused to
mVenus was synthesised by Genscript and inserted into pSRSapl*
using Sapl and Sphl to give pSRSapl CrNmVenus to transform the
Chlamydomonas chloroplast. pSRSapl mVenus was constructed in an
analogous fashion.

Protein expression and purification

Protein purification was conducted using appropriate chromato-
graphy columns that are connected to an AKTA purifier system
(Cytiva). Protein concentrations were calculated using extinction
coefficients obtained using the EXPASy-ProtParam tool*’” from absor-
bance values at 280 nm as measured using a NanoDrop One (Thermo
Fischer Scientific) instrument.

All mutants of CrRca used in this study (AN61, W9A, S19A, S19D)
were expressed with an N-terminal His¢-Ub tag and were co-expressed
with E. coli chaperonin-encoding pBADESL*® in E. coli strain BL21 (DE3)
cells. Cells were grown in LB media supplemented with 30 mg/L
kanamycin (for selection of CrRca encoding plasmids and its variants)
and 34 mg/L chloramphenicol for (for selection of pBADESL) at 37 °C
with shaking at 200 rpm. Upon reaching the desired confluency, the
culture was cooled and maintained at 23 °C for 1 hour before inducing
chaperonin overexpression using 0.2% (w/v) L-arabinose. After 1h,
CrRca production was induced using 0.5 mM IPTG overnight. Cell lysis
was conducted in Mg-ATP lysis buffer (50 mM Tris-HCI, pH 8, 50 mM
NaCl, 10 mM imidazole, 10% (v/v) glycerol, 10 mM MgCl,, 1 mM ATP) in
the presence of 1mM PMSF using ultrasonication after a lysozyme
(0.3 mg lysozyme/mL of suspension) pretreatment on ice for 30 min.
The soluble fraction was retained and loaded onto an IMAC column
(HisTrap™ HP 5 mL, GE Healthcare) and washed using Mg-ATP HisTrap
Buffer (20 mM Tris-HCI pH 8, 50 mM NaCl, 10 mM imidazole, 10% (v/v)
glycerol, 10 mM MgCl,, 1 mM ATP) with bound protein eluted using an
imidazole gradient. The N-terminal Hisg-ubiquitin moiety was
cleaved”’ before subjecting CrRca to size-exclusion chromatography
(Superdex 200 16/600, GE Healthcare) in 20 mM Tris-Cl, pH 8, 50 mM
NaCl, and 10% (v/v) glycerol. Aliquots were then made of the pooled
enriched CrRca, flash frozen and stored at —80 °C. Prior to experi-
ments, these aliquots were thawed and concentrated for use. All CrRca
mutants were purified using the same protocol. All CrN-BFP variations
were also purified using this protocol with the omission of 10 mM
MgCl, and 1 mM ATP during cell lysis and IMAC.

pRSFDuet CrRca-mTagBFP2 (shortened to CrRca-BFP in text) was
co-expressed with Arabidopsis thaliana chloroplast chaperonins as
encoded by pAtC60af/C20%°, with induction solely by 0.5 mM IPTG
for 18 hours at 23 °C. For its purification, an equal mass of cell pellets
(CrRca-BFP co-expressed with pAtC60af3/C20, and CrRca co-
expressed with pBADESL) was mixed before lysis. The purification of
CrRca-BFP then proceeds using the same protocol as utilised for the
purification of CrRca and its mutants.

Rubisco activase from plants used in this study (OsRcaf3, AthRcap,
AtRcaf3, and NtRca) were cloned into the pHUE vector and expressed in
E. coli BL21 (DE3) cells before purification using IMAC, anion exchange,
and size exclusion chromatography as described previously*>**, All
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other Rubisco activases (RsCbbX, HnQO, and AfQ202) and mTagBFP2
were also purified in the same way** .

EPYC1 was purified as described in Wunder, et al."® with the fol-
lowing deviation: after cleavage of the Hise-ubiquitin moiety, in place
of dialysis, the material was subjected to a desalting column before the
second exposure to IMAC. EPYC1-eGFP was purified through enrich-
ment by IMAC without further processing'®. Rubisco was purified from
C. reinhardtii cells (CDC-2677) through ion-exchange chromatography
and size-exclusion chromatography as described in Wunder, et al.”®.

Atto 594 labelling of Rubisco

Primary amines of Rubisco were labelled using Atto 594 NHS Ester
(Atto 594 Protein Labelling Kit, Sigma-Aldrich, #68616) following the
manufacturer’s instructions. To polish the labelled protein, the label-
led material was applied to an analytical size exclusion chromato-
graphy column (Superdex 200 increase 3.2/30 GL; Cytiva) that has
been equilibrated with storage buffer (20 mM Tris-HCI, pH 8, 50 mM
NaCl, 5% (v/v) Glycerol). Rubisco-containing fractions were con-
centrated, flash frozen and stored at —80°C. When quantified
according to the manufacturer’s instructions, each CrRubisco
holoenzyme was labelled with approximately two to three Atto 594
molecules.

Dylight 405 labelling of Activases

Primary amines of Activases were labelled using Dylight 405 NHS Ester
(DyLight 405 Antibody Labeling kit, Thermo Scientific, #53020) fol-
lowing the manufacturer’s instructions. To polish the labelled protein,
the labelled material was applied to an analytical size exclusion chro-
matography column (Superdex 200 increase 3.2/30 GL; Cytiva) that
has been equilibrated with storage buffer (20 mM Tris-HCI, pH 8,
50 mM NaCl, 5% (v/v) Glycerol). Activase-containing fractions were
concentrated, flash frozen and stored at —80°C. When quantified
according to the manufacturer’s instructions, each activase complex
was labelled with approximately two to eight Dylight 405 molecules.

Enzymatic assays

All assays were performed at 25 °C with a UV-1800 spectrophotometer
and its associated UV probe v2.43 software (Shimadzu). ATPase
activity of CrRca and its mutants was measured with 5 UM Rca proto-
mer using a coupled enzymatic assay where ATP hydrolysis is coupled
to the oxidation of NADH, monitored spectrophotometrically at
340 nm*¥°'"3, Rubisco activity and Rubisco activase activity assays
were measured using a coupled enzyme spectrophotometric assay as
previously described®****, ECM holoenzyme was prepared by incu-
bating CrRubisco apoenzyme (8 pM active sites) in 20 mM Tris-HCI, pH
8, 50mM NaCl, 20mM MgCl,, and 20 mM NaHCO; at 25°C for
15 minutes. RuBP-inhibited Rubisco (ER) was obtained by first incu-
bating Rubisco apoenzyme (8 puM active sites) in 20 mM Tris-HCI, pH 8,
50 mM NaCl, and 4 mM EDTA at 25 °C for 10 min before the addition of
1 mM RuBP for a further incubation at 25 °C for another 15 min. Assay
reactions were prepared to a final volume of 100 pL, and contained
100 mM Tricine-NaOH pH 8, 10 mM MgCl,, 20 mM NaHCO;, 1mM
DTT, 1mM ATP, 1 mM RuBP, 0.2 mM NADH, 10 mM phosphocreatine,
and coupling enzymes (including creatine phosphokinase for ATP-
regeneration). The number of measurements reported refers to mul-
tiple measurements performed on the same sample.

Epifluorescence microscopy

Condensates and samples were prepared as 6 or 10 pL volume reac-
tions, with 5pL placed on a Nikon Inverted Ti microscope. Micro-
graphs were recorded wusing the associated MetaMorph
v7.8.10.0 software. Differential Interference Contrast (DIC) images
were captured using DIC filter settings, GFP was detected using FITC
filter settings, Atto 594 was detected initially using CyS5 filter settings
(images in Fig. 1B) but subsequently detected using mCherry filter

settings, and mTagBFP2 (BFP) and Dylight 405 was detected using
DAPI filter settings. Image cropping, background subtraction, and
merging were performed in Fiji®.

Laser scanning confocal microscopy

Laser scanning confocal microscopy was conducted on an LSM 710
microscope (Zeiss) and its associated ZEN 2.3 (black) software. Sam-
ples were prepared to a final volume of 10 pL, with an incubation time
of 1 min at 25 °C after EPYCI addition. Imaging was performed with the
following parameters: excitation laser of 488 nm at 2.5% intensity,
pinhole set to 0.47 airy units. Laser power and master gain were
adjusted such that the fluorescence intensity of 50 M mEGFP was
within the linear range of the detector. Images of mEGFP at each
concentration were captured as 10 Z-stack slices at intervals of 0.26
pm. Three independent preparations of each mEGFP concentration
was prepared, imaged, and averaged using the Fiji image processing
software package to construct the standard curve. With these values,
the graph for fluorescence intensity against mEGFP concentration was
plotted and fitted as a linear function y =ax+ b.

EPYC1-CrRubisco condensates were prepared as 10 pL samples in
20 mM Tris-HCI, pH 8, 50 mM NaCl, with 5 pL loaded for imaging. After
allowing 1 min for condensates to settle, these samples were imaged as
Z-stacks with each slice imaged at intervals of 0.26 um, from below the
glass slide till they fully cover the height of the condensates. Image
acquisition was performed in the same way for three independent
samples. Fiji imaging processing software was used to process these
images. A region of interest was drawn on individual droplets, and the
slice with maximum fluorescence intensity was retrieved and quanti-
fied using the multi-measure mode to estimate the Cgense Of EPYCL. The
Ciighe Of EPYCI was obtained by shifting the region of interest to the
dilute phase, where its fluorescence intensity was selected from the
last three slices in each sample.

The Cgense Of Rubisco was estimated using an indirect approach.
Sedimentation and densitometry data were used to calculate the mass
of EPYC1 and Rubisco in pellet fractions. The Cgense of EPYC1 was then
used to derive a volume fraction to the dense phase permitting a Cyense
for Rubisco to be calculated.

Super-resolution laser-scanning microscopy (LSM)

All images of Chlamydomonas cells were recorded on a Zeiss LSM980
confocal microscope with Airyscan 2 module, using a 100 x, 1.46
numerical aperture (NA) Plan-Apochromat oil-immersion lens (Carl
Zeiss) operated with ZEN 3.4(blue) software. Microscopy samples were
prepared by dropping a 10-13uL culture volume on a 22 x22 mm
coverslip and overlaying another coverslip on top. For imaging,
639 nm for chlorophyll autofluorescence (2% laser power) and 488 nm
for EGFP fluorescence (5% laser power) were used. Brightfield images
were acquired at 488nm using the T-PMT setting. Images were
acquired at 2.5x zoom to decrease acquisition time. The Airyscan
detector (gain: 700 V) was used for image acquisition in frame mode
with a final image size of 42.43 um x 42.43 um. Data analysis was per-
formed with ZEN 3.3 (blue) software.

Fluorescence recovery after photobleaching (FRAP)

FRAP experiments conducted on condensates were conducted on a
Nikon Inverted Ti2 confocal microscope equipped with a 1.46 NA
x100 oil immersion lens at room temperature. Micrographs were
recorded using the associated MetaMorph 7.10.4.407 software.
Samples were prepared with a final volume of 10 pL with one labelled
component at a time. The order of addition of proteins, which is
consistent in all experiments performed was as follows: (1) CrRca (2)
CrRubisco (3) EPYCL. After allowing 1minute for condensates to
settle, FRAP was conducted in the fluorescence channel of interest.
Laser wavelength at 405 nm was used to image (75% power, 1000 ms
exposure time) and bleach (70% power for 80 iterations) CrRca-
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mTagBFP2. In samples formed with 7.5puM CrRca, 5 uM EPYC1, and
20 uM CrRubisco, due to the difference in CrRca recruited into the
condensates, bleaching was performed at 30% power for 80 itera-
tions. Laser wavelength at 488 nm was used to image (20% power,
250 ms exposure time) and bleach (70% power for 50 iterations)
EPYC1-mEGFP. Laser wavelength at 640 nm was used to image (100%
power, 500 ms exposure time) and bleach (100% power for 80
iterations) Atto 594-labelled CrRubisco. Condensates were imaged
for 2 seconds at 500 ms intervals prior to bleaching. After bleaching,
images were captured every 1s over 1 min to monitor for recovery of
fluorescence intensity. Fiji v1.5.4 was used to process images. The
number of bleaching events reported refers to different droplets
bleached on 1-4 different samples.

Droplet sedimentation assays

Condensates were generated in 10 pL reactions for 2 min at room
temperature (final buffer condition: 20 mM Tris-HCI, pH 8, and 50 mM
NaCl) and dense and light phases were separated by centrifugation for
10 min at 21,100 x g at 20 °C. Following SDS-PAGE and Coomassie
staining, the intensity of protein bands obtained in the pellet (droplet)
and supernatant (bulk solution) was quantified using a number of
methods. Gels in Supplementary Fig. S1 were scanned using a GS-
800TM Calibrated Densitometer (Bio Rad) and analysed using Quan-
tity One v4.6.8 (Bio-Rad). Two sets of data for Fig. 4C were imaged
using a ChemiDoc system (Bio-Rad) and analysed on ImageLab 6.1 (Bio-
Rad), and one set was generated using a desk scanner and analysed
using Fiji v.1.54f. Using Quantity One and ImagelLab, lanes to be
quantified were manually framed for semi-automatic detection of
protein bands. Background subtraction was performed via the lane-
based rolling disk setting. The band volumes (average OD of the band
times its area, INT x mm?) of the protein of interest were then deter-
mined. The proportion of a given protein sedimented in the experi-
ment was obtained by dividing the volume of the protein in the pellet
fraction with the sum of the volumes of the protein in the supernatant
and pellet fraction. For CrRubisco, the Rubisco large subunit band was
quantified.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data acquired and analysed during this study are available at the
NTU Research Data Repository under https://doi.org/10.21979/N9/
EYYRYQ [https://doi.org/10.21979/N9/EYYRYQ]. Unless otherwise sta-
ted, all data supporting the results of this study can be found in the
article, supplementary, and source data files. Source data are provided
in this paper.
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