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B I O C H E M I S T R Y

Assembly of the algal CO2-fixing organelle, 
the pyrenoid, is guided by a Rubisco-binding motif
Moritz T. Meyer1, Alan K. Itakura2,3, Weronika Patena1, Lianyong Wang1, Shan He1,  
Tom Emrich-Mills4*, Chun S. Lau4, Gary Yates4, Luke C. M. Mackinder4, Martin C. Jonikas1†

Approximately one-third of the Earth’s photosynthetic CO2 assimilation occurs in a pyrenoid, an organelle con-
taining the CO2-fixing enzyme Rubisco. How constituent proteins are recruited to the pyrenoid and how the 
organelle’s subcompartments—membrane tubules, a surrounding phase-separated Rubisco matrix, and a pe-
ripheral starch sheath—are held together is unknown. Using the model alga Chlamydomonas reinhardtii, we 
found that pyrenoid proteins share a sequence motif. We show that the motif is necessary and sufficient to target 
proteins to the pyrenoid and that the motif binds to Rubisco, suggesting a mechanism for targeting. The presence 
of the Rubisco-binding motif on proteins that localize to the tubules and on proteins that localize to the matrix–
starch sheath interface suggests that the motif holds the pyrenoid’s three subcompartments together. Our findings 
advance our understanding of pyrenoid biogenesis and illustrate how a single protein motif can underlie the 
architecture of a complex multilayered phase-separated organelle.

INTRODUCTION
CO2 is the source of carbon for nearly the entire biosphere (1, 2), but its 
availability is limited in many environments. To overcome this limita-
tion, many photosynthetic organisms use energy to locally concentrate 
CO2 around the CO2-assimilating enzyme Rubisco (3–6). In eukaryotic 
algae, which perform a major fraction of primary production in the oceans 
(7), concentrated CO2 is supplied to Rubisco inside a microcom-
partment, the pyrenoid (8). The pyrenoid consists of a spheroidal 
protein matrix containing Rubisco, which in nearly all algae is tra-
versed by membranous tubules through which CO2 is delivered (9, 10). 
In green algae, the Rubisco matrix is additionally surrounded by a starch 
sheath (11) that limits CO2 leakage out of the pyrenoid (Fig. 1A) (12).

In the model green alga Chlamydomonas reinhardtii (Chlamydo-
monas hereafter), two proteins are known to play central roles in 
pyrenoid assembly, EPYC1 (13) and SAGA1 (Fig. 1B) (14). EPYC1 
is a ~35-kDa intrinsically disordered protein that phase-separates 
with Rubisco to form the pyrenoid matrix (13, 15, 16). SAGA1 is 
a ~180-kDa protein with a starch-binding domain that localizes to 
the periphery of the matrix and is required for normal pyrenoid 
morphology, although the underlying molecular mechanism is unknown 
(14). Here, we present how a SAGA1 antibody led us to discover that 
pyrenoid-localized proteins share a common Rubisco-binding protein 
sequence motif, revealing a mechanism by which proteins are tar-
geted to the pyrenoid and allowing us to propose a model for how 
the pyrenoid’s three subcompartments are connected to each other.

RESULTS
An anti-SAGA1 antibody recognizes multiple pyrenoid 
proteome proteins
In an effort to immunoprecipitate SAGA1-interacting proteins, we 
incubated a polyclonal SAGA1 antibody with clarified cell lysates 

from wild-type cells (Fig. 1C and fig. S1). In addition to SAGA1, the 
antibody precipitated multiple proteins found in the pyrenoid pro-
teome (17), suggesting at first that those proteins may interact with 
SAGA1. The precipitated proteins included EPYC1, SAGA2, RBMP1, 
RBMP2, and CSP41A (Fig. 1, D and E, and table S1). The protein we 
named SAGA2 (Cre09.g394621) is 30% identical to SAGA1 (Cre11.
g467712) and, like SAGA1, has a predicted starch-binding domain 
(fig. S2, A to C). The proteins we named Rubisco-binding mem-
brane proteins RBMP1 (Cre06.g261750) and RBMP2 (Cre09.g416850) 
have predicted transmembrane domains and were previously found 
to bind to Rubisco (fig. S2, D to G) (18). CSP41A (Cre10.g440050) 
is a predicted chloroplast epimerase (fig. S2H) (19).

We found that the precipitation of these pyrenoid proteome 
proteins was not mediated by SAGA1 but rather that the proteins 
were directly bound by the SAGA1 antibody. Three lines of evi-
dence supported this conclusion. First, the same proteins were im-
munoprecipitated from a saga1 mutant lysate (Fig. 1, D and E, and 
table S1). Second, the predicted molecular weights of EPYC1, 
SAGA2, RBMP1, and CSP41A showed remarkable agreement with 
the multiple polypeptides recognized by the same SAGA1 antibody 
in immunoblots (Fig.  1F; please see Materials and Methods for a 
potential explanation of why other proteins, including RBMP2, 
were apparently not detected in these immunoblots) (14). Third, 
the ~35-kDa band was absent in anti-SAGA1 immunoblots of epyc1 
mutant cell extracts, strongly suggesting that EPYC1 was directly 
recognized by the SAGA1 antibody (Fig. 1F). This putative EPYC1 
band showed an apparent upward shift and decreased signal in the 
saga1 mutant, which could be due to a change in the expression 
and/or posttranslational modification of EPYC1 in the absence of 
SAGA1. The apparent direct binding of our SAGA1 antibody to 
these pyrenoid proteins led us to hypothesize that the antibody rec-
ognizes a common sequence present on all six proteins, raising 
questions about the nature and function of this sequence.

SAGA1, SAGA2, RBMP1, RBMP2, EPYC1, and CSP41A share 
a common protein motif
To identify potential sequences in the proteins that our antibody 
could bind, we searched their sequences for similarity to the 19 
C-terminal amino acids of SAGA1, against which our antibody had 
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been raised (14). Sequence alignment revealed that all six proteins 
contain a common motif, with sequence [D/N]W[R/K]XX[L/I/V/A], 
present at their exact C termini (Fig. 2, A and B).

We identified an additional 14 variants of this motif at internal 
positions across all six proteins (Fig. 2, A and B). Most internal 
occurrences of the motif are immediately followed by an aspartic 
acid (D) or a glutamic acid (E), both of which contain a carboxyl 
group. This observation suggests that when the motif is found at the 
C terminus of the protein, the C-terminal carboxyl group of the 
protein is functionally important, and when the motif is found in-
ternally in the protein, this functionality is provided by the carboxyl 
group of the D or E side chains that follow the motif.

Further inspection of internal and C-terminal motifs revealed 
additional characteristics. One of the motif’s X residues is usually a 
D/E. In most instances of the motif, a proline is found two or three 
positions upstream of the tryptophan, and one or more positively 
charged residues (R or K) are found six to eight positions before the 
tryptophan (Fig. 2B). In summary, all six of the pyrenoid proteins 
share multiple copies of a common motif, which appears to have 
been recognized by our SAGA1 antibody.

The motif is necessary and sufficient for targeting a protein 
to the pyrenoid
The prevalence of a common motif among pyrenoid proteome pro-
teins led us to hypothesize that this motif mediates targeting of pro-
teins to the pyrenoid. To test this hypothesis, we evaluated the 
impact of disrupting the motif in a pyrenoid-localized protein. We 

selected Cre10.g430350, an uncharacterized protein present in the 
pyrenoid proteome (17), which contains a single internal copy of 
the motif. We validated this protein’s pyrenoid localization by ex-
pressing a fluorescently tagged wild-type protein (Fig. 2C and fig. 
S3A). Disruption of this fluorescently tagged protein’s motif by mu-
tating WR to AA caused the protein to localize homogeneously 
throughout the chloroplast (Fig. 2D and fig. S3B), indicating that 
the motif is necessary for targeting this protein to the pyrenoid.

To determine whether the motif is sufficient for targeting a pro-
tein to the pyrenoid, we added the motif to ferredoxin 1 (FDX1; 
Cre14.g626700), a small soluble protein that natively localizes 
throughout the chloroplast stroma. To increase the chances of ob-
serving the motif’s effect, we chose to add three tandem copies of 
the motif to FDX1. Addition of the motifs relocalized fluorescently 
tagged FDX1 exclusively to the pyrenoid matrix (Fig.  2E and 
fig. S4, A and B). We obtained a similar result with another 
chloroplast protein (fig. S4, C and E). These results demon-
strate that the motif is sufficient to localize a chloroplast protein 
to the pyrenoid matrix.

The motif binds to Rubisco
Two observations led us to hypothesize that proteins bearing the 
motif are recruited to the pyrenoid via binding to Rubisco. First, the 
motif is present in each of the regions that were found to mediate 
EPYC1’s binding to Rubisco in yeast two-hybrid experiments (20) 
and as short peptides in  vitro (21). Second, the other five motif-
containing proteins were also previously found to bind to Rubisco: 

A B C

D E F

Fig. 1. A polyclonal antibody raised against the pyrenoid protein SAGA1 interacts with at least five other pyrenoid proteins. (A) Electron micrograph of a median 
plane section through an air-acclimated Chlamydomonas cell. N, nucleus; C, chloroplast; P, pyrenoid; M, Rubisco matrix; T, tubules; S, starch sheath. Scale bar, 1 m. 
(B) Two proteins, the Rubisco linker EPYC1 and the starch sheath–binding protein SAGA1, have been previously characterized and localized to the pyrenoid. (C) An anti-
SAGA1 antibody was incubated with cell lysate in an effort to coimmunoprecipitate proteins that bind to SAGA1. (D) Coomassie-stained SDS-PAGE of proteins immuno-
precipitated by the anti-SAGA1 antibody from wild-type (WT) and saga1 mutant lysates. Immunoprecipitated proteins were eluted from anti-SAGA1 antibodies on beads 
by boiling; beads not incubated with lysate were also boiled for reference. Asterisks show heavy and light immunoglobulin chains. (E) Proteins immunoprecipitated by 
the SAGA1 antibody from wild type and saga1 were identified by mass spectrometry. Raw spectral counts are plotted on a log scale. (F) Anti-SAGA1 Western blot on 
denatured protein extracted from wild type, saga1, and epyc1.
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Fig. 2. A motif found on pyrenoid proteins is necessary and sufficient for targeting proteins to the pyrenoid. (A) The location of motifs along the primary sequence 
of each protein is shown (not to scale). The SAGA proteins each have a predicted starch-binding domain. The RBMP proteins each have predicted transmembrane do-
mains (see fig. S2). (B) Sequence alignment of protein regions containing the pyrenoid motif. Motif residues are colored by physicochemical properties. Intensity of col-
oring is proportional to frequency at a given amino acid position. Peptides with the sequences shown in (B) were synthesized, and their binding to Rubisco was measured 
by surface plasmon resonance and peptide tiling array (see Fig. 3). (C) The localization of poorly characterized protein Cre10.g430350 was determined by tagging with the 
fluorescent protein Venus. (D) The localization of the same protein was determined after mutation of the central tryptophan-arginine dipeptide of the motif to a double 
alanine. (E) Localization of Venus-tagged FDX1 protein without and with the C-terminal addition of three copies of the C-terminal SAGA2 motif. Localization in (C) to (E) 
was determined by transforming the corresponding constructs into wild-type Chlamydomonas. Scale bar, 2 m.
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SAGA1 by yeast two-hybrid (14), and SAGA2, RBMP1, RBMP2, 
and CSP41A by affinity purification–mass spectrometry (18).

To determine whether each variant of the motif can bind to 
Rubisco, we used surface plasmon resonance to measure the bind-
ing of synthetic peptides to Rubisco. With this method, 14 of 20 
peptides representing motif variants had a higher affinity to Rubisco 
than peptides with random sequences. Peptides with C-terminal 
motifs systematically showed higher affinity to Rubisco than peptides 
with internal motifs (Fig. 3A). Rubisco bound to all predicted inter-
nal motif sites when we incubated purified Rubisco with arrays of 
peptides tiling across the full-length proteins (Fig. 3, B and C, and 
fig. S5, A to D; C-terminal sites could not be assayed by this method). 
These results indicate that all variants of the motif (Fig. 2B) bind to 
Rubisco in vitro in at least one of our assays. Binding of the proteins 
to the SAGA1 antibody in the immunoprecipitation experiment 
(Fig. 1, C and D) suggests that at least one motif on each protein is 
accessible for Rubisco binding when the proteins adopt their native 
folding in vivo.

In a parallel study (21), we determined where the motif binds on 
Rubisco. In that study, as part of an effort to understand how EPYC1 clus-
ters Rubisco to form the pyrenoid matrix, we obtained a cryo–electron 
microscopy structure of Rubisco bound to a peptide from EPYC1. A 
Rubisco-binding motif is present at positions N62W63R64Q65E66L67E68 
on this EPYC1 peptide and plays a central role in the binding inter-
face. One EPYC1 peptide binds to each of the eight Rubisco small 
subunits of the Rubisco holoenzyme. The motif-containing portion 
of the peptide adopts an  helix that binds to the Rubisco surface. 
R64 of the peptide, corresponding to the [R/K] of the motif, forms a 
salt bridge with a glutamic acid of the Rubisco small subunit. In 
addition, W63 and L67 of the peptide, corresponding to the W and 
[L/I/V/A] of the motif, respectively, contribute to a hydrophobic 
interaction with three hydrophobic residues of the Rubisco small 
subunit. The central role of the motif residues in the binding in-
terface strongly suggests that all instances of the motif studied 
here bind to Rubisco using the same mechanism.

The motif is present in proteins other than the ones 
we studied here
We identified putative instances of the motif in the Chlamydomonas 
proteome using a simple scoring scheme (table S2; Materials and 
Methods). Motif scores ranged from 0 (for only a WR or WK dipep-

tide) to 6 (for sequences that share all canonical features of the 
motif). High motif scores were modestly enriched among pyrenoid 
proteome proteins relative to other proteins in the chloroplast pro-
teome (P = 0.047; fig. S6). Twenty-two of 191 pyrenoid proteome 
proteins have at least one putative motif with a score of 3 or greater, 
and 100 of these proteins have at least a WR or WK dipeptide. We 
hypothesize that some of the pyrenoid-localized proteins that do 
not contain the motif are targeted to the pyrenoid by binding to a 
motif-containing protein. Some chloroplast proteome proteins that 
have a putative motif do not localize to the pyrenoid: At least one 
motif with a score of 3 or greater is present in 52 of 735 chloroplast 
proteins that are not in the pyrenoid proteome. One potential 
explanation for this observation is that to mediate targeting to the 
pyrenoid, a motif must not only be present in the protein sequence 
but also be accessible on the surface of the folded protein for inter-
action with Rubisco. Motifs that are present in the internal folds of 
a protein would not be expected to affect protein localization. We 
found that the motifs of pyrenoid proteome proteins are more fre-
quently situated in predicted disordered regions, compared with 
the motifs of chloroplast proteins that are not found in the pyrenoid 
proteome (Welch’s t test P = 0.007; fig. S7), supporting the idea that 
motif accessibility is important for pyrenoid targeting.

Together, our findings suggest a mechanism for targeting pro-
teins to the pyrenoid, involving the presence of a common motif 
that recruits its protein to the pyrenoid via direct binding interac-
tions with Rubisco. It is possible that the mechanism operates via 
random diffusion of the motif-bearing protein through the chloro-
plast, followed by capture of the motif by Rubisco when the protein 
encounters the pyrenoid matrix.

The motif appears to mediate binding between 
the pyrenoid’s three subcompartments
Beyond providing a mechanism for targeting proteins to the pyrenoid 
matrix, the motif appears to play a role at the interfaces of the 
pyrenoid’s three subcompartments. Although Rubisco and EPYC1 
are localized in the matrix (Fig. 4A and fig. S8, A and B), we ob-
served that some motif-containing proteins localize to pyrenoid 
regions other than the matrix. Fluorescently tagged RBMP1 and 
RBMP2 localized to the tubules (Fig.  4A and fig. S8, C and D). 
SAGA1 (14) and SAGA2 localized to the interface between the 
Rubisco matrix and the starch sheath (Fig. 4A and fig. S8, E and F).

A B C

Fig. 3. The motif binds to Rubisco. (A) Peptides containing motifs from the indicated proteins were synthesized, and their binding to Rubisco was measured by surface 
plasmon resonance (SPR). A.U., arbitrary units. Two peptides not containing the motif were included as controls (Ctrl). Each dot shows the binding response of an inde-
pendent replica. Negative values (when the experimental binding signal was lower than that of the reference cell) are not plotted. The positions of the predicted motifs 
are indicated below the graph (not to scale). Significance levels of increased binding relative to control peptides were determined using Welch’s t test. *P < 0.05 and 
**P < 0.01. (B and C) Arrays of 18–amino acid peptides tiling across the sequences of SAGA2 (B) and RBMP2 (C) were synthesized and probed with Rubisco. The binding 
signal in (B) and (C) is normalized to a control EPYC1 peptide known to bind to Rubisco (one unit of binding) (21). The positions of motifs are indicated below each 
graph (to scale).
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These observations together with previous work (9, 13–17, 20) 
are consistent with a model where the Rubisco-binding motif holds 
together the pyrenoid matrix, the traversing tubules, and the sur-
rounding starch sheath (Fig. 4B). In this model, multiple copies of 
the motif on EPYC1 mediate cohesion of the matrix by bringing 
Rubisco holoenzymes together (21). Moreover, the presence of the 
same motif on the pyrenoid tubule-localized transmembrane proteins, 
RBMP1 and RBMP2, recruits Rubisco to the tubules and favors 
assembly of the matrix around them. Last, the presence of the motif 
on proteins with starch-binding domains, SAGA1 and SAGA2, 
which localize to the pyrenoid periphery, mediates adherence of the 
starch sheath to the matrix.

The slightly different localization patterns of RBMP1 and RBMP2 
suggest that RBMP1 and RBMP2 could each promote Rubisco ma-
trix binding to a different part of the tubules. Our microscopy data 
suggest that RBMP2 is confined to the central reticulated region of 
the tubules (9), whereas RBMP1 appears to localize to the more 
peripheral tubular regions to the exclusion of the reticulated re-
gion. Similarly to the RBMPs, the different localization patterns 
of the SAGAs also suggest that they may each interface with dif-
ferent features on the starch sheath. As described previously (14), 
SAGA1 localized to puncta at the periphery of the matrix, likely at 
the interface between the Rubisco matrix and the starch sheath. 
We observed that SAGA2 also localized to that interface but ap-
peared to cover the surface of the matrix more homogeneously 
than SAGA1.

The model explains several previously puzzling observations. 
First, in a mutant lacking EPYC1, a pyrenoid-like structure still 
assembles around the tubules, containing some Rubisco enclosed 
by a starch sheath, although the canonical matrix is absent (13). 
The presence of both Rubisco and starch in this structure can be 
explained by a layer of Rubisco that serves as a bridge between 
motif-containing proteins RBMP1 and RBMP2 on the tubules and 

motif-containing proteins SAGA1 and SAGA2 on the surround-
ing starch sheath (Fig. 4C). Second, point mutations that disrupt 
the EPYC1 binding site on Rubisco not only eliminate the matrix 
but additionally disrupt the association of the starch sheath with 
the pyrenoid (21). The additional disruption of the starch sheath 
can be explained by the same Rubisco-binding site being required 
not only for binding to EPYC1 but also for binding the motif on 
other proteins that connect the starch and tubules to Rubisco 
(Fig. 4D).

DISCUSSION
Our results provide insights into pyrenoid biogenesis 
and function
Our work reveals a ubiquitous Rubisco-binding motif that is neces-
sary and sufficient for targeting proteins to the pyrenoid and also 
appears to mediate the overall assembly of the pyrenoid’s three sub-
compartments. The eightfold symmetry of the Rubisco holoenzyme 
allows it to interact simultaneously with multiple binding partners 
via the motif, making Rubisco a central structural hub of the 
pyrenoid. The valency and binding strengths of the motif to Rubisco 
vary among the binding partners (Figs. 2A and 3), which could play 
a role in their relative priority of access to Rubisco, as observed for 
other phase-separated organelles (22–24).

The Rubisco-EPYC1 condensate can enhance CO2 fixation only 
if it is anchored around the pyrenoid tubules, which are thought to 
provide concentrated CO2 (8, 9, 25, 26). Identification in the pres-
ent work of two tubule-localized proteins that bind to Rubisco pro-
vides a plausible explanation for how the Chlamydomonas pyrenoid 
forms preferentially around tubules rather than anywhere else in 
the chloroplast. Considering that the tubules can form inde-
pendently of the matrix (27, 28), whether the motif is required for 
RBMPs to localize to the tubules remains to be investigated. Our 

Fig. 4. The motif orchestrates the architecture of the pyrenoid’s three subcompartments. (A) Representative confocal images of Venus-tagged proteins that have 
the Rubisco-binding motif and Rubisco small subunit (RBCS1). Chlorophyll autofluorescence delimits the chloroplast. Scale bar, 2 m. (B) Proposed model for how the 
motif mediates assembly of the pyrenoid’s three subcompartments in wild type. The motif on tubule-localized transmembrane proteins RBMP1 and RBMP2 mediates 
Rubisco binding to the tubules [Retic. region is the reticulated region of the tubules (9)]. Multiple copies of the motif on EPYC1 link Rubiscos to form the pyrenoid matrix 
(21). At the periphery of the matrix, the motif on starch-binding proteins SAGA1 and SAGA2 mediates interactions between the matrix and surrounding starch sheath. 
(C) The model in (B) explains the matrix-less phenotype observed in EPYC1-less mutants. (D) The model also explains the absence of matrix and starch plates in mutants 
where Rubisco’s binding site for the motif has been disrupted (21).
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observation that RBMP1 and RBMP2 localize to different subdo-
mains of the tubules suggests that an additional localization mech-
anism may be at play, such as a preference for a specific membrane 
curvature.

RBMP1 is predicted to be a Ca2+-activated anion channel of the 
bestrophin family (fig. S2, D and F), several members of which are 
thought to supply HCO3

− to the lumen of the tubules for conversion 
to CO2 (29). Although the previously described members localized 
primarily to membranes outside the pyrenoid, RBMP1 localizes 
exclusively to the tubules themselves, which may allow it to directly 
feed HCO3

− to the tubules for conversion to CO2.

The principles described here likely apply more broadly
Pyrenoids are thought to have evolved independently multiple 
times through convergent evolution (30–32). Chlamydomonas be-
longs to the green algal order Volvocales, a lineage that has been 
evolving independently from other green algae for the past 70 to 
200 million years (33). Homologs of all six pyrenoid proteins studied 
here are present in other Volvocales, and in each of these homologs, 
one or more copies of the motif are conserved (fig. S9, A and B to 
G). The amino acids of the Rubisco small subunit that are essential 
for binding the motif (21, 34) are also broadly present in the Volvo-
cales (fig. S9H). These results suggest that the motif described here 
and its functions in pyrenoid biogenesis and protein targeting 
evolved before the divergence of the Volvocales.

Although the specific sequences and proteins may be different in 
other algal lineages, we hypothesize that the organizational princi-
ples described here apply broadly to pyrenoids across the tree of life. 
The convergent evolution of pyrenoids may well have been facilitated 
by the possibility of using a common motif and binding site on 
Rubisco to perform three functions essential to all pyrenoids: clus-
tering of Rubisco into a matrix, targeting of proteins to the matrix, 
and connecting the matrix to other structures.

Our findings advance the basic understanding of the biogenesis 
of the pyrenoid and provide a framework for engineering a pyrenoid 
into crops for improving yields (8, 35, 36). More broadly, the system 
presented here provides a remarkable example of how the architec-
ture of a complex phase-separated organelle can be defined by a 
simple organizing principle.

MATERIALS AND METHODS
Strains and culture conditions
The C. reinhardtii stain CC-4533 (37) was the wild type for all 
experiments (hereafter WT) and parent for all genetic transforma-
tions. The fluorescently tagged strain showing the native localization 
of SAGA1 was saga1-paroR;SAGA1-Venus-3×FLAG-hygR (14). All 
strains were maintained at room temperature (RT) (∼22°C) under 
very low light (<10 mol photons m−2 s−1), on solidified tris-acetate-
phosphate medium (TAP + 1.5% agar) (pH 7.4), using a revised 
trace elements recipe for increased growth (38). Medium was sup-
plemented with paromomycin at 2 g ml−1 for all strains (except 
WT) and, additionally, with hygromycin at 6.25 g ml−1 for the 
SAGA1-Venus strain.

All experiments were conducted on photoautotrophically grown 
cells. Liquid cultures were primed with a loopful of TAP-agar grown 
cells not older than 2 weeks resuspended into tris-phosphate medium 
(TP, same composition as TAP above, but without acetate) to a 
starting concentration less than 105 cells ml−1. Cultures were main-

tained in an orbital incubator-shaker (Infors) with controlled con-
ditions: 130 rpm, continuous cool white fluorescent light at ∼175 
mol photons m−2 s−1, 22°C, air-enriched with 3% CO2 (v/v) for 
faster growth, and rescue of saga1 and epyc1. Culture volume for 
Rubisco extractions was ∼500 ml, for coimmunoprecipitations was 
∼250  ml, and for imaging and Western blots was ∼50 ml. Cells 
were grown in conical flasks with a total capacity at least four times 
that of the volume of the medium. Culturing time allowed at least 
six rounds of mitotic division. Cell densities were not allowed to 
exceed 107 cells ml−1 at any point in time and were subcultured 
accordingly. Cell densities were measured using a Countess II F au-
tomated cell counter (Thermo Fisher Scientific).

For most experiments, cells were acclimated to air-level CO2 
concentrations for 6 hours before harvesting to maximize expres-
sion of the CO2-concentrating mechanism and packaging of Rubisco 
into a pyrenoid (39, 40). Cultures destined for confocal imaging 
were acclimated overnight (∼16 hours). Acclimation to air-level 
CO2 was performed by pelleting high-CO2 grown cells (1000g, 
10 min, RT), followed by gentle resuspension by agitation in fresh 
air-equilibrated TP medium, before transfer to an air-equilibrated 
chamber of the same orbital incubator-shaker (agitation, light, and 
temperature as above). CO2 concentration was periodically moni-
tored with a CO2 sensor (CO2Meter). All experiments aimed for a 
cell density at the time of harvesting of ∼2 × 106 to 4 × 106 cells ml−1. 
All strains generated in this work were deposited at the Chlamydo-
monas Resource Center (https://chlamycollection.org/).

Coimmunoprecipitation and mass spectrometry analysis
Native protein complexes were extracted according to the protocol 
described by Mackinder et al. (18), with minor modifications. Briefly, 
all protein extraction steps were performed at 4°C in a cold room, 
using only fresh algal material. After harvesting (1000g, 5 min, 4°C), cells 
were washed once in ice-cold TP, repelleted, and suspended in a 
1:1 (v/w) ratio of ice-cold 2× immunoprecipitation buffer [400 mM 
sorbitol, 100 mM Hepes, 100 mM KOAc, 4 mM Mg(OAc)2•4H2O, 
and 2 mM CaCl2] containing a protease inhibitor cocktail (cOmplete, 
Roche) and phosphatase inhibitors (2 mM NaF and 0.6 mM 
Na3VO4). To ease the grinding, the cell slurry was transformed into 
frozen droplets of ~5 mm diameter by slowly releasing the cell/buffer 
mixture into liquid N2 through a fine-tipped transfer pipette held 
~15 cm above the cryogenic liquid. Releases were timed so as to 
avoid clumping of not fully frozen material. Each assay used ~1 g of 
cell/buffer mixture. Mass spectrometry analysis was performed at 
the Stanford University Mass Spectrometry facility, as previously 
described (18). Raw spectral counts are given in table S1.

Minor deviations from (18): A 50:50 mixture of Dynabeads pro-
tein A and protein G was used; incubation was with an anti-SAGA1 
antibody (YenZym); protein complexes bound to magnetic beads 
were released by boiling for 1 min; denatured protein samples were 
run on denaturing tris/glycine gradient gel (4 to 15%) and stained 
with EZBlue (Thermo Fisher Scientific).

Immunoblot analysis
Total proteins were extracted as follows. Cell suspensions (10 ml) 
were pelleted (3500g, 10 min, 4°C), resuspended in 300 l of lysis 
buffer [5 mM Hepes-KOH (pH 7.5), 100 mM dithiothreitol, 100 mM 
Na2CO3, 2% SDS, 12% sucrose, and cOmplete protease inhibitor 
cocktail], transferred to a microcentrifuge tube, and heat-denatured 
in a thermomixer (37°C, 10 min, 750 rpm). Lysate was clarified (16,000g, 
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5 min, 4°C), aliquoted, flash-frozen in liquid N2, and stored at 
−80°C until analysis on SDS–polyacrylamide gel electrophoresis 
(SDS-PAGE).

Gel loading was normalized by total chlorophyll a + b content. 
Pigments were extracted from 50 l of cell lysate with 2 ml of 100% 
methanol. Chlorophylls contained in the clarified extract (16,000g, 
2 min) were quantified according to the following equations: chlo-
rophyll a (g ml−1) = 16.29 A665 − 8.54 A652; chlorophyll b (g ml−1) = 
30.66 A652 − 13.58 A665 (41), after correction for A750. Absorbances 
were measured in a SmartSpec Plus spectrophotometer (Bio-Rad).

Proteins were separated by size on a denaturing tris/glycine gra-
dient gel (4 to 15%, Criterion TGX, Bio-Rad; 90 V constant, 105 min) 
and transferred to 0.45 m polyvinylidene difluoride membrane 
(Immobilon-P, MilliporeSigma) using a wet electroblotting system 
(Criterion Blotter, Bio-Rad) and Towbin buffer [20% methanol, 25 mM 
tris, 192 mM glycine, 20% (v/v) methanol, and 0.05% SDS] at 30 V 
constant overnight.

For immunoblot analysis, membranes were blocked in tris-
buffered saline (TBS) + 0.1% Tween-20 (TBST) containing 5% nonfat 
dry milk for 1hour at RT or overnight at 4°C, under gentle agitation. 
Incubations with the primary antibodies were performed in TBST 
containing 2.5% milk for 1 hour at RT or overnight at 4°C. Mem-
branes were washed in TBST (4×, 10 min, rocking platform) before 
incubation with the secondary antibody for 1  hour at RT. Mem-
branes were washed again in TBST (4×, 10 min). Immunoreactive 
proteins were detected using enhanced chemiluminescence 
(WesternBright ECL, Advansta) followed by x-ray film processing 
(CL-XPosure Film, Thermo Fisher Scientific; SRX-101A, Konica-
Minolta).

Primary antibodies were obtained from YenZym (anti-SAGA1 
and anti-EPYC1) and MilliporeSigma (monoclonal anti-FLAG M2 
antibody). The polyclonal anti-Rubisco antibody was a gift from 
H. Griffiths, University of Cambridge, UK. Goat anti-mouse im-
munoglobulin G (IgG) (H+L) and goat anti-rabbit IgG (H+L) were 
from Thermo Fisher Scientific. Dilutions: anti-FLAG 1:2500 + sec-
ondary 1:10,000; anti-SAGA1 1:2500  +  secondary 1:10,000; anti-
EPYC1 1:5000 + secondary 1:10,000; anti-Rubisco: 1:10,000 + secondary 
1:20,000.

A note on the results from the immunoblot in Fig. 1F: One might 
ask why only five bands appeared when wild-type lysates were 
probed by the anti-SAGA1 antibody, considering that variants of 
the motif are present in hundreds of proteins in the proteome (table 
S2). One potential explanation for this discrepancy is that the anti-
SAGA1 antibodies may be very specific to certain feature variants 
of the motif that are found only in SAGA1 and in the other four 
proteins that yield bands in this experiment. For example, because 
the anti-SAGA1 antibodies were generated against a peptide repre-
senting the C terminus of SAGA1, it is possible that the anti-SAGA1 
antibodies only recognize the motifs on the C termini of proteins, 
which would prevent recognition of the vast majority of the motifs 
we identified in the proteome. Additional specificity to other fea-
tures such as a C-terminal leucine may explain why SAGA1, SAGA2, 
RBMP1, EPYC1, and CSP41A were apparently detected in Fig. 1F, 
whereas RBMP2 (which unlike the other five proteins has a C-
terminal valine) was apparently not detected in Fig. 1F (one would 
otherwise expect RBMP2 to be visible as a band at ~180 kDa in the 
saga1 mutant) and gave the fewest spectral counts of the six pro-
teins in the anti-SAGA1 immunoprecipitation experiment (Fig. 1E 
and table S1).

Rubisco purification and quantification
WT Rubisco was extracted as follows. Cell cultures (500 ml) were 
harvested (~4000g, 15 min, 4°C), resuspended in 1.5 ml of lysis buf-
fer [50 mM bicine (pH 8.0), 10 mM NaHCO3, 10 mM MgCl2, and 
1 mM dithiothreitol] containing a protease inhibitor cocktail, and 
transferred to an ice-cold 50 ml Falcon. Cells were sonicated on ice 
in 30 s bursts, followed by 30 s pauses with a microprobe set at 60% 
amplitude (Q125 + CL-18 probe, QSonica), until no intact cells 
were left. Progress of the lysis was monitored with a light micro-
scope (400×). Total soluble proteins were isolated by centrifugation 
(16,000g, 30 min, 4°C), and 650 l of the clarified lysate was loaded 
on top of a thin-wall ultracentrifugation tube (Ultra-Clear, Beckman 
Coulter) containing 12 ml of a 10 to 30% sucrose gradient prepared 
with the lysis buffer. Gradients were made the previous day with a gra-
dient maker (BioComp Instruments) and left to equilibrate at 4°C 
overnight. Gradients were run at 37,000 rpm for 20 hours in an ultra-
centrifuge (Optima XE-100 + SW 41 Ti rotor, Beckman Coulter). Fractions 
(750 l) were collected either with a piston gradient fractionator (BioComp 
Instruments) or manually by gravity. Fractions enriched in Rubisco 
were identified by running 10 l aliquots in 2:1 Laemmli buffer on 
SDS-PAGE, followed by staining with EZBlue (same conditions as 
detailed in the previous section). Fractions with the highest concen-
tration of Rubisco (bands at 55 and 15 kDa for the Rubisco large 
and small subunits, respectively) were pooled, and buffer was ex-
changed by dialysis at 4°C overnight (Slide-A-Lyzer 20k molecular 
weight cut-off, Thermo Fisher Scientific) using the same buffer as 
the one for the two Rubisco-​peptide binding assays (see the next two 
sections). Rubisco was concentrated to ~2 mg ml−1 on centrifugal fil-
ters (Amicon Ultra-4 100K, MilliporeSigma) before use. Rubisco con-
centration was determined by Bradford assay (Quick Start Bradford 
Dye Reagent + BSA Standard Set, Bio-Rad).

Binding of free synthetic peptides to immobilized Rubisco 
measured by surface plasmon resonance
The surface plasmon resonance experiment was performed on a 
Biacore 3000 (GE Healthcare) at constant 25°C, using the propri-
etary Biacore Control Software v.4.1, embedded application wiz-
ards “Surface preparation” and “Binding analysis,” and GE’s 
immobilization kit, buffers, and consumables (no deviation from 
the manufacturer’s instructions). Optimal pH of 4.5 for amine 
coupling of purified Rubisco onto a CM5 sensor chip was identi-
fied with the aid of the “pH scouting” script. Variable amounts of 
Rubisco were immobilized in three independent assays (each 
independent assay used fresh Rubisco from an independent ex-
traction), spanning 2000 to 4000 resonance units (RUs) using the 
“Aim for immobilized level” script. All peptides (see Fig. 2B) were 
synthesized by GenScript, with purity ≥85% and nitrogen content 
validated by analysis on an organic elemental analyzer. Binding as-
says were run in PBS-P+ buffer [20 mM phosphate buffer (pH 7.4), 
2.7 mM KCl, 137 mM NaCl, and 0.05% (v/v) P20 surfactant]. The 
same buffer was used for peptide solubilization and Rubisco dial-
ysis (see the previous section). Lyophilized peptides were solu-
bilized to a stock concentration of 2.5 mM, aliquoted, flash-frozen 
in liquid N2, and stored at −80°C until needed. Binding response was 
measured at a peptide concentration of 1 mM during a single 3 min 
injection into the sensor’s flow cells at a flow rate of 40 l min−1. 
Dissociation was measured while injecting buffer only, at a rate of 
40 l min−1 for 2.5 min. The chip surface was regenerated by flowing 
buffer for 5 min at a rate of 40 l min−1. Return to baseline was observed 
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for all peptides except the one corresponding to RBMP2’s fourth 
instance of the motif, which remained partially insoluble even after 
addition of dimethyl sulfoxide (DMSO) and was therefore discarded 
from further analysis (see Fig. 3A). Binding responses were nor-
malized to 1000 RUs of immobilized Rubisco to allow comparison 
across independent repeats and plotted on a log10 scale. Peptides 
lacking the predicted Rubisco-binding motif were used as nega-
tive controls: GYFAVDHRPNLAILQGELGTKSESMDVRI and 
SKPAVDLRFYLEIGMQNTA.

Binding of free Rubisco to immobilized synthetic peptides 
measured by peptide tiling array
Four peptide arrays [30 × 20 spots each on 15 × 10  cm cellulose 
membranes, (42)] were ordered from the Koch Institute for Inte-
grative Cancer Research at Massachusetts Institute of Technology, 
Biopolymers and Proteomics Laboratory (Cambridge, MA). The ar-
rays were composed of 18–amino acid peptides that tiled across the 
full length of each of the six Rubisco-binding protein sequences, 
with a step size of three amino acids. Each peptide was represented 
by a single spot, except for EPYC1, which included a nonrandomized 
duplicate in positions 499 to 598 on membrane #1. All other loca-
tions of peptides were randomized. EPYC1 (100 spots, two repeats), 
CSP41A (142 spots), and RBMP1 (217 spots) were arrayed on the same 
membrane. RBMP2, SAGA1, and SAGA2 each required a separate 
membrane (558, 537, and 594 spots, respectively). Membranes were 
incubated with 750 to 2000 g of purified Rubisco and probed by 
anti-Rubisco Western blot, as described above. The peptide corre-
sponding to the very C terminus of each protein does not accurately 
represent the Rubisco-binding motif in this assay, as the peptides 
are linked to the cellulose via their C termini. This linkage eliminates 
the carboxyl group, which appears to be important for binding to 
Rubisco. Binding intensity was quantified in ImageJ (43) by measur-
ing the integrated density of a circle of constant area centered on each 
blot dot, after background correction on an inverted image (rolling 
ball radius set to 25 pixels). Binding intensity was normalized to the 
binding of positive controls to allow comparison across membranes 
[TRSVLPANWRQELESLRN (21)].

Fluorescent protein tagging and confocal microscopy
All fluorescently tagged proteins in this study were tagged with the 
fluorescent protein Venus followed by three copies of the FLAG 
epitope. Open reading frames of the two chloroplast proteins FDX1 
and Cre12.g498550 were cloned by Gibson assembly into the vector 
pLM005-Venus (KX077945.1), as reported by Mackinder et al. (13). 
A 677–nucleotide (nt)–long GeneArt DNA fragment (Thermo 
Fisher Scientific) and pLM005-Venus were double digested with 
Eco RI–HF and Pfl MI (New England Biolabs) and ligated by T4 
DNA ligase (16°C). Constructs were validated by Sanger sequencing 
[759-nt polymerase chain reaction (PCR) product spanning the 
double digested 643-nt insert] and transformed in WT Chlamydo-
monas, as described in (13), with two modifications: A four-step 
pulse electroporator (NEPA21, NEPAGENE) was used, and 50 g 
of carrier DNA (MP Biochemicals) was added to each transformation.

RBMP1, RBMP2, and SAGA2 were cloned using homologous 
recombination based on protocols optimized for Chlamydomonas 
(29). Several attempts at cloning CSP41A by this and other methods 
(18) were unsuccessful.

Chlamydomonas transformants were selected on TAP-agar + 
paromomycin (20 g ml−1), and high expressors were screened on a 

fluorescence laser scanner (Typhoon, GE). Expression of full-length 
fusion proteins was validated by immunoblotting, using an anti-
FLAG M2 antibody (figs. S3C and S4F).

Images were captured with a laser scanning microscope (TCS SP5, 
Leica) using a 100× objective (numerical aperture 1.46). Venus and chloro-
phyll were excited by argon lasers at 514 and 561 nm, respectively; 
emission was collected at 525 to 550 nm and 620 to 670 nm, respec-
tively. Zoom-in (3×) acquisition settings were identical for all strains. 
Two-dimensional median plane cross sections were captured at 
200 Hz. Pinhole was set at 1 airy unit. Venus was captured on hybrid 
detectors, and chlorophyll autofluorescence was captured on photo-
multiplier tubes. Picture montages were done on ImageJ (43).

Site-directed mutagenesis
Point mutations were generated using a commercial kit (QuikChange 
II XL, Agilent Technologies). The mutagenic primers were GACT-
GGCGCAGCTCCGCGGCAACGGAGCTTGAGG and its reverse 
complement. Mutations were added by PCR to pLM005-Cre10.
g430350-Venus-3×FLAG (generated as above) according to the 
manufacturer’s instructions. The mutated pLM005-Cre10.
g430350-Venus-3×FLAG codes for a fluorescently tagged Cre10.
g430350 with two substitutions (W51A and R52A).

Bioinformatic search for motifs and motif  
enrichment analysis
We used a point system to identify motifs in the genome. A poten-
tial motif must contain a WR or WK dipeptide and is assigned 
points for the following additional residues (in positions relative to 
the W, which is considered the “zero” position): (i) a basic residue 
(R or K) in position −8 to −6: +1 point (no additional point if 
multiple instances at those three positions), (ii) a proline (P) in 
position −3 or − 2: +1 point, (iii) an aspartic acid (D) or an asparag-
ine (N) in position −1: +1 point, (iv) an aliphatic residue (L, I, V, or 
A) in position +4: +2 points, and (v) an acidic residue (D or E) or a 
C terminus in position +5: +1 point. Motif scores for all proteins in 
the proteome are listed in table S2. To test the statistical significance 
of the motif enrichment in pyrenoid proteins, we used the 
Mann-Whitney test to evaluate the difference between the two dis-
tributions shown in fig. S6, excluding the six proteins in which we 
originally noticed the motif to avoid our observations biasing the 
result. The two distributions are different (P = 0.047).

Bioinformatic search of pyrenoid protein homologs
BLAST searches were conducted on publicly accessible repositories 
and portals: oneKP (44) (https://db.cngb.org/onekp/), Phytozome, 
and GeneBank/National Center for Biotechnology Information. 
The Rubisco small subunit sequence alignment and phylogenetic 
tree were generated with MUSCLE (45).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/46/eabd2408/DC1

View/request a protocol for this paper from Bio-protocol.
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