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SUMMARY

Diatoms are central to the global carbon cycle. At the heart of diatom carbon fixation is an overlooked organ-
elle called the pyrenoid, where concentrated CO, is delivered to densely packed Rubisco. Diatom pyrenoids
fix approximately one-fifth of global CO,, but the protein composition of this organelle is largely unknown.
Using fluorescence protein tagging and affinity purification-mass spectrometry, we generate a high-confi-
dence spatially defined protein-protein interaction network for the diatom pyrenoid. Within our pyrenoid
interaction network are 10 proteins with previously unknown functions. We show that six of these form a shell
that encapsulates the Rubisco matrix and is critical for pyrenoid structural integrity, shape, and function.
Although not conserved at a sequence or structural level, the diatom pyrenoid shares some architectural sim-
ilarities to prokaryotic carboxysomes. Collectively, our results support the convergent evolution of pyrenoids
across the two main plastid lineages and uncover a major structural and functional component of global CO,

fixation.

INTRODUCTION

Approximately one-third of global carbon fixation takes place in
pyrenoids.' Pyrenoids are biomolecular condensates of the prin-
cipal CO,-fixing enzyme Rubisco found in the chloroplasts of
algae.? There are two major chloroplast lineages, the green
and red plastids, with algae within these lineages proposed
to have convergently evolved pyrenoids.>* Nearly all of our
knowledge of pyrenoid function and composition comes from
the model terrestrial green plastid containing alga Chlamydomo-
nas reinhardtii.”° C. reinhardtii is a powerful model organism,®
but global carbon fixation is primarily driven by oceanic red
plastid containing algae, such as diatoms, where our knowledge
is still in its infancy.” Diatoms are responsible for up to 20% of
global net primary production, are estimated to fix ~70 gigatons
CO,, per year, and are fundamental for the long-term storage of
carbon by driving the flux of organic material from the ocean sur-
face to sediments.'""

Pyrenoids are found at the heart of algal CO, concentrating
mechanisms (CCMs).>® CCMs overcome the slow diffusion of
CO, in water and the catalytic limitations of Rubisco by actively
pumping inorganic carbon from the external environment into
the cell and releasing it as CO, in the pyrenoid, where it can be
fixed by densely clustered Rubisco. In C. reinhardtii, a disor-

dered linker protein, essential pyrenoid component 1 (EPYC1),
condenses Rubisco to form the liquid-liquid phase-separated
matrix of the pyrenoid.”''®> A shared Rubisco binding motif
found in EPYC1 and numerous other pyrenoid components en-
ables targeting to and structural organization of the pyrenoid.
Proteins containing this motif are proposed to link the matrix to
the surrounding starch sheath and to specialized matrix-
traversing thylakoids called pyrenoid tubules.'* Inorganic car-
bon in the form of HCO3™ is shuttled into the pyrenoid tubules
by bestrophin-like proteins'® where a carbonic anhydrase con-
verts it to membrane-permeable CO, that is then fixed by Ru-
bisco in the pyrenoid matrix.>'°'® The surrounding starch acts
as a diffusion barrier to minimize CO, leakage out of the pyre-
noid.'”'® Fluorescent protein tagging,'*'® affinity purification
followed by mass spectrometry (APMS),"® and proximity label-
ing®® have enabled a high-confidence pyrenoid proteome to be
determined, with multiple components now functionally charac-
terized. This has enabled C. reinhardtii proto-pyrenoid engineer-
ing in plants®' and a parts list of components that should theoret-
ically enable the engineering of a functional pyrenoid-based
CCM to enhance plant photosynthesis.'”?

Diatom pyrenoids share certain features with the C. reinhardftii
pyrenoid, including condensed Rubisco and traversing thyla-
koids. They also show some limited conservation of inorganic
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carbon delivery proteins.® However, the level of conservation for
structural proteins remains unclear.®® The only structural
component identified so far for the diatom pyrenoid is pyrenoid
component 1 (PYCO1), a Rubisco linker protein found in the py-
renoid of the pennate diatom Phaeodactylum tricornutum and
suggested to be responsible for phase separating Rubisco to
form the pyrenoid matrix.” However, PYCO1 is not widely
conserved, being absent in centric diatoms, and its functional
importance is yet to be determined. Outside of PYCO1, most
previous diatom CCM research has focused on inorganic carbon
uptake. In P. tricornutum, several candidates belonging to the
solute carrier 4 (SLC4) family of transporters have been pro-
posed for HCO3;™ uptake at the plasma and chloroplast mem-
branes.?>?* Bestrophin-like proteins are also implicated in the
shuttling of HCO3™ into the thylakoid lumen, where a 6-type car-
bonic anhydrase has been identified that is thought to function
by releasing CO, from the thylakoid membranes that traverse
the pyrenoid matrix.”>?° In the centric diatom Thalassiosira
pseudonana, SLC4 candidates have been implicated in inor-
ganic carbon uptake across both the plasma and thylakoid
membranes.®?” Recently, two bestrophin-like proteins were
localized to the T. pseudonana pyrenoid, likely in the pyrenoid
penetrating thylakoid (PPT)*®*° and a 6-type carbonic anhy-
drase 2 (0CA2) confirmed to be located in the PPT.? However,
supporting functional data are missing for these proteins in
T. pseudonana. In contrast to C. reinhardtii, diatoms lack a starch
sheath encapsulating their pyrenoids. In C. reinhardtii flux bal-
ance modeling of pyrenoid function'” and analysis of starch mu-
tants'® indicate that a diffusion barrier is essential for efficient py-
renoid function to minimize CO, leakage. How the diatom
pyrenoid minimizes CO, leakage is a substantial, outstanding
question.

Here, we advance our knowledge of the diatom pyrenoid by
developing an iterative approach of fluorescent protein tagging
followed by APMS in T. pseudonana, which belongs to a bio-
geochemically important genus. These data enabled us to build
a high-confidence diatom pyrenoid interaction network, identi-
fying multiple pyrenoid proteins, many with no previously known
functional domains. A family of these proteins form a static shell
that encapsulates the Rubisco matrix and is critical for pyrenoid
shape, structural integrity, and CCM function. Our findings pro-
vide new insight into a globally important organelle and provide
additional molecular parts for engineering a CCM into crop
plants to improve productivity.

RESULTS AND DISCUSSION

Rubisco co-immunoprecipitation mass spectrometry to
identify diatom pyrenoid components

Although diatoms play a central role in global biogeochemical
cycles, very little is known about the diatom pyrenoid. In
T. pseudonana, cells have two chloroplasts, each surrounded
by four membranes, with each chloroplast containing a single
centrally positioned lenticular-shaped pyrenoid (Figure 1A). As
a starting point to understand T. pseudonana pyrenoid composi-
tion, we performed co-immunoprecipitation coupled with mass
spectrometry (colPMS), using the main pyrenoid component,
Rubisco, as a bait protein (Figure 1B). To immunoprecipitate Ru-
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bisco, we used an antibody raised to a conserved 12 amino acid
surface-exposed peptide on the Rubisco large subunit (rbcl)
(Figures S1A and S1B). By comparing two independent colPMS
experiments, consisting of two and three technical replicates,
respectively, against non-antibody control experiments, we
identified 36 putative pyrenoid components out of a total of
1,167 detected proteins identified with 2 or more spectral counts
(Table S1). For these exploratory experiments, we applied a
relaxed cut-off based on the fold-change enrichment of bestro-
phin-like protein 2 (BST2), which we had previously localized to
the pyrenoid?® and would expect to only have a weak enrichment
due to it being predicted to be a membrane protein (Figure 1B).
Top hits from our rbcL colPMS experiments were then fed into an
iterative fluorescent protein tagging, localization, and APMS
framework that we used to build a spatially defined pyrenoid pro-
teome (Figure 1C).

Development of a high-throughput tagging pipeline in

T. pseudonana identifies multiple pyrenoid components
To enable rapid cycling through our iterative pipeline, we set out
to establish high-throughput fluorescent protein tagging and
screening in diatoms. We initially adapted our Golden Gate
modular cloning-based episomal assembly framework®® to be
96-well compatible and combined it with multi-well diatom trans-
formation via bacterial conjugation. We coupled this with 48-well
plate strain maintenance and 96-well plate flow cytometry
screening for clonal fluorophore-fusion expressing lines (Fig-
ure 2A). As colPMS data on a small scale are inherently noisy
with both false positives and false negatives,*° we applied our
tagging pipeline to 22 Rubisco colPMS hits to validate if they
were bona fide pyrenoid proteins. Nourseothricin-positive trans-
formants were picked and screened for positive fluorescence
using flow cytometry. Due to typical mosaic colony presence,®’
either multiple rounds of screening or screening of several inde-
pendent colonies was required to identify stable monomeric
enhanced green fluorescent protein (INEGFP) expressing lines.
We found that screening 8-12 colonies would typically yield a
stable cell population with >90% of cells mEGFP positive (Fig-
ure S1C). Positive lines were subsequently imaged by confocal
microscopy (Figures 2B and S2). From the initially identified Ru-
bisco-interacting proteins, we localized 13 proteins to distinct
sub-regions of the pyrenoid (Figures 2B and S2A; see below
for further discussion). However, 9 candidates were either local-
ized to chloroplast sub-regions adjacent to the pyrenoid (4) or to
distinct non-chloroplast regions (5) (Figure S2B), indicating that
our colPMS data contains false positives.

To accurately determine sub-pyrenoid localization of compo-
nents, we implemented a dual-tagging approach using two spec-
trally compatible fluorophores. We first developed a pyrenoid
matrix marker for co-localization. In green algae, nuclear-en-
coded rbcS-fluorescent protein fusions have been powerful for
understanding sub-pyrenoid spatial organization'® and for deter-
mining the liquid-like properties of the pyrenoid.'? As the rbcS of
diatoms is chloroplast encoded, and no T. pseudonana chloro-
plast transformation protocol is available, we wondered if we
could target an episomal-expressed rbcS-mEGFP to the pyre-
noid. Using the N-terminal signal and transit peptide sequences
from the nuclear-encoded chloroplast localized BST2 protein,*?
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Figure 1. Identification of candidate diatom
pyrenoid components

(A) The diatom T. pseudonana has two chloroplasts,
each containing a single pyrenoid traversed by a
specialized membrane called the pyrenoid pene-
trating thylakoid (PPT). The connection between the
PPT and the wider thylakoid network is unresolved.
(B) Rubisco co-immunoprecipitation followed by
mass spectrometry (colPMS) to identify candidate
pyrenoid components. Left: example Rubisco
large subunit (rbcl) colP with different steps
resolved by SDS-PAGE. Right: two experiments
consisting of either two or three technical
colPs were performed and the antibody-bound
fractions submitted for mass spectrometry. Cut-
offs (dashed lines) were determined based on
bestrophin-like protein 2 (BST2) that was previ-
ously shown to be pyrenoid localized. Ab, anti-
body; L, protein ladder.

(C) An iterative pipeline to determine the pyrenoid
spatial interaction network. RbcL colPMS data fed
into a high-throughput fluorescence protein

tagging pipeline. Pyrenoid confirmed proteins
were then used for affinity purification followed by
mass spectrometry (APMS). Interactors were tag-
ged to confirm pyrenoid localization and used in
subsequent APMS rounds.

See also Figure S1.

localization of BST2, with the rbcS signal
extending outside that of BST2, support-

ing a PPT localization of BST2 (Figure 2D).
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we successfully targeted rbcS to the pyrenoid, allowing us to
clearly delineate the pyrenoid matrix (Figure 2C). Second, we
tested assembling two target genes with different fluorophores
on the same episome. We decided to initially validate the BST2
localization by making an episome with BST2-mEGFP and
rbcS-mScarlet-1, a fluorophore we had previously validated using
our system.?® Using this approach, we observed a clear pyrenoid

Establishing large-scale APMS to
build a pyrenoid interaction

network

To expand the pyrenoid proteome, we
developed and optimized an APMS pipe-
line in T. pseudonana using our GFP-
tagged pyrenoid proteins as baits. Lines
expressing GFP-tagged proteins were
typically grown at ambient CO,, where
the CCM is fully active.®® In triplicate,
GFP-trap nanobodies were used to
enrich for target proteins from cell lysate,
and their interactors were determined via
liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Figure 3A;
Table S2). Protein-protein interactions
were stringently defined by comparing
both CompPASS (comparative proteo-
mic analysis software suite)®* and SAINT
(significance analysis of interactome)®®
scores (Figure 3A; Table S3), which use different weighting
criteria to identify true interactors from non-specific background
using label-free proteomic quantitation data. We set interaction
confidence thresholds based on the known interaction of rbcS
with rbcL, which resulted in proteins in the top 2.2% for
CompPASS and top 1% for SAINT being designated as high-
confidence interactors.
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Figure 2. High-throughput fluorescent protein tagging identifies multiple diatom pyrenoid components
(A) Candidate genes were cloned using Golden Gate modular cloning, transformed into T. pseudonana via bacterial conjugation, and screened by flow cytometry

for fluorescence prior to imaging. Gene of interest (GOI) expression was driven by the fucoxanthin chlorophyll a/c-binding protein promoter (FCPp) and termi-
nated using the FCP terminator (FCPt).

(legend continued on next page)
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Our initial 13 pyrenoid-localized proteins included the Rubisco
small subunit rbcS; BST1 and BST2, bestrophin-like proteins
proposed to be involved in HCO;™ uptake into the PPTs?%;
06CA2, most likely involved in CO, release from HCO3;™ within
the PPTs?®2%; cbbX, a nuclear-encoded red-type Rubisco acti-
vase®® that until now has not been localized in algae with red
plastids®’; and 8 uncharacterized proteins with no clear function.
We named these previously uncharacterized pyrenoid proteins
diatom pyrenoid components 1 and 2 (DPC1 and DPC2) and
Shells 1-6. While DPC1 and DPC2 were predominantly in the py-
renoid matrix, the initial tagging of Shell1 and Shell4 showed that
they may encapsulate the pyrenoid (Figure 2B; see below). A
subset of these pyrenoid-localized components was utilized for
APMS using our iterative pipeline (Figures 1C and 3B;
Table S4). Subsequently, two additional components, DPC3
and DPC4, which had strong interactions with Shell4 and rbcS
but again with no sequence predictable function, were localized
and fed into our APMS pipeline. Whereas DPC4 was found
throughout the pyrenoid with a matrix-type localization, DPC3
appeared to encapsulate the pyrenoid similar to the Shell pro-
teins (Figure 3C). Combining the data and using our stringent
interaction scoring approach enabled us to construct a high-
confidence pyrenoid interaction network for T. pseudonana built
from 11 baits and containing 46 additional protein nodes linked
by 57 interaction edges (Figure 3B). In the network, interaction
confidence can be further interpreted by CompPASS and
SAINT score magnitude (line thickness and color, respectively,
in Figure 3B) as well as the number of connecting edges
with baits.

rbcS and DPC2 appear to be key hub proteins, each linking
four nodes that further link to confirmed pyrenoid components.
How Rubisco is packaged into the pyrenoid is unknown in
T. pseudonana. With the absence of an EPYC1 or PYCO1 homo-
log to phase separate Rubisco, it was hypothesized that an alter-
native repeat protein could be fulfilling this role. Unexpectedly,
none of the pyrenoid proteins identified in our study contain a
repeated sequence with the expected frequency of ~60 amino
acids,”® potentially indicating that pyrenoid assembly in
T. pseudonana could be based on biophysical principles that
are different than in both green algal and pennate diatom pyre-
noids. The localization of DPC2 solely to the pyrenoid (Figure 2B),
its Rubisco interaction (Figure 3B), and its relatively high
abundance from whole-cell mass spectrometry (Figure 3D;
Table S5) make DPC2 a strong candidate for future studies.

T. pseudonana has six Shell homologs, and Shell
proteins are found across algal lineages containing
secondary red plastids

In our initial tagging, we were intrigued to see that two proteins
with no annotated functional domains appeared to encapsulate
the pyrenoid matrix (Figure 2B: Shell1, Shell4). In the well-char-
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acterized green algal pyrenoid, chloroplast synthesized starch
forms a sheath that encapsulates the Rubisco matrix and acts
as a CO, leakage barrier to enhance CCM efficiency.'”'® In dia-
toms, the main carbohydrate storage molecule is chrysolami-
naran, which is stored in cytosolic vacuoles®® with no clear car-
bohydrate barrier surrounding the diatom pyrenoid. Pyrenoid
modeling of inorganic carbon fluxes has shown that a CO, diffu-
sion barrier is critical for an efficient CCM,'” thus opening up the
question of how diatoms and other algal lineages that lack starch
encapsulated pyrenoids operate efficient CCMs.? Although pro-
tein encapsulation of pyrenoids has not previously been identi-
fied, cyanobacterial Rubisco-containing carboxysomes have a
well-characterized protein shell that is proposed to act as a
CO, barrier to minimize leakage*®“° and is essential for carbox-
ysome biogenesis and shape.*?*® Instead of starch, we hypoth-
esized a protein shell could have an analogous function in dia-
toms. We set out to further understand the importance of the
Shell proteins for pyrenoid function.

BLAST analysis of Shell1 and Shell4 identified four additional
homologs in the T. pseudonana genome that all contain two pre-
dicted B sheet domains (Figures 4A and S3) and are predicted to
be structurally similar to each other but distinct from DPC3
(Figures S3C and S3D). We explored the distribution of these
proteins across different evolutionary lineages. BLAST analysis
against the NCBI database identified homologs in stramenopiles
(including other diatoms), pelagophytes, and haptophytes, all of
which are photosynthetic algae that contain red plastids
originated from secondary endosymbiotic events (Figure 4B;
Table S6). However, Shell proteins are absent in the rhodo-
phytes, the primary endosymbiotic red plastid lineage that was
engulfed by a heterotrophic host to form the red plastid second-
ary endosymbiotic lineages. This suggests that Shell proteins
either were absent in the engulfed red alga but originated in
the heterotrophic host prior to endosymbiosis, were present in
the engulfed red alga but have since been lost in rhodophytes,
or evolved after engulfment. Given that we found no Shell homo-
logs in extant non-photosynthetic organisms or in pyrenoid-con-
taining rhodophytes, it seems plausible that these proteins
evolved following the secondary endosymbiotic event. Further
supporting a role in pyrenoid function of Shell proteins, transmis-
sion electron microscopy (TEM) data from available literature in-
dicates that algae found within the Shell protein-containing
clades all possess pyrenoids.”

Shell proteins encapsulate the pyrenoid matrix and
localize to distinct sub-regions

To more precisely localize the six Shell proteins, we co-ex-
pressed rbcS-mScarlet-1 with mEGFP-tagged Shell proteins
(Figures 5A and S4). Analysis of fluorescence intensity of pyre-
noid transects (Figures 5B and S4) and max intensity z stack pro-
jections (Figures 5C and S4) indicate that all six proteins

(B) Multiple proteins localized to the canonical pyrenoid region within the chloroplast. Identified pyrenoid components with no sequence-predicted function are
termed diatom pyrenoid components (DPCs) or Shells. Green: mEGFP fusion protein; magenta: chlorophyll autofluorescence. Scale bars: 2 um.
(C) Development of a pyrenoid matrix marker. By using the BST2 signal and transit peptide sequences, we could express chloroplast encoded rbcS from nuclear

episomes and target it to the chloroplast. Scale bar: 5 um.

(D) Co-localization of BST2-mEGFP (green) and rbcS-mScarlet-| (red) expressed from the same episome. Scale bar: 2 um.

See also Figures S1 and S2.
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Figure 3. A spatial interaction network of the diatom pyrenoid

(A) Top: MEGFP-tagged proteins were affinity purified using GFP nanobodies, interactors identified using mass spectrometry, and high-confidence protein-
protein interactions determined using SAINT and CompPASS analysis. Bottom: analysis example for rbcS APMS. rbcS is not present in the plot due to bait

spectral counts being set to zero prior to SAINT and CompPASS analysis.

(B) Spatially defined protein-protein interaction network of the pyrenoid. Where available, positioning is based on localization determined by confocal micro-
scopy. Due to 96% similarity of the mature proteins of Shell1 and Shell2, all peptides were assigned to Shell1 in the APMS study.
(C) Confocal localization of DPC3 and DPC4 confirming pyrenoid localization (max intensity z stack projections). Green: mEGFP fusion protein; magenta:

chlorophyll. Scale bars: 2 um.

(D) Whole-cell mass spectrometry raw intensity values of pyrenoid confirmed proteins. Data are from WT cells ran in triplicate. Error bars: SD of the mean.

See also Figure S2.

encapsulate the Rubisco matrix of the pyrenoid. To prioritize
Shell proteins for further investigation, we looked at their relative
abundance in our whole-cell mass spectrometry data performed
on wild-type (WT) cells (Figure 3D; Table S5). The most abundant
homologs were Shell1 and Shell2, which share 92% identity, and
Shell4, which shares 34% identity with Shell1 (Figure S3B). As
the diatom pyrenoid shape can be generalized as an elliptic cyl-
inder with curved ends (Figure 1), the apparent localization of the
Shell proteins is highly dependent on the orientation of the chlo-
roplast and pyrenoid during fluorescence microscopy imaging

5940 Cell 187, 5935-5950, October 17, 2024

(Figures 5A-5C and S4), making the assignment to sub-pyrenoid
surface regions challenging. To explore if Shelll and Shell4
occupy the same regions of the shell, we co-expressed Shell
and Shell4 with different fluorescent tags. Imaging shows that
they localize to distinct regions of the pyrenoid periphery, sug-
gesting that they may have different roles in the formation or
function of the shell (Figures 5D-5F).

Although Shell proteins were identified in our rbcL colPMS and
rbcS APMS data, they did not fall above the stringent thresholds
we defined for high-confidence interactors with either rbcS or
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Figure 4. T. pseudonana has six Shell homologs, and Shell proteins are found across red plastid secondary endosymbionts

(A) T. pseudonana has six Shell protein homologs that all contain two B sheet re
yellow is transit peptide. Bottom: AlphaFold2 structure prediction of Shell1. pLl
disordered regions are not shown due to low-confidence structural prediction.

gions. Top: domain alignment of Shell homologs, green is signal peptide, and
DDT: predicted local distance difference test. The N-terminal and C-terminal

(B) Phylogenetic analysis indicates that Shell proteins are found in red plastid secondary endosymbionts, including stramenopiles, pelagophytes, and hapto-
phytes. Bootstrap values are shown. Cartoon inset represents the two main plastid lineages and where Shell proteins are present. Aa, Aureococcus anopha-
gefferens; Ct, Chaetoceros tenuissimus; Ctob, Chrysochromulina tobinii; Eh, Emiliania huxleyi; Fs, Fistulifera solaris; Fc, Fragilariopsis cylindrus; Ni, Nitzschia
inconspicua; Pt, Phaeodactylum tricornutum; P-nm, Pseudo-nitzschia multistriata; To, Thalassiosira oceanica; Tp, Thlassiosira pseudonana. Chlamydomonas

reinhardtii bestrophins (Cr_BST1-3) have been used as an outgroup.
See also Figure S3.

rbcL. Their pyrenoid-peripheral localization and low-confidence
Rubisco interaction suggest that Shell proteins could interact
indirectly with the Rubisco matrix. The shell-like pattern dis-
played by DPCS3 (Figure 3C) raises the possibility that this protein
could act as an intermediary Rubisco matrix-shell adaptor or
potentially an additional shell component. The co-expression
of DPC3 with Shell4 shows that they co-localize (Figures 5G-
5l). The relatively low protein abundance of DPC3 in comparison
to Shell1 and Shell4 (Figure 3D) indicates that DPC3 is most likely
a minor protein constituent of the pyrenoid surface.

The pyrenoid matrix and Shell proteins have minimal
mobility in the pyrenoid

To understand the dynamics of pyrenoid components, we lever-
aged our tagged lines. If the shell proteins form a lattice around
the Rubisco matrix, similar to carboxysome shell proteins in
assembled carboxsomes,**~® then we would expect them to
form a static layer. We investigated the mobility of Shell1 and

Shell4 by fluorescence recovery after photobleaching (FRAP).
Both Shell1 and Shell4 showed minimal rearrangement after
photobleaching (Figures 6A and 6B). Although this does not pro-
vide direct evidence that they form a CO, diffusion barrier, the
static nature of the pyrenoid shell is consistent with our current
understanding of both cyanobacterial carboxysome shell and
green algal starch sheath CO, diffusion barriers.

In C. reinhardltii, the pyrenoid matrix has liquid-like properties.
Rubisco, EPYC1, and Rubisco activase (RCA1) all show rapid re-
arrangement in FRAP experiments on the timescale of ~30 s af-
ter photobleaching.’® In T. pseudonana, Rubisco is densely
packed in the pyrenoid but does not formed ordered arrays.*’
Surprisingly, FRAP experiments on both T. pseudonana rbcS
and cbbX showed minimal rearrangement over minute time-
scales (Figure S5A). This observation aligns with recent data
from the pennate diatom P. tricornutum, where in vitro phase-
separated Rubisco demonstrates minimal rearrangement over
similar timescales, and the linker protein PYCO1 appears
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Figure 5. Shell proteins encapsulate the pyrenoid matrix, and Shell1 and Shell4 occupy distinct regions of the pyrenoid surface
(A) Co-localization of Shell proteins with Rubisco.

(B) Fluorescence intensity cross-sections of chlorophyll, Shell, and rbcS across the pyrenoid.

(C) z stack max intensity projections of (C).

(D) Co-localization of Shell1 and Shell4 in two cells with different pyrenoid orientations.

(E) Fluorescence intensity cross-sections of Shell1 and Shell4 across the pyrenoid.

(F) z stack max intensity projections of (E).

(G) Co-localization of DPC3 and Shell4 in two cells with different pyrenoid orientations.
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immobile in vivo.” This lack of dynamic mixing opens a consider-
able question about how cbbX can sufficiently access inhibited
Rubisco to reactivate it. Collectively, this indicates that the
diatom pyrenoid has different mesoscale properties compared
to the C. reinhardtii pyrenoid and is relatively static once Rubisco
is assembled into the pyrenoid. This observation aligns with
some cyanobacterial carboxysomes, where Rubisco forms or-
dered arrays upon packing.*®4°

Shell1 can self-assemble in vitro to form tubes and
sheets

To form an encapsulating protein layer around the Rubisco
matrix, we would expect that Shell proteins can undergo
higher-order self-assembly. To test this, we purified recombi-
nantly expressed Shell1 (Figure S5B) from Escherichia coli and
performed cryogenic electron microscopy (cryo-EM). We
observed the formation of tubes and sheets (Figures 6C, S5C,
and S5D) in the micrographs, which agrees with the structural
studies by Shimakawa et al.*” This observation is reminiscent
of the self-assembly of bacterial microcompartment hexamers,
the main building block of carboxysome shells, which have
been shown to self-assemble into both sheets®® and tubes
in vitro.°" The ability to self-assemble into stable higher-order
structures likely explains the limited mobility of Shell1 observed
in vivo and supports the hypothesis that Shell proteins could pro-
vide a continuous, encapsulating layer at the pyrenoid surface to
function as a CO, barrier, control metabolite flux, and/or provide
structural integrity to the pyrenoid. We also attempted cryo-EM
of recombinantly expressed Shell4 but saw no higher-order
in vitro structures under the conditions tested. This failure of
Shell4 to assemble into tubes or sheets could be due to technical
reasons or could indicate a biologically relevant difference be-
tween Shell1 and Shell4. Sequence alignment and AlphaFold3
structure predictions show that Shell4 lacks the C-terminal
extension of Shell1 (Figures S3A and S3E), which forms an in-
ter-subunit contact and may stabilize the formation of higher-or-
der lattices.”’

Shell1/2 and Shell4 are essential for CCM function and
pyrenoid architecture

The in vitro self-assembly of Shell1 into sheets and tubes and the
immobile nature of Shell1 and Shell4 in vivo suggest they may be
required for pyrenoid structural integrity. To test this, we used
our MoClo Golden Gate system to simultaneously tag rbcS
with mEGFP and disrupt either Shell1/2 (Shell1 and Shell2) or
Shell4 expression by CRISPR. Due to Shell1 and Shell2 having
93% DNA sequence similarity (Figure S3B), single guide RNAs
were designed to simultaneously target both genes (Figure S6A).
Edited lines were grown under high CO, conditions and selected
by mEGFP fluorescence. Biallelic gene editing was confirmed by
Sanger sequencing (Figures S6A and S6B). Imaging of rbcS-
mMEGFP in the shell1/2 mutant revealed that cells lacking both
Shell1 and Shell2 failed to form a lenticular pyrenoid and instead
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typically possessed a single spherical pyrenoid per chloroplast,
although the presence of multiple pyrenoids was also observed
(Figures 6D and S6D). This suggests that Shell1/2 are required
for the lenticular shape of the pyrenoid, and in their absence,
the pyrenoid assembles into a sphere. Similarly, the shell4
mutant failed to form a lenticular pyrenoid, forming more oval-
shaped pyrenoids that were subtly different in shape from the
more spherical pyrenoids in the shell1/2 mutant (Figures 6D
and S6D). This hints that Shell4 may have a distinct structural
role to Shell1/2, in line with their different localizations at the py-
renoid periphery. The more spherical appearance of Rubisco in
the absence of the shell is consistent with surface tension effects
observed in liquid-liquid phase-separated condensates, sug-
gesting dynamic Rubisco condensation may also play a role in
pyrenoid matrix assembly in vivo in T. pseudonana, as shown
in vitro for P. tricornutum’ and as seen for carboxysome
assembly.*6:

Consistent with their disrupted pyrenoid morphology, the
shell1/2 and shell4 mutants had severely reduced growth at at-
mospheric CO,, which was fully rescued by supplying elevated
CO, (Figure 6E), demonstrating that both Shell1/2 and Shell4
are required for a functional CCM. Interestingly, a shell3 mutant
did not show abnormal pyrenoid morphology by TEM
(Figures S6C and S6E) and had no growth defect at ambient
CO, (Figure 6E). Relative to other Shell homologs, Shell3 has a
low abundance (Figure 3D) and thus could potentially play a mi-
nor role or be compensated by Shell1/2, which have 73% amino
acid sequence similarity.

In a parallel study, it was shown that shell1/2 knockout mu-
tants completely lack a protein shell around the pyrenoid.*” To
see if our shell4 mutant has a similar architectural defect, we per-
formed cryo-electron tomography (cryo-ET).>®> WT T. pseudo-
nana cells contain lenticular-shaped pyrenoids, where the
Rubisco matrix is encapsulated in a protein shell and bisected
end-to-end by one or two PPTs that contain densities in their
lumen (Figure 6F).*” In contrast, the shell4 mutant has mis-
shaped pyrenoids with a diverse range of morphologies
(Figures 6G-61 and S7). These include (1) spherical pyrenoids
that lack a visible shell and have abnormal PPTs that do not
bisect the matrix (similar to the shell1/2 mutant*’), (2) pyrenoids
with a shell that is detached from the Rubisco matrix, and (3) py-
renoids that are encapsulated in a shell but have an atypical dis-
torted shape and abnormal PPTs. Whole-cell proteomics on the
shell4 mutant showed the almost complete absence of Shell4
but largely unaltered levels of Shell1/2, suggesting that the Shell
we observe in the shell4 mutant is composed of Shell1/2 proteins
(Figure S6F; Table S7). Shells in the shell4 mutant show apparent
decreased affinity for the Rubisco matrix (detached shells) as
well as apparent increased interaction with PPT membranes
(attachment to PPTs located both within the matrix and dis-
placed in the stroma). Interestingly, these mutant shells were
also often observed to self-interact, forming double- or triple-
layered sheets (Figure S7). We therefore hypothesize that Shell4

(H) Fluorescence intensity cross-sections of DPC3 and Shell4 across the pyrenoid.

(I) z stack max intensity projections of (H).

Scale bars: 2 um. For (B), (E), and (H), the level of zoom changes between images.

See also Figure S4.
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promotes interaction with Rubisco, whereas Shell1/2 have high
affinity for PPT membranes and Shell1/2 proteins in adjacent
sheets. Taken together, the complete absence of a shell in the
shell1/2 mutant seen by cryo-ET*” and the presence of a shell
but severely misshaped pyrenoids in the shell4 mutant suggest
that Shell1/2 and Shell4 have distinct roles: Shell1/2 form the
main structural component of the shell, and Shell4 is critical for
pyrenoid organization, ensuring that the Rubisco matrix, PPT,
and shell are correctly assembled together. This is further sup-
ported by (1) the whole-cell proteomics, where Shell1/2 are
more abundant than Shell4, (2) the pyrenoid interaction network,
where Shell4 directly and indirectly is connected to several pyre-
noid matrix components but Shell1 has no such connections,
and (3) the propensity of Shell1 but not Shell4 to form high order
assemblies in vitro.

The diverse pyrenoid structural defects in the shell4 mutant
make it difficult to assign the high CO, requiring phenotype to
a specific pyrenoid structural defect. The disrupted PPTs pro-
posed to be involved in inorganic carbon delivery to Rubisco
could reduce inorganic carbon fluxes to the Rubisco matrix. If
the shell has a role in restricting CO, diffusion, its disruption
could make the pyrenoid leaky, thereby reducing the effective
CO, concentration around Rubisco. The shell could also be
critical for efficient delivery and partitioning of Calvin cycle inter-
mediates between the pyrenoid and the surrounding stroma.
Finally, pyrenoid shape could be important to maximize mem-
brane contact area and to minimize diffusion distances.

Collectively, these data support that the diatom Shell proteins
1, 2, and 4 are critical for pyrenoid architecture and CCM func-
tion and may act as a CO, diffusion barrier, although further
experimental proof is required for the latter.

Perspective

The development of a high-throughput tagging and APMS pipe-
line in a model diatom has enabled us to generate a spatial inter-
action network of the diatom pyrenoid, providing molecular
insight into how diatoms help drive the global carbon cycle.
We have identified and confirmed via localization 13 previously
unknown pyrenoid components, of which 10 have no conserved
functional domains. Six of these components constitute a pro-
tein shell that encapsulates the pyrenoid and is found across
diverse species with red plastids derived from secondary endo-
symbiotic events. Knockout of the most abundant shell compo-
nents, Shell1/2 and Shell4, resulted in large pyrenoid structural
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changes and poor growth at atmospheric levels of CO,. Cryo-
ET on the shell4 mutant indicates that Shell4 is critical for correct
organization of the PPT, shell, and matrix, while our data along
with data in a parallel study”” indicate that Shell1/2 is most likely
the major structural component of the shell.

Four additional pyrenoid components, DPC1-4, have no clear
function that can be predicted from their sequence. DPC3
showed a shell-like localization pattern, co-localizing with Shell4
and interacting with both Shell4 and rbcS, suggesting a potential
role in mediating shell-Rubisco matrix interactions. The molecu-
lar mechanism of Rubisco condensation to form the pyrenoid
matrix is currently unknown in T. pseudonana, with no homologs
or functional analogs of EPYC1 or PYCO1 (Rubisco likers in
C. reinhardtii and P. tricornutum) identified in our study. This
suggests that pyrenoid matrix formation may be different in
T. pseudonana. The matrix localization and interaction partners
of DPC2 and DPC4 suggest that they may have a central role
in pyrenoid matrix assembly/function. DPC2, DPC3, and DPC4
are prime targets for future characterization.

Close to 50% of global carbon fixation is performed by biomol-
ecular condensates of Rubisco.” This includes prokaryotic
cyanobacterial carboxysomes and eukaryotic algal pyrenoids.
Nearly all present knowledge of pyrenoid structure and function
comes from the green plastid lineage alga, C. reinhardtii. Howev-
er, pyrenoids are proposed to have convergently evolved both
between plastid lineages and within plastid lineages.”* Insights
from our data suggest that diatom pyrenoids have similarities
to both green plastid pyrenoids and prokaryotic carboxysomes.
Similarities between the T. pseudonana and C. reinhardtii pyre-
noid include dense Rubisco packaging around specialized thyla-
koid membranes (PPTs) for CO, delivery, CO, delivery to the
PPTs via bestrophin family channels,?®° and CO, release within
the acidic lumen driven by constrained localization of a carbonic
anhydrase (0CA2; Kikutani et al.”® and Shimakawa et al.® and
this study) within the PPTs. However, the encapsulation by a pro-
tein shell layer composed of homologs, some with different sub-
shell localizations, is analogous to carboxysome shell proteins.“*°
Additionally, the static nature of Rubisco, cbbX, and shell pro-
teins contrasts with the dynamic properties of the C. reinhardtii
pyrenoid and aligns more with carboxysomes. Another major
outstanding question is the connection of the PPT with the
broader thylakoid network; in both our TEM and cryo-ET, we
are yet to visualize an unambiguous connection as seen in nearly
all pyrenoid-containing algae,” including C. reinhardtii®* and

Figure 6. Shell proteins are static on the pyrenoid surface, can self-assemble into sheets and tubes, and are essential for CCM function and
pyrenoid architecture

(A and B) Fluorescence recovery after photobleaching (FRAP) experiments for Shell1 (A) and Shell4 (B). Arrows indicate photobleached regions. Scale bars: 1 um.
Plots show SEM and SD of the mean.

(C) Shell1 can form tubes and sheets as seen by cryo-EM. Scale bar: 100 nm.

(D) Tagged rbcS in WT (WT::rbcS-mEGFP, top), a shell1/2 mutant (shell1/2::rbcS-mEGFP, middle), and a shell4 mutant line (shell4::rbcS-mEGFP, bottom). Scale
bars: 2 um. Bar charts indicate pyrenoid number per chloroplast in corresponding line.

(E) Growth rate of WT, WT::rbcS-mEGFP, shell1/2::rbcS-mEGFP, shell4::rbcS-mEGFP, and a shell3 mutant. Error bars: SD of the mean.

(F-1) Cryo-ET of WT T. pseudonana (F) and the shell4::rbcS-mEGFP line (G-I). In each panel, the left image shows a 2D slice through the tomogram, and the right
image shows the corresponding 3D segmentation of the Shell structure (pink), Rubisco matrix (blue), thylakoids (green), and PPTs (yellow). Scale bars: 100 nm. In
total, 25 tomograms of the shell4 mutant were obtained. Of these, 6/25 displayed Rubisco matrices with a total absence of shell proteins, 12/25 had shell density
that only partially enclosed the Rubisco matrix, and 7/25 showed pyrenoids where either the shell was folded multiple times upon itself, the PPTs did not show
their canonical organization, or Rubisco packing looked atypically sparse. Additional tomograms of the shell4 mutant are shown in Figure S7.

See also Figures S5-S7.
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Figure 7. Structural and functional models of the T. pseudonana pyrenoid-based CO,-concentrating mechanism
(A) Proposed model based on a classical pyrenoid CCM where there is a connection between the PPT and the broader thylakoid network.
(B) Proposed model based on a carboxysome-like CCM, where the shell completely encapsulates the pyrenoid and the PPT is separated from the broader

thylakoid network.

Models integrate data from this study with the available literature. For simplicity, the multiple membranes encapsulating the chloroplast and components with

unknown or unclear function have been omitted. See text for further discussion.

P. tricornutum.*” If there is no connection, this would align the
T. pseudonana pyrenoid even closer to carboxysomes and
require a new functional model for the T. pseudonana CCM. It
is tempting to postulate that the expansion and diversification
of the Shell protein family in T. pseudonana vs. P. tricornutum
(6 homologs vs. 2 homologs; Figure 4B) may be critical for the
complete encapsulation of the Rubisco matrix and PPT, with
Shell4 a strong candidate that could enable this.

In Figure 7, we propose two models for the T. pseudonana
CCM: amore classical pyrenoid-based CCM where a PPT-thyla-
koid connection is present (Figure 7A) and a completely Shell-
encapsulated pyrenoid that would align closer to a carboxysome
system (Figure 7B). In both models, SLC4 family proteins
contribute to sodium dependent HCO5™ transport at the plasma
membrane.??* The mechanism of Ci transport across the four
chloroplast membranes is still unknown, although SLC4 trans-
porters are also proposed to play a role here®” along with the car-
bonic anhydrase LCIP63 (low CO; inducible protein of 63 kDa)*®
and the vacuolar-type ATPase."® In the classical model, Ci deliv-
ery to the pyrenoid is potentially analogous to C. reinhardltii,
relying on channeling of HCO3™ into the thylakoid lumen via
BST1 and BST2.? HCO5 ™~ could then diffuse into the PPT, where
it is dehydrated to CO, via 6CA2°>°° and diffuses to Rubisco
packaged within the pyrenoid. In a more carboxysome-like sys-
tem, HCO3;~ accumulated in the stroma would have to transit
across the shell and subsequently be dehydrated to CO,. CO,
release could potentially still occur via channeling into the PPT
by bestrophins, and its release accelerated via 0CA2. In the clas-

5946 Cell 187, 5935-5950, October 17, 2024

sical pyrenoid model, like in C. reinhardtii, the low luminal pH of
the PPTs established by the light reactions of photosynthesis
would provide protons for HCO3;™~ dehydration and the energetic
driving force of the CCM.°” In a more carboxysome-like system,
protons for HCO3; ™~ dehydration could come from Rubisco, which
has been modeled to produce two protons for every carboxyla-
tion reaction.”® In both models, CO, leakage out of the pyrenoid
would be minimized by the proteinaceous shell that encapsu-
lates the pyrenoid. The shell is also critical for maintaining the
correct architecture of the pyrenoid, including its lenticular shape
that should minimize diffusion distances of CO, from the PPTs to
Rubisco.

Other than Rubisco, there appear to be no sequence or struc-
tural similarities between carboxysomes and T. pseudonana py-
renoid proteins. This further supports the convergent evolution of
pyrenoids and that a broad range of biophysical, structural, and
functional properties, some previously associated with carboxy-
somes, can be expected as more pyrenoids are characterized
across diverse alga.

A core structural component of pyrenoids is a CO, leakage
barrier, with the starch sheath in C. reinhardtii shown both
experimentally and theoretically to be required for efficient
CCM function.”'® As engineering of a pyrenoid into plants pro-
gresses, a major future challenge will be CO, diffusion barrier en-
gineering."”?? This is thought to require multiple starch synthe-
sis-related steps correctly localized to the pyrenoid periphery.
The diatom Shell proteins could potentially provide an alternative
biotechnology solution to this challenge.
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Limitations of the study

Well-documented technical limitations of protein tagging could
result in protein mislocalization and inaccurate protein-protein
interactions. C-terminal tagging could result in masking interac-
tions that could alter protein targeting and modulate native inter-
actions with other proteins. The use of a constitutive promoter
and expression of proteins in trans-to-native copies could also
modify protein localization and interaction partners. Reported
protein-protein interactions were not validated by a parallel
method and may not mean a direct interaction but could be
mediated through an additional component. Although DPC3
and Shell4 were shown to interact and co-localize, co-localiza-
tion does not confirm a direct interaction.

Where possible, we validated two independently tagged lines
for localization; however, in some cases, only a single stable line
was generated. For shell4 mutants, four independent lines were
sequence verified for biallelic editing. Both pyrenoid shape
disruption by rbcS-mEGFP imaging and growth defects at
ambient CO, were seen across all edited lines, and a single
representative line was chosen for further detailed studies. For
shell1/2 mutants, multiple lines were generated that resulted in
pyrenoid shape disruption by rbcS-mEGFP imaging; however,
only one was confirmed for biallelic editing of both Shell7 and
Shell2; this line was prioritized for further studies.

While we propose that the shell may act as a CO, barrier
analogous to the carboxysome shell, we provide no direct evi-
dence for this. We also do not understand how the Rubisco
substrate, ribulose 1,5-bisphosphate (RuBP), and product,
3-phosphoglycerate (PGA), cross the shell. Although we show
that Shell1 and Shell4 do not co-localize, we do not understand
how the other Shell components are orientated relatively to
each other, whether Shell proteins other than Shell1 can
homo-oligomerize, and whether Shell proteins can hetero-oli-
gomerize. All our images are snapshots of living cells. Proteins
could change localization and interactions depending on cell-
cycle state and during pyrenoid division. Further, the dynamics
of Shell1, Shell4, Rubisco, and cbbX may change at different
states of the cell cycle to enable pyrenoid division and pyrenoid
growth. Finally, how the pyrenoid matrix is assembled is still an
open question.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Luke C.M. Mackinder
(luke.mackinder@york.ac.uk).

Materials availability
All unique/stable reagents generated in this study are available from the lead
contact without restriction.

Data and code availability
o Mass spectrometry and proteomic identification data are referenced in
ProteomeXchange (ProteomeXchange: PXD052522) and can be ac-
cessed via MassIVE (MassIVE: MSV000094846). Cryo-ET recon-
structed tomograms are in the Electron Microscopy Data Bank
(EMDB: EMD-51423, EMD-51424, EMD-51425, EMD-51427), and raw
data are in the Electron Microscopy Public Image Archive (EMPIAR:
EMPIAR-12250). All data are publicly available as of the date of publica-

¢ CellP’ress

OPEN ACCESS

tion. In addition, this paper analyzes existing, publicly available data,
accessible at EMBL/Genbank/DDBJ databases under the accession:
GCA_000149405.1.

e This paper does not report original code.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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T. pseudonana: shell4 KO::rbcS-mEGFP This paper N/A
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Fiji Schindelin et al.®° https://imagej.net/software/fiji/downloads

Cytoscape Cytoscape https://www.cytoscape.org/

Alphafold2 Mirdita et al.®’ https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb

Alphafold3 Abramson et al.®? https://alphafoldserver.com/

Geneious Prime

CytExpert
MotionCorr v2.1
MemBrain v2
Amira v 2021.2

IMOD v4.11

Cryo-CARE v0.2.1

UCSF ChimeraX

Serial EM software
Tomography 5.11 software

Clustal Omega

Geneious

Beckman Coulter
Zheng et al.®®
Lamm et al.®*

FEI, Thermo Fisher Scientific

Mastronarde and Held®®

Buchholz et al.®®

Pettersen et al.®”
Mastronarde®®

Thermo Fisher Scientific

Sievers and Higgins®®
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Version 2.4
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industrial/electron-microscopy/electron-
microscopy-instruments-workflow-solutions/
3d-visualization-analysis-software/amira-
life-sciences-biomedical.html
https://bio3d.colorado.edu/imod/index.html
https://github.com/juglab/cryoCARE_T2T
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https://bio3d.colorado.edu/SerialEM/
https://www.thermofisher.com/ch/en/home/
electron-microscopy/products/software-em-
3d-vis/tomography-software.html

https://www.ebi.ac.uk/jdispatcher/msa/clustalo

GraphPad Prism version 10 GraphPad https://www.graphpad.com/

Microsoft Office Microsoft https://www.office.com/

Adobe lllustrator Adobe https://www.adobe.com/uk/creativecloud.html

SAINT Choi et al.*® http://sourceforge.net/projects/saint-apms/files/

cRomppass Sowa et al.** https://github.com/dnusinow/cRomppass/
blob/master/R/cRomppass.R

Other

Poly-L-lysine-coated 8 well m-slides Ibidi Cat#80824

Digital haemocytometer Countess Il FL Thermo Fisher Scientific Cat#AMQAF1000 (Discontinued)

CytoFLEX Beckman Coulter LX355 or 375

Confocal Microscope Zeiss LSM880 or 980

R 2/1 holey carbon-foil 200-mesh copper EM grids Quantifoil Micro Tools Cat#N1-c15ncu20-01

Autogrid supports Thermo Fisher Scientific N/A

Aquilos 2 Thermo Fisher Scientific N/A

Titan Krios 300kV Thermo Fisher Scientific N/A

Vitrobot plunger Thermo Fisher Scientific N/A

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Strains and Culturing

The background Thalassiosira pseudonana strain for all experiments was wildtype (WT) CCAP1085/12 (Scottish Culture Collection of
Algae and Protozoa, equivalent to CCMP1335). WT cells were axenically maintained in artificial seawater (ASW) (32 g L™, Instant
Ocean SS15-10) supplemented with half-strength (F/2) Guillard F solution’®”" at 20°C under continuous illumination of ~50 pmol
photons m™ s7'. All strains were grown at ambient CO, except shell1/2 deletion, shell4 deletion and Shell1-mEGFP lines, which
were maintained under 1% CO,. Exponentially growing cultures were used for growth assays. Once the pre-cultures reached
2-4 x10° cell mL™, cells were harvested by centrifugation at 3000 xg for 10 min. Then the cells were resuspended at a concentration
of 3x 10° cell mL™" in 10 mL of fresh media. To ensure optimal gas exchange, cultures were grown in 6-well plates swirling twice a day
and incubated in growth chambers with water-saturated 0.04% CO, (ambient air, LC) or 1% CO, (HC) in air. Cell density was
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monitored daily by counting cells using a digital haemocytometer (Countess Il FL, ThemoFisher Scientific). All experiments were per-
formed in biological triplicates.

E. coli strain DH50 was used for standard cloning procedures and E. coli strain C41 (DE3) was used for Shell1 and Shell4 recom-
binant protein expression. All E. coli growth was performed in Luria Broth containing relevant antibiotics.

METHOD DETAILS

Episome Assemblies using Golden Gate Cloning

Level 0, 1, and 2 (LO, L1, and L2) plasmids were assembled by Golden Gate (GG) cloning”’® using the custom parts from the diatom
MoClo framework.”® Using genome version ASM14940v2, target genes without stop codons were synthesized by Twist Bioscience
(Table S4). The regulatory elements, fucoxanthin chlorophyll a/c-binding protein (FCP) promoter and terminator, and the fluorescent
protein (FP) tags (MEGFP and mScarlet-1) harboring LO plasmids were used to build L1 plasmids together with the gene-of-interest
(GOI) for FP tagging. Subsequently, L1 plasmids were assembled into L2 plasmids (episomes) in the following order: episomal main-
tenance elements (position 1, P1),”* nourseothricin (NAT) resistance cassette (P2), FP tagged GOI (P3), and for dual-FP tagging (P4).
For the CRISPR-Cas9 knock-out episomes, Cas9 occupied P3 and two sgRNAs for each target both under the U6 promoter occu-
pied P4 and P5. P6 was used for simultaneous knock-out and rbcS-mEGFP tagging. Each GG assembly was performed in 20 uL
containing 40 fmols of each component with 10x ligase buffer (NEB), 10 units T4 DNA ligase (NEB), and 10 units restriction enzyme
(Bsal for L1 assembly or Bpil for LO/L2 assembly, Thermo Fisher Scientific). The reaction was incubated in a thermocycler by switch-
ing between 37°C and 16°C for 5 min intervals in a total of 20-30 cycles, followed by 37°C for 5 min and terminated after incubating at
65°C for 20 min. 3 pL of the reaction were transformed into 50 uL chemically competent DH5a« E. coli cells.

Genome editing

To generate the CRISPR-Cas9 knock-out mutant lines, two single guide RNA (sgRNA) sequences were designed to target each gene
using CRISPOR’* (http://crispor.gi.ucsc.edu/crispor.py) and Cas-Designer’® (http://www.rgenome.net/cas-designer/). The nucleo-
tides selected to generate the shell1/2 mutant were 5’-CCCTGCCATTGAATCTGTGC-3’ (267-286 shell1, 264-287 shell2) and
5'-TGGCAACAGAGTCAACGGTG-3" (594-613 shell1l, 591-610 shell2); for the shell3 mutant were 5-GTCCGAGACCGAGC
GAACGT-3’ (109-128) and 5’-GCCGAAGCCTTGATGAAATC-3’ (197-216); and for the shell4 mutant were 5'-GAGGGACAATCACGT
GAGCAC-3’ (148-168) and 5’- GCCCGACTGGACTCCCATGA-3’ (261-280).

T. pseudonana Transformation via Bacterial Conjugation

Episomes were delivered to T. pseudonana via bacterial conjugation according to Karas et al.”® with minor modifications. Episome
plasmids were transformed into E. coli (TransforMax EPI300) harboring the pTA_Mob®® mobility plasmid (gift from R. Lale) via elec-
troporation (Bio-Rad). Transformed cells were spread onto LB agar plates containing both gentamycin (10 ng mL™") and kanamycin
(25 ng mL™") for selection overnight at 37°C. Colonies were inoculated for subsequent conjugation. Cultures (150 mL) grown at 37°C
to OD600 of 0.3-0.4 were harvested by centrifugation (3,000 xg, 5 min) and resuspended in 800 uL of SOC media. Liquid grown
T. pseudonana WT culture was harvested by centrifugation (3,000 xg, 5 min) and resuspended at a concentration of 2x108 cells
mL™" in 1%2ASW-F/2. Equal volume (200 uL) of E. coli and T. pseudonana WT cells were gently mixed by pipetting. Next the mixture
of cells was plated on 2ASW-F/2, 5% LB, 1% agar plates and incubated in the dark for 90 min at 30°C. The plates were transferred
to 20°C with continuous illumination (~50 umol photons m™ s™') and grown overnight. Next day, 500 pL of %2ASW-F/2 medium was
added to the plate for scraping and resuspending the cells. Up to 200 pL of resuspended cells were spread onto 1% (w/v) Y2ASW-F/2
agar plates with 100 ug mL™" nourseothricin for selection. Colonies appeared after 6-14 days.

Flow Cytometry

MEGFP and mScarlet-1 expression was analyzed by flow cytometry using either CytoFLEX LX355 or 375 (Beckman Coulter) ana-
lyzers. Forward scattered (FSC) and side scattered photons by the 488 nm laser were used to distinguish diatoms from cell culture
debris. FSC-height versus FSC-area signal was used to separate single events from sample aggregates. Chlorophyll autofluores-
cence excited by a 561 nm laser and emitted photons detected with a 675/25 filter was used to ensure all the diatom cells were fully
intact. mEGFP fluorescence excited by a 488 nm laser was detected by an avalanche photodiode detector with a 525/40 bandpass
filter. All the data analysis was done using CytExpert software (Beckman Coulter).

Confocal Fluorescent Microscopy

Fluorescence imaging was performed using a Zeiss LSM880 confocal microscope with a 63x objective, 1.4 numerical aperture (NA)
Plan-Apo oil-immersion lens (Carl Zeiss). Allimaging was done in Airyscan mode except for the rocS-mEGFP line, which was imaged
in confocal mode. 20 L of cell suspension were pipetted on 8 well u-Slide chambered coverslips (ibidi) overlaid with 180 uL of 1.5%
F/2-low-melting point agarose (Invitrogen) for imaging. Excitation lasers and emission filters were as follows: mMEGFP excitation
488 nm, emission 481-541 nm; mScarlet-| excitation 561 nm, emission 561-633 nm; and chlorophyll excitation 633 nm, emission
642-712 nm. All the microscopic images were processed using Fiji.®°
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Co-Immunoprecipitation and Affinity Purification

For rbcL colP, 50 mL of WT T. pseudonana cells grown in log phase (2-3 x 10° cells mL™") were harvested by centrifugation (3,000 xg,
10 min). The pellets were resuspended in ColP buffer (20 mM Tris-HCI pH 8.0, 50 mM NaCl, 0.1 mM EDTA, 12.5% glycerol) containing
5 mM DTT and protease inhibitor cocktail tablets (Pls, cOmplete EDTA-free, Roche). Cells were lysed by sonication for 3 min (ON
3 sec, OFF 12 sec). The lysates were centrifuged for 20 min (20,817 xg, 4°C) to separate the supernatant (soluble lysate) from the
pellet. 200 pL of Protein A (Dynabeads Protein A, Invitrogen) beads were washed twice in colP buffer containing Pls. 32 ng of
anti-rbcL antibody in 500 uL colP buffer containing Pls was added to the washed beads and incubated at 4°C for 2 hours. After in-
cubation beads were washed twice in colP buffer containing Pls. For blocking, 500 uL of BSA (2 mg mL™") was added and incubated
at 4°C for 1 hour. After incubation beads were washed twice in colP buffer containing Pls. Subsequently, the soluble lysates were
added to protein A beads primed with antibody and incubated at 4°C for 3 hours. After incubation, beads were washed three times
with colP buffer containing Pls and 0.1% digitonin (SigmaAldrich). For elution, 200 pL of 1x SDS loading dye was added and boiled at
95°C for 5 min. The supernatant was collected without any beads and ran on an SDS-PAGE gel for ~1.5 cm. Gels were sliced for
further in-gel digestion for LC-MS/MS (see below).

For mEGFP tagged lines affinity purification (AP), 50 mL of GFP tagged T. pseudonana lines grown to exponential phase (2-3 x 10°
cells mL™") were harvested by centrifugation (3,000 xg, 10 min). The pellets were resuspended in an AP buffer (200 mM D-sorbitol,
50 mM HEPES, 50 mM KOAc, 2 mM Mg(OAc),, 1 mM CaCl,) containing protease inhibitor cocktail tablets (cOmplete EDTA-free,
Roche), 2% digitonin (SigmaAldrich), 1mM PMSF, 0.5 mM NaF and 0.15 mM NazVO,. Cells were lysed by sonication for 30 sec
(On 3 sec, Off 15 sec) twice. The lysates were centrifuged for 20 min (20,817 xg, 4°C) and the supernatant was incubated with
mEGFP-Trap Agarose beads (ChromoTek) for 1 hour according to the manufacturer’s instructions. Subsequently, beads were
washed twice with AP buffer containing 0.1% digitonin and a final wash without digitonin. All steps were performed at 4°C.

Mass Spectrometry

For rbcL colPMS, samples were in-gel digested with 0.2 ug sequencing-grade, modified porcine trypsin (Promega), following reduc-
tion with 1.5 mg ml™" dithioerythritol and alkylation with 9.5 mg mL™" iodoacetamide. Digests were incubated overnight at 37°C. Pep-
tides were extracted by washing three times with aqueous 50% (v:v) acetonitrile containing 0.1% (v:v) trifluoroacetic acid, before
drying in a vacuum concentrator and reconstituting in aqueous 0.1% (v:v) trifluoroacetic acid. Peptides were loaded onto an mClass
nanoflow UPLC system (Waters) equipped with a nanoEaze M/Z Symmetry 100 A C1s, 5 um trap column (180 pm x 20 mm, Waters)
and a PepMap, 2 um, 100 Ac1s EasyNano nanocapillary column (75 mm x 500 mm, Thermo). The trap wash solvent was aqueous
0.05% (v:v) trifluoroacetic acid and the trapping flow rate was 15 uL min™'. The trap was washed for 5 min before switching flow to the
capillary column. Separation used gradient elution of two solvents: solvent A, agueous 0.1% (v:v) formic acid; solvent B, acetonitrile
containing 0.1% (v:v) formic acid. The flow rate for the capillary column was 330 nL min™! and the column temperature was 40°C. The
linear multi-step gradient profile was: 3-10% B over 5 mins, 10-35% B over 85 mins, 35-99% B over 10 mins and then proceeded to
wash with 99% solvent B for 5 min. The column was returned to initial conditions and re-equilibrated for 15 min before subsequent
injections. The nanoLC system was interfaced with an Orbitrap Fusion Tribrid mass spectrometer (Thermo) with an EasyNano ion-
isation source (Thermo). Positive ESI-MS and MS2 spectra were acquired using Xcalibur software (version 4.0, Thermo). Instrument
source settings were: ion spray voltage, 1900-2100 V; sweep gas, 0 Arb; ion transfer tube temperature; 275°C. MS 1 spectra were
acquired in the Orbitrap with: 120,000 resolution, scan range: m/z 375-1,500; AGC target, 4e>; max fill time, 100 ms. Data dependent
acquisition was performed in top speed mode using a 1 s cycle, selecting the most intense precursors with charge states >1. Easy-IC
was used for internal calibration. Dynamic exclusion was performed for 50 s post precursor selection and a minimum threshold for
fragmentation was set at 5e°. MS2 spectra were acquired in the linear ion trap with: scan rate, turbo; quadrupole isolation, 1.6 m/z;
activation type, HCD; activation energy: 32%; AGC target, 5¢3; first mass, 110 m/z; max fill time, 100 ms. Acquisitions were arranged
by Xcalibur to inject ions for all available parallelizable time. Tandem mass spectra peak lists were extracted from Thermo.raw files
to.mgf format using MSConvert (ProteoWizard 3.0). Mascot Daemon (version 2.6.0, Matrix Science) was used to submit searches to a
locally-running copy of the Mascot program (Matrix Science Ltd., version 2.7.0). Peak lists were searched against the Thalassiosira
pseudonana subsets of UniProt and NCBI with common proteomic contaminants appended. Search criteria specified: Enzyme,
trypsin; Max missed cleavages, 2; Fixed modifications, Carbamidomethyl (C); Variable modifications, Oxidation (M); Peptide toler-
ance, 3 ppm; MS/MS tolerance, 0.5 Da; Instrument, ESI-TRAP. Peptide identifications were collated and filtered using Scaffold
(5.2.0, Proteome Software Inc). Peptide identifications were accepted if they could be established at greater than 51.0% probability
to achieve an FDR less than 1.0% by the Percolator posterior error probability calculation. Protein identifications were accepted if
they could be established at greater than 5.0% probability to achieve an FDR less than 1.0% and contained at least 2 identified
peptides.

For mEGFP tagged lines APMS, samples were on-bead digested using Chromotek’s recommended procedure for NanoTraps:
protein was digested overnight at 37°C with 25 pL. 50 mM Tris-HCI pH 7.5, 2 M urea, 1TmM DTT, 5 ug ml™' Sequencing Grade Modified
Trypsin (Promega). Peptides were eluted with 50 mM Tris-HCI pH 7.5, 2 M urea, 5 mM iodoacetamide before loading onto EvoTip
Pure tips for desalting and as a disposable trap column for nanoUPLC using an EvoSep One system. A pre-set EvoSep 60 SPD
gradient was used with a 8 cm EvoSep C,g Performance column (8 cm x 150 um x 1.5 pm). The nanoUPLC system was interfaced
to a timsTOF HT mass spectrometer (Bruker) with a CaptiveSpray ionisation source (Source). Positive PASEF-DDA, ESI-MS and MS?
spectra were acquired using Compass HyStar software (version 6.2, Thermo). Instrument source settings were: capillary voltage,
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1,500 V; dry gas, 3 min™"; dry temperature; 180°C. Spectra were acquired between m/z 100-1,700. The following TIMS settings were
applied as: 1/K0 0.6-1.60 V.s cm™; Ramp time, 100 ms; Ramp rate 9.42 Hz. Data dependent acquisition was performed with
10 PASEF ramps and a total cycle time of 1.17 s. An intensity threshold of 2,500 and a target intensity of 20,000 were set with active
exclusion applied for 0.4 min post precursor selection. Collision energy was interpolated between 20 eV at 0.5 V.s cm™ to 59 eV at
1.6 V.s cm™. Pick picking, database searching, significance thresholding and peak area integration was performed using FragPipe
(version 19.1). Data were searched against UniProt reference proteome UP000001449, appended with common contaminants and
concatenated with reversed sequences for false discovery calculation. Search criteria specified: Enzyme, trypsin; Max missed cleav-
ages, 2; Fixed modifications, Carbamidomethyl (C); Variable modifications, Oxidation (M), Acetylation (Protein N-term); Peptide toler-
ance, 10 ppm; MS/MS tolerance, 10 ppm; Instrument, IM-MS. Peptide identifications were filtered using Percolator and
ProteinProphet to 1% PSM FDR, protein probabilities >99%, best peptide probability >99% and a minimum of two unique peptides.
Peak area quantification was extracted using lonQuant with match between run applied. Feature detection tolerances were set to:
MS1 mass <10 ppm; RT < 0.4 min; and IM (1/k0) <0.05.

For whole-cell MS samples were ran in triplicate. 50 mL of WT cells were grown in ambient CO, conditions and harvested at the log
phase (2-3 x 10° cells mL™) by centrifugation (3,000 xg, 10 min). Shell4 mutant lines were grown in 1% CO,. Cells were lysed by son-
ication (3 min: ON 3 s, OFF 12 s) in ColP buffer containing 5 mM DTT and Pls followed by centrifugation for 20 min (20,817 xg, 4°C).
Supernatant was run on an SDS-PAGE gel for ~1.5 cm. In-gel digestion was performed with the addition of 0.2 mg sequencing-
grade, modified porcine trypsin (Promega), following reduction with dithioerythritol and alkylation with iodoacetamide. Digests
were incubated overnight at 37°C. Peptides were extracted by washing three times with aqueous 50% (v:v) acetonitrile containing
0.1% (v:v) trifluoroacetic acid, before drying in a vacuum concentrator and reconstituting in aqueous 0.1% (v:v) trifluoroacetic acid.

S-Trap™ micro spin column (PROFITI) digestions were performed using the manufacture’s protocol. Briefly, protein in 5% SDS
(w:w) lysis buffer was reduced with tris(2-carboxyethyl)phosphine and alkylated with methyl methanethiosulfonate before acidifica-
tion with phosphoric acid and dilution into 100 mM triethylammonium bicarbonate (TEAB) in 90% (v:v) methanol. Protein was washed
on s-Trap with the same buffer five times before digestion for 2 h at 47°C with 2 mg Promega Trypsin/Lys-C mixed protease in
50 mM TEAB.

Peptides were loaded onto EvoTip Pure tips for nanoUPLC using an EvoSep One system. A pre-set 30SPD gradient was used with
a 15 cm EvoSep C4g Performance column (15 cm x 150 mm x 1.5 mm).

The nanoUPLC system was interfaced to a timsTOF HT mass spectrometer (Bruker) with a CaptiveSpray ionisation source. Pos-
itive PASEF-DIA, nanoESI-MS and MS? spectra were acquired using Compass HyStar software (version 6.2, Bruker). Instrument
source settings were: capillary voltage, 1,500 V; dry gas, 3 I/min; dry temperature; 180°C. Spectra were acquired between m/z
100-1,700. DIA windows were set to 25 Th width between m/z 400-1201 and a TIMS range of 1/K0 0.6-1.60 V.s/cm2. Collision energy
was interpolated between 20 eV at 0.65 V.s/cm2 to 59 eV at 1.6 V.s/cm2.

LC-MS data, in Bruker.d format, was processed using DIA-NN (1.8.2.27) software and searched against an in silico predicted
spectral library, derived from the Thalassiosira pseudonana subset of UniProt (11934 protein sequences). Search criteria were set
to maintain a false discovery rate (FDR) of 1% with heuristic protein inference. High-precision quant-UMS was used for extraction
of quantitative values within DIA-NN. Peptide-centric output in.tsv format, was pivoted to protein-centric summaries using KNIME
5.1.2 and data filtered to require protein g-values < 0.01 and a minimum of two peptides per accepted protein.

Protein-Protein Interaction Network analysis

Protein abundances quantified using MS2 spectral count measurements of fragment ions from all sample triplicates were run through
a CompPASS package in R Studio (https://github.com/dnusinow/cRomppass/blob/master/R/cRomppass.R) and a control IP inclu-
sive variation of SAINT analysis in Ubuntu using standard parameters.®® The WD and AvgP scores respectively generated were used
as measures of interaction strength between bait and prey proteins. Only interactions which fell in both the top 2.2% WD score and
1% AvgP score were filtered as high confidence interactors. Prior to analysis, bait spectral count data was set to zero to minimize
data skewing due to the typically high spectral counts and the inability to distinguish between mEGFP tagged bait and untagged
native protein.

In vivo Fluorescence Recovery After Photobleaching

FRAP experiments were performed using a Zeiss LSM980 confocal microscope with a 63x objective 1.4 numerical aperture (NA)
Plan-Apo oil-immersion lens (Carl Zeiss). Samples were prepared as in confocal microscopy and overlaid with 200 pL of ibidi
anti-evaporation oil. 20 pre-bleach images were taken prior to bleaching (60% 488 nm intensity, 1 cycle). All the images were pro-
cessed by Fiji.°° The Image Stabilizer plugin (4 pyramid levels, 0.99 template update coefficient) output of the brightfield images were
used to stabilize the fluorescence images. The mean gray values were measured for the bleached, unbleached and background re-
gions of interest (ROIs). Background values were subtracted from bleached and unbleached values before photobleach normaliza-
tion using the unbleached reference was completed. The average pre-bleach intensity was used for full-scale normalization.

Data visualization

Network visualization of the interaction network was done using Cytoscape (version 3.10.0) (https://cytoscape.org/). The phyloge-
netic tree was done in Geneious Prime (2023.2.1). Thalassiosira antarctica Rubisco model (PDB: 5MZ2) was used to visualize the
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peptide regions utilized for raising the anti-rbcL antibody using ChimeraX.®” Adobe lllustrator (2023), Excel (Microsoft) and Prism 10
(GraphPad) were used to generate the figures.

Structure Prediction

AlphaFold structure predictions for Shell 1-6 and DPC3 without signal peptide and chloroplast transit peptides were done using
ColabFold v1.5.2-patch: AlphaFold2 using MMseqgs2 (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipynb).°' To compare Shell1 and Shell4, the structures of both proteins were predicted using AlphaFold3° and fitted us-
ing MatchMaker in ChimeraX.®” A sequence alignment of Shell protein sequences was obtained with Clustal Omega.®®

Transmission Electron Microscopy

50 mL of cell culture grown in log phase were harvested by centrifugation (3,000 xg, 5 min). Cells were fixed in 0.1 M cacodylate buffer
(SigmaAldrich), pH 7.4, containing 2.5% glutaraldehyde (SigmaAldrich), 2% formaldehyde (Polysciences) for 1 hour at room temper-
ature. They were then rinsed twice in phosphate-buffered saline (PBS, pH 7.4) for 15 min by removing the liquid at the top of the tube
and leaving the cells undisturbed at the bottom of the tube. The cells were secondary fixed with Osmium Tetroxide (1%, in buffer
pH 7.2, 0.1M) for 1 hour. After rinsing twice with buffer, again removing the liquid above the cells whilst leaving the cells undisturbed,
the cells were dehydrated through an ethanol series of 30, 50, 70, 90 and 100%, with each rinse for 15 min. To ensure thorough dehy-
dration the 100% ethanol step was repeated 3 times. The ethanol was then replaced by Agar low viscosity resin by placing it in
increasing concentrations of resin (30% resin: 70 % ethanol. 50:50, 70:30 each change was left for at least 12 hours) until it was
in 100% resin. To ensure complete resin infiltration, the 100% resin step was repeated 3 times leaving it overnight between changes.
The Eppendorf tubes were then placed in an embedding oven and the resin polymerized at 60°C overnight. The resulting blocks were
sectioned with a Leica Ultracut E ultra microtome using a diatome diamond knife. The sections were then stained using a saturated
solution of Uranyl acetate (for 15 min) and Reynold’s Lead citrate (15 min). The sections were imaged using a JEOL 1400 TEM.

Blast search

Full amino acid sequences of Shell 1-6 were used for Blastp against the NCBI database with default settings: ‘Standard databases’,
‘Non-redundant protein sequences (nr)’, ‘blastp (protein-protein BLAST)’ ‘Max target sequences=100" ‘Word size =5’ * Max matches
in a query range = 0’ ‘Matrix = BLOSUM®62’ ‘Gap Costs= Existence: 11 Extension: 1’ ‘Compositional adjustments = Conditional
compositional score matrix adjustment’ and ‘Expect threshold =1'. Hits were sorted by highest to lowest alignment length, and a
cut-off length of 100 amino acids was employed.

Phylogeny

The phylogenetic tree was built using Geneious Prime (2023.2.1). 136 proteins were used for MAFFT alignment using default settings
(Algorithm = ‘Auto’, Scoring matrix = ‘BLOSUM®62’, Gap open penalty = ‘1.53’, Offset value = ‘0.123’). Phylogenetic tree analysis was
performed using RAXML with the following settings: Protein Model = ‘GAMMA BLOSUM®62’, Algorithm = ‘Rapid Bootstrapping’, Number
of starting trees or bootstrap replicates = “1000’, Parsimony random seed = ‘1’. A consensus tree was generated by selecting Consensus
Tree Builder, Create Consensus Tree, Support Threshold % = 0, Topology Threshold % = 0, Burn-in % = 0, Save tree(s) separately.
C. reinhardtii BST1-3 sequences (Cre16.g662600, BST1; Cre16.9g663400, BST2; Cre16.9663450, BST3) were added to root the tree.

Recombinant Shell1 protein purification

Amodified pOPT expression plasmid’® containing shell1 with N-terminal His6-MBP tag and C-terminal GST tag was transformed into
E. coli expression strain C41 (DE3). Cells were grown in 2 L of liquid Luria Broth medium with 100 pg mL™" carbenicillin until ODgog
reached 0.6 when the culture was induced with 1 mM IPTG for 6 h. Harvested cells were resuspended in a lysis buffer (50 mM Tris-
HCI, pH 8.0, 1x cOmplete EDTA-free protease inhibitor with 500 mM NaCl and 2 mM PMSF). The cells were lysed by cell disruption
(30 kPSI) and the lysate cleared by 10 min of centrifugation at 7,000 xg and 30 min at 20,000 xg before being filtered with a 0.2 pm
filter. The supernatant was applied onto a 5 ml HisTrap Fast Flow nickel affinity column (Cytiva) equilibrated with buffer A (50 mM Tris-
HCI pH 8.0, 500 mM NaCl) followed by 4CV wash with lysis buffer. The bound protein was then eluted using a linear gradient of imid-
azole up to 500 mM concentration. The elution was then treated with TEV protease and 3C protease while dialysed overnight at 4°C
into 50 mM Tris-HCI, pH 8.0, 500 mM NaCl buffer. The sample was then applied to both a HisTrap Fast Flow nickel column and a
GSTrap column to remove the tags. The Shell protein remained in the flowthrough. The protein was then concentrated using an Ami-
con Ultra concentrator 10,000 MW, applied onto a Superdex 200 pg 16/600 Column to further ensure the purity of the sample, and
concentrated again with an Amicon Ultra Concentrator if needed.

Cryo-Electron Microscopy of recombinantly expressed Shell1

QUANTIFOIL® R 1.2/1.3 grids were glow discharged with a PELCO easiGlow system using a pressure of 0.26 mBar, for 60 seconds
at a 20 mA current. Shell1 protein sample in 50 mM Tris-HCI (pH 8.0), 50 mM NaCl at 2.3 mg mL™" was applied onto grids, blotted for
8 s using force 10 with a FEI Mark IV Vitrobot (ThermoFisher Scientific) in a chamber at 4°C and 95% relative humidity. Grids were then
plunged into liquid ethane.
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Data was collected on a 200 kV Glacios cryo-electron microscope with a Falcon IV direct electron detector at the University of York.
Automated data collection was performed using EPU in AFIS mode (ThermoFisher Scientific). Micrographs were collected at a nom-
inal magnification of 120,000x and total electron fluence of 50 e-/AZ with pixel size of 1.2 A2 Total exposure time was 8 s. A 100 pm
objective aperture was inserted and the C2 aperture was 50 um. Defocus values were: -2.0, -1.6, -1.4, -1.2, -1.0.

Cellular Cryo-Electron Tomography

T. pseudonana cultures were grown as described above, with the mutant shell4 KO::rbcS-mEGFP being supplemented with 5 mM
Na,COj3 in the F/2 medium. Cells were sedimented at 800 xg for 5 min prior to vitrification, 4 uL of cell suspension was applied to
200-mesh R2/1 carbon-film covered copper grids (Quantifoil Micro Tools), and grids were blotted and plunge-frozen using a Vitrobot
Mark IV (Thermo Fisher Scientific). EM grids were clipped into Autogrid supports (Thermo Fisher Scientific) and loaded into an Aquilos
2 FIB-SEM instrument (Thermo Fisher Scientific), where they were thinned with a Gallium ion beam as previously described.”” The
resulting EM grids with thin lamellae were transferred to a transmission electron microscope for tomographic imaging. Datasets were
acquired on three different microscopes: a 300 kV Titan Krios G4i microscope (Thermo Fisher Scientific), equipped with a Selectris X
post-column energy filter (Thermo Fisher Scientific) and a Falcon 4 direct electron detector (Thermo Fisher Scientific) (“M1”); a 300 kV
Titan Krios G3i microscope (Thermo Fisher Scientific) equipped with a BioQuantum post-column energy filter (Gatan) and a K3 direct
electron detector (Gatan) (“M2”); and Titan G4 equipped with a monochromator, a Selectris X energy filter, and a Falcon 4 camera
(“M3”). Tilt-series were obtained using SerialEM 3.8 software®® or Tomo5 (Thermo Fisher Scientific). In all cases, tilt-series were ac-
quired using a dose-symmetric tilt scheme,”® with 2° steps totaling 60 tilts per series. Each image was recorded in counting mode
with ten frames per second. For M1 and M3, data was acquired in EER mode. The target defocus of individual tilt-series ranged from
—2 1o —5 um. Total dose per tilt series was approximately 120 e-/A2. Image pixel sizes for microscopes M1, M2, and M3 were 2.42 A,
2.143/2.685 A, and 2.38 A, respectively.

Tomograms were subsequently reconstructed. First, TOMOMAN MATLAB scripts (version 0.6.9 https://github.com/williamnwan/
TOMOMANY/; https://doi.org/10.5281/zenodo.4110737)"° were used to preprocess the tomographic tilt series data. Raw frames
were then aligned using MotionCor2 (version 1.5.0)°° before dose-weighting the tilt-series,®° followed by manual removal of bad tilts.
The resulting tilt-series (binned 4 times) were aligned in IMOD (version 4.11)°° using patch tracking and were reconstructed by
weighted back projection. Cryo-CARE (version 0.2.1)°° was applied on reconstructed tomogram pairs from odd and even raw frames
to enhance contrast and remove noise. Snapshots of denoised tomograms were captured using the IMOD 3dmod viewer. Denoised
tomograms were used as input for automatic segmentation using MemBrain.®* The resulting segmentations were manually curated in
Amira (version 2021.2; Thermo Fisher Scientific). Rubisco enzymes were template matched using PyTOM (version 0.0.6)°" on bin4
tomograms. The resulting segmentations and particle coordinates were visualized in ChimeraX.®’

QUANTIFICATION AND STATISTICAL ANALYSIS
For FRAP experiments, n represents the number of individual replicate measurements on distinct pyrenoids. The mean, S.E.M. and
S.D. of each timepoint were calculated from the indicated number of replicates (n) in Excel (Microsoft). The mean S.D. for the growth

experiments were conducted using Excel (Microsoft). The whole cell mass spectrometry plots with the mean S.D., were performed
using GraphPad PRISM version 10 software (GraphPad).
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Figure S1. RbcL antibody and flow cytometry screening to identify fluorophore-fusion lines, related to Figures 1 and 2
(A) An antibody was raised against a surface-exposed region (yellow) of the rbcL (cyan). rbcS is shown in red.
(B) Immunoblot using the rbcL antibody against the soluble and insoluble cell fractions of T. pseudonana.

(C) Example screening data for diatom pyrenoid component 2 (DPC2). Eight independent lines expressing DPC2-mEGFP from an episome were screened via flow
cytometry. The green box outlines the gate used to quantify the percentage of cells that show mEGFP fluorescence with the percentage indicated above. The red
box denotes the cell line used for subsequent imaging and APMS.
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Figure S2. Images of additional mEGFP-tagged lines, related to Figures 2 and 3

(A) Images of additional pyrenoid-localized proteins and additional independently generated lines to those used in Figures 2 and 3.

(B) Images of mEGFP fusion proteins that did not localize to the pyrenoid. Predicted functions/annotations: B8BW88, aspartate/glutamate/uridylate kinase
domain-containing protein; B8BXJ7, uncharacterized protein; BBC8L9, Gfo/ldh/MocA-like oxidoreductase N-terminal domain-containing protein; B8C9Q9,
oxoglutarate/malate translocator; B8BZ40, phosphoribulokinase; BBC2A9, S-malonyltransferase; B8BU77, nucleoside-diphosphate kinase; BBLDK2, glycoside
hydrolase family 5 domain-containing protein; B8BRI7, 2-isopropylmalate synthase.

Green: mEGFP fusion protein; magenta: chlorophyll. Scale bars: 2 um.
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Figure S3. Shell protein amino acid alignment, sequence, and structural similarities, related to Figure 4

(A) Alignment of full-length Shell amino acid sequences.

(B) Protein and DNA sequence similarities between Shell homologs, including predicted signal and transit peptides.

(C) AlphaFold2 model comparisons of Shell proteins with both N- and C-terminals removed. Root-mean-square deviation (RMSD) values relative to Shell1 are
shown.

(D) AlphaFold2 model of DPC3.

(E) AlphaFold3-predicted monomers of Shell1 and Shell4 with C-terminal domains indicated by arrows (predicted N-terminal disordered regions were removed).
Overlap of Shell1 and Shell4 models was performed using ChimeraX MatchMaker.
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Figure S4. Co-localization of Shell proteins with Rubisco, related to Figure 5

Image columns 1-4: additional images of co-localization of Shell proteins with Rubisco. Scale bars: 2 um. Image columns 5-8: fluorescence intensity cross-
sections of chlorophyll, Shell, and rbcS fluorescence across the pyrenoid. Level of zoom changes between images. Image column 9: z stack max intensity
projections.
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Figure S5. rbcS and cbbX are not mobile in the T. pseudonana pyrenoid, and Shell1 forms tubes and sheets in vitro, related to Figure 6
(A) Fluorescence recovery after photobleaching (FRAP) experiments for rbcS and cbbX. Arrows indicate photobleached regions. Scale bars: 1 um. Plots show
SEM and SD of the mean.

(B) Coomassie-stained SDS-PAGE gel of recombinant Shell1 used for cryo-EM.

(C) Fourier transform of zoomed images of tubes and sheets of self-assembled Shell1. Same micrograph as Figure 6C. Scale bar: 10 nm.

(D) Representative cryo-EM micrographs of Shell1 self-assembly into tubes and sheets. Scale bar: 100 nm.
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Figure S6. Shell1/2, shell3, and shell4 mutant genotyping, pyrenoid morphology, and shell4 proteomics, related to Figure 6

(A) Biallelic knockout genotyping of shell1/2. Due to 93% DNA sequence similarity between Shell7 and Shell2, both genes were knocked out simultaneously by
designing two sgRNAs that targeted conserved sequences in Shell1 and Shell2.
(B) Biallelic knockout genotyping of shell4.
(C) Biallelic knockout genotyping of shell3.

(legend continued on next page)
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(D) Shell1/2 and shell4 mutants have malformed pyrenoids. Additional images of WT::rbcS-mEGFP, shell1/2::rbcS-mEGFP, and shell4::rbcS-mEGFP. Green:

mEGFP fusion protein; magenta: chlorophyll. Scale bars: 2 pm.
(E) The shell3 mutant has WT pyrenoid morphology. TEM images of WT and shell3 mutant pyrenoids. The WT image is the same as used in Figure 1.
(F) Whole-cell proteomics of the shell4 mutant. Relative abundance of Shell proteins and Rubisco in the shell4 mutant. Shell4 was detected at low levels in one of

the three replicas. Error bars: SD of the mean.
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Figure S7. Additional tomograms of the shell4 mutant pyrenoid morphologies, related to Figure 6
Additional tomogram slices of the different types of misassembled pyrenoids in the shell4 mutant. The Shell (pink), Rubisco matrix (blue), thylakoids (green), and
PPTs (yellow) are highlighted. Bottom row shows enlarged views of the boxed regions above. Scale bar: 100 nm.
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