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The pyrenoid is a subcellular microcompartment in which algae
sequester the primary carboxylase, ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco). The pyrenoid is associated with
a CO,-concentrating mechanism (CCM), which improves the oper-
ating efficiency of carbon assimilation and overcomes diffusive
limitations in aquatic photosynthesis. Using the model alga Chla-
mydomonas reinhardtii, we show that pyrenoid formation, Rubisco
aggregation, and CCM activity relate to discrete regions of the
Rubisco small subunit (SSU). Specifically, pyrenoid occurrence was
shown to be conditioned by the amino acid composition of two
surface-exposed a-helices of the SSU: higher plant-like helices knock
out the pyrenoid, whereas native algal helices establish a pyrenoid.
We have also established that pyrenoid integrity was essential for
the operation of an active CCM. With the algal CCM being function-
ally analogous to the terrestrial C, pathway in higher plants, such
insights may offer a route toward transforming algal and higher
plant productivity for the future.
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he catalytic activities of ribulose-1,5-bisphosphate carboxyl-

ase/oxygenase (Rubisco) are often considered to be flawed,
inefficient, or at best confused (1, 2), and yet the resultant
photosynthetic CO, assimilation into three-carbon sugars (“Cs”
pathway) sustains life on earth. Served by a single active site,
which evolved under anaerobic conditions, Rubisco carboxylase
function became competitively inhibited by O,, a by-product of
photosynthetic light reactions. Relatively high atmospheric CO,
concentrations, in equilibrium with the aquatic dissolved inorganic
carbon (DIC) pool, continued to sustain Rubisco carboxylase ac-
tivity through the gradually increasing O, concentration, and be-
yond the great oxidation event at some 2.4 billion years ago (bya).
However, between 0.6 and 1 bya, cyanobacterial photosynthesis
was limited by inorganic carbon supply to the extent that some
form of carbon-concentrating mechanism (CCM) may then have
evolved (3). Subsequently, most aquatic eukaryotic lineages also
developed a CCM to suppress oxygenase activity and the associ-
ated wasteful photorespiration, and overcome CO; limitation due
to slow diffusivity in water (4).

When plants conquered land, the role of stomata, and in-
ternalization of gas exchange surfaces to minimize liquid phase
resistance, allowed CO, diffusion to supply carboxylase activity
of Rubisco. Despite subsequent variations in atmospheric CO,
concentrations, for 400 million years Cs terrestrial plants have
dominated carbon storage in biomass and soils. Today, they se-
quester nearly one-third of anthropogenic CO, emissions, as well
as providing food and fuel for the burgeoning global population,
via many staple crops. However, it is thought that CO; starvation
and a changing climate over the past 20-30 million years have
been major selection pressures to develop other mechanisms of
CO;, concentration by terrestrial plants, which tend to use a four-
carbon organic acid currency to power a biochemical CCM in the
C,4 pathway and crassulacean acid metabolism (CAM). Today, in
a warming world, as crop yields plateau (5) and the human popu-
lation continues to grow, understanding the fundamental genetic
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and mechanistic properties of such biochemical CCM processes
could be a prelude to their introduction into staple crops such as
rice (6).

In parallel, we also need to learn from cyanobacteria and
eukaryotic algae, which currently sequester an equivalent pro-
portion of anthropogenic CO, emissions. In aquatic photosyn-
thetic microorganisms, CO, assimilation is supported by a range
of biophysical CCMs, which use transmembrane transporters and
carbonic anhydrases to concentrate DIC intracellularly by up to
1,000-fold (7), with Rubisco packaged into an associated sub-
cellular microcompartment. The confinement of Rubisco helps
to limit CO, back-diffusion (CCM “leakage”) inherently associ-
ated with the slow turnover rate of the enzyme. Understanding
the molecular determinants of these biophysical CCM processes,
which improve the operating efficiency of Rubisco, could also pro-
vide a route toward augmenting crop productivity for the future (8).

The cyanobacterial CCM sequesters Rubisco into carboxysomes,
which are semipermeable microcompartments surrounded by a
protein shell that resembles viral capsids (9). Nearly all eukary-
otic algal lineages possess a functionally analogous structure, the
pyrenoid (10), which is also found in one terrestrial plant group,
the ancient hornworts (11). In transmission electron micro-
graphs, pyrenoids appear as unstructured electron-dense com-
partments in the chloroplast stroma, usually traversed by several
thylakoid membranes. Although pyrenoids seemingly lack a pro-
tein coat or membrane, a starch sheath is often deposited at the
immediate periphery. The presence of a pyrenoid is associated
with the occurrence of a CCM (12), although the importance of
the pyrenoid in the functional operation of a CCM has hitherto
not been demonstrated. The bundle sheath in C, photosynthesis
has a similar role in sequestering Rubisco and containing CO,
leakage (13). Based on C, isotopic discrimination models (14)
and species abundance in cyanobacterial and eukaryotic phyto-
plankton assemblages (15, 16), nearly one-half of the 105 peta-
grams of carbon fixed each year (17) is contingent on some form
of CCM and Rubisco compartmentation. Whereas the C, and
CAM biochemical systems, and the cyanobacterial carboxysome,
are increasingly well resolved structurally and functionally (9,
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Fig. 1. (A) Electron micrograph of a wild-type Chlamydomonas cell, grown
under air-level CO,. Rubisco is packaged into a single conspicuous pyrenoid
(Py). (Scale bar, 1 um.) (B) Structure of the hexadecameric Rubisco form | of
Chlamydomonas. The catalytic core is composed of four antiparallel LSU
dimers (dark/light gray), stabilized by eight SSUs. Each SSU (orange/yellow)
has two solvent-exposed a-helices (blue) that contribute to one-third of the
surface-exposed SSU residues. (C) Despite 50% difference in amino acid
composition, folding of Chlamydomonas (orange) and spinach (blue) SSU is
highly conserved, as shown by the near-perfect overlay. The algal and higher
plant SSUs differ primarily by the length of the BA-pB loop (arrowhead),
which extends into the solvent channel of the holoenzyme. (D) Comparison
of the amino acid composition of the Chlamydomonas reinhardtii (Cr) and
Spinacia oleracea (So) SSU a-helices (22, 23). Numbering is relative to the
Chlamydomonas sequence (24). The helices in spinach are distinctly more
hydrophilic than in Chlamydomonas. Hydrophilic/polar residues differing
between the two species are highlighted in bold; solvent-exposed residues
are underlined.

18), the algal pyrenoid remains without a precise molecular
definition.

Chlamydomonas reinhardtii is a model unicellular green alga,
both in terms of genome sequencing and associated genetic
resources (19), and particularly because of an extensive program
evaluating the impact of site-directed mutagenesis on Rubisco
large subunit (LSU) and small subunit (SSU), giving insight into
Rubisco kinetic properties (1). Chlamydomonas induces a CCM
under atmospheric CO, concentrations. When the CCM is in-
duced, >90% of Rubisco is packaged into a single, large pyre-
noid (20) (Fig. 14), but the mechanisms controlling this
mobilization are unknown. Chlamydomonas Rubisco mutants
containing a hybrid enzyme composed of native LSU and foreign
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(higher plant) SSU display reduced levels of photosynthetic
growth and systematically lack a pyrenoid (21), implying a re-
lationship between SSU, pyrenoid, and a functional CCM. The
work in this paper focuses on specific solvent-exposed Rubisco
SSU regions, i.e., two external a-helices, based on the hypothesis
that Rubisco aggregation within the pyrenoid could be mediated
by extrinsic protein interactions. Using a site-directed mutagen-
esis approach, we show that these discrete SSU regions condition
pyrenoid formation, and that confinement of Rubisco into the
pyrenoid is coupled to the operation of an active CCM in Chla-
mydomonas. Such insights may well potentiate the introduction of
algal CCM components into higher plants, for which the forma-
tion of a microcompartment containing Rubisco, within the
chloroplast, may well be an essential prerequisite (8).

Results

Land Plant Rubisco SSU with Substituted Algal o-Helices Sustains
Growth in Vivo in Chlamydomonas Despite Compromised Rubisco
Kinetics in Vitro. Form I Rubisco, which is common to cyano-
bacteria, green algae, and land plants, is composed of a catalytic
core of four LSU dimers, capped by four SSUs on both sides of
a solvent channel (Fig. 1B). Based on the crystal structures (22,
23), and internal regions affecting Rubisco active site (24), we
focused on the two solvent-exposed o-helices of the Rubisco
SSU, to determine whether differences in Rubisco packaging
between pyrenoidless higher plant hybrid enzymes, as repre-
sented by the spinach hybrid (21), and wild-type Chlamydomo-
nas, could be mediated by extrinsic protein interactions. The two
a-helices (A and B) contribute to one-third of the SSU surface-
exposed residues (Fig. 1B). The spinach and Chlamydomonas
SSUs are structurally very similar (Fig. 1C), and the two a-helices
have an identical number of residues (24) but differ markedly in
amino acid composition (Fig. 1D). Transformation vectors con-
taining cDNA encoding for either spinach or Chlamydomonas
SSU (21) were modified by PCR to encode for the following four
chimeric SSU variants: spinach Rubisco small-subunit gene (RbcS)
with individually substituted Chlamydomonas a-helix A or B se-
quences (yielding mutants “helix A,” with 7 amino acid mutations
T23D-D24E-1L26]1-R28A-L331-L34V-N35A, and “helix B,” also
with 7 amino acid mutations A87M-N91R-L93I-E94V-E95A—
K97T-E99A); spinach RbcS with substituted Chlamydomonas
a-helix A and B sequences (mutant “helix AB,” combining all 14
mutations); and finally, a reciprocal construct, which substituted
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Fig. 2. (A) Comparison of photoautotrophic growth phenotype under CCM-
induced (air-level CO,) and CCM-repressed conditions (5% CO,, vol/vol).
Abbreviations: WT, wild type; Spin, spinach hybrid; HAB, helix AB; HA, helix
A; HB, helix B; Rcpr, reciprocal. (B) Western blot analysis of total soluble
proteins. The 53-kDa LSU and 15- to 16-kDa SSU bands are marked. The
variation in SSU size reflects the shorter form in spinach (123 amino acids,
versus 140 in Chlamydomonas). Helix AB has a spinach-like SSU (except for
the a-helices), whereas reciprocal has a Chlamydomonas-like SSU (except,
again, for the a-helices). Histone H3 served as a loading control. Corre-
sponding Coomassie-stained gel in shown in Fig. S2.
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Table 1. Maximum photosynthetic rate and CCM efficacy
Enzyme Prmax®, pmol Oymg~" chl-h™  A'C*, % Leakage, %
Wild type 78.1 + 4.7 7.5 +08 18
Helix AB 10.6 + 2.5 81+23 25
Spinach hybrid 48 +12 18.9 + 2.4 68
Reciprocal 3.9+0.7 235 +47 86

*Values are the means + 1 SD of three biological replicates.

both spinach RbcS a-helix sequences into a wild-type Chlamydo-
monas RbcS (“reciprocal” mutant, mirroring the 14 mutations of
“helix AB”). Transformation vectors were electroporated into
a wallless, photosynthesis-deficient RbcS deletion strain (25). All
Rubisco enzyme mutants thus retained the native Chlamydomonas
LSU catalytic core but differed in the composition of their chi-
meric SSU, which combined algal and higher plant regions (Fig.
S14). Wild-type Chlamydomonas and original spinach hybrid
enzymes were used as controls for the experiments (21).

A number of photosynthetic competent colonies were re-
covered for all four constructs, showing that the SSU a-helix
substitutions did not inhibit SSU folding or assembly of the ho-
loenzyme. Randomly selected transformants were further ana-
lyzed with respect to occurrence of pyrenoid and CCM activity,
via photosynthetic capacity, Rubisco abundance and kinetics in
vitro, pyrenoid ultrastructure, Rubisco localization, and in vivo
affinity for inorganic carbon.

Photosynthetic growth phenotype was first examined via spot
tests, revealing that under ambient CO, (when the CCM is
normally induced) all SSU mutants had reduced levels of growth
compared with wild type (Fig. 24, Left). Helix AB, however, had
the least severe phenotype, and was also the only strain other
than wild type that could be grown continuously in medium
containing only air-equilibrated inorganic carbon. Maximum rate
of photosynthesis of wild type, measured by O, evolution, was 78
pmol O,-mg™" chlorophyll-h™". Helix AB had a photosynthetic
rate on average seven times lower than wild type, spinach hybrid
16 times lower, and reciprocal 20 times lower (Table 1). These
differences in photosynthetic capacity were not a consequence of
reduced levels of Rubisco as shown by Western blot analysis (Fig.
2B) and by spot test under 5% CO, (Fig. 24, Right). Because
growth was rescued under elevated CO,, we set out to determine
whether the contrasting photosynthetic capacity at ambient CO,
was a consequence of compromised kinetic properties of Rubisco
or a less efficient supply of carboxylating substrate to Rubisco via
the CCM, or both.

When analyzing the kinetic properties of purified and acti-
vated Rubisco from helix AB, we found that the maximum rate
of carboxylation (V) was six times lower than spinach hybrid V,
(21), and eight times lower than wild-type V. (Table 2). Helix AB
also had a significantly poorer capacity to discriminate between
CO, and O, as shown by the lower specificity factor (Q = 54,

versus 65 for spinach hybrid and 61 for wild type). However,
helix AB had a maximum photosynthetic rate more than twice
the rate measured for spinach hybrid and was viable when con-
tinuously grown in minimal medium. These results suggested
that a CCM was perhaps compensating for the kinetically im-
paired enzyme, whereas the CCM may have become inoperative
in the spinach hybrid.

Algal Rubisco SSU a-Helices Are Sufficient and Necessary for Pyrenoid
Formation. When examining the mutant strains with electron
microscopy, we found that the pyrenoid, which was absent in
the spinach hybrid (21), was restored in helix AB (Fig. 34).
This showed that the replacement of the spinach SSU a-helices
with those from Chlamydomonas was sufficient to mobilize
Rubisco into a pyrenoid. The subcellular location in the stroma,
and relative size (Fig. 3B) of the restored pyrenoid was in-
distinguishable from wild type. Single a-helix replacements
alone, in contrast, were insufficient to restore a pyrenoid (Fig.
S3), suggesting that residues on both helices are essential for
pyrenoid assembly. Proof that both Chlamydomonas SSU o-he-
lices are an absolute requirement for pyrenoid integrity was
shown by the reciprocal mutant: the pyrenoid was lost when both
spinach SSU a-helices were introduced into an otherwise Chia-
mydomonas wild-type LSU+SSU holoenzyme (Fig. 34). No
electron-dense clustering of Rubisco was observed in any section
of the reciprocal mutant, and the pyrenoidless phenotype was
identical to the one previously observed for the spinach hybrid
(Fig. 34). These ultrastructural observations were validated by
immunogold labeling of Rubisco (Fig. 3C). Labeling in wild type
and helix AB was predominantly confined to the pyrenoid, with
84 and 76% of Rubisco packaged inside the microcompartment.
These percentages were consistent with an induced CCM. In
contrast, immunolocalization of Rubisco in the pyrenoid-nega-
tive lines (spinach hybrid and reciprocal) showed Rubisco was
redistributed throughout the stroma, similar to higher plant
chloroplasts. The subcellular distribution of Rubisco also had
profound effects on the stacking of photosynthetic membranes,
with the formation of grana-like structures in the two pyrenoid-
lost mutants (see spinach hybrid and reciprocal in Fig. 34 and
Fig. S4). Pyrenoid-positive strains, on the contrary, had a thyla-
koid arrangement characteristic of green algae (a few mem-
branes appressed over longer intervals).

Pyrenoid Is Essential for the Expression of a CCM in Chlamydomonas.
Pyrenoid occurrence was also directly related to CCM expres-
sion. The activity of a CCM in wild type and helix AB was
confirmed by measuring real-time carbon isotope discrimination
(AC). This measure was used to derive the extent of CCM
efficiency or leakage (26, 27), which is low (typically <10%) for
a fully functional CCM in Chlamydomonas and high (theoreti-
cally up to 100%) for photosynthesis reliant solely on CO, dif-
fusion. The helix AB transformants, with their restored pyrenoid,

Table 2. Kinetic properties of Rubisco purified from wild type and pyrenoid-restored Rubisco

mutant (helix AB)

Enzyme Ve*, umol-mg™h™"  K*, pM CO, K *', pM O, VUKF  KJKF  VdVeF  Q (VK JVoKD)*
Wild type 110+ 9 30 +2 523 + 18 3.7 17 3.5 61 +2
Helix AB 13+3 35+3 299 + 59 0.4 7 7.7 54 +2

Carboxylation (c) and oxygenation (o) kinetic properties of Rubisco purified from spinach hybrid have been
determined by the authors before (mutant SSSO in ref. 21): V. = 97, K. = 34, K, = 539, VJ/K. = 2.9; KJ/K. = 16; V/

Vo =4.1; Q = 65. K (in micromolar concentration) is the K, and V (in micromolar hour

of purified and activated Rubisco.

=" milligram™") is the Vinax

*Values are the means + 1 SD of three biological replicates.
"The Michaelis-Menten constant is measured as the O, inhibition constant for the carboxylation reaction (Kj,)

and is assumed to equal K, (also noted Kn05).
*Calculated values.
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Fig. 3. (A) Representative electron micrographs of the wallless Chlamydo-

monas RbcS deletion mutant T60-3 (ARbcS-host), complemented with Chla-
mydomonas (wild type), spinach (spinach hybrid), or Chlamydomonas/
spinach chimeric RbcS constructs (helix AB and reciprocal). When the two
SSU helices are encoded by the native Chlamydomonas sequence, a pyrenoid
is formed (as in wild type and helix AB), irrespective of the nature of the rest
of the SSU. However, when the two SSU helices are encoded by the spinach
sequence, Rubisco does not aggregate into a pyrenoid, even when the rest
of the SSU is Chlamydomonas-like (as in reciprocal). A phenotype of thyla-
koid hyperstacking was generally observed in the pyrenoidless strains
(spinach hybrid and reciprocal; Fig. S4). Abbreviations: Cy, cytosol; Nu, nu-
cleus; Cp, chloroplast; Py, pyrenoid; Stsh, starch sheath; Mt, mitochondrion;
St, stromal starch grain; Pg, plastoglobule. (Scale bar, 500 nm.) (B) Pro-
portional cross-sectional area of the pyrenoid in wild type (black columns)
and helix AB (white columns). The area occupied by the “restored” pyrenoid
in helix AB is not statistically different from wild type (unpaired t test, P =
0.143). (C) Detail of representative wild-type and helix AB pyrenoids probed
with an antibody against wheat Rubisco. The density of pyrenoid labeling
relative to the rest of the chloroplast was similar in both strains (unpaired t
test, P = 0.077). Note that the starch sheath is interrupted by gaps allowing
the passage of thylakoids.

had a CCM activity similar to wild type when grown under CCM-
induced conditions (Table 1). Both spinach hybrid and re-
ciprocal, in contrast, displayed a “leaky” phenotype, consistent
with photosynthesis supplied by CO, diffusion, with no CCM and
without a pyrenoid. Relative affinity for DIC in vivo, as measured
by oxygen evolution (Fig. 4), was consistent with these observations.
The combined A'C and DIC affinity data suggest that the py-
renoid and CCM were coupled, and had helped to restore
growth when associated with a kinetically compromised Rubisco
in helix AB mutants. These important observations prove that
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the pyrenoid is a functional component of the algal CCM, me-
diated by the Rubisco SSU a-helices, even when the enzyme is
catalytically impaired.

Discussion

With the simple expedient of substituting discrete regions of
the Rubisco SSU, we have knocked out and restored both the
pyrenoid and the CCM in Chlamydomonas, providing conclu-
sive evidence for the functional importance of the Rubisco SSU
in pyrenoid formation and that the algal pyrenoid is essential
for the efficacy of the CCM. The SSU had long been suspected
to play a role in stabilizing the catalytic LSU octamer, and
specific SSU residues at the LSU interface influence maximal
catalysis. In a previous study (28), substitution of Tyr-32 with
Ala produced catalytic properties quite similar to those of the
helix AB enzyme. Perhaps differences in the identity of the
neighboring residues (Ile-33 versus Leu-33) influence the in-
teraction of Tyr-32 with the large subunit to bring about these
negative effects on catalysis. Our work suggests additional roles
for the SSU in aquatic photosynthesizers equipped with a CCM.
The amino acid composition of the Chlamydomonas SSU
a-helices is distinctly more hydrophobic compared with higher
plant SSU a-helices (Fig. 1D), suggesting that helix-mediated
packaging of Rubisco into pyrenoids may be driven by hydro-
phobic interactions.

A parsimonious explanation for pyrenoid formation could
therefore be a spontaneous aggregation of Rubisco by exclusion
of water molecules (via transient hydrophobic interactions),
whereas more hydrophilic SSU helices, as in the spinach hybrid
and reciprocal, might interfere with this mechanism. In higher
plants, it has been shown that thylakoid stacking releases more
stromal volume (~17%) for the free diffusion of macro-
molecules, including Rubisco (29). This is consistent with our
observation that the helix substitutions appear to have a pleio-
tropic effect on the degree of thylakoid stacking: when the py-
renoid is lost (i.e., when Rubisco is redistributed to the stroma),
mutant cells also display a hyperstacking phenotype. A less
parsimonious explanation would involve an active mechanism
through some sort of yet unidentified linker protein that interacts
with the SSU helices.

In an intriguing parallel, aggregation of Rubisco inside the
cyanobacterial carboxysome was also shown to involve the SSU
(30, 31). A Rubisco-organizing protein, with several SSU-like
repeats, links adjacent Rubisco units in a lattice-like arrange-
ment. Additionally, the linkers also interact with a carboxysomal
carbonic anhydrase, to form a bicarbonate dehydration complex
that supplies the active sites of Rubisco with CO,. It is not un-
reasonable to suggest that the pyrenoid may comprise an anal-
ogous molecular scaffold, considering that other enzymes of the
Calvin-Benson-Bassham (CBB) cycle are also reliant on small
intrinsically unstructured proteins to form transient supramo-
lecular complexes (32).

Whether the interaction between Rubisco holoenzymes is
mediated by some additional protein-linker system or by spe-
cific individual residues remains to be investigated experi-
mentally. Nearly all reported pyrenoids appear amorphous,
with no lattice-like arrangement of Rubisco. The partial re-
distribution of Rubisco when Chlamydomonas is grown under
elevated CO; (33), and need for access to allow organic CBB
cycle substrate and product exchanges, also suggest consider-
able plasticity in pyrenoid organization. In addition to Rubisco,
the catalytic chaperone Rubisco activase and photosystem I
enriched thylakoid membranes (34) are present in the pyre-
noid. Specific components of the CCM are also localized within
the pyrenoid, most significantly a thylakoid luminal carbonic
anhydrase, which has been suggested to facilitate CO, con-
version close to the active sites of Rubisco, with the CCM
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Fig. 4. O, evolution of DIC-starved cells, incubated with increasing con-
centrations of sodium bicarbonate (0.005-1 mM) in an illuminated oxygen
electrode chamber. To enable a direct comparison between the different
strains, data were expressed in fraction of maximum photosynthetic rate.
Absolute maximum rates are given in Table 1. Pyrenoid-positive strains (wild
type and helix AB) have a photosynthesis saturating at low levels of NaHCO3,
indicating the presence of a CCM. Legend: wild type (@), spinach hybrid (O),
helix AB (V), and reciprocal (V).

apparently using the intrathylakoid membranes as a conduit for
CO, delivery (35).

Our observations also make a major contribution toward
coupling pyrenoid occurrence and CCM activity in Chlamydo-
monas. Although certain molecular components associated with
the CCM have been identified (reviewed in refs. 36 and 37), the
link between Rubisco molecular structure, aggregation, and py-
renoid function had not previously been proven. In evolutionary
terms, there is an inverse relationship between Rubisco speci-
ficity and the activity of a CCM in cyanobacteria, chlorophyte
algae, and higher plants (38). C; plants, and green algae without
a CCM (39) or reliant on CO, diffusion, have a Rubisco with
high specificity for CO, (Q ~ 80-100). Cyanobacteria, backed by
a powerful CCM, have a Rubisco with low selectivity (€ ~ 50).
Chlamydomonas has an intermediate specificity (Q ~ 60), and
growth by the helix AB mutant cells, with compromised kinetic
properties (Q ~ 54), was largely rescued by the restored CCM
and pyrenoid. If Rubisco has evolved from a fast, low-affinity
carboxylase to a slow, high-affinity carboxylase, it would be in-
teresting to determine the extent that the operation of a CCM,
and provision of elevated CO, via the pyrenoid, has modified
kinetic properties.

Results presented here provide a major insight into the mo-
lecular organization of the algal pyrenoid and expression of the
CCM. If a pyrenoid could be expressed heterologously, as has
been demonstrated for the carboxysome (40), this could offer
significant opportunities to promote CCM activity and algal
productivity in bioenergy systems. In addition, the occurrence of
a pyrenoid and CCM in one group of terrestrial plants, the
hornworts, together with our fundamental observations on ag-
gregation of Rubisco, pyrenoid formation, and CCM activity,
perhaps offer a route by which elements of an algal CCM could
be used to promote higher plant and crop productivity in
the future.

Materials and Methods

Strains and Culture Conditions. All strains used in this work have the deletion
mutant ARbcS-T60-3, which has no functional copy of the genes encoding
for a Rubisco SSU (25), as common genetic background. All strains are
maintained at 25 °C in the dark on medium containing 10 mM acetate
and 1.5% Bacto agar (wt/vol) (41). For biochemical analysis, cells were
grown as described in ref. 21. For physiological analysis, cells were grown
as described in ref. 27.
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Plasmids and Host Transformation. A 4.7-kb EcoRl restriction fragment, con-
taining a codon-optimized spinach RbcS cDNA with the native algal chlo-
roplast signaling peptide, under the control of the Chlamydomonas RbcS1
UTRs and introns 1 and 2 (21), was modified by overlap PCR (42) to substitute
the coding sequences of the SSU a-helices with those of Chlamydomonas,
first singly and then in combination. The reverse construct (substituting the
algal helices with the spinach helices) was undertaken on a vector that
contained the native Chlamydomonas RbcS1, flanked by the same regula-
tory sequences as above. Mutated cDNA sequences are given in Fig. S1B. T-
60 host cells were transformed via electroporation and selected for restored
photosynthesis on minimal medium (without acetate) in the light (80 pmol
photons-m™2.s~1) (21).

Photosynthesis Assay. Spot tests were used to screen the strains by plating 5 x
10° dark-grown cells on minimal medium in the light (80 pmol photons-m=2s~")
at 25 °C under ambient CO, or 5% CO,. Photosynthetic rate was determined
from the rate of O, evolution of 1.5 x 107 internal DIC pool-depleted cell,
under 250 pmol photonsm™2s~" in response to increasing concentrations of
NaHCO; using an oxygen electrode (Rank Brothers). Cells were prepared
according to Badger et al. (43). The light intensity was validated as non-
photoinhibitory by analysis of light response curves measured with a PAM
chlorophyll fluorometer (Walz).

Western Blot. Total soluble proteins were isolated by sonication on ice for 3
min in extraction buffer (50 mM bicine, pH 8.0, 10 mM NaHCOs, 10 mM
MgCl,, 1 mM DTT), solubilized in SDS-loading buffer [0.1 M Tris-HCI, pH 7.8,
10% (volivol) glycerol, 2% (wt/vol) SDS, 25 mM DTT, 0.1% BPB], and ana-
lyzed by SDS/PAGE on 12% acrylamide gel. Denatured proteins were
transferred electrophoretically to nitrocellulose membrane and visualized
with rabbit primary antibody against wheat Rubisco (44), and anti-rabbit
IgG-HRP conjugate and ECL+ Western Blotting detection system (Perkin-
Elmer). Histone H3 (ab1791; Abcam) and Coomassie blue staining were used
as loading control (30 pg total protein/lane).

Rubisco Kinetics Assay. Rubisco holoenzymes were isolated from total soluble
protein extracts by ultracentrifugation on 10-30% continuous sucrose gra-
dient (45). Carboxylation (c) and oxygenation (o) kinetic constants (where K
is the K, and V is the V,,,,) of purified and activated Rubisco were assayed
by measuring the rate of incorporation of acid stable NaH'#CO; (K in mi-
cromolar concentration; V in micromolar hour™" milligram™) (45). Enzymes
from the reciprocal and single-helix mutants were not purified, and the
spinach hybrid had been assayed before (21).

Isotopic Discrimination. Discrimination against the stable carbon isotope
(A"3C) was measured using a mass spectrometer, downstream of an open gas
cuvettete system, after cold trapping of air passing over photosynthetic
active Chlamydomonas, into a vacuum line and water vapor scrubbing, as
described previously (27). Leakage was calculated from A'3C, fractionation
during carboxylation (27%.), discrimination during dissolution of CO; (1.1%o),
and liquid phase diffusion (0.7%), using the authors’ model (27).

Microscopy. Samples for electron microscopy were fixed as described in ref.
21. The same blocks that provided thin sections for ultrastructural analysis
were used for immunogold labeling (using Ni instead of Cu grids). Em-
bedded material was etched to unmask epitopes and remove oxidizing
agents, before incubation with the primary (1:5,000 dilution of a wheat
Rubisco antibody) and secondary antibodies. The fraction of Rubisco in the
pyrenoid was calculated for 100 randomly selected pyrenoid-positive cells.
Gold particle density in the pyrenoid was multiplied by the pyrenoid area
(average, 0.78 pm? for wild type and 0.98 pm? for helix AB) and then
expressed as a percentage of the total particles in the chloroplast (stroma
plus pyrenoid; the average area of the stroma was 12.7 um? for wild type
and 13.9 pm? for helix AB). Cytosolic gold particles density served as
a measure of nonspecific labeling and was deducted from the pyrenoidal
and stromal densities.
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