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Abstract: 
 
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the entry point of CO2 
into the Calvin- Benson Cycle (CBC), connecting the inorganic carbon and organic 
carbon realms making it arguably one of the most important enzymes on Earth. 
Chlamydomonas has proven to be a powerful model for understanding Rubisco 
biogenesis, function, regulation and engineering with this chapter highlighting the core 
findings in the field of Chlamydomonas Rubisco biology over the last several decades. 
In addition to performing carboxylation, Rubisco also performs an energy wasteful 
oxygenation reaction that results in photorespiration. To minimize photorespiration 
Chlamydomonas operates a highly effective CO2 concentrating mechanism (CCM) that 
increases the CO2: O2 ratio at the active site of Rubisco reducing oxygenation of the 
ribulose-1,5-bisphosphate substrate. The CCM involves an interplay between carbonic 
anhydrases, inorganic carbon transporters and structural components to move 
inorganic carbon against its concentration gradient from the external environment to a 
specialized sub-chloroplast structure called the pyrenoid. Rapid advances in 
understanding CCM function highlighted in this chapter, including recent discoveries 
concerning the importance of Rubisco structure for its condensation into the pyrenoid, 
has merged the Rubisco and CCM fields and laid the groundwork for what is expected 
to be an exciting decade for Rubisco and CCM research. 
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I. Introduction 
 
The Calvin- Benson Cycle (CBC) links the inorganic carbon and organic carbon worlds. 
The CBC, driven by ATP and NADPH produced via the light reactions of 
photosynthesis (see Chapters 8, 15-19), fixes carbon dioxide (CO2) into organic carbon 
that forms the basis of energy flow into the biosphere and drives the global carbon 
cycle. At the heart of the CBC is the enzyme Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco), that catalyzes the initial fixation of CO2 to ribulose-
1,5-bisphosphate (RuBP). In chlorophytes, Rubisco is an hetero-oligomeric enzyme, 
composed of a plastid encoded large subunit (LS) and a nuclear encoded small 
subunits (SS) that assemble into the so-called form I LS8SS8 holoenzyme, which has 
been crystallized from Chlamydomonas (Taylor et al., 2001; Mizohata et al., 2002). 
Combining genetics with the ability to modify both the plastid encoded LS and 
introduce variants for the nuclear encoded SS has led to the establishment of 
Chlamydomonas as a robust model for studying Rubisco function, expression, 
regulation, assembly (section II) and engineering strategies (sections III). Beside its 
essential role in CO2 fixation, the high intracellular Rubisco abundance (section V.A) 
and the ability cell’s to rapidly remobilized it under nutrient stress conditions makes it 
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an important amino-acid reservoir (section IV). Lastly, LS displays a moonlighting 
function in RNA metabolism (section V.B) that may be physiologically important under 
oxidative stress conditions, whereas SS has multiple roles in Rubisco holoenzyme 
stabilization, catalysis and condensation in the pyrenoid (section VI.D). 
 In addition to performing carboxylation, Rubisco performs an energy wasteful 
oxygenation reaction that results in photorespiration. To minimize the Rubisco 
oxygenation reaction Chlamydomonas operates an effective CO2 concentrating 
mechanism (CCM) that maintains a high level of CO2 at the active site of Rubisco even 
under severe CO2 limiting conditions. Chlamydomonas has the most intensively 
studied eukaryotic algal CCM with an accumulation of research over the past four 
decades that has identified the core components, their structural and functional 
importance and how the CCM integrates with other cellular processes (section VI). 
Recent tools and technical advances in the last decade including the availability of a 
large mapped mutant library, high resolution transcriptomics and proteomics, and 
large-scale localization approaches have accelerated our understanding of CCM 
function. Combined with detailed biochemical, cell biology and structural studies, 
researchers have identified many additional CCM components, revealing novel 
regulatory roles and the importance of the pyrenoid in CCM function. This new wealth 
of data on CCM function, including discoveries concerning the importance of Rubisco 
structure for its condensation in the pyrenoid, has merged the Rubisco and CCM fields 
and laid the groundwork for what is expected to be an exciting decade for Rubisco 
research.  
 

II. Rubisco biogenesis 
 
In Chlamydomonas as in all chlorophytes, genes encoding Rubisco subunits no 

longer cluster within an operon, as is the case in cyanobacteria and plastids of non-
green algae (Martin et al., 1998). While the rbcL gene encoding LS is still plastid-
encoded, RBCS genes are nucleus-encoded. The splitting of the LS-SS operon allows 
novel regulations (section I) but also introduces additional challenges for the 
stoichiometric production of Rubisco subunits, which ultimately assemble into the 
LS8SS8 functional holoenzyme (section I.B).  
  

A. rbcL and RBCS gene organization and expression 
In Chlamydomonas, the chloroplast rbcL gene lies within the small single-copy 

region, immediately upstream of trnG2. It is transcribed divergently from atpA (Maul et 
al., 2002) and located in a region of the plastid genome where DNA superhelicity 
responds to light (Salvador et al., 1998), which may have regulatory implications. The 
rbcL promoter contains a canonical -10 Pribnow box and is one of the two most active 
promoters in the chloroplast genome (Blowers et al., 1990; Klein et al., 1994). 
Transcription occurs over the entire cell cycle (Herrin et al., 1986; Salvador et al., 
1993a) and generates a triphosphorylated primary transcript (first mapped by (Dron et 
al., 1982)) that is not further processed (Johnson et al., 2010; Cavaiuolo et al., 2017), 
and has cis-regulatory elements within the UTRs (described below). 
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1. cis- regulatory elements within the rbcL transcript:  

a- Maturation element within rbcL 3’ UTR: 
The rbcL 3’ UTR contains two stem-loop structures designated IR1 and IR2. 

The transcript ends two nucleotides after IR2, generating an 87 nucleotide-long 3’UTR 
(Goldschmidt-Clermont et al., 2008). The stem-loops are not able to promote efficient 
termination of transcription (Rott et al., 1996). Instead, rbcL mRNA 3’ end maturation 
was shown to depend on a two-step process involving endonucleolytic cleavage and 
3’ exonucleolytic resection, as modeled for atpB (Stern and Kindle, 1993), where the 
endonucleolytic cleavage destabilizes downstream sequences (Hicks et al., 2002; 
Rymarquis et al., 2006). A genetic screen using a chimeric gene fused to the rbcL 3’ 
UTR identified a sequence specific element in IR2 and two nuclear loci, TAS1 and 
TAS2, involved in 3’UTR processing (Goldschmidt-Clermont et al., 2008). These 
findings suggested a model in which the IR2 specific element recruits an endonuclease 
to induce downstream cleavage. The TAS1 and TAS2 proteins could be involved either 
directly through binding to IR2, or indirectly. Interestingly, in the absence of the TAS1 
and TAS2 transcripts, the rbcL transcript still accumulates and is processed, which 
makes the exact functions of TAS1 and TAS2 uncertain.  Furthermore, the IR1 and 
IR2 cis-elements act redundantly to stabilize the transcript against exonucleolytic 
decay since rbcL mRNA stabilization was only impaired when both elements were 
deleted (Goldschmidt-Clermont et al., 2008).  

b- The rbcL 5’UTR contains a stabilizing element 
The 92 nt long rbcL 5’ UTR is highly structured with two experimentally 

confirmed stem-loop (Anthonisen et al., 2001) (Figure 1) and a third predicted stem-
loop that traps the initiation codon (Dron et al., 1982). Interestingly, an RNA-stabilizing 
element that maps to the base of the first stem-loop and the single-stranded region 
that connects the first and second stem-loop was identified (nucleotides +38 to +47 
with respect to the +1 transcriptional start site). Mutations within this element 
dramatically alter the stability of a chimeric rbcL-gus transcript in which part of the rbcL 
5’UTR (1-63) is fused to the gus coding sequence (CDS) (Anthonisen et al., 2001). 
Although the first stem loop structure is required for rbcL transcript stabilization, neither 
its sequence nor its length constitutes key determinants. Rather the loop structure itself 
is required to confer the proper conformation to the downstream stabilizing element 
(Suay et al., 2005). Based on the instability of chimeric rbcL-gus transcripts bearing 
extensions longer than 6 nucleotides at the 5’ end of the mature transcript, an 
additional factor involved in transcript stability has been proposed: some RNA stability 
could be conferred through shielding the rbcL triphosphorylated first nucleotide from a 
5’ to 3’ ribonuclease by trapping it in the first stem loop structure (Salvador et al., 2011). 
The involvement of 5’-to-3’ ribonucleases in rbcL transcript decay became apparent 
from the stability conferred by a polyG cage added to the rbcL 5’ terminus (Salvador 
et al., 2011). 

2. MRL1, an organellar trans-regulatory factor for rbcL expression 

a. MRL1 is a pentatricopeptide repeat (PPR) protein, 
conserved in higher plants  

A common feature to most, if not all, chloroplast-encoded transcripts is their 
long half-lives conferred by RNA stabilizing proteins (Chapter 13). A single organellar 
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trans-acting factor, MRL1, is required for rbcL mRNA stabilization. MRL1 belongs to 
the small family of PPR proteins in Chlamydomonas and bears 12 PPR motifs that 
would fold in an alpha solenoidal structure allowing its specific binding to a 12 nt target 
within the rbcL 5’UTR, whose tentative localization is indicated in Figure 1 (Johnson et 
al., 2010)(Cre06.g298300, Table 1). MRL1 possesses a second conserved domain, 
the “C-domain”, that is predicted to fold into α helices (Tourasse et al., 2013) and is 
required for function. Whether it participates in conferring the overall helicoidal 
structure to the 140 kDa MRL1 or has additional roles in RNA binding is unknown. 
Binding of MRL1 to the rbcL 5’UTR protects the transcript from 5’-to-3’ exonucleolytic 
degradation. Interestingly, MRL1 is one of the few examples of organellar trans-acting 
factors that are conserved throughout the green lineage, but absent from Rhodophyta, 
Cyanophora and secondary symbionts (Tourasse et al., 2013). Although conserved 
within the green lineage, the phenotypes of mrl1 mutants differ slightly between 
species. In Arabidopsis, where the rbcL mRNA is processed, the mrl1 mutant lacks 
only the processed transcript (Johnson et al., 2010), while rbcL transcripts are 
completely missing in Chlamydomonas mrl1 mutants. MRL1 in Chlamydomonas 
belongs to a high molecular weight complex whose accumulation depends on the 
presence of the rbcL transcript. Recently, MRL1 was identified by proteomics as part 
of the ribosome interactome. It preferentially interacts with the 30S ribosome subunit 
but is also present in the 50S ribosome interactome (Westrich et al., 2021), suggesting 
that it remains bound to the rbcL transcript during translation, although it is not known 
whether MRL1 is required for translation per se.  

b. MRL1 footprint? 
So far, MRL1’s binding site has not been unambiguously identified. One obvious 

binding target would be the stabilizing element identified by (Anthonisen et al., 2001), 
even though this sequence is shorter than MRL1’s predicted target. According to the 
generally accepted model, MRL1 binding would generate a small RNA footprint by 
protecting the mRNA binding target from degradation. Bioinformatic approaches based 
on the sRNA miner program (Ruwe et al., 2016) applied to high-throughput sequenced 
sRNA libraries generated in two independent studies (Loizeau et al., 2014; Cavaiuolo 
et al., 2017) identified two distinct protected fragments in the rbcL 5’UTR. One maps 
to the first stem-loop of the rbcL transcript (Cavaiuolo et al., 2017), which is unlikely to 
represent MRL1’s target since the role of this stem-loop is not sequence specific (Suay 
et al., 2005). Protection of this sequence may result from an overall higher stability 
conferred by the stem loop. The second protected fragment identified by (Loizeau et 
al., 2014) encompasses the stabilizing element and extends between the first and the 
second stem loop (Figure 1). Whether this region is indeed MRL1’s target awaits 
further experimental validation.  

c. MRL1, a regulator of rbcL gene expression? 
If MRL1 is in limiting amounts, then its level of expression may define the level of 

accumulation of rbcL transcripts. This is seemingly the case: complementation of mrl1 
null mutants by random insertion of an MRL1 transgene allowed recovery of 
photosynthetic strains with varying levels of rbcL transcript and LS protein 
accumulation (Johnson, 2011). Use of a tagged version of MRL1 established a link 
between the levels of the rbcL transcript, the LS proteins and accumulation of the 
MRL1 protein (Wietrzynski, 2017). Thus, manipulating MRL1 levels may be used to 
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manipulate carbon metabolism (Johnson, 2011). It is not yet known if and how MRL1 
levels and/or activity are themselves regulated. Interestingly, MRL1 is part of the 
Chlamydomonas phosphoproteome (Wang et al., 2014) and displays at least four 
confidently mapped phospho-sites of unknown significance.  

d. MRL1 expression 
MRL1 expression appears to be upregulated in high CO2 conditions 

(Phytozome/GeneAtlas2.0). In synchronized cultures exposed to a 12 h light-12 h dark 
diurnal cycle, MRL1 transcript peaks soon after the onset of light before decreasing 
until reaching midday, and then increasing again during the second part of the day and 
into the night (Strenkert et al., 2019). This pattern is somewhat paralleled by that of the 
rbcL mRNA in the same cultures (Strenkert et al., 2019), in agreement with the idea 
that the MRL1 level dictates rbcL mRNA accumulation levels. However, it should be 
noted that the amplitude of rbcL mRNA cycling appears to be lower than other 
photosynthetic genes (Herrin et al., 1986; Idoine et al., 2014). Curiously, in non-
synchronized cultures, MRL1 transcript accumulation is lower under phototrophic than 
mixotrophic conditions, while the level of the rbcL mRNA is similar between the two 
conditions (Cavaiuolo et al., 2017). This is not in accord with the observation that in 
mixotrophically grown cultures MRL1 levels dictate the accumulation of rbcL mRNA, 
unless the MRL1 protein stability is itself affected by the culture conditions; the MRL1 
protein could be more stable under phototrophic conditions, compensating for lower of 
RNA levels.  

3. Localized rbcL translation  
rbcL translation has long been shown to be upregulated in the light versus the 

dark period in synchronized cells (Herrin et al., 1986; Sun and Zerges, 2015). While in 
most cases, there is a good correlation between rbcL mRNA accumulation and LS 
translation levels (Trosch et al., 2018), examination of the rifampicin-independent rate 
of LS synthesis, either in the light phase of synchronized cells or in non-synchronized 
mixotrophically grown cultures (Herrin et al., 1986; Eberhard et al., 2002) helped 
establish chloroplast translation as a major regulatory step in its accumulation in 
Chlamydomonas (Eberhard et al., 2002). How LS synthesis varies according to 
environmental fluctuations is further developed in section A.5 with an in-depth 
discussion of chloroplast translation in Chapter 14. Nonetheless, it is interesting to note 
that the pyrenoid, whose major constituent is Rubisco (section VI.D), has been 
proposed to behave as a structural organizing center for translation. In situ 
observations using fluorescent probes have revealed that light induces rbcL transcripts 
to localize to regions at the outer perimeter of the pyrenoid, but that are distinct from 
the T-zones, which are on the pyrenoid’s lateral sides and defined by the presence of 
some chloroplast encoded transcripts (Uniacke and Zerges, 2007). rbcL mRNA 
localization was shown to depend on its translation (Uniacke and Zerges, 2009), with 
newly synthesized LS fractionating with the pyrenoid (Zhan et al., 2018). As the plastid 
ribosome S21 translation marker itself is not detected in the pyrenoid (Sun et al., 2019), 
LS synthesis probably occurs in close proximity to the pyrenoid, which results in 
entrapment of newly synthesized LS during pyrenoid purification. Noteworthy, the 
pyrenoid is not required for LS synthesis, as evidenced by unaltered Rubisco levels in 
several pyrenoid deficient CCM mutants (exemplified for EPYC1 mutant in (Mackinder 
et al., 2016)). Whether and to what extent LS translation is associated with biogenic 
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membranes is unclear. While LS translation has been linked to membrane-bound 
polysomes in isolated barley chloroplast (Muhlbauer and Eichacker, 1999), more 
recent work in maize has indicated that rbcL ribosome footprints come largely from the 
stromal fraction (Zoschke and Barkan, 2015). 

4. RBCS gene regulation 
Chlamydomonas RBCS genes encoding Rubisco small subunit (SS) constitute a 

small multigene family composed of two genes, RBCS1/2 (Cre02.g120100 and 
Cre02.g120150, table 1), which are adjacent on the genome. The close proximity of 
these genes has allowed the isolation of null mutants in which both genes were 
inactivated (Khrebtukova and Spreitzer, 1996; Dent et al., 2005). The two RBCS 
proteins differ by only four amino acids (Goldschmidt-Clermont, 1986) and are 
functionally redundant since both genes can rescue a RBCS deletion mutant 
(Khrebtukova and Spreitzer, 1996), even though the mRNA from the RBCS2 gene is 
about four-fold higher than that of RBCS1 (Goldschmidt-Clermont, 1986; Zones et al., 
2015; Strenkert et al., 2019). RBCS genes respond to light and culture medium at the 
transcriptional level, and are more highly expressed in phototrophic than in mixotrophic 
conditions (Goldschmidt-Clermont, 1986). In synchronous cultures grown 
phototrophically, RBCS transcripts increase upon the onset of light, with RBCS1 
peaking slightly later in the day than RBCS2 (Zones et al., 2015; Strenkert et al., 2019). 
RBCS transcripts then decrease at the end of the day (Strenkert et al., 2019). 
Curiously, RBCS2 exhibits a more pronounced decrease in the dark over a 12 h warm 
day/12 h cold night rhythm, which mimics the growth of Chlamydomonas in its natural 
environment (Strenkert et al., 2019), compared to growth at constant temperature 
(Zones et al., 2015) where RBCS2 expression remained high during the dark period. 
Whether this reflects a temperature effect or differences in light fluences is unknown.  

Apart from being regulated by light, medium composition and diurnal cycles, RBCS 
genes were described as targets of retrograde signaling, which leads to down-
regulation of nuclear-encoded genes in response to altered chloroplast metabolism or 
impaired chloroplast translation (reviewed in (Johanningmeier, 1988; Nott et al., 
2006)). A differential effect on RBCS1/2 has been observed, with RBCS1 being more 
responsive than RBCS2 (Johanningmeier, 1988). Furthermore, it has been suggested 
that some mRNAs encoded by nuclear genes could undergo a localized translation 
next to the chloroplast envelope, but this is not the case for RBCS genes since RBCS2 
transcripts were not enriched in the vicinity of the chloroplast (Uniacke and Zerges, 
2009). 

Noteworthy, RBCS regulatory elements have been widely used for robust 
transgene expression in Chlamydomonas, as described in Vol 1, Chapter 12. The 
features of the gene being used include the RBCS2 promoter, either in its original 
configuration (Fuhrmann et al., 2001) or as the more efficient hybrid HSP70A-RBCS2 
promoter fusion (Schroda et al., 1999), the RBCS2 first intron (reviewed in (Schroda, 
2019)), shown to contain a transcriptional enhancer (Lumbreras and Purton, 1998), 
the sequence encoding the transit peptide, engineered to contain the RBCS1/2 intron 
enhancing element (Genkov et al., 2010), and the RBCS2 terminator, although the 
latter does not confer strong expression (reviewed in (Schroda, 2019)). Most of these 
parts are available as compatible ‘biobricks’ for modular cloning from the 
Chlamydomonas MoClo Toolkit (Crozet et al., 2018). 
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5. Changes in gene expression in response to environmental cues  
In response to changes in the environment, Chlamydomonas cells undergo both 

transcriptional and post-transcriptional regulation of the Rubisco-encoding genes, 
which helps balance the production of Rubisco subunits. Translation is a key regulated 
step for rbcL, which is discussed below and in the Chapters 14 and 19. 

a. Expression changes in response to trophic conditions  
Contrary to RBCS, rbcL expression is not dramatically influenced by whether the 

cells are cultured in nutrient replete minimal or acetate- supplemented medium: 
comparable levels of rbcL RNA accumulation (Cavaiuolo et al., 2017) and translation 
rates were observed under mixotrophic (includes acetate) and phototrophic conditions 
(Eberhard et al., 2002; Trosch et al., 2018), even if in some cases LS synthesis can be 
uncoupled from rbcL mRNA levels (Herrin et al., 1986; Eberhard et al., 2002). 
Furthermore, rbcL expression is not strongly influenced by the light intensity (Uniacke 
and Zerges, 2009). Nonetheless, in synchronized cultures, light has been shown to 
trigger degradation of untranslatable chimeric transcripts generated by fusing part of 
the rbcL promoter and 5’UTR to the gus coding sequence (the chimeric transcript is 
stable in the dark) (Salvador et al., 1993b). This behavior is not observed for 
endogenous rbcL transcripts, indicating that a second sequence element, mapped to 
the rbcL coding sequence (Singh et al., 2001), is counteracting the photo-activated 
transcript decay. Furthermore, this degradation is not prevented by polyG addition to 
the rbcL 5’ end (Salvador et al., 2011), implying that endonucleases and not solely 5’-
to-3’ exonucleases are involved in the degradation process. Other chimeric genes, 
such as a rbcL 5’UTR-cytochrome f fusion, do not show this light-instability in cultures 
maintained in continuous light (Johnson et al., 2010). Whether the instability depends 
on the culture conditions or on the chimeric gene context is not known. Curiously a 
decrease in rbcL mRNA accumulation induced by rifampicin treatment has a different 
outcome for the LS synthesis rate depending on the culture conditions. While the rate 
of LS synthesis is unaffected in mixotrophic conditions, a marked decrease is observed 
for cells grown phototrophically in continuous light (Eberhard et al., 2002). Whether 
this difference is correlated to a decrease in MRL1 expression or its stability during the 
rifampicin treatment under phototrophic conditions, or to the decreased stability of the 
mRNA stability for other transcripts involved in chloroplast gene expression is 
unknown.  

Nutrient stress on the other hand, notably sulfur and nitrogen starvation, result in a 
rapid decrease within the first 24 hours of deprivation in RBCS (Schmollinger et al., 
2014; Majeran et al., 2019) and/or rbcL transcript levels (Irihimovitch and Stern, 2006; 
Majeran et al., 2019). In response to sulfur starvation, the latter was shown to be in 
partly due to a rapid global repression of chloroplast transcription, resulting from the 
decreased availability of the chloroplast SIG1 sigma factor, which is mediated by the 
SAC3 (SNRK2.2) kinase (Irihimovitch and Stern, 2006). Furthermore, while LS 
synthesis is not significantly affected during the first 48 hours of sulfur deprivation 
(Majeran et al., 2019), the Rubisco is actively degraded (see IV.B).  

b. Circadian changes in synchronized cells. 
In synchronous cultures, rbcL is one of the first photosynthetic genes induced, with 

its transcript peaking after a few hours of illumination (1 h after onset of light in 
(Strenkert et al., 2019) and 4 h after the onset of light in (Herrin et al., 1986)); RBCS 
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induction follows shortly after that of rbcL. The rate of LS synthesis is low in the dark, 
but peaks early in the light compared to other photosynthetic genes, and then declines 
after 2 h of illumination and resumes after an additional 8 h (Sun et al., 2019). Whether 
light-induced LS synthesis is due to a release of inhibition exerted at the translation 
elongation step, as proposed for land plants (Kim and Mullet, 2003), remains unknown.  

c. Changes in expression depending on CO2 concentration 
Shifting cells from high to low CO2 results in a transitory decline of both LS and SS 

synthesis rates, which returns to the original rate  after 8 h (Winder et al., 1992). 
Notably, the shift does not affect rbcL or RBCS transcript accumulation, suggesting 
post-transcriptional regulation potentially associated with induction of the carbon 
concentrating mechanism (CCM).  

d. Changes in expression after a shift to high light 
Within 15 min of exposing Chlamydomonas to high light (HL, ~700 µmol photons 

m-2 s-1), there is a transient decrease in LS translation without a concomitant decrease 
in rbcL or RBCS mRNA. After ~6 h in HL the LS synthesis rate rebounds to the level 
observed for low light grown cells (Shapira et al., 1997). The mechanism associated 
with this translation inhibition has been characterized in-depth. It is triggered by an 
imbalance in the reduced/oxidized glutathione pool (GSS/GSSG), a low molecular 
mass thiol having a regulatory role in algae and plants and associated with the 
generation of reactive oxygen species (Irihimovitch and Shapira, 2000). The decline in 
the rate of LS synthesis and decreased holoenzyme assembly stems from inhibition of 
translation early in the elongation phase (Cohen et al., 2005), as deduced from the 
observation that rbcL mRNA becomes associated with smaller sized polysomes. 
Translational inhibition upon oxidative stress is proposed to occur through 
autoregulation by LS, which would no longer be able to dimerize, either because of 
oxidative induced structural changes or because of altered binding of LS to an oxidized 
chaperone (Yosef et al., 2004; Cohen et al., 2005; Cohen et al., 2006). As a result of 
this inability to dimerize, the LS N-terminal domain, which under reducing conditions is 
buried in the holoenzyme at the intradimeric interface, would be unmasked and free to 
bind to rbcL mRNA, resulting in translation inhibition. Whether the mechanisms 
associated with inhibition of rbcL translation in response to oxidative stress and as a 
consequence of the Control by Epistasy of Synthesis (CES) (Chapter 19 and section 
B.4) are shared is uncertain. However, in the case of oxidative stress, translational 
inhibition would rely on altering the dimer interface which would expose the RbcL RNA 
Recognition Motif, while in the case of CES, repression has been shown to require 
accumulation of the LS octamer (Cohen et al., 2006; Wietrzynski et al., 2021). 

 

B. Rubisco holoenzyme assembly  
Since the last edition of the Chlamydomonas Sourcebook, tremendous progress in 

our understanding of the Rubisco assembly pathway has been obtained. Strikingly, 
although the composition of the Rubisco complex is simple, its assembly, and 
especially LS core subunit folding and oligomerization, is an assisted process involving 
several chaperones. Rubisco has thus emerged as a paradigm of chaperone-assisted 
assembly based on the characterization of plant mutants that has revealed various 
auxiliary factors that act as chaperones, in-depth characterizations of these factors by 
recombinant co-expression with cyanobacterial LS, and co-crystallization of assembly 
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products. These studies culminated in the recombinant production of plant Rubisco (in 
E. coli), an unachieved goal for more than two decades (Aigner et al., 2017). Several 
recent reviews highlight these findings (Bracher et al., 2017; Vitlin Gruber and Feiz, 
2018; Hayer-Hartl and Hartl, 2020), and therefore we will focus on the association of 
the assembly pathway as it applies to Chlamydomonas, as diagrammed in Figure 1. 

1. Folding of LS requires the CPN60 chaperonin  

Nascent LS requires the CPN60 chaperonin for folding. The nanocage formed by the 
CPN60A and CPN60B subunits is arranged in two stacked hetero-heptameric rings 
topped by a hetero-oligomeric heptamer-formed by the CPN11/20/23 cofactor 
proteins. The chaperonin encapsulates LS, creating the specific hydrophilic 
environment required for folding and for preventing unproductive hydrophobic contacts 
leading to aggregation. A more in-depth description of the function of CPN60, whose 
major but not sole substrate is LS, is provided in Chapter 20. Importantly, the GroEL 
bacterial homolog of CPN60 does not fold plant LS, indicating that CPN60A/B has 
acquired features to promote the recruitment of plant nascent LS (Aigner et al., 2017). 
In plants, mutations in one of the CPN60A encoding paralogs abolishes LS 
accumulation, which suggests a specific recruitment of LS by this isoform (Feiz et al., 
2012; Kim et al., 2013). Similarly, the Chlamydomonas CPN60A isoform has been 
found to recognize LS more efficiently than the CPN60B isoforms (Zhang et al., 2016), 
leading to a model in which CPN60A would recruit LS while CPN60B would allow 
oligomerization of the nanocage (reviewed in (Vitlin Gruber and Feiz, 2018)). Additional 
substrate-specificity may also be conferred by varying the composition of the 
CPN11/20/23 cofactor ring (Zhao et al., 2019). Copurification of CPN60A with affinity-
tagged ribosomes suggests that nascent LS delivery to the chaperonin occurs co-
translationally (Westrich et al., 2021). 

2. LS oligomerization is a chaperone-assisted process 
Folded LS rapidly dimerizes, as free LS monomers are not detected under native 

conditions (Wietrzynski et al., 2021). The dimer forms through the interaction of two 
LS subunits in a head-to-tail configuration and involves hydrogen bonding, salt bridges 
and polar interactions. Among the many residues at the LS dimeric interface (van Lun 
et al., 2011), two pairs of conserved amino-acids (E109-R253 and E110-R213 in 
Chlamydomonas) are critical for dimerization of Rubisco form I. LS dimerization is 
followed by a second oligomerization step, yielding LS octamers in the form of 
tetramers of antiparallel dimers. Adjacent LS dimers form two different interfaces 
stabilized by hydrogen bonds (van Lun et al., 2011). 

a- The RBCX and RAF1 chaperones 
Two unrelated chaperones, RBCX and RAF1 are involved in the LS dimerization 

step. They may either promote dimerization and/or stabilize the resulting dimers. 
Interestingly, both chaperones are conserved in photosynthetic organisms as distantly 
related as cyanobacteria and vascular plants. Even though RBCX and RAF1 are 
seemingly involved in the same process, their respective binding sites on LS differ, as 
observed in structures obtained after co-crystallization of cyanobacterial LS with RBCX 
or RAF1 expressed in E. coli (Bracher et al., 2011; Hauser et al., 2015; Huang et al., 
2020; Xia et al., 2020), which hints at a different mode of action. In cyanobacteria, 
RbcX is a 15 kDa protein functioning as a boomerang-shaped dimer (Bracher et al., 
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2011) that binds to a conserved motif at LS-C-terminus and also to residues in the 
intradimeric adjacent LS N-terminal domain. Two orthologous genes are found in 
plants, but Chlamydomonas only has the RBCX2 orthologue, for which there are two 
paralogs (Bracher et al., 2015). Noteworthy, RBCX2A might be the dominant functional 
form as its transcripts are 20 to 50 times more abundant than those for RBCX2B. 
RBX2B is not a canonical RBCX isoform as it bears a long protein extension at its C-
terminus. RBCX2A knock-down strains in Chlamydomonas showed reduced Rubisco 
accumulation (Hauser, 2016), suggesting a role of RBCX in Rubisco assembly. 
Similarly, partial inactivation of the rbcX gene located within the Rubisco operon of the 
cyanobacterium Synechococcus PCC 7002 led to a severe reduction in Rubisco 
abundance, although a polar effect of the lesion on the downstream rbcS gene cannot 
be excluded (Onizuka et al., 2004). On the other hand, deleting rbcX had no apparent 
effect on the cyanobacterium Synechococcus PCC7942. However rbcX in this 
cyanobacterium is no longer localized within the Rubisco operon (Emlyn-Jones et al., 
2006); this makes it unclear whether RbcX is required for assembly. The current model 
places RBCX as a facilitator of Rubisco assembly, as yields of expression of plant 
recombinant LS are higher in its presence (Aigner et al., 2017). Interestingly, RBCX2A 
has been identified in Chlamydomonas as one of the chaperones induced in a ClpP 
deficient strain as part of the chloroplast unfolded response (Ramundo and Rochaix, 
2014). 

The second chaperone involved in LS oligomerization is the RAF1 factor (Rubisco 
Accumulation Factor 1). RAF1 is a 50 kDa protein in Chlamydomonas, slightly larger 
than its cyanobacterial or plant counterparts. It functions as a dimer, which brackets 
the LS dimer at the top and bottom by binding extensively across LSs (Hauser et al., 
2015). In Chlamydomonas, RAF12-LS2 dimers are detected in wild-type strains, 
suggesting that they constitute true assembly intermediates. Yet dimers without RAF1 
could also be observed under conditions in which LS is translated at high rates while 
assembly is impaired. Therefore, RAF1 is not required for LS dimerization but rather 
for dimer stabilization and appears to be in limiting amounts (Wietrzynski et al., 2021). 
Interestingly, RAF1 displays a binding interface to an adjacent LS dimer, as observed 
in cyanobacterial RAF18-LS8 structures (Huang et al., 2020; Xia et al., 2020), and may 
hence have a further role in the tetramerization of LS dimers. In Chlamydomonas SS 
mutants, LS and RAF1 comigrate in a LS8-RAF1 complex, which could constitute a 
second assembly intermediate in vivo (Wietrzynski et al., 2021).  
 

b- The RAF2 chaperone 
Beside the extensively characterized RBCX and RAF1 chaperones, a third 

conserved chaperone in plants and algae is the RAF2 factor (Rubisco accumulation 2, 
Feiz et al., 2014), which encodes an inactive form of Pterin Carbinolamin Dehydratase, 
also known as CGL31. Knock-outs of RAF2 in maize accumulate 10% of the wild type 
levels of Rubisco, while the phenotype is less severe in Arabidopsis (Fristedt et al., 
2018). The mode of RAF2 action remains poorly understood. Does it serve as a SS 
chaperone, as suggested by its interaction with SS in co-immunoprecipitation 
experiments in maize (Feiz et al., 2014), or is it involved in LS core stabilization as 
suggested by the fact that RAF2 is required for recombinant production of plant LS 
(Aigner et al., 2017) in the absence of SS? Further experiments are needed to better 
understand its function in the assembly pathway. 
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c- Is there a Chlamydomonas orthologue for the plant BSD2 
chaperone? 

A fourth auxiliary factor, BSD2, is required for Rubisco assembly in plants (Brutnell 
et al., 1999). BSD2 is a small DNA-J like protein of ~10 kDa containing zinc-finger 
binding motifs. The crescent-shaped protein, arranged in a hairpin around two zinc 
ions, has been crystallized in a BSD28-LS8 complex, in which BSD2 monomers bind to 
either side of the LS2 dimer (Aigner et al., 2017). An in vivo interaction with LS is 
suggested by comigration of Rubisco and BSD2 in tobacco chloroplast extracts 
(Conlan et al., 2019). Interestingly, BSD2 is not present in cyanobacteria containing 
Rubisco Form IB, and as such, may represent a post-endosymbiotic innovation. It is 
tempting to speculate that it might fulfill a function related to the decoupled SS 
production occurring in eukaryotes from the green lineage. Interestingly, a BSD28-LS8 
complex was observed when SS amounts were limiting, which may suggest that in 
plants a BSD28-LS8 complex is the end-state intermediate before SS binding. Based 
on the BSD2 binding interface and insertion into the RuBP substrate binding pocket, it 
has been proposed that BSD2 may stabilize LS in an open conformation preventing 
RuBP binding before the formation of mature Rubisco (Aigner et al., 2017). In 
Chlamydomonas, two proteins containing zinc-finger motifs have been proposed to 
represent BSD2 orthologues: ZNJ2 (Cre03.g201050), which has chaperone activity 
and comigrates with polysomal fractions associated with rbcL transcripts (Doron et al., 
2014), although its role in Rubisco biogenesis has not been established, and ZNJ6 
(Cre06.g251716) (Doron et al., 2018). The latter is not likely involved in Rubisco 
biogenesis since it is a thylakoid associated DNAJ-like chaperone that may participate 
in the unfolded chloroplast response during temperature stress (Amiya and Shapira, 
2021).  

3. SS-binding to LS octamer confers structural stability 

a- Formation of Rubisco holoenzyme 
The ultimate assembly step in Rubisco maturation requires binding of SS to the 

chaperone-protected LS8 core, yielding Rubisco LS8SS8, where four SS subunits cap 
both the top and bottom of the LS octamer (see Fig. 2). In Chlamydomonas, SS binding 
probably occurs by displacement of RAF1 from a RAF1-LS octamer. In vitro work 
showed that both RBCX and RAF1 interactions with cyanobacterial LS are very 
dynamic and easily dislodged from their respective RbcX8-LS8 and RAF18-LS8 
complexes upon SS addition (Liu et al., 2010; Hauser et al., 2015; Kolesinski et al., 
2017). Interestingly, cyanobacterial RAF1 was able to displace RBCX8 in RBCX8-LS8 
complexes yielding RAF18-LS8, which suggests sequential action of RBCX followed by 
RAF1 (Kolesinski et al., 2017). Furthermore, cyanobacterial tripartite RAF1-LS-SS 
complexes have been obtained and crystallized with either 4 or 8 SS bound to RAF18-
LS8 (Xia et al., 2020). Comparing the RAF18-LS8 and RAF1-LS-SS structures reveals 
a SS-induced shift in RAF1 position, explaining the dynamic and sequential nature of 
RAF1 displacement. Whether SS also requires interaction with chaperones, such as 
the RAF2, is still unknown. 

b- Hybrid Rubisco assembly reveals a relaxed requirement for SS 
assembly 

SS assembly within the holoenzyme appears to be a less constrained process 
compared to LS core assembly. LS and its assembly chaperones show strong 
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coevolution, leading to difficulties in generating Rubisco hybrid enzymes in vivo using 
non-native LS (Kanevski et al., 1999; Whitney and Andrews, 2001), unless the cognate 
RAF1 chaperone is co-expressed (Whitney et al., 2015). In contrast, expression of 
plant SS (spinach, Arabidopsis and sunflower) with the native Chlamydomonas rbcL 
gene yielded functional hybrid Rubisco that accumulated to WT levels in 
Chlamydomonas and supported photosynthetic growth comparable to that of WT cells, 
provided that the cultures were grown in a high CO2 environment; in the strains with 
the plant-Chlamydomonas hybrid enzyme were impaired for the CCM (and therefore 
required high CO2) because no pyrenoid could form in the absence of Chlamydomonas 
SSU ((Genkov et al., 2010) and VI.D). Similarly, Chlamydomonas SS could 
complement Arabidopsis RBCS knock-down plants that express the Arabidopsis LS 
core (Atkinson et al., 2017). These relaxed assembly constraints are also congruent 
with the fact that SS is far more divergent among clades than LS, although their 
structure is well conserved. 

c- SS binding confers stability to the LS core 
One of the main functions of Rubisco SS is its indisputable contribution to 

holoenzyme stability. In Chlamydomonas, this is evidenced by the phenotype of SS-
lacking mutants that express LS with a 5’ psaA UTR: in this strain LS synthesis remains 
high in the absence of SS, but it only accumulates to trace amounts (Khrebtukova and 
Spreitzer, 1996; Wietrzynski et al., 2021).   

Rubisco stability is usually assessed by measuring the level of Rubisco 
accumulation at either 25°C or 35°C, a more restrictive condition. A second proxy 
consists in assaying the thermal stability of the purified enzyme as a function of activity 
along a temperature gradient. Taking advantage of the impressive mutagenesis 
studies performed on Chlamydomonas Rubisco over the years, mostly in Spreitzer’s 
laboratory, important SS regions involved in holoenzyme stability were defined which, 
not unexpectedly, map to the LS/SS interface regions (van Lun et al., 2011). It should 
be noted however that mutations of individual amino acids within SS that alter stability 
do not prevent Rubisco assembly. These residues are: 

 i) The conserved L18, Y32 and E43 residues of SS in contact with the LS α-helix 8 
region, a structural element of the α/β barrel contributing to the active site (see Figure 
2). Alanine substitutions of these residues induce a large decrease in Rubisco 
accumulation even though the strains may still be phototrophic (Genkov and Spreitzer, 
2009). The Y32 residue in particular has been proposed to shield LS charged amino 
acids (R431 and N432) from the solvent. Noticeably, the E43 residue provides 
additional stabilizing contact with the LS α-helix 1 through an ionic bond with LS R187, 

ii) The βA/βB loop (aa 46-73; see Fig. 2), which early on was referred to as an 
assembly domain (Wasmann et al., 1989). This loop is located between the βA and βB 
strands and is at the entrance of the solvent channel where it contacts LS at two 
interfaces (van Lun et al., 2011). This region of SS shows the highest divergence 
among species, largely because of its variable length: it consists of 28 amino acids in 
Chlamydomonas but only 22 in land plants (Spreitzer, 2003). Noteworthy, the loop size 
is not an essential determinant for assembly but contributes to stability as indicated by 
the differential phototrophic phenotypes of hybrid enzymes with a Chlamydomonas LS 
core and cyanobacterial SS, which has a loop of only 10 aa. While phototrophic at 
25°C, mutants in the βA/βB loop display a strong decrease in Rubisco levels at 35°C 
concurrent with a loss of phototrophy (Karkehabadi et al., 2005). Similarly, mutations 
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N54S, A57V and C65S were isolated as suppressors of the temperature-sensitive LS 
mutant L290F by restoring holoenzyme stability (Du et al., 2003; Genkov et al., 2006). 
Alanine- scanning mutagenesis within the βA/βB loop also identified the conserved 
R71 residue as contributing to stability: the mutant displays both a reduction in the 
enzyme’s thermal stability and in Rubisco accumulation at 35°C (Spreitzer et al., 2001). 
This phenotype may result from disruption of one of the six ionic bonds between the 
LS and SS subunits. Furthermore, a cluster of tyrosine residues (Y67, Y68, Y72) 
provides stability through aromatic interactions with LS residues. Alanine substitution 
mutants were photoautotrophic, but the modified Rubisco was inactivated at a lower 
temperature than the wild type enzyme and showed up to a 90% decrease in 
holoenzyme accumulation at 35°C for the Y67A and Y72A mutants. This decrease 
results from conformational changes, followed by changes in the kinetics of subtilisin-
induced proteolysis (Esquivel et al., 2006). The aromatic interactions also contribute 
positively to the stabilization of Rubisco against accelerated turnover under oxidative 
conditions –all mutants of SS in the tyrosine residues of the loop cluster were shown 
to degrade faster than the wild type Rubisco in cells experiencing oxidative stress 
(Esquivel et al., 2006). 

4. Checkpoints/misassembly  
Productive assembly of Rubisco with correctly folded proteins is controlled at 

multiple steps, allowing the concerted accumulation of both subunits. Invariably, in the 
absence of its assembly partner, neither the LS nor SS accumulate to significant levels 
due to processes involving either proteolysis or regulation of synthesis (Figure 1), as 
detailed below. 

Proteolysis plays an important role in Rubisco homeostasis. Unassembled SS 
has been shown to undergo rapid degradation, with a half-life of less than 7.5 minutes, 
as observed in ribosomal mutants displaying impaired LS synthesis or in the presence 
of a chloroplast translation inhibitor (Mishkind and Schmidt, 1983; Schmidt and 
Mishkind, 1983). Degradation of unassembled SS is mediated by the Clp protease 
(Majeran et al., 2019).  

On the other hand, a reduction or absence of SS leads to inhibition of LS 
synthesis (Khrebtukova and Spreitzer, 1996). This regulation of translation - 
known as the CES process and described in more detail in Chapter 19 - relies 
on regulation of translation initiation by unassembled LS. Recent work indicates 
that the repressor form would consist of a high molecular weight LS8 complex 
in association to some extent with RAF1 (Wietrzynski et al., 2021). Interestingly, 
translation inhibition yields reduced LS synthesis rates that are still higher than 
the rates needed to produce the trace amounts of LS that accumulate. Thus, in 
the absence of SS, LS accumulation levels are determined both by the CES 
process and by degradation of unassembled LS. Furthermore, the extent of 
degradation of LS is inversely correlated to the amount of LS that can be 
stabilized by the limiting RAF1 chaperone (Wietrzynski et al., 2021).The 
importance of proteolysis of unassembled LS is further illustrated in some LS 
assembly-incompetent mutants that escape CES regulation and display a high rate of 
LS synthesis, and yet hardly accumulate either LS or SS. These results indicate that 
both subunits are prone to degradation, even though mutated LS undergoes, to some 
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extent, the folding process, since they are found associated with the CPN60 chaperone 
(Majeran et al., 2019; Wietrzynski et al., 2021). The inability to reduce the ClpP content 
in these LS mutants indirectly indicates that removal of unassembled LS by the Clp 
protease is essential for the cell homeostasis and survival (Majeran et al., 2019). In 
some instances, insoluble aggregates of unassembled LS and SS were observed 
(Wietrzynski, 2017), perhaps due to overloading the protease capacity of the 
chloroplast. Together, these results suggest that in the absence of ClpP, LS/ SS 
aggregates become too burdensome for the cell, thereby eliciting an autophagy-like 
response that leads to cell death (Ramundo and Rochaix, 2014). 

5. Post-translational modifications: which, when and why? 
Protein N-termini are proposed to be an important determinant of protein stability 

in chloroplasts, by a process termed the N-end rule, which states that specific amino-
acids at the N-terminal will target proteins for degradation (Rowland et al., 2015; 
Bouchnak and van Wijk, 2019). After LS-N-formyl methionine at position 1 is 
deformylated and excised, residue S2 is further processed and P3 is acetylated (Houtz 
et al., 1992). These N-terminal modifications occur co-translationally and in a 
sequential manner. Actinonin, which inhibits peptide deformylases (PDF), prevents N-
terminal processing, which indicates that deformylation precedes M1 excision (by 
Methionine aminopeptidase, MAP) and other N-terminal modifications. Surprisingly, 
Chlamydomonas strain in which LS N-terminal processing is blocked (actinonin 
treatment) still assembleRubisco (Giglione et al., 2003). Dual organellar-targeted 
orthologues of PDF1b and MAP1D have been identified in Chlamydomonas, but the 
enzymes specifically involved in LS N-terminal serine removal and proline acetylation 
are still unknown. While seven aminopeptidases, among which is a serine 
aminopeptidase, have been identified in the Arabidopsis chloroplast proteome, their 
substrate specificity, and more specifically their involvement in LS N-terminal 
processing have not been experimentally tested (Zybailov et al., 2008). Additionally, 8 
members of the N-acetyltransferases encoding gene family (GNAT) have been shown 
to be chloroplast-localized and characterized in plants (Bienvenut et al., 2020). 
Although all GNATs exhibited broad substrate specificity, a single member, GNAT7, 
was found to be able to acetylate proline residues (Bienvenut et al., 2020; Giglione and 
Meinnel, 2021). Interestingly, a GNAT7-homologous N-acetyltransferase, cpNAT1 
(Cre14.g614750), has recently been identified in Chlamydomonas and shown to be 
ribosome associated (Zybailov et al., 2008; Westrich et al., 2021), but its role inRubisco 
N-terminal acetylation is yet to be experimentally assessed. Noteworthy, N-acetylation 
has generally been linked to an increase in protein stability (Bienvenut et al., 2011). 

Rubisco SS, on the other hand, might be the sole chloroplast protein that starts 
with a methionine which gets post-translationally methylated (Taylor et al., 2001; 
Rowland et al., 2015). This methylation may help the mature SS that is generated after 
cleavage of its chloroplast transit peptide (cTP), escape the NME rule. Noteworthy, the 
methylated-M, which interacts with LS-W411, may have a role in catalysis, potentially 
stabilizing interactions of the RuBP substrate with LS (van Lun et al., 2011). 
Chlamydomonas mutants in the annotated SS-Rubisco methyltransferase RMT2 gene 
(Cre12.g524500) display altered photosynthetic growth (Li et al., 2019), yet whether 
RMT2 truly plays a role in SS methylation has not been determined. 

Another methyltransferase - the Large Subunit Methyl transferase or LSMT - has 
been implicated in trimethylation of LS-K14 in some plant Rubisco's (Solanaceae and 
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Cucurbitaceae), which is not observed in Chlamydomonas, although Chlamydomonas 
does have a gene encoding a putative LSMT (RMT1). This paradox has been recently 
solved through the discovery that LSMT specificity towards Rubisco is a recent 
acquisition leading to a bifunctional enzyme whose primary function is trimethylation 
of Fructose Bisphosphate Aldolase (FBA, (Ma et al., 2016)). Moreover, while the 
function of the K14 trimethylation is still elusive from the lack of phenotypes observed 
in tobacco mutants, the analysis of CryoEM images of the Rubisco-LSMT complex 
revealed a large surface binding area that engages with the LS dimer, suggesting that 
trimethylation most likely occurs post-translationally (Raunser et al., 2009). 

One of the surprises of the crystallographic structures obtained for Chlamydomonas 
Rubisco (Taylor et al., 2001; Mizohata et al., 2002) is the presence of other LS post-
translational modifications (PTM) that are less commonly observed. These consist of 
4-hydroxyprolination of the conserved residues P104 and P151 and methylation of 
C256 and C369. Hydroxyprolination was hypothesized to increase the rate of LS 
folding following translation (Mizohata et al., 2002) but is not essential for Rubisco 
assembly and function: photosynthesis could be restored by complementation of an 
rbcL deletion mutant with mutated versions bearing proline to alanine mutations, which 
prevent further hydroxylation. However, Rubisco catalysis was significantly altered in 
the P104A mutant, which displayed a decreased carboxylation rate accompanied by a 
decreased growth rate (Rasineni et al., 2017). The effect on catalysis in the P104A 
mutant might be due to the lack of the PTM, rather than to the P-to-A substitution as 
hydroxyl groups from the hydroxyP104 residue provide contacts with residues from LS 
60’s catalytic loop (Rasineni et al., 2017). The prolyl 4-hydroxylase responsible for this 
modification has not been identified, although several prolyl 4-hydroxylases are 
predicted to be chloroplast localized, with at least one, Cre10.g443050, experimentally 
associated with the chloroplast (Terashima et al., 2010). Likewise, it remains unknown 
whether hydroxylation occurs prior or post-assembly: P104 is exposed to solvent in 
the dimer, but P151 is relatively buried.  

Regarding methylation of the cysteine residues, a C256A mutation resulted in 
decreased Rubisco accumulation at 35°C, leading to a non-photosynthetic phenotype 
together with a strong impact on the catalytic properties of the enzyme. This phenotype 
was not observed in a strain harboring a C256F substitution of LS; the F residue at this 
position is conserved in land plants. These findings indicate that the C256 methylation 
is functionally important, likely by extending the contact region between LS and SS, 
thereby mediating the change in catalysis (Rasineni et al., 2017). This modification 
likely precedes Rubisco assembly as C256 is not solvent accessible in the assembled 
enzyme (Taylor et al., 2001). In contrast, no functional role has yet been ascribed to 
C369 (Rasineni et al., 2017).  

Noteworthy, Rubisco cysteine residues are not involved in disulfide bonds under 
‘standard’ growth conditions (Taylor et al., 2001). However, an intradimer disulfide 
bond involving C247 residues of opposing LS subunits can form under some 
conditions. This was observed when Chlamydomonas experienced oxidative stress 
induced by cupric ion exposure (Mehta et al., 1992). It was also occasionally in purified 
spinach and cyanobacterial Rubisco (Ranty et al., 1991). Another study reported C247 
to be reduced and insensitive to its redox environment (Garcia-Murria et al., 2018).  

Apart from the non-enzymatic carbamylation of K201 by a non-substrate CO2, which 
is an absolute prerequisite for Rubisco function (Lorimer and Miziorko, 1980), the 
functional significance of most Rubisco PTMs remains poorly understood (Houtz et al., 
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2008). Noteworthy, expression of Rubisco subunits in E. coli did not prevent Rubisco 
assembly or reduce its activity even though various PTMs did not occur in the 
heterologous system (Aigner et al., 2017). The future identification of the enzymes 
responsible for Rubisco PTM will probably enable a better understanding of their role 
in Rubisco assembly and function. 

 

6. Is Rubisco assembly a pyrenoid localized process?  
Recent breakthrough discoveries (Mackinder et al., 2016) revealed the 

essential role of Rubisco SS and the EPYC1 protein in Rubisco supramolecular 
organization within the pyrenoid, an essential feature commonly found in many green 
algae, but also in hornworts, to cope with limiting CO2 concentrations (Barrett et al., 
2021), see section VI.D. Since LS translation may occur close to the pyrenoid, this 
raises the question of whether Rubisco assembly and the processes leading to its 
supramolecular organization are coupled or not. Two observations indicate that 
Rubisco assembly is not a pyrenoid localized process i) Rubisco localization to the 
pyrenoid requires fully assembled Rubisco, with a prominent role for SS in localization 
(developed in section VI.D), ii) Rubisco chaperones were not identified in pyrenoids 
based on proteomics (Zhan et al., 2018) and fluorescent tagging (Mackinder et al., 
2017).  

 

III. Catalysis 
A. Rubisco chemistry  

Chlamydomonas Rubisco shares typical Rubisco catalytic attributes. The 
active site is formed at the interface between the LS C-terminal α/β barrel domain of 
one LS subunit and the N-terminal of an adjacent LS, yielding two active sites per 
dimer, and thus 8 active sites per LS8SS8 holoenzyme. Conservation of the catalytic 
residues and universal structural features support a similar mode of catalysis among 
all Rubiscos. 

Catalysis of Rubisco requires prior activation by a Mg ion and a non-substrate 
CO2 molecule involved in carbamylation of the conserved LS-K201. Carbamylation is 
followed by interaction of the enzyme with RuBP in its extended conformation. This 
interaction results in movement of loop 6, tighter binding of RuBP and subsequent rigid 
body movement of the enzyme that involves both the N- and C-terminal domains of 
the intradimeric adjacent LS subunits and the movement of the flexible LS C-terminus 
towards loop 6, which shields RuBP from the solvent. These structural 
rearrangements, characterized by a strong increase in hydrogen bonding (van Lun et 
al., 2011), lead Rubisco to adopt its closed conformation state, which provides the 
proper environment for the fixation of a CO2 with the generation of an unstable 6 carbon 
intermediate that is hydrolytically cleaved. The exact roles of the residues forming the 
active site in the 5-step carboxylation reaction are still being investigated (Cummins et 
al., 2018, 2019). Upon cleavage, two phosphoglycerate molecules are released 
(reviewed in (Andersson, 2008)) that enter the CBC (see Chapter 8). As indicated by 
its name, Rubisco poorly discriminates CO2 from O2 and, in addition to carboxylation, 
catalyzes RuBP oxygenation in a competing counterproductive reaction. However, the 
oxygenase activity in Chlamydomonas is greatly alleviated by the development of a 
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CO2 concentrating mechanism (CCM) in which the formation of the pyrenoid, which is 
packed with Rubisco, is critical (see section VI.D). 
 

B. Gas specificity and carboxylation rates are dictated by the active site 
environment 

Rubisco is known to be a slow catalyst (median value of 3.3 s-1 (Flamholz et 
al., 2019)), with a reported catalytic efficiency (kcat) of about 2.3 CO2 molecules fixed 
per second in Chlamydomonas (Spreitzer et al., 2005), even though recent work 
indicates that some Rubisco form II enzymes may exhibit much faster carboxylation 
rates (Davidi et al., 2020). The efficiency with which CO2 out-competes O2 is described 
by the Ω specificity factor, which takes into account the maximal velocity of the 
carboxylation (Vc) and oxygenation (Vo) reactions, as well as the affinities of the two 
gas (Kc and Ko) (Ω =Vc/Vo x Ko/Kc) (Spreitzer and Salvucci, 2002). Ω values range from 
<50 to >90 (Flamholz et al., 2019; Poudel et al., 2020). Generally low for form II 
containing organisms, Ω increases in form I-containing organisms, with the highest 
values observed in non-green algae. Yet, specificity alone is not sufficient to ascribe a 
higher carboxylation rate (reviewed in (Spreitzer and Salvucci, 2002)) and, in fact, an 
inverse correlation between specificity and carboxylation rate has been observed 
suggesting a trade-off between specificity and the turn-over rate of the enzyme 
(Tcherkez et al., 2006; Savir et al., 2010; Studer et al., 2014). A higher specificity factor 
was suggested to be associated with tighter binding of the carboxylated intermediates. 
Their delayed release from the enzyme results in a lower turn-over rate. Nonetheless, 
Ω has been used as a diagnostic parameter indicating overall efficiency (Parry et al., 
2003). Recent structural comparisons among various Rubisco's showed a correlation 
of higher substrate specificity associated with Rubisco form I, with positively charged 
cavities around the active site. These cavities represent gas substrate binding 
channels that would enhance electrostatic interactions with CO2 rather than O2 (Poudel 
et al., 2020). Interestingly, this feature of the form I enzyme likely reflects its evolution 
in CO2 depleted environments. Furthermore, the active site plasticity required to 
generate increased specificity towards CO2 might have been acquired at the expense 
of structural stability, as recently suggested (Banda et al., 2020). This instability might 
have driven the evolution of the small subunit, a stabilizing component of the enzyme.  
 

C.  Chlamydomonas, a historical model to develop a “better” enzyme  
With the development in the 1990s of chloroplast transformation allowing for 

site-directed mutagenesis of Rubisco LS (see Chapter 19) and the ease of performing 
classical forward genetic studies, Chlamydomonas has emerged as a model system 
in “Rubiscology”. Two aims were pursued: i) a better understanding of the contribution 
to catalysis of the LS and SS subunits, ii) the long-term goal of deciphering how to 
improve Rubisco efficiency with a specificity factor mirroring that typical of land plants 
(~ about 20% higher). Multiple approaches using classical genetics, phylogenetics and 
more recently computational molecular dynamics have allowed the identification of 
important domains in addition to the resides of the Chlamydomonas LS active site 
(reviewed more extensively in (Andersson, 2008; Andersson and Backlund, 2008)). 
From a phylogenetic perspective, one would infer that the differences in the catalytic 
properties and slight modifications of Rubisco structure can be ascribed to residues 



20  

not conserved among species, allowing differential stabilization of the transition states 
of the enzyme. In Chlamydomonas, this has led to a directed scrutiny of some of the 
34 amino acids not conserved in land plants. Structures of Chlamydomonas native, 
mutant, revertant and hybrid Rubisco enzymes (see Table 2) have led to the 
elaboration of hypotheses to account for the mutations’ effects and to guide additional 
mutagenesis studies (tables 3 and 4). These experiments have revealed functionally 
important residues in the LS subunit in the vicinity of the active sites such as the loop 
6 V331 residue and T342 (Chen and Spreitzer, 1989; Chen et al., 1991; Karkehabadi 
et al., 2007), but also long-range interactions (L290, D473). 

1. Contribution of various LS and SS domains  

a. LS N-termini contribution  
In addition to the two active site residues E60 and N123, which are critical for 

the catalytic properties of the enzyme (Zhu and Spreitzer, 1994), the conserved K128 
residue has been proposed to lock the closed conformation of the enzyme upon ligand 
binding through interaction with the adjacent LS (van Lun et al., 2011). Plant-like 
substitutions affecting the non-conserved M42 and C53 residues of Chlamydomonas 
LS exhibited only minor effects on catalysis, suggesting that the N-terminal domain 
does not contribute substantially to differences in the catalytic properties of the 
Chlamydomonas and land plant enzymes (Du et al., 2003).  

b. LS Loop 6 (331-338) 
Loop 6 flexibility is essential, as its movement allows the transition from an 

open to a closed active site during catalysis. The conserved K334 is known to orient 
and stabilize the transition state intermediate. K334 also interacts with E60 and T65 of 
an adjacent N-terminal (Knight et al., 1990) and is presumed to form hydrogen bonds 
with CO2  (Andersson and Backlund, 2008). The importance of loop 6 has been 
highlighted in Chlamydomonas through the analysis of the V331 residue. V331 is part 
of the hinge on which loop 6 moves and has proven essential: a V331A mutant is non-
photosynthetic and exhibits a strong reduction in Ω and carboxylation efficiency (Chen 
and Spreitzer, 1989), as it was unable to bind the 2'-carboxyarabinitol bisphosphate 
(CABP) transition analog (Chen et al., 1991). Mutations within or close to loop 6 
restored tighter binding of CABP and increased concomitantly Ω, as apparent in the 
second site revertants T342I and G344S (Karkehabadi et al., 2007). Residues V331 
and T342 were shown to be codependent and to establish a hydrophobic pocket 
around K334. The decreased specificity in the V331A mutant was further linked to an 
altered interaction between S379 and CABP through a lengthened hydrogen bond, 
indicating its probable contribution to differences in kinetic constants. This was also 
apparent from the decreased rate of carboxylation and altered Ω value observed in a 
S379A mutant (Zhu and Spreitzer, 1994). Together, these results indicate that the 
environment around the active site is an important determinant in the catalytic 
properties of the enzyme, although the effect of mutations has been difficult to predict 
(Karkehabadi et al., 2007). 

c.  LS C-terminal extension (aa463-475)  
The LS C-terminal extension is present only in Rubisco form I and is involved 

in the stabilization of the catalytically active closed state by packing it against loop 6. 
Special attention has been given to the D473 residue, which has been suggested to 
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serve as a latch in this movement (Duff et al., 2000; Satagopan and Spreitzer, 2004), 
and more generally to 4 amino-acids surrounding D473, which are divergent between 
Chlamydomonas and the consensus sequence found in most flowering plants 
(Satagopan and Spreitzer, 2008). While the D473 residue does not appear to be critical 
for catalysis, it does contribute to the conformation of the active site and substrate 
binding since a D473E mutant enzyme was active but exhibited a decreased Ω and 
carboxylation efficiency (Satagopan and Spreitzer, 2004). The enzyme structure in this 
mutant showed subtle alterations in the active site that resulted in an altered interaction 
between L335 and CABP. Additionally, the C-terminus was found to be disordered, 
indicating that D473 might influence loop 6 dynamics and ultimately the catalytic site 
(Karkehabadi et al., 2007). Introducing plant-like substitutions within the 4 amino acids 
in the direct vicinity of D473 increased the specificity, but at the expense of the 
carboxylation rate (Satagopan and Spreitzer, 2008).  

d. LS/SS interface 
Although far from the active site, the LS/SS interface at the surface of the enzyme 

critically impacts both catalytic parameters and enzyme stability (see section B.3). 
Characterization of the LS L290F temperature-sensitive mutant was instrumental in 
demonstrating that long range interactions can affect the catalytic site. This lesion 
caused both decreased enzyme stability (Chen et al., 1988) and a 13% reduction in Ω. 
These altered characteristics were restored in the LS-A222T and V262L suppressor 
mutants (Hong and Spreitzer, 1997). Interestingly, the highly conserved L290, A222, 
and V262 LS residues surround the βA/βB loop of Rubisco SS and the same L290F 
mutant could be suppressed by mutations affecting SS residues, such as the N54S, 
A57V (Du et al., 2000) and C65S (Genkov et al., 2006). Additionally, the single C65S 
mutant was shown to enhance catalysis. These three residues are part of the SS βA/βB 
loop, which underscores its importance in catalysis through long-range effects.  

e. SS βA/βB loop (aa 46-73) 
The previous experiments indicate that the SS βA/βB loop not only contributes to 

Rubisco stability, but also to differences in Rubisco catalytic features. As the βA/βB 
loop shows strong divergence among species, it was examined with respect to its 
impact on differences in the catalytic features of the enzyme. As apparent from Table 
4, most of the βA/βB loop mutations negatively influenced the specificity factor and the 
carboxylation efficiency. Y67A and Y72A showed strong effects on the specific activity, 
decreasing Ω to 5% of the wild-type level (Esquivel et al., 2006). Replacing the C65 
amino-acid in Chlamydomonas by a P, found at that position in plant SS, had a 
deleterious effect on specificity and carboxylation efficiency (Genkov et al., 2006). 
Importantly, changes in catalysis are in some cases uncoupled from adverse effects 
on stability.  

The βA/βB loop further defines the width of the central solvent channel which could 
potentially impact catalysis. Restricting the channel width through the replacement of 
I58 with three tryptophan residues yielded mutants exhibiting a decrease in both 
stability and Ω, and yet Rubisco was still able to transition from the closed to open 
states (Esquivel et al., 2013). It was suggested that CO2 and O2 gas partitioning could 
be altered in this mutant, thereby accounting for the decreased carboxylation rates 
observed (Esquivel et al., 2013). 
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f. Hybrid Rubisco with altered catalytic properties  
A comparative mutagenesis approach was undertaken to explore whether the 

divergence in SS and LS sequences could account for the different specificities 
towards CO2/O2 specificity observed for algae and plants, with particular attention to 
residues at the LS/SS interface. Additionally, hybrid enzymes were generated by 
replacing the Chlamydomonas SS βA/βB loop with ones from either spinach or 
Synechococcus (Karkehabadi et al., 2005). In the case of spinach, the hybrid enzyme 
showed a decreased carboxylation rate, without affecting Ω. Rather than eliciting 
marked structural alterations, these changes in catalysis were attributed to changes in 
the dynamics of the enzyme. 

To explore the functional importance of the LS/SS interface, the LS divergent C256, 
K258, I265, V221 and V235 residues were mutated to the residues found in land plant 
counterparts, generating the C256F, K258R, I265V, V221C and V235I variants. Single, 
double or triple mutants had either no or negative effects on Rubisco accumulation, 
growth, Ω, and carboxylation efficiency (Du et al., 2003). Yet, combining the plant-like 
substitutions in a pentamutant restored Ω to the level observed in Chlamydomonas 
wild type cells (Spreitzer et al., 2005). Only when the SS plant βA/βB loop was 
expressed in the Chlamydomonas LS pentamutant did the hybrid enzyme acquire 
plant-like properties, with a higher specificity and decreased carboxylation rate 
(Spreitzer et al., 2005). Even though these parameters would result in a decrease in 
net CO2 fixation at physiological concentrations of CO2 and O2, this study shows that 
mutagenesis of residues at the LS/SS interface could lead to an improvement in certain 
Rubisco catalytic properties.  

Other hybrid enzymes composed of plant SS from spinach, Arabidopsis and 
sunflower-and Chlamydomonas LS were generated (Genkov et al., 2010). They 
exhibited a slightly increased Ω without alteration of the carboxylation rate, but these 
features were still more closely aligned to those of algae than of plants, further 
indicating the complexity of using rational design strategies, given our current state of 
knowledge, to catalytically improve Rubisco. Conversely, hybrid Rubisco expressed in 
Arabidopsis with the SS stemming from Chlamydomonas are functional, even though 
they exhibit lower kcat and specificity values (Atkinson et al., 2017).  

g. Role of SS as a clamp  
It is not completely understood how the SS βA/βB loop interaction with the LS 

interface strongly influences the catalytic properties of Rubisco, even though it is at the 
opposite end of the α/β barrel that forms the catalytic site. Alanine substitutions of the 
SS E43 and W73 conserved residues led to a decrease in the Ω, likely through altered 
contacts with the LS alpha1 helix, and may explain the long range effects observed in 
other βA/βB loop mutants on catalysis (Genkov and Spreitzer, 2009). Similarly, 
mutations of the SS Y32, L78 and F81 residues strongly decreased the carboxylation 
rate and were identified as important for interactions of SS with LS helix 8 and the LS 
αB-βC loop (Genkov and Spreitzer, 2009). Computational analysis of protein dynamics 
further suggested that the catalytic parameters depend on the proper positioning of SS 
at three critical points: i) the βA/βB loop, ii) the SS-MethylM1 with L-W411, and iii) SS-
helix A (involving Y32) with LS-helix 8 (van Lun et al., 2011). These three regions would 
act as a clamp that fixes LS in the proper position for stabilization of the ligand. 
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h. SS may function as CO2 reservoirs 
In an alternative approach, molecular dynamics simulations were performed to 

model migration of the CO2 and O2 gases at the enzyme’s surface (van Lun et al., 
2014). At variance with the hypothesis proposed by (Esquivel et al., 2013), the Rubisco 
central solvent channel does not appear to play a major role in partitioning CO2 to the 
active sites. Rather, a CO2 path may involve the LS/SS interface, the groove between 
two LS dimers and the entry region of the active site. Notably, SS residues would 
contribute more significantly to CO2 binding than LS residues through their interactions 
with CO2 that involves small hydrophobic amino acid side chains or sulfur-containing 
residues, although CO2 binding usually involves basic residues, which are highly 
represented on the LS surfaces (Poudel et al., 2020). This led to the proposal that SS 
subunits may have evolved as CO2 reservoirs in response to depleted environmental 
CO2, with an in vivo role on catalysis as suggested by altered catalytic parameters in 
strains with mutagenized SS residues at the LS/SS interface, which were shown to be 
part of the CO2 binding region (Genkov and Spreitzer, 2009; van Lun et al., 2014). 

2. Limits and conclusions about Rubisco design 
Tables 3 and 4 summarize the catalytic properties of mutant/variant Rubiscos that 

have been generated. These studies have allowed identification of residues that 
influence catalysis and specificity. They have been instrumental in demonstrating that 
SS is not exclusively dedicated to stabilizing the holoenzyme, but also influences 
catalysis through long-range effects, as well as having a role in CO2 local enrichment, 
and led to the realization that the SS was responsible for the supramolecular 
organization of Rubisco and more generally of the pyrenoid (Meyer et al., 2012; He et 
al., 2020).  

Nonetheless, mutagenic approaches for studying the catalytic features of Rubisco 
are complicated because they also can have a negative effect on Rubisco biogenesis, 
and so building a ‘better’ LS would be constrained because of the impact of such 
changes on folding and assembly (Durao et al., 2015), as demonstrated by low 
substitution rates within rbcL chloroplast sequences compared to those of prokaryotes 
(Andersson, 2008). It also became apparent that single or a limited number of 
substitutions do not dramatically improve catalysis, and that Rubisco evolution is 
constrained by the limits of CO2/O2 discrimination. More recently, research on 
carboxylation rate improvement has focused on other experimental approaches. 
Directed evolution using Rubisco-dependent E. coli screens (RDE) (Wilson et al., 
2018; Zhou and Whitney, 2019) or exploiting synthetic biology approaches to establish 
CO2 dependent autotrophic E. coli strains (Antonovsky et al., 2016; Gleizer et al., 2019) 
can now be envisioned for algae and plants since the genes encoding LS and SS 
subunits from some plant species can be expressed in E. coli (Aigner et al., 2017; 
Wilson et al., 2019; Lin et al., 2020), even though the requirement for compatible 
interactions with the chaperones may hamper these approaches in some cases. A 
second route for improving the carboxylation rate of Rubisco involves increasing the 
CO2 concentration in the vicinity of the enzyme. This would involve coupling expression 
of hybrid Rubisco with that of an engineered CCM. Recently a hybrid Rubisco 
composed of Arabidopsis LS and Chlamydomonas SS was successfully condensed 
into a protopyrenoid structure (which also required expression of the EPYC1 protein, 
see section VI.D), (Atkinson et al., 2020); this is a first important step in the 
development of a modular, transferrable CCM. 
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D. Maintenance and control of Rubisco activity. 

1. Requirement of Rubisco activase for metabolic repair 

a.  An alleviated requirement for RCA in Chlamydomonas due to an 
efficient CCM 

Rubisco activity becomes inhibited by binding of RuBP analogs or when RuBP 
binds to the enzyme prior to its activation by carbamylation of LS K201 amino-acid. 
Rubisco activase (RCA), a chaperone of the AAA+ family, is involved in the 
maintenance and repair of Rubisco by releasing the inhibitory sugar phosphates from 
the active sites, thereby coupling ATP hydrolysis to the remodeling of inhibited Rubisco 
into an active state. In Chlamydomonas, RCA1 encodes a protein with approximately 
65% identity with higher plant orthologues (Roesler and Ogren, 1990), which typically 
encode both an α and a shorter β isoform. Chlamydomonas RCA1 is closer to the plant 
beta isoform (Gontero and Salvucci, 2014). In accord with its function, RCA colocalizes 
with Rubisco to the pyrenoid, as shown by immunolocalization studies (McKay and 
Gibbs, 1991), fluorescence fusion protein localization (Mackinder et al., 2017) and its 
presence in the pyrenoid associated proteome (Zhan et al., 2018). Compared to plants 
in which RCA knock-outs aren’t viable at air CO2 concentrations (Somerville et al., 
1982; Portis and Salvucci, 2002), an rca1 mutant of Chlamydomonas only displays a 
strong photosynthetic impairment at air levels of CO2 when in a CCM deficient 
background (cia5, (Pollock et al., 2003)), indicating that the CCM can partly mitigate 
the inefficiency of Rubisco operating in the absence of the activase. Interestingly, a 
second gene (RCA2) encoding an RCA-like protein is present in the Chlamydomonas 
genome, predicted to be chloroplast localized and fractionates with the pyrenoid (Zhan 
et al., 2018). However, this RCA2 gene is expressed at a low level and whether it fulfils 
a role in Rubisco metabolic repair is not known. RCA1 expression is under circadian 
control, with mRNA peaking near the end of the dark period, asynchronous with the 
accumulation of the RCA1 protein, which accumulates to higher levels in the light 
period (Rawat and Moroney, 1995). These expression data are confirmed by a recent 
transcriptomic study (Strenkert et al., 2019). Rubisco activase expression is also 
slightly induced upon transfer from high CO2 conditions to air (Rawat and Moroney, 
1995; Pollock et al., 2003), with the mRNA increasing approximately two-fold (Im et 
al., 2003). RCA activity itself may be regulated through phosphorylation events and 
relocalization according to the metabolic state of the cell ((McConnell et al., 2018) and 
see Chapter 8). 

b.  RCA mode of action 
Structures of green-type RCA have been obtained for tobacco (Stotz et al., 2011), 

Arabidopsis (Hasse et al., 2015) and creosote (Henderson et al., 2011) (reviewed in 
(Bhat et al., 2017)), but not yet for Chlamydomonas. RCA subunits comprise an N-
terminal domain, an AAA+ core with an α/β nucleotide-binding domain adopting a 
Rossman fold, a sub-helical domain, and a C-terminal domain. RCA subunits undergo 
dynamic oligomerization. Only the hexameric form, when bound to ATP, is thought to 
be active (Stotz et al., 2011), with higher order oligomers hypothesized to constitute a 
storage form (Serban et al., 2018). 

A long-standing question has been to understand how RCA interacts with 
Rubisco to promote structural remodeling. Alternative models of either a side-on 
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binding mode or a top-on binding mode have been proposed (Wachter et al., 2013). 
An intriguing observation has been the specificity observed for Solanaceous RCA 
towards Rubisco, which does not activate non-solanaceous Rubisco (Wang et al., 
1992). Earlier work using Chlamydomonas rbcL mutants indicated that the solvent 
accessible LS βC-βD loop, found close to loop 6 and to the C-terminal domain shielding 
the active site, is an important determinant for Rubisco activation as P89R and D94K 
substitutions within this loop rendered Chlamydomonas Rubisco susceptible to 
activation by solanaceous RCA (Larson et al., 1997; Ott et al., 2000). Structural 
comparisons of these two groups of Rubisco have identified a few divergent residues 
that all cluster on the equatorial axis of the enzyme. Conversely, RCA residues at 
position 311 and 314 were found to interact with the βC-βD LS loop, thereby defining 
RCA’s helix 9 as the so-called specificity helix (Li et al., 2005). Further studies have 
indicated that the size of the solvent channel is not critical in the activation process as 
a Chlamydomonas SS I58W mutant, which strongly decreases solvent channel 
access, can still be fully activated (Esquivel et al., 2013). Furthermore, hybrid Rubiscos 
composed of tobacco SS and Chlamydomonas LS did not alter RCA specificity, 
indicating that SS is not a major determinant of the species-specific RCA interaction 
(Wachter et al., 2013).  

Recently, experimental evidence in Arabidopsis and for the cyanobacterial RCA-
like protein in Nostoc (Flecken et al., 2020; Ng et al., 2020) have provided support for 
the side-on binding model (Portis et al., 2008). The green-type RCA hexamer pore has 
been shown to be positioned over the Rubisco catalytic site, allowing the repair of one 
site at a time. An ATP-driven threading mechanism involving non-canonical pore loops 
compared to the conserved ones generally used by AAA+ chaperones transiently pulls 
the Rubisco LS conserved N-terminus (first 20 amino acids), thereby disrupting 
interaction with LS 60s loop and releasing the inhibitory sugar phosphate. 

2. Control of Rubisco activity in the CBC cycle 
Rubisco activity itself can be tuned accordingly to the Chlamydomonas metabolic 
status, either directly or through regulation of Rubisco activase. The redox model and 
the regulatory role of post-translational modifications, such as lysine acetylation, S-
glutathionylation, nitrosylation, tyrosine nitration for LS, or phosphorylation of Rubisco 
Subunits or RCA, involved in these regulatory processes are described in Chapter 8.  

IV. Rubisco catabolism during nutrient and oxidative stresses 
A. The degradation of Rubisco holoenzyme under nutrient stress and 
senescence is ClpP-dependent 

Because of its high abundance, Rubisco sequesters high levels of both nitrogen 
and sulfur amino acids. Under nutrient stress or during senescence, these reserves 
are mobilized through a global remodeling of the chloroplast apparatus that involves 
Rubisco catabolism. In Chlamydomonas, Rubisco degradation has been observed 
both under nitrogen-depletion (Majeran et al., 2001; Schmollinger et al., 2014; Wei et 
al., 2014) and sulfur-depletion (Zhang et al., 2004; De Mia et al., 2019; Majeran et al., 
2019). Interestingly, Rubisco catabolism induced by nutrient deprivation was shown to 
be triggered by NO accumulation (Wei et al., 2014; De Mia et al., 2019) and leads 
ultimately to Rubisco proteolysis through an incompletely characterized cascade of 
events. While in land plants extra-plastidial degradation of Rubisco mediated by 
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autophagy-dependent Rubisco containing bodies or autophagy-independent 
senescence-associated vesicles has been observed during stress and senescence 
(reviewed in (Izumi and Nakamura, 2018)), the role of autophagy in the Rubisco 
degradation in Chlamydomonas is unknown. Rubisco degradation appears to occur 
mainly in the stroma, as deduced from the major role played by the Clp protease under 
nutrient stress (see figure 1 and also Chapter 20), (Wei et al., 2014; De Mia et al., 
2019; Majeran et al., 2019).  

B. Oxidative modifications, Rubisco fragmentation and aggregation 
accompany the degradation process 

Rubisco degradation is thought to start with Rubisco inactivation followed by 
fragmentation, leading to enzyme disassembly and proteolysis (Sugiyama et al., 
1968). Oxidative modifications have a prominent role in these processes as they were 
shown to inactivate Rubisco and induce structural weakness leading to fragmentation 
or increased access to proteolysis (reviewed in (Moreno et al., 2008)). Oxidative 
modifications may also tag Rubisco for degradation. Possible modifications include 
cysteine-thiol to disulfide oxidation, S-glutathionylation and S-nitrosylation. 
Interestingly, Rubisco undergoes cysteine S-nitrosylation under abiotic stress in plants 
(Abat and Deswal, 2009; Vanzo et al., 2014; Grabsztunowicz et al., 2017) and it is 
tempting to speculate that such a modification could represent a degradation tag. In 
Chlamydomonas, C247 and C172 of Rubisco LS and C84 of Rubisco SS have been 
shown to be potential targets of S-glutathionylation (Zaffagnini et al., 2012), but 
whether this is the case in vivo and during stress is still unknown. Interestingly, no 
significant change was detected in the oxidation state of Rubisco cysteine residues 
during early responses to N starvation (Smythers et al., 2020), but the enzyme was 
shown to be oxidatively modified upon exposure to high light for 2 h or upon H2O2 
treatment (Cohen et al., 2005). 

Beside these PTMs, non-enzymatic hydrolysis following hydroxyl ROS (OH˙) 
attack of Rubisco in the presence of metal ions (reviewed in (Feller et al., 2008)) has 
been proposed to trigger Rubisco fragmentation, with protein cleavage mostly 
occurring at the N-terminal region. Fragmentation has been observed in oxidative 
conditions both in vivo in plants submitted to stresses (such as very high light, hypoxia 
or a shift from moderate to low light) and in vitro with purified Rubisco (Desimone et 
al., 1996; Feller et al., 2008; Grabsztunowicz et al., 2015), yielding fragments of diverse 
sizes that depend on the specific plants and conditions. In Chlamydomonas the S61-
T68 loop of LS has been identified as a redox-sensitive proteolytic cleavage site 
(Marin-Navarro and Moreno, 2003). Located at the intradimeric interface, this loop 
would become exposed under oxidative conditions. Furthermore, Rubisco 
fragmentation in Chlamydomonas has been observed in vivo upon strong oxidative 
stress induced by high light (Cohen et al., 2005), methyl viologen (Knopf and Shapira, 
2005), hydrogen peroxide (Esquivel et al., 2006) or upon salt stress (Marin-Navarro 
and Moreno, 2006). Fragmentation occurs prior to degradation, as the fragments 
remain associated with the Rubisco holoenzyme instead of being released upon 
cleavage (Knopf and Shapira, 2005). Yet, these fragments are observed only under 
strong oxidizing conditions, and not upon nutrient stress (Wei et al., 2014; De Mia et 
al., 2019; Majeran et al., 2019). This may indicate different mechanisms leading to 
degradation or that fragment accumulation reveals a limitation of the proteolytic 
capabilities of the cell that can ultimately lead to cell toxicity. Interestingly, aggregation 
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of Rubisco subunits is observed concomitantly with Rubisco fragmentation (Knopf and 
Shapira, 2005; Esquivel et al., 2006; Marin-Navarro and Moreno, 2006). Aggregate 
formation, involving mostly LS subunits, is somewhat paralleled by a decrease in 
Rubisco SS accumulation. Depending on the situation, these aggregates result in part 
from cross-linking that involves disulfide or non-disulfide bridges (Marin-Navarro and 
Moreno, 2006) or from hydrophobic interactions (Knopf and Shapira, 2005). 
Aggregation is thought to be required for further recruitment of oxidized Rubisco to the 
membranes, which has been described in Chlamydomonas both under cupric ion 
treatment (Mehta et al., 1992) and salt stress (Marin-Navarro and Moreno, 2006), but 
not upon exposure to methyl viologen (Knopf and Shapira, 2005). In the latter case, 
the abundance of Rubisco aggregates correlated with viability loss, indicating 
proteocytotoxicity of the aggregates. The recruitment of Rubisco aggregates to 
membranes may stimulate the formation of Rubisco autophagic vesicles, suggesting 
that under some conditions Chlamydomonas Rubisco degradation could occur through 
autophagy, as observed for Rubisco-Containing Bodies (RBCs) in plants (Ishida et al., 
2008).  

C. Roles of cysteine oxidation in the degradation process 
The roles of nine Rubisco cysteines conserved throughout the green lineage 

have been extensively studied in Chlamydomonas as they may transduce a redox 
signal into conformational changes that determine the catabolic fate of the enzyme. A 
model in which sequential oxidation of specific cysteines displaying different redox 
potentials leads to Rubisco inactivation and proteolytic susceptibility has been 
proposed (Moreno et al., 2008; Garcia-Murria et al., 2018). The first cysteines 
undergoing oxidation in LS are C427 and C192. Their oxidation to thiolate would 
provide a protective charged environment that would, in turn, delay the oxidation of the 
respective nearby C459 and C172. As the oxidation state progresses and impacts the 
C449–C459 cysteine pair, Rubisco undergoes inactivation (Marin-Navarro and 
Moreno, 2006). Oxidation of the C449–C459 pair would enhance Rubisco degradation 
under saline stress, but retard Rubisco cross-linking, aggregation and membrane 
association, as evidenced by the behavior of C-to-S substitution mutants (Marin-
Navarro and Moreno, 2006). Moreover, the double C-to-S mutant depicts a stronger 
phenotype than the single mutants, thereby discarding the possibility of disulfide bond 
formation with either of the cysteines of this pair (Garcia-Murria et al., 2008). The 
increased protease susceptibility linked to C oxidation of the wild-type enzyme might 
result from a conformational change leading to exposure of the S61–T68 loop, which 
when cleaved in the two LS dimer subunits, leads to unrestricted proteolysis (Marin-
Navarro and Moreno, 2003; Moreno et al., 2008).  

Lastly, the C172 residue can be oxidized, which results in increased protease 
susceptibility. The involvement of this modification in stress-related proteolysis has 
been shown in early studies; the C172S mutant strongly reduces, but does not prevent, 
Rubisco proteolytic susceptibility in vivo under oxidative conditions (Moreno and 
Spreitzer, 1999; Moreno et al., 2008). Importantly, premature oxidation of C172 is 
mitigated by the oxidation of the C192 (Garcia-Murria et al., 2018). The conservation 
of the seemingly C172 ‘unfavorable’ residue may be explained by its proximity to 
important residues of the catalytic site, as suggested by the decreased catalytic 
parameters observed in the C172S mutant (Garcia-Murria et al., 2008).  

For Chlamydomonas Rubisco SS, the sequential oxidation of the thiols groups 
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of its 4 C residues likely occurs as well, as evidenced in vitro by the gradual shift in SS 
electromobility upon incubation with increased oxidized glutathione (Cohen et al., 
2005). 

V. Non-catalytic aspect of Rubisco-Moonlighting function of 
LS 

A. Rubisco quantification and excess LS 
In several studies the relative (Mastrobuoni et al., 2012) and absolute amount 

of Rubisco in Chlamydomonas have been measured (Wienkoop et al., 2010; 
Recuenco-Munoz et al., 2015; Hammel et al., 2018). Experimental biases and culture 
conditions have been invoked to account for differences in quantification. In the latest 
report using the Qconcat technology, which is based on comparisons with known 
amounts of concatenated peptides, Rubisco LS was shown to represent 6.6 % of the 
cell protein content for mixotrophically grown Chlamydomonas, which represents 25.2 
attomol/cell. Noteworthy, a small excess of LS relative to SS (ratio of 1.56:1) has been 
observed (Hammel et al., 2018). This ratio is somewhat surprising since a concerted 
accumulation of Rubisco subunits predicts a 1:1 ratio, and an unassembled LS pool 
would exert a negative feed-back on its own translation by the CES process. It is not 
clear how this observation can be reconciled with the dogma of stoichiometric 
accumulation of Rubisco subunits, other than suggesting the existence of a non-
holoenzyme LS pool in an assembly form that escapes the CES process. Since the 
CES repression would be due to the accumulation of the last assembly intermediate 
RAF-LS before LS-SS assembly, it is conceivable that an escape route via LS 
aggregation, as observed in stress-related situations, would lead to an excess of LS 
vs SS. 
 

A. A moonlighting function is associated to LS RNA-binding activity in 
oxidative stress  

In light of the excess of LS observed in Chlamydomonas cells, it is interesting to 
note that a specific role of LS - independent of the CO2 fixation function of the 
holoenzyme - has been described in several instances, as discussed below. Yet, a 
unifying model that integrates these different observations still needs to be developed 
and tested. 

1. LS has an unspecific RNA-binding activity 
Rubisco LS has been isolated as a rbcL mRNA binding protein under oxidative 

conditions (Yosef et al., 2004). LS RNA binding activity was subsequently shown to be 
non-specific (Yosef et al., 2004) and not restricted to Chlamydomonas oxidized LS, 
but conserved in land plants and even in the more distantly related form II Rubisco 
from R. rubrum (Yosef et al., 2004; Cohen et al., 2006). The binding activity has been 
localized to the LS N-terminal domain, which harbors structural similarity to an RNA-
recognition motif by adopting a ferredoxin-like fold. LS RNA binding activity has been 
proposed to be mediating the translation inhibition triggered by oxidative stress, as 
mentioned in the section A. 5 (Yosef et al., 2004; Cohen et al., 2005; Cohen et al., 
2006). 
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2. LS assembles within cp RNA granules upon stress 
Rubisco oxidation has been shown to trigger Rubisco reorganization: Under 

oxidative stress SS dissociates from the holoenzyme with the concomitant formation 
of LS aggregates (Knopf and Shapira, 2005). Accordingly, Rubisco LS-rich punctuate 
foci are detected by in situ immunofluorescence around the pyrenoid under oxidative 
stress conditions (Uniacke and Zerges, 2008). Distinct from the T-zones, they would 
appear as stroma bulges in close proximity to the pyrenoid-associated membrane 
tubular network (Uniacke and Zerges, 2007, 2008). As the foci appear under stress 
and colocalize with mRNA, these structures were called chloroplast stress granules 
(cpSG) by analogy to mammalian systems. Zerges and coworkers hypothesized that 
Rubisco LS acts as a SG-assembly factor through RNA interaction and self-
aggregation. Interestingly, cpSG disappear in the presence of chloramphenicol, which 
is used to block translation in the chloroplast by preventing polysome dissociation, but 
not in the presence of lincomycin, a translational inhibitor allowing mRNA run-off from 
polysomes. This suggests that LS aggregation depends on the presence of RNA 
released from polysomes. A model has been proposed, in which cpSG would facilitate 
mRNA fluxes for translation in the oxygen-depleted environment provided by the 
pyrenoid. Whether rbcL mRNA is present in these structures, and whether the cpSG 
could provide the physical link that accounts for the inhibition of translation previously 
observed (Irihimovitch and Shapira, 2000; Yosef et al., 2004; Cohen et al., 2005; 
Cohen et al., 2006), awaits further characterization.  

3. Moonlighting function of LS in oxidized RNA management 
A pool of SS-free insoluble LS could be involved in the management of oxidized 

RNA (Zhan et al., 2015). The physiological relevance of this moonlighting activity is 
revealed under stress; an absence of LS leads to increased cell death upon oxidative 
treatments, while the presence of a small amount of unassembled LS, such as in a 
SS-deficient mutant, correlated with enhanced resistance. Contrary to stress granules, 
the RNA management activity would occur constitutively and be represented by a 
small, dedicated pool of LS - LS aggregates in the vicinity of the oxygen-depleted 
pyrenoid that would capture RNA, thereby preventing RNA oxidation and damage. 
Whether cpSG formation involves further aggregation of stress-released oxidized LS 
from these preexisting clusters remains to be determined. 

 

VI. The CO2-concentrating mechanism 
A. Inorganic carbon acquisition in aquatic environments 

Rubisco is the enzymatic gatekeeper between the inorganic carbon (Ci) and organic 
carbon realms. Ci in the atmosphere is almost exclusively CO2, resulting in terrestrial 
plants relying on CO2 diffusion from the atmosphere into the cellular environment. 
However, when CO2 dissolves in water it takes on a range of forms, CO2, HCO3-, CO32- 
- (collectively Ci) that are in a pH dependent equilibrium (Figure 3), and whose ratio 
and availability can rapidly change. This means that while only CO2 can be the Ci 
substrate for Rubisco; aquatic photosynthetic organisms are not solely limited to using 
CO2 from their external environment but can access a range of Ci sources and then 
convert them to CO2 intracellularly at the site of Rubisco activity. Although multiple Ci 
forms may be available, aquatic photosynthetic organisms can face several challenges 
associated with the uptake of Ci from their environment. These include the rapid 
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depletion of CO2 in aquatic environments due to the slow equilibrium of CO2 from the 
atmosphere into water, the slow diffusion of CO2 in water (~10 000X slower than air) 
and the slow dehydration of HCO3- to CO2 relative to the photosynthetic fixation of CO2 
(Badger, 1994). In addition, and of specific relevance to Chlamydomonas biology, 
freshwater is typically poorly buffered, so pH changes through respiratory release of 
CO2 or photosynthetic CO2 removal can be rapid and result in a dramatic shift between 
Ci species availability. Individually or collectively, the above challenges can lead to 
local CO2 depletion at the cell surface and the bulk medium/environment resulting in 
photosynthetic related growth reduction.  

The above “Ci chemistry” challenges associated with CO2 assimilation by 
aquatic photosynthetic organisms have led to the evolution of CO2-concentration 
mechanisms (CCMs) that enable the use of both CO2 and HCO3-, and the ability to 
both rapidly and specifically acclimate to changing Ci availability and speciation. 
Importantly CCMs enable the scavenging of Ci from the external environment when it 
starts to become rate limiting for photosynthesis, thus resulting in higher cellular levels 
of Ci than the external environment (Badger et al., 1980). CCMs are found in nearly all 
aquatic organisms and have been extensively studied in cyanobacteria and 
Chlamydomonas (Giordano et al., 2005). As well as enabling sustained growth under 
limiting CO2, CCMs minimize photorespiration by maintaining a relatively high CO2/O2 
ratio at the active site of Rubisco (see section III) and allow high CO2 fixation rates to 
be achieved with less Rubisco. Thus, the CCM frees up energy and resources for 
cellular growth. 

 
B. CCM induction and multiple acclimation states 

At replete (high) CO2 levels, CO2 diffusion is sufficient to support photosynthetic rates 
in cells having a low affinity (high K1/2) for CO2, similar to the affinity of Rubisco for CO2 
(Jordan and Ogren, 1981; Moroney and Tolbert, 1985). As CO2 becomes limiting 
Chlamydomonas induces its CCM which in turn increases the cell’s affinity for Ci; the 
K1/2 for Ci decreases by 10-120 fold relative to high CO2 grown cells (Moroney and 
Tolbert, 1985). This increased affinity results in an approximate 10- to 40-fold increase 
in the intracellular Ci concentration relative to the external environment (Badger et al., 
1980; Spalding et al., 1983b; Moroney and Tolbert, 1985). CCM induction results in a 
broad range of physiological, structural and metabolic responses that coincide with 
dramatic transcriptome (Brueggeman et al., 2012; Fang et al., 2012), proteome (Küken 
et al., 2018; Strenkert et al., 2019) and metabolome (Küken et al., 2018; Strenkert et 
al., 2019) changes . A subset of these changes is directly related to increased Ci 
uptake, Ci flux to Rubisco and CO2 fixation, however, a large proportion appear to be 
related to adapting and sustaining a new metabolic status of the cell (Brueggeman et 
al., 2012; Fang et al., 2012). 

Chlamydomonas has three distinguishable CO2 acclimation states (Figure 4A-
C). These include one high (replete) CO2 (0.5-5%) where there is minimal CCM 
induction, and two limiting CO2 acclimation states: ‘low CO2’ (0.04-0.5%) and ‘very low 
CO2’ (<0.04%). The exact CO2 concentration that distinguishes these acclimation 
states varies depending on the aeration rate, cell density, light intensity, light quality 
and temperature. Furthermore, we note that the terminology related to the CO2 
concentration has not been standardized, and that CO2 draw down during cell growth 
can result in very low CO2 conditions in air grown (i.e. low CO2) cultures (Wang et al., 
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2015). In addition, pH is critical in determining dissolved CO2 levels, i.e. two culture 
both grown at 0.04% CO2 but at pH 7 vs pH 8 will have very different dissolved CO2 
and HCO3- levels and could potentially be in different limiting CO2 acclimation states 
(Figure 3). For the rest of this chapter, limiting CO2 will refer collectively to low CO2 
and very low CO2 or be used if the exact limiting CO2 concentration is unclear. 

An accumulation of recent evidence indicates that there are large physiological 
changes between Ci uptake at low and very low CO2, with very low CO2 leading to a 
clear increase in Ci affinity, decrease in growth rate and decrease in maximum 
photosynthetic rate (Wang and Spalding, 2006; Yamano et al., 2010; Duanmu and 
Spalding, 2011; Wang and Spalding, 2014a; Wang et al., 2015; Yamano et al., 2015; 
Kono and Spalding, 2020). However, at the transcript level there is very little change 
between the two limiting CO2 acclimation states (Fang et al., 2012). At low CO2, a CO2 
uptake system based on the stromal/chloroplast carbonic anhydrase LCIB (Low CO2 
Induced (LCI) protein B) is dominant (Wang and Spalding, 2006; Wang and Spalding, 
2014a), most likely driven by photosynthetic stromal alkalization, cyclic electron flow 
(CEF) and pseudo CEF (PCEF) (See below; Burlacot et al., 2021; Fei et al., 2021). At 
very low CO2, an active HCO3- uptake system based on the plasma membrane and 
chloroplast envelope HCO3- transporters High Light Activated 3 (HLA3) and LCIA 
becomes increasingly important (Mariscal et al., 2006; Duanmu et al., 2009b; Wang 
and Spalding, 2014a; Yamano et al., 2015). This very low CO2 active HCO3- uptake 
system appears, at least to some extent, to be driven by mitochondrial produced ATP 
(Burlacot et al., 2021). However, acclimation states are not mutually exclusive and 
there is most likely considerable overlap of states during transitions between them 
(Figure 4). 
 

C. CCM operation – inorganic carbon shuttling 
As discussed above, for the fixation by Rubisco by the CBC, Ci has to pass from the 
external environment across at least the plasma membrane and the chloroplast 
envelope to Rubisco in the chloroplast stroma. At high CO2 levels, Rubisco is 
predominantly diffuse in the stroma so will have direct access to stromal CO2, however 
under limiting CO2 conditions Rubisco is packaged into the pyrenoid (Borkhsenious et 
al., 1998) and additional Ci transport steps are involved (see below).  
 

1. At high CO2 
At high CO2, CO2 diffusion alone from the external environment to the active site of 
Rubisco is thought to be sufficient to sustain the required CO2 flux to maintain Rubisco 
carboxylation rates. However, two proteins have been implicated in CO2 uptake at high 
CO2, the high CO2 expressed periplasmic alpha carbonic anhydrase CAH2 (Rawat and 
Moroney S; Fujiwara et al., 1990) and Rhesus protein 1 (RHP1) (Soupene et al., 2004). 
Periplasmic carbonic anhydrase could help minimize boundary layer effects at the cell 
surface (Reinfelder, 2011) where reduced mixing and the slow diffusion of CO2 can be 
overcome through replenishing CO2 from HCO3-. RHP1 is proposed to function as a 
CO2 channel that could minimize CO2 resistance across the plasma membrane. 
Collectively, these may help maintain a high inward CO2 gradient with reduced 
membrane resistance to increase diffusion rates to support Rubisco carboxylation 
rates (Figure 4A). 
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2. Periplasmic space 
In addition to CAH2, CAH1 is also found in the periplasmic space (Fujiwara et al., 
1990). CAH1 and CAH2 are adjacent to each other on chromosome 4 and share 92% 
conservation at the amino acid level (Fujiwara et al., 1990). However, in contrast to 
CAH2, CAH1 is low CO2 induced (Fujiwara et al., 1990; Fang et al., 2012). In line with 
CAH2 function, the role of CAH1 is most likely to maintain Ci equilibrium at the cell 
surface that compensates for to the slow uncatalyzed conversion between CO2 and 
HCO3-. As discussed above, the pH would determine the CO2:HCO3- ratio and the CO2 
acclimation state may determine whether Ci uptake is predominantly CO2 based, 
HCO3- based or a balance of both. In a low CO2 LCIB-based uptake cell state, CAH1 
could predominantly replenish CO2 at the cell surface, whereas under a very low CO2 
state CAH1 may replenish HCO3- for HLA3 mediated HCO3- uptake (Figure 4B and C). 
Although, CAH1 has been widely implicated in the CCM, a cah1 mutant had no 
discernible reduction in Ci affinity across a broad pH range (Van and Spalding, 1999). 
This was in contrast to studies in which the addition of cell-impermeable carbonic 
anhydrase inhibitors resulted in a significant decrease in Ci affinity (Badger et al., 1980; 
Moroney et al., 1985). In the cah1 mutant, carbonic anhydrase activity could be through 
residual CAH1, CAH2 or CAH8 activity. CAH8 has been localized to the plasma 
membrane, however whether the active site is orientated towards the cytosol or the 
periplasmic space is unknown (Ynalvez et al., 2008). 
 

3. Transport across the plasma membrane 
At limiting CO2 two key plasma membrane localized Ci uptake proteins have been 
identified, LCI1 and HLA3. Both are upregulated at limiting CO2 at the transcriptional 
(Im and Grossman, 2002; Brueggeman et al., 2012; Fang et al., 2012) and protein 
(Gao et al., 2015; Yamano et al., 2015) levels. HLA3 is an ABC (ATP-binding cassette) 
transporter belonging to the ABCC subfamily (Im and Grossman, 2002; Meyer and 
Griffiths, 2013). It contains two globular domains associated with ATP binding and 
hydrolysis connected by multiple long transmembrane helices associated with 
substrate recognition and transport across the plasma membrane (Im and Grossman, 
2002; Meyer and Griffiths, 2013). Collectively, data strongly supports a role in HCO3- 
transport at very low CO2 (Duanmu et al., 2009b; Gao et al., 2015; Yamano et al., 
2015; Atkinson et al., 2016). Indirect HCO3- transport activity has been shown through 
heterologous Xenopus oocyte expression of HLA3 that resulted in a 2.7-fold increase 
in 14C HCO3- uptake (Atkinson et al., 2016) and increased Ci affinity in the very low 
CO2 range in high CO2 grown cells over expressing HLA3 (Gao et al., 2015). In 
addition, a hla3 mutant showed reduced Ci affinity at very low CO2 at high pH (pH 9) 
where HCO3- is the dominant Ci species (Yamano et al., 2015). However, a severe 
CCM phenotype is only observed in a hla3/lcia double mutant indicating that HLA3 is 
not the only route for transporting Ci across the plasma membrane at very low CO2 
(see below; (Yamano et al., 2015)).  

LCI1 over expression (Ohnishi et al., 2010) supported a role for this protein in 
Ci uptake that has recently been confirmed (Kono et al., 2020; Kono and Spalding, 
2020). LCI1 has no clear evolutionary origin and is apparently unique to 
Chlamydomonas and closely related green algae (Meyer and Griffiths, 2013). A recent 
crystal structure resolved to 3.19 Å shows that it has four transmembrane domains that 
assemble into a homotrimer. Each of the subunits form an electronegative channel that 
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contained extra electron density at the cytoplasmic side, consistent with the presence 
of a CO2 molecule (Kono et al., 2020). The transport of CO2 instead of HCO3- was 
further supported by molecular dynamics simulations (Kono et al., 2020) and extensive 
O2 evolution data using the lci1 mutant across a wide range of Ci and pH levels (Kono 
et al., 2020; Kono and Spalding, 2020). Reduced photosynthetic O2 evolution of lci1 at 
lower pH, where CO2 is favored, and investigation into the Ci affinity of lci1 double 
mutant combinations that also have lesions defective for CO2 driven uptake (lci1/lcib) 
and HCO3- uptake (lci1/lcia) support a role in CO2 transport specifically at above air 
levels of CO2 (> 0.04% CO2), with minimal involvement at very low CO2 (Kono and 
Spalding, 2020). 

HLA3 and LCI1 potentially form a complex with ACA4 (Mackinder et al., 2017). 
ACA4 is a P-type ATPase most likely functioning in H+ pumping into the periplasmic 
space. Localized regulation of periplasmic pH could help determine HCO3-:CO2 ratios 
to support the supply of substrate to HLA3 and LCI1, depending on external Ci levels 
(Figure 4B and C). Likewise, regulation of cytosolic pH at the plasma membrane inner 
surface could help generate the Ci inward gradient and trap incoming CO2 in the form 
of HCO3- (Moroney et al., 2011). 

 
4. In the cytosol 

After crossing the plasma membrane (PM), Ci has to move through the cytosol prior to 
transport across the chloroplast envelope and into the chloroplast. However, due to 
the structural organization of the Chlamydomonas cell, transit through the cytosol 
maybe minimal as transmission electron microscopy and cryo-electron tomography 
(cryo-ET) data indicate that the vast majority of the PM is tightly apposed to the 
chloroplast envelope (Ohad et al., 1967; Engel et al., 2015). CAH9 has been proposed 
to be a cytosolic carbonic anhydrase (Moroney et al., 2011). Localization of CAH9 to 
the cytosol was shown via fluorescent protein tagging, however it should be noted that 
an old and potentially incorrect gene model of CAH9 was used to generate the clones 
for these studies making it necessary to further validate the localization (Mackinder et 
al., 2017). Whether a carbonic anhydrase is required in the cytosol is unclear; with 
cytosolic pH expected to be ~7, the presence of a carbonic anhydrase could be 
detrimental to HCO3- accumulation and result in increased CO2 leakage from the cell, 
especially when the dominant Ci transport occurs via HCO3- at very low CO2 levels. 
This has been shown to be the case in cyanobacteria where cytosolic expression of 
an exogenous carbonic anhydrase led to a severe disruption of the CCM (Price and 
Badger, 1989). 
 

5. Transport across the chloroplast envelope 
LCIA, also known as NAR1.2 (Nitrate assimilation-related; NAR), is the main Ci 
transporter associated with the chloroplast envelope (Mariscal et al., 2006; Wang and 
Spalding, 2014a; Yamano et al., 2015). It belongs to the formate-nitrite transporter 
(FNT) family (Mariscal et al. 2006), a family associated with the transport of a diverse 
range of small anionic molecules (Lü et al., 2013). Unlike other members of the 
Chlamydomonas NAR family, LCIA is regulated by CO2 levels and not the nitrogen 
source (Mariscal et al., 2006). Electrophysiological measurements in Xenopus oocyte 
expressing the LCIA protein indicated that it could support both HCO3- and nitrite 
permeability (Mariscal et al., 2006), and 14C HCO3- uptake in Xenopus oocytes was 
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also later shown (Atkinson et al., 2016). However, the exact function and regulation of 
LCIA is unknown. Interestingly, it appears that FNT members typically function as H+ 
coupled symporters via transient protonation of their substrate to allow passage 
through a hydrophobic barrier (Lü et al., 2013; Atkovska and Hub, 2017; Wiechert and 
Beitz, 2017). This raises the potential that LCIA could actively drive HCO3- into the 
chloroplast due to the increased proton electrochemical gradient across the chloroplast 
envelope through photosynthetic driven alkalization of the stroma.  

Supporting the role of LCIA in HCO3- uptake at very low CO2  over that of low CO2, 
is that decreased Ci affinity and growth is only seen in an lcia mutant at very low CO2 
and at high pH, where HCO3-  is the predominant Ci species (Wang and Spalding, 
2014a; Yamano et al., 2015). This phenotype is similar to that seen for HLA3 deficient 
strains (Duanmu et al., 2009b; Yamano et al., 2015). Interestingly, the lcia mutant has 
severely reduced HLA3 transcript and subsequently HLA3 protein (Yamano et al., 
2015). In contrast, in the hla3 mutant, LCIA transcript and protein is unaffected 
(Yamano et al., 2015). These results potentially indicate a retrograde signaling event 
from the chloroplast to the nucleus that is dependent on correct LCIA function (see 
below for further discussion). A hla3/lcia double mutant showed a considerably lower 
Ci affinity than the hla3 mutant at both pH 7.8 and pH 9, whilst it had a comparable Ci 
affinity to lcia at pH 7.8 but a lower sustained (i.e. 12 hours after exposure to very low 
CO2 conditions) affinity at pH 9, potentially explained by the complete absence of HLA3 
(Yamano et al., 2015). Due to reduced HLA3 in the lcia mutant it is hard to distinguish 
the different contributions of LCIA and HLA3, however, increased Ci affinity is only 
seen in high CO2 grown WT cells when both are overexpressed, indicating that both 
are required for significant Ci uptake (Yamano et al., 2015). Collectively this data 
supports cooperative HCO3- uptake by HLA3 and LCIA at very low CO2. 

Further support that LCIA plays a critical role in the CCM at very low CO2 is the 
phenotype of a lcia/lcib double mutant. A strain null for both LCIA and LCIB results in 
a severe CCM growth phenotype, fails to grow at both low and very low CO2 and 
exhibits reduced Ci affinity regardless of the pH (Wang and Spalding, 2014a). In the 
same study and in line with other data, the lcia mutant only showed reduced Ci affinity 
at a high pH and with no reduced growth in spot tests at both low and very low CO2. In 
contrast, the lcib mutant fails to grow at low CO2 but showed close to WT growth at 
very low CO2. This data provides convincing evidence for the role of two 
complementary acclimation states (Figure 4B and C), with LCIA/HLA3 involved in 
HCO3-uptake and LCIB in “active” CO2 uptake (see below). 

Other proteins that have been associated with Ci uptake across the chloroplast 
envelope are chloroplast envelope membrane protein A (CemA; formerly Ycf10) 
(Rolland et al., 1997), CIA8 (Machingura et al., 2017) and CCP1/2 (Chen et al.; 
Ramazanov et al., 1993; Pollock et al., 2004). CemA is encoded in the chloroplast 
genome with mutants showing severely reduced Ci affinity, although this analysis was 
performed at high light and the strain is high light sensitive. The similarity of CemA to 
pxcA, a cyanobacterial proton extrusion protein (Ohkawa et al., 1998), indicates a 
potentially similar role in maintaining the chloroplast pH and the H+ electrochemical 
gradient. An over acidified stroma could potentially reduce HCO3- accumulation by 
shifting the HCO3-: CO2 ratio towards CO2, which wouldincrease leakage out of the 
chloroplast. It could also potentially reduce HCO3- import if LCIA functions as a H+ 
symporter. A disrupted pH would also be expected to have non-CCM related 
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chloroplast functioning and photosynthetic defects that could explain the range of 
phenotypes seen in cemA mutants (Rolland et al., 1997). 

In addition to LCIA, CIA8 (Ci accumulation mutant 8) has been proposed to be 
involved in Ci uptake potentially at the chloroplast envelope (Machingura et al., 2017), 
however definitive localization is still lacking. A cia8 mutant was identified in an 
insertional mutagenesis screen where it failed to grow at very low CO2. The cia8 mutant 
showed a reduced affinity for Ci at both pH 7.3 and pH 9 for low CO2 grown cells, but 
also a reduced Ci affinity in high CO2 grown cells (Machingura et al., 2017). CIA8 
belongs to the conserved solute carrier 10 (SLC10) family of proteins. Classically 
shown to be Na+/bile acid symporter members, they have now been shown to have 
diverse transport and regulatory functions (Da Silva et al., 2013). Interestingly, the cia8 
mutant potentially has reduced transcription of other Ci transport related genes 
including HLA3 (Machingura et al., 2017). 

The strongly induced CCM proteins CCP1/2 were initially proposed to be localized 
to the chloroplast envelope, however fluorescent protein tagging has shown both to be 
mitochondrial localized, forming a typical mitochondrial network pattern that co-
localizes with a mitochondrial marker dye (Atkinson et al., 2016; Mackinder et al., 
2017). Initial biochemical localization to the chloroplast envelope (Ramazanov et al., 
1993) could be explained by the tight association of mitochondria with the chloroplast 
upon low CO2 induction (Geraghty and Spalding, 1996). CCP1/2 knock-down lines 
have an interesting phenotype; they show poor growth at low CO2 with no reduction in 
Ci affinity, indicating that they have a role in longer-term adaption to limiting CO2 
(Pollock et al., 2004). 
 

6. In the stroma 
LCIB plays a central role in the Chlamydomonas CCM (Spalding et al., 1983a; Wang 
and Spalding, 2006; Wang and Spalding, 2014b). Under specific conditions, lcib 
mutants show an intriguing “air-dier” phenotype where they fail to grow at air-levels of 
CO2 but show close to WT growth at very low CO2 (Wang and Spalding, 2006). 
Importantly, although lcib mutants grow at very low CO2 compared to low CO2, this 
growth is slightly reduced compared to that of the WT and they have a reduced Ci 
affinity compared to very low CO2 grown WT cells (Duanmu et al., 2009a), indicating 
that LCIB also plays a role in the CCM at very low CO2. This is further supported by 
both lcia/lcib and hla3/lcib double mutants, which have more severe growth defects 
and a further decrease in Ci affinity at very low CO2 relative to the individual single 
mutants (Duanmu et al., 2009b; Wang and Spalding, 2014a). Also of note, the lcib air-
dier phenotype is suppressed by inactivation of the thylakoid lumen carbonic 
anhydrase CAH3 (see below), with lcib/cah3 double mutants failing to grow at very low 
CO2 but showing improved growth relative to lcib at low CO2 levels (Duanmu et al., 
2009a). Exactly how this data can be reconciled with the current model of the CCM is 
still unclear (Duanmu et al., 2009a).  

LCIB forms a predicted heterohexameric complex with its homolog LCIC that 
shows dynamic localization (Yamano et al., 2010). LCIB/C transcripts and proteins are 
highly up regulated upon limiting CO2. At low CO2 LCIB/C are diffuse throughout the 
stroma but also seen forming puncta of varying sizes. Upon transfer into very low CO2 
they relocalize to the pyrenoid periphery where they form tight puncta that appear to 
fuse to form a more evenly dispersed layer around the pyrenoid (Yamano et al., 2010; 
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Mackinder et al., 2017). Although predominantly at the pyrenoid periphery, LCIB can 
also form puncta within the pyrenoid, most likely associated with the pyrenoid tubules 
(Yamano et al., 2010). Whereas lcib mutants have a clear CCM phenotype, no mutants 
in LCIC have been characterized to date and its functional importance remains unclear. 
LCIB has been proposed to be a unidirectional carbonic anhydrase that could drive 
HCO3- accumulation in the stroma (Wang and Spalding, 2014b). Structural studies 
indicate that LCIB belongs to the beta carbonic anhydrase family and LCIB homologs 
isolated from diverse algae showed carbonic anhydrase function in vitro, although 
carbonic anhydrase activity could not be demonstrated for LCIB (Jin et al., 2016). A 
recent diffusion-reaction model of the Chlamydomonas CCM indicates that if LCIB 
functions as a carbonic anhydrase it would not need to be directional and that the high 
pH of the stroma maintained during photosynthesis would allow LCIB driven HCO3- 
accumulation by rapidly converting membrane permeable CO2 to membrane 
impermeable HCO3- (Fei et al., 2021). At very low CO2, where a HLA3/LCIA HCO3- 
based uptake system dominates, the relocalization of LCIB to the pyrenoid periphery 
would minimize HCO3- to CO2 conversion of imported HCO3- and potentially enable 
recapture of CO2 leaking out of the pyrenoid (see below). There are two additional 
LCIB/C homologs, LCID and LCIE. Both LCID and LCIE are low CO2 induced genes 
with LCIE only expressed at low levels (Fang et al., 2012). Both require further 
investigation into their function, if any, in the CCM.  

In addition to LCIB, CAH6 was proposed to be stromal localized. However, both 
fluorescence protein fusion data (Mackinder et al., 2017) and flagella proteome data 
(Pazour et al., 2005; Engel et al., 2012) support its localization in flagella and not the 
chloroplast. 

 
7. Transport across the thylakoid lumen 

At both low and very low CO2, accumulated stromal HCO3- is proposed to passively 
enter the thylakoid lumen via three bestrophin-like homologs BST1-3. BST1-3 have 
been localized to thylakoids with enrichment in the thylakoids located at the pyrenoid 
periphery (Mukherjee et al., 2019). Bestrophins are typically linked to Cl- channeling, 
however they have also been shown to be HCO3- permeable (Qu and Hartzell, 2008; 
Yu et al., 2010). RNAi knockdown lines of BST1-3 showed reduced growth at very low 
CO2, reduced Ci affinity and Ci accumulation (Mukherjee et al., 2019). This data is 
further corroborated in a recent membrane inlet mass spectrometry (MIMS) study that 
also indicates reduced Ci uptake in the BST1-3 knock-down lines upon Ci addition and 
that this corresponds to only a small reduction in the proton motive force (pmf) 
compared to a large pmf drop in WT (Burlacot et al., 2021). These results indicate that 
BST1-3 are potentially using the pmf to drive HCO3- uptake, most likely by supplying 
protons for the conversion of HCO3- to CO2 via CAH3 within the thylakoid lumen (see 
below). In the same study Burlacot et al. (2021) showed that a pgrl1/flvB double mutant 
perturbed in both CEF and PCEF has a severe CCM defect at both low and very low 
CO2. Providing strong evidence that pmf generation via CEF/PCEF energizes the CCM 
(Burlacot et al., 2021) most likely by driving HCO3- dehydration to CO2 within the 
thylakoid tubules that traverse the pyrenoid, but could also support HCO3-uptake into 
the stroma via LCIA if LCIA functions as a HCO3-/H+ symporter (see above).  

Affinity purification followed by mass spectrometry indicates that BST1 and BST3 
interact with LCIB and LCIC (Mackinder et al., 2017). This potentially enables LCIB 
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mediated HCO3- accumulation to be in close proximity to HCO3- channeling into the 
thylakoid lumen via BST1-3. These identified interactions require further confirmation 
via complementary approaches. Evidence for direct HCO3- transport by BST1-3 is still 
lacking and should be a priority of future work. It is unknown if BST1-3 forms pentamers 
similar to other characterized bestrophins (Kane Dickson et al., 2014; Yang et al., 
2014; Owji et al., 2020), and if such putative assembled complexes are homo- or 
heteromeric. 

 
8. CO2 release and fixation by Rubisco in the pyrenoid 

Several mutants that failed to grow in atmospheric CO2 but over-accumulated Ci up to 
five times that of WT cells were identified through mutagenesis screens (Spalding et 
al., 1983b; Moroney et al., 1986). These were later identified as having mutations in 
the CAH3 gene (Funke et al., 1997). The over accumulation of Ci in the absence of a 
thylakoid localized CAH3 strongly supports the functional importance of a carbonic 
anhydrase in accelerating HCO3- dehydration to CO2 and that the pmf and thylakoid 
acidification through CEF may drive the CCM, as proposed by (Raven, 1997) and 
(Pronina and Borodin, 1993), and further supported via experimental data (Burlacot et 
al., 2021) and reaction diffusion modelling (Fei et al., 2021). CAH3 has also been 
associated with PSII function, potentially by H+ removal via HCO3- dehydration at the 
electron donor side of PSII, however the exact function is unclear (Villarejo et al., 2002; 
Benlloch et al., 2015; Terentyev et al., 2019). During CCM induction there is evidence 
that CAH3 moves within the thylakoid lumen from thylakoids outside of the pyrenoid to 
the thylakoid tubules traversing the pyrenoid (termed pyrenoid tubules) (Markelova et 
al., 2009; Sinetova et al., 2012). Modelling also supports the requirement for CAH3 
accelerated CO2 release within the pyrenoid tubules for efficient CCM function (Fei et 
al., 2021). The dynamic movement of CAH3 from potentially PSII to the PSII lacking 
pyrenoid tubules during CCM induction is interesting and could explain both PSII and 
CCM related phenotypes (Sinetova et al., 2012), however conclusive evidence for this 
is still lacking. As CAH3 is present at both high and low CO2, regulation is most likely 
post-translational. There is evidence that CAH3 undergoes phosphorylation during 
CCM induction (Blanco-Rivero et al., 2012b), however whether this is the trigger for 
relocation or activity is unclear. 
 Once CO2 is released within the pyrenoid tubules it is proposed to leak across 
the pyrenoid tubule membranes into the pyrenoid matrix for fixation via Rubisco.  
 

D. Pyrenoid structure and function 
 
At the heart of the Chlamydomonas CCM is the pyrenoid. Failure to assemble the 
pyrenoid (Meyer et al., 2012; Mackinder et al., 2016) or incorrect assembly (Ma et al., 
2011; Itakura et al., 2019) results in a severe high CO2 requiring phenotype. Pyrenoids 
are widespread throughout diverse algae and are strongly associated with efficient 
CCM function (Badger et al., 1998; Meyer et al., 2020a; Barrett et al., 2021). 
 

1. Spatial organization of the pyrenoid 
The Chlamydomonas pyrenoid is a phase-separated assembly of Rubisco around 
membrane tubules (pyrenoid tubules) that are continuous with the thylakoids. A single 
pyrenoid assembles at a central position within the cup of the chloroplast. Three clear 
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pyrenoid sub-regions are visible via electron microscopy: pyrenoid tubules, pyrenoid 
matrix and starch sheath (Ohad et al., 1967). However, using fluorescence fusion 
proteins at least 8 protein sub-regions can be distinguished (Mackinder et al., 2017; 
Meyer et al., 2020b). Cryo-ET of the pyrenoid highlighted the intricate structure of the 
pyrenoid tubules and the dramatic structural changes that thylakoids undergo as they 
converge and change from flat stacked assemblies to tubular structures at the pyrenoid 
periphery (Engel et al., 2015). At the centre of the pyrenoid several pyrenoid tubules 
converge to form the pyrenoid tubule knot. Within the pyrenoid tubules are ~4-6 
minitubules that provide direct channels between the stroma and the pyrenoid matrix 
(Figure 4D) (Engel et al., 2015). The molecular basis underpinning pyrenoid tubule 
formation is unknown and whether this predates or postdates pyrenoid matrix 
assembly or whether pyrenoid tubule formation and matrix assembly are a co-
dependent process is unclear. It is also unclear if pyrenoid tubule formation is required 
for pyrenoid positioning and CCM function. Several proteins have been specifically 
localized to the pyrenoid tubules including CAH3 (Markelova et al., 2009; Blanco-
Rivero et al., 2012b), CAS (Wang et al., 2016), Rubisco binding membrane protein 
(RBMP) 1, which is found throughout the tubules (Meyer et al., 2020b), RBMP2, which 
is enriched at the pyrenoid tubule knot (Meyer et al., 2020b), and PSBP4, which is 
found at the thylakoid convergent sites at the pyrenoid periphery (Mackinder et al., 
2017). The functions of RBMP1/2 are unknown, although they could be involved in 
pyrenoid assembly (see below). A psbp4 mutant is acetate requiring and light sensitive 
(Wakao et al., 2021) and through homology to an Arabidopsis PSBP4 protein most 
likely has a role in PSI assembly (Liu et al., 2012; Mackinder et al., 2017). Also, PSI 
components, PSAH (Mackinder et al., 2017) and PSAF (Emrich-Mills et al., 2021) have 
been shown to be good markers for pyrenoid tubules; unlike some other photosystem 
proteins they appear not to be excluded from them (Mackinder et al., 2017). However, 
it is still unclear if fully assembled and functional PSI, PSII and cytochrome b6f have 
access to the pyrenoid tubules. 
 Surrounding the pyrenoid tubules is the pyrenoid matrix. The matrix is formed 
through liquid-liquid phase separation via the condensation of Rubisco and Essential 
Pyrenoid Component 1 (EPYC1) (Mackinder et al., 2016; Freeman Rosenzweig et al., 
2017; Wunder et al., 2018). EPYC1 is a predominantly disordered protein that contains 
four nearly identical ~60 amino acid repeats each containing a Rubisco Binding Motif 
(RBM) with an additional C-terminal RBM. Via weak but multivalent interactions of the 
RBM with the eight available binding sites on the Rubisco holoenzyme (He et al., 2020) 
complex coacervation takes place resulting in a dense phase-separated Rubisco 
assembly that can be mimicked in vitro (Wunder et al., 2018) and also in plant 
chloroplasts (Atkinson et al., 2020). The phase-separated Rubisco matrix has liquid-
like properties demonstrated through continual internal mixing, pyrenoid growth via 
coalescence of discrete Rubisco droplets, fission during division and short order 
Rubisco distribution that resembles that of a liquid (Freeman Rosenzweig et al., 2017). 
Under CCM induced conditions, >80% of Rubisco is condensed into the pyrenoid. In 
contrast, at high CO2 and in the dark the pyrenoid undergoes partial dissolution by an 
unknown mechanism resulting in a pyrenoid with <40% of the Rubisco (Borkhsenious 
et al., 1998; Mackinder et al., 2016). Fluorescence protein tagging (Mackinder et al., 
2017; Meyer et al., 2020b), pyrenoid proteomics (Mackinder et al., 2016; Zhan et al., 
2018) and affinity purification followed by mass spectrometry (Mackinder et al., 2017) 
has identified over 100 high-confidence pyrenoid components. Whilst some appear to 
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be solely localized to the pyrenoid, a large number are either enriched in the pyrenoid 
but also within the stroma or equally distributed throughout the pyrenoid and stroma 
(Mackinder et al., 2017). 
 Under CCM induced conditions a tightly packed starch sheath of a varying 
number of plates is assembled around the pyrenoid matrix (Kuchitsu et al., 1988; 
Ramazanov et al., 1994). In addition to carbohydrate storage, the starch appears to 
act as a diffusion barrier to prevent CO2 leakage from the pyrenoid matrix (Toyokawa 
et al., 2020). Although the role of the starch sheath in the CCM has been questioned 
(Villarejo et al., 1996), both experimental data (Itakura et al., 2019; Toyokawa et al., 
2020) and modelling data (Fei et al., 2021) indicate an important role in efficient CCM 
operation. Modelling supports the importance of the starch sheath as a CO2 diffusion 
barrier to increase CO2 within the pyrenoid matrix (Fei et al., 2021). However, 
experimental data using mutants deficient in the starch synthesis proteins isoamylase1 
(ISA1) and a-1,4 glucanotransferase (STA11) that lack an intact starch sheath indicate 
that phenotypes associated with the absence of starch may be more complicated 
(Toyokawa et al., 2020). Both isa1 and sta11 mutants showed a CCM related growth 
defect at very low CO2, however both also had perturbed LCIB localization, with LCIB 
forming a single large punctum at the pyrenoid periphery instead of an even peripheral 
pyrenoid layer (Toyokawa et al., 2020). This mislocalization of LCIB makes it difficult 
to determine whether the reduced CCM efficiency is a consequence of the absence of 
a CO2 diffusion barrier or the perturbed function of LCIB. 
  Several other starch synthesis proteins have also been localized to the starch 
sheath including STA2 and SBE3 (Mackinder et al., 2017). Of interest is the localization 
pattern shown by LCI9 that is enriched at the junctions between starch plates and 
forms a clathrin-like structure around the pyrenoid matrix (Mackinder et al., 2017). A 
CCM mutant in Starch Granule Accumulation 1 (SAGA1) that appears to be localized 
at the pyrenoid matrix/starch sheath interface has a highly perturbed starch sheath and 
formed multiple pyrenoids (Itakura et al., 2019), however its exact role in starch 
formation and pyrenoid assembly is unclear. Pyrenoid starch is degraded at high CO2 
and during the dark. Break down in the dark most likely provides ATP to support cellular 
processes, however high CO2 disassembly of the starch sheath may be required for 
Rubisco to diffuse out of the pyrenoid and into the surrounding stroma, enabling 
increased access to CO2 in the absence of active Ci uptake (Figure 4A).  
 

2. A Conserved Rubisco Binding Motif Organizes the Pyrenoid 
As outlined above, the pyrenoid matrix is formed via Rubisco condensation through 
EPYC1. Each of the five RBMs on EPYC1 form both electrostatic and hydrophobic 
interactions with the Rubisco interface formed by the two alpha helical domains of the 
Chlamydomonas SS (Meyer et al., 2012; He et al., 2020). This explains the atomic 
basis for the inability of  Chlamydomonas LS -plant SS hybrid Rubisco's to form a 
pyrenoid (Meyer et al., 2012). Additionally, the short EPYC1 RBM was shown to be 
present across several additional pyrenoid localized proteins and is responsible for 
targeting proteins to the pyrenoid (Meyer et al., 2020b). Disruption of the RBM in a 
pyrenoid localized protein results in the inability of the protein to accumulate in the 
pyrenoid, whilst the addition of a 3xRBM to a non-pyrenoid enriched stromal protein or 
thylakoid protein resulted in targeting to the pyrenoid. Proteins containing RBMs also 
contain a range of other domains including the carbohydrate binding module 20 
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(CBM20; seen in SAGA1, SAGA2), extended coiled-coil domains (SAGA1) and 
transmembrane domains (RBMP1 and RBMP2). This led to the proposal that the RBM 
may guide pyrenoid assembly, with RBMP1/2 linking the pyrenoid matrix to the 
pyrenoid tubules and SAGA1/2 linking the starch sheath to the matrix. However, an 
alternative explanation, or a co-function of the RBM, could be the precise targeting of 
proteins to pyrenoid sub regions to perform a specific function. 
 

E. CCM regulation and Ci sensing 
Full CCM induction requires both light and limiting CO2 (Wang et al., 2015), however 
at least a subset of CCM genes can be induced at very low CO2 levels in the dark 
(Ruiz-Sola et al., 2021). The CCM also appears to be under tight circadian control with 
increased Ci affinity and a subset of CCM gene transcripts and proteins up-regulated 
prior to the onset of light in synchronized cultures (Mitchell et al., 2014; Tirumani et al., 
2014; Strenkert et al., 2019). How Chlamydomonas senses Ci, integrates it with light-
driven processes and the circadian rhythm is unclear. Transcriptomics during low CO2 
acclimation and between cells grown at high and limiting CO2 identified between 2000-
5500 genes that are transcriptionally regulated by CO2 availability (Brueggeman et al., 
2012; Fang et al., 2012). The signal sensing Ci limitation required for CCM induction 
could be due to direct sensing of a change in Ci, could be through sensing specific 
metabolites (i.e. photorespiratory intermediates), the redox poise or energy status of 
the cell, or be a combination of the above.  

Whilst guanylate/adenylate cyclases and cAMP signaling has been implicated in 
CO2 sensing in diverse organisms including diatoms (Harada et al., 2006; Cummins et 
al., 2014), there is currently no evidence for their role in Ci sensing in Chlamydomonas 
although they have been linked to hypoxia (Düner et al., 2018) and carbon monoxide 
(Horst et al., 2019) sensing. Of note is the chemotactic behaviour of Chlamydomonas 
towards Ci (Choi et al., 2016), indicating the directional sensing of Ci. Whether this is 
linked to or separate from CCM induction is yet to be explored. It has been proposed 
that CAH6 within the flagella could play a role in this chemotactic behaviour, however 
this is still lacking substantial support.  

Whilst little is known about the genetic basis of sensing a change in Ci availability, 
there are several genes implicated in the transcriptional control of the CCM. Dubbed 
as the “master regulator”, CIA5 (also known as CCM1) appears to exert transcriptional 
control over most limiting CO2 induced genes associated with the CCM (Fang et al., 
2012). The cia5 mutant has a severely defective CCM and lacks considerable control 
over CCM induction, particularly at the transcriptional level (Moroney et al., 1989; 
Fukuzawa et al., 2001; Xiang et al., 2001; Miura et al., 2004; Fang et al., 2012). 
Although the function of CIA5 is still not fully resolved, it most likely acts as a 
transcription factor or transcription co-activator. It contains two zinc binding domains 
(Kohinata et al., 2008) and a transcriptional activation domain (Chen et al., 2017). CIA5 
is constitutively expressed across CO2 levels but very little is known about how CIA5 
is activated and what target genes it directly interacts with. Transcriptional response 
comparisons between WT and the cia5 mutant across CO2 levels (Miura et al., 2004; 
Fang et al., 2012) indicate that over 2700 genes (~15% of genes) are under the control 
of CIA5 with approximately half of these showing no CO2 response. This finding 
indicates that CIA5 most likely plays a critical role in the regulation of cellular processes 
outside of the CCM (Fang et al., 2012). Approximately 14% of detected genes were 



41  

CO2 regulated, of which over two-thirds were under some form of CIA5 regulation 
(Fang et al., 2012). The finding that ~4% of detected genes were CO2 regulated 
independent of CIA5 indicates that other regulatory genes either working in parallel or 
upstream of CIA5 are yet to be identified. Supporting the diverse function of CIA5 is 
the role it plays in photoprotection control, through its transcriptional regulation of 
energy dependent quenching (qE) components LHCSR3 (Light Harvesting Complex-
Stress Related protein 3) and PSBS (Photosystem II Subunit S). Interestingly, 
photoprotective gene regulation appears to respond to intracellular CO2 levels 
independent of light. With light having an indirect affect by driving photosynthetic 
electron flow that produces ATP and NADPH for CO2 fixation in the CBC and in turn 
reducing intracellular CO2. This is supported by CIA5 dependent photoprotection and 
CCM gene induction at very low CO2 levels in the dark and repression by CO2 release 
via acetate metabolism or inhibiting photosynthetic electron flow (Ruiz-Sola et al., 
2021). 

Downstream and regulated by CIA5 is the Myb-type transcription factor LCR1. 
LCR1 is upregulated when CO2 becomes limiting and directly regulates a subset of 
CCM genes including LCI1 and CAH1 (Yoshioka et al., 2004). LCR1 has been shown 
to directly interact with the CAH1 promoter (Yoshioka et al., 2004), however CAH1 
activation (and most likely other LCR1 target genes) is likely more complex than just 
LCR1 regulation as the CAH1 promoter region contains both enhancer and silencing 
regions that bind multiple nuclear proteins (Kucho et al., 1999; Kucho et al., 2003) and 
there is still transient but unsustained expression of CAH1 in the lcr1 mutant (Yoshioka 
et al., 2004). 

CO2 enters the CBC through fixation via Rubisco. As CO2 becomes limiting the 
CO2:O2 ratio at the active site of Rubisco decreases resulting in a transient increase in 
photorespiration until full induction of the CCM (Brueggeman et al., 2012; Wang et al., 
2015). In parallel to an increase in the flux through the photorespiratory pathway there 
is a decrease in CBC flux during the initial period of acclimation to limiting CO2, 
resulting in a reduction in NADPH oxidation and an over-reduction of the 
photosynthetic electron transport chain (Lucker and Kramer, 2013). A knock-on effect 
is the increased pressure on PSII excitation. To reduce this pressure at least two 
processes in addition to LHCSR/PSBS mediated photoprotection take place. One is a 
state transition from state I to state II where light harvesting complex II (LHCII) moves 
from PSII to PSI, which reduces PSII excitation (Goldschmidt-Clermont and Bassi, 
2015). However, this appears to relax after approximately one hour even in limiting 
CO2 conditions. The second and longer-term reduction of PSII excitation appears due 
to the translational repression of light-harvesting proteins (LHCBMs) by NAB1 (Berger 
et al., 2014). Upstream of NAB1 is the low CO2 response factor (LCRF), a squamosa 
promoter-binding family transcription factor. LCRF is upregulated within 6 minutes of 
exposure to limiting CO2, and in turn activates NAB1 that translationally represses the 
major light harvesting protein LHCBM6, decreasing PSII antenna size (Blifernez-
Klassen et al., 2021). This minimizes overexcitation of PSII and potentially enables a 
new, longer-term ATP/NADPH ratio to be set for CCM function. LCRF regulation 
appears to be via a retrograde signal from the chloroplast and it has been proposed 
that over reduction of the plastoquinone pool that is important for initiating state 
transitions could also be the signal (Blifernez-Klassen et al., 2021). 

Upon exposure to low Ci there is a rapid increase in CEF and decrease in linear 
electron flow (LEF) resulting in a CEF:LEF ratio change from ~1.5 to ~3.5 (Lucker and 
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Kramer, 2013). Although, a transition from state I to state II may support this change, 
it is unlikely to be the primary contributor due to a comparable CEF:LEF change in the 
state transition mutant  (stt7-9), which is locked in state I (Lucker and Kramer, 2013). 
Lucker and Kramer (2013) propose that regulation by either redox or allosteric changes 
via metabolites (i.e. NADPH:ATP), ions such as Ca2+ or reactive oxygen species could 
induce the observed rapid CEF:LEF ratio changes. Understanding this trigger during 
the early stage of acclimation to limiting CO2 could help shed light on Ci sensing and 
the rapid transcriptional responses seen upon a high to low CO2 shift (Brueggeman et 
al., 2012; Blifernez-Klassen et al., 2021). 

Work investigating the role of the Ca2+-binding protein, CAS, in the CCM supports 
a regulatory link between photosynthetic processes in the thylakoid, and potentially the 
pyrenoid, with the nucleus via retrograde signaling (Wang et al., 2016). CAS has a 
Ca2+ binding N-terminal and upon limiting CO2 moves from thylakoids outside of the 
pyrenoid to the pyrenoid tubules. This movement coincides with increased pyrenoid 
Ca2+ concentration. CAS mutants have a perturbed CCM and upon low CO2 exposure 
fail to maintain upregulation of several core CCM genes including LCIA and HLA3. 
Interestingly in WT cells Ca2+ is also critical for HLA3 and LCIA induction (Wang et al., 
2016). CAS has also been implicated in photoacclimation and CEF (Petroutsos et al., 
2011; Terashima et al., 2012), again highlighting the interlinking of short-term 
photoacclimation, CEF and the CCM. Related to the above and in further support of a 
role for chloroplast to nucleus retrograde signaling for CCM control is the coregulation 
of LCIA and HLA3 with the decreased HLA3 transcripts in the LCIA mutant (Yamano 
et al., 2015) and the failure to accumulate LCI1 upon disruption of CEF and PCEF 
(Burlacot et al., 2021). 

Rapid post-translational regulation of photosynthetic processes, including state 
transitions, is widely observed (Grabsztunowicz et al., 2017) and the regulation of the 
CCM by post-translation modification (PTM) has been suggested (Wang et al., 2015). 
It is of particular interest in relation to the low CO2 to very low CO2 acclimation transition 
that appears to be primarily independent of transcription (Fang et al., 2012) and the 
accumulating data indicating that many CCM related proteins relocate during CCM 
induction. Phosphorylation has been implicated in CAH3 relocation (Blanco-Rivero et 
al., 2012a), and has been suggested as a control mechanism for Rubisco 
condensation (Freeman Rosenzweig et al., 2017) based on the multiple 
phosphorylation sites on EPYC1 (Turkina et al., 2006) and is of interest with respect 
to LCIB/C regulation/relocalization since phosphorylation of LCIC has been detected 
(Wang et al., 2014). LCIB was also shown to be glutathionylated (Zaffagnini et al., 
2012), suggesting a redox regulation role in LCIB function and CCM acclimation.  
However, to date no PTMs have been unambiguously linked to CCM protein function 
and CCM induction. 

VII. Conclusions: A Rubisco centric view of the CCM 
 
Rubisco assembly, structure and function is intricately linked to CCM operation. And 
vice-versa, CCM function is directly linked to Rubisco performance and enables algae 
to achieve high photosynthetic rates with considerably less Rubisco than non-CCM 
containing species (Bar-On and Milo, 2019). At the heart of this intertwined function is 
the pyrenoid, which enables the spatial separation of Rubisco from the bulk stroma in 
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an enriched CO2 environment. Pyrenoid assembly, and hence CCM function, is directly 
dependent on Rubisco assembly and structure. The interaction of EPYC1 with specific 
residues in the SS ensures that only correctly assembled Rubisco holoenzymes are 
condensed into the pyrenoid. The identification of a conserved RBM that guides 
assembly and organization of the pyrenoid indicates a central role for Rubisco in 
pyrenoid assembly and CCM function. This Rubisco, and hence pyrenoid-centric view 
of the CCM is proving critical for our understanding of CCM function and the synthetic 
engineering of a CCM (Atkinson et al., 2020). It is envisioned that future discoveries 
will further interlink Rubisco assembly, structure and function with the CCM in 
Chlamydomonas and these discoveries will drive forward our knowledge across 
diverse algal lineages, many that contain diverse forms of Rubisco. 
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Figure 1. Main steps of Rubisco biogenesis and catabolism  
Biogenesis starts with transcription of the RBCS genes in the nucleus, and of rbcL in 
the chloroplast. The rbcL mRNA is processed at the 3’ end possibly by the TAS1/2 
factors, and is stabilized by binding of the MRL1 factor onto rbcL 5’UTR. Nascent LS 
exiting from the ribosome will undergo N-terminal processing before being taking over 
by the Chaperonin (CPN60/20/10) for proper folding. It is not yet known at which step 
other PTM such as hydroxyprolination of residues P104 and P151 or methylation of 
Cys256 and 369 occur. LS dimerization will follow, maybe facilitated by the RbcX2A 
chaperone. Dimers will be stabilized by the RAF1 chaperone and will further 
oligomerize yielding a tetramer of dimers. After being translated in the cytoplasm and 
import into the chloroplast, the SS targeting signal is cleaved, followed by the 
methylation of its N-ter Methionine residue, possibly by the RMT2 methyltransferase. 
SS will displace RAF1 from the LS8-RAF18 complexes, thereby yielding the LS8SS8 
Rubisco holoenzyme. The RAF2 chaperone may be involved in this late assembly 
step, but its precise role remains to be characterized. Unassembled SS subunits are 
degraded by the Clp protease. Unassembled LS not stabilized by the RAF1 chaperone 
will be similarly degraded, while the presence of a LS8-RAF1 complex will inhibit further 
LS synthesis through the Control by Epistasy of Synthesis (CES) process. The 
interaction of the SS within the assembled Rubisco with the EPYC1 protein will result 
in Rubisco condensation and pyrenoid formation. An LS fraction, not assembled within 
the holoenzyme, was shown to interact with RNA in the pyrenoid vicinity, which could 
provide a way to manage RNA from oxidative modifications. Oxidative stress induced 
Rubisco inactivation, oxidative modification and possibly fragmentation (yellow stars), 
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followed by enzyme disassembly and degradation. LS aggregates can form and in 
some cases are found associated to membranes, maybe in relation to the formation of 
autophagic vesicles. Nutrient stress induced Rubisco degradation through NO 
signaling, in a pathway involving Clp-dependent degradation.  
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Figure 2. Rubisco subunits and holoenzyme structure in Chlamydomonas (from 1IR2, 
Mizohata et al., 2002). The eight LS are depicted in dark and light grey colors. Four 
SS cap the LS octamer on the top and bottom, as visible from the top and side view of 
Rubisco holoenzyme structure. SS monomers, depicted in brown and chocolate 
colors, consist in a 4-stranded β-sheet covered on one side by two helixes (helix A 
(salmon), helix B (ruby)). The variable βA- βB loops (firebrick), is buried in the central 
cavity formed by the LS octamer. LS monomers are composed of an N-ter domain 
(pale yellow) and C-ter domain adopting a TIM-barrel structure (blue). Specific features 
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mentioned in the main text are highlighted such as: loop 6 (red), the C-ter extension 
(dark blue) and helixes J and 8 (pale blue). The latter shows contact with SS. Two 
catalytic sites are formed at the dimer interface, as seen by the position of the CABP 
6-carbon transition analog, represented in orange either as spheres in the LS dimer 
view or as sticks in the active side close-up view. The Mg ion binding to the 
carbamylated K201 residue is represented as a sphere in sand color. 
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Figure 3. Bjerrum plot showing the relationship between dissolved inorganic carbon 
species as a function of pH. Note the logarithmic Y-axis. Plot is drawn using data from 
CO2SYS (Lewis and Wallace, 1998) with constants for freshwater (Millero, 1979). 
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Figure 2. The different CO2 acclimation states of Chlamydomonas and pyrenoid 
structural organization. (A-C) The three different acclimation states of the CCM. A) At 
high CO2, the inwards CO2 gradient is thought to be sufficient to enable Rubisco 
active site saturation. Potentially, the carbonic anhydrase CAH2 helps to replenish 
cell surface CO2 and the CO2 channel, RHP1, reduces resistance to CO2 across the 
plasma membrane. B) At low CO2 an LCIB carbonic anhydrase centric Ci uptake 
system dominates. CO2 diffusion across the plasma membrane is assisted via the 
CO2 channel LCI1, that could be enhanced via H+ pumping of ACA4. The high pH of 
the stroma created via light driven H+ pumping into the thylakoid lumen, and 
potentially the chloroplast envelope H+ pump CemA, favours HCO3- over CO2, 
creating an inwards CO2 gradient. Once CO2 enters the stroma, LCIB catalyzes CO2 
conversion to HCO3- which is then channeled into the thylakoid lumen via BST1-3. 
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Subsequently thylakoid lumen carbonic anhydrase, CAH3, localized in the pyrenoid 
tubules catalyzes HCO3- dehydration to CO2 in the acidic thylakoid lumen that can 
leak into the pyrenoid matrix for fixation via Rubisco. Protons required for CAH3 
mediated HCO3- dehydration are potentially supplied via increased cyclic electron 
flow (CEF) around PSI (shown in pink). The trigger and mechanism that results in 
increased CEF (and decreased linear electron flow) are unclear, however a state 
transition involving LHCII movement from PSII to PSI has been implicated to some 
degree. Starch sheath formation at the periphery of the pyrenoid creates a diffusion 
barrier to minimize CO2 leakage away from Rubisco. C) At very low CO2 a HCO3- 
based uptake system dominates. HCO3- is pumped across the plasma membrane via 
HLA3 most likely through ATP hydrolysis of mitochondrial supplied ATP and across 
the chloroplast envelope via LCIA that potentially acts as H+/HCO3- symporter. Once 
in the stroma HCO3- follows the same route as at low CO2. To minimize unwanted 
HCO3- to CO2 conversion in the bulk stroma and to capture CO2 leaking out of the 
pyrenoid matrix LCIB moves to the periphery of the pyrenoid. 
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Table 1: Gene-identifiers for Chlamydomonas candidate genes involved in 
Rubisco biogenesis, maintenance and pyrenoid organization 
 
 
Name (alias) Gene identifier Involved in Reference publication 
RBCS1 Cre02.g120100 Rubisco holoenzyme 

subunit 
Goldschmidt-Clermont 
and Rahire, 1986 

RBCS2 Cre02.g120150 Rubisco holoenzyme 
subunit 

Goldschmidt-Clermont 
and Rahire, 1986 

rbcL CreCp.g802313 Rubisco holoenzyme 
subunit 

Dron et al., 1982 

MRL1 Cre06.g298300 rbcL transcript 
stabilization 

Johnson et al., 2010 

RAF1 Cre06.g308450 Rubisco chaperone Wietrzynski et al, 2021 
RAF2 (CGL31) Cre01.g049000 Rubisco chaperone Not yet described in Cr 
RBCX2A 
(CGL41/CrRbcXIIa) 

Cre01.g030350 Rubisco chaperone Bracher et al., 2015 

RBCX2B (CrRbcXIIb) Cre07.g339000 Rubisco chaperone Bracher et al., 2015 
CPN60A (CPN60 α) Cre04.g231222 Rubisco chaperonin 

required for LS folding 
Thompson et al., 1995 

CPN60B1 (CPN60 β1) Cre17.g741450 Rubisco chaperonin 
required for LS folding 

Thompson et al., 1995 

CPN60B2 (CPN60 β2) Cre07.g339150 Rubisco chaperonin 
required for LS folding 

Thompson et al., 1995 

CPN20 Cre08.g358562 Rubisco chaperonin 
Cofactor required for LS 
folding 

Schroda et al., 2004 

CPN23 Cre12.g505850 Rubisco chaperonin 
Cofactor required for LS 
folding 

Schroda et al., 2004 

CPN11 Cre16.g673729 Rubisco chaperonin 
Cofactor required for LS 
folding 

Schroda et al., 2004 

EPYC1 Cre10.g436550 Pyrenoid formation Mackinder et al., 2016 
SAGA1 Cre11.g467712 Rubisco-interacting 

protein, pyrenoid 
organization 

Itakura et al., 2019 

RCA1 Cre04.g229300 Rubisco activase Roesler and Ogren, 1990, 
Pollock et al., 2003 

RCA2 Cre17.g718950 Rubisco activase-like 
protein 
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Table 2: Lists of available Chlamydomonas Rubisco structures 
 

Description PDB ID: L S Ref 
CrRubisco with CAPB 1GK8, 1IR2 Cr-WT Cr-WT Taylor et al., 2001 ; 

Mizohata et al., 2002  
Apo-Cr Rubisco 7JN4 Cr-WT Cr-WT He et al., 2020 
C192S 2VDH, 2VDI C192S WT Murria et al., 2008 
L290F 1UWA L290F WT Karkehabadi et al., 

2005 
L290F-A222T 1UW9 L290F-A222T WT Karkehabadi et al., 

2005 
V331A 2V63 V331A WT Karkehabadi et al., 

2007 
V331A-T342I 2V68 V331A-T342I WT Karkehabadi et al., 

2007 
T342I 2V67 T342I WT Karkehabadi et al., 

2007 
V331A-G344S 2V6A V331A-G344S WT Karkehabadi et al., 

2007 
D473E 2V69 D473E WT Karkehabadi et al., 

2007 
Hybrid Cr-Syn Rubisco 1UZH Cr-WT Syn Karkehabadi et al., 

2005 
Hybrid Cr-Sp Rubisco 1UZD Cr-WT spinach Karkehabadi et al., 

2005 
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Table 3 Large subunit mutants 
aa Mutation Location PSa Holoenz 

acc.b 
Thermal 
stabilityc 

Ωd,e Vc
e,f Kc

e,g Ko
e,h References 

WT*   + 100% 90% at 
55°C 

63 107 31 372  

     41% at 
60°C 

     

     0% at 
65°C 

     
M42 M42V Nter +   62 nd nd nd (Du et al., 2003) 

C53 C53A Nter +   62 nd nd nd (Du et al., 2003) 

 M42V-C53A Nter +   60 nd nd nd (Du et al., 2003) 

G54 G54D Nter - 0%      (Thow & Spreitzer, 
1992) 

G54 G54A Nter + 50%  60 100 32 360 (Spreitzer et al., 
1995) 

G54 G54V Nter + 25%  52 19 31 633 (Spreitzer et al., 
1995) 

N123 N123G Nter-Cter 
interaction 

- 100%  12 3 105 103 (Zhu and Spreitzer, 
1994) 

G171 G171D β - 100%      (Spreitzer & Mets, 
1980) 

C172 C172S* β1 + reduced <WT 70 98 61 816 (Moreno and 
Spreitzer, 1999; 
Garcia-Murria et 
al., 2008) 

T173 T173I β1 - 100%      (Spreitzer et al., 
1988) 

C192 C192S* α6 +   63 75 23 330 (Garcia-Murria et 
al., 2008) 

R217 R217S α2 - 5% est.      (Thow & Spreitzer, 
1992) 

R217 R217S-
A242V 

β3 + 25%  31 10 235 3778 (Thow et al., 1994) 

V221 V221C-
V235I 

α2 + 100%  62 122 28 275 (Spreitzer et al., 
2005) 

Y226 Y226L α2 + 80%      (Esquivel et al., 
2006) 

   +- at 
35°C 

       
V235 V235I  + 100%  58 118 41 348 (Spreitzer et al., 

2005) 
L326 L326I β6  +-  15% 25% 57 86 35 367 (Zhu & Spreitzer, 

1996) 
V331 V331A* Loop 6 - Near 

normal 
 40 7 166 2937 (Chen and 

Spreitzer, 1989) 
(Karkehabadi et 
al., 2007) 

V331 V331A-
T342I* 

Loop 6 +   53 35 47 829 (Chen and 
Spreitzer, 1989) 
(Karkehabadi et 
al., 2007) 

T342 T342I* α6        (Karkehabadi et 
al., 2007) 

V331 V331A-
G344S* 

 +   46 27 73 1290 (Chen et al., 1991) 

 L326I-
M349L 

Loop 6 +-  50% 55% 50 28 43 524 (Zhu & Spreitzer, 
1996) 

V341 V346I α6 + 100%  61 103 36 390 (Zhu & Spreitzer, 
1996) 

M349 M349L α6 + 75% 90% 59 97 33 379 (Zhu & Spreitzer, 
1996) 

S379 S379A β7-Loop 6 
interaction 

- 100%  18 4 236 1673 (Zhu and Spreitzer, 
1994) 

C256 C256F α3 + 100% No effect 61 68 37 440 (Du et al., 2003) 
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K258 K258R α3 + 100% No effect 60 80 30 377 (Du et al., 2003) 
I265 I265V β4 + 100% No effect 63 91 32 470 (Du et al., 2003) 
 K258R-

I265V 
 +-  25% est. No effect     (Du et al., 2003) 

 C256F-
K258R-
I265V 

 +-  25% est. No effect 59 32 70 946 (Du et al., 2003) 

      57 48 67 777 (Spreitzer et al., 
2005) 

 V221C-
V235I-
C256F-
K258R-
I265V 

 +,+- 
at 
35°C 

25% est.  64 48 67 1089 (Spreitzer et al., 
2005) 

L290 L290F* Β5 + 70%, 0% at 
60°C 

52 40 49 733 (Chen et al., 1988; 
Hong and 
Spreitzer, 1997) 

   - at 
35°C 

10–17% 
at 35°C 

     (Du and Spreitzer, 
2000) 

      54 36 42 521 (Genkov et al., 
2006) 

      56 31 39 622  
L290 L290F-

A222T* 
 + 42%, 0% at 

60°C 
61 77 40 651 (Hong and 

Spreitzer, 1997) 
   + at 

35°C 
27% at 
35°C 

      
L290 L290F-

V262L 
 + 50%, 61% at 

60°C 
62 72 68 1238 (Hong and 

Spreitzer, 1997) 
   + at 

35°C 
30% at 
35°C 

      
A222 A222T α2 + 100% 58% at 

65°C 
63 89 26 264 (Du and Spreitzer, 

2000) 
V262 V262L Below β4 + 100% 93% at 

65°C 
62 78 45 484 (Du and Spreitzer, 

2000) 
C449 C449S Cter +       (Marin-Navarro 

and Moreno, 2006)
C459 C459S Cter +       (Marin-Navarro 

and Moreno, 2006)
 C449S-

C459S 
 +       (Marin-Navarro 

and Moreno, 2006)
D470 D470P-

T471A-
I472M-
K474T 

Cter + 100% No effect 69 90 36 545 (Satagopan and 
Spreitzer, 2008) 
 

D473 D473A* Cter + 100% No effect 52 36 77 1931 (Satagopan and 
Spreitzer, 2004) 

 D473E* Cter + 100% No effect 54 34 87 1900 (Satagopan and 
Spreitzer, 2004), 
(Karkehabadi et 
al., 2007) 

aPhotosynthetic growth on minimal medium at 25°C, unless otherwise indicated. 
bPercent of holoenzyme accumulation compared to WT as measured, or estimated from published immunoblots (est.). 
cThermal instability was measured by the amount of activity retained by the purified enzyme after 20 minutes exposure at 
different temperatures. Unless otherwise indicated, the values reported correspond to activity at 55°C. 
dΩ =VcK0/V0Kc. 
eValues indicated are tentatively normalized to the wild-type values reported. For actual values refer to the appropriate 
publication. 
fVc, in μmol/h/mg 
gKc, in μM CO2. 
hK0, in μM O2 
*Mutants for which structures are available. 
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Table 4: Small subunit mutants 
aa Mutatio

n 
Location PSa Holoenzyme 

acc.b 
Thermal 
stabilityc 

Ωd,e Vce,f Kce,g Koe,h References 

C65 C65S-
L290F 

βA/βB + 
 

100%,.WT at 
35°C 

Less than 
L290F 
(20%) at 
55°C,0% at 
60°C 

60 37 34 465 (Genkov et al., 
2006) 

 C65S βA/βB + 100%,.WT at 
35°C 

88% at 
60°C 

66 141 30 326 (Genkov et al., 
2006) 

 C65A βA/βB +  No effect 65 116 33 410 (Genkov et al., 
2006) 

 C65P βA/βB +  93% at 
60°C 

57 50 36 348 (Genkov et al., 
2006) 

Y67 Y67A βA/βB +,+- 
at 
35°
C 

10% WT  5% 
at 
30°
C 

  (Esquivel et 
al., 2006) 

Y68 Y68A βA/βB +,+- 
at 
35°
C 

100% WT 62 31, 
60% 
at 
30°
C 

22 347 (Spreitzer et 
al., 
2001)(Esquive
l et al., 2006) 

Y72 Y72A βA/βB +,-+- 
at 
35°
C 

10% WT  5% 
at 
30°
C 

  (Esquivel et 
al., 2006) 

R71 R71A βA/βB - at 
35°
C 

50% est.,5% 
at 35°C 

,WT, 0% at 
55°C 

58 17 40 623 (Spreitzer et 
al., 2001) 

D69 D69A βA/βB +  WT 62 46 20 318 (Spreitzer et 
al., 2001) 

R59 R59E βA/βB - at 
35°
C 

20% est.,0% 
at 35°C 

     (Spreitzer et 
al., 2001) 

N54 N54S-
L290F 

βA/βB + at 
35°
C 

66%,46% at 
35°C 

Comparabl
e to L290F 

63 67 32 489 (Du et al., 
2000) 

 N54S-
RbcS1
Δ 

βA/βB +  .WT, 35% 
at 65°C 

64 77 25 331 (Du et al., 
2000) 

A57 A57V-
L290F 

βA/βB + at 
35°
C 

57%,42% at 
35°C 

 61 71 31 461 (Du et al., 
2000) 

 A57V-
RbcS1
Δ 

βA/βB +  .WT, 88% 
at 65°C 

62 65 25 334 (Du et al., 
2000) 

spinach ABSO* βA/βB  60% est. 85% at 
60°C 

64 55 21 330 (Spreitzer et 
al., 2005) 

      62 53 23 320 (Karkehabadi 
et al., 2005a) 

 ABSO-
V221C-
V235I-
C256F-
K258R-
I265V 

βA/βB +- at 
35°
C 

40% est.  70 59 23 328 (Spreitzer et 
al., 2005) 

Synechococcus ABAN* βA/βB +- at 
35°
C 

40% est. 0% at 60°C 56 58 32 260 (Karkehabadi 
et al., 2005a) 

spinach SSSO  +- in 
air,+ 
with 
CO2 

WT  65 97 34 539 Genkov et al., 
2010 

Arabidopsis SSAT  +- in 
air,+ 
with 
CO2 

WT  68 105 30 547 Genkov et al., 
2010 



56  

sunflower SSHA  +- in 
air,+ 
with 
CO2 

WT  63 114 31 557 Genkov et al., 
2010 

Tobacco SSNT  +- in 
air,+ 
with 
CO2 

WT  66 86 25 439 Wachter et al., 
2013 

S16 S16A N-ter + Reduced  at 
35°C 

 59    Genkov et al., 
2009 

L18 L18A N-ter - at 
35°
C 

0% at 35°C      Genkov et al., 
2009 

P19 P19A N-ter + Reduced  at 
35°C 

 59    Genkov et al., 
2009 

Y32 Y32A α helix A +- at 
35°
C 

0% at 35°C  54 23 30 383 Genkov et al., 
2009 

E43 E43A βA 
strand 

- at 
35°
C 

0% at 35°C  55 10 64 162
4 

Genkov et al., 
2009 

W73 W73A βB 
strand 

- at 
35°
C 

Reduced  at 
35°C 

 58 28 46 115
9 

Genkov et al., 
2009 

L78 L78A βB-αB 
loop 

- at 
35°
C 

  61 16 53 974 Genkov et al., 
2009 

P79 P79A βB-αB 
loop 

+   58 47 33 529 Genkov et al., 
2009 

F81 F81A βB-αB 
loop 

+- at 
35°
C 

  61 47 43 100
8 

Genkov et al., 
2009 

E92 E92A α helix B +     0  Genkov et al., 
2009 

I58 I58W3 βA/βB +- at 
35°
C 

Reduced  at 
35°C 

 52 29 46 118
0 

Esquivel et al., 
2013 

aPhotosynthetic growth on minimal medium at  25°C, unless otherwise indicated. 
bPercent of holoenzyme accumulation compared to WT as measured, or estimated from published immunoblots (est.). 
cThermal instability was measured by the amount of activity retained by the purified enzyme after -0 minutes exposure at 
different temperatures. Unless otherwise indicated, the values reported correspond to activity at 55°C. 
dΩ= VcK0/V0Kc. 
eValues indicated are tentatively normalized to the wild-type values reported. In case of the Y67, Y68, and Y7- mutants, the 
actual data do not figure in the publication, therefore the published percentages of Vc measured at 30°C compared to WT 
reported were indicated. For other cases, refer to the appropriate publication for actual values. 
fVc, in μmol/h/mg. 
gKc, in μM CO-. 
hK0, in μM O-. 
*Mutants for which structures are available. 
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