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Abstract 
Nature’s vital, but notoriously inefficient, CO2-fixing enzyme Rubisco often limits the growth of photosynthetic organ-
isms including crop species. Form I Rubiscos comprise eight catalytic large subunits and eight auxiliary small sub-
units and can be classified into two distinct lineages—‘red’ and ‘green’. While red-type Rubiscos (Form IC and ID) 
are found in rhodophytes, their secondary symbionts, and certain proteobacteria, green-type Rubiscos (Form IA and 
IB) exist in terrestrial plants, chlorophytes, cyanobacteria, and other proteobacteria. Eukaryotic red-type Rubiscos 
exhibit desirable kinetic properties, namely high specificity and high catalytic efficiency, with certain isoforms out-
performing green-type Rubiscos. However, it is not yet possible to functionally express a high-performing red-type 
Rubisco in chloroplasts to boost photosynthetic carbon assimilation in green plants. Understanding the molecular 
and evolutionary basis for divergence between red- and green-type Rubiscos could help us to harness the superior 
CO2-fixing power of red-type Rubiscos. Here we review our current understanding about red-type Rubisco distribu-
tion, biogenesis, and sequence–structure, and present opportunities and challenges for utilizing red-type Rubisco 
kinetics towards crop improvements.
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Introduction
Rubisco represents the major point of carbon entry into the 
biosphere, catalysing the addition of a CO2 molecule to the 
!ve-carbon sugar, ribulose-1,5-bisphosphate (RuBP) (Knight 
et al., 1990; Cleland et al., 1998). For productive substrate 
binding, Rubisco must be !rst activated by priming a strictly 
conserved catalytic lysine with a non-substrate CO2 molecule, 
which is subsequently stabilized by a magnesium ion (Lorimer 
and Miziorko, 1980). A series of complex partial reactions ulti-
mately yields two molecules of 3-phosphoglycerate that are fed 
into the Calvin–Benson–Bassham (CBB) cycle for carbohy-
drate production (Calvin and Benson, 1948). Rubisco catalysis 
is notoriously ine"cient, exhibiting both a slow catalytic turn-

over rate (kcat, C) and a limited ability to discriminate between 
CO2 and O2, as quanti!ed by its speci!city factor (SC/O). Recy-
cling the byproduct of RuBP oxygenation via photorespiration 
comes at the cost of energy and release of a previously !xed 
CO2 (Bauwe et al., 2010). Such slow and promiscuous catal-
ysis means that Rubisco limits the e"ciency of light-saturated 
photosynthesis in the leaves of plants (Long et al., 2006). Many 
species compensate for poor kinetic performance by produc-
ing large quantities of Rubisco, representing a large nitrogen 
investment (Ellis, 1979). However, some organisms have inde-
pendently evolved CO2-concentrating mechanisms (CCMs) 
that limit oxygenation by elevating CO2 concentrations  
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at Rubisco active sites. These include biochemical CCMs such 
as C4 and crassulacean acid metabolism (CAM) photosynthesis, 
and biophysical CCMs such as carboxysomes and pyrenoids 
(for a review, see Meyer and Gri"ths, 2013).

Rubiscos can be classi!ed into three carboxylation-compe-
tent forms, Forms I–III (Tabita et al., 2008b), which exhibit 
divergent sequence and structure. All Rubisco forms probably 
derive from a common Form III ancestor, which was trans-
ferred via lateral gene transfer to a common ancestor of pro-
teobacteria and cyanobacteria (Tabita et al., 2008a). The Form 
III Rubiscos distributed in archaea scavenge toxic byproducts 
of metabolism (Sato et al., 2007), while Form II Rubiscos in 
proteobacteria and dino#agellates (Rowan et al., 1996; Badger 
and Bek, 2008) operate in the CBB cycle. Form I Rubiscos 
are the most abundant Rubisco form and comprise eight 
~50–52 kDa large subunits (LSus; rbcL or cbbL gene) and eight 
~15 kDa small subunits (SSus; RbcS or cbbS gene). Two active 
sites are formed at the interface of two LSus within an L2 Ru-
bisco dimer. Four L2 dimers form an octameric L8 core, which 
is then capped at each end by two SSu tetrads forming the 
~550 kDa L8S8 holoenzyme (Knight et al., 1990).

Signi!cant variation in Form I Rubisco catalysis exists in 
nature, with Rubisco variants from non-green algae possessing 
superior kinetic properties that could boost carbon assimila-
tion in chloroplasts (Whitney et al., 2001; Zhu et al., 2004). This 
sequence-distinguishable lineage of Rubiscos are often called 
‘red-type’ Rubiscos and are found in rhodophytes (Form ID), 
their symbionts: cryptophytes, haptophytes, and heterokonts 
(Form ID), and certain proteobacteria (Form IC), whereas 
‘green-type’ Rubiscos are distributed in terrestrial plants, chlo-
rophytes (Form IB), cyanobacteria (Form IA/IB), and some 
proteobacteria (Form IA) (Delwiche and Palmer, 1996). Red-
type, especially Form ID, Rubiscos break the canonical cata-
lytic trade-o% between kcat, C and SC/O observed for green-type 
Rubiscos (Young et al., 2016)—a trend previously used to jus-
tify claims that Rubisco catalysis has reached an evolutionary 
maximum and thus its kinetics cannot be further improved 
(Tcherkez et al., 2006). The extent of, and driving force be-
hind, these trade-o%s have recently been investigated (Flam-
holz et al., 2019; Bouvier et al., 2021; Tcherkez and Farquhar, 
2021), and red-type Rubiscos show that any catalytic trade-o%s 
are not universal, providing optimism that it may be possible to 
engineer catalytically enhanced crop Rubiscos.

Prior reviews and commentaries have provided detailed 
descriptions of speci!c aspects of red-type Rubisco functional 
divergence (Hanson, 2016; Raven and Giordano, 2017). Iñi-
guez et al. (2020) and Rickaby and Hubbard (2019) provide 
insightful interpretations of red-type Rubisco kinetic varia-
tion, especially in the context of environmental constraints. 
Discussions about SSu-mediated Form IC Rubisco biogenesis 
(Hauser et al., 2015) and the functional divergence of the acces-
sory proteins that maintain activated red- and green-type Ru-
bisco pools (Bhat et al., 2017) are especially useful to appreciate 
the requirements for optimal red-type Rubisco function in 

heterologous systems. Phylogenetic relationships between the 
red- and green-type Rubisco lineages have also been reviewed 
extensively (Tabita et al., 2007, 2008a, b; Liu et al., 2017). This 
review is aimed towards a holistic understanding as to how dif-
ferences in evolutionary history, sequence–structure–function, 
biogenesis and modulation between the red- and green-type 
Rubisco lineages present opportunities and/or challenges to 
confer red-like kinetics to green plants for increased crop pro-
duction.

The distribution of red-type Rubiscos and 
red plastids
The !rst plastid arose ~1.5 billion years ago via a primary endo-
symbiotic event where a eukaryotic cell engulfed a free-living 
cyanobacterium (for a review, see McFadden, 2001), before di-
vergence into Glaucocystophyta (microalgae), Chlorophyta (green 
algae), and Rhodophyta (red algae) plastid lineages (Fig. 1B). 
Subsequent endosymbiosis of chlorophytes and rhodophytes 
gave rise to the plethora of plastid lineages presently observed 
in photosynthetic eukaryotes. This monophyletic origin of 
plastids (Delwiche and Palmer, 1996; Delwiche, 1999) is sup-
ported by the organismal relationships observed in phyloge-
netic trees constructed using non-Rubisco-encoding genes, 
where rhodophytes and chlorophytes cluster distinctively from 
cyanobacteria and proteobacteria. However, LSu-based phy-
logenies demonstrate a clear distinction between red- (Form 
IC and ID) and green- (Form IA and IB) lineage Rubiscos 
(Delwiche and Palmer, 1996) (Fig. 1A). This is observed as 
chlorophyte Rubiscos were acquired during endosymbiosis, 
while Rubisco-encoding genes in eukaryotic red-type organ-
isms were acquired from a proteobacterium through horizontal 
gene transfer before the secondary endosymbiotic events (Iñi-
guez et al., 2020). Nonetheless, Rubisco LSus are highly con-
served, exhibiting ~80% amino acid identity within red and 
green lineages, and ~60% across lineages (Parry et al., 2003). 
Divergence in SSu sequences is more apparent, with ~50–60% 
sequence identity within each of the red and green lineages, 
but only ~30% identity observed across groups.

Red and green plastid environments 
provide opportunities for divergent 
evolution
Perhaps the most characteristic di%erence in plastid environ-
ments is that while rhodophytes have Chl a and phycobili-
proteins, chlorophytes contain Chl a and Chl b (Delwiche, 
1999; Cavalier-Smith, 2000). Secondary symbionts of red 
algae have Chl a, Chl c, and either phycobiliproteins or fuco-
xanthin (Falkowski et al., 2004). These pigment di%erences 
are the reason for use of the terms ‘red’ and ‘green’ when 
describing di%erent plastid lineages and, by extension, the 
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Rubisco they express. Plastid architecture distinctions are 
also present, with green lineage plastids containing stacked 
thylakoids. Red algal thylakoids are unstacked, but may be 

stacked in some of their secondary symbionts (Bisalputra 
and Bailey, 1973; Ford, 1984; Flori et al., 2017; Arshad et al., 
2021).

Fig. 1. Red- and green-type Rubisco distribution, plastid lineage, and gene locations. (A) LSu phylogenetic tree showing a clear distinction between 
the red- and green-type Rubisco lineages. Notably, Rubisco distribution is inconsistent with organismal relationships, with prokaryotic and eukaryotic 
autotrophs clustering together within each of the red and green lineages. This is consistent with horizontal gene transfer of Rubisco-encoding genes from 
the proteobacteria to the ancestor of red plastids. Phylogenetic analyses were performed in MEGA11 (Stecher et al., 2020; Tamura et al., 2021), using 
the Maximum Likelihood method and JTT matrix-based model (Jones et al., 1992), with elimination of all positions containing gaps. The percentages 
of replicate trees in which the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 
1985). Phylogenetic clusters of proteobacterial Form IC, eukaryotic Form ID, eukaryotic Form IB, and proteobacterial and cyanobacterial Form IA and 
Form IB Rubiscos are indicated by brown, red, green, and turquoise bars, respectively. (B) Plastid acquisition events that lead to the red and green 
plastid lineages. Primary endosymbiosis, where a cyanobacterium was engulfed by a eukaryotic host cell, led to the formation of three major extant 
clades, namely glaucophytes, chlorophytes (green algae), and rhodophytes (red algae). Green algae eventually give rise to land plants, while secondary 
red lineage symbionts such as cryptophytes, coccolithophores, and diatoms arose from endosymbiosis of a red alga. Red algal Rubisco-encoding 
genes were acquired by a horizontal gene transfer (HGT) event from a proteobacterium. Branch lengths are not to scale. (C) Generalized genome 
locations of Rubisco-related genes for bacterial, red lineage, green lineage, and β-cyanobacterial genomes. CbbLSXYZ, GroEL/ES, RbcLS/CbbX, and 
RbcLXS (RbcL–RbcX–RbcS) operons are found in bacterial, β-cyanobacterial, and red-plastid genomes. However, CbbX in red plastids is not always 
found downstream of the RbcLS operon. CbbR, RbcR, and ycf30 are generally located upstream of Rubisco-encoding genes. Only the Rubisco LSu-
encoding gene remains in the green plastid genome, while all other known Rubisco-related genes are located in the nucleus, including genes involved in 
Rubisco biogenesis (Cpn60α, Cpn60β, Cpn20, Raf1, Raf2, RbcX, and BSD2) and reactivation of inhibited Rubisco (RCA). These green nuclear genomes 
also encode multiple copies of RbcS. Note that Raf1, RbcX, and RCA are not always found in β-cyanobacterial genomes and glaucophyte gene 
arrangement(s) are excluded from this figure. Accession codes used for construction of the phylogenetic tree: Griffithsia monilis (ABU53651.1), Chondrus 
crispus (M5DDJ6), Galdieria partita (IBWV_A), Galdieria sulphuraria (AIG92599.1), Porphyridium purpureum (BAO23622.1), Thalassiosira antarctica 
(5MZ2_A), Ectocarpus siliculosus (P24313), Phaeodactylum tricornutum (ABK20641.1), Laminaria digitata (AGM75436.1), Emiliana huxleyi (Q4G3F4), 
Rhodobacter sphaeroides (5NV3_A), Xanthobacter flavus (P23011.1), Nitrosomonas marina (A0A1I0FH32), Cupriavidus necator (CAJ96184.1), 
Bradyrhizobium japonicum (GEC50337.1), Arabidopsis thaliana (5IU0_A), tobacco (NP_054507.1), Triticum aestivum (QBK83209.1), Sorghum bicolor 
(ABK79504.1), Zea mays (NP_043033.1), Chlamydomonas reinhardtii (1GK8_A), Chlorella vulgaris (NP_045897.1), Euglena gracilis (NP_041936.1), 
Dunaliella salina (ACS95083.1), Pyramimonas parkeae (ACJ71114.1), Synechococcus elongatus PCC 6301 (1RSC_A), Cyanobium gracile (K9P2B9), 
Halothiobacillus neapolitanus (1SVD_A), Rhodobacter capsulatus (AAC37141.1), and Allochromatium vinosum, (AAA23328.1).
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After the divergence of the red and green lineage plas-
tids, organisms underwent massive (30- to 40-fold) plastome 
reduction events, where protein-encoding genes in the 
plastome were lost because of functional redundancy or 
were transferred to the nuclear genome (Delwiche, 1999; 
Archibald and Keeling, 2002; Stegemann et al., 2003; Tim-
mis et al., 2004). Rhodophytes underwent substantially less 
plastome reduction and their plastomes presently contain 
roughly twice as many protein-coding genes as chlorophytes 
(Ohyama et al., 1986; Shinozaki et al., 1986; Reith and Mun-
holland, 1995). Thus, there is a di%erence in the genes that 
could potentially co-evolve in the red and green plastomes. 
A key example is that in rhodophytes, Rubisco- and putative 
chaperone-encoding genes were retained in the plastome 
and are co-transcribed as part of an operon, whereas in chlo-
rophytes, the genes encoding the Rubisco SSu and many 
chaperones were transferred to the nucleus (Zauner et al., 
2006) (Fig. 1C).

Gene duplication events in chlorophytes led to a nuclear-
encoded SSu multigene family, where distinct SSu isoforms 
are differentially expressed. As SSu content indirectly con-
trols LSu synthesis and total L8S8 pools (see Wietrzynski 
et al., 2021), differential SSu expression allows total Ru-

bisco pools in chlorophytes to vary in response to environ-
mental cues (Yoon et al., 2001; Khumsupan et al., 2020), 
and may also confer kinetic variability to the holoenzyme 
(Lin et al., 2020). Coding of green-type Rubisco genes in 
distinct subcellular locations necessitates an N-terminal 
transit peptide on SSu-encoding genes to target them to 
the chloroplast (Razzak et al., 2017), and bi-directional 
crosstalk between the plastid and nucleus to coordinate 
LSu and SSu expression (Nott et al., 2006; Koussevitzky 
et al., 2007; Zhang, 2007). In contrast, rhodophyte Ru-
bisco LSu and SSu stoichiometry is maintained by the cou-
pled transcription inherent to their operon arrangement, 
which may have allowed rhodophytes to avoid potential 
sequence–space limitations associated with coordinating 
LSu and SSu expression. Despite the possible constraints 
on green-type Rubisco evolution, the chlorophyte system 
may provide opportunities for more dynamic control of 
total Rubisco content and activity in chloroplasts. In ad-
dition to the plastome operon, the absence of introns and 
sequence repeats in red lineage plastomes (Oudet-Le-Secq 
et al., 2007) are consistent with eukaryotic red-type Rubis-
cos being acquired from a proteobacterium (Delwiche and 
Palmer, 1996).

Fig. 2. Sequence–structure alignment of red- and green-type Rubiscos. Structure-based sequence alignments are shown for (A) LSus and (B) SSus 
from eight Form ID (red algae, diatoms, cryptophytes, haptophytes, and pelagophytes), four Form IC proteobacteria, three Form IB (vascular plant, green 
alga, and β-cyanobacteria), and two Form IA (proteobacteria and α-cyanobacterial) Rubiscos. Secondary structural features of Rubisco SSus are labelled 
according to convention (Knight et al., 1990). Residue numbering for sequences and structural annotations (α, α-helix; η, 310-helix; β, β-strand; TT, tight 
β-turns) are relative to Thalassiosira antarctica Rubisco (5MZ2). Symbols at the bottom of sequences indicate residues contributing to the active site 
(blue triangles), the catalytic lysine residue (black star), and the red-type Rubisco latch residue (brown square). Post-translational modifications found in 
green-type (green circles), red-type (red circles), or both (yellow circle) are also indicated. Conserved N-terminal residues in Form IB eukaryotic Rubiscos 
and C-terminal residues in Form ID and IC Rubiscos that are threaded by Rubisco activase RCA and CbbX are marked with a green and orange dotted 
box, respectively. The alignment was created using the Rubisco accession numbers (LSu, SSu): T. antarctica, (5MZ2_A, 5MZ2_I), E. siliculosus (P24313, 
P24395), C. crispus (M5DDJ6, M5DD36), G. partita (1BWV_A, 1BWV_B), G. theta (P14957, P14957), N. gaditana (K9ZV74, A0A023PJK0), E. huxleyi 
(Q4G3F4, Q4G3F3), A. anophagefferens (C6KIP8, C6KIP9), R. sphaeroides (5NV3_A, 5NV3_B), C. necator (1BXN_A, 1BXN_B), M. alhagi (H0HRD0, 
H0HRD1), N. marina (A0A1I0FH32, A0A1I0FH45), A. thaliana (5IU0_A, 5IU0_C), C. reinhardtii (1GK8_A, 1GK8_E), S. elongatus PCC 6301 (1RSC_A, 
1RSC_B), H. neapolitanus (1SVD_A, 1SVD_B), and C. gracile (K9P2B9, K9P3U4). Alignments were performed using T-coffee (Expresso mode)  
(Di Tommaso et al., 2011), followed by manual curation of output files. Graphics were generated with ESPript (Robert and Gouet, 2014).
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Red-type Rubisco structural divergence
Red and green LSus: the same, but different

The Rubisco LSu N-terminal domain comprises a four-
stranded β-sheet and two α-helices, and the C-terminal do-
main forms a barrel containing eight βα units. The active site 
is formed by four residues from the N-terminal domain and 
six residues within the C-terminal domain of the adjacent LSu 
(Andersson and Backlund, 2008; Kannappan and Gready, 2008) 
(Fig. 2A). During catalysis, loop 6 closes over the active site, and 
is stabilized by interactions with LSu C-tail residues. Red-type 
Rubisco LSus exhibit structural divergence from other Ru-
bisco lineages. When loop 6 in red-type Rubisco is closed (i.e. 
Rubisco is in the closed state), a latch structure is formed by a 
H-bond between a highly conserved valine residue at the start 
of loop 6 and a glutamine residue in helix α7 (Okano et al., 
2002) (Fig. 2A). Modifying the highly conserved histidine in 
green-type Rubiscos at this position to glutamine enhances 
SC/O (Ninomiya et al., 2008). Further sequence–structural vari-
ation is found in certain Form IC Rubiscos, where a six amino 
acid insertion is found in the solvent-exposed βB–βC loop in 
the LSu N-terminal domain (Utåker et al., 2002; Umezawa 
et al., 2016) (Fig. 3A, B, and see Fig. 2A). The potential func-
tional in#uence of these loops is not known. This could be 
investigated by modifying these βB–βC loops via site-directed 
mutagenesis, and comparing characteristics such as kinetic per-
formance, folding capacity, and thermostability between het-
erogolously produced wild-type and modi!ed Rubiscos.

The red-type Rubisco SSu exhibits distinctive 
structure–function divergence

The canonical Rubisco SSu core structure consists of four-
stranded antiparallel β-sheets and two α-helices. Despite not 
contributing residues to, and being spatially separated from, the 
active site, the SSu exerts a catalytic in#uence on the Rubisco 
holoenzyme presumably via some long-range communication 
(van Lun et al., 2011). Alternatively, molecular dynamics simu-
lations suggest that the SSu could be important for channelling 
CO2 to the active site (van Lun et al., 2014). This SSu cata-
lytic in#uence has been demonstrated by a large number of 
studies using chimeric (Spreitzer et al., 2001, 2005; Spreitzer, 
2003; Karkehabadi et al., 2005; Genkov et al., 2010) or hybrid 
(Read and Tabita, 1992; Wang et al., 2001; Genkov and Spre-
itzer, 2009; Ishikawa et al., 2011; Zhang et al., 2011; Morita 
et al., 2014) Rubiscos. Red-type Rubisco SSus have a slightly 
shorter βA–βB loop, longer βC–βD loop, and shorter N-ter-
minus compared with green-type Rubiscos (Fig. 2B). How-
ever, green- and red-type SSus are readily distinguishable by 
one major structural feature present in only red-type Rubisco 
SSus—two extra β-sheets at the C-terminus known as the 
βE–βF hairpins (Figs 2B, 3A, D). Despite being formed from 
di%erent structural regions within the SSu, the βE–βF hairpins 
are considered to be equivalent to the green-type SSu βA–βB 

loops in terms of their relative position within the holoenzyme 
quaternary structure, lining the central solvent channel (Fig. 
3A, B). The red-type βE–βF hairpins form more extensive 
contacts with LSu residues in the central pore than their green 
counterparts (Hansen et al., 1999; Sugawara et al., 1999). More 
extensive H-bonding at Rubisco interfaces correlates with 
enhanced CO2 speci!city (van Lun et al., 2011). In addition to 
a pervasive in#uence on SC/O (Spreitzer, 2003; Spreitzer et al., 
2005; van Lun et al., 2011; Joshi et al., 2015), the βE–βF hair-
pins also play a role in Rubisco biogenesis. Transplanting the 
Rhodobacter sphaeroides (red-type) βE–βF hairpin sequence into 
Synechococcus PCC 6301 (green-type) Rubisco circumvents the 
assembly requirement for RbcX (Joshi et al., 2015), a molecular 
chaperone absent from species with red-type Rubiscos.

Past and future insights from structural data

Structural models of Rubisco from eight red-type and 10 
green-type species are available in the Protein Data Bank 
(PDB). Apart from the previously discussed structural varia-
tion, these Rubiscos exhibit strikingly similar structure. Minor 
structural alterations and small sample size cloud our under-
standing of additional catalysis-in#uencing structural variance 
between the red and green lineages, and especially between 
higher and lower performing red-type variants (i.e. those that 
exhibit higher/lower carboxylation e"ciencies). Few structures 
have been published of Rubisco in the open conformation 
(PDB: 1AUS, 3AXK, and 7JN4), as a ligand is often bound to 
Rubisco to stabilize #exible loops, allowing for tighter crystal 
packing or to reduce structural heterogeneity for cryoEM. Re-
cent advances in the ability to resolve distinct structural states 
in silico using cryoEM (Punjani and Fleet, 2021) may lead to 
an increase in the number of Rubisco structures in the open 
conformation and provide insight into dynamic di%erences be-
tween red- and green-type Rubiscos.

CryoEM structures of Rubisco LSus in complex with CCM 
components (PDB: 7JFO and 6HBC), molecular chaperones 
(PDB: 7VWX, 3ZQ1, 3ZPZ, 6LRR, 6SMH, 2WVW, 6Z1F, and 
6Z1G), and an L8S4 assembly intermediate (PDB: 6LRS) have 
recently become available. The single-particle nature of cryoEM, 
and increasing capabilities to resolve structural heterogeneity 
within datasets, provides a distinct advantage to capture more tran-
sient and low occupancy interactions than X-ray crystallography. 
Similar attention to red-type Rubisco subunits and their interac-
tion with known or putative interacting proteins during Rubisco 
biogenesis could provide insights into potential mechanistic and 
biogenesis di%erences between the red- and green-type Rubiscos.

Red-type Rubiscos break the functional 
mould
Eukaryotic red-type Rubiscos tend to have high SC/O with less 
of a trade-o% for kcat, C (Young et al., 2016; Flamholz et al., 2019). 
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This is the most encouraging feature of red-type Rubisco ki-
netics—they break the canonical catalytic trade-o%s reported for 
green-type Rubiscos, where an inverse relationship is observed 
between SC/O and kcat, C (Jordan and Ogren, 1983; Tcherkez 
et al., 2006; Tcherkez, 2013), suggesting that red-type Rubisco 
kinetics may be unconstrained (or perhaps less constrained) than 
those of green-type Rubiscos. However, it is worth noting that 
recent studies probe more deeply into the correlations observed 
between Rubisco’s kinetic parameters. The high degree of se-
quence–structure relatedness between Rubiscos within the 
green lineage (Figs 1A, 2) means that kinetic measurements 
might not be considered to be independent, and thus any ki-
netic trade-o%s observed for green-type Rubiscos may, at least in 
part, be a phylogenetic artefact (Bouvier et al., 2021). However, 
analyses from Tcherkez and Farquhar (2021) could indicate that 
Rubisco kinetics are primarily driven by photosynthetic condi-
tions. An additional study suggests that whilst the canonical kcat, 

C/SC/O trade-o% may be less strong than previously reported, 
both oxygenation and carboxylation Kcat/KM trade-o%s remain, 
kinetic variability is highly limited, and Rubisco evolution re-
mains mechanistically constrained (Flamholz et al., 2019). We are 
excited for further study and discourse on this topic and, re-
gardless, red-type Rubiscos remain kinetic outliers with impres-
sively high speci!city factors and decent catalytic turnover rates 
(Young et al., 2016; Flamholz et al., 2019).

Red-type Rubiscos also break the carbon isotope trends 
observed for green-type Rubiscos. Carbon !xation favours 
consuming 12C over the stable isotope 13C (von Caemmerer 
et al., 2014), and is utilized as an indicator to identify auto-
trophic organisms and predict biochemical carbon !xation 
pathways employed by di%erent organisms (Hanson et al., 
2014; Thomas et al., 2019). Carbon isotope discrimination dif-
ferences in vivo between organisms with red- and green-type 
Rubiscos re#ect di%erences in their respective cellular environ-
ments, which may be CCM related (Wilkes and Pearson, 2019) 
or artefacts of culturing conditions (Brandenburg et al., 2022). 
Carbon isotope discrimination in puri!ed Rubisco is postu-
lated to be a measure of the carboxylation transition state (car-
boxyketone) structure formed upon addition of CO2 to RuBP, 
with more and less product-like transition states forming in 
high SC/O and high kcat, C enzymes, respectively (Tcherkez et al., 
2006; Tommasi, 2021). Accordingly, Rubiscos with higher SC/O 
display larger 12C/13C isotope e%ects, exhibiting a linear pos-
itive relationship (Tcherkez et al., 2006). However, red-type 
Rubiscos break this green-type trend, with lower 12C/13C frac-
tionation relative to the Form IA and IB green-type Rubiscos 
(Boller et al., 2015; Thomas et al., 2019). This suggests that the 
red-type and green-type Rubiscos may di%erentially stabilize  

Rubisco reaction intermediates (for a review, see Iñiguez et al., 
2020). However, these trends could re#ect the phylogenetic 
constraints postulated by Bouvier et al. (2021). Further, carbon 
isotope discrimination values have only been reported for four 
red-type Rubiscos, and di%erences from study to study in the 
methodologies used for Rubisco kinetic measurements can 
weaken con!dence in such trade-o%s (Iñiguez et al., 2021). 
Thus, these trends should be interpreted cautiously.

Red-type Rubisco kinetics are desirable

The kinetic properties of red-type Form ID Rubiscos could 
provide opportunities to enhance photosynthetic carbon as-
similation (PCA) in crop plants. With few exceptions, red-
type Rubiscos exhibit much higher speci!cities than their 
green-type counterparts. Red algal Rubiscos exhibit speci-
!city factors of 129–238, compared with 26–101 measured 
for all green lineage Rubiscos (Flamholz et al., 2019; Table 1). 
Notably, CCM-less Form ID Rubiscos exhibit much higher 
speci!city factors (excluding Nannochloropsis sp. Rubisco: 
166.0–238.1), than eukaryotic Form IB green-type Rubiscos, 
regardless of presence (54.0–88.0) or absence (81.0–101.0) 
of a CCM (Table 1). A kcat, C of 1.2–2.6 s−1 observed for red 
algal Rubisco falls within the 0.9–14.4  s−1 range observed 
for green lineage Rubiscos (0.9–6.7 s−1 for those not housed 
within a CCM). While there are limited kinetic data for Ru-
bisco from brown algae, their kcat, C and KC values are com-
parable with those of red algae (Table 1; see Supplementary 
Table S1): Rubiscos from both red and brown algae have KC 
values (3.3–23.6 µM) comparable with those exhibited by 
terrestrial plants (7.0–22.9 µM). Similarly, coccolithophorid 
Rubisco kinetics resemble those from diatoms. Wildly dif-
ferent kinetic properties were reported for the two micro-
algal ochrophytes Nannochloropsis sp. and Olisthodiscus luteus, 
which could represent the extensive diversity within this 
large phylum whose phylogeny is still under construction 
(see, for example, Barcytė et al., 2021). Despite the high spec-
i!city values for certain red-type Rubiscos, it is carboxyla-
tion e"ciency (kcat, C/KC

air) improvements that are required 
to boost PCA in the context of the relatively low CO2 par-
tial pressures in C3 chloroplasts (Whitney and Andrews, 2001; 
Andrews and Whitney, 2003). Excitingly, one red algal iso-
form, from Gri!thsia monilis, has a superior carboxylation ef-
!ciency (206  s−1 mM−1) compared with Rubisco from C3 
plants (122–138 s−1 mM−1). Modelling (Farquhar et al., 1980) 
indicates that G. monilis Rubisco has the potential to boost 
PCA if transplanted into C3 chloroplasts by as much as 30% 
(Whitney et al., 2001; Zhu et al., 2004) (Table 1).

Fig. 3. Key structural differences between red- and green-type Rubiscos. Top view of the (A) red-type Rubisco from Thalassiosira antarctica, and (B) 
green-type Rubisco from Arabidopsis thaliana, showing differences in SSu (green/red) loops packing against LSu cores (in greys). Inset views show 
the respective hairpin structures at the interface of two LSu dimers. Location of sequence insertions in the βB–βC loops of certain proteobacterial 
red Rubiscos are indicated. Superpositions of Rubisco (C) LSus and (D) SSus, with subunits from a diatom (T. antarctica), red alga (Galdieria partita), 
proteobacterial red-type (Rhodobacter sphaeroides), and green-type (A. thaliana) Rubisco shown in red, pink, yellow, and green, respectively. In (C), the 
inset highlights ligand bound at the active site (spheres), the catalytic loop 6 (ribbon), and the red latch residue (stick). Images were created in the PyMOL 
Molecular Graphics System (v.1.7.4, Schrödinger), using the PDB coordinates 5IU0, 5MZ2, 1BWV, and 5NV3 for Rubisco from A. thaliana, T. antarctica, 
G. partita, and R. sphaeroides, respectively. D
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Table 1. Comparison of Rubisco kinetics from red- and green-type Rubisco lineages 

Clade/
phylum 

Common 
names 

Form CCM Organism kcat, C KC SC/O kcat, O/KO kcat, C/KC
air Reference 

s−1 µM – s−1 
mM−1

s−1 
mM−1

Rhodophyta Redmac-
roalgae

ID – Griffithsia monilis 2.6 9.3 167.0 1.7 206 Whitney et 
al. (2001)

ID – Phycodrys rubens 1.8 18.9 Iñiguez et al. 
(2019)

ID – Ptilota gunneri 1.6 14.4 Iñiguez et al. 
(2019)

ID + Devaleraea ramen-
tacea

2.6 17.5 Iñiguez et al. 
(2019)

ID + Palmaria palmata 2.1 15.9 Iñiguez et al. 
(2019)

ID + Palmaria decipiens 2.4 17.4 Iñiguez et al. 
(2019)

Red micro-
algae

ID – Galdieria sulphuraria 1.2 3.3 166.0 2.2 218 Whitney et 
al. (2001)

ID – Galdieria partitia 1.6 6.6 238.1 1.0 Uemura et 
al. (1997)

ID - Cyanidium caldarium 1.3 6.7 224.6 0.9 Uemura et 
al. (1997)

ID + Porphyridium pur-
pureum

1.4 22.0 143.5 0.5 Uemura et 
al. (1997)

ID + Porphyridium 
cruentum

1.6 22.0 128.8 0.6 Read and 
Tabita (1994)

Ochrophyta Brown-
macroal-
gae

ID + Alaria esculenta 2.1 23.6 Iñiguez et al. 
(2019)

ID + Desmarestia acu-
leata

1.4 13.3 Iñiguez et al. 
(2019)

ID + Laminaria solidun-
gula

1.6 18.5 Iñiguez et al. 
(2019)

ID + Laminaria digitata 1.4 17.0 Iñiguez et al. 
(2019)

ID + Saccharina latissima 1.8 19.4 Iñiguez et al. 
(2019)

ID + Himantothallus 
grandifolius

2.1 18.1 Iñiguez et al. 
(2019)

– ID + Nannochloropsis sp. 1.0* 7.0 27.0 4.6 Tchernov et 
al. (2008)

– ID ? Olisthodiscus luteus 0.8 59.0 100.5 0.2 Read and 
Tabita (1994)

Diatom ID + Cylindrotheca N1 0.8 31.0 105.6 0.3 Read and 
Tabita (1994)

ID + Cylindrotheca  
fusiformis

2.0 36.0 110.8 0.4 Read and 
Tabita (1994)

ID + Phaeodactylum 
tricornutum

3.4 27.9 113.0 1.1 Whitney et 
al. (2001)

ID + Thalassiosira weiss-
flogii CCMP 1336

3.2 65.0 79.0 0.6 44 Young et al. 
(2016)

ID + Thalassiosira oce-
ania CS-427

2.4 65.0 80.0 0.4 29 Young et al. 
(2016)

ID + Skeletonema marinoi 
CCMP 1332

3.2 68.0 36 Young et al. 
(2016)

ID + Chaetoceros calci-
trans CCMP 1315

2.6 25.0 57.0 1.9 63 Young et al. 
(2016)
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Clade/
phylum 

Common 
names 

Form CCM Organism kcat, C KC SC/O kcat, O/KO kcat, C/KC
air Reference 

s−1 µM – s−1 
mM−1

s−1 
mM−1

ID + Chaetoceros muelleri 
CCMP 1316

2.4 23.0 96.0 1.2 65 Young et al. 
(2016)

ID + Chaetoceros calci-
trans CS-178

3.4 31.0 75.0 1.4 72 Young et al. 
(2016)

ID + Bellerochea cf. horo-
logicalis CS-874/01

2.1 50.0 31 Young et al. 
(2016)

ID + Phaeodactylum 
tricornutum UTEX 
642

3.2 36.0 108.0 0.8 62 Young et al. 
(2016)

ID + Phaeodactylum 
tricornutum CS-29

3.3 41.0 116.0 0.8 58 Young et al. 
(2016)

ID + Fragilariopsis cylin-
drus CCMP 1102

3.5 64.0 77.0 0.7 40 Young et al. 
(2016)

ID + Cylindrotheca fusi-
formis CS-13

3.7 79.0 Young et al. 
(2016)

ID + Thalassiosira hyalina 4.1* 50.0 99.0 0.9 Valegård et 
al. (2018)

ID + Bacterosira 
bathyomphala

4.6* 81.0 87.0 0.7 Valegård et 
al. (2018)

ID + Skeletonema marinoi 4.6* 48.0 96.0 1.0 Valegård et 
al. (2018)

ID + Thalassiosira nor-
denskioeldii

4.7* 122.0 82.0 0.5 Valegård et 
al. (2018)

ID + Thalassiosira ant-
arctica

3.7* 93.0 90.0 0.5 Valegård et 
al. (2018)

ID + Fragilariopsis cyl-
indrus

0.39 (3 °C) 50.0 Young et al. 
(2015)

Haptista/Hap-
tophyta

Coccolith-
ophorid

ID + Pleurochrysis 
carterae

3.3 17.7 102.0 1.9 108 Heureux et 
al. (2017)

– ID + Tisochrysis lutea 2.2 24.1 89.0 1.0 68 Heureux et 
al. (2017)

– ID ? Pavlova lutheri 2.5 14.5 125.0 1.4 140 Heureux et 
al. (2017)

Proteobacteria Alpha-pro-
teobacteria

IC – Rhodobacter 
sphaeroides

3.7 59.7 58.4 0.8 54 Gunn et al. 
(2020)

Beta-pro-
teobacteria

IC – Cupriavidus necator 2.1 50.2 74.0 0.6 Lee et al. 
(1991)

Nitrogen 
fixing

IC – Bradyrhizobium 
japonicum

2.2 50.2 74.8 0.6 Horken 
and Tabita 
(1999a)

IC – Xanthobacter flavus 1.4 76.1 44.4 0.4 Horken 
and Tabita 
(1999a)

Cyanobacteria Cyanobac-
teria

IB + Synechococcus 
elongatus PCC 6301

9.8 152.0 50.3 1.3 53 Shih et al. 
(2016)

IB + Synechococcus sp. 
PCC 7002

8.6* 119.0 43.3 1.7 Ninomiya et 
al. (2008)

IB + Synechocystis PCC 
6803

14.3 53 Marcus et al. 
(2011)

IA + Prochlorococcus 
marinus MIT 9313

6.6 309.0 59.9 0.6 18 Shih et al. 
(2016)

Proteobacteria – IA ? Allochromatium 
vinosum

6.7 37.0 41.0 4.4 Jordan 
and Chollet 
(1985)

Table 1. Continued
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Do red-type Rubiscos exhibit reduced oxygen 
sensitivity?

Red-type Rubiscos might exhibit somewhat reduced O2 
sensitivity compared with green-type Rubiscos. Eukaryotic  

red-type Rubiscos (Form ID) exhibit higher KO values (360–
2000 µM), and thus tend to have lower a"nity for oxygen than 
eukaryotic green-type Rubiscos (170–660 µM; Table 1). No 
clear trend exists for kcat, O between the red- and green-type  

Clade/
phylum 

Common 
names 

Form CCM Organism kcat, C KC SC/O kcat, O/KO kcat, C/KC
air Reference 

s−1 µM – s−1 
mM−1

s−1 
mM−1

– IA + Hydrogenovibrio 
marinus
(carboxysome op-
eron CbbL2S2)

2.0 38.4 Hayashi et 
al. (1998)

– IA – Hydrogenovibrio 
marinus
(operon CbbL1S1)

0.9 30.9 Hayashi et 
al. (1998)

– IA – Rhodobacter cap-
sulatus

2.5 22.1 25.9 4.5 Horken 
and Tabita 
(1999b)

– IA – Thiobacillus denitri-
ficans

1.4 105.0 53.4 0.2 Hernandez 
et al. (1996)

Streptophyta 
C3 plants

Tobacco IB – Nicotiana tabacum 3.1 9.7 82.0 3.9 138 Whitney et 
al. (2015)

Arabidop-
sis

IB – Arabidopsis thaliana 3.0 9.8 80.0 3.8 125 Whitney et 
al. (2015)

– IB – Flaveria pringlei 3.5 13.7 81.0 2.7 Whitney et 
al. (2011)

Wheat IB – Triticum aestivum 3.0 10.9 100.0 2.6 Carmo-Silva 
et al. (2010)

Rice IB – Oryza sativa ssp. 
Indica

2.2 7.0 101.0 2.6 122 Orr et al. 
(2016)

Streptophyta 
C4 plants

– IB + Flaveria bidentis 4.8 20.4 81.0 2.9 Whitney et 
al. (2011)

Sorghum IB + Sorghum bicolor 5.8 22.9 175 Sharwood et 
al. (2016a)

Maize IB + Zea mays 5.5 18.9 88.0 2.0 177 Sharwood et 
al. (2016a)

Lawngrass IB + Zoysia japonica 4.4 18.5 84.1 2.8 Carmo-Silva 
et al. (2010)

Grass IB + Setaria viridis 5.9 18.1 72.7 4.4 231 Sharwood et 
al. (2016b)

Chlorophyta Green 
algae

IB + Chlamydomonas 
reinhardtii

1.8* 30.0 64.0 1.0 Zhu and 
Spreitzer 
(1994)

IB + Chlamydomonas 
reinhardtii

2.3* 35.0 63.0 1.0 Spreitzer et 
al. (2005)

IB + Scenedesmus 
obliquus

38.0 63.0 Savir et al. 
(2010)

IB – Coccomyxasp. 11.9 82.9 Palmqvist et 
al. (1995)

Discoba IB + Euglena gracilis 25.0 54.0 Savir et al. 
(2010)

Measurements of catalytic constants for substrate-saturated rates of carboxylation (kcat, C), specificity for CO2 over O2 (SC/O) [i.e. (kcat, C×KO)/(kcat, O×KC)], 
carboxylation efficiency (kcat, C/KC

air), and oxygenation efficiency kcat, O/KO were collected or calculated from published data. Values of kcat, C calculated 
using the molecular weight of the specific Rubisco, estimated from LSu and SSu UniProt sequences, are denoted by an asterisk. All available kinetic 
values are included from red-type Rubiscos. Selected representatives from green-type Rubisco lineages are included for comparison. See Supplementary 
Table S1 for references and the full table including available kinetic measurements for kcat, C/KC, Michaelis–Menten constants for CO2 (KC) and O2 (KO), and 
CO2 under atmospheric oxygen (KC

air), and substrate-saturated rates of oxygenation (kcat, O).

Table 1. Continued
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Rubiscos. In general, this parameter is under-reported and 
often calculated from other kinetic parameters rather than 
being directly measured. However, red-type Rubiscos tend 
to exhibit lower oxygenation e"ciencies (kcat, O/KO) (Table 
1; see Supplementary Table S1). Excluding the suspiciously 
high value reported for Nannochloropsis sp. Rubisco, all plas-
tid-evolved red-type Rubiscos have oxygenation e"cien-
cies of 0.2–2.2  s−1 mM−1, while Rubiscos from C3 and C4 
plants exhibit kcat, O/KO values between 2.0  s−1 mM−1 and 
3.9  s−1 mM−1. This lower red-type Rubisco oxygen sensi-
tivity extends to Form IC Rubiscos with oxygenation e"-
ciencies in the range of 0.4–0.8 s−1 mM−1. At the whole-cell 
level, non-green algae have lower rates of light-dependent 
O2 consumption than green algae and C3 plants under both 
CO2-limiting and saturating conditions (Badger et al., 1998). 
While Rubisco is not the only factor contributing to light-
dependent O2 evolution (e.g. photoreduction), these obser-
vations are consistent with the lower oxygen sensitivity 
measured for red-type Rubiscos (Table 1). It is proposed that 
the βE–βF SSu hairpins could reduce oxygenation transi-
tion state stability or increase the activation energy for the 
Rubisco oxygenation reaction (Shibata et al., 1996; Uemura 
et al., 1997). Form IC Rubiscos exhibit higher SC/O values 
than Form IA and IB cyanobacterial Rubiscos (Iñiguez et al., 
2020), and higher speci!city than and comparable catalytic 
turnover rates with Form IA proteobacterial Rubisco (Table 
1). All Form IC kinetics fall within the range of measured 
values for diatoms. These trends could support the idea that 
the ancestral red-type Rubisco exhibited high speci!city for 
CO2, compared with the green-type Rubisco progenitor. 
However, prokaryotic green-type Rubiscos tend to exhibit 
higher values for KO and lower oxygenation e"ciencies than 
eukaryotic green-type Rubiscos, and thus it could be that 
these oxygenation kinetic di%erences re#ect CCM e"ciency.

Red-type Rubisco adaption or maladaption to 
environmental conditions

It has been proposed that all Rubiscos have optimized their 
kinetic properties to adapt to their gaseous environment 
(Tcherkez et al., 2006). For example, Rubiscos in environments 
enriched in CO2 tend to have higher kcat, C o%set by lower 
SC/O and CO2 a"nity (i.e. a higher KC), which is especially 
apparent when comparing C3 and C4 species (Christin et al., 
2008) (Table 1). These o%sets are possible, without detriment 
to organism PCA and growth, because of relaxed evolutionary 
constraints on SC/O and KC as a consequence of the CCM 
strategies employed by these organisms (Price et al., 2008).

Non-green algae from hot environments (i.e. thermal springs) 
have higher SC/O values than red algae from more temperate 
environments, which is advantageous for carbon !xation as the 
relative solubility of CO2 decreases compared with O2 with 
increasing temperatures (Smith, 1928) (Table 1). Diatom Rubis-
cos have also clearly adapted to their pyrenoid environment,  

with a reduction in SC/O and increase in kcat, C compared with 
eukaryotic red-type Rubiscos that lack any form of CCM. 
However, their Rubiscos do not show a positive relationship 
between kcat, C and KC, which again highlights that red-type 
Rubiscos do not conform to the kinetic rules written by green-
type Rubiscos. Overall, the vast majority of assayed diatom 
Rubiscos exhibit SC/O values higher than cyanobacteria and C4 
species. Most diatom Rubiscos also retain higher CO2 speci-
!city than Rubiscos found in the CCM-lacking C3 chloroplast.

A striking adaptation outlier is the anoxygenic phototroph 
Rhodobacter sphaeroides (Imho% et al., 2018) that expresses vir-
tually no Rubisco under aerobic conditions (Zhu and Kaplan, 
1985; Jouanneau and Tabita, 1986). Despite operating under 
anaerobic conditions, R. sphaeroides Rubisco exhibits low ox-
ygenation e"ciency (Table 1). However, interpretation of the 
evolutionary implications of R. sphaeroides Rubisco’s low sen-
sitivity to oxygen is limited by data availability, which could be 
resolved by a more extensive catalytic survey of proteobacte-
rial red-type Rubiscos. Complete and wide kinetic analyses are 
important to observe and interpret key kinetic trends across 
and within lineages, and how these functional trends might re-
late to Rubisco sequence–structure. Di%erences in assay condi-
tions between di%erent studies also pose a signi!cant challenge 
to the ability to draw meaningful conclusions about Rubisco 
structure–function trends (see Iñiguez et al., 2021).

Red-type Rubisco biogenesis
Transcription

Transcription of the cbb operon in proteobacteria (Form IA 
and Form IC) is primarily controlled by the LysR-type tran-
scriptional regulator (for a review, see Maddocks and Oyston, 
2008), CbbR. In cyanobacteria, the Rubisco operon and car-
boxysomal genes (Price et al., 2008) are regulated by RbcR. 
The eukaryotic RbcR homologue, called Ycf30, is encoded 
in the plastome of organisms with Form ID Rubisco (Minoda 
et al., 2010). CbbR, RbcR, and Ycf30 are generally located up-
stream of the rbcLS operon (Fig. 1C). Notably, Ycf30 is of cya-
nobacterial origin and not a remnant of primary or secondary 
endosymbiotic events (Maier et al., 2000). While there is var-
iability in the speci!c metabolite e%ectors for CbbR, RbcR, 
and Ycf30 from di%erent organisms, they are very generally 
controlled by light and CO2 concentration (van Keulen et al., 
1998; Grzeszik et al., 2000; Dubbs et al., 2004; Nishimura et al., 
2008; Minoda et al., 2010). Cognate transcriptional regulators 
do not limit eukaryotic (Whitney et al., 2001; Lin and Hanson, 
2018) or proteobacterial (Joshi et al., 2015; Gunn et al., 2020) 
red-type Rubisco in heterologous systems.

However, a deeper appreciation of the green transcriptional 
regulatory system (Atkinson et al., 2017; Khumsupan et al., 
2020) might be more appropriate for engineering approaches, 
allowing us to hack the existing regulatory systems relevant to 
the CO2-!xing needs of the host system.
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Table 2. Rubisco post-translational modifications

Lineage Rubisco 
form 

Species PDB code(s) Resolution(s) (Å) LSu PTMs—residue 
number  

Red-type Red algae ID Galdiera partitia 1BWV, 1IWA 2.40, 2.60 nd.
ID Galdieria sulphuraria 4F0H, 4F0M, 4F0K 1.96, 2.25, 2.05 CYS to SNC—181 (176)

CYS to SNC—460 (457)
Diatom ID Chaetoceros socialis 5OYA 1.80 PRO to HYP—48 (48)

CYS to CSO—109 (109)
LYS to LOH—150 (150)
PRO to HYP—155 (155)
LEU to HL2— 174 (174)
LYS to M3L—346 (346)
CYS to SNC—457 (457)

ID Skeletonema marinoi 6FTL 2.60 Not modelled—109 (109)
LYS to LOH—150 (150)
PRO to HYP—155 (155)
LEU to HLU—174 (174)
LYS to LYO—198 (198)
LYS to M3L—346 (346)
Not modelled—457 (457)

ID Thalassiosira antarctica var. 
borealis

5MZ2 1.90 PRO to HYP—48 (48)
CYS to CSO—109 (109)
LYS to LYO—150 (150)
PRO to HYP—155 (155)
LEU to HLU—174 (174)
LYS to LYO—198 (198)
LYS to M3L— 346 (346)
Not modelled—457 (457)

ID Thalassiosira hyalina 5N9Z 1.90 PRO to HYP—48 (48)
CYS to CSO—109 (109)
LYS to 8RE—150 (150)
PRO to HYP—155 (155)
LEU to HLU—174 (174)
LYS to LYO—198 (198)
LYS to M3L—346 (346)
Not modelled—457 (457)

Proteobac-
teria

IC Cupriavidus necator 1BXN 2.70 nd
IC Rhodobacter sphaeroides 5NV3 3.39 nd

Green-type Vascular 
plant

IB Arabidopsis thaliana 5IU0 1.50 nd

IB Nicotiana tabacum 1EJ7, 3RUB, 1RLD, 1RLC, 
4RUB

2.45, 2.00, 2.50, 2.70, 
2.70

nd

IB Oryza sativa 3AXM, 6KYI, 1WDD, 3AXK 1.65, 1.75, 1.35, 1.90 nd
IB Pisum sativum 4HHH, 4MKV 2.20, 2.15 nd
IB Spinacia oleracea 8RUC, 1IR1, 1UPP, 1UPM, 

1AA1, 1RXO, 1RCX, 1RCO, 
1RBO, 1AUS

1.60, 1.80, 2.30, 2.30, 
2.20, 2.20, 2.40, 2.30, 
2.30, 2.20

nd

IB Triticum aestivum 5WSK 1.78 nd
Green algae IB Chlamydomonas reinhardtii 1GK8, 7JN4, 1IR2 1.40, 2.68, 1.84 PRO to HYP—104 (108)

PRO to HYP—151 (155)
CYS to SMC—256 (260)
CYS to SMC—369 (372)

Cyanobac-
teria

IB Synechococcus elongatus 
PCC 6301

1RSC, 1RBL 2.30, 2.20 nd

IB Thermosynechococcus elon-
gatus BP-1

2YBV, 3ZXW 2.30, 2.10 nd

Post-translational modifications (PTMs) of large subunit residues identified in Form I red and green lineage Rubiscos from X-ray crystallographic and 
CryoEM data deposited in the Protein Data Bank (PDB). The nature and position of PTMs are indicated, with residue numbering in parentheses indicating 
the equivalent residue numbering in Thalassiosira antarctica Rubisco (PDB: 5MZ2, also see Fig. 2A). PTM abbreviations: SNC, S-nitroso-cysteine; HYP, 
4-hydroxyproline; CSO, S-hydroxycysteine; LOH, 3,4-dihydroxylysine; HL2, (2S,3R)-2-amino-3-hydroxy-4-methylpentanoic acid; M3L, N-trimethyllysine; 
HLU, beta-hydroxyleucine; LYO, 4-hydroxylysine; 8RE, 3,4-hydroxylysine; SMC, S-methylcysteine; nd, not detected. The carbamylated catalytic lysine 
present in activated Rubisco across all lineages (lysine carboxylic acid; KCX) is intentionally excluded
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Unique post-translational modifications

Post-translational modi!cations (PTMs) can in#uence Rubisco 
stability, structure, and activity (Apel et al., 2010), a number 
of which have been identi!ed from interpretation of electron 
density in crystallographic data (Table 2; Fig. 2A). Valegård 
et al. (2018) published the !rst four diatom Rubisco struc-
tures revealing extensive LSu PTMs compared with green-
type Rubiscos. Hydroxylation of buried residues (48, 155, 
174, and 198, numbered relative to the Thalassiosira antarctica 
sequence, Fig. 2A), including N-terminal domain residues at 
the dimer–dimer interface (109 and 150) probably contribute 
to holoenzyme stability. Residue 155 is also hydroxylated in 
Chlamydomonas reinhardtii, but no hydroxylation modi!ca-
tions are observed in any other green-type Rubisco structure. 
Solvent-exposed PTMs in diatom structures include a tri-
methylated Lys346 close to loop 6 and a nitrosylated Cys457. 
Nitrosylated cysteines are also observed in Galdieria sulphuraria 
Rubisco at residues 176 and 457. Cysteine is highly conserved 
in red-type Rubiscos at residue 457, and in all green lineage 
Rubiscos at position 176. Nitrosylation can attenuate Ru-
bisco activity in red algae and higher plants (Abat and Deswal, 
2009; Stec, 2012) (Fig. 2A), and hints at the involvement of 
nitric oxide signalling in redox regulation of red-type Rubisco. 
While these cysteine PTMs are not observed in the green lin-
eage, disul!de bonds between highly conserved cysteine resi-
dues, including residue 176, protect Rubisco from oxidative 
and/or salt stress in land plants and green algae (Mehta et al., 
1992; Marcus et al., 2003; Li et al., 2004; Moreno et al., 2008). 
Disul!de bonds in the green lineage and nitrosylation in the 
red lineage at equivalent LSu cysteine positions suggest that 
the red lineage may similarly use these cysteines (albeit through 
a di%erent mechanism) to protect against stress and/or regu-
late Rubisco activity. Di%erences in the occupancy (or indeed 
absence) of PTMs at equivalent amino acid residues between 
the diatom and non-green algal Rubisco structures could per-
haps be explained by cautious interpretation of lower resolu-
tion structural data, represent divergence between species, or 
re#ect variation in di%erences in the environmental conditions 
in which the diatoms were harvested. In a similar vein, all avail-
able diatom Rubisco structures are derived from Arctic species, 
and thus analyses of diatoms from more diverse environments 
are required to determine if these PTMs are broadly observed 
across all diatom species.

PTMs located on N-terminal LSu residues are usually not 
observed by structural methods, because the !rst residues are 
often missing from Rubisco LSu density, and these have thus 
far been identi!ed using analytical approaches. N-terminal 
PTMs are highly conserved in chloroplast Rubiscos where 
they are, more speci!cally, co-translational modi!cations (for 
a review, see Houtz et al., 2008). These PTMs include defor-
mylation of Met1, peptidase removal of Met1 and Ser2, acet-
ylation of Pro3, and often trimethylation of Lys14 (tobacco 
Rubisco numbering), and may protect Rubisco from proteol-
ysis (Apel et al., 2010). Additional N-terminal PTMs might be 

present in red-type Rubiscos that have not yet been detected. 
Indeed N-terminal blocking of Edman sequencing of P. tricor-
nutum and G. sulphuraria Rubisco LSus (Whitney et al., 2001) 
suggests that this might be the case.

Folding and assembly

The LSu interacts with a series of chaperones, both during 
and after translation, within the plastid stroma. These include 
homologues of Hsp70, DnaJ, and GrpE (Goloubino% et al., 
1989; Liu et al., 2010; Hartl et al., 2011), which notably do 
not limit the assembly of green-type Rubisco in Escherichia 
coli (Aigner et al., 2017; Lin et al., 2020). LSus subsequently 
associate with chaperonin folding cages: the GroEL/GroES 
chaperonin complex in prokaryotes, and the Cpn60/Cpn10 
or Cpn60/Cpn20 complex in eukaryotes (Hartl et al., 2011). 
Eukaryotic green-type Rubiscos additionally require a suite 
of assembly factors—Raf1, Raf2, RbcX, and BDS2 that sta-
bilize LSu intermediates before SSu binding to the L8 core 
(Liu et al., 2010; Feiz et al., 2012; Aigner et al., 2017). Homo-
logues of these chaperones are not found in organisms express-
ing red-type Rubiscos. The ability of red-type Rubisco βE–βF 
hairpins to supplant the function of RbcX has been estab-
lished using hairpin sequences from R. sphaeroides Rubisco 
(Form IC), which can assemble in E. coli and tobacco without 
the need for additional chaperones (Joshi et al., 2015; Gunn 
et al., 2020). However, attempts at heterologous expression of 
Form ID Rubiscos have thus far failed, indicating that addi-
tional chaperones are required for assembly, and are a major 
factor limiting the functional expression of eukaryotic red-
type Rubiscos in chloroplasts (Whitney et al., 2001; Lin and 
Hanson, 2018).

Red-type Rubisco activation
CbbX keeps Red-type Rubisco active

Rubisco activity is regulated by nuclear-encoded metabolic re-
pair proteins, called Rubisco activase (RCA) in higher plants 
and β-cyanobacteria, that keep Rubisco in its active state by 
removing inhibitory sugar phosphates that can bind the Ru-
bisco active site (for a review, see Bhat et al., 2017). Organisms 
with a red-type Rubisco have a similar, but distinct, Rubisco 
activase protein called CbbX. RCA and CbbX are both mem-
bers of the AAA+ protein family and thus require ATP for 
activity (for a review, see Houtz and Portis, 2003). A number of 
protein structures of RCA, CbbX, and Rubisco–RCA com-
plexes have contributed to our understanding of activase func-
tion (Henderson et al., 2011; Mueller-Cajar et al., 2011; Stotz 
et al., 2011; Hasse et al., 2015; Flecken et al., 2020; Tsai et al., 
2020). Functional RCA and CbbX both adopt a hexameric 
ring structure (Blayney et al., 2011; Mueller-Cajar et al., 2011; 
Stotz et al., 2011). However, RCA and CbbX often adopt an 
oligomeric helical conformation in crystal structures, and in 
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solution, which may represent a storage form (Mueller-Cajar 
et al., 2011; Serban et al., 2018). Unlike RCA, prokaryotic 
CbbX function is under allosteric control by RuBP (Stotz 
et al., 2011). In eukaryotic CbbX, RuBP enhances ATP hy-
drolysis, rather than providing allosteric control (Loganathan 
et al., 2016). In the presence of ATP, RCA exists as a hexamer 
(Keown and Pearce, 2014), whereas prokaryotic CbbX requires 
both ATP and RuBP to adopt this functional conformation 
(Mueller-Cajar et al., 2011).

Rubisco activases interact with the Rubisco LSu by threading 
terminal LSu residues through the pore of hexameric RCA or 
CbbX. By tugging on the LSu, these activases interfere with 
the conformation of the inhibited Rubisco complex, allowing 
the release of inhibitors from the active site (for a review, see 
Bhat et al., 2017). While both RCA and CbbX perform the 
same function, the mechanism and interactions with their re-
spective Rubiscos are distinct. CbbX interacts with a conserved 
#exible C-tail extension in red-type Rubisco LSus to invoke 
inhibitor release (Mueller-Cajar et al., 2011; Loganathan et al., 
2016) (Fig. 2A). In contrast RCA interacts with the conserved 
green-type Rubisco N-terminal LSu residues, resulting in a 
cascade e%ect that disrupts loop 6 closed over the inhibitory 
sugar in the active site (Flecken et al., 2020; Ng et al., 2020).

While CbbXs in prokaryotic and eukaryotic red-type 
Rubisco-containing species are related, CbbX is also widely 
distributed across α-cyanobacterial species and found in tandem 
with RCA in certain β-cyanobacteria (Zarzycki et al., 2013) 
(Fig. 1C). It is likely that eukaryotic CbbX is of proteobacterial 
origin and was transferred to red lineage plastids concomi-
tantly with the horizontal gene transfer of cbbLS (Maier et al., 
2000). In red algae and cryptophytes, CbbX is located down-
stream of Rubisco-encoding genes, in the rbcLS operon (Reith 
and Munholland, 1995; Ohta et al., 1997; Douglas and Penny, 
1999), while in heterokonts and diatoms, CbbX is located dis-
tantly from the Rubisco-encoding genes in the plastid (Kow-
allik et al., 2007). Higher plants code for two RCA isoforms, 
which exhibit distinct ATP and temperature responses, and 
can form heterooligomers (for a review, see Carmo-Silva et al., 
2015). Red lineage eukaryotes have similarly undergone a 
gene duplication event, resulting in both a nuclear and a plastid 
copy, both of which may be necessary for maximal activation 
(Maier et al., 2000). Overexpressing nuclear-encoded CbbX 
boosts photosynthesis in the non-green algal species Nanno-
chloropsis oceanica (Wei et al., 2017). In Cyanidioschyzon merolae 
(a red alga), both plastid and nuclear CbbX copies are required 
for functionality, forming a heterooligomeric complex in 1:1 
stoichiometry (Loganathan et al., 2016).

CbbX activity in chloroplasts

A larger percentage of the total R. sphaeroides Form IC Rubisco 
pool is activated (i.e. has no inhibitory ligand bound at the ac-
tive site) under elevated CO2 conditions in chloroplasts (Gunn 
et al., 2020). This trend is observed regardless of the presence 

or absence of its cognate CbbX, albeit with higher activation 
in the presence of CbbX. This is in stark contrast to higher 
plant Rubiscos whose activation status decreases with increas-
ing CO2, which may be a response to a reduction in electron 
transport products and/or related changes in pH across the 
thylakoid membrane (Whitney et al., 1999). These opposing 
trends could represent di%erences in ATPase capacity between 
RCA and CbbX. However, because this trend is observed in 
both the presence and absence of CbbX, and because red-type 
Rubisco exhibits di%erent rates of inhibitor binding and re-
lease (Pearce, 2006), we speculate that this could represent a 
di%erence in the capacity of the red-type Rubisco active site to 
bind inhibitory sugars under di%erent CO2 pressures. What is 
clear is that there is a requirement to provide red-type Rubisco 
with a compatible CbbX for maximal activation of introduced 
red-type Rubiscos in heterologous systems, and—for Form ID 
Rubiscos speci!cally—both nuclear and plastid copies may be 
necessary (Gunn et al., 2020).

Using red-type Rubiscos to enhance 
crop yield: progress, opportunities, and 
challenges
Utilizing certain red-type Rubisco structure–function has ex-
citing potential to boost PCA and thus crop yield in green 
plants. We suggest three routes to conferring ‘redness’ to green 
chloroplasts: (i) modify green-type Rubisco to exhibit kinetic 
characteristics of red-type Rubiscos; (ii) transplant a more 
‘primitive’ red-type Rubisco isoform into chloroplasts and en-
gineer this isoform towards more eukaryotic red-type kinetic 
properties; or (iii) transplant a functional high performing eu-
karyotic red-type Rubisco variant into chloroplasts. The prog-
ress and challenges for each of these strategies are discussed 
below, and summarized in Fig. 4.

Engineer green-type Rubiscos to be more like red-type 
Rubiscos

A greater number of red-type Rubisco sequences, structural 
models, and kinetic data to pinpoint catalysis-enhancing se-
quence–structure could provide a route to rationally engi-
neer green-type Rubiscos to imitate red-type Rubisco kinetic 
properties, while retaining their interactions with their cognate 
chaperones and thus their chloroplast solubility. There has al-
ready been moderate success transplanting red algal sequence 
into green algal Rubisco for enhanced catalytic performance 
(Read and Tabita, 1994). Initial engineering approaches could 
focus on sequence–structural variation in regions known to 
in#uence catalysis, such as the LSu loop 6, C-terminal residues, 
and/or the red latch residue. The kinetic impairment upon 
transplanting the SSu βE–βF hairpin into other Rubiscos sug-
gests that complementary changes are required elsewhere in 
the holoenzyme to functionally accommodate this structure 
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Fig. 4. Schematic of possible routes to engineer red-type Rubisco kinetics into green plants. Red-type Rubisco kinetics could be introduced into 
green plants by introducing ‘red’-like sequence structure into (i) green-type Rubiscos or (ii) the chloroplast-competent proteobacterial Rubisco from 
R. sphaeroides, or by (iii) identifying the full complement of accessory proteins required to functionally express a high-performing eukaryotic red-
type Rubisco in chloroplasts. Experimental challenges and engineering approaches for each of these strategies are indicated. Abbreviations: PML, 
photosynthetic mutant library.
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(Spreitzer et al., 2005; Joshi et al., 2015). Huge leaps have been 
made in recent years in our understanding of green-type Ru-
bisco chaperone requirements (for a review, see Wilson and 
Hayer-Hartl, 2018), and could be used to map the sequence 
space in which modi!cations must be avoided to maintain their 
chaperone interactions and provide some initial engineering 
constraints. Making green-type Rubisco kinetics mirror those 
of red-type Rubiscos is made more feasible with the advent of 
the two synthetic biology expression systems for higher plant 
Rubisco in E. coli (Aigner et al., 2017; Lin et al., 2020), which 
greatly increase the throughput of Rubisco manipulation.

Enhance kinetic properties of chloroplast-soluble R. 
sphaeroides Rubisco

Unlike red algal and diatom Rubiscos which fail to assemble 
in chloroplasts, the proteobacterial red-type Rubisco from R. 
sphaeroides assembles readily in both E. coli and chloroplasts 
(Gunn et al., 2020). While R. sphaeroides Rubisco kinetic prop-
erties are insu"cient to enhance PCA in chloroplasts, it can 
be utilized as a chloroplast-soluble red-type Rubisco sca%old 
that can be engineered towards higher carboxylation e"ciency 
by augmenting its sequence–structure with that from Form 
ID Rubiscos. There are already viable routes to improving R. 
sphaeroides Rubisco kinetics. Hybrid Rubiscos containing R. 
sphaeroides LSus and SSus from eukaryotic red-type Rubiscos 
exhibit dramatically altered kinetics (Joshi et al., 2015; Gunn 
et al., 2020). This suggests that more targeted SSu changes (i.e. 
rational design) could yield improved kinetics. The ability to 
test the folding/assembly of R. sphaeroides Rubisco in E. coli 
(Gunn et al., 2020) bene!ts directed evolution approaches, 
which have had initial success producing R. sphaeroides Ru-
bisco with 11% and 27% increases in carboxylation e"ciency 
and carboxylation rate, respectively (Zhou and Whitney, 2019). 
In addition to catalytic improvements, there is room to op-
timize expression and activity of R. sphaeroides Rubisco in 
chloroplasts. Rhodobacter sphaeroides Rubisco expression levels 
in chloroplasts are lower than that of tobacco Rubisco (Gunn 
et al., 2020), and exploiting a stronger promoter or introduc-
ing additional gene copies could boost expression. Moreover, 
the lower carbamylation status of R. sphaeroides compared with 
tobacco Rubisco in chloroplasts could represent a limitation 
to CbbX availability, which could be circumvented by overex-
pression (Wei et al., 2017). A lower activation status could also 
be indicative of suboptimal CbbX modulation in the chlo-
roplast because of di%erences in the availability of ATP and/
or RuBP compared with the R. sphaeroides cytosol, or re#ect 
some other fundamental distinction between the activation 
mechanism of red and green lineage Rubiscos.

Transplant a high performing red algal Rubisco into a 
green plant

Nature has already evolved at least one red-type Rubisco iso-
form that could enhance PCA in chloroplasts: Rubisco from 

G. monilis. See Sharwood (2017) for an elegant illustration of 
the photosynthetic carbon assimilation advantage expected 
from expressing G. monilis Rubisco in either C3 chloroplasts 
or C4 bundle sheath cells. However, two key studies indicate 
that G. monilis, G. sulphuraria, and Phaeodactylum tricornutum 
Rubisco do not assemble in tobacco chloroplasts (Whitney 
et al., 2001; Lin and Hanson, 2018). These red-type Rubiscos 
accumulate in high abundance (5–30% of leaf protein) in in-
soluble fractions, and within the chloroplast. It has been sug-
gested that assembly could have been impeded by Rubisco 
subunit interactions with extant green-type chaperones or 
other plastome-located proteins (Joshi et al., 2015), or because 
of a strict requirement for cognate (or suite of) red-type Ru-
bisco chaperone(s) (Whitney et al., 2001; Lin and Hanson, 
2018). It is likely that the latter is true as neither study detected 
higher molecular weight complexes indicative of incompatible 
binding of (green-type) chaperonins and chaperones to red-
type Rubisco subunits.

In order to successfully transplant a functional eukaryotic 
red-type Rubisco into chloroplasts, we !rst need to understand 
the chaperone requirements for red-type Rubiscos. While red 
plastid genomes encode a Cpn60 chaperonin isoform, and a 
DnaK (Hsp70) chaperone (Reith and Munholland, 1995), it 
is not known if these are su"cient to fold rhodophyte Ru-
bisco in heterologous systems. Further, given the divergence 
in plastome environment, red-type Rubiscos already having 
an in-built RbcX (βE–βF hairpin), and the time frame in 
which the organisms evolved since the divergence of the red 
and green plastid lineages, it is perhaps reasonable to specu-
late that rhodophytes have evolved a set of chaperones that 
have no homologues to those found in chlorophytes. The pos-
sibility also exists that there may be plastid lineage- and/or spe-
cies-speci!c chaperone requirements. For example, individual 
Arabidopsis chaperonins/chaperones show variability in their 
ability to substitute for those from tobacco (Lin et al., 2020).

Many of the green-type chaperones were identi!ed via 
maize photosynthetic mutant libraries (for a review, see Wilson 
and Hayer-Hartl, 2018), and a large mutant library for green 
algae has been used to identify previously uncharacterized 
genes involved in photosynthesis (Li et al., 2019). A similar ap-
proach could be fruitful if applied to red algae. In addition to 
harnessing the power of comparative analysis of the growing 
number of available rhodophyte genomes (Blaby-Haas and 
Merchant, 2019), proteomic approaches could identify candi-
date chaperone proteins present in the rhodoplast stroma that 
could thus interact with Rubisco during biogenesis. Transcrip-
tome data indicate that red algal Rubisco expression is light in-
duced (Minoda et al., 2010), and further analyses of algal tissue 
harvested under di%erent growth conditions and/or develop-
mental stages could be informative. Biochemical approaches 
could be employed to capture intermediate Rubisco–chap-
erone complexes. Co-localization studies to verify overlapping 
subcellular location with Rubisco would be a useful !rst-pass 
functional evaluation for putative chaperones—appropriate 
transformation systems are available for various red algae and 
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diatoms (Lapidot et al., 2002; Mikami et al., 2011; Karas et al., 
2015; Zienkiewicz et al., 2019).

While it seems likely that certain PTMs found in eukar-
yotic red-type Rubiscos may enhance the stability of the 
holoenzyme, it is not known if these PTMs are essential for 
folding/assembly. Thus, red-type Rubisco PTM requirements 
may potentially be a non-trivial hurdle towards transplant-
ing functional eukaryotic red-type Rubiscos. Consideration 
of green PTMs could also be vital—appending N-terminal 
sequence from green-type Rubisco onto introduced red-type 
Rubiscos may be necessary to maintain chloroplast PTMs 
and protect the introduced Rubisco from proteolysis, as con-
sidered in previous engineering studies (for a summary, see 
Sharwood, 2017). Assembly incompatibilities between to-
bacco and red-type Rubisco subunits (Whitney et al., 2001; 
Lin and Hanson, 2018; Gunn et al., 2020) could be advan-
tageous as this means that green-type SSus need not be 
scrubbed from the nuclear genome to prevent the formation 
of undesirable hybrid Rubiscos. However, signi!cant progress 
has been made with the capability to do so (Donovan et al., 
2020; Khumsupan et al., 2020). To enhance red-type Rubisco 
activation status in chloroplasts, co-expression of a compat-
ible CbbX is essential (Gunn et al., 2020). Engineering strate-
gies would bene!t from understanding any species speci!city 
of Rubisco–CbbX interactions, and maximal activation of 
Form ID Rubiscos will probably require both the nuclear- 
and plastid-encoded CbbX isoforms (Loganathan et al., 2016; 
Lin and Hanson, 2018). While it is expected that the !rst red 
algal Rubisco to be successfully assembled in chloroplasts will 
be expressed as an operon in the chloroplast, later !ne-tuning 
of red-type Rubisco expression could be achieved by hijack-
ing the endogenous green SSu promoters to control total 
red-type Rubisco pools (Khumsupan et al., 2020).

Additional considerations for rational design 
approaches

Careful consideration of Rubisco evolution may aid direct 
Rubisco engineering strategies in approaches (i) and (ii) 
above. Prior success identifying catalytic switches between 
C3 and C4 Rubisco (Whitney et al., 2011), and reconstructing 
ancestral Rubisco sequences with distinct catalytic signatures 
(Lin et al., 2022) may be the tip of the iceberg in terms of 
how probing Rubisco evolution using phylogenetic relation-
ships could bene!t our understanding of, and ability to engi-
neer, Rubisco. While there is potential for taking advantage 
of recent advances in structure prediction algorithms (Baek 
et al., 2021; Jumper et al., 2021), to make in silico mutations 
and predict their e%ect on structure, the relevant chemistry 
conferred by side chains may be beyond the current reso-
lution limits of these approaches. This is a"rmed by di%er-
ences in kinetics despite relatively little structural variation 
in Rubiscos (Table 1; Fig. 3) and thus kinetic di%erences are 
presumably conferred by relatively subtle sequence–structural 

di%erences. Molecular dynamics simulations have contributed 
to our understanding of the Rubisco catalytic mechanism 
(Mauser et al., 2001; Kannappan and Gready, 2008; Cummins 
et al., 2019), subunit interactions (van Lun et al., 2011), and 
the potential role of SSus as CO2 reservoirs (van Lun et al., 
2014). Further improvements to computational capabilities 
are exciting—especially with regards to how they could be 
e%ectively applied to the carbon !xation problem in crop 
species.

Supplementary data
The following supplementary data are available at JXB online.

Table S1. Extended comparison table of Rubisco kinetics 
from red- and green-type Rubisco lineages.

Acknowledgements
We would like to thank Dr Fay-Wei Li, Dr Peter Schafran, David Wickell, 
Tanner Robison, and Dr Declan La%erty for enriching discussions. We 
also thank Stephen Snyder for advice on !gure aesthetics.

Author contributions
ZGO and LHG: conceptualization; BA: data retrieval and table prepara-
tion; ZGO and LHG: !gure preparation; ZGO and LHG: writing—orig-
inal draft; ZGO, BA, and LHG: writing—review and editing.

Conflict of interest
The authors have no con#icts to declare.

Funding
This work was supported by the Röntgen-Ångström Cluster (VR, 2019-
06106; LHG) and National Science Foundation (MCB-2213840; LHG). 
Additional funding was provided by a Cornell University start-up grant 
(LHG) and Cornell Presidential Life Science Fellowship (BA).

Data availability
The data used in this review are all from publicly available datasets and 
are fully cited.

References
Abat JK, Deswal R. 2009. Differential modulation of S-nitrosoproteome of 
Brassica juncea by low temperature: change in S-nitrosylation of Rubisco 
is responsible for the inactivation of its carboxylase activity. Proteomics 9, 
4368–4380.
Aigner H, Wilson RH, Bracher A, Calisse L, Bhat JY, Hartl FU, Hayer-
Hartl M. 2017. Plant RuBisCo assembly in E. coli with five chloroplast chap-
erones including BSD2. Science 358, 1272–1278.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/2/520/6687787 by U

ppsala U
niversitetsbibliotek user on 09 April 2023

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac349#supplementary-data


538 | Oh et al.

Andersson I, Backlund A. 2008. Structure and function of Rubisco. Plant 
Physiology and Biochemistry 46, 275–291.
Andrews TJ, Whitney SM. 2003. Manipulating ribulose bisphosphate 
carboxylase/oxygenase in the chloroplasts of higher plants. Archives of 
Biochemistry and Biophysics 414, 159–169.
Apel W, Schulze WX, Bock R. 2010. Identification of protein stability 
determinants in chloroplasts. The Plant Journal 63, 636–650.
Archibald JM, Keeling PJ. 2002. Recycled plastids: a ‘green movement’ 
in eukaryotic evolution. Trends in Genetics 18, 577–584.
Arshad R, Calvaruso C, Boekema EJ, Büchel C, Kouřil R. 2021. 
Revealing the architecture of the photosynthetic apparatus in the diatom 
Thalassiosira pseudonana. Plant Physiology 186, 2124–2136.
Atkinson N, Leitão N, Orr DJ, Meyer MT, Carmo-Silva E, Griffiths H, 
Smith AM, McCormick AJ. 2017. Rubisco small subunits from the unicel-
lular green alga Chlamydomonas complement Rubisco-deficient mutants of 
Arabidopsis. New Phytologist 214, 655–667.
Badger MR, Andrews TJ, Whitney SM, Ludwig M, Yellowlees DC, 
Leggat W, Price GD. 1998. The diversity and coevolution of Rubisco, plas-
tids, pyrenoids, and chloroplast-based CO2-concentrating mechanisms in 
algae. Canadian Journal of Botany 76, 1052–1071.
Badger MR, Bek EJ. 2008. Multiple Rubisco forms in proteobacteria: 
their functional significance in relation to CO2 acquisition by the CBB cycle. 
Journal of Experimental Botany 59, 1525–1541.
Baek M, DiMaio F, Anishchenko I, et al. 2021. Accurate prediction of 
protein structures and interactions using a three-track neural network. 
Science 373, 871–876.
Barcytė D, Eikrem W, Engesmo A, Seoane S, Wohlmann J, Horák 
A, Yurchenko T, Eliáš M. 2021. Olisthodiscus represents a new class of 
Ochrophyta. Journal of Phycology 57, 1094–1118.
Bauwe H, Hagemann M, Fernie AR. 2010. Photorespiration: players, 
partners and origin. Trends in Plant Science 15, 330–336.
Bhat JY, Thieulin-Pardo G, Hartl FU, Hayer-Hartl M. 2017. Rubisco 
activases: AAA+ chaperones adapted to enzyme repair. Frontiers in 
Molecular Biosciences 4, 20.
Bisalputra T, Bailey A. 1973. The fine structure of the chloroplast envelope 
of a red alga, Bangia fusco-purpurea. Protoplasma 76, 443–454.
Blaby-Haas CE, Merchant SS. 2019. Comparative and functional algal 
genomics. Annual Review of Plant Biology 70, 605–638.
Blayney MJ, Whitney SM, Beck JL. 2011. NanoESI mass spectrom-
etry of Rubisco and Rubisco activase structures and their interactions with 
nucleotides and sugar phosphates. Journal of the American Society for 
Mass Spectrometry 22, 1588–1601.
Boller AJ, Thomas PJ, Cavanaugh CM, Scott KM. 2015. Isotopic dis-
crimination and kinetic parameters of RubisCO from the marine bloom-
forming diatom, Skeletonema costatum. Geobiology 13, 33–43.
Bouvier JW, Emms DM, Rhodes T, Bolton JS, Brasnett A, Eddershaw 
A, Nielsen JR, Unitt A, Whitney SM, Kelly S. 2021. Rubisco adapta-
tion is more limited by phylogenetic constraint than by catalytic trade-off. 
Molecular Biology and Evolution 38, 2880–2896.
Brandenburg KM, Rost B, Van de Waal DB, Hoins M, Sluijs A. 2022. 
Physiological control on carbon isotope fractionation in marine phyto-
plankton. Biogeosciences Discussions 19, 3305–3315.
Calvin M, Benson AA. 1948. The path of carbon in photosynthesis. 
Science 107, 476–480.
Carmo-Silva AE, Keys AJ, Andralojc PJ, Powers SJ, Arrabaça MC, Parry 
MAJ. 2010. Rubisco activities, properties, and regulation in three different C4 
grasses under drought. Journal of Experimental Botany 61, 2355–2366.
Carmo-Silva E, Scales JC, Madgwick PJ, Parry MAJ. 2015. Optimizing 
Rubisco and its regulation for greater resource use efficiency. Plant, Cell & 
Environment 38, 1817–1832.
Cavalier-Smith T. 2000. Membrane heredity and early chloroplast evolu-
tion. Trends in Plant Science 5, 174–182.
Christin P-A, Salamin N, Muasya AM, Roalson EH, Russier F, Besnard 
G. 2008. Evolutionary switch and genetic convergence on rbcL following 
the evolution of C4 photosynthesis. Molecular Biology and Evolution 25, 
2361–2368.

Cleland WW, Andrews TJ, Gutteridge S, Hartman FC, Lorimer GH. 
1998. Mechanism of Rubisco: the carbamate as general base. Chemical 
Reviews 98, 549–562.
Cummins PL, Kannappan B, Gready JE. 2019. Ab initio molecular dy-
namics simulation and energetics of the ribulose-1,5-biphosphate carbox-
ylation reaction catalyzed by Rubisco: toward elucidating the stereospecific 
protonation mechanism. Journal of Physical Chemistry. B 123, 2679–2686.
Delwiche CF. 1999. Tracing the thread of plastid diversity through the tap-
estry of life. The American Naturalist 154, S164–S177.
Delwiche CF, Palmer JD. 1996. Rampant horizontal transfer and dupli-
cation of rubisco genes in eubacteria and plastids. Molecular Biology and 
Evolution 13, 873–882.
Di Tommaso P, Moretti S, Xenarios I, Orobitg M, Montanyola A, 
Chang J-M, Taly J-F, Notredame C. 2011. T-Coffee: a web server for the 
multiple sequence alignment of protein and RNA sequences using struc-
tural information and homology extension. Nucleic Acids Research 39, 
W13–W17.
Donovan S, Mao Y, Orr DJ, Carmo-Silva E, McCormick AJ. 2020. 
CRISPR–Cas9-mediated mutagenesis of the Rubisco small subunit family 
in Nicotiana tabacum. Frontiers in Genome Editing 2, 605614.
Douglas SE, Penny SL. 1999. The plastid genome of the cryptophyte 
alga, Guillardia theta: complete sequence and conserved synteny groups 
confirm its common ancestry with red algae. Journal of Molecular Evolution 
48, 236–244.
Dubbs P, Dubbs JM, Tabita FR. 2004. Effector-mediated interaction of 
CbbRI and CbbRII regulators with target sequences in Rhodobacter capsu-
latus. Journal of Bacteriology 186, 8026–8035.
Ellis RJ. 1979. The most abundant protein in the world. Trends in 
Biochemical Sciences 4, 241–244.
Falkowski PG, Katz ME, Knoll AH, Quigg A, Raven JA, Schofield 
O, Taylor FJR. 2004. The evolution of modern eukaryotic phytoplankton. 
Science 305, 354–360.
Farquhar GD, von Caemmerer S, Berry JA. 1980. A biochemical model 
of photosynthetic CO2 assimilation in leaves of C3 species. Planta 149, 
78–90.
Feiz L, Williams-Carrier R, Wostrikoff K, Belcher S, Barkan A, Stern 
DB. 2012. Ribulose-1,5-bis-phosphate carboxylase/oxygenase accumula-
tion factor1 is required for holoenzyme assembly in maize. The Plant Cell 
24, 3435–3446.
Felsenstein J. 1985. Confidence limits on phylogenies: an approach using 
the bootstrap. Evolution 39, 783–791.
Flamholz AI, Prywes N, Moran U, Davidi D, Bar-On YM, Oltrogge LM, 
Alves R, Savage D, Milo R. 2019. Revisiting trade-offs between Rubisco 
kinetic parameters. Biochemistry 58, 3365–3376.
Flecken M, Wang H, Popilka L, Hartl FU, Bracher A, Hayer-Hartl M. 
2020. Dual functions of a rubisco activase in metabolic repair and recruit-
ment to carboxysomes. Cell 183, 457–473.
Flori S, Jouneau P-H, Bailleul B, et al. 2017. Plastid thylakoid archi-
tecture optimizes photosynthesis in diatoms. Nature Communications 8, 
15885.
Ford TW. 1984. A comparative ultrastructural study of Cyanidium caldar-
ium and the unicellular red alga Rhodosorus marinus. Annals of Botany 53, 
285–294.
Genkov T, Meyer M, Griffiths H, Spreitzer RJ. 2010. Functional hybrid 
Rubisco enzymes with plant small subunits and algal large subunits. Journal 
of Biological Chemistry 285, 19833–19841.
Genkov T, Spreitzer RJ. 2009. Highly conserved small subunit residues 
influence Rubisco large subunit catalysis. Journal of Biological Chemistry 
284, 30105–30112.
Goloubinoff P, Christeller JT, Gatenby AA, Lorimer GH. 1989. 
Reconstitution of active dimeric ribulose bisphosphate carboxylase from an 
unfolded state depends on two chaperonin proteins and Mg-ATP. Nature 
342, 884–889.
Grzeszik C, Jeffke T, Schäferjohann J, Kusian B, Bowien B. 2000. 
Phosphoenolpyruvate is a signal metabolite in transcriptional control of 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/2/520/6687787 by U

ppsala U
niversitetsbibliotek user on 09 April 2023



Red Rubiscos and opportunities for engineering green plants | 539

the cbb CO2 fixation operons in Ralstonia eutropha. Journal of Molecular 
Microbiology and Biotechnology 2, 311–320.
Gunn LH, Avila EM, Birch R, Whitney SM. 2020. The dependency of 
red Rubisco on its cognate activase for enhancing plant photosynthesis 
and growth. Proceedings of the National Academy of Sciences, USA 117, 
25890–25896.
Hansen S, Vollan VB, Hough E, Andersen K. 1999. The crystal structure 
of rubisco from Alcaligenes eutrophus reveals a novel central eight-stranded 
beta-barrel formed by beta-strands from four subunits. Journal of Molecular 
Biology 288, 609–621.
Hanson DT. 2016. Breaking the rules of Rubisco catalysis. Journal of 
Experimental Botany 67, 3180–3182.
Hanson DT, Collins AM, Jones HDT, Roesgen J, Lopez-Nieves S, 
Timlin JA. 2014. On-line stable isotope gas exchange reveals an induc-
ible but leaky carbon concentrating mechanism in Nannochloropsis salina. 
Photosynthesis Research 121, 311–322.
Hartl FU, Bracher A, Hayer-Hartl M. 2011. Molecular chaperones in pro-
tein folding and proteostasis. Nature 475, 324–332.
Hasse D, Larsson AM, Andersson I. 2015. Structure of Arabidopsis 
thaliana Rubisco activase. Acta Crystallographica Section D Biological 
Crystallography 71, 800–808.
Hauser T, Popilka L, Hartl FU, Hayer-Hartl M. 2015. Role of auxiliary 
proteins in Rubisco biogenesis and function. Nature Plants 1, 1–11.
Hayashi NR, Oguni A, Yaguchi T, Chung S-Y, Nishihara H, Kodama 
T, Igarashi Y. 1998. Different properties of gene products of three sets ri-
bulose 1,5-bisphosphate carboxylase/oxygenase from a marine obligately 
autotrophic hydrogen-oxidizing bacterium, Hydrogenovibrio marinus strain 
MH-110. Journal of Fermentation and Bioengineering 85, 150–155.
Henderson JN, Kuriata AM, Fromme R, Salvucci ME, Wachter RM. 
2011. Atomic resolution x-ray structure of the substrate recognition domain 
of higher plant ribulose-bisphosphate carboxylase/oxygenase (Rubisco) 
activase. Journal of Biological Chemistry 286, 35683–35688.
Hernandez JM, Baker SH, Lorbach SC, Shively JM, Tabita FR. 1996. 
Deduced amino acid sequence, functional expression, and unique enzy-
matic properties of the form I and form II ribulose bisphosphate carboxylase/
oxygenase from the chemoautotrophic bacterium Thiobacillus denitrificans. 
Journal of Bacteriology 178, 347–356.
Heureux AMC, Young JN, Whitney SM, Eason-Hubbard MR, Lee 
RBY, Sharwood RE, Rickaby REM. 2017. The role of Rubisco kinetics 
and pyrenoid morphology in shaping the CCM of haptophyte microalgae. 
Journal of Experimental Botany 68, 3959–3969.
Horken KM, Tabita FR. 1999a. Closely related form I ribulose bispho-
sphate carboxylase/oxygenase molecules that possess different CO2/
O2 substrate specificities. Archives of Biochemistry and Biophysics 361, 
183–194.
Horken KM, Tabita FR. 1999b. The ‘Green’ form I Ribulose 1,5-bispho-
sphate carboxylase/oxygenase from the nonsulfur purple bacterium 
Rhodobacter capsulatus. Journal of Bacteriology 181, 3935–3941.
Houtz RL, Magnani R, Nayak NR, Dirk LMA. 2008. Co- and post-
translational modifications in Rubisco: unanswered questions. Journal of 
Experimental Botany 59, 1635–1645.
Houtz RL, Portis AR. 2003. The life of ribulose 1,5-bisphosphate car-
boxylase/oxygenase—posttranslational facts and mysteries. Archives of 
Biochemistry and Biophysics 414, 150–158.
Imhoff JF, Rahn T, Künzel S, Neulinger SC. 2018. Photosynthesis is 
widely distributed among proteobacteria as demonstrated by the phylogeny 
of PufLM reaction center proteins. Frontiers in Microbiology 8, 2679.
Iñiguez C, Capó-Bauçà S, Niinemets U, Stoll H, Aguiló-Nicolau P, 
Galmés J. 2020. Evolutionary trends in RuBisCO kinetics and their co-
evolution with CO2 concentrating mechanisms. The Plant Journal 101, 
897–918.
Iñiguez C, Galmés J, Gordillo FJL. 2019. Rubisco carboxylation kinetics 
and inorganic carbon utilization in polar versus cold-temperate seaweeds. 
Journal of Experimental Botany 70, 1283–1297.
Iñiguez C, Niinemets U, Mark K, Galmés J. 2021. Analyzing the causes 
of method-to-method variability among Rubisco kinetic traits: from the 

first to the current measurements. Journal of Experimental Botany 72, 
7846–7862.
Ishikawa C, Hatanaka T, Misoo S, Miyake C, Fukayama H. 2011. 
Functional incorporation of sorghum small subunit increases the cata-
lytic turnover rate of Rubisco in transgenic rice. Plant Physiology 156, 
1603–1611.
Jones DT, Taylor WR, Thornton JM. 1992. The rapid generation of mu-
tation data matrices from protein sequences. Computer Applications in the 
Biosciences 8, 275–282.
Jordan DB, Chollet R. 1985. Subunit dissociation and reconstitution 
of ribulose-1,5-bisphosphate carboxylase from Chromatium vinosum. 
Archives of Biochemistry and Biophysics 236, 487–496.
Jordan DB, Ogren WL. 1983. Species variation in kinetic properties of ri-
bulose 1,5-bisphosphate carboxylase/oxygenase. Archives of Biochemistry 
and Biophysics 227, 425–433.
Joshi J, Mueller-Cajar O, Tsai Y-CC, Hartl FU, Hayer-Hartl M. 2015. 
Role of small subunit in mediating assembly of red-type form I Rubisco. 
Journal of Biological Chemistry 290, 1066–1074.
Jouanneau Y, Tabita FR. 1986. Independent regulation of synthesis 
of form I and form II ribulose bisphosphate carboxylase-oxygenase in 
Rhodopseudomonas sphaeroides. Journal of Bacteriology 165, 620–624.
Jumper J, Evans R, Pritzel A, et al. 2021. Highly accurate protein struc-
ture prediction with AlphaFold. Nature 596, 583–589.
Kannappan B, Gready JE. 2008. Redefinition of Rubisco carboxylase 
reaction reveals origin of water for hydration and new roles for active-site 
residues. Journal of the American Chemical Society 130, 15063–15080.
Karas BJ, Diner RE, Lefebvre SC, et al. 2015. Designer diatom epi-
somes delivered by bacterial conjugation. Nature Communications 6, 6925.
Karkehabadi S, Peddi SR, Anwaruzzaman M, Taylor TC, Cederlund 
A, Genkov T, Andersson I, Spreitzer RJ. 2005. Chimeric small subunits 
influence catalysis without causing global conformational changes in the 
crystal structure of ribulose-1,5-bisphosphate carboxylase/oxygenase. 
Biochemistry 44, 9851–9861.
Keown JR, Pearce FG. 2014. Characterization of spinach ribulose-
1,5-bisphosphate carboxylase/oxygenase activase isoforms reveals hexa-
meric assemblies with increased thermal stability. The Biochemical Journal 
464, 413–423.
Khumsupan P, Kozlowska MA, Orr DJ, Andreou AI, Nakayama N, 
Patron N, Carmo-Silva E, McCormick AJ. 2020. Generating and char-
acterizing single- and multigene mutants of the Rubisco small subunit family 
in Arabidopsis. Journal of Experimental Botany 71, 5963–5975.
Knight S, Andersson I, Brändén CI. 1990. Crystallographic analysis of 
ribulose 1,5-bisphosphate carboxylase from spinach at 2.4 A resolution. 
Subunit interactions and active site. Journal of Molecular Biology 215, 
113–160.
Koussevitzky S, Nott A, Mockler TC, Hong F, Sachetto-Martins G, 
Surpin M, Lim J, Mittler R, Chory J. 2007. Signals from chloroplasts con-
verge to regulate nuclear gene expression. Science 316, 715–719.
Kowallik K, Stoebe B, Schaffran I, Kroth-Pancic P, Freier U. 2007. The 
chloroplast genome of a chlorophyll a+c-containing alga, Odontella sinen-
sis. Plant Molecular Biology Reporter 13, 336–342.
Lapidot M, Raveh D, Sivan A, Arad SM, Shapira M. 2002. Stable chlo-
roplast transformation of the unicellular red alga Porphyridium species. Plant 
Physiology 129, 7–12.
Lee BG, Read BA, Tabita FR. 1991. Catalytic properties of recombinant 
octameric, hexadecameric, and heterologous cyanobacterial/bacterial ribu-
lose-1,5-bisphosphate carboxylase/oxygenase. Archives of Biochemistry 
and Biophysics 291, 263–269.
Li S, Lu W, Li G-F, Gong Y-D, Zhao N-M, Zhang R-X, Zhou H-M. 2004. 
Interaction of hydrogen peroxide with ribulose-1,5-bisphosphate carbox-
ylase/oxygenase from rice. Biochemistry 69, 1136–1142.
Li X, Patena W, Fauser F, et al. 2019. A genome-wide algal mutant library 
and functional screen identifies genes required for eukaryotic photosyn-
thesis. Nature Genetics 51, 627–635.
Lin MT, Hanson MR. 2018. Red algal Rubisco fails to accumulate in trans-
plastomic tobacco expressing Griffithsia monilis RbcL and RbcS genes. 
Plant Direct 2, e00045.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/2/520/6687787 by U

ppsala U
niversitetsbibliotek user on 09 April 2023



540 | Oh et al.

Lin MT, Salihovic H, Clark FK, Hanson MR. 2022. Improving the effi-
ciency of Rubisco by resurrecting its ancestors in the family Solanaceae. 
Science Advances 8, eabm6871.
Lin MT, Stone WD, Chaudhari V, Hanson MR. 2020. Small subunits can 
determine enzyme kinetics of tobacco Rubisco expressed in Escherichia 
coli. Nature Plants 6, 1289–1299.
Liu C, Young AL, Starling-Windhof A, et al. 2010. Coupled chaperone ac-
tion in folding and assembly of hexadecameric Rubisco. Nature 463, 197–202.
Liu D, Ramya RCS, Mueller-Cajar O. 2017. Surveying the expanding 
prokaryotic Rubisco multiverse. FEMS Microbiology Letters 364, fnx156.
Loganathan N, Tsai Y-CC, Mueller-Cajar O. 2016. Characterization of 
the heterooligomeric red-type rubisco activase from red algae. Proceedings 
of the National Academy of Sciences, USA 113, 14019–14024.
Long SP, Zhu X-G, Naidu SL, Ort DR. 2006. Can improvement in pho-
tosynthesis increase crop yields? Plant, Cell & Environment 29, 315–330.
Lorimer GH, Miziorko HM. 1980. Carbamate formation on the epsi-
lon-amino group of a lysyl residue as the basis for the activation of ribu-
losebisphosphate carboxylase by carbon dioxide and magnesium2+. 
Biochemistry 19, 5321–5328.
Maddocks SE, Oyston PCF. 2008. Structure and function of the LysR-type 
transcriptional regulator (LTTR) family proteins. Microbiology 154, 3609–3623.
Maier U-G, Fraunholz M, Zauner S, Penny S, Douglas S. 2000. A 
nucleomorph-encoded CbbX and the phylogeny of RuBisCo regulators. 
Molecular Biology and Evolution 17, 576–583.
Marcus Y, Altman-Gueta H, Finkler A, Gurevitz M. 2003. Dual role 
of cysteine 172 in redox regulation of ribulose 1,5-bisphosphate carbox-
ylase/oxygenase activity and degradation. Journal of Bacteriology 185, 
1509–1517.
Marcus Y, Altman-Gueta H, Wolff Y, Gurevitz M. 2011. Rubisco mu-
tagenesis provides new insight into limitations on photosynthesis and 
growth in Synechocystis PCC6803. Journal of Experimental Botany 62, 
4173–4182.
Mauser H, King WA, Gready JE, Andrews TJ. 2001. CO2 fixation by 
Rubisco: computational dissection of the key steps of carboxylation, hydra-
tion, and C−C bond cleavage. Journal of the American Chemical Society 
123, 10821–10829.
McFadden GI. 2001. Primary and secondary endosymbiosis and the origin 
of plastids. Journal of Phycology 37, 951–959.
Mehta RA, Fawcett TW, Porath D, Mattoo AK. 1992. Oxidative stress 
causes rapid membrane translocation and in vivo degradation of ribulose-
1,5-bisphosphate carboxylase/oxygenase. Journal of Biological Chemistry 
267, 2810–2816.
Meyer M, Griffiths H. 2013. Origins and diversity of eukaryotic CO2-
concentrating mechanisms: lessons for the future. Journal of Experimental 
Botany 64, 769–786.
Mikami K, Hirata R, Takahashi M, Uji T, Saga N. 2011. Transient trans-
formation of red algal cells: breakthrough toward genetic transformation of 
marine crop Porphyra species. In: Alvarez K, ed. Genetic transformation. 
IntechOpen.
Minoda A, Weber APM, Tanaka K, Miyagishima S. 2010. Nucleus-
independent control of the Rubisco operon by the plastid-encoded tran-
scription factor Ycf30 in the red alga Cyanidioschyzon merolae. Plant 
Physiology 154, 1532–1540.
Moreno J, García-Murria MJ, Marín-Navarro J. 2008. Redox modu-
lation of Rubisco conformation and activity through its cysteine residues. 
Journal of Experimental Botany 59, 1605–1614.
Morita K, Hatanaka T, Misoo S, Fukayama H. 2014. Unusual small sub-
unit that is not expressed in photosynthetic cells alters the catalytic proper-
ties of Rubisco in rice. Plant Physiology 164, 69–79.
Mueller-Cajar O, Stotz M, Wendler P, Hartl FU, Bracher A, Hayer-
Hartl M. 2011. Structure and function of the AAA+ protein CbbX, a red-
type Rubisco activase. Nature 479, 194–199.
Ng J, Guo Z, Mueller-Cajar O. 2020. Rubisco activase requires residues 
in the large subunit N terminus to remodel inhibited plant Rubisco. Journal 
of Biological Chemistry 295, 16427–16435.

Ninomiya N, Ashida H, Yokota A. 2008. Improvement of Cyanobacterial 
Rubisco by introducing the latch structure involved in high affinity for CO2 
in red algal Rubisco. In: Allen JF, Gantt E, Golbeck JH, Osmond B, eds. 
Photosynthesis. Energy from the Sun. Dordrecht: Springer Netherlands, 
867–870.
Nishimura T, Takahashi Y, Yamaguchi O, Suzuki H, Maeda S-I, Omata 
T. 2008. Mechanism of low CO2-induced activation of the cmp bicarbo-
nate transporter operon by a LysR family protein in the cyanobacterium 
Synechococcus elongatus strain PCC 7942. Molecular Microbiology 68, 
98–109.
Nott A, Jung H-S, Koussevitzky S, Chory J. 2006. Plastid-to-nucleus 
retrograde signaling. Annual Review of Plant Biology 57, 739–759.
Ohta N, Sato N, Ueda K, Kuroiwa T. 1997. Analysis of a plastid gene 
cluster reveals a close relationship between Cyanidioschyzon and 
Cyanidium. Journal of Plant Research 110, 235–245. 
Ohyama K, Fukuzawa H, Kohchi T, et al. 1986. Chloroplast gene orga-
nization deduced from complete sequence of liverwort Marchantia polymor-
pha chloroplast DNA. Nature 322, 572–574.
Orr D, Alcântara A, Kapralov MV, Andralojc J, Carmo-Silva E, Parry 
MAJ. 2016. Surveying Rubisco diversity and temperature response to im-
prove crop photosynthetic efficiency. Plant Physiology 172, 707–717.
Okano Y, Mizohata E, Xie Y, Matsumura H, Sugawara H, Inoue T, 
Yokota A, Kai Y. 2002. X-ray structure of Galdieria Rubisco complexed 
with one sulfate ion per active site. FEBS Letters 527, 33–36.
Oudet-Le-Secq M-P, Grimwood J, Shapiro H, Armbrust EV, Bowler 
C, Green BR. 2007. Chloroplast genomes of the diatoms Phaeodactylum 
tricornutum and Thalassiosira pseudonana: comparison with other plastid 
genomes of the red lineage. Molecular Genetics and Genomics 277, 
427–439.
Palmqvist K, Sültemeyer D, Baldet P, Andrews TJ, Badger MR. 1995. 
Characterisation of inorganic carbon fluxes, carbonic anhydrase(s) and ribu-
lose-1,5-biphosphate carboxylase-oxygenase in the green unicellular alga 
Coccomyxa. Planta 197, 352–361.
Parry MAJ, Andralojc PJ, Mitchell RAC, Madgwick PJ, Keys AJ. 
2003. Manipulation of Rubisco: the amount, activity, function and regula-
tion. Journal of Experimental Botany 54, 1321–1333.
Pearce FG. 2006. Catalytic by-product formation and ligand binding 
by ribulose bisphosphate carboxylases from different phylogenies. The 
Biochemical Journal 399, 525–534.
Price GD, Badger MR, Woodger FJ, Long BM. 2008. Advances in un-
derstanding the cyanobacterial CO2-concentrating-mechanism (CCM): 
functional components, Ci transporters, diversity, genetic regulation and 
prospects for engineering into plants. Journal of Experimental Botany 59, 
1441–1461.
Punjani A, Fleet DJ. 2021. 3D variability analysis: resolving continuous 
flexibility and discrete heterogeneity from single particle cryo-EM. Journal of 
Structural Biology 213, 107702.
Raven JA, Giordano M. 2017. Acquisition and metabolism of carbon in 
the Ochrophyta other than diatoms. Philosophical Transactions of the Royal 
Society B: Biological Sciences 372, 20160400.
Razzak MA, Lee DW, Yoo Y-J, Hwang I. 2017. Evolution of rubisco com-
plex small subunit transit peptides from algae to plants. Scientific Reports 
7, 9279.
Read BA, Tabita FR. 1992. A hybrid ribulose bisphosphate carboxylase/
oxygenase enzyme exhibiting a substantial increase in substrate specificity 
factor. Biochemistry 31, 5553–5560.
Read BA, Tabita FR. 1994. High substrate specificity factor ribulose 
bisphosphate carboxylase/oxygenase from eukaryotic marine algae and 
properties of recombinant cyanobacterial RubiSCO containing ‘algal’ res-
idue modifications. Archives of Biochemistry and Biophysics 312, 210–218.
Reith M, Munholland J. 1995. Complete nucleotide sequence of the 
Porphyra purpurea chloroplast genome. Plant Molecular Biology Reporter 
13, 333–335.
Rickaby REM, Eason Hubbard MR. 2019. Upper ocean oxygenation, 
evolution of RuBisCO and the Phanerozoic succession of phytoplankton. 
Free Radical Biology & Medicine 140, 295–304.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/2/520/6687787 by U

ppsala U
niversitetsbibliotek user on 09 April 2023



Red Rubiscos and opportunities for engineering green plants | 541

Robert X, Gouet P. 2014. Deciphering key features in protein structures 
with the new ENDscript server. Nucleic Acids Research 42, W320–W324.
Rowan R, Whitney SM, Fowler A, Yellowlees D. 1996. Rubisco in 
marine symbiotic dinoflagellates: form II enzymes in eukaryotic oxygenic 
phototrophs encoded by a nuclear multigene family. The Plant Cell 8, 
539–553.
Sato T, Atomi H, Imanaka T. 2007. Archaeal type III RuBisCOs function in 
a pathway for AMP metabolism. Science 315, 1003–1006.
Savir Y, Noor E, Milo R, Tlusty T. 2010. Cross-species analysis traces 
adaptation of Rubisco toward optimality in a low-dimensional landscape. 
Proceedings of the National Academy of Sciences, USA 107, 3475–3480.
Serban AJ, Breen IL, Bui HQ, Levitus M, Wachter RM. 2018. Assembly–
disassembly is coupled to the ATPase cycle of tobacco Rubisco activase. 
Journal of Biological Chemistry 293, 19451–19465.
Sharwood RE. 2017. Engineering chloroplasts to improve Rubisco catal-
ysis: prospects for translating improvements into food and fiber crops. New 
Phytologist 213, 494–510.
Sharwood RE, Ghannoum O, Kapralov MV, Gunn LH, Whitney SM. 
2016a. Temperature responses of Rubisco from Paniceae grasses provide 
opportunities for improving C3 photosynthesis. Nature Plants 2, 16186.
Sharwood RE, Ghannoum O, Whitney SM. 2016b. Prospects for improv-
ing CO2 fixation in C3-crops through understanding C4-Rubisco biogenesis 
and catalytic diversity. Current Opinion in Plant Biology 31, 135–142.
Shibata N, Yamamoto H, Inoue T, Uemura K, Yokota A, Kai Y. 
1996. Crystallization and preliminary crystallographic studies of ribulose 
1,5-bisphosphate carboxylase/oxygenase from a red alga, Galdieria par-
tita, with a high specificity factor. Journal of Biochemistry 120, 1064–1066.
Shih PM, Occhialini A, Cameron JC, Andralojc PJ, Parry MAJ, 
Kerfeld CA. 2016. Biochemical characterization of predicted Precambrian 
RuBisCO. Nature Communications 7, 10382.
Shinozaki K, Ohme M, Tanaka M, et al. 1986. The complete nucleotide 
sequence of the tobacco chloroplast genome: its gene organization and 
expression. The EMBO Journal 5, 2043–2049.
Smith DF. 1928. The solubility of gases in solutions. In: Washburn EW, ed. 
International critical tables of numerical data, physics, chemistry and tech-
nology, Vol. 3. New York: McGraw-Hill, 271–283.
Spreitzer RJ. 2003. Role of the small subunit in ribulose-1,5-bisphosphate car-
boxylase/oxygenase. Archives of Biochemistry and Biophysics 414, 141–149.
Spreitzer RJ, Esquivel MG, Du YC, McLaughlin PD. 2001. Alanine-
scanning mutagenesis of the small-subunit beta A–beta B loop of chlo-
roplast ribulose-1,5-bisphosphate carboxylase/oxygenase: substitution at 
Arg-71 affects thermal stability and CO2/O2 specificity. Biochemistry 40, 
5615–5621.
Spreitzer RJ, Peddi SR, Satagopan S. 2005. Phylogenetic engineering 
at an interface between large and small subunits imparts land-plant ki-
netic properties to algal Rubisco. Proceedings of the National Academy of 
Sciences, USA 102, 17225–17230.
Stec B. 2012. Structural mechanism of RuBisCO activation by carba-
mylation of the active site lysine. Proceedings of the National Academy of 
Sciences, USA 109, 18785–18790.
Stecher G, Tamura K, Kumar S. 2020. Molecular evolutionary ge-
netics analysis (MEGA) for macOS. Molecular Biology and Evolution 37, 
1237–1239.
Stegemann S, Hartmann S, Ruf S, Bock R. 2003. High-frequency gene 
transfer from the chloroplast genome to the nucleus. Proceedings of the 
National Academy of Sciences, USA 100, 8828–8833.
Stotz M, Mueller-Cajar O, Ciniawsky S, Wendler P, Hartl FU, Bracher 
A, Hayer-Hartl M. 2011. Structure of green-type Rubisco activase from 
tobacco. Nature Structural & Molecular Biology 18, 1366–1370.
Sugawara H, Yamamoto H, Shibata N, Inoue T, Okada S, Miyake C, 
Yokota A, Kai Y. 1999. Crystal structure of carboxylase reaction-oriented 
ribulose 1,5-bisphosphate carboxylase/oxygenase from a thermophilic red 
alga, Galdieria partita. Journal of Biological Chemistry 274, 15655–15661.
Tabita FR, Hanson TE, Li H, Satagopan S, Singh J, Chan S. 2007. 
Function, structure, and evolution of the RubisCO-like proteins and their 

RubisCO homologs. Microbiology and Molecular Biology Reviews 71, 
576–599.
Tabita FR, Hanson TE, Satagopan S, Witte BH, Kreel NE. 2008a. 
Phylogenetic and evolutionary relationships of RubisCO and the RubisCO-
like proteins and the functional lessons provided by diverse molecular forms. 
Philosophical Transactions of the Royal Society B: Biological Sciences 363, 
2629–2640.
Tabita FR, Satagopan S, Hanson TE, Kreel NE, Scott SS. 2008b. 
Distinct form I, II, III, and IV Rubisco proteins from the three kingdoms of life 
provide clues about Rubisco evolution and structure/function relationships. 
Journal of Experimental Botany 59, 1515–1524.
Tamura K, Stecher G, Kumar S. 2021. MEGA11: molecular evolu-
tionary genetics analysis version 11. Molecular Biology and Evolution 38, 
3022–3027.
Tcherkez G. 2013. Modelling the reaction mechanism of ribulose-
1,5-bisphosphate carboxylase/oxygenase and consequences for kinetic 
parameters. Plant, Cell & Environment 36, 1586–1596.
Tcherkez G, Farquhar GD. 2021. Rubisco catalytic adaptation is mostly 
driven by photosynthetic conditions—not by phylogenetic constraints. 
Journal of Plant Physiology 267, 153554.
Tcherkez GGB, Farquhar GD, Andrews TJ. 2006. Despite slow catalysis 
and confused substrate specificity, all ribulose bisphosphate carboxylases 
may be nearly perfectly optimized. Proceedings of the National Academy of 
Sciences, USA 103, 7246–7251.
Tchernov D, Livne A, Kaplan A, Sukenik A. 2008. The kinetic proper-
ties of ribulose-1,5-bisphosphate carboxylase/oxygenase may explain the 
high apparent photosynthetic affinity of Nannochloropsis sp. to ambient in-
organic carbon. Israel Journal of Plant Sciences 56, 37–44.
Thomas PJ, Boller AJ, Satagopan S, Tabita FR, Cavanaugh CM, 
Scott KM. 2019. Isotope discrimination by form IC RubisCO from Ralstonia 
eutropha and Rhodobacter sphaeroides, metabolically versatile members of 
‘Proteobacteria’ from aquatic and soil habitats. Environmental Microbiology 
21, 72–80.
Timmis JN, Ayliffe MA, Huang CY, Martin W. 2004. Endosymbiotic 
gene transfer: organelle genomes forge eukaryotic chromosomes. Nature 
Reviews. Genetics 5, 123–135.
Tommasi IC. 2021. The mechanism of Rubisco catalyzed carboxylation 
reaction: chemical aspects involving acid–base chemistry and functioning 
of the molecular machine. Catalysts 11, 813.
Tsai Y-CC, Ye F, Liew L, Liu D, Bhushan S, Gao Y-G, Mueller-Cajar 
O. 2020. Insights into the mechanism and regulation of the CbbQO-type 
Rubisco activase, a MoxR AAA+ ATPase. Proceedings of the National 
Academy of Sciences, USA 117, 381–387.
Uemura K, Anwaruzzaman, Miyachi S, Yokota A. 1997. Ribulose-1,5-
bisphosphate carboxylase/oxygenase from thermophilic red algae with a 
strong specificity for CO2 fixation. Biochemical and Biophysical Research 
Communications 233, 568–571.
Umezawa K, Watanabe T, Miura A, Kojima H, Fukui M. 2016. The 
complete genome sequences of sulfur-oxidizing Gammaproteobacteria 
Sulfurifustis variabilis skN76T and Sulfuricaulis limicola HA5T. Standards in 
Genomic Sciences 11, 71.
Utåker JB, Andersen K, Aakra A, Moen B, Nes IF. 2002. Phylogeny and 
functional expression of ribulose 1,5-bisphosphate carboxylase/oxygenase 
from the autotrophic ammonia-oxidizing bacterium Nitrosospira sp. isolate 
40KI. Journal of Bacteriology 184, 468–478.
Valegård K, Andralojc PJ, Haslam RP, et al. 2018. Structural and 
functional analyses of Rubisco from arctic diatom species reveal unu-
sual posttranslational modifications. Journal of Biological Chemistry 293, 
13033–13043.
van Keulen G, Girbal L, van den Bergh ERE, Dijkhuizen L, Meijer 
WG. 1998. The LysR-type transcriptional regulator CbbR controlling auto-
trophic CO2 fixation by Xanthobacter flavus is an NADPH sensor. Journal of 
Bacteriology 180, 1411–1417.
van Lun M, Hub JS, van der Spoel D, Andersson I. 2014. CO2 and O2 
distribution in Rubisco suggests the small subunit functions as a CO2 reser-
voir. Journal of the American Chemical Society 136, 3165–3171.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/2/520/6687787 by U

ppsala U
niversitetsbibliotek user on 09 April 2023



542 | Oh et al.

van Lun M, van der Spoel D, Andersson I. 2011. Subunit interface 
dynamics in hexadecameric Rubisco. Journal of Molecular Biology 411, 
1083–1098.
von Caemmerer S, Ghannoum O, Pengelly JJL, Cousins AB. 2014. 
Carbon isotope discrimination as a tool to explore C4 photosynthesis. 
Journal of Experimental Botany 65, 3459–3470.
Wang Y-L, Zhou J-H, Wang Y-F, Bao J-S, Chen H-B. 2001. Properties 
of hybrid enzymes between Synechococcus large subunits and higher 
plant small subunits of ribulose-1,5-bisphosphate carboxylase/oxygenase 
in Escherichia coli. Archives of Biochemistry and Biophysics 396, 35–42.
Wei L, Wang Q, Xin Y, Lu Y, Xu J. 2017. Enhancing photosynthetic bio-
mass productivity of industrial oleaginous microalgae by overexpression of 
RuBisCO activase. Algal Research 27, 366–375.
Whitney SM, Andrews TJ. 2001. Plastome-encoded bacterial ribulose-
1,5-bisphosphate carboxylase/oxygenase (RubisCO) supports photosyn-
thesis and growth in tobacco. Proceedings of the National Academy of 
Sciences, USA 98, 14738–14743.
Whitney SM, Baldet P, Hudson GS, Andrews TJ. 2001. Form I Rubiscos 
from non-green algae are expressed abundantly but not assembled in to-
bacco chloroplasts. The Plant Journal 26, 535–547.
Whitney SM, Birch R, Kelso C, Beck JL, Kapralov MV. 2015. Improving 
recombinant Rubisco biogenesis, plant photosynthesis and growth by 
coexpressing its ancillary RAF1 chaperone. Proceedings of the National 
Academy of Sciences, USA 112, 3564–3569.
Whitney SM, Sharwood RE, Orr D, White SJ, Alonso H, Galmés J. 2011. 
Isoleucine 309 acts as a C4 catalytic switch that increases ribulose-1,5-bispho-
sphate carboxylase/oxygenase (rubisco) carboxylation rate in Flaveria. 
Proceedings of the National Academy of Sciences, USA 108, 14688–14693.
Whitney SM, von Caemmerer S, Hudson GS, Andrews TJ. 1999. 
Directed mutation of the Rubisco large subunit of tobacco influences pho-
torespiration and growth. Plant Physiology 121, 579–588.
Wietrzynski W, Traverso E, Wollman F-A, Wostrikoff K. 2021. The state 
of oligomerization of Rubisco controls the rate of synthesis of the Rubisco 
large subunit in Chlamydomonas reinhardtii. The Plant Cell 33, 1706–1727.
Wilkes EB, Pearson A. 2019. A general model for carbon isotopes in red-
lineage phytoplankton: interplay between unidirectional processes and frac-
tionation by RubisCO. Geochimica et Cosmochimica Acta 265, 163–181.
Wilson RH, Hayer-Hartl M. 2018. Complex chaperone dependence of 
Rubisco biogenesis. Biochemistry 57, 3210–3216.

Yoon M, Putterill JJ, Ross GS, Laing WA. 2001. Determination of the 
relative expression levels of rubisco small subunit genes in Arabidopsis by 
rapid amplification of cDNA ends. Analytical Biochemistry 291, 237–244.
Young JN, Goldman JAL, Kranz SA, Tortell PD, Morel FMM. 2015. 
Slow carboxylation of Rubisco constrains the rate of carbon fixation during 
Antarctic phytoplankton blooms. New Phytologist 205, 172–181.
Young JN, Heureux AMC, Sharwood RE, Rickaby REM, Morel FMM, 
Whitney SM. 2016. Large variation in the Rubisco kinetics of diatoms 
reveals diversity among their carbon-concentrating mechanisms. Journal of 
Experimental Botany 67, 3445–3456.
Zarzycki J, Axen SD, Kinney JN, Kerfeld CA. 2013. Cyanobacterial-
based approaches to improving photosynthesis in plants. Journal of 
Experimental Botany 64, 787–798.
Zauner S, Lockhart P, Stoebe-Maier B, Gilson P, McFadden GI, Maier 
UG. 2006. Differential gene transfers and gene duplications in primary and 
secondary endosymbioses. BMC Evolutionary Biology 6, 38.
Zhang D-P. 2007. Signaling to the nucleus with a loaded GUN. Science 
316, 700–701.
Zhang X-H, Webb J, Huang Y-H, Lin L, Tang R-S, Liu A. 2011. Hybrid 
Rubisco of tomato large subunits and tobacco small subunits is functional 
in tobacco plants. Plant Science 180, 480–488.
Zhou Y, Whitney S. 2019. Directed evolution of an improved Rubisco; in 
vitro analyses to decipher fact from fiction. International Journal of Molecular 
Sciences 20, 5019.
Zhu G, Spreitzer RJ. 1994. Directed mutagenesis of chloroplast ribulo-
sebisphosphate carboxylase/oxygenase. Substitutions at large subunit 
asparagine 123 and serine 379 decrease CO2/O2 specificity. Journal of 
Biological Chemistry 269, 3952–3956.
Zhu X-G, Portis AR, Long SP. 2004. Would transformation of C3 crop 
plants with foreign Rubisco increase productivity? A computational analysis 
extrapolating from kinetic properties to canopy photosynthesis. Plant, Cell & 
Environment 27, 155–165.
Zhu YS, Kaplan S. 1985. Effects of light, oxygen, and substrates on steady-
state levels of mRNA coding for ribulose-1,5-bisphosphate carboxylase and 
light-harvesting and reaction center polypeptides in Rhodopseudomonas 
sphaeroides. Journal of Bacteriology 162, 925–932.
Zienkiewicz M, Krupnik T, Drożak A, Kania K. 2019. PEG-mediated, 
stable, nuclear and chloroplast transformation of Cyanidioschizon merolae. 
Bio-Protocol 9, e3355.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/74/2/520/6687787 by U

ppsala U
niversitetsbibliotek user on 09 April 2023


