
Is it possible to improve 
primary metabolism 

efficiency?



Is there still room for the improvement of crop yield?
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PHOTOSYNTHESIS, THE BASIS OF PRIMARY 
PRODUCTIVITY ON THE PLANET





Various plants have shown a significant increase in growth 
rate when exposed to an elevated atmospheric CO2 
concentration due to increased carbon fixation rate



CO2-fixing enzyme Rubisco
(ribulose 1,5 bisphosphate carboxylase/oxygenase)

Most life on Earth depends on photosynthesis, the process whereby 
inorganic carbon is fixed and converted into organic carbon 
metabolites

RUBISCO



• More than 90% of the inorganic carbon that is converted into 
biomass is fixed by the enzyme RubisCO.

• RubisCO catalyzes the carboxylation and cleavage of ribulose-1,5-
bisphosphate (RuBP) into two molecules of 3-phospho- glycerate 
(3PG).

• RubisCO is found in all three domains of life: bacteria, archaea and 
eukaryotes.

• The enzyme makes up 30–50% of the soluble protein in plant leaf

• For every person on earth there is 5 kg of RubisCO. Altogether, this 
makes RubisCO one of the most abundant enzymes in the global 
carbon cycle that literally feeds life on earth. 





RubisCO peculiarities
1. A conserved lysine residue in the active site needs to be carbamylated in order to complex an 

Mg2+ ion that is in turn required for activity.

https://www.pnas.org/doi/10.1073/pnas.97.24.12937



RubisCO peculiarities

1. A conserved lysine residue in the active site needs to be 
carbamylated in order to complex an Mg2+ ion that is in 
turn required for activity.

2. the enzyme is a rather slow catalyst. The turnover 
frequency of an average RubisCO is only between 1 and 
10 s-1 (http:// brenda-enzymes.org), which can make it a 
limiting factor in photosynthetic CO2-fixation under 
optimal conditions.

3. RubisCO makes mistakes. Besides the carboxylation 
reaction RubisCO catalyzes a non-productive 
oxygenation side-reaction that leads to the formation of 
2- phosphoglycolate (2PG).



An important limitation in 
photosynthesis is the poor 
performance of Rubisco due to its 
dual carboxylase and oxygenase 
activity.

At ambient CO2 levels, the 
carboxylase and oxygenase 
activities compete with each other, 
leading to a significant decrease in 
carbon fixation through 
photorespiration.



Photorespiration creates a product (2-Pglycolate) that cannot be used to make sugars and 
hence reduces the efficiency of the Calvin cycle

Photorespiration reduces levels of photosynthesis by up to ~25% in C3 plants, reducing energy 
yield in these plants

https://www.encyclopedie-environnement.org/en/life/path-carbon-photosynthesis/



Chlamydomonas oxidizes glycolate to glyoxylate utilizing a glycolate 
dehydrogenase located in the mitochondria, donating electrons
to the ubiquinone pool of the respiratory electron transport
chain. 



Over the past three billion years, the carbon-fixing enzyme 
Rubisco drew down atmospheric concentrations of CO2 to trace 
levels, in effect starving itself of its substrate.



Why is RubisCO so inefficient?

• Evidence accumulated that enzyme activity and specificity are 
reciprocally linked with each other in RubisCO.

• A faster RubisCO has a higher error rate and a more specific RubisCO
has a lower catalytic rate.

• RubisCO evolved before the first great oxygenation event in an 
atmosphere without oxygen (O2), so that its mechanism was not 
constrained by O2.

• However, with the rise of atmospheric O2 concentrations to modern-
day levels, as a result of the second great oxygenation event, RubisCO
had to learn to discriminate between CO2 and O2. Because 
discrimination usually comes at the cost of reduced catalytic rate, a 
more specific enzymes almost inevitably becomes a slower catalyst



Different forms of Rubisco in nature

Shih P.M., Occhialini A., Cameron J.C., Andralojc P.J., Parry M.A.J.and Kerfeld C.A. (2016). Biochemical characterization of predicted Precambrian RuBisCO. Nat Commun 7: 10382.
See also Whitney, S.M., Houtz, R.L. and Alonso, H. (2011). Advancing our understanding and capacity to engineer Nature’s CO 2-sequestering enzyme, Rubisco. Plant Physiol. 155: 27-35.

Specificity factor indicates 
the specificity of the 
enzyme for CO2 relative to 
O2. Higher means more 
specific for CO2. 

Rubisco in red 
algae is more 

specific but 

slower than that 

in plants

Rubisco in 
cyanobacteria 

algae is faster 

but less 

specific than 

that in plants

In many organisms, 
the enzyme cannot 

be both fast and 

specific

http://www.nature.com/ncomms/2016/160121/ncomms10382/full/ncomms10382.html
http://www.plantphysiol.org/content/155/1/27.full


How algae and cyanobacteria solved this problem?



How algae and cyanobacteria solved this problem?

by increasing the level of CO2 in the vicinity of 
Rubisco through CO2-concentrating mechanisms
(CCM)
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Microalgae and pyrenoids



By packing RUBISCO in specialized 
organelles called pyrenoids 



Proposed synthetic biology approach:

Introducing non-plant Carbon Concentrating Mechanisms 
(CCMs) into C3 plant

One approach to improving plant photosynthesis is using 
engineering to implement CCMs from other photosynthetic 
organisms such as cyanobacteria or algae.



The pyrenoid 
contains a starch 
sheath and a matrix 
in which CO2 is 
concentrated 
together with 
Rubisco. The matrix 
is traversed by 
membrane tubules 
that are continuous 
with the thylakoid 
membranes.

Pyrenoid, a membraneless organelle within chloroplasts, where 
approximately one-third of global CO2 fixation is estimated to occur



In algae, CCM is mediated by several plasma and chloroplast-
membrane inorganic carbon transporters, a set of carbonic 
anhydrases in strategic locations



Ci, including the charged 
species, bicarbonate (HCO3

−), 
must cross both the plasma 
membrane and the 
chloroplast envelope to 
reach Rubisco, yet the roles, 
if any, of proposed and 
confirmed Ci transporters, 
including the plasma 
membrane proteins HLA3 
and LimitingCO2 Inducible1 
(LCI1) and the chloroplast 
envelope proteins LCIA 
(NAR1.2), CCP1, and CCP2

http://www.plantphysiol.org/content/166/4/2040#def-2
http://www.plantphysiol.org/content/166/4/2040#def-2


Many mutants affected in 
CCM have been identified 
based on their ability to 
grow photoautotrophically
under high-CO2 but not 
under low-CO2 conditions.



Many mysteries surround pyrenoids, especially about its 
protein composition, structure, and assembly

RUBISCO

STARCH

1. What proteins form pyrenoids?
2. What keep rubisco inside pyrenoid?
3. How does it divide?

THYLAKOIDS



Meanwhile in bacteria…
The components of the cyanobacterial CCMs have largely been 
identified, facilitated in part by the organization of the genes 
encoding them into operons. Knowledge of these components has 
enabled the detailed characterization of the structure and assembly 
pathway of the beta carboxysome
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PHOTOSYNTHESIS, THE BASIS OF PRIMARY 
PRODUCTIVITY ON THE PLANET



http://jonikaslab.princeton.edu/



High-Throughput Pipeline for Systematic Localization of Proteins in 
Chlamydomonas reinhardtii

Open reading frames (ORFs) were amplified by PCR from genomic 
DNA and cloned in frame with a C-terminal Venus YFP and a 3xFLAG
epitope, driven by the strong PsaD promoter. These constructs were 
transformed into wild-type Chlamydomonas, where they inserted 
into random locations in the genome.
Paromomycin selection



Potential drawbacks:



Potential drawbacks:
• loss of the endogenous transcriptional regulation 

of the protein, including information encoded in 
the promoter, terminator, and genomic locus.

• Additionally, the C-terminal protein tag could 
obscure subcellular targeting signals or disrupt 
functional domains.

• Notorious difficulties with expressing tagged 
genes in Chlamydomonas

but…



LCIB–LCIC complex could be 
related to the developing 
pyrenoid structure and/or 
formation of starch sheaths.

Some roles to trap CO2

leaking from the pyrenoid 
matrix and to transfer the 
captured CO2 to stromal 
carbonic anhydrase CAH6



626 candidate CCM targets

303 transformed and expressed in Chlamydomonas (48%)

146 were imaged and localized at subcellular 
level by confocal laser scanner microscopy (23%)



Gibson technology to clone high 
number of cloning sequences



Gibson technology to clone high number of cloning 
sequences



Uncovering factors that 
may contribute to cloning 
and tagging success in 
Chlamydomonas.
They successfully cloned 
303 of the 626 target genes 
(48%). Cloning success rate 
decreased with gene size.

Intriguingly, cloning success was higher for genes with high 
expression levels (p = 4 3 10-13, Mann-Whitney U test), 
suggesting that intrinsic properties of a gene that influence 
endogenous expression may also affect PCR efficiency.



Successfully transformed and acquired protein localization data for 
146 of the 303 cloned genes (49%).
The two main factors correlated with the ability to obtain localization 
data were:
(1) high endogenous gene expression level
(2) absence of upstream in-frame ATGs



Successfully transformed and acquired protein localization data for 
146 of the 303 cloned genes (49%).
The two main factors correlated with the ability to obtain localization 
data were:
(1) high endogenous gene expression level
(2) absence of upstream in-frame ATGs

The failure to obtain localization data for genes with in-frame uATGs
is likely due to the absence of the correct translational start site in 
the cloned construct.

Transcript abundance is 
predictive for localization 
success and that future protein 
expression studies will benefit 
substantially from improved 
annotation of Chlamydomonas 
translation start sites.



To aid in the classification of unknown proteins to subcellular regions, 
we tagged a series of conserved, well-characterized organelle and 
cellular structure proteins.
They employed a decision tree to classify visually the localization of 
135 additional proteins into 29 distinct subcellular regions, 
representing nearly all of the known organelles and cellular 
structures of Chlamydomonas.

https://sites.google.com/site/chlamyspatialinteractome/





12 proteins were not confined 
to one organelle but were seen 
in multiple compartments

Validation for 39/41 
proteins;
2 unexpected resuts

Prediction tools validation
C-term tagging does not alter protein localization





Immunogold gave 
CAH6 in the stroma, 
but proteomics in the 
flagella

Why?



Immunogold gave 
CAH6 in the stroma, 
but proteomics in the 
flagella

Watch out of the 
antibody you use!





What is CAH6 doing in flagella?

Instead of directly participating in the CCM, CAH6 could be involved 
in inorganic carbon sensing. Chlamydomonas was recently shown to 
chemotax toward HCO3- (Choi et al., 2016), and carbonic anhydrases 
have been previously implicated in inorganic carbon sensing (Hu et 
al., 2010).

Localization of sensing machinery to the flagella, which are found at 
the leading edge of swimming cells, could facilitate chemotaxis.



Approximately 56% (82/146) of the proteins localized to the 
chloroplast. They assigned these 82 proteins to 13 sub-chloroplast 
locations. Chloroplast envelope proteins showed three subcategories 
of localization: (1) envelope homogeneous, (2) envelope non-
homogeneous, and (3) envelope plus chloroplast homogeneous

Focus on the chloroplast



The 39 proteins that are not pyrenoid-
depleted are almost all smaller than ~50 kDa
(the value of ~ 50 kDa excludes the Venus YFP 
region, therefore the effective molecular 
weight is ~ 78 kDa), suggesting that the 
pyrenoid may exclude larger proteins.

homogeneous chloroplast localization is a 
trait enriched in proteins containing 
transmembrane domains.
This observation suggests that proteins with 
homogeneous localization are most likely 
thylakoid membrane-associated.



Electron microscopy-based techniques have shown that the 
Chlamydomonas pyrenoid contains a dense matrix of Rubisco
surrounded by a starch sheath and traversed by membrane tubules 
formed from merged thylakoids



Specific localization inside pyrenoids



Specific localization inside pyrenoids

chaperone Rubisco activase (RCA1) is 
expected in the matrix of pyrenoids



Randon insertion of one set cloned in frame with YFP and 
associated with paramomycin-resistance
Randon insertion of one set cloned in frame with mCherry 
and associated to hygromicin-resistance

Emission spectra:



colocalization

The same

Different

The Pyrenoid Has at Least Four Distinct Outer Protein Layers



• Endogenous 
promoters



Analysis of the position of individual Rubisco 
holoenzymes within the Chlamydomonas pyrenoid 
matrix by in situ cryo-electro tomography

(A) Slice through a tomographic volume of the native Chlamydomonas pyrenoid. (B) 
Segmentation of the tomogram shown in (A) with localized positions of 46,567 Rubisco 
holoenzymes (magenta) mapped into the volume. Green and yellow: pyrenoid tubule 
membranes. (C) In situ subtomogram average of Rubisco (16.5 A ° resolution) generated from 
30,000 particles extracted from the tomogram shown in (A).



Cite this articleas: eLife
2015;4:e04889 DOI: 10.7554/ELIFE.04889

https://doi.org/10.7554/eLife.04889




New model for pyrenoid structure, biogenesis and regulation in 
different conditions

A Putative 
Methyltransferase 
Localizes to the 
Pyrenoid Matrix, 
role in biogenesis

1
2

3

4 5



FLAG



Large-scale affinity purification
mass spectrometry (AP-MS) approach

• 38 candidates
• 2 different labeling protocols
• Co-localization criteria

Interesting localization of proteins of photosystem I, 
photosystem II, CAS and STT7 that are proteins 
involved in the regulation of photosynthesis activity 



Large-scale affinity purification
mass spectrometry (AP-MS) approach

Important to look closer in 
this interactome.

For example a missing step 
was the transfer of inorganic 
carbon from the external 
environment to the 
pyrenoid.

They identified 3 proteins 
that might be involved in 
bicarbonate transport.



The cellular organelle in algae responsible for one-third of global 
CO2 fixation

• Localizations and physical 
interactions of candidate CO2-
concentrating mechanism 
(CCM) proteins were 
determined

• The data reveal three 
previously undescribed 
pyrenoid layers and 89 
pyrenoid proteins

• Plasma membrane inorganic 
carbon transporters LCI1 and 
HLA3 form a complex

• Carbonic anhydrase 6 localizes 
to the flagella, changing the 
model of the CCM



One potential approach 
for improving yields is 
the transfer of
a CCM into higher plants 
to increase CO2-fixation 
rates



EPYC1, a novel protein correlated with RUBISCO activity



Co-immunopurification

Mathematical models





The Pyrenoid Exhibits Both Fission and De Novo Assembly
To enable the first observations of pyrenoid matrix dynamics in living 
cells, we expressed pyrenoid matrix proteins tagged with the 
fluorescent protein Venus and imaged them in 3D with 
fluorescence
time-lapse microscopy during photoautotrophic growth.



tracked inheritance of the pyrenoid matrix by monitoring Venus-
tagged Rubisco small subunit 1 (RBCS1) or Venus-tagged EPYC1 and 
recorded chlorophyll autofluorescence to follow cellular orientation 
and chloroplast division

Elongation and then fission



Pyrenoid recall liquid materials with a 
bridge between two daughter pyrenoids

RBCS1

EPYC1 

Need for better esolution…



The pyrenoid, a Rubisco-containing organelle that enhances carbon 
fixation, mixes internally and undergoes phase transitions.

• The pyrenoid 
undergoes a 
reversible phase 
transition during cell 
division

• Modeling reveals a 
‘‘magic number’’ 
effect that governs 
phase transitions



• About 100 species

• Similar to liverwort

• Hornlike sporophyte

Bryophytes



Pyrenoids are generally found in algae but they are also present in 
a group of plants called hornworts, suggesting they had an 
important role during water-to-land transition in the green lineage

Tree of life, the soltis lab 

hornworts



When pyrenoid is present, 
only one chloroplast is 
present

Pyrenoid evolution might be 
associated to water 
submergence more then 
[CO2] in the atmosphere



Gains and losses of the pyrenoid (and putative CCM) in hornworts.
Pyrenoids evolved from five to six times.

In hornwort, the 
pyrenoid is 
composed of 
subunits of various 
shapes



wrap-up
• Pyrenoids convert 30% of world CO2 into 

organic carbon
• Pyrenoid-like structures could increase 

RUBISCO’s performances in C3 plants
• High-throughput approaches allowed to 

identify proteins involved in pyrenoid 
formation and transmission to new 
generations

• The pyrenoid undergoes a reversible phase 
transition during cell division

• Hornworts as possible organisms to 
engineer plant pyrenoids 
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