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Opening words

D-ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is the “first” enzyme of
the Calvin Benson-Basham cycle that allows the entry of the atmospheric carbon (in form
of COy,) into biological cycle. It is the only significant way of biomass production and at
the end, sustaining of the Earth’s food-chain as we know it. That makes it, probably the
most important existing enzyme (a ranking, which could be contested only by another
photosynthetic complex — Photosystem II). In addition, it is arguably the World’'s most
abundant protein as it is present in all photosynthetic organisms: cyanobacteria, algae
and plants (also other, non-photosynthetic organisms such as bacteria and archaea) and
can account for more than 50% of the leaves soluble proteins'®. On the other side, as
acclaimed as it is, Rubisco is also a very inefficient enzyme. Each molecule of it fixes
only about forty CO, particles every second. Moreover it is prone to energetically
uneconomic miss-reactions with oxygen as a substrate and to frequent “blocking” of its
active sites by, for example its misfired reactions’ products. Considering its importance
for the global agriculture and food production, it is not surprising that since many years it
has been the object of vivid scientific interest. During my thesis more than 400 papers
mentioning Rubisco in their titles were published. The majority of them try to highlight
Rubisco evolution, its diversity; but also the mechanisms of its formation, regulation and
its response to changing environmental conditions; and finally, how to improve its
efficiency, carboxylation kinetics and CO, specificity. | hope that this little piece will also

contribute to this global effort.



Table 1.1: Composition of photosynthetic complexes of Chlamydomonas

reinhardtii
Complex Gene Subunit Origin
psbA D1
psbB CP47
psbC CP43
psbD D2
prE-F Cyt. bsso
sbl Psbl
gsbJ pi& Chloroplast
psbH PsbH
psbL PsbL
PSIl psbM PsbM
psbN PsbN
psbT PsbT
PSBO OEE3
PSBP OEE2
PSBQ OEE1
PSBR PSBR Nuclear
PSBX PSBX
PSBW PSBW
petA Cyt. f
petB Cyt. bg Chloroplast
petD Subunit IV
PETC Rieske Nuclear
o petG PetG Chloroplast
petL PetlL
PETM PetM Nuclear
PETN PetN
psaA PsaA
psaB PsaB
psaC PsaC
psal Psal Chloroplast
psaJ PsaJ
psaM PsaM
PSI PSAD PSAD
PSAE PSAE
PSAF PSAF
PSAG PSAG Nuclear
PSAH PSAH
PSAK PSAK
PSAL PSAL
atpA CF;a
atpB CF. B
:;EE %F:t T‘ Chloroplast
ATPase atpH CFolll
atpl CFy IV
ATPC CF.y
ATPD CF,0 Nuclear
ATPG CFoll
Rubisco rbcL LSU Chloroplast
RBCS SSU Nuclear
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1. General introduction

1.1. Part |- Photosynthesis, endosymbiosis and consequences

1.1.1. Chloroplasts-a specialized organelle for oxygenic photosynthesis

Life of the majority of Earth’s organisms ultimately depends in way or the other on
photosynthesis — a process that allows the conversion of light energy (photons’ kinetic
energy) into electrochemical energy of electrons which ends up in the storage of the
biologically useful reductant equivalent NADPH. Because of the proton transfer coupled
to electron movement through the membrane, an electrochemical gradient is created and
can be used (via action of ATP synthase) to produce ATP — cell’'s energy molecule.
Those molecules (NADPH and ATP) can be subsequently used in Calvin-Benson-
Basham cycle to reduce and fix atmospheric carbon dioxide that at the end gives rise to
the sugar molecules that are used in the cell's metabolism (Fig. 1.1) (reviewed in®).
Photosynthesis in general is then a process in which a short-lived energy (photons) is
captured and transferred in a step-wise manner to create a more accessible and
universal long-lived energy carrier (sugar).The first photosynthesis-like process involving
one photosystem complex (ancestor of PSI) appeared in purple, extremophile bacteria
living close to oceanic hot springs and chimneys. In an anoxygenic reaction they used
hydrogen sulfide as a donor of electrons for NADPH production. Today’s photosynthesis
as we know it, appeared in cyanobacteria around 3.5 billion years ago™. It is mainly an
oxygenic process using water as an electron donor, and evolving oxygen as its
byproduct. Sometime later, around 1-1.5 billion years ago, a cyanobacteria was engulfed
and retained by heterotrophic, eukaryotic cell in a primary endosymbiosis event. It is
mostly accepted that this rare event gave birth to all primary plastids of Archaeplastida. It
has been also recently suggested that a third party — pathogenic Chlamydiae could have
contributed to successful retention of the symbiontle. On the other hand, it has been
proposed that other events of primary endosymbiosis might have occurred, as
exemplified by chromophores found in the amoeba Paulinella chromatophora®’*®. With
the rising of high-throughput sequencing technologies and new genomes being
sequenced, discussion is still ongoing about exact origin of the closest plastid ancestor®
2L Furthermore, secondary and tertiary endosymbiosis took place by acquisition of
primary plastids-containing eukaryotes by other, heterotrophic eukaryotes spreading
plastids between linages, the history of which remains an open and dynamic debate

(reviewed in%).
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Fig. 1.1: Structure of the chloroplast

A) Electron micrograph of a young tobacco chloroplast showing structuration of thylakoids.
S — Stroma; GT — grana thylakoids; ST — Stroma thylakoids = lamellae; EM — 2-layer
chloroplast envelope membrane; PG — plastoglobuli. Adapted from: Staehelin, 2003*.

B) Tomography reconstruction Chlamydomonas chloroplast fragment showing thylakoids as
elongated vesicles. L — Lumen. Adapted from: Engel et al. (2015)’.

C) Main thylakoid complexes implicated in the photosynthesis (Electron transport chain).
Light absorption takes places in two photosystems PSI and PSII surrounded by chlorophyll-
rich antennae proteins that increase light absorption surface. Electrons coming from water
oxidation travel through the membrane as indicated by dashed, green arrow. Final electron
acceptor and the light-photosynthesis main product — NADPH marked in green. ATP is
produced via ATP synthase activity that uses proton gradient generated on both sides of the
membrane by the action of PSIl and cytochrome b6f. For more details see Eberhard et al
2008 . LHC - antennae light harvesting complex; PSIl — photosystem II; PSI —
photosystem I; PQH/PQ — plastoquinol/plastoquinone; PC — plastocyanin; ATP synthase.
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Plastids form a family of organelles which consists of chloroplast — organelles
where photosynthesis takes place, amyloplasts — a starch storing compartment and
chromoplasts that contain large amount of carotenoids and give their distinctive colors to
flowers and fruits. The main member of the family and the subject of our interest is
chloroplast, an organelle of a significant size that resembles its cyanobacterial ancestor.
It is coated with 2- to 4- membrane envelope (number depending on the endosymbiosis
events®) and is filled with membranes — thylakoids. Thylakoids are organized in tight
packs called grana or unstacked parts called lamellae. Internal thylakoid membranes are
surrounded by stroma - a cytoplasm-like medium, and they themselves enclose part of it
creating vesicles whose interior is called lumen (see Fig. 1.1). This compartmentation
allows the generation of the electrochemical gradient between the stroma and lumen that
is used to generate ATP. Thylakoids contain a multitude of proteins, most importantly the
complexes involved in the photosynthetic light reactions and the chlorophyll binding
proteins responsible for light absorption and the characteristic, deep green color of
chloroplasts (Fig. 1.1). Stroma is a protein-dense hydrophilic medium containing, mainly
Calvin Benson Basham cycle enzymes responsible for the "light-independent” part of the
photosynthesis - namely carbon fixation, reduction and substrate regeneration, as well
as proteins composing the transcription and translation machinery, among which the

abundant chloroplast ribosomes.

1.1.2. Chloroplast genome organization

Chloroplast contains also a circular genome (linear forms can also exist®®), a
vestige of its ancestor’'s chromosome (as first shown by Margulis in 1971%%). It is usually
organized in a 4-part structure with a large single copy (LSC), a small single copy (SSC)
parts divided by two inverted repeats (IRA and IRB). It is present in up to 100 copies in
each of the cell’s chloroplasts (different species containing from 1 to 100 chloroplasts)
and is organized in nucleoids attached to internal membranes of the chloroplast and
containing in addition multitude of proteins responsible for cpDNA organization,

transcription etc.?>?®

(Fig. 1.2). Nowadays, depending on the species, chloroplast
genome contains from ~20 to up to 209 genes (~20 in some Dinoflagellates and 251 in
Porphyra purpurea). They are mostly organized in polycistronic units, resembling
bacterial operons, but contrary to bacteria, the polycistrons usually do not represent
functional units (with some exceptions like some ribosomal encoding genes). Rather,
they are post-transcriptionally cleaved and proteins are being synthesized from
monocistronic units. The core of chloroplast genome consists of i) photosynthesis related
genes coding for subunits from photosystem |, Il, cytochrome b6f, ATP synthase and

large subunit of Rubisco (LSU) (Fig. 1.2), ii) genes coding for subunits of the translation
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machinery iii) at least three genes of plastid encoded, bacterial-like RNA polymerase
subunits, iv) rRNA genes and v) 27+ tRNA genes®’ (can be less in fragmented genomes
of diatoms). In addition, the chloroplast genome contains genes involved in lipid
biosynthesis, post-transcriptional modifications: matK in mustard®®, protein assembly
and quality control (in Chlamydomonas cemA, ccsA, clpP and ycf3, ycf4) and a number
of chloroplast open reading frames (cpORFs) of no assigned function (and who may not
be transcribed). Finally, hypothetical chloroplast open reading frames (ycf) encoding for
proteins of (mostly) unknown function can be found in plastids and cyanobacteria. Most
notably, two conserved ycf genes (ycfl and 2), making for the biggest ORFs in the
chloroplast genome are present in green lineage but are absent in the rest of
Archaeplastida and in most Monocots. As shown in Chlamydomonas® and tobacco®
those two genes were indispensable for cell survival, yet their function remained
uncovered. Only recently was it proposed that Ycfl (renamed TIC214) could be the only
plastid-encoded subunit of the translocation machinery (creating a new category of

chloroplast encoded-genes)®.

Wlld type B Creinhardti
Genome N. punctiforme
Chloroplast Nuclear
Size [bp] 203 395 120 404 952 89 000 000 M
# of genes 99 14 560 7432
Organisation Circular Linear Circular
# of copies Up to 100 1* 1
Introns Yes Yes No
% of coding DNA 38 71
% GC content 34,6 64 41,5

* on 17 chromosomes

Fig. 1.2: .
Chloroplast genome of C. reinhardtii C = h’ —F
A) Representative cell stained with DAPI for \\\?avo / =

DNA highlighting (green). Image merged
with the fluorescence of the chlorophyll
(deep red). White arrow points one of the
nucleoids present in the chloroplast; N —
Nucleus.

Chlamydomonas
reinhardtii

‘  chloroplast genome /
B) Comparison between genomes of 203 395 bp '
C.reinhardtii and the one of the

cyanobacteria phylogenetically closely

related to the chloroplast.

C) Map of Chlamydomonas chloroplast il
genome with all 104 genes marked in colors e
(for detailed description see: http://
chlamycollection.org/chloro/genome)
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CP47 CP43
E

CP43 CP47

PSII cyt bgf PSI ATP synthase

Fig. 1.3: Photosynthetic complexes are mosaics of proteins of dual origin.

In Chlamydomonas reinhardtii four main protein complexes of photosynthetic light reaction
are constituted in total of more than 50 subunits. Precise regulation is needed to express
each subunit in correct amount and assembly them all in a correct manner. Here in full
color, subunits coded in the chloroplast; in light gradient subunits originated from nuclear
genes.

1.1.3. Endosymbiotic gene transfer: facts and hypotheses

Chlamydomonas reinhardtii chloroplast genome contains 73 putative protein-
coding genes, 5 rRNA genes, 30 tRNA genes and 1 small RNA-coding gene®. It stands
in bright contrast with cyanobacteria suggested to be the closest chloroplast ancestors:
Nostoc punctiforme’s genome contains 7500 ORFs** and the recently discovered
Gloeomargarita lithophora genome has 2990 ORFs?. It might be partially explained by
the fact that the engulfed symbiont does not need to maintain many genes necessary for
its autonomy as it is protected by its host and can sap from its metabolism (e.g. genes
coding for the proteins of cell-wall synthesis). Moreover both host and the symbiont had
to share certain genes which after endosymbiosis become redundant (e.g. protein quality
control genes). However, the most important reason for the chloroplast genome
reduction is the export of many of its genes to the nuclear genome. This transfer is
supposed to be advantageous as it allows simpler regulation of gene expression and
reduces the energetic costs of the gene expression. On the other hand, gene transfer is
most probably challenging for the cell as the transferred genes, had to acquire the
features necessary for the eukaryotic expression system to be retained (capture of a
suitable promoter, and of a downstream AT-rich region for proper transcription

termination)*. Today, Arabidopsis nuclear genome contains up to 1700 genes that most
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probably originated from the symbiont and are targeted back to the chloroplast®. As
shown by the phylogenetic analysis of both genomes, this transfer was most probably
done sequentially and the acquisition was very variable in terms of the number of cpDNA
fragments and their size®. Interestingly, plastid gene gain has been observed for only
three cases already mentioned above: matK, ycfl and ycf2 that seemingly appeared in

the common ancestor of green algae and plants®*'.

A question arises then: why did all the plastid genes have not been exported to
the nucleus? First, translation and following assembly of some subunits of photosynthetic
complexes might be coupled and thus would require the presence of a given gene in the
chloroplast®® (see CES process). Similarly, certain proteins may require, for their
correct assembly the simultaneous presence of their cofactors (e.g. pigments) that are
synthesized in the chloroplast *. Protein synthesis from photosynthetic complexes might
also require fast adaptation to the redox state changes within the organelle, denoted as
the CoRR hypothesis (Colocation of Redox Regulation). Retaining them within the
chloroplast would allow rapid sensing and response to the stress*°. This might simplify
the regulation of these proteins’ expression in organisms, like higher plants which
contain multiple chloroplasts, by directly influencing only the concerned organelles
without a need to send signals to the nucleus*'. Another hypothesis is that, plastid gene
expression has to be retained as it has now another function unlinked to photosynthesis
as exemplified by Rhizanthella gardneri, a parasitic, non-photosynthetic plant which kept
now the smallest chloroplast genome of land plants (33 active ORFs)*’. Despite all that,
RNA translation, maturation and processing have been detected suggesting that an
“active” plastid is necessary for plants’ viability. In photosynthetic organisms many genes
retained in the chloroplast encode for subunits of photosynthetic complexes. The
majority of those subunits are highly hydrophobic, membrane proteins which would be
difficult to import to the chloroplast®®. Similar conclusion was drawn for mitochondria
where the two genes conserved in all known mitochondria encode for hydrophobic
apocytochrome b and subunit | of cytochrome oxidase. Elegant experiment
demonstrated that import of the proteins to the mitochondria is perturbed after reaching a
threshold of local hydrophobicity within the protein molecule**. Exceptions in the
chloroplast, e.g. highly hydrophobic light harvesting complex antennae proteins are
efficiently transported to the thylakoid membranes from the cytosol does not exclude this
hypothesis as they do not contain a large total number of thydrophobic transmembrane
helices. On the other hand, soluble bacterial RNA polymerase subunits, subunit P1 of
the plastid ClpP protease and similarly, soluble large subunit of Rubisco are still being

encoded in the chloroplast. The same goes for PSII single transmembrane helix-subunits
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PsbN and PsbH that are retained in the chloroplast but whose artificial transfer to the
nucleus in tobacco and Arabidopsis allows complementation of mutants, unable to

express these genes*>*°

. And finally, the nucleus gene transfer might be a long process
that is still ongoing. The first example of an organism without cpDNA has been reported
recently, and further analysis of its plastome and nuclear genome might shed light on

what a “minimal” plastid is*’.

1.1.4. Protein rerouting to the chloroplast

With the endosymbiotic gene transfer (EGT), a second mechanism had to evolve
to allow relocation of transferred gene products back to the chloroplast to retain its
proper functioning. Chlamydomonas chloroplast might contain more than 3000 proteins
(~3000 predicted and 996 Mass-spec detected to be chloroplast localized) compared to
73 protein coding genes®®. This is achieved by the establishment of transport machinery
through a combination of prokaryotic and eukaryotic components allowing protein
targeting from cytoplasm to the chloroplast. Two multimeric complexes now form a
major, import channel in the chloroplast envelope: TOC (Translocon at outer envelope
membrane) and TIC (Translocon at internal envelope membrane) respectively (see**°
and reference within). Nevertheless, the origins and the mechanism that allowed creation
of the plastid translocation process is still debated, as the exact functions of the
progenitors of the TIC/TOC complexes in the symbiont and host are unknown. In
parallel, host cells developed a chloroplast protein addressing system. Most of the
chloroplast proteins found nowadays exhibit a short, cleavable, N-terminal sequence
called a transit peptide that is recognized by the chloroplast’'s envelope GTP-dependent
TOC receptors that direct them to the translocation complexes®. Despite not being
conserved on the sequence level, transit peptides share common features: a similar size
ranging from 20 to 100 residues and amino acid constitution (rich in hydroxylated
residues and bearing a relatively low percentage of acidic residues) and ability to form
amphipathic helices while in contact with lipid bilayers®. After serving its purpose, the
signal peptide is cleaved in the stroma by processing peptidase and the precursor is
further sorted according to its internal function®®. Because of their high diversity little is
known about the transit peptides’ origin. Nevertheless they share common features with
antimicrobial peptides constituting the cells’ immune system which might suggest that

they could have arisen from a priori hostile interactions between symbiont and host>*.
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1.2. Part Il Nucleus and chloroplast crosstalk

Integration of the prokaryotic symbiont into a eukaryotic cell gave rise to a bi-
original system with spatially separated genomes that in the end will built a
photosynthetic machinery (Fig. 1.3) of extreme importance (among others), suggesting
a requirement for a tight control of expression to produce the correct amounts of the
necessary proteins. Therefore mechanisms of nucleus-to-organelle (anterograde) and
organelle-to-nucleus (retrograde) perception and signaling exist to maintain the
coordinated expression and function of compartmentalized genomes (Fig. 1.4). First, as
a large majority of plastid proteome is encoded in the nucleus, its abundance and
regulation is directly dependent on nuclear transcription and cytoplasmic translation.
Next, as the chloroplast genome does not contain any gene expression regulators, it
therefore relies on the nuclear-encoded factors that are imported to control gene
expression at translational and post-translational levels. Finally nuclear-encoded factors
are also responsible for protein modifications, transport and assembly of protein
complexes as well as regulation of their activity. Occurrence of these regulatory steps is,
in utmost case represented by the differentiation of organisms’ plasmids into chloro-,

chromo- or amyloplasts that a priori contain the same gene set>>*°.
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Fig. 1.4: Nucleus-chloroplast crosstalk

Environmental signals (light, nutrients, temperature, developmental cues) sensed by
the cell influence expression of nuclear genes by either modulating production of
subunits of chloroplast complexes or proteins that will be targeted to chloroplast to
affect chloroplast gene expression.
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1.2.1. Chloroplast transcription and translation apparatus and requlation

Transcription in chloroplast

Contrary to bacteria, chloroplast transcripts are rather long-lived as demonstrated
by Eberhard et al.; despite inhibition of chloroplast transcription through a rifampicin
treatment, the global transcripts’ abundance (and translation rate) does not change

throughout the duration of the experiment®’. As demonstrated in Chlamydomonas,

changing amounts of organelle transcripts rarely is reflected at protein levels pointing to
the fact that the major anterograde regulation is exerted post-transcriptionally®’,
Specific regulation of chloroplast gene expression at a transcriptional level is limited, but

it has however major implications during chloroplast and plant development®. |

n
Chlamydomonas, mRNA changes are due to the activity of the plastid encoded RNA
polymerase (PEP) — the sole enzyme responsible for chloroplast transcription, which is
controlled by a single nuclear-encoded sigma factor, SIG1 ®°, whose expression follows
the life cycle’s changes and nutritional unbalance®®. This suggests that transcription’s
gene specificity is rather limited and undergoes global changes. In contrast to unicellular
alga, chloroplasts from higher plants develop from (non-photosynthetic) proplastids, a
process which is accompanied with massive production of proteins to form the
photosynthetic apparatus. In maize chloroplast, this differentiation parallels with an
increase in MRNA levels and translation rates of a multitude of genes, which together
account for the increased production of a given protein®. Moreover, a lower DNA amount
observed in young maize chloroplast from a chloroplast DNA polymerase mutant was
correlated with lower RNAs amount. This was followed by decreased expression of
photosynthetic proteins. This might be the result of rRNA titration during intensive
translation that accompanies chloroplast development as the mutant phenotype is less
severe in the developed part of a leaf®®. According to the authors’ interpretation, an
increase in the MRNA level of photosynthetic genes would be necessary in the
biogenesis phase but of lesser importance in mature chloroplast. In addition higher
plants’ PEP integrates multiple sigma subunits® and operates in parallel with a second,
nucleus-encoded RNA polymerase (NEP). The relative NEP and PEP activities would be

key determinants in the transition between plastid development and differentiation®®.
MRNA degradation in chloroplast

Similarities of the chloroplast mRNA degradation machinery to cyanobacterial
ancestors are represented by the conservation of orthologs of bacterial RNases found in
the chloroplast. A general feature of chloroplast mRNA is their intensive 5 and 3’ mRNA

processing as most of transcripts undergo maturation. In Chlamydomonas only three
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photosynthesis-related genes are present as primary transcripts: atpH, petA and rbcL.
Both 5-3'®, 3'-5"% exoribonucleolytic processing were reported. The 3'-5’ employs the
exonucleolytic activity of polynucleotide phosphorylase (PNPase)® or starts with an
endonucleolytic cleavage to eliminate possible staling mRNA secondary structures. Ends
of the 3’ processing can be defined by the same secondary structures or proteins binding
to the RNA that block the progression of the enzyme. Polyadenylation of the structurally-
blocked RNA can reinitiate the decay. The 5’ processing would also result from a 5’-3’
exonucleolytic process. Experimental evidence for the participation of OTAFS in the 5
maturation was obtained by the insertion of poly(G) cage in Chlamydomonas 5’UTR
MRNA sequences, which were found to stabilize the mRNA in OTAF mutant background
(most probably by blocking the RNase). The combined action of endo- and
exonucleolytic activity of RNases is also necessary for the intercistronic cleavage of
polycistronic transcripts. Again, the activity or processivity of normally unspecific RNases
is limited by the RNA-binding proteins (OTAFs; see below)®®. For the RNases and details

see® and reference within.
Translation machinery

At the same time, the translation machinery of the chloroplast is much conserved
and most of its components are homologous to their cyanobacterial counterparts.
Translation is initiated by 30S ribosomal subunit binding to the translation initiation site
(AUG is the predominant initiation codon). Contrary to bacteria however, two thirds of
plastid genes lack Shine-Dalgarno sequence” and thus require a different initiation
mechanism, which is however still not well understood. One of the possibilities is that
nucleus-encoded gene specific factors could be required to bind the transcript and
mediate the interaction with 30S subunit or translation initiation factors (see OTAFS).
Otherwise they could reshape the mRNA (secondary structures) of those transcripts to
facilitate the targeting to the ribosome entry site (see OTAFs). This proposition is
tempting in the light of the observed structural differences between bacterial and plastid
ribosomes, as the chloroplast ribosome entry site is narrower than in bacteria due to
extended (compared to bacteria) polypeptide chains of some subunit and by that, may
accept only unstructured mRNA™. Initiation and further elongation is assisted by
homologs of bacterial initiation and elongation factors which are imported from the
nucleus’®, with the exception of the chloroplast-encoded algae-specific elongation
factor- Tu (tufA gene)”. Plastid ribosomes share high structural similarity with those of
bacteria with some small but significant differences’. They are composed of the 50S and
30S subunits constituting a 70S ribosome . Each subunit consists of many proteins and

rRNAs. Ribosomal 30S subunit contains one, 16S rRNA whereas 50S subunit includes

20



23S, 5S and 4,5S rRNA molecules. All of them are encoded by chloroplast genes
situated in the inverse repeat (IR) regions of the genome. The 4.5S rRNA particle is not
present in bacteria, however is highly homologous to the C-end of bacterial 23S rRNA.
24 and 33 proteins are part of 30S and 50S ribosomal particle respectively®’’. They are
distributed between both, nuclear and chloroplast genome. Five additional ribosomal
proteins were identified in the plastid as compared to E.coli (PSRP2-6) (two are part of
30S and 3 of 50S patrticles). Moreover, some of the ribosomal proteins carry N- and C-
terminal extensions that stabilize the structure of both subunits and account for
differences at the entry and exit sites of the ribosome’. All transfer RNAs (tRNAs) are
spread in the chloroplast genome, that however contains only up to 30 tRNAs (30 in
Chlamydomonas), which is less than the minimal set of 32 (due to the wobble). In
addition, there was no demonstration of the import of the missing tRNAs to the
chloroplast. Notwithstanding, plastids are able of synthesizing their proteins with a
reduced tRNA set due the superwobbling phenomenon — i.e. the ability of a given tRNA
to read all four codons sharing their first two nucleotides (see’®’®). This is due to the
possibility of the relatively small uridine (U) to interact weakly with all four base pairs.
Consequently, the minimal set of tRNAs would be reduced to 25, which is less than the
smallest number found in photosynthetic algae and plants (27). At the same time in non-
photosynthetic organisms this set is even less reduced (to 4 in Rhizanthella gardneri)*.

Organization of translation

Chloroplast translation localization has been since years a matter of discussion.
Initial works reported that translation always starts at stromal ribosomes and some of
them are later attached to the membrane via nascent polypeptide®’. It was suggested
later that, some proteins, are translated on membrane associated ribosomes®. In a
recent study authors used a ribosome profiling technique to analyze the transcripts
associated to membrane-bound ribosomes. They concluded that out of 37 chloroplast-
encoded membrane proteins in maize, 19 are co-translationally targeted to the
membrane (translation is initiated on free ribosomes that then bind to the membrane)®.
In Chlamydomonas it was proposed that zones of intense membrane translation exist in
the chloroplast, from whom the biogenesis of PS complexes would originate. These so
called T-zones have been identified by fluorescence microscopy probing for mRNA and
subunits of PSIl. They are localized at the outer periphery of the pyrenoid and after
biochemical evidence contain Ribosome-dense chloroplast translation-dedicated
membranes (CTM)®*. However their exact nature has not been completely
elucidated®®*. Similarly, the translation of the pyrenoid localized LSU was shown to be

localized to the basal region of the chloroplast®®. Neither T-zones nor localized
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translation of LSU were observed in higher plants — maybe because of different
biogenesis of the chloroplast and/or lack of the structural organization conferred by the
pyrenoid.

1.2.2. Nucleus-encoded regulators of chloroplast gene expression

Each chloroplast gene takes a long road till its product can fulfill its function. After
correct transcription, usually, a polycistronic, primary transcript needs to i) be cleaved
into mono- or di- cistronic MRNAS, ii) get its introns spliced out, iii) be trimmed (at 5’ and
3’ ends) and sometimes iv) edited®. A mature transcript undergoes translation that
needs to be i) timely and ii) efficient enough to match the cell’s needs. It is generally
accepted nowadays that nucleus-encoded RNA binding factors play a role and can

regulate all of these processes®®

. Classical RNA-binding proteins containing: Zinc-
finger domains®, RRM domains®, or CRM domains are usually responsible for
stabilization, splicing (e.g. APO1 type Il intron splicing factor®) and editing of RNA®® (for

90,91

more see” ). A vast number of chloroplast RNA-associated processes have now been

connected to the action of proteins belonging to a helical-repeat proteins super-family

and now coined “regulators of organelle gene expression “(ROGEs)”®’

or organelle
specific gene expression factors®?, hereafter called OTAF (for organellar Trans-Acting
Factors). Most of them form tandems of a-helices organized in two- or three-fold that
form a solenoid-like platform for nucleic acid and/or protein interaction®. Although
evolutionary independent, they are characterized by the presence of a degenerated,
repeated, helical motif of different lengths: tetratricopeptide proteins (TPR) having a
module of 34 aa length, pentatricopeptide proteins (PPR; 35 aa per helix),
octotricopeptide proteins (OPR) of 38 aa and functionally, closely related mitochondrial

transcription termination factors (nTERF).
TPR

Through broad genomic database analysis, it was shown that TPRs are widely
present in photosynthetic organisms with 29 TPRs discovered in Synechocysis and more
than one hundred in Chlamydomonas and Arabidopsis®*. However, most of them localize
in the cytoplasm as on average only one fifth of them could be predicted with available
softwares to be targeted to the chloroplast®. Helical motif repeats are found from 1-32
times but on average TPRs contain 2 helical repeats per protein in Synechocysis and 3
repeats in photosynthetic eukaryotes®. Alone or as part of multimeric complexes TPRs

are principally involved in a variety of protein-protein interactions,® and are engaged in a
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multitude of processes, such as: transcriptional regulation, RNA metabolism, folding and

protein transport® (see also®>*®

). Due to their significant implication in RNA processing it
was suggested that some TPR proteins could interact directly with RNA molecules® (R-
TPR or RNA-TPR)”. This led to the discovery and description of different TPR
subfamilies containing variants of a classical TPR motif: cl-/crnTPR (crooked neck-like
TPR)® or HAT (half-a-TPR)*. The function of TPR proteins in the chloroplast is
illustrated by (at least) 4 factors required for RNA processing discovered in
Chlamydomonas (Table 1.2) or by the Arabidopsis HCF107 HAT protein, which can bind
RNA in vitro, in a sequence-specific manner illustrating its role in the regulation of

chloroplast gene expression*®.

PPR

Closely related to TPR, PPR proteins has been first described in Arabidopsis
through genome and proteome analysis'®. They are almost exclusively found in
eukaryotic organelles: mitochondria and plastids (on average up to 30 PPRs in non-
photosynthetic organisms)'®*'%. Exception to that would be some pathogenic/symbiotic

prokaryotes that most probably acquired some PPR-coding genes through horizontal

104

gene transfer from their hosts™". This limited presence points that they probably

emerged at the beginning of eukaryotic evolution. Higher plants’ PPR are particularly

striking, as within land plants, the PPR family has greatly expanded with more than 400
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members reported up to date™ (with more than 1000 genes present in some genomes,

105

as compared to e.g. 14 PPRs in Chlamydomonas™) suggesting the family’s proliferation

during plants’ colonization of the land*®. Indeed through RNA stabilization, processing,

107

splicing and editing (reviewed in—") different PPRs affect photosynthetic apparatus

formation, plant development, pollen fertility, and stress sensing (reviewed in*%). PPR-

109
P

RNA interaction has been demonstrated through biochemical (Co-I , in vitro

109,110 112

binding ., RIP-Chip'*), genome-wide ribosome profiling'**) and computational
approaches®. In silico analysis allowed discovering correlations between the identities
of amino acid residues in the PPR protein and the mRNA nucleotides it recognizes.
Recoding of maize PPR protein (PPR10) and using designed PPRs confirmed the
predictions and established this “PPR code” (for P-PPR** and S-PPR'") that proposes
a matrix of single aa- single nucleotide pairings that define PPR’s sequence
specificity®®'%. Structural proof of the aa-nucleotide recognition and combinations was
115,116

obtained through RNA-PPR co-crystallization . However, the code is not perfect,
partially degenerated so that different aa specify the same nucleotide but can bind it with

different affinities. This limits the further development of designed PPRs®.
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Two different subfamilies of PPR were described up to now. Canonical PPRs
called P-class PPRs contain 2-30 repetitions of a classical 35 aa motif (with some

117

special cases of proteins with additional domains~"). This class is mainly involved in the

118,109 119,120 111,121,122,123,124

transcript’s maturation®®, stabilization , splicing , and translation

processes. Another, PLS-class is present only in Streptophyta clade (with the exception

of some parasitic protists*?®

) and would be involved more specifically in the editing
process as site recognition factors'?®*?’. Proteins from this subfamily contain additional,
degenerated variants of the P motif (L-motif: 35-36 aa; S-motif: 31 aa) each with different

conservation of amino acids positions within the repeat'?

. This subfamily usually
possesses also an E or DYW domains at the C-terminus. As the DYW bears a cytosine
deaminase motif signature, DYW-containing PPR have been proposed as candidates for
deamination of cytidines in RNA strands*?°. This hypothesis is still a matter of debate as

the DYW was found to be sometimes dispensable®®

, although this might be due to trans-
complementation. Yet definite biochemical proof of a cytosine deaminase activity is still
missing. The editosome would also consist of other non-PPR proteins associated to the
PPR recognition factors like proteins from the RIP (RNA-editing Interacting
Protein)/MORF (multiple Organellar RNA-editing Factors) family, and proteins from the
ORRM or OZ families (reviewed'?"). Importantly, the number of editing sites in land
plants (e.g. 488 and 34 in Arabidopsis mitochondria and chloroplast respectively®) is
positively correlated with the number of PLS PPRs in those organisms, which may imply
a specific adaptation of the nuclear genome for the control of the organelle gene

expression in the harsher land environment*®

(and may explain the higher number of
PPRs in plants as compared to other eukaryotes). However it still unresolved why there
is a difference in the number of PPRs acting on RNA editing (~200) and the much higher
total number of editing sites (~600)*?’ (this observation also contradicts the model of a
gene-specific mode of action of OTAFs: see below). Also, despite their overall high
number in higher plants’ genome, no redundancy of PPRs has been observed as it has
been proposed that PPRS serve as regulators of expression of specific, organelle genes.
Subsequently, via analysis of mutants obtained by forward genetics, a wide range of
PPRs’ physiological and molecular functions has been described. Most PPR mutants in
plants have a strong specific effect on gene expression, leading to the idea of a PPR
code. Less specific PPRs having multiple targets reveal target sequence similarity, or

decreased specificity due to a small number of PPR motifs within the protein 1?2132

OPR

The less-described octotricopeptide repeat protein family contains a degenerated

motif of 38 aa that is predicted to arrange, as in the case of TPRs and PPRs into a-
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helical tandems (2-24 per protein) that again serve as ligand-binding platforms. The first
OPR protein, Thc2, has been discovered in Chlamydomonas reinhardtii chloroplast and
was found to be required for the translation initiation of psbC gene'® — providing another
example of tandem-repeat family protein involvement into organelle gene expression.
Interestingly, OPRs are found mostly in unicellular algae (Chlamydomonas reinhardtii,
Volvox carterii), parasitic protists (Apicomplexans) and parasitic bacteria (Coxiella
burnetii), where they undergo rapid expansion, as witnessed by a NCC-like cluster of 32
OPR paralogs on Chlamydomonas chromosome 15™% In contrast, only one (as

compared to more than 120 in Chlamydomonas'**

) record of OPR was discovered in
higher plants where it is necessary for 16S (chloroplast) rRNA maturation**>. OPR are
mostly predicted to be targeted to the organelles: chloroplasts and mitochondria. They
operate in posttranscriptional regulation of organelle gene expression in translation
initiation (Tab1™®, Tbc2™®, Tdal™’), and RNA maturation with the best described
involvement of OPRS in the two-step trans-splicing of the chloroplast psaA gene!®*%
(Splicing supercomplex(es) responsible for this process containing at least 5 OPR

141

proteins™). From the published experiments and structure predictions, OPRs’ molecular

mechanism of interaction seems to be similar to the PPR proteins. They would interact

136142 \nith a modular: one nucleotide-one aa

directly with RNA, as proven in a few cases
binding mode, and by such would in some cases provide protective caps against
exonucleases and release sRNA footprints, as seen for CrMCG1'*. The combinatorial
code would however differ from the PPR one. Linking sSRNA footprints to specific OTAF
should help to solve this OPR code. The target specificity could be further provided by
additional domains such as FAST and RAP which could provide further RNA interaction
as proposed by Eberhard et al.*¥’. Sixteen Chlamydomonas OPRs have at least one
Fas-activated kinase-like domain (FAST) that is found in proteins involved in RNA
processing in mitochondria®**. RAP binding domain (RAP: RNA binding abundant in
Apicomplexans) has been also found in some OPR (sometimes with the conjunction
with the adjacent FAST domain) and has been suggested to interact with RNA as well
and to possess nucleolytic activity****** due to structural homologies to endonucleases**
In Chlamydomonas OPR presenting an association to the RAP domain form a subfamily

134

of 38 paralogs called the NCL subfamily™=".
MTERF

MTERF proteins (from: mitochondrial transcription termination factors) were first
proposed to play a role in mammalian mitochondria gene expression almost 28 years
ago™®. Now it is known that they act on mitochondrial transcription'*®, DNA-related

functions™’ and organelle ribosome biogenesis**. A first report of an mTERF from a
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photosynthetic organism was published in 2004'*°. Nowadays, up to 30 mTERF proteins
can be found in higher plant proteomes, a number much higher than in other
metazoans™°. They are almost exclusively predicted to be targeted to the mitochondria
or chloroplast with no characterized example of cytoplasmic mMTERFs. Their main
characteristic is, similarly to other families described above, the presence of a
degenerated amino acid motif of around 30 residues that forms a pair of antiparallel a-
helices with usually an adjacent helix that works as a ligand-recognition scaffold'>.
Usually, tandems of mTERF repeats organize into a luna/croissant shape, however
within the family, their arrangement can vary significantly’>>. Knowledge of the role of

MTERFs in photosynthetic organisms is still limited to few examples from

153,154 155,156

Chlamydomonas™*, maize and Arabidopsis . In the two latter cases plastid-
targeted MTERF have been shown to be involved in global transcript abundance and
splicing, leading to the suggestion that proteins from this family may act on the post-
translational regulation of chloroplast gene expression®® This conclusion is further
supported by the finding of a significant number of mMTERF protein associated to the

chloroplast nucleoids®’.

Convergent evolution - convergent role?

Altogether, all these families, despite probably not being evolutionary connected
(except TPR and PPR sub-families) share structural similarity. They are organized into
solenoid-like structure of repeated motifs that sets the base for interaction with other
factors. Unfortunately, due to technical difficulties to produce antibodies for modular
proteins, a physical proof of this interaction has been made mainly for PPRs™®
(reviewed'®®**) and only for few members of TPR®*®, OPR™® and mTERF*! families.
Despite the difficulties, enormous progress in OTAFs research has been made, mostly
due to the analysis of photosynthesis deficient mutants of maize, Arabidopsis and
Chlamydomonas. From the published results emerges the view that plastid RNA
metabolism is highly dependent of the nucleus (proving again the vast posttranscriptional
regulation of organelle gene expression) and engages proteins of all mentioned sub-
families. It is tempting to conclude that members of all those groups could interact
directly with RNA and that their role is convergent. A question remains: why is the
distribution of e.g. OPRs and PPRs so different: hundreds of PPRs in plants and only
one OPR, versus the opposite situation in Chlamydomonas. With the PPR code being
consistently polished (and emerging OPR code) more mechanistic proofs of protein-RNA
interactions are to come soon. Because of PPRs regular modularity of helical-repeat
proteins it will be possible to predict their RNA targets in vivo to more easily determine

their function. With that in hand we could have an insight into the PPRs’ advantage over
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the classical RNA-binding domain proteins (zinc-finger, RRM domain etc.), that usually
consist of multiple, flexibly connected globular domains which makes it difficult to predict

160

their specificity and to modulate it™, and even engineer artificial RNA-recognition

molecules of broad application™®".

OTAFs in chloroplast

Based on the analysis of the mutant phenotypes and the characterization of the
individual proteins’ behavior in vitro and in vivo, chloroplast OTAFs (whether TPRs,
OPRs, PPRs or mTERFS) where found to act on different levels of posttranscriptional
gene expression.

First, they play a role in RNA maturation, as caps physically protecting transcripts from
exonucleolytic degradation (both at 5’- and 3’-ends) and by that define mature transcript
ends. The best described example is the PPR10 protein from Maize chloroplast that
binds specific intergenic sequences of the atpl-atpH and psaJ-rpl33 polycistronic
transcripts thereby defining the 5’ and 3’ terminus of the monocistronic unit by preventing

their exonucleolytic digestion'***%2

. OTAFs sometimes even promote the transcript
maturation via initiation of endonucleolytic cleavage®*®. Multiple OPRs are involved in
psaA trans-splicing process in Chlamydomonas®*'. Those OTAFs that have a direct role
in mRNA metabolism have traditionally been called “M” factors, a nomenclature
particularly used in Chlamydomonas.

Next, OTAFs can act on a specific mMRNA, usually 5’UTR, to further recruit additional
effectors such as ribosome 30S subunit (see Ribosome structure) that is required for
translation*??. They can also themselves, “activate” the transcript by reshaping the RNA

10 |n these cases where their role is linked to

structure to allow translation initiation
translation activation, they were called T-factors. Note that OTAFs are in large part
represented by the members of the super helical protein family, but are not restricted to
these families, and can also be pioneer proteins. Such translational activators, required
for proper translation initiation of a given transcript, have been abundantly described in
Chlamydomonas. They target the 5’'UTR of a given gene'®* either by direct binding or via
another, sequence recognizing protein (see above). An example of it is the tcal (see
Table 1.2) mutant, where the petA mRNA accumulated normally but neither translation
nor cyt f protein could be observed suggesting its implication in the early stage of petA
translation initiation'®®. Similar observations were made for TAB1¢, TAB2%®, TBC2!3
and TDA1'. The latter has been also found in dense ribonucleopretic complexes
suggesting another function in sequestering atpA transcripts into un-translated “reserve”

pool*¥'.
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Notably, few instances were described where an M factor stabilizing the mRNA
cooperates with a T-factor. Genetic analyses suggest that this is the case for the
Chlamydomonas psbD translation system requiring both Nac2 (MBD1) and RBP40
proteins'®’, as well as for the MCA1 —TCAL1 couple. Currently, no such coupled activities
have been highlighted in higher plants.

OTAFs are in some cases true regulators of gene expression, whose abundance
are directly linked to the abundance of their target product, as exemplified for MCA1
(and less-so for TCA1) linked to cyt. f accumulation®®®. Another example comes from the
study of the MAC1 factor whose accumulation level dictates psaC transcript
accumulation®  OTAFs’ regulatory function is further exemplified in response to
changing environments, such as in nutrient starvation as seen for MCA1, TCA1, TAA1'"
or MAC1'®. This point will be further discussed in Chapter 1.

A more comparative analysis is required to assess the evolutionary importance of
OTAFs, especially considering the convergent distribution of different sub-families in

plants and algae which is coupled to high conservation of their target sequences.

1.2.3. Retrograde signaling

Plastids transfer information about their developmental state and their
physiological condition to the nucleus via retrograde signaling. This allows modifying the
expression of the nuclear genes which in turn influences plastid gene expression (by an
anterograde communication). Chloroplasts are sites of photosynthesis, a process that is
heavily influenced by environmental cues (especially light intensity and quality) and as
such need to respond rapidly to their fluctuations. Furthermore many other metabolic
reactions take place within plastids such as starch and lipid production, amino acid
biosynthesis, production of hormones etc., and it is thus obvious that they need to adapt
to the physiological changes sensed by the chloroplast. From this perspective,
chloroplast evolved not only as a “photosynthesis factories” but also as sensors for
plants. As nicely demonstrated by Feng et al. chloroplasts play major function at the

onset of Arabidopsis flowering by perceiving light necessary for this transition*"*.

The multitude of reactions taking place in the plastids and their evident interconnectivity
suggest that different retrograde signals exist and cross-talk to communicate the various
needs of physiological rearrangements. The first observation of retrograde signaling in
plants dates back to the work of Bradbeer et al., when authors observed that in plants
containing undeveloped plastids, synthesis of photosynthesis-related nuclear genes was

inhibited*>. Nowadays, a broad range of retrograde signals (more than 40) have been
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discovered (reviewed'”) and shown to operate in plastid biogenesis (biogenic signals),
photosynthesis regulation (operational signals), and individual chloroplast quality
control*™. A genetic screen designed to pinpoint retrograde signaling factors by using a
carotenoid biosynthesis inhibitor (norflurazon), allowed to discover six gun (genomes
uncoupled) mutants that do not exhibit retrograde repression of a specific set of nuclear
genes (coined by the authors PhANGS: Photosynthesis-associated nuclear genes) in the
presence of the inhibitor'”. Five of those mutants: gun2-6 lack proteins involved in
tetrapyrrole biosynthesis pathway, suggesting that tetrapyrroles and/or their derivatives
are implicated in the plastid to nucleus signaling. Interestingly, the last mutant is affected
in the GUN1 protein, a chloroplast PPR-SMR protein showing a role in chloroplast
translation and linking retrograde tetrapyrrole signals to anterograde signaling*™. It was
shown to associate with nucleoids in the chloroplast stroma and to interact with plastid
ribosomal protein S1 (PRPS1) and thus, might be implicated in transcriptional and/or
posttranslational regulation of gene expression. Besides those, redox signals (oxygen

177 secondary metabolites'”® and transcription factors'’® have been

radicals)(reviewed in
shown to act in the chloroplast-nucleus communication. All in all, the exact role and
mechanism of action of many of those factors is not yet elucidated but it is possible that
expression of OTAF could be the target for retrograde signaling cascades, allowing this

way to re-address the signal to the chloroplast'™.
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Table 1.2: M and T factors found in Chlamydomonas reinhardtii.

Complex il SIS M factor Protgm RNA target Ref. | T factor Prot(.em Ref.
gene family family
RAAL OPR psaA Intron 1 140
and 2
RAA2 hPUS* psaAlintron2 | ¥
RAA3 181
RAAZ OPR psaA Intron 1 143
psaA RAA7 pioneer | psaAlintron2 | '® TAA1 OPR 170
bs| RAAS OPR psaA Intron 1 ij
RAAG6 pioneer psaA Intron 2
RAA7-13 -
RAT1 hpAP 138
RAT2 OPR tscA 38
, TAB1 OPR 136
psaB MAB1 mTERF 5’UTR TABD —
psaC MAC1 TPR SUTR 169
petA MCA1 PPR 163 TCA1 pioneer |
Oyt bef petB MCB1 PPR - 1836184 MCB1 PPR e
petD MCD1 OPR SUTR '
petG MCG1 OPR 143
psbA RBP63 - - 183
psbB MBB1 TPR 5'UTR 186
osi| psbC MBC1 OPR SUTR a Igg OPR 33
psbD MBD1 TPR 187 RBP40 - 167
psbH MBB1 TPR 188
psbl MBI1 OPR 143
atpA MDA1 OPR SUTR a TDA1 OPR 137
ATPase atpB MDB1 OPR b
atpE MDE1 - (o
atpH MDH1 OPR d
Rubisco rbcl MRL1 PPR !

hPUS — homologous to pseudouridine synthase
hpAP — homologous to poly(ADP-ribose) polymerase
a- Viola S, etal. (in prep)

b- Cavaiuolo M., et al. (in prep)

c- Drapier D., et al. (unpublished)

d- Osawa S-l., etal. (in prep)
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1.3. Part Illl: Regulatory processes involved in photosynthetic

complex assembly

1.3.1. Concerted accumulation of subunits

In cyanobacteria, most photosynthetic genes form operons and most-but not all- subunits
of a same protein complex are synthesized simultaneously in a given ratio. Because of
this “central” regulation, accumulation of individual subunits does not necessarily affect
the fate of the others. For example: D2 subunit of PSIlI was shown to accumulate partially
in the absence of another core-subunit D1'®. As well, in Synechocystis 6803, the
absence of the peripheral subunits of PSIl (PsbH, Psbl, PsbK) did not result in the loss of
phototrophy or drastic decrease in the accumulation of the core of the complex*®**%, |n
eukaryotic cells however, genes coding for subunits of the same complex are encoded in
two different genomes (Fig 1.3). As a result they are spatially (different cellular
compartments: chloroplast and nucleus) and temporarily (their synthesis is not
simultaneous) separated. In addition, photosynthetic complexes require for their proper
biogenesis a multitude of cofactors, pigments and ions. Mis-assembly may lead to
significant energy waste, unnecessary protein aggregation, or production of dangerous
radical species. Although chloroplast genes are submitted to a nuclear control by the
action of nucleus-encoded factors that are necessary for the translation of chloroplast-
encoded subunits (Table 1; Fig 1.3) those factors do not account (directly) for the
coordination of the production of different subunits nor for their subsequent assembly
with their nucleus-encoded partners to form functionally active complexes. Yet,
concerted accumulation of all the given subunits is ensured by the equilibrated action of

two other, distinctive mechanisms.

1.3.2. Proteolysis

First, because of the dual origin of their proteome, chloroplasts (and mitochondria)
possess much more elaborated proteolytic machinery than cyanobacteria. It contributes
to maturation of both chloroplast-encoded (by f-Methionine deformylation and cleavage,
N-terminal processing) and imported proteins (by transit peptide removal, post-
translocation processing). Proteases also remove mis- or unfolded proteins in response
to environmental stress, contribute to plastid development (especially in plants), amino-

acids recovery and cell's senescence (reviewed in'**

). In Chlamydomonas two proteases
complexes in particular contribute to the maintenance of the photosynthetic apparatus:

ClpP and FtsH complexes target soluble and membrane subunits of photosynthetic
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proteins (reviewed in'®).

Proteolytic regulation of the photosynthetic subunits
accumulation was already proposed in 1983. Using pulse-chase labelling experiments
authors have shown that in Chlamydomonas, Rubisco small subunit is probably rapidly
proteolized when not assembled with LSU®®. Further research extended this hypothesis
for PSI, 1l, ATPsynthase and bsf complexes suggesting that all photosynthetic multimeric
complexes undergo regulation via degradation of unassembled subunits: e.g. turnover of
the PSII reaction center protein D2 is highly accelerated in the mutants unable to

197
19

accumulate its partner D17, A similar situation was observed for subunit IV and bg of

the bgf complex — in mutants lacking other major subunits, their degradation rate was

increased (with unchanged rate of synthesis)'®.

1.3.3. The CES process

Secondly, chloroplast displays a unique-to-organelle process that links post-
transcriptional and post-translational regulation of gene expression. In the absence of
some crucial/core subunits, translation of their chloroplast-encoded partners is ceased
(1). This process can be exemplified by the behavior of bsf complex: translation of petA
gene (coding for cytochrome f — one of cytochrome bgf core subunit’s) is diminished to
about 10% of the wild-type rate in the absence of either cytochrome bg or subunit IV. At
the same time, the level of petA mRNA is only slightly decreased which suggests that
petA expression is limited at the translation level when other bef core subunits are
absent’®. This assembly-dependent regulation of translation was named: control by
epistasy of synthesis (CES). This one and similar examples were reported for subunits of
all photosynthetic complexes of Chlamydomonas reinhardtii, so that throughout the years
it became the CES model organism (Table 1.3) (see below: Special case of ATP

synthase; Rubisco described in: Regulation of Rubisco expression).

CES cascades follow the assembly process. More details about the physiological
importance of this process came with the research on photosystems | and Il. Mutants
defective in the accumulation of PSI PsaB subunit show virtually no synthesis of PsaA
subunit (PsaA is then a CES subunit in the process)'®®. At the same time as elegantly
shown, restoration of PsaB accumulation in a suppressor strain results in the parallel
restoration of PsaA synthesis which demonstrates that PsaB is required for efficient
translation of its partnerzoo. Moreover, absence of the PsaA subunit leads to reduced
synthesis of PsaC, but not PsaB. On the other hand however, null psaC mutant show
normal rate of translation for both core subunits PsaA and B, which afterwards are

dZOl

rapidly proteolized™™, as they cannot further assemble (see proteolysis). An analogous

situation exists for PSIl complex in which D2 subunit is necessary for D1 translation

32



which in turn is essential for efficient translation of psbB (coding for CP47 core antenna)
mMRNA"202293 Both PS| and PSII are assembled in a step-wise manner with individual
subunits being added to a preformed core of the complex. By negative feedback loops,
the CES process regulates the formation of downstream subunits when the upstream
assembly-intermediate is not formed (described in?***®). Thus, CES subunits’
expressions follow the assembly pathway preventing unnecessary production of “CES

subunits” (but not of the most upstream ones).
Mechanism

Mechanistically, the mode of regulation seems to be universal for all described
instances. In none of the above-mentioned cases, an influence on the transcript level of
the CES subunit could be observed in the absence of its regulator (except a slight effect
on petA mRNA which is however, much lower than on protein level). Radioactive pulse
labeling experiments demonstrated that synthesis rate of CES subunits is impacted at a
posttranscriptional level either via a direct impact on their translation or by rapid

degradation of the polypeptides*®2°+2%,

A two-way experiment allows distinguishing between those two alternatives. First,
swapping the 5’UTR of a CES-regulated gene of interest (GOI) to an unrelated, 5’UTR
sequence was sufficient to escape the inhibition, which indicates, that the GOI 5’UTR is
the cis-factor of the regulation. Next, by using constructions where the 5'UTRs of the
CES-subunit is coupled to a reporter coding sequence, it was possible to show that CES
5'UTR are sufficient to confer translation inhibition to an unrelated reporter protein®®. It is
highly improbable that unrelated genes would share translation trans-factors that trigger
their co-translational degradation thus; with the two observations in consideration, the
actual mechanism leading to lower accumulation of CES-subunits is the regulation
(inhibition) of translation initiation of their genes®®?®. Since its first description for petA
gene of cytochrome bgsf complex, similar observations were made for all the above-
mentioned examples. Nevertheless, a translation limitation could still be explained either
by the hypothesis that the inhibition requires the CES-subunit as an effector (auto-
inhibition) or that an assembly partner is necessary for the activation of the CES-
subunit’s translation (trans-activation). Assessment of the valid hypothesis was possible
by combining the use of the reporter gene driven by a 5’UTR of a CES subunit with the
deletion/removal of both the CES-subunit and its assembly partner (Fig 1.5). Insensitivity
of the reporter gene accumulation to the presence of the CES-subunit would mean that

CES-subunit is trans-activated in normal conditions as its regulation should be solely
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regulated by the activating partner. On the other hand, for the autoregulation to occur,
the CES-subunit needs

Complex

CES subunit Epistatic subunit

Autoregulation Transactivation

N

e —
s - A

Deletion of both subunits

N

No activation

_sumees mmer | — |\

_sumees cesoon — |\

No inhibition

_

Fig. 1.5: Possible mechanism of CES regulation

Top — CES subunits’ regulation can be explained by two mechanisms: Autoregulation
(left) and Transactivaion (right). When unassembled with its partner, a CES subunit
can either inhibit its own translation (CES subunit) and the translation of a 5’UTR

CES-driven reporter gene (left) or its translation can be activated by epistatic subunit
when its unassembled (right).

Bottom — By deletion of both subunits one can discriminate between the two
mechanisms. Absence of both subunits should result in different levels of
accumulation of the reporter gene depending on the occuring mechanism®.
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to be present (even as trace amounts). In its absence, the feedback should be released
and the reporter would no longer mimic the CES protein behavior (and would accumulate
normally) (Fig. 1.5). At the same time, care should be taken to keep the number of CES-
related 5’UTR unchanged in situations where reporter gene synthesis has to be
compared. Complete deletion of a CES subunit could result in different OTAFs’ titration
and lead to an artificial increase in the reporter gene expression. To avoid that, strains
with truncated, unstable versions of the CES-subunits were used. This way, the
transcript level of the gene of interest and thus its 5° UTR stays unaffected while its
active product is still missing. This strategy led to the conclusion that CES subunits of
PSI, PSII and cyt.bsf appeared not to be trans-activated by their partners but rather auto-

regulated in an assembly-dependent manner?+2°>2%,

Nevertheless, the exact physical mechanism of this regulation is still not completely
uncovered. Only in the example of cytochrome f was it shown that the stroma-exposed,
C-terminal domain (15 aa) of the protein is indispensable for the regulation to occur?®?%°.
Further characterization demonstrated that this “repressor domain” contains key residues
that control the auto-regulatory properties of cytochrome f and allows its interaction with

209,211

trans-acting factors (see below).

Special case of ATPsynthase

ATP synthase manifests a particular case of the CES process. The soluble CF;
(catalytic part of the enzyme) is constituted of subunits a, 8, y, d and € (assembling in a
3:3:1:1:1 ratio). Similarly to both photosystems, its assembly is sequential and regulated
by a CES cascade: B subunit expression is controlled by the presence of nucleus-
encoded subunit y, and subsequently is obligatory for the translation of the subunit a?®.
At the same time, because of the uneven ratio in the CF; between subunits a,  and all
nucleus-encoded ones (3:1), a more sophisticated regulation has been developed to

ensure correct synthesis of the chloroplast encoded a and B subunits.

First, a reporter gene regulated by atpB 5’'UTR is weakly translated in the absence of y
subunit (epistatic subunit). At the same time however this repression is lacking in the
combined absence of subunits y and a which points that not only B itself but also a is
required for the (auto)inhibition. Indeed, as/Bs; or a/f intermediates accumulate in the
absence of y. Knowing the discrepancy of a and  ratio to the nucleus-encoded subunits
(3:1), it is reasonable that as/B; intermediates would regulate B translation in the absence
of y. This way, the sequestration of y by the as/fs could ensure the correct stoichiometry

between chloroplast and nuclear subunits.
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Additionally, regulation of a subunit is also unique: a 5’UTR atpA-driven reporter gene
stays weakly synthetized when neither of the subunits (a itself and B) is accumulating.
This is different from all above-mentioned cases of assembly-dependent autoinhibition,
and rather points to a trans-activation hypothesis where a synthesis is trans-activated by
its partner - B. This additional control probably prevents the accumulation of the self-
aggregation prone a subunit®*?.

CES as aregulatory process

A gquestion arises: what is the physiological purpose of this CES process as it was
observed almost exclusively in deletion mutants, which in natural conditions would be
counterselected and would rapidly disappear? Some indications came from the
observations that in some cases, when a CES-subunit was not present (so there could
be no repression), the CES-5’UTR-driven reporter gene’s accumulation was observed to
be higher than in WT?**?%_|n cyt f mutants lacking the C-terminal repressor domain for
example (see below), cyt f synthesis could reach up to 300% of the WT level?**#°, This
means that in normal, controlled situation, cyt f expression is not maximal, but rather
actively limited to match the expression levels of other subunits of the complex. This
would apply to all CES-implicated units of the given complex and would represent a
mean for optimization of the energy spent for the synthesis of very abundant proteins.
Indeed, the step-wise assembly of PSI and PSII consists of loops of feedback regulation
that prevent excessive translation of CES-subunits when previous assembly steps have
not been finished?**?®. On the other hand, upstream, epistatic subunits, a priori do not
undergo any active control however, as mentioned above, their lifetimes are drastically
reduced when unassembled. CES-subunits, as was shown for cyt f in the absence of
subunit IV**® and D1 and CP47 from PSII*®’, accumulate to very low levels without their
partners (due to translation repression) but remain stable as “auto-repressors”. It is then
possible that during the biogenesis of complexes, they could interact with their upstream
partners to protect them from proteolytic degradation and/or allow for the re-initiation of

their own translation.
CES in higher plants

After its discovery in Chlamydomonas, the question arose if CES is conserved in
higher plants. The first convincing example of a CES process in higher plants was
through the observation of the regulation of Rubisco large subunit's synthesis. It was
demonstrated that, in RNAi-generated SSU knock-down lines of tobacco, LSU synthesis
was decreased while the level of its MRNA stayed unaffected (yet less associated with

213 214

polysomes) and that the mechanism involved an autoregulation . The same
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observation was later repeated in maize®”>. Some other hints pointing towards the
occurrence of CES is suggested by the behavior of the viridis115 mutant of Hordeum. In
this line, a defect in D1 translation was accompanied by a parallel inhibition of CP47
expression®®. Similarly, in the Arabidopsis hcf107 mutant affected in a TPR required for
the psbH mRNA stabilization, the PsbH absence results subsequently in reduced
synthesis of CP47 suggesting a CES interaction between those subunits*. Despite
accumulating evidence, stronger proofs are needed to confirm the CES-behavior of PSII,
cyt. f and other complexes in higher plants.

CES and anterograde regulation

CES has not been observed in cyanobacteria. E.g. mutations preventing
accumulation of subunits (D2) from Photosystem Il complex have no effect on the
translation rate of other subunits®®. The key residue of the C-terminal regulatory loop of
cyt. f F3o7 is not conserved in cyanobacteria suggesting that CES regulation of petA was
developed after the initial endosymbiosis®®. Therefore, it is probable that the CES
process coevolved with additional, nucleus encoded/eukaryotes specific trans-factors
required for the regulation. In fact, no other CES-subunits but Rubisco LSU?*" have been
shown to contain RNA-binding domains. Neither was it demonstrated that they could
directly interact with RNA. With the numerous OTAFs found to be responsible for
chloroplast gene expression it is tempting to also propose their involvement in the CES
process. In particular, the T factors — gene-specific proteins responsible for translation
initiation, are likely candidates to be co-effectors of the regulation. Indeed, in the CES
regulation of Chlamydomonas petA gene the participation of both its M and T factors has
been proposed. According to the model, in normal situation, MCA1 (M-factor) and TCAL
(T-factor) would form a tertiary complex capable of interacting with petA mRNA ensuring
its translation. Newly synthesized cyt. f would be, however quickly sequestered into bgf
complex preventing interactions with MCAL1 and leaving it available for translation.
Noteworthy, unassembled cytochrome f with “inactive” repressor domain harbor a high
level of MCAL, suggesting that the cyt. -MCAL interaction is prevented. This would
make MCA1 constantly available for cytochrome f translation, resulting in overexpression
(up to 300%). In the absence of its partners however, long-lived un-assembled cyt. f
would bind (directly or not) free MCAL1 molecules and target them to degradation. In this
situation petA translation would solely depend on the newly imported MCAL (not on the
reusable MCA1), a process which is ten times less efficient, and this way limit petA

expression®*.
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Additional remarks

We lack evidence for both the exact mechanism of this interaction and other
examples to conclude whether M and T factors participation is a general feature of the
CES regulation. It is evident however, that CES represents one of the anterograde
pathways for chloroplast gene expression. It most probably evolved following the
endosymbiosis event and nowadays harbors nucleus-encoded factors. In this work, | will
focus on the example of Rubisco to demonstrate that expression of the nuclear subunit is
a rate-limiting step (controlled step) for the expression of the chloroplast-encoded
Rubisco large subunit. In this light, appearance of CES-regulation a posterior to the
endosymbiosis would represent the need for the regulatory mechanism to control the

expression of two, now spatially separated genes.

Additionally, CES mechanism plays a major role in the regulation of expression of
mitochondria respiratory complexes: cytochrome oxidase (COX1), cytochrome b (CoB)
and ATPsynthase. E.g. COX1 is a multimeric complex containing subunits of nuclear and
mitochondrial origin. It undergoes a step-wise assembly process where each step is
regulated by the inhibitory loop on COX1l genes and engaging the assembly
intermediates interacting with 5’UTR of COX1 transcript, situation that mirrors the CES

cascades seen in the chloroplast (see?'®

and references within). Most notably, this
process is coordinated by the nuclear chaperones and trans-factors (especially: Mss51 —
an unique protein that is responsible or COX1 mRNA and protein intermediates
stabilization?*®, Pet309 — a PPR protein?® and Sscl — an Hsp70 chaperone?®). Those
strongly suggest that chloroplast translation regulation should also represent interplay
between OTAFs-assisted CES and nucleus encoded assembly machinery (chaperones)

(see Rubisco folding).

Table 1.3: CES regulation in Chlamydomonas reinhardti. (list may not be complete)

Complex Subunit CES Regulation Reference
D2 Epistatic subunit
PSlI D1 . . 202,203,205
CPA7 CES-subunits Autoinhibition
Cyt b6 Subunit IV Epistatic subunit 208,209
cyt. f CES-subunit Autoinhibition
PsaB Epistatic subunit
199,204
PSl PsaA CES-subunits Autoinhibition
PsaC
Subunit y Epistatic subunit
ATP synthase Subunit B . Autoinhibition 206222
Subunit a CES-subunits Trans-activation by B
. SsuU Epistatic subunit 207
Rubisco LSU CES-subunit Autoinhibition
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2. Rubisco

In this last introductory part | would like to focus on the model protein | have been
working on during my thesis. D-ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) is one of the main photosynthetic complexes that catalyzes the reaction of
carbon dioxide reduction into organic carbon. It played a major role in the regulation of
the atmosphere composition, from the time of its appearance in the Archean era and
forth on. During its long history different classes of Rubisco have evolved and now are
present in most autotrophic organisms (phototrophic and chemoautotrophic alike). This
heritage made Rubisco an object of researchers’ interest since its discovery as Fraction |

protein seventy years ago®*
2.1.  Rubisco evolution and clades (forms)

Rubiscos and Rubisco-like proteins (RLP) originated from Rubisco-like precursor
of anoxic, methanogenic archaea. Rock sediments suggest that they diverged around
3.8 Gya to give rise to the oldest, form Il Rubisco found today in archaea and form IV
(RLP) of anoxic bacterial lineage?®*. During the Mid-Archean non-oxygenic
photosynthesis correlates with the apparition of form Il, diversified from form IV Rubisco
of anoxic photo-bacteria. The first water-oxygenation reactions took place circa 2.9 Gya
which suggest, that form | Rubisco (found in oxygenic phototrophs), that made it happen
had to evolve from form Il before, probably in semi-anaerobic sulphate-rich waters
around 3 Gya”®*. Nowadays, Rubisco forms three different bona fide clades (Forms |, Il
and Ill), which can be distinguished based on the differences in LSU amino acid
sequence (Form IV is a Rubisco-like protein clade. RLPs have no carboxylation activity,
yet they share structural features and bind RuBP as a substrate). The common feature of
all those forms is the catalytic unit which consists of an antiparallel dimer of large
subunits (which nevertheless can be structurally different between the forms). The most
widely distributed is the “youngest” form | that is found in green lineage phototrophs and
a wide range of prokaryotes (Table 2.1). Large subunit sequence is highly conserved
within the clade, with approx. 80% aa sequence similarity. However, based on the
existing sequence differences, the clade was further classified into four subclasses: IA,
IB — green type Rubiscos found in cyanobacteria, green algae and plants and forms IC
and ID - red-type enzymes of non-green algae and phototrophic proteobacteria. Rubisco
form I, first found in the purple bacteria Rhodospirillum rubrum, consists of only a dimer
of LSU of weak sequence similarity with form | LSU and represents the simplest Rubisco
clade (see Table 2.1) distributed in proteobacteria and Dinoflagellates. It differs

structurally from form | by the presence of an additional a-helix at LSU N-terminus.
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Frequently, it can coexist with form | and in those instances has rather a regulatory
potential in mixotrophic-growth conditions (form | serves as the main carboxylase in
carbon-limited conditions)?*>. Rubisco form Il has lower specificity for CO, than form |,
however usually compensates by having higher kinetic rate. The ancient form Il is found
most often in the extremophilic anaerobionts where it acts as a dimer or sometimes as
an oligomer (up to 5 dimers) of the dimer unit. Its main role is no longer carbon fixation
but rather removal of ribulose-bisphosphate (RuBP), the usual substrate for Rubisco
form | and Il, but in this case a byproduct of a purine/pyrimidine metabolism that has
virtually no other scavenging pathway than to be utilized by Rubisco®®. Recent study on
the Rubisco structure of Methanococcoides burtonii proposes a new subgroup within this
clade -form IlIB that is characterized by the presence of a 29 aa insertion structurally
close to the C-terminal domain that may act as a SSU mimic to stabilize the LSU core?”’.
Form IV is a diverse group of Rubisco-like proteins (RLP) that are distinctive from other
classes as they do not have bona fide Rubisco activity but share a primary and tertiary
structure with them and could be traced back to the same common ancestor®®, RLPs
are widely distributed in bacteria but with only a single example in alga and archaea (in
addition to a regular type | and type Ill Rubisco respectively). They catalyze different,
frequently non-redundant reactions like: methionine salvage pathway, thiosulphate

oxidation etc., however, no precise mechanism of action has been elucidated so far.

Table 2.1: Rubisco types and distribution

Rubisco Composition Activity Distribution
Type
1A + a,B,y-Protobacteria,
1B + Plants, green algae, cyanobacteria
IC LSUsSSUs + Chlorobacteria
ID + Stramenopiles, Rhodophyta, Haptophyceae
] Lo/Ln + a,B,y-Protobacteria, Dinoflagellates
1 Lo/L2yn +/- Archeae
a, B, y-Proteobacteria, Chlorobacteria,
? -
IV (RLPs) Lo/~ (see text) Archeae, Algae

2.2.  Subunits and structure (Rubisco form I)

Rubisco (Fig. 2.1) consists of two distinct subunits: a Large subunit (LSU) of 50-
53 kDa encoded by rbcL gene (or cbbL gene in proteobacteria), and an additional, small
subunit (SSU) of around 16 kDa encoded by an RBCS gene family (or cbbS in
proteobacteria) (see also Rubisco forms). In green-line eukaryotes, rbcL is a

chloroplastic gene while RBCS is found in the nuclear genome. In (proteo- and cyano-)
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bacteria and in non-green algae, both subunits are co-transcribed as a single operon
unit. Large subunit consists of two domains: a small 151 aa N-terminal domain build up
from [(-sheets with a-helices on one side of the fold, and a larger 324 aa
(Chlamydomonas) C-terminal domain of a B/a-barrel structure consisting of eight Ba-
units connected with loops that fold into triose-phosphate isomerase (TIM)-barrel domain
with a flexible C-terminus of around 15 aa (13 aa in Chlamydomonas).

A

Vv 00l

Fig. 2.1: Form | Rubisco structure

Spinach rubisco (PDB: 8RUC) structure. A - top view of the holoenzyme; B - side view.
Large subunits in yellow and blue (in each dimer), small subunits in purple; Bars
indicate the size of the enzyme and the middle channel. Note the positions of SSUs
and protrusions into the channel.

In contrast to LSU present in Rubisco from all clades, the more recently evolved small
subunits are found only in Type | Rubiscos. They share much less homology between
species (approx. 35% aa sequence similarity) and are not essential for the enzymes
activity per se, as the octamer LSUg core alone is catalytically active, but improve

enzyme’s stabilization?*#*°,

Nonetheless, they influence the catalytic activity of the
enzyme as the chimeric variants of the enzyme containing heterogeneous SSU were
shown to be able to improve Rubisco turnover®!. Finally, SSU also define holoenzymes
cellular localization, as in Chlamydomonas they are responsible for targeting Rubisco to

(and by that leading to the formation of) the pyrenoid®2. On a structural level, small
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subunit displays much higher diversity than LSU. The basic scaffold of the protomer is
formed by a 4-stranded B-sheet with two helices covering it on one side. Its most variable
parts are the loop connecting the first (A) and second (B) B —strands and the very C-
terminus of the protein. The length of the loop differs between organisms. In bacteria and
non-green algae it consists only of ten residues, whereas in higher plants it has twenty-
two aa, and in green algae it extends to twenty eight aa. The shorter loop is
compensated by the elongation of the carboxy-terminus that forms a pf—hairpin allowing
proper positioning to the place where the extended loop of higher plants and green algae
is®. A longer C-terminus is also present in green algae however it is un-structured and

has no attributed function (Fig. 2.2).

active
site

Fig. 2.2: Form | Rubisco structure

A - Variation in the small subunit structures. From left to right: Synechococcus
PCC6301 PDB: 1RBL; Spinach PDB: 8RUC; Chlamydomonas PDB: 1GK8; Galdieria
partita PDB: 1BWV. Large subunits in blue, small subunits in yellow, red part
represents the variable A-B loop.

B - Active center of Rubisco: From left to righ: Complete holoenzyme - active centers
are placed on around 2/3 of the height on both sides of each LSU dimer (green);
(Middle) Zoom on a single LSU, in green C-terminal domain, in yellow N-terminal
domain. Residues contributing to the active sites are highlighted. Each subunit takes
part in the formation of 2 active sites that are complemented by the other subunit
from the dimer; (Right) zoom on one of the active centers of the enzyme. Ten
residues of the C-terminal domain that form the core of the site are marked (2
residues from the N-terminus of the second LSU are not shown). Reaction site shown
in its “active” state with carbamylated Lys201 coordinating magnesium ion and the
C6 intermediate mimic 2-carboxyarabinitol-1,5-bisphosphate (CABP) with the

substrate CO2 molecule in the active site. Modified from?®
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The catalytic unit of the enzyme is a large subunit head to tail dimer. Depending on the
Rubisco form, it can be reach different oligomerization states (see below). In the form I,
Rubisco dimers form a tetrameric “ring” of approximately 100 A in height and 110 A in
diameter, with a vertical channel of 30 A between the dimers®®*. Four small subunits
stabilize the cylindrical structure on top and at the bottom of the holoenzyme creating a
barrel-shaped hexadecamer (Fig. 2.1 and 2.2). Although this kind of symmetrical
organization is not unique to Rubisco, in its case, it is characterized by the extreme
rigidity of the structure with each active center acting independently. Two active sites are
located at the interface of the N-terminal domain of one subunit and of the TIM-barrel
domain of the second antiparallel subunit of the dimer. They are positioned on the
surface of each dimer so that the entry of the active site is opened to the outside of the
enzyme. Each one is constituted mainly from residues from the C-terminal B/a-barrel.
Ten polar and charged residues (Kizs, Ki77, Koo1, D203, E204, H204, Rogs, Haz7, Kazsa, Sa7o
(taken from the Chlamydomonas structure)) from the loops connecting the first, second,
and fifth to eight pB-—strand with respective a-helices are interacting with the
substrate/product and/or magnesium ion directly. Two conserved residues (Eeo and Ni3)
from N-terminal loops of the second LSU of the dimer contribute to the center as well.
Loop 6 (connecting the sixth B—strand with the sixth a-helix) regulates the catalysis and
specificity?®*. Changing its conformation (by the movement of residues 331-338) yields
the open and closed states of the active center. In the closed state, substrates are

protected from solvents, a situation that is necessary for the catalysis to occur.
2.3.  Rubisco reaction

As expected, in the majority of cases Rubisco catalyzes the reduction of
atmospheric carbon dioxide into biologically available organic carbon through
carboxylation of D-ribulose-1,5-bisphosphate (RuBP). The reaction is a two-step
process. First, activation of the reaction center takes place by carbamylation of
uncharged group of Lys,e (as seen in Chlamydomonas and Spinach structure) using a
non-substrate CO, molecule. The resulting carbamate traps a magnesium ion to one of
its carbonyl oxygens that, finally is coordinated to 3 oxygens of aminoacids 201-204%%.
The activated enzyme can bind its first substrate, RuBP (and one molecule of water) to
the proximity of the carbamate that surrounds the magnesium ion, which assumes its
final octahedral coordination (to 3 aa, 2 times to RuBP and to one water molecule). The
first actual reaction step is binding of RuBP Css hydrogen to Lys,,; and the subsequent
negative charge equilibrium shift towards C, by the proximity of carbamate oxygen
(tautomerisation of RuBP to an enediolate). Next, CO, (or O,) will be fixed in the active

site, thereby replacing water. There it gets polarized and mobilized to perform an
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electrophilic attack on the enediolate molecule. Displacement of hydrogen atoms within
the molecule allows the formation of the covalent bond between RuBP and CO, resulting
in a six-carbon sugar. In the next step, C; of the sugar is hydroxylated (with another
molecule of water) with the aid of Hiss;; and afterwards deprotonated by Lys;o:. The un-
optimal configuration of electrons of C; is equilibrated by the cleavage of the C,-C3 bond
resulting in the formation of the first product molecule: D-3-phosphoglycerate that is
liberated from the active site. The rest of the previously carboxylated RuBP (now a C3
sugar with a spare electron on C,) is protonated by Lys;;s which results in the formation
of another D-3-phosphoglycerate (3PGA). With its liberation, the reaction cycle is
finished®*® (Fig. 2.3).
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Fig. 2.3: Rubisco-catalyzed reactions

Rubisco substrate, RuBP undergoes 5-step reaction during CO, fixation (Enolisation,
Carboxylation, Hydratation, Bond Cleavage and Protonation). Other possible mis-
reactions that lead to the formation of inhibitory sugar phosphates are shown:
misprotonation and Oxygenation. Names of the inhibitors in red. Modified from3*

2.3.1. Oxygenation

Because CO, does not bind to Rubisco itself (to form a Michaelis complex), but directly
to RuBP, and due to the fact that CO, and O, are electrochemical similar, the enzyme
has difficulties to distinguish between the two gases. And although its affinity for CO, is

higher (Form | on average: Kmcoz- 9 uM; Kmpz= 500 uM), the great discrepancy
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between the amounts of the CO; and O, in the atmosphere makes oxygen an important
reaction competitor. Oxygenation of RuBP is then possible. The later leads to the
formation of a Cs sugar, that when subsequently hydrolyzed liberates one molecule of D-
3-phosphoglycerate and one molecule of 2-phosphoglycolate (2-PG). 2-PG is
unavailable for the further sugar formation and needs to be recycled through an energy
consuming photorespiratory pathway. Oxygenation can take up to 25% of all Rubisco
turnovers. Because of that, photorespiration drastically diminishes the theoretical,
maximal yield of CO, fixation as for each oxygenation, ATP needs to be spent and
molecular CO; is released (Fig. 2.3).

2.3.2. Unproductivity

Due to similarity between substrates and products, as well as the complexity of the
catalyzed reaction, Rubisco is very error prone with multiple possible inhibition states.
First, its proper substrate RuBP, when bound to the uncarbamylated active centers,
forms a tight complex with the enzyme. Next, enediolate - the first reaction intermediate
(deprotonation of RuBP)- is very unstable and reactive. Due to the low speed of the
carboxylation, a reverse mis-protonation of the enediolate is possible leading to
synthesis of xylulose-1,5-bisphospate, which stays tightly bound to the reaction center
inhibiting further reactions. An oxygenation intermediate, peroxyketon, is also an
unstable molecule that can turn into other inhibitory sugar phosphates (Fig 2.3). Finally,
during night time, or under limiting light conditions plant Rubisco is usually inhibited by
2’-carboxy-D-arabinitol-1-phosphate (CAL1P) to limit misproductivity. Reactivation and/or
removal of the inhibitors from the active site necessitates conformation changes in the
structure (C-terminal end pulling and subsequent movement of loop 6) induced by

Rubisco activase(s) — the ATP dependent metabolic chaperon of Rubisco.

2.3.3. Efficiency

The efficiency of Rubisco is described as the real ratio between carboxylation and
oxygenation. It is defined by the CO, to O, concentration ratio in the vicinity of the
enzyme multiplied by the specificity factor for those gases. The specificity factor itself is
described as the ratio of velocities of concurrent reactions multiplied by the Michaelis
constants for CO, and O respectively (Q = (Vco2Ko2)/(Vo2Kco2)). Each Rubisco clade
and even enzymes from different organisms within the same clade have vastly different
kinetic properties. Ancient Rubiscos, like archaeal Form Il have very low specificity for
CO; - most probably due to their evolution in extreme anoxic conditions. On the other
hand, within the oxygenic photosynthesizing organisms, the differences can be also

visible with proteobacteria having low CO, specificity (Q=30), green lineage mediocre
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specificity (Q=80) and red algae the highest one (Q=200). This suggests positive
evolution of the enzyme to the most specific one, however, an inverse correlation is
observed for the turnover rate of carboxylation (k..). At the same time, differences lying
in the environmental origin of the given organism influence heavily the effective turnover
rate of Rubisco. Organisms that live in an environment with high CO,/O; ratio (e.g.
Rhodospirillum rubrum) can afford Rubisco with low CO, specificity. On the other hand,
certain organisms (cyanobacteria, algae etc.) living in niches with low CO, availability
developed carbon concentration mechanisms (CCMs) that actively change the partial
gas pressures (at the expense of ATP), thereby improving environment for Rubisco to
increase its efficiency. Those organisms contain Rubisco of lower affinity for CO, (higher
Kco2) and faster carboxylation rates (higher Vco,). Conversely, e.g. C3 plants now have
higher specificity for CO, over O,, better affinity for CO, but lower carboxylation rates. All
in all however, from the available experimental data, carboxylation rates of all Rubiscos
have been measured to be in the range of 3-5 CO, molecules fixed per active center
every second, leading to the conclusion that Rubisco in general is a very slow enzyme.
Its inefficiency needs to be compensated by the huge amount of Rubisco synthesized in
all photosynthetic organisms. Most probably, its high importance for the photosynthesis
and cell survival, rigid structure and dependency on a multitude of factors for proper
formation (see below) restricted its evolution and limited the number of positive
mutations that could improve it. Artificial improvement of Rubisco to match the global
increasing demand for food is a growing trend in the research community. It is out of the

scope of this manuscript; nonetheless, multiple reviews on the subject are available?*"

239

2.4. Rubisco biogenesis

Two of the main reasons limiting attempts to improve the activity of Rubisco for
agricultural purposes are the intrinsic physical proprieties of the enzyme making it
difficult to express it in vitro (see Folding) and a complicated and still not fully understood
biosynthesis pathway leading to its formation. | will focus on the description of Type |

Rubisco in eukaryotic organisms as it is of most interest (Fig 2.4).

2.4.1. Expression and regulation

Two subunits of Rubisco are encoded in two separate genomes and thus different
processes are responsible for their individual expression that at the end yields

Stoichiometric accumulation of the proteins.
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Fig. 2.4: Rubisco biogenesis

rbcL is transcribed from multiple copies of chloroplast genome. Its mRNA is stabilized
by MRL1 protein. After proper translation, LSU is folded by a chaperonin system
CPN60/20/10. Assembly into Rubisco LSUg core is assisted by multiple chaperones.
At the end, mature SSU, imported from the cytoplasm, replaces chaperones to form a
complete enzyme.

Small subunit is encoded by a RBCS gene family of 2 to 12 members (2 in
Chlamydomonas: RBCS1 and RBCS2). rbcL, coding for LSU is a single gene in the
chloroplast genome, which due to the multiple copies of the genome can be present in
the cell in ~100 copies. Already in 1980s was it suggested that RBCS expression is
regulated mostly on transcriptional level whereas rbcL should be controlled post-
transcriptionally. RBCS is a PhANG (see Retrograde signaling) gene and responds to a
multitude of signals also perceived by the chloroplast. Its MRNA level in the cell depends
on: developmental stage, tissue, circadian rythm, CO, level, light, temperature and
nutrients. It was demonstrated that RBCS promoter region is essential for this
diversification however no evident experimental data demonstrated responsible cis- or
trans- elements. Additionally, after proper synthesis in the cytosol, transit peptide-

containing SSU pre-protein (preSSU) is targeted to the chloroplast. SSU transit peptide
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contains multiple motifs of variable influence on chloroplast targeting, suggesting that the
translocation process occurs stepwise and requires interaction with various
proteins®®?*!, It was suggested that the cytosolic chaperon machinery (e.g. Hsp70) is
assisting in this process but there are no experimental evidence supporting this
hypothesis (in contrast, Hsp70 amount did not affect preSSU transport in vitro®?). On
the other hand it is clear that preSSU is interacting with Tic/Toc translocon complex most

probably entering the chloroplast through it (**®

and references within). preSSU is
subsequently cleaved of by stromal processing peptidase and N-terminal methionine is
(mono)methylated by Rubisco methyltransferase giving rise to the mature SSU

peptide®**?** (see below: SSU Folding).

Biosynthesis of the large subunit is much more documented. First, as mentioned in part
I, regulation of rbcL expression is mostly post-transcriptional but in higher plants, during
leaf development level, its mMRNA amount changes significantly due to the modulated
activity of PEP (via the action of sigma factors 1 and 6). It is the highest at the early
stage of proplastid to chloroplast transition when the photosynthetic apparatus is being
created®®?*. In both plants and algae, rbcL transcript is one of the most abundant
MRNA in the chloroplast (in Chlamydomonas ~3000 copies in standard conditions). In
higher plants the 180 nt long rbcL primary transcript undergoes processing yielding a
shorter 60 nt transcript (the length of these transcripts varies between species, a large

insertion is found in the primary mRNA in grasses®®

). Both forms are stable and
accumulate (see consequences below). In Chlamydomonas, rbcL is one of few (others
being petA and atpH) transcript that does not undergo maturation and its primary
transcript has a 92 nt long 5°UTR (with a triphosphorylated 5 end'). A first study
indicated that the promoter region of rbcL gene ranges from -18 to +63 in regard to
transcription site however, it does not confer for full transcription efficiency to a
heterologous reporter gene. A canonical promoter sequence (TATAATAT: TATA-box)
lies 12 nt upstream of transcription start site. Maximal transcription efficiency is only
obtained when a remote enhancer element lying within the coding sequence
(somewhere between +126 and +170 from translation initiation site (which is +92 from
transcription start)) is present®*. Another studyhighlights that the beginning of the LSU
coding sequence (+83 from translation start) increases heterologous protein
production®°. Later, it was confirmed that rbcL 5’UTR does not contain a promoter
region as changes in its sequence or its distance to the start codon did not disturb

transcription®*.

rbcL 5’'UTR is on the other hand, essential for the transcript stabilization®. In its native

form, the 92 nucleotides rbcL-5" UTR would fold into two stem-loop structures, as
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determined by alkylation with dimethyl sulfate®. These stem-loops do not prevent
transcript degradation by themselves (by acting as a barrier against exonucleases)®",
but would provide the necessary local structural arrangement for a binding site located
between these two stems to be recognized by a trans-factor crucial for the stabilization®?.
Indeed, insertional mutagenesis and screen for Rubisco deficiency has led to the
identification in Chlamydomonas of MRL1, a nucleus-encoded protein that is required for
rbcL transcript stabilization!, MRL1 is a soluble, PPR protein (11 PPR motifs) of 150 kDa
found in chloroplast stroma in high molecular weight complexes. It has no other known
domains. While MRL1 knock-outs completely abolish rbcL mRNA and LSU protein
accumulation, knock-down mutants showed lower transcript accumulation which
correlated with lower LSU protein amount (see also Results)®*>. Swapping rbcL 5°UTR
rescues the mutant phenotype indicating that MRL1 binds to this regulatory sequence.
Whether MRL1 truly binds the stability determinant identified by Salvador’s group**?** is
unknown and questionable as two other studies®® pinpointed the existence of different
footprints at rbcL very 5’ end and at the second stem-loop downstream of the stability
element. Nevertheless, MRL1’s function is in line with the proposed role of helical-repeat
proteins in organelle transcripts’ stabilization®******>* making MRL1 a M-factor of rbcL®
(see above). In the same study the authors demonstrate that in Arabidopsis, MRL1 is
required for the accumulation of rbcL mRNA processed form. MRL1 thus most probably
plays a similar function: it would bind to the 5’UTR of rbcL, maybe direct cleavage by an
endoribonuclease, and protect the generated 5’ termini from exonucleolytic degradation.
At the same time, the integrity of rbcL processed form is not obligatory for the rbcL pre-
MRNA to accumulate and is not required for phototrophy which indicates that at least the
primary transcript can be stabilized/engaged by other factors making in available for
translation®. In line with this observation is the fact that both forms are polysome-

associated®*.

rbcL translation was proposed to take place not only on free- but also (mainly) on
membrane-bound ribosomes in barley®®. However the extent of this membrane
associated translation seems to be contradicted by the ribosome-profiling analysis of
soluble versus membrane-bound ribosomes®. Furthermore, this observation is
somewhat in contrast with the more recent FISH experiments in Chlamydomonas
showing that high amounts of rbcL mRNA localize to the basal region of the chloroplast,
even though weaker and dispersed rbcL mRNA signal is observed throughout the
chloroplast as well and proposed to come from membrane bound polysomes®.
Transcript localization to this region is hypothesized to facilitate co-translational

localization of LSU to the pyrenoid. The translation process itself could be regulated at
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the initiation step and/or during the elongation. In barley (isolated) plastids, the rbcL
transcript was found to be associated with polysomes in the dark and its translation
respectively arrested or promoted during dark/light transitions®®?*’. This led authors to
propose that rbcL translation elongation would be part of the general process of
photosynthetic genes’ control by the elongation factors (e.g. tufA) whose expression also
relies on light stimuli®® but experimental evidence for an rbcL specific control is still
lacking.

More details about rbcL regulation of translation were provided with the analysis of SSU
knock down/out mutants in Chlamydomonas and tobacco. First, SSU depletion resulted
in parallel diminishment of LSU accumulation which was the first evidence for assembly-
dependent control of Rubisco and coordination of separated subunits?®”?*°. In both cases
rbcL transcript level was not affected by the absence of SSU, but Rodermel et al.
observed that (in tobacco) rbcL mRNA polysome loading was shifted towards lighter
fractions®'®. In parallel, radioactive pulse chase experiments demonstrated that LSU
synthesis is either inhibited on a translation initiation step or rapidly degraded in the
absence of SSU (as is SSU in the absence of LSU)?*®. SSU could act as a positive
regulator for rbcL promoting its translation in WT conditions. This activation would then
be released in the absence of SSU. Insight into the mechanism involved in this reduced
LSU synthesis came with the polysome analysis of a double mutant combining truncated
LSU and RBCS silencing (siSSU). In the truncated rbcL context, rbcL mRNA is still

d**, and

accumulating however, the mutated LSU cannot fold properly and is degrade
thereby is unavailable for any regulation (see CES mechanism). In the double mutant, as
expected accumulation of both SSU and LSU are strongly diminished. However, as
compared to simple siSSU mutant, rbcL transcript showed an increased association to
polysomes (as seen in WT). This made authors suggest that, when lacking its assembly
partner LSU undergoes a CES process and is responsible for its own translation
inhibition — a situation observed in Chlamydomonas for other photosynthetic subunits 2.
This was further supported by the experiment in which LSU accumulation was
diminished in tobacco plants as a result of virus induced gene silencing of its BSD2
chaperone (see Folding), rbcL transcript association to polysomes was even higher than
in the control line with almost no free rbcL transcript suggesting that loss of the negative
regulation (due to instability of LSU in the absence of BSD2) increases translation rate of
LSU to levels higher than in WT. A similar effect had already been observed for CES-

insensitive cytochrome f mutants in Chlamydomonas®*

and points to the fact that in
normal conditions LSU synthesis may not be maximal. Indeed, in the line with similarly

diminished levels of both BSD2 and SSU, the polysome pattern was drastically different
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with additional rbcL mRNA being found with monosomes. This suggest that contrary to
BSD2-depleted lines, in the SSU-limiting situation, some free LSU (resulting from
incomplete BSD2 silencing) is available for negative regulation (which leads to free or
monosomal associated rbcL mRNA). Together those results suggest that LSU synthesis
is not maximal in WT, and indicates the presence of some unassembled LSU able to
repress its translation to fit SSU levels. More generally, it indicates that SSU is a limiting
factor for LSU synthesis however, mechanistically, the regulation itself is SSU
independent®“. This is compatible with previous work showing that R. rubrum Rubisco
type Il synthesis is diminished during an oxidative stress: the translational regulation,
(which might be different from CES), cannot be SSU dependent as Type |l Rubisco
consist only of LSUs. Oxidative stress-triggered inhibition of LSU synthesis was also
observed in tobacco and Chlamydomonas®®2%?, In the latter case, authors were able to
demonstrate that, LSU can interact with RNA via its N-terminal domain (see Structure)
which contains a RNA binding domain. This RRM domain would be hidden in the
enzyme structure and would be exposed in the stress conditions?*’. RNA binding of LSU
was however unspecific which may suggest that whichever the mechanism, most

probably additional trans-factors are required for its specificity.

2.4.2. Folding and assembly

Studies on the organelle chaperone system have revealed that chloroplasts and
mitochondria have complex systems of folding, quality control and stress response of

bacterial and eukaryotic origin®®*?*

. In addition, new specific chaperones are being
regularly discovered. Rubisco expression from eukaryotic organisms has been an
intense research field since many years. However, the difficulty to properly and efficiently
express it in vitro has been hampering those efforts. Nowadays, it is known that a
multitude of auxiliary proteins are necessary for proper Rubisco biogenesis. It seems
logical as Rubisco is an enzyme of dual origin (Type | Rubisco in eukaryotes) which due
to spatial separation of its both subunits most probably requires temporal stabilization of

oligomerization intermediates and/or subunits alone to yield proper assembly.

First, as classical TIM-barrel domain proteins with patches of highly hydrophobic
surfaces, newly synthesized LSU is highly aggregation prone and cannot fold properly
without assistance. It was earlier demonstrated in vitro that GroEL/ES-type chaperonin
system is essential for the proper folding of R. rubrum Rubisco (type 1)**°. Chaperonins
are ATP-dependent chaperones that encage the non-native polypeptide thereby
providing the required isolated environment for their proper folding. Chaperonins -
GroEL/ES in bacteria and CPN60/20/10 in the chloroplast are composed of two
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heptameric rings of GroEL or CPN60 subunits organized in a tail to tail manner. The
double ring is closed on both sides by two heptameric “caps” of GroES or CPN20-
CPN10 heterodimers. Through its exposed hydrophobic residues, the open ring can bind
a multitude of neo-nascent proteins that are then trapped inside the ring cavity when
enclosed by the GroES ring. Upon hydrolysis of seven ATP molecules, the GroEL ring
undergoes drastic conformational changes that help the trapped protein to fold properly.
Binding of GroES and ATP to the opposite (trans-) ring of the complex triggers
dissociation of the GroES cap from the cis-GroEL heptamer and the release of the folded

protein (reviewed in ).

CPNG60 complex

Cpn60 isoforms from Chlamydomonas are homologous to GroEL,: Cpn60a
together with Cpn60B were able to functionally replace E.coli chaperonin in vivo®®’ and
Cpn20 substituted for bacterial GroES in Rubisco refolding®® proving that both
complexes play a homologous role and most probably share the same mechanism of
action. However, an additional feature of plastid chaperonin complex is the diversity of
subunits that it is consisted of with at least two isoforms of CPN60: a and 3, which can
be encoded by multiple genes (e.g. three isoforms in Chlamydomonas: CPNG60A,
CPN60B1 and 2). The same diversity can be observed for GroES homologs: in addition
to CPN10 (GroES-like protein) that can exist in one or two copies in the genome,
photosynthetic eukaryotes encode also for one or two CPN20s (practically a dimer of
CPN10). Additionally, a CPN20 homolog - CPN23 (with a longer linker between
CPN10s) was described in C. reinhardtii®®®. In vivo, CPN20 and 10 form heterodimers
that mimic the hepta-fold of GroES. Different isoforms are assumed to assemble in
variable stoichiometry leading to differences in folding efficiency. This diversity results
most probably from an adaptation of the chaperonin to more diverse substrates range in

the chloroplast.

As mentioned in the example above, both chaperonin systems interact with LSU as a
substrate. GroEL is necessary for type Il Rubisco formation and it was demonstrated that
it is required for the in vitro expression of cyanobacterial type | Rubiscos?’*?". In vivo,
CPN60/20/10 complex definitely interacts with Rubisco at some point of its biosynthesis
as it was first discovered in pea extracts as Rubisco-bound protein®’2. Multiple studies
that followed have shown that CPN60 forms a stable intermediate with LSU in maize,
pea, spinach and tobacco. It is limiting for Rubisco formation while expressed in vitro
and, in vivo, mutants of CPN60 subunits showed defects in Rubisco

accumulation®*?®#"* 1t is then not surprising that nowadays CNP60/20/10 complex is
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unanimously accepted to be critical for LSU folding®. However it is not clear yet whether
in the chloroplast, CPN60 complex interacts directly with newly synthesized LSU or if
there are any chaperones acting ahead of CPN60 complex. Most notably, the DnaK-
DnaJ-GrpE chaperone system, that in chloroplast is often collaborating with the
chaperonin, may be the best candidate for an early interaction with LSU?**. Indeed,
expression of Rubisco subunits in an E.coli dnaK null mutant leads to extensive
aggregation of LSU (as compared to the WT strain) that can be suppressed by co-

overexpression of Dnak?”.
BSD2

Additionally, bundle sheath defective 2 protein (BSD2) that has similarity to the
zinc-finger domain of DnaJ (Hsp40) chaperone was discovered in maize®’®. Yet it lacks
other domains of DnaJ protein family and thus cannot be assigned to this family. DnaJ
proteins are co-chaperones of Hsp70, which will bind to the substrates and increase
Hsp70’s ATPase activity. BSD2 is a nucleus-encoded protein targeted to chloroplast that
is necessary for Rubisco synthesis. In both maize and tobacco BSD2 mutant, LSU does
not accumulate while rbcL transcript is accumulated and associated to polysomes®42®,
Along with the similarity to the DnaJ protein it suggests that BSD2 plays a role in LSU
posttranslational regulation. It is further supported by the work in Chlamydomonas where
the putative BSD2 ortholog (Znj2) co-migrates with rbcL transcripts on polysomes. In
vitro assays showed that CrZnj2 also prevents protein aggregation ?’’. BSD2 is therefore
assumed to be a first in line LSU-specific chaperone that can interact with translated
LSU polypeptide preventing its aggregation/mis-folding or targeting it to the chaperonin
complex. On the other hand in the maize BSD2 mutant, CPN60-bound LSU can be
observed during radioactive pulse experiments pointing, on the contrary, that BSD2 acts

after the chaperonin®’*.
Rubisco assembly chaperones

LSU folding is only the first step in type | Rubisco assembly. It cannot acquire its
final conformation without the additional steps of assisted-oligomerization. This is in
contrast to e.g. type Il LSU which in vitro, after leaving GroEL/ES dimerizes
spontaneously to attain its final, active form?®. Type | form is thought to assemble in at
least a two-step manner. First, LSUg enzymatic core is formed which afterwards is
stabilized by the fixation of eight SSUs. In vitro expression of cyanobacterial Rubiscos is

possible but inefficient*”.

Moreover, in vitro reconstitution of Synechococcus sp.
PCC6301 Rubisco with its subunits and chaperonin alone was shown to lead to

aggregation of LSU (with SSU being either assembled in low amount in active complex
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or soluble?™®

). Both suggest that most probably i) collision-assembly of the subunits is
inefficient, ii) they need to oligomerize sequentially and/or iii) additional factors are
required to stabilize the assembly intermediates. Attempts to produce hybrid Rubisco
usually result in low yield of synthesized enzyme suggesting that chaperones necessary
for LSU assembly coevolve with LSU proving how important is the control over its

238,279

biosynthesis . Type IB green Rubisco from plants and green algae have been

studied most and up to now, three assembly chaperones have been reported.
RBCX

In some cyanobacterial species (B-cyanobacteria) rbcX is located in between the
rbcL and rbcS genes in Rubisco operon (rbcLXS) and thus was the prime candidate for a
non-subunit factor implicated in Rubisco formation®’*. Despite low sequence similarity
between B-cyanobacterial species (below 60%), its position in between Rubisco subunits
encoding genes in the operon suggests an important function. Indeed, RBCX increased
the amount of functional Anabaena sp. CA and Synechococcus sp. PCC7002 Rubisco
produced in E. coli system?**?!, In the marine Synechococcus PCC7002 cyanobacteria,
RBCX seems to influence Rubisco formation as a translational frameshift introduced in
the rbcX gene resulted in lower Rubisco accumulation. However, complete segregation
of the mutated copies could not be reached suggesting that either the rbcX is essential
for cell survival or that the introduced mutation has a pleiotropic effect due to its proximity
to rbcL or rbcS (a possibility that was not examined in the study)®'. The latter hypothesis
seems to be supported by the observation that in the closely related Synechococcus
elongatus PCC7942, an RbcX deletion has no apparent effect on cell phototrophy or on
Rubisco accumulation. This functional difference might also be due to the positioning of
the rbcX gene which in Synechococcus PCC7942 is no longer in the rbcLS operon but
100kb away?®?>. Nonetheless, in the same work authors confirmed that SynPCC7942
RBCX co-expressed with Rubisco in E.coli improves holoenzyme’s accumulation yield.
At the same time, the very low levels of RBCX protein in the cells (undetectable in cell
extracts) and/or its selective expression (in response to precise environmental stresses)
prevent drawing conclusions about its role in vivo. Green algae and higher plants encode
two, chloroplast targeted RBCX proteins: RBCX-l and -l (RBCX-l is closer to
cyanobacterial RBCX). In Chlamydomonas only RBCX-Il was retained and is now
present in two sub-isoforms RBCX-lla and —llb. RBCX-l and Il share low sequence
similarity to their cyanobacterial counterpart and to each other (below 30%), however the
structure of the RBCX domain is almost identical in all cases (except that in
Chlamydomonas RBCX-llb has an un-structured C-terminal extension that doubles the

size of the protein). Chloroplast RBCX most probably share the same function in
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cyanobacteria as Chlamydomonas RBCX-lla and Arabidopsis RBCX-I similarly improve

cyanobacterial Rubisco formation in E.coli***?%*,

RbcLRbeX Rbcl,RbeX, RbclLgRbcXg RbclgRbcSg

GroEL

Fig. 2.5: RBCX structure and interaction with LSU

A — Structure of Synechococcus sp. PCC7002 RBCX dimer (PDB: 2PEN) in two
orientations. Two monomers are shown in yellow and orange. Helices of one of the
dimers are annotated. Note the hydrophobic cleft responsible for RBCX-LSU
interaction.

B — Model of RBCX interaction with LSU. After leaving chaperonin complex (GroEL/ES)
LSU monomer is sequestered by the RBCX dimer preventing its re-trapping by the
folding complex. Subsequently LSU dimers are formed and are protected by two RBCX
dimers. These units then oligomerize further until Rubisco LSUg core is formed. Binding
of SSUs changes the conformation of LSU resulting in dissociation of RBCX dimers
and final formation of the holoenzyme. Modified from?

RBCX is a 15 kDa protein consisting of three short and one long (a4) a-helices organized
in a bundle. Long helices are antiparallel with a 60° shoulder in the middle of their length.
The active form of RBCX is a homo-dimer of an arc shape with a-helical bundles at
opposite ends?’® (Fig. 2.5). The crystal structure of S. elongatus PCC6301 LSU oligomer
complexed with Anabaena sp. CA RBCX showed that an RBCX dimer interacts with LSU
C-terminal, conserved sequence (EIKFE(F/Y)X). The motif is bound by the central,

hydrophobic cleft of RBCX, some peripheral residues also play a role in the stabilization
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of the interaction. From the structure and the in vitro biochemical experiments, RBCX
dimer seems to stabilize the octamer of large subunits before binding of SSUs occurs.
This chaperon-LSU interaction is dynamic in nature with different RBCXs having different
affinities for large subunit. For example, the Anabaena sp. CA RBCX has a 50 fold
higher affinity for S. elongatus PCC6301 LSU than its cognate RBCX does (a fact which
was used by the authors to crystalize the LSUgRBCXg intermediate) and cannot be
dissociated by S. elongatus SSU. Moreover, in the same work, the authors generated an
LSU mutant (LSUgr212s) arrested at the dimerization state and could observe that RBCX
could form complexes with the LSU dimer stabilizing this intermediate. They propose a
model where RBCX could bind to LSU as soon as it leaves GroEL/ES chaperonin
thereby preventing its rebinding. RBCX binding would promote LSU dimer formation and
further oligomerization by preventing disassembly until LSUsRBCXg is finally replaced by
eight SSUs?®*.

RAF1

Interestingly, another assembly chaperon performing a similar function has been
identified in maize. Coined Rubisco Accumulation Factor 1 (RAF1), it is obligatory for
Rubisco formation in maize as a RAF1 knock out results in very low LSU accumulation
(below 2%) and seedling lethality. rbcL and RBCS transcripts level and translation were
not affected in the mutant, which points to its post-translational role. Radioactive pulse
experiment of maize leaves showed retention of the LSU in a high molecular weight
complex (HMWC) that authors attribute to CPN60-bound LSU. In-planta cross-linking
experiments demonstrated that it can form heavy complexes (approx. 720 kDa) with LSU
of unknown stoichiometry?’*. All these observations point to RAF1 being an LSU
chaperone. Further analysis on the crystal structure obtained subsequently, allowed
shedding more light on the mechanism of RAFL1 interactions. First, RAF1, similarly to
RBCX, acts as a dimer of ~45 kDa subunits, that each binds one dimer of LSU in the
LSUg core. Each protomer is build up by an N-terminal a-helical domain, a C-terminal 3-
sheet domain and separated by a flexible linker. RAF1 protomer dimerization occurs
through interactions of their C-domains that are placed on the horizontal plan of the
octamer, facing outside the enzyme. Flexible linkers bind alongside the dimer interface
and N-terminal domains contribute to binding of the top and edges of the LSU dimer (Fig.
2.6). In vitro, RAF1- as RBCX- acts after LSU release by the chaperonin complex,
preventing its rebinding to the folding machinery. In the in vitro reconstitution
experiments of Syn7942 Rubisco, RAF1 can be mostly found as an LSU,-RAF1,
complex. It promotes formation of the LSU octamer and is released by SSU binding.

RAF1 is conserved in the green linage and it seems that it has the same role in both
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prokaryotes and eukaryotes®’*?*®, RAF1 most probably co-evolved with LSU in plants
and cyanobacteria as was shown by high correlation factor between their phylogenies. In
addition, co-expression of Arabidopsis LSU with its cognate RAF1 in tobacco plants
improves the formation of chimeric AtLSUgNtSSUg Rubisco as compared to the plants
not expressing AtRAF1, suggesting high sequence specificity between LSU and its
chaperones®®’. This might explain the low levels of hybrid Rubisco accumulation reported

279,288

in other publications
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Fig. 2.6: RAF1 structure and interaction with LSU

A- Reconstitution of LSUg-RAF15 complex based on structure of Arabidopsis thaliana
RAF1-la (EMBD EMD-3053). Left: side view of the complex with RAF1 dimer in blue
and cyan. RAF1s are dimerizing by their C-domains. N-terminal domain binds to top
and bottom of the LSU dimer as seen on the top view (right). Linkers “hug” the LSUs.

B — Model of RAF1 interaction with LSU. RAF1 would mimic the behavior of RBCX by
binding the GroEL/ES-liberated LSU preventing its rebinding and subsequently
stabilizing LSU throughout the oligomerization until LSUg core is formed. Finally, SSU
would replace RAF1 dimers. Modified from*
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Comparison

RAF1 and RBCX coexist in the green lineage and for now their suggested
function and mechanism of action are very similar. Nonetheless, both chaperones bind to
different places on the LSU dimer surface: RBCX interacts with the C-terminal extension
of LSU and contacts the N-terminal domain of the other LSU from the dimer, while RAF1
binds to the top and bottom of a dimer and embraces one side of the dimer. Whether
both chaperones are required for Rubisco synthesis in vivo is not clear. First, almost no

281,282,284 and |tS

RBCX protein could be detected both in prokaryotes and eukaryotes
absence had no detectable phenotype in cyanobacteria (at least in Syn7942) suggesting
that it might have lost its function because of RAF1. At the same time deletion of RAF1 in
Synechocystis sp. PCC 6803 also appears not to influence Rubisco biogenesis®®® which
is in bright contrast with maize protein®’*. This raises the question whether in
cyanobacteria both chaperones are redundant and share the same pathway, cooperating
and exchanging freely. The evolutionary purpose of this suggested redundancy is not
clear, however it is possible that strict control of Rubisco formation was crucial and
aimed to prevent accumulation of non-beneficial mutations. On the other hand, RAF1
and RBCX can be redundant but act specifically in certain stress conditions®?. It is also
possible that in eukaryotic organisms, where RAF1 function would prevail (according to
the strong phenotypes of knock-outs), the mechanism of Rubisco assembly has changed
due to genetic (no longer in operon) and spatial (chloroplast and nucleus) separation of
rbcL and rbcS genes. In these conditions, maybe only the more stable interaction of LSU
and RAF1 stayed beneficial. This of course does not exclude that both chaperones could
play specific and for now undiscovered roles and be indispensable in given conditions:

for example during arrest of cytosolic translation, signaling etc.

RAF2

Recently, a new Rubisco accumulation factor has been discovered. RAF2 is a
conserved protein in autotrophic bacteria, cyanobacteria, algae and plants. It shares
homology to pterin-4a-carbinolamine dehydratase (PCD) but is inactive as such, due to
conserved active-site disruption. Additionally, in plants, RAF2 has a conserved, N-
terminal extension of unknown function (Fig. 2.7). From the bacterial homolog’s
structure, RAF2 is assumed to act as a dimer, but could form dimer and tetramer in

290

plants In maize RAF2 deletion causes a less pronounced Rubisco-deficiency

phenotype (~10% accumulation) than RAF1 but still leads to seedling lethality®®.

Through cross-linking and immunoprecipitation experiments it was shown to interact with
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both LSU and SSU- nevertheless with much higher affinity towards SSU. The prokaryotic
(Halothiobacillus neapolitanus) homolog of RAF2 (acRAF) increases Rubisco production
in E. coli which confirms its chaperone-like function®*. In a-carboxysomes-containing
bacteria, RAF2-encoding gene seems always part of the carboxysome operon together
with the Rubisco subunit genes (and others) suggesting its importance in their formation.
The mechanism of action of RAF2 is only partially unraveled, however it is suggested
from co-immunoprecipitation experiments that RAF2 might stabilize SSU in the stroma
before Rubisco assembly. It is also proposed that it can interact with RAF1 and BSD2
LSU chaperones, which led authors to suggest that SSU can form dynamic
intermediates with the chaperones and/or LSU which would stay in dynamic equilibrium
until the holoenzyme is formed. This is in contrast with the cyanobacterial dogma that
SSU can fold spontaneously in the cytoplasm and stays stable and soluble before fixing

to the enzyme’s core.

Fig. 2.7: acRAF2 structure

Structure of acRAF2 dimers from Thiomonas intermedia (PDB: 4LOW). Conserved,
solvent-exposed residues marked as sticks. On the right panel two antiparallel
protomers shown separately. Modified from?
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SSU folding

As mentioned above, small subunit is thought to fold without any interference. In
eukaryotes, SSU is imported through the chloroplast envelope via the TIC/TOC
translocon, and undergo transit peptide cleavage followed by methylation of Met,?**%% |t
was suggested that it could interact with CPN60 complex at an early stage after the
import but to a lower extent than LSU?*. It was also suggested to form complexes with
LSU during the enzyme’s biogenesis®®® which would stay in line with the models of LSU
oligomerization and its dynamic interactions with assembly chaperones. The recently
discovered RAF2 protein was shown to interact with SSU in vitro, maybe to stabilize the
small subunit before the docking onto the enzyme’s core®®. Very interestingly, small
subunit itself may participate in LSU folding. No LSU chaperones have been found in
organisms carrying Red Type Rubisco (Type IC and ID). Bacterial red-type LSU can be
produced in E.coli and in in vitro reconstitution experiments with only GroEL/ES.
However, the enzyme could properly fold only in the presence of SSU. SSUs of Type IC
and ID have C-terminal extensions that fold into B-hairpins that promote their

oligomerization and play a crucial role in the enzyme assembly?®°.

3. Interlude

The aim of this study was to shed light on the complicated process of chloroplast
protein biosynthesis. What better subject than Rubisco? It is the most abundant protein
on Earth co-responsible for the appearance of oxygen, for the majority of biomass
production and for the main sequestration pathway of nowadays highly emitted and
popular carbon dioxide. All that makes Rubisco important for evolutionary, economic and
ecological reasons. It then has been studied for almost 70 years now and still, its
surprising inefficiency remains a mystery. A lot of focus, especially in recent years, has
been dedicated to improving Rubisco catalytic activity to match the increasing demand
on food supply for an ever-growing human population. The estimation of the real value of
those improvements is subject to an open debate which is out of the scope of this
manuscript, which would rather touch the technical difficulties encountered. A major
obstacle for Rubisco-improvement effort was the difficulty to express it to a satisfactory
level in an in vitro system. Rubiscos from higher plants seem especially stubborn in this
matter. One of the reasons is probably the incompletely described biosynthesis pathway

of Rubisco synthesis. As | tried to highlight in the introduction, gene expression, its
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regulation and the subsequent assembly is a complicated multilayered process harboring
a huge number of factors interacting at different stages and at different places in the cell.
At the beginning Rubisco bearing only two subunits that bind in a 1:1 ratio seemed a
convenient model to analyze chloroplast translation and protein assembly. Using
Chlamydomonas reinhardtii we decided to decipher this process for Rubisco form | in
vivo. As will be apparent further on, it revealed to be, as it usually happens, more
complicated than what it first looked like.

In the first part of the introduction | tried to give a general overview on the
complexity of chloroplast expression system evolved from two systems to allow the
proper production of mostly the photosynthetic machinery. A second part was
consecrated to Rubisco regulation in particular as it was our protein of choice to study
protein biosynthesis in Chlamydomonas. The next three chapters of this manuscript will

summarize the work | did during my stay in the laboratory.

1. It has been suggested that nuclear-encoded proteins regulate plastid gene
expression on a post-transcriptional level acting in pairs as stabilization (M-) and
translation initiation (T-) factors. This overview is changing as new discoveries about
gene specific expression peculiarities are being made. The first part of my thesis was
consecrated on finding a potential partner of MRL1 — a stabilization factor for rbcL
transcript. Results of those tryouts are being presented in a first chapter that follows.

2. The main portion of my stay in the laboratory was dedicated to unravel the regulation
of rbcL gene expression with regard to its assembly process, with particular
emphasis on the prevailing CES process that regulates the coordinated assembly of
all photosynthetic complexes. Rubisco is the sole soluble enzyme that is recognized
to be affected by CES and the one example that might be the most conserved.
Results of this part of my work are presented in form of a manuscript in the second
chapter of this manuscript.

3. Finally and most importantly, | will present in a last chapter additional results,

troubleshooting, discussions, and perspectives for the future.

I hope you will find what follows useful.
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4. Chapter I: MRL1 role in rbcL translation regulation

4.1. Introduction

Plastid-encoded genes are regulated mostly on post-transcriptional level through
the action of nucleus-encoded proteins (Organelle Trans-acting Factors (OTAFs))*?.
They are mostly constituted of modular proteins of tandem repeats that can interact with
RNA and/or other proteins. They are responsible for gene specific post-transcriptional
regulation, mostly via, stabilization, processing (maturation, splicing) of MRNA,
translation (target recognition, formation of initiation complex and ribosome
recruitment)®®. One such factor is MRL1, a conserved pentatricopeptide repeat protein
(PPR) that is necessary for stabilization of the mRNA of gene (rbcL) coding for large
subunit of Rubisco® (Cre06.g298300). MRL1 is a soluble protein containing 11 PPR
repeats in its N-terminal part, a conserved domain called C-domain and a long, C-
terminal extension with no specified domains. The N-terminus of the C- domain
organizes into tandem of a-helices (with no PPR homology) that contribute to the
solenoid structure (Fig. 4.1).
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Fig. 4.1: Predicted structure of MRL1

A — Side and B — front view of MRL1 structure prediction. In fluogreen and magenta N-
terminal domain (without predicted 20 aa of TP); in cyan PPR domain with 11 PPR
repeats; in yellow C-domain (a-helical part and unstructured tail), in green unstructured
C-tail; in orange sequence insertions as compared to Volvox carteri. Prediction done
by I-Tasser using PPR10 structure as a model.

C — Secondary structure of the first 69 nt of rbcL transcript. 26 nt MRL1 footprint found

in® boxed in red; 18 nt footprint found in® boxed in green; stabilizing sequence
described in'®* boxed in black. Modified from*?.
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MRL1 would interact with rbcL 5’UTR through its PPR-domain, probably with the utmost
5" stem-loop of the 5’UTR region as a corresponding sRNA footprint has been recently
discovered and whose sequence exhibits high conservation across the green lineage®®.
MRL1 binding protects rbcL mRNA from 5-3’ exonucleolytic degradation®, and as such is
a so called M-factor. It was not shown however what the mode of action of MRL1 is:
whether it merely physically protects the 5’ end of the transcript or whether its binding
changes the loops’ structures allowing further translation. Definite characterization of the
binding site and MRL1-RNA interaction is still to come. For many photosynthetic related
genes, couples of stabilization (M) and translation related (T) factors have been
discovered (see introduction: Table 1.2). More and more proofs however suggest that
this is not a general rule and that individual trans-factors can play multiple roles in gene
expression™®*'® We wanted thus to test whether rbcL transcript requires additional

proteins for proper translation.

4.2. Part| - Searching for new OTAFs involved in rbcL gene expression

4.2.1. Genetic approach: Mutagenesis

Forward genetics has been a powerful tool in identifying genes implicated in
photosynthesis. Chlamydomonas reinhardtii is perfectly suited as a model for such
functional genetic studies: it displays facultative autotrophy, a haplobiontic life cycle
allowing mutations to be readily expressed and screened for, a sexual reproduction that
is easily induced and a zygote stage, from which progenies are readily isolated by
dissection, its genetic compartments can be transformed. All these reasons made it an
organism of choice for many research groups. Recent efforts to allow reverse genetics
were conducted to generate tens of thousands of Chlamydomonas insertional mutants,

which are nowadays available for the community®®2%.

Negative selection screen

A prior genetic screen using insertional mutagenesis conducted in the laboratory
generated over 12000 transformants. They were screened for Rubisco deficiency using
the in-house developed high-throughput fluorescence-based method®®®. Rubisco-
deficient cells are non-photosynthetic, thus all light energy they absorb at some point is
reemitted as heat and fluorescence which can be easily detected. Rubisco defects have
a distinctive phenotype in which the level of emitted fluorescence increases slowly during

the time of illumination to reach its maximal level (which will depend on light intensity)
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(thus, indicating a complete block of the electron transport chain)**(Laura Houilles:
thesis). Typically, fluorescence induction curves were monitored over 7 minutes of
constant illumination. Out of all the transformants, only two were specifically affected in
Rubisco accumulation, but at the end were found to be new alleles of the already
discovered MRL1 gene (Up to date, ten mutated MRL1 alleles have been independently
discovered and partially characterized (see Table 4.1). This low success rate raised the
guestions whether straightforward insertional mutagenesis does not suffer from insertion
hot spot bias that limits its utility in the research of new photosynthesis-related trans-

factors.

Table 4.1: Known mrl1 alleles

Allele Name Mutation Reference
mrl1.1 wcf3 Exon 2 aphVIIl insertion 247
mrl1.2 75.5EN Exon-intron splicing junction SNP 29
mri1.3 wcf2 5'UTR aphVIIl insertion

mrl1.4 L11A 5'UTR aphVIll insertion 247
mrl1.5 L54B TOC insertion in exon 2

mrl1.6 111480 CDS CIB1 insertion

mrl1.7 155641 Intron CIB1 insertion

mrl1.8 155641b CDS CIB1 insertion 29
mrl1.9 050384 3'UTR CIB1 insertion

mri1.10 169685 CDS CIB1 insertion

mril.11 uvli UV mutagenesis induced This work

mrl1.6 - 1.10 origin from the CLIP library of mutants (prefix: LMJ.RY0402)

We decided to test another screening method by implementing a negative screen
recently developed for Chlamydomonas based on the use of cytosine deaminase
(CD)*’. Cytosine deaminase (encoded by the codA gene) is an E. coli enzyme
catalyzing conversion of cytosine to uracil. It can also convert 5-fluorocytosine (5FC) into
5-fluorouracil (5FU), which is cytotoxic for Chlamydomonas. Combining the endogenous
promoter and 5 regulatory regions of a gene-of-interest (GOI) to the chloroplast-
optimized codA coding frame would produce a chimeric gene, which can be used for
further mutagenesis to search for trans-factors targeting the GOI regulatory sequence. 5-
fluorocytosine (5FC) sensitive lines could be rescued after the mutagenesis through a

mutation affecting the 5’GOIl-codA chimeric gene expression. It could be attained either
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by mutations in the 5’UTR of GOI (cis-mutations) or by mutations in a nuclear gene,
whose product is required for the GOI expression (trans-mutations). Finally, mutations
could impact directly codA CDS sequence. Those sorts of transformants can be easily
discarded by an additional fluorescence-based screen aimed to pinpoint photosynthetic
defects. Trans-mutations can be afterwards distinguished from the cis-mutations by
backcrossing of the mutated strain to the WT from the observed inheritance pattern. Only
half of the progenies should inherit the mutation following mendelian segregation of the
nuclear genes (whereas chloroplast cis-mutations would be uniparentally inherited).

Our collaborators (Rosie Young and Saul Purton, University College London) created
two strains of Chlamydomonas harboring the codA gene under the control of i) rbcL
5'UTR (CR1 strain) and ii) rbcL 5’UTR with its first 81 bp of rbcL coding sequence (CRE1
strain). The latter was created in a second round to promote the chimeric gene
expression based on the observation that rbcL coding sequence enhances transgene

expression®*

) as the CR1 line did not result in the CD expression sufficient enough to
confer 5FC sensitivity (Fig. 4.2 C). All these strains were created in a cell-wall deficient
background, a necessary requirement for consistent 5FC uptake into Chlamydomonas

cells.
rbcL regulatory sequence drives cytosine deaminase expression

This second chimera, using rbcL 5’UTR with the first 81 bp of rbcL coding
sequence allows to produce cytosine deaminase to detectable levels, that were shown to
be sufficient to confer 5FC sensitivity (Fig. 4.2). CREL strain grows on TAP medium to
levels comparable with CW15 WT but is unable to grow on TAP supplemented with 5FC
(5FC at 2 mg/mL, Fig. 4.2B). Note that, WTs and CR1 (expressing low levels of CD as
monitored by immunoblot directed against the HA tag; Rosie Young: personal
communication) are insensitive to 5FC which demonstrates that sensitivity is caused by

CD expression.
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Figure 4.2: CRE1 expresses cytosine deaminase and is sensitive to
5-fluorouracil (5FC)

A - Schematic representation of pRY167a plasmid fragment used for transformation of
TN72 strain to generate CREL1 line. Flank 1 and psbH/Flank2 — flanking sequence for
recombination; prom/5’UTRrbcL+81bpCDS - regulatory sequence of rbcL gene;
crCD+HA-tag — Chlamydomonas chloroplast optimized CDS of cytosine deaminase
gene with additional C-terminal HA-tag; 3'UTR atpB — 3’'UTR and termination
sequence of atpB gene. Bars not to scale. Copyright: Rosie Young.

B — Immunoblot of total proteins from wild type CW15 (WT) and CREL1 strain using
antibodies against LSU, HA-tag (detecting the HA tagged-Cytosine deaminase
protein) and cyt. f as a loading control.

C - Growth test of WT (CC124), Cell-wall less control strain (CW15), and two
transformants bearing cytosine deaminase gene (CD) under the control of rbcL 5UTR
(CR1) and rbcL 5’UTR and first 81 bp of rbcL coding sequence (CRE1). All strains
were grown on TAP (left) and TAP supplemented with 5-fluorouracil (right) to test its
toxicity for the cells. Cell drops were from four dilutions: 10°%,10°,10* ,10° cells per mL
(from left to right).

Mutagenesis of CRE1

The CREL1 strain, being sensitive to 5FC, is a suitable tool to search for unknown
factors interacting with rbcL 5’UTR. Therefore, we conducted a mutagenesis campaign
by subjecting CRE1 to different mutagen agents. First, an insertional mutagenesis, using
the pBC1 cassette containing the aphVIIll paromomycin resistance gene was conducted

(as previously done in the lab®*") (Xenie Johnson, Laura Houilles: thesis). In parallel
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experiments, CRE1 was treated with fluorodeoxyuridine (FUDr, 1mM) and ultra violet
radiation (UV, 3.6 erg x mm™ x s for 30 seconds) for random chemical and physical
mutagenesis respectively. Approximately 800 clones resistant to 5FC were recovered
and tested either by fluorescence or by growth test on MIN medium to screen for
photosynthesis deficiency. From the strains tested, 5 were non- and 2 partially-
photosynthetic (4 were obtained by insertional mutagenesis: 11-14 and 3 by UV
mutagenesis: UV1-UV3). The selected strains were further analyzed by western blotting
(Fig. 4.3).

Insertional mutagenesis UV mutagenesis
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Figure 4.3: Accumulation of Rubisco and CD in non-photosynthetic clones
recovered from CRE1 mutagenesis

Immunoblot of total proteins from wild type CW15 (WT), ArbcL (Rubisco negative
control) CRE1 (CD positive control) and strains picked after mutagenesis (4 from
insertional and 3 from UV mutagenesis). Antibodies against LSU, HA-tag (cytosine
deaminase) and Cyt. f and OEE2 as loading controls.

Out of 7 strains, 3 (11, I3 and UV3) did not have any defect in CD or LSU protein
accumulation, This phenotype suggests that two mutations occurred in these strains; a
first one either in codA CDS affecting its activity but not its stability, or a mutation that
influence 5FC metabolism (see Discussion and perspectives), combined with a second
site mutation affecting photosynthetic gene expression (I1 and UV3 came to be affected
in PSI and cyt. f accumulation respectively: not shown). 12 and UV2 did not accumulate

CD but were not affected in LSU accumulation. Here again, this is probably caused both
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by a cis-mutation or cpDNA rearrangement caused by the mutagenic treatment
(transformants of this kind were also observed previously (Rosie Young: personal
communication), coupled to a second site mutation inducing a photosynthesis defect (we
did not follow the origin of photosynthetic deficiency). Finally, in the UV1 strain, neither
LSU nor CD did accumulate making it the sole potential strain of interest. To test genetic
linkage between UV1 and MRL1 locus, a functional complementation analysis of UV1
was performed with a plasmid containing a WT version of MRL1 (pMRL1CdomHA). In
parallel, genetic linkage was assessed by a cross between UV1 and mrll (mrl1.5 BC132)
mutant strain. If the mutations lie in two different genes, photosynthetic progenies
(whose proportion compared to non-PS cells would depend on the loci linkage) should
be obtained. UV1 was successfully complemented with pBC1 and no photosynthetic
cells could be found in the progenies of the cross, suggesting that both strains carry a
defect in the same gene, leading us to conclude that UV1 is another mrl1 allele.

4.2.2. Biochemical approach: Co-immunoprecipitation of MRL-HA

MRL1 was found in HMWC in the chloroplast stroma that most probably contain
also other elements, among others rbcL mRNA'. We hypothesized that additional
proteins e.g. new rbcL T-factor could be found within the complex and tried to use a

biochemical approach to identify these factors.
Generation of a tagged MRL1 strain

Because of the lack of appropriate antibody against MRL1, we generated a HA-
tagged version of the protein to allow its detection and possibly its precipitation. Two
MRL1-HA versions were created: in the first one, the tag lies at the very C-terminus of
the protein (MRL1-HA Cter) and in the second one within an exposed loop localized at
the beginning of the so called MRL1-C domain of the protein (MRL1-HA Cdom)(see)(Fig
4.4). The reason behind was that modular proteins of the TPR and PPR families could
undergo posttranslational proteolytic cleavage (Stefania Viola, Olivier Vallon: personal
communication), which could stay unnoticed with a tag at the very C-terminus. The
resulting constructions were used to complement mrll knock out strain (mrl1.5 BC132-).
The MRL1-HA protein was detected in the transformants at around 150 kDa — a size
which is compatible with the predicted size of 149 kDa (after removal of the 20 aa of
predicted cTP, HA-tag included). It is however in contrast to what was observed (~116
kDa) in the initial MRL1 paper using an MRL1-raised antibody. In our hands however,
this antibody did not give any reliable signal. Interestingly, in MRL1-HA Cdom

transformants, MRL1 indeed seemed to be fragmented an observation that was made as
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well for several other OTAFs (Stefania Viola, unpublished) (Fig. 4.4). It remains unknown
whether all the forms are truly MRL1 related, or merely HA cross-contaminants. If they
turn out to be MRL1 products, whether they all are active or not, and what the
physiological relevance of this increased proteolytic susceptibility might be, remains to
be tested. The absence of a full-length product in transformant 5 was initially puzzling.
However as the C-terminal tail of MRL1 is dispensable for its activity, the lower molecular
mass band we observed may then represent an incomplete MRL1 that is still able to
complement the mutation and that was obtained by incomplete transgene insertion®.
Contrary to the situation observed for MR1L-HA Cter transformants, MRL1 HA Cdom
protein accumulation was not always consistent with the accumulation of LSU. In those
MRL1-HA Cdom transformants the HA-tag insertion may have also had an impact on the

stability and/or activity of MRL1. We decided to continue to work only with MRL1-HA Cter
strains.
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Fig 4.4: MRL1 protein

Schematic representation of MRL1 protein sequence and two HA-tag containing
versions. Red arrows point to the location of the HA insertion. Modified from*
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Figure 4.5: MRL1-HA strains

Immunoblot of total proteins from wild type T222+ (WT), MRL1 knock out strain
(mrl1.5 BC132-), selected MRL-HA Cter B and MRL-HA Cdom transformans strain.
Antibodies against LSU, HA-tag (MRL1)gnd Cyt. f as a loading control were used.



ImmunoPrecipitation and Mass-spectrometry

For further characterization, we used a complemented strain displaying the
highest levels of Rubisco accumulation (MRL1-HA Cter A#2) in a co-immunoprecipitation
experiment in a search for MRL1 partners. French press lysates from MRL1-HA Cter A#2
and a mrll knock down strain complemented with an untagged version of MRL1
(cMrl1.5)(used as a negative control) were ultracentrifuged, the supernatant was
concentrated using centrifugal concentrating units with a 30 kDa cut-off and further
incubated with anti-HA decorated magnetic beads in a batch precipitation. After multiple
washes, bound- proteins were removed from the beads by boiling and loaded on SDS-
PAGE gel (Fig. 4.6).
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Figure 4.6: MRL1-HA Co-immunoprecipitation

SyproRuby stain of antiHA-interacting proteins in the Control strain extract
(complemented mrl1.5 (cMrl1)) and MRL1-HA Cter A#2 soluble extract. Proteins were
removed from the anti-HA beads by boiling and separated on a SDS-PAGE.
Molecular weights are indicated on the sides. Red boxes show the gel fragments that
were cut for further mass-spec analysis. Arrows point migration of Heavy (50 kDa)
and Light (30 kDa) chains of the antibody detached from the beads.

Each gel lane was cut into 4 bands, from which peptides were extracted and analyzed by
Orbitrap-Mass-spectrometry at the IBPC facility with the kind help of Christophe
Marchand (UMR8226). Low stringency detection thresholds were applied. A customized

Augustus v5.3 of Chlamydomonas genome was used for protein annotation
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assignment®%®2%°

. In particular, the 32-OPR cluster from chromosome 15 corrected
annotations was manually added to the genome list (with the kind help of Yves Choquet).
The experiment was done on two biological replicates each injected twice. 1074 proteins
were identified in both MRL1-HA Cter A#2 and in a control strain (cMRL1.5). Out of
those, 490 proteins were found in both samples, and as such represent unspecific
binding to the resin, and 335 were specific for the MRL1-HA extract (249 specific to the
control) (Table 4.2). Out of them, the records with the highest MS score are presented in
the Table 4.3 (Full list of the proteins in the Appendix 1), as well as their putative
localization based on TargetP software prediction. We could precipitate MRL1 efficiently,
as revealed both by the SyproRuby stain where MRL1 full-length protein is detected in
band 1 (see Fig. 4.6), and by MS identification. Yet no obvious candidate for an
interaction with it could be identified, neither by visual inspection of the SyproRuby-

stained gel, nor after mass spec identification.

On the other hand, many, most probably irrelevant (e. g. flagellar proteins, pherophorins)
proteins were co-precipitated. This high background level is most probably due to the
high sample complexity (Fig. 4.6), resulting in unspecific protein binding to the beads or

to MRL1 itself because of protein stickiness (see below).

Table 4.2: Number of proteins found in the extracts used in the Co-IP against

HA antibody
Strain Precipitated Specific Unspecific Total
MRL1-HA 739 335
490 1074
Control (cMrl1.5) 825 249
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TOP Scores
Accesion
Cre06.9298300.t1.1
Crel2.g531500.t1.2
Crel2.g528000.t1.2
Cre02.9g077750.t1.2
Cre05.9238687.11.1

Cre03.9172950.11.2
Cre02.9118300.t1.2
Crel7.9g726750.t1.2
Cre02.9081700.t1.1
Others, RNA-related
Accesion
Crel7.9g708750.11.2
Crel0.9441200.t1.2
Cre01.g028200.t2.1
Cre06.g307850.t1.2
Crel6.9662902.t1.1
Cre07.9314900.t1.1
Crel0.9437150.11.2
Cre08.9376200.t1.2
Crel3.9g607900.t1.1
Crel5.9638303.t1.1

Description
Pentatricopeptide repeat protein, stabilizes rocL mRNA
Flagellar Associated Protein, FAP134
Predicted protein; 5'-AMP-activated protein kinase, gamma subunit
Flagellar Associated Protein, FAP211
Predicted protein; Pherophorin
Photosystem | P700 chlorophyll a apoprotein A2 GN=psaB
Centromere/microtubule binding protein, CBF5
DEAD box ATP-dependent RNA helicase
3-deoxy-D-arabino-heptulosonate 7-phosphate synthetase
predicted protein; Pherophorin

Description

No information

Predicted protein; LUPUS LA PROTEIN-RELATED
DEAD-box RNA helicase

No information

Predicted protein; TRANSLATION INIT. FACTOR EIF-2B SUB. BETA
Predicted protein; ATP-dependent RNA helicase pitchoune
Cyclin-related pentatricopeptide repeat protein PPR6
Predicted protein; TPR repeat-containing protein

Predicted protein; TPR protein CPLD68

Predicted protein; RAP domain containing protein

Table 4.3: MRL1-HA Co-immunoprecipitated proteins

Band
1,2,34
2,3
2,3
2,3
1,2,3
3
1,2
1,2
1,3
3

Band
1,2
1,2

1,2
1,2

R, N R

MS score

962,65
285,94
283,06
272,50
271,47
222,90
219,05
202,66
201,80
201,27

MS score

196,15
141,48
138,51
122,60
113,54
108,81
97,34
69,22
59,76
55,45

Target.
C
@)
C
@)

@)
Encoded
Cyt.
@)

C
o

Target.
@]

OO0OO0OO0OO0O0

M/O

The table presents the ten best scoring proteins found specifically in the MRL1-HA sample. In the bottom panel, specific, but low-scoring
candidates predicted to interact with RNA. Band — number of the band in which protein was detected. Target: C — chloroplast; M —
mitochondrion; Cyt. — cytosol; O — other than chloroplast/mitochondrion; Encoded — chloroplast encoded. Samples from two biological
replicates were analyzed twice each; in orange records found in all assays.



4.3. Partll-Is MRL1 alone?

Fruitless search of the MRL1 partner/T-factor led us to consider that MRL1 may
serve as a lone OTAF in rbcL expression and play a dual role in its regulation by
stabilizing the transcript (M-factor) and initiating translation (T-factor). We then decided
to test this hypothesis using standard biochemical techniques.

4.3.1. MRL1 level limits rbcL mRNA accumulation and is required for LSU

accumulation.

rbcL transcript does not accumulate in the mrll knock out mutants.
Complementation with tagged MRL1 vyielded several strains expressing different
amounts of MRL1. This is an expected result as the level of transgene expression should
depend on the integration site of the insert and on the number of the insertions. Using
independent transformants that contain variable amounts of MRL1-HA we determined
how MRL1 levels affect LSU transcript and protein accumulation. Fig. 4.7 shows the
MRL1-HA content in these transformants and the resulting restoration of rbocL mRNA (A),

and LSU (B) accumulation profiles.

rbeL

MRL1-HA Cter B

12 3 4567 8 9 10

WT Mri1-HA Cter C

mri1.5 BC132

100% 50% 10 5 6 3 7 4 2 8 9 1

'WT

— e —————

Ponceau
psaB -——_—_——————

aHA (MRL1) B

&8 alSU | i - —— - —-— -
tBr *--P!,—E--E?

Loading control

Fig 4.7: MRL1-HA accumulation correlates with rbcL mRNA and LSU levels

A - RNA blot and B — Immunoblot showing different levels of rbcL mRNA/LSU
accumulation in a series of MRL1-HA Cter transformants. psaB probe used as a RNA
loading control; Appropriate antibodies were used to detect LSU, HA-tag (MRL1) and
Cyt. f (as a loading control).

While characterization of additional transformants would be required to better evaluate
these relationships, the linear fit observed between rbclL transcript accumulation and

MRL1 amounts still indicates that MRL1 is limiting, as would be expected from the
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inferred action of this PPR, by a direct interaction with the mRNA target. LSU
accumulation on the other hand is less directly dependent on MRL1, as shown by the
asymptotic fit observed. We could not reach WT levels neither of rbcL transcript nor of
LSU protein accumulation. Strain with the highest rbcL mRNA accumulation had only
39% compared to WT transcript’s level, while reaching 84% of WT LSU accumulation
level. In general, we could observe a twofold higher accumulation of LSU than its
transcript suggesting additional level of expression regulation (Fig. 4.8) (see Introduction:
Nucleus and chloroplast crosstalk).
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Figure 4.8: MRL1-HA is necessary for rocL mRNA and LSU accumulation

A - Plot showing the accumulation levels of rbcL transcript and LSU protein relative to
WT in different MRL1-HA Cter C transformants.

B — Correlation between MRL1-HA abundance (relative units) and rbcL transcript level;
C — Relationship between MRL1 accumulation (relative units) and LSU accumulation

in strains from B. Red triangles represent strains from a first round of transformation
(MRL1-HA Cter A) that were added for protein quantification.
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4.3.2. MRLL1 is a stable protein

As in our transformants MRL1 levels corresponded with Rubisco accumulation,
MRL1 might serve a regulatory function in vivo merely through a control of its
accumulation. One of the prerequisites for that is the short lifetime of a trans-factor,
which is necessary for dynamic changes in its abundance. We selected the MRL1-HA
Cter transformant displaying the highest level of Rubisco to test the stability of MRL1
together with LSU. We conducted an immunochase experiment treating the
exponentially growing cells with inhibitors of cytoplasmic and/or chloroplast translation
(Cycloheximide and Lincomycin) over 6 hours. As shown on the Fig. 4.9, MRL1 is
relatively stable as no visible decrease of its accumulation was observed during the time
of the experiment. Similarly, Rubisco levels did not change after 6h of the treatment,
which was expected as the assembled enzyme is very stable. MRL1 stable behavior
thus parallels what has been seen for TAA1'®, MDH1 and TDA1 (Stefania Viola:
unpublished results) bearing long half-lives, and is in contrast to the short half-lived
MCAL1 factor.

Cycloheximide,

Control Cycloheximide Lincomycin

| | |
[ 1 [ [

) )
0 1 2 4 6 01 2 4 6 0 1 2 4 6

Ponceau

—— —

El L -
aHA (MRL1) ' . ”r..,..... -’ﬂ”ﬂ?vﬂ

§y
aLSu . GGG G P
Loading control 1 | *-ai— -— ———
Loading control 2 PR — g,

Figure 4.9: MRL1 stability

Immunoblot after an inhibitor-chase experiment of total proteins from MRL1-HA (A#2)
Cter strain subjected to cycloheximide or cycloheximide and lincomycin treatment as
compared to the no-treatment control. Timepoints: 0, 1, 2, 3, 4 and 6 hours are
indicated. Antibodies against LSU, HA-tag (MRL1), cyt. f (Loading control 1) and
OEE2 (Loading control 2) were used. Lower HA signal in 4h and 6h timepoints in the
control results from a technical problem.
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4.3.3. MRLL1 is required for rbcL translation

If MRL1 is truly the sole nucleus-encoded factor specifically required for rbcL
expression, we wondered whether it would not have a dual function both in transcript
stabilization and translation. To this end, we used poly(G) tracts to stabilize rbcL
transcript to test whether MRL1 is required for rbcL translation. Poly(G) sequences form
stable secondary structure that prevent the 5’ to 3’ exonucleolytic cleavage of the mRNA
rendering rbcL mRNA a priori independent from MRL1 stabilizing effect. We introduced
the 18 G residues at rbcL transcription start site by biolistic transformation of the ArbcL
(AR T1.3+) and ArbcL;mrl1 (AR T1.3+;mrl1.5+) strains at the rbcL locus. As shown in
Fig. 4.10, the poly(G)rbcL constructs allow rbcL mRNA accumulation in mrll-mutated
background to about 65 % of the polyG-rbcL mRNA levels observed in WT.

A B
. mrl1:poly(G)
Poly(G) mrl1:poly(G) Poly(G) _
—— =
| 1 2 1 3 WTE
°
MIM rDCL |- - s —
34 o ¢ PSAB | w— v — — —
P A S 2 oo Northern blot
[ e
o L/
TAP | ® » o ¥ ALSU | -
[ e ° '
e o > & qutf -

Immunoblot

Fig. 10: Poly(G) effect on rbcL and MRL1 dependence

A — Growth test on MIN and TAP medias of poly(G) transformants in WT (PolyG) and
mrll (mrll:poly(G)) background. On the side - scheme of the strains positioning on the
plates.

B — northern blot (top) and immunoblot (bottom) of selected strains from A. Northern
were probed with rbcL and psaB used as a control. Antibodies against LSU and cyt. f
(loading control) were used. Line on the blots marks removed lanes that were
unrelevant for the figure.

Surprisingly, polyG-rbcL transcripts accumulate to much lesser extent than the rbcL
mMRNA in an otherwise WT context and reaches on average 37% of WT level. The
reason for this decrease induced by the polyG insertion is not known. It was unexpected,

as a polyG inserted at the same position to drive the expression of an rbcL 5’UTR-uidA
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reporter gene did not show a similar effect on mRNA accumulation®*®. Most importantly,
the polyG-rbcL transcript is translatable in WT background, yielding LSU to accumulate,
however this is no longer the case in absence of the MRL1 factor. While the polyG-rbcL
construct bypass MRL1 role as an M-factor, it reveals that MRL1 is required for rbcL
translation. As rbcL 5’UTR is MRL1’s targets, MRL1 role in translation occurs at the
initiation step.

4.4. Discussion and perspectives

4.4.1. In a search of rbcL T-factor

Many nucleus-encoded, gene specific factors responsible for chloroplast gene
expression have been described (see Introduction: Table 1.2). Organelle Trans-acting
Factors (OTAFs) most notably constitute proteins necessary for chloroplast transcript
stabilization and maturation (M-factors) and translation (T-factors). MRL1, M-factor of
rbcL was found in ~800 kDa HMWC in the chloroplast stroma. It most probably contains
also LSU and/or rbcL mRNA, as in ArbcL strain and after RNase treatment the complex’
weight shifted towards ~600 kDa and 650 kDa respectively’. The high mass suggests
that additional proteins might be associated with MRL1 within the complex. We used
genetic (mutagenesis) and biochemical (Co-IP) approaches in a throughout effort to find
a putative T-factor of rbcL or any other trans-acting protein responsible for LSU

expression - all in all however, without success.

First, this might be due to technical difficulties and limitations of co-immunoprecipitation
coupled to Mass-spec experiments. MRL1 is a low-abundant protein which means that
high sample concentration/big volumes need to be used for the precipitation. Low levels
of MRL1 are even more pronounced in the complemented strains due to high silencing of
the inserted tagged version of the protein. We have observed up to an 8 fold decrease in
the expression levels of MRL1 in a 6 months period. Use of high sample
concentration/volume for precipitation increases the risk of unspecific, contaminating
protein binding to the beads. The soluble protein sample which was used for the co-
immunoprecipitation experiment contains also thousands of proteins, most of them
irrelevant to us that can be the source of false positive records detected. We have
detected over a thousand proteins in both positive (HA-tagged MRL1) and control
samples which indicates very high un-specificity of the column. Further experiments
require a vast optimization, most notably decreasing the sample complexity to limit the

noise. One of the possibilities would be to use isolated chloroplast stroma as an input for

77



Co-IP. To this end, we envision to cross the MRL1-HA strain with the cell wall deficient
strain (to obtain cell-wall less MRL1-HA) to improve the harvest yield of intact chloroplast
necessary for efficient isolation. Another way would be to change the tag at MRL1, which
might decrease the unspecific binding. FLAG or Strep tags were successfully used in the
laboratory therefore they are a reasonable alternative to be considered. Finally,
increasing the accumulation level of MRL1 by overexpression is theoretically possible.
However, considering the high silencing rate and the fact that we did not recover any
complemented mutants with LSU amounts higher than the WT, probably not feasible.

Second, the insertional mutagenesis conducted by Xenie Johnson and Laura Houilles in
the laboratory and our trials using negative selection based on cytosine deaminase
resulted only in the discovery of new mrll alleles. Our approach, focused on 5‘UTR of
rbcL, was especially meant to reveal specifically factors required for rbcL mRNA stability
and translation. The fact that no potential candidate was found might be again caused by
the limitation of the techniques used. On one hand, if the candidate gene encode for an
essential protein (e.g. ribosomal subunit) it would not be selected during the screen. At
the same time, the cytotoxicity based screen has its own technical limitations. A first and
simple reason might be that not enough clones could have been screened to find the
mutant. Our approach increases the specificity of the mutagenesis but does not
attenuate completely e.g. the insertional hot-spot effects. In addition, the screen suffers
from false positive clones, such as 5FC insensitive transformants that had unaffected

codA expression. As authors of the screen mention it*’

, we also have observed that the
cell wall acts as a partial barrier for 5FC and thus mutations leading to cell wall
restoration could also be selected: crossing CRE1 to a walled WT strain (WT24-)
resulted in restoring the 5FC resistance to half of progenies of the cross despite

uniparental heritage of codA gene (Sup Fig 4.1).

TAP + 5FC Sup. Fig. 4.1:

CRE1+ x WTS24- Sensitivity to 5-fluorouracil (5FC) is
altered by the cell wall presence

CRE1+

<
(o]
(7]
E Drop test on TAP plates containing
* & selective amounts of 5FC of CRE1, a WT
strain (WTS24-) and an octad obtained
from their cross.
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4.4.2. M-factor’s dual function?

Increasing number of evidence suggest that mRNA stabilization and translation
initiation are not separated but linked together by proteins of dual function. OTAFs’
division of labor onto M and T-factors is not discrete, but rather M-factors may play a
more pronounced role during gene translation than initially thought. Poly(G) tracts
inserted before petD, psbB and psbD genes in the absence of their stabilization factors
restore accumulation of those transcripts but not their translation®°*'#187 The recent
characterization of the TAAL protein, whose absence has a dramatic effect on psaA
MRNA accumulation levels and whose role in translation in revealed by the polyG-psaA
construct even led the authors to call it a T factor, rather than an M one'®®. This was also
observed for the MCAL protein: the petA M-factor is also a prerequisite for efficient
translation of petA transcript. This is apparent as the artificially stabilized petA transcript
was translated 10 fold less in the mcal mutant than with the presence of the MCA1
(MCA1 present) background'®. Demonstration that MCA1 could be found in HMW
fractions comigrating with petA-associated T-factor TCAl suggests that it may be
required for TCA1 recruitment to the mRNA#°. The observation that contrary to MCAL,
no sRNA footprint could be detected for TCAL suggests that TCA1 does not bind directly
to RNA and substantiates this hypothesis®. Whether MRL1 role in translation consists in
recruiting a trans-activator or the initiation complex is still not known. Yet as mentioned
above, our failure in finding a potential new rbcL trans-factor might have been due to
technical limitations or not sufficient tenacity on our side but it is also possible that

MRL1’s binding is sufficient to promote directly the ribosome recruitment.

4.4.3. Insight in MRL1 mode of action?

We discovered that MRL1 accumulation did not change drastically after 6 hours
of cytoplasmic and/or chloroplast translation arrest. Its half-life is therefore difficult to
assess with the immunochase experiments due to the longer-term cytotoxicity of the
inhibitors, which would affect the observations. We have launched collaboration with
Aleix Gorsh and Alison Smith (Cambridge, UK) to create a tagged MRL1 under the
control of a riboswitch, whose expression can be turned off and on depending on the
availability of vitamins. This would allow easy tracking of the protein level over a longer
time range leading to a better estimation of its half-time. Nonetheless, MRL1 is stable in
standard growth conditions and its accumulation (degradation) is not influenced by the

translation of the rbcL transcript.
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Because of its long half-life, MRL1 abundance cannot change rapidly to adapt to the
environmental and physiological cues. rbcL transcript accumulation is linearly related to
the MRL1 levels. Most probably then, all MRL1 pool in the stroma is bound to the
untranslated (at a given moment) rbcL transcripts. That MRL1 amounts are limiting is
further exemplified by the reduced accumulation of transcripts driven by the same rbcL
5'UTR (like the endogenous rbcL and an rbcL 5’'UTR-driven reporter gene, see chapter
2) when they are in several copies versus the one endogenous copy in WT. At the same
time the correlation between MRL1 and LSU levels is not linear but rather follows a
logarithmic curve. Note also the two-fold discrepancies between rbcL mRNA and LSU
levels in the transformants (Fig. 4.8). Although we lack a true measure of LSU synthesis
depending on MRL1 amounts, this may suggest that LSU expression is regulated on
translational level, and that MRL1 is part of this process. This would be consistent with
its inferred role in translation as demonstrated by the polyG-rbcL transformant analysis.

8 show a dose-

Indeed, other M factors like the recently described MAC1 factor™®
dependence for their target mMRNA accumulation (in this case, psaC) but not for the
translated product. This kind of regulation would require interaction with an additional
factor or a modification of MRL1 activity (as its abundance does not change). Such a
trans-factor could be a difficult to co-precipitate ribosomal subunit. Noteworthy, a
Chlamydomonas mutant of one of those subunits: plastid ribosomal subunit 6 (prps6)
was isolated in the laboratory. The mutation alters translation of several transcripts,
among them rbcL. This phenotype might be linked to differences in translation initiation
between chloroplast genes. The recently resolved structure of higher plant ribosome
shows distinctive differences compared to the bacterial 70S ribosome, most notably, at
the entry site. It was suggested that gene specific factors could interact with mRNA
and/or ribosome to modulate the translation initiation. To test the possible recruitment by
MRL1 of the ribosomal 30S complex, we would like to characterize this possible
interaction using tag-bearing MRL1-HA strains and a strep-tagged ribosomal subunit
Rps12 (to facilitate ribosome purification). We have also created double mutants of those
tagged proteins in prps6 mutant background to test how this putative interaction is
challenged in the prps6é mutant. Together these experiments may help shed light on

MRL1 requirement for rbcL translation initiation.

4.4.4. MRL1, a requlator of Rubisco accumulation?

Changes in MRL1’s lifetime and abundance may be triggered by environmental
signals to control Rubisco accumulation. Three possible ways could be envisioned to

regulate MRL1 activity on a longer time scale; i) transcriptional control, ii) control of its
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activity through post-translational modifications, iii) and/or control of degradation rates,

induced by post-translational modifications.*****

It would be interesting to test how MRL1 itself is regulated in situations where Rubisco
expression is either increased or decreased. Rubisco expression is known to positively
respond to variations in CO, and light intensity. This could be conditions to test if rbcL
increased translation is preceded by changes in MRL1 transcript or protein
accumulation. Conversely, because of its high abundance, Rubisco is highly affected by
nitrogen and sulfur starvation, conditions leading to its degradation®". It would be worth
to follow MRL1 accumulation during rbcL translation arrest and degradation, as was
already demonstrated for multiple regulatory factors, such as MCA1, TAAL1 and MACL1 in

different starvation conditions*®**%1%,

Changes in MRL1 activity could also be caused by post-translational modifications.
MAC1, a factor necessary for psaC transcript accumulation, can be phosphorylated and
its phosphorylation state varies depending on iron availability and cell redox changes
(cues altering its target: a PSI subunit)'®®. Most interestingly, MRL1 has been identified
as a phosphoprotein in a large-scale proteomics study. MRL1 sequence has six possible

300

phosphorylation sites™ (compared to 2 in MAC1). Therefore it would be worth exploring

whether this modification could modulate MRL1’s function in a dynamic way.
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5. Chapter II: Rubisco LSU synthesis depends on its oligomerization
state in Chlamydomonas reinhardtii

This chapter treats about Rubisco CES process in Chlamydomonas highlighting its
occurrence as well as presenting genetic and biochemical data supporting the
identification of an assembly intermediate acting as the translational inhibitor of rbcL
gene. The results are presented in the manuscript that follows.
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Abstract

Ribulose 1,5-biphosphate Carboxylase/Oxygenase (Rubisco) appears as one of the
key enzymes of the photosynthesis-driven life on Earth. In the first step of the Calvin
Benson Basham Cycle, it catalyzes the fixation of the atmospheric CO, into biologically
available, organic carbon playing a pivotal role in the global carbon cycle. Due to its
environmental and economic importance it became the object of extensive,
bioengineering research. Nonetheless, one of the difficulties standing against the effort
of Rubisco improvement is the yet only partially unraveled mechanism of its assembly.

Rubisco biogenesis requires the expression of its two subunits. In eukaryotic
organisms those two subunits are encoded by spatially separated genomes of different
ploidy. Large subunit (LSU) is encoded by a single gene (rbcL) in the chloroplast,
whereas small subunit (SSU) is produced from a family of nuclear genes (RBCS). Both
assemble in the chloroplast stroma in a 1:1 ratio to form a hexadecameric holoenzyme.
Owing to the dual genetic origin of its two subunits, the stoichiometric formation of
Rubisco in the chloroplast needs to be finely tuned. It has been previously demonstrated
that accumulation of LSU and SSU is a coordinated process — SSU is being degraded in
the absence of LSU, while LSU translation is being hampered if SSU is not present. The
latter regulatory process, linking the translation of a chloroplast subunit to its assembly
state, has been coined the CES process (for Control by Epistasy of Synthesis).
Interestingly, it has been shown to operate throughout the green lineage in both higher
plants and green alga in case of Rubisco LSU.

Here we unravel the CES-underlying mechanism in the model alga Chlamydomonas
reinhardtii. Using genetic and biochemical approaches we show that the process results
from an autoregulation by unassembled LSU. We show in vivo the presence of Rubisco

assembly intermediates accumulating in absence of assembly. Furthermore, analysis of
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Rubisco LSU oligomerization mutants leads us to propose a model where CES
translational inhibition is triggered by the accumulation of a specific LSU oligomer.

Introduction

Ribulose bisphosphate carboxylase/oxygenase (Rubisco) is the key enzyme in
the light-driven carbon assimilation pathway. Emerging around 3.5 billion years ago,
even before the beginning of the oxygen-evolving photosynthesis, it is now one of the

most abundant proteins on Earth %

. In the first step of Calvin-Benson-Basham cycle,
Rubisco catalysis the fixation reactions of the atmospheric CO2 into biologically
available, organic carbon. Throughout the time, different forms of Rubisco evolved and
are now present in all photosynthetic organisms *??*. The most widespread clade: Form
I, is present in cyanobacteria, green algae and vascular plants. It consists of two: Large
(LSU) (~52 kDa) and Small (SSU) (~16 kDa) subunits. In most eukaryotic organisms
those two subunits are encoded by spatially separated genomes of different ploidy.
Large subunit is encoded by a single gene (rbcL) in the chloroplast, whereas small
subunit is a product of a family of nuclear genes (RBCS). In chloroplast stroma both
subunits assemble in a 1:1 ratio to create a hexadecameric holoenzyme®.

Recently, tremendous progresses have been made in the comprehension of the
mechanisms leading to Rubisco biogenesis®. SSU expression is mostly regulated
transcriptionally: RBCS genes are light induced, some of their isoforms may be organ-

specific®®®. RBCS genes were early characterized as being part of the PhANG genes®®

d172

(reviewed™'©), a set of genes undergoing retrograde signaling in response to chloroplast

translation and redox status. SSU will thereafter be imported to the chloroplast via

304

Tic/Toc import system where it undergoes transit peptide cleavage and post

translational Metl modification 2%

. It was also recently reported that Raf2 (Rubisco
accumulation factor-2) chaperone could interact with it, possibly to stabilize the protein
before its proper assembly with LSU 2. More is known about the biogenesis of the large
subunit whose expression, although taking place in the chloroplast — an organelle of the
bacterial origin, relies on a multitude of nucleus-encoded factors® %", One of those
trans-factors is a pentatricopeptide repeat protein - MRL1 which is necessary for the
stabilization of rbcL transcript in Chlamydomonas and of the processed form in
Arabidopsis . Another factor shown to play a role in rbcL expression is BSD2 (Bundle

sheath defective-2) protein, first identified in maize 3%.

In the green alga
Chlamydomonas reinhardtii, the BSD2 orthologue co-migrates with rbcL transcripts on
polysomes and was proposed to interact co-translationally with de novo synthesized

272

LSU polypeptide as its first chaperone . LSU undergoes also significant post-

translational modifications but their precise localization in the biosynthesis pathway is still
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an open question. % It was suggested that nascent LSU is recruited by the chloroplast
folding machinery: DnaK/DnaJ/GrpE chaperones and later by CPN60/CPN23/CPN10
chaperonin complex. Furthermore LSU oligomerizes in a step-wise manner to create an
octameric core of the enzyme. Because of the hydrophobicity of LSU surface making it
aggregation-prone, this process requires the assistance of assembly-chaperones. Three
such proteins have been described in cyanobacteria, green algae and plants: RBCX 2™,
RAF1 % and the previously mentioned RAF2 * (that in vitro interacts to some extent
with LSU). RBCX and RAF1 both are believed to stabilize the LSU during dimerization
and stabilization until the binding of SSU, thereby leading to a displacement of the
chaperones as demonstrated in vitro 2. While RBCX and RAF1 indisputably can lead to
folding and assembly of the Lg core in vitro, their role in vivo and possible functional
redundancy is still under debate. RBCX isn’t an absolute requirement in vivo- at least for
B-cyanobacterial species where this gene does not cluster within the Rubisco operon
such as in Synechococcus elongatus PCC7942%”" . Whether this dispensability still holds
true for cyanobacterial species presenting a Rubisco LXS operon awaits further
confirmation®’®?""*%_To date, there is no evidence of its requirement in algae and plants,
where two RBCX isoforms, which would form homodimers, are found®’. The
requirement for RAF1 also seems to differ in the green lineage: RAF1 knockout is lethal
for maize seedlings and results in Rubisco deficiency®®, however in Synechocystis sp.
PCC 6803 its absence has no evident phenotype in normal growth conditions .
Moreover, given the significant energetic input needed to create a necessary
amount of Rubisco, the distinctiveness of its subunits’ origins and their assembly, all
points to the existence of a precise regulatory mechanism orchestrating its synthesis. It
has been already proposed that other multimeric photosynthetic complexes:

Photosystems |, Il (PSI, PSII respectively), Cytochrome bsf and ATP-synthase undergo a

197,203 204 207 205
) ’ .

regulation process depending on their assembly state in C. reinhardtii :
Translation of certain chloroplast-encoded subunits of those complexes is epistastically
regulated through the presence of their assembly partners — a process called CES (for
Control by Epistasy of Synthesis). Observations that LSU synthesis diminishes in
Chlamydomonas RBCS knockout mutants ?® and tobacco RBCS knock-down lines 2*?
suggested a similar mechanism for Rubisco. Indeed, it was proven that in maize and
tobacco chloroplasts LSU translation was negatively autoregulated in an assembly-

dependent manner *** #4,

The conservation across photosynthetic eukaryotes of the
CES process makes LSU an interesting case to study the evolution of the underlying
mechanism. As a first step towards this goal, we aimed to undertake a molecular
characterization of its actors in the genetically tractable microalgae - Chlamydomonas

reinhardtii.
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Here we highlight the mechanism of LSU translation autoinhibition in the absence
of the SSU in Chlamydomonas. Using different Rubisco assembly mutants we were able
to determine the possible in vivo intermediates of Rubisco formation and LSU-
chaperone(s) complexes showing that rbcL translation is not only regulated by
unassembled LSU but is dependent on its oligomerization state.

Results

rbcL downregulation of synthesis in Chlamydomonas RBCS mutant. Previous work
showed that deletion of the RBCS genes in Chlamydomonas reinhardtii resulted in the
significant diminishment of large subunit translation ?%°. We repeated this observation in
an independent mutant, hereafter called ARBCS strain. This strain was readily isolated
from backcrosses of the Cal.005.013 strain®*® presenting a large deletion encompassing
the two RBCS linked genes- to our laboratory reference strain. Contrary to the other
RBCS mutant described-T60.3%%° | this strain is fertile allowing further genetic analysis as
presented below. In absence of SSU, LSU accumulated to ~1% of wild type level (WT),
revealing the concerted accumulation of Rubisco subunits. (Fig. 1A). Moreover, as
expected from Khrebtukova and Spreitzer®®, rbcL exhibits a lower translation in ARBCS
strain compared to WT (Fig. 1B) as shown on the **C labeling experiment where
chloroplast synthesis is monitored throughout a 7 min radioactive pulse. This is a
posttranslational process as rbcL mRNA level is not affected in the ARBCS strain as
compared to WT (Fig. 1C).

LSU initiation of translation is impaired in absence of SSU. Previous reports about
genes coding for proteins of photosynthetic complexes that undergo CES translation
regulation show that their 5’UTR bear all cis-acting elements necessary for the process

to occur >2%7

indicating that in all cases studied so far, regulation of translation of CES
proteins occurs at the initiation step. To test whether the native 5’rbcL regulatory
sequence is required as well for rbcL inhibition of translation, we replaced the rbcL
endogenous locus by a 5’UTR psaA-driven rbcL gene, using biolistic transformation of
the ArbcL strain (AR T1.3+) (Supplementary Materials and Methods). The resulting
5'UTRpsaA:rbcL transformants were fully phototrophic and accumulated WT-levels of
LSU demonstrating that psaA 5’'UTR is able to efficiently drive rbcL expression (Fig. 2A).
We further crossed a representative 5’UTR psaA:rbcL transformant (mt +) with the
ARBCS strain (Cal.13.1B; mt -) and obtained progenies with uniparental inheritance of
5'UTRpsaA:rbcL gene and 2:2 distribution of the ARBCS mutation (data not shown).

Progenies from distinctive genotypes (5’UTRpsaA:rbcL and ARBCS;5’'UTRpsaA:rbclL)
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were used in pulse labeling experiment to monitor rbcL translation rates in nonnative
5'UTR context and test whether LSU synthesis is still affected by the absence of SSU.
As shown in Fig. 2B, rbcL translation rate was shown to be similar between sister strains
and comparable to the WT, which demonstrates that rbcL 5’UTR replacement by
another, unrelated endogenous regulatory sequences allows rbcL to escape the CES

regulation.

To test whether rbcL S’UTR is sufficient to confer Rubisco’s CES regulation to an
unrelated gene , we aimed to analyze the expression of a fusion between the petA gene
encoding cytochrome f, a core protein of the Cytochrome bef complex, and rbcL 5
regulatory region (5’UTRrbcL:petA; hereandafter referred to as the reporter) in presence
or absence of SSU. We used the previously described plasmid pRFFFiK % to
transform both the WT strain and the ARBCS strain (Cal.13.5A+), yielding respectively
the (5’'UTRrbcL:petA) and (ARBCS;5’UTRrbcL:petA) transformants. In normal growth
conditions cytochrome f is a stable protein, whose accumulation level mirrors its rate of
translation, and as such makes it a faithful reporter (proxy) of LSU regulation. In the
experiment shown on Fig. 3 we compared the accumulation of the cytochrome f reporter
protein in representative transformants in presence (5UTRrbclL:petA) or absence
(ARBCS;5’UTRrbcL:petA) of Rubisco small subunit. Cytochrome f accumulation driven
by rbcL 5’UTR was shown to follow the behavior of LSU and was almost totally impaired
in absence of SSU. Altogether, this indicates that both rbcL and the reporter gene

translation initiation are controlled by Rubisco assembly state.

Translation initiation is inhibited by unassembled LSU. Two possible mechanisms
could account for the observed translational repression of both rbcL and the reporter
gene (petA) in absence of SSU. In the first case, the small subunit could be necessary
for direct or indirect trans-activation of large subunit expression. Alternatively, in the
absence of its partner, un-sequestered LSU might inhibit its own translation via an auto-
regulatory feedback. Distinguishing between the two hypotheses is possible by following
the expression of the reporter gene in a context where both Rubisco subunits are absent
(detailed in °). A trans-activation model predicts that the absence of SSU and LSU
should yield a low accumulation of the reporter, similarly to what is observed in the
simple ARBCS mutant as the reporter gene expression should be solely dependent on
SSU. On the other hand, in the autoregulation model, LSU deletion would cause the
absence of the inhibitor and lead to a high accumulation of the reporter, irrespective of
the presence or absence of SSU. To prevent native LSU accumulation, we generated
strains bearing a truncation of 116 aa in the rbcL gene. The central rbcL part is deleted,

but a short, truncated polypeptide of 14 kDa composed of the N-terminal part (107 aa)
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fused in frame to the C-terminus (9 aa) is predicted to be expressed. Biolistic
transformation of the ArbcL (AR T1.3+) and ARBCS (Cal.13.5A+) strains with the pLStr
plasmid carrying this truncation (Supplementary Materials and Methods) yielded strains
where truncated LSU is expressed in presence of SSU (LSUy) or not (LSUy;ARBCS).
We investigated LSU synthesis and accumulation rates in LSU, strains as compared to
ARBCS;5’UTRrbcL:petA (wild-type rbcL context) . In vivo pulse labeling experiment
revealed that the truncated LSU is robustly synthesized in the (LSUy) transformants (Fig
4A). Furthermore, its synthesis rate was not altered in the absence of SSU
(LSU;ARBCS). Yet, rbcL truncation led to the complete absence of large subunit
accumulation, which could not be detected even as trace amounts in the expected 14
kDa size range (data not shown). In addition, strains with truncated LSU in the reporter
gene background were generated by biolistic transformation of a 5’UTRrbcL:petA strain
(RJ24) and ARBCS;5’UTRrbcL:petA strain (RCalAK5), which had undergone beforehand
excision of the selectable aadA marker. In the resulting transformants (5’UTRrbcL:petA
and ARBCS;5’UTRrbcL:petA), cyt. f accumulated to WT levels, irrespective of SSU
presence as seen in Fig 4B), in sharp contrast with the ARBCS;5’'UTRrbcL:petA strain in
which cyt. f did not accumulate (Fig 3). We concluded that full length LSU accumulation
is required for translation inhibition to occur, indicating that in Chlamydomonas,
unassembled LSU exhibits an auto-regulatory inhibition of its own translation as it was

proposed for tobacco .

Assembly intermediates accumulate in absence of SSU. Rubisco assembly pathway
is supposed to go through several LSU oligomerization steps followed by SSU binding
308309 To jnvestigate in which oligomerization state the unassembled, repressor-
competent LSU would be, we performed a Native PAGE analysis of soluble extracts from
the ARBCS strain (Fig. 5A). Immunoblot against LSU readily detects native Rubisco
holoenzyme in a diluted WT extract (2%). Note that no other assembly intermediates
were detected even after prolonged membrane exposure (data not shown) consistent
with the idea that Rubisco assembly is a fast and dynamic process. Use of the ArbcL
extracts revealed that the anti-Rubisco antibody cross-reacts with two LSU-unrelated
bands, marked by an asterisk on the figure. These two bands are also found in the
ARBCS extracts indicating further that they are not related to SSU either. In the absence
of SSU, the residual unassembled LSU (corresponding to about ~1% of WT level, Fig. 1)
partitions into three LSU-reactive distinctive complexes (Fig. 5A, ARBCS lane). Using 2D
electrophoresis and immunoblotting (Fig. 5B), we identified a band migrating above 720
kDa, which we attributed from previous work on pea extracts (from Roy H. and
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coworkers, as early as ) and maize **° to CPN60 chaperonin-bound LSU. A similar
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observation was made for CPN60 bacterial homolog GroEL in in vitro reconstitutions
213309 This attribution was confirmed with the use of a CPN60a/B1 directed antibody,
which revealed two reactive bands. The upper one is found to co-migrate with the 720
kDa LSU complex, whereas the lower one could correspond to free CPN60 monomers.
We suspected the two other LSU-associated complexes to be LSU oligomers bound to
assembly chaperones. Indeed, Rubisco’s LSUg core oligomerization is known to require
assembly chaperones such as RBCX or RAF1 factor identified in maize (12) (Rubisco
accumulation factor 1). Most interestingly, reconstitution experiments performed in vitro
using denatured cyanobacterial LSU from S. elongatus sp. PCC7942 (Syn7942) and
RAF1 in absence of SSU ** showed the presence of two LSU-RAF1 complexes of
around 159 kDa and 764 kDa, as estimated by native gels and confirmed by SEC-MALS.
The sizes of the complexes we detected here in vivo are somewhat different but still,
appear similarly on the Native PAGE (below the holoenzyme and below LSU-GroEL/ES
complex respectively), suggesting a possible association of LSU to RAF1 in
Chlamydomonas. This prompted us to raise an antibody directed against
Chlamydomonas RAF1 (Cre06.g308450, Sup. Fig.1). After two dimensional
electrophoresis and immunoblotting of native soluble ARBCS extracts (Fig. 5B), we were
able to detect a RAF1 signal co-migrating with LSU in these two complexes below the
720 kDa and 480 kDa markers We note that most of the signal is found in the lower
molecular LSU complex (hereafter called LMW-LSU), whose apparent size could be
compatible with an inferred interaction of RAF1 as a dimer with an LSU dimer. On the
other hand, in the ArbcL extract the HMW-RAF1 signal disappears while LMW-RAF1
signal undergoes a significant shift in position (Sup. Fig 2), suggesting a true interaction
with LSU rather than a simple co-migration. These observations strongly suggest that in
Chlamydomonas RAF1 plays a role in LSU stabilization as seen in vitro for
cyanobacterial LSU, RAF1 most probably interacts with LSU dimer, and stays to some
part associated with higher LSU oligomers in vivo as well.

CES regulation no longer occurs in Rubisco oligomerization mutants. To determine
whether a specific LSU assembly intermediate is linked to Rubisco CES repression we
designed two sets of mutations in the rbcL sequence aiming to alter its oligomerization
and compare their effect on the CES regulatory process. We first introduced two
substitutions within the rbcL gene (E109A and R253A) by biolistic transformation of the
ArbcL (AR T1.3+) strain with the pLS;mut plasmid. This set of mutations aimed to
destabilize the formation of two salt bridges between adjacent large subunits and thus to
prevent the formation of a LSU dimer (The resulting LSU,mut (rbcLeigear2s3a)

transformants were subsequently crossed to ARBCS (Cal13.1B-) to generate

89



ARBCS;LSU,mut progenies. Those strains are non-photosynthetic and accumulate
soluble LSU to a lower level than those of ARBCS strain (Fig. 6A). To monitor the rate of
LSU synthesis in the dimerization mutants we performed in vivo pulse-labelling
experiment with **C acetate as shown in (Fig. 6B) for two representative progenies of the
cross. In both LSU,mut and ARBCS;LSU,mut genotypes, LSU translation rate is even
higher than WT levels, thereby indicating that translation inhibition in absence of SSU is
prevented in this mutant LSU form. Further characterization by Native PAGE and
immunoblotting demonstrates that the introduced mutations prevent accumulation of any
LSU intermediates except the LSU-CPN60 complex which in both genotypes is more
abundant than in ARBCS (Fig. 6C). No monomeric LSU could be detected, suggesting
that LSU dimer is the first stable form of the post-chaperonin pathway. Our data do not
allow determining whether the mutated LSU monomer cannot interact with RAF1 or other
chaperones or whether the resulting complex is unstable in vivo. The data presented
reasonably rule out the CPN60-LSU complex to be able to mediate the translation
repression, as the CES translational regulation no longer occurs even though the LSU-
Chaperonin complex is present. A stable, non CPN60-bound LSU is necessary for the

regulation of its own translation.

Next, we created a mutated LSU which we hypothesized, should be able to dimerize but
would not oligomerize further due to sterical impairment caused by the mutations. To this
end, we introduced a triple (“ARD”: A143W-R215A-D216A) substitution in LSU sequence
by transformation of the ArbcL (AR T1.3+) and ARBCS (Cal13.5A+) strains with the pLS
ARD plasmid (Supplementary Materials and Methods). These residues were chosen as
to create a sterical clash between the introduced tryptophan residues from two adjacent
LSU dimers (Sup. Fig. 3) and to prevent the formation of inter-dimer stabilizing salt
bridges. LSUgmut (rbcLaissw-r215a0216a) transformants were obtained in RBCS WT and
mutant context (ARBCS;LSUgmut). As expected and shown for representative strains
from the different genotypes, the LSUg mutations resulted in a complete loss of
phototrophy. Soluble LSU accumulated to levels comparable to the ARBCS strain,
irrespective of the presence or absence of SSU (Fig. 7A). We analyzed LSU translation
rate of in LSUsmut and ARBCS;LSUsmut by **C pulse-radiolabeling (Fig 7B). In both
mutants, LSU was shown to be synthesized even at a higher rate than WT (compare
LSUgmut lane and ARBCS; LSUgmut lane), irrespective of the presence of SSU. This
indicates that the introduced substitutions prevented LSU negative autoregulation to

Ooccur.

To further substantiate this conclusion, we combined the same LSUj; substitutions to the

presence of the 5UTRrbcL-petA reporter by transformation of a representative
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ARBCS;5’UTRrbcL:petA  transformant, who had undergone aadA marker removal
(RCalAK) using the pLS ARD plasmid. The resulting transformants were crossed to the
WT strain (WTS24 mt-) to segregate the ARBCS mutation and isolate progenies bearing
the LSUg mutations combined to the 5'UTRrbcL-petA reporter gene in presence
(LSUgmut;5’UTRrbcL:petA) or absence (ARBCS; LSUgmut;5’UTRrbcL:petA) of SSU. We
monitored the petA reporter gene translation by analyzing cyt f accumulation. Fig 7C
shows the results obtained for representative progenies, as compared to
ARBCS;5’UTRrbcL:petA strain in which as shown in Fig 3, cyt f reporter accumulation is
strongly diminished due to CES regulation. In sharp contrast, even though LSU levels
are found to be similar in the LSUgmut
mutants (LSUgmut;5’UTRrbcL:petA and ARBCS; LSUgmut;5’'UTRrbcL:petA) compared to
ARBCS (with a slight overaccumulation, reaching 2%), cytochrome f on the other hand is
expressed and not affected by the presence or absence of SSU. Noteworthy,
cytochrome f accumulation is even found to accumulate to higher extent compared to the
strain exhibiting the native LSU in presence of the reporter gene (5’UTRrbcL-petA),
thereby exhibiting a similar trend as seen in LSU synthesis. Altogether, this indicates that
both LSU and cytochrome f undergo a high sustained synthesis in the ARD mutants,

irrespective of Rubisco assembly state.

Rubisco assembly intermediates in the LSUgmut oligomerization mutant reveal the
LSU CES repressor. The LSUg mutant strains, with or without SSU, were analyzed by
Native PAGE in comparison with the ARBCS strain to characterize the pattern of
accumulation of LSU intermediates (Fig. 7D). Detection with the anti-Rubisco antibody
yields an identical pattern for LSUsmut and ARBCS; LSUgmut extracts. The high
molecular weight LSU-CPN60 complex observed above 720 kDa is present and more
abundant than in ARBCS strain. The Rubisco-specific band that we attributed to LSU
dimer bound to RAF1 is still present, but is slightly less abundant. Last, a new Rubisco
specific band of about 100 kDa , of low abundance and diffuse appearance, can be
observed in both LSUgmut mutant strains (Fig 7D, dashed box). Native Rubisco form Il
holoenzyme from Rhodospirillum rubrum soluble extracts separated on similar CN PAGE
was detected as the same position indicating that this band most likely represents an
LSU dimer (data not shown). Most interestingly, the high molecular weight LSU-RAF1
complex present in ARBCS is absent in LSUgmut mutants. We conclude that the ARD
mutations indeed prevent the further oligomerization of LSU dimers thereby preventing
the formation of the HWM-LSU complex, which we attribute to an LSUg-RAF1 species.
Most interestingly, we suggest that this HMW-LSU complex is likely to be the inhibitor of
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rbcL translation in ARBCS strain, as its disappearance caused by ARD mutations is

concurrent with the escape from CES regulation (Fig. 7C).

Discussion

Coordinated expression of very abundant proteins constituting photosynthetic complexes
and originating from different cellular compartments is crucial for cell’'s energetics. It was
previously demonstrated that in Chlamydomonas a number of chloroplast genes
encoding core subunits from photosynthetic complexes undergo regulatory loops
depending on their assembly state with the remaining complex’s subunits. This
feedback, called the CES process (Control by epistasy of synthesis), occurs at the level
of translation initiation. Its importance may be reflected by its prevalence, as CES
subunits have been identified in all photosynthetic complexes so far: Photosystems | and
Il, Cyt b6f, ATP synthase and Rubisco (** and this work) allowing for fine tuning of their
expression by respect to the presence of their assembly partners. Moreover Rubisco is
an especially interesting case, as a CES behavior for LSU has also been observed in in
higher plants, providing the first example of the conservation of this regulatory process to
higher multicellular eukaryotes. To shed more light on the mechanisms of this
phenomenon we used Chlamydomonas as a convenient model for genetic approaches
to demonstrate that rbcL expression is controlled by LSU assembly state. We could
further demonstrate that this control depends on the oligomerization state of LSU giving

an insight on the Rubisco biosynthesis pathway.

LSU CES process results from a negative autoregulation on translation initiation.
We confirmed that LSU is a CES subunit in Chlamydomonas, as an inhibition of rbcL
translation occurs in the absence of the small subunit (Fig 1). Through swapping of rbcL
5'UTR we were able to show that this regulatory sequence contains the cis-elements
responsible for the assembly-dependent regulation (Fig. 2), as its absence prevents the
CES regulation to occur (5’UTRpsaA-rbcL construct; Fig. 2). Moreover, rbcL 5’UTR is
sufficient to confer the CES regulation to an unrelated gene, indicating that rbcL coding
sequence is not required (5’UTRrbcL-petA construct; Fig 3A). This demonstrates that the
regulated step occurs at the level of LSU initiation of translation, and does rely neither on
a regulation of translational elongation, whose inhibition has been suggested to be
released upon exposure from dark to light for several chloroplast proteins including
LSU®? nor an early co-translational degradation. LSU translation was found to be

inhibited under oxidative stress as well*'*. This inhibition was further suggested to result
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from an autoregulation, induced by a structural conformational modification in oxidized
LSU leading to the exposure of the otherwise buried LS N-terminal domain. This domain
adopts a ferredoxin fold structure, similar to an RNA Binding domain (RBD), and was

216,256

found to have RNA binding capacity , although unspecific. In this model, LSU N-
terminal domain would bind rbcL mRNA when exposed to an oxidative stress, resulting
in the translation inhibition. However, contrary to LSU CES process, the regulated step

would not be translation initiation but rather elongation®®.

We used cytochrome f accumulation as a proxy to monitor the efficiency of translation
inhibition conferred by rbcL 5’UTR to the petA reporter gene. Surprisingly, cytochrome f
accumulation, which mirrors its synthesis rate, drops below the detection limit (under 3%
of WT level, fig 3) in absence of Rubisco assembly. The basis for this seemingly more
efficient translational inhibition compared to the endogenous rbcL gene translaton
inhibition (10%) is currently not known. We note however that the 5’UTRrbcL-petA
reporter fusion is not expressed as efficiently as the endogenous petA gene, but
accumulate to only about 50% in an otherwise WT genetic background (compare
5’'UTRrbcL-petA to WT dilution series, Fig. 3). This lower expression could be expected
from the titration of limiting factors required for LSU expression, which in this genetic
context, would partition on the two copies of rbcL 5’UTR. Such a limiting factor could be
the MRL1 factor, required for rbcL mRNA stabilization®.Indeed, mRNA levels of both
petA and rbcL are decreased by half in this rbcL 5’UTR-petA strain (data not shown).
Yet, this titration is without effect on LSU expression, while apparently limiting for
cytochrome f accumulation. This reflects probably a non- optimal translation, whose
effect could be further negatively enhanced in a repressing context, thereby accounting
for the reporter gene’s strong repression in absence of SSU. Nonetheless, it still proved

an effective tool to decipher LSU CES process.

In particular, use of the reporter gene expression allowed us to determine that LSU
undergoes an autoregulation. Indeed, preventing native LSU accumulation by altering
LSU sequence or structure in the truncation (LS, Fig. 4A), dimerization (LSU,mut, Fig.
6B) or oligomerization mutants (LSUgmut; Fig. 7B) invariably results in a high synthesis
rate, which is no longer negatively regulated in absence of SSU, as revealed either by
pulse labeling experiments or cytochrome f reporter gene accumulation. Note that the
enhanced cytochrome f accumulation in these strains can truly be compared to our
ARBCS; 5’'UTR rbcL-petA standard as all the strains bear two rbcL 5’UTR copies, and
should be similarly titrated by rbcL 5’UTR specific limiting factors.
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Fate of unassembled LSU: As mentioned previously, the CES process results in an
inhibition of synthesis. We noted that in absence of Rubisco assembly, LSU translation is
inhibited but not completely impaired as newly-synthesized LSU is readily detected in
pulse-labeling experiments (Fig 1). Yet LSU accumulation level drops to about 1%, as
estimated by comparing the LSU signal in ARBCS to a WT dilution series. This
unassembled LSU was shown to partition between 3 complex species (Fig. 5C and
discussion below), that all in all appear fairly stable as shown by immunochase over
more than two hours (data not shown). The discrepancy between synthesis and
accumulation rates thereby suggests a bottleneck in LSU assembly, indicating that a
factor, most probably one of the assembly chaperons, is limiting. This is further
exemplified in the ARBCS;5’'UTRpsaA:rbcL strain, exhibiting high LSU synthesis rate but
again much lower Rubisco accumulation levels (up to 8% of WT levels). This suggests
that the maximal amount of unassembled LSU that can be stabilized by the chaperonin
and chaperones reaches about 8% of the WT level. Therefore even in conditions where
synthesis rates are decreased, part of the neo-synthesized LSU most likely undergoes
proteolysis as well, when not stabilized by other factors. We further note that the
LSUgmut oligomerization mutant and LSU, dimerization mutant have comparably high
LSU synthesis rate, but lesser accumulation levels compared to ARBCS. We infer this to
the fact that the stability of LSU in these mutants is partially compromised (ti, of 30
minutes in LSUgmut mutants, data not shown). Beside protease-driven disposal of
excess LSU, alternative hypotheses such as LSU-insoluble aggregates formation as
proposed by *2 under oxidative stress, or by **2 in the same ARBCS strain could occur.
We could not reveal such aggregates in the ARBCS strain, but did observe triton-
insoluble LSU in both oligomerization mutants (data not shown). Most probably these
would form prior LSU loading on the CPN60/CPN23/CPN10 complex as these strains
exhibiting high translation rate of rbcL transcript show only a slight increase in the
abundance of CPN60-LSU form compared to ARBCS (Fig. 7D). The insoluble fractions
would have in a large part being precipitated by our protein extract preparation method
and gone unnoticed. Whether true inclusion bodies form in the oligomerization mutants
remains to be determined. All in all, these considerations do not affect our conclusions,
as soluble LSU is stable enough to accumulate in the LSUg and LSU, oligomerization

mutants.

Insights into Rubisco assembly pathway. Our characterization of the LSU assembly
intermediates accumulating in the ARBCS strain revealed the existence of two LSU
containing complexes, beside the CPN60-LSU complex identified previously in plants by
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in organello translation(see ). We suggest these to be LSU oligomers associated to
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the RAF1 chaperone (Fig. 5B) based on the following criteria: i) RAF1 is known to
interact with LSU from cross-linking experiments in maize**® and forms stable LSU-RAF1
complexes in reconstitution of cyanobacterial LSU with purified RAF13%; ii)
Chlamydomonas RAF1 and LSU are found to co-migrate in the ARBCS strain, but not in
the ARBCL strain; iii) the presence of these complexes vary in the oligomerization

mutants used.

Both oligomerization mutants depicted the expected phenotypes suggested from
structure prediction. Notably, all affected residues are conserved throughout the
organisms bearing Rubisco Form IB (from cyanobacteria to higher plants). Similar
mutations introduced in recombinant LSU from Synechococcus sp. PCC6301 yielded
similar results in in vitro reconstitution experiments® . Introduction of the R212S
replacement (equivalent to R215 in Chlamydomonas) led to LSU-dimers formation, but
not to higher oligomeric forms, whereas the E106Q mutation (Syn. numbering,
equivalent to E109 in Cr) led to compromised dimerization but not to free LSU
accumulation. In our cases, we expected even more stringent phenotypes as multiple

mutations were combined at once.

Altogether, this suggests that the LMW-LSU complex migrating below the 480 kDa native
marker may represent the LSU,-RAF1 intermediate, whose estimated size in
Chlamydomonas would be around 200 kDa (2 x 52 kDa LSU + 2 x 51 kDa RAF1 = 206
kDa). Accordingly, this complex is not present in the dimerization mutant. The
observation that in the LSUg oligomerization mutant, LSU dimers without RAF1 are
formed (Fig 7D) could either suggest that RAF1 amounts are limiting or that the LSU
mutations prevent efficient RAF1 binding. The second HMW-LSU-RAF1, migrating
above the holoenzyme complex, is present in ARBCS, but no longer in the LSU;g
oligomerization mutant ARD. As such it most probably represents an octamer of large
subunits complexed to at least one RAFL1. In vitro work revealed the presence of a 760
kDa LSUg-RAF1lg complex. However, the signal ratio of antibodies against LSU and
RAF1 between those bands (Fig 5) observed in vivo suggests that the proportion of LSU
to RAF1 in the HMWC is not the same as in the lower band, indicating either a more
labile interaction of RAF1 with the octameric LSU core, or a different composition with at
yet unknown interactants. That points to LSU,-RAF1 being most probably the stable form
of RAF1 intermediate as mentioned previously in vitro 3%.

Interestingly, in-organello pulse experiment on pea chloroplasts (which would be in
essence limited by the availability in unassembled SSU, or chaperones) performed either

at room temperature or at 4°C to slow the assembly process, identified respectively a 7S
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LSU associated complex attributed to LSU dimer®* and an LSUg-like species called z**°
whose sizes could be compatible respectively with our LMW- and HMW-LSU oligomer®™.
Notably, we and others®****3' did not detect LSU monomer in any of our mutants, and
in particular not in the LSU,mut dimerization mutant. This indicates that free LSU
monomer is not a stable form, but rather a very transient and fragile state further
supporting the current model for Rubisco biogenesis®: newly-synthesized LSU would
need to be kept unfolded, maybe with the help of a dedicated chaperone such as
BSD2%"*?"?  until its loading on the chaperonin. Its release would be followed by a quick
dimerization involving either/or both RAF1 and RBCX chaperones, leading to
stabilization of the LSU,-RAF1 intermediate, before further oligomerization up to an LSUsg
core, still chaperone associated, followed by SSU binding and chaperones displacement.
Whether or not these assembly intermediates highlighted in absence of SSU represents
the real Rubisco assembly pathway cannot be definitely inferred from our data. However,
the fact that the assembly intermediates in the ARD mutant show the same pattern with
or without SSU, would not favor the hypothesis of an interaction of SSU with the LSU
dimer. Using the same reasoning, nor would SSU interact with LSU monomer as the
assembly intermediates do not change in the dimerization mutant, irrespective of SSU

availability.

Tentative identification of the repressor form. As the CES process results from an
autoregulation by LSU, it must be mediated by one of the three stable assembly
intermediate found to accumulate in absence of SSU. CPN60 bound LSU, representing
the first step of LSU folding, is frequently observed in pulse-chase experiments in wild-
type situation and is thus unlikely to serve as a regulator of expression. This is further
supported by our observations that all oligomerization mutants we tested accumulate this
intermediate even though translation inhibition of rbcL does not occur (Fig 6 and Fig.
7D). (Higher amounts of CPN60-bound LSU in the un-repressed mutants reflect probably
higher rate of LSU translation.) Rather, the effector of the translation inhibition is
therefore likely to be attributed to the HMW-LSU complex, whose absence is correlated
to the escape of the CES process in both the dimerization and LSUgmut mutants
(rbcLeiooar2s3a @nd rbclarasw ro1sap216a). INterestingly, our data rule out the possibility that
the repressor would be constituted by free monomeric LSU or by the LSU dimer. At the
same time, in absence of the assembly partner it would seem reasonable to proceed
with the assembly up to the step where the assembly partner binding reaction would
occur: assembly could then resume rapidly whenever the partner is available again. The
suggested LSUg-RAF1 oligomer would fulfill this criteria, as it is been proposed to be the

last oligomerization step before SSU binding. Unfortunately, our data do not allow to
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precise the exact stoichiometry of RAF1 in the repressor form. It is thus possible that the
HMW-LSU-RAF1 complex contains other proteins that would mediate the translational
repression. Interestingly, the RNA binding activity of Rubisco RRM could suggest that
the rbcL mRNA could be in this complex, thereby rendering it unavailable for translation.
In such case, the repression would result from a direct interaction between LSU- and its
transcript. Structural analysis of the LSU octamer complexed to RBCX in cyanobacteria
indeed shows that SSU binding induces structural changes®® . Whether the RRM
domain is affected, cannot reasonably be questioned before a better definition of the full
composition of the repressor. Alternatively, the CES translation inhibition could be
mediated by an additional trans-acting factor, as has been suggested for cyt. f regulation.
In this model, the MCAL1 protein that is responsible for petA mRNA stabilization is being
targeted for degradation via the presence of cyt f unassembled repressor motif %,
resulting in translation inhibition. The MRL1 factor, interacting with rbcL mRNA and

promoting its stabilization, would be therefore a likely candidate.

Evolutionary conservation of Rubisco CES process. The present work highlights
Chlamydomonas LSU as an autoregulated CES subunit, as was previously
demonstrated for LSU from higher plants, thereby indicating a possible conservation of
the underlying mechanism. Interestingly, the main actors both in the assembly pathway
(such as RAF1 and RBCX) and in rbcL biogenesis (such as MRL1) are conserved in the
green eukaryotes. All, but MRL1, are conserved in cyanobacteria as well. So far, the
CES process has been viewed as a regulatory process linked to the endosymbiosis
event to allow fine-tuning of the assembly process, as a mean to adapt to the different
synthesis levels of subunits encoded in different genetic compartments. Whether the
CES process is indeed an organellar specificity in the case of LSU is currently been
investigated. Special attention will be given to the role of the MRL1 organellar trans-
factor in this process. Yet, as MRL1 is long-lived (data not shown), the process would
differ from the model suggested for CES control of cytochrome f translation, where
MCAL induced degradation in absence of cytochrome f assembly would result in the
observed inhibition of translation. Altogether our work reveals that LSU CES regulatory
mechanism is conserved in photosynthetic eukaryotes, and sets the bases for further

exploration of the underlying factors at work.
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Materials and Methods

Cultures and strains

If not stated otherwise, wild type and mutant strains of C. reinhardtii were grown on solid

Tris-acetate-phosphate medium (TAP)%'®

supplemented with agar and in liquid cultures
under continuous, dim light (7 M photons x m™? x s™) on an orbital shaker (120 rpm) at
25°C. Cells from exponentially growing cultures (2 x 10° cells mL™) were used for all

experiments.
Chlamydomonas genetics methods

Chloroplast transformation was done as described in **” using an in house- built helium-
driven particle gun. Chlamydomonas mating and progeny isolation were done as in
Harris; 2009 3.

Nucleic acids manipulations

If not stated otherwise DNA manipulations were done following standard protocols as in
Sambrook et al. 1989 *'". RNA extractions and blotting was performed as in Drapier et
al., 2002 >,

Plasmids and strains preparation

Plasmids carrying mutations aimed to introduce a truncation (pLStr) or a triple ARD
substitution in LSU sequence (pLS ARD), to prevent LSU dimerization (pL2mut), or
carrying the psaA-driven rbcL gene (paAR) are described in supplementary materials
and methods. All plasmids contain the 5psaA-aadA-atpB 3’ selection marker conferring
resistance to spectinomycin, flanked by direct repeats *'® allowing the cassette removal
in absence of selection pressure, at neutral positions either at rbcL 5’ (BseRI site) or
3’end (Aflll site). Plasmid pRFFFIK aimed to express the petA gene from rbcL 5
regulatory regions was described in *. Biolistic transformation was used to transform
appropriate recipient strains, which were as specified in the text the WT T222+ strain, the
rbcL deletion strain AR T1.3+, the RBCS mutant Cal.13.5A+ strain (back-crossed
progeny of the CAL005.01.13 strain described in ?*), and RCalAK strain (Cal13.5A+
transformed with pRFFFiK (containing the petA sequence where the endogenous petA
5'UTR was swapped by the rbcL promoter and 5’UTR, described in ) and subjected to

cassette removal 3'®

). Transformants were brought to homoplasmy by 6 rounds of
subcloning on selective media (TAP supplemented with 500ug/mL Spectinomycin), after

which homoplasmy was confirmed by PCR analysis.
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Pulse experiment

Chlamydomonas **C-acetate pulse experiment was done as described in Drapier et al.,
2007 **. 5 x 10° cells were washed once in MIN-Tris medium then resuspended in 5 ml
fresh MIN-Tris medium and incubated for 1h at RT with vigorous shaking to remove the
acetate from the medium at a light intensity of 30 umol photons x s'x m?
Subsequently, 5 pl of 1mg xml™* cycloheximide and 50 pCie of *C-acetate were added
simultaneously to the cells. After 7 min of vigorous shaking cells were mixed with 35 ml
of cold TAP medium supplemented with 40mM acetate and immediately spun down. Cell
pellets were afterwards washed in 5 mM Hepes buffer supplemented with EDTA-free
protease inhibitors mix (Roche), resuspended in 0.1M DTT, 0.2M Na,CO; and flash-
frozen. Prior to denaturation, samples were suspended 1:1 in 5% SDS, 20% sucrose
solution, boiled for 1 minute, then spun down at 12 000g for 15 minutes. The supernatant
was subsequently loaded on urea 12-18% polyacrylamide gradient gels using in house-
built gel system. Afterwards, gels were Coomassie-stained, dried and exposed to an
autoradiography screens for at least one month. Phosphorescence signal was measured

using a Typhoon FLA 9500 phosphorimager (GE Healthcare).
Protein analysis

Protein electrophoresis in denaturizing conditions was performed according to the
modified Laemmli protocol **°. For protein loading of “whole cell” samples, chlorophyll

fluorescence was used for quantification according to**’

. Samples were suspended 1:1
in 5% SDS, 20% sucrose solution and boiled for 1 minute, then spun down at 12 000g
for 15 minutes to remove insoluble material and subsequently analyzed using 12% SDS-

polyacrylamide gels.

Colorless Native electrophoresis (CN-PAGE) was done according to a modified Shagger
protocol 3°. Cell pellets from 200 mL of Chlamydomonas culture were resuspended in an
extraction buffer (20 mM HEPES pH= 7.5, 20 mM KCI, 10% glycerol, 2x EDTA-free
protease inhibitor mix (ROCHE)), and broken using a French press apparatus (at 6000
psi). The soluble fraction was collected after centrifugation at 267000 rcf at 4°C for 25
min and concentrated using Amicon Ultra 30 kDa cutoff centrifugation units (Millipore).

Protein concentrations were measured colorimetrically by Bradford assay 3*

using
QuickStart Bradford Dye reagent (Bio-Rad). 70 ug of protein was loaded on MiniProtean
4-16% gradient gels (Invitrogen). Migration was undertaken at 4°C at constant voltage of
60 V for 1h than 120 V. Native gels used for immunoblotting were first incubated 1 hour
in 2% SDS, 0,67% B -mercaptoethanol prior to their transfer on nitrocellulose

membranes (2h30 at 1mA x cm-?).
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For immunoblot analysis, proteins were transferred onto nitrocellulose membranes, and
the membranes were blocked with 5% (w/v) skim milk in a phosphate-buffered saline
(PBS) solution plus 0.1% (w/v) Tween 20 (Sigma-Aldrich). The target proteins were
immunodecorated with primary antibodies and then incubated with horseradish
peroxidase-conjugated anti-rabbit IgG antibodies (Catalogue number: W4011, Promega)
at a dilution ratio of 1:20,000. Primary antibodies used were directed against Rubisco
whole holoenzyme (kindly provided by Dr. Spencer Whitney, used at a dilution of
1:80000), Cpn600a/B1 (kind gift of Michael Schroda, used at a dilution of 1:2000).
Antibodies directed against the PSI subunit PsaD and a -tubulin were purchased from
Agrisera (catalogue number: AS09 461 and AS10 680) and used respectively at a
dilution of 1:40,000 and 1:10,000). Antibodies against cytochrome f (PetA; used at a
dilution ratio of 1:100,000) were prepared using purified cytochrome f injected to rabbits.
For RAF1 antibody production, recombinant C. reinhardtii RAF1 (Cre06.g308450) was
expressed in E. coli using a codon-adapted synthetic cDNA (Genscript, Piscataway, NJ,
USA). The protein was purified using GST-tag affinity and used directly as an antigen in
rabbits (Genscript, Piscataway, NJ, USA). The resulting antiserum was used at a dilution
of 1:30000. Immuno-reactive proteins were detected with Clarity One detection reagent
(Biorad) and visualized using the ChemiDoc XRS+ System (Bio-Rad).
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Figure legends
Fig. 1 LSU synthesis rate and accumulation in absence of its assembly partner

Characterisation of the ARBCS mutant. (A) Immunoblot showing protein level
accumulation of Rubisco subunits in the ARBCS strain, using an antibody directed
against whole Rubisco holoenzyme.

(B) *C pulse experiment showing the translation rate of LSU in the ARBCS as compared
to the WT in upper panel, and mRNA accumulation in the lower panel, as probed by an
rbcL and psaB probe, used as a loading control. In both panels, large subunit deletion

strain ArbcL is used as a negative control.

Fig. 2 Swapping of rbcL regulatory sequences impairs the CES regulation.

(A Upper) photosynthetic phenotypes of 5UTRpsaA:rbcL transformants and
corresponding Rubisco subunits’ accumulation tested by a western blot analysis (A lower
panel). In ARBCS;5’'UTRpsaA:rbcL LSU is accumulating to higher levels than in ARBCS
(~8% WT; gquantification not shown). TAP stands for Tris-Acetate-Phospate medium,

MIN is acetate-free, phototrophy-selective medium.

(B) C pulse labeling experiment showing rbcL translation rate in 5’'UTRpsaA:rbcL
background with and without small subunit compared with wild-type, ArbcL and ARBCS

strains. Dashed line marks two removed lanes that were irrelevant to the figure.

Fig. 3 Expression of cytochrome f is inhibited in the absence of Rubisco small

subunit.

Immunoblot using antibodies directed against the proteins depicted at the right, showing
Rubisco and cytochrome f accumulation levels in the wild-type, ARBCS, ArbcL and
5’'UTRrbcL:petA strains with and without SSU. PsaD accumulation is used as a loading

control.
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Fig. 4 CES regulation no longer occurs in the absence of LSU accumulation.

(A) *C labeling experiment showing chloroplast proteins synthesis rate of WT (T222+),
ArbcL, ARBCS, LSUy, (transformants 1-3) and ARBCS;LSU, (1 and 4) strains. Dashed

line marks two removed lanes that were irrelevant to the figure.

(B) Immunoblot depicting LSU and cyt f accumulation in representative transformants
bearing a truncation within the rbcL gene, associated or not to the ARBCS mutation, and
compared to the wild-type and ARBCS;5’'UTRrbcL:petA strains.

Fig. 5 LSU assembly intermediates accumulate in the SSU-lacking strain

(A) Immunaoblot with the antibody directed against LSU after Native PAGE analysis of
soluble protein extracts from WT (diluted to 2% as not to obscure the gel), ArbcL and
ARBCS strains. The migration of native molecular weight markers is indicated on the
right. The position of Rubisco holoenzyme, as deduced from the WT signal, is indicated

as well.

(B) Analysis of the second dimension on SDS-PAGE gel by immunodetection of proteins
putatively involved in the complexes with LSU in ARBCS strain, using anti-LSU, anti-
CPN60 and anti-Rafl antibodies. Dashed lines drawn to help with the alignment. Red

asterisks mark cross-contaminating signals of the anti-LSU antibody.

Fig. 6 LSU, mutations alter LSU accumulation and CES regulation

(A) Impairment in Rubisco accumulation is revealed by the absence of phototrophic
growth in the LSU,mut and ARBCS;LSU,mut strains as probed by spot tests on acetate-
free minimal media (MIN). Growth on TAP is shown as a control. The corresponding

soluble LSU accumulation detected by immunoblot is shown.

(B) rbcL translation rate in LSU,mut and ARBCS;LSU,mut measured by short **C pulse
labeling experiment and compared to ARBCS and WT.

(C) Immunoblot with the Rubisco antibody after Colorless Native PAGE analysis of
soluble protein fractions of WT (note the dilution), ArbcL, ARBCS, LSU,mut and
ARBCS;LSU,mut strains. Dashed line marks two removed lanes that are irrelevant to the

figure.
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Fig. 7 Disruption of LSU oligomerization alters LSU CES regulation

(A) Impairment in Rubisco accumulation is revealed by the absence of phototrophic
growth in the LSUgmut and ARBCS;LSUgmut strains as probed by spot tests on acetate-
free minimal media (MIN). Growth on TAP is provided as a control. The corresponding
soluble LSU accumulation detected by immunaoblot is shown.

(B) rbcL translation rate in LSUgmut and ARBCS;LSUgmut measured by short **C pulse
labeling experiment and compared to ARBCS and WT. Dashed line marks two removed
lanes that were irrelevant to the figure.

(C) Immunoblot showing LSU and cytochrome f accumulation levels in the wild-type
(WT), ARBCS, ArbclL, LSUgmut and ARBCS; LSUgmut strains and in those latter three
genetic contexts combined with the 5’UTRrbcL:petA reporter gene background. PsaD

accumulation is provided as a loading control.

(D) Immunoblot with the Rubisco antibody after Colorless Native PAGE analysis of
soluble protein fractions of WT (note the dilution), ArbcL, ARBCS;LSUgmut and
ARBCS;LSUgmut strains. The dashed box marks the diffused band attributed to LS

dimer.

Sup. Fig. 1 Anti-RAF1 antibody

Immunoblot showing reactivity of raised aRAF1 antibody. Dilutions of GST-tag purified
RAF1 protein (85% purity) were compared to dilutions of whole cell extracts of WT
(T222+) strain. The band migrating at around 75 kDa in the purified protein sample is
RAF1-GST (50 kDa RAF1 + 25 kDa GST-tag). Right panel shows antibody reactivity
after blotting of 2D native PAGE gel, where 70 pg ARBCS soluble extract were

separated. Arrows indicate the position of RAF1full-length product.
Sup. Fig. 2 RAF1 accumulates in the absence of LSU

Immunoblot of a first dimension Native-PAGE of soluble extracts from ArbcL and ARBCS
probed with anti-RAF1 antibody. It shows that in the absence of LSU, RAF1 accumulates

in oligomeric form.
Sup. Fig. 3 Close-up of the mutated residues in LSU structure

Residues mutated in (A) LSU.mut (E109A and R253A) and (B) LSUgmut (A143W-
R215A-D216A) are highlighted in Chlamydomonas reinhardtii LSU structure (PDB: 1R8).
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6. Chapter IllI: Further exploration of limitations in Rubisco
biosynthesis — Supplementary results and discussion

In this part, further experiments designed to answer questions raised by the
observations of CES-deregulated strains will be presented. They consist of pilot trials to
create tools to get a closer look at the mechanism of LSU regulation.
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6.1. Additional results for: “Rubisco LSU synthesis depends on its

oligomerization state in Chlamydomonas reinhardtii”

6.1.1. Generation of ARBCS;5’'UTRpsaA:rbcL strain and its additional
phenotype.

The low levels of LSU intermediates in the ARBCS strain at first led us to
consider that their accumulation was limited because of the low translation rate of LSU.
To generate a strain with high translation rates and lacking SSU we crossed
5'UTRpsaA:rbcL (aAR3.6+) strain with ARBCS (Call13.1B-) with the aim to select SSU
deficient progenies. Due to the inefficiency of the cross we did not obtain full tetrads but
stil were able to recover progenies with and without RBCS expression.
ARBCS;5’'UTRpsaA:rbcL cells were non-photosynthetic due to SSU absence (see Fig 2
in previous chapter). They did accumulate LSU to a higher level than ARBCS (~10% of
the WT) (Fig. 6.1) most probably due to higher translation rate of LSU caused by the
5'UTR swapped to the one of psaA (see Fig 2 in previous chapter).
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Fig. 6.1: LSU accumulation in the ARBCS x 5’UTRpsaA:rbcL cross

Immunoblot showing LSU and SSU accumulation in the progenies of the cross
between 5’UTRpsaA:rbcL (aAR3.6+) with ARBCS (Call3.5A-). Antibodies against
LSU, SSU, and cyt. f as a loading control were used. Two independent progenies are
shown for each ARBCS or WT genotypes.
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In this context, ASSU-induced autoinhibition (CES) does not take place and LSU is
translated at almost WT rates (Fig 2B in previous chapter). We reasoned that the
increase in unassembled LSU may be reflected by a higher amount of the HMW -LSU-
RAF1 complex, which we proposed to be the CES repressor. Such a strain over-
accumulating the CES repressor would be very useful to approach its further
characterization. We therefore tested the distribution of LSU between oligomerization
intermediates, in ARBCS and ARBCS;5’UTRpsaA:rbcL as presented in Figure 6.2.
ARBCS;5’UTRpsaA:rbcL accumulated the same intermediates as ARBCS. LMW- and
HMW-LSU-RAF1 complexes accumulated to the same level as in ARBCS strain.
CPN60-bound LSU level on the other hand were approximately 10 times higher in
ARBCS;5’'UTRpsaA:rbcL. We concluded that: i) higher translation rate of rbcL does not
result in higher accumulation of the RAF1 intermediates ii) RAF1 is limiting for their

accumulation and iii) CPN60 can bound significant amounts of free LSU.
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Fig. 6.2: LSU oligomerization states in ARBCS;5’UTRpsaA:rbcL
Immunoblot showing LSU and RAF1 accumulation in ARBCS;5’UTRpsaA:rbcL

(Call3aAR3.6) and ARBCS (Call3.5A-) strains. Antibodies against LSU and RAF1
were used. The whole membrane is shown for RAF1 detection on the right panel.

6.1.2. Reporter gene accumulation is altered in ARBCS;5’UTRpsaA:rbcL.

Next, we wanted to verify if the increased synthesis of LSU has an effect on the
reporter gene inhibition. To obtain ARBCS;5’UTRpsaA:rbcL;5’'UTRrbcL:petA
(Cal13aARRF) strains, we transformed the ARBCS;5’UTRpsaA:rbcL strain (aARCall3
1.6+) with the (pRFFFIK) plasmid. We expected the same, inhibition of the reporter gene
as in ARBCS;5’'UTRrbcL:petA background, resulting in no cytochrome f accumulation.
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To our surprise, the reporter gene levels were found to be much higher in the
transformants and reached around 50% of cytochrome f accumulation level observed in
5’'UTRrbcL;petA strain. This could mean that petA translation is much less inhibited than
in ARBCS;5’'UTRrbcL:petA. We could not explain this phenotype as i) the amount of the
“inihibitory” oligomer available for the regulation should be at least the same as in
ARBCS and ARBCS;5'UTRrbcL:petA (Fig. 6.2) and ii) the number of rbcL 5UTRs
shared between reporter and LSU that could titrate the trans-factors (see Introduction:
CES process) in the transformants should be the same as in ARBCS. Therefore this
increase in reporter gene accumulation could not be due merely due to a different
availability of limiting rbcL gene specific OTAFs. A question remains: does this relatively
high accumulation of cytochrome f reporter still results from translation repression, or
does this level result from impairment in the CES regulatory process? We decided then
to directly compare this reporter accumulation to 5’UTRpsaA:rbcL;5’UTRrbcL:petA
progenies exhibiting RBCS expression in a larger number of strains. To this end, we
back-crossed selected ARBCS;5’UTRpsaA:rbcL;5’UTRrbcL:petA transformant (#6) with
WT (WTS24-).
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Fig. 6.3: ARBCS;5’UTRpsaA:rbcL;5’UTRrbcL:petA cross

Immunoblot showing LSU and cyt. f accumulation in the progenies of the cross
between ARBCS;5’'UTRpsaA:rbcL;5’'UTRrbcL:petA and the WT (WTS 24-).
Antibodies against LSU and cyt. f were used. Ponceau stain provided as a loading
control. Nomenclature: T1.2 — second progeny of tetrad 1. Strains with the ARBCS
genotype are shown in red.
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We obtained one complete tetrad (plus additional progenies) and were surprised again to
see that accumulation of cyt. f could be observed in all progenies and varied significantly
between strains from almost WT levels to arround 10% of WT (Fig. 6.3). We cannot
explain this phenomenon differently than by the delicate balance between the amounts
of inhibitor and its target that varies between the strains. The amount of rbcL and petA
transcripts as well as their translation rates in 5’UTRpsaA:rbcL and 5’'UTRrbcL:petA
contexts must be different from WT due to non-native trans-factors, non-native CDS (that
can influences translation efficiency and folding of the 5’UTR) and even different
translation modes and translation localization (different translation initiation modes, cyt. f
is co-translationally inserted into the membrane etc.). Slight differences in the availability
and ratios of LSU and SSU can influence the CES regulation and the accumulation of
Rubisco and reporter proteins. The situation could be especially dynamic in the
5'UTRpsaA:rbcL context where rbcL and RBCS expression do not respond to the same
environmental cues, this way distabilizing the system. Clearly, a more throughout-out

analysis is needed to elucidate the regulatory crosstalk in this complicated background.

6.1.3. What happens with LSU when Rubisco assembly is perturbed?

ARBCS, LSUgmut as well as ARBCS;5’'UTRpsaA:rbcL strains were shown to
accumulate approximately 1% and 9% of WT LSU. It is obvious (also from the results)
that the mutations we have introduced must have had an effect on the balance between
rates of translation, assembly and degradation of LSU. Knowing that, we decided to test

the fate of LSU in the situation where its synthesis and oligomerization are perturbed.

6.1.4. Stability of LSU

In a first assay we used the ARBCS, LSUgmut, ARBCS; LSUgmut, and
ARBCS;5’'UTRpsaA:rbcL to test if the half-life (ty2) of LSU is influenced by the mutations
and deregulation of the CES process. We conducted an immunochase experiment
treating the exponentially growing cells with inhibitors of chloroplast translation
(Lincomycin) and monitoring LSU accumulation over 4 hours. As shown on the Fig. 6.4,
LSU in ARBCS is rather stable. On the other hand, in LSUgmut, ARBCS; LSUgmut, and
ARBCS;5’'UTRpsaA:rbcL it undergoes partial degradation in the first hour and is more
stable in the remaining time of the experiment. Despite the degradation process taking
place, LSU half-life is twice higher in ARBCS;5’'UTRpsaA:rbcL than in LSUgmut
background ( Fig 6.4 Bottom).
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6.1.5. Fractionation.

Several studies suggest that LSU could be found in different cell locations.
Indeed, it is known that in normal growth conditions (ambient CO;), LSU is mainly
present in the pyrenoid fraction. Neosynthetized LSU has also been found associated
either to thylakoids, or to a biogenenic membranes, close to the pyrenoid®’. We
wondered in here if LSU may be differentially distributed in the cell depending on the
CES context. At the same time, LSU was suggested to participate in formation of stress
granules (SG) that aggregate RNA to protect it from oxidative stress, those granules
would be dense and resistant bodies whose presence was suggested in the
Chlamydomonas strains lacking SSU®*.

10

—8—— -=- ARBCS

- ARBCS; LSUgmut

-a- LSUgmut

-=— ARBCS;5'UTRpsaA:rbcL

LSU level related to WT [%]

0 T T T 1
0 1 2 3 4

Time after translation arrest [hours]

LSU degradation in the first 1h
ARBCS;5'UTRpsaA:rbcL = 16,5%; Half-life = 90,5 min

ARBCS; LSUgmut = LSUgmut = 54,9%; Half-life = 28,7min

Fig. 6.4: LSU degradation in the assembly mutants

Plot showing changes of the relative level of LSU accumulation (% of WT) after
addition of an inhibitor of chloroplastic translation in LSUSmut, ARBCS; LSUSmut, and

ARBCS;5’'UTRpsaA:rbcL mutants as compared to ARBCS. LSU half-life during the first
hour of the experiment is indicated in the box. The experiment was done on two
biological replicates for each strain.

We decided to tackle those two problems in the same line of experiments. We used a

313

modified protocol from®” (see Methods) to discriminate LSU localization between

chloroplast fractions. French press lysates were ultra-centrifuged and separated into:
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supernatant (S) and pellet (P). Half of the resuspended pellet was treated with 2% Triton
100 for 15 minutes and centrifuged to produce Triton soluble (supernatant: TS) and
Triton insoluble (pellet: TI) fractions. Fractions obtained for WT (T222+), ARBCS,
LSUgmut, ARBCS; LSUgmut and ARBCS;5’UTRpsaA:rbcL strains were quantified and
adjusted to represent the same cell number and dilutions between soluble and pellet
fractions were made to ensure proper loading. They were separated on SDS-PAGE gels
and immunoblotted. Fig 6.5 shows the immunoblot probing LSU localization as
compared to fraction markers: CPN60a/B1, Tubulin used as markers of soluble proteins
and cyt.f, LHCII as markers of membrane proteins. We observe a relatively small fraction
of Rubisco found in the ultracentrifugation pellet fraction (P and TS) in WT, ARBCS and
ARBCS;5’UTRpsaA:rbcL. We attribute this signal to a contamination from soluble
Rubisco, which would result from two reasons: a high abundance of Rubisco in WT and
secondly, the formation of membrane vesicles entrapping stromal fraction during the
preparation (as it is mirrored by the distribution of other soluble proteins such as CPN60
and tubulin). In the WT, most of LSU and SSU are bound in the soluble holoenzyme. We
observe that this contaminating Rubisco in the pellet can be fully solubilized by 2% Triton
100 as no signal of LSU or SSU was detected in Tl fraction. In the ARBCS mutant,
where LSU accumulated to 1-2% of WT level, a similar pattern of LSU distribution could
be observed, with most of the signal coming from soluble LSU. No SSU signal was
detected, thus the soluble LSU in ARBCS does not result from traces of remaining
holoenzyme and does not represent the same population as in WT (Note the exposition
differences between WT and the mutants to account for differences in LSU
abundancies). The same picture is seen for ARBCS; 5’UTRpsaA:rbcL strain that, as
expected, does not accumulate SSU and for whom most of (10% of WT) LSU is found in
the soluble fraction. Contaminating, pellet-found LSU is present in all the strains pointing
towards some methodological artefact. On the other hand, ~80% and 40% of total LSU
could be found in the pellet fraction of LSUgmut and ARBCS; LSUgmut strains
respectively. Interestingly, a major part of this population was insensitive to Triton 100
solubilization. Moreover, almost all residual SSU in the LSUgmut strain was associated
with this form of LSU. Altogether this suggests the massive presence of LSU aggregates
in this strain.
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Fig. 6.5: LSU distribution between the cell fractions

Immunoblot showing accumulation of Rubisco subunits LSU and LSU in the soluble (S), pellet (P), Triton 100-soluble pellet (TS) and Triton 100-
insoluble pellet (TI) fractions of WT (T222+), ARBCS (Cal13.1B-), LSU;mut, ARBCS; LSU mut and ARBCS;5'UTRpsaA:rbcL (Call3aAR3.6) strains.
Antibodies against LSU, SSU, CPN60a and Tubulin (as soluble protein controls) cyt. f and LHCIl (as membrane proteins control) and RPS12 were
used. The exposition of WT LSU and SSU blots (red contour) was shorter than for the other strains. The experiment was done on two biological
replicates for each strain.



6.1.6. EPYC1 accumulation is decreased in Rubisco deficient strains.

To follow this observation we verified if the over-accumulation of LSU in the pellet
fraction is not linked to a mal-formation of the pyrenoid caused by premature interactions
with LSU and EPYCL1 protein. EPYC1 (before LCI5) has been reported to be essential
for the pyrenoid formation in Chlamydomonas where it scaffolds dense Rubisco lattice
which is the major part of this structure®”. Thanks to a kind gift of Martin Jonikas
(Princeton, USA) we could use the aEPYC1 antibody to verify its behavior in LSU-altered
mutants. Sup. Fig. 6.6 shows a test immunoblot against LSU and EPYC1 of whole cell
extracts of two ARBCS strains (CAL13.1B-, Call3.5A+), ARBCS;5’'UTRpsaA:rbcL,
LSUgmut, LSU,mut (rbCLgigoa-r2s3a) and two ArbcL mutants (ART1.3, ARbcL1.7.5)
compared to WT (T222+) and epycl. In all the mutants EPYC1 accumulation is strongly
diminished.
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Fig. 6.6: Accumulation of EPYC1 in the mutants altered in LSU biosynthesis

Immunoblot of whole cell extracts of WT (T222+), Aepycl and Rubisco biosynthesis
mutants (details in the text). Antibodies against LSU and EPYC1 were used. Red
asterisk marks the cross-reacting signal of aEPYC1 antibody.

Quantification of LSU and RAF1 levels. We have used purified RAF1-GST and
Rubisco LSU standard (Agrisera) to calculate the abundance of those two proteins in the
cell. Dilutions of the standards served to obtain the standard curve of antibody reactivity.
It was used to quantify LSU and RAF1 accumulation levels in the dilutions of WT whole
cell extract sample. Fig. 6.7 and 6.8 show immunoblot of the respective samples and the
calculated values for both proteins. For the quantification a constant number of 1,4 ug of

chlorophyll per 1 million cells was used. Additionally, Fig 6.7 gives the approximate
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numbers for the amount of LSU oligomers in ARBCS strain, based on the relative
proportions of the three LSU-associated complexes, and their respective contributions in
term of LSU units. Indeed, from densitometric analysis of native blots, LSU-CPN60
population would contribute to 8% of total LSU signal and involve one LSU unit, the
HMW-LSU complex would represent 80% of the signal and contribute to 8 LSU units,
and last, the remaining LMW-LSU complex was estimated to account for 12% of the
signal and involve 2 LSU units. The molecular weights used for the calculations are of
52kDa for LSU and 50 kDa for RAF1.
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Fig. 6.7: LSU quantification

A - Immunoblot showing reactivity of aRubisco antibody. Dilutions of whole cell extracts
of WT (T222+) strain were compared to LSU standard (Agrisera) dilutions.

B - LSU quantity in WT dilutions calculated according to the standard curve done on
the standard protein.

C — Approximate amounts of LSU oligomers in ARBCS strain. The approximation that

1,4 pg chl corresponds to 106 cells was used for the calculations. LSU molecular mass
used: 52 kDa. Results are rounded up. See description in the text.
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Fig. 6.8: RAF1 quantification

Immunoblot showing reactivity of raised aRAF1 antibody. Dilutions of GST-tag purified RAF1 protein (85% purity) were compared to dilutions
of whole cell extracts of WT (T222+) strain. Band migrating at around 75 kDa in the purified protein sample is RAF1-GST (50 kDa RAF1 + 25
kDa GST-tag).

B - RAF1 quantity in WT dilutions calculated according to the standard curve done on purified protein. The approximation that 1,4 ug chl

6 . o
corresponds to 10 cells was used for the calculations. RAF1 molecular mass used: 50 kDa. Results are rounded up. See description in the
text.



6.2. Discussion

6.2.1. LSU is relatively stable when chaperone-bound

LSU immunochase demonstrated that in the CES-inhibited situation (ARBCS)
LSU is stable during 4h after translation arrest. This was expected from LSU CES
behavior, where unassembled LSU mediates the translation repression. As such, the
inhibitory LSU intermediate should theoretically be stable. The same should be true for
LMW-LSU,-RAF1 complex due to stabilizing effect of the chaperone. On the other hand,
ARBCS;5’UTRpsaA:rbcL, and LSUgmut background showed a faster degradation of
LSU in the first hour of the treatment ~90 min and ~30 min respectively (which is still
much longer than the half-life of unassembled SSU: ~15 min). The significantly faster
(3x) degradation rate of LSUgmut compared to ARBCS;5’'UTRpsaA:rbcL although both
display similar translation rates, could be attributed to the destabilizing effect of the ARD
mutations that prevent oligomerization of LSU. From the native gel analysis presented in
chapter 2, it is likely that this difference corresponds mainly to the fast degradation of
RAF1-unbound LSU dimers and inability to form an octameric LSU complex. On the
other hand, the different stability of unassembled LSU in ARBCS;5’UTRpsaA:rbcL was
more unexpected. As native LSU is produced, it seems unlikely that the HMW-LSUg
complex or the LMW-LSU dimer exhibit different stability rates in
ARBCS;5’'UTRpsaA:rbcL versus ARBCS, unless their composition (associated proteins
or RNA) is not the same. Therefore we may hypothesize that LSU leaks out from the
CPN60-LSU and gets degraded because the chaperones’ pool is exhausted.
Nevertheless, this does not exclude that the CPN60 per se has a stabilizing effect, which
probably accounts for the relatively high residual steady state of LSU in
ARBCS;5’'UTRpsaA:rbcL (see below). At the same time one could think that in
ARBCS;5’'UTRpsaA:rbcL the HMW-LSU inhibitor- because of the lack of its putative
target (no 5’UTR of rbcl) has a different stability than in ARBCS. More experiments need
to be done to exclude measurements errors caused by low starting level of the LSU in
the tested strains. Chase analysis in native conditions should allow to better understand
the differences in stability of respective LSU oligomers between the strains (e.g. between
ARBCS and ARBCS;5'UTRpsaA:rbcL).

6.2.2. Limiting steps of LSU assembly

In the ARBCS;5’'UTRpsaA:rbcL strain, rbcL is translated at rates similar to WT (slightly
lower) due to its swapped 5’UTR that prevents CES regulation triggered by SSU
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absence. Because of that LSU accumulates to higher amounts than in ARBCS. Yet,
visibly, the level of free LSU cannot exceed 10% of WT LSU accumulation level. This
increase in LSU (compared to ARBCS) is found to be associated with the CPNG60
complex ( Fig. 6.1). On the other hand, RAF1-associated intermediates do not change in
abundance, nor does RAF1 accumulation (Fig. 6.2B). All in all, the amount of soluble
LSU accumulating in ARBCS;5’UTRpsaA:rbcL does not correspond to its rate of
translation (Fig. 2 in previous chapter) which indicates increased proteolysis of unbound
LSU or early aggregation of unfolded LSU. At the same time, we have shown that a
significant part of LSU is stable in this background during 4 hours after chloroplast
translation arrest (Fig. 6.4), which suggest that it can be stabilized by CPN60 and RAF1.
All in all, our observations suggest that: i) accumulation of unassembled LSU is limited
by the auxiliary factors and ii) about 10% of WT LSU is enough to sequester all available
chaperones and iii) LSU probably does not accumulate in the soluble form when

unbound by auxiliary proteins.

Interestingly, despite similar rate of rbcL translation (Fig. 2 and 6 in previous chapter),
levels of CPN60-bound LSU in ARBCS;5’UTRpsaA:rbcL and LSUgmut are drastically
different. It is most probably due to mutations introduced (A143W-R215A-D216A) that
change the folding capacity of LSU. It is possible that a quality control step before the
chaperonin exist, which would distinguish WT (5’UTRpsaA:rbcL) and mutated (LSUgmut)
LSU sequence and direct it to the proteolytic degradation or aggregation. Indeed, the
BSD2 orthologue in Chlamydomonas has a partial homology to DnaJ chaperone (part of
Hsp70 chaperone complex) and was found co-migrating with rbcL transcript on
polysomes. It might act upstream of CPN60 in LSU control. Altogether we hypothesize
that the first bottleneck/quality check to LSU synthesis is upstream of the chaperonin

complex.

6.2.3. Mutated LSU is directed to aggreqgates

We patrtially tested the fate of LSU in the LSUgmut background strains (compared
to other mutants and WT used previously) by following its repartition between: soluble,
insoluble, Triton100-sensitive insoluble and Triton100-insensitive insoluble fractions. We
found that in LSUgmut and ARBCS; LSUgmut a significant amount of LSU was found in
the Triton- insoluble pellet fraction of cell extract. Those aggregates were extremely
resistant and less sensitive to solubilization than thylakoid membranes (see cyt. f and
LHCIl partitioning). Together with the observation of the relatively low CPN60-LSU
loading, it points to an early aggregation of LSU in LSUgmut context. Whether it is a

result of a specific mechanism of control (see above) or spontaneous aggregation is to
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be determined. Interestingly, SSU co-fractionated with LSU in the LSUgmut. This might
suggest that, contrary to what was proposed before, SSU can to some extent interact
with LSU at the early stage of assembly or that SSU gets co-precipitated together
because of nucleation mechanism. The latter seems in fact to be promoted by SSU
presence as we observe less precipitates in ARBCS; LSUgmut. This is in line with the
reports that SSU is necessary for Rubisco organization and cell localization®®’ but
suggests that this process may start very early during the assembly or that rbcL
translation is localized to specific chloroplast foci were SSU is directed. Higher EPYC1
accumulation in LSUgmut may further substantiate this mechanism (Fig. 6.6). Similarly,
co-localization of some ribosomal S12 with LSU aggregates may also be an effect of
early co-translational aggregation. Whether the presence of S12 in these pellet insoluble
fractions is really linked or not to LSU aggregation state, or a marker of some other

unlinked biogenesis membranes, requires additional experimental support.

We could also observe a slightly higher ratio of pellet-fractionated LSU in
ARBCS;5’'UTRpsaA:rbcL compared to WT. But contrary to the LSUgmut aggregates, it
was almost completely solubilized by Triton100 suggesting that the precipitation/
aggregation state in this strain is much smaller. This result allows concluding that the
excess of unbound native (not mutated) LSU is, similarly to SSU, proteoliticaly degraded.
Finally soluble LSU in LSUgmut and ARBCS; LSUgmut accumulated to almost the same
amount as in ARBCS suggesting that the mutations do not prevent LSU folding but

rather affect the translation-folding-assembly balance.

6.2.4. EPYC1 accumulates in coordination with Rubisco

While Rubisco accumulation is not perturbed in an epycl mutant, as shown in®%,
we demonstrate here that the converse is not true. EPYC1 accumulation of scaffold
protein of the pyrenoid is strongly diminished in Rubisco defective mutants. Most
probably, EPYC1 alone cannot form the pyrenoid lattice and is directed to proteolysis in
absence of Rubisco (similarly to SSU in the absence of LSU). The residual EPYCL1 levels
vary significantly between the strains. One possible explanation is that because of its
Rubisco surface binding properties, EPYC1 could miss-interact with LSU oligomers.
Indeed almost no EPYC1l accumulate in LSU,mut and ArbcL, correlating with the
absence of LSU assembly intermediate accumulation in these strains. The interaction
with LSU oligomers would lead to EPYC1 patrtial stabilization or precipitation. Most likely,
this interaction would be reflected by EPYC1 fractionation within the triton-insoluble

fraction, a hypothesis that awaits experimental confirmation.
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6.2.5. Conclusions from LSU and RAF1 quantifications.

Rubisco is present in around 450 000 copies per cell which would approximately
give two enzymes per light reactions chain. Because of this high number, the 1-2%
amount of LSU found in SSU-lacking strain still is significant; however it is distributed
between three oligomeric forms ( Fig. 6.7 C). Assuming that the CES-inhibitor of the rbcL
translation is the HMWC of LSU (octamer) complexed to RAF1, we can approximate that
it would be present in 3,5-7 thousand copies per cell. It is probably close or a little bit
more than the total number of rbcL transcripts (~4,500). These calculations match
surprisingly well with the hypothesis that this HMW-LSUg repressor could bind directly (or
not) to the mRNA. At the same time, the active RAF1form is a dimer; from our calculation
it is present in ~31,500 copies per cell which is in the same value range than the sum of
LSU dimers it is stabilizing (partitioned in both the LSU dimer and octamer: LSU dimer
plus 4 dimers per octamer = 18,500 - 35.000). This might suggest that RAF1 is the
limiting factor for folded, soluble LSU accumulation. However, the much stronger signal
observed for RAF1 in the LMWC suggests that the HMWC comprises less than 4 RAF1
dimers. It also suggests that the dimer would represent the more stable LSU-RAF1
intermediate, and that the HMWC would be stabilized by additional proteins which might
be limiting for its abundance. Note also that RAF1 can accumulate without LSU in
complexed form in ArbcL. Before it was reported to accumulate free as trimers (~150
kDa)?*°, much less than what we observe. It is not excluded that it could interact

transitorily with other chaperones and/or residual SSU as proposed?®®.
6.3. Additional comments

It has been demonstrated that free LSU (Rubisco-independent) can bind RNA in
vitro through a RNA binding domain that normally is hidden within the structure of the
enzyme?'®. Following this observation different studies have proposed the moonlighting
function of LSU in protecting RNA during oxidative stress. Large subunit would bind RNA
and participate in the formation of ribonucleo-protein agglomerates called stress
granules (cpSGs: for chloroplast stress granules) to prevent RNA oxidation and
mistranslation. We have shown that, contrary to previous observations, in the absence of
SSU, LSU does not form aggregates, nor does it precipitate. Even in the CES
deregulated ARBCS;5’'UTRpsaA:rbcL context, where theoretically much more LSU is
available for the binding, the pellet-associated LSU is mostly Triton-sensitive, indicating
that it originates from vesicles entrapping stroma that are preparation artefacts. The
majority of unassembled LSU in the ARBCS strain was localized in the steady state in

the soluble protein fraction (Fig. 6.5) and was associated with chaperones (Fig. 6.2). To
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account for these different observations, we suggest either that the LSU agglomerates
are specific to the oxidative stress (thereby not seen with our light regime) and/or that the
hypothesis raised by Zhan and co-authors could result from the observations of LSU
bound to rbcL transcript — a CES regulation which is visible due to the high number of
rbcL mRNA present in the cell.
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7. General discussion

After 3.5 Gyo of evolution Rubisco has still poor specificity towards carbon dioxide
and very low catalytic efficiency. Despite its pivotal role for the cell’s fitness, its
amelioration throughout the years towards higher carboxylation rates seems to have
been surprisingly feeble. One of the reasons for that might be the fact that Rubisco
originated in the oxygen-free atmosphere with CO, levels at least 200 times higher than
today, resulting in low pressure for CO, specificity. Changes in the atmosphere towards
higher O,:CO, ratios (nomen omen, caused by the Rubisco activity) costed Rubisco an
oxygenation reaction that leads to unproductive photorespiration. It is unknown if the
oxygenation reaction was an inherent characteristic of ancient Rubiscos, but nowadays
photorespiratory pathway can diminish net carbon fixation by half. It is discussed
whether it has some important role for cell’'s metabolism but it is clear that it has been
evolutionary retained for 2 Gyo now. It might be than that this process is etched in
Rubisco function and cannot be lost. Because of its presence, of the high discrepancy in
oxygen and carbon dioxide amounts, and of structural similarities between the two
gasses, the adaptative flexibility of Rubisco towards higher carboxylation rates is limited.
The evolution of Rubisco small subunit could also be linked to changing ratios of
atmospheric gases. SSU is present only in Type | Rubiscos of oxygenic phototrophs that
nowadays live usually in carbon-limited niches. It has been shown that SSU is required
for Rubisco localization to a carbon concentrating structure — the pyrenoid, which
improves the local environment of the enzyme. Maybe then, SSU’s first function was a
priori in the organization of Rubiscos, a first step towards carbon concentrating
mechanism of cyanobacteria and algae. The late apparition of SSU could be also a sign
that improvements in LSU catalysis have already reached the plateau long ago. Indeed,
tradeoffs between specificity (towards carbon dioxide and oxygen) and catalysis have
been proposed, despite not being high, to be already almost perfectly tuned to the
nowadays atmosphere and cannot progress any further®?. In this light, improvements in
the local CO, availability by carbon concentrating mechanisms might be the sole mean to
ameliorate carbon fixation. The low sequence divergence between Rubiscos and
generally the low number of different forms also suggest that its progress already
reached a steady state and its activity can be hardly improved. All single, positive
mutations could have been already iterated and did accumulate. Additive effect of
multiple mutations could be the only way of improving Rubisco efficiency, yet their
exploration might be limited by the assembly chaperones that co-evolved to ensure
Rubisco proper formation. GroEL/ES and CPN60/20/10 complexes generally rather

promote accumulation of the structural mutations®*, but assembly chaperones have
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definitely limited the evolution of LSU. RBCX was shown to decrease the number of
permissive mutations of LSU in a directed evolution experiment of the cyanobacterial
enzyme®®. Similarly, complementarity between LSU and its chaperones is required for
efficient Rubisco assembly. The LSU, form of bacteria requires only GroEL/ES for folding
and can easily by expressed in chloroplast but foreign Type | Rubisco of closely related
species is poorly synthesized in the host*’*. This limitation can be overcome by co-
expression with its cognate chaperones as demonstrated in tobacco-Arabidopsis
hybrids®*® which proves that specificity of the chaperones towards LSU is necessary for
the efficient production. Because of the “fixed” catalytic properties of Rubisco,
photosynthetic organisms, especially terrestrial ones, produce large quantities of
Rubisco to assure their competitiveness. This requires highly controlled expression of
their subunits. In bacteria, both Rubisco subunits genes are localized in one operon that
ensures their coordinated production. Subsequent assembly, especially of LSUs is
made possible by the action of chaperones that stabilize intermediates and prevent
disassembly. One of these chaperones, RBCX is even found in the Rubisco operon in
some cyanobacteria (e.g. Synechococcus sp. PCC7002) where it was reported to be

required for Rubisco formation?’®

(see Introduction: Rubisco folding). Interestingly, its
knock-out has no effect on enzymes accumulation in other organisms, even closely

related, but the same RBCX can increase cyanobacterial Rubisco overexpression in E.

273,277 d 326

coli Using an artificial micro RNA silencing metho we tried to knock-down
RBCX genes in Chlamydomonas, but could not isolate transformants exhibiting a visible
defect on Rubisco accumulation (data not shown). Similar efforts have been done by
others, and a moderate reduction in the Rubisco accumulation could be observed in the
RBCX-knocked down lines (Thomas Hauser: thesis). The function of RBCX seems to be
non-essential, or lost in most phototrophs, at least most probably within eukaryotes. It
can be that its presence is redundant with the other described chaperone, RAF1 (co-
existing in the same organisms), that seems to play the same role in stabilization of LSU
intermediates. Its effect seems much more pronounced as it is essential for Rubisco
synthesis in maize?®® and it ameliorates Rubisco solubility and reconstitution in vitro®®".
Despite that, it is not essential for Synechocystis sp PCC 6803 Rubisco formation®*,
again suggesting that, at least in cyanobacteria, where translation and assembly of both
subunits take place in the same compartment, chaperones could be redundant. On the
other hand, in any publication presented so far, native RBCX protein could not be
detected in cell extracts (we also failed to detect it, even in fractionated extracts (data not
shown)). Its low level of accumulation is also observed at transcript level; in

Chlamydomonas RBCXs mRNA are ten times less abundant than that of RAF1%,
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Maybe then its function is disappearing in eukaryotes, being replaced by RAF1 but can
reemerge when RAF1 is not available or in certain, specific conditions.

The endosymbiosis event led to the creation of dual system of prokaryotic and eukaryotic
origins. Genes coding for subunits of the same complex, are how separated and require
a more precise control to prevent their unwanted production. Rubisco is a good example
of the requirements for nuclear control over chloroplast functions. RbcL gene is encoded
in multiple copies of the chloroplast genome and is almost constitutively transcribed into
thousands (~4,500) copies of mMRNA that are stabilized by the MRL1 protein of the OTAF
“family”. rbcL transcript abundance is linearly correlated with the amount of MRL1
suggesting that the protein is a limiting factor for rbocL mMRNA accumulation. At the same
time as we have demonstrated, MRL1 is not only required for stabilization but also for
the translation of the transcript. As no Shine-Dalgarno element is present within the
5UTR of rbcL, MRL1 might be necessary for the re-shaping of the two stem-loops at the
very beginning of the 5UTR where it binds. MRL1 would this way allow translation
initiation through sequence modifications and/or even interact with 30S to target the
transcript to the ribosome. We failed to find any factors interacting with MRL1 that could
complete the M-T factor couple that was observed for many photosynthetic genes (see
Introduction: Table 1.2). It does not exclude that such a factor exists, but may support

the hypothesis that a single OTAF can perform a dual role in gene expression.

Classic, anterograde control of posttranscriptional gene expression, exerted
through trans-acting proteins, many of them (like MRL1) being members of helical-repeat
modular protein super family (TPR, OPR, etc.), coexists with assembly-controlled
regulation. In Chlamydomonas, this process- control by epistasy of synthesis (CES)- is
also responsible for Rubisco regulation. We have shown that in the absence of small
subunit, LSU autoinhibits its own translation to prevent its wasteful production. This
process is assembly dependent as mutations we have introduced to affect the LSU
oligomerization prevent it to happen. We have measured LSU translation rates in
deregulated context. Our calculations (based on the intensities of radioactive labeling) for
now are imprecise, as the different strains we have generated incorporate radioactive
acetate at broadly different rates. Nevertheless, we could conclude that when
deregulated, rbcL translation could reach higher rates than in WT. This suggests that in
normal conditions Rubisco formation may be SSU-limited and some amount of free LSU
would be constantly available for CES regulation to precisely adjust rbcL translation to
the availability of its partner. Our results suggest that LSU accumulation is also limited at
the level of assembly Abnormally high translation rates in LSUgmut and 5’'UTRpsaA:rbcL

background result in lower accumulation of LSU, a situation not seen for example for cyt.

131



f in a mirror situation*®*. The reason behind is that unassembled LSU is only stable when
in complexed form either with chaperones or as higher order oligomers. Therefore, the
observed accumulation levels represent the steady-state balance between assembly-
degradation-aggregation. In 5’UTRpsaA:rbcL (high translation, WT LSU sequence), the
total amount of LSU accumulating is limited by the number of chaperones able to
stabilize it. The excess is proteolized. In LSUgmut context (and LSU,mut: not shown), the
high translation of a modified LSU results in a significant amount of LSU aggregating
before being able to fold in the chaperonin complex because of the quality control check
at the early stage of the assembly or because of the higher propensity for aggregation of
mutated LSU. Our observations also suggest that the first stable oligomer of LSU
assembly is a RAF1-bound LSU dimer as in LSU,mut, which is predicted not to be able
to dimerize, we could not detect any free LSU. From this result alone one can infer that
stabilization of the large subunit is required for any LSU-RNA interaction to occur (for
CES). Furthermore, we propose that the last intermediate of the assembly - LSUg bound
to RAF1- is the effector of the CES-process regulating rbcL translation. It is tempting to
try testing whether this form is the most stable intermediate of the pathway, this way
suggesting its permanent mRNA association. However, ideal immunochase experiment
would be tedious to execute because cytoplasmic protein inhibition would also result in
the inhibition of chaperones production that are required for the stabilization. Additionally,
the stability of LSU-RAF1 intermediates is indicated by the fact that CPN60-independent
intermediates accumulate to the same levels in ARBCS;5’UTRpsaA:rbcL and ARBCS.
While LSU translation rate is at least 20 times lower in ARBCS, LSU-RAF1(s) complexes
are accumulated at a comparable level, suggesting that in the absence of SSU they are
stable. If not, one would expect that in ARBCS all dimeric LSU, bound to RAF1 would
end up degraded or end up in the HMWC. In addition, the similar ratio of low molecular
weight LSU-RAF1 intermediate observed in both strains is an indication that RAF1 is
limiting for this intermediate’s accumulation (higher LSU translation rate does not result
in higher accumulation of the LSU,-RAF1). At the same time, from the intensity of the
antibody signal, one could think that HMWC contains less RAF1 than the LMWC. This
could be true. The complex can contain other, unidentified proteins. We have designed
strains with tagged versions of RAF1 (RAF1-strep) and LSU (LSU-His) to purify the
intermediates and analyze their composition by mass spectrometry. Experiments are still
ongoing, as once more Rubisco proved not to be easy to collaborate with. Apparently,
the histidine-tag has a deleterious effect in LSU oligomerization and therefore as for now,
we cannot isolate any of its partners. Interestingly, this situation occurs only in the
ARBCS mutant background. In WT SSU context, Rubisco-His is accumulating and could

be purified (Pierre Crozet, personal communication). One of the possibilities is that the
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tag could interfere with the stability of the intermediates which in WT could be
compensated by SSU presence that shifts the assembly equilibrium towards the
holoenzyme formation. Co-immunoprecipitation coupled to mass spectrometry analysis
is required to draw conclusions about the exact composition of the HMWC.

RBCX could be a prime candidate for a possible interactant. As already mentioned, its
main role was supposed to aid the LSU oligomerization in a similar way to RAF13%,
Notwithstanding, the fact that RBCX knock-downs have no effect on Rubisco
accumulation in Synechocystis points to the contrary. From the structural data we know
that RBCX-LSU interaction sites practically do not overlap with SSU binding positions
(Thomas Hauser: thesis and?’®). One could think that RBCX function would be apparent
only in the situation when SSU is less available - it could for example stabilize the

octameric structure of the CES-inhibitor.

As for now, the CES process has not been reported in prokaryotic organisms. It
could have evolved with the endosymbiotic event as one of the means of the
anterograde control over the plast. Convergence with the appearance of OTAFs might
have resulted in a dual control system that would assure the tight regulation of multimeric
proteins of separate origin. For example MCA1 and TCA1 have already been proposed
to act in the CES regulation of the petA gene®. Previous reports demonstrated that, in
vitro LSU binds RNA in a sequence-unspecific manner®*®; MRL1 could then participate in
the process by providing sequence specificity for rbcL transcript. Its amount is linked to
the rbcL mRNA abundance and from our calculations, the number of LSUg-RAF1
intermediate that serve as the effector of the CES is in the same range of values (3.5-7
k). We showed that MRL1 is stable for at least 6h after an arrest of cytoplasmic
translation. In these conditions, RBCS translation is also arrested, therefore, at some
point, the translation of rbcL should also be arrested in a CES-manner. The fact that
MRL1 is stable in the inhibited background does not exclude that it is a part of the
inhibitory complex. Altogether, those clues draw a possible scenario for MRL1
participation in the CES process. To tackle this hypothesis, we have generated MRL1-
HA strains in the ArbcL, ARBCS and ARBCS;ArbcL contexts to follow its behavior
related to the CES process. In particular, we want to look at MRL1 possible modifications
(e.g. phosphorylation) that could alter its activity and its repartition in the complexes with
or without LSU. At the same time, the presence of rbcL (or of the reporter gene)
transcript in the unassembled LSU complexes will be tested through co-

immunoprecipitation.
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8. Conclusions

Rubisco biogenesis is tightly controlled by the nucleus through the posttranscriptional
regulation exerted via imported proteins. For now, only one factor — MRL1 has been
involved in this process. It remains unknown if it is the sole, rbcL dedicated OTAF as our
efforts to target other putative factors have been fruitless. However, we were able to
demonstrate that MRL1 alone is required for both accumulation and translation of rbcL
transcript suggesting that it might be sufficient for its expression.

At the same time the CES process ensures an additional level of control depending
on Rubisco assembly. In this work we have shown that in Chlamydomonas reinhardtii,
the expression of rbcL is controlled by the presence of the SSU. In its absence, large
subunit autoinhibits its own transcript’s translation, possibly through an interaction with
its 5’UTR. This process depends on LSU assembly as mutations aimed to prevent LSU
oligomerization allow escaping the regulation. We propose that a high oligomeric state in
LSU assembly pathway — an octamer, bound with RAF1 chaperone is the effector of the
inhibition. We hypothesize that this oligomer could contain other proteins e.g. directing
the RNA recognition. Experiments are ongoing to test the composition of the complex
and hopefully identify new Rubisco regulatory factors. One possibility is that the two
processes of anterograde signaling (post-transcriptional gene regulation and CES) are
interconnected and that MRL1 would be implicated in the CES process as the specificity
factor for rbcL 5’UTR.

The analysis of the assembly mutants, generated during the time of my thesis,
allowed us also to bring some evidence on the fate of Rubisco large subunit. We
propose a model where Rubisco synthesis is tuned to the availability of SSU within the
stroma. LSU accumulation is limited at the assembly level, by the amounts of its
chaperones necessary for its stabilization. Any excess is proteolized, as we could not
observe any soluble, un-bound LSU. The first stable form is most probably a LSU dimer
stabilized through its interaction with RAF1. When unable to dimerize, monomers are
either proteolized or are re-captured by the CPN60 complex. Accumulation of any further
oligomers is limited by RAF1 and most probably other factor(s). Further experiments are
needed to elucidate the individual function and relationships between factors required for
Rubisco formation. Beside RBCX and RAF1 that seem to be bona fide LSU assembly
chaperones, the RAF2 and BSD2 chaperones are believed to participate in the process
at different stages. From our observation of mutated LSU (LSUgmut) aggregation it is
tempting to suggest that LSU needs to interact with chaperones that would guide the
nascent polypeptide to the CPN60 complex. On this behalf, unraveling of the BSD2

mechanism of action could shed light on the early stages of LSU synthesis.
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9. Materials

Table 9.1: PCR oligonucleotides used; Modified sequences compared to the endogenous

sequence are shown in lowercase letters

Primer name

Sequence

IP-R15 lin.F CGTTTCCTTTTCGTTGCTGAAGC
IP-R15in.R AGGTGGAATACGAAGGTCTTCAAG

IP- LS-A143.F CTTCGTATTCCACCTtggTACGTTAAAACATTCGTA
IP-LS-R215D216.R AACGAAAAGGAAACGtgCAgcCCAACGCATGAA
atpB Pst.F gcgetgcagCTATTAGTAAAGCTGCTTCATT
atpB Spe.R tcgactagtTCACACTCTTATTATTTACTCGCACGT
IP-R15 E109.R GAATAAGTCGATTGGGTAAGCTACG

IP-R15R253 Pst.F

gctGTATGTGCTAAAGAATTAGGTG

IP-LSE109A Bam.F

CCAATCGACTTATTCGCctGAAGGaTCcGTAACTA

IP-LS R253A P.R

TTTAGCACATACaGCAgcTTTCATCATTTCTTCACAA

PsaAProm.F

cacgtgCTTTTACGAATACACATATGG

psaAProm-rbcL.R

AGTTTCTGTTTGTGGAACCATGGATTTCTCCTTATAATAAC

psaAPromRbcL.F

GTTATTATAAGGAGAAATCCATGGTTCCACAAACAGAAACT

RbcL EcoNI.R CGACCGTAGTTTTTAGCTGAA
IP-PsaAProm.F GAGAGGAGTGAACAGTCACGTGCTTTTAC
IP-Rbcl EcoNI.R CATAAACTGCACGACCGTAGTTTTTAGCTGAAAGAC
IP-R15 BseRI.R ACTGTTCACTCCTCTCCAATATAGTAG

IP-R15 EcoNI.F2

GTCGTGCAGTTTATGAATGTTTAC

LSmutA143W.F

TGAAGACCTTCGTATTCCACCTTGG

LSA143wt.F TGAAGACCTTCGTATTCCACCTGCT
LSmutD216A.R GCTTCAGCAACGAAAAGGAAACGTG
LSD216wt.R GCTTCAGCAACGAAAAGGAAACGGTC
LSmutE109A.F AGCTTACCCAATCGACTTATTCGCT
LSE109wt.F CGTAGCTTACCCAATCGACTTATTCGAA
LSmutR253A.R CTAATTCTTTAGCACATACAGCAGC
LSR253wt.R TAATTCTTTAGCACATACTGCACG

Table 9.2: Antibodies used in this study

Antibody Reactivity Origin
aRubisco Type 1 LSU, SSU; Type 2 Gift from Spencer M. Whitney
LSU
aCyt f Chlamydomonas Generated in the lab
Cytochrome f
aCPN60 CPN60a; CPN60B Gift from Michael Schroda
aRAF1 Chlamydomonas Rubisco Generated by Genescript
Accumulation Factor 1
aTubulin Plants, algae atubulin Agrisera
aRPS12 pRibosomal subunit 12 Gift from J.D. Rochaix
aEPYC1 CrEPYC1 Gift from Martin Jonikas
aHA HA-tag Covance
aPsaD Photosystem | subunit D Agrisera
aOEE2 Oxygen evolving complex 2 Generated in the lab
LHCII PSII Light harvesting Gift from R. Basi
antenna
aRabbit = HRP-conjugated Polyclonal, rabbit-raised Promega
secondary antibodyPoyiclonal antibodies
aMouse = HRP-conjugaeted Monoclonal, mouse-raised Promega

secondary antibodyPolyclonal

antibodies
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Table 9.3: E. coli used in this study

Strain

Description

Origin

NEB 5-alpha

Thermocompetent strain

New England Biolabs

Table 9.4: Chlamydomonas strains used in this study

Strain Mutation Origin Reference
T222+ Wild type strain used in | Derivative of 137c | ChlamyStation
the laboratory Collection*
ARbcL 1.7.5 Deletion of the rbcL | WTN+ wild type
gene par insertion of 1
the antibiotic resistance
cassette
AR T1.3+ Detetion of the rbcL | ARbcL 1.7.5
gene par insertion of | crossed with This study
the antibiotic resistance | WT24- strain
cassette
ASSU Call3.1B-; Cal13.5A+; Mutant from R.
Insertional mutagenesis | Dent
deletion of a 35kbp | photosynthetis 293
region resulting in an | mutant collection
absence of RBCS1 and | backcrossed to
RBCS2 genes T222+
5'UTR rbcL:petA 5'UTR rbcL driven petA 1
gene
5'UTR rbcL:petA:ASSU 5'UTR rbcL driven petA | 5UTR rbcL:petA :
. . . 2 progenies
gene with a deletion of | crossed with T1.2 and O1.4
both RBCS genes ASSU (Cal13.1B-) ) )
5'UTR psaA:rbcL geli'I(;R psaA driven rbcL This study
5'UTRpsaA:rbcL:ASSU This study
5’UTRpsaA:rbcL;5’UTRrbcL:petA:ASSU This study
5'UTRpsaA:rbel;5'UTRrbeL:petA:ASSUWT | Crossed with WTS24- progenies of cross This study
LSU* This study
LSU*:5'UTR rbcL:petA This study
LSU*:5'UTR rbcL:petA:ASSU This study
LSUgmut rbcl A143W-R215A-D216A This study
LSUgmut:ASSU tbcL  A143W-R215A-D216A  in This study
canz.sa+ background
LSU,mut E109A-R253A This Study
LSU,mutWT Reference strain This study
LSU,mut:ASSU tbcL  E109-R253 in  Call3.5A+ This study
background

* http://chlamystation.free.fr/
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10. Methods

10.1. Cultures
C. reinhardtii

If not stated otherwise, wild type (T222+ : derivative of 137c strain) and mutant
strains of C. reinhardtii were grown on solid Tris-acetate-phosphate medium (TAP)
supplemented with agar and if necessary selective antibiotics, and in liquid cultures
under continuous, dim light (7 uM photons x m™? x s™) on an orbital shaker (120 rpm) at
RT. Cells from exponentially growing cultures (2 x 10° cells mL™) were used for all

experiments.
E. coli

NEB 5-alpha strain of E.coli was used for the plasmids amplification. It was grown
on solid and liquid LB medium at 37°C with shaking (liquid cultures) with or without

addition of the selective antibiotics.
10.2. Genetics methods
Chlamydomonas mating protocol

Strains of opposing mating types (“+” and “-“) were plated densely on the TAP
medium depleted 10x in nitrogen source and left for a 5-days starvation to induce
gametogenesis. Subsequently cells were mixed together in a 1:1 ratio in approx. 5 ml of
sterile water and let shaking for 30 min. After this, they were placed under 60 pumol
photons x m™? x s light without shaking. After the first signs of zygote formation (layer of
the cells forming on the surface and at the bottom of the flask) drops of the cell mixture
were deposed every hour on the TAP plates containing 30 g agar x I"*. After drying,
plates were kept in the darkness for 10-14 days for the zygote maturation. Subsequently,
vegetative cells were removed from the plate and zygotes were transferred to a fresh
TAP plate and then separated using Singer Micromanipulator. Additionally, each
zygotes-containing plate was treated with chloroform foams to kill any resting, vegetative
cells. Plates prepared this way were left overnight in dim light for the duration of the
meiotic division of the zygotes. Next morning progenies of the division were separated
on the plate and left for further growth. For a more descriptive, visual protocol see Jiang
and Stern, 2009 %8,
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Transformation protocols:
Nuclear

Cells are concentrated to a final density of 4 x 10° cells mL™ in TAP medium
supplemented with 40 mM sucrose and incubated at 16°C for 20 min. Subsequently cells
are electroporated (using GenePulser XCell™; BioRad) in the presence of up to 2 ug of
linearized plasmid and incubated at 16°C for 20 more min. Afterwards cells are plated
either on minimal medium (MIN: TAP without acetate) for the autotrophy recovery
selection or on TAP plates containing selective antibiotic (in the latter case cells are
adapted overnight on a rotary shaker at dim light for the proper expression of the
resistance gene).

Chloroplast

Chloroplast transformation was done as described in Boynton et al. 1988 **° . 1 x
108 cells are plated on a selective medium to create a “cell carpet”. 0.2 um tungsten
beads are used as carriers for the plasmid DNA (up to 4 ug). Transformation was done
using build in house particle cannon.

UV mutagenesis

15 mL from an exponentially growing culture at 2.10° cells/ml were poured in an
empty Petri dish together with a sterile paper clip. While stirring, they were exposed to
UV treatment in an in-house built UV box for 30s at 3.6 erg.mm™?.s™. Cells were
subsequently left to recover for one hour in the dark with stirring, before 250 ul (about
5.10° cells) were layered onto a 5FC containing selective TAP plate (2mg/ml). Cell
viability after UV treatment was estimated to be around 10%. To recover independent
mutants, multiple treatments were made, from which a single aliquot was used and put

on a selective plate.
10.3. Biophysics methods

The fluorescence based screen was conducted according to Johnson et al.
2009%%. TAP-grown cells/transformants were dark adapted for 15 min prior to the
measurements. Fluorescence kinetics induction was measured under constant

illumination of 120 or 250 pM red light photons x m?x s™ for 7 min.
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10.4. Molecular biology methods

If not stated otherwise DNA manipulations were done following standard
protocols as in Sambrook et al. 1989 3*'.

E. coli transformation

Transformation was done through heat shock method following the instructions of
the NEB 5-alpha cells provider (New England Biolabs).

Chlamydomonas fast DNA isolation

To perform genotyping, DNA was isolated using a little amount of cells
suspended in 10 pl water to which 10 ul of 100% ethanol was added and incubated 5
min at RT. Afterwards 80 pl of 5% Chelex resin was added and the mixture was
incubated 8 min at 95°C. The supernatant was separated and served as a template for
PCR.

Chlamydomonas RNA isolation, Southern blotting and hybridization

RNA isolation was done as described in Drapier et al. 1998 *°. RNA was
separated on 1.2% agarose gel with 8% formaldehyde. Subsequently, capillary transfer
to a TM Membrane (QBIOGEN) was done and the membranes were hybridized with

appropriate probes as described in Drapier et al. 1992 3,
Plasmid construction (pLSarp, @AXdB, pLomut, pLStr, paAR)

-pLSarp plasmid was generated using the In-Fusion PCR Cloning Kit (Clontech,
In-Fusion® HD Cloning Plus), following the manufacturer’s instructions, from the R15
plasmid backbone (Johnson et al., 2010) amplified with the IP-R15 lin.F and R primers,
and a 252 bp amplified region from R15 with primers IP- LS-A143.F and IP-LS-
R215D216.R introducing the A143W, and R215A and D216A mutations respectively.

The aadA excisable cassette driven by the psaA promoter described in** was modified
to replace rbcL 3’ regulatory region with the ones of atpB. To this end, atpB 3'UTR was
PCR-amplified and flanked by Pstl and Spel restriction sites using the atpB Pst.F and
atpB Spe.R primers, and cloned into Pstl-Spel digested paAX plasmid, yielding the
paAEXCdB plasmid. It was further digested by Kpnl and Sacl, blunted by NEB
Quickblunting kit and ligated into Aflll-digested pLS ARD plasmid, or R15 plasmid.
Clones in which the aadA cassette inserted in a reverse orientation compared to the rbcL

genes were selected, yielding pLSARD-X and pR15-X3’ respectively.
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-pLomut plasmid was similarly assembled from an R15 PCR-amplified fragment using the
IP-R15 E109.R and IP-R15R253 Pst.F primers, and a 473pb amplified fragment
containing the mutated rbcL region containing the E109A and R253A substitutions
introduced with the IP-LS E109A Bam.F and IP-LS R253A P.R primers. The aadA
marker (Kpnl-Sacl fragment of paAXdB, blunted) was thereafter introduced at the BseRl
site upstream of the rbcL promoter in reverse orientation compared to rbcL, yielding the
pLS2-X plasmid. To check that the cassette insertion is neutral on rbcL expression, the
aAXdB marker was also introduced in the pR15 plasmid, yielding pR15-X5’

To generate the paAR plasmid, the psaA promoter region was first fused to part of rbcL
CDS sequence by overlapping PCR using the following primers: PsaAProm.F,
psaAProm-rbcL.R, psaAPromRbcL.F and RbcL EcoNLR on the paAXdB and R15
plasmid templates with the Phusion Taqg polymerase (NEB). The resulting 814 bp
fragment was further amplified using the IP-psaAProm.F and IP-rbcL EcoNI primers, and
assembled into the R15 backbone amplified by the IP-R15 BseRI.R and IP-R15
EcoNI.F2 primers using the Clontech In-Fusion PCR Cloning kit. Insertion of the aAXdB
excisable marker (Kpnl-Sacl blunted fragment) was further performed at the BseRl
restriction site, yielding paAR-X plasmid in which the aadA marker is in opposite
orientation compared to rbcL. All clones were sequenced, and no mutations were found

within the chloroplast containing sequences.
10.5. Biochemical analysis:
Chlamydomonas “whole cell” protein preparation

Collected cells (30 x concentrated) were washed in cold 5 mM Hepes, 20 mM
EDTA buffer supplemented with EDTA-free protease inhibitors mix (Roche), then
resuspended in 0.1M DTT, Na,CO3 and frozen in liquid nitrogen.

Soluble fraction isolation

4 x 108 cells were pelleted and resuspended in Native Extraction buffer (20 mM
HEPES pH= 7.5, 20 mM KCI, 10% glycerol, 2x protease inhibitor mix). They were broken
using a French press cell apparatus (6000 psi) and centrifuged at 267000 rcf at 4°C for
25 min. Soluble fraction was collected and concentrated using Amicon Ultra 30 kDa

cutoff centrifugation units (Millipore). Samples were used immediately after preparation.
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Fractionation protocol

The experiment was done following a modified protocol described in Zhan et al.
2015°". 4 x 10° cells were resuspended in 5ml of buffer (5 mM Hepes, 20 mM EDTA
buffer supplemented with protease inhibitors mix), they were broken using a French
press apparatus (6000 psi) and centrifuged at 500 rcf at 4°C for 1 min to remove
unbroken cells. An aliquot was collected that would correspond to “whole cell” fraction.
The rest of the supernatant was centrifuged at 267000 rcf at 4°C for 25 min. the
supernatant was collected and concentrated using Amicon Ultra 10 kDa -cutoff
centrifugation units (Millipore) to create a “soluble” fraction. The pellet was resuspended
in the same amount of buffer supplemented with 2% Triton and incubated at RT with
gentle shaking for 15 min. It was finally spun down at 13200 rcf at 4°C for 20 min. The
supernatant was designed “Triton solubilized pellet” fraction and the remaining,
resuspended pellet made a “Triton insoluble” fraction. All fractions were immediately

frozen in liquid nitrogen and were used for SDS-PAGE analysis as described below.
Antibiotics Immunochase

To follow proteins’ lifetime, antibiotics arresting either chloroplast or cytoplasmic
translation (200 pg x ml™ chloramphenicol, 200 pg x ml™ lincomycine and 10 pg x ml™
cycloheximide respectively) were added to the cell cultures. At given time points cell

aliquots were collected and “whole cell” protein fraction was prepared.
Pulse experiment

Chlamydomonas '*C-acetate pulse experiment was done as described in Kuras
and Wollman 1994 ', 5 x 10° cells were washed one time in MIN medium then
resuspended in 5 ml of fresh MIN medium and incubated for 1h at RT with vigorous
shaking to remove the acetate from the medium. Subsequently, 5 pl of 1mg xml™
cycloheximide and 50 pCie of '*C-acetate were added to the cells. After 7 min of
vigorous shaking cells were mixed with 35 ml of cold TAP medium supplemented with
40mM acetate and immediately spun down. Afterwards they were washed in 5 mM
Hepes, 20 mM EDTA buffer supplemented with EDTA-free protease inhibitors mix
(Roche). Then they were resuspended in 0.1M DTT and Na,COs. Finally samples were
suspended 1:1 in 2% SDS, 20% sucrose solution, boiled for 1 minute, then spun down at
12 000g for 15 minutes and subsequently the supernatant was loaded on the gel. The
gel protocol and electrophoresis are described in?®. Afterwards, gels were dried and
exposed to autoradiography screens for at least one month. Phosphorescence signal

was measured using Typhoon FLA 9500 Reader (GE Healthcare).
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Protein quantification

Protein concentrations were measured calorimetrically by Bradford assay 3%

using QuickStart Bradford Dye reagent (Bio-Rad) following manufacturer’s protocol.

SDS PAGE:

Standard:

Protein electrophoresis in denaturing conditions was performed according to the

modified Laemmli protocol **°. For protein loading of “whole cell” samples, chlorophyll

fluorescence was used for quantification according to*®’. Samples were suspended 1:1 in

2% SDS, 20% sucrose solution than boiled for 1 minute, then spun down at 12 000g for

15 minutes and subsequently loaded on the gel. Electrophoresis was performed in midi

cool slab apparatus (Bio Craft Japan) with a migration buffer (12.14 mM Tris, 134.2 mM
glycine, 0.1 % (w/v) SDS, 1 mM EDTA). Table 10.1 shows gel casting scheme.

Table 10.1: Preparation of SDS PAGE gels (amounts for 1 gel)

Component Resolving gel Stacking gel
8% 10% 12% 4.5%
30% AA/bisAA 4 ml 5ml 6 mL 1.15ml
37.5/1
3M Tris-HCI pH=8.8 1.9ml 1.9mi 1.9mi -
0.5M Tris-HCI - - - 1.75 ml
pH=6.8
H,O MQ 9.1 ml 8.1 ml 7.1 ml 9.1 ml
SDS 20% 75 ul 75 ul 75 ul 37 ul
TEMED 20 ul 20 pl 20 pl 10 pl
10% APS 75 75 pl 75 pl 37 pl

For Pulse experiments

Sample treatment was similar to the one of Standard protocol. Electrophoresis

was done following the protocol from Kuras and Wollman 199

197
4 =",

In house gel system

was used for the electrophoresis with a migration buffer (12.14 mM Tris, 134.2 mM

glycine, 0.1 % (w/v) SDS, 1 mM EDTA). Gels were prepared according to the table 10.2

recipe.
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Table 10.2: Preparation of gradient SDS-PAGE gels (amounts for 1 gel)

Component Resolving gel - gradient | Stacking gel
12% 18% 5%
40% AA/bis AA 6 ml 9ml -
37.5/1
40% AA 6 ml 9ml -
30% AA/bis AA - - 5ml
37.5/1
3M Tris-HCI pH=8.8 10 ml 10 ml -
0.5M Tris-HCI - - 7.5 ml
pH=6.8
Sucrose - 5.3¢9 -
Urea 194¢g 19449 -
H,O MQ 8.8 ml 1ml 17.3 ml
TEMED 8.4 ul 9.6 ul 20 pl
10% APS 24 ul 24 ul 200 pl

Native PAGE

Native electrophoresis was done according to a modified Schégger protocol .

Samples (e.g. Chlamydomonas soluble proteins fractions) were suspended in Native
Buffer (20 mM HEPES pH= 7.5, 20 mM KCI, 10% glycerol, 2x protease inhibitor mix,
0.25% bromophenol blue). Electrophoresis was done either in MiniProtean
electrophoresis units, using predefined 4-16% gradient gels (Invitrogen) or in Midi cool
slab units (Bio Craft Japan) using gels casted according to the Table 10.3. Migration was
done at 4°C in a buffer consisting of 50 mM Tricine, 15 mM Bis-Tris pH=7.0 at constant
voltage of 60 V for 1h than 120 V.

Table 10.3: Preparation of Native PAGE gels (amounts for 1 gel)

Component Resolving gel - gradient Stacking gel
4.5% 15% 4%
30% AA/bis AA 1.7 mi 5.2 ml 1.33 ml
37.5/1
6x Gel buffer 1.75 ml 1.75 ml 1.67 ml

(300 mM Bis-Tris
pH=7; 3M ACA)

Glycerol - 21g -

H,O MQ Upto10,5ml | Upto 10,5 ml Up to 10 ml
TEMED 5 pl 5 pl 10 pl
10% APS 20 ul 20 ul 100 pl
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Two-dimensional electrophoresis

Native- to SDS-PAGE electrophoresis was done using strips from 1D-Native gels
that were incubated 30 min in equilibration buffer (50 mM Tris-HCI pH 6.8, 30% Glycerol,
2% SDS, 0,67% B-mercaptoethanol) than placed in the Midi cool slab gel unit (Bio Craft
Japan) and the second dimension denaturizing electrophoresis was conducted following
the protocol described in®®.

Gels and membranes staining

For in gel protein detection Coomasie blue staining was perfomed using
Coomasie Staining Solution (0.16% Coomasie brilliant blue R-250, 40% Methanol, and
7% Acetic acid) followed by multiple washes in 10% Methanol, and 7% Acetic acid. For
Mass-Spectrometry adapted protein quantification gels were stained using SYPRO Ruby
Protein Gel Stain (Thermo Fisher Scientific) according to the manufacturer's protocol.
Western blot membranes were stained using Ponceau Red stain (0.2% Ponceau red, 3%

tri-chloro acetic acid) followed by multiple washes with MQ water.
Western blotting and immunodetection

Protein transfer into nitrocellulose or PVDF membrane was done following
Towbin H. et al. **. Transfers were done in a Semi-Dry apparatus (Bio-Rad) using 3-
buffer system developed in the laboratory with a constant current of 1mA x (cm?)™ for
100 min. Membranes were then blocked with 3% dry milk (m/v) in PBS-T (1x PBS, 0.1%
TWEEN) buffer for 45 min and incubated in the primary antibodies for 1h, washed 3
times 10 min in PBS-T buffer and finally incubated 1h with the secondary antibody
conjugated with horseradish peroxidase. After 3 consecutive 10 min washes in PBS-T
membranes were exposed to Clarity™ Western ECL substrate (Bio-Rad) and bands’
chemiluminescence was detected using ChemiDoc XR+ (BioRad) apparatus.

Quantification of the signal intensities was done using ImagelLab software (BioRad).
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Summary

The necessity to coordinate the expression of genes originating from different genomes
within the plant cell resulted in the appearance of mechanisms imposing nuclear control over
organelle gene expression. Anterograde signaling through sequence-specific trans-acting proteins
(OTAFs) coexists in the chloroplast with an assembly dependent control of chloroplast synthesis
(CES process) that coordinates the stoichiometric formation of photosynthetic complexes.

Ribulose bisphosphate carboxylase/oxygenase (Rubisco) is a chloroplast-located carbon
fixing enzyme constituted of two subunits. Large subunit (LSU) and small subunit (SSU) are
encoded in the chloroplast and nuclear genomes respectively. In the stroma they assemble to
form a hexadecameric holoenzyme (LSUgSSUs). In this study | tried to highlight major regulatory
points of its synthesis in Chlamydomonas reinhardtii focusing on the posttranscriptional regulation
of LSU.

| showed that the MRL1 PPR protein is a limiting factor for rbocL mRNA accumulation.
Whereas it has been previously designated as a stabilization factor for the abovementioned
transcript, MRL1 appeared also to have a function in rbcL translation.

Most notably, | have demonstrated that in Chlamydomonas reinhardtii Rubisco expression
is controlled by the small subunit (SSU) presence. In its absence rbcL undergoes an inhibition of
translation through its own product — the unassembled Rubisco large subunit. This process
depends on LSU-oligomerization state as | was able to show that the presence of a high order
LSU assembly intermediate bound to the RAF1 assembly chaperone is essential for the
regulation to occur. In parallel | shed light on the fate of unassembled LSU in a deregulated CES
context, thereby improving our understanding of the process of its folding and assembly.

Résumé

La nécessité de coordonner I'expression des genes provenant de génomes différents
chez les plantes a conduit a I'’émergence de mécanismes imposant un contrdle nucléaire sur
I'expression génétique de l'organelle. Des signaux antérogrades, exercés par des protéines
reconnaissant des séquences spécifiques, existent en paralléle avec un contrdle des synthéses
chloroplastiques dépendant de I'assemblage (CES). Ensemble, ils coordonnent la formation
stoichiométrique des complexes photosynthétiques.

La Ribulose bisphosphate carboxylase/oxygénase (Rubisco) est une enzyme localisée
dans le chloroplaste qui contient deux sous-unités. La grande sous-unité (LSU) et la petite sous-
unité (SSU) sont codées par les génomes chloroplastique et nucléaire respectivement. Elles
s’assemblent dans le stroma du chloroplaste pour former une holoenzyme hexadécamérique
(LSUgSSUg). Pendant mon travail au laboratoire, j'ai tenté de décrire les étapes régulatrices
majeures de la synthése de la Rubisco chez Chlamydomonas reinhardtii en me focalisant sur la
régulation post-transcriptionelle de la LSU.

J’ai montré que la protéine PPR — MRL1 est un facteur limitant pour I'accumulation de
I’ARN messager de rbcL. Bien qu'il ait été décrit précédemment comme un facteur stabilisateur
du transcrit susnommé, MRL1 s’est révélé avoir un réle dans la traduction.

J'ai par ailleurs démontré que chez Chlamydomonas, I'expression de la Rubisco est
contrblée par la présence de la SSU. En son absence, la traduction de rbcL est inhibée par son
propre produit — la grande sous-unité non assemblée. J'ai pu montrer qu'un intermédiaire
d’assemblage, constitué de LSU en complexe avec sa chaperonne RAF1, est nécessaire pour
cette régulation, ce qui prouve gque ce processus dépend de I'état d’oligomérisation de la LSU.
Parallélement, j'ai caractérisé le devenir de la LSU non assemblée quand la régulation CES est
perturbée, et grace a cela ait contribué & améliorer la connaissance de son processus de
repliement et d’'assemblage.
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