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Abstract
The gatial organization ofhloroplast protein synthesis ati Calvin Benson Cycle in

Chlamydomonas reinhardtii

Shiva BakhtiarKoohsorkhj Ph.D.

Concordia University, 2021

Chloroplasts are the characteristic organellecétis of plants andalgae. They host
numerous essential metabolic pathwagsluding photosynthesidMany processes are required
for the biogenesis and homeostasis of the chloroplast. This thesiso@kllat the spatial
organization of some of these processethe chloroplast oChlamydomonas reinhardtiThis
unicellular alga is a model organism for chloroplast biolddpe diverse functions of chloroplast
depend on the translation thibusandsf different proteinsMost of these proteins are encoded in
the nucleus, translated in the cytoplasm, and imported into the organeHgapskitionally.
Translation byrganellebound ribosomes and tmnslational imporhavebeen described for the
ER andmitochondria, but not fothe chloroplastChapter 2describes evidence dbcalized
translatiomat the chloroplast i€hlamydomonaand addresses the questions of ribosome docking
on the chloroplasind cetranslational import of chloroplast proteins. The results reveal a domain
of the chloroplast envelop#hich is bound by translating cytoplasmic ribosomes ana is
specialized location ofco-translational protein import. These ribosomes are retained by
chloroplasts, during their purification from other cellular organelles, caisbalized on the outer
chloroplast envelope wittimmunofluorescencenicroscopy(lIF) and highresolution electron

tomography, and are translationally active-t@mslational protein import is supported by results



of fluorescencen situ hybridization (FISH) showing that mMRNAs encoding chloroplast proteins,
but not an mMRNA encoding a nehloroplast protein, are retained by this domain during
chloroplast purification. This envelope domain is spatially aligned with regibesvelopethat

were shown previously to riched in the protein translocons of the inner and outer membrane
of the chloroplast envelope (TIC and TOC) amesumed to be specialized locationgadtein

import. Inside the chloroplast and adjacenth®envelope domaimwith translating cytoplasmic
ribosomess the chloroplast translation zoneZdne). This intraorganiar compartment is where
plastid ribosomes translate subunits of photosystem | (PSI) and photosystem Il (PSIl) of the
photosynthetic electron transport chain. Together, these results reveal a complex spatial
coordination of translation by cytoplasmic arfuoroplast ribosomes for protein targeting and

biogenesi®f photosynthesis complexasthis semiautonomous organelle.

Chapter 3describes new insighinto the spatial organization of the Calvin Benson Cythe
pathway that converts Q0 carbohydratgin photosynthesidJsing fluorescence microscopy, |
show thatunder certain conditions, enzymes and related proteins in this pathway are localized to
a specific compartment in the chloropla3tis compartmerns different fromthewidely accepted
locations of these enzymesid suggest some intriguing possibilities and resolutions to current
problems in thdield. Togetherthesefindings support the highlgompartmentalized nature of
chloroplass in Chlamydomonas reinhardéind highlight the potentials of this model organism for
studying chloroplast biogenesis and addressing fundamental cell biology quedtioasyver,

they raise theossibility that similarorganizatios canoccurin more complex photosynthetic

organismsuch asiigherplants.
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CHAPTER 1: INTRODUCTION

1.1  Cellular Compartmentalization

Eukaryotic cells ardighly organized units. One of their defining features is the presence
of subcellular compartments called organelles. Each organelle has gpddiatictiors (Gabaldd
& Pittis, 2015) The organelles found in tgpical eukaryotic cell are the nucleus, the Golgi
apparatus, e endoplasmic reticulum (ER), the mitochondrion, lysosomes, and peroxisomes
(Alberts et al., 2002b)Each of theserganelles is bound by either a single or double merebran
which physically separates it from the cytoplag@ould, 2018; Mullock & Lzio, 2013) The
membrane also carries aélective import of proteins and transport of metabolites to establish the
organellar composition and can have roles in specialized organellar furiBiétimsne et al., 2019;
Gould, 2018) Compartmentalization by organelles increasifisiency as multiple pathways and
incompatible reactions can take place within a cell simultaneqidytin, 2010; Wellen &
Snyder, 2019)It can also prevent deleterious sig&actions, such as the action of pathways on

inappropriate substrat¢slechsler et al., 2021; Gabaldé& Pittis, 2015; Martin, 2010)

Many organelles are themselves partitioned into microcompartments theatcéiee
compartmentalization of biochemical pathw@ykartin, 2010; Wellen & Snyder, 2019)ogether,
these compartments amdicrocompartments regulatellular processes by concentrating the
required components to a specific space inside théRielthsler et al., 2021; Martin, 201®or
example, the mitochondria ian energyproducing organelle that has several well known
compartments. These include the outer and inner membranes, the intermembrane space and the
matrix (Bowsher & Tobin, 2001; Shimizu, 2019)ew imaging techniques have revealed that

these compartments are further subdivided into specific regions o, zmawh responsible for a



specific function.One example of these zones is #poptosis zonevhich is an area on the
mitochondrial outer membrane, where the proapoptotic factor Bak has been found to éowhlize

drive the mitochondrial apoptosis pathwd$himizu, 2019)We use the term fHz
subcellular region that is defined by the localization of marker prdi@iparticular processdmit

for which the ultrastructure is still unknown.

Meanwhile the ER igomposed of rough and smooth membrane domains. In addition to
this, it has contact sitedhat enable the exchange of material vdiffierent organelles, including
mitochondria, endosomes, and the plasma meml{amglish & Voeltz, 2013; Hoffman et al.,
2019) An example of this is the contact site between the ER and mitochondria which is called the
mitochondriaassociated membran&@hese specialized domairsve their own multiprotein

assemblies that accommodate their funcfldoffman et al., 2019)

Bacterial cells also have microcompartments whioé @nalogues to the lipidound
organelles found in eukaryotes. These microcompartments enclose clreattahs that benefit
from being separated from the cytos@larboxysomesare an example of a bacterial

microcompartment that is involved in G@xation (Kerfeld et al., 2018)

1.1.1 Compartmentalization of Chloroplasts

Chloroplasts are found only in plants aalfjae. They have long been known as the
organelle responsible for carrying out photosynth@sliserts et al., 2002a; Cooper, 2000hey
also perform several other critical functions suchths synthesis of amino acids and lipids
(Hernandez & Cejudo, 2021)Additionally, they play a role irthe assimilation of sulfur,

phosphorus and nitrogéArmbruster & Strand, 2020; Giordano & Raven, 2014)



Chloroplasts consist of six knowaompartmerd. On the outside, they are surrounded by
an envelope, composed of the outer and inner membranes. These two membranes are separated by
a narrow intermembrane spgémgel et al., 2015)0n the inside, they contain a matrix called the
stromaand an elaborate network of flattened membrawesgles called the thylakds (Chua &
Gillham, 1977) The fluidilled space within the thylakoids is called the lunfEngelet al., 2015;

Kirchhoff, 2014)

Each area is associated with its own function. For example, the chloroplast envelope, is
involved in the transport of photosynthetic metabolites, protein translocation, lipid transfer, and
exchange of ion@larvis & Soll, 2002; Thomson et al., 2020; Ulimann, 200k stroma contains
a variety of metaboli® nzy me s , multiple copies of the <c¢h

components of the chloroplast translation machifgtynann, 2001; Wallace, 1982)

The thylakoids are responsible the light dependent reactions of photosynthesis. These
reactions are carried out by several msitbunt complexesvhich include photosystem | (PSI),
photosystem Il (PSIl), their associated liistrvesting systems, chlorophyll a and b and
carotenoids(Schottkowski et al., 2012; Vothknecht ®esthoff, 2001) PSI, PSII and the
cytochromes b6/f are the major complexes of the photosynthetic electron transport chain (PET)
(Kirchhoff, 2019; Vothknecht & Westhoff, 2001PET oxidizes water to prale electrons for the
reduction of NADP, and the generation of an electrochemical proton gradient, whisddi$or
the synthesis of ATKBrudvig, 2008; Harris, 1989)The LHCI (light harvesting complex )
associated withphotosystem land LHCII (light harvesting complex IlI) associated with
photosystentl collect light for photosynthesis and determine how much light energy is transferred

to the photosystem($un et al., 2019a; Uniacke & Zerges, 2007)



Another compement found in the chloroplasts of most green algae is the pyrenoid
(Freeman Rosenzweig et al., 2017; Zhan et al., 20183% is a normembrane bound spherical
structure that is in the basal region of the chloroplast and isvet/an the assimilation of CO
during the Calvin Benso@ycle (Freeman Rosenzweig et al., 2017; Moroney & Ynalvez, 2007)
The pyrenoid matrix contains most of the pool of Ribulbse5 bisphosphate

carboxylase/oxygenase (Rubisco), which is a keyraezn CQ fixation (Mackinder et al., 2016)

1.1.2 Mitochondrial Compartmentalization

The mitochondria are in many respects similar to chloroplBst. organelles originated
through endosymbiosis and therefore have their own DNA and translation madeelyng,
2010; Rose, 2019Yhe mitochondria are best known for their role in energy metabolism, notably
cellular respiration and ATP synthes{Kihlbrandt, 2015) In fact, in nonphotosynthetic
eukaryotes, mitochondria are the main source of @dwsher & Tobin, 2001)rhemitochondria
are also involved in other essential functions. These includa tlaeiction of NADH and GTP in
the citric acid cycle, the biosynthesis of amino acids, heme groups arsllfonclusters or the
synthesis of phospholipids for membrane biogend hey are also involved in calcium signaling

and responses to strggsrzendafieMonsalve et al., 2020; Kihlbrandt, 2015)

Like the chloroplast, mitochondria are separated from the cytoplasm by an outer and inner
mitochondrial membran&.hese membranes divide tbheganelle into three compartments, each
with its distinct role and protein compositiihlbrandt, 2015; Rose, 2019)he innermost com-
partment, which is surrounded by the inner mitochondrial membrane, is known as the matrix. This

is the equivalent of the chloroplast stroma. The matrix contlagsitochondrial DNA, ribosomes



and enzymes of the citric acid cy¢ivendafieMonsalve et al., 2020; Kuhlbrandt, 2015; Rose,

2019)

The second compartment is the space between the inner and outer mitochondrial
membranes, known as the intermembrane spadile.matrix proteins imported into the
mitochondria from the cytoplasm must pass through the intermembrane space. This is done
through the translocon of the outer (TOM) and inner (TIM) memi(@revel et al., 2020a; Vogel,

Bornhovd, et al., 2006)

However, the inner membrane of thmitochondria is much more elaborate in
comparison with the chloroplast. This membrane forms multiple folds and invaginations into
the matrix which are called cristgRabl et al., 2009; Vogel, Bornhovd, et al., 2008)e space
within the cristae is known abe crista lumerThese cristae are where theteins involved in
the respiratory electron transport and ATP synthesis are lo@&iddbrandt, 2015; Ralgt al.,
2009)and are analogous to the thylakoid membranes in chloropz&sel et al., 2028, Rabl et
al., 2009) Furthermore, the connection between each cristae and inner mitochondrial membrane
is known agrista junctions. The TIM/TOM supercomplexes are also localizedsstie junctions
(Kuhlbrandt, 2015)analogous tdhe chloroplasfTIC/TOC complexeswhich will be discussed

further inChapter 2Gold et al., 2017a; Schottkowski et al., 2012b; Vogel, Bornhovd, et al.,.2006)

1.1.3 Compartmentalization of Protein Synthesis

Translation is an example of an essantellular processes that is compartmentalized in
eukaryotic cell§Hovland et al., 1996; Sommer & Schleiff, 201Except fora small minorityof

proteinswhich are synthesizedithin the mitochondria and the chloroplasts, protein synthesis is



partitionedbetween the cytoplasm and the outer surface of th¢AwBndafd-Monsalve et al.,
2020; Jan et al., 2014; Sommer & Schleiff, 20Many proteins argranslated by free ribosomes
at random locations in the cytoplag@ampbell, 1989)These proteins are later targeted to specific
organeles via the recognition of an-términal transit peptide on the protein by targeting factors
and the import translocon in the organellar membrane(s).rnéchanism, where the protein is
fully translated prior to import, is known as the ptanslational mport pathway(Avendafo-

Monsalve et al., 2020; Kim & Hwang, 2013)

In contrast, proteins destined for secretitve,Golgi, lysosomes ahe plasma membrane
aresynthesized by ribosomes that are bound to th@&R & Hwang, 2013) These proteins often
have an Nterminal signal sequencehich is recognized by a protein complex called signat
recognition particle (SRP) which directs them to tifamslocon in th&R membran€Aviram &
Schuldiner, 2017)0nce there, translatias activatedand the nascent polypeptidgranslocated
across the ER membrang for integral membrane proteins, intdhitough a mechanism known
as the ceranslational import pathwafAviram & Schuldiner, 2017; Sommer & Schleiff, 2014)
Co-translational protein targeting reduces the risk of protein aggregation in the cytoplasm, which

would prevent or impede their pesanslational impor(Grevel et al., 2020a)

1.1.4 Chloroplast and Mitochondrial Protein Targeting

Both chloroplasts and mitochondria originated frorhofpsynthetic bacteriathat
underwent endosymbiosigvith their respectivehost cellsapproximateleyl-2 billion years ago
(Keeling, 2010; Kim & Hwang, 2IB). Since then, many of the genes of the endosymbiotic bacteria

havebeen transferretb the nucleus, and the organelle genomes have been left with less than one



hundred proteiktoding genes onl{Kim & Hwang, 2013; Peeters & Small, 200T)day, most
mitochondrial and chloroplast proteins a&mecoded by the nuclear genoiaed synthesized by
cytoplasmic ribosomesThese proteins aubsequently imported into the organelles through a

complex protein translocation machin€l§eeling, 2010)

A total of 3000 proteins are thought to be present in the chloroplast. For the mitochondria,
this number is believed to be 20(Reeters & Small, 2001)hese proteins are found in the
membranes, intermembrane spaces or stroma and matrix of each of these ondevesitiasio
Monsalve et al., 2020; Peeters & Small, 200T)erefore, to get to their proper location, many of
these proteins have to cross a double membrane through the import trang®moinser &

Schleiff, 2014; Thomson et al., 20).

In the case of chloroplast$e widely accepted import mechanism is a {i@stslational
one(Weis et al., 2013b; Zerges, 2000his means therotein is fully translated biyeeribosomes
at random locations in the cytoplasm.eTtesllting pre-protein generallyhas a cleavable N
terminal extension, called a transit peptidéeis et al., 2013b; Zerges, 200@)ich is recogized
by the translocon at the outer chloroplast envelope, also known as the TOC complex and initiates
the translocation of there-protein into the chloroplagfAndres et al., 2010; Jarvis & Soll, 2002)
This acts in coordination with the translocatrthe inner chloroplast envelope, also known as the
TIC complex to fully import thepre-proteins into the chloroplast strort@oll & Schleiff, 2004;
Thomson et al., 2020After import, the Nterminal transit peptides are cleaved by proteases, to
create proteins that can be either foldeskembled into a functional complex, or targeted to one
of the many chloroplast compartmefdarvis & Lopezluez, 2Q3; Zerges, 2000)n addition to

transit peptides, there are molecular chaperons on both the cytoplasmic and stromal sides of the



chloroplast envelope that use ATP and facilitate the-fpasslational import of the nuclear

encoded prgproteins into tk chloroplas{Shi & Theg, 2013Strittmatter et al., 2010)

The predominant view of protein import into the mitochondria is #isough a similar
posttranslational mechanisif@Gold et al., 2017b; Kellems et al., 197épwever, recent studies
have demonstrated that this may be limited to a certain class of protsir{&artia et al., 2007,
Williams et al., 2014) For example,all studied matrix proteins or transporters such as the
ATP/ADP carrier (Aac2 or AAG)have been shown to mported after full synthesis vitro
(AvendaneMonsalve et al., 2020)However, in recent decadesvidence has been found in
support of localized protein synthesis at the mitochondrial outer memlinanehy suggesting a
co-translational import mechanism for this organé®®ld et al., 2017b; Kellems et al., 1974)
Indeed, it was demonstrated 30 years ago that a subclass of cytoplasmic polysomes is bound to the
suiface of mitochondrigAvendafieMonsalve et al., 2020; Garcia et al., 2007; Kellems et al.,
1974) More recently,electron microscopy imagésiveshown cytoplasmic ribosomes discrete
clustersnear the cristae junctior{&old et al., 2017)These ribosomelsave also beeshown to
interact specifically with theranslocon of the outer mitochondrial membrane, known as@ié
complex,andnascent chain bindingas been found to berucial for ribosome recruitment and
stabilizationto this regim (Gold et al., 2017b; Vogel, Bornhdvd, et al., 2006; Williams et al.,
2014a) This interaction highlights how protein synthesis may be coupled with trar{§uid et
al., 2017) Furthermore, numerousRNAs encodingmitochondrial proteindave been found
either on the mitochondrial surface or in close proximity, both in yashuman cedl consistent
with a role for cotranslational protein insertigsvendafieMonsalve et al., 2020; Gold et al., 2017;
Kellems et al., 1974Meanwhile, other studies have found that the proteins that are translated in

the vicinity of the mitochondria, are almost exclusively of prghktic originand ar&key elements


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5623831/#embr201744261-bib-0029

of the coremolecular complexe@Garcia et al., 2007; Gold et al., 201&xcessory proteinen the

other handwere translated on free cytoplasmic polyson{€arcia et al., 2007)Additionally,
proximity-specific ribosome profiling has shown that in yeast, most inrenbrane proteinasre
co-translationally targeted to the mitochondria, reminiscent of proteins entering the endoplasmic
reticulum (ER)(Lesnik et al., 2014; Williams et al., 20144} for the chloroplast, evidence for
localized ribosomes on thenvelope and the possibility of a-translational import mechanism

had not been found until now. However, the results presenteétdapter Zevealthe first examples

of such a mechanism in tiebloroplast of the greesigaeChlamydomonas reinhardtii

1.2 Chlamydomonas reinhardtias aM odel Organism

Thedevelopment o€hlamydomonaas a model organism dates to the 1950s when its first
mutants were generat@darris et al., 2009)Thisunicellular green alga is ideal for classic genetic
studies because of itaploid genome which allows for mutations to be immediately expressed
and produce an observable phenotyfbtarris et al., 2009; Merchaset al., 2007)Furthermore,
differentChlamydomonastrainscan be crossei the laboratoryto introduce multiple traits into
a single haploid strajifor example to generate double or triple mutgMsrchant et al., 2007,

Sasso et al., 2018)

Chlamydomonaalso has a fully sequenced and annotated chloroplast and nuclear genomes
which are amenable to manipulatiderchant et al., 2007; Shin et al., 2016also has a growing
array of tools and techniques for molecular genetic styMassgnug, 2015cluding agenome

wide library of mapped, indexed insertional mutafitset al., 2016; Sasso et al., 201&)d



CRISPRmediated targeted gene disrupti¢Rerenczi et al., 2017; Sasso et al., 2018; Shin et al.,

2016)

Today, this alga is widely used to study diverse cellular and metabolic processes such as
photosynthesigRochaix, 2001)chloroplast biologySun et al., 2019¥ilia structure and function
(Wingfield & Lechtreck, 2018)nutrient homeostas{&rossman, 2000; Merchant et al., 2Q06)
cell cycle control (Goodenough et al., 20073nd more.Among the features that make
Chlamydomonaan excellent laboratory species is its ease of use. This alga only requires water,
salts, air, and light and very little space to grow. In terms of studies on photosynthesis and
chloroplast biology, this alga has several advantages over plants. Fiest,atshort generation
time and cultures can be ready within dégsexperimentsin fact, under optimal conditions,
Chlamydomonasultures can grow so rapidly that they can double in cell numbers approximately
every 8 hourgHarris et al., 2009)Additionally, Chlamydomonasan grow in the darlon media
that has been supplemented waitetate while retaining a functional photosynthetic apparatus.
This has allowedor light-sensitive photosynthesis mutants to be isolated and remain fully viable
(Harris et al., 2009; Salomé & Merchant, 18 The existence and viability of such mutahts
greatly advanced ownderstanding of photosynthesis, particularly the order of electron carriers in
the photosynthetic electron transport ch@Borman & Levine, 1965; Sasso et al., 201)r
examplegwo core proteins of photosysten{l1 and D2)were first identified ilChlamydomonas
(Chua & Gillham, 1977; Sasso et al., 20a8) later proposed to be key components of the reaction

center in this photosyste(®asso et al., 2018atoh, 2003)

Chlamydomonasells andheir chloroplasts also have a highly stereotypical organization
which make it well suited for studi@s intracellular organization and the localization of specific

proteins andnRNAs. A typical wild-type cell has an oblong shape that is betwe&f fim in
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length(Harris et al., 20093nd is surrounded by a cell wadllach cell has a centraltogolic region
which containgontractile vacuoles, Golgi vesicles and several mitocho#tiaia et al., 2009)

(Fig 1.1 A)

The anterior poll of each cell contains tvilagella which are 1012 pm in length
(Wingfield & Lechtreck, 2018)Eachcell also has grominent cupshaped chloroplast which
makes up approximately 40% of the cell volufHarris et al., 2009; Proschold et al., 2Q08)is
single chloroplast is surrounded by a double membrane called the chloroplast envelope. Inside the
chloroplast, are the thylakoid membranes as well as ananbrane bound compartment called
the pyrenoid a well asstarch granulesAlso locatedbetween the inner and outarembranes of
thechloroplast envelopand the plasma membraisghe light sensingyespot which forms part
of the vision apparatus that directs phototactic respongeklamydomonagEngel et al., 2015;

Sasso et al., 2018)
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Fig 1.1- Cytological organization of Chlamydomonas reinhardticells. A) The alga is encased

in a cell wall (in black). Each cell has two anterior flagella. The cytoplasm is shown in white. The
typical compartments found in the cytoplasmic region c€rdamydomonagell include the
nucleus, mitochondria, the Golgi and contiactiacuolesB) The single cugshaped chloroplast

(in green) occupies a large portion of the cell's volurhe.basal region of the chloroplast contains
the pyrenoidP). Extending out fronthe basal regioaretwo chloroplastiobes.Also locatedin

the baal region is the -zone (T) which is the primary location for the synthesis and assembly of

photosystem II.
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The stereotypic morphology of this algal system has allowed us to identify even greater
organization in the chloroplast. Among these orgathiegions is a-Eone, located in the basal
region of the chloroplast (Fig 1.1 B). ThiszZbne is the location for thée novosynthesis and
assembly of photosystem Il and possibly photosysté8uh et al., 2019; Uniacke & Zerges,
2007) This domain is enriched inhloroplast ribosomes, photosystemsplecific translation
factors and unassembled photosystem Il protesae Appendix 1). Meanwhile, subunits of the
chloroplast import translocon (TIC and TOC) have been found to localize within the region that
connectlhe chloroplast lobes to the basal regidniacke & Zerges, 2009)The proximity of this
import domain to the -Eone, allows for the trafficking of nuclear encoded photosystem subunits.
Also in the basal regionye have found cytoplasmic ribosomexdlized on the chloroplast
envelope These ribosomes are specifically enrichethe area between the twbloroplastobes
(see Chapter 2). This spatial organization highlights the coordination of protein synthesis on and
within the chloroplast by itsMo genomes. Meanwhile in the lobes there is a domain that has some
of the markers for the Calvin Benson Cycle (see Chapter 3). This region works in concert with the
pyrenoid in the basal region, which as mentioned earlier is packed with Rubsepyrena
also houses ththiylakoid tubulesvhich areconnected to the thylakoidble et al., 2020; Zhan et
al., 2018) These tubuleare used to transport thequired molecuke such as C§ ATP, and the

intermediates of th€alvin-BensonCycle to the enzyme Rubisco.
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1.3 The Calvin Benson Cycle

As mentioned, chloroplasts are mainly known for their role in photosyntfésssis the
process by which plants, algae and cyanobacteria convert light energy into chemical energy
(Harris, 1989) Photosynthesis provides the oxygen weabh and the food we eat and is
essentially the foundation for all lifgHarris, 1989; Johnson, 2016)his procesgan be broken
down into two major stages: the ligtiépendent reactions and the ligihdlependent reactions, also

known as the Calvin Benson Cycle (Rochaix, 2001). These stages are highly compartmentalized.

The lightdependent reactions &klace within the thylakoid membranes. They are carried
out by several multisubunit complexes which include photosystem I, photosystem Il and their
associated lighbarvesting systems, as well as chlorophyll a and b and carotenoids (Harris, 1989;
Rochaix,2001). These two photosystems work together with cytochrome b6/f complex to form

the photosynthetic electron transport (PET) clidaihnson, 2016; Rochaix, 2001)

The PET reactions begin with photosystem Il using energy from the sun to split water into
oxygen, protons, and electrons (Brudvig, 2008e released £s used for aerobic respiration
while the released electrons start to move down an electron transport chain that works in concert
with a series of electron acceptors and carriers, such as plastoquinone, plastocyanin, ferredoxin
and ferreloxin NADP'" reductase (Gorman & Levine, 1965; Ullmann, 2001; Uniacke & Zerges,
2007). This flow of electrons ultimately leads to the reduction of NADP to NADPH while at the
same time, creating a proton gradient across the thylakoid membranes. This radiemt ¢s then

used by ATP synthase to make ATP from ADP (Brudvig, 2008; Wollman et al., 1999).
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The NADPH and ATP produced by the light reactions are utilized by the €Bénson
Cycle to fix CQ into carbohydrate¢Biel & Fomina, 2015; Gurrieri et al., 2021)he Calvin
Benson Cycle can be found in all photosynthetic eukaryotes as well as many photosynthetic
bacteria(Biel & Fomina, 2015; Meyer et ak020. The full cycle involves 13 redons that are
catalyzed by 11 different enzymes. These reactions take place in the chloroplast stroma and are
often divided into the following 3 steps: carbon fixation, reduction, and regeneration (Janasch et
al., 2019).The enzyme that initiates this pathway is ribuldsB-bisphosphate carboxylase
oxygenas¢Rubiscq. Rubiscotakes gaseous carbon dioxide (E@nduses it to carboxylates
carbon molecule called ribulode5-bisphosphate (RuBRErb & Zarzycki, 2018; Raines, 2003)
RuBP reacts with C&£and HO to produce two-phosphoglycerate (3PGA) molecules, each a 3
carbon carboxylic aci(Raines, 2003)The two triose phosphate sugars risgifrom this reaction
are then reduced and modified using NADPH and ATP from the light reaaidn8TP synthase
(Biel & Fomina, 2015; Erb & Zarzycki, 2018The regenerative phase of the cycle involves a
series of reactions &l convert triose phosphates into the-@@ceptor molecule, RuB@iel &
Fomina, 2015; Heldt & Piechulla, 2011; Re#n 2003)One in every six-8arbon sugars can leave
the cycle and five in every six reduced@bon sugars are required to regenerate RBiE &

Fomina, 2015; He et al.020)

Rubisco and phosphoribulokinase (PRK), the enzyme that phosphstiiatibstrate for
Rubisco, are the only enzymes that are unique to the Calvin. &jtlether enzymes in this
pathway can also be found in other processes such as the oxmiitese pbsphate pathway

and glycolysigAgarwal et al., 2009; Rumpho et al., 2009)
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1.3.1 Rubisco and Photorespiration

Rubisco is the most abundaahzymeon earth(lfiguez et al., 2020)As previously
discussed, Rubisco incorporateé®, into an organic molecule during the first stage of the Calvin
Benson @cle and therefore is the key enzyme in carbon fixgtiwh & Zarzycki, 2018; Jungnick
et al., 2014) However, in addition to its carboxylase activity, Rubisco also has an oxygenase
activity and when it is in the presence of, @ initiatesthe process gbhotorespiratiorfEisenhut
et al., 2019)Photorespiration is a wasteful pathway in thas#sATP and NADPHto recovera

carbonfrom the 2carbon produc¢iphosphoglycolatéBusch, 2020; Jungnick et al., 2014)

The emergence of oxygenic photosynthésido drastic increases in atmosph€ridevels
(Keeling, 2010; Nelson & BeShem, 2004)Under these conditions, the chance that oxygen will
compete with C@for the active site of Rubisco and lead to inefficienb@xation is high(Kiken
et al., 2018) This inefficiency is thought to be the reason for the high admgel of Rubisco in

photosynthetic organisn{Busch, 202Q)

1.3.2 Carbon Concentrating Mechanism

Atmospheric CO, concentratia is a major factor contributing to plant growth and
photosynthesis rat@ herefore increasing the efficiency of carbon fixation can directly increase
crop yields(Singh et al., 2014)The carbon concentrating mechanism (CCM) isadobical
adaptation to low carbon dioxide concentrations in the environment. It is a mechanism that evolved
in cyanobacteriaand eukaryotic microalgae but is now found in nearly all photosynthetic

organismqgCummins, 2021; Goudet et al., 2020he CCM concentrates carbon dioxide around
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Rubisco so it can operate more efficiently while minimizing the wasteful process of

photorespiratiorfGoudet et al., 2020)

Photosynthetic orgamss have a variety of ways to camtrate CQ and minimize
photorespirationand favor the carboxylase activity of Rubiscthese include biochemical
mechanisms which are found in plants withgwtosynthesis and crassulaceous acid metabolism
(CAM) (Keeley & Rundel, 2003)it could also include thactive transport dbicarbonateacross
membranes and processes that involve localized enhancement of tfeoricéntration by
acidification of a particular cellular compartment like those found in the green algae

Chlamydomona@Moroney & Ynalvez, 2007; Wang et al., 2015)

1.3.4 CCM in Land Plants

Land plants are often divided into three categoii&g. first category includes abd®5%
of plant species on Eardndare known a£3 plants(Busch et al., 2013)These planthave no
special features to deal with photorespirationC3 plants, anospheric CQis absorbed through
theleaf stomata and fixed by the enzyme Rubisco during tthiestep of the CalviBenson @cle
(Busch et al., 2013; Cummins, 202However, C3 plants are not adapted to -optimal
conditionsand inhot dry environmers, they close their stomata to prevent excessive water loss.
This closing of the stomatgprevents @from diffusing out of the leaf, thus increasing its
concentration relative to GOBecause these plants havecadbon concentrating mechanigimeir

photosynthetic efficiency suffers through the process of photorespi(@ardet et al., 2020)

The second and third categarfyplants are known &4 plants, an€€CAM plants. Both of
these plant types havepecial coping mechanisms that allow them to survive in varying

environmental conditions, such as hot dry habitats where water is not readily available. Both of
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these plant fges also have avb-stage process famoncentrating carbon dioxide near the enzyme
Rubisco (Keeley & Rundel, 2003)This means thaatmospheric C®is first fixed into an
intermediate 4arbonorganic acid called oxaloacetate. This step is carried out by-eubto
enzyme called phospboobyruvate (PEP) carboxylase that has no affinity far @xaloacetate

is then converted to anothercdrbon ompound called malatehich isdecarboxylated and the
released Cois fixed by Rubisco via the Calvidenson @cle, exactly as in C3 plan{Sowik &
Westhoff, 2011; Keeley & Rundel, 200%)4 plants separate thaitial CO, absrption and the
CalvinBenson @cle between different cell typeisg, mesophyll and bundisheath cellsjGoudet

et al., 2020) Meanwhile @AM plants separat¢hese stepdetween night and dafKeeley &
Rundel, 2003) This means tanight, they opentheir stomata, allowing C{to diffuse into the
leaves. This C®is then converted into oxaloacetate and malate through the same process as
described for C4 plants. Malate is stored in vacuoles and the next day, during daylight, it is broken
down and theeleased C®is fixed through the CalvilBenson @cle (Brautigam et al., 2017,

Singh et al., 2014)This controlled release increases the concentration efné&r Rubisco and

prevents photorespiratiqBusch et al., 2013 ; Gowik & Westhoff, 2011)

1.3.4 CCM in Cyanobacteria and Algae

Photosynthetic organisms like cyanobacteria and eukaryotic algae account for almost 50%
of the world's photosynthegi&iordano et al., 2005However, living in aquatic ecosystems they
often face many challenges in acquiring,C8ome of these obstacles include the slow diffusion
of CO in aqueous environmé CQ diffuses 10,000 times slower in water than in(@oudet et
al., 2020; Hagemann at., 2016) Also, most CQ@in water, which is near pH 7, is converted to

bicarbonate ios(HCOzs). Unlike CQO, bicarbonate iomcannot cross membranes and enter cells

18



and organelles by simple diffusi¢frei et al., 2021)To overcome these challenges, they have
developed a biophysical carbon coricating mechanism. These CCMs involve a set of transport
proteins and enzymes thdeliver the appropriate inorganic carbon species, like @l
bicarbonateHCOs into cells and concentrate it in a compartment that is packed with Rbiico

et al., 2021; Wang et al., 2015)

In cyanobacteria, for example, inorganic carbon in the forlH@Ds is pumped ito the
cytosol to a high concentratigflagemann et al., 2016JhisHCOs" is then converted into GGn
specialized compartmes called carboxysomes which aréeiil with Rubisco(Cummins, 2021)
Analogous to cyanobacterial CCMs, green algae concemt@@ in a microcompartment that
is found in the chloroplast called the pyren@broney & Ynalvez, 2007)The pyrenoid matrix
is packed with Rubisco. Also found in the pyrenoid are membrane tubules that agetedrn
the surrounding photosynthetic thylakoid membr@Aesman Rosenzweig et al., 2017; He et al.,
2020) Associated with the pyrenoid tubules is a carbonic anhydrase that cdn@€¥sto CO

for fixation by RubiscqBadger & Price, 1994; Moroney et al., 2011)

1.3.5 CCM in Chlamydomonas reinhardtii

The carbon concentrating mechanism in the model greerCéllgenydomonagvolves
three key elements: 1) inorganic carbon transporters gblisena membrane and chloroplast
envelope, 2) carbonic anhydrases (CA) which convert the accumulategd iHGlae cell to CQ
and 3) the pyrenoid which is tightly packed with the carbon fixing enzyme Rul@saalano et
al.,, 2005; Jungnick et al., 2014ECM in Chlamydomonads inducible under low C&®

concentrations and can be divided into two phases. In the first phase, inorganic carbon is taken up
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from the environment and delivered to the chloroplast, while the second part involves the
geneation of high levels of HC® in the chloroplast stroma, ugj the pH gradient across the

thylakoid membranéJungnick et al., 2014; Spalding, 2008)

The cabonic anhydraseroteins inChlamydomongsnclude CAH1, CAH4 and CAH5
which areup-regulated under low C{ronditions(Moroney et al., 2011; Rai et al., 2020AH1
is found in the perilasmic spacendgenerate$1CQOs in for transport to the cytoplasnCAH4
and CAH5 are localized to the mitochondt@ convert CO2 from respiration tdCOs™ for
transport to the chloroplagfungnick et al., 2014; Moroney et al., 201CAH3 carbonicis
associated with photosystem Il and is lagadi within the thylakoid lume(Moroney et al., 2011,
Wang et al., 2015)ts function is to convert the accumulaté@Os in the chloroplast to C&for
fixation by Rubiscawithin the pyrenoidBadger & Price, 1994; Jungnick et al., 2014; Wang et al.,
2015) Another important component of tiéhlamydomonas<CCM is the inorganic carbon
transporter system. These include the membrane proteins LCI1, LCIA and f8pabding,

2008)
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Fig. 1 .2- The Carbon Concentrating Mechanism in Chlamydomonas On the left, a
Chlamydomonasell is seen with the cughaped chloroplast in green, enclosing the nucleus (N)
and cytoplasmic region (cyto). The pyrenoid (P) is in the basal refite chloroplast. The box

on the right shows the carbon concentrating mechanighleamydomona®Bicarbonate ICOs”

) is transported from outside the chloroplast into the stroma by plasm@randransporters
HLA3 and LCI1, and envelope transporter LQBAso calledNAR1.2.in the figure above)lCAH1,

CAH3, CAH4/5, CAH6 and CAHS8 are carbonic anhydrases that convert the accumulated
bicarbonatdHCOs) to CQ.. The CQ s then delivered to the pyrenoid and is used as the substrate

for Rubisco(Adapted from(Jungnick et al., 2014)
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14 Thesis Overview

Despite our detailed knowledge of the compositytology,biogenesis antlinctiors of
chloroplasts, the cytological organizationtioé pathways #it converge for théiogenesiof the
photosynthesis complexes and the Calvin Benson Ggalecompletelyunderstood. To better
comprehend the spatial organization of these processes, this thesisesderassl key questions.

In Chapter 2, | address the leatanding question of protein imparito chloroplasts. show
evidencethat protein translocationnto the organellenvolves a cotranslational pathway, as
established for the endoplasmic reticulum and the mitochondria. For ngeleameencoded
proteinsthat are localized to chloroplastke field has largely favored a pdsinslational import
mechanism(Chua & Schmidt, 1979; Nakai, 2018; Soll & Schleiff, 2004; Thomson et al., 2020)
Such hasalso beencase for the mitochondrigChua & Schmidt, 1979; Grevel et al., 2020
However,in recent years, there has been growing evidence for ribosome association and mRNA
localization to themitochondrial outer membrane thereby supporting #raaslational import
modelof a subset of mitochondrial protei(Glaros et al., 1995; Gold et al., 20 Grevel et al.,

2020a; Ott & Herrmann, 2010)

Using different biochemical and microscamyproachesyereveal a spatially defined pool
of cytoplasmic ribosomes on the chloroplasCbilamydomonas reinhardtiwe showevidence
that these ribosomes are associated with the outer chloroplast envelope and present the first
example ofocalized translation on the chloroplastilso present examples of mREl#hat encode
chloroplast proteins, enriched this same regioifurther supporting the localized translation of

chloroplast proteins.

Our results further support thpossibility of a cetranslational import mechanism for

chloroplastiocalized proteinssince the localized mRNAs encode for chloroplast proteins and

22



because previous findings in our lab, found a specialized domain within the chloroplast that is the
platformfor the biogenesis gfhotosystems | and (Bunet al., 2019 Uniacke & Zerges, 2007
Together these findings reveal a spatially aligned translation zone on and within the chloroplast,

thereby supporting the idea of-tanslational import.

In Chapter 3, | provide evidence for a new compartment in the chloroplast of
Chlamydomonathat ma be involved in the Calvin Benson Cycle during the early stages of the
diel cycle.This is a finding that | madéalso show an initial characterizationladw the enzymes
involved in the various steps of this pathway are spatially organized. Chapter 4gaesenmary
of the magr findings discusses how they advance these fields of chloroplast biogenesis and
photosynthesisand proposethe future directiongor these projectsOverall, |1 show that the
chloroplast ofChlamydomonasg highly compartmentalized and much more complex than

currently believed to be
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CHAPTER 2: CHLOROPLAST -LOCALIZED TRANSLATION FOR PROTEIN

TARGETTING IN CHLAMYDOMONAS REINHARDTII

Adapted from: Sun Y., Bakhtiari S., ValentPaterno M., Wu Y., Law C., Dai D., Dhaliwal J.,
Bui KH., and Zerges W. (2021)Chloroplastiocalized translation for protein targeting in
Chlamydomonas reinhardtiBioRxiv doi: https://doi.org/10.1101/2021.12.27.474283

ABSTRACT

Translation is localized within cells to ensure that the protein products arrive at the proper
compartments, integrate into membranes and assemioliertonulti-subunitcomplexes. The ER

and mitochondria are bound by translating ribosomes for these fusicki@wever, chloroplasts

are believed to import only fully synthesized proteifise following results revise this view by
showing that translating cytoplasntibosomes are bound talamain of the chloroplast envelope

in Chlamydomonas reinhardtiRiboomes are retained by isolated chloroplasts and seen on the
envelope by electron tomography. Chloroplastind ribosomes are active, based on results of the
RiboPuromycylation assagethodand the puromychnelease assays. These ribosomes synthesize
chlorogdast proteins, based on their colocalization specifically with mRNAs encoding chloroplast
proteins, seen by fluorescenicesitu hybridization. Cetranslational import of these proteins is
supported by nascent polypeptide dependency of the ribesblm®gast associations. This
ribosomebound envelope domain aligns with the translation zone within the chloroplast, where
chloroplast ribosomes synthesize proteins encoded by the plastid genome. We propose that
translation on and within this semiautonomousaogdle is spatially coordinated to facilitate the
convergence of the nucleaytoplasmic and organellar genetic systems for chloroplast biogenesis

and proteostasis.
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2.1 INTRODUCTION

Translation is localized within cells to ensure the protein products are targeted to the proper
compartments, integrated into membranes or assembled to form con{plagex al., 2021 )or
example, cytoplasmic ribosomes (cytbosomes) bound to the ER synthesize nascent
polypeptides undergoing dcanslational import to the lumen or insertion into the organellar
menbrane. Peroxisomes and basal bodies are associated with mRNAs erthedimgoteins,
suggesting these organelles are sites of localized translation for protein ta(getgerhut &
Yamashita, 2020; Haimovich et al., 2016; Zipor et al., 20R8)A granules compartmentalize the
translation of spafic mMRNAs for coetranslational assembly of the proteasome and other yet
unknown functionqLui et al., 2014; Panasenka al., 2019) Mitochondria ofSaccharomyces
cerevisiaeand the chloroplast of the unicellular green aifdamydomonas reinhardtgontain
bacteriat y pe ri bos omes o meémiot amas dméds @r or especti vel
of proteins enoded by the small genomes in these semiautonomous organelles. A substantial
proportion of these ribosomes translate on membranes within the respective organelles for protein
targeting and membrane insertiiWeis et al., 2018 On the outer membrane of mitochondria, in
yeast and humaretis, cytaribosomes synthesize proteins encoded by the nuclear genome, many

of which undergo cotranslational impd@@laros et al., 1995; Williams et al., 2014

Chloroplast proteins encoded by nuclear genes are widely believed to be synthesized at
random cytoplasmic locations and undergo posttranslational irfaovis & Lopezluez, 2014,
Weis et al., 2013 This belief is based on the ability of isolated chloroplasts to imporitro
synthesized chloroplast ppeoteins (i.e. still having their fierminal localization sequence) and
EM images of chloroplasts lacking the arrays of bound-aptzsomes seen on the rough ER and

mitochondria(Weis et al., 2018 The possibility that translation is localizen or near the
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chloroplast in the unicellular green alGalamydomonas reinhardtivas raised by images from
TEM and fuorescence microscopy showing that the cytoplasm adjacent to the chloroplast is
enriched in cytaibosomes and the mRNA encoding a cbjwastlocalized protein(Colon
Ramos et al., 2003; Uniacke & Zerges, 200ghmediately within the chloroplastocalized
chlororibosomestranslate subunits of photosystem | (PSI) and photosystem Il (PSIl) into
membranes of thé@-zone an intraorganellar compartment where these complexes of the
photosynthetic electron transport system are assembled and thehtootitglakoid membranes
throughout the chloroplast to carry out the lighiven reactions in photosyntheg&chottkowski

et al., 2012 Sun et al., 2019Uniacke & Zerges, 20072009. These results suggest a spatial
coordination of protein synthesis by cyibosomes on the chloroplast and chlotmsomes
within for protein targeting and complex assemblgt it remains to be determined whether eyto

ribosomes translate on the chloroplast outer envelope membrane.

Here,we show that cytgibosomes translate on a domain of the chloroplast envelope in
ChlamydomonasThese associations are demonstratedwmytypesof experimental evidence
First, the retention of cytwibosomes by chloroplasts during their isolation from free -cyto
ribosomes and organelles known to bind them, i.e. ER and mitochon8daond,
immunofluorescence (IF) microscopy images of a markerridytsomal protein (cyL4) on the
chloroplast surface ardgh-resolutionelectron tomography images showing ribosome clusters on
the outer envelope membrafeanslational activity of these chloropldstund cyteribosomes is
demonstrated byesults of theRiboPuromycylation methodnd the puromycirrelease assays
(Kellems et al., 1974; Redman & Sabatini, 1966; Schmidt et al., 280@)oportion of these
chloroplastbound cyteribosomes were tethered by their nascent polypeptides, which were likely

undergoing cotranslational impantvivo. Synthesis of lsloroplast proteins on the cytdosome
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bound domain of the chloroplast envelope is supported by results ofdr@&#ing that isolated
chloroplasts retain on this domain mMRNAs encoding chlasbpproteins but not an mRNA
encoding a nowchloroplast protei. Finally, the cyteribosomebound domain of the envelope is
spatially aligned witiiwo chloroplast features related to protein import: domains of the envelope
enriched in the protein translocons of the inner/outer membrane of the chloroplast envelope (TIC
and TOC) and the -Zone (Figure 1A)Schottkowski e@l., 2012 Sun et al., 2019Uniacke &

Zerges, 200y

2.2 MATERIALS AND METHODS
2.2.1 Strains and culture conditions

Chlamydomonas reinhardtstrain used for most experiments has awell deficiency (CW15

to allow for the breakage of cells of isolation of chloroplaéts-400 MT+). For the results in
Figure 2, wildtype straincc-125 was used. Strains were cultured to PxHEis-mlt in high salt
minimal (HSM) mediumwith aeration, illuminated bfive banks of red and blue LEDsach at

at 150 puE-nf-st at 23 °C with orbital shaking (120 rpnej-400 was cultured in HSM containing
1.0% (w/v) sorbitol. Cultures weentrained under alternating cycles of 12 h light:12 h dark for 3
days to a density of ~4 x 9@ells-mft. Culture samplesvere harvested at the fourth hddiT4)

of final light cycle by centrifugation (3,000g, 5 min at RT).

27



2.2.2 Chloroplast isolation

Chloroplast isolation was performed as described previo{Mbson et al., 2006with the
following modifications Cell pellets were respended to 1xf@ells-mitin isolation buffer (1B)

[300 mM Sorbito] 50 mM HEPESKOH pH 7.5, 25 mM MgG), 0.1% (w/v) BSA]. Saponin
(Sigma, # 47036) 10% (w/v) freshly dissolvedisolation bufferwas added to 0.4% (w/v),
followed by incubation at 2ZC for 10 min with occasional gentle agitation. The resuspension was
passed twice through a 2jauge needle at 0.1lrs. Cells and chloroplasts were collected by
centrifugation at 750 g for 2 min at°C. The pellet was resuspendedigolation bufferand
overlaid onaPercoll gradienas described iMason et al., 20Q6I'he gradientvas centrifuged for

25 min at 3,200 g. The material at the@8% interface was collected. iSlwas diluted bythe
addition of 4 valimes of isolation buffeiChloroplasts were pelleted by centrifugation (670 g, 1

min, 4°C), resuspended in buffer according to the downstream use.

2.2.3 Immunoblot analysis

For the immunoblots in Fig.1E, an equahumber of isolated chloroplasts were resuspended in
SDSPAGE loading buffer and res@d by SDSPAGE (12% acrylamide)Sambrak & Russell,

2006) Proteins were transferred to a membrane of PVDF {B/D) or, for AOX1 detection,
nitrocellulose (BIGRAD) and reacted with primary and secondary antibodies as described
previously (Sambrook & Russell, 2006) The pri mary -BlhGantaCuzses wer
33757) (-AOX1L BAQriseraAB06 152, Lcyl¥ 5106,000pa0n) d-AtpBJ

(1:6,000). The secondary antibody was horseradish peroxidagegyated goat antabbit 1gG

antibody (KPL). Signals were detected using an ECL substrate (®+Hésiner) with an Imager

28



600 (Amersham/GE) acor di ng to the manufacturerds pr ot

conducted with Imager 600 Analysis Software (Amersham).

2.2.4 IF-staining and microscopy

IF-staining was performed as descriq@g@viously (Uniacke, ColorRamos, et al., 2011)he
primary antibodies and the dilutions were: Uc)
The secondary antibody was AlexaFluor568 conjugated to goatadbit IgG (Thermo Fisher).

For dual IFstaining (Figure2.1C), chloroplasts were firseac t e d -MCiIAt(1h700) and then

indirectly IFlabelled by AffiniPure Fab Fragment Donkey AR@abbit IgG (H+L) conjugated to

Al exaFluor 488 (Jackson I mmunoResearch 1l nc). C
and then indirectly IHabelled by gat antirabbit IgG conjugated to AlexaFluor568 (Thermo

Fisher). For consistency, the cyL4 IF signal is presented in magenta and other signals in green.
Microscopy was carried out with a Leica DMI6000B inverted epifluorescence microscope with a

63x Plan Apmbjective (NA 1.4) and further magnified by a 1.6x tube lens. Images were acquired

on a Hamamatsu Orca R2 C106DUB camera controlled by Volocity software (Improvision).

Filters: Texas Red (562/40nm abatiort 624/40nmemission) for AlexaFluor568 and GF

(472/30nm egitation 520/35nm enssion for AlexaFluor488. Acquired images were taken using

Z plane stacks with a spacing of 0.2 um per section; exposure settings, gain, and excitation
intensity were kept constant where comparisons between intensiass required. For

deconvolution, Zstacks were taken by series capture at a thickness of 0.2 um per section and were

deconvoluted with AutoQuant X3 (Media Cybernetics Inc).
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2.2.5 Probe design and preparation

Comp | e me n prabesywer8 designeéd against each mRNA sequence usiehlidg (12

24 probes for each mRNA). All probe sequences are provided in Table 1. The following sequence
was added to the 5NCEGEAAAGTTTEGAGGTGBACTQAGT@ H o b e :
This is thereverse complement of the X FLAP sequence used in Tsanov(&sahov et al.,

2016a) Oligos were ordered from Integrated DNA Technologies (IDT), in lyophilized format,

using 25 nmol synthesis scale, st anhfiertala des al
final C 0 n c e n t Eqaatvolumes of edch ptobeOwaschmbined together to generate
an equi molar probe mix, at Th2 X FLAMsequancexitedddd pr ob e

CACTGAGTCCAGCTCGAAACTTAGGAGG3 awvas 5N and 3Nj end | abel
equimolar probe mix was annealed to theofbphorelabelled FLAP sequence in a heat block

according to Tsanov et al. Annealed probes we

2.2.6 FISH

Slides were first boiled in 1.0 N HCL for 15 min teduce autofluorescenand air dried
overnight.On the following day, 40 ul drop of 0.1% PolyL-lysine (Sigma) was dispensed at one
end of the slide and smeared across with another slidé?dlizd-lysine coatedlides were kept

in a slide rack covered with aluminum foil and left to dry for threseteen daysOn the day of
theexperiment, pproximately k1P cells werealiquoted ontdhecenter of each slid€ells were
allowed to adhere to the slide for c.a. 5 min. Cell fixatawas performedusing 4%
paraformaldehyden(v) freshly diluted in 1X PBS (phosphate buffered saline) for 10 minutes. The

slideswere then incubated twice, 10 minutes each, in methanol 2 2 0 A C. The next
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performed on an orbital shaker at low spegidles were washed twice, 10 minutes each inPBS

Mg at RT. Permeabilization was done by incubating the slides in freshly prepared 2.0% (v/v)
Triton X-100 in 1X PBSor 10 min. Thiswvas followed by two 10 minutes washes in 1X PB&

at RT and a 20ninute washn 15% formamide freshly prepared in 1X SSQ3NaCl and 300

mM Sodium Citrate adjusted to pHO with HCI). The hybridization mix was made according to
Tsanov et alexcept forthe BSA concentration which was 4.5 mg/ml in the hybridization fix.

50 ul aliquot of the hybridization mix was placed on a cover slip. Each slide was gently blotted
with a kimwipeand placed cell side down onto the hybridization solution on the coverslip. The
slides were incubated overnight at 37°C in a slide hybridization oven. A piece of moist paper towel
was included to maintain humidity. Post hybridization buffer containin§4&, 15% formamide

was made fresh the next day. Slides were incubated in post hybridization buffer twice for 30
minutes each at 37°C. The slides were then washed twice XitPBEMg at RT, 10 minutes

each. Slides were blotted dry with a KimWipe. dl5of Anti-fade was added to the cell side of
each slide. A coverslip was placed on top of the-fadte reagent and sealed with nail polish. All
solutions were made with diethyl pyrocarbonate (DER€jted waterf-or the results in Figure
2-4A, the average FI$ signal intensity from the probe with random sequence obtained for cells
or chloroplasts in each trial was subtracted from the average intensities of the mMRNA FISH probes.
p-values are from 2 ai | ed Steusdtesnt ®esmptar i ng, n @ing3 bi ol
independent cultures. The images in Figew4B-D were adjusted to best show distributions of
each mRNA signal using Photoshop (Adobe). The TUB2 mRNA FISH signal was seen previously
throughout the cytoplasm in deflagellated cells, as we observedgussibly because the strain
that we used lacks flagella (Supplemental Figure 1D, FiguB). Specificities of the FISH

signals of the RBCS1/RBCS2 and LHCBM2/7 mRNAs were demonstrated previously. To
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determine the average distribution of fluorescemagin cells or chloroplasts of a data set, we
used a macro which operates within ImageJ, described previously

(https://github.com/Zergeslab/cellHarvester).

2.2.7 Image analysis of distributions of average fluorescence signails situ

The average signal intensity heatmaps representinig-#itu pattern of our microscopy images

wer e acquired usi ng an aut omat.eAl ima&gesj were macr o
deconvolved and the acquisitions were compiled into their respective nmmaxamprojections. The

first part of the protocol uses the ona to identify and outline chloroplasts in bright field images.

The outlined shape is then superimposed onto the corresponding fluorescent Gtenmetlined
chloroplasts within the acquisitiare then cropped to individual files and, based on bright field
images onlypriented manually to make horizontal their longitudinal axis with the anterior (lobes)

on the left and the basal region (pyrenoid) on the right, as is shown in the figuresildk ls@

noted that in isolated chloroplasts the lobes are seen as poorly resolved material connected to one
side of the chloroplast whereas the pyrenoid marks the posterior/basal region. Each chloroplast
image is subsequently saved in an output foldercAdpped and orientated chloroplasts within

each output folder in the data set were compiled into a single folder. This library was inputted into
the second part of the macro which compil ed al
c e | | & ensunng that they all contributed equally to the average. X and Y values were assigned

to make sure all chloroplasts in the data set are set to the sam@&lsealatput file was displayed

as a heatmap in Fiji.
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2.2.8 High resolution electrontomography

Sections of 300 nm thickness from the resmbedded cells above were collected on Formvar
support slot grids and stained. The daeis tilt series were collected using the FEI Tecnai G2 F20
200 kV TEM equipped with a Gatan Ultrascan 4000 4k £CD Camea System Model 895 and

a single tilt hol der . Ti |t series were then
magnification, 5.91 A pixel size using SerialERbr the second axis tilt series acquisition, the slot

grid was rotated 90manually and the same area of interest was searched manually. Fagidual
tomograms were reconstructed from the tilt series using IMOD software paéiageer et al.,

1996) The modelling and visualization of the membrane and-gttsomes were done also by

IMOD.

2.2.9 RiboPuromycylation and puromycin-release assays

For theRiboPuromycylatiormethod isolated chloroplasts (1x&@nl? in isolation bufferwere
treated with 1.0 mM puromycin (Bioshop) for 10 min at RT and thestdihed with a mouse
monoclonal antibody against puromycin (DSHB Hybridoma Product ¥, deposited by J.
Yewdell). The IF sigal was specific (Supplemental Figure 2C). The puromsalease assay
followed protocols that were used to show ribosome association to ER, mitochondria and thylakoid
membraneg§Redman & Sabatini, 1966; Schottkowski et al., 20£2-400 cells (9 x 1) were
pelleted by centrifugation at 3,000 x g, 5 min at RT. Gelhsity was adjusted with HSM
containingl.0% (w/v) sorbitol to 1.2 x 1Q Cdls were treated with 10 pg-miof cycloheximide

for 10 min, then pelleted by centrifugation at 3,000 x g for 5 min at RT and resuspended|in 9.0 m

of isolation buffer with0.4% (w/v) saponin and 10 ug-i of cycloheximide. Chloroplasts were
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isolated as previously describ@dason et al., 200Gandresuspended with 1.0Insolation buffer

(150 W), pelleted at 1,000 x g for 3 min at RT, resuspended with 1.0 mL of one of the following
four conditions: 1)solation buffer- 5 mM DTT, 2)isolation buffe+ 5 mM DTT+ 750 mM KCl,

3) isolation buffer 5 MM DTT+ 1 mM puromycin + 750 mM KCI and #plation buffer+ 5 mM

DTT + 1 mM puromycin. Samples were incubated at RT for 20 min. Chloroplast were pelleted by
centrifugation (1,000 x g for 3 min at RT) for immubl®t analyses. Results are from three
concurrent biological replicate experiments.(frem independent cultures, Supplemental Figure

4).

2.210 Preparation of low-density membranes

Chlamydomonas reinhardticc-400 strains were cultured ifiris-AcetatePhosphate
medium (TAP)(Harris, 1989 supplemented with 1% (w/v) sorbitohder continuous white light
(approximately 50 pE-rAs?) at 24°C with gentle stirring t@.5x10° - 5x10° cells ml™%. Sequential
sucrose density gradients were used to fractionate membranes (Zerges and, ROS&)ix
Chloroplasts were isolated as described above except that the concentration of saponin was 0.25%
(w/v), and the cell lysate was subjected to four passages through a syringeatéthf &.5ml/s
1. Chloroplasts isolated from X50° cells were osmotically lysed in 1.4l mf +Mg>* hypotonic
buffer [10 mM Tricine, pH 7.8, 5 mM Mggl 5 -m&fcafitoethanol] containingrotease
inhibitor cocktail for plants (BioShod)y pipetting 50 times with 4.0 m pipette. Membranes
were fractionated based on buoyant density by centrifugatid®@®t 000 x g(in a Beckman
SWA41Tirotor) for 16 h at £C on a continuous (0-B.8 M) sucrose gradient [prepared in +4Vig
hypotonic buffer]. The dark green bafrdpresentig the thylakoid membranespgs collected and

diluted with 3 volumes of +Mg hypotonic buffer. Membranes were concentrated by
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centrifugation at 30,000 rpm for 2 h (SW41Ti). The resulting pellet was fully resuspended by
pipetting with al.0 m pipette followed with intense vortex (30s x 3) in 1.6ai+Mg?* hypotonic

buffer [10 mM Tricine, pH 7.8, 10 mM EDTA] containimgyoteasanhibitor cocktail for plants
(BioShop) Membranes were fractionated based on buoyant density by centrifugatia® a00

X g for 16 h at £C on a continuous (0-B.8 M) sucrose gradient [prepared-Mg?* hypotonic

buf f er ¢ ont-mercagtoetigeol].5Thenfrdttiohs were collectg@001 1000l each)

from the top with a 1.0 hpipette with the disposable tigth its endcut to make a bore size of 3

mm.

2.3 RESULTS
2.3.1 Cyto-ribosomes associate with a domain of the chloroplashvelope

To explore the possibility that translation is localized to the outer envelope membrane of
the chloroplast inChlamydomongswe askedfirst whether cyteribosomes and chloroplasts
copurify away from cytaibosomes that are free or boundtmtaminating ERind mitochondria.

The chloroplast fraction retained more cylisosomes than can be explained by contamination by
mitochondria and ER (Figur21B). To determine whether these retained ¢yitosomes were
bound to the isolated chloroplastge imagedhe ribosomal protein cyL4 by IF microscopy. In
whole cells, the cyL4 IF signal was in a pattern consistent with the cytoplasm, with enriched signal
near the chloroplast, as was reported previously (Fi@QutB®, Supplemental Figur@.1A)
(Uniacke & Zerges, 2009bDn isolated chloroplasts, cyL4-Htgnal was seen on the chloroplast
envelope, which was elf--stained for the envelope marker protein LG¥amano et al., 2015a)

The cyL4 signal wadramatically enriched along the envelope specifically bordering the central
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nuclearcytosolic region (Figur€.1A and C). This localizationgitern can be seen in both a
representative chloroplast and the average signal distribution in all chloroplasts datshset
(Figure2.1C and D). This localized cyL4 IF signal on the chloroplast envelope was not from cyto
ribosomes on ER or mitochondreound to the isolated chloroplasts because the localization
pattern of cyL4 was not seen for marker proteins for these organelles (Supplementa? Edyure
and B). These results support associations of-ggtsomes with a domain of the chloroplast

envebpe which aligns with the-Zone within the chloroplast (FigugelA).
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Figure 2.1. Cytoribosomes are bound to a domain of the chloroplast envelope.

(A) Chlamydomonass used as a model organism for analyses of the cytological organization of
chloroplastic processes because it has a single chloroplast with a stereotypic morphology and
prominent cytological landmarks (AYniacke, ColorRamos, et al., 2011An illustration shows

the cilia pair at the anterior cell pole, the nucleus (N), cytosol (cyto), archktplast (green).

The chloroplast (green) has lobes which enclose the nujéaolic region (cyto), the pyrenoid

(P), the translation zone (T) and is surrounded by a dual membrane envelope (oranggp-The
ribosomebound domain of the envelope (neaga) includes the mRNA enriched region (cyan)
and overlaps envelope domains enriched in the TOC/TIC protein import translocons
(blackUniacke & Zerges2009b) (B) Results of immunoblot analyses of marker proteins in
extracts of inole cells versus isolated chloroplasts revealdytatribosomes (cyL4) preferentially
copurify with chloroplasts (AtpB) relative toyto-ribosomebound organelles; ER (BJPand
mitochondria (AOX1). (Immunoblot results represented by this graph are presented in
Supplemental Figure 4. Error bars= 1.0 SEM, n=3 biological replicates from independent cultures).
(C) IF-microscopy images of isolated chloroplasts show cyL4 loahlipea domain of the
chloroplast envelope, as seen relative to the envelope marker Téfabsence of LCIA signal

from the lobes of the chloroplast does not reflect a change in chloroplast morphology during
isolation (Supplemental Figure @)lason et al., 2006ajD) A heat map shows the average cylL4

IF signal of a maximal intensity projection from all cells or chloroplasts in these dafa=s&2

chloroplasts, n= 102 cell§BF, bright field; size bar, 5.0 um).
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2.3.2 Cyto-ribosomes on the chloroplast envefze domain imaged by highresolution
electron tomography

The evidence cited against chloropikstalized protein synthesis includes EM images of
chloroplast envelope devoid of bouridosomes andf chloroplast®f spinach leavesurrounded
by a cyteribosomefree zongCarde et al., 1982; Chepko et al., 1979; Chua & Schmidt, 1979)
Therdore, to determine whether cyttbosomes can be seen on the chloroplast envelope, and to
validate the cyL4 IF signal as a marker for them, we imaged cells withdhmsmsional high
resolution electron tomography (Fig#2). We focused on the envelopawkin that was seen to
be enriched for cytoibosomes by IF microscopy (FiguPelC) in cells undergoing high rates of
photosystem biogenegiSun et al., 2019 For reference, we imaged the envelope of chloroplast
lobes, which did not strongly 4&tain for cyL4. The results stv the presnce of ribosome clusters
on the chloroplast envelope domain where we observed the localized cyL4 IF signal (Compare
Figures2.1C and 2 C-F) (Supplemental MovieZl). Cytoribosome density was lower on other
regions of the chloroplast envelope,.@fthe chloroplast lobe (FigureZF and G) (Supplemental
Movie S22). This illustrates that, cytdbosomes are on the chloroplast envelope, thereby

corroborating the results of IF microscopy.
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Fig. 2.2. Electron Tomography images show cytdbosomes on the chloroplast outer
envelope membrane(A) An EM image of the cell that was imaged. (B) The illustration shows
the regions where the tomographs were acquired. (C) A tomographic slice showiegidheof
chloroplast envelope bound byto-ribosomes as seen by IF microscopy (Fig. 1C). (D) The image
in C with thecyto-ribosomes on the envelope marked with blue sphRiessomes were scored
based on their distance from the envelope, with onlyettizat were in close contact being selected.
(E-G) Models of chloroplast envelope (grey, cytoplasmic face of the outer membrane; black,
stromal face of the inner membrane) and bawyid-ribosomes (blue dots) as seen from the angles

shown in Panel B.
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2.3.3 Chloroplast-bound cyto-ribosomes are active

We used two assays to determine whetherdhleroplastoound cyteribosomes are
translationally active The RiboPuromycylationmethodtakes advantage of the conjugation of
puromycin to the nascent polypeptide when it terminates translation and releases it from a
ribosome. This method used the IF signal from puromgoimugated nascent polypeptides as a
marker for locations of translat in vivo (Schmidt et al., 2009)Chlorglasts were isolated,
treated with puromycin and then-ftained with an antibody specific to puromy¢Bchmidt et
al., 2009) These chloroplasts showed the strongestighal of puromycirconjugated nascent
polypeptides at the envelope domain that had the localized cyisighil (Figure2.3A).
Localization of most of thpuromycinsignal to the cytoplasmic side of the chlolast envelope
(LCIA) demonstrates that these nascent polypeptides were fronriloggmmes and not chloro
ribosomes (Figur@.3B). Moreover, thiguromycinnascent polypeptide localization pattern was
consistentlyseen in the chloroplasts imaged, as reacdy the averagpuromycinlF signal
distribution of maximal intensity projection of all chloroplasts in the data set (RRg(@3. These

results support translational activity by the chloroplamind cyteribosanesin vivo.

The puromycirrelease assay tests for organddlealized translation by exploiting the
specificity of puromycin for releasing translating ribosomes from their nascent polypeptides
(Redman & Sabatini, 1966Puromycininduced cyteribosome release is evidence that the
ribosomes were translating and tethered to the organelle by their nascent polypeptides that were
undergoing cotranslational passage via the protein translocons in the organellar mé@dbichne
et al.,, 2017a; Redman & Sabatini, 196B) addition, ribosomes on the ER, mitochondria and
thylakoid membranes required higinic strength (3050 mM KC) to be released, becauseyh

are bound to ribosome receptors on the organelle syAaetman et al., 1973; Chua et al., 1973;
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Kellems et al., 1974When chlooplasts were incubated in the high ionic strength condition (750
mM KCI), a significant proportion were released (32%, p= 0.037) (Figie). Therefore, this
proportion of retained cytdbosomes were bound to the chloroplast by-oovalent bonds alone.
Treatments with both puromycin and high ionic strength released 49% of the ribosomes (p=0.012),
a significantly higher proportion (by 17%, p=0.023) than were released during treatment with high
ionic strength alone. Therefore, these aytmsomes werbound to the chloroplasts by both ron
covalent bonds and their nascent polypeptides. This result confirms that some of the chloroplast
bound cyteribosomes were translationally actiire vivo and it reveals a dependency of these
associations on tethering of cytidosomes by their nascent polypeptides. This is considered
evidence that nascent polypeptides undergo cotranslational import into an orffatelihean et

al., 1973; Chua et al., 1973; Kellems et al., 19M9jreover, the retention of theuromycin
conjugated nascent polypeptides by the chloroplast is consisterthaiitibeing anchored in the
translocons for cotranslational import (Figl28A-C). Finally, treatment of chloroplasts with
puromycin alone did not release a significant proportion of their boytwekibosomes (p= 0.603),
revealing that few, if any, cytobosomes were associated with the chloroplasts by nascent
polypeptides alone. Together, these results reveal the chlorbplast cyteribosomes are active

and bound to the chloroplast by roovalent bonds and tethering by their nascent polypeptides.
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Fig. 2.3. The cyteribosomes on the chloroplast are translationally active and tethered by
nascent polypeptides(A and B)Results of theRiboPuromycylatiormethodshow IF signal of

the puromyciaconjugated nascent polypeptides (green), as markaenstation, localized to (A)

the cyteribosome (cyL4) IF signal (B) on the cytoplasmic side of the chloroplast envelope (LCIA)
(size bar, 5.0 um). Arrows indicate sites of colocalization of puroragyomugated nascent
polypeptides and cytdbosomes. Thgreen IF signal is specific to puromydifig S2C).(C) A

heat map of the average IF signal from the puromgomugated nascent polypeptides from all
chloroplasts in this data set (n= 30) shows that the individual chloroplasts are represébDiative.
Bar heights indicate the average proportion of ayth@somes (cyL4) retained by isolated
chloroplasts following the treatments indicated. (Immunoblot results represented by this graph are
presented in Fig S4.) High ionic strength was 750 mM KCI. (ErrorklaSEM, n= 3 biological

replicates from independent cultures).
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2.3.4 mRNAs encoding chloroplast proteins localize at the cytabosomes on the
chloroplast envelope

The results above support localized translation by chloreptastdcyto-ribosomes for
protein import specifically into the-Zone within the chloroplast (Figure 1A). This predicts that
the cyteribosomebound domain of the chloroplast envelope is assetiaith mMRNAs encoding
chloroplast proteins, but not mRNAs encoding-cbioroplast proteins. We used FISH to test this
prediction(Tsanov et al., 20)6The imported chloroplast proteins include subunits of the-light
harvesting complexegd.HCs), which each have three hydrophobic transmembrane domains and
are embedded in the membranes of photosynthetic thylakoid vesicles where they associate with
PSlandPSIlDal | 6 Ost o et al -Shem2200% BHC sudwnits sire cand&lateld ® n
be synthesized by chloroplasbundcyto-ribosomes and undergo cotranslationgbort because
most hydrophobic integral membrane proteins undergo cotranslational imporhrame insertion
or both (Ott & Herrmann, 2010; Williams et al., 2014nd such hydrophobic proteins have
propensity to aggregate in the cytoplasm whiabuld hamper their import and could cause
toxicity (Claros et al., 1995 herefore, we asked whether chloroplasts retain mRNAs encoding
LHCPs(Stauber et al., 2003, pQur FISH probe sequences are complementary to the mRNAs of
LHCBM2 (Crel2.g548400and LHCBM7 (Crel12.9g548950), close paralogues in a large gene
family encoding LHCPHqTable S1). The mRNAs detected by these probes are referred to
col | ec tLHE@BMO yrb. énzellshi the. HCBM FISH signal was detected from the cytosol,
where it was enriched near the chloroplast, as we reported previously (Figure 4E and Supplemental
Figure 1B)(Uniacke & Zerges, 2009bThloroplasts retained 96% of averagdutet signal, and
individual chloroplasts showed localized signal closely adjacent to, but not overlapping, the
chloroplastiocalized cyL4 IF signal (Figur2.4A and B). Consistency of this localization pattern

across all chloroplasts imaged was seendisplay of the averageHCBM mRNA FISH signal
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distribution (Figure2.4E). While the cytaibosomebound domain extends along the envelope
between opposing lobes, the strongest averalfeBM mMRNA FISH signal was localized at the
center of this domain (comtstcyL4 in Figure2.1D versustHCBM and RBCSin Figure2.4E,
illustrated in Figure2.1A). These results reveal a physical associationHEEBM mMRNAs with

the cyteribosomebound domain of the chloroplast envelope. We also used FISH to image the
distributions of thecytoplasmic mMRNAs encoding the small subunit of Rubisco, a chloreplast
localized CalviRBenson cycle enzyme. The Rubisco small sitbisnencoded by two highly
similar paralogous nuclear gendRBCSland RBCS2(Cre02.g120100 and Cre02.g120150,
respectively). We refeRBEG Itehcea us enRoNVArs Flo3 H epcrt
to both (Table 3.1). In cells, localization ofthe RBCSmRNAs in the cytosol was not evident in
most images, as was reported previously (Supplemental Rdig¢(Uniacke & Zerges, 2009
However, in a display of the averaB8CSFISH signal from all cells imaged, localization was
detected in the approximate locatiof the cyteribosomebound domain of the chloroplast
envelope (Figur.4E). Association oRBCSMRNAs with the chloroplaswvas revealed by our
findings that free chloroplasts retained 80% of average celRBESFISH signal and that
individual chloroplasts showed localized signal adjacent to the cyL4 IF signal primarily at the
center of the cytsibosomebound envelope donmai similar to the localization of theHCBM
MRNA FISH signal (Figur@.4A and C). Display of the avera@8CS-ISH signal confirmed this
localization and revealed that a greater proportion dRBESMRNA FISH signal was distributed
around the entire baséoosterior) region of the chloroplast, compared to the highly localized
LHCBM FISH signal (Figure@ 4E). Theg results support the translation of cytoplasmic mMRNAs
encoding chloroplast proteins by the cyflmosomes on the central region of the chlorspla

envelope domain.
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As a control for specificity of chloroplast localization by mRNAs encoding chloroplast
proteins, we similarly analysed the FISH signal from the mRNA'0OB2 which encodes R2
tubulin(Crel12.9g549550)Silflow & Rosenbaum, 1981)n cells strongTUB2mRNA FISH signal
was detected throughout the cytosol, as reported previously (Supplemental Figure 1D, Figure 4E)
(ColonRamos et al., 2003Chloroplasts retained only 2% of the cellulddB2 mRNA FISH
signal (Figure2.4A) and the residualUB2FISH signal from chloroplasts was neither enriched at
the cyteribosomeboundenvelopedomain nor did it overlap with the cyL4 signal (Fig@éD
and E). MoreoverTUB2 mRNA FISH signal from chloroplasts was probably +specific as it
was in a pattern resembling that of the signal from a control FISH probe with a sequenca which i
not in thegenome (Supplemental FiguzeD). Therefore, th@ UB2mRNA pool is not translated
by chloroplastoound cyteribosomes. Together, these results support specificity of chloroplast

localized translation of MRNAs encoding chloropllasialized poteins.
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Fig. 2.4. FISH results reveal that mMRNAs encoding specifically chloroplasbcalized proteins

are bound to isolated chloroplasts(A) Bar heights represent percentages of the average FISH
signal intensity from whole cells that were retained by chloroplasts for the mRNAs indicated.
(Error bars= 1.0 SEM). ®) ChloroplastsF-stained for cytaibosomes (cyL4) anBISH-probed

for the mRNAsencoding chloropladbcalized protein®of (B) the LHCBM mRNAs or (C) the
RBCSMRNAs. (D) Chloroplast FISHhrobed for theTUB2mRNA as a control mRNA encoding

a nonchloroplast protein. Size bar, 5.0 um. (E) Heat maps show the distributions of the average
FISH signals in maximal intensity projections of image stacks from all cells or chloroplasts in each

data set (n O 30 cells or chloroplasts per
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2.3.5 Biochemical evidence of the import envelope domain

We used subcellular fractionation to obtain biochemical evidence of a domain of the
chloroplast envelope that compartmentalizes translation by cytoplasmic ribosomes for chloroplast
biogenesis. We predicted that such a membrane would be associated withd30&es and
protein import translocons of the inner and outer chloroplast envelope, the TIC and TOC
complexes, respectively. Enzymes in chlorophyll biosynthesis were also expected because newly
synthesized chlorophyll and chlorophyinding apoprotein ind immediately and chlorophyll
synthesis occurs in the-Zone of Chlamydomonasnd at the envelope of plant chloroplasts

(Czarnecki & Grimm, 2012; Joyard et al., 2009)

Previously, a membrane fraction was purified from the chloroplag&thtdmydomonas

with features of a platform for translation of MRNAs encodgthle chloroplast genon{@erges

etd., 2002; Zerges & Rochaix,1998) Thi s membr ane was call ed Al ov

because it has a lower buoyant density than thylakoid membranes. LDM was shown to be similar
to the inner membrane of the chloroplast envelope in pigment and nrenipid compositias

and to be associated with ligattivated RNAbinding proteingZerges & Rochaix, 1998)lo
determine whether the LDMould be themicrodomain of the chloroplast envelope that
compartmentalizes translation by cytoplasmic ribosomes, we isolated it and characterized its

profile using immunoblot analysis.

LDM was prepared from isolated chloroplasts collected as a ygjtesn band from
sucrose density gradients (Fig 2.5 A, fraction F2) and compared to purified thylakoid membranes
from another culture, by immunoblot analyses (Fig 2.5 B, fractionA¥@gtion F2 was found to
be enriched in cyL4, suggesting the presence aFiglgbsome large subunits. It also had marker

proteins for the import apparatus, TOC 159G, TIC 110, TOC 75. F2 also had the chloroplast
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translation factor RBP40 and the chlorophyll marker POR. This membrane is not a thylakoid
membrane because it did novbaletectable levels of two abundant thylakoid membrane proteins
PsaA and PsbA (Fig 2.5 C). The protein composition of F2 differed substantially from that of
thylakoid membranes based on SPAGE and silver staining (Fig 2.5 Dyhis suggests that
LDM could be derived fromthe envelope domain that compartmentalizes translation by
cytoplasmic ribosomes for chloroplast biogenesid translation by the bacterigpe ribosomes

of the chloroplast in the-Zone.Additional work is required to explore this possibility
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Fig 2.5. Isolation and analyses dbw-density membrane.

A) Membranes fronpurified and fragmented chloroplasts were fractionated according to buoyant
density by isopycnic sucrose gradient ultracentrifugation. The first gradient (left) fractionated
membranes in the presence of Mipns. The dark green band was collected andifraated on

a second gradient lacking Nfg Fraction F2 was collected dsw-density membraneB)
Membranes frm fragmented cells were fractionated according to their buoyant density. The dark
green band in fraction F7 was collected as purified thylake@ichbranes. C) Immunoblot analysis
comparing fraction F2 (LDM) from the gradient on the right in panel A and fraction F7 (thylakoids)
from the gradient in panel B. Marker proteins include cytoplasmic ribosome (cyL4), subunits of
the chloroplast outer and ientranslocon (TOC 159G, TOC 75 and TIC 110), an enzyme in the
chlorophyll branch of the tetrapyrrole biosyrgigepathway, protochlorophylide oxidoreductase
(POR),a translation factor in the chloroplast (RBP4)d subunits of PSI and PSII (PsaA and
PsIA, respectively). Lanes were loaded according to equal protein of each fraction to reveal the
distributions of each protein across the gradiéhSilver staining of F2 and F7 fractions described

above differed substantially in terms of protein compasitio
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2.4 DISCUSSION

Our results reveal that the translation of mMRNAs encoding chloroplast proteins is localized
to the chloroplast envelope @hlamydomonasThis discoveryrevises the longtanding model
that all chloroplast proteins are synthesized throughout the cytofglasns et al., 2018 In
addition, the dependency ofcyto-ribosomechloroplast associations on riboscmascent
polypeptide connectivitgupportsco-translational import of chloroplast proteiffsig. 2.3D). In
this mechanism, the emerging nascent polypeptide is engaged by the TOC/TIC protein translocons
in the chloroplast envelope during its-ttanslational import, thereby tethering the eyittosome
to the chloroplasiTranslation localization at the ERdmitochondria also involveyto-ribosome
receptors on the organellar surfaces. These receptors were revealed by requirements for high ionic
strength for ribosome dissociation from these organgilggro (Bykov et al., 2020; Chua et al.,
1973; Kiebler et al., 1990; Lesnik et al., 201%he possibility that cytsibosomes bind to
receptors on the chloroplast surface is indicated by our finding that high ionic strength is required

to dissociate approximately 50% of théig. 2.3D).

Results reported here and previously reveal chkdroplast protein synthesis and targeting
is spatially organized in a fashion analogous to the organization of the cytoplasmic and organellar
translation systems for mitochondrial protein swsik inSaccharomyces cerevisiaead humans
(Gehrke et al.2015; Matsumoto et al., 2012; Stoldt et al., 2018; Vogel, Bornhovd, et al., 2006;
Zorkau et al., 2021)Mito-ribosomes synthesize subunits of the complexes of the respiratory
electron transport system and ATP synthase directly into the inner membedniorth the
invaginations called cristg&ogel, Bornhovd, et al., 2006; Watson, 1972; Zorkau et al., 202&)
sites where the inner membrane invaginates to forstae, cristae junctions, are preferential sites

of the early steps of complex assembly and translation of these suMagtd, Bornhovd, et al.,
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2006; Watson, 1%, Zorkau et al., 2021 Hence, cristae junctions are analogous to tzene of

the chloroplas{Sun et al., 2019 Similarly, the chloroplast envelope domaiound by translating
cyto-ribosomes is analogous to clustergtio-ribosomes that translate on the mitochondrial outer
membrane at cristae junctiofGarcia et al., 207; Gold et al., 2017Stoldt et al., 2018)The protein
import translocons in the mitochondrial membranes are also localized at cristae junotdogous

to the import envelope domains in the chloroplast envelope altb@ibosomebound envelop
domain(Gold et al., 2017Schottkowski et al., 2012/0gel, Bornhovd, et al., 2006 herefore,
spatial coordination of translation on and within each of the semianmous organelles might be a
fundamental aspect of the biogenesis of their electron transport complexesnsglational import

of mitochondri& proteins to cristae junctions is hypothesized to facilitate their integration into the
inner membrane and asskly with the locally synthesized protein products of mnitmsomes
(Formosa & Ryan, 2018; Fox, 2012; Grevel et al., 2028snik et al., 2015)Similarly, we
hypothesize thdtHCPs, and likely other chloroplast proteins, are synthesized eytilveibosome

bound domain of the chloroplast envelope and undergoaoslational import into the-Zone to
facilitate their insertion into developinghylakoid membranes and assembiyth subunits
synthesized by chlordbosomes. In this scenario, the homologues of the chloroplast SRP system,
cpSRP43 and cpSRP54, engage the nascent polypeptide as it emerges from the TIC translocon and
direct it to the translocon for eéoanslational isertion into developing thylakoid membranes in the
T-zone, thereby obviating the widely accepted and exceptionaltrpostational roles of the

chloroplast SRP system.
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CHAPTER 3: SPATIAL ORGANIZATION OF THE CALVIN BENSON CYCLE IN

CHLAMYDOMONASREINHARDTII

ABSTRACT

Compartmentalization is an important aspect of cellular processes because it can enhance their
efficiency and prevent deleterious side reactions. For example, orgaostipartmentalize many
metabolic pathway&erfeld et al., 2018)Within organelles there is a more fiseale localization

to regions called microcompartments or zo(®kimizu, 2019) This chapter describes novel
findings regarding the compartmentalization of the CaB@&mson cycle,lte metabolipathway

that is responsible for GQassimilation and primary carbohydrate production in photosynthesis.
This pathway occurs with chloroplass in plants and alga@within the chloroplast of the
unicellular algagChlamydomongsa microcompartment in the chloroplast, called the pyrenoid is
widely accepted as the primary location of Zation. This is because the pyrenadntains

most of the Rubisco in the cell, an enzyme that is responsible for the carbon assimilation step in
the Calvin BensorCycle. Here, we used fluorescence microscopy to reveal the spatiotemporal
organization of the enzymes and related proteins in this pathway. Our results reveal a compartment
in a specific part of the chloroplast, which is distinct from theepoid. This compartment may

have a role in th€alvin Benson Cycleespecially during the earlyid light phase of the diel

cycle.
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3.1 INTRODUCTION

A key challenge faced by all organisms, is the organization of the many reactions of cellular
metabolism. If carried out in a single environment, many of these reactions would result in
inefficient pathways or unwanted dpyoducts(Goodman et al., 2018)n eukaryotic cells, the
cytoplasmic space is compartmentalized by organelles. Organelles are further partitioned into
microcompartments that separate metabolic pools and engyedsld et al., 2018; Shimizu,
2019) This creates elevated concentration of substratelsenzymesn one regionwith set
thermodynamic parameters that favor fibievard reactiongFlechsler et al., 2021; Zecchin et al.,
2015) It can alsaallow for intermediates to be channeled between enzymes in a pathway while
preventing thenzymedsrom working on inappropriateubstrate¢Flechsler et al., 2021; Goodman

et al., 208).

Chloroplasts are organedifound in plants and green alga. They are the developmental fate
of the plastids in green tissues of the leaves and Hi€owper, 2000; Sakamoto et al., 2008)
Chloroplass havamany essential functions addition to their wetknown role in photosynthesis,
they synthesize lipids and amino acids for the (B#rgasLopez et al., 2013)Chloroplasts
photosynthesize carbohydratgsusing theCO; in the atmosphere, ttedectronsgeneratedrom
the oxidation of water anthe energy from light{Armbruster & Strand, 2020Photosynthesis
involves two major pathways, which occur in specific idindoroplast conpartments. Light
dependent photosynthetic electron transport generates NADPH and an electrochemical proton
gradient with three complexes embedded in the membranes of flattened vesicles called thylakoids
within chloroplastgAlberts et al., 2002Nollman et al., 1999)These reactions use electrons from
the oxidation of water and generatgds a lyproduct They also transduce light energy to generate

reducing equiglents in the form of NADPH and an electrochemical proton gradient across
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thylakoid membranes, which is used to synthesize ATP by the ATP sy(#iasss et al., 2002

Edwards et al., 2001)

Thesecond phasaf photosynthesis, the Calvin Benson Cyalees the NADPH generated
by the lightdependent photosynthetic electron transport system and the ATP synthesized by ATP
synthase to fix carbon dioxide and convert it to carbohyd(&asieri et al., 2021)This cyle
involves thirteen reactions that are catalyzed by eleven different enzymes. A key enzyme in this
pathway is RubiscCummins, 2021; Goudet et al., 2020@)adds carbon dioxide (GPto a5-
carbon CQ acceptor molecule called ribuledes-bisphosphate (RuBP). Ehresults in the
production of two &arbon moleculesalled 3-phosphoglycerate (3PGAHeldt & Piechulla,
2011; Raines, 20033PGA is metabolized in the Calvin Benson Cyoleither regenerate RuBP
or it is exported as triose phosphate which is used for the biesys of sugars (glucose, fructose,
sucrose) and most other organic compounds that make up éHgé#dit& Piechulla, 2011; Raines,

2003)

Rubisco carcatalyze the addition of both G@nd Q to ribulosel,5-bisphosphateThe
latter is calledoxygenation(Busch, 2020; Heldt & Piechulla, 2011; Keller, 2018)low COz:
high O ratioinhibits the carboxylase activity &ubisco and dalyzes its oxygenation reaction
instead.This results in the production ofZzacarbon molecule called-2hosphoglycolate (PG)
which is a potent inhibitor of several enzynaesl is metabolized through photorespira{Buasch,
2020; Eisenhut et al., 201®hotorespiration is considered a wasteful process because it works in
the opposite direction of photosynthesis; competing for ATP and NADPH auitsiiesa loss of

carbonthat could otherwise be used for sugar produditosenhutet al., 2019; Keller, 2010)

To enhance the carboxylation activity of Rubisco, many photosynthetic organisms have

developech carbon conceratingmechanism to increase the concentration of @@he vicinity
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of Rubisco(Cummins, 2021; Goudet et al., 202B)r exampleC4 plantssuchascorn,maizeand
surgarcane partition the initial CQ fixation step and the Calvin Benson Cycle between different
cell types (mesophyll and bundle sheath cel§dwards et al., 2001)CrassulacearAcid
Metabolismplantssuch as cactus and orchideparate these steps temporally, between night and

day(Brautigam et al., 2017; Keeley & Rundel, 2003)

In ChlamydomongsRubisco inefficiency is compounded by several additional factors.
Living in aquatic ecosystems, these organisms oftenlimiteg CO,, becausé¢he diffusion rate
of COxis 10,000 times slower in water than in @oudet et al., 2020; Hagemann et al., 2016)
Also, most CQ in water, which is near pH 7, is converted tCQs'-, which cannot cross
membranes and enter cadisorganelles by simple diffusigfrei et al., 2021; Goudet et al., 2020;
Yamano et al., 20)5To overcane these factor$Chlamydomonabasdevelopeda biophysical
carbon concentrating mechanishinis involves three key elements: HICOs'- transporters at the
plasma membrane and chloroplast envelope, 2) carbonic anhydrases (CA) which convert the
importedHCQO;3' in the cell to C@and 3) the pyrenoid, a microcompartment in the basal region
of the chloroplast that contains most of the cellgaol of Rubisco (Giordano et al., 2005;

Jungnick et al., 2014)

Consideringhe generation of £n the chloroplast byphotosystem 11(Sun et al., 2019
Uniacke & Zerges, 2007we asked what this could mean foe localization oRubisco and other
Calvin Benson Cyclenzymesn Chlamydomonadn the current modgeaside from Rubisco, the
ten remaining enzymes in this pathway assumed to b other parts of the chloroplast, and not
the pyrenoid(Zhan et al., 2018)However, their precise location is less knowising Venus
fusion congucts, a recent publicatioaimed to localize some of these protefKsiken etal.,

2018) However, &hough fluorescent protein tagging is a good method for analyzing dynamic
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behaviours, it may not be ideal for determining intraorganellar location in chlorofilasknown

that a protein tag might alter the structure of the target protein, and cause loss or alteration of its
function (Toya et al., 2010)Also, theoverexpression of the tagged protein may affect its
localization (Iwai et al., 2016; Toya et al., 201Mowever, the key disadvantage of using
fluorescent protein tags for localization studies in the chloroplast, ishtbeophyll, the green
pigmentthat isfound in plants and green algd@hlorophyllitself has autofluorescence and this
may mask subtle tmlization patternglwai et al., 2016)For this reason,mimunofluorescence
microscopy which uses fluorescently labelexhtibodiesmight be a better choice for localizing
proteins in this organelle. Although this technique has its own downfalls such as the possibility of
cross reactivity, this can be overcome by using proper controls such as deletion mutants to check
for specificity. The upside however is that immunofluorescana@oscopy iseasier tacarry out

and often provides better spatial resolutidmya et al., 2010; Vitha & Osteryoung, 2011)
Furthermoreit is difficult to control the conditions of Live cell imaging of tagged proteins. For
example, any localization pattern that regsispecific conditions (C£oncentration, light), ay

not be maintaingdvhile this can be easily achieved with immunolizedion techniques

Here, we usedmmunofluorescenceicroscopyto localize enzymes and related proteins
involved in the Calvin BensorCycle. We did this under two conditions atmospheric
CQO, concentrationversushigh CQ, where the CCM isactive orinactive respectively We
additionally explored the spatit@mporal distribution of these components using homogenous cell
populationdrom cultures synchronized t¢he diel cycle (12hr:12hr ligkdarkcycle). This allowed
us to look aspecificstages of the light phase and focus on the time points when photosynthesis is
maximal, unlike studies thdbcus only on thedark to light transition(Mitchell et al., 2014;

Strenkert et al., 2019Dur results reveal a compartment in a specific part of the chloroplast, that
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is distinct from the pyrenoid. This compartment may have a role in the Calvin BE€ystm

especially during the earlyid light phase of the diel cycle.

3.2 MATERIALS AND METHODS
3.2.1 Culture conditions

Cultures ofChlamydomonasvild-type straincc-125 were grown in higisalt minimal (HSM)
medium and eitheaeratedvith air (for ambient C@conditions), or with air enriched to 0.5 to 1%
CQO; (for high CQ conditions) at a flow rate of 300 to 400.min%. Cultures were illuminated
from the four sides anbttom by five banks of red and blue LEDs at 250 to 280 1Esniat 23

°C in the dayand 27°C at night. Cultures were entrained under alternating cycles of 12 h of
light:12 h of dark for 2 to Zonsecutivedaysuntil they reached density of 1x18to 2x1¢
cellgml. For the subsequent daysjtares were dilutedthto fresh HSM medium between ZT1 and
ZT3 (1 and 3 hours into the light phasé)ereby reducing the cell density to 1X16 2x1C
cellsml™? each dayo allow for better cell synchronizatiomhis daily dilution was carried out for

at least three day€ultures were not diluted on the day of the experiment when samples were
collected at differentexperimental time points for either immunoblot analysis or for
immunofluorescence microscop¥TO (transition from dark to lightand ZT12(transition from

light to dark)cells were collecte®3 min before the respective transition.

61



3.2.2 Immunofluorescencestaining

Immunofluorescencstaining was performed as described previousl¥Chapter 2(Uniacke,
ColonRama, et al., 2011; Uniacke & Zerges, 20Q7E)e primary antibodies and the dilutions
usedwer e as foll ows: UPRK, UFBP, UPGK, URPE, Ul
St ®phane D Lemaire, French Nati onalan@enkLCd Af o
(1:700). Fluorescent secondary antibody used was AlexaFluor568 and AlexaFluor488 conjugated

to goat antirabbit IgG (Thermo Fisher Scientific).

3.2.3 Probe design and preparation

Compl ement pmobes were dedigned for thesbA mRNA wusing Benchling
(benchling.com). All probe sequences are provided in Table(s8igplementary data)The

foll owing sequence was added t o t he 5N
CCTCCTAAGTTTCGAGCTGGACTCAGTG. This is the rewer complement of the X FLAP

sequence used in Tsanov et(@ikanov et al., 2016pligos were ordered from Integrated DNA
Technol ogies (IDT), in lyophilized format, usi
probe was resuspendedthre appropriate volume of TE buffer to give a final concentration of

100 M. A m¢d eadhgrolik wasmbinedio generate an equimolar probe mix, at

20 e M (mi xed pr o bTe X o0 nFtA®Pn t seguence n )itself
CACTGAGTCCAGCTCGAAACTTAGGAGG was dual 5Nj and
equimolar probe mix was annealed to the fluoroptainelled FLAP sequence in a heat block

according to Tsanov et al. Annealed probes we
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3.2.4 FISH

Slides were first boiled in 1.0 N HCL for 15 minreduce autofluorescenemd left overnight to
airdry. A 10 ¢l drop of 0.1% PoBL-lysine (Sigma) was dispensed at one end of the slide and
smeared acrosssing another slide. fie PolyL-lysine coatedslides were kept in a slide rack
covered with aluminum foil and left to dry for three to seven daygh®day ofthe experiment,
approximately 1 X 19cells were aliquoted onto titenter of théPoly-L-lysine coated microscope
slide.Cells were alloweda adhere to the slide for c.a. 5 min. Cell fixation was performed using
4% paraformaldehydewVv) freshly diluted in 1X PBS (phosphate buffered saline) for 10 minutes.
The slides were incubated twice, 10 miereut es
performed on an orbital shaker at low speed. The slides were washed twice, 10 minutes each in
PBSMg at room temperaturePermeabilization was done by incubating the slides in freshly
prepared 2.0% (v/v) Triton-400 in 1X PBS for 10 mimtes This wadollowed by two 10minutes
washes in 1X PB®1g atroom temperatur@and a 28minute wash in 15% formamide freshly
prepared in 1X SSC (8 NaCl and 300 mM Sodium Citrate adjusted to Bl with HCI). The
hybridization mix was made according to Tsamb\al.except for the BSAoncentration which

was 4.5 mg/ml in the hybridization mi&. 50 €l aliquot of the hybridization mix was placed on a
cover slip. Each slide was gently blotted with a kimwipe and placed cell side down onto the
hybridization solutbn on the coverslip. The slides were incubated overnight at 37°C in a slide
hybridization oven. A piece of moist paper towel was included to maintain humidity. Post
hybridization buffer containing 1x SSC, 15% formamide was made fresh the next day. Sheles w
incubated in post hybridization buffer twice for 30 minutes each at 37°C. The slides were then
washed twicel0 minutes eactwith 1x PBSMg atroom temperatureSlides were blotted dry

with a KimWipe. 15¢l of Anti-fade was added to the cell side afck slide. A coverslip was
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placed on top of the Anfade reagent and sealed with nail polish. All solutions were made with

diethyl pyrocarbonate (DEP@)eated water.

3.2.5 Microscopy

Microscopy was arried out with a Leica DMI6000B inverted epifluorescence microscope with a
63x Plan Apo objective (NA 1.4) and further magnified by a 1.6x tube lens. Images were acquired
on a Hamamatsu Orca R2 C1060UB camera controlled by Volocity software (Improvigio

Filters: Texas Red (562/40nm abatiort 624/40nm enssion) for AlexaFluor568 and GFP
(472/30nm egitation 520/35nm enssion for AlexaFluor488. Acquired images were taken using

Z plane stacks with a spacing of 0.2 um per section; exposure settags,agd excitation
intensity were kept constant where comparisons between intensities was required. For
deconvolution, Zstacks were taken by series capture at a thickness of 0.2 um per section and were

deconvoluted with AutoQuant X3 (Media Cybernetics)n

3.2.6 Image analysisof distributions of average fluorescence signals situ

To display average signal distributions across all cellimages aut omat ed Fi ji mac
Harvestero developed by Dr. Christopher Law
imaging) was used. All images from a data set were deconvolved and compiled into maximum z
projections. The first part of the protwaises the macro to identify the cells, based on a typical

ellipse shape, and outlines each cell. The user should ensure that all incorrectly identified objects
are removed at this point, any nalentified cells are manually added. The outlined cellsiwit

an acquisition are then cropped to individual files and oriented along their long axis, anterior
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(lobes) on the left and the basal region (pyrenoid) on the right. Each cell image is subsequently
saved in an output folder. All cropped and orientateld @ethin each output folder in the data set

were compiled into a single folder. This library was inputted into the second part of the macro
which compiled alll given cells into an davera
contributed eqally to the average. X and Y values were assigned to make sure all cells in the data

set are set to the same scale. The output file was displayed as a heatmap in Fiji.

3.2.7 Immunoblot analysis

For the immunoblot®f total protein cells werecollectedat variousZT time pointsin the diel

cycle.For each time point, aaqual volume andumber of cells wereelletedat 300 xg for 5

min, at 4°C. Cell pellets were resuspeddin SDSPAGE loading buffer with 2
MercaptoethandBME) and denatured at 65 °C for -4&in. Proteins were resolvezh a 12%

SDSPAGE gel (Sambrook & Russell, 2006)ransferred to PVDF membranes (Biad)
overnightand reacted with primary and secondary antibodies diluted ifwd%bdried skim milk.

The primary antibody wused i r $épharelLemarg dhg was |
secondary antibody was horseradish peroxidasgugated goat antabbit IgG antibody (KPL).

Signals were detected using an ECL substrate (Thermo Fisher Scientific) with an Amersham

|l mager 600 (GE) according to the manufacturer

3.2.8 Subcellular fractionation

Membrane fractionation was performed as described previ@shottkowski et al., 2012)vith
minor modificationsAt each time point, 1.3 x 2@ells were harvested by centrifugation at 1,600

x g for 10 mn at 4°C. The resulting pellet waesuspended in MK-buffer [25 mM MgCb, 20
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mM KCI, 10 mM TricineKOH pH 7.5, protease inhibitor cocktail for plants (BioShop)]. Cells
were broken by four pass through an icechilled French Pressure Cell at 1,000 psi. Efficeait

breakage was confirmed by light microscopy. The lysate was subjected to ultracentrifugation at
100,000 x g for 1 h at°€. The pellet was resuspended in 2 oh 2.4 M sucrose. Upon

resuspension, a 0.5Imof 2.2 M sucrose cushion was added. A linearase gradient (1-2 M)

was then layered on top. All sucrose solutions were prepared in-tif&r. The gradient was
subjected to ultracentrifugation at 100,000 grga BeckmanSWA41Ti roto) for 16 h at 4°C.
Fractions were collected from the top with a 1.0 ml micropipette with the disposable tip cut to

make a bore size of 3 mm.

3.2.9 Transmissionelectron microscopy

Samples were collected from cultures entrained to the diel cycle and fixed in (2/%p6
glutaraldehyde in 0.1M sodium cacodylate buffer containing 4% (w/v) sy€dsé (wt/v) CaCl2
pH 7.4 and kept at 4 °Gamples were processasl described previous(ilimam et al., 2016)y
the McGill Faculty for Electron Microscopy Research (FEMR) stetifie following manner: Cells
were washed three times with 0.1M sodium cacodylate for 1h,jremdbatedwith 1% (v/\V)
agueous osmium tetroxide + 1.5% (w/v) aqueous potassium ferrocyanide for 2h athk°C.
osmium tetroxide mixture wadiscarded, and samples were subjected toetivasheswith
distilled water each for 5 minutes. Samples were tliemydrated for 80-15 minutes using
increasing concentrations of acetq®3%, 50%, 70%, 80%, 90% and 100%he cehydrated
samples were infiltrated with an Epon:Acetone mixturkis was doneising three successive
ratiosas follows:an overnight treatment with a ratio bfl, a 24 hrs treatment with a ratio 2ifL
and an overnight treatment witl8dl ratio.Next, samplesvereincubated in 100%pon for 4
with no agitation2hr on a rotator and 2hunder a vacuunSamples were theembedded in the
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appropriate molds for *tunder the fume hoodamples werenext embedded with Epon and
polymerized in a 68 °C oven for 48shThe final grids contained slices of cells thare on

average 9 00 nm thin and stained with uranyl acet e

Imagng was performé usingan FEI Tecnail2120kv transmission electron microscopih
Tecnai User Interface software and an AMTv601 CCD camera. Settings used were an aperture of

3, a spot size of 2, and variable magnifications ranging from 2900x% to 68,000x.

3.3 RESULTS

3.3.1 Localization of Calvin-Benson Cycle enzymes in the chloroplast

To dcharacterize the distributions of the Calvin Benson Cycle enzymes in the chloroplast,
we usedmmunofluorescencmicroscopy. We first visualized thieiorescenceignals from wild
type €c-125) cells cultured under photoautotrophic conditions. These conditions were used in a
previousstudy that looked at the localization of these enzymes using proteins tagged with the
yellow fluorescence protein Ven@Kiken et al., 2018)As expected, the Rubisdarge subunit
(RBCL) showedocalization to the pyrenoid (Fig 3.1). However, and as was reported previously,
the remaining Calvin Benson Cycle enzymeiuctosel,6-bisphosphate aldolase
phosphoglycerokinasephosphoribulokinaseribulosephosphate epimeraseibosephosphate
isomerasgsedoheptulosé,7-bisphosphataldolaseand transketolaserere not in the pyrenoid
and showed a pattern consistent with the strdrha.stroma is the agueous compartment of the
chloroplast, located between the envelope and thylakoid membranes, and is analogous to the

cytoplasm of a cell.
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Fig 3.1. Distribution of Calvin Benson Cycleenzymes in the chloroplasts

Epifluorescence microscopy images reveal the distribution of various Calvin Benson Cycle
enzymes. RBCL isnriched in the pyrenoid while the other enzymes are throughout the chloroplast
except withinthe pyrenoidTop rows shw fluorescent channel and batt@ow indicate the bright

field. The white bar representsO5um. Protein names are as follows; (fructdsé-bisphosphate
aldolase(FBP), phosphoglycerokinase (PGK), phosphoribulokin@eK), ribulosephosphate
epimerase (RPE), ribogihosphate isomerase (RPI), sedoheptulggdisphosphatealdolase
(SBP) and transketolase (TKL)
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3.3.2 Re-localization of phosphoribulokinaseduring the light phase ofthe diel cycle

To examine the localization pattern in a homogenous population of cells for their stage in
the diel cycle, we used cultures that were synchronizad 2i:12h lightdarkcycle (please refer
to appendix 1 for evidence of culture synchrony under thesetmog)i Our lab and others have
shown that there are stagpecific patterns of gene expression, metabolism and localization of
chloroplast proteins and mRNAM itchell et al.,2014; Strenkert et al., 2019; Sun et al., 2019a;
Zones et al.,, 2015)Cells in themiddle of the light phase are undergoing high rates of
photosynthesis, which are not as prominent in asynchronous cultures, where many cells are
undergoing mitosig¢Zones et al., 2015 herefore, if there is a predominant localization pattern

at a particular diel cycle stage, we would be able to see it more clearly in synchronized cells.

To explore thisPRKwas selecteds the markelLike Rubiscothisis only otherenzyme
known to functiorsolelyin the Calvin Benson Cycl@ono et al., 2017; Rumpho et al., 2008)
otherenzymesn this pathwayalso carry out steps in other pathways and compartments which

could contribute to their intracellular distributiofiumpho etl., 2009)

Results from immunofluorescenceamscopy revealed no evident localization of PRK in
cells at the very beginning of thetigphase (ZTO0) (Fig 3.2 A). Between ZT2 and Zinbstcells
showed PRKsignal localized to the chloroplast lob®tost cells alsadisplayedhis signal in only
one of the two chloroplast lobes. Later in the light phase, at ZT® andZT10 time points the
PRK signal became more evenly distributed throughout the chloroplasever,zerosignalwas
detectedrom the pyrenoid (Fig 3.2 A). Therefore, comparison of results across all time points

reveals that the level of PRK was increasing in the lobes.
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To maintain objectivitywe quantified the average distributionsthe PRK signal inthe
cellsof each data séi.e, cells from the same experimental cultwsiphg a Fiji macr¢Sun et al.,
2019. The distribution of thaveragesignalacross all cellss displayedy aheatma (Fig 3.2 B).
The resultsevealthat there is som&age specificityor thelocalization of PRKo the chloroplast
lobes. This pattern is more distinett ZT4 when photosynthesisites are higliStrenkert et al.,
2019; Sun et al., 2019dYpon further observation, it also became evident that the localization
pattern is initially seen in one chloroplast lobe. To verify this with our Fiji macronamually
orientatedhe cellssothatthelobe with the strongesignalwas facing the same dution (in this
casethe upper lobg and indeed the results generated by the macro confirmed this observation

(Fig 3.2 B, ZT2 and ZT4 cells)

Additionally, immunoblot analysis was used to reveal temporal changes in the levels of
PRK during the diel cyclé&samples were collected every hour, beginning at ZT22 (2 hours before
the light phase) until ZT12 (end of the light pha3dje resultshowan increase in the levels of

PRK agthe cellsprogressnto the diel cyclecorroborating with oumicroscopy resultgig 3.2 C).

To check for specificity othe fluorescence signaf PRK, wedid immunofluorescence
stainingon cells ofa PRK deletion mutanResults showed that our antibody staining was indeed

specific as there wamerosignal seen iells from themutantstrain(Fig 3.2 D).
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Fig 3.2. Growing chloroplasts during the light phase of the diel cycle show spatiotemporal

patterning of PRK

A) Epifluorescence microscopy images reveal the distribution of PRK through the light phase of
the diel cycle. PRK is enriched in the chloroplastds of ZT2 and ZT4ells. B) Heatmaps show
average signal intensities in a maximal intensity projection (MIP) of all cells in the data set for
each time point ZT0, n=30; ZT2, n=42; ZT4, n=40; ZT6, n = 30; ZT8, n = 26; ZT10, i#Ae.
course experiment 8gerformed on cells from a single uniform cultiBeale bars indicate 5 um.

C) Results of immunoblot analyses of total protein samples thedT22- ZT12 time points of

the diel cycle reveal the relative levels of PRK. D) Experimental control. Cellséhe IFstained

for PRK (phosgnoribulokinase)do not show a signal in the deletion mutant forgaee encoding

it.
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3.3.3 Localization of PRK across the diel cycle under 0.5% C®

To examine the effect &0, on the distribution of PRKyild-typecells wereentrained to
a 12hr:12hr lighdark cycle.These cultures werecontinuously aerated with 0.5% G@uring
entrainment. Samples were taken amdls fixed for immunofluorescence stainingt 2-hour
intervals from ZTO to ZT12Higher CQ levels are predicted to supress the carbon concentrating
mechanism which could in turn, affect the distribution of various enzymes in the Calvin Benson

Cycle.

Immunofluorescence microscopgsults showed that 0.5%002 had a slight effect on the
localization pattern. (Fig 3.3 Agimilar to theculturesthat weregrown under ambient CQthere
was no evident localization at ZT0. However, a localized signal was visible in the chloroplast lobes
at ZT2 and at ZT4. Latén the light phase, beginning at ZT6, the PRK signal increased throughout
the chloroplastand becamemaore evenly distributedOnce again, there was no staining in the
pyrenoid. Because the 0.5% &Qreatment did not have much of an effect on the
immunofluaescencepattern, it seems the critical factor determining localization is the phase of

the diel cycleor some process occurring at that stégeexamplehigh rates of photosynthesis
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Fig 3.3. Spatiotemporal patterning of PRK in the lightphase unde 0.5% CO:2

A) Epifluorescence microscopy images reveal the distribution of PRK through the light phase of
the diel cycle when cells are treated with 0.5% Cibe PRK signal is localized to the chloroplast
lobes at ZT4 and later becomes evensgributed throughout the chloroplast. B) Heatmaps show
average signal intensities in a maximal intensity projection (MIP) of all cells in the data set for
each time point ZTO, n = 20; ZT2, n = 26; ZT4, n = 35; ZT6, n = 30; ZT8, n = 26; ZT10, n=23.

All cells are from a single uniform cultur8cale bars indicate 5.0 um.
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3.3.4 RBCL localizes to chloroplast lobes in earlyo mid-light phase

PRK and Rubisco are sequential enzymes in the Calvin Benson cycle. Studies have shown
thatRubisco is localized primarily to the pyrenoid matiiken et al., 2018; Zhan et al., 2018)
However, we asked if gre is ag occurrence of this enzyme in the chloroplast lobes at the same
time points when we see PRK localizing there. To examine this, we again synchronizgghevild
cells to a 12hr:12hr lightlark cycle. The cultures were aerated with air (ambien) @@ing their
entrainment. Samples were taken at ZT4 and ZT6, representing earlylighhjzhase where we
had previously seen a lobe localization for PRK. Cells wensunestainedfor the large subunit

of Rubisco (RBCL).

Microscopy results revealelat there was very little RBCL signal in the pyrenoid at ZT4
and ZT6 time points (Fig 3.4-B). Instead, there was an enrichment in the chloroplast lobes. This
corroborated with the pattern we had seen for PRK and suggests that under these conditions, the
lobes may be a compartment for the CaBenson Cycle perhaps to facilitate the channeling of
substrates and metabolites between these two sequential enzymes while ensuring the efficiency of

the process.
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Our lab had previously revealed azdne in the hsal region of the&Chlamydomonas
chloroplast that ishe preferentiasite for the synthesis and assembly of photosystem subunits, as
well as their chlorophyl{Sun et al., 2019a; Uniacke & Zerges, 200Ydg¢ hadalso demonstrated
a temporal regulation of the spatiak®ne, withZT0-ZT4 beingidentified as the time points when
photosystem Ibiogenesis is highto show the distribution of RBCL in relatido a photosystem
Il marker(the psbAmMRNA) at these time points, we carried out FISH on the samethkatisvere
described above. As expectétepsbAmRNA localized to the zone, while RBCL was enriched
in the lobes This suggests thathen photosynthesis rates are high in the basal reatfidhe
chloroplast RBCL is sequesteredo the chloroplast lobes. We previously showed that
photosystem Il is enriched in the basal region at these time 8um<et al., 2019 These results
raise the intriguing possibility of a spatial partitioning of @oduction by photosystem Il and

CO2 fixation by Rubisco in thieasal region and lobes, respectively.
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Fig 3.4. Localization of RBCL in earlymid light phase of diel cycle

A) Epifluorescence microscopy images reveal the distributions of RBCL in the chloroplast lobes
and thepsbAMRNA enriched in the -Eone of ZT4 and ZT6 cells. B) Heatmaps show the average
signal intensities in a maximal intensity projection (MIP) of all cells in each data set in ZT4 cells

(n=31) and ZT6 cells (= 34). Scale bars indicate 5.0 um.
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3.3.5 Localization of a bicarbonate transporter in Chlamydomonas

LCIA (Low CO; Inducible A) is a component of tiihlamydomonasarbon concentrating
mechanisnthat facilitates the uptake and transporti6¥Os' across both the plasma membrane
and thechloroplast envelope to reach Rubig¢étkinson et al., 2016; Wang et al., 2015; Yamano
et al., 2015h)Previous localizatio studies had shown LCIA outlining the chloroplast envelope
(Atkinson et al., 2016; Yamano et al., 2015Hpwever, those studiestherused fluorescently
tagged proteins anitially cultured thecels in TAP (Tris Acetate Phosphate) media which lmas a
addedcarbon source.

To investigate the location of this marker using our conditionsguiteredcells phote
autotrophically before stainirthemwith an antibodyagainst LCIA The resultshowed a strong
signal in the chloroplast lobes while the basal regwasnearly devoid of any signal (Fig 3.5).
This pattern waseen in ¢.a890% of the cells imageandconfirmedthe heatmap representing the
average signal distribution ithe data set. The results further support the possibility of the

chloroplast lobes being a compartment for the Calvin Benson Cycle as wellGSNhe
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Fig 3.5. LCIA localizes to chloropast lobes in photeautotrophically grown cells

min

Epifluorescence microscopy images reveal the distributions of LCIA in the chloroplast lobes of
Chlamydomonas reinhardiells grown asynchronously in ambient £0he heatmaghows the
average signahtensity in a maximal intensity projection (MIP) of all cells in the data setq@).

Scale bars indicate 5.0 pm.
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3.3.6 Transmission electron microscopymages reveakonstrictions at the baseof
chloroplast lobes

To determine if thelobes are a separate compartment and to validate our
immunofluorescenceeallts, we used electron microscopy. Cells were collected and imaged from
synchronized cultures at different time points throughout the light phase. The obtained images
reveal aconstrictionin the junction betweeeachiobe and the basal region of tHdaroplast. This
was especiallyprominentin the early light phase (ZF2T4) (Fig 3.6 A). Tocorrelate these
constrictiors with the localization pattern seen in aommunofluorescencemages, we scored the
percentage of cells that showed this feature at eahpoint (Fig 3.6 B). Close to 50% of the
cells at ZT2 and 70% of the cells at ZT4 had this feature. Many cells displayed this in one lobe
only which also corroborated with oimmunofluorescence microscopgsults. Later in the light
phase at ZT10, onl¥0% of the scored cells showed this pattelowever, it should be noted that
the continuity of stroma could be detected in some optical sectidhscells, suggesting that this
structural feature is perhaps a seveurvature rather than a constrictiohdditional work is
required to determine whethehis feature contributesthe localization patterns seen in our

immunofluorescencenages
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Fig 3.6.TEM ultrastructure of diurnally entrained cells

A) Image of ZT2, ZT4 and ZT10 cellhe white dashed line is outlining a lobe wittoastriction.
This featureis less prominent in ZT10 cells. B) Percentage of cells showing constriction pattern

in each dataset (ZT2, n=12, ZT4, n=55, ZT10, n=32)
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3.3.7 PRK s associated with thylakoid membranes

The enzymes in the Calvin Benson Cyate often considered to b@ndomly distributed
in the chloroplast stroma or the cytoplasm of photosynthetic badtéeimbrane association of
these enzymelsas not been studied as extensively, although some of the Rubisco pool is known
to be associated with thylakoid membra(®garwal et al., 2009; Suss et al., 1993¢re we used
subcellular fractionation to determine if PRK is bound to any chloroplast membrane. PRK
catalyzes the ATHependent reaction that generates the substrate ribl®besphosphate
(RuBP)(Rumpho et al., 2009; Suss et al., 199bgrefore we expect that it woube positioned

close to the thylakoids where thhotosynthetic eldmon transport chains located.

To address thiswe collected cells atwo different time pointsn the diel cycle. Tis
includedZT4, the time point when we had seeelocalization foPRK in the chloroplast lobes and
ZT11,when this enzyme is eventlystributed throughout the chloroplast (Fig 3.2 1&)sates were
generated using a FrenéhmessureCell. The lysates were subjected to ultracentrifugation to
separate soluble from insoluble materidhe membranes in theellets were separated by
isopycnicdensity ultracentrifugationn which membranes float to and equilibrate at their native
buoyant densityn the sucrose density gradiéqtuail, 1979) Fractions from these gradients were

then colleted for western blot analysis.

PRK was found to be enriched in the dark green fractions of each gradient (Fid33.7 A
These fractions werpreviously identified as thylakoid membranes, based on their green color
caused by the pigment chlorophgfithe photosystems in thylakoid membra@er lab had also
previously found these green fractions to be enrichguhotosystenmarker proteins, wich are
located on the thylakoid membran(&hottkowski et al., 2012a)his suggests th#te thylakoid

membranesay be involved in the organization@alvin Benson Cyclenzymes.
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Fig 3.7. PRK is associated with thylakoid membranes

Gradient fractions were examined from -@Q€5 cells entrained to a 4#:12-hr light-dark cycle.
Samples were taken for subcellular fractionation at (A) 4 hours into the light phase (B) 11 hours
into the light phase. Each fraction was assayed by immunoblot an&Risvas enriched in the

fractions corresponding to thylakoid membranes.
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3.4 DISCUSSION

In this study wdookedatthe distribution otheCalvin Benson Cycle enzymes and related
proteins in the chloroplast @hlamydomonas the light phase of the diel cyc/e confirmed
that in cells grown in photoautotrophicconditions RBCL is largely located in the pyrenoid
although there were traces of this enzygaeroutside the pyrenoid. Meanwhile, all otlegizymes
in this pathway werabsent from this microcompartment and distributed in other locations of the
chlorogdast as hd been reported previous(Kiuken et al., 2018; Zhan et al., 2018p analyze
spatial and temporal distribution patterns, we t@mkantage of diurnal synchronization in
Chlamydomona<Cultures were wn under 12hr:12hr lighdark cycles to obtain homogenous
populations of cellsThe combination of culture synchrony and frequent {pomt sampling

allowedus to discern phase differences in localization pattern more accurately.

PRK showed a distingpatial and temporal patterning throughout the diel cycle. At ZTO,
which represents the transition from dark to light phase, there wasfindte localization othis
enzyme.However,a clear localization to the chloroplast lobes was vis#dtl&ZT2ZT4. This
localized signal became evenly distributed throughout the chloroplast during the later time points
(ZT6 and after) Cultures grown under high (0.5%%6) CQ conditions, where thearbon
concentrating mechanisrma suppressedevealed only a slight change in the distribution pattern.

Thereforejt appears the stage of the diel cycle is the critical factor which determines localization.

Interestingly,RBCL showed a similar distributioto the chloroplast lobeat ZT4, with
little signal seen in the pyrenoi@iogether, these results support the possibility of the chloroplast

lobes being a compartment for the Calvin Benson Cycle deany tomid-light phasgFig 3.8)
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Fig 3.8. Proposed model for Calvin Benson Cycl®ashed white line indicates compartment in
the chloroplast lobebelieved to be involved in Calvin Benson Cycle during early to-light

phase.

Interestingly previous work by our lab demonstrated that the-ligict phase ZT0-ZT4)
correlates with high rates of photosynthesis pimotosystenbiogenesis in the-Zone in the basal
region of the chloroplastSun et al., 2019a; Uniacke & Zerges, 200 Rotosystem llis a
complex in thephotosynthetic electron transport chand acts as the first ligttansducing
complex in the redox pathway of oxygenic photosynth@sisdvig, 2008) It absorbs light energy
through chlorophyll and other pigment molecules and oxidizes water, prodDggugd protons
(Barber, 2008; Brudvig, 2008)Considering Rubisco careact withboth @ and CQ, we
hypothesize that when photosynthesis rates are high, this engypatitioned awayto a
compartment in thehloroplasiobes and away from the Zone wherghotosystenbiogenesis is

taking place.
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Additionally, the possibility of thechloroplast lobedeng a separate compartmeist
suggestethy TEM imageswhich reveal a constriction or sever curvature at the junctions between
the lobes and the basal region of the chloropkstvever morework is needed to validate this

finding.

Finally, the localization of the bicarbonate transporter LCIA to the chlasbpgbbes
suggests that there could b€@M-relatedfunction to this localization patterAlso, sudies have
shown that the midight phase correlates with enhanced transcept®ding th&€AHs (Rai et al.,
2021; Strenkert et al., 2019; Zones et al., 20C3)Hs catalyze the interconversi of CQ into
HCQOs' (Moroney et al., 2011)CAH 1, CAH2, CAH3, CAH4nd CAH5 transcriptshave been
shown to reach their peakiring the day and are induced by low Gahich is the same condition
as was used in our experime(litepez et al., 2015; Rai et al., 2021; Strenkert et al., 2019; Zones
et al., 2015)Therdore, itwould be interesting to look at the localization pattern of these markers

and see ifhere is a correlation with our results.
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CHAPTER 4: CONCLUSION

4.1 Overview

The results presented in this thesis reveal that chloroplasts awgplex
compartmentalization that is dependent on conditidhs was illustrated using the chloroplast
of the unicellular alg&€hlamydomonas reinhardtilhe stereotypic anatomy of the chloroplast in
this alga (Chapter 1) makes it easy to identify spatid temporal patterns. Using this feature to
our advantage, we have revealed two novel compartments in this organelle that are engaged in
different processes. These fings, with our previous discovery of a third chloroplast
compartment, highlight theidghly organized nature of this organelle. We also show that the

presence of these compartments is dependent on conditions, particularly the stage in the diel cycle

(Fig 4.1).

The first novel compartment introduced here is a region of localized transtetitime
chloroplast surfacé~ig 4.1 magenta). This domain is located in the basal region of the chloroplast
and is enriched in cytoplasmibosomes and two mRNAs that encode chlorogtasilized
proteins(ColonRamos et al., 2003; Uniacke & Zerges, 20@ur evidence suggests that this
localized translation is for eanslational import, something which has never been shown before

for chloroplasts.

Also in the basal region, and immediately adjacent to this domain, we had previously
idertified another compartment of localized translatwithin the chloroplast. This domain was
designated as the-Zone. The Tzone is wherdocalized chloroplast ribosomes are translating

subunits of photosystenahd photosystem (5chottkowski et al., 2031&un et al., 203,9Jniacke
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& Zerges, 20072009b)(Fig 4.1 dashed white line). Further detail on theohe model can be

found in Appendix 1.

The juxtaposition of thee two domains of localized translati@am and within the
chloroplast reveals a complex spatial organization of the two genetic systems that organize the
expression, targeting and assembly otgires in this seraautonomous organell&his resembles
the spatial coordination of the nuclear and mitochondrial translation systems for the synthesis of
inner membrane proteins of the respiratory electron transport system and ATP synthase in
Saccharomyaecerevisia@and humangGehrke et al., 2015; Matsumoto et al., 2012; Stoldt et al.,

2018; Vogel, Bornhovd, et al., 2006; Zorkau et al., 2021)

In the chloroplast lobes, we reveal another compartment that is involved in the Calvin
Benson Cycle (Fig 4.1 dashed yellow linehis'domain is enricltein enzymes of this pathway
such as PRK and RBCL as well as otkezymes andelated proteins. The presence of this
compartment ifiighly dependent on conditions, i.e., during the early toligit phase in the diel
cycle(ZT2-ZT4). Interestingly, this is also the samperiod when weee the Tzone being formed.

For example, all translation markers useddentify the Fzone, are enriched in the basal region

of the chloroplast near the lobe junctions during the-ZT@ interval (Sun et al., 2019

As to whether the compartment of localized translation on the cytoplasmic side of the
chloroplast is alsoonditiondependent, we are not certain. This compartment was identified using
isolated chloroplasts which require the use of awall deficient stain that is not amenable to
complete synchronization. Nonetheless, the cultures used for these experiments were entrained to
a 12hr:12 hr lightdark regime for several consecutive days and samples were harvested

approximately 4 hrs into the light pha3éis resembles th&T4 time point in synchronized cells.
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Therefore there is a possibility that the stage in the diel cycle may also playia tbkeformation

of this compartment of localized translation.

Finally, the resultpresentedn this thesisaddress the longtanding question of whether
protein translocation into chloroplasts can operate viateaoslational translocation pathway, as
established in the endoplasmic reticul#a statecpreviously, thdield has largely favored post
translational protein translocation mechaniéon chloroplastiocalized proteins encoded by
nuclear genomesiowever,here, we have revealed the first evidence of localized translation for

co-translational import on the chloroplast surface, whiclandmark in cell biology.

Together, these findingHustrate a higher level of complexity and organization in the
chloroplasof Chlamydomonathan has been appreciatdtbreover, they raise the possibility that
similar organization can occur in highplantsand provide a new conceptual framework for

research into chloroplast biogenesis.
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Fig 4.1.0ur Model. Chlamydomonais used as a model organism for analyses of the cytological
organization of chloroplastic processes because it has a single chloroplast with a stereotypic
morphology and prominent cytological landmarks. An illustration shows the cilia pair at the
anteriorcell pole, the nucleus (N), cytosol (cyto), and the chloroplast (green). The chloroplast
(green) has lobes which enclose the nuetgéwsolic region (cyto), the pyrenoid (P), the
translation zone (T) and is surrounded by a dual membrane envelope (oféwegg)o-ribosome

bound domain of the envelope (magenta) includes the mRNA enriched region (cyan) and overlaps
envelope domains enriched in the TOC/TIC protein import translocons (Jaiyke & Zerges,

2009b) Within the lobes is a compartment involved in the Calvin Benson Cycle (dashed yellow

line).
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4.2 Future directions

4.2.1 Translation profiling of ribosome-associated nascentolypeptide chains

The results of this thesis have opened the avenue to answer several other questions that can
be addressed with future experiments. The first step would be to acquoleof MRNAS that
are translated bgytoplasmic ribosomes on tlolloroplast envelope. This can be done through
two approaches. First lperforming RNAseq on isolated chloroplasts, to confirm and investigate
what class of mRNAs are enriched there. Second, by profiling the nascent polypeptides with
proteomics. The bast this second approach will be to label the nascent chains with biotinylated
puromycin followed by their affinity purification using streptavidin beads. This will reveal if there
is a subset of proteinghat are translated on the chloroplast surfde&. example, for the
mitochondria, proximityspecific ribosome profiling has shown that most inner membrane proteins
are synthesized on the mitochondria of y€@étliams et al., 2014a)it could also provide further
evidence that the localized traaigbn on the outer chloroplast surface is fortramslational
import, should the obtained translatome be enriched in nuclear encoded chloroplast proteins. The
presence of neohloroplast proteins in the translatome would suggest that this organellang ser
as a platform for localizing and regulating translation of proteins for a neighboring compartment,
such as the mitochondria or ER. Such a result would need to be validated by FISH to control for
MRNAs bound to nowhloroplast contaminants. Any biastire chloroplast proteins encoded by
the mRNAs that are translated on the chloroplast surface would suggest functions of the co

translational import
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4.2.2 Characterization of the membranes associated with chloroplasiound ribosomes

A second intriguing avenue to explore would be to identify membranes that are derived
from the biogenic envelope domain (Figure 4.1 magenta), it would be possible to use isopycnic
ultracentrifugation to fractionate membranes from cells and label the mmesbsath ribosomes
that were translating in vivo with biotinylated puromycin. The puromgoimjugated truncated
proteins will then be affinity purified from their corresponding fraction and all associated proteins
will be identified by MS and proteomicl.successful, such results will reveal which membranes
serve as a platform for translation on the chloroplast surface, such as the biogenic envelope. The
proteome of such membranes could reveal proteins that are candidate factors in protein import and

thylakoid biogenesis and reveal additional functions of the biogenic envelope domain.

4.2.3 Identification of partner proteins associated with the chloroplastbound ribosomes

Chloroplastbound ribosomes are likely interacting with other proteirfsese proteins
could function in the process of -t@nslational importfor example, docking proteins. Other
partner proteins might be involved in unknown functions otraaoslational protein import.
Therefore, it would be interesting to epiteag cytplasmic ribosomal proteins for their affinity
purification from cels or chloroplast lysates. MS analyses of such fractions could reveal

candidates for ctranslational import.
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4.2.4 Localization of chloroplast translation markers

My efforts to optinize and adapa newFISH protocol toChlamydomonagells and
chloroplasts has paved the way to study the localization of other mRNAs in this organism. This is
a relatively coseffectivemethod that has shown to be promising in our hands and can be used to
expand the Izone model. This can be done for example by localizing other PET chain complexes
such as Cyttf as well as ATP synthase and related components. This will shed further light into

the spatial and temporal organization involved in the biogenesis of chloroplasts.
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SUPPLEMENTAL DATA

A ribosomes B LHCBM
(cyld) MRNAS

Figure S2.1. Localization patterns reported previouslyEpifluorescence microscopy images of

cells that were (A) IFstained for cyL4 or (ED) FISH-probed for (B) the LHCBM mRNAs, (C)

the RBCS mRNAs or the (D) TUB2 mRNA. These cells show patterns that were reported
previously(Colon-Ramos et al., 2003; Uniacke & Zerges, 200@lyl.4, LHCBM mRNAs and
RBCS mRNAs, and TUB2 mRNAError bar = 5.qum. Create a page break and paste in the Figure

above the caption.
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Figure S2.2.Experimental controldsolated chloroplasts that were $kained for marker proteins

for (A) mitochondria (AOX1) or (B) endoplasmic reticulum (BIP) do not show the localization
pattern seen for (C) the ribosome marker protein (cyL4). (C) IRith@Puromycylatiormethod

results (Figure 3), the puromycin IF signal seen at the localized IF signal from cytoplasmic
ribosomes (cyL4) on isolated chloroplasts is specific; it was not detected from chloroplasts that
were not treated with puromycin. (D) The average distributions of tiB2TWRNA FISH signal

from all imaged cells and chloroplasts is compared to average distributions of the background
signal from a control FISH probe with a random sequence that is not @hihenydomonas
genome. The distributions of the average TUB2 mRN@& @ntrol FISH signals differ in cells,
supporting the former as representing this mRNA. From chloroplasts, the signals are both weak
and their distributions are similar, suggesting that much or all TUB2 mRNA FISH signal from

chloroplasts is background.
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B PRK Average

Figure S2.3 The isolated chloroplasts retain normal morphologysee Figure 1A for reference).

(A) An isolated chloroplast IF stained for phosphoribulés®ese (PRK) to reveal the entire
chloroplast and its retention of normal morphology during isolation. (B) A heatmap of the average
PRK signal across all chloroplasts of the data set shows entire chloroplast and contrasts the
heatmaps of the IBignals ofcyL4 (Figure 1D), puromycin (Figure 3C), and the FISH signals
from the LHCB and RBCS mRNAs (Figure 4E) (n=30). (C) Transmission EM image of an isolated
chloroplast shows that it has normal morphology. Cells were collected from cultures entrained to
the durnal cycle and processed as described previgSsiy et al., 2019b)mages were acquired

on a FEI Tecnai 12 120kv Transmission electron microscope using the Tecnai User Interface
software and an AMTv601 CCD Camera. Settings used were an aperture of 3, a spot size of 2, and

variable magifications ranging from 2,900X to 68,000X.
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Figure S2.4.(A) These immunoblot results are represented by the bar heights in Figure 1B. Trials

1-3 are three biological replicate experiments, each performed from an independent culture. (B)

Thesammunoblot results are represented by the bar heights in Figure 3C. Note the different order

of treatments here and in the bar graph in Fig. 3D. Trigdsate three biological replicate

experiments, each performed from an independent culture arahdloted in parallel, including

the immunoblots transfer, immumeaction steps, and ECL imaging. KCI, incubation in 750 mM

KCI; puromycin, PMY.The chloroplast protein AtpB was used as a loading control.
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Movie S2.1. 3D reconstruction of ribosoméound doman in the chloroplast

Slices from a tomographic volume and different views of the corresponding 3D reconstruction.
The tomograph shows the region of the chloroplast envelope that was bound-hlgasames as

seen by IF microscopy (Fig. 1C). The 3bbdel illustrates the cytoplasmic face of the outer
chloroplast envelope (light grey) and cytbosomes on the envelope (blue spheKgsjresponds

to Figure 2CE.

Movie S2.2. 3D reconstruction of lobe region in the chloroplast

Slices from a tomographiolume and different views of the corresponding 3D reconstruction
showing the chloroplast lobe. The 3D model illustrates the cytoplasmic face of the outer
chloroplast envelope (light grey), the stromal face of the inner membrane (dark grey) and cyto

ribosomes on the envelope (blue spher€sxresponds to Fig. 26.
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Table S2.1. Sequences of FISH probes used in chapter 2

* 095 % s ¢
identity to the
MRNA of
LHCBM2

Crel2.9g548400

Probe Name |[Pr obe Sequence (50 t

FLAP; FLAP X-Cy3 | Cy3/C ACT GAG TCC AGC TCG AAACTT
AGG AGG/Cy3

LHCB | LHCBM7 MRNA-specific sequences of the probes are

M Crel2.9548950 given below (506 to 3

of each has a the sa
reverse complement of FLAP-EY3 probe;

CCTCCTAAGTTTCGAGCTGGACTCAGTG

LHCII-1 GAGGACTTCATGATGGCGGCCATTTTGA
TTG

LHCII- 2* AAGAAGCCGAACATGGAGAACATAGCC
AGGC

LHCII- 3 GTACATGCAGCTGCCGAGGGCCAAAAAT
TTA

LHCII- 4 GCTCCTAAGCCTGTGAAAAGAGGCTCAC
ACT

LHCII- 5* GTCGCCCTCCGAGAAGGGGCCCAGGAA

CTTC
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LHCII- 6* GACAGACCGGCGGTGTCCCAGCCGTAGT
CGC

LHCII-7 GATCAGCTCCAGCTCGCGGTAGCGCTTG
AAG

LHCII- 8* CCTTGAACCAGACAGCCTCACCGAACGG
GAT

LHCII- 9* AGGTAGTTCAGGCCGCCCTCAGCGAAGA
TCT

LHCII-10* ATGATGGACTGGGCGTGGATCAGGTTCT
CGT

LHCII-11* TCAGCCAGGCCCATCACCACAACCTGGA
AGG

LHCII-12* ATCTCCTTCACCTTCAGCTCAGCGAAGG
TGT

LHCII-13 CGTAGCACCGCCACTTCGGTTAATCGCA
CGT

LHCII-14 CAAAACCCGAACACAAAACTGAACCTCC
GTA

LHCII-15 GTGAACTTGGTGGCGTAGGCGAACGCGT
TCA

LHCII-16* TTGGCCAGGTGGTCGTCCAGGTTCTGGA

TGG
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LHCII-17*

ATGCAGCCCAGAGCGCCCAGCATGGCC(

AGC

LHCII-18 ACCGGCTGCTCACGGTGGAGCGCACGG/
GCT

LHCII-19 CACCGCGCTCCTCTTCATCTCCGCTCAAT
CA

LHCII-20 GTGGCCGTCAAGCCATTTTTAGTCTTCTC
AA

LHCII-21 TGCCGTGTTACACAACAAGGGCAAATCG
CAA

LHCII-22 TAGACAGCTAGAACAAAGCAGGCTGTA
AAGA

LHCII-23 TCAGCCAGGCCCAGGGGGTCAAAGGCA
CCAC

LHCII-24* CCACTCGATGGCAGCGCGGGGCACCAC(

CGA

RBCS

RBCS2
Cre02.g120150
*095% s ¢
identity to the

MRNA of
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RBCS1 (¢
identity)

Cre02.9120100

RbcS 1 ACCCCATCAAACATCATCCTGGTTTGGC
TGC

RbcS 2 GGCGGCCATTTTAAGATGTTGAGTGACT
TCT

RbcS 3* GTCCAGACCATCATCTGGTTGGCCTGAG
CCG

RbcS 4* GGTCCAGTAGCGGTTGTCGTAGTACAGC
TGC

RbcS 5* ATGATCTGCACCTGCTTCTGGTTGTCGA
AGG

RbcS 6* TTGGTGCAGGCGACGATCTCGCGCAGCA
CCT

RbcS 7 ACACGTAGGCCTTGTCCGACTCAGCGAA
CTC

RbcS 8 AATGTAGTCGACCTGGGCGGCGATCTGC
TCG

RbcS 9* GCCACGGCCGCGGAGACGGAGGACTTG
GCAA

RbcS10 TTACACGGAGCGCTTGTTGGCGGGCTGC

CAG
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RbcS11*

TCGCGGCAGCCGAACATGGGCAGCTTCC

ACA

RbcS12* CAAGACACGCTGCCGAAGCGGATGGCC
GACT

RbcS13* GCCTTGACGGCGGGCTTCAGCGCGGCC/
TGG

RbcS14 TAGGAGAAGGTCTCGAACATCTTGTTGT
TGA

RbcS15 AGCAGTATCTTCCATCCACCGCCGTTCG
TCA

RbcS16 GCACGAAACGGGGAGCTAAGCTACCGC
TTCA

RbcS17 TGCAAAACTCCTCCGCTTTTTACGTGTTG
AA

RbcS18 GGGGCAAGGCTCAGATCAACGAGCGCC
TCCA

TUB2 | Crel2.g549550

Tubulin-1 CGATCACAAGCTCGAGTGGCCTGTGTAG
AAG

Tubulin-2 AAACCATGACGGCAAAAACATTATCAA
GCAT

Tubulin-3 TACGAAGAGTTCTTGTTCTGCACGTTCA

GCA
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Tubulin-4 GCCTCCACACCAAAGCGTCAAATGGCAA
TCA
Tubulin-5 CAGCTGCTATGGCCTATCACACAAGAGC
TAA
Non- Scramble CTGAGTTAAGGCTTTCCACGGACGAGTT
specific AAT
sequenc

e

Table S 3.1. Sequences of FISH probes usedGhapter 3

Probe Probe Sequence (506 to
Name

FLAP; FLAP X- Cy3/CACT GAG TCC AGC TCG AAA CTT AGG

Fluor- Cy3 | AGG/Cy3

conjugate

d oligo

for

labeling

MRNA-

120



specific

probes

PSBA

PSBA

MRNA-specific sequences of the probes are give
bel ow (56 to 36). The
a the same 30 extensio
of FLAP X-CY3 probe;

CCTCCTAAGTTTCGAGCTGGACTCAGTG

PsbA2 AAGAAGACATGGGATCATGATTACACCGAA
PsbA3 8$TCACGGATACCATCGATGTCTACTGGCGG
PsbA4 éAG CACCTGTAATGATGTTGTTACCGTAAAG
PsbA6 ﬁTAATTCCCACTCACGACCCATGTAG CAGTA
PsbA9 $GAAAGTACCAGAGATACCTAAAGGCATAC
PsbA11 ,CA:STAATGAACCACCGAATACACCAG CAACA
PsbA12 'CI':CCZ:GTTAG CTGATTCGTTTTCAGTTGTTTCACG
PsbA13 GACGACCAAAGTAACCATGAGCAGCTACAA
PsbA15 ¥2CCATAGTTGATAAACCTAAAG CAGTGAA
PsbA16 ggCGACCTTGTGAGTCTACTACTGATTGGTT

G

121



122



APPENDIX |: PhotosystemBiogenesid s Localized to the Translation Zone in the
Chloroplast of ChlamydomonagSun et al, 2019

¥i Sun,®! Melissa Valente-Paterno,®1 Shiva Bakhtiari,® Christopher Law,? Yu Zhan,2 and William Zerges®2
2Department of Biology and Centre for Structural and Functional Genomics, Concordia University, Montreal, Quebec H4B 1RB,
Canada

 Centre for Microscopy and Cellular Imaging, Concordia University, Montreal, Quebec H4B 1R6, Canada

ORCID 1Ds: 0000-0002-2366-7153 (Y.5.), 0000-0001-8470-3739 (M.V.-P.); 0000-0002-8737-3170 (5.B); 0000-0002-6946-8029
(C.L); 0000-D002-8965-9631 (Y.Z.); D0D0-0003-4575-5100 (W.Z.).

Intracellular processes can be localized for efficiency or regulation. For example, localized mRNA translation by chloroplastic
ribosomes occurs in the biogenesis of PSII, one of the two photosystems of the photosynthetic electron transport chain in the
chloroplasts of plants and algae. The biogenesis of PSI and PSIl requires the synthesis and assembly of their constituent
polypeptide subunits, pigments, and cofactors. Although these biosynthetic pathways are well characterized, less is known
about when and where they occur in developing chloroplasts. Here, we used fluorescence microscopy in the unicellular alga
Chlamydomonas reinhardtii to reveal spatiotemporal organization in photosystem biogenesis. We focused on translation by
chloroplastic ribosomes and chlorophyll biosynthesis in two developmental contexts of active photosystem biogenesis: (1)
growth of the mature chloroplast and (2) greening of a nonphotosynthetic chloroplast. The results reveal that a translation
zone is the primary location of the biogenesis of PSI and PSI. This discretely localized region within the chloroplast contrasts
with the distributions of photosystems throughout this organelle and, therefore, is likely a hub where anabolic pathways

converge for photosystem biogenesis.

INTRODUCTION

Intracellular processes can be localized for a variety of benefits
l{e.g., enhanced efficiency, regulation, and the prevention of del-
eterious side reactions). Within the cells of plants and algae,
photosynthesis and other essential processes are performed in
chloroplasts. These processes include photosynthetic electron
transport IPET) and ATP synthesis, which occur in the membranes
of vesicles calledthylakoids within this organelle. The PET system
includes three major complexes: PSII, the cytochrome b,f com-
plex (Cytbyf), and PSI. The photosystems act as solar-powered
molecular battery chargers by using light energy to drive electrons
from low-energy to high-energy redox half-reactions, analegous
to the charging of the half-cells of a battery. The high energy half-
reactions are then used to drive downstream redox reactions in
photosynthesis (Nelson and Ben-Shem, 2004).

The biogenesis of the photosystems requires the concerted
synthesis and assembly of their component protein subunits,
pigments, and cofactors. The spatial organization of these bio-
genic processes is complex due to the evelution of the plastids
from a cyanobacterial endosymbiont (Elias and Archibald, 2009).
Many subunits are encoded by the organellar genome and syn-
thesized by bacterial-type chloroplastic ribosomes (Jarvis and
Lépez-Juez, 2013). Other subunits are synthesized in the cyto-
plasm and imported into the chloroplast. The PSII subunit Psbé

1 These authors contributed equally to this work.

2 Address correspondence to william.zerges@concordia.ca.

The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcellorg) is William Zerges (william.
zerges@concordia.ca).

www.plantcell .org/cgi'doif10.1105/tpc. 19.00263

(also known as D1) is synthesized into thylakoid membranes
exposed tothe chloroplast stroma for the repair of photodamaged
PSllcomplexes (Mattoo and Edelman, 1987; van Wijketal., 1996;
Chotewutmontri and Barkan, 2018).

In plants, subunit synthesis for de novo photesystemn bio-
genesis occurs in association with membranesthat are presumed
to be stroma-exposed thylakoid membranes (Zoschke and
Barkan, 2015; Legen and Schmitz-Linneweber, 201 7). However, in
the unicellular green alga Chlamydomonas (Chlamydomonas
reinhardti), a translation zone (T-zone) is the primary location of the
synthesis of the PSII subunits that are encoded by the plastid
genome (Uniacke and Zerges, 2007, 2009; Schottkowski et al.,
2012). The T-zone is more discretely localized than the broad
distribution of PSII in the membranes of thylakoids throughout the
chioroplast. It is unknown whether the T-zone is also the location
of the biogenesis of other PET complexes.

A similar narrative describes our understanding of the bio-
synthesis of chlorophyll, the major photopigment in PSI, PSII, and
their light-harvesting complexes (LHCs). The enzymes in the
chlorophyllbranch of the tetrapy role biosynthetic pathway arewell
characterized and many are membrane associated (Czamecki and
Grimm, 201 2). However, precisely where these enzymes act within
chloroplasts is controversial (Joyard et al., 2009). In the cyano-
bacterium Synechocystis PCC 6803, chlorophyll synthase is
physically associated with the machinery that drives cotranslational
insertion of nascent photosystem polypeptides into the thylakoid
membrane (Chidgey et al, 2014). At least one enzyme in the
chlorophyll biosynthetic pathway is associated with polysomes in
the chloroplasts of barley (Hordeun vulgare; Kannangara et al.,
1997). It emains to be determined whether chlorophyll biosynthesis
and photosystem biogenesis are colocalized in chloroplasts.
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Background: Cells localize intracallular processes to subcallular organelles in order to enhance thair efficiency. For
example, in plant and algal cells, chloroplasts carry out photosynthesis. Within chloroplasts, photosystems | and 11
carry out the initial steps in photosynthesis by harvesting light energy and converting it to chemical energy. These
phaotosystems are composad of protein subunits, chiorophyll, and cofactors, Many photosystem subunits are encoded
by the genome of the chloraplast and synthasized by ribosomes within this bacterial-like evalutionary descendent of
an ancient cyanobacterium, The de novo generation of the photosystems is widely believed to occur throughout the
chloroplasi. The precise lecation{s) of chlorophyll synthesis in chloroplasts is controversial. Previous work in our
laboratory revealed localized synthesis of photosystem |1 subunits in a discrete “translation zone” in the chloroplast of
the unicellular grean alga Chiamydomonas reinhardti, However, it is unknown whether the translation zona organizes
the synthesis and assembly of photesystem | subunits or chlorophyll biosynthesis.

Question: We asked whether tha translation zone organizes the generation of both photosystems in two distinct
davelopmental contexts; growth for subsequent chloroplast division or differentiation from a non-photosynthetic
progenitar organelle,

Findings: Our results demonstrate that the translation zone is where the protein subunits and chlorophyll are
synthesized and assembled to generate both photosystems | and 11 in chloroplasts undergoing chloroplast growth or
chloroplast differentiation. In addition, to increase the objectivity of our fluorescence microscopy image analyses, we
developad & protocol and program that displays the average intracellular distributions of specific proteins and mRENAs
fram all cells in each experiment in a single image or graph,

Mext steps: Fulura ressarch will charactarize tha ultrastructure of the translation zone, the intra-chioroplast dynamics
involvad in photosystem biogenesis tharein, biochemical componants and meachanisms invalved in the localization of

ribosomes and mRNAS to the translation zone, and a potential spatictemporal coordination of translation in tha

chloroplast and cytoplasm for pholosyslem bloganesis,

Chioroplast biogenesis occurs in different developmental
contexts. It is required for the growth of mature chloroplasts prior
to their division by binary fission, for example, in expanding green
tissues of leaves and stems (Sun and Zerges, 2015). Anothermode
of biogenesis occurs as proplastids differentiate to chloroplasts in
young greentissues (Solymosi and Schoefs, 2010). Finally, cells of
efiolated angicsperm seedlings contain etioplasts that, upon il-
lumination, differentiate to chloroplasts in a process called
greening (Hoober, 2007).

The propertiming of protein synthesis is impaortant inmany cell
biological processes. For example, chloroplast development in
both maize (Zea mays) and Chlamydomonas involves complex
dynamics of the expression of the chloroplast genome and
nuclear genes encoding trans-acting factors that regulate
posttranscriptional steps of chloroplast gene expression (Idoine
et al, 2014; Zones et al., 2015; Chotewutmontri and Barkan,
2016, Strenkertet al,, 2019). Leaf development inmaize involves
complex patterned changes in the translation of chloroplast
mRNAs (Chotewutmontri and Barkan, 2016). It is currently of
interest to determine how the levels of the photosynthesis
complexes and chloroplastic ibosomes change withrespect to
these dynamics in the transcrptome and translatome.

Chlamydomonas is an amenable model organism for studying
chioroplast biogenesis, Spatial pattems are readily identifiable due
to the sterectypic anatomy of the chloroplast and its several
prominent cytological markers (Uniacke et al., 2011). Moreover,
liquid cultures vield ample quantities of cells in defined stages of
chioroplast biogenesis. For example, the growth of aphotosynthetic
chioroplast can bestudied inwild-type cultures entrained toa 12/12-
h light-dark {diel) cycle (Sun and Zerges, 2015; Zones et al., 2015).
Under these conditions, cells synchronously grow in size in the light
phase and undergo mitosis in the dark phase (Supplemental Fig-
ure 1), Altematively, the greening process can be modeled with the

yelow-in-the-dark-1 (1) mutant (Ohad etal., 1967a, 1967h; Malnog
et al., 1988). ¥7 lacks the light-independent protochlorophyllide
oxidoreductase (POR), an enzyme in the chlorophyll biosynthetic
pathway (Cahoon and Timko, 2000). ¥7 cells cultured in the dark
cannot synthesize chlorophyll and, therefore, lack PS1 and PSIL. I-
lumination restores chlorophyll synthesis by activating a light-
dependent POR, thereby initiating the biogenesis of PSI and P3II
in a process that resembles greening in angiosperms,

Here, we characterized the spatiotemporal organization of
photosystem biogenesis in two developmental contexts that are
associated with chloroplast biogenesis: (1) mapid chloroplast
growth in the light phase of the diel cycle and (2} mpid photo-
system biogenesis in greening ¥ 71 cells, We used indirect immu-
noflucrescence (IF) staining and flucrescence insitu hybridization
(FISH}toreveal distributions of endogenous proteins and mRN As,
respectively. To increase the objectivity of our flusrescence mi-
Croscopy image analyses, we developed a macro and protocol to
determine average intrachloroplastic distributions of IF and FISH
signals in complete data sets. Therefore, our conclusions are
based on both qualitative visual analyses and quantitative anal-
yses by this macro. Inaddition, we perfarmed live-cell imaging of
chlorophyll flucrescence as a marker for the location of its bic-
synthesis, The results extend the role of the T-zone to the bio-
genesis of PSl and the biosynthesis of chlorophyll.

RESULTS

Photosynthesis Complexes and Chloroplastic Ribosomes
Accumulate during Chloroplast Growth in the Light Phase of

the Diel Cycle

In order to chamcterze spatictemporal patterms of PET complex
biogenesis in growing chloroplasts, we sought culture conditions
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Figure 1. Temporal Changes of Protein Synthesis and Accumulation in the Growing Chioroplast dudng the Light Phase of the Diel Cycle.

{A}and (B) Results of immunoblot analyses of total protein samples from ZT time points in the ZT0-ZT8 interval of the light phase reveal the relathve levels of
marker proteins (parentheses) of the following complexes: ATP synthase (AtpB), Cythf{Cytf), and the 305 and 505 subunitsof the chiorapl astic ribosome
5-21andL7/L12, respectively; [A]) and PSI (Psad), PSIH{Psba and PsbD), the LHCI proteins, and chiorophyll (B, Results are from threebiological replicates
using independent cultures, Eror bars indicate 1 se, kKentical protein sam ples were used for all analyses in each panel. Immunablots from one replicate are
shown in Supplamantal Figure 2A. Supplamental Figures 28 and 2C show the sameplots asin (&) and (B), respactively, but with allthres data points foreach

ZT tima poirt.

(C) Protein synthesis rates in the chioroplast are revealed by 10-min in vivo pulse S labeling of Psad/B, AtpB, PsbD, and PsbA, Also indicated is the3*
S-labeled large subunit of Rubiseo (Abcl). Preferentially elevated rates of PabA synthesis for the PSI damage-repair oy le were detected in the ZT6-ZT8
interval. Tha doubdet bands of PsbD represant phosphonyatad and nonphosphorylated forms {Harrin at al., 1982). Cyclohaximida inhibited cytaplasmic
ribosomes to reveal products of chioroplastic ribosomes. A portion of the gel with proteins was stained with Coomassie Brilliant Blue {CBB).

underwhich Chlarmydomonas (1) undergoes highrates of chloroplast
biogenesis for cellular growth, (2] yields samples at defined stages
of cellular growth, and (3} is not undergoing mitosis, which likely
affects biogenesis. Therefore, we entrained cultures of a wild-type
strain to the diel cycle with a 12/12-h lightdark regime
(Supplemental Figure 1), Time in the 24-h diel cycle is measured in
Zeitgeber time (ZT) hours. The time points ZTO and ZT12 are the
transitions from dark tolight and light to dark, respectively, To reveal
temporal changes in the steady state levels of the PET
complexes and the chloroplastic ATP synthase during the
light phase, we monitored changes in the levels of repre-
sentative subunit proteins with immunoblot analysis (Figures
1A and 1B; Supplemental Figures 2A-2C). In the PET system,
each subunit represents the level of its complex because
unassembled subunits are rapidly degraded (de Vitry et al,,
19849). We also monitored the levels of marker proteins of the
308 and 505 subunitsof the chloroplastic ribosome, 5-21 and
L7/L12, respectively, and LHCI (Randolph-Anderson et al.,
1989).

As cells grew in size during the light phase, the levels of the
photosynthesis complexes and ribosomal subunits increased
(Figures 1A and 1B; Supplemental Figures 2A-2C). The levels of

the chloroplastic ATP synthase and the 305 and 50S subunits of
the chloroplastic ribcsome increased in the ZTO-ZT6 interval
(Figure 1A). The synthesis of AtpB (also known as CF1-p),
asubunitofthe F1 particle of ATP synthase, increased inthe ZT0-
ZT2 interval, based on mesults of a radicisotope pulse-labeling
assay (Figure 1C; Supplemental Figure 2 D), Cythf levelincreased
slowly in the ZT0-ZT3 interval and more rapidly thereafter
(Figure 14). (Our pulse-labeling experments did not detect the
synthesis of Aibosomal proteins or Cyth,f subunits.) Finally, the
levels of PS|and PSllincreased inthe ZT5-ZT8 interval, atthough
the synthesis of PS| and PSIl subunits increased earlier (i.e,,
at the beginning of the light phase; Figures 1B and 1C;
Supplemental Figures 2A, 2C, and 20). LHCIl and chlorophyll
alsoincreasedinthe ZT5-ZTBinterval, butto lesserdegreesthan
did PSI and PSIl, consistent with the large proportion of total
chlorophyll that is in this complex (Figure 1B; Supplemental
Figures 2A and 2C; Minagawa and Takahashi, 2004). These
temporal patterns of accumulation are consistent with the
programmed differentiation in chloroplast development re-
vadled by previous results of transcriptome and ribosome profiling
(Idoine et al,, 2014; Zones et al., 2015, Chotewutmontri and
Barkan, 20186).
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Figure 2. Growing Chloroplasts during the Light Phase of the Digl Cyole
Show Spatictemporal Patterning of Markers of PSI Biogenesis,

(A} An illustration of a Chlamydomanas cell shows the chloroplast
{green) with its T-zone (T, yellow), basal region, lobes, envelope
{orang &) and pyranaid {F). Alsa shawn ara tha cytosol and thanuclaus
(M.

(B} Epiflucrescence microscopy images reveal the distributions of chio-
roplastic ribosomal protein 5-21 and the psbA mRNA enriched in the

Finally, the synthesis of the PSIl subunit PsbA preferan-
tially increasedin the ZT6-ZTBinterval inthe lightphase ofthe
diel cycle, relative to that of PsbD (also known as D2,
Figure 1C; Supplemental Figure 2D}, This preferentially el-
evated PsbA synthesis is well known to replace PsbA sub-
units damaged by aberrant photochemical reactions (Theis
and Schroda, 20186).

PSIl Translation Markers Localize to the T-Zone Early in the
Light Phase of the Diel Cycle

Chlarmyd amanas shows temparally complex patterns of gene
expression for chloroplast biogenesis in the light phase of the
diel cycle{Zonesetal,, 201 5, Strenkertet al,, 2019}, Therefore,
we asked whether PSIl subunit synthesis is also spatially
organized and, if so, how the localization patterns relate to the
kinetics of PSIl subunit synthesis and accumulation. From
cultures entrained to the diel cycle, cells weresampled at 2-h
intervals between ZT0 and ZT10 and then analyzed for their
intrachloroplastic distributions of three translation markers:
(1) the psbA mRMNA, (2)the chloroplastic ribosomal protein S-
21, and (3) RBP40 (also known as RB3EB), atranslation factor
required for early steps in the translation of PsbD (Barnes
etal,, 2004; Schwarzetal,, 2007), PsbA and PsbD areencoded
by the chloroplastic genome and translated by 705 chloro-
plastic ribosomes (Ericksonetal,, 1984; Rochaix et al,, 1984),
Anillustration of a Chlamydomonas cell shows the relevant
compartments (Figure 2A). These analyses revealed in most
cells from the ZT0-ZT4 interval that the psbA mRNA and 5-21
were enriched inpatches inthe basal regionofthe chloroplast
near lobe junctions (Figure 2B). Many cells also showed
a band of these colocalized signals extending between op-
posing lobe junctions. We designated this region as the
T-zone in the growing chloroplast. This T-zone is located
slightly anterior to the location of the T-zone in cells of

T-zone of ZT0 cells §n = 27), ZT2 cells (n = 28, in appraximately half of
the ZT4 cels (n = 45), but not in mast ZT6 cells in = 78), ZT8 calls (n =
44), or ZT10 cells {n = 41). Arrows indicate the strongest overdaps. Each
signal was manually adjusted to similar brightness across allimages in
each panel to allow comparisons of in situ distributions.,

{C) RBP40 and the psbA mANA localized to the T-zone in approximately
hatf of the ZT0 cells(n = 123), inmost ZT2 cells{n = 1.36) and ZT4 cells o =
128), but notin most ZTE6 calls i = 117), ZTBealls (7 = 101), or ZT10 calls
{n=113).

(D} The psbC mAMA was enriched in the T-zoneof ZT4 cells flop imags).
The heat map shows average signal intensities in a maximal intensity
prajection (MIF) of all calls in this data set (n = 56).

(E)} The thylakoid membrane complex ATP synthase (AtpB) was not lo-
calized to the T-zoneinmaost ZTO calls (n = 18), ZT2 cells (n = 64), and ZT4
calls fn = 83),

(F) A protain of the chloroplast stroma (HSPTDB) was not localized to tha
T-zone jmarked by the psbA mANA) in ZT2 cells {p = 79).

Bright-field images of all cells shown here are presented in Supplemental
Figura 3 to show their propar antedor-postanior orertations (from left to
right). Bars = 5.0 pm.
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Figure 3. Plots of Average Fluorescence Signal Intensity along the Chloroplast Axis from All Cells of Each Data Set Support T-Zone Localization of the

Translation Markers Early in the Light Phase of the Diel Cycle,

Chioroplasts are illustrated as their axis (yellow ling) is presented on the horizontal axis of each graph. Our macro determines the average signal intensity

along this ais.

{A) The average signal intensity of the psbC mANA FISH signal in Z2T4 cells {Figure 20; n = 56) is plotted versus position on the

chloroplast axis,

(B} to [E) The averagesignal intensities of the psbA mRANA FISHsignal igreen) and the F signals of theS-21 chioroplastic ribosomal protein (ZT0,n = 27, ZT2,
n =28 andZT10,n = 41;[B]), ABP40(ZT0,n = 111; ZT2,n = 118, andZT10,n = 123; [C]}, the AtpB subunit of ATP synthase §1 = 65; [D]), and the stromal
marker H3FT0B §n = 93; [E] are plotted along the chioroplast axis {as percentage of the total length).

asynchronous cultures under other conditions (Uniacke and
Zerges, 2007). Later inthe light phase, beginningatZT6, the S-
21 IF signal increased in the lobes such that it became dis-
tributed throughout the chlomplast (except in the pyrenoid).
The psbA mRMNA remained enriched in the T-zone throughout
the light phase. The strongest REPA0 IF signal was from the
T-zone in the ZT0-ZT4 interval and dispersed laterin the 2T6-
ZT10 interval (Figure 2C). Thus, the three translation markers
were enriched specifically in this T-zone in the ZT0-ZT4 in-
terval, when we also observed the major increases in PSI|
subunit synthesis (Figure 1C; Supplemental Figure 20). T-zone
localization of translation marker signals was not evident while
the rates of PsbD synthesis declined in the ZT8-ZT10 interval.
Theincreased level of 3-21 in the lobes of the chloroplast inthe
ZT6-ZTH interval may reflect PsbA synthesis for PSII repair
because these events coincided and the latter is known to
occur on thylakoid membranes throughout the chloroplast
(Figures 1Cand2B; Mattoo and Edelman, 1987 ; van Wijk et al.,
1998).

Asg the psbA mRMNA is translated for both the biogenesis and
repair of PSI|, it does not serve as a definitive marker for the

location of PSI| biogenesis. Therefore, we asked whether the
psbC mRAMA, which encodes a PSIl subunit that does not
undergoadamage and repaircycle (CP43), alsolocalizestothe
T-zone inZT4 cells (Chotewutmontd and Barkan, 2018). These
ZT4 cells showed the highest psbC mRBMNA FISH signal in the
T-zone, hence providing further support of the T-zone as the
primary location of PSII biogenesis in the growing chloroplast
(Figure 20).

The localization of the translation markers to the T-zone does
not reflect a feature of chloroplast anatomy, for example, densely
populated thylakeoid lamella or pockets of stroma in the T-zone,
because it was not seen for AtpB, a subunit of the ATP synthase in
thylakoid membranes, or a marker protein for the chloroplast
stroma, HSPTOB (Figures 2E and 2F). Morecver, our thin (0.2 pm)
optical sections minimize contributions of local differences in
chloroplast volume to signal intensities. In addition, transmission
electron micrascopy (TEM)images revealed that cells early in the
light phase (ZT0 to ZT3) had the expected chloroplast ultra-
structure and morphology, incleding thylakoid lamellae and
stroma throughout the chloroplast (Supplemental Figure 4).
Therefore, the enrichment of the translation markers inthe T-zone

127



The Plant Gell

ZT?CI ZT20 ZT2 ZTZL',I ZT20 ZT22

iremlmllc islmllcmc ialmilﬂhc iramlmtlc ialmllﬂhc instmltl}llc

cp ribosome (S-21)

C cp ribosome (5-21) D AlpB

_|,..'_~'|,..-"| mRMA

—8—

ZT20 premitotic cells

pahd mRMNA

=8-

ZT20 premitotic calls

’Nﬂ% PO ™ e
F % i\ Y
S A A AT
i = r

ZT20 postmitotic -:aells_

£T20 postmitolic cells

= met
A

e

ZT22 postmitotic cells

ZT22 postmitotic cells

Figure 4. The Chloroplastic Ribosome Marker Protein and the psbA
mANA Localize to the T-ZoneafterCell Division in the Dark Phaseofthe Diel
Cyala.

A} Epifiuorescence microscopy images revealed in the premitotic cells at
ZT20 {n = 15) that thapsbA mANA [grean) was higher in the basal region
than the lobes while the chioroplastic ribosomal protein S-21 fmagenta)
was distributed throughout the chiaroplast. Inmost postmitotic ZT20 cells
i = 103) and postmitotic ZT22 cells p = 7 2), the strongestsignals fromthe
pshA mAMA and the chloroplastic ribosamal protein 5-21 colocalizad to
the T-zone (amows), Bar = 5.0 pm,

(B} The AtpB subunit of the chloroplastic ATP synthase (magenta)
was notlocalized with the psbAmRAMAIn pramitatic ZT 20 calls {n = 9),
in pastmitotic ZT20 cells (7 = 39), orin ZT22 calls (1 = 103). Bar =
5.0 pm,

(€} and (D) The pattems in (A) and [B) were confirmed by plois of the
avarage signal intansities varsus the chloroplast axis. Call numbars
werg, for the psbA mRNA and 5-21, ZT20 premitoatic (n = 15), ZT20
postmitotic (n = 54), and ZT22 {n = 72;[C]), and for the psbA mANAand
AtpB, ZT20 premitotic i = 9), ZT20 postmitotic {n = 54), and ZT22 §n =
112; [D).

likely reflects theirlocalization and not some anatomical feature of
the chloroplast unrelated to biogenesis.

Average Signal Distributions Confirm Localization of
Translation Markers to the T-Zone

The precision of visual analyses for localization patterns at
suborganellar levels in fluorescence microscopy images can
be affected by the researcher's unconscious bias and limited
ability to simultaneously compare many images. To increase
the objectivity of our analyses and discern localization pat-
terns in Chlamydomonas, we developed a method to analyze
fluorescence microscopy images by averaging signal inten-
sity over many cells (Supplemental File), This macro takes
a maximum intensity projection for each cell, collects the
projections from all cells in a data set, and then rescales each
cellsuchthatitslongand shortaxes are equalinlengthtothose
of the largest cell in the data set. It then superimposes the
projections to generate an image of the average signal in-
tensities (Figure 2D; Supplemental File). This analysis can
further convert the average FISH signal intensity from the psbC
mARMA in Figure 2D to the plot in Figure3Aofthe percentages of
the maximum value versus position on the chloroplast axis.
The chloroplast axis was designated as a line from the tip of
one lobe across the pyrencid to the tip of the opposing lobe
(see illustrations in Figure 3). The resulting plot shows two
peaks of maximal average intensity where the axis traverses
the T-zone on either side of the pyrenoid (seen as a dip of low
average intensity).

To better show the relationship between two signals, we
determined the average signal intensity of each in the chlc-
roplastlobes, the T-zone, and the pyrenoid (Supplemental File)
and then plotted the percentages of their maximum values
versus position on the chloroplast axis (Figure 3). Results of
these analyses revealed thatthe signals of the three translation
markers displayed maxima overlapping in the T-zones of cells
from ZT0 and ZT2 (Figures 3B and 3C). At ZT0, a single peak of
overlapping translationmarkersignals was seenwhere the axis
crosses the T-zone, The nonstaining pyrenoid is small then
{i.e., in the hours following mitosis) and, thus, it makes only
a slight dip at the apex of this peak ([compare Supplemental
Figures 48 and 4C; Freeman Rosenzweig et al,, 201 7). At ZT2,
the larger pyrenoid is now at the center of the chloroplast axis
and separates two peaks of overlapping translation marker
signals where the axis crosses the T-zone in opposing lobe
junctions. By ZT10, the maxima had diminished for the psbA
mAMNA and were no longer seen for S-21 and RBPA0, as the
latter signals increased in the lobes (Figures 3B and 3C). The
average signals of the control markers for thylakoid mem-
branes and stroma, AtpE and H3PTOB, respectively, did not
show maxima inthe T-zone {marked by the psbA mRNA maxima)
at any of the time points examined (Figures 30D and 3E). These
results confirm the results of visual analyses in the previous
subsection and, thereby, provide further support of the T-zone
being the primary location of PSIl subunit synthesis early in the
light phase.

The lobes of the chloroplast in some cells showed a gap in
all fluorescent signals, which was located immediately
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anterior to the junction with the basalregion (Figure 2B, ZT2
and ZT4 cells; Figures 3A, 3C, and 3E). Each of these gaps is
caused by a constriction of the entire lobe, as can be seen
in the TEM image in Supplemental Figure 4B, These con-
strictions appear on both lobes in some cells for unknown
reasons. Additional work is required to understand their
structure and functions.

Localization of the psbA mRNA and Chloroplastic Ribosome
to the T-Zone |s Established following Mitosis

T-zone localization of the translation markers was estab-
lished sometime during the dark phase; it was absent at ZT10
and present at ZT0 (Figures 2B, 2C, 3B, and C3C). To de-
termine when this localization is established, cells at the end
of the dark phase (ZT20 and ZT22) were analyzed for their
in situ distributions of the psbA mRNA and the chloroplastic
ribosomal protein S-21. At ZT20, we observedlarge andsmall
cells. The large cells were premitotic while the small cells
were postmitotic; they were similar in size to the daughter
cells that predominated at ZT22 and constituted all cells at
ZT0 (Supplemental Figure 1A). Premitatic ZT20 cells did not
show T-zone localization ofthe psbA mRMNA or S-21 (Figures
44 and 4C). The former was enriched in the basal region but
not localized specifically in the T-zone, while the latter was
dispersed throughout the chloroplast, exceptinthe pyrenoid.
Postmitotic ZT20 and £T22 cells, however, showed T-zone
localization of the psbA mRMA and S-21 (Figures 4Aand 4C).
This localization patternwas not seenfor AtpB , revealing that
it does not reflect the distribution of thylakoid membranes,
the accepted location of psbA translation (£oschke and
Bock, 2018, Figures 4Band 40). Therefore, localizationof the
psbA mRMA and the chloroplastic ribosome to the T-zone is
established soon after mitosis and maintained throughout
the remainder of the dark phase andduringtheinitial 4 hof the
light phase (Figures 2B and 2C). Previous reports describe
increases in the synthesis rates of chloroplast genome-
encoded subunits of PS| and PSII in the dark phase, when
we observed the establishment of this localization pattern
(~ZT22; Howell et al., 1977, Lee and Herrin, 2002). Our puls e-
labeling assay was not sufficiently sensitive to monitor these
rates of synthesis in the dark phase. Thus, the chloroplast
translation machinery and mRMNAs localize to the T-zone
when photosystem subunit synthesis is activated near the
end of the dark phase.

Chlorophyll Biosynthesis Is Localized to the T-Zone

Mewly synthesized chlorophyllis incorporated into PSland PSI
within seconds in Chlamydomonas (White and Hoober, 1994),
This suggests that chlorophyll biosynthesis is colocalized with
the synthesis of chlorophyll binding proteins, as has been shown
in cyanobacteria (Chidgey et al., 2014). Inaddition, the oxidative
cyclase CRDA, an enzyme in the chlorophyll bicsynthesis
pathway, is localized to the pyrenocid perimeter {i.e., in the
T-zone; Allen et al., 2008). Therefore, we asked whether chilo-
rophyll bicsynthesisis localized to the T-zone by IF staining cells
in the light phase of the diel cycle for the light-dependent POR.

Lecalized Photosy stem Biogenesis

Chioropkhyll
F ZT0 ZT2 ZT4 ZTE ZTH ZT10
Chlarsphyll

Figure 5. Tha T-Zana ls tha Primary Location of Chioraphyll Biosynthasis,

(A) Epifluarascance micrascopy imageas show that the fluorescant signals
af POR (magenta) and the psbA mAMNA green) were throughout the
chioroplast in most ZT2 celis i = 95) and colocalized in the T-zone {amows)
in most ZT4 calls (n = 73) and ZT6 calls f = 47). Bar = 5.0 pm.

(B} For ZT4 cells, this patiern was corfimed by plots of average signal
intensities versus position on the chloroplast axis o = 113),

(C) Images show the IF signals of POR jmagenta) and 5-21 (green) co-
lacalized in tha T-zones of most dark-yd calls i = 111), 0.5 h-y1 calls (n =
62), 1h-y7 cells §n = T1), and 2 h-7 cells {n = 56). Bar = 5.0 pm.

(D) This pattern was confirmed for 0.5 h-y1 cells by plots of average signal
intensities versus position on the chloroplast axis n = 33),

(E) In live-imaged dark+1 calls i = 62), no autofluorascenca was saan
because they lackchlorophyll, The strongest chiorophyll fluorescence was
seen inthe T-zones of most lve 1 ! celis{n = 52), 2 hey! cells i = 40),
and3h-y1 calls {7 = 40) and throughout tha chloropl ast of all grean-y 1 calls
{n=55.8Bar =50 pm.

(F) At ZT0{n = 14), chlorophyll fluorescence was higherin the basal region
than in the lobes, but not particularty localized to the T-zone, The strongest
chiarophyll avtofluorascance was seanin tha T-zonas of most calls at ZT2
n=16),ZTd o = 15, ZTG(n = 19), ZTA{n = 17),and ZT10 jp = 13). Bar
50 pm.

Epifluorescence microscopy images show the POR IF signal
throughout the chloroplast in ZT2 cells. However, ZT4 and ZT6
cells showed strong POR IF signal in the T-zone (marked by the
FIZH signal of the psbA mRMNA; Figures 54 and 5B). Therefore,
the localization of POR to the T-zone coincided with the ac-
celerated increasein chlorophyll level at ZT5 and with theincreases
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Figura 8. The T-Zona in Greaning y1 Calls Revealad by the in Situ Localization of Translation Markers,

[A) Imagas show the strongest signals from chloroplastic ibosomal pratain 5-21 jmageanta) and the psbA mANA{green) colocalized in the T-zona inmost
dark-y1 cells fn = 91 and 2 h-¥7 cells { = 145) and approximately half of 4 h-y7 cells f = 138) but not in most green-y 7 cells{n = 89). Arrows indicate where
the strongest signals from both channels overdapin the T-zone, Bar = 5.0 pm.

(B} Plots of the average signal intensities versus position on the chioroplast axis confirm these patterns in dark-y1 celis {n = 53 and 2 h-y1 cells | = 95).
(C) Callimages show ABP 40 {maganta) and the psbA mAMA {green) colocalizadin the T-zona in appraximataly half of dark 1 calls 1 = 4 1) and in minaritias
of 2 h-y7 calls fn = T5)and 4 h-y1 cells fn = 103) but not in grean-y1 cells fh = B2, Bar = 5.0 pm.

(D} Plots of average intensities of these signals showed peaks in the T-zone of dark-y? cells{n = 65) and 2 h-y1 cealls {n = 109),

(E) In 2 h=y7 calls, At pB (maganta) was maxmalin the kobes andnat localized to tha T-zana with the osbA mANA (grean] in most 2 h-7 calls (n = TE). Bar =
5.0 pm.
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in the levels of PSI and PSII (Figure 1B, Supplemental Figures 24
and 2C),

We asked whether chilorophyll biosynthesis is localized to the
T-zonein greening 7 cells, We confirned that 7 cells cuttured in
the dark (dark-y7 cells) have low levels of PSI and PSI|, low
synthesis rates of PSland PSIl subunits (Psad, PsbA, and PsbDj,
and that these levels and rates increase during greening due to the
activation by light of chlorophyll bicsynthesis and, consequently,
photosystem biogenesis (Supplemental Figure 5; Ohad et al.,
1967a; Malno@ et al., 1988). When we analyzed the in situ dis-
fribution of the POR, we found that it colocalized with S-21 in the
T-zone in dark-y7 cells and in p7 cells after 0.5, 1, and 2 h of
greening (hereafter 0.5 h-y7 cells, 1 h-¢7 cells, and 2 h-y7 cells,
respectively, Figures 5C and 50). This result suggests that the
T-zoneisaprimary locationof chiorophyll bicsynthesisin greening
y1 cells.

To test this possibility further, we exploited the fact that
dark-y7 cells begin greening without chlorophyll and then
accumulate it during greening (Ohad et al.,, 1967a). Chloro-
phyll fluorescence should first appear in the T-zone if it is
a principal location of chlorophyll biosynthesis., In live-
imaged dark-y7 cells, only weak autofluorescence was
seenbecausethey lack chlorophyll. As was expected, green-
¥1 cells (¥7 cells cultured in constant light) exhibited chlo-
rophyll fluorescence throughout their chloroplast {i.e., in the
known distribution of thylakoids, Figure SE). By contrast, in
yicellsafter1, 2, or3h of greening, the strongest chlorophyll
fluorescence was seen along the anterior perimeter of the
pyrenoid (i.e., the T-zone). Similarly, inindividual greening y1
cells followed in time-lapse movies of maximum intensity
projections, chlorophyll fluorescence was seen first in the
T-zone (Supplemental Video). Later, the strongest chlorophyll
fluorescence expanded anteriorly and was seen throughout the
chioroplast by the end of greening. These results provide further
support that the T-zone is the primary location of chlorophyll
biosynthesis in the greening chloroplast.

Similarky, we visualized chiorophyll fluorescence in live cells
from ZT0 to ZT10 in the diel cycle (Figure 5F). At ZTD, chlorophyll
fluorescence was higherin the basal region than in the lobes, but it
was not particularly localized to the T-zone. Later, and throughout
the light phase, the strongest chlorophyll flucrescence was seen
along the anterior perimeter of the pyrenoid (i.e., the T-zone), as
was observed ingreening y7 cells(Figures 5E and 5F). This strong
chlorophyll fluorescence appeared before the accelerated in-
crease in chlorophyll level at ZT5 (Figure 1B), suggesting that itis
from newly synthesized chlorophyll whose excitation is not yet
quenched by processes in the photosystems and their LHCs

Localized Photosystern Biogenesis

{Mller etal., 2001 ). These results support the T-zone as being the
primary location of chlorophyll bicsynthesis in the growing
chloroplast.

PSIl Translation Markers Localize to the T-Zone of Greening
¥1 Cells

Wethenanalyzedthein situdistributions of the P31l translation
markers in the chloroplast of greening y7 cells (Figure 6). In
dark-y7T cells and 2 h-y71 cells, the strongest signals from the
pebAmRMAand S-21 overlapped in the T-zone (Figures 64 and
68). In 4 h-¢7 cells or green-y1 cells, the pshA mRMNA FISH
signal was still enriched in the T-zone while 5-21 was more
broadly distributed throughout the chloroplast, except in the
pyrenoid, Similarty, REP40 and the psbA mRNA localized to the
T-zone in dark-y7 cells and 2 h-y7 cells (Figures 6C and 60).
This pattern was less evident in 4 h-y7 cells and not evident in
green-y T cells. These results provide evidence that the T-zone
is the primary location of PSIl subunit synthesis early in 7
greening.

The localization of these translation markers to the T-zone
doesnot reflect local enrichmentsof thylakoidsand stromain !
cells because neither AtpB nor a marker for stoma and thyla-
koids, VIPP1 (Liu et al., 2005}, was localized inthis patternin 2 h-
¥71 cells (Figures 6E-6H). As was mentioned above, the thin (0.2
wmj} optical sections minimize the effects on signal intensity of
anydifferencesinvolume between the T-zone and other parts of
the chloroplast. Therefore, the enrichmentof the PS|Itranslation
markers in the T-zone in dark-y7 and 2 h-y7 cells reflects their
localization and not a local endchment of thylakoids or stroma
compared with elsewhere in the chloroplast.

Since the translation markers localized to the T-zonein dark-
y1 cells {i.e., before PSI| subunit synthesis was induced by
illumination; Figures 6A-6D; Supplemental Figures 5C and
60, we sought a direct marker for PSIl subunit synthesis to
determine whether the T-zone is a primary location of active
translation. We were able to use the PsbA protein because
dark-yT cells have only trace amounts such that most of
the PsbA pool early in greening is newly synthesized
{Supplemental Figures 5A and 5B). Therefore, the first PsbA
to appear in greening should mark its location of synthesis.
Consistent with this rationale, the PsbA |F signal in dark-y7
cells was very weak and not in any particular localization
pattern |Figure 61). (The brightness of the PsbA IF signalin the
dark<¢7 cell image was enhanced to show its distribution.)
In 2 h-y71 cells and 4 h-y7 cells, the PsbA IF signal ini-
tially increased in the T-zone, where it colocalized with the

Figure 6. [continued),

{F) This was confirmed by a plat of the AtpB IF signal intensity versus position on the chloroplast axis f7 = 54),

(G) VIPP1, a marker for thylakolds and stroma, also was not localized to the T-zone in most 2 h-y7 cells {0 = 51). Bar = 5.0 pm.

{H) This was confirmed by a plot of the VIPP1 IF signal intensity versus position on the chioroplast awis (n = 44),

[} PsbAisa markerfor newly synthesized PSI| proteins eary iny 1 greening {see text); it was T-zone localized {amows) inmost 2h-y1 cells fn = 95) and 4 hy1
cells §n = 40) but not in most dark-y7 cells (n = 79) or any green-¥7 cells {h = 36). The Psba signalwas manually enhanced in the dark-y7 cell to allow
comparisons of its in situ distibutions but not relative levals across the conditions. Bar = 5.0 pm.

{J) The average intensity of tha Psba IF signals was maximal in the T-zone in 2 h-y1 cells {1 = 89 but not in greens? calls {n = 34),
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