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Abstract 

The spatial organization of chloroplast protein synthesis and the Calvin Benson Cycle in  

Chlamydomonas reinhardtii 

 

Shiva Bakhtiari Koohsorkhi, Ph.D.  

Concordia University, 2021 

 

Chloroplasts are the characteristic organelle in cells of plants and algae. They host 

numerous essential metabolic pathways, including photosynthesis. Many processes are required 

for the biogenesis and homeostasis of the chloroplast. This thesis will look at the spatial 

organization of some of these processes in the chloroplast of Chlamydomonas reinhardtii. This 

unicellular alga is a model organism for chloroplast biology. The diverse functions of chloroplasts 

depend on the translation of thousands of different proteins. Most of these proteins are encoded in 

the nucleus, translated in the cytoplasm, and imported into the organelle post-translationally. 

Translation by organelle-bound ribosomes and co-translational import have been described for the 

ER and mitochondria, but not for the chloroplast. Chapter 2 describes evidence of localized 

translation at the chloroplast in Chlamydomonas and addresses the questions of ribosome docking 

on the chloroplast and co-translational import of chloroplast proteins. The results reveal a domain 

of the chloroplast envelope which is bound by translating cytoplasmic ribosomes and is a 

specialized location of co-translational protein import. These ribosomes are retained by 

chloroplasts, during their purification from other cellular organelles, can be visualized on the outer 

chloroplast envelope with immunofluorescence microscopy (IF) and high-resolution electron 

tomography, and are translationally active. Co-translational protein import is supported by results 
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of fluorescence in situ hybridization (FISH) showing that mRNAs encoding chloroplast proteins, 

but not an mRNA encoding a non-chloroplast protein, are retained by this domain during 

chloroplast purification. This envelope domain is spatially aligned with regions of envelope that 

were shown previously to be enriched in the protein translocons of the inner and outer membrane 

of the chloroplast envelope (TIC and TOC) and presumed to be specialized locations of protein 

import. Inside the chloroplast and adjacent to the envelope domain with translating cytoplasmic 

ribosomes is the chloroplast translation zone (T-zone). This intraorganellar compartment is where 

plastid ribosomes translate subunits of photosystem I (PSI) and photosystem II (PSII) of the 

photosynthetic electron transport chain. Together, these results reveal a complex spatial 

coordination of translation by cytoplasmic and chloroplast ribosomes for protein targeting and 

biogenesis of photosynthesis complexes in this semi-autonomous organelle.  

Chapter 3 describes new insights into the spatial organization of the Calvin Benson Cycle, the 

pathway that converts CO2 to carbohydrates in photosynthesis. Using fluorescence microscopy, I 

show that, under certain conditions, enzymes and related proteins in this pathway are localized to 

a specific compartment in the chloroplast. This compartment is different from the widely accepted 

locations of these enzymes and suggest some intriguing possibilities and resolutions to current 

problems in the field. Together, these findings support the highly compartmentalized nature of 

chloroplasts in Chlamydomonas reinhardtii and highlight the potentials of this model organism for 

studying chloroplast biogenesis and addressing fundamental cell biology questions. Moreover, 

they raise the possibility that similar organizations can occur in more complex photosynthetic 

organism such as higher plants.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Cellular Compartmentalization 

 

Eukaryotic cells are highly organized units. One of their defining features is the presence 

of subcellular compartments called organelles. Each organelle has specialized functions (Gabaldón 

& Pittis, 2015). The organelles found in a typical eukaryotic cell are the nucleus, the Golgi 

apparatus, the endoplasmic reticulum (ER), the mitochondrion, lysosomes, and peroxisomes 

(Alberts et al., 2002b). Each of these organelles is bound by either a single or double membrane, 

which physically separates it from the cytoplasm (Gould, 2018; Mullock & Luzio, 2013). The 

membrane also carries out selective import of proteins and transport of metabolites to establish the 

organellar composition and can have roles in specialized organellar functions (Béthune et al., 2019; 

Gould, 2018). Compartmentalization by organelles increases efficiency as multiple pathways and 

incompatible reactions can take place within a cell simultaneously (Martin, 2010; Wellen & 

Snyder, 2019). It can also prevent deleterious side reactions, such as the action of pathways on 

inappropriate substrates (Flechsler et al., 2021; Gabaldón & Pittis, 2015; Martin, 2010).  

Many organelles are themselves partitioned into microcompartments that fine-scale 

compartmentalization of biochemical pathways (Martin, 2010; Wellen & Snyder, 2019). Together, 

these compartments and microcompartments regulate cellular processes by concentrating the 

required components to a specific space inside the cell (Flechsler et al., 2021; Martin, 2010). For 

example, the mitochondria is an energy-producing 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). New imaging techniques have revealed that 

these compartments are further subdivided into specific regions or zones, each responsible for a 
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specific function. One example of these zones is the apoptosis zone which is an area on the 

mitochondrial outer membrane, where the proapoptotic factor Bak has been found to localize and 

drive the mitochondrial apoptosis pathway. (Shimizu, 2019). We use the term “zone” for a 

subcellular region that is defined by the localization of marker proteins for particular processes but 

for which the ultrastructure is still unknown.  

Meanwhile the ER is composed of rough and smooth membrane domains. In addition to 

this, it has contact sites that enable the exchange of material with different organelles, including 

mitochondria, endosomes, and the plasma membrane (English & Voeltz, 2013; Hoffman et al., 

2019). An example of this is the contact site between the ER and mitochondria which is called the 

mitochondria-associated membrane. These specialized domains have their own multiprotein 

assemblies that accommodate their function (Hoffman et al., 2019).  

Bacterial cells also have microcompartments which are analogues to the lipid-bound 

organelles found in eukaryotes. These microcompartments enclose chemical reactions that benefit 

from being separated from the cytosol. Carboxysomes are an example of a bacterial 

microcompartment that is involved in CO2-fixation (Kerfeld et al., 2018). 

 

1.1.1 Compartmentalization of Chloroplasts 

 

Chloroplasts are found only in plants and algae. They have long been known as the 

organelle responsible for carrying out photosynthesis (Alberts et al., 2002a; Cooper, 2000). They 

also perform several other critical functions such as the synthesis of amino acids and lipids 

(Hernández & Cejudo, 2021). Additionally, they play a role in the assimilation of sulfur, 

phosphorus and nitrogen (Armbruster & Strand, 2020; Giordano & Raven, 2014). 
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Chloroplasts consist of six known compartments. 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 space (Engel et al., 2015). On the inside, they contain a matrix called the 

stroma and an elaborate network of flattened membranous vesicles called the thylakoids (Chua & 

Gillham, 1977). The fluid-filled space within the thylakoids is called the lumen (Engel et 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 ions (Jarvis & Soll, 2002; Thomson et al., 2020; Ullmann, 2001). The stroma contains 

a variety of metabolic enzymes, multiple copies of the chloroplast’s circular DNA and all 

components of the chloroplast translation machinery (Ullmann, 2001; Wallace, 1982).  

The thylakoids are responsible for the light dependent reactions of photosynthesis. These 

reactions are carried out by several multi-subunit complexes which include photosystem I (PSI), 

photosystem II (PSII), their associated light-harvesting systems, chlorophyll a and b and 

carotenoids (Schottkowski et al., 2012; Vothknecht & Westhoff, 2001). PSI, PSII and the 

cytochromes b6/f are the major complexes of the photosynthetic electron transport chain (PET) 

(Kirchhoff, 2019; Vothknecht & Westhoff, 2001). PET oxidizes water to provide electrons for the 

reduction of NADP, and the generation of an electrochemical proton gradient, which is used for 

the synthesis of ATP (Brudvig, 2008; Harris, 1989). The LHCI (light harvesting complex I) 

associated with photosystem I and LHCII (light harvesting complex II) associated with 

photosystem II collect light for photosynthesis and determine how much light energy is transferred 

to the photosystems (Sun et al., 2019a; Uniacke & Zerges, 2007). 
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Another compartment found in the chloroplasts of most green algae is the pyrenoid 

(Freeman Rosenzweig et al., 2017; Zhan et al., 2018). This is a non-membrane bound spherical 

structure that is in the basal region of the chloroplast and is involved in the assimilation of CO2 

during the Calvin Benson Cycle (Freeman Rosenzweig et al., 2017; Moroney & Ynalvez, 2007). 

The pyrenoid matrix contains most of the pool of Ribulose-1, 5- bisphosphate 

carboxylase/oxygenase (Rubisco), which is a key enzyme in CO2 fixation (Mackinder et al., 2016). 

 

1.1.2  Mitochondrial Compartmentalization 

  

The mitochondria are in many respects similar to chloroplasts. Both organelles originated 

through endosymbiosis and therefore have their own DNA and translation machinery (Keeling, 

2010; Rose, 2019). The mitochondria are best known for their role in energy metabolism, notably 

cellular respiration and ATP synthesis (Kühlbrandt, 2015). In fact, in non-photosynthetic 

eukaryotes, mitochondria are the main source of ATP (Bowsher & Tobin, 2001). The mitochondria 

are also involved in other essential functions. These include the production of NADH and GTP in 

the citric acid cycle, the biosynthesis of amino acids, heme groups and iron-sulfur clusters or the 

synthesis of phospholipids for membrane biogenesis. They are also involved in calcium signaling 

and responses to stress (Avendaño-Monsalve et al., 2020; Kühlbrandt, 2015). 

Like the chloroplast, mitochondria are separated from the cytoplasm by an outer and inner 

mitochondrial membrane. These membranes divide the organelle into three compartments, each 

with its distinct role and protein composition (Kühlbrandt, 2015; Rose, 2019). The 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 contains the mitochondrial DNA, ribosomes 
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and enzymes of the citric acid cycle (Avendaño-Monsalve et al., 2020; Kühlbrandt, 2015; Rose, 

2019).  

The second compartment is the space between the inner and outer mitochondrial 

membranes, known as the intermembrane space. All 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) membrane (Grevel et al., 2020a; Vogel, 

Bornhovd, et al., 2006).  

However, the inner membrane of the mitochondria is much more elaborate in 

comparison with the chloroplast. This membrane forms multiple folds and invaginations into 

the matrix which are called cristae (Rabl et al., 2009; Vogel, Bornhovd, et al., 2006). The space 

within the cristae is known as the crista lumen. These cristae are where the proteins involved in 

the respiratory electron transport and ATP synthesis are located (Kühlbrandt, 2015; Rabl et al., 

2009) and are analogous to the thylakoid membranes in chloroplasts (Grevel et al., 2020a; Rabl et 

al., 2009). Furthermore, the connection between each cristae and inner mitochondrial membrane 

is known as crista junctions. The TIM/TOM supercomplexes are also localized at cristae junctions 

(Kühlbrandt, 2015), analogous to the chloroplast TIC/TOC complexes which will be discussed 

further in Chapter 2 (Gold 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 essential cellular processes that is compartmentalized in 

eukaryotic cells (Hovland et al., 1996; Sommer & Schleiff, 2014). Except for a small minority of 

proteins which are synthesized within the mitochondria and the chloroplasts, protein synthesis is 
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partitioned between the cytoplasm and the outer surface of the ER (Avendaño-Monsalve et al., 

2020; Jan et al., 2014; Sommer & Schleiff, 2014). Many proteins are translated by free ribosomes 

at random locations in the cytoplasm (Campbell, 1989). These proteins are later targeted to specific 

organelles via the recognition of an N-terminal transit peptide on the protein by targeting factors 

and the import translocon in the organellar membrane(s). This mechanism, where the protein is 

fully translated prior to import, is known as the post-translational import pathway (Avendaño-

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

In contrast, proteins destined for secretion, the Golgi, lysosomes or the plasma membrane 

are synthesized by ribosomes that are bound to the ER (Kim & Hwang, 2013). These proteins often 

have an N-terminal signal sequence which is recognized by a protein complex called the signal-

recognition particle (SRP) which directs them to the translocon in the ER membrane (Aviram & 

Schuldiner, 2017). Once there, translation is activated, and the nascent polypeptide is translocated 

across the ER membrane or, for integral membrane proteins, into it through a mechanism known 

as the co-translational import pathway (Aviram & Schuldiner, 2017; Sommer & Schleiff, 2014). 

Co-translational protein targeting reduces the risk of protein aggregation in the cytoplasm, which 

would prevent or impede their post-translational import (Grevel et al., 2020a).  

 

1.1.4  Chloroplast and Mitochondrial Protein Targeting 

 

Both chloroplasts and mitochondria originated from photosynthetic bacteria that 

underwent endosymbiosis  with their respective host cells approximateley 1-2 billion years ago 

(Keeling, 2010; Kim & Hwang, 2013). Since then, many of the genes of the endosymbiotic bacteria 

have been transferred to the nucleus, and the organelle genomes have been left with less than one 
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hundred protein-coding genes only (Kim & Hwang, 2013; Peeters & Small, 2001). Today, most 

mitochondrial and chloroplast proteins are encoded by the nuclear genome and synthesized by 

cytoplasmic ribosomes. These proteins are subsequently imported into the organelles through a 

complex protein translocation machinery (Keeling, 2010). 

 A total of 3000 proteins are thought to be present in the chloroplast. For the mitochondria, 

this number is believed to be 2000 (Peeters & Small, 2001). These proteins are found in the 

membranes, intermembrane spaces or stroma and matrix of each of these organelles (Avendaño-

Monsalve et al., 2020; Peeters & Small, 2001). Therefore, to get to their proper location, many of 

these proteins have to cross a double membrane through the import translocons (Sommer & 

Schleiff, 2014; Thomson et al., 2020). 

In the case of chloroplasts, the widely accepted import mechanism is a post-translational 

one (Weis et al., 2013b; Zerges, 2000). This means the protein is fully translated by free ribosomes 

at random locations in the cytoplasm. The resulting pre-protein generally has a cleavable N-

terminal extension, called a transit peptide (Weis et al., 2013b; Zerges, 2000) which is recognized 

by the translocon at the outer chloroplast envelope, also known as the TOC complex and initiates 

the translocation of the pre-protein into the chloroplast (Andrès et al., 2010; Jarvis & Soll, 2002). 

This acts in coordination with the translocon at the inner chloroplast envelope, also known as the 

TIC complex, to fully import the pre-proteins into the chloroplast stroma (Soll & Schleiff, 2004; 

Thomson et al., 2020). After import, the N-terminal transit peptides are cleaved by proteases, to 

create proteins that can be either folded, assembled into a functional complex, or targeted to one 

of the many chloroplast compartments (Jarvis & López-Juez, 2013; Zerges, 2000). In addition to 

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



 

8 
 

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

encoded pre-proteins into the chloroplast (Shi & Theg, 2013; Strittmatter et al., 2010).  

The predominant view of protein import into the mitochondria is also through a similar 

post-translational mechanism (Gold et al., 2017b; Kellems et al., 1974). However, recent studies 

have demonstrated that this may be limited to a certain class of proteins only (Garcia et al., 2007; 

Williams et al., 2014). For example, all studied matrix proteins or transporters such as the 

ATP/ADP carrier (Aac2 or AAC), have been shown to be imported after full synthesis in vitro 

(Avendaño-Monsalve et al., 2020). However, in recent decades, evidence has been found in 

support of localized protein synthesis at the mitochondrial outer membrane, thereby suggesting a 

co-translational import mechanism for this organelle (Gold et al., 2017b; Kellems et al., 1974). 

Indeed, it was demonstrated 30 years ago that a subclass of cytoplasmic polysomes is bound to the 

surface of mitochondria (Avendaño-Monsalve et al., 2020; Garcia et al., 2007; Kellems et al., 

1974). More recently,  electron microscopy images have shown cytoplasmic ribosomes in discrete 

clusters near the cristae junctions (Gold et al., 2017). These ribosomes have also been shown to 

interact specifically with the translocon of the outer mitochondrial membrane, known as the TOM 

complex, and nascent chain binding has been found to be crucial for ribosome recruitment and 

stabilization to this region (Gold et al., 2017b; Vogel, Bornhövd, et al., 2006; Williams et al., 

2014a). This interaction highlights how protein synthesis may be coupled with transport (Gold et 

al., 2017). Furthermore, numerous mRNAs encoding mitochondrial proteins have been found, 

either on the mitochondrial surface or in close proximity, both in yeast and human cells, consistent 

with a role for cotranslational protein insertion (Avendaño-Monsalve et al., 2020; Gold et al., 2017; 

Kellems et al., 1974). Meanwhile, other studies have found that the proteins that are translated in 

the vicinity of the mitochondria, are almost exclusively of prokaryotic origin and are key elements 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5623831/#embr201744261-bib-0029
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of the core molecular complexes (Garcia et al., 2007; Gold et al., 2017). Accessory proteins on the 

other hand were translated on free cytoplasmic polysomes (Garcia et al., 2007). Additionally, 

proximity-specific ribosome profiling has shown that in yeast, most inner-membrane proteins are 

co-translationally targeted to the mitochondria, reminiscent of proteins entering the endoplasmic 

reticulum (ER) (Lesnik et al., 2014; Williams et al., 2014a). As for the chloroplast, evidence for 

localized ribosomes on the envelope and the possibility of a co-translational import mechanism 

had not been found until now. However, the results presented in Chapter 2 reveal the first examples 

of such a mechanism in the chloroplast of the green algae Chlamydomonas reinhardtii.  

 

1.2  Chlamydomonas reinhardtii as a Model Organism 

 

The development of Chlamydomonas as a model organism dates to the 1950s when its first 

mutants were generated (Harris et al., 2009). This unicellular green alga is ideal for classic genetic 

studies because of its haploid genome which allows for mutations to be immediately expressed 

and produce an observable phenotypes (Harris et al., 2009; Merchant et al., 2007). Furthermore, 

different Chlamydomonas strains can be crossed in the laboratory to introduce multiple traits into 

a single haploid strain, for example to generate double or triple mutants (Merchant et al., 2007; 

Sasso et al., 2018).  

Chlamydomonas also has a fully sequenced and annotated chloroplast and nuclear genomes 

which are amenable to manipulation (Merchant et al., 2007; Shin et al., 2016). It also has a growing 

array of tools and techniques for molecular genetic studies (Mussgnug, 2015) including a genome-

wide library of mapped, indexed insertional mutants (Li et al., 2016; Sasso et al., 2018) and 
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CRISPR-mediated targeted gene disruptions (Ferenczi 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 

photosynthesis (Rochaix, 2001), chloroplast biology (Sun et al., 2019), cilia structure and function 

(Wingfield & Lechtreck, 2018), nutrient homeostasis (Grossman, 2000; Merchant et al., 2006), 

cell cycle control (Goodenough et al., 2007) and more. Among the features that make 

Chlamydomonas an 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. First, it has a short generation 

time and cultures can be ready within days for experiments. In fact, under optimal conditions, 

Chlamydomonas cultures can grow so rapidly that they can double in cell numbers approximately 

every 8 hours (Harris et al., 2009). Additionally, Chlamydomonas can grow in the dark, on media 

that has been supplemented with acetate, while retaining a functional photosynthetic apparatus. 

This has allowed for light-sensitive photosynthesis mutants to be isolated and remain fully viable 

(Harris et al., 2009; Salomé & Merchant, 2019). The existence and viability of such mutants has 

greatly advanced our understanding of photosynthesis, particularly the order of electron carriers in 

the photosynthetic electron transport chain (Gorman & Levine, 1965; Sasso et al., 2018). For 

examples two core proteins of photosystem II (D1 and D2) were first identified in Chlamydomonas 

(Chua & Gillham, 1977; Sasso et al., 2018) and later proposed to be key components of the reaction 

center in this photosystem (Sasso et al., 2018; Satoh, 2003).  

Chlamydomonas cells and their chloroplasts also have a highly stereotypical organization 

which make it well suited for studies of intracellular organization and the localization of specific 

proteins and mRNAs. A typical wild-type cell has an oblong shape that is between 8-10 µm in 
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length (Harris et al., 2009) and is surrounded by a cell wall. Each cell has a central cytosolic region 

which contains contractile vacuoles, Golgi vesicles and several mitochondria (Atteia et al., 2009) 

(Fig 1.1 A).  

The anterior poll of each cell contains two flagella which are 10–12 µm in length 

(Wingfield & Lechtreck, 2018). Each cell also has a prominent cup-shaped chloroplast which 

makes up approximately 40% of the cell volume (Harris et al., 2009; Pröschold et al., 2005). This 

single chloroplast is surrounded by a double membrane called the chloroplast envelope. Inside the 

chloroplast, are the thylakoid membranes as well as a non-membrane bound compartment called 

the pyrenoid as well as starch granules. Also located between the inner and outer membranes of 

the chloroplast envelope and the plasma membrane is the light sensing eyespot which forms part 

of the vision apparatus that directs phototactic responses in Chlamydomonas (Engel et al., 2015; 

Sasso et al., 2018).  
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Fig 1.1- Cytological organization of Chlamydomonas reinhardtii cells. 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 of a Chlamydomonas cell include the 

nucleus, mitochondria, the Golgi and contractile vacuoles. B) The single cup-shaped chloroplast 

(in green) occupies a large portion of the cell's volume. The basal region of the chloroplast contains 

the pyrenoid (P). Extending out from the basal region are two chloroplast lobes. Also located in 

the basal region is the T-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 organized regions is a T-zone, located in the basal 

region of the chloroplast (Fig 1.1 B). This T-zone is the location for the de novo synthesis and 

assembly of photosystem II and possibly photosystem I (Sun et al., 2019; Uniacke & Zerges, 

2007). This domain is enriched in chloroplast ribosomes, photosystem II-specific translation 

factors and unassembled photosystem II proteins (see Appendix I). Meanwhile, subunits of the 

chloroplast import translocon (TIC and TOC) have been found to localize within the region that 

connect the chloroplast lobes to the basal region (Uniacke & Zerges, 2009) . The proximity of this 

import domain to the T-zone, allows for the trafficking of nuclear encoded photosystem subunits. 

Also in the basal region, we have found cytoplasmic ribosomes localized on the chloroplast 

envelope. These ribosomes are specifically enriched in the area between the two chloroplast lobes 

(see Chapter 2). This spatial organization highlights the coordination of protein synthesis on and 

within the chloroplast by its two 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 Rubisco. The pyrenoid 

also houses the thylakoid tubules which are connected to the thylakoids (He et al., 2020; Zhan et 

al., 2018). These tubules are used to transport the required molecules such as CO2, ATP, and the 

intermediates of the Calvin-Benson Cycle to the enzyme Rubisco.  
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1.3  The Calvin Benson Cycle  

 

As mentioned, chloroplasts are mainly known for their role in photosynthesis. This is the 

process by which plants, algae and cyanobacteria convert light energy into chemical energy 

(Harris, 1989). Photosynthesis provides the oxygen we breath and the food we eat and is 

essentially the foundation for all life (Harris, 1989; Johnson, 2016). This process can be broken 

down into two major stages: the light-dependent reactions and the light-independent reactions, also 

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

The light-dependent reactions take place within the thylakoid membranes. They are carried 

out by several multisubunit complexes which include photosystem I, photosystem II and their 

associated light-harvesting 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) chain (Johnson, 2016; Rochaix, 2001).  

The PET reactions begin with photosystem II using energy from the sun to split water into 

oxygen, protons, and electrons (Brudvig, 2008). The released O2 is 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 ferredoxin 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 proton gradient is 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 Calvin-Benson 

Cycle to fix CO2 into carbohydrates (Biel & Fomina, 2015; Gurrieri et al., 2021). The Calvin 

Benson Cycle can be found in all photosynthetic eukaryotes as well as many photosynthetic 

bacteria (Biel & Fomina, 2015; Meyer et al., 2020). The full cycle involves 13 reactions 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 ribulose-1,5-bisphosphate carboxylase 

oxygenase (Rubisco). Rubisco takes gaseous carbon dioxide (CO2) and uses it to carboxylate a 5-

carbon molecule called ribulose-1,5-bisphosphate (RuBP) (Erb & Zarzycki, 2018; Raines, 2003). 

RuBP reacts with CO2 and H2O to produce two 3-phosphoglycerate (3PGA) molecules, each a 3-

carbon carboxylic acid (Raines, 2003). The two triose phosphate sugars resulting from this reaction 

are then reduced and modified using NADPH and ATP from the light reactions and ATP synthase 

(Biel & Fomina, 2015; Erb & Zarzycki, 2018). The regenerative phase of the cycle involves a 

series of reactions that convert triose phosphates into the CO2 acceptor molecule, RuBP (Biel & 

Fomina, 2015; Heldt & Piechulla, 2011; Raines, 2003). One in every six 3-carbon sugars can leave 

the cycle and five in every six reduced 3-carbon sugars are required to regenerate RuBP (Biel & 

Fomina, 2015; He et al., 2020). 

Rubisco and phosphoribulokinase (PRK), the enzyme that phosphorylates the substrate for 

Rubisco, are the only enzymes that are unique to the Calvin cycle. All other enzymes in this 

pathway can also be found in other processes such as the oxidative pentose phosphate pathway 

and glycolysis (Agarwal et al., 2009; Rumpho et al., 2009).  
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1.3.1  Rubisco and Photorespiration 

 

Rubisco is the most abundant enzyme on earth (Iñiguez et al., 2020). As previously 

discussed, Rubisco incorporates CO2 into an organic molecule during the first stage of the Calvin 

Benson Cycle and therefore is the key enzyme in carbon fixation (Erb & 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 O2, it initiates the process of photorespiration (Eisenhut 

et al., 2019). Photorespiration is a wasteful pathway in that it uses ATP and NADPH to recover a 

carbon from the 2-carbon product, phosphoglycolate (Busch, 2020; Jungnick et al., 2014). 

The emergence of oxygenic photosynthesis led to drastic increases in atmospheric O2 levels 

(Keeling, 2010; Nelson & Ben-Shem, 2004). Under these conditions, the chance that oxygen will 

compete with CO2 for the active site of Rubisco and lead to inefficient CO2 fixation is high (Küken 

et al., 2018). This inefficiency is thought to be the reason for the high abundance of Rubisco in 

photosynthetic organisms (Busch, 2020).  

 

1.3.2  Carbon Concentrating Mechanism  

 

Atmospheric CO2 concentration is a major factor contributing to plant growth and 

photosynthesis rate. Therefore, increasing the efficiency of carbon fixation can directly increase 

crop yields (Singh et al., 2014). The carbon concentrating mechanism (CCM) is a biological 

adaptation to low carbon dioxide concentrations in the environment. It is a mechanism that evolved 

in cyanobacteria and eukaryotic microalgae but is now found in nearly all photosynthetic 

organisms (Cummins, 2021; Goudet et al., 2020). The CCM concentrates carbon dioxide around 
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Rubisco so it can operate more efficiently while minimizing the wasteful process of 

photorespiration (Goudet et al., 2020) .  

Photosynthetic organisms have a variety of ways to concentrate CO2 and minimize 

photorespiration and favor the carboxylase activity of Rubisco. These include biochemical 

mechanisms which are found in plants with C4 photosynthesis and crassulaceous acid metabolism 

(CAM) (Keeley & Rundel, 2003). It could also include the active transport of bicarbonate across 

membranes and processes that involve localized enhancement of the CO2 concentration by 

acidification of a particular cellular compartment like those found in the green algae 

Chlamydomonas (Moroney & Ynalvez, 2007; Wang et al., 2015).  

 

 1.3.4 CCM in Land Plants  

 

Land plants are often divided into three categories. The first category includes about 85% 

of plant species on Earth and are known as C3 plants (Busch et al., 2013). These plants have no 

special features to deal with photorespiration. In C3 plants, atmospheric CO2 is absorbed through 

the leaf stomata and fixed by the enzyme Rubisco during the first step of the Calvin Benson Cycle 

(Busch et al., 2013; Cummins, 2021). However, C3 plants are not adapted to non-optimal 

conditions and in hot dry environments, they close their stomata to prevent excessive water loss. 

This closing of the stomata, prevents O2 from diffusing out of the leaf, thus increasing its 

concentration relative to CO2. Because these plants have no carbon concentrating mechanism, their 

photosynthetic efficiency suffers through the process of photorespiration (Goudet et al., 2020).  

The second and third category of plants are known as C4 plants, and CAM plants. Both of 

these plant types have special 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 types also have a two-stage process for concentrating carbon dioxide near the enzyme 

Rubisco (Keeley & Rundel, 2003). This means that atmospheric CO2 is first fixed into an 

intermediate 4-carbon organic acid called oxaloacetate. This step is carried out by a non-rubisco 

enzyme called phosphoenolpyruvate (PEP) carboxylase that has no affinity for O2. Oxaloacetate 

is then converted to another 4-carbon compound called malate which is decarboxylated and the 

released CO2 is fixed by Rubisco via the Calvin Benson Cycle, exactly as in C3 plants (Gowik & 

Westhoff, 2011; Keeley & Rundel, 2003). C4 plants separate the initial CO2 absorption and the 

Calvin Benson Cycle between different cell types (i.e, mesophyll and bundle-sheath cells) (Goudet 

et al., 2020). Meanwhile CAM plants separate these steps between night and day (Keeley & 

Rundel, 2003). This means at night, they open their stomata, allowing CO2 to diffuse into the 

leaves. This CO2 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 the released CO2 is fixed through the Calvin Benson Cycle (Bräutigam et al., 2017; 

Singh et al., 2014). This controlled release increases the concentration of CO2 near Rubisco and 

prevents photorespiration (Busch 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 photosynthesis (Giordano et al., 2005). However, living in aquatic ecosystems they 

often face many challenges in acquiring CO2. Some of these obstacles include the slow diffusion 

of CO2 in aqueous environments. CO2 diffuses 10,000 times slower in water than in air (Goudet et 

al., 2020; Hagemann et al., 2016). Also, most CO2 in water, which is near pH 7, is converted to 

bicarbonate ions (HCO3
-). Unlike CO2, bicarbonate ions cannot cross membranes and enter cells 
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and organelles by simple diffusion (Fei et al., 2021). To overcome these challenges, they have 

developed a biophysical carbon concentrating mechanism. These CCMs involve a set of transport 

proteins and enzymes that deliver the appropriate inorganic carbon species, like CO2 and 

bicarbonate HCO3
- into cells and concentrate it in a compartment that is packed with Rubisco (Fei 

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

In cyanobacteria, for example, inorganic carbon in the form of HCO3
- is pumped into the 

cytosol to a high concentration (Hagemann et al., 2016). This HCO3
- is then converted into CO2 in 

specialized compartments called carboxysomes which are filled with Rubisco (Cummins, 2021). 

Analogous to cyanobacterial CCMs, green algae concentrate HCO3
- in a microcompartment that 

is found in the chloroplast called the pyrenoid (Moroney & Ynalvez, 2007). The pyrenoid matrix 

is packed with Rubisco. Also found in the pyrenoid are membrane tubules that are connected to 

the surrounding photosynthetic thylakoid membranes(Freeman Rosenzweig et al., 2017; He et al., 

2020). Associated with the pyrenoid tubules is a carbonic anhydrase that converts HCO3
- to CO2 

for fixation by Rubisco (Badger & Price, 1994; Moroney et al., 2011).  

 

1.3.5  CCM in Chlamydomonas reinhardtii  

 

The carbon concentrating mechanism in the model green alga Chlamydomonas involves 

three key elements: 1) inorganic carbon transporters at the plasma membrane and chloroplast 

envelope, 2) carbonic anhydrases (CA) which convert the accumulated HCO3
- in the cell to CO2 

and 3) the pyrenoid which is tightly packed with the carbon fixing enzyme Rubisco (Giordano et 

al., 2005; Jungnick et al., 2014). CCM in Chlamydomonas is inducible under low CO2 

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 

generation of high levels of HCO3
- in the chloroplast stroma, using the pH gradient across the 

thylakoid membrane (Jungnick et al., 2014; Spalding, 2008). 

The carbonic anhydrase proteins in Chlamydomonas, include CAH1, CAH4 and CAH5 

which are up-regulated under low CO2 conditions (Moroney et al., 2011; Rai et al., 2021). CAH1 

is found in the periplasmic space and generates HCO3
- in for transport to the cytoplasm. CAH4 

and CAH5 are localized to the mitochondria to convert CO2 from respiration to HCO3
- for 

transport to the chloroplast (Jungnick et al., 2014; Moroney et al., 2011). CAH3 carbonic is 

associated with photosystem II and is localized within the thylakoid lumen (Moroney et al., 2011; 

Wang et al., 2015). Its function is to convert the accumulated HCO3
- in the chloroplast to CO2 for 

fixation by Rubisco within the pyrenoid (Badger & Price, 1994; Jungnick et al., 2014; Wang et al., 

2015). Another important component of the Chlamydomonas CCM is the inorganic carbon 

transporter system. These include the membrane proteins LCI1, LCIA and HLA3 (Spalding, 

2008).  
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Fig. 1 .2- The Carbon Concentrating Mechanism in Chlamydomonas. On the left, a 

Chlamydomonas cell is seen with the cup-shaped chloroplast in green, enclosing the nucleus (N) 

and cytoplasmic region (cyto). The pyrenoid (P) is in the basal region of the chloroplast. The box 

on the right shows the carbon concentrating mechanism in Chlamydomonas. Bicarbonate (HCO3
-

) is transported from outside the chloroplast into the stroma by plasma membrane transporters 

HLA3 and LCI1, and envelope transporter LCIA (also called NAR1.2. in the figure above). CAH1, 

CAH3, CAH4/5, CAH6 and CAH8 are carbonic anhydrases that convert the accumulated 

bicarbonate (HCO3
-) to CO2. The CO2 is then delivered to the pyrenoid and is used as the substrate 

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

 

Despite our detailed knowledge of the composition, cytology, biogenesis and functions of 

chloroplasts, the cytological organization of the pathways that converge for the biogenesis of the 

photosynthesis complexes and the Calvin Benson Cycle is incompletely understood. To better 

comprehend the spatial organization of these processes, this thesis addresses several key questions. 

In Chapter 2, I address the long-standing question of protein import into chloroplasts. I show 

evidence that protein translocation into the organelle involves a co-translational pathway, as 

established for the endoplasmic reticulum and the mitochondria. For nuclear genome-encoded 

proteins that are localized to chloroplasts, the field has largely favored a post-translational import 

mechanism (Chua & Schmidt, 1979; Nakai, 2018; Soll & Schleiff, 2004; Thomson et al., 2020). 

Such has also been case for the mitochondria (Chua & Schmidt, 1979; Grevel et al., 2020). 

However, in recent years, there has been growing evidence for ribosome association and mRNA 

localization to the mitochondrial outer membrane thereby supporting a co-translational import 

model of a subset of mitochondrial proteins (Claros et al., 1995; Gold et al., 2017; Grevel et al., 

2020a; Ott & Herrmann, 2010).  

Using different biochemical and microscopy approaches, we reveal a spatially defined pool 

of cytoplasmic ribosomes on the chloroplast of Chlamydomonas reinhardtii. We show evidence 

that these ribosomes are associated with the outer chloroplast envelope and present the first 

example of localized translation on the chloroplast. I also present examples of mRNAs that encode 

chloroplast proteins, enriched in this same region further supporting the localized translation of 

chloroplast proteins.  

Our results further support the possibility of a co-translational import mechanism for 

chloroplast-localized proteins since the localized mRNAs encode for chloroplast proteins and 
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because previous findings in our lab, found a specialized domain within the chloroplast that is the 

platform for the biogenesis of photosystems I and II (Sun et al., 2019; Uniacke & Zerges, 2007). 

Together these findings reveal a spatially aligned translation zone on and within the chloroplast, 

thereby supporting the idea of co-translational import.  

In Chapter 3, I provide evidence for a new compartment in the chloroplast of 

Chlamydomonas that may be involved in the Calvin Benson Cycle during the early stages of the 

diel cycle. This is a finding that I made. I also show an initial characterization of how the enzymes 

involved in the various steps of this pathway are spatially organized. Chapter 4 presents a summary 

of the major findings, discusses how they advance these fields of chloroplast biogenesis and 

photosynthesis, and propose the future directions for these projects. Overall, I show that the 

chloroplast of Chlamydomonas is highly compartmentalized and much more complex than it is 

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., Valente-Paterno M., Wu Y., Law C., Dai D., Dhaliwal J., 

Bui KH., and Zerges W. (2021). Chloroplast-localized translation for protein targeting in 

Chlamydomonas reinhardtii. BioRxiv. 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 assemble to form multi-subunit complexes. The ER 

and mitochondria are bound by translating ribosomes for these functions. However, chloroplasts 

are believed to import only fully synthesized proteins. The following results revise this view by 

showing that translating cytoplasmic ribosomes are bound to a domain of the chloroplast envelope 

in Chlamydomonas reinhardtii. Ribosomes are retained by isolated chloroplasts and seen on the 

envelope by electron tomography. Chloroplast-bound ribosomes are active, based on results of the 

RiboPuromycylation assay method and the puromycin-release assays. These ribosomes synthesize 

chloroplast proteins, based on their colocalization specifically with mRNAs encoding chloroplast 

proteins, seen by fluorescence in situ hybridization. Co-translational import of these proteins is 

supported by nascent polypeptide dependency of the ribosome-chloroplast associations. This 

ribosome-bound 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 semiautonomous organelle is spatially coordinated to facilitate the 

convergence of the nuclear-cytoplasmic and organellar genetic systems for chloroplast biogenesis 

and proteostasis.  

https://doi.org/10.1101/2021.12.27.474283
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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 complexes (Das et al., 2021). For 

example, cytoplasmic ribosomes (cyto-ribosomes) bound to the ER synthesize nascent 

polypeptides undergoing co-translational import to the lumen or insertion into the organellar 

membrane. Peroxisomes and basal bodies are associated with mRNAs encoding their proteins, 

suggesting these organelles are sites of localized translation for protein targeting (Fingerhut & 

Yamashita, 2020; Haimovich et al., 2016; Zipor et al., 2009). RNA granules compartmentalize the 

translation of specific mRNAs for co-translational assembly of the proteasome and other yet 

unknown functions (Lui et al., 2014; Panasenko et al., 2019). Mitochondria of Saccharomyces 

cerevisiae and the chloroplast of the unicellular green alga Chlamydomonas reinhardtii contain 

bacteria-type ribosomes, “mito-ribosomes” and “chloro-ribosomes”, respectively, for the synthesis 

of proteins encoded 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 insertion (Weis et al., 2013). On the outer membrane of mitochondria, in 

yeast and human cells, cyto-ribosomes synthesize proteins encoded by the nuclear genome, many 

of which undergo cotranslational import (Claros 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 import (Jarvis & Lopez-Juez, 2014; 

Weis et al., 2013). This belief is based on the ability of isolated chloroplasts to import in vitro 

synthesized chloroplast pre-proteins (i.e. still having their N-terminal localization sequence) and 

EM images of chloroplasts lacking the arrays of bound cyto-ribosomes seen on the rough ER and 

mitochondria (Weis et al., 2013). The possibility that translation is localized on or near the 
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chloroplast in the unicellular green alga Chlamydomonas reinhardtii was raised by images from 

TEM and fluorescence microscopy showing that the cytoplasm adjacent to the chloroplast is 

enriched in cyto-ribosomes and the mRNA encoding a chloroplast-localized protein (Colon-

Ramos et al., 2003; Uniacke & Zerges, 2009). Immediately within the chloroplast, localized 

chloro-ribosomes translate subunits of photosystem I (PSI) and photosystem II (PSII) into 

membranes of the T-zone, an intraorganellar compartment where these complexes of the 

photosynthetic electron transport system are assembled and then routed to thylakoid membranes 

throughout the chloroplast to carry out the light-driven reactions in photosynthesis (Schottkowski 

et al., 2012; Sun et al., 2019; Uniacke & Zerges, 2007, 2009). These results suggest a spatial 

coordination of protein synthesis by cyto-ribosomes on the chloroplast and chloro-ribosomes 

within for protein targeting and complex assembly. Yet it remains to be determined whether cyto-

ribosomes translate on the chloroplast outer envelope membrane.  

Here, we show that cyto-ribosomes translate on a domain of the chloroplast envelope in 

Chlamydomonas. These associations are demonstrated by two types of experimental evidence. 

First, the retention of cyto-ribosomes by chloroplasts during their isolation from free cyto-

ribosomes and organelles known to bind them, i.e. ER and mitochondria. Second, 

immunofluorescence (IF) microscopy images of a marker cyto-ribosomal protein (cyL4) on the 

chloroplast surface and high-resolution electron tomography images showing ribosome clusters on 

the outer envelope membrane. Translational activity of these chloroplast-bound cyto-ribosomes is 

demonstrated by results of the RiboPuromycylation method and the puromycin-release assays 

(Kellems et al., 1974; Redman & Sabatini, 1966; Schmidt et al., 2009). A proportion of these 

chloroplast-bound cyto-ribosomes were tethered by their nascent polypeptides, which were likely 

undergoing cotranslational import in vivo. Synthesis of chloroplast proteins on the cyto-ribosome-
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bound domain of the chloroplast envelope is supported by results of FISH showing that isolated 

chloroplasts retain on this domain mRNAs encoding chloroplast proteins but not an mRNA 

encoding a non-chloroplast protein. Finally, the cyto-ribosome-bound domain of the envelope is 

spatially aligned with two 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 T-zone (Figure 1A) (Schottkowski et al., 2012; Sun et al., 2019; Uniacke & 

Zerges, 2007).  

 

2.2 MATERIALS AND METHODS  

 

2.2.1  Strains and culture conditions 

 

Chlamydomonas reinhardtii strain used for most experiments has a cell-wall deficiency (CW15, 

to allow for the breakage of cells of isolation of chloroplasts) (cc-400 MT+). For the results in 

Figure 2, wild-type strain cc-125 was used. Strains were cultured to 1×105 cells·ml-1 in high salt 

minimal (HSM) medium, with aeration, illuminated by five banks of red and blue LEDs, each at 

at 150 µE·m-2·s-1 at 23 ºC with orbital shaking (120 rpm). cc-400 was cultured in HSM containing 

1.0% (w/v) sorbitol. Cultures were entrained under alternating cycles of 12 h light:12 h dark for 3 

days to a density of ~4 x 106 cells·ml-1. Culture samples were harvested at the fourth hour (ZT4) 

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

 

Chloroplast isolation was performed as described previously (Mason et al., 2006) with the 

following modifications. Cell pellets were resuspended to 1×108 cells·ml-1 in isolation buffer (IB) 

[300 mM Sorbitol, 50 mM HEPES-KOH pH 7.5, 25 mM MgCl2, 0.1% (w/v) BSA]. Saponin 

(Sigma, # 47036) 10% (w/v) freshly dissolved in isolation buffer was added to 0.4% (w/v), 

followed by incubation at 22 oC for 10 min with occasional gentle agitation. The resuspension was 

passed twice through a 27-gauge needle at 0.1 ml·s-1. Cells and chloroplasts were collected by 

centrifugation at 750 g for 2 min at 4 oC. The pellet was resuspended in isolation buffer and 

overlaid on a Percoll gradient as described in Mason et al., 2006. The gradient was centrifuged for 

25 min at 3,200 g. The material at the 45-65% interface was collected. This was diluted by the 

addition of 4 volumes of isolation buffer. Chloroplasts were pelleted by centrifugation (670 g, 1 

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

 

2.2.3  Immunoblot analysis 

 

For the immunoblots in Fig 2.1E, an equal number of isolated chloroplasts were resuspended in 

SDS-PAGE loading buffer and resolved by SDS-PAGE (12% acrylamide) (Sambrook & Russell, 

2006). Proteins were transferred to a membrane of PVDF (BIO-RAD) or, for AOX1 detection, 

nitrocellulose (BIO-RAD) and reacted with primary and secondary antibodies as described 

previously (Sambrook & Russell, 2006). The primary antibodies were: α-BIP (Santa Cruz sc-

33757) (1:150), α-AOX1 (Agrisera AS06 152, 1:150,000), α-cyL4 (1:6,000) and α-AtpB 

(1:6,000). The secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG 

antibody (KPL). Signals were detected using an ECL substrate (Thermo-Fisher) with an Imager 
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600 (Amersham/GE) according to the manufacturer’s protocols. Signal quantification was 

conducted with Imager 600 Analysis Software (Amersham). 

 

2.2.4  IF-staining and microscopy 

 

IF-staining was performed as described previously (Uniacke, Colon-Ramos, et al., 2011). The 

primary antibodies and the dilutions were: αcyL4 (1:1000) 5, αAOX1 (1:1,200), and αBIP (1:100). 

The secondary antibody was AlexaFluor568 conjugated to goat anti-rabbit IgG (Thermo Fisher). 

For dual IF-staining (Figure 2.1C), chloroplasts were first reacted with α-LCIA (1:700) and then 

indirectly IF-labelled by AffiniPure Fab Fragment Donkey Anti-Rabbit IgG (H+L) conjugated to 

AlexaFluor488 (Jackson ImmunoResearch Inc). Chloroplasts were reacted with αcyL4 (1:1000) 

and then indirectly IF-labelled by goat anti-rabbit 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 Apo objective (NA 1.4) and further magnified by a 1.6x tube lens. Images were acquired 

on a Hamamatsu Orca R2 C10600-10B camera controlled by Volocity software (Improvision). 

Filters: Texas Red (562/40nm excitation: 624/40nm emission) for AlexaFluor568 and GFP 

(472/30nm excitation: 520/35nm emission) for AlexaFluor488. Acquired images were taken using 

Z plane stacks with a spacing of 0.2 µm per section; exposure settings, gain, and excitation 

intensity were kept constant where comparisons between intensities was required. For 

deconvolution, Z-stacks were taken by series capture at a thickness of 0.2 µm per section and were 

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

 

Complementary 31 nt probes were designed against each mRNA sequence using Benchling (12-

24 probes for each mRNA). All probe sequences are provided in Table 1. The following sequence 

was added to the 5′ end of each 31 nt probe: 5’ CCTCCTAAGTTTCGAGCTGGACTCAGTG 3’. 

This is the reverse complement of the X FLAP sequence used in Tsanov et al. (Tsanov et al., 

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

using 25 nmol synthesis scale, standard desalting. Each probe was resuspended in TE buffer to a 

final concentration of 100 μM. Equal volumes of each probe was combined together to generate 

an equimolar probe mix, at 20 μM (mixed probe concentration). The X FLAP sequence itself 5’ 

CACTGAGTCCAGCTCGAAACTTAGGAGG 3’ was 5′ and 3′ end labelled with Cy3. The 

equimolar probe mix was annealed to the fluorophore-labelled FLAP sequence in a heat block 

according to Tsanov et al. Annealed probes were stored at −20 °C. 

 

2.2.6  FISH  

 

Slides were first boiled in 1.0 N HCL for 15 min to reduce autofluorescence and air dried 

overnight. On the following day, a 10 µl drop of 0.1% Poly-L-lysine (Sigma) was dispensed at one 

end of the slide and smeared across with another slide. The Poly-L-lysine coated slides were kept 

in a slide rack covered with aluminum foil and left to dry for three to seven days. On the day of 

the experiment, approximately 1x106 cells were aliquoted onto the center of each slide. Cells were 

allowed to adhere to the slide for c.a. 5 min. Cell fixation was performed using 4% 

paraformaldehyde (w/v) freshly diluted in 1X PBS (phosphate buffered saline) for 10 minutes. The 

slides were then incubated twice, 10 minutes each, in methanol at −20°C. The next steps were 
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performed on an orbital shaker at low speed. Slides were washed twice, 10 minutes each in PBS-

Mg at RT. Permeabilization was done by incubating the slides in freshly prepared 2.0% (v/v) 

Triton X-100 in 1X PBS for 10 min. This was followed by two 10 minutes washes in 1X PBS-Mg 

at RT and a 20-minute wash in 15% formamide freshly prepared in 1X SSC (3 M NaCl and 300 

mM Sodium Citrate adjusted to pH 7.0 with HCl). The hybridization mix was made according to 

Tsanov et al. except for the BSA concentration which was 4.5 mg/ml in the hybridization mix. A 

50 µl 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 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 containing 1× SSC, 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 with 1X PBS-Mg at RT, 10 minutes 

each. Slides were blotted dry with a KimWipe. 15 µl of Anti-fade was added to the cell side of 

each slide. A coverslip was placed on top of the Anti-fade reagent and sealed with nail polish. All 

solutions were made with diethyl pyrocarbonate (DEPC)-treated water. For the results in Figure 

2-4A, the average FISH signal intensity from the probe with random sequence obtained for cells 

or chloroplasts in each trial was subtracted from the average intensities of the mRNA FISH probes. 

p-values are from 2-tailed Student’s t-tests comparing, n ≥ 3 biological replicates using 

independent cultures. The images in Figure 2-4B-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 observed here, possibly because the strain 

that we used lacks flagella (Supplemental Figure 1D, Figure 2.4D). 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 fluorescent signals in 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 signals in situ  

 

The average signal intensity heatmaps representing the in-situ pattern of our microscopy images 

were acquired using an automated Fiji macro called “Cell Harvester”. All images were 

deconvolved and the acquisitions were compiled into their respective maximum z projections. The 

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

The outlined shape is then superimposed onto the corresponding fluorescent channel. The outlined 

chloroplasts within the acquisition are then cropped to individual files and, based on bright field 

images only, oriented 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 figures. It should be 

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 folder. All cropped 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 compiled all given chloroplasts into an ‘average representative 

cell’, while ensuring 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 same scale. The output file was displayed 

as a heatmap in Fiji.  
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2.2.8  High resolution electron tomography 

 

Sections of 300 nm thickness from the resin-embedded cells above were collected on Formvar 

support slot grids and stained. The dual-axis tilt series were collected using the FEI Tecnai G2 F20 

200 kV TEM equipped with a Gatan Ultrascan 4000 4k x 4k CCD Camera System Model 895 and 

a single tilt holder. Tilt series were then acquired at 2° increment from −60° to 60°, at 19000x 

magnification, 5.91 Å pixel size using SerialEM. For the second axis tilt series acquisition, the slot 

grid was rotated 90° manually and the same area of interest was searched manually. The dual-axis 

tomograms were reconstructed from the tilt series using IMOD software package (Kremer et al., 

1996). The modelling and visualization of the membrane and cyto-ribosomes were done also by 

IMOD. 

 

2.2.9 RiboPuromycylation and puromycin-release assays  

For the RiboPuromycylation method, isolated chloroplasts (1×108 ml-1 in isolation buffer were 

treated with 1.0 mM puromycin (Bioshop) for 10 min at RT and then IF-stained with a mouse 

monoclonal antibody against puromycin (DSHB Hybridoma Product PMY-2A4, deposited by J. 

Yewdell). The IF signal was specific (Supplemental Figure 2C). The puromycin-release assay 

followed protocols that were used to show ribosome association to ER, mitochondria and thylakoid 

membranes (Redman & Sabatini, 1966; Schottkowski et al., 2012). cc-400 cells (9 x 108) were 

pelleted by centrifugation at 3,000 x g, 5 min at RT. Cell density was adjusted with HSM 

containing 1.0% (w/v) sorbitol to 1.2 x 107. Cells were treated with 10 µg·mL-1 of cycloheximide 

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

of isolation buffer with 0.4% (w/v) saponin and 10 µg·ml-1 of cycloheximide. Chloroplasts were 
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isolated as previously described (Mason et al., 2006) and resuspended with 1.0 ml isolation buffer 

(150 µl), pelleted at 1,000 x g for 3 min at RT, resuspended with 1.0 mL of one of the following 

four conditions: 1) isolation buffer + 5 mM DTT, 2) isolation buffer + 5 mM DTT + 750 mM KCl, 

3) isolation buffer+ 5 mM DTT+ 1 mM puromycin + 750 mM KCl and 4) isolation 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 immune-blot analyses. Results are from three 

concurrent biological replicate experiments (i.e. from independent cultures, Supplemental Figure 

4). 

 

2.2.10  Preparation of low-density membranes 

 

Chlamydomonas reinhardtii cc-400 strains were cultured in Tris-Acetate-Phosphate 

medium (TAP) (Harris, 1989) supplemented with 1% (w/v) sorbitol under continuous white light 

(approximately 50 µE·m-2·s-1) at 24 oC with gentle stirring to 2.5x106 - 5x106 cells·ml-1. Sequential 

sucrose density gradients were used to fractionate membranes (Zerges and Rochaix, 1998). 

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 syringe with a rate of 0.5 ml/s-

1. Chloroplasts isolated from 2.5x109 cells were osmotically lysed in 1.4 ml of +Mg2+ hypotonic 

buffer [10 mM Tricine, pH 7.8, 5 mM MgCl2, 5 mM β-mercaptoethanol] containing protease 

inhibitor cocktail for plants (BioShop) by pipetting 50 times with a 1.0 ml pipette. Membranes 

were fractionated based on buoyant density by centrifugation at 100, 000 x g (in a Beckman 

SW41Ti rotor) for 16 h at 4 oC on a continuous (0.3-1.8 M) sucrose gradient [prepared in +Mg2+ 

hypotonic buffer]. The dark green band (representing the thylakoid membranes) was collected and 

diluted with 3 volumes of +Mg2+ 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 a 1.0 ml pipette followed with intense vortex (30s x 3) in 1.5 ml of -Mg2+ hypotonic 

buffer [10 mM Tricine, pH 7.8, 10 mM EDTA] containing protease inhibitor cocktail for plants 

(BioShop). Membranes were fractionated based on buoyant density by centrifugation at 100, 000 

X g for 16 h at 4 oC on a continuous (0.3-1.8 M) sucrose gradient [prepared in -Mg2+ hypotonic 

buffer containing 5 mM β-mercaptoethanol]. The fractions were collected (800 – 1000 µl each) 

from the top with a 1.0 ml pipette with the disposable tip with its end cut to make a bore size of 3 

mm. 

 

2.3  RESULTS 

 

2.3.1  Cyto-ribosomes associate with a domain of the chloroplast envelope 

 

To explore the possibility that translation is localized to the outer envelope membrane of 

the chloroplast in Chlamydomonas, we asked first whether cyto-ribosomes and chloroplasts 

copurify away from cyto-ribosomes that are free or bound to contaminating ER and mitochondria. 

The chloroplast fraction retained more cyto-ribosomes than can be explained by contamination by 

mitochondria and ER (Figure 2.1B). To determine whether these retained cyto-ribosomes were 

bound to the isolated chloroplasts, we imaged the 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 (Figure 2.1D, Supplemental Figure 2.1A) 

(Uniacke & Zerges, 2009b). On isolated chloroplasts, cyL4 IF-signal was seen on the chloroplast 

envelope, which was co-IF-stained for the envelope marker protein LCIA (Yamano et al., 2015a). 

The cyL4 signal was dramatically enriched along the envelope specifically bordering the central 
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nuclear-cytosolic region (Figure 2.1A and C). This localization pattern can be seen in both a 

representative chloroplast and the average signal distribution in all chloroplasts of the data set 

(Figure 2.1C and D). This localized cyL4 IF signal on the chloroplast envelope was not from cyto-

ribosomes on ER or mitochondria bound to the isolated chloroplasts because the localization 

pattern of cyL4 was not seen for marker proteins for these organelles (Supplemental Figure 2.2A 

and B). These results support associations of cyto-ribosomes with a domain of the chloroplast 

envelope which aligns with the T-zone within the chloroplast (Figure 2.1A). 
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Figure 2.1. Cyto-ribosomes are bound to a domain of the chloroplast envelope. 

(A) Chlamydomonas is 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 (A) (Uniacke, Colon-Ramos, et al., 2011). An illustration shows 

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

The chloroplast (green) has lobes which enclose the nuclear-cytosolic region (cyto), the pyrenoid 

(P), the translation zone (T) and is surrounded by a dual membrane envelope (orange). The cyto-

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 

(black)(Uniacke & Zerges, 2009b). (B) Results of immunoblot analyses of marker proteins in 

extracts of whole cells versus isolated chloroplasts reveal that cyto-ribosomes (cyL4) preferentially 

copurify with chloroplasts (AtpB) relative to cyto-ribosome-bound organelles; ER (BIP) and 

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 localized to a domain of the 

chloroplast envelope, as seen relative to the envelope marker LCIA. The absence of LCIA signal 

from the lobes of the chloroplast does not reflect a change in chloroplast morphology during 

isolation (Supplemental Figure 3) (Mason et al., 2006a). (D) A heat map shows the average cyL4 

IF signal of a maximal intensity projection from all cells or chloroplasts in these data sets (n= 32 

chloroplasts, n= 102 cells). (BF, bright field; size bar, 5.0 µm). 
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2.3.2  Cyto-ribosomes on the chloroplast envelope domain imaged by high-resolution 

electron tomography 

 

The evidence cited against chloroplast-localized protein synthesis includes EM images of 

chloroplast envelope devoid of bound ribosomes and of chloroplasts of spinach leaves surrounded 

by a cyto-ribosome-free zone (Carde et al., 1982; Chepko et al., 1979; Chua & Schmidt, 1979). 

Therefore, to determine whether cyto-ribosomes can be seen on the chloroplast envelope, and to 

validate the cyL4 IF signal as a marker for them, we imaged cells with three-dimensional high-

resolution electron tomography (Figure 2.2). We focused on the envelope domain that was seen to 

be enriched for cyto-ribosomes by IF microscopy (Figure 2.1C) in cells undergoing high rates of 

photosystem biogenesis (Sun et al., 2019). For reference, we imaged the envelope of chloroplast 

lobes, which did not strongly IF-stain for cyL4. The results show the presence of ribosome clusters 

on the chloroplast envelope domain where we observed the localized cyL4 IF signal (Compare 

Figures 2.1C and 2.2 C-F) (Supplemental Movie S2.1). Cyto-ribosome density was lower on other 

regions of the chloroplast envelope, e.g. of the chloroplast lobe (Figure 2.2F and G) (Supplemental 

Movie S2.2). This illustrates that, cyto-ribosomes are on the chloroplast envelope, thereby 

corroborating the results of IF microscopy.  
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Fig. 2.2. Electron Tomography images show cyto-ribosomes 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 showing the region of 

chloroplast envelope bound by cyto-ribosomes as seen by IF microscopy (Fig. 1C). (D) The image 

in C with the cyto-ribosomes on the envelope marked with blue spheres. Ribosomes were scored 

based on their distance from the envelope, with only those that 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 bound cyto-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 whether the chloroplast-bound cyto-ribosomes are 

translationally active. The RiboPuromycylation method takes 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 puromycin-conjugated nascent polypeptides as a 

marker for locations of translation in vivo (Schmidt et al., 2009). Chloroplasts were isolated, 

treated with puromycin and then IF-stained with an antibody specific to puromycin (Schmidt et 

al., 2009). These chloroplasts showed the strongest IF-signal of puromycin-conjugated nascent 

polypeptides at the envelope domain that had the localized cyL4 IF-signal (Figure 2.3A). 

Localization of most of the puromycin signal to the cytoplasmic side of the chloroplast envelope 

(LCIA) demonstrates that these nascent polypeptides were from cyto-ribosomes and not chloro-

ribosomes (Figure 2.3B). Moreover, this puromycin-nascent polypeptide localization pattern was 

consistently seen in the chloroplasts imaged, as revealed by the average puromycin IF signal 

distribution of maximal intensity projection of all chloroplasts in the data set (Figure 2.3C). These 

results support translational activity by the chloroplast-bound cyto-ribosomes in vivo.  

The puromycin-release assay tests for organelle-localized translation by exploiting the 

specificity of puromycin for releasing translating ribosomes from their nascent polypeptides 

(Redman & Sabatini, 1966). Puromycin-induced cyto-ribosome 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 membrane (Gold 

et al., 2017a; Redman & Sabatini, 1966). In addition, ribosomes on the ER, mitochondria and 

thylakoid membranes required high-ionic strength (300-750 mM KCl) to be released, because they 

are bound to ribosome receptors on the organelle surface (Adelman et al., 1973; Chua et al., 1973; 
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Kellems et al., 1974). When chloroplasts were incubated in the high ionic strength condition (750 

mM KCl), a significant proportion were released (32%, p= 0.037) (Figure 2.3D). Therefore, this 

proportion of retained cyto-ribosomes were bound to the chloroplast by non-covalent 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 cyto-ribosomes were bound to the chloroplasts by both non-

covalent bonds and their nascent polypeptides. This result confirms that some of the chloroplast-

bound cyto-ribosomes were translationally active in vivo and it reveals a dependency of these 

associations on tethering of cyto-ribosomes by their nascent polypeptides. This is considered 

evidence that nascent polypeptides undergo cotranslational import into an organelle (Adelman et 

al., 1973; Chua et al., 1973; Kellems et al., 1974). Moreover, the retention of the puromycin-

conjugated nascent polypeptides by the chloroplast is consistent with their being anchored in the 

translocons for cotranslational import (Figure 2.3A-C). Finally, treatment of chloroplasts with 

puromycin alone did not release a significant proportion of their bound cyto-ribosomes (p= 0.603), 

revealing that few, if any, cyto-ribosomes were associated with the chloroplasts by nascent 

polypeptides alone. Together, these results reveal the chloroplast bound cyto-ribosomes are active 

and bound to the chloroplast by non-covalent bonds and tethering by their nascent polypeptides. 
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Fig. 2.3. The cyto-ribosomes on the chloroplast are translationally active and tethered by 

nascent polypeptides. (A and B) Results of the RiboPuromycylation method show IF signal of 

the puromycin-conjugated nascent polypeptides (green), as markers of translation, localized to (A) 

the cyto-ribosome (cyL4) IF signal (B) on the cytoplasmic side of the chloroplast envelope (LCIA) 

(size bar, 5.0 µm). Arrows indicate sites of colocalization of puromycin-conjugated nascent 

polypeptides and cyto-ribosomes. The green IF signal is specific to puromycin (Fig S2C). (C) A 

heat map of the average IF signal from the puromycin-conjugated nascent polypeptides from all 

chloroplasts in this data set (n= 30) shows that the individual chloroplasts are representative. (D) 

Bar heights indicate the average proportion of cyto-ribosomes (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 KCl. (Error bars= 1.0 SEM, n= 3 biological 

replicates from independent cultures).  
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2.3.4  mRNAs encoding chloroplast proteins localize at the cyto-ribosomes on the 

chloroplast envelope 

 

  The results above support localized translation by chloroplast-bound cyto-ribosomes for 

protein import specifically into the T-zone within the chloroplast (Figure 1A). This predicts that 

the cyto-ribosome-bound domain of the chloroplast envelope is associated with mRNAs encoding 

chloroplast proteins, but not mRNAs encoding non-chloroplast proteins. We used FISH to test this 

prediction (Tsanov et al., 2016). The imported chloroplast proteins include subunits of the light-

harvesting complexes (LHCs), which each have three hydrophobic transmembrane domains and 

are embedded in the membranes of photosynthetic thylakoid vesicles where they associate with 

PSI and PSII (Dall’Osto et al., 2015; Nelson & Ben-Shem, 2004). LHC subunits are candidates to 

be synthesized by chloroplast-bound cyto-ribosomes and undergo cotranslational import because 

most hydrophobic integral membrane proteins undergo cotranslational import, membrane insertion 

or both (Ott & Herrmann, 2010; Williams et al., 2014) and such hydrophobic proteins have 

propensity to aggregate in the cytoplasm which would hamper their import and could cause 

toxicity (Claros et al., 1995). Therefore, we asked whether chloroplasts retain mRNAs encoding 

LHCPs (Stauber et al., 2003, p.). Our FISH probe sequences are complementary to the mRNAs of 

LHCBM2 (Cre12.g548400) and LHCBM7 (Cre12.g548950), close paralogues in a large gene 

family encoding LHCPs (Table S1). The mRNAs detected by these probes are referred to 

collectively as “LHCBM” here. In cells, the LHCBM 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, 2009b). Chloroplasts retained 96% of average cellular signal, and 

individual chloroplasts showed localized signal closely adjacent to, but not overlapping, the 

chloroplast-localized cyL4 IF signal (Figure 2.4A and B). Consistency of this localization pattern 

across all chloroplasts imaged was seen in a display of the average LHCBM mRNA FISH signal 
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distribution (Figure 2.4E). While the cyto-ribosome-bound domain extends along the envelope 

between opposing lobes, the strongest average LHCBM mRNA FISH signal was localized at the 

center of this domain (contrast cyL4 in Figure 2.1D versus LHCBM and RBCS in Figure 2.4E, 

illustrated in Figure 2.1A). These results reveal a physical association of LHCBM mRNAs with 

the cyto-ribosome-bound domain of the chloroplast envelope. We also used FISH to image the 

distributions of the cytoplasmic mRNAs encoding the small subunit of Rubisco, a chloroplast-

localized Calvin-Benson cycle enzyme. The Rubisco small subunit is encoded by two highly 

similar paralogous nuclear genes, RBCS1 and RBCS2 (Cre02.g120100 and Cre02.g120150, 

respectively). We refer to their mRNAs collectively as “RBCS” because our FISH probes hybridize 

to both (Table S2.1). In cells, localization of the RBCS mRNAs in the cytosol was not evident in 

most images, as was reported previously (Supplemental Figure 2.1C) (Uniacke & Zerges, 2009). 

However, in a display of the average RBCS FISH signal from all cells imaged, localization was 

detected in the approximate location of the cyto-ribosome-bound domain of the chloroplast 

envelope (Figure 2.4E). Association of RBCS mRNAs with the chloroplast was revealed by our 

findings that free chloroplasts retained 80% of average cellular RBCS FISH signal and that 

individual chloroplasts showed localized signal adjacent to the cyL4 IF signal primarily at the 

center of the cyto-ribosome-bound envelope domain, similar to the localization of the LHCBM 

mRNA FISH signal (Figure 2.4A and C). Display of the average RBCS FISH signal confirmed this 

localization and revealed that a greater proportion of the RBCS mRNA FISH signal was distributed 

around the entire basal (posterior) region of the chloroplast, compared to the highly localized 

LHCBM FISH signal (Figure 2.4E). These results support the translation of cytoplasmic mRNAs 

encoding chloroplast proteins by the cyto-ribosomes on the central region of the chloroplast 

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 of TUB2, which encodes ß2-

tubulin (Cre12.g549550) (Silflow & Rosenbaum, 1981). In cells, strong TUB2 mRNA FISH signal 

was detected throughout the cytosol, as reported previously (Supplemental Figure 1D, Figure 4E) 

(Colon-Ramos et al., 2003). Chloroplasts retained only 2% of the cellular TUB2 mRNA FISH 

signal (Figure 2.4A) and the residual TUB2 FISH signal from chloroplasts was neither enriched at 

the cyto-ribosome-bound envelope domain nor did it overlap with the cyL4 signal (Figure 2.4D 

and E). Moreover, TUB2 mRNA FISH signal from chloroplasts was probably non-specific as it 

was in a pattern resembling that of the signal from a control FISH probe with a sequence which is 

not in the genome (Supplemental Figure 2.2D). Therefore, the TUB2 mRNA pool is not translated 

by chloroplast-bound cyto-ribosomes. Together, these results support specificity of chloroplast-

localized translation of mRNAs encoding chloroplast-localized proteins.  
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Fig. 2.4. FISH results reveal that mRNAs encoding specifically chloroplast-localized 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). (B-D) Chloroplasts IF-stained for cyto-ribosomes (cyL4) and FISH-probed 

for the mRNAs encoding chloroplast-localized proteins of (B) the LHCBM mRNAs or (C) the 

RBCS mRNAs. (D) Chloroplast FISH-probed for the TUB2 mRNA as a control mRNA encoding 

a non-chloroplast protein. Size bar, 5.0 µm. (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 ≥ 30 cells or chloroplasts per data set). 
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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 with 80S ribosomes 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 chlorophyll-binding apoprotein bind immediately and chlorophyll 

synthesis occurs in the T-zone of Chlamydomonas and at the envelope of plant chloroplasts 

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

Previously, a membrane fraction was purified from the chloroplast of Chlamydomonas 

with features of a platform for translation of mRNAs encoded by the chloroplast genome (Zerges 

et al., 2002; Zerges & Rochaix, 1998). This membrane was called “low density membrane” (LDM) 

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 membrane lipid compositions 

and to be associated with light-activated RNA-binding proteins (Zerges & Rochaix, 1998). To 

determine whether the LDM could be the microdomain 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 yellow-green 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, fraction F7). Fraction F2 was found to 

be enriched in cyL4, suggesting the presence of cyto-ribosome 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 not have detectable 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 SDS-PAGE and silver staining (Fig 2.5 D). This suggests that 

LDM could be derived from the envelope domain that compartmentalizes translation by 

cytoplasmic ribosomes for chloroplast biogenesis and translation by the bacterial-type ribosomes 

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

A) Membranes from purified and fragmented chloroplasts were fractionated according to buoyant 

density by isopycnic sucrose gradient ultracentrifugation. The first gradient (left) fractionated 

membranes in the presence of Mg2+ ions. The dark green band was collected and fractionated on 

a second gradient lacking Mg2+. Fraction F2 was collected as low-density membrane. B) 

Membranes from fragmented cells were fractionated according to their buoyant density. The dark 

green band in fraction F7 was collected as purified thylakoid membranes. 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 inner translocon (TOC 159G, TOC 75 and TIC 110), an enzyme in the 

chlorophyll branch of the tetrapyrrole biosynthesis pathway, protochlorophylide oxidoreductase 

(POR), a translation factor in the chloroplast (RBP40), and subunits of PSI and PSII (PsaA and 

PsbA, respectively). Lanes were loaded according to equal protein of each fraction to reveal the 

distributions of each protein across the gradient. D) Silver staining of F2 and F7 fractions described 

above differed substantially in terms of protein composition.  
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2.4  DISCUSSION 

 

Our results reveal that the translation of mRNAs encoding chloroplast proteins is localized 

to the chloroplast envelope in Chlamydomonas. This discovery revises the long-standing model 

that all chloroplast proteins are synthesized throughout the cytoplasm (Weis et al., 2013). In 

addition, the dependency of cyto-ribosome-chloroplast associations on ribosome-nascent 

polypeptide connectivity supports co-translational import of chloroplast proteins (Fig. 2.3D). In 

this mechanism, the emerging nascent polypeptide is engaged by the TOC/TIC protein translocons 

in the chloroplast envelope during its co-translational import, thereby tethering the cyto-ribosome 

to the chloroplast. Translation localization at the ER and mitochondria also involves cyto-ribosome 

receptors on the organellar surfaces. These receptors were revealed by requirements for high ionic 

strength for ribosome dissociation from these organelles in vitro (Bykov et al., 2020; Chua et al., 

1973; Kiebler et al., 1990; Lesnik et al., 2015). The possibility that cyto-ribosomes bind to 

receptors on the chloroplast surface is indicated by our finding that high ionic strength is required 

to dissociate approximately 50% of them (Fig. 2.3D).  

Results reported here and previously reveal that chloroplast protein synthesis and targeting 

is spatially organized in a fashion analogous to the organization of the cytoplasmic and organellar 

translation systems for mitochondrial protein synthesis in Saccharomyces cerevisiae and 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 membrane that form the 

invaginations called cristae (Vogel, Bornhovd, et al., 2006; Watson, 1972; Zorkau et al., 2021). The 

sites where the inner membrane invaginates to form cristae, cristae junctions, are preferential sites 

of the early steps of complex assembly and translation of these subunits (Vogel, Bornhovd, et al., 
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2006; Watson, 1972; Zorkau et al., 2021). Hence, cristae junctions are analogous to the T-zone of 

the chloroplast (Sun et al., 2019). Similarly, the chloroplast envelope domain bound by translating 

cyto-ribosomes is analogous to clusters of cyto-ribosomes that translate on the mitochondrial outer 

membrane at cristae junctions (Garcia et al., 2007; Gold et al., 2017; Stoldt et al., 2018). The protein 

import translocons in the mitochondrial membranes are also localized at cristae junctions, analogous 

to the import envelope domains in the chloroplast envelope at the cyto-ribosome-bound envelope 

domain (Gold et al., 2017; Schottkowski et al., 2012; Vogel, Bornhovd, et al., 2006). Therefore, 

spatial coordination of translation on and within each of the semiautonomous organelles might be a 

fundamental aspect of the biogenesis of their electron transport complexes. Co-translational import 

of mitochondrial proteins to cristae junctions is hypothesized to facilitate their integration into the 

inner membrane and assembly with the locally synthesized protein products of mito-ribosomes 

(Formosa & Ryan, 2018; Fox, 2012; Grevel et al., 2020; Lesnik et al., 2015). Similarly, we 

hypothesize that LHCPs, and likely other chloroplast proteins, are synthesized at the cyto-ribosome-

bound domain of the chloroplast envelope and undergo co-translational import into the T-zone to 

facilitate their insertion into developing thylakoid membranes and assembly with subunits 

synthesized by chloro-ribosomes. 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 co-translational insertion into developing thylakoid membranes in the 

T-zone, thereby obviating the widely accepted and exceptional post-translational roles of the 

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

CHLAMYDOMONAS REINHARDTII  

 

 

ABSTRACT 

 

Compartmentalization is an important aspect of cellular processes because it can enhance their 

efficiency and prevent deleterious side reactions. For example, organelles compartmentalize many 

metabolic pathways (Kerfeld et al., 2018). Within organelles there is a more fine-scale localization 

to regions called microcompartments or zones (Shimizu, 2019). This chapter describes novel 

findings regarding the compartmentalization of the Calvin-Benson cycle, the metabolic pathway 

that is responsible for CO2 assimilation and primary carbohydrate production in photosynthesis. 

This pathway occurs within chloroplasts in plants and algae. Within the chloroplast of the 

unicellular alga Chlamydomonas, a microcompartment in the chloroplast, called the pyrenoid is 

widely accepted as the primary location of CO2 fixation. This is because the pyrenoid contains 

most of the Rubisco in the cell, an enzyme that is responsible for the carbon assimilation step in 

the Calvin Benson Cycle. 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 the pyrenoid. This compartment may 

have a role in the Calvin Benson Cycle, especially during the early-mid 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 by-products (Goodman et al., 2018). In eukaryotic cells, the 

cytoplasmic space is compartmentalized by organelles. Organelles are further partitioned into 

microcompartments that separate metabolic pools and enzymes (Kerfeld et al., 2018; Shimizu, 

2019). This creates elevated concentration of substrates and enzymes in one region with set 

thermodynamic parameters that favor the forward reactions (Flechsler et al., 2021; Zecchin et al., 

2015). It can also allow for intermediates to be channeled between enzymes in a pathway while 

preventing the enzymes from working on inappropriate substrates (Flechsler et al., 2021; Goodman 

et al., 2018). 

Chloroplasts are organelles found in plants and green alga. They are the developmental fate 

of the plastids in green tissues of the leaves and stems (Cooper, 2000; Sakamoto et al., 2008). 

Chloroplasts have many essential functions; in addition to their well-known role in photosynthesis, 

they synthesize lipids and amino acids for the cell (Barajas-López et al., 2013). Chloroplasts 

photosynthesize carbohydrates by using the CO2 in the atmosphere, the electrons  generated from 

the oxidation of water and the energy from light (Armbruster & Strand, 2020). Photosynthesis 

involves two major pathways, which occur in specific intra-chloroplast compartments. 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 chloroplasts (Alberts et al., 2002; Wollman et al., 1999). These reactions use electrons from 

the oxidation of water and generate O2 as a byproduct. They also transduce light energy to generate 

reducing equivalents 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 synthase (Alberts et al., 2002; 

Edwards et al., 2001).  

The second phase of photosynthesis, the Calvin Benson Cycle, uses the NADPH generated 

by the light-dependent photosynthetic electron transport system and the ATP synthesized by ATP 

synthase to fix carbon dioxide and convert it to carbohydrates (Gurrieri et al., 2021). This cycle 

involves thirteen reactions that are catalyzed by eleven different enzymes. A key enzyme in this 

pathway is Rubisco (Cummins, 2021; Goudet et al., 2020). It adds carbon dioxide (CO2) to a 5-

carbon CO2 acceptor molecule called ribulose-1,5-bisphosphate (RuBP). This results in the 

production of two 3-carbon molecules called 3-phosphoglycerate (3PGA) (Heldt & Piechulla, 

2011; Raines, 2003). 3PGA is metabolized in the Calvin Benson Cycle to either regenerate RuBP 

or it is exported as triose phosphate which is used for the biosynthesis of sugars (glucose, fructose, 

sucrose) and most other organic compounds that make up a plant (Heldt & Piechulla, 2011; Raines, 

2003). 

Rubisco can catalyze the addition of both CO2 and O2 to ribulose-1,5-bisphosphate. The 

latter is called oxygenation (Busch, 2020; Heldt & Piechulla, 2011; Keller, 2010). A low CO2: 

high O2 ratio inhibits the carboxylase activity of Rubisco and catalyzes its oxygenation reaction 

instead. This results in the production of a 2-carbon molecule called 2-phosphoglycolate (2-PG) 

which is a potent inhibitor of several enzymes and is metabolized through photorespiration (Busch, 

2020; Eisenhut et al., 2019). Photorespiration is considered a wasteful process because it works in 

the opposite direction of photosynthesis; competing for ATP and NADPH and results in a loss of 

carbon that could otherwise be used for sugar production (Eisenhut et al., 2019; Keller, 2010).  

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

developed a carbon concentrating mechanism to increase the concentration of CO2 in the vicinity 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/ribulose-1-5-bisphosphate
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of Rubisco (Cummins, 2021; Goudet et al., 2020). For example, C4 plants such as corn, maize and 

surgarcane,  partition the initial CO2 fixation step and the Calvin Benson Cycle between different 

cell types  (mesophyll and bundle sheath cells) (Edwards et al., 2001). Crassulacean Acid 

Metabolism plants such as cactus and orchids, separate these steps temporally, between night and 

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

In Chlamydomonas, Rubisco inefficiency is compounded by several additional factors. 

Living in aquatic ecosystems, these organisms often have limiting CO2, because the diffusion rate 

of CO2 is 10,000 times slower in water than in air (Goudet et al., 2020; Hagemann et al., 2016). 

Also, most CO2 in water, which is near pH 7, is converted to HCO3
–-, which cannot cross 

membranes and enter cells or organelles by simple diffusion (Fei et al., 2021; Goudet et al., 2020; 

Yamano et al., 2015). To overcome these factors, Chlamydomonas has developed a biophysical 

carbon concentrating mechanism. This  involves three key elements: 1) HCO3
–- transporters at the 

plasma membrane and chloroplast envelope, 2) carbonic anhydrases (CA) which convert the 

imported HCO3
– in the cell to CO2 and 3) the pyrenoid, a microcompartment in the basal region 

of the chloroplast that contains most of the cellular pool of Rubisco  (Giordano et al., 2005; 

Jungnick et al., 2014).  

Considering the generation of O2 in the chloroplast by  photosystem II  (Sun et al., 2019; 

Uniacke & Zerges, 2007), we asked what this could mean for the localization of Rubisco and other 

Calvin Benson Cycle enzymes in Chlamydomonas. In the current model, aside from Rubisco, the 

ten remaining enzymes in this pathway are assumed to be in other parts of the chloroplast, and not 

the pyrenoid (Zhan et al., 2018). However, their precise location is less known. Using Venus-

fusion constructs, a recent publication aimed to localize some of these proteins (Küken et al., 

2018). However, although 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 chloroplasts. It is known 

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,  the overexpression of the tagged protein may affect its 

localization (Iwai et al., 2016; Toya et al., 2010). However, the key disadvantage of using 

fluorescent protein tags for localization studies in the chloroplast, is the chlorophyll, the green 

pigment that is found in plants and green algae. Chlorophyll itself has autofluorescence and this 

may mask subtle localization patterns (Iwai et al., 2016). For this reason, immunofluorescence 

microscopy, which uses fluorescently labeled antibodies might 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 immunofluorescence microscopy is  easier to carry out  

and often provides better spatial resolution (Toya et al., 2010; Vitha & Osteryoung, 2011). 

Furthermore, it is difficult to control the conditions of Live cell imaging of tagged proteins. For 

example, any localization pattern that requires specific conditions (CO2 concentration, light), may 

not be maintained, while this can be easily achieved with immunolocalization techniques. 

Here, we used immunofluorescence microscopy to localize enzymes and related proteins 

involved in the Calvin Benson Cycle. We did this under two conditions; atmospheric 

CO2 concentration versus high CO2, where the CCM is active or inactive, respectively. We 

additionally explored the spatial-temporal distribution of these components using homogenous cell 

populations from cultures synchronized to the diel cycle (12hr:12hr light-dark cycle). This allowed 

us to look at specific stages of the light phase and focus on the time points when photosynthesis is 

maximal, unlike studies that focus only on the dark to light transition (Mitchell et al., 2014; 

Strenkert et al., 2019). Our 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 Benson Cycle, 

especially during the early-mid light phase of the diel cycle.  

 

 

3.2  MATERIALS AND METHODS  

 

3.2.1 Culture conditions  

 

Cultures of Chlamydomonas wild-type strain cc-125 were grown in high-salt minimal (HSM) 

medium and either aerated with air (for ambient CO2 conditions), or with air enriched to 0.5 to 1% 

CO2 (for high CO2 conditions) at a flow rate of 300 to 400 ml.min-1. Cultures were illuminated 

from the four sides and bottom by five banks of red and blue LEDs at 250 to 280 µE m−2 s−1 at 23 

°C in the day and 27 °C at night. Cultures were entrained under alternating cycles of 12 h of 

light:12 h of dark for 2 to 3 consecutive days until they reached a density of 1×106 to 2×106 

cells/ml. For the subsequent days, cultures were diluted into fresh HSM medium between ZT1 and 

ZT3 (1 and 3 hours into the light phase), thereby reducing the cell density to 1×105 to 2×105 

cells.ml-1 each day to allow for better cell synchronization. This daily dilution was carried out for 

at least three days. Cultures were not diluted on the day of the experiment when samples were 

collected at different experimental time points for either immunoblot analysis or for 

immunofluorescence microscopy. ZT0 (transition from dark to light) and ZT12 (transition from 

light to dark) cells were collected ∼3 min before the respective transition. 
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3.2.2 Immunofluorescence staining  

 

Immunofluorescence staining was performed as described previously in Chapter 2 (Uniacke, 

Colón-Ramos, et al., 2011; Uniacke & Zerges, 2007a). The primary antibodies and the dilutions 

used were as follows: αPRK, αFBP, αPGK, αRPE, αRPI, αSBP and αTKI (all at 1:2000) from 

Stéphane D Lemaire, French National Centre for Scientific Research, αRbcL (1:500) and αLCIA 

(1:700). Fluorescent secondary antibody used was AlexaFluor568 and AlexaFluor488 conjugated 

to goat anti-rabbit IgG (Thermo Fisher Scientific).  

 

3.2.3  Probe design and preparation 

 

Complementary 31 nt probes were designed for the psbA mRNA using Benchling 

(benchling.com). All probe sequences are provided in Table 3.1 (supplementary data). The 

following sequence was added to the 5′ end of each 31 nt probe: 

CCTCCTAAGTTTCGAGCTGGACTCAGTG. This is the reverse complement of the X FLAP 

sequence used in Tsanov et al. (Tsanov et al., 2016a). Oligos were ordered from Integrated DNA 

Technologies (IDT), in lyophilized format, using 25 nmol synthesis scale, standard desalting. Each 

probe was resuspended in the appropriate volume of TE buffer to give a final concentration of 

100 μM. A standard volume of each probe was combined to generate an equimolar probe mix, at 

20 μM (mixed probe concentration). The X FLAP sequence itself 

CACTGAGTCCAGCTCGAAACTTAGGAGG was dual 5′ and 3′ end labelled with Cy3. The 

equimolar probe mix was annealed to the fluorophore-labelled FLAP sequence in a heat block 

according to Tsanov et al. Annealed probes were stored at −20 °C. 
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3.2.4  FISH  

 

Slides were first boiled in 1.0 N HCL for 15 min to reduce autofluorescence and left overnight to 

airdry. A 10 μl drop of 0.1% Poly-L-lysine (Sigma) was dispensed at one end of the slide and 

smeared across using another slide. The Poly-L-lysine coated slides were kept in a slide rack 

covered with aluminum foil and left to dry for three to seven days. On the day of the experiment, 

approximately 1 X 106 cells were aliquoted onto the center of the Poly-L-lysine coated microscope 

slide. Cells were allowed to adhere to the slide for c.a. 5 min. Cell fixation was performed using 

4% paraformaldehyde (w/v) freshly diluted in 1X PBS (phosphate buffered saline) for 10 minutes. 

The slides were incubated twice, 10 minutes each, in methanol at −20°C. The next steps were 

performed on an orbital shaker at low speed. The slides were washed twice, 10 minutes each in 

PBS-Mg at room temperature. Permeabilization was done by incubating the slides in freshly 

prepared 2.0% (v/v) Triton X-100 in 1X PBS for 10 minutes. This was followed by two 10 minutes 

washes in 1X PBS-Mg at room temperature and a 20-minute wash in 15% formamide freshly 

prepared in 1X SSC (3 M NaCl and 300 mM Sodium Citrate adjusted to pH 7.0 with HCl). The 

hybridization mix was made according to Tsanov et al. except for the BSA concentration which 

was 4.5 mg/ml in the hybridization mix. A 50 μl 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 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 containing 1× SSC, 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, 10 minutes each, with 1× PBS-Mg at room temperature. Slides were blotted dry 

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

diethyl pyrocarbonate (DEPC)-treated water. 

 

3.2.5 Microscopy  

 

Microscopy was carried 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 C10600-10B camera controlled by Volocity software (Improvision). 

Filters: Texas Red (562/40nm excitation: 624/40nm emission) for AlexaFluor568 and GFP 

(472/30nm excitation: 520/35nm emission) for AlexaFluor488. Acquired images were taken using 

Z plane stacks with a spacing of 0.2 µm per section; exposure settings, gain, and excitation 

intensity were kept constant where comparisons between intensities was required. For 

deconvolution, Z-stacks were taken by series capture at a thickness of 0.2 µm per section and were 

deconvoluted with AutoQuant X3 (Media Cybernetics Inc). 

 

3.2.6 Image analysis of distributions of average fluorescence signals in situ  

 

To display average signal distributions across all cell images, an automated Fiji macro called “Cell 

Harvester” developed by Dr. Christopher Law (Concordia Centre for Microscopy and Cell 

imaging) was used. All images from a data set were deconvolved and compiled into maximum z 

projections. The first part of the protocol uses 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 non-identified cells are manually added. The outlined cells within 

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 orientated cells 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 compiled all given cells into an ‘average representative cell’, while ensuring that all cells 

contributed equally 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 immunoblots of total protein, cells were collected at various ZT time points in the diel 

cycle. For each time point, an equal volume and number of cells were  pelleted at 3000 xg for 5 

min, at 4°C. Cell pellets were resuspended in SDS-PAGE loading buffer with 2-

Mercaptoethanol (BME) and denatured at 65 °C for 45-min. Proteins were resolved on a 12% 

SDS-PAGE gel (Sambrook & Russell, 2006), transferred to PVDF membranes (Bio-Rad) 

overnight and reacted with primary and secondary antibodies diluted in 5% (w/v) dried skim milk. 

The primary antibody used in this study was αPRK 1:5,000 (from Dr. Stéphane Lemaire). The 

secondary antibody was horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (KPL). 

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

Imager 600 (GE) according to the manufacturer’s protocol. 

 

3.2.8  Subcellular fractionation  

 

Membrane fractionation was performed as described previously (Schottkowski et al., 2012), with 

minor modifications. At each time point, 1.3 x 109 cells were harvested by centrifugation at 1,600 

x g for 10 min at 4 oC. The resulting pellet was resuspended in MKT-buffer [25 mM MgCl2, 20 
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mM KCl, 10 mM Tricine-KOH pH 7.5, protease inhibitor cocktail for plants (BioShop)]. Cells 

were broken by four passes  through an ice-chilled French Pressure Cell at 1,000 psi. Efficient cell 

breakage was confirmed by light microscopy. The lysate was subjected to ultracentrifugation at 

100,000 x g for 1 h at 4oC. The pellet was resuspended in 2 ml of 2.4 M sucrose. Upon 

resuspension, a 0.5 ml of 2.2 M sucrose cushion was added. A linear sucrose gradient (1.1-2 M) 

was then layered on top. All sucrose solutions were prepared in MKT-buffer. The gradient was 

subjected to ultracentrifugation at 100,000 x g (in a Beckman SW41Ti rotor) for 16 h at 4 oC. 

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 Transmission electron microscopy  

 

Samples were collected from cultures entrained to the diel cycle and fixed in 2.5% (v/v) 

glutaraldehyde in 0.1M sodium cacodylate buffer containing 4% (w/v) sucrose, 0.1% (wt/v) CaCl2 

pH 7.4 and kept at 4 ºC. Samples were processed as described previously (Elimam et al., 2016) by 

the McGill Faculty for Electron Microscopy Research (FEMR) staff in the following manner: Cells 

were washed three times with 0.1M sodium cacodylate for 1h, and incubated with 1% (v/v) 

aqueous osmium tetroxide + 1.5% (w/v) aqueous potassium ferrocyanide for 2h at 4 ºC. The 

osmium tetroxide mixture was discarded, and samples were subjected to three washes with 

distilled water, each for 5 minutes. Samples were then dehydrated for 8-to-15 minutes using 

increasing concentrations of acetone (30%, 50%, 70%, 80%, 90% and 100%). The dehydrated 

samples were infiltrated with an Epon:Acetone mixture. This was done using three successive 

ratios as follows: an overnight treatment with a ratio of 1:1, a 24 hrs treatment with a ratio of 2:1 

and an overnight treatment with a 3:1 ratio. Next, samples were incubated in 100% Epon for 4hr 

with no agitation, 2hr on a rotator and 2hr under a vacuum. Samples were then embedded in the 
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appropriate molds for 1hr under the fume hood. Samples were next embedded with Epon and 

polymerized in a 68 ºC oven for 48 hrs. The final grids contained slices of cells that were on 

average 90-100 nm thin and stained with uranyl acetate and Reynold’s lead.    

Imaging was performed  using an FEI Tecnai12, 120kv transmission electron microscope with  

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 2900× to 68,000×. 

 

3.3  RESULTS  

 

3.3.1 Localization of Calvin-Benson Cycle enzymes in the chloroplast 

 

To characterize the distributions of the Calvin Benson Cycle enzymes in the chloroplast, 

we used immunofluorescence microscopy. We first visualized the fluorescence signals from wild-

type (cc-125) cells cultured under photoautotrophic conditions. These conditions were used in a 

previous study that looked at the localization of these enzymes using proteins tagged with the 

yellow fluorescence protein Venus (Küken et al., 2018). As expected, the Rubisco large subunit 

(RBCL) showed localization to the pyrenoid (Fig 3.1). However, and as was reported previously, 

the remaining Calvin Benson Cycle enzymes fructose-1,6-bisphosphate aldolase, 

phosphoglycerokinase, phosphoribulokinase, ribulose-phosphate epimerase, ribose-phosphate 

isomerase, sedoheptulose-1,7-bisphosphate aldolase and transketolase were not in the pyrenoid 

and showed a pattern consistent with the stroma. The stroma is the aqueous 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 Cycle enzymes in the chloroplasts  

Epifluorescence microscopy images reveal the distribution of various Calvin Benson Cycle 

enzymes. RBCL is enriched in the pyrenoid while the other enzymes are throughout the chloroplast 

except within the pyrenoid. Top rows show fluorescent channel and bottom row indicate the bright 

field. The white bar represents 5.0 µm. Protein names are as follows; (fructose-1,6-bisphosphate 

aldolase (FBP), phosphoglycerokinase (PGK), phosphoribulokinase (PRK), ribulose-phosphate 

epimerase (RPE), ribose-phosphate isomerase (RPI), sedoheptulose-1,7-bisphosphate aldolase 

(SBP) and transketolase (TKL). 
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3.3.2 Re-localization of phosphoribulokinase during the light phase of the 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 synchronized to a 12h:12h light-dark cycle (please refer 

to appendix 1 for evidence of culture synchrony under these conditions). Our lab and others have 

shown that there are stage-specific patterns of gene expression, metabolism and localization of 

chloroplast proteins and mRNAs (Mitchell et al., 2014; Strenkert et al., 2019; Sun et al., 2019a; 

Zones et al., 2015). Cells in the middle of the light phase are undergoing high rates of 

photosynthesis, which are not as prominent in asynchronous cultures, where many cells are 

undergoing mitosis (Zones et al., 2015). Therefore, 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 this, PRK was selected as the marker. Like Rubisco, this is only other enzyme 

known to function solely in the Calvin Benson Cycle (Kono et al., 2017; Rumpho et al., 2009). All 

other enzymes in this pathway, also carry out steps in other pathways and compartments which 

could contribute to their intracellular distributions (Rumpho et al., 2009).  

Results from immunofluorescence microscopy revealed no evident localization of PRK in 

cells at the very beginning of the light phase (ZT0) (Fig 3.2 A). Between ZT2 and ZT4, most cells 

showed PRK signal localized to the chloroplast lobes. Most cells also displayed this signal in only 

one of the two chloroplast lobes. Later in the light phase, at ZT6, ZT8 and ZT10 time points, the 

PRK signal became more evenly distributed throughout the chloroplast. However, zero signal was 

detected from 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 objectivity, we quantified the average distributions of the PRK signal in the 

cells of each data set (i.e, cells from the same experimental culture) using a Fiji macro (Sun et al., 

2019). The distribution of the average signal across all cells is displayed by a heatmap (Fig 3.2 B). 

The results reveal that there is some stage specificity for the localization of PRK to the chloroplast 

lobes. This pattern is more distinct at ZT4 when photosynthesis rates are high (Strenkert et al., 

2019; Sun et al., 2019a). Upon further observation, it also became evident that the localization 

pattern is initially seen in one chloroplast lobe. To verify this with our Fiji macro, we manually 

orientated the cells so that the lobe with the stronger signal was facing the same direction (in this 

case, the upper lobe), 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 cycle. Samples were collected every hour, beginning at ZT22 (2 hours before 

the light phase) until ZT12 (end of the light phase). The results show an increase in the levels of 

PRK as the cells progress into the diel cycle, corroborating with our microscopy results Fig 3.2 C).  

To check for specificity of the fluorescence signal of PRK, we did immunofluorescence 

staining on cells of a PRK deletion mutant. Results showed that our antibody staining was indeed 

specific as there was zero signal seen in cells from the mutant strain (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 chloroplast lobes of ZT2 and ZT4 cells. 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, n=20. Time 

course experiment was performed on cells from a single uniform culture. Scale bars indicate 5 µm. 

C) Results of immunoblot analyses of total protein samples from the ZT22- ZT12 time points of 

the diel cycle reveal the relative levels of PRK. D) Experimental control. Cells that were IF-stained 

for PRK (phosphoribulokinase) do not show a signal in the deletion mutant for the gene encoding 

it.   
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3.3.3 Localization of PRK across the diel cycle under 0.5% CO2 

 

To examine the effect of CO2 on the distribution of PRK, wild-type cells were entrained to 

a 12hr:12hr light-dark cycle. These cultures were continuously aerated with 0.5% CO2 during 

entrainment. Samples were taken and cells fixed for immunofluorescence staining at 2-hour 

intervals, from ZT0 to ZT12. Higher CO2 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 microscopy results showed that 0.5% CO2 had a slight effect on the 

localization pattern. (Fig 3.3 A). Similar to the cultures that were grown under ambient CO2, there 

was no evident localization at ZT0. However, a localized signal was visible in the chloroplast lobes 

at ZT2 and at ZT4. Later in the light phase, beginning at ZT6, the PRK signal increased throughout 

the chloroplast and became more evenly distributed. Once again, there was no staining in the 

pyrenoid. Because the 0.5% CO2 treatment did not have much of an effect on the 

immunofluorescence pattern, it seems the critical factor determining localization is the phase of 

the diel cycle or some process occurring at that stage, for example high rates of photosynthesis.  
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Fig 3.3. Spatiotemporal patterning of PRK in the light phase under 0.5% CO2  

A) Epifluorescence microscopy images reveal the distribution of PRK through the light phase of 

the diel cycle when cells are treated with 0.5% CO2. The PRK signal is localized to the chloroplast 

lobes at ZT4 and later becomes evenly distributed 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 ZT0, n = 20; ZT2, n = 26; ZT4, n = 35; ZT6, n = 30; ZT8, n = 26; ZT10, n=23. 

All cells are from a single uniform culture. Scale bars indicate 5.0 µm.  
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3.3.4  RBCL localizes to chloroplast lobes in early to mid-light phase 

 

PRK and Rubisco are sequential enzymes in the Calvin Benson cycle. Studies have shown 

that Rubisco is localized primarily to the pyrenoid matrix (Küken et al., 2018; Zhan et al., 2018). 

However, we asked if there is any occurrence of this enzyme in the chloroplast lobes at the same 

time points when we see PRK localizing there. To examine this, we again synchronized wild-type 

cells to a 12hr:12hr light-dark cycle. The cultures were aerated with air (ambient CO2) during their 

entrainment. Samples were taken at ZT4 and ZT6, representing early to mid-light phase where we 

had previously seen a lobe localization for PRK. Cells were immune-stained for the large subunit 

of Rubisco (RBCL).  

Microscopy results revealed that there was very little RBCL signal in the pyrenoid at ZT4 

and ZT6 time points (Fig 3.4 A-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 Calvin-Benson 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 a T-zone in the basal region of the Chlamydomonas 

chloroplast that is the preferential site for the synthesis and assembly of photosystem subunits, as 

well as their chlorophyll (Sun et al., 2019a; Uniacke & Zerges, 2007a). We had also demonstrated 

a temporal regulation of the spatial T-zone, with ZT0-ZT4 being identified as the time points when 

photosystem II biogenesis is high. To show the distribution of RBCL in relation to a photosystem 

II marker (the psbA mRNA) at these time points, we carried out FISH on the same cells that were 

described above. As expected, the psbA mRNA localized to the T-zone, while RBCL was enriched 

in the lobes. This suggests that when photosynthesis rates are high in the basal region of the 

chloroplast, RBCL is sequestered to the chloroplast lobes.  We previously showed that 

photosystem II is enriched in the basal region at these time points (Sun et al., 2019).  These results 

raise the intriguing possibility of a spatial partitioning of O2 production by photosystem II and 

CO2 fixation by Rubisco in the basal region and lobes, respectively.  
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Fig 3.4. Localization of RBCL in early-mid light phase of diel cycle  

A) Epifluorescence microscopy images reveal the distributions of RBCL in the chloroplast lobes 

and the psbA mRNA enriched in the T-zone 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 (n = 34). Scale bars indicate 5.0 µm. 
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3.3.5  Localization of a bicarbonate transporter in Chlamydomonas  

 

LCIA (Low CO2 Inducible A) is a component of the Chlamydomonas carbon concentrating 

mechanism that facilitates the uptake and transport of HCO3
– across both the plasma membrane 

and the chloroplast envelope to reach Rubisco (Atkinson et al., 2016; Wang et al., 2015; Yamano 

et al., 2015b). Previous localization studies had shown LCIA outlining the chloroplast envelope 

(Atkinson et al., 2016; Yamano et al., 2015b). However, those studies either used fluorescently 

tagged proteins or initially cultured the cells in TAP (Tris Acetate Phosphate) media which has an 

added carbon source.  

To investigate the location of this marker using our conditions, we cultured cells photo-

autotrophically before staining them with an antibody against LCIA. The results showed a strong 

signal in the chloroplast lobes while the basal region was nearly devoid of any signal (Fig 3.5). 

This pattern was seen in c.a. 90% of the cells imaged and confirmed the heatmap representing the 

average signal distribution in the data set. The results further support the possibility of the 

chloroplast lobes being a compartment for the Calvin Benson Cycle as well as the CCM.  

 

 

 

 

 

 



 

79 
 

 

 

Fig 3.5. LCIA localizes to chloroplast lobes in photo-autotrophically grown cells  

Epifluorescence microscopy images reveal the distributions of LCIA in the chloroplast lobes of 

Chlamydomonas reinhardtii cells grown asynchronously in ambient CO2. The heatmap shows the 

average signal intensity in a maximal intensity projection (MIP) of all cells in the data set (n = 60). 

Scale bars indicate 5.0 µm. 
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3.3.6 Transmission electron microscopy images reveal constrictions at the base of 

chloroplast lobes  

 

To determine if the lobes are a separate compartment and to validate our 

immunofluorescence results, we used electron microscopy. Cells were collected and imaged from 

synchronized cultures at different time points throughout the light phase. The obtained images 

reveal a constriction in the junction between each lobe and the basal region of the chloroplast. This 

was especially prominent in the early light phase (ZT2-ZT4) (Fig 3.6 A). To correlate these 

constrictions with the localization pattern seen in our immunofluorescence images, we scored the 

percentage of cells that showed this feature at each time point (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 our immunofluorescence microscopy results. Later in the light 

phase at ZT10, only 10% of the scored cells showed this pattern. However, it should be noted that 

the continuity of stroma could be detected in some optical sections of the cells, suggesting that this 

structural feature is perhaps a severe curvature rather than a constriction. Additional work is 

required to determine whether this feature contributes the localization patterns seen in our 

immunofluorescence images.  
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Fig 3.6. TEM ultrastructure of diurnally entrained cells  

A) Image of ZT2, ZT4 and ZT10 cell. The white dashed line is outlining a lobe with a constriction. 

This feature is less prominent in ZT10 cells. B) Percentage of cells showing constriction pattern 

in each dataset (ZT2, n=12, ZT4, n=55, ZT10, n=32)  

 

 

A 
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3.3.7 PRK is associated with thylakoid membranes  

 

The enzymes in the Calvin Benson Cycle are often considered to be randomly distributed 

in the chloroplast stroma or the cytoplasm of photosynthetic bacteria. Membrane association of 

these enzymes has not been studied as extensively, although some of the Rubisco pool is known 

to be associated with thylakoid membranes (Agarwal et al., 2009; Suss et al., 1995). Here we used 

subcellular fractionation to determine if PRK is bound to any chloroplast membrane. PRK 

catalyzes the ATP-dependent reaction that generates the substrate ribulose-1,5-bisphosphate 

(RuBP) (Rumpho et al., 2009; Suss et al., 1995), therefore we expect that it would be positioned 

close to the thylakoids where the photosynthetic electron transport chain is located.  

To address this, we collected cells at two different time points in the diel cycle. This 

included ZT4, the time point when we had seen a localization for PRK in the chloroplast lobes and 

ZT11, when this enzyme is evenly distributed throughout the chloroplast (Fig 3.2 A). Lysates were 

generated using a French Pressure Cell. The lysates were subjected to ultracentrifugation to 

separate soluble from insoluble material. The membranes in the pellets were separated by 

isopycnic density ultracentrifugation, in which membranes float to and equilibrate at their native 

buoyant density in the sucrose density gradient (Quail, 1979). Fractions from these gradients were 

then collected for western blot analysis.  

PRK was found to be enriched in the dark green fractions of each gradient (Fig 3.7 A-B). 

These fractions were previously identified as thylakoid membranes, based on their green color 

caused by the pigment chlorophyll of the photosystems in thylakoid membrane. Our lab had also 

previously found these green fractions to be enriched in photosystem marker proteins, which are 

located on the thylakoid membranes (Schottkowski et al., 2012a). This suggests that the thylakoid 

membranes may be involved in the organization of Calvin Benson Cycle enzymes.  
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Fig 3.7. PRK is associated with thylakoid membranes 

Gradient fractions were examined from CC-125 cells entrained to a 12-hr: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 analysis. PRK was enriched in the 

fractions corresponding to thylakoid membranes. 
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3.4  DISCUSSION 

 

In this study we looked at the distribution of the Calvin Benson Cycle enzymes and related 

proteins in the chloroplast of Chlamydomonas in the light phase of the diel cycle. We confirmed 

that, in cells grown in photoautotrophic conditions, RBCL is largely located in the pyrenoid, 

although there were traces of this enzyme seen outside the pyrenoid. Meanwhile, all other enzymes 

in this pathway were absent from this microcompartment and distributed in other locations of the 

chloroplast, as had been reported previously (Küken et al., 2018; Zhan et al., 2018). To analyze 

spatial and temporal distribution patterns, we took advantage of diurnal synchronization in 

Chlamydomonas. Cultures were grown under 12hr:12hr light-dark cycles to obtain homogenous 

populations of cells. The combination of culture synchrony and frequent time-point sampling 

allowed us to discern phase differences in localization pattern more accurately.  

PRK showed a distinct spatial and temporal patterning throughout the diel cycle. At ZT0, 

which represents the transition from dark to light phase, there was no definite localization of this 

enzyme. However, a clear localization to the chloroplast lobes was visible at ZT2-ZT4. This 

localized signal became evenly distributed throughout the chloroplast during the later time points 

(ZT6 and after). Cultures grown under high (0.5%-1%) CO2 conditions, where the carbon 

concentrating mechanism is suppressed, revealed only a slight change in the distribution pattern. 

Therefore, it appears the stage of the diel cycle is the critical factor which determines localization.  

Interestingly, RBCL showed a similar distribution to the chloroplast lobes at ZT4, with 

little signal seen in the pyrenoid. Together, these results support the possibility of the chloroplast 

lobes being a compartment for the Calvin Benson Cycle during early to mid-light phase (Fig 3.8).  
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Fig 3.8. Proposed model for Calvin Benson Cycle. Dashed white line indicates compartment in 

the chloroplast lobes believed to be involved in Calvin Benson Cycle during early to mid-light 

phase. 

 

Interestingly, previous work by our lab demonstrated that the mid-light phase (ZT0-ZT4) 

correlates with high rates of photosynthesis and photosystem biogenesis in the T-zone in the basal 

region of the chloroplast (Sun et al., 2019a; Uniacke & Zerges, 2007a). Photosystem II is a 

complex in the photosynthetic electron transport chain and acts as the first light-transducing 

complex in the redox pathway of oxygenic photosynthesis (Brudvig, 2008). It absorbs light energy 

through chlorophyll and other pigment molecules and oxidizes water, producing O2 and protons 

(Barber, 2008; Brudvig, 2008). Considering Rubisco can react with both O2 and CO2, we 

hypothesize that when photosynthesis rates are high, this enzyme is partitioned away to a 

compartment in the chloroplast lobes and away from the T-zone where photosystem biogenesis is 

taking place.  
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Additionally, the possibility of the chloroplast lobes being a separate compartment is 

suggested by TEM images, which reveal a constriction or sever curvature at the junctions between 

the lobes and the basal region of the chloroplast. However, more work is needed to validate this 

finding.  

Finally, the localization of the bicarbonate transporter LCIA to the chloroplast lobes 

suggests that there could be a CCM-related function to this localization pattern. Also, studies have 

shown that the mid-light phase correlates with enhanced transcripts encoding the CAHs (Rai et al., 

2021; Strenkert et al., 2019; Zones et al., 2015). CAHs catalyze the interconversion of CO2 into 

HCO3
− (Moroney et al., 2011). CAH 1, CAH2, CAH3, CAH4 and CAH5 transcripts have been 

shown to reach their peak during the day and are induced by low CO2 which is the same condition 

as was used in our experiments (Lopez et al., 2015; Rai et al., 2021; Strenkert et al., 2019; Zones 

et al., 2015). Therefore, it would be interesting to look at the localization pattern of these markers 

and see if there 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 have complex 

compartmentalization that is dependent on conditions. This was illustrated using the chloroplast 

of the unicellular alga Chlamydomonas reinhardtii. The stereotypic anatomy of the chloroplast in 

this alga (Chapter 1) makes it easy to identify spatial and temporal patterns. Using this feature to 

our advantage, we have revealed two novel compartments in this organelle that are engaged in 

different processes. These findings, with our previous discovery of a third chloroplast 

compartment, highlight the highly 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 translation on the 

chloroplast surface (Fig 4.1 magenta). This domain is located in the basal region of the chloroplast 

and is enriched in cytoplasmic ribosomes and two mRNAs that encode chloroplast-localized 

proteins (Colon-Ramos et al., 2003; Uniacke & Zerges, 2009). Our evidence suggests that this 

localized translation is for co-translational import, something which has never been shown before 

for chloroplasts.  

Also in the basal region, and immediately adjacent to this domain, we had previously 

identified another compartment of localized translation within the chloroplast. This domain was 

designated as the T-zone. The T-zone is where localized chloroplast ribosomes are translating 

subunits of photosystem I and photosystem II (Schottkowski et al., 2012; Sun et al., 2019; Uniacke 
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& Zerges, 2007, 2009b) (Fig 4.1 dashed white line). Further detail on the T-zone model can be 

found in Appendix I.  

The juxtaposition of these two domains of localized translation on and within the 

chloroplast reveals a complex spatial organization of the two genetic systems that organize the 

expression, targeting and assembly of proteins in this semi-autonomous organelle. This 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 

Saccharomyces cerevisiae and humans (Gehrke 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 line). This domain is enriched in enzymes of this pathway 

such as PRK and RBCL as well as other enzymes and related proteins. The presence of this 

compartment is highly dependent on conditions, i.e., during the early to mid-light phase in the diel 

cycle (ZT2-ZT4). Interestingly, this is also the same period when we see the T-zone being formed. 

For example, all translation markers used to identify the T-zone, are enriched in the basal region 

of the chloroplast near the lobe junctions during the ZT0-ZT4 interval (Sun et al., 2019).  

As to whether the compartment of localized translation on the cytoplasmic side of the 

chloroplast is also condition dependent, we are not certain. This compartment was identified using 

isolated chloroplasts which require the use of a cell-wall deficient strain that is not amenable to 

complete synchronization. Nonetheless, the cultures used for these experiments were entrained to 

a 12hr:12 hr light-dark regime for several consecutive days and samples were harvested 

approximately 4 hrs into the light phase. This resembles the ZT4 time point in synchronized cells. 
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Therefore, there is a possibility that the stage in the diel cycle may also play a role in the formation 

of this compartment of localized translation.  

Finally, the results presented in this thesis, address the long-standing question of whether 

protein translocation into chloroplasts can operate via a co-translational translocation pathway, as 

established in the endoplasmic reticulum. As stated previously, the field has largely favored a post-

translational protein translocation mechanism for chloroplast-localized proteins encoded by 

nuclear genomes. However, here, we have revealed the first evidence of localized translation for 

co-translational import on the chloroplast surface, which is landmark in cell biology.  

Together, these findings illustrate a higher level of complexity and organization in the 

chloroplast of Chlamydomonas than has been appreciated. Moreover, they raise the possibility that 

similar organization can occur in higher plants and provide a new conceptual framework for 

research into chloroplast biogenesis.   
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Fig 4.1. Our Model. Chlamydomonas is 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 

anterior cell pole, the nucleus (N), cytosol (cyto), and the chloroplast (green). The chloroplast 

(green) has lobes which enclose the nuclear-cytosolic region (cyto), the pyrenoid (P), the 

translation zone (T) and is surrounded by a dual membrane envelope (orange). The cyto-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 (black)(Uniacke & 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 nascent polypeptide 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 acquire a profile of mRNAs that 

are translated by cytoplasmic ribosomes on the chloroplast envelope. This can be done through 

two approaches. First by performing RNAseq on isolated chloroplasts, to confirm and investigate 

what class of mRNAs are enriched there. Second, by profiling the nascent polypeptides with 

proteomics. The basis of 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 proteins that are translated on the chloroplast surface. For example, for the 

mitochondria, proximity-specific ribosome profiling has shown that most inner membrane proteins 

are synthesized on the mitochondria of yeast (Williams et al., 2014a). It could also provide further 

evidence that the localized translation on the outer chloroplast surface is for co-translational 

import, should the obtained translatome be enriched in nuclear encoded chloroplast proteins. The 

presence of non-chloroplast proteins in the translatome would suggest that this organelle is serving 

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 non-chloroplast contaminants. Any bias in the 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 chloroplast-bound 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 membranes with ribosomes 

that were translating in vivo with biotinylated puromycin. The puromycin-conjugated truncated 

proteins will then be affinity purified from their corresponding fraction and all associated proteins 

will be identified by MS and proteomics. If 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 chloroplast-bound ribosomes 

 Chloroplast-bound ribosomes are likely interacting with other proteins. These proteins 

could function in the process of co-translational import, for example, docking proteins. Other 

partner proteins might be involved in unknown functions of co-translational protein import. 

Therefore, it would be interesting to epitope-tag cytoplasmic ribosomal proteins for their affinity 

purification from cells or chloroplast lysates. MS analyses of such fractions could reveal 

candidates for co-translational import.  
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4.2.4  Localization of chloroplast translation markers  

 My efforts to optimize and adapt a new FISH protocol to Chlamydomonas cells and 

chloroplasts has paved the way to study the localization of other mRNAs in this organism. This is 

a relatively cost-effective method that has shown to be promising in our hands and can be used to 

expand the T-zone model. This can be done for example by localizing other PET chain complexes 

such as Cytb6f 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 

 

 

 

 

 

Figure S2.1. Localization patterns reported previously. Epifluorescence microscopy images of 

cells that were (A) IF-stained for cyL4 or (B-D) 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, 2009b); cyL4, LHCBM mRNAs and 

RBCS mRNAs, and TUB2 mRNA. Error bar = 5.0 µm. Create a page break and paste in the Figure 

above the caption.  
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Figure S2.2. Experimental controls. Isolated chloroplasts that were IF-stained 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) In the RiboPuromycylation method 

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 the TUB2 mRNA 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 in the Chlamydomonas 

genome. The distributions of the average TUB2 mRNA and control 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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Figure S2.3. The isolated chloroplasts retain normal morphology (see Figure 1A for reference). 

(A) An isolated chloroplast IF stained for phosphoribulose kinase (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 IF-signals of cyL4 (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 diurnal cycle and processed as described previously (Sun et al., 2019b). Images 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 magnifications 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) 

These immunoblot 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. Trials 1-3 are three biological replicate 

experiments, each performed from an independent culture and all conducted in parallel, including 

the immunoblots transfer, immune-reaction steps, and ECL imaging. KCl, incubation in 750 mM 

KCl; puromycin, PMY. The chloroplast protein AtpB was used as a loading control. 
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Movie S2.1. 3D reconstruction of ribosome-bound domain 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 by cyto-ribosomes as 

seen by IF microscopy (Fig. 1C). The 3D model illustrates the cytoplasmic face of the outer 

chloroplast envelope (light grey) and cyto-ribosomes on the envelope (blue spheres). Corresponds 

to Figure 2C-E. 

 

 

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

Slices from a tomographic volume 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 spheres). Corresponds to Fig. 2F-G.  

 

 

  



 

115 
 

Table S2.1. Sequences of FISH probes used in chapter 2 
  

Probe Name  Probe Sequence (5’ to 3’) 

FLAP;  
 

FLAP X-Cy3 

 

Cy3/C ACT GAG TCC AGC TCG AAA CTT 

AGG AGG/Cy3 

LHCB

M  

LHCBM7 

Cre12.g548950 

 

*≥95% sequence 

identity to the 

mRNA of 

LHCBM2 

Cre12.g548400 

 

 
mRNA-specific sequences of the probes are 

given below (5’ to 3’). The complete sequence 

of each has a the same 3’ extension with the 

reverse complement of FLAP X-CY3 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* ATGCAGCCCAGAGCGCCCAGCATGGCCC

AGC 

  
LHCII-18 ACCGGCTGCTCACGGTGGAGCGCACGGA

GCT 

  
LHCII-19 CACCGCGCTCCTCTTCATCTCCGCTCAAT

CA 

  
LHCII-20 GTGGCCGTCAAGCCATTTTTAGTCTTCTC

AA 

  
LHCII-21 TGCCGTGTTACACAACAAGGGCAAATCG

CAA 

  
LHCII-22 TAGACAGCTAGAACAAAGCAGGCTGTA

AAGA 

  
LHCII-23 TCAGCCAGGCCCAGGGGGTCAAAGGCA

CCAC 

  
LHCII-24* CCACTCGATGGCAGCGCGGGGCACCACG

CGA 

 
 

RBCS RBCS2  

Cre02.g120150 

*≥95% sequence 

identity to the 

mRNA of 
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RBCS1 (≥95% 

identity) 

Cre02.g120100 

  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 

  
RbcS-10 TTACACGGAGCGCTTGTTGGCGGGCTGC

CAG 
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RbcS-11* TCGCGGCAGCCGAACATGGGCAGCTTCC

ACA 

  
RbcS-12* CAAGACACGCTGCCGAAGCGGATGGCC

GACT 

  
RbcS-13* GCCTTGACGGCGGGCTTCAGCGCGGCCA

TGG 

  
RbcS-14 TAGGAGAAGGTCTCGAACATCTTGTTGT

TGA 

  
RbcS-15 AGCAGTATCTTCCATCCACCGCCGTTCG

TCA 

  
RbcS-16 GCACGAAACGGGGAGCTAAGCTACCGC

TTCA 

  
RbcS-17 TGCAAAACTCCTCCGCTTTTTACGTGTTG

AA 

  
RbcS-18 GGGGCAAGGCTCAGATCAACGAGCGCC

TCCA 

TUB2 Cre12.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-

specific 

sequenc

e  

 
Scramble  CTGAGTTAAGGCTTTCCACGGACGAGTT

AAT 

 

 

 

 

 

Table S 3.1. Sequences of FISH probes used in Chapter 3 
  

Probe 

Name  

Probe Sequence (5’ to 3’) 

FLAP; 

Fluor-

conjugate

d oligo 

for 

labeling 

mRNA-

 
FLAP X-

Cy3 

 

Cy3/C ACT GAG TCC AGC TCG AAA CTT AGG 

AGG/Cy3 
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specific 

probes 

PSBA  PSBA 

 

 

 

 
mRNA-specific sequences of the probes are given 

below (5’ to 3’). The complete sequence of each has 

a the same 3’ extension with the reverse complement 

of FLAP X-CY3 probe; 

CCTCCTAAGTTTCGAGCTGGACTCAGTG 

   
PsbA-2 AAGAAGACATGGGATCATGATTACACCGAA

CC   
PsbA-3 GTTCACGGATACCATCGATGTCTACTGGCGG

A    
PsbA-4 CAGCACCTGTAATGATGTTGTTACCGTAAAG

A    
PsbA-6 ATAATTCCCACTCACGACCCATGTAGCAGTA

T    
PsbA-9 TGAAAGTACCAGAGATACCTAAAGGCATAC

CG    
PsbA-11 AATAATGAACCACCGAATACACCAGCAACA

CC    
PsbA-12 TCGTTAGCTGATTCGTTTTCAGTTGTTTCACG 

  
PsbA-13 GACGACCAAAGTAACCATGAGCAGCTACAA

TG    
PsbA-15 TGCCATAGTTGATAAACCTAAAGCAGTGAA

CC  
  PsbA-16 CACGACCTTGTGAGTCTACTACTGATTGGTT

G 
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123 
 

APPENDIX I: Photosystem Biogenesis Is Localized to the Translation Zone in the 

Chloroplast of Chlamydomonas (Sun et al., 2019) 
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