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ABSTRACT 

Quality Control of Oxidized RNA in Saccharomyces cerevisiae  

and Chlamydomonas reinhardtii 

 

James S. Dhaliwal, Ph.D. 

Concordia University, 2021 

 

 

Reactive oxygen species can oxidize biological molecules, rendering them inactive or toxic. 

Oxidized RNA can stall ribosomes during translation, leading to the production of truncated, 

aggregation-prone nascent polypeptides. Cells have quality control systems that recognize and 

target oxidatively damaged molecules for repair or degradation. Ribosome collisions that occur 

due to stalled translation are recognized by a quality control pathway that results in the degradation 

of the defective mRNA, extraction and degradation of the truncated nascent polypeptide, and 

recycling of the ribosome subunits for additional rounds of translation. This thesis addresses the 

quality control of oxidized RNA. It uses two species, Saccharomyces cerevisiae and 

Chlamydomonas reinhardtii to examine how oxidized RNA is compartmentalized for quality 

control, and how a photosynthesis protein moonlights as an oxidized RNA quality control factor. 

In Chapter 2, with results of immunofluorescence microscopy, genetic analyses, 

biochemical fractionation, and proteomics, I identify and characterize a previously undiscovered 

organelle, which we name “oxidized RNA bodies” or ORBs. I show that ORBs are membraneless 

phase-separated organelles that compartmentalize the translation quality control pathways which 

handle stalled ribosomes.  
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In Chapter 3, using immunofluorescence microscopy, genetic analyses, and biochemical 

fractionation, I present preliminary results on the moonlighting functions of RbcL, the large 

subunit of Rubisco, in handling oxidized RNA in chloroplasts. I show that a mutant unable to 

assemble the Rubisco holoenzyme has altered phenotypes related to the moonlighting functions of 

RbcL and explore the subcellular localization of the protein in various contexts associated with 

translation. 

A powerful approach to understand the significance and management of RNA oxidation 

could be to find and characterize specialized intracellular compartments dedicated to it. The 

research contained herein advances the field of RNA quality control by providing a repertoire of 

candidate components, evidence for biochemical mechanisms that can be tested in future work, 

and a cytological context for these processes. 
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CHAPTER 1. GENERAL INTRODUCTION 

1.1 Oxidation of Biological Molecules 

Cellular homeostasis is dependent on proper RNA function which can be adversely affected 

during oxidative stress. This thesis examines the mechanisms by which RNA oxidation is managed 

by cells. Oxidative stress is a condition that results from the presence of reactive oxygen species 

(ROS) in excess of a cell’s ability to eliminate them. As highly reactive intermediates with the 

ability to oxidize biological molecules, ROS can cause damage to the macromolecules of a cell 

(Gill and Tuteja, 2010). ROS can affect the cell by oxidizing lipids, proteins and DNA. ROS–

induced peroxidation of lipids in membranes can lead to decreased membrane fluidity, leakage, 

and inactivation of membrane proteins, all of which compromise membrane function and integrity 

(Garg and Manchanda, 2009). Proteins can be oxidized in various ways. Some oxidative 

modifications are reversible and may serve roles in redox signalling, while others are irreversible 

and can lead to loss of function, degradation, misfolding, and aggregation (Ghezzi and Bonetto, 

2003). DNA is also susceptible to oxidation. One of the most commonly identified forms of 

oxidative modification to DNA is the formation of 8-oxoguanine (8-oxoG). Oxidation of DNA can 

lead to genotoxic stress, resulting in errors in gene expression, DNA replication, and genome 

stability (Tuteja et al., 2009). Indeed, it has been hypothesized that organelle gene transfer and 

genomic compartmentalization in the nucleus may serve to distance DNA from potentially 

dangerous redox reactions occurring in energy-transducing organelles (Allen and Raven, 1996).  

Like these other cellular components, RNA can also be oxidized. RNA is likely more 

susceptible to oxidation than DNA for several reasons: it is often single-stranded; it is less-

associated with, and protected by, proteins than is DNA; and is more widely dispersed throughout 

the cell, potentially in proximity to areas of ROS generation (Li et al., 2006). Like in DNA, 8-oxoG 

is the most commonly identified oxidized base in RNA, and it is often used as a general marker of 
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RNA oxidation (Park et al., 1992). There are several adverse consequences of RNA oxidation. 

Oxidation of mRNA can lead to reduced protein expression or to the expression of truncated or 

misfolded proteins (Tanaka et al., 2007). Similarly, oxidation of rRNA can affect translation by 

impairment of ribosome function (Honda et al., 2005). There is also evidence that RNA oxidation 

is associated with disease in humans, particularly in neurodegenerative disorders, where 8-oxoG 

levels in brain tissue is elevated (Nunomura et al., 1999; Poulsen et al., 2012). 

1.2 Quality Control of Oxidized RNA 

In contrast to the known mechanisms for the prevention, repair, or degradation of oxidized 

DNA, little is known about the management of oxidized RNA. There is evidence of a mechanism 

for the turnover of oxidized RNA because it was shown that 8-oxoG levels decreased within a few 

hours during recovery from stress in cultured human lung epithelial cells (Hofer et al., 2005). 

Furthermore, it was shown that oxidized RNA can be targeted by a ribosome-based quality control 

pathway called No-Go decay (Simms et al., 2014) and some proteins are known to bind specifically 

to oxidized RNA. For example, the human RNA-binding protein, YB-1, is able to bind to 8-oxoG-

containing mRNA and provide resistance to oxidative stress when overexpressed in E. coli 

(Hayakawa et al., 2002). PNPase, a  3’-5’ exoribonuclease, also binds specifically to 8-oxoG-

containing RNA (Hayakawa et al., 2001). It was found that PNPase-deficient E. coli cells are 

hypersensitive to oxidative stress and that overexpression of human PNPase in HeLa cells results 

in increased viability and reduced 8-oxoG RNA during oxidative stress (Wu and Li, 2008; Wu et 

al., 2009). Other proteins which have been also shown to bind oxidized RNA include 

HNRNPD/Auf1, SF3B4, HNRNPC, and DAZAP, however a specific function for them in this 

context has yet to be uncovered (Hayakawa et al., 2010).  

Oxidized bases in mRNAs can stall translating ribosomes and translate to aggregation-

prone polypeptides (Shan et al., 2003; Simms et al., 2014). mRNAs with oxidized bases and other 
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defects, such as unresolved mRNA secondary structures, stretches of poly(A) or CGA codons, or 

3’-end truncations are recognized and cleared by the translation quality control (TQC) pathways, 

No-Go decay (NGD) and ribosome-associated quality control (RQC) (Inada, 2020). These TQC 

pathways are initiated through the detection of ribosome collisions that result from stalling on 

mRNAs (Ikeuchi et al., 2019; Juszkiewicz et al., 2018; Simms et al., 2017a). Upon the recognition 

of colliding ribosomes on a mRNA by Hel2 in yeast (ZNF598 in humans), NGD separates their 

subunits and targets the aberrant mRNA for degradation (Inada, 2020; Yan and Zaher, 2019). RQC 

then catalyzes the addition of alanine-threonine residues to the C-terminus of the nascent chain, an 

event termed CAT-tailing. CAT-tailing events promote the extraction of the nascent polypeptide 

from the 60S ribosomal subunit, followed by its targeting for degradation by the ubiquitin-

proteasome system (Bengtson and Joazeiro, 2010; Defenouillère et al., 2013; Dimitrova et al., 

2009; Shen et al., 2015; Sitron and Brandman, 2019). 

While evidence is only recently emerging for molecular quality control of oxidized RNAs, 

entire research fields are dedicated to quality control of oxidized DNA, proteins, and lipids. In these 

fields, a major theme is the localization of quality control processes to specialized intracellular 

compartments (Stoecklin and Bukau, 2013). The sequestration of damaged molecules to such 

compartments prevents them from interfering with the processes in which they normally function. 

Compartmentalization also prevents the degradation or attempted repair of undamaged substrates. 

Finally, compartmentalization could enhance local concentrations of substrate molecules and 

quality control factors. This can establish thermodynamic parameters that favor forward reactions, 

for example, in repair or degradation. Therefore, one approach to understand the significance and 

management of RNA oxidation could be to find and characterize a specialized intracellular 

compartment dedicated to it.  
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Our laboratory recently discovered that oxidized RNA is compartmentalized in two 

genetically distinct organisms, using immunofluorescence (IF) microscopy and an antibody against 

8-oxoG (Zhan et al., 2015). We found that oxidized RNA localizes to the pyrenoid, a 

microcompartment in the chloroplast of the unicellular green alga, Chlamydomonas reinhardtii. 

Chloroplasts contain RNA as they are distant evolutionary cousins of photosynthetic bacteria that 

have retained a prokaryotic-like genetic system. We also discovered, in cultured human, HeLa, 

cells, the localization of oxidized RNA to cytoplasmic foci which we called oxidized RNA bodies 

(ORBs). In appearance these ORBs are reminiscent of RNA granules, a class of organelles that 

compartmentalize select RNA and proteins, described in the next section. The 

compartmentalization of oxidized RNA may be critical for its management. Given that we have 

identified ORBs as an example of this compartmentalization, an objective of this thesis was to 

characterize the properties and functions of ORBs. 

1.3 RNA Granules 

Cells are highly compartmentalized in order to control the location, specificity, and 

component concentrations of biological reactions or processes. Canonical examples of subcellular 

compartmentalization include organelles such as lysosomes, mitochondria, and chloroplasts. In 

these examples the biochemical activities that define the organelle are sequestered from the rest of 

the cell by enclosure within a membrane. More recently, attention has been paid to another type of 

subcellular compartmentalization which does not require membrane enclosure. RNA granules are 

membraneless ribonucleoprotein organelles with undefined component stoichiometries (Anderson 

and Kedersha, 2006; Buchan, 2014). They can assemble and disassemble dynamically, and their 

formation depends on multivalent weak interactions of component proteins and RNAs.  

Most proteins found in RNA granules have two key features: many are RNA-binding 

proteins, and many contain low-complexity domains, regions with relatively little amino acid 
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diversity and structure (Calabretta and Richard, 2015). These regions share some similarity with 

prion-like domains and have the ability to drive protein-protein aggregation. Unlike pathological 

protein aggregation, RNA granules aggregate in a way that is controlled by the cell to serve specific 

functions. RNA granule formation can be seen as a localized phase-transition within the cellular 

environment, where RNA-binding and low-complexity domain-mediated protein aggregation drive 

component molecules towards a liquid droplet-like state (Weber and Brangwynne, 2012). These 

phase-transitioned liquid droplets are highly dynamic with the ability to grow or shrink, fuse or 

drip off from each other, or disassemble entirely (Hyman et al., 2014). Under certain conditions 

RNA-binding proteins can form more stable, pathological aggregates. An emerging model in the 

study of neurodegenerative diseases suggests that mutations in the low-complexity domains of 

specific RNA-binding proteins found in RNA granules favors stable aggregations that may 

contribute to the progression of those diseases (Aguzzi and Altmeyer, 2016; Shin and Brangwynne, 

2017). 

Many different classes of RNA granules have been characterized. Some examples of these 

include: nucleoli, germ granules, neuronal granules, processing bodies (P-bodies), and stress 

granules (Buchan, 2014). Nucleoli are RNA granules within the nucleus where ribosome 

biogenesis occurs. Germ granules are RNA granules found in all germ cells. Neuronal granules are 

RNA granules which allow for localized protein synthesis at synapses. P-bodies are RNA granules 

that specialize in mRNA turnover and miRNA-induced silencing. Finally, stress granules are RNA 

granules containing translationally silent mRNAs that form specifically under stress conditions 

(Anderson and Kedersha, 2008; Kedersha and Anderson, 2009). 

RNA granules also form during stress in the chloroplast of Chlamydomonas reinhardtii 

(Uniacke and Zerges, 2008). These aggregates are called chloroplast stress granules (cpSGs) 

because they share many similarities with SGs found in the cytoplasm of mammalian cells and 
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other eukaryotes. The discovery of cpSGs in an organelle of bacterial ancestry suggests that the 

formation of stress-induced RNA granules is a conserved feature across evolution and that their 

functions may be particularly important for survival during stress. One unexpected feature that is 

unique to cpSGs is the presence of a photosynthesis protein, the large subunit of ribulose-1,5-

bisphosphate carboxylase/oxygenase (Rubisco). This was unexpected because Rubisco is arguably 

the most extensively researched enzyme in photosynthesis and the presence of its large subunit in 

RNA granules, viz. cpSGs, suggests an alternate function for this protein. 

1.4 The Large Subunit of Rubisco, RbcL 

Rubisco is the enzyme responsible for CO2 assimilation into ribulose-1,5-bisphosphate in 

chloroplasts during the Calvin-Benson cycle, and for the oxygenation of ribulose bisphosphate 

during photorespiration (Spreitzer and Salvucci, 2002). This soluble enzyme is located in the 

aqueous stroma of chloroplasts and comprises some 40-50% of the total protein content in 

photosynthetic tissue; as such, it is likely the most abundant protein on Earth (Ellis, 1979). The 

Rubisco holoenzyme is a multi-subunit protein complex that is composed of eight copies of a large 

subunit, RbcL, and eight copies of a small subunit, RbcS. RbcS is encoded for by a gene family 

located in the nucleus, while RbcL is encoded for by a single gene in the chloroplast genome 

(Miziorko and Lorimer, 1983). The finding that RbcL alone is recruited to cpSGs suggests that 

whatever function it has in that compartment, it is independent of its role in photosynthesis. 

It was shown that during oxidative stress RbcL has several characteristics that are consistent 

with it being in cpSGs. In vitro biochemical analyses have shown that under oxidizing conditions 

RbcL is able to bind RNA in a sequence-independent manner (Yosef et al., 2004). The RNA 

binding activity of RbcL was predicted to lie within the N-terminal 150 amino acids of the protein 

because this region has structural similarity to an RNA-recognition motif found in certain RNA-

binding proteins. The RNA-recognition motif and RNA binding activity of RbcL is conserved 
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throughout a broad range of photosynthetic organisms (Cohen et al., 2006). Furthermore, the 

Rubisco holoenzyme has been shown to disassemble during in vivo oxidative stress and in vitro 

oxidizing conditions, which results in the degradation of the RbcS subunit and the formation of 

high-molecular weight aggregates of RbcL (Knopf and Shapira, 2005). During oxidative stress 

Rubisco has also been observed to localize to an insoluble fraction of cell lysates (Marín-Navarro 

and Moreno, 2006; Mehta et al., 1992). These characteristics of RbcL that are observed during 

stress or oxidizing conditions (viz. holoenzyme disassembly, RNA binding activity, aggregation) 

are hypothesized to be regulated by the reversible oxidation of specific cysteine residues (Cohen 

et al., 2005; Marín-Navarro and Moreno, 2006; Moreno et al., 2008). Therefore, RbcL shares 

several characteristics with stress granule proteins in that it can bind to RNA and aggregate during 

oxidative stress. 

In addition to being recruited to cpSGs, we recently demonstrated that a non-Rubisco form 

of RbcL is critical for controlling oxidized RNA levels in C. reinhardtii, while also being required 

for survival during oxidative stress (Zhan et al., 2015). RbcL is most well-known for its role in 

photosynthesis as a subunit of Rubisco. However, non-photosynthetic functions for this protein are 

supported by evidence indicating that RbcL accumulates several-fold above the equal 

stoichiometric amounts with RbcS that are required in the Rubisco holoenzyme (Recuenco-Muñoz 

et al., 2015). Intriguingly, the majority of RbcL in most algae and hornworts is localized to the 

pyrenoid, a phase-separated membraneless compartment within chloroplasts (Freeman 

Rosenzweig et al., 2017; McKay and Gibbs, 1991). Our discovery that oxidized RNA is also 

compartmentalized in the pyrenoid of C. reinhardtii suggests that RbcL is a key component in the 

localized control of oxidized RNA. Given this, characterizing the non-Rubisco functions of RbcL 

(in mitigating oxidized RNA levels, in promoting survival during stress, and as a cpSG protein) 

was the second objective of this thesis. 
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1.5 Overview and Thesis Rationale 

Much regarding the effects of stress on cellular function remains unknown, including its 

effects on RNA. To further understand RNA metabolism during stress this thesis examines 

oxidized RNA and its handling. Novel mechanisms by which oxidized RNA is managed by cells 

were addressed using two parallel objectives: objective 1 was to characterize the properties and 

possible function(s) of ORBs, novel intracellular compartments that contain oxidized RNA, in 

Saccharomyces cerevisiae; objective 2 was to characterize non-Rubisco function(s) of RbcL, a 

protein that controls levels of oxidized RNA in chloroplasts, in Chlamydomonas reinhardtii. 

The results of objective 1 are presented here in Chapter 2: An RNA Granule 

Compartmentalizes Translation Quality Control in Saccharomyces cerevisiae. This chapter has 

been submitted for publication and represents the bulk of my contributions to original research. To 

achieve objective 1, several approaches were used. First, I characterized the basic properties of 

ORBs, which are hypothesized to be a novel type of RNA granule dedicated to the quality control 

of defective mRNAs. I found that ORBs do possess the known properties of phase-separated RNA 

granules, and that they contain defective mRNAs, stalled ribosomes, truncated and aberrant nascent 

chains, as well as several known quality control factors from the NGD and RQC pathways. The 

results contribute to our understanding of the functional significance of oxidized RNA 

compartmentalization. Next, I characterized the composition of ORBs, using mass spectrometry 

and proteomics. The results revealed a list of candidate proteins that may be involved in translation 

quality control and in the management of oxidized RNA. The ORB proteome will allow us to use 

the known or predicted functions of the proteins to reveal possible ORB function(s) at the 

molecular and cell physiological levels. 

The results of objective 2 are presented here in Chapter 3: Characterization of Non-Rubisco 

Functions of RbcL in Chlamydomonas reinhardtii. This chapter contains mostly preliminary 
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observations and is meant to serve as a reference for future researchers who study the moonlighting 

functions of RbcL. To achieve objective 2, I used several approaches. I hypothesized that RbcL 

controls oxidized RNA levels through an involvement with protein translation, with RbcL acting 

as a ribosome-based RNA quality control factor. I first dissected the structure of RbcL for amino 

acid residues that are required for its non-Rubisco functions. The results have revealed an RbcL 

mutant that is unable to form the Rubisco holoenzyme and has altered phenotypes related to the 

moonlighting RbcL functions. Next, I studied RbcL properties in several contexts related to 

chloroplast translation. The results of this approach were inconclusive. Lastly, I examined the 

subcellular localization of RbcL during conditions that induce autophagy, as stress granules have 

been reported to be degraded by this pathway. I found that RbcL re-localizes from the pyrenoid to 

distinct foci when autophagy is induced. Together, these preliminary data may provide insight into 

RNA quality control in chloroplasts. 
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CHAPTER 2: AN RNA GRANULE COMPARTMENTALIZES TRANSLATION 

QUALITY CONTROL IN SACCHAROMYCES CEREVISIAE 

 

 

Adapted from: Dhaliwal, J.S., Panozzo, C., Benard, L., and Zerges, W. (2020). Oxidized RNA 

Bodies compartmentalize translation quality control in Saccharomyces cerevisiae. Biorxiv. doi: 

10.1101/2020.08.05.232983   

  

ABSTRACT 

Cytoplasmic RNA granules compartmentalize phases of the translation cycle in eukaryotes. We 

previously reported the localization of oxidized RNA to cytoplasmic foci called “oxidized RNA 

bodies” (ORBs) in human cells. Oxidized mRNAs are substrates of translation quality control, 

wherein defective mRNAs and nascent polypeptides are released from stalled ribosomes and 

degraded. Therefore, we asked whether ORBs compartmentalize the translation quality control 

pathways that handle oxidized mRNAs; no-go mRNA decay and ribosome-associated quality 

control. The results identify ORBs as RNA granules in Saccharomyces cerevisiae. Several lines of 

evidence support their role in the compartmentalization of translation quality control. Translation 

is required by these pathways and ORBs. Translation quality control factors localize to ORBs. A 

substrate of translation quality control, a stalled mRNA-ribosome-nascent chain complex, also 

localizes to ORBs. Translation quality control mutants have altered ORB numbers, sizes or both. 

Therefore, ORBs are RNA granules which serve as an intracellular hub of translational quality 

control in yeast. Finally, we identify 68 ORB proteins, by immunofluorescence staining directed 

by proteomics, which further support their role in translation quality control and reveal candidate 

new factors for these pathways.  



 

11 
 

2.1 INTRODUCTION 

 Ribosomes stall at oxidized bases and other lesions in defective mRNAs. Ribosome 

stalling is problematic because it generates truncated and aggregation-prone polypeptides, which 

can impair cellular homeostasis (Shan et al., 2003; Simms et al., 2014b). Consequently, defective 

mRNAs with stalled ribosomes and their truncated nascent polypeptides are recognized and cleared 

by the translation quality control (TQC) pathways, no-go decay (NGD) and ribosome-associated 

quality control (RQC). In TQC, collided ribosomes at a translation blockage on a defective mRNA 

are recognized, whereupon NGD separates their subunits and targets the aberrant mRNA for 

degradation (Doma and Parker, 2006; Ikeuchi et al., 2019; Juszkiewicz et al., 2018b; Shoemaker 

et al., 2010; Simms et al., 2017b). RQC extracts the nascent polypeptide from the 60S ribosomal 

subunit, and targets it for degradation by the ubiquitin-proteasome system (Bengtson and Joazeiro, 

2010; Defenouillère et al., 2013; Dimitrova et al., 2009; Shen et al., 2015; Sitron and Brandman, 

2019). These pathways are assumed to occur throughout the cytoplasm, based on intracellular 

distributions of fluorescent protein (FP)-tagged factors in genome-wide localization screens (Huh 

et al., 2003). However, any further compartmentalization has not yet been demonstrated, to our 

knowledge. 

DNA and protein quality control pathways are localized to specialized intracellular 

compartments (Kaganovich et al., 2008; Paull et al., 2000; Rogakou et al., 1999). NGD has been 

proposed to occur in processing bodies (P-bodies), and RQC factors are involved in partitioning 

mRNAs from stalled ribosomes to stress granules (Cole et al., 2009; Moon et al., 2020). However, 

the proteomes of P-bodies and stress granules do not contain TQC proteins, with the exception of 

Rqc2 in yeast stress granules (Hubstenberger et al., 2017; Jain et al., 2016). Therefore, additional 

work is required to determine whether TQC is compartmentalized and, if so, the nature of the 

compartment(s) involved.  
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An avenue to explore RNA quality control was suggested by our identification of 

cytoplasmic bodies that contain oxidized RNA in human cells (Zhan et al., 2015). These “oxidized 

RNA bodies” (ORBs) were identified by immunofluorescence (IF) staining of HeLa cells using an 

antibody against an oxidized form of guanine, 8-oxoguanosine (8-oxoG). ORBs were shown to be 

distinct from P-bodies and stress granules, but their composition and function(s) remain unknown. 

 Here, we identify ORBs in S. cerevisiae and show that they are RNA granules. In addition, 

we provide the following evidence that ORBs compartmentalize NGD and RQC: 1) TQC factors 

localize to ORBs in situ; 2) two substrates of NGD and RQC localize to ORBs: oxidized RNA and 

a stalled mRNA-ribosome-nascent chain complex (RNC); 3) effects of pharmacological inhibitors 

reveal that translation is required for ORB formation; 4) certain mutants deficient for NGD, RQC 

or both have altered ORB numbers per cell. Finally, 68 ORB proteins were identified by IF 

microscopy, directed by proteomic analyses of affinity purified ORBs. These proteins include 

additional known factors of NGD and RQC and novel candidate factors for future analyses of 

ORBs and TQC. 

2.2 MATERIALS AND METHODS 

2.2.1 Plasmids, yeast strains and growth conditions 

Yeast plasmids were constructed using standard molecular biology procedures starting 

from p415ADH1 (Mumberg et al., 1995) and were described previously (Navickas et al., 2020). 

Plasmid pLB138 expresses a truncated mRNA (Rz) from a 2HA-tagged-URA3-RZ (Ribozyme) 

construct. Plasmid pLB126 expresses a full length 2HA-URA3 mRNA (FL). The wild-type strain 

was BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0). All single mutant strains were obtained 

from the yeast knockout collection in the BY4741 background (Winzeler et al., 1999). All strains 

with GFP-tagged proteins were obtained from the GFP clone collection in the BY4741 background 

(Huh et al., 2003). The dom34Δ-rqc2Δ double mutant was generated by one-step gene replacement 
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using PCR fragment of the NatMX6 cassette amplified from plasmid pFA6a-natMX6 (Hentges et 

al., 2005). 

Strains were grown at 30oC in YPD or SD (for live cell imaging) to mid-log phase (OD600 

of 0.5-0.8). Where indicated, cells were exposed to 100 µg/ml cycloheximide, 100 µg/ml 

puromycin, or 5% 1,6-hexanediol with 10 µg/ml digitonin for 30 min. For stress conditions, cells 

were exposed for 30 min to 5 mM H2O2. To induce autophagy, cells in mid-log phase were 

transferred to nitrogen starvation minimal medium (SD-N) for 2 hrs. Where indicated, cells were 

treated with 3.7% formaldehyde for 30 minutes.  

2.2.2 Immunoblot analysis  

Yeast cells from mid-log phase cultures were incubated on ice for 10 min in lysis buffer (0.2 M 

NaOH, 0.2% β-mercaptoethanol), whereupon 5% trichloroacetic acid was added followed by a 10-

min incubation on ice. Precipitated proteins were pelleted by centrifugation at 12,000 x g for 5 min 

and resuspended in 35 μL of dissociation buffer (4% SDS, 0.1 M Tris-HCl, pH 6.8, 4 mM EDTA, 

20% glycerol, 2% β-mercaptoethanol and 0.02% bromophenol blue). Tris-HCl, pH 6.8 was then 

added to a final concentration of 0.3 M and samples were incubated at 37 °C for 10 min. Total 

protein extracts were subjected to SDS-PAGE and immunoblot analysis. Membranes were reacted 

with 1:2000 mouse αHA primary antibody (Covance). Secondary staining used 1:10,000 goat anti-

mouse-IgG antibody (KPL). 

2.2.3 Northern blot analysis.  

RNA Extracts and northern blots were performed as described previously (Navickas et al., 2020). 

Blots were exposed to PhosphorImager screens, scanned using a Typhoon FLA89500 (Fuji), and 

quantified with ImageJ software. 
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2.2.4 Indirect IF staining 

Yeast cells from mid-log phase cultures were fixed in 3.7% formaldehyde for 15 min at room 

temperature, washed in phosphate buffer (0.1 M potassium phosphate, pH 6.5), and incubated with 

10 mg/ml lyticase (in phosphate buffer containing 1.2 M sorbitol) for 30 min at 30oC. Spheroplasts 

were adhered to 0.1% poly-L-lysine-coated slides for 10 min. Slides were then submerged in ice-

cold methanol for 5 min followed by room-temperature acetone for 30 seconds. Cells were blocked 

in 2% BSA, 1X PBS, 0.1% Tween-20 for 10 min and incubated with primary antibody (1:500 

mouse α8-oxoG, QED Bioscience; 1:5000 rabbit αGFP, ThermoFisher, 1:5000 mouse αHA, 

Covance) overnight at 4oC in a humidity chamber. Secondary antibodies were Alexa Fluor 647 

donkey αgoat IgG, Alexa Fluor 568 goat αmouse IgG, and Alexa Fluor 488 goat αrabbit IgG, each 

diluted 1:300 (ThermoFisher). The presence of RNA in ORBs was detected by staining with a 

1:500 dilution of SYTO RNASelectTM (ThermoFisher) for 10 min prior to mounting. Where 

indicated, fixed and permeabilized cells were treated for 1 h at room temperature with 10 µg/ml 

RNase A (Fermentas) prior to blocking.  

The specificity of the α8-oxoG antibody was confirmed by incubating with its antigen 8-

hydroxy-2′-deoxyguanosine (10 µg/µg of antibody) for 2 h before IF-staining; the αHA antibody 

is specific because the signal was not seen in a non-transformed strain or when the primary αHA 

antibody is omitted in IF of a pLB126 transformant, and it was significantly lower in the dom34Δ 

mutant; The GFP antibody is specific because no signal was seen in a non-transformed strain (Fig. 

S4).  

2.2.5 Preparation of the ORB-enriched fraction 

ORBs were prepared from BY4741 cells or the indicated strains from the GFP fusion library 

(Huh et al., 2003), as described previously for stress granule cores (Jain et al., 2016). Briefly, cell 

pellets from 50 mL cultures grown to mid-log phase were resuspended in 500 µL lysis buffer (50 
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mM Tris-HCL (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 50 μg/mL heparin, 0.5 mM DTT, 0.5% 

Nonidet P-40, fungal protease inhibitor (BioShop), 1:5000 Antifoam B (Sigma) and lysed by 

vortexing with acid-washed glass beads for 2 min followed by 2 min on ice for three cycles. The 

initial lysate was cleared of unbroken material by centrifugation at 800 x g for 2 min at 4oC, and 

then centrifuged at 17,200 x g for 10 min at 4oC. This ORB-enriched pellet fraction was then 

resuspended in a final volume of 500 µL lysis buffer on ice. To test RNase A and Triton X-100 

sensitivity of ORBs ex vivo, the final pellet was resuspended in lysis buffer containing either 10 

µg/mL RNase A without heparin or 2% Triton X-100 and incubated for 30 min at room temperature 

on a nutator before a second centrifugation at 17,200 x g for 10 min at 4oC and resuspension in 

fresh lysis buffer. ORBs were detected by adhering the ORB-enriched fraction to poly-L-lysine-

coated slides and probing for 8-oxoG as described above.  

2.2.6 Microscopy and image analysis 

IF microscopy images were acquired using a Leica DMI 6000 epifluorescence microscope 

(Leica Microsystems) with a 63X/1.4NA objective, a Hamamatsu OrcaR2 camera, and Volocity 

acquisition software (Perkin-Elmer). Z-stacks were taken by series capture at a thickness of 0.2 µm 

per section. Stacks were deconvoluted with AutoQuant X3 (Media Cybernetics Inc.). To quantify 

ORBs in situ we used a custom-written macro in ImageJ. Briefly, each cell was identified in a 

central z-slice, and its average 8-oxoG signal intensity determined. ORBs were defined as foci 

between 9 and 198 pixels2
 with a fluorescence intensity 1.5-fold higher than the cell average. The 

number of ORBs per cell, their size, and fluorescence intensity were then quantified by the macro. 

To quantify ORBs ex vivo we used the 3D objects counter plugin in ImageJ. ORB colocalization 

of stalled RNCs or GFP-tagged proteins in situ was determined using a custom-written ImageJ 

macro. Briefly, foci in each channel were determined as described above, and two foci from 

different channels were considered colocalized if at least 25% of the area of each foci in each 
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channel overlapped. For a candidate protein to be considered a validated ORB protein, three criteria 

were required: visual inspection of colocalization must be positive; at least 10% of identified ORBs 

must colocalize with a GFP foci; at least 18% of cells must have at least one colocalized foci. A 

minimum of three images were quantified for each biological replicate. One replicate from WT-

FL in Figure 2.3F was considered an outlier because it was above 2 SEM and was not considered. 

Live cell images shown in Figure S2.3 were acquired using the Leica DMI 6000 epifluorescence 

microscope described above. 

2.2.7 Purification of ORBs 

ORBs were purified as described previously for stress granule cores (Wheeler et al., 2017). 

Protein A Dynabeads (Invitrogen) were added to ORB-enriched fractions from either untreated or 

cycloheximide-treated cultures for 1 hr at room temperature to pre-clear the fraction of non-specific 

interactions. Cleared lysates were then incubated with α8-oxoG (QED Bioscience) at 4oC for 1 hr 

to capture ORBs, followed by a 1 hr incubation with Dynabeads to capture the ORB-antibody 

complexes. Purified ORBs were resuspended and boiled in SDS-loading buffer for 5 min, then 

loaded onto a 5% polyacrylamide gel for in-gel trypsin digestion. 

2.2.8 Mass spectrometry  

 Purified ORB proteins were concentrated in a stacking gel using SDS-PAGE stained with 

Coomassie Brilliant Blue R-250 (Biorad). Proteins in the excised gel band were subjected to in-gel 

digestion as follows. Gel pieces were incubated for 30 min at room temperature in 50 mM 

NH4HCO3 (Sigma) + 10 mM dithiothreitol to reduce the proteins and then for 30 min at room 

temperature with 50 mM NH4HCO3 + 50 mM Iodoacetamide (SIGMA) in the dark to alkylate 

them. Gel dehydration was done with a series of acetonitrile (ACN, BDH) washes. Gel pieces were 

rehydrated in trypsin digestion solution containing 25 mM NH4HCO3 and 10 ng/μL of trypsin 

(Sigma) followed by incubation overnight at 30oC. Tryptic peptides were extracted three times for 
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15 min at room temperature with extraction solution (60% acetonitrile + 0.5% formic acid (FA, 

Fisher), four volumes of the digestion solution). Peptides were dried using a Speedvac at 43oC and 

stored at -20oC until MS analysis. Liquid chromatography-tandem MS (LC-MS/MS) analyses were 

performed on a Thermo EASY nLC II LC system coupled to a Thermo LTQ Orbitrap Velos mass 

spectrometer equipped with a nanospray ion source. Tryptic peptides were resuspended in 

solubilization solution containing 97% of water, 2% of ACN and 1% of FA to give a peptide 

concentration of 100 ng/µL. 2 μL of each sample were injected into a 10 cm × 75 μm column that 

was in-house packed with Michrom Magic C18 stationary phase (5 μm particle diameter and 300 

Å pore size). Peptides were eluted using a 90-min gradient at a flow rate of 400 nL/min with mobile 

phase A (96.9% water, 3% ACN and 0.1% FA) and B (97% ACN, 2.9% water and 0.1% FA). The 

gradient started at 2% of B, linear gradients of B were achieved to 8% at 16 min, 16% at 53 min, 

24% at 69 min, 32% at 74 min, 54% at 81 min, 87% at 84 min followed by an isocratic step at 87% 

for 3 min and at 2% for 3 min. A full MS spectrum (m/z 400-1400) was acquired in the Orbitrap 

at a resolution of 60,000, then the ten most abundant multiple charged ions were selected for 

MS/MS sequencing in linear trap with the option of dynamic exclusion. Peptide fragmentation was 

performed using collision induced dissociation at normalized collision energy of 35% with 

activation time of 10 ms. Spectra were internally calibrated using polycyclodimethylsiloxane (m/z 

445.12003 Da) as a lock mass. 

2.2.9 Mass spectrometric data processing 

 The MS data were processed using Thermo Proteome Discoverer software (v2.2) with the 

SEQUEST search engine. The enzyme for database search was chosen as trypsin (full) and 

maximum missed cleavage sites were set at 2. Mass tolerances of the precursor ion and fragment 

ion were set at 10 ppm and 0.6 Da, respectively. Static modification on cysteine (carbamidomethyl, 

+57.021 Da) and dynamic modifications on methionine (oxidation, +15.995 Da) and N-terminus 
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(acetyl, +42.011 Da) were allowed. The initial list contained 1048 proteins identified with high 

confidence (false discovery rate <1%) and from combining three biological replicates. Of this list 

we retained 822 proteins according to criteria stated in the results section.  

2.2.10 Bioinformatic analysis of the ORB proteome 

The ORB proteome was classified according to GO Molecular Function and GO Biological 

Process information from the SGD database (yeastgenome.org). RNA binding activity was 

determined using GO analysis and published lists of yeast RNA binding proteins (Beckmann et al., 

2015; Mitchell et al., 2013). Networks of physical and genetic interactions were generated and 

visualized using Cytoscape (version 3.7.2) with the GeneMania plugin (version 3.5.2) (Shannon et 

al., 2003; Warde-Farley et al., 2010). Proteins with intrinsically disordered regions or prion-like 

domains were predicted using the SLIDER and PLAAC tools, respectively (Lancaster et al., 2014; 

Peng et al., 2014). 

2.3 RESULTS 

2.3.1 ORBs are cytoplasmic RNA granules in yeast.  

To determine whether ORBs exist in S. cerevisiae, we visualized the in situ distribution of 

8-oxoG by IF-microscopy, the approach that revealed ORBs in human cells (Zhan et al., 2015). 

Cells from cultures in exponential growth phase showed the 8-oxoG IF signal in cytoplasmic foci 

that numbered 5.4 per cell and measured 450 nm in diameter (Figure 2.1A and B). While 8-oxoG 

can be in RNA, DNA and nucleotides (Wurtmann and Wolin, 2009), these foci contain oxidized 

RNA because they were eliminated by RNase A treatment of fixed and permeabilized cells, they 

stained positive for RNA with an RNA-specific fluorescent dye, and they did not stain for DNA 

with DAPI (Figure 2.1 C-E). The specificity of the antibody for 8-oxoG RNA was confirmed by 

the abovementioned RNase A sensitivity of ORBs and the loss of IF signal by preincubation of the  
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Figure 2.1. ORBs are an RNA granule in S. cerevisiae. 

(A) Violin plot of the ORB number per cell. The median and interquartile ranges are indicated by 

thick and thin dashed lines, respectively (n=6). (B) Box plots of ORB diameter (nm) in situ and ex 

vivo. Box heights indicate the interquartile range, and whiskers indicate the 5th and 95th percentiles. 

(C) IF staining of exponentially growing unstressed cells revealed foci of 8-oxoG (black arrows). 

Cells were either untreated (CTL abbreviation) or treated with either RNase A, following fixation, 

or 1,6-hexanediol in vivo. Bar heights indicate ORB number per cell (relative to untreated cells) 

(n=3). Error bars = ± 1 SEM (D) Co-IF staining ORBs (α8-oxoG) and RNA with SYTO RNASelect 

in situ (top) and ex vivo (bottom). Arrows indicate colocalized foci. (E) Co-IF staining for ORBs 

(α8-oxoG) and DAPI. Scale bars = 2.0 µm. N values refer to biological replicate experiments from 

independent cultures. (F) IF staining of ORBs (α8-oxoG) ex vivo. Lysates were untreated or treated 

with either RNase A or Triton X-100. Bar heights indicate ORB count (relative to untreated lysates) 

(n=3). Error bars = ± 1 SEM. (C and F) Statistical significance was determined by one-sample t-

tests. * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 
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antibody with 8-oxoG (Figure S2.1; Park et al., 1992). Finally, ORBs are none of the membranous 

organelles that contain RNA and appear as foci in fluorescence microscopy (Figure S2.2). 

ORBs are RNA granules, i.e., membraneless organelles that contain RNA and form by 

liquid-liquid phase separation (Shin and Brangwynne, 2017). ORB number per cell was reduced 

by treatment in vivo with 1,6-hexanediol, which dissolves RNA granules by disrupting the 

intermolecular interactions that underlie their formation by liquid-liquid phase-separation (Figure 

2.1C; (Alberti et al., 2019; Kroschwald et al., 2017). Like the RNA granules P-bodies and stress 

granules, ORBs were stable in lysates, i.e., ex vivo (Figure 2.1D and F; Jain et al. 2016; Teixeira 

and Parker 2007). In addition, these foci were resistant to the non-ionic detergent Triton X-100 ex 

vivo, a property of RNA granules but not membranous organelles (Figure 2.1F; (Fujimura et al., 

2009; Shelkovnikova et al., 2014). These ex vivo foci were ORBs because they were the same 

diameter, stained positive for RNA, and were eliminated by RNase A (Figure 2.1B, D, and F). 

These results reveal that ORBs exist in yeast and are RNA granules. 

2.3.2 TQC factors localize to ORBs 

Oxidized bases in mRNA stall ribosomes, which need to be resolved by the TQC pathways 

NGD and RQC (Inada, 2020; Yan and Zaher, 2019). Stalled ribosomes are recognized by Hel2, 

followed by the Dom34- and Hbs1-dependent splitting of their subunits, whereupon Rqc2 extracts 

the truncated nascent polypeptide from the 60S subunit. Moreover, TQC is required for the 

clearance of oxidized mRNA (Simms et al., 2014). To test whether ORBs compartmentalize these 

pathways, cells were IF-stained for GFP fused to each of the abovementioned TQC factors and co-

IF stained for 8-oxoG to visualize ORBs. ORBs were seen to have each of these TQC proteins 

(Figure 2.2A). Quantification of the overlap with ORBs was 24% for Dom34-GFP, 25% for Hbs1-

GFP, 24% for Hel2-GFP, and 32% for Rqc2-GFP (Figure 2.2, Table S1.1). Fortuitous overlap is  
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Figure 2.2. NGD and RQC factors localize to ORBs 

(A) Co-IF staining of ORBs (α8-oxoG) and GFP-tagged TQC proteins (A) in situ and (B) 

ex vivo. Arrows indicate colocalized foci. Scale bars = 2.0 µm.  
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highly improbable because ORBs also co-IF-stained for Dom34-GFP or Hbs1-GFP ex vivo, i.e., 

after the dispersal of intracellular material (Figure 2.2B).  

That only subpopulations of ORBs have these proteins is consistent with the heterogeneity 

of translation-related RNA granules (Anderson and Kedersha, 2006a; Buchan et al., 2011; Hoyle 

et al., 2007; Lui et al., 2014a). TQC factor localization to ORBs was surprising because the factors 

have not been reported to localize to foci, to our knowledge. 

We attempted to determine whether these GFP-tagged TQC factors localize to ORBs in live 

cells. While most cells expressing either Dom34-GFP, Hbs1-GFP, Hel2-GFP, or Rqc2-GFP 

showed weak fluorescence from the cytoplasm, this signal was close to the background seen in the 

non-transformed strain (Figure S2.3). Moreover, wild-type cells that lack GFP formed multiple 

autofluorescent foci during exposure to hydrogen peroxide (Figure S2.3).  Thus, the weak signals 

from the GFP-tagged proteins and the prominent autofluorescent foci, of unknown composition, 

prevented a determination of whether GFP-tagged factors form foci.  These foci were not the ORBs 

detected by IF-microscopy because no autofluorescence was detected from fixed cells that were 

not reacted with primary antibody.  

2.3.3 ORBs require translation. 

If ORBs compartmentalize TQC, they would likely be affected by the inhibition of 

translation. Translational roles of P-bodies and stress granules were revealed, in part, by the effects 

of translation inhibition by cycloheximide and puromycin (Eulalio et al., 2007; Kedersha et al., 

2000). We found that treatment of cells with either drug reduced the number of ORBs per cell by 

over 2-fold, supporting a connection between ORBs and translation (Figure 2.3A and B). The 

intensity of the 8-oxoG IF signal throughout cells increased by over 2-fold during translation 

inhibition (Figure 2.3B). This is consistent with the known role of translation in clearing oxidized  
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Figure 2.3. Stalled ribosome-nascent chain complexes localize to ORBs 

(A) IF staining of ORBs (α8-oxoG) in cells that were untreated (CTL) or treated with either 

cycloheximide (CHX) or puromycin (PMY). (B) Bar heights indicate relative ORB number per 

cell (left) or 8-oxoG IF signal intensity per cell (right) following treatment with CHX (n=5) or 

PMY (n=4). Error bars = ± 1 SEM. Statistical significance was determined by one-sample t-tests. 

(C) Immunoblot analysis of HA-Ura3 in total protein from either WT or dom34Δ cells, transformed 

with the expression construct for the HA-URA3 mRNA, either with the self-cleaving hammerhead 

ribozyme (Rz) or without it (FL). n.t.=non-transformed. The righthand blot shows that the truncated 

(Tr) band in WT accumulates to c.a. 2.4% of its level in dom34Δ cells. (D and E) Co-IF staining 

of ORBs (α8-oxoG) and HA-Ura3, either as nascent polypeptides in the arrested RNC expressed 

from mRNA1Rz (Rz), or as the full-length protein (FL). Genetic backgrounds were (D) dom34Δ 

(to prevent the resolution of the arrested RNC) and (E) wild-type (WT, as the control). (F) Bar 

heights indicate the percentages of ORBs that colocalize with foci of HA-Ura3 (n =4 for WT-FL 

and WT-Rz, n=5 for dom34Δ-FL, and n=6 for dom34Δ-Rz). Error bars = ± 1 SEM. Statistical 

significance was determined by unpaired two-sample t-tests. (G) Co-IF staining of 8-oxoG with 

Rpl34B-GFP (top) or Rps16B-GFP (bottom). Arrows in C, D, and F indicate colocalized foci. 

Scale bars = 2.0 µm. N values refer to the number of independent biological replicate experiments. 

* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 
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mRNAs through TQC pathways (Simms et al., 2014). These results support further a role of ORBs 

in the compartmentalization of TQC.  

2.3.4 A stalled mRNA-ribosome-nascent chain complex localizes to ORBs 

If ORBs compartmentalize TQC, they should be enriched in a translationally arrested RNC, 

a TQC-specific substrate (Brandman et al., 2012; Navickas et al., 2020). An arrested RNC was 

generated on a URA3 mRNA with a self-cleaving hammerhead ribozyme inserted into its coding 

region (Figure S2.4A and B; Navickas et al., 2020). Ribozyme-catalyzed self-cleavage generates a 

3’ truncation, which arrests translating ribosomes. Our rationale was to determine whether the 

arrested RNC localizes to ORBs by IF-staining an HA-epitope tag at the N-terminus of the nascent 

Ura3 polypeptide. The truncated HA-Ura3 nascent polypeptide in a wild-type TQC background, 

although detected by immunoblot analysis, accumulated only to the levels of non-specific 

background bands, which would likely interfere with detection of the RNC in situ (Figure 2.3C). 

However, in a dom34Δ background, the defect in NGD enhanced the accumulation of the truncated 

nascent polypeptide by c.a. 40-fold, such that the HA-Ura3 truncated nascent polypeptide was the 

predominant species (Doma and Parker, 2006). Moreover, it was shown previously that mRNA1Rz 

in dom34Δ is bound by an array of colliding ribosomes (Navickas et al., 2020; Tsuboi et al., 2012). 

Therefore, the truncated HA-Ura3 nascent polypeptide in dom34Δ served as a marker for the 

arrested RNC in situ.  

IF-microscopy images showed the HA signal from the arrested RNC localized to ORBs in 

dom34Δ cells (Figure 2.3D). Significantly less ORB localization was seen for the arrested RNC in 

the wild-type strain and for the full-length HA-Ura3 polypeptide in either background (Figure 

2.3D, E, and F). These results are consistent with the levels of the truncated HA-URA nascent 

polypeptide in Figure 2.3C. Since ribosomes are present in arrested-RNCs, we also asked whether 

ORBs contain ribosomal subunits, by IF-staining GFP fused to ribosomal proteins. ORBs IF-
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stained for both ribosomal proteins tested; one of each of the subunits (Figure 2.3G). Additional 

evidence of ribosomal protein localization to ORBs is presented below. Therefore, ORBs contain 

both ribosome subunits, as would be expected for a location of TQC. Together, these results 

demonstrate that a highly specific substrate for TQC localizes to ORBs. 

2.3.5 Genetic evidence for TQC compartmentalization by ORBs.  

As another test of a role of ORBs in the compartmentalization of TQC, we asked whether 

their size and number per cell are altered in TQC-deficient mutants (Figure 2.4A and B). Relative 

to in wild type, hel2Δ cells had 50% more ORBs; hbs1Δ cells had 18% fewer ORBs; dom34Δ-

rqc2Δ double mutant cells had 46% fewer ORBs. The latter is a synthetic phenotype; it was not 

seen in dom34Δ or rqc2Δ single mutants. ORBs in hbs1Δ cells were 30% larger than those in the 

wild-type strain. That hbs1Δ cells had fewer but larger ORBs could be indicate that oxidized RNAs 

are not effectively degraded, but instead accumulate in ORBs in this mutant. Furthermore, the 

synthetic phenotype of the double mutant dom34Δ-rqc2Δ supports that there are two distinct but 

related pathways in ORBs (NGD and RQC). These phenotypes provide functional evidence that 

ORBs compartmentalize TQC.  

2.3.6 Proteomic results further support ORBs as being an RNA granule for TQC.  

We used proteomics to explore ORB composition and to further explore their functions. 

ORBs were immunoaffinity-purified by a procedure developed for stress granules, but using the 

antibody against 8-oxoG (Jain et al., 2016). Proteomic analyses identified 822 candidate proteins 

by at least two unique peptides, and which were not depleted by cycloheximide treatment (Figure 

2.5, Table S2.2). By co-IF staining 109 of these GFP-tagged candidate proteins with 8-oxoG in 

situ, we identified 68 proteins that localize to ORBs (Figure 2.5, Table S2.1; Cdc42 was IF-stained 

with an antibody against it). These proteins tested positive for ORB-localization with a custom-

written ImageJ macro (Table S2.1). To the list of validated ORB proteins, we added eight proteins  
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Figure 2.4. ORB phenotypes in NGD and RQC mutants 

(A) ORBs were visualized by IF-staining α8-oxoG in the mutants indicated, which were mixed 

with wild-type cells expressing Rpb2-GFP (a nuclear protein) as a marker for them. Scale bars = 

2.0 µm. (B) Bar heights indicate (top) ORB number per cell and (bottom) ORB size in the TQC 

mutants for dom34Δ, hbs1Δ, and hel2Δ (n= 4), rqc2Δ and dom34Δ-rqc2Δ (n =3), relative to in 

wild type. Error bars = ± 1 SEM. Statistical significance was determined by unpaired two-sample 

t-tests. N values refer to the number of independent biological replicate experiments. * = p ≤ 0.05. 
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Figure 2.5. Features of the ORB proteome 

(A) Enriched categories in the ORB proteome are presented as their percentage of the ORB 

proteome and, to show enrichment, the yeast proteome. (B) Known physical and genetic 

interaction networks within the ORB proteome. (C) The Venn diagram shows limited overlap 

between the ORB proteome and the proteomes of P-bodies and stress granules (Jain. et. al., 

2016). (D) Known physical interactions between proteins in the ORB proteome and the stress 

granule proteome (left) or P-body proteome (right). Shared proteins are labelled green.  
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that were found to localize to ORBs prior to the proteomic analysis but, nonetheless, were 

supported by one unique peptide and non-depletion in the cycloheximide control. The resulting 

partial ORB proteome contains 68 proteins, all of which were validated in situ (Table S2.1). 

This proteome supports further ORBs as being RNA granules with functions in RNA 

metabolism. Results of GO analysis revealed that, relative to the yeast proteome, the ORB 

proteome is enriched in protein classes found in cytoplasmic RNA granules: e.g. ATPases, RNA- 

binding proteins, and RNA-helicases, (Figure 2.5A; Hubstenberger et al., 2017; Jain et al., 2016). 

We identified additional RNA-binding proteins by comparison to published databases (Table S2.1; 

(Beckmann et al., 2015; Mitchell et al., 2013). Like other RNA granule proteomes, the ORB 

proteome is enriched in proteins with intrinsically disordered regions and prion-like domains 

(Figure 2.5A). ORB proteins form networks of physical and genetic interactions which are denser 

than would occur at random; 4.7 physical interactions per protein (p = 3.83 x 10-9) and 6.1 genetic 

interactions (p = 1.76 x 10-6) (Figure 2.5B). Finally, ORBs have several members of the Ccr4-Not 

complex, which contributes to most aspects of RNA metabolism (Table S2.1; Collart, 2016). The 

compartmentalization of TQC in ORBs is supported further by the proteome. These analyses also 

identified four additional TQC factors in ORBs: Not4, Cdc48, Cue3, and Rtt101 (Fujii et al., 2009; 

Yan and Zaher, 2019). Additionally, a total of six ribosomal proteins of both subunits were 

identified, as expected for a TQC compartment (see above). In summary, the validated proteome 

reveals that ORBs contain proteins that have concerted biochemical activities which would be 

expected in an RNA granule that compartmentalizes TQC.  

2.3.7 ORBs are distinct from P-bodies and stress granules but share proteins with each. 

This proteome allowed us to compare and contrast ORBs with P-bodies and stress granules, 

whose proteomes have been reported (Hubstenberger et al., 2017; Jain et al., 2016).  
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Most proteins in the ORB proteome are in neither P-bodies nor stress granules (Figure 2.5C). 

During validation of the proteome, ORBs did not IF-stain positive for two additional P-body 

proteins (Ccr4, Xrn1) and six additional stress granule proteins (Hrp1, Pab1, Rbg1, Rio2, Rpo21, 

Rvb1) (Table S2.1). Therefore, ORBs are distinct from stress granules and P-bodies.  

The ORB proteome shares a minority of proteins with P-bodies and stress granules (Figure 

2.5C). The ORB proteome has eight stress granule proteins, nine P-body proteins, and two proteins 

that are common to both (Dhh1 and Scd6; Figure 2.6C, Table S2.1). Finally, analyses of the ORB 

proteome combined with either the stress granule proteome or the P-body proteome revealed dense 

physical interaction networks, which involve many inter-proteome interactions (Figure 2.5D). 

Therefore, ORBs appear to be functionally related to stress granules and P-bodies, consistent with 

our evidence for ORB roles in mRNA metabolism and translation. 

2.4 DISCUSSION 

2.4.1 ORBs are cytoplasmic RNA granules. 

We show that ORBs are RNA granules, i.e., membraneless cytoplasmic bodies that contain 

RNA and form by liquid-liquid phase separation. ORBs share functional classes of proteins with 

P-bodies and stress granules, e.g., factors in RNA metabolism and the remodeling of RNP 

complexes, RNAs or proteins (Figure 2.5; Hubstenberger et al., 2017; Jain et al., 2016). ORBs are 

enriched in proteins with intrinsically disordered regions and prion-like domains, hallmarks of 

RNA granules. Finally, proteins in our ORB proteome form a dense network of physical 

interactions, consistent with their being components of an organelle.  

2.4.2 ORBs compartmentalize steps in TQC 

We show that a subpopulation of ORBs compartmentalizes steps in TQC during stress with 

four lines of evidence. First, translation is required for both TQC and ORBs (Figure 2.3A, and B). 

Second, two NGD substrates localize to ORBs; oxidized RNA and an arrested RNC (Figures 2.1, 
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2.3). Third, ORBs have factors of NGD, RQC, and both ribosome subunits (Figures 2.2, 2.3, 2.5). 

Fourth, certain TQC-deficient mutants have altered ORB numbers per cell or size (Figure 2.4).  

The TQC factors in ORBs function in the recognition of the arrested RNC (Hel2 and Cue3), 

the separation of the stalled ribosome subunits (Dom34, Hbs1, Rli1), the extraction of the nascent 

polypeptide from the 60S subunit (by CAT-tailing) or its ubiquitination (Rqc2, Cdc48, Not4; 

(Inada, 2020; Yan and Zaher, 2019). Notably, we did not detect ORB proteins involved in the 

endonucleolytic cleavage of the aberrant mRNA (Cue2) or the exonucleolytic degradation of the 

products (Xrn1, most exosome subunits; Table S2.1; Doma and Parker, 2006; D’Orazio et al., 

2019).  

The additional possibility that aberrant rRNAs undergo quality control in ORBs is suggested by 

their having Rtt101 and ribosome subunits (Fujii et al., 2009). Additional work is required to 

address this possibility.  

ORBs could facilitate TQC by maintaining elevated local concentrations of substrates and 

intermediates to favor forward reactions and by sequestering aberrant mRNAs and truncated 

nascent chains to prevent them from undergoing deleterious side-reactions. For example, sustained 

translation initiation on an oxidized mRNA would likely lead to the production of aggregation-

prone polypeptides and toxicity (Defenouillère et al., 2016; Jamar et al., 2018; Shan et al., 2003; 

Yonashiro et al., 2016).  

The ORB proteome reveals candidate TQC proteins. For example, it contains four ribosome 

nuclear export factors, which prevent association of unassembled ribosomal subunits until they are 

competent for translation (Woolford and Baserga, 2013). Subunit separation is required in TQC 

when the mRNA and nascent polypeptide are extracted from the disassembled ribosome 

(Brandman and Hegde, 2016). The ORB proteome includes four nuclear export factors; two for 

each ribosome subunit (40S, Nob1 and Tsr1; 60S, Lsg1 and Nmd3; Table S2.1). These could be 



 

33 
 

acting like Rqc2 by separating ribosome subunits during RQC (Lyumkis et al., 2014; Shao et al., 

2015; Shen et al., 2015). Therefore, our results open avenues to further dissect TQC. 

2.4.3 The position of ORBs among the cytoplasmic RNA granules in yeast. 

ORBs are in a rapidly growing class of cytoplasmic RNA granules with functions related 

to translation (Decker and Parker, 2012; Lui et al., 2014b; Panasenko et al., 2019). Our results 

support a role of ORBs in TQC of non-translatable defective mRNAs with arrested ribosomes 

(Figure 2.6). By contrast, translation granules are sites of active translation, Not1-containing 

assemblysomes contain temporarily paused ribosomes, and P-bodies and stress granules handle 

translationally repressed mRNAs (Ivanov et al., 2018; Lui et al., 2014; Panasenko et al., 2019). 

Distinctions between ORBs and both P-bodies and stress granules are revealed by our results. This 

was particularly important because P-bodies are a proposed location of NGD and stress granules 

have a relationship with a non-canonical stress-activated RQC pathway (Cole et al., 2009; Moon 

et al., 2020). Only one TQC factor was identified in the proteome of stress granules (Rqc2) and 

none were identified in the P-body proteome (Hubstenberger et al., 2017; Jain et al., 2016). We 

show that ORBs lack at least three P-body proteins and seven stress granule proteins (Table S2.1). 

These include canonical proteins of P-bodies (Dcp2, Xrn1) and stress granules (Pab1, Pub1). In 

addition, large majorities of the proteins in the ORB proteome are absent from the proteomes of P-

bodies and stress granules (Figure 2.5C). Ribosomal subunit localization also differs between these 

RNA granule types; P-bodies lack both subunits, stress granules have only the small subunit, and 

ORBs have both subunits (Figure 2.3G, Table S2.1; (Hubstenberger et al., 2017; Jain et al., 2016). 

Puromycin stabilizes P-bodies and stress granules but decreased the number of ORBs per cell 

(Figure 2.3A and B; (Eulalio et al., 2007; Kedersha et al., 2000). ORBs probably are not translation 

bodies because cycloheximide has opposite effects on their respective numbers per cell (Figure 

2.3A and B; Lui et al., 2014). P-bodies and stress granules have roles in the dynamic handling of  
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Figure 2.6. Model showing the compartmentalization of translation quality control in ORBs 

Oxidized bases (red X) in mRNAs can cause ribosomes (green) to stall during translation, upstream 

of the stop codon (red stop sign). Collided ribosomes are detected by Hel2 (light blue) and localize 

to oxidized RNA bodies (purple) along with the translation quality control factors that separate 

ribosomal subunits (Hbs1 and Dom34, teal) and target the nascent chain for degradation (Rqc2, 

light brown). Aberrant nascent chains and defective mRNAs are degraded in the cytoplasm by the 

proteasome (dark blue) and nucleases, Cue2, Xrn1, and the exosome (orange, pink, and purple), 

respectively.  
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mRNAs cycling to and from the translated mRNA pool on polysomes. These roles were revealed, 

in part, by the opposite effects on their presence when the initiation or elongation phases of 

translation were inhibited, by puromycin or cycloheximide, respectively (Eulalio et al., 2007; 

Kedersha et al., 2000). By contrast, our findings that both cycloheximide and puromycin reduced 

ORB number per cell and increased 8-oxoG fluorescence intensity suggest that defective mRNAs 

do not exit ORBs and return to polysomes, consistent with their degradation by NGD, as expected.  

Despite these differences, similarities between ORBs and both stress granules and P-bodies 

were revealed by partial overlaps of their proteomes. ORB localization was found for nine P-body 

proteins and eight stress granule proteins (Table S2.1, Figure 2.5C). Two proteins are common to 

P-bodies, stress granules, and ORBs: Dhh1 and Scd6. Analysis of the ORB proteome combined 

with the proteome of either P-bodies or stress granules revealed dense networks of physical 

interactions (11.8 average interactions between ORB and stress granule proteins, and 8.5 between 

ORB and P-body proteins), supporting further functional relationships between ORBs and these 

RNA granules (Figure 2.5D). The high density of interactions between the proteomes of ORB and 

stress granule is particularly interesting given that stress granules receive mRNAs released from 

stalled ribosomes, in a non-canonical stress-activated RQC pathway (Moon et al., 2020). Therefore, 

an intriguing possibility is that stress granules receive mRNAs released from TQC in ORBs, 

analogous to the exchange of components that occurs between stress granules and P-bodies 

(Buchan et al., 2008). 
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CHAPTER 3: CHARACTERIZATION OF NON-RUBISCO FUNCTIONS OF RBCL IN 

CHLAMYDOMONAS REINHARDTII 

 

 

ABSTRACT 

RNA oxidation can detrimentally affect cells because it results in the production of misfolded or 

aggregation-prone proteins. We previously investigated the management of oxidized RNA in the 

chloroplast of the unicellular green alga Chlamydomonas reinhardtii and found that oxidized 

RNA is compartmentalized to the pyrenoid, a liquid-like microcompartment where the CO2-

fixing enzyme Rubisco is concentrated. We also reported a moonlighting function for the large 

subunit of Rubisco, RbcL, which localizes to chloroplast stress granules during oxidative stress, 

in mitigating the accumulation of oxidized RNA and promoting tolerance to hydrogen peroxide-

induced oxidative stress. Here, I present preliminary findings that further explore the 

moonlighting functions of RbcL as an oxidized RNA quality control factor with a role in 

chloroplast translation. With results of immunofluorescence microscopy and biochemical 

fractionation I show that an RbcL mutant unable to assemble into the Rubisco holoenzyme has 

constitutively present chloroplast stress granules, increased survival to oxidative stress, and yet 

accumulates more oxidized RNA, relative to wild type. I show that RbcL associates with 

chloroplast translation membranes, which have previously been shown to house ribosomes and 

translation factors required for thylakoid membrane biogenesis. I also examine the subcellular 

localization of RbcL and oxidized RNA during conditions associated with chloroplast translation.  
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3.1 INTRODUCTION 

Rubisco is the enzyme responsible for CO2 assimilation into ribulose-1,5-bisphosphate in 

chloroplasts during the Calvin-Benson cycle (Spreitzer and Salvucci, 2002). Rubisco is a multi-

subunit protein complex which is composed of eight copies of a large subunit, RbcL, encoded by 

the chloroplast genome, and eight copies of a small subunit, RbcS, encoded by two genes (RBCS1 

and RBCS2) in the nuclear genome (Knight et al., 1990). The majority of the Rubisco pool in most 

algae and hornworts is localized to a spherical body within the chloroplast called the pyrenoid, as 

part of a carbon-concentrating mechanism (Meyer et al., 2017). Rubisco is one of the most 

extensively studied enzymes, yet to date it has almost exclusively been studied in the context of its 

role in photosynthesis. This chapter describes evidence of alternative “moonlighting functions of 

RbcL.  

Chloroplasts are the photosynthetic plastid in green tissues of plants and in algae. In 

chloroplasts, antioxidant systems and molecular quality control are particularly important because 

photosynthesis produces ROS as H2O2, singlet oxygen, superoxide and, indirectly, the hydroxyl 

radical (Foyer and Shigeoka, 2011). Moreover, chloroplasts have a genome and a gene expression 

system that have nucleic acid targets of oxidation and mutagenesis by ROS  (Wurtmann and Wolin, 

2009; Zheng et al., 2014). Oxidative damage of nucleic acids can be enhanced by inheritance of 

mutations in DNA or by the generation of aberrant proteins from oxidized RNA. Although 

chloroplasts have known quality control systems for oxidized DNA, proteins and lipids (Apel and 

Hirt, 2004), little is known about how they manage oxidized RNA.  

 An avenue to study RNA quality control and its localization in chloroplasts arose with the 

discovery of stress granule-like bodies that form during oxidative stress in the chloroplast of the 

unicellular green alga Chlamydomonas reinhardtii (Uniacke and Zerges, 2008). These chloroplast 

stress granules (cpSGs) are stress-induced foci containing mRNAs encoded by the chloroplast 
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genome, RNA binding proteins, and the small subunit of the chloroplast ribosome. cpSGs form at 

the inner perimeter of the pyrenoid and are enriched in RbcL, but not RbcS (Figure 3.1; Uniacke 

and Zerges, 2008). This finding and previous reports raised the possibility that cpSGs have a role 

in RNA metabolism during stress, analogous to cytoplasmic stress granules found throughout the 

eukaryotes (Decker and Parker, 2012). A specific function for RbcL in the context of cpSGs, i.e., 

in RNA metabolism during stress, remains to be determined. 

Previous studies have shown that during oxidative stress, RbcL displays several 

characteristics that are consistent with a role as a cpSG assembly factor. In vitro biochemical 

analyses have shown that under oxidizing conditions, RbcL disassembles from the Rubisco 

holoenzyme, acquires the ability to bind RNA in a sequence-independent manner, and forms high 

molecular weight aggregates (Knopf and Shapira, 2005; Mehta et al., 1992; Yosef et al., 2004). 

The characteristics of RbcL that are observed during stress or oxidizing conditions (e.g., 

holoenzyme disassembly, RNA binding activity, aggregation) are thought to be regulated by the 

reversible oxidation of specific cysteine residues (Cohen et al., 2005; Marín-Navarro and Moreno, 

2006; Moreno et al., 2008). Therefore, RbcL shares several characteristics with stress granule 

assembly factors in that it can bind non-specifically to mRNA and aggregate during oxidative 

stress. Taken together, these results, along with evidence indicating that RbcL accumulates several-

fold above the equal stoichiometric amounts with RbcS that are required in the Rubisco 

holoenzyme, suggest that cpSGs, RbcL, and the pyrenoid have yet-to-be defined role(s) in 

chloroplast RNA metabolism during stress (Recuenco-Muñoz et al., 2015).  This hypothesis and 

the previously reported role of RbcL in autoregulatory feedback translational repression are 

mutually compatible (Cohen et al., 2006; Wietrzynski et al., 2021). 

The region around the pyrenoid is also dedicated to translation during thylakoid membrane 

biogenesis. Previous members of our lab have characterized this region, termed the “translation  
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Figure 3.1. Illustration of a Chlamydomonas reinhardtii cell. 

The chloroplast with cpSGs (red), the envelope (orange), the region with the aqueous stroma and 

thylakoid vesicles (green), the pyrenoid (brown), and the translation zone (yellow) with 

chloroplast translation membranes (CTM, light green). Also shown are the cytosolic 

compartments (gray), the nucleus, and the flagella.   
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zone” by fluorescence microscopy (Sun et al., 2019; Uniacke and Zerges, 2007). It was 

found that during conditions associated with thylakoid membrane biogenesis, chloroplast mRNAs 

and translation factors become enriched around the pyrenoid for the concerted synthesis and 

assembly of photosystem subunits.  This region was also proposed to house extensions of the 

thylakoid membrane that are themselves dedicated to the synthesis and assembly of photosystem 

subunits, termed “chloroplast translation membranes” (Figure 3.1; Schottkowski et al., 2012).  

We discovered a non-Rubisco requirement for RbcL in the control of oxidized RNA level 

and oxidative stress tolerance in Chlamydomonas (Zhan et al., 2015). We found that oxidized RNA 

localizes to the pyrenoid, that RbcL is required to control the accumulation of oxidized RNA in 

Chlamydomonas, and that RbcL is required for survival during oxidative stress induced by H2O2. 

Furthermore, we also identified an altered biochemical form of RbcL that could carry out such 

‘moonlighting’ functions, which we refer to as the “alternate form of RbcL” (Zhan et al., 2015). 

We also found that RbcL is associated with chloroplast translation membranes independently of 

RbcS, indicative of a non-Rubisco function in chloroplast translation (Dhaliwal, Masters thesis, 

Concordia University, 2013). 

Here we build on our previous findings that the large subunit of Rubisco has a moonlighting 

function as a stress-responsive protein with a role in translation. Using the results of biochemical 

analyses and fluorescence microscopy, we further characterize RbcL association with the 

chloroplast translation membranes and explore whether RbcL localizes to the translation zone. 

Furthermore, we use genetic analyses and immunofluorescence microscopy to examine whether 

certain amino acid residues are required for the moonlighting functions of RbcL. We characterize 

a site-directed mutant of RbcL, rbcL-G54D, which has phenotypes suggestive of an enhanced level 

of RbcL moonlighting functions. Finally, we explore RbcL localization during nitrogen starvation-
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induced autophagy, which has been proposed as a pathway for stress granules clearance in yeast 

and mammalian systems.  

3.2  MATERIALS AND METHODS 

3.2.1 Manipulation of Chlamydomonas 

All strains used are listed in table S1 and were obtained from the Chlamydomonas Resource Center 

(https://www.chlamycollection.org/). Unless otherwise indicated, cell cultures were grown to mid-

logarithmic phase (2-4 x 106 cells/ml) in a 24oC orbital shaker, in Tris-Acetate Phosphate (TAP) 

media (Harris, 1989). The rbcL-G54D mutant is non-photosynthetic, but fully viable under 

heterotrophic conditions, with acetate provided as an exogenous energy source (Satagopan and 

Spreitzer, 2004). The yellow-in-the-dark 1 (y1) mutant is “yellow-in-the-dark” because it lacks an 

enzyme in chlorophyll biosynthesis. It will green upon exposure to light because it has a light-

dependent enzyme with the same enzymatic activity (Cahoon and Timko, 2000). Therefore, for all 

viability, biochemical, and microscopic analyses, cultures were grown and tested in the dark unless 

otherwise indicated. To induce nutrient starvation (-N, -P, -S), cultures in mid-log phase were 

pelleted, resuspended in TAP media lacking the indicated nutrient, and cultured for 24 hours prior 

to analysis. 

3.2.2 Determination of oxidative stress tolerance 

Cultures of each strain were exposed to exogenously added 4 mM H2O2, and cell survival was 

monitored at two-hour intervals for four hours. Survival was defined as the percentage of cells that 

exclude Trypan Blue, a dye that is selective for dead cells (Strober, 2001). Each test was performed 

a minimum of six times, and significance was determined using two sample t-tests (p ≤ 0.05) 

3.2.3 Analysis of oxidatively damaged RNA 

Total RNA was extracted using TRI-reagent (Sigma-Aldrich) according to the manufacturer's 

protocol. Total RNA (5 µg) samples were transferred to a nitrocellulose membrane with a 
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Minifold-II slot blot system (Schleicher & Schuell). Membrane filters were reacted with the 

commercial antibody against 8-oxoG (1:500, QED Bioscience Inc., clone 15A3) overnight, at 4°C. 

A goat anti-mouse-IgG secondary antibody (KPL) was used and ECL detection was performed 

with a commercial kit (Millipore). Each test was performed a minimum of six times, and 

significance was determined using two sample t-tests (p ≤ 0.05). 

3.2.4 Chlamydomonas immunofluorescence and in-situ hybridization 

Immunofluorescence and in situ hybridization were performed as previously reported (Uniacke et 

al., 2011; Zhan et al., 2015). 8-oxoG was detected using a monoclonal mouse antibody (clone 

15A3, QED bioscience, dilution 1:500). RbcL was detected using a rabbit polyclonal antibody 

(provided by Dr. Robert Spreitzer, dilution 1:2,000). Primary antibodies were incubated for 2 hours 

at room temperature. Secondary antibodies were Alexa Fluor 568 goat αmouse IgG and Alexa 

Fluor 488 goat αrabbit IgG, each diluted 1:300 (ThermoFisher). Secondary antibodies were 

incubated for 1 hour at room temperature. The psbA mRNA FISH probe used here was described 

previously (Uniacke and Zerges, 2007). 18-20 ng of FISH probe per sample was hybridized 

overnight at 37ºC in a slide hybridization oven. 

Images were acquired using a Leica DMI 6000 epifluorescence microscope (Leica 

Microsystems) with a 63X/1.4NA objective, a Hamamatsu OrcaR2 camera, and Volocity 

acquisition software (Perkin-Elmer). Z-stacks were taken by series capture at a thickness of 0.2 µm 

per section. Stacks were deconvoluted with AutoQuant X3 (Media Cybernetics Inc.). The average 

distribution of fluorescent signals in cells was determined as described previously, using a custom-

built ImageJ macro (Sun et al., 2019). 

3.2.5 Subcellular fractionation 

Analytical subcellular fractionation was performed as described previously, with some 

modifications (Schottkowski et al., 2012). 300 ml of cell cultures were pelleted and resuspended 
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in ice cold MKT-buffer. The cells were broken by three passes through a chilled French Pressure 

Cell at 1,000 psi, and breakage was verified by light microscopy (400X and 1000X magnification). 

Cell lysates were centrifuged at 100,000 x g for 1 hour at 4oC. The supernatant was removed and 

stored at -80oC while the pellet was resuspended in 2 ml MKT buffer containing 2.5 M sucrose. A 

750 µl 2.2 M sucrose cushion was added on top of the resuspension, followed by a 10 ml 0.5 M-

2.0 M linear sucrose gradient. The gradient was centrifuged at 100,000 x g for 16 hours at 4oC, and 

then collected in 750 µl fractions. The pellet of the gradient was resuspended in 750 µl MKT and 

stored at -80oC along with the gradient fractions. Equal proportions of each fraction were analyzed 

by SDS-PAGE and western blotting. Antisera were: αRbcL (1:30,000, Dr. Robert Spreitzer); 

αRBP40 (1:1000; Dr. Jörg Nickelsen); αS-21 and αL-30 (30S and 50S r-protein, 1:4000 and 

1:10,000, respectively, Randolph-Anderson et al., 1989). Goat anti rabbit secondary antibody 

(1:10,000) (KPL) was used for 1 h at room temperature. 

3.2.6 Differential centrifugation 

Cells from a 75 ml culture were pelleted by centrifugation at 5,000 x g for 5 minutes at room 

temperature and resuspended in 5 ml ice cold MKT buffer. The cells were broken by three passes 

through a chilled French Pressure cell at 1,000 psi, and breakage was verified by light microscopy 

(400× and 1,000× magnification). The lysate was centrifuged at 3,200 x g for 1 minute to remove 

unbroken cells and the supernatant was then centrifuged again at 17,000 x g for 20 minutes at 4oC. 

The resulting supernatant was removed and stored at -80oC (P16), while the pellet (P16) was 

resuspended in the same volume of MKT-buffer with 2.0% Triton X-100 (v/v) and incubated on a 

rocker for 15 minutes at room temp. The resuspended fraction P16 was then centrifuged again at 

17,000 x g for 20 minutes, to generate supernatant (P16-TS) and pellet (P16-TI) fractions. P16-TS 

was removed and stored at -80oC, and P16-TI was resuspended in MKT-buffer and stored at -80oC. 

Prior to freezing, aliquots of each fraction were removed and prepared for SDS-PAGE and 
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immunoblot analysis. Antisera were: αRbcL (1:30,000, Dr. Robert Spreitzer); αRbcS (1:2000; Dr. 

Robert Spreitzer). Goat anti-rabbit secondary antibody (1:10,000) (KPL) was used for 1 h at room 

temperature. Replicate gels were stained using the ProteoSilver Silver Stain kit (Sigma), according 

to the manufacturer’s instructions. 

3.3 RESULTS 

3.3.1 Investigation of a Role for RbcL in Chloroplast Translation 

Our lab has previously established conditions during which thylakoid membrane biogenesis (and 

therefore active translation) are enhanced (Schottkowski et al., 2012; Sun et al., 2019; Uniacke and 

Zerges, 2007). To explore further the alternative role(s) of RbcL, unrelated to Rubisco, we first 

examined the subcellular localization patterns of RbcL and 8-oxoG using IF microscopy during 

biogenesis conditions.     

The first context in which we examined the localization pattern of RbcL and 8-oxoG was in 

cells from cultures that were undergoing synchronous growth and division in the diel cycle. This 

allowed the analyses of uniform populations of cells at the same stage, for example, undergoing 

high rates of chloroplast biogenesis and photosynthesis. Chlamydomonas cells can be entrained to 

a diel cycle by using a 12/12-hour light/dark regime, during which >90% of cells will progress 

through the cell-cycle synchronously. The 24-hour diel cycle is measured in Zeitgeber time (ZT) 

where time points ZT0 and ZT12 represent the transitions from dark to light and light to dark, 

respectively. It was previously shown that translation factors are enriched in the translation zone 

during thylakoid membrane biogenesis between ZT2 and ZT4 (Sun et al., 2019). 

At ZT23 and ZT24 (the last hour of dark and the first hour of light), we observed the RbcL and 

8-oxoG IF signals primarily in the pyrenoid, at the basal region of the chloroplast, as was reported 

previously (Figure 3.2; Zhan et al., 2015). Four hours into the light phase of the diel cycle (ZT4), 

the IF signals are no longer enriched in the pyrenoid, but localized to the chloroplast lobes in a  
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Figure 3.2. Localization of RbcL and 8-oxoG in the chloroplast across the diel cycle.  

Immunofluorescence signals of RbcL (left columns) and 8-oxoG (middle columns). The diel cycle 

and ZT times are indicated by white and black bars. Chloroplasts are illustrated as their axis (white 

line) is presented on the horizontal axis of each graph. P indicates the pyrenoid. Plots show average 

signal intensity (as percentage of maximum signal from all cells in the data set across the 

chloroplast axis (as percentage of the total length). ZT23, n = 20; ZT24, n = 34; ZT4, n = 17; ZT8, 

n = 3; ZT12, n = 1. Scale bars indicate 2 µm. 
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pattern that does not resemble that of the translation zone (Sun et al., 2019; Uniacke and Zerges, 

2007). After 8 hours in the light (ZT8) and in the first hour of dark (ZT12), the IF signals appear 

more evenly distributed throughout the chloroplast with less enrichment in any particular area. 

These results suggest that RbcL and 8-oxoG do not localize to the translation zone during 

timepoints of the diel cycle previously associated with thylakoid membrane biogenesis. 

The next context in which we examined the localization pattern of RbcL and 8-oxoG was 

during greening of the y1 mutant. This Chlamydomonas mutant lacks the light-independent 

protochlorophyllide oxidoreductase, an enzyme required for chlorophyll biosynthesis, and can 

therefore only synthesize chlorophyll when exposed to light (Cahoon and Timko, 2000). In the 

dark, in the absence of chlorophyll production, thylakoid membrane biogenesis does not occur, and 

the y1 mutant cells are yellow. Once exposed to light, chlorophyll synthesis is initiated via the 

light-dependent protochlorophyllide oxidoreductase enzyme, thylakoid membrane biogenesis 

occurs, and the mutant cells become green over the course of several hours.  

We observed the localization pattern of RbcL and 8-oxoG IF signal in y1 mutant cells during 

greening (Figure 3.3). In the dark, i.e., prior to greening, both the RbcL and 8-oxoG IF signals are 

primarily localized to the pyrenoid. After 2 and 4 hours of light the RbcL signal is still present in 

the pyrenoid, but also appears as foci surrounding the pyrenoid. These foci may be cpSGs because 

the dark-grown y1 mutant accumulates intermediates in chlorophyll biosynthesis. These 

intermediates can potentiate the generation of ROS by light, and thereby photooxidative stress, a 

known inducer of cpSGs (Apel and Hirt, 2004; Uniacke and Zerges, 2008). Meanwhile, the 8-oxoG 

signal does not appear to change during greening in the y1 mutant. In both cases, the IF signal does 

not accumulate on either side of the pyrenoid (in the translation zone) during greening, as was seen 

previously for translation factors during thylakoid membrane biogenesis and for these signals in 

synchronized cells at ZT4 (Sun et al., 2019; Uniacke and Zerges, 2007). 
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Figure 3.3. Localization of RbcL and 8-oxoG in the chloroplast during y1 greening.  

Immunofluorescence signals of RbcL (left columns) and 8-oxoG (middle columns). Chloroplasts 

are illustrated as their axis (white line) is presented on the horizontal axis of each graph. P indicates 

the pyrenoid. Plots show average signal intensity (as percentage of maximum signal from all cells 

in the data set across the chloroplast axis (as percentage of the total length). 0 hours, n = 15; 2 

hours, n = 20; 4 hours, n = 8. Scale bars indicate 2 µm. 
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3.3.2 RbcL localizes to chloroplast translation membranes in the y1 mutant. 

Our lab previously demonstrated the existence of chloroplast membranes dedicated to translation, 

called chloroplast translation membranes  (Schottkowski et al., 2012). These membranes are 

characterized as fractions of a sucrose gradient that are denser than thylakoid membranes and 

enriched in biogenesis factors such as ribosomal proteins and translation factors. I previously found 

that RbcL also localizes to chloroplast translation membranes in the absence of RbcS, supportive 

of a moonlighting function of RbcL that is independent of Rubisco activity and involving 

chloroplast translation (Dhaliwal, 2013).  Given the published evidence that RbcL can act as a 

translation factor (Cohen et al., 2006; Wostrikoff and Stern, 2007), we examined whether its 

localization to the chloroplast translation membrane is altered during conditions of thylakoid 

membrane biogenesis, such as greening in the y1 mutant. 

 Using a French pressure cell, we generated cell lysates from y1 mutant cultures that were 

grown in the dark and then exposed to light for 4 hours. Using ultracentrifugation, soluble material 

was separated from insoluble material. The insoluble pellets, which contain all membranes, were 

then separated by isopycnic density ultracentrifugation, where membranes float to and equilibrate 

at their native buoyant density. Fractions from these gradients were then collected for western blot 

analysis (Figure 3.4). As was the case for wild-type cells, RbcL in the y1 mutant was found in 

dense membranes that are known to be enriched in thylakoid biogenesis factors (F5-F6 in dark, F6-

F7 in light). The lack of RbcS in these fractions suggest that the RbcL found there is a non-Rubisco 

pool consistent with it carrying out an alternate function, either autoregulatory feedback repression, 

oxidized RNA quality control, or both. We did not observe a major change in the localization of 

RbcL to chloroplast translation membranes fractions upon exposure to light. This result suggests 

that RbcL localization to chloroplast translation membranes is independent of the increased 

biogenesis conditions that occur during y1 greening.  
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Figure 3.4. RbcL localizes to chloroplast translation membranes in the y1 mutant. 

Gradient fractions were examined from y1mutant cells grown in the dark (A) and following 4 

hours of light exposure (B). 2.4M indicates the sucrose solution from which the membranes were 

floated, meaning the gradients were centrifuged at 105 x g and membranes moved up into the 

gradient, banding according to their density. Each fraction was assayed by immunoblot, with 

antibodies against RbcL and RbcS. Bar heights indicate the percentage of total RbcL signal in 

each fraction.  
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3.3.3 RbcL localizes to chloroplast translation membranes during translation inhibition. 

The quality control of oxidized RNA occurs by TQC pathways that require active 

translation. Given the evidence for a link between RbcL and translation, we next examined the 

effect of translation inhibition on RbcL localization to chloroplast translation membranes in wild- 

type cells. We prepared sucrose gradients from total membrane of cultures that were exposed to 

either 100 µg/ml of lincomycin or chloramphenicol, two inhibitors of chloroplast translation but 

not cytosolic translation (Figure 3.5). In the supernatant (S) fractions of the lysates, we observed 

both RbcL and RbcS, indicative of the Rubisco holoenzyme. As was found for untreated samples 

(Dhaliwal, 2013), RbcL was localized to chloroplast translation membranes (fractions F6-F7) in 

both chloramphenicol and lincomycin treated samples. This result suggests that the localization of 

RbcL to chloroplast translation membranes is independent of active translation. 

3.3.4 The moonlighting functions of RbcL are not affected by selected cysteine mutations.  

We previously demonstrated that a minor pool of RbcL, which is not in the Rubisco 

holoenzyme, has a moonlighting function which affects the level of oxidized RNA that accumulates 

in Chlamydomons, and the tolerance to H2O2-induced oxidative stress (Zhan et al., 2015a). The 

inverse correlation of 8-oxoG RNA level and oxidative stress tolerance is consistent with a causal 

role of oxidized RNA quality control in stress tolerance.  We next sought to determine whether 

specific features of the RbcL protein play a role in the non-Rubisco functions. Many of the 

characteristics of RbcL that we speculate to play a role in its non-Rubisco functions (holoenzyme 

disassembly, RNA binding activity, aggregation) are thought to be regulated by the reversible 

oxidation of specific cysteine residues during oxidizing conditions (Cohen et al., 2005; Marín-

Navarro and Moreno, 2006; Moreno et al., 2008). Therefore, we tested three different cysteine 

mutants (rbcL-C84S, rbcL-C172S, and rbcL-C449S/459S) for three phenotypes: the accumulation  

  



 

53 
 

 

 



 

54 
 

 

Figure 3.5. RbcL localizes to chloroplast translation membranes during translation inhibition. 

Gradient fractions were examined from wild-type C. reinhardtii following 30 minutes of exposure 

to 100 µg/ml of chloramphenicol (A) and lincomycin (B). 2.4M indicates the sucrose solution from 

which the membranes were floated, meaning the gradients were centrifuged at 105 x g and 

membranes moved up into the gradient, banding according to their density. Each fraction was 

assayed by immunoblot, with antibodies against RbcL and RbcS. S indicates the supernatant from 

the initial high-speed fractionation. P indicates the pellet of the sucrose gradient. Bar heights indicate 

the percentage of total RbcL signal in each fraction. 

  



 

55 
 

of the alternate form of RbcL, levels of oxidized (8-oxoG-containing) RNA, and tolerance to H2O2-

induced oxidative stress.  

To test for the presence of the altered form of RbcL in the rbcL cysteine mutants, we 

conducted subcellular fractionation to detect the relative levels of insoluble RbcL in the pellet 

fraction, as established previously (Zhan et al., 2015). As seen previously, under both non-stress  

and following exposure to 4 mM H2O2, the majority of wild-type RbcL was present in the 

supernatant fraction, with only a minor amount present in the pellet fraction (Figure 3.6A). The 

RbcL in the supernatant fraction likely corresponds to the holoenzyme form of the protein due to 

its soluble nature and co-fractionation with RbcS. Similar to wild-type cells, each of the cysteine 

mutants showed the vast majority of their RbcL protein present in the supernatant fraction, along 

with RbcS (Figure 3.6 B-D). Interestingly, despite the predicted roles of these cysteine residues in 

controlling the moonlighting of RbcL during oxidizing conditions, we saw no obvious difference 

in the fractionation pattern of RbcL in any of the mutants following exposure to H2O2. These data 

suggest that the absence of these cysteine residues does not affect the accumulation of RbcL in the 

Triton X-100-insoluble fraction (P16-TI). We next tested each mutant for cell survival during 

exposure to exogenous 4.0 mM H2O2. Survival was assessed by staining each culture with the dye, 

Trypan-Blue, and survival was measured as the percentage of cells that exclude the dye (Strober, 

2001). Our prediction was that the lack of cysteine residues might negatively affect the ability of 

RbcL to carry out the moonlighting function(s) of RbcL in promoting survival during oxidative 

stress. Over a 4-hour time course, we observed that none of the cysteine point mutants exhibited a 

significant difference in survival relative to the wild-type strain (Figure 3.6F). These data suggest 

that the cysteine do not affect the function of RbcL in controlling survival during oxidative stress.  
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Figure 3.6. Analysis of RbcL moonlighting functions in site-directed mutants. 

(A-E) RBCL fractionation during differential centrifugation and solubilisation with Triton X-100 

was revealed by immunoblot analyses for (A) the wild-type strain, (B) rbcL-C84S, (C) rbcL-

C172S, (D) rbcL-C449S/459S, and (E) rbcL-G54D. Proteins analysed were RbcL and RbcS. 

Where indicated, fractions were prepared from cells that had been exposed to 2.0 mM H2O2. Bar 

heights indicate the percentage of total RbcL signal in each fraction. S16 = supernatant fraction of 

a cell lysate; P16-TS = triton-soluble pellet fraction of a cell lysate; P16-TI = triton-insoluble 

fraction of a cell lysate. (F) Time course assays of cell survival, expressed as the mean percentage 

of initial survival as measured by Trypan Blue exclusion. (G) Levels of 8-oxoG in RNA from the 

wild-type strain and rbcL-G54D. The bar height represents the 8-oxoG ECL signal intensity from 

slot-blot experiments. (F-G) Asterisks indicate significance, as determined by two-sample t-tests 

(n = 3). 
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We then asked whether any of the cysteine mutants are altered in the levels of oxidized 

RNA that accumulates within them. We used a slot-blot approach to detect the levels of 8-oxoG in 

total RNA extracts from each mutant strain, as described previously (Zhan et al., 2015). None of 

the cysteine mutant strains showed a significantly different level of oxidized RNA relative to wild-

type cells (data not shown). This was not surprising, given that none of the mutant strains were 

altered in their tolerance to H2O2, nor in the accumulation of the alternate form of RbcL. Therefore, 

it appears that the cysteine residues tested here have no role on any of the previously observed 

moonlighting functions of RbcL. 

3.3.5 The moonlighting functions of RbcL are altered in an rbcL-G54D mutant. 

We next tested another mutant form of RbcL for its ability to perform moonlighting 

functions. We selected an rbcL-G54D mutant because, while this strain possesses rbcL and both 

RBCS genes required for Rubisco, the G54D mutation renders RbcL unable to assemble into the 

Rubisco holoenzyme, and therefore, might have more readily available RbcL protein for the 

moonlighting role (Spreitzer, 1993).  

In our first assay, we tested for the presence of the alternate, insoluble form of RbcL in this 

strain. The rbcL-G54D mutant had approximately half of its total RbcL amount in the Triton X-

100 insoluble pellet fraction (P16-TI, Figure 3.6E). This is supportive of our model in which 

unassembled RbcL is biochemically altered relative to RbcL assembled in Rubisco. By contrast, 

each of the cysteine mutants were similar to the wild type in that the majority of their RbcL was 

present in Rubisco (i.e., with RbcS in fraction S16). 

Next, we examined H2O2 tolerance in the rbcL-G54D mutant. As described for the cysteine 

mutants (above), cultures were exposed to 4.0 mM H2O2 and monitored for survival over a 4-hour 

time course using Trypan Blue (Figure 3.6F). In contrast to wild-type and the cysteine residue 

mutants, the rbcL-G54D mutant had significantly higher survival.  



 

59 
 

Finally, we examined the oxidized RNA levels in the rbcL-G54D mutant, using a slot-blot 

assay with an antibody against 8-oxoG. The rbcL-G54D mutant accumulated a significantly higher 

amount of oxidized RNA relative to wild-type (Figure 3.6G). This contrasts the phenotype of the 

ΔRBCS mutant (CC-4691), where unassembled RbcL resulted in increased tolerance to H2O2 and 

a reduced level of oxidized RNA. It is not clear to us why there is a positive correlation between 

8-oxoG levels and H2O2 tolerance in the rbcL-G54D mutant. Nonetheless, the altered phenotypes 

for moonlighting functions of RbcL in this strain led us to investigate its other RbcL properties. 

3.3.6 cpSGs are constitutively present in the rbcL-G54D mutant. 

RbcL in wild-type cells localizes to cpSGs during oxidative stress (Uniacke and Zerges, 

2008). In our model, this occurs following the stress-induced disassembly of the rubisco 

holoenzyme, which releases RbcL so that it can bind to mRNA and aggregate, forming 

microscopically visible foci. Because RbcL in the rbcL-G54D mutant does not assemble into the 

holoenzyme, we next examined the subcellular distribution of RbcL using immunofluorescence 

(IF) microscopy in this strain.  

We observed several phenotypes in the rbcL-G54D mutant that differ from those of wild-

type cells. First, RbcL was not present throughout the pyrenoid, but was found in multiple foci 

throughout the chloroplast, even in the absence of a stressor (Figure 3.7A). This is consistent with 

the absence of Rubisco in this mutant and the requirement for Rubisco in pyrenoid formation 

(Rawat et al., 1996). These foci appeared to be cpSGs, however, they were dispersed throughout 

the chloroplast and not confined to the perimeter of the pyrenoid as in wild-type cells, because this 

mutant most certainly lacks a pyrenoid. Second, we did not see a change in size or number of RbcL 

foci during exposure to 4.0 mM H2O2 (Figure 3.7A). We then asked whether the RbcL foci in the 

rbcL-G54D mutant have properties of cpSGs. Chloramphenicol treatment was previously found to  
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Figure 3.7. Localization of RbcL and 8-oxoG in the chloroplast in the rbcL-G54D mutant.  

(A) Immunofluorescence signals of RbcL (left column) and 8-oxoG (middle column). Where 

indicated, cells were exposed to 4.0 mM H2O2 or both 100 µg/ml chloramphenicol (CAP) and 4.0 

mM H2O2. Insets indicate the average number of RbcL foci per condition. (B) 

Immunofluorescence signal of RbcL (left columns) and FISH signal of psbA (middle columns), 

in cells exposed to 4.0 mM H2O2 (top) or high light stress (2,000 μE m-1 s-2) (bottom). (C) 

Immunofluorescence signal of S-21 and FISH signal of psbA, in cells exposed to 4.0 mM H2O2 

Scale bars indicate 2 µm.  
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prevent the formation of cpSGs (Uniacke and Zerges, 2008). Here, we found that chloramphenicol 

had no effect on the formation of RbcL foci in the rbcL-G54D mutant (Figure 3.7A). We also 

examined whether the RbcL foci in the rbcL-G54D mutant colocalized with two other markers for 

cpSGs: the chloroplast-encoded psbA mRNA and the small subunit of the chloroplast ribosome. 

We found that during exposure to H2O2, they did colocalize with the psbA FISH signal and with 

the IF signal of S-21, a protein of the chloroplast ribosome small subunit (Figure 3.7B and C). We 

also found colocalization between RbcL foci and psbA mRNA during high light stress, a condition 

that induces  

oxidative stress and cpSGs in Chlamydomonas (Uniacke and Zerges, 2008). These results suggest 

the RbcL-positive cpSGs are constitutively present in the rbcL-G54D mutant, but that they have 

altered properties relative to wild-type cells.  

3.3.7 8-oxoG localization in the rbcL-G54D mutant.  

We previously observed that oxidized RNA localizes to the pyrenoid in wild-type cells 

(Zhan et al., 2015). However, due to the lack of Rubisco in the rbcL-G54D mutant, it is highly 

unlikely that this strain has a pyrenoid, because Rubisco is an essential structural component of the 

pyrenoid (Rawat et al., 1996). Using IF-microscopy with an antibody against 8-oxoG, we examined 

the distribution of oxidized RNA in the rbcL-G54D mutant (Figure 3.7A). Unlike in wild-type 

cells, we did not see any enrichment of oxidized RNA in the basal region of the chloroplast, where 

the pyrenoid is normally situated. Instead, the 8-oxoG IF signal was present as dispersed foci 

throughout the cell. These foci did not appear to be cpSGs because they do not co-localize with 

RbcL foci. Additionally, they do not appear to be affected by exposure of the cells to H2O2, which 

is known to induce cpSG formation. Moreover, these foci are insensitive to treatment of cells with 

chloramphenicol, which is known to abolish cpSGs (Uniacke and Zerges, 2008).  
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3.3.8 RbcL localizes to chloroplast translation membranes in the rbcL-G54D mutant. 

We next examined whether the localization of RbcL to chloroplast translation membranes 

is altered in the rbcL-G54D mutant. We generated cell lysates from rbcL-G54D mutant cultures 

that were either untreated or exposed to 4.0 mM H2O2. Soluble (S) material was separated from 

insoluble material by ultracentrifugation. The insoluble pellets, which contain all membranes, were 

then fractionated by buoyant density by isopycnic sucrose gradient ultracentrifugation (Figure 3.8).  

 Chloroplast translation membranes are defined as membranes that are lower (denser) than 

thylakoid membranes (the darkest green fractions of the gradient), and enriched chloroplast 

translation markers (Schottkowski et al., 2012). To observe the presence of chloroplast translation 

membranes, we probed each gradient with marker proteins for chloroplast translation (Figure 3.7). 

These include RB40, a translation factor for a photosystem II protein, and marker proteins for both 

the large and small subunits of the chloroplast ribosome. In the gradient of membranes from the 

non-stressed rbcL-G54D mutant gradient, we observed an enrichment of RbcL in chloroplast 

translation membrane fractions (Figure 3.8A), along with chloroplast translation markers, similar 

to wild-type (Dhaliwal, 2013). Unlike the unstressed treatment, the gradient from H2O2-treated 

cells had a broader distribution of RbcL across the gradient, with less enrichment in the chloroplast 

translation membrane fractions (Figure 3.8B). In both cases, we did not observe the presence of 

RbcS in any gradient fractions, consistent with our earlier observation that RbcS does not 

accumulate in this mutant, and that any RbcL activity in this context is independent of the Rubisco 

holoenzyme (Figure 3.6E).  

3.3.9 RbcL functions during nutrient deprivation 

During the recovery of yeast cells from stress, stress granules can be cleared by autophagy 

(Buchan et al., 2013). In Chlamydomonas, autophagy can be induced through nitrogen starvation 

(Goodenough et al., 2014; Pérez-Pérez et al., 2010). Therefore, we asked whether the in situ  
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Figure 3.8. RbcL localizes to chloroplast translation membranes in the rbcL-G54D mutant. 

Gradient fractions were examined from non-stressed rbcL-G54D cells (A) or cells exposed to 4.0 

mM H2O2 (B). 2.4M indicates the sucrose solution from which the membranes were floated, 

meaning the gradients were centrifuged at 105 x g and membranes moved up into the gradient, 

banding according to their density. Each fraction was assayed by immunoblot, with antibodies 

against RbcL, RbcS, and markers for chloroplast translation (RB40 and r-proteins from the 

chloroplast 50S and 30S ribosomal subunits). S indicates the supernatant from the initial high-

speed fractionation. P indicates the pellet of the sucrose gradient. Bar heights indicate the 

percentage of total RbcL signal in each fraction. 
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distribution of RbcL is affected by nitrogen starvation. Using an antibody against RbcL, we 

observed that RbcL localizes to the pyrenoid under normal growth conditions (TAP), as expected 

(Figure 3.9). When cultures were starved for nitrogen, however, we observed cells with a second 

focus of RbcL. We observed an average of 1.57 RbcL foci per cell, with approximately 43% of 

cells having a second focus. This effect was specific to nitrogen starvation, as we did not observe 

multiple foci when cells were starved for phosphate or sulfur (Figure 3.9).  

 We then asked whether the loss of pyrenoid-localization and appearance of multiple RbcL 

foci during nitrogen starvation was a property specific to RbcL or to the presence of a pyrenoid. 

The rbcS1-SSAT, rbcS1-SSHA, and rbcS1-SSSO mutants are Chlamydomonas strains whose 

RbcS genes have been swapped for those of Arabidopis thaliana, Helianthus annuus, or Spinacia  

oleracea, respectively (Genkov et al., 2010). While each strain assembles the Rubisco holoenzyme 

and is photosynthetic, none form a pyrenoid. We also asked whether the rbcL-G54D mutant had 

altered RbcL foci during nitrogen starvation because this strain lacks an apparent pyrenoid as well. 

In response to nitrogen starvation, none of the three “RBCS swap strains” formed a second RbcL 

focus, and nor did the rbcL-G54D mutant (Figure 3.10). This result suggests that the formation of 

a second focus of RbcL during nitrogen starvation depends on the presence of a normal pyrenoid. 

3.4 DISCUSSION 

Our previous work demonstrated that RbcL has non-Rubisco moonlighting functions in 

chloroplasts. This alternate function of RbcL is required for tolerance to oxidative stress and to 

determine the accumulation of oxidized RNA (Zhan et al., 2015). Here, using immunofluorescence 

microscopy, biochemical fractionation, and genetic analyses, we began to explore the possibility 

that the moonlighting functions of RbcL are related to chloroplast translation, and that RbcL may 

act as an RNA quality control factor. We examined the RbcL and 8-oxoG localization pattern in 

several contexts related to chloroplast translation: thylakoid membrane biogenesis during the early  
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Figure 3.9. Localization of RbcL during nutrient starvation 

(A) Immunofluorescence staining of RbcL in wild-type cells grown in TAP or starved for 

nitrogen (-N), phosphate (-P), or sulfur (-S). starvation. (B) Quantification of major RbcL foci 

during the indicated treatments. Error bars indicate S.E.M. Scale bars indicate 2 µm.  
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Figure 3.10. Localization of RbcL during nutrient starvation in pyrenoid-less mutants 

(A) Immunofluorescence staining of RbcL in wild-type (CC-125), SS-AT, SS-HA, SS-SO, and 

rbcL-G54D cells grown in TAP (A) or starved for nitrogen (B). Graphs indicate the number of 

major RbcL foci during the indicated treatments. Error bars indicate S.E.M. Scale bars indicate 2 

µm. 
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light phase of the diel cycle, thylakoid membrane biogenesis during greening in the y1 mutant, and 

when chloroplast translation is inhibited using antibiotics (Figures 3.2-3.5). While we observed 

changes in the distribution of fluorescent signals across timepoints of the diel cycle, neither RbcL 

nor 8-oxoG localized to the translation zone. This result differs from what was seen for other 

markers of chloroplast translation, such as chloroplast r-proteins and RNA-binding proteins (Sun 

et al., 2019).  

We noticed, however, that the RbcL signal around the pyrenoid becomes increasingly 

punctate during greening of the y1 mutant. This pattern is reminiscent of the formation of cpSGs, 

which form during oxidative stress. This is interesting because the initial exposure to light that is 

required for greening in y1 could cause oxidative stress, since the precursors to chlorophyll  

synthesis that accumulate in the dark can act as photosensitizers, which produce ROS in the light 

(op den Camp et al., 2003). Future work could address whether the appearance of these cpSGs is 

related to a potential function of RbcL as a translation quality control factor. 

We previously found that RbcL fractionates to chloroplast translation membranes, 

membranes that are associated with translation and thylakoid membrane biogenesis (Dhaliwal, 

2013; Schottkowski et al., 2012). Here, we also found that RbcL is present in chloroplast translation 

membrane fractions during two conditions: greening in y1, and when chloroplast translation is 

inhibited by antibiotic treatment (Figure 3.4 and 3.5). Surprisingly, there did not appear to be any 

major redistribution of RbcL when the y1 cells were exposed to light, except for the loss of RbcL 

in the pellet fraction (Figure 3.4). We were also surprised to find that the fractionation of RbcL to 

chloroplast translation membranes did not change when chloroplast translation was inhibited 

(Figure 3.5). Based on these and the above results, one possible conclusion is that the presence of 

RbcL in compartments related to thylakoid membrane biogenesis is independent of active 

translation. 
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We next tested several mutants of RbcL to determine whether certain residues are required 

for the moonlighting functions of RbcL (i.e., promoting survival during oxidative stress and 

controlling the levels of oxidized RNAs). Other groups have reported on the disassembly of 

Rubisco during oxidizing conditions, and have explored whether the reversible oxidation of certain 

cysteine residues are involved in holoenzyme disassembly (Cohen et al., 2005; Moreno et al., 2008; 

Yosef et al., 2004). Because disassembled RbcL is required for its moonlighting functions, we 

tested whether the rbcL-C84S, rbcL-C172S, and rbcL-C449S/C459S mutants are affected in 

oxidative stress tolerance and oxidized RNA levels. In each case, we did not find a significant 

difference in stress tolerance, relative to wild-type (Figure 3.6) or in oxidized RNA levels (data not 

shown). Consistent with those findings, none of the cysteine residue mutants differed from wild-

type in their levels of the alternate form of RbcL (Figure 3.6). 

We also tested an rbcL-G54D mutant of RbcL.  This mutant had an increased level of the 

alternate form of RbcL and had constitutively present RbcL foci (Figure 3.6 and 3.7). These results 

are consistent with the mutant’s inability to form the Rubisco holoenzyme, despite the presence of 

both RBCS genes (Spreitzer, 1993). Interestingly, while this strain had elevated survival during 

oxidative stress, relative to wild-type, it also had elevated levels of oxidized RNA (Figure 3.6). 

This might suggest that the alternate function(s) of unassembled RbcL which promote survival 

during oxidative stress are independent of functions that control oxidized RNA levels. 

The nature of the RbcL foci that form in the rbcL-G54D mutant also requires further study. 

Unlike in cpSGs in wild-type cells, these foci are constitutively present in non-stress conditions, 

do not increase in number when the cells are exposed to H2O2, and were not eliminated by treatment 

with chloramphenicol (Figure 3.6; (Uniacke and Zerges, 2008). Nonetheless, RbcL foci in the 

rbcL-G54D mutant did co-localize with other cpSG markers during stress (psbA mRNA and S-21). 

Therefore, while it appears that stress-induced recruitment of mRNAs to cpSGs occurs in these 
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mutant cells, the results raise some questions about the nature of the RbcL foci that are present in 

the rbcL-G54D mutant under non-stress conditions. 

Lastly, we also examined the subcellular distribution of RbcL during nitrogen starvation, a 

condition that induces autophagy in Chlamydomonas (Goodenough et al., 2014; Pérez-Pérez et al., 

2010). While dedicated pathways for Rubisco-specific autophagy have been described in wheat, 

tobacco, and Arabidopsis, none have been described for Chlamydomonas  (Chiba et al., 2003; 

Ishida et al., 2008; Prins et al., 2008). We observed the loss of RbcL localization to the pyrenoid 

and the appearance of two distinct RbcL foci during nitrogen starvation (Figure 3.9). The loss of 

the pyrenoid localization and appearance of two distinct foci of RbcL is consistent with this protein 

being degraded by autophagy in response to nitrogen starvation. However, this possibility requires 

further exploration, as it remains unknown whether either RbcL focus is an autophagosome. 

Furthermore, it is unclear whether the appearance of the two RbcL foci is related in any way to the 

alternate functions of the protein. The observations that the SS-AT, SS-SO, SS-HA, and rbcL-

G54D strains do not form dual foci during nitrogen starvation suggest that this phenomenon 

requires the presence of a pyrenoid. 

  



 

74 
 

CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 

4.1 Summary of Major Findings/Overview 

This thesis aimed to elucidate cellular mechanisms for the quality control of defective RNA. 

Here, I provide the first evidence that the translation quality control pathways that handle defective 

mRNAs are compartmentalized to a novel organelle, ORBs, in Saccharomyces cerevisiae. I 

demonstrate that ORBs are a new member of a growing class of organelles called RNA granules, 

which are microscopically visible foci that form by phase separation of their constituent parts. I 

also provide evidence that the formation of ORBs depends on translation, as expected for a 

compartment that houses the surveillance mechanisms that detect stalled ribosomes via their 

collision. In addition to containing oxidized RNA, I show that the translation products of mRNAs 

lacking a stop codon are targeted to ORBs, along with ribosomal proteins and several NGD and 

RQC proteins (Dom34, Hbs1, Hel2, Rqc2). Using genetic analyses, I show that normal ORB 

formation is dependent on functional NGD and RQC pathways. Finally, I took advantage of the 

stability of ORBs ex vivo to characterize their proteome and provide, for future research, a list of 

candidate factors involved in translation quality control.  

This thesis builds on our previous findings that RbcL in Chlamydomonas moonlights as an 

oxidized RNA quality control factor and is required for oxidative stress tolerance. I provide 

preliminary evidence that RbcL is associated with biochemical fractions and subcellular 

compartments that are locations of chloroplast translation and thylakoid membrane biogenesis. The 

nature of this association requires further study, as I found that inhibition of translation did not 

change the fractionation of RbcL to chloroplast translation membranes, and that the localization of 

RbcL to the translation zone did not change across various contexts associated with increased 

thylakoid membrane biogenesis. Here, I also characterized the moonlighting functions of an RbcL 

mutant that is unable to form the Rubisco holoenzyme (rbcL-G54D). While this strain has elevated 
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oxidative stress tolerance, it also has elevated levels of oxidized RNA. Our model speculates that 

unassembled RbcL should be more able to carry out its moonlighting functions, and it is therefore 

surprising that the oxidized RNA levels in the G54D mutant are higher than wild-type. It is 

unknown whether cpSGs are sites of defective mRNA degradation, and therefore the relationships 

between RbcL, cpSGs, and oxidized RNA remain to be determined. Nonetheless, the rbcL-G54D 

mutant form of RbcL was found in foci which appear to be cpSGs, and I detected increased levels 

of the alternate form of the protein in this mutant.  

Finally, I also present preliminary findings that RbcL, and possibly the Rubisco 

holoenzyme, are degraded by autophagy during nitrogen starvation in Chlamydomonas. Whether 

the potential degradation of RbcL in autophagosomes is related to cpSG clearance or whether it 

involves a more general form of nutrient recovery during starvation bears further study. 

Specifically, one should determine whether marker proteins for autophagosomes localize to the 

second body with RbcL that forms during nitrogen starvation, and whether autophagy-deficient 

mutants form this putative autophagosome.  

4.2 Outstanding Questions About ORBs 

4.2.1 Identity and fate of the RNA in ORBs 

Several questions arise from the results of this thesis that should be addressed with future 

experiments. Firstly, the specific nature of the defective RNAs that localize to ORBs should be 

characterized. This includes both the identity of the RNA species as well as the types of defects 

that result in compartmentalization. In addition, if ORBs are truly sites of TQC, I would predict 

that they are also sites of mRNA degradation. 

To determine the profile of the RNAs that localizes to ORBs, I propose an RNA-seq 

analysis of the ORB transcriptome. Because ORBs are stable ex vivo, it would be relatively 

straightforward to prepare a cDNA library from an ORB preparation. This would entail the 
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enrichment of oxidized RNAs via immunoprecipitation, starting from a pellet fraction of yeast cell 

lysates, as was performed here for proteomics analyses. It would also be interesting to determine 

whether there is any enrichment of specific RNAs in ORBs, or whether any RNA can be oxidized 

and enriched in ORBs. 

To determine the nature of the defects in RNA that localize to ORBs, several experiments 

are possible. First, the precise nature of all chemical modifications to RNAs in ORBs should be 

determined. While the focus of this thesis is on oxidized RNAs, ORBs may contain RNAs with 

other deleterious modifications. In particular, alkylation of mRNA has also been reported to 

interfere with translation (Wurtmann and Wolin, 2009; Yan et al., 2019). One could also continue 

to test reporter constructs with engineered defects in the coding sequence of an mRNA. Here I 

focused on an mRNA reporter that lacks a stop codon and is a substrate for NGD. mRNAs that 

contain a premature stop codon or repeated stretches encoding for basic amino acids should be 

tested, as these are known substrates for TQC (Simms et al., 2017a). 

Finally, to study the fate of the RNAs that localize to ORBs, one could measure their 

stability. One of the initial steps during the TQC of ribosomes that stall during translation is the 

degradation of the defective mRNA. This occurs through an initial endonucleolytic cleavage event 

by Cue2, followed by the exonucleolytic degradation of the resulting 5’- and 3’- fragments by Xrn1 

and the exosome, respectively (Doma and Parker, 2006; D’Orazio et al., 2019; Glover et al., 2020). 

A previous study of the fate of mRNAs that localize to P-bodies revealed that those RNA granules 

are not sites of mRNA degradation (Hubstenberger et al., 2017). A similar analysis should reveal 

whether ORBs are indeed sites of mRNA degradation. 

4.2.2 Exploration of Novel TQC Factors 

 The ORB proteome provided here should be a valuable resource to identify novel TQC 

factors. Each of the 68 proteins included in the ORB proteome was validated by 
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immunofluorescence microscopy as localizing to ORBs. While it is possible that some localize as 

client proteins (i.e., newly synthesized proteins encoded by defective mRNAs), and that ORBs may 

have functions in addition to TQC, it is also highly likely that some act as novel TQC factors. The 

ORB proteome is enriched in RNA-binding proteins and ribosome-associated proteins. I note the 

presence of multiple factors that have known roles in ribosome biogenesis (e.g., Lsg1, Nob1, 

Nmd3, Tsr1 etc.). In particular, these proteins are known to associate with premature ribosomal 

subunits, keeping them from associating until their maturation is complete (Woolford and Baserga, 

2013). Because the latter steps of the RQC pathway involve the splitting of the ribosome into 60S 

and 40S subunits for nascent chain extraction, it is possible that the above-mentioned ribosome 

biogenesis factors act at this stage (Brandman et al., 2012; Defenouillère et al., 2013; Shao et al., 

2013; Shen et al., 2015). To address this, one could examine loss-of-function mutants for these 

ribosome biogenesis factors. Should they have TQC-related functions, I would expect to observe 

defects in ORB assembly and/or the accumulation of truncated nascent chains, as I showed for 

mutants of known TQC factors. 

4.2.3 Context-Specific Studies of ORBs 

 Because this thesis is focused on the initial discovery and characterization of ORBs, I only 

examined them in non-stress and H2O2-induced oxidative stress. Cytosolic stress granules and P-

bodies are known to form under several different stress conditions, and the composition of their 

protein and mRNA populations can change depending on the stress (Buchan et al., 2011). 

Therefore, I propose that future studies should characterize the formation of ORBs, as well as their 

composition during various stress conditions. 

 Relatedly, a natural extension of this work would be to test whether my findings in yeast 

are conserved in other organisms. We initially reported on the existence of ORBs in HeLa cells, 

therefore future experiments could include characterizing the proteome of human ORBs, 
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determining whether they too compartmentalize TQC factors, and whether they are affected by 

deletion of TQC proteins.  

4.3 Outstanding questions about RbcL and TQC in chloroplasts 

4.3.1 A Molecular Dissection of RbcL 

This thesis examined only four site-directed mutants of RbcL. While I was able to identify one 

mutant with altered moonlighting properties of RbcL (rbcL-G54D), a much more detailed 

dissection of the protein should be carried out in the future. For example, RbcL has a known RNA-

recognition motif and can bind non-specifically to RNA (Yosef et al., 2004). I propose that mutants 

of RbcL that lack RNA-binding activity should be tested for their oxidative stress tolerance, 

oxidized RNA levels, for the presence of the alternate form of the protein, and for the ability to 

form cpSGs. 

4.3.2 The RbcL Interactome 

Another avenue to further explore RbcL functions would be to characterize its interactome. 

TQC in the cytoplasm involves many factors that act at specific stages to detect collided ribosomes, 

split them, degrade defective mRNA, and target the aberrant nascent chains for degradation. Should 

RbcL have a role in a related process in chloroplasts, I would expect it to associate with other 

factors. To address this possibility, one could pull-out RbcL and subject it to mass spectrometry 

and proteomic analyses. Ideally this would be performed from biochemical fractions enriched in 

the alternate form of RbcL, or in mutants with elevated moonlighting functions. 

4.4 On Possible TQC Systems in Chloroplasts 

 Finally, I would like to speculate on the nature of a TQC system in chloroplasts. To date, 

no conclusive evidence has been published on TQC in chloroplasts. Nonetheless, several findings 

suggest that one should exist.  
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 A consequence of the electron transfer reactions housed in the thylakoid membranes of 

chloroplasts is the production of ROS (Asada, 2006). During oxygenic photosynthesis light energy 

is used to drive the oxidation of water, channelling its electrons through a photosynthetic electron 

transport chain. When light intensity is in excess of the ability of chloroplasts to utilize it, 

overreduction of the electron acceptors in the photosynthetic electron transport chain occurs 

(Takahashi and Murata, 2008). High light and other environmental stresses therefore compromise 

the ability of the photosynthetic machinery to harness light energy. These conditions lead to the 

potential for ROS production at several positions throughout the photosynthetic electron transport 

chain (Foyer and Shigeoka, 2011). Chloroplast translation often occurs in close proximity to the 

ROS producing photosynthetic electron transport chain (Asada, 2006; Uniacke and Zerges, 2007). 

Because mRNAs are susceptible to oxidation events that can induce ribosome stalling, it is 

reasonable to ask whether a quality control mechanism exists for translation in chloroplasts. 

Because of their endosymbiotic origin, the possibility of TQC in chloroplasts is supported by 

the existence of systems that recognize stalled ribosomes in bacteria. Bacteria can resolve NGD 

and Non-Stop Decay (NSD) substrates using ribosome rescue systems such as: trans-translation, 

bacterial ribosome quality control, peptidyl-tRNA drop-off, and alternative ribosome rescue factors 

(Müller et al., 2021). Ribosome rescue systems can be presumed to also exist in mitochondria, 

another organelle of endosymbotic origin. Like chloroplasts, mitochondria lack trans-translation, 

but do have alternative ribosome rescue factor homologues, called ICT1 and C12orf65 (Ayyub et 

al., 2020). While ribosome rescue activity of mammalian ICT1 has only been demonstrated in a 

heterologous system in vitro (Feaga et al., 2016), the yeast homologue of C12orf65 (Pth3/Rho55) 

is required for stalled ribosome rescue in a NGD-like manner in vivo (Hoshino et al., 2021). A 

homologue of the bacterial ribosome rescue factor, ArfB, was recently identified in Arabidopsis 
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thaliana (Nagao et al., 2020). This nuclear-encoded factor, called AtArfB, localized to chloroplasts 

in Arabidopsis and displayed ribosome rescue activity both in vitro and in vivo.  
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SUPPLEMENTARY INFORMATION 

 

Table S2.1: .xlsx file containing the list of validated ORB proteins  

Table S2.2: .xlsx file containing the list of candidate ORB proteins 
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Figure S2.1. Controls for immunofluorescence (IF) staining.  

(A) The ɑ8-oxoG antibody does not detect ORBs following block with 8-oxoG (10 µg/µg of 

antibody) (Ab Block) or when the primary antibody against 8-oxoG was excluded (No Primary). 

(B) The ɑHA antibody detects the HA-tagged Ura3 nascent polypeptide in a transformant 

expressing it (WT+p126) because signal was not detected when the antibody was excluded (No 

Primary) or when the antibody was used to stain untransformed wild type cells (WT). (C) IF 

staining of GFP in untransformed cells (WT) or cells transformed with Rpb2-GFP, demonstrating 

that the GFP signal seen in situ is specific. Scale bars = 2.0 µm. 
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Figure S2.2. ORBs are none of the known RNA-containing organelles. 

Co-IF staining of ORBs (α8-oxoG) and the indicated GFP-tagged marker proteins for membranous 

organelles and RNA granules in situ. Scale bars = 2.0 µm. 
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Figure S2.3. Foci form in response to hydrogen peroxide in live cells. 

Fluorescence from Dom34-GFP, Hbs1-GFP, Nmd3-GFP, Psa1-GFP, or wild-type (WT) is shown 

in cells that were untreated or exposed to 5.0 mM hydrogen peroxide (H2O2) for 30 min. Scale bar 

= 2.0 µm.  
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Figure S2.4. The truncated HA-Ura3 nascent polypeptide accumulates in dom34Δ 

background to serve as a marker for the stalled mRNA-ribosome-nascent polypeptide 

complex. 

(A) The schematic shows the URA3-mRNA1FL (top) and URA3-mRNA1Rz (bottom). The 

locations of start (AUG) and stop codons, the probe used for northern blot analysis (prA), and the 

ribozyme (Rz) cleavage site are indicated. (B) Northern blot analysis of the levels of mRNA1FL 

and mRNA1Rz in wild type (WT) and dom34Δ. (C) Immunoblot analysis of HA-Ura3 in total 

protein from wild-type (WT) or dom34Δ, in strains that were transformed with either expression 

construct (mRNA1-FL (FL), mRNA1-Rz (Rz)) or non-transformed strains (n.t.).  
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Chlamydomonas strain Genotype Notes 

CC-4051 wild-type 4A+ used for CAP/Linc gradients 

CC-125 wild-type 137c used as WT for microscopy 

CC-1168 y1 yellow-in-the-dark mutant 

CC-4887 wild-type 2137 parental strain to SDMs 

CC-4791 rbcL-G54D  

CC-4719 rbcL-C84S  

CC-4712 rbcL-C172S  

CC-4713 rbcL-C449S/C459S  

CC-4763 rbcS1-SSAT  

CC-4765 rbcS1-SSHA  

CC-4761 rbcS1-SSSO  

Table S3.1. Strains used in Chapter 3. Abbreviations: SDM refers to the site-directed mutants of 

RbcL listed in the table; CAP = chloramphenicol; Linc = lincomycin; N = nitrogen 

 

 


