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Abstract
Novel functions of the pyrenoid and the large subunit of ribulose-1, 5-bisphosphate

carboxylase/oxygenase in Chlamydomonas reinhardtii

Yu Zhan, Ph.D.

Concordia University, 2015

This thesis describes my research in the cell and molecular biology of the chloroplast of
the green alga Chlamydomonas reinhardtii. Following a general introduction to all relevant
topics in Chapter 1, Chapters 2 to 4 present different projects, each with the organization of a
publication.

Chapter 2 describes my investigation of the management of oxidized RNA in the chloroplast
a semi-autonomous, bacterial-type cell organelle. | show that the large subunit of Rubisco,
RBCL, has a “moonlighting” function in controlling the level of oxidized RNA in the chloroplast. |
also show in this chapter that a complex of RBCL, correlates with the RBCL moonlighting
function, with results of native polyacrylamide gel electrophoresis and size-exclusion
chromatography. The identification of this RBCL complex and aggregated form is a step towards
understanding how RBCL mitigates RNA oxidation.

Results of immunofluorescence microscopy reveal that oxidized RNA localized in the
pyrenoid, a chloroplast micro-compartment where CO, is assimilated by the Calvin cycle enzyme
Rubisco. This finding, together with previous research of chloroplast stress granules, provoked
my interest in the potential functions of pyrenoid in RNA metabolism and led me to undertake a

iii



proteomic characterization of this microcompartment. Chapter 3 reports a partial pyrenoid
proteome. | optimized the subcellular fractionation methods to obtain pyrenoid-enriched
fractions and devised a means of identifying contaminant proteins, by preparing equivalent
fractions from mutants that lack a pyrenoid. Results of bioinformatic analyses of this pyrenoid
proteome further substantiate its role in RNA metabolism, and also confirm its long-suspected
role in starch metabolism. The results also suggest additional unexpected possible functions in
translation, lipid metabolism, chlorophyll biosynthesis and stress responses.

Chapter 4 describes results that further support the role of the pyrenoid in chlorophyll
synthesis and reveal other new and unexpected findings. The localization of chlorophyll
synthesis could closely relate to the assembly of photosystem or light harvesting complex
proteins. These results also give hints regarding the location(s) of thylakoid biogenesis. My work
reveals a novel function of the photosynthesis protein RBCL in the control of oxidized RNA and
the important potential functions of the pyrenoid, in RNA metabolism and chlorophyll

biosynthesis.
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Chapter 1: General Introduction
1. 1 Chlamydomonas reinhardtii as a model organism.
1.1.1 C. reinhardtii is a model organism in molecular and cellular biology

C. reinhardtii is a unicellular eukaryotic green alga that is widely used as a model organism
in research of many cell biological processes; chloroplast biogenesis, photosynthesis, flagella-
based motility, flagella biogenesis, organelle genetics and non-Mendelian inheritance [1]. C.
reinhardtii was described in 1888 by Dangeard and has been used as model organism for studies
of chloroplast biology since the 1950s when Ruth Sager discovered the non-Mendalian or
“cytoplasmic” inheritance of traits that were later shown to be transmitted with the chloroplast
genome [2, 3].

C. reinhardtii cells have a highly stereotypical intracellular organization of their nucleus and
organelles. Each cell contains a central region with the nucleus, cytoplasm, endoplasmic
reticulum and the Golgi apparatus. Two flagella are organized by basal bodies at the apical cell
pole. Each cell normally has one to more contractile vacuoles for osmoregulation [4, 5]. The
single chloroplast has a large globular region in the basal (posterior) region of the cell, from
which lobes emerge to surround the central nuclear-cytosolic region. These lobes can be
interconnected, making the chloroplast resemble a basket. Mitochondria are present
throughout the cytosol and also at its periphery, between the chloroplast and plasma
membrane [6]. The cell is enclosed by a cell wall, which is constituted by hydroxyproline-rich
glycoproteins [7].

1.1.2 Chloroplasts

Chloroplasts are the organelles which carry out photosynthesis, synthesis of amino acids,



lipids and pigments, and the assimilation of sulfur, nitrogen and phosphorus [8]. The chloroplast
is surrounded by an envelope, which is composed of outer and inner membranes. Within the
chloroplast, a network of membranous vesicles, called thylakoids, carry out the light-dependent
reactions of photosynthesis and ATP synthesis. The aqueous-proteinaceous stroma contains
many enzymes involved in diverse biochemical pathways. The chloroplasts of most algae and
the hornworts (a group of aquatic plant) have a large spherical pyrenoid which carries out the
assimilation of CO; in the Calvin cycle and, therefore, contains most of the pool of Ribulose-1, 5-
bisphosphate carboxylase/oxygenase (Rubisco) [9].

The light-driven reactions of photosynthesis are carried out by photosystem | and
photosystem Il (PSI and PSIl) with their associated light-harvesting antenna complexes,
chlorophyll a and b and carotenoids. PSI and PSIl are in an electron transport chain with an
intermediary complex, cytochromes bg/f. This photosynthetic electron transport chain oxidizes
water to provide electrons for the reduction of NADP, and the generation of an electrochemical
proton gradient, which is used for the synthesis of ATP. The LHCI (light harvesting complex 1)
associated with PSI and LHCII complex with PSII collect light for photosynthesis and determine
how much light energy is transferred to photosystems [10].

C. reinhardtii has three distinct genetic systems: in the nucleus, chloroplast, and the
mitochondria. The nuclear genome contains 17,737 protein-coding genes and is GC rich (64%)
[11]. Introns are present in most genes [11, 12]. The genome has been sequenced and fully
annotated providing an invaluable resource [11].

The chloroplast contains a bacterial-type genetic system because this organelle has been

evolved from an endosymbiotic cyanobacterium [13]. Chloroplasts also have retained the



bacterial-type transcription and translation machinery of this endosymbiont [14-16]. The
chloroplast genome is 203,828 bp and encodes 99 genes (64 protein-coding genes, 29 tRNA
genes and 6 rRNA genes. It has a particularly low GC content (35%) [17]. The chloroplast DNA is
present in 80-100 copies per chloroplast and it is packaged in irregular shape bodies called
nucleoids, which can be seen by fluorescence microscopy [18]. There are about 10 nucleoids in
each C. reinhardtii chloroplast [19].

Most of chloroplast proteins are encoded by the nuclear genome, synthesized by 80S
cytoplasmic ribosomes, and then imported into the chloroplast [20]. A smaller subset of
chloroplast proteins are encoded by the chloroplast genome and synthesized within the
organelle by the 70S bacterial-like ribosomes [21]. Moreover, some products of nuclear genes
can control the expression of chloroplast genes [22].

1.1.3 The pyrenoid

The pyrenoid is a non-membrane bound spherical body within the chloroplasts of most
algae and aquatic plants, the hornworts [23, 24]. It is surrounded by starch under low [CO,]
growth conditions [25]. There is only one pyrenoid per chloroplast in most Chlamydomonas
species [26]. The pyrenoid is the major reservoir of Rubisco. The pyrenoid is believed to provide
a low [0;]/[CO,] ratio to favor the carboxylase activity of Rubisco in the Calvin cycle over its
non-productive oxygenase activity. A carbon concentrating mechanism (CCM) involving the
pyrenoid is reviewed below [27]. In addition, the sequestration of Rubisco in pyrenoid protects
Rubisco from the O, generated by PSIl in thylakoid membranes throughout the chloroplast [28].
Rubisco activase has also been shown to be localized within the pyrenoid [29]. There are also

some enzymes that appear to be associated with the periphery of the pyrenoid, like nitrate



reductase, ferredoxin-NADP® reductase and phosphoribulokinase [29, 30]. The integrity of
pyrenoid is essential for the CCM while some mutant strains lacking Rubisco and CCM enzymes
also lack a pyrenoid [31, 32].

The formation of pyrenoid in C. reinhardtii requires the Rubisco small subunit (RBCS) and
specifically two solvent-exposed alpha-helices thereof [33]. Since the amino acid composition of
algae RBCS is more hydrophobic compared to the higher plant RBCS, packaging Rubisco in
pyrenoid may be a spontaneous aggregation of Rubisco by hydrophobic interactions [33].

Although there is no membrane surrounding the pyrenoid, a three-dimensional
reconstruction shows thylakoid tubules extending through windows between starch plates and
into the pyrenoid matrix where they interconnect to form a network [34]. Recently, mini-tubules
inside these thylakoid tubules were identified. These mini-tubules contain stroma and have
opposite openings outside and inside the pyrenoid. Therefore, they provide a pathway for
molecules to diffuse in and out directly between pyrenoid and stroma [35].

Whether or not pyrenoids have other functions is unknown. There are indications of
possible roles of pyrenoids in the metabolism of DNA and RNA. Several studies have shown that
the pyrenoid stains for DAPI in certain green algae, but not in C. reinhardtii. However,
chloroplast nucleoids had been shown localized adjacent to the pyrenoid in C. reinhardtii [18,
36]. A DNA endonuclease UVI31+ which was related to DNA repair was found to localize to the
pyrenoid, and to leave the pyrenoid under stress induced by UV light exposure [37]. These
findings suggest that the pyrenoid may have a role in the maintenance, inheritance, replication
or expression of the chloroplast genome.

A role of the pyrenoid in RNA metabolism is suggested by the finding of stress granules at



the vicinity of the pyrenoid in C. reinhardtii [38].

The pyrenoid has been proposed to be a location of thylakoid membrane biogenesis [39].
The pulse-labeling with [*H] acetate of membrane lipids revealed significant labeling of the
pyrenoid thylakoid tubules, supporting membrane synthesis in these locations [39].
Acyltransferase activity, which is involved in membrane lipid synthesis, was also detected in the
pyrenoid by histochemical staining and electron microscopy [40]. These results suggest that the
thylakoid tubules in pyrenoid are generated inside pyrenoid and then connected with the
outside thylakoid membrane.
1.1.4 Rubisco and RBCL

Rubisco is a key enzyme in carbon assimilation; it takes gaseous CO, and RuBP as substrates
and generates two molecules of 3-phosphoglyceric acid (3-PGA) or one molecule of 3-PGA and
one molecule of 2-phosphoglycolate (2-PG) in the oxygenation reaction [41, 42]. The
competition between the carboxylase activity of Rubisco and its oxygenase activity lead to
inefficient CO, fixation. This inefficiency is thought to be the reason of the high abundance of
this enzyme (about 50%) in plants and algae [43]. The Rubisco holoenzyme contains eight copies
each of RBCL and RBCS. RBCL is encoded by the chloroplast rbcL gene, while RBCS is encoded by
two nuclear genes; RBCS1 and RBCS2 [17, 44]. C. reinhardltii is widely used for studies of Rubisco
function and biogenesis because, in addition to the above-mentioned advantages as a model
organism, its rbcL gene can be modified by chloroplast transformation and there are mutants
strains that lack both RBCS genes, which are adjacent in a single genetic locus [9, 26, 29, 45-49].

The promoter of the rbclL gene contains typical -35/-10 bacterial-like elements with an

enhancer to maintain high expression [50]. There is an RNA-stabilizing stem-loop structure in



the rbcl 5 untranslated region (UTR) and fusion of this region to the GFP coding region can
drive high levels of expression in chloroplast transformants [51]. The two step-loop structures in
the 3’ UTR stabilize the transcript against exonucleolytic decay [52]. Moreover, the
accumulation of the chloroplast rbcL transcript is regulated by a nuclear factor, maturation of
rbcL (MRL1), which stabilizes the rbcL mRNA via its 5' UTR [53]. Under reducing conditions, the
5’ UTR region of rbcL can specifically bind proteins of 81, 62, 51, and 47 kDa in UV-cross-linking
experiments. However, under oxidizing condition, the binding of these proteins is interrupted
because RBCL binds with rbcL mRNA by its non-specific RNA binding activity. The amino
terminus of RBCL shares a common BaBBap structure, which is known as “ferredoxin-like”
domain found in a number of RNA-binding proteins [54].

Although the ratio of RBCL to RBCS in Rubisco holoenzyme is 1:1, both transcript and
protein ratios of these two components are 5:1, which indicates that RBCS is the limiting factor
for the assembly of the holoenzyme [55]. Thus there is a substantial pool of RBCL which is not in
the holoenzyme and, therefore, may have a function other than Rubisco.

1.2 Carbon Concentrating Mechanism (CCM)

CO, concentration is a major factor contributing to plant growth rate, photosynthesis rate
and expression of genes [56]. A CCM helps aquatic photosynthetic algae to increase the CO,
concentration around the carbon fixation enzyme, Rubisco. The CCM is induced by the ambient
(0.03-0.05%) or lower CO, concentration and it is important for the aquatic organisms due to
their lower availability of CO, resulting from the low diffusion rates in water than in air.
Moreover, most CO, in water near pH 7, the range found in natural water, is converted to the

bicarbonate ion (HCO3'). Unlike CO,, the bicarbonate ion cannot cross membranes and enter



cells and organelles by simple diffusion [57]. The CCM involves a set of transport proteins and
enzymes to help the efficient uptake of inorganic carbon (Ci), like CO, and HCO5 into cells to the
site of Rubisco for fixation.

1.2.1 Cell surface and plasma membrane:

As was mentioned above, unlike CO,, HCO3 cannot directly cross plasma membrane by
simple diffusion. There are several transporters in the plasma membrane to transport HCO3
into the cytosol. Low- CO; inducerl (LCI1), the first identified membrane protein which is up-
regulated by limiting CO,, is localized in plasma membrane [58]. An ATP-binding cassette
transporter HLA3, which is encoded by high light induced gene 3 (HLA3) is another plasma
membrane transporter for HCO3™ [59]. Both CO; and HCO3' in the environment can be taken in
as the Ci source. There is a pH-dependent equilibrium between these two Ci species. The low
CO, induced periplasmic carbonic anhydrase 1 (CAH1) can maintain the equilibrium between
these two Ci species for uptake of either HCOj3™ via transporters or CO, via simple diffusion [60].
1.2.2 Cytosol and chloroplast envelope:

No carbonic anhydrase (CA) was found in the cytoplasm and this may serve to maintain a
high HCO3™ concentration in this compartment. Leakage of CO, could be minimized since there is
no CA to dehydrate accumulated Ci as HCO3™ [61]. There are two CAs, CAH4 and CAH5, in the
mitochondria [62]. Although, the function of these two enzymes may not directly relate to CCM,
CAH4 is induced under low CO, conditions [62]. The protein low CO, induced A (LCIA) has been
identified as a HCOs transporter in the inner chloroplast envelope membrane [31, 63]. The
other putative Ci transporters for chloroplast envelope are chloroplast carrier protein 1 and 2

(CCP1/CCP2). They are strongly up-regulated in low CO, conditions and they are members of the



mitochondria carrier family, although they function in the chloroplast envelope [64]. The other
protein that is required for Ci transport into the chloroplast is CemA, a protein of the chloroplast
envelope which is encoded by the chloroplast gene ycf10 [65]. Instead of acting as a Ci
transporter, it mainly plays a role in electrical and pH homeostasis to affect Ci transport [66].
1.2.3 Chloroplast stroma:

Another group of low-CO,-induced genes include LC/IB and three related genes; LCIC, LCID,
LCIE, which encode proteins implicated in CO, uptake in the stroma [67]. LCIB functions under
both low CO, and very low CO, (<0.02%) conditions for CO, acclimation and it is proposed to
catalyze unidirectional hydration of CO, to HCO3 for CO, accumulation [67]. LCIB localizes at the
vicinity of the pyrenoid when CCM is active and moves to the stroma after cells are shifted to
high CO, conditions [68]. This localization may let LCIB capture the leaking CO, from the
pyrenoid and hydrates it back to the HCO3™ pool in the stromal. Another stromal CA, CAH6, can
covert CO, to HCOj3  in alkaline stroma to maintain high Ci concentration [69].

1.2.4 Pyrenoid:

As mentioned above, the pyrenoid is the major site of localization for Rubisco and almost
90% of total pool of this enzyme complex is therein when CCM is induced [70]. Rubisco
catalyzes the first step of Calvin Cycle and it incorporates CO, into organic carbon by combining
it with RuBP [71].

One of the carbonic anhydrases (CAs) in the pyrenoid, CAH3, catalyzes the conversion of
HCOs; to CO, near Rubisco [72]. Originally, it was considered to localize to the lumen of
thylakoid tubules when phosphorylated [73]. Some recent research revealed that

phosphorylated CAH3 might localized in stroma either in mini-tubules or very close to the



opening of the mini-tubules [35]. The mini-tubules could provide a direct route for diffusion of
stromal HCOs into the pyrenoid, eliminating the need for a CA in the thylakoid lumen, the
previously proposed route. In addition, the only “missing” transporter, which was proposed to
transport HCO3 into the lumen of thylakoid tubules to meet CAH3, is not needed anymore.

1.2.5 CCM model:

The results of cryo-electron tomography of C. reinhardtii architecture, reviewed in the
previous subsection (1.2.4), support an updated CCM model [35, 66, 74]. The CO, in the
environment can diffuse into the pyrenoid to meet Rubisco. This CO, can be generated from
HCOs by CAH1 (dehydrates HCOs to CO,) in the periplasm. In addition, cells can also take up
bicarbonate by the transporters. LCI1 and HLA3 would transport HCO3 into cytoplasm and LCIA
would take it across the chloroplast envelope to the stroma. Instead of finding a way to reach
the thylakoid lumen in pyrenoid, HCO3™ could be dehydrated to CO, by phosphorylated CAH3
localized in or very close to the openings of the mini-tubules at the surface of the pyrenoid.
Then the stromal HCO5; and the Rubisco substrate ribulose-1, 5-bisphosphate (RuBP) can be
directly delivered to the pyrenoid matrix via the mini-tubules. The product of carbon fixation,
like 3-PGA, can also be transported from pyrenoid to stroma directly via these mini-tubules (Fig

1.1).



Stroma

Figure 1.1 The CCM model involving pyrenoid of C. reinhardtii.

New CCM model modified from previous paper. Those mini-tubules in the thylakoid tubules
provide a direct content exchange between the stroma and the pyrenoid, as Rubisco substrate,
RuBP and carbon assimilation product, 3-PGA. Bicarbonate is transported from outside to
chloroplast stroma by plasma transporter HLA3 and LCI1 (orange), and envelope transporter
LCIA (blue). CAH3 (red) could locate close to or within the mini-tubules to hydrate bicarbonate

to CO, and CO; could be delivered to Rubisco in the mini-tubules without transporters.
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1.2.6 Regulation of CCM

The expression of protein components of the CCM is regulated by two transcription factors:
Ci accumulation 5 (CIA5 or CCM1) and low-CO; response regulator 1 (LCR1) [75]. CIA5 regulates
most Ci transporters and some carbonic anhydrases like LCIA, LCI1, HLA3 and CCP1/2. Although
CIA5 is called the master regulator of CCM, its transcript levels are independent of CO,
concentration [76]. That means the posttranscriptional activation of CIA5 in limiting CO, is
required for its regulation. LCR1 regulates at least three low CO, induced genes: CAH1, LCI1 and
LCI6 [77].
1.2.7 What else happens under low CO, conditions?

Some photorespiratory enzyme activities also increase during low CO, conditions, including
phosphoglycolate phosphatase, glycolate dehydrogenase and glutamine synthetase [78, 79].

The subcellular organization can also be changed during the limiting CO, acclimation. The
starch sheath surrounding the pyrenoid is developed and possibly acts as a diffusion barrier to
minimize loss of CO, from Rubisco-rich- pyrenoid when CCM is induced and disassembled when
CCM is repressed [80, 81]. The distribution of mitochondria also changes from a central position
inside the “cup” of the chloroplast to the periphery between the chloroplast and the plasma
membrane [82]. This relocalization of mitochondria may relate to the scavenging of the
photorespiratory product glycolate when CO, is limiting [83].
1.3 Chlorophyll biosynthesis

C. reinhardtii synthesizes several pigments including chlorophyll a and b. Chlorophyll absorbs
light energy in the light-harvesting antenna complexes and transfers this energy to the reaction
centers of PSI and PSIlI [84]. The chlorophylls are composed of two parts: the tetrapyrrole ring
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and the isoprenoid phytol “tail” [85]. Most of the genes related to chlorophyll biosynthesis are
nuclear and is tightly regulated [86]. Although most chlorophyll biosynthesis-related genes have
been identified in C. reinhardetii, the precise localization of this pathway within chloroplasts is
still not clear.

The whole chlorophyll synthesis pathway can be described by the formation of tetrapyrrole
ring and the addition of isoprenoid phytol tail. First, the universal tetrapyrrole precursor 5-
aminolevulinic acid (ALA) is formed from glutamate in the chloroplast [87]. After the
macrocyclic tetrapyrrole forms, the pathway has two branches: the “oxidative pathway” to form
protoporphyrin IX; the “reducing pathway” to generate siroheme as another important product
in the tetrapyrrole synthesis [88]. Protoporphyrin IX can either form protoheme as another side
product, with the insertion of Fe?* by protoporphyrin IX ferrochelatase (FeC) [89] or continue
chlorophyll synthesis by the insertion of Mg®* [90] (Fig 1.2) .

Here, | pay more attention to the steps following protoporphyrin IX synthesis and Mg2+

insertion, which are specific to chlorophyll biosynthesis.
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Figure 1.2 Chlorophyll biosynthesis.

The process of chlorophyll synthesis happens in chloroplast. Stroma is the major location to
generate protoporphyrin IX and the latter steps to generate chlorophyll take place on the
membrane system. PPMT; Mg-Protoporphyrin IX methyltransferase, DVR; Divinyl (proto)

chlorophyllide 8-vinyl reductase, POR; protochlorophylilde oxidoreductase.



1.3.1 Chelation of Mg>*

Mg2+ is inserted into protoporphyrin IX by the chloroplast ATP-dependent Mg-chelatase [91].
There are two steps for Mg insertion: activation of Mg-chlelatase and Mg chelation. Both steps
are ATP dependent [92]. The enzyme has a Mg**-dependent membrane association [93]. Mg-
chelatase is synthesized in the cytoplasm and imported through the envelope to the stroma
[90]. The enzyme was originally thought to be associated with envelope membranes [90].
However, others consider the thylakoid membrane as the major location of Mg-chelatase,
although no evidence was provided to support this hypothesis [92]. There are three subunits of
the Mg-chelatase complex: CHLD, CHLI, CHLH. These are encoded by nuclear genes and targeted
to the chloroplast in C. reinhardtii [94]. The above-mentioned three proteins are sufficient for
Mg chelation, however, there is another cofactor protein that can greatly increase the Mg
chelation rate; GUN4 [95].

1.3.2 Methylation of the 133—propionate carboxyl group of Mg-protoporphyrin IX
Mg-Protoporphyrin IX methyltransferase (PPMT) catalyzed the methylation of 133-
propionate carboxyl group of Mg-protoporphyrin IX. This enzyme activity was found in fractions
containing either envelope or thylakoid membranes [92]. PPMT has important interactions with
Mg-chelatase [96]. They may act together to regulate the intermediate Mg-protoporphyrin IX.
There is one candidate gene in C. reinhardtii encoding PPMT, however, there are no reports of
the activity of this protein in C. reinhardtii [88].
1.3.3 Formation of the isocyclic ring
The Mg-protoporphyrin IX monomethyl ester oxidative cyclase is the most common
enzyme that forms the isocyclic ring from 13-methylpropionate. The Mg-protoporphyrin IX
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monomethyl ester is converted to divinyl-protochlorophyllide. The C. reinhardtii cyclase activity
is associated with membranes, inhibited by EDTA and other metal chelators, but recovered by
adding Fe?* [97]. There is an indication that the cyclase is localized to the inner envelope
membrane [90]. There are two cyclases in Chlamydomonas: CHL27A (CRD1) and CH27B (CTH1).
CRD1 (Copper response defect 1) is the cyclase that accumulates under conditions of either
copper-deficiency and oxygen-deficiency while CTH1 is expressed under copper-sufficient and
oxygenated conditions [98].
1.3.4 Reduction of the 8-vinyl group

Divinyl (proto) chlorophyllide 8-vinyl reductase (DVR) catalyzes the reduction of the 8-vinyl
group of the tetrapyrrole to form an ethyl group. The activity of DVR is detected on the plastid
membrane, but not the stroma, and it requires NADPH as reductant [99] [100]. The C
reinhardtii genome contains a gene that is predicted to encode DVR, although this has not been
confirmed experimentally [101].
1.3.5 Reduction of pyrrole ring D of protochlorophylide

This step coverts the porphyrin molecule protochlorophyllide a into the chlorin
chlorophyllide a. In most green algae and gymnosperms, two different protochlorophylilde
oxidoreductase (PORs) are involved depending on light; one is light-dependent and the other
light-independent. Angiosperms have only the light-dependent POR.
1) light-dependent POR

Light-dependent POR (LD-POR) is a peripheral membrane-associated protein and is
encoded by a signal nuclear gene in the C. reinhardtii [102]. LD-POR is found mainly associated
with thylakoid membranes during the greening process. “Greening” refers to the development
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of the chloroplast from a proplastid or, in angiosperm seedlings, the etioplast [103]. However, in
the mature chloroplast, the amount of POR drops and the distribution shifts to the envelope
membrane [104]. There are some other evidence to show that LD-POR localized at the outer
leaflet of the outer envelope membrane [105]. The enzyme forms a three-component complex
with NADPH and protochlorophyllide a [106]. This complex can convert protochloropyllide to
chlorophyllide in a reaction requiring a photon.

2) light-independent POR

Three chloroplast genes- chlB, chiL and chIN encode subunits of the light-independent
POR; which catalyzes the reduction of ring D in the protochlorophyllide [107]. ChIL is not
essential for the protochlorophyllide reduction and can be replaced by another protein in a
limited level since a ChlL-deficient mutant of Synechocystis (a cyanobacteria) can synthesize a
small amount of chlorophyll [108].

ChIB and ChIN exist in cells cultured in the light, while ChlL is only present in cells cultured
in the dark or under low light, although the transcript level of these proteins are almost the
same in both light and dark [109]. In the light-cultured cells, it is proposed that the translation
of ChlL is blocked by the energy state and redox poise in the chloroplast. Additionally, CHIL is
destabilized by the production of O, in cyanobacterium Leptolyngbya boryana [110]. Some LD-
POR mutants cannot grow under high light intensity unless at very low O, concentration [110].
However, a C. reinhardtii LD-POR-deficient mutant accumulates about half as much chlorophyll
as wild type in the light, which means the light-independent system is more resistant to O,
[111].

In addition to the plastid encoded ChIB, ChIN and ChlL, the light-independent pathway
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requires nucleus-encoded components in Chlamydomonas. At least 7 nuclear loci, y1, y5-y10
are required for the light-independent system. Mutations at these loci cause the accumulation
of protochlorophyllide in the dark [112]. Y mutants accumulate ChIB and ChIN, and lack ChiL
except y7 mutant [109]. The y gene products are required for translation of the ChlL or for the
synthesis of some metal clusters which are present in the ChIB-ChIN complex and ChlIL [113].

Why is light-dependent protochlorophyllide reduction needed in organisms that can form
chlorophyll without light? First, LD-POR is more efficient than the light independent enzyme
[114]. Secondly, LD-POR has a signaling function with the light induction. The activation of LD-
POR by light may generate a signal within cells and let them initiate the other reactions in order
to adapt to light [114].
1.3.6 Phytylation

Esterification of the 17-propionic acid with the C,q polyisoprene alcohol phytol is the last
step of chlorophyll a formation. After the esterification, the pigment-bound geranylgeranyl is
reduced at the three positions with NADPH and ATP [115, 116]. A single thylakoid-localized
esterifying enzyme, chlorophyll synthase (CHS) is required for this step [117].
1.3.7. Biosynthesis of chlorophyll b

0, is required to form chl b from chl a. This is consistent with the finding that all chl b-

containing organisms are aerobic [118, 119]. Chl b accounts for 15-20% of the total chlorophyll
content in plants and green algae. It absorbs the light in the spectrum of 425 nm to 475 nm to
supplement chl a, but it is not essential for photosynthesis. The CAO gene (chlorophyllide a
oxidase) is necessary for chl b accumulation and its 51 kDa product, CAO, prefers chlorophyllide

a over chlorophyll g as substrate [120, 121].



1.4 Tools and techniques available for C. reinhardtii research

Many research tools have been developed for C. reinhardtii using the approaches of cell and
molecular biology, biochemistry, genetics, and biophysics [122, 123]. C. reinhardltii is ideal for
genetic analyses of photosynthesis because photosynthesis-deficient mutants are fully viable
when provided with a reduced carbon source for energy (typically acetate). Sexual reproduction
by C. reinhardtii was first found in 1875 and has allowed genetic analyses [1]. The sexual cycle
can be induced by nitrogen deprivation which induces haploid vegetative cells to differentiate
into gametes. Gametes of opposite mating-type fuse to form the diploid zygotes, which then
undergo meiosis to form four haploid progeny. These begin as spores within an ascus.
Therefore, tetrad analysis is possible. Vegetative progeny develops from the spores and then
divide by mitosis. While traits encoded by nuclear genes show Mendelian inheritance,
chloroplast genes are inherited uniparentally; i.e. only from the mating-type plus parent [124].
Many mutant strains are available which can be used to identify gene functions. For example,
genes in nitrogen assimilation were identified first through mutants with altered responses to
nitrogen availability [125].

Many excellent protocols for biochemical analyses and cellular subfractionation are
available [10]. The ability to obtain large amounts of cells from liquid cultures makes it easy to
generate material for these approaches. Standard techniques are available for the isolation of
chloroplasts and other compartments; however, chloroplast isolation is especially prone to
contamination by other organelles. One can also transform the genomes of the nucleus and the
chloroplast, and this can be used to disrupt chloroplast genes by homologous recombination

[126, 127]



1.5 C. reinhardtii as a model organism for studying stress responses

C. reinhardetii is also an excellent model system to research stress responses. C. reinhardltii
cells adapt quickly to changing environments and have an extensive repertoire of enzymes and
metabolic pathways that are conserved through evolution. Therefore, research with C.
reinhardtii can reveal conserved fundamental principles of stress physiology. Global gene
expression responses to stress induced by high intensity light, ROS, and deficiency for metals,
phosphate and sulfur have been characterized by microarray analyses and recently RNA-seq [3,
128]. C. reinhardetii is also emerging as a popular model system for studies of metal toxicity and
tolerance to toxic trace metals, particularly cadmium [129-133].
1.6 Reactive oxygen species (ROS), RNA oxidation and RNPs
1.6.1 ROS and RNA oxidation

Oxidative stress can occur in any organism when a biotic or abiotic condition causes the

production of reactive oxygen species (ROS) in excess of the capacity of antioxidant systems to
detoxify them. ROS are special forms of oxygen (0;), including hydrogen peroxide (H,0,),
superoxide (O, hydroxyl radical (HO), and singlet oxygen (O,*) [134]. In chloroplasts
electrons can be directed from PSI in an alternative electron transport pathway which shunts
electrons to O, to form water, in order to relieve over-reduction of intermediates in the
photosynthetic electron transport system [53]. O, is formed as the primary product of oxygen
reduction which is converted to H,0, by superoxide dismutase. The H,0; is then converted to
water by ascorbate peroxidase (APX). Some of the O, can be converted to the highly toxic 'HO.
The point here is that ROS are intermediates in an alternate electron transport pathway and can

potentially cause oxidative damage to cellular components. ROS are also produced during
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various stress conditions, e.g. exposure to high intensity or ultraviolet light, high temperature
stress (heat shock), hyperosmotic stress, nutrient deprivation and heavy metal [135]. Excessive
ROS are toxic because they induce oxidative damage of diverse molecules; thereby affecting
physiology at all levels, from molecules to organ systems. Indeed, ROS damage has been
proposed to be an underlying cause of aging and many diseases, including cancer and
neurodegenerative diseases [136].

In addition to their adverse and toxic effects, the steady-state level of ROS can be used
to monitor the stress levels experienced by plants. Since the over-accumulation of ROS can
result in cell death, their levels must be kept under tight control, a process called ROS
homeostasis [134]. Cells have antioxidant systems that scavenge and detoxify intercellular ROS.
In chloroplasts, these include the enzymes superoxide dismutase (SOD), ascorbate peroxidase
(APX) and glutathione peroxidase (GPX) [137]. The enhanced production of ROS can also act as
signals to activate stress responses and defense to oxidative stress [138]. One such response is
programmed cell death (PCD) by either apoptosis or necrosis [139]. Due to the importance of
oxidative stress to health and disease of humans, livestock and agricultural plants, intensive
research is addressing questions at each of these levels.

The major ROS targets have been considered to be proteins, DNA and lipids. However,
RNA has recently been added to this list as a ROS-induced damage target. For example, RNA
oxidative damage may be an early event in the development of Alzheimer’s disease and other
neurodegenerative diseases [140]. RNA is damaged more readily than DNA due to its single-
stranded structure, abundance, close localization to mitochondria and less protection by bound
proteins in the cells. ROS induces the formation of 8-hydroxyguanine and 8-hydroxyguanosine
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(8-0x0G) in DNA and RNA, respectively [141, 142]. Compared to the other types of oxidized
purines and pyrimidines, 8-oxoG is the most abundant base due to the high reactivity of
guanine [143]. The amount of 8-0xoG in both RNA and DNA can be detected by HPLC-ECD and
HPLC-MS/MS in the isolated RNA and DNA as well as some cell lines [144]. Moreover, 8-0xoG
can also be recognized by a commercial antibody and therefore subjected by quantification by
immunodetection, ELISA, or immunoprecipitation [143]. Thus, 8-oxoG is used as a common
marker to show the level of RNA oxidation. It should be noted that RNA oxidation could be in
many forms other than 8-oxoG, such that the actual level of RNA oxidation can be higher than
the detected 8-oxoG level. The oxidized bases in mRNA can slow the translation process and so
decrease protein expression due to ribosome stalling [145]. Oxidized RNA can also produce non-
functional proteins or short peptides that risk to aggregate or disrupt the functions of their
partner proteins [140].

RNA oxidation also has a regulatory function in the cells. For example, oxidation of
specific RNAs activates seed germination [146].

Organisms have systems for RNA surveillance and quality control. The mechanisms by
which cells handle oxidized RNA still remain largely unknown. Cells could protect intact RNA
from oxidation or degrade/ repair oxidized RNA as required.

Damaged RNA can be removed from the functional pool through degradation by
ribonucleases, although little is known about this process because the selective degradation
activity for oxidized RNA has not been identified [136]. However, the rapid degradation of
oxidized RNA suggests the presence of a specific degradation mechanism. The oxidized RNA
amount dropped to the normal level within one generation time in E. coli after removal of
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oxidant [147]. The authors proposed that a selective degradation mechanism of oxidized RNA
must happen in the cells for such a quick reduction to occur.

The multifunctional protein polynucleotide phosphorylase (PNPase) also plays an
important role in mitigating RNA oxidation in various organisms. It has a higher affinity to the
oxidized RNA than non-oxidized one [148]. PNPase deficiency leads to a hypersensitive
phenotype to UV and H,0, [149]. The PNPase mutant in E. coli showed higher 8-oxoG level in
RNA under oxidative stress and this could be corrected by transformation of plasmid containing
PNPase [148]. The human PNPase (hPNPase) is localized to the intermembrane space of
mitochondria [150]. In Hela cells, the level of 8-oxoG RNA was elevated when PNPase was
knocked down while the effect was opposite when PNPase was over-expressed [151]. How
PNPase controls RNA oxidation is still unclear. It could selectively degrade the oxidized RNA or
help to maintain stability of mitochondria under oxidative stress [143].

Several other RNA-binding proteins may also function in the oxidized RNA quality control.
They all have an oxidized RNA-binding activity, such as mammalian Y box-binding protein | (YB-
1), AU-rich element RNA binding protein 1 (Auf 1) and Ro autoantigen [152-154]. Lacking these
proteins in the cells could cause hypersensitivity to the oxidant [155].

The repair of oxidized RNA is not as well understood as it is for oxidized DNA. The 8oxo-dG/C
base pair in DNA can be repaired in the base excision repair pathway involved in a DNA
glycosylase (OGG1), AP endonuclease APE1, DNA polymerase (Pol) B, and DNA ligase | [156].
This mechanism is not known to occur in the repair of oxidized RNA. However, the alkylation
damage in RNA is repaired in the same way as DNA by hydroxylation of the methyl group [156].
Moreover, APE in DNA repair is also involved in rRNA quality control by acting as
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apurinic/apyrimidinic endonuclease [157]. MutT protein in E. coli is known to hydrolyze some
ribonucleotide analogs as well as 8oxo-dGTP [158]. This offers a possibility that MutT protein
can hydrolyze 8-oxo-GTP to 8-oxo-GMP to control the RNA quality at the transcriptional level
when using nucleotides to form RNA [159].

Two types of RNA granules, stress granules (SGs) and processing bodies (P-bodies), are
proposed to be cytoplasmic locations of oxidized RNA quality control (Mentioned below). SGs
are large non-membrane cytoplasmic ribonucleoproeins (RNP) complexes which response to
multiple stress stimuli [160]. SGs recruit oxidized RNA binding protein like YB-1 and Auf 1 when
they form under oxidative stress conditions [152, 161]. P-bodies are associated with RNA turn
over and increase in size and number during the oxidative stress and contain the RNA
degradation machinery [162]. Both of these two RNA granules are involved in RNA metabolism
under physiological and stress condition [155].

1.6.2 Cytoplasmic mRNPs

The life event of mRNA, such as processing, localization, translation and degradation is
controlled by mRNPs [163]. In addition to non-translated mRNAs, the mRNP contain RNA-
binding proteins and non-coding RNA as major components. The mRNPs assemble and grow
into a visible size in the eukaryotic cytoplasm, like P-bodies and SGs, the two most well known
RNA granules.

Although, different mRNPs contain some cellular contents that are specific to them, the RNP
granules have some common features. They all need non-translated mRNA and share some
RNA-binding proteins and mRNA species [164-166]. Some mRNP granules interact with each
other by docking and fusing [167]. Several types of mRNP granules have common mechanisms
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of assembly, for example, they all require non-translating RNA, self-interaction domains in the
granule proteins, cytoskeleton with motor proteins and protein modifications like
phosphorylation, acetylation and ubiquitination [168]. The principles of mRNP granules
disassembly are associated to the re-entry of the mRNA from the RNA granule to translated
pool on polysomes [169]. In addition, mRNA decay could also disassemble the mRNP [163]. Any
modification to impair the protein interaction and granule scaffolds can cause granules
disassembly [170, 171]. Two recent studies also show that mRNP granules can also be cleared
by autophagy [172, 173].

1.6.3 Stress granules and processing bodies

SGs contain translation initiation factors, translationally stalled RNA, small not large subunit
of ribosomes. Their formation needs the phosphorylation of the eukaryotic translation initiator
2 (elF2) [174]. The SGs are remarkable with their dynamic nature: they can assemble very
quickly in response to stress and disassemble quickly when stresses are removed [169].
Additionally, stabilizing mRNA on the polysomes or disassembling polysomes with antibiotic
indicates that the SGs are in a dynamic equilibrium with polysomes. There is an mRNA shuttle
between SGs and polysomes when the stress conditions change [166].

Despite the intensive research on SGs, their functions have not been demonstrated. There
are several hypothesizes based on a partial inventory of SG components and the fact that they
form during stress. First, The assembly of the SGs offers a docking place with high local
concentrations of protein factors and substrate mRNAs to favor forward reactions in repair
processes [168]. For example, SGs are enriched with mRNA and translation initiation factors,
possibly to favor translational initiation reactions and re-entry of these mRNAs to the translating
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pool. Secondly, keeping the mRNA and protein in the SGs may separate biochemical reactions
that could affect each other [175, 176]. Third, since the primary components of granules are
MRNPs, which participate in every step of mRNA life cycle, the hypothesized functions of SGs
could relate to mRNAs metabolism and quality control [163]. For example, mRNA could be
stabilized in SGs by recruiting stabilizing proteins, such as HuR and Pabl. Moreover, the
deadenylation is also inhibited in SGs [177, 178]. As mentioned above, the recruitment of
oxidized RNA binding protein Aufl and YB1 to the SG suggests that SG is also involved in control
of RNA oxidation under stress condition [152, 153].

P-bodies are another kind of RNA granule in the cytoplasm. These RNA-granules increase in
size and number during stress, but are also present under physiological conditions [162]. Like
stress granules, P-bodies contain translationally repressed mRNA. In addition, they contain
proteins related to mRNA decapping and the mRNA decay machinery: Dcplp/2p [179-181] and
the 5’ to 3’ exonuclease, Xrnlp [182]. The function of P-bodies is, therefore, presumed to relate
to translational repression, mRNA decapping and degradation. P-bodies and stress granules
have some common components, like the cap-binding factor elF4E, CPEB and the tristetraprolin
proteins (TTP) suggesting they may have some common functions related to translational
control and mRNA stability [167, 183]. The formation of SGs is dependent on P-bodies while the
formation of PBs is independent of SGs. Some protein like TTP can promote the docking
between PBs and SGs to let the RNP move from one to the other.

1.6.4 Chloroplast stress granules (cpSGs)
Stress granules can also form in the chloroplast of C. reinhardtii. cpSGs can form under
various stresses, such as hydrogen peroxide, UV, nutrient starvation and DCMU treatment, but
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not following heat shock or osmotic stress. cpSGs have similar components as cytoplasmic SGs;
untranslated mRNAs, translation initiation factors, the small (but not the large) ribosomal
subunit, and mRNA binding proteins as assembly factors [38]. Moreover, cpSGs also contain the
large subunit of ribulose bisphosphate carboxylase-oxygenase (Rubisco). RBCL in cpSGs is
probably not enzymatically active, because cpSGs are not enriched for the small subunit of
Rubisco (RBCS), which is required for Rubisco activity [184].

As mentioned above, RBCL in cpSGs may have a role as an assembly factor because this
protein was shown to have a cryptic RNA-binding activity that is activated under oxidizing
conditions in C. reinhardtii and vascular plants [54, 185-187]. RBCL also can form complexes as
large as polysomes under stress conditions [186]. During oxidative stress, the Rubisco
holoenzyme disassembles into RBCL and RBCS, whereupon most RBCS is degraded and RBCL
becomes competent to bind RNA with little or no sequence specificity. Thus, the excess of RBCL
is potentially for cpSG formation. These properties of RBCL would be expected for a cpSG
assembly factor. In this model, RBCL concurrently binds to mRNAs, or one mRNA and another
RBCL, thereby forming mRNP assemblies of indefinite size. Other proteins may bind by virtue of

their association with these mRNAs or other proteins bound to them.
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Chapter 2: RBCL mitigates RNA oxidation in C. reinhardtii.
Note: many of the results in this chapter are described in a manuscript authored by myself, my
colleagues and Dr. William Zerges (Appendix I1).
2.1 Introduction

Reactive oxygen species (ROS) can cause oxidative damage to diverse biological molecules
[134]. Most studies have focused on the mechanisms and consequences of oxidation of DNA,
proteins and lipids. Recently, RNA has been recognized as another important target of oxidation
[155]. For example, RNA oxidation is an early event in neurodegenerative diseases, such as
Alzheimer’s disease [188]. In addition, the oxidation of RNA can be regulatory or involved in a
signalling pathway [146, 189]. RNA oxidation level can be detected by the level of a modified
base induced by ROS; 8-oxoguanine (8-0xoG). 8-0xoG is the most common oxidized base and,
therefore, it is widely a used marker of oxidative damage to both RNA and DNA [190].

Compared to the many known antioxidant systems dedicated to DNA, proteins and lipids,
systems that manage RNA oxidation are still poorly understood. It has been proposed that RNA
oxidation may be managed in the cytoplasmic RNA granules, such as SGs and P-bodies (see
Chapter 1) [191]. The recruitment of oxidized RNA-binding protein, such as Auf 1 and YB-1, to
SGs under oxidative stress suggests that SGs are a location of quality control of oxidized RNA
[152, 153]. “Quality control” refers to the specific recognition of aberrant molecule and its
repair or selective degradation. P-bodies increase in number and size during oxidative stress
and they are known to contain RNA decay machinery [192]. The normal RNA decay mechanism

could also apply to the oxidized RNA degradation, although this has not been demonstrated to
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my knowledge. While our understanding of the quality control of oxidized RNA is advancing, the
precise mechanisms are still unknown.

In the chloroplasts of green algae and plant, antioxidant systems and molecular quality
control are particularly important because photosynthesis generates ROS [134]. While
chloroplasts are known to have quality control systems for oxidized DNA, proteins, and lipids
[193], nothing is known about how they manage oxidized RNAs. A former student in our
laboratory, James Uniacke, found a SG-like structure in the chloroplast of C. reinhardtii, which
are identified as cpSGs [38]. Like SGs, the cpSGs could play a role in handling oxidized RNA.
Analyses of the composition of cpSGs revealed a factor which could be related to cpSG function
in controlling RNA oxidation; the large subunit of Rubisco holoenzyme (RBCL).

RBCL has an RNA-binding activity under oxidizing condition and this may be required for its
recruitment to the cpSGs [38, 54]. RBCL in the cpSGs is not paired with RBCS. RBCL in cpSGs
should have another independent “moonlighting” function in addition to its known function in
photosynthesis [38] [54]. We hypothesized that RBCL can mitigate RNA oxidation by protecting
RNA from oxidation, or repairing oxidized RNA with RBCL-associated proteins, or selectively
degrading them. The proposed function that RBCL mitigates the oxidation of RNA, agrees with
the definition of antioxidant as a molecule that inhibits or delays the oxidation of other
molecules [194]. Hereafter, | refer to this “moonlighting” function of RBCL as “an antioxidant
function”.

In this chapter, my results show that RBCL has a Rubisco independent function, which is
required for cell survival and viability during oxidative stress and to control the level of oxidized
RNA in the chloroplast. The 8-oxoG containing RNA was found to localize within the pyrenoid,
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the main intracellular reservoir of Rubisco [195]. A complex about 100 KDa which contains RBCL

is also identified by the non-denaturing gel and size-exclusion chromatography as the possible

form to confer the “moonlighting” function of RBCL.

2.2 Materials and Methods

The strains | used in this Chapter are listed below:

Rubisco/
Strain Name rbcl RBCS  photosynthetic Parental strain Mutation
4A+ (CC-4051)
(wild-type) * * / /
Arbcl-MX3312 - + - CC-3269 mt+ Replacement of rbcL gene by aadA [10]

Deletion of the 2 RBCS genes (RBCS1 and

ARBCS-dim1 - - 4A -4051
CS-dim + + (CC-4051) RBCS2) [196][9]
Arbcl; ARBCS i i i Arbcl-MX3312 & Progeny from crossing two parental
(double mutant) ARBCS strains
ARBCS-RBCS2 N . ARBCS-dim1 RBCS2 gene on pSS2 plasmid was

(rescue mutant)

transformed back to ARBCS-dim1

Table 2.1 Strains used in the phenotypic analyses.

Survival and viability tests.

Because Rubisco mutants are highly light-sensitive [137, 197], all cultures were grown and

tested in the dark on Tris-acetate phosphate (TAP) medium and at 24°C with orbital shaking

[198]. Growth curves were obtained using cultures inoculated with 5 x 10° cells/ml in TAP

medium, whereupon cell density was measured at OD;,¢and verified by cell counts obtained

with a haemocytometer. It was critical to test cultures in mid-exponential growth phase with

cell densities in the range of 2-4 X 10° cells/ml. Cell survival and viability were assayed following

addition of H,0, to 4.0 mM. Cell survival was determined by counting the proportion of live

cells with the Trypan blue exclusion assay (Sigma-Aldrich). Viability was determined as colony

forming units on agar-solidified non-selective TAP medium by plating 103 cells at each test hour.

Analysis of oxidized RNA and DNA
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Oxidized RNA and DNA were quantified using aliquots of the same cultures. Where
indicated, cells were pre-incubated with 100 ug/ mL chloramphenicol or 100 pg/ mL lincomycin
for 15 min. Cells were treated with 2 mM H,0, for 15 min prior to the collection where
indicated. Total RNA was extracted using the TRI-reagent (Sigma-Aldrich) according to the
manufacturer’s protocol. Total DNA was extracted using hexadecyltrimethylammonium
bromide, as described previously [199]. RNA and DNA concentrations were quantified with a
2100 Bioanalyzer (Agilent) and from OD,¢o values obtained with a UV spectrophotometer,
respectively. Total RNA (5 pg) and DNA (1 pg) samples were transferred to a 0.45 um pore size
nitrocellulose membrane (Bio-rad) with a Minifold-Il slot blot system (Schleicher & Schuell).
Filters were blocked with 5% (w/v) non-fat dried milk in 1XPBST (NaCl 137 mM, KCl 2.7 mM,
Na,HPO4 10 mM, KH,P0,41.8 mM, Tween 20 0.1%) at room temperature for 1 h and reacted
with a commercial antibody against 8-oxoG with 1:500 dilution (QED Bioscience Inc., clone
15A3) overnight, at 4 °C [200]. A goat anti-mouse secondary antibody (KPL) was used and ECL
detection was performed with a commercial kit (Millipore). Quantification and statistical
analyses of the signals were carried out as describe in the previous paper [201]. This
guantification was complicated by the fact that each replicate gave only relative signal ECL
strengths for RNA (or DNA) from each of the strains and conditions. Therefore, because the
signal strength from the ArbcL RNA was consistently high, it was designated as 100% and the
ECL signals from the other samples were expressed as a percentage value. One sample t-tests
were used to ask whether the average ECL signal differed from 100%.

C. reinhardtii microscopy and IF-staining.
The protocols for cell fixation, permeabilization, and IF staining in C. reinhardtii were reported
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previously [202]. Where indicated, slides were treated for 1h at 37°C with 10 pg/ml RNase or 50
ug/ml DNase, following cell fixation and permeabilization. 8-oxoG was immunodetected with a
monoclonal mouse antibody (QED Bioscience Inc., clone 15A3). For the antibody block
experiment, 1 pg of antibody against 8-oxoG was pre-incubated with 10 pg 8-OHdG (Sigma-
Aldrich) for 3 h before probing. psbA mRNA probe conjugated with Alexa Fluor 488 (Invitrogen
Inc.) was used in the FISH experiment. Rabbit antibodies were used to immunodetect RBCL
(Agrisera AS03037), the 30S subunit chloroplast ribosomal-protein (5-20) and a stromal protein;
HSP70 [203]. Secondary antibodies were: Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor
568 goat anti-rabbit IgG (Invitrogen Inc.). Images were acquired by epifluorescence microscopy
using a Leica DMI 6000 microscope (Leica Microsystems) with a 63X/ 1.4 oil objective, a
Hamamatsu OrcaR2 camera and Volocity acquisition software (Perkin-Elmer). Z-stacks were
taken by series capture at a thickness of 0.2 um per section. Stacks were deconvoluted with
AutoQuant X3 (Media Cybernetics Inc.) [204]. Co-localization pattern was determined by the co-
localization finder plugin of Imagel.
Sucrose Density Gradient Ultracentrifugation

Cultures with a cell density of 2-4 X 10° cells/ mL and in exponential growth were collected by
centrifugation at 5000 rpm for 5 min and immediately frozen in liquid nitrogen. The frozen
pellet was ground to a power with a mortar and pestle on dry ice. The resulting frozen cell
“grindate” was transferred to a pre-chilled tube and 5 volumes of extraction buffer (0.2 M Tris-Cl
[pH 9.0], 0.2 M KCl, 35 mM MgCl,, 25 mM EGTA, 0.2M sucrose, 1% Triton x-100 [v/v], 0.5 mg/ml
heparin, 0.7% B-mercaptoethanol [v/v], 0.03 mg/ml|l PMSF) were added. The samples were
resuspended and then maintained on ice for 10-15 min. Sodium deoxycholate was added to a
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final concentration of 0.5% (wt/v). Samples were incubated on ice for 5 min. After
centrifugation at 14,000 rpm at 4°C for 20 min, the supernatant was loaded onto a 15%-55%
continuous sucrose gradient (40 mM Tris-Cl [pH8], 20 mM KCI, 10 mM MgCl, 0.5 mg/ml
Heparin). The gradient was dispensed using an Econo pump (Bio-Rad). The gradients were
centrifuged at 35, 000 rpm for 65 min, at 4 °C (Beckmen Optima XL-100K Ultracentrifuge, SW
T41 rotor). Fractions of 1 ml were collected through a needle which pierced the bottom of the
centrifuge tube. Fractions in microfuge tubes were frozen and maintained at -80 °C.
Polyacrylamide gel electrophoresis under non-denaturing conditions

Non-denaturing polyacrylamide gel (5% [wt/v] acrylamide containing 0.2% [wt/v] N,N’-
methylene-bisacrylamide) electrophoresis was carried out as described previously [205].
Samples of fractions collected from the polysome-containing fractions of a sucrose gradient
were loaded on the gel and electrophoresis was carried out at 10 mA for 16 h at 4 °C. High
molecular weight native markers were used to identify the size of bands (GE).
Immunoblot of the non-denaturing gel

All procedures followed standard protocols [206]. Proteins on non-denaturing gels were
electro-transferred to PVDF membrane at 300 mA for 2.5 h in transfer buffer (25 mM Tris, 190
mM glycine, 0.1% SDS [w/v] and 20% methanol [v/v]). RBCL was detected using a commercial
polyclonal rabbit antibody from Agrisera (AS03037) at a 1:2000 dilution. A chemiluminescent
HRP substrate (ECL) (Milipore) was used and the chemiluminescent signal was collected by film
(Hyblot) and developed in a Kodak developer.
Size-exclusion chromatography

To identify the protein complex in the ARBCS, cells in a 300 ml culture of ARBCS cells were
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pelleted by centrifugation (4,000 x g, 5 min), frozen in liquid nitrogen and then ground with a
mortar and pestle to a fine power in lysis buffer (0.2 M Tris-Cl [pH 9.0], 0.2 M KCI, 35 mM MgCl,,
25 mM EGTA, 0.2 M Sucrose, 1% Triton X-100 [v/v], 0.5 mg/ml Heparin, 0.03 mg/ml PMSF).
Thawing this material gave cell lysates, which were concentrated using 10 kDa Amicon Ultra
centrifugal filter units (Fisher). Protein concentration was determined by standard BCA assay
(Thermo scientific). 5 mg samples were loaded either onto a HiLoad 16/600 Superdex 200 pg
column or a Superose 12, 10/300 GL column (GE Healthcare). The Amersham Pharmacia AKTA
Explorer 10 chromatography system was used to separate the proteins according to their sizes
and collect the fractions (1 mL each). The first 6 mL of an elute was discarded. Elution was
performed with gel filtration buffer (10 mm EDTA, 10 mm Tricine/KOH pH 7.5, and 5.0 mM KCl)
at 1 mL/ min flow rate. Fractions were analyzed by SDS-PAGE and immunoblotting, as described
above for the non-denaturing gels.
Detection of the mRNA levels of the ROS induced genes

Levels of marker transcripts of oxidative stress were measured with the Quantigene2 assay
(Panomics Inc.) following the standard protocol. The marker genes are glutathione peroxidase 5
(GPX5) (XM_001698523), which is induced by singlet oxygen and glutathione S- transferase 2
(GSTS2) (XM_001699214), which are induced by various oxidative stresses [207]. Transcript
levels were normalized to the level of the transcript of RPS26 (XP_001691901). Then the
normalized transcript levels in the mutant strains were compared with that in wild-type strain

(100%) to generate a bar graph.
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2.3 Results
2.3.1 RBCL is required for tolerance to H,0,.

| used a genetic approach to determine whether an oxidative stress condition that is
associated with cpSG assembly necessitates an unknown novel function of RBCL. Cultures of an
rbcL null mutant, ArbcL-MX3312 (hereafter “ArbclL”) and a wild-type strain were exposed to a
toxic concentration of H,0, (4.0 mM) and the percentage of live cells in each culture was
monitored at each hour over an 8 h time course experiment (Fig. 2. 1 A). Prior to the addition of
H,0,, cultures of ArbcL and the wild-type strain grew at similar rates and showed no evidence of
oxidative stress (Sup Fig 2.1). Following the addition of H,0,, | found that ArbcL cells died
significantly faster than did the wild-type cells (Fig. 2.1 A). These results revealed that RBCL is
required for H,0, tolerance, consistent with a putative oxidative stress tolerant function of this
protein.

Rubisco-deficient mutants lack photosynthesis, photorespiration, and a pyrenoid [208,

209]. To determine whether one or more of these defects impairs H,O, tolerance in ArbcL, we
tested another Rubisco-deficient mutant, ARBCS-dim1 (hereafter “ARBCS”), which carries a
deletion of the two nuclear genes but is wild-type for the rbcL gene [196]. If one or more
Rubisco-dependent traits are involved in H,O, tolerance, then both Rubisco-deficient mutants
should show similarly impaired H,0, tolerance. Alternatively, if a Rubisco-independent function
of RBCL is involved, ARBCS should be more H,0; tolerant than ArbcL. In this case, we expected a
marginal difference because ARBCS accumulates RBCL to 1-10% of the wild-type level (Zhan et
al. submitted, Fig 4, Appendix Il). Surprisingly, ARBCS showed even higher H,0, tolerance than
that of the wild-type strain (Fig. 2.1 A). The H,0, hypertolerance of ARBCS was also observed in
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a more stringent viability assay measured as the percentage of the initial CFU (Fig. 2.1 B). The
finding that ArbcL, but not ARBCS, is impaired in H,0, tolerance supports our hypothesis that
RBCL has a Rubisco-independent function and that this function affects tolerance to a ROS. The
unexpected H,0, hypertolerance of ARBCS suggests that the RBCL in this mutant has enhanced
antioxidant activity relative to the RBCL in the wild-type strain. This could reflect greater
availability of RBCL for the moonlighting function in the control of oxidized RNA when it cannot
be assembled into the Rubisco holoenzyme complex.

Substantiation of our hypothesis that RBCL has a Rubisco-independent function required
the following control experiments to rule out alternative hypotheses. For example, if the H,0,
hypertolerance of ARBCS is due to genetic background or epigenetic effects, then it would not
serve as a control for effects of the Rubisco-deficiency of ArbcL. This is not the case;
transformation of ARBCS with RBCS2 reduced its H,0; tolerance to the wild-type level (Fig. 2.1 C
and D). The H,0, hypertolerance of ARBCS is not due to deficiency for some unknown function
of RBCS; a double mutant lacking both RBCL and RBCS showed impaired H,0, tolerance similar
to that of ArbcL (Fig. 2.1 E and F). In other words, the hypertolerance of ARBCS is RBCL-
dependent and not due to RBCS deficiency per se. Finally, the differences in H,O, tolerance
between the strains do not reflect inherent differences in oxidative stress, viability (Sup Fig. 2.1).

Therefore, we propose that RBCL has a Rubisco-independent function.
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Figure 2.1 RBCL functions in H,0;tolerance. Following addition of H,0,, cell survival (A, C, E)
and viability (B, D, F) were monitored as Trypan blue exclusion and CFU concentration (1000
cells plated), respectively, and graphed as the mean percentages of the initial values (i.e.
immediately prior to H,0, exposure). The strains analyzed are indicated in each panel. Asterisks
indicate a significant difference from the wild-type strain, as determined by mixed analysis of

variance (ANOVA) (p < 0.05).
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2.3.2 RBCL is an RNA antioxidant.

We examined whether RBCL functions in the control of oxidized RNA as an RNA
antioxidant. As stated above, RNA bound by RBCL might be protected from oxidation or, once
oxidized, be repaired or degraded by RBCL-associated proteins. In any of these cases, the level
of such an RBCL function would determine the level of oxidized RNA that accumulates in the
chloroplast. To determine whether RBCL functions as an RNA antioxidant, we measured the
relative levels of oxidized RNA in the mutant and wild-type strains (described above) by
comparing their levels of 8-oxoguanine (8-oxoG) (Chapter 1.4.1) [191] (Fig. 2.2 A). The results of
immuno-slot-blot analyses using a commercial antibody against 8-oxoG revealed a significantly
higher mean level of oxidized RNA in ArbcL than in either the wild-type strain or ARBCS. The
high mean 8-oxoG RNA level in Arbcl is not due to Rubisco-deficiency because ARBCS showed
an even lower mean level of 8-oxoG RNA than that of the wild-type strain (Fig. 2.2 A). The low
mean 8-oxoG RNA level in ARBCS is not due to genetic background effects because
transformation of this mutant with a wild-type copy of RBCS2 restored the 8-oxoG RNA level to
nearly that of the wild-type strain (Fig. 2.2 A). Finally, the low 8-oxoG RNA level from ARBCS is
not due to its deficiency for some unknown RBCS function because a double mutant lacking
both RBCL and RBCS showed high mean 8-oxoG RNA levels, similar to that of ArbcL (Fig. 2.2 A).
Therefore, we propose that RBCL controls the level of oxidized RNA independently of Rubisco,

consistent with the proposed function in the control of oxidized RNA.
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Figure 2.2 RBCL controls the level of oxidized RNA, but not the levels of oxidized DNA. A)

Levels of 8-0xoG in RNA from the wild-type strain, ArbcL, ARBCS, the rescued-ARBCS, and the
double mutant are shown (dark bars). Levels of 8-oxoG in RNA from cells exposed to 2.0 mM
H,0, were analyzed from the wild-type strain, ArbcL, ARBCS (grey bars). Bar height represents
the percentage of 8-oxoG enhanced chemo-luminescent signal of Arbcl strain before stress
(white bar; 100%). B) The relative levels of 8-oxoG in DNA from the wild-type strain, ArbcL, and
ARBCS are presented as described for RNA in panel A. Results were analyzed and are presented
as described in Materials and Methods. Error bars indicate the standard error of the mean.
Asterisks indicate a significant difference from ArbcL, as determined by one-sample t-tests (p <

0.05).
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Exposure of the cells to H,0, did not significantly change the mean level of 8-oxoG RNA in
the wild-type strain, ArbcL, or ARBCS (Fig. 2.2 A). These results suggest that the Rubisco-
independent function of RBCL in the control of oxidized RNA is constitutive, i.e. that it acts
under both non-stress and stress conditions.

RBCL deficiency in ArbcL was not associated with an elevated mean level of 8-o0xoG in total
DNA, relative to the wild-type strain (Fig. 2.2 B). The level of 8-0xoG in DNA was higher in ArbcL
than in ARBCS. We did not consider the latter as supportive of a role of RBCL in controlling the
level of oxidized DNA because this difference was 1.4 fold versus 10 fold for the same
comparison of 8-oxoG in RNA and because there was no significant difference in the level of 8-
oxoG in DNA between Arbcl and the wild-type strain (Fig. 2.2 B). Treating cultures with H,0,
increased the variability between biological replicate experiments but did not increase the
mean levels relative to DNA from the non-treated cultures (Fig. 2.2 B). The detection of level of
carbonylated amino acid as a marker of protein oxidation also did not show significant
difference among all three strains (Zhan et al. submitted, Figure 4, Appendix Il). Therefore, RBCL
is not involved in controlling the oxidation levels of DNA or protein.

2.3.3 RBCL mitigates RNA oxidation under various stresses other than H,0,-induced oxidative
stress

In addition to H,0, could RBCL mitigate RNA oxidation under other stresses that are
known to induce RNA oxidation? Various stress inducers were chosen to treat cells, like
ultraviolet light and high light stress. The RNA oxidation already appeared in Arbcl before
treatment with all stresses and was higher than that in wild-type strain (Fig 2.3). Similar to the
results from the H,0, treatment, no increase of 8-oxoG RNA levels was found in Arbcl under
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any of these stress conditions (Fig 2.3). Levels of 8-oxoG RNA signal increased in the wild-type
strain after stress treatment in this experimental trial, however, indeed the levels of 8-oxoG
varied in wild-type strain. In RNA from ARBCS, 8-oxoG RNA was not detected before stress and it
increased with the UV, Cu®" treatment and two stress inducers; Rose Bengal and Methyl
viologen, photosensitizers of the production of singlet oxygen and super oxide radical,
respectively (Fig 2.3) [210]. However, ARBCS still showed less RNA oxidation compared to Arbcl
and wild-type strain. Different stresses treatment did not revealed an obvious different result
from H,0, treatment. These results indicate that RBCL might mitigate RNA under other
oxidative or non-oxidative stress conditions other than H,0,.

Since H,0, UV and high light all induce the formation of cpSGs and RBCL is an important
component of cpSGs, we were wondering if this moonlighting function of RBCL is related to

cpSGs formation.
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Figure 2.3 8-oxoG RNA was detected under various stresses conditions.

UV, rose bengal, high light, methyl viologen and copper were used to induce stress. Total RNA
was extracted from the different stresses treated cells of the same culture of different strains
and loaded on the slot blot. Levels of 8-oxoG in RNA from the wild-type strain, ArbcL, ARBCS

were detected in immuno-slot blot with the commercial antibody against 8-oxoG.
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2.3.4 Formation of cpSGs is related to the level of RNA oxidation.

Cytoplasmic SGs have been proposed to function in the quality control of oxidized RNA
[191]. This hypothesis is based on the fact that SGs assemble under oxidative stress conditions,
when RNA oxidation is presumed to be elevated. In addition, SGs recruit oxidized RNA-binding
proteins [152, 161].

In order to test the hypothesis that cpSGs are involved in the control of oxidized RNA in the
chloroplast, | asked whether the RNA oxidation level changes when cpSGs are stabilized or
eliminated using inhibitors of different steps of translation [38]. If cpSGs are involved in
controlling the level of oxidized RNA, the level of oxidized RNA should decrease when cpSGs are
stabilized and increase when cpSGs are eliminated. A previous study in our lab reported that a
translation inhibitor that disassembles polysomes, lincomycin, preserves cpSGs for hours [38].
By contrast, an inhibitor that stabilizes polysomes, chloramphenicol, prevents the formation of
cpSGs [38]. Wild-type cells were treated with either lincomycin or chloramphenicol for 15 min
prior to exposure to H,0,. The RNA samples from these treatments were examined by immuno-
slot blot to determine the level of 8-oxoG RNA. Treatment with H,0, elevated the level of 8-
oxoG in RNA from the wild-type strain. When wild-type cells were treated with lincomycin, the
level of 8-0xoG in RNA did not increase in response to H,0, (Fig 2.4). By contrast, treatment of
cells with chloramphenicol did not affect the increased 8-oxoG signal in RNA (Fig 2.4).
Therefore, the prediction of the hypothesis is met; lincomycin could preserves cpSGs and lowers
oxidized RNA level and chloramphenicol prevents the formation of cpSGs thus it does not
reduce the level of 8oxoG compared to the samples with H,0, treatment. However, it is also
possible that the differences in 8-oxoG RNA reflect the assembly state of chloroplast polysomes.
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For example, if mRNA or rRNA on polysomes is especially sensitive to oxidation, then this could
also explain the lower level of 8-oxoG RNA in the lincomycin-treated cells (which lack
chloroplast polysomes) and the elevated level of 8-0xoG of chloramphenicol treatment (which
stabilizes chloroplast polysomes).

| also treated the cultures of the mutants ArbcL and ARBCS with lincomycin or
chloramphenicol prior to exposing them H,0, and assayed their RNA for 8-oxoG, as | did for the
wild-type strain (described in the previous paragraph). In both mutants, the level of 8-oxoG RNA
signal did not show much difference with or without pre-treatment of lincomycin or
chloramphenicol (Fig 2.4). ArbcL showed higher RNA oxidation level while ARBCS showed lower
level of oxidized RNA as showed before in Fig 2.1. According to the previous research in our lab,
cpSGs were not detected in those two mutants. However, RBCL-RNP could exist in ARBCS and

function consistently under physiological or stress condition.

We can take the formation of cpSGs in wild-type stain as a marker to represent the increase
amount of RBCL which functions in control RNA oxidation. Thus, the formation of cpSGs was
related to the RNA oxidation level in this strain. | speculate that the unchanged level of 8-oxoG
RNA in ArbclL is due to its high RNA oxidation level at the physiological conditions almost arrives
to the limit cells can handle. Trace amount of ROS could lead the death of this strain. The RNA
oxidation level does not change because of rapid death. All the RBCL in ARBCS could form RBCL-
RNPs and consistently undertake the moonlighting function before and after stress. These RNPs
could let ARBCS be more resistant to treatment of 2 mM H202 for 15 mins. However, the level

of RNA oxidation could be induced by other types of stress in ARBCS (Fig 2.3).
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Figure 2.4 The assembly and disassembly of cpSGs effected the 8-oxoG RNA level.

Total RNA (5 pg) of wild-type strain, ArbcL and ARBCS was isolated and loaded to slot blot.
Levels of 8-oxoG in RNA were detected in immuno-slot blot by antibody against 8-oxoG. H,0,
was added to induce the formation of cpSGs and cause polysomes disassembly. Lincomycin or
chloramphenicol pre-treatment was used to stabilize or prevent the assembly of cpSGs

respectively. The “+”, “++"and “-” indicates the presence and the approximate amount of

different components.
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2.3.5 During sucrose density gradient ultracentrifugation, oxidized RNA co-migrated with RBCL
and ribosomes/monosomes, but not with polysomes.

How RBCL controls oxidized RNA is unknown and the localization of 8-oxoG RNA is relevant
to understand how RBCL carries out this function. As mentioned above, when the cells were
treated with lincomycin (to stabilize cpSGs), RNA oxidation did not increase in response to H,0,
exposure (Fig. 2.4). On the other hand, when polysomes was stabilized with chloramphenicol,
the level of RNA oxidation increased with H,O, treatment. One possible explanation is that RNAs
maintained trapped on polysomes get oxidized more easily. In this case, polysomes would be
expected to have 8-oxoG RNA. Alternatively, if oxidized bases in mRNA stall translating
ribosomes or cause the mRNA to be recruited to RNP particles (such as cpSGs), then 8-oxoG
RNA would be expected to be in a complex smaller than polysomes, possibly the size of
ribosomes or monosomes. To determine the size(s) of complexes with oxidized RNA, | resolved
ribosomes/monosomes and polysomes from the wild-type strain by sucrose gradient
ultracentrifugation and 12 fractions were collected from the bottom to top. Total RNA was
isolated from each fraction. According to the OD,69 values measured of the fractions, the top
fractions 1 to 4 should be ribosome subunits and monosomes and the bottom part of the
gradient (fraction 7 to 12) should contain the polysomes (Fig 2.5 A). This was confirmed by the
detection of mRNA psbC signal in bottom fractions of gradient (by the results of Northern blot
analysis) (fractions 7 to 12, Fig 2.5 B). The RNA samples were examined for RNA oxidation by
immunoslotblot analyses with the antibody against 8-oxoG. The 8-0xoG signal was detected on
the top part of the sucrose gradient in the RNA from fractions 1-4 (Fig 2.5 C). There was no 8-
oxoG RNA detected in the polysome fractions (Fraction 7-12) (Fig 2.5 C). The fact that oxidized
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RNAs did not co-migrate with polysomes suggests that polysome associated RNA is not a
preferential target of oxidation. 8-oxoG RNA may not be trapped on polysomes. The oxidized
RNA could be on ribosomes, monosomes, in the rRNA of the ribosome subunits, or more than
one of these possibilities. Alternatively, it could be in RNP particles that have the size of
monosomes, but have other components. While a firm conclusion cannot be based on these
results, they do provide valuable information for understanding and exploring the metabolism
of oxidized RNA.

| also asked how RBCL is distributed on this polysome profile. RBCL was mostly detected in
the top fractions (1-4) of the polysome gradient in by immunoblot analysis (Fig 2.5 D). There
was no co-migration between RBCL and polysomes. This result showed that RBCL co-
sedimented with the 8-oxoG RNA. The co-migration of RBCL and 8-oxoG RNA did not offer an
evidence for their physical association, however it is consistent with the proposed function of

RBCL in the control of the level of 8-oxoG RNA.
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Figure 2.5 8-0xoG RNA and RBCL did not co-sediment with polysomes on the sucrose gradient.
Twelve fractions were collected from polysome isolation sucrose gradient from top to bottom.
A) OD,¢o Wwas measured by spectrophotometer of all twelve fractions. B) The distribution of psbC
mRNA was detected by northern blot analysis. Two fractions were put together as one sample.
The presence of psbC in the fraction 7-12 indicated the successful isolation of polysomes. C) The
8-0xoG RNA were found in the 1-4 fraction by immumo-slot blot analysis. D) Immuno-blot

showed that RBCL co-sediment with 8-oxoG RNA in the top fractions 1-6.

47



2.3.6 Oxidized RNA localizes to the pyrenoid; the major intracellular location of RBCL.

In order to determine whether oxidized RNA accumulates in cpSGs, | characterized the
distribution of 8-oxoG in C. reinhardtii by IF microscopy using a commercial antibody against 8-
oxoG. The IF signal (Fig. 2.6 A) was specific to 8-oxoG because it was eliminated when the
antibody was incubated with 8-oxoG prior to staining (Fig. 2.6 B).

Inspection of cell images in Fig. 2.6 A revealed higher 8-0xoG IF signal in the chloroplast
than in the central region with the nucleus and most cytosolic compartments. The 8-oxoG IF
signal was in two distinct patterns; throughout the pyrenoid and in punctate foci located either
in or near the chloroplast. In order to determine whether these patterns represent 8-oxoG in
DNA or RNA, we used two approaches. First, | co-stained cells with DAPI, to visualize the nucleus
and the chloroplast nucleoids (the latter contain the multicopy chloroplast genome). These
DNA-containing structures only weakly IF-stained for 8-oxoG (Fig. 2.6 A) and both were clearly
distinct from the 8-o0xoG IF-staining of the pyrenoid and foci. Therefore, most 8-oxoG is not in
the genomic DNA of either the nucleus or chloroplast. Second, | asked whether RNase or DNase
treatment altered the 8-o0xoG IF-staining of the pyrenoid, the foci, or both. The 8-o0xoG IF signal
in the pyrenoid was eliminated by treatment with RNase, but not DNase, suggesting that it
represents oxidized RNA (Fig. 2.6 C). By contrast the 8-oxoG IF signal in most punctate foci was
eliminated by treatment with DNase, but not with RNase, suggesting it is in DNA (Fig. 2.6 D).
These foci could be the DNA of mitochondria, which are often between the chloroplast and the

plasma membrane [211]. These foci were not explored further here.
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Figure 2.6 The in situ distribution of 8-oxoG RNA in Chlamydomonas. A) Wild-type cells were
IF-stained for 8-oxoG (green) and co-stained with DAPI to visualize DNA. The pyrenoid is seen in
differential interference contrast (DIC) images. A cell illustration (right-hand most image in A)
shows the locations of the nucleus (N), cytosol (Cy), and chloroplast (Cp), wherein the pyrenoid
(P) is surrounded by a starch sheath (white) and contains cpSGs (red). B) The IF signal from 8-
oxoG was eliminated by pre-incubating the primary antibody with 8-oxoG. C) The 8-oxoG IF
signal in the pyrenoid is sensitive to RNase (10 pg/ml) treatment. D) DNase (50 pg/ml)
treatment did not reduce the 8-oxoG signal in the pyrenoid but did in the punctate foci. E and F)
In cells that had been treated with 2.0 mM H,0, to induce cpSG formation, the 8-oxoG IF signal
(green) was seen throughout the pyrenoid and not in cpSGs (white arrows), which were IF-
stained (red) for either RBCL (E) or the protein of the 30S chloroplast ribosomal subunit (F). Size

bars =5.0 um.
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| focused on the 8-oxoG IF-staining of the pyrenoid because it represents oxidized RNA and
was atypical; except for the bona fide pyrenoid proteins RBCL and RBCS, we have not seen the
presence in pyrenoid for any of the four chloroplast mRNAs or nine chloroplast proteins
analyzed previously in the lab [38, 201, 212-214]. Therefore, 8-0xoG IF-staining of the pyrenoid
represents the specific localization of oxidized RNA and is not due, for example, to nonspecific
entry into the pyrenoid of chloroplast stroma, which contains RNA. Considering that the
pyrenoid is the major location of RBCL, these results provide circumstantial evidence in support
of the moonlighting function of RBCL.

When cells were exposed to H,0,, a ROS used to induce oxidative stress, the percentage
of cells in which the pyrenoid IF-stained for 8-oxoG increased from 44% (n=215) to 64% (n=189).
This result suggests that oxidized RNA may localize to the pyrenoid for quality control.

| then asked whether cpSGs are enriched in oxidized RNA. cpSGs were visualized by IF-
staining cells for one of two cpSG marker proteins; RBCL or a protein of the 30S subunit of the
chloroplast ribosome (Fig 2.6 E and F). As expected, the IF signals from these marker proteins
were seen in cpSGs at the perimeter of the pyrenoid [38]. However, the IF signal from 8-oxoG
remained throughout the pyrenoid and did not localize specifically in cpSGs (Fig. 2.6 E and F).
Our finding that no cpSG was specifically enriched in 8-oxoG IF signal strongly suggests that
cpSGs do not accumulate oxidized RNA. However, the assembly of cpSGs are related to the RNA
oxidation level (Fig 2.4). Thus, instead of recruiting oxidized RNA, cpSGs may have other

mechanisms to control RNA oxidation, i.e. protecting the intact RNA from oxidation.
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2.3.7 cpSGs were not detected in ARBCS
ARBCS showed a lower mean level of RNA oxidation and higher tolerance to H,0,,

relative to wild-type strain (Fig 2.1 and 2.2). The RNA oxidation of ARBCS is at the background
level in IF (data not shown). | also found the formation of cpSGs was associated with lower level
of RNA oxidation (Fig 2.4). Thus, | asked if there were constitutive or more cpSGs formed in
ARBCS. If so, these cpSGs might explain the higher tolerance to H,0, and low level of RNA
oxidation. However, the previous study in our lab did not show the cpSGs in ARBCS (Jim
Uniacke’s unpublished data). cpSGs were detected at the perimeter of pyrenoids and pyrenoids
offered a low background for fluorescent signal detection, but ARBCS lack a pyrenoid as a cpSGs
localization indicator because the formation of pyrenoid needs two alpha helices in RBCS
protein. Thus, ARBCS may still have the cpSGs, but which are more difficult to identify. For
example, there may be a lot of small foci with cpSGs components dispersing throughout ARBCS
which are difficult to distinguish. Therefore, | tried to localize an chloroplast mRNA and several
cpSGs marker proteins by FISH and IF in ARBCS again, to determine whether | could detect
cpSGs.

| found that the psbA message co-localized with RBCL in several foci throughout the cells
(Fig 2.7 A). Moreover, the other cpSG marker proteins; RBCL and 30S ribosomal protein also
showed a similar co-localized distribution (Fig 2.7 B). It was encouraging to find the co-
localization pattern of the cpSGs markers in ARBCS. However, when | looked at localization of a
non-cpSGs, stroma heat shock protein, HSP70 [215], | found that it also co-localized with RBCL
in foci (Fig 2.7 C). Therefore, these foci with co-localization of cpSGs markers could just be
pockets of stroma, instead of cpSGs.
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Figure 2.7 Detection of cpSGs in ARBCS. ARBCS cells were |F-stained with one cpSGs marker

protein; RBCL (red). A) PsbA mRNA was detected with FISH (green). B) Another cpSGs marker
protein; 30S ribosome (green) was co-stained with RBCL. C) The stroma was labeled by heat
shock protein HSP70 (green). D) A cell illustration shows the locations of the nucleus (N), cytosol
(Cy), and chloroplast (Cp), possible location for cpSGs or RBCL-RNPs (red). Size bar indicate 5

um.
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Since no obvious cpSGs were detected in ARBCS, the higher tolerance to H,0, and lower
mean level of RNA oxidation in this strain should be conferred by an unknown RBCL-RNP instead
of the whole cpSGs. The results suggest that formation of cpSGs may be related to, but not
required for, the moonlighting function of RBCL.

2.3.8 An RBCL complex might carry out the moonlighting function of RBCL in the wild-type
strain and ARBCS.

Results presented earlier in this chapter suggest that RBCL has a “moonlighting” function in
controlling the level of oxidized RNA in the chloroplast even under the physiological condition
(Fig. 2.2). We want to understand how RBCL confers this function. A minor RBCL pool, which
could be responsible for this Rubisco-independent function was identified by my colleague,
James Dhaliwal (Fig 4, Appendix Il). This RBCL pool was shown to pellet during centrifugation
with membranes but unlike the membranes, it remains insoluble in the presence of Triton X-
100. These results suggest that RBCL is in a non-membrane, very high molecular mass complex
(Fig 4, Appendix Il). The presence of this RBCL pool correlates with the Rubisco-independent
moonlighting function. It was detected in fractionation experiments using both wild-type and
ARBCS stains.

| address the assembly state of the RBCL that carries out the Rubisco-independent
moonlighting function. Because the wild-type strain has a tremendous amount of RBCL in the
Rubisco holoenzyme complex (constituting 30-50% of total protein) [216], identification of a
minor RBCL pool would be hampered. ARBCS, however, lacks the Rubisco holoenzyme but has
lower RNA oxidation than wild-type strain and all the RBCL in this strain is in a Triton X-100-
insoluble pool (Fig 4, Appendix II). | hypothesize that this RBCL form is also present in wild type,
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where it constitutes a minor pool along with the major RBCL pool in the Rubisco holoenzyme.
Therefore, | characterized the RBCL complex in this mutant with non-denaturing polyacrylamide
gel electrophoresis and immunoblotting as well as size-exclusion chromatography with the
premise that it is the RBCL that carries out the moonlighting function involving oxidized RNA.
1) RBCL was detected in a complex in ARBCS and wild-type strain by non-denaturing gel.

| initially intended to use non-denaturing gel to identify an RBCL-containing complex in
ARBCS. However, because the amount of RBCL in ARBCS is low, it was very difficult to detect in
the crude cell lysates (data not shown). | found that the RBCL in ARBCS was enriched in the top
fractions 1 to 4 of sucrose density gradients that resolved ribosomes and polysomes (Fig 2.8 A).
Thus, | decided to use these fractions to identify protein complexes of RBCL in ARBCS. Most of
the detectable RBCL was in these fractions and, therefore, | presume that this analysis is of the
majority of RBCL in this mutant. Each of the fractions from the sucrose gradient was resolved on
the non-denaturing polyacrylamide gel and RBCL was detected in immunoblot analysis. As
expected for ARBCS, there was no band detectable with the size of the Rubisco holoenzyme
(c.a. 560 kDa). The monomer of RBCL (56 kDa) was not detected on the gel, probably because it
ran off. There was a band between 66 KDa and 140 KDa found in fraction 1-3 (Fig 2.8 B). This
band showed that there might be a complex with RBCL present in ARBCS. Some RBCL did not
enter the gel, because it is in a very high molecular weight form, probably an insoluble
aggregate (Fig 2.8 B). | also detected this 100 KDa RBCL band in similar analyses using a wild-
type strain; i.e. in top fractions of a polysome profile, although most intensive signal of RBCL
was found in the Rubisco holoenzyme (Supplemental Fig 2.2 A). This band was absent in the
Arbcl crude lysate, which means that it was not due to non-specific cross-reactivity of the
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antibody (Supplemental Fig 2.2 A). In addition, there were other complexes with RBCL signal at
different sizes detected in ARBCS in only one trial (Supplemental Fig 2.2). This might mean
ARBCS could have RBCL complexes that are responsible for the moonlighting function in the
control of oxidized RNA. However, these complexes could be very dynamic and hard to detect in
vitro, explaining the poor reproducibility. The components of these RBCL complexes were very
intriguing and they might reveal how RBCL carries out it moonlighting function in controlling the

level of oxidized RNA.
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Figure 2.8 RBCL complex was detected in ARBCS on non-denatured gel.

Sucrose gradient fractions resolving ribosomes and polysomes of ARBCS were analyzed by A)
SDS-PAGE and B) native PAGE, in which RBCL was detected by immunoblotting. A) All twelve
samples were examined by SDS-PAGE and immunoblot analysis to show the location of RBCL. B)
Immunoblot of non-denatured gel of all the polysome fractions from ARBCS showed there was
an RBCL complex around 100 KDa in 1-3 fractions of polysome isolation. In addition, RBCL was
detected at the very top of lanes 1-7, suggesting the presence of an aggregated form. High
molecular weight marker was used to calculate approximate size of the complex.
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2) Size-exclusion chromatography also revealed this RBCL complex in ARBCS.

Size-exclusion chromatography is another method to resolve and characterize complexes
according to their approximate size [217]. First, | used a Superdex 200 column to separate the
RBCL complexes in the ARBCS lysate as described for polysome isolation. All the membranes
were solubilized with deoxycholate. As a negative control for cross-reactivity of the antibody,
lysate of ArbcL was analyzed in parallel (data not shown). | collected 17 fractions and assayed
them for RBCL using immunoblot analyses. RBCL was detected in Fractions 6 and 7 of the ARBCS
lysate and it was not detected in any of the fractions from ArbcL (Fig 2.9 A). Fractions 6 and 7
correspond to the molecular mass range of 35-440 KDa (Fig 2.9 A). The monomer RBCL is 55
KDa and, therefore, it should have been in Fraction 7. The band detected in Fraction 6 is
between 67 KDa to 440 KDa could contain RBCL complexes. Since 67 KDa to 440 KDa is a very
wide range, the size of this complex is difficult to determine based on these results.
Nevertheless, the results are consistent with the complex detected by native gel electrophoresis
(Fig 2.8 B).

| used Superose 12 column because it provides better resolution in the size range of the
RBCL complex described in the last paragraph, i.e. near 100 KDa (Fig 2.9 B). The fractions were
separated and collected as described above. RBCL was assayed by immunoblot in ARBCS and
negative control used lysate from ArbcL. | found RBCL only in fraction 6 of ARBCS and, again, it
was undetectable in all the fractions from Arbcl. Fraction 6 corresponds to a molecular weight
range of 67 to 150 KDa. This result suggested that RBCL is in a complex of this size in ARBCS,
which is not Rubisco holoenzyme or monomer in the ARBCS. The size of the complex also
correlates with the size of the band detected on non-denaturing gel (Fig 2.8). It was not
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surprising to see that all the RBCL was in this complex form and no monomer RBCL (56 KDa) was
found, since differential centrifugation result of ARBCS showed that all RBCL in ARBCS was in a
triton insoluble pellet (Figure 4, Appendix Il). To understand more about this RBCL complex, a

proteomic research should be taken to characterize its components.
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Figure 2.9 RBCL was identified in a complex in ARBCS by chromatography.

Total cell lysate from ARBCS (~5 mg) was fractionated by gel-filtration. Two different columns
were used; Superdex 200 (A) and Superose 12 (B). Fractions 1-17 were subjected to immunoblot
analysis to detect the location of the RBCL complex. The size or marker proteins is shown on the

top together with the fraction numbers at the bottom.
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2.4 Discussion
2.4.1 RBCL has a “moonlighting” function which controls the level of oxidized RNA in the
chloroplast.

My results show that RBCL controls the level of oxidized RNA in the chloroplast and
maintains viability during exposure to H,0,. These functions are independent of Rubisco and,
therefore, could explain the evolutionary retention of RBCL in plant and algal lineages that have
lost photosynthesis [218]. The unexpected ARBCS phenotypes; H,0, hypertolerance and low 8-
oxoG RNA level, relative to wild type, probably reflect an RBCL gain-of-function because they
are RBCL-dependent. These phenotypes could result from enhanced availability of RBCL for its
RNA moonlighting function when it is not sequestered by RBCS for assembly of the Rubisco
holoenzyme. RBCL appears to be a particularly critical factor in the control of oxidized RNA in
the chloroplast and in H,0, tolerance because, if any other factor were more important than
RBCL, then the RBCL in ARBCS would not be able to surpass the wild-type phenotypes for these
traits.

RBCL is in a growing class of metabolic proteins that have dual functions as RNA-binding
proteins [54]. These proteins have been proposed to coordinate metabolism and gene
expression and to enhance the functional diversity of proteomes [219]. Only a few of these dual
functional proteins have been demonstrated in vivo, as we have done here for RBCL with results
of genetic and in situ analyses. RBCL is atypical among these metabolic proteins because its dual
function involves the control of oxidized RNA.

2.4.2 The “moonlighting” function of RBCL is present in the absence of stress.
The RNA “moonlighting” function of RBCL is clearly active under physiological
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conditions. RNA oxidation is believed to be detrimental because the translation of oxidized
MRNAs results in the synthesis of aberrant proteins [220, 221]. However, under a certain level,
oxidized RNA in cells might not affect cell viability [155]. This could explain our finding that
ArbcL has an elevated level of oxidized RNA and yet a wild-type growth rate (Fig 2.2 A, Sup Fig
2.1 A). Perhaps the level of oxidized RNA in ArbcL is only marginally detrimental and does not
affect growth under the optimal conditions, or the oxidized RNA is not related to cell survival,
for example, the RNA which encodes photosynthesis protein. Alternatively, oxidized RNA in the
chloroplast might only be detrimental in the presence of H,0,, for example under the
conditions of the cell survival experiments in Fig 2.1 or when this ROS is produced by
photosynthesis under physiological conditions. To explain how oxidized RNA could be
detrimental only in the presence of H,0,, | can propose the following hypothesis. First of all,
oxidized bases in certain chloroplast mRNAs could result in the synthesis of aberrant iron-
binding proteins with Fenton activity; i.e. the metal-catalyzed conversion of H,0, to the highly
toxic hydroxyl radical, thereby potentiating H,0, toxicity [137].

In a second hypothesis, RBCL and RNA oxidation could have a regulatory function. For
example, the targeted oxidation of a specific RNA might be a signal in a process that regulates a
biological response, such as cell survival or programmed cell death during oxidative stress. This
is consistent with our finding that the ArbcL and ARBCS phenotypes for H,0, tolerance and 8-
oxoG RNA level are at opposite extremes of wild-type, i.e. they could reflect the alternate states
of a regulatory decision involving RBCL and RNA oxidation.

2.4.3 The compartmentalization of 8-0xoG in the pyrenoid may open new avenues to RNA
quality control.
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| show that oxidized RNA is compartmentalized in the pyrenoid of the chloroplast. Our
collaborators also showed that the oxidized RNA localized in Hela cells (Zhan et al. submitted,
Fig 2, Appendix Il with manuscript). These compartments in Hela cells are neither stress
granules nor processing bodies, although they might be analogous to UV-induced RNA granules
in yeast [222]. The compartmentalization of oxidized RNA in the phylogenetically distant
systems studied here, an algal chloroplast and mammalian cells, suggests it has fundamental
significance. Indeed, compartmentalization of DNA and protein quality control is occurring and
it has been proposed recently for RNA [223-225]. The sequestration of damaged molecules
prevents them from interfering with the processes in which they normally function.
Compartmentalization of defective molecules could also prevent the degradation or attempted
repair of undamaged substrates. In addition, compartmentalization might enhance local
concentrations of damaged molecules and quality control factors to establish thermodynamic
parameters that favor RNA repair or degradation. My results open avenues to study a new type
of RNA granule, a potential role of the pyrenoid in RNA metabolism, and the factors and
mechanisms involved in the handling of oxidized RNA in chloroplasts.

My findings also have potential relevance to cytoplasmic stress granules and processing
bodies. These RNA granules have been implicated in fundamental cell biological processes but
their functions and physiochemical properties are only partially understood. Our results strongly
suggest that RBCL carries out its RNA moonlighting function 1) independently of chloroplast
stress granules and 2) constitutively (i.e. under both non-stress and stress conditions), thereby
raising the question of whether or not cytoplasmic stress granules and processing bodies
function as submicroscopic RNP assemblies under non-stress conditions.
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2.4.4 How RBCL mitigates RNA oxidation remains to be determined.

We have shown that RBCL mitigates RNA oxidation and 8-oxoG RNA is localized in the
pyrenoid, the major reservoir of RBCL in wild-type strain. However, we do not know the
mechanism by which RBCL carries out this function. | have three hypotheses for how RBCL
mitigates RNA oxidation. The first one is that RBCL protects RNA from oxidation. RBCL can bind
with non-specific RNA to form cpSGs [38] and | showed previously that preservation of cpSGs
could reduce the RNA oxidation level (Fig 2.4). In addition, IF result also showed that 8-oxoG
RNA did not localize in the cpSGs (Fig 2.6). That reveals that the mRNA in the cpSGs may not be
oxidized and has the potential to go back to the translational pool as those in cytoplasmic SGs
[226]. Thus, RBCL in the cpSGs may protect the non-oxidized RNA from oxidative damage to
reduce the RNA oxidation level.

The second hypothesis is that RBCL degrades oxidized RNA to mitigate RNA oxidation. To
verify this hypothesis, | need to know if there is an RNA degradation machinery associated with
RBCL in Chlamydomonas. The characterization of RBCL-80xoG RNA complex might give a better
idea. In mammalian cells, PBs are main place for RNA degradation, but our collaborator Dr.
Rachid Mazouri and his group did not detect the co-localization of 8-oxoG RNA and markers for
PBs in Hela cells (Pouline Adjibade’s unpublished data). Thus, 8-oxoG containing RNAs may have
a different degradation mechanism in Hela cells.

In the absence of degradation, the oxidized RNA may also be repaired by RBCL-RNP and
re-enter the translation pool. This repair mechanism is my third hypothesis. We do not know
much about RNA repair mechanisms and the detection of other components binding with RBCL
and 8-o0xoG RNA in the chloroplasts may reveal a new mechanism of RNA repair mechanism.
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2.4.5. What are the possible components of the RBCL complex in ARBCS?

RBCL was detected in two forms in the lysate of ARBCS, as a complex in the size range
between 66 KDa and 150 KDa and as very high molecular weight form which did not enter the
native gel (Fig 2.8 B). The larger form was not detected in the fractions of size-exclusion
chromatography, probably because it is above the molecular mass that can enter these
columns. The smaller complex could be the dimer of RBCL. It is known that RBCL forms a dimer
when it assembles with RBCS to from the octameric Rubisco holoenzyme [227]. The size of the
RBCL dimer is about 110 KDa, which is in the range of 67 KDa to 150 KDa. RBCL cannot form
Rubisco in ARBCS due to the lack of its partner protein, RBCS. However, RBCL may keep the
ability to form the dimer.

Alternatively, this 67-150 KDa complex with RBCL might not be a dimer, but rather be a
complex with one or more other proteins. As mentioned in Chapter 2, ARBCS cells have a RBCL
dependent higher survival rate with H,0, treatment. It has low RNA oxidation, which is also
possibly mitigated by RBCL (Fig 2.2). Additionally, | showed that there is no visible cpSGs in
ARBCS (Fig 2.7). These results suggest that there may be RBCL-RNPs in ARBCS which perform the
Rubisco-independent moonlighting function. These RBCL-RNPs may contain RNA and similar
protein components as cpSGs. They could be primary cpSGs with a smaller size and less content.
If the components of these complexes share similarity with cpSGs or have a known biochemical
function, such a finding would suggest how RBCL mitigates RNA oxidation and the potential
function of cpSGs.

Thirdly, the 67-150 KDa RBCL complex may contain some components related to oxidized
RNA quality control. Although | mainly focused on identifying RBCL complex in ARBCS, this
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complex was also detected in wild type (Sup Fig 5.1). RBCL is co-localized with 8-oxoG RNA in
pyrenoid in wild type (Chapter 2). Thus, the RBCL complex could contain some protein
components related to oxidized RNA quality control. The antioxidant function of RBCL could be
performed by repairing or degrading 8-oxoG RNA in this RBCL complex.

Future characterization of the components of one or both of the forms of RBCL, the 67-150
KDa complex and the very high molecular weight form, could reveal the molecular mechanisms
of the moonlighting function, for example whether RBCL controls oxidized RNA by protecting

intact RNA or by repairing or degrading oxidized RNA.
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Chapter 3: A partial characterization of the pyrenoid proteome suggests new functions of this
microcompartment of the chloroplast.
3.1 Introduction

Pyrenoids are non-membrane micro-compartment in the chloroplasts of many algae and an
aquatic plant; the hornworts [228, 229]. The single pyrenoid in each chloroplast is the major
location for CO, fixation by Rubisco in the Calvin cycle. A review of pyrenoids structure and
functions can be found in Chapter 1 of this thesis. A starch sheath surrounding the pyrenoid
increases in thickness under low CO, conditions, when the CCM is activated [230]. The role of
the pyrenoid in C. reinhardtii is similar to that of carboxysomes in cyanobacteria [231]; it
provides a low 0,/CO, environment for Rubisco to favor its productive carboxylase (CO,-fixing)
activity in the Calvin cycle over its wasteful oxygenase activity [75]. How does the pyrenoid
concentrate CO, and maintain low O, concentration? Firstly, the pyrenoid has the CCM, which
concentrates CO, around Rubisco (Section 1.2). Secondly, the pyrenoid sequesters Rubisco away
from photosystem Il, the complex that produces O, as a byproduct of photosynthetic electron
transport [33, 75, 232].

Although the pyrenoid is not bound by a membrane, it does contain a network of
membranous tubules, which are connected to thylakoid membranous vesicles outside the
pyrenoid [233]. Recently, an elaborate ultrastructure of pyrenoid has been revealed by cryo-
electron tomography [35]. This study revealed mini-tubules inside the pyrenoid tubules. Each of
these mini-tubules is open, on one end, to the stroma surrounding the pyrenoid. The other end
has an opening within the pyrenoid matrix. Therefore, these mini-tubules are presumed to
facilitate the direct exchange of metabolites and other molecules between the stroma and
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pyrenoid matrix. The fact that the pyrenoid has a direct channel to connect with the stroma
raises the possibility that the pyrenoid might contribute to other biosynthesis processes.

Some evidence suggests that processes involving the chloroplast genome occur in the
pyrenoid. For example, DNA was detected in the pyrenoid of some green algae, but not in C.
reinhardtii. However chloroplast nucleoids, the structures that contain the multiple-copy
chloroplast genome, have been shown to be localized adjacent to pyrenoid in C. reinhardtii [18,
36]. Moreover, a protein with DNA endonuclease activity, UVI31+, was recently found to localize
to the pyrenoid and then to leave it under UV stress [37]. All of these results suggest that the
pyrenoids play some unknown role(s) in the maintenance, inheritance, replication or expression
of the chloroplast genome.

Pyrenoid could have a role in RNA metabolism. Stress granules were found to form at the
perimeter of pyrenoid during oxidative stress and other stress conditions in the chloroplast of
C. reinhardtii [38]. These cpSGs recruit mRNAs, RNA binding proteins, and the small but not the
large subunit of the chloroplast ribosome. Results in Chapter 2 report that pyrenoids contained
oxidized RNA and reveal an alternate function of the major pyrenoid protein RBCL in controlling
the level of oxidized RNA in the chloroplast of C. reinhardtii. The localization of cpSGs and
oxidized RNA in the pyrenoid suggests that pyrenoids may have a role in RNA metabolism.
Together, the detection of DNA and RNA in, or close to, pyrenoid suggests that the pyrenoid is a
privileged location for some processes in nucleic acid metabolism involving both the chloroplast
genome and RNAs encoded by it.

Nevertheless, except for CCM and Rubisco, little is known about the other biochemical and
cell biological functions of the pyrenoid. Indeed, the pyrenoid is one of the final remaining
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intracellular compartments yet to be characterized by proteomics. Therefore, a pyrenoid
proteome could reveal more about the pathways and processes that occur therein.

Proteomics has been used to characterize the protein composites of specific intracellular
compartments. This approach involves the isolation of the intracellular compartment of interest
whereupon the proteins are identified by mass spectrometry and bioinformatics database
searches [234]. Efficient purification methods are important because any contaminating
proteins will be assigned erroneously to in the compartment under study. | modified previously
reported procedures for pyrenoid isolation, to optimize the enrichment and minimize the
exposure of pyrenoids to chemicals that might affect the results. For example, | did not use
HgCl,, which was used in previous methods as a fixative to preserve pyrenoid integrity. | also
reduced the time between cell lysis and pyrenoid isolation, to minimize the time of exposure of
pyrenoids to Triton X-100 and, therefore, prevent the potential solubilization of pyrenoid
tubules.

Even with optimized methods, contamination by proteins from other compartments is
always problematic in the purification of subcellular structures. To minimize this problem, | used
a few approaches to increase the purity of pyrenoid preparations. First, pyrenoids were isolated
from chloroplasts instead of whole cells. This helps to remove the contaminants from
mitochondria and other cytoplasmic compartments before generating the pyrenoid-enriched
fractions. Secondly, control samples from pyrenoid-deficient mutants were prepared and
analyzed to subtract protein contaminants that co-fractionate with pyrenoids of wild-type
strain. These two steps drastically improved the purity of pyrenoid-enriched samples and the
stringency of pyrenoid protein identification. For example, many abundant non-chloroplast
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proteins that were identified in initial trials of pyrenoid-enriched fractions obtained from whole
cells were not detected in the fractions obtained from isolated chloroplasts. Analysis of fractions
from pyrenoid-deficient mutants revealed many contaminant proteins, which could be
subtracted from the pyrenoid proteome.

This was a collaborative project. My contributions involved the following: 1) The
development of the pyrenoid isolation protocol, based on previously reported protocols (Jim
Uniacke, unpublished data). 2) Preparation of the samples and contributed substantially to the
analyses and interpretations of the proteomic results. Dr. Stéphane Lemaire with Dr. Christophe
Marchand and Ms. Adeline Mauries (Institut de Biologie Physico-Chimique Paris, France)
processed the samples and obtained all the spectrometry data, filtered the results, mapped the
peptides to the annotated genome, and did the KEGG analyses.

The preliminary proteomic results of the pyrenoid (Sup Fig 3.4) supported the localization of
CCM in pyrenoid by identifying six low CO,-induced (LCl) proteins including CAH3, the carbonic
anhydrase of pyrenoid tubules [35]. Proteins involved in starch metabolism; both synthesis and
degradation, were identified. This provides the first evidence for a long-standing, controversial
hypothesis that the pyrenoid makes and degrades the starch that surrounds it. Proteins in other
pathways of carbon metabolism were also identified in this proteome. The subunits of RNA
polymerase and twenty-two chloroplast ribosomal proteins were also identified, which suggest
that the pyrenoid is a site of transcription and translation. RNA degradation enzymes identified
in pyrenoid proteome supported the hypothesis that the pyrenoid is a location of RNA
metabolism, supporting the results in Chapter 2 revealing that oxidized RNA localization to the
pyrenoid and the function of the major pyrenoid protein RBCL in controlling the level of oxidized
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RNA. In addition, many predicted proteins were identified, possibly implicating them in
pyrenoid functions. This research provides the first proteomic analyses of a pyrenoid and opens
new avenues to the function research of this chloroplast micro-compartment.
3.2 Materials and Methods
Chloroplasts Isolation

Cells were harvested from cultures (1-4 x10° cells/ml) by centrifugation (3000 g, 10 min, 4
°C). Pellet was washed by resuspension in 100 ml of 50 mM HEPES-KOH [pH 7.5] followed by
centrifugation at 3000 g for 5 min at 4 °C. The cell pellet was resuspended to the density of 10°
cells/ml in Isolation Buffer (IB) (300 mM sorbitol, 50 mM HEPES-KOH [pH7.5], 2 mM Na-EDTA,
1mM MgCl, and 1 % [w/v] BSA). Since IB is hypertonic to the cells, all the cells in it looked
shrunken and irregular in shape. Then 10% saponin (w/v) (Sigma-Aldrich) was added to make a
final concentration of 0.5% (w/v) and incubated for 15 -20 min. The time of the incubation was
decided by the observation of cell shape under the light microscope. When about 80% of the
cells swell to the round shape from the shrunken irregular shape, it was assumed that the
saponin had solubilized the plasma membrane (Supplemental Fig. 3.1). IB is isotonic to the
chloroplasts, thus the swell condition showed the sufficient solubilization of plasma membrane.
The cells were pelleted and resuspended again in IB to 0.3 mg/ml chlorophyll. All of the
following steps were carried at 4 °C. The cells were rapidly drawn into a 10 ml syringe, then a
27-guage needle was attached, and the cells were expulsed through the needle at a flow rate
0.5 ml/ second. This syringe passage step was repeated five times. From the eluted material,
whole cells and chloroplasts were collected by centrifugation (700 g, 2 min, 4 °C). The pellet was
gently resuspended in 2 ml of isolation buffer (0.1% BSA [w/v]) using a fine paintbrush to avoid
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breakage of the chloroplasts. The suspension was overlaid on a discontinuous Percoll gradient
(with steps of 20%, 45% and 65% [v/v]) and centrifuged for 20 min at 3,200 x g (Beckman
Coulter, Allegra 6R, GH3.8A rotor). Intact chloroplasts form a band at the 45-65% interface. The
desired bands were collected using a Pasteur pipet (using the wide bore end for collection and a
rubber pipet bulb attached to the broken narrow end). Fractions were diluted with 10 ml
isolation buffer (0.1% BSA [w/v]) and centrifuged (670 x g, 2 min, 4 °C) to collect the organelles
and remove the Percoll. The chloroplastic pellet was resuspended in the buffer with 300 mM
sorbitol, 50 mM HEPES (pH 7.5) and 5 mM MgCl,.

Pyrenoid isolation

Name Genotype Pyrenoid ccMm Rubisco RBCL RBCS

KA6 y-7/cwi15 + + + + +
(pyrenoid wild-type)

MX3312/cw15 Arbcl; cwl5 - - - - +

(pyrenoid deficient)

SS-AT RBCS- - + (reduced) + + +
(pyrenoid deficient) Arabidopsis

thaliana

Table 3.1 Strains used in the pyrenoid isolation

Wild-type or pyrenoid-deficient cells of a density of 1-4 x10° cells/ ml were pelleted at 3,000
x g at 4 °C. The pellet was resuspended in Breaking Buffer (BB) (300 mM sorbitol, 10 mM Tricine
pH 7.8 and 5 mM EDTA) to the density of 4 x 107 cells/ml. 200 ul of 5X BB was mixed with 800 pl
Percoll (GE health) in a 1.5 ml microfuge tube. A 250 pl freshly made 2% (v/v) Triton 100-X
(Sigma-Aldrich) was overlaid on the Percoll mix and then 250 ul of the cells in BB was added to
the upper phase and the tube was immediately centrifuged at 10,000 x g in the bench top
refrigerated centrifuge at 4 °C (Fig 3.1). After centrifugation, the 500 pl supernatant was kept
for analysis, called “top”. The remaining liquid was discarded and the pellet was rinsed by BB

once. The top and pellet fractions were frozen in the -80 °C freezer.
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For the pyrenoid isolation from chloroplasts, the chloroplasts were first isolated as described
above. The chlorophyll concentration of the chloroplast suspension was determined by
spectrophotometer at the 652 nm and 665 nm [235]. The isolated chloroplasts which contain
the amount of chlorophyll equal to that of the 1x 10 cells were pelleted by centrifugation and
resuspended in 250 pl BB. The chloroplasts were solubilized with 0.5 % Triton X-100 and
pelleted through an 80% Percoll gradient. The remaining steps are the same as described above
for whole cells.

Protein extraction

Proteins were extracted from the “top” fraction by the methanol/chloroform method [236].
200 pl of the “top” fraction was aliquoted to several 1.5 ml microfuge tubes. To each sample,
600 pl methanol, 150 pl chloroform and 450 pl H,O were added followed by vortexing. The
mixture was centrifuged at 15, 000 x g in a bench-top refrigerated centrifuge for 1-2 min at 4 °C
(MBI lab equipment). The upper phase was removed after centrifugation and 450 ul methanol
was added to the tube. After vortexing, the mixture was centrifuged again at 15,000 g for 5 min
at 4 °C using the same centrifuge. The supernatant was removed and the pellet was dissolved in
50 ul SDS loading buffer (50 mM Tris-Cl [pH 6.8], 4% glycerol, 1.6% SDS and 4% (v/v) B-

mercaptoethanol) for SDS-PAGE.
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Figure 3.1

4 X 10’ cells top

2% Triton X-100
10,000 g, 10 mins

80% percoll

pellet: pyrenoids
&contaminants

Figure 3.1 Flow chart to show how pyrenoid pellet was acquired.
4X10’ cells were solubilized with 1% Triton-X100 and centrifuged through 80% Percoll. Crude
pyrenoid fraction in the pellet and the top fraction containing left cell components were kept

for further analysis.
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Silver staining

A gel of 12% acrylamide-bis acrylamide (29:1) was made according to a standard protocol
[206]. The samples were denatured with SDS loading buffer at 100 °C for 5 min. 6 ul of pre-
stained protein ladder (Fermentas, SM0671) was used as marker to indicate the size of the
protein. The gel was run overnight at 6 mA in Tris-glycine buffer (25 mM Tris-Cl 250 mM glycine,
0.1% SDS [w/v]) and sliver stained using commercial kit (Sigma-Aldrich), according to the
manufacture’ s protocol.
Immunoblot

Protein samples were prepared and resolved by electrophoresis as described above. The
proteins on the gel were elec-transferred to a PVDF membrane (BioRad) with 30 V current
overnight at 4 °C following the standard procedure [206]. The membrane was blocked using 5%
(w/v) dried non-fat milk (Provigo Supermarket) in PBS with 0.1% (v/v) Tween-20 (Fisher) and
probed with different primary antibodies for 2 h at room temperature. The primary antibodies

and the dilutions used are list here:

Antibody Distribution Dilution Protein detected
AOX1 Mitochondria 1:20000 Alternative oxidase 1 (Agrisera)
BIP :gt?:uﬁ:?;nz;{) 1:200 Binding immunoglobulin protein (Agrisera)
Cyld Cytoplasm 1:10000 Cytoplasmic ribosome
L30 1:6000 Large subunit of chloroplast ribosome
RBCL Chloroplast 1:4000 Large subunit of Rubisco
RBCS 1:4000 Small subunit of Rubisco

Table 3.2: The primary antibodies used in the immunoblot detection.
After washing the membrane three times for 10 min each with PBST (NaCl 137 mM, KCI 2.7
mM, Na,HPO4 10 mM, KH,PO,4 1.8 mM, Tween-20 0.1% [v/v]), it was probed with the anti-rabbit

horseradish peroxidase conjugated (HRP) secondary antibody (1:10000) for 1 h at room
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temperature. Enhanced chemiluminescent (ECL) substrate (Pierce) was used to detect the HRP
enzyme activity. The film (HyBlot CL) that was exposed to the ECL signal was developed with a
developer (Kodak).
Immunofluorescent staining of pyrenoid

Freshly isolated pyrenoids from cells or chloroplasts were fixed in 100 pl BB with 4% (w/v)
formaldehyde (BioShop) for 10 min. The fixed pyrenoids were collected by centrifugation at
10,000 x g for 2 min. Pellets were washed with BB twice, and the material was resuspended in
100 ul BB and then probed with antibodies against RBCL (1:1000) or RBCS (1:1000) for 75 min at
room temperature. The conjugates were washed with BB twice, pelleted by centrifugation, and
then resuspended in 100 ul BB. Alexa Fluor 488 goat anti-rabbit secondary antibody (1:200,
Invitrogen) was incubated with the pyrenoid suspension for 45 min at room temperature. The
pyrenoid-antibody conjugates were washed again in BB and resuspended in 50 ul BB. The liquid
suspension was spread on the poly-lysine coated coverslip and air-dried for about 5 min. 13 ul
prolong antifade solution (Invitrogen) was spotted on the coverslip, which was then affixed to a
microscope slides using nail polish, which also sealed the edges. Specimens were observed with
a Leica DMI 6000 microscope (Leica Microsystems) with a 63X/1.4 objective, a Hamamatsu
OrcaR2 camera, and Volocity acquisition software (Perkin-Elmer) in DIC and GFP channel.
Mass spectrometry analysis
Our collaborator Dr. Stephan Lemaire (Curie Institute, Paris) and two members of his group
carried out all the mass spectrometry (MS) analyses from the pyrenoid samples.
1) Chemicals and enzymes

Proteomics grade endoproteinases (Lys-C and Trypsin Gold) and ProteaseMax surfactant
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were purchased from Promega (Charbonniéres, France). Reversed phase C18 spin columns,
precolumns and analytical columns were all obtained from Thermo Scientific (Les Ulis, France).
Solvents and ion-pairing agents were certified LC-MS grade and all other chemicals were

purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France) with the highest purity available.

2) Digestion

Pyrenoid pellets were washed with prechilled acetone and maintained at -20°C for at least 2
hours. After centrifugation (21,500 g, 10 min, 4°C), pellets were dissolved in 60 puL of 50 mM
ammonium bicarbonate (AMBIC) containing 6.5 M urea, 5 mM dithiothreitol (DTT) and 0.05%
ProteaseMAX surfactant at 30°C for 30 min. Free cysteines were alkylated by adding 15 mM
iodoacetamide (IAM) for 1 hour at 25°C in the dark. The excess of IAM was quenched by 2.5
mM DTT. Protein concentration was determined by BCA assay using bovine serum albumin as
standard. Proteins were digested at 37°C for 3 hours with Lys-C endoproteinase in a 1:100 (w/w)
enzyme:substrate ratio. Then, 450uL of 50 mM AMBIC were added to dilute urea. Samples were
further incubated overnight at 37°C in the presence of modified porcin trypsine Gold in a 1:50
(w/w) enzyme:substrate ratio. The digestion was stopped by addition of 0.1% formic acid (FA)
and peptide mixtures were centrifuged for 30 min at maximum speed (21,500 g) at 4°C. Tryptic
peptides present in supernatants were thus subjected to desalting using reversed phase C18

spin columns as recommended by the supplier.

3) Tandem mass spectrometry
Peptide mixtures were prepared in 20 pL of 3% acetonitrile (ACN) containing 0.1% FA (solvent A)

and analyzed on a Q-Exactive Plus (Thermo Fisher Scientific, San José, CA, USA) coupled to a
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Proxeon Easy nLC 1000 reversed phase chromatography system (Thermo Fisher Scientific, San
José, CA, USA) using a binary solvent system consisting of solvent A and solvent B (0.1% FA in
ACN). 500 ng of tryptic digests were loaded on an Acclaim Pepmap C18 precolumn (2 cm x 75
um i.d., 2 pm, 100 A) equilibrated in solvent A and peptides were separated on an Acclaim
Pepmap C18 analytical column (25 cm x 75 pm i.d., 2 um, 100 A) at a constant flow rate of 300
nL/min by two successive linear gradients of solvent B from 0% to 20% in 68 min, from 20% to
32% in 22 min and then up to 85% in 5 min followed by an isocratic step at 85% for 10 min. The
instrument was operated in positive and data-dependent acquisition modes with survey scans
acquired at a resolution of 70,000 (at m/z 200 Da) with a mass range of m/z 400-1,800. After
each full-scan MS, up to 10 of the most intense precursor ions (except +1 or unassigned charge
state ions) were fragmented in the HCD cell (normalized collision energy fixed at 27) and then
dynamically excluded for 60 s. AGC target was fixed to 3x10° ions in MS and 10° ions in MS/MS
with a maximum ion accumulation time set to 100 ms for MS and MS/MS acquisitions. All other
parameters were set as follows: capillary temperature, 250°C; S-lens RF level, 60; isolation
window, 2 Th. Acquisitions were performed with Excalibur software (Thermo Fisher Scientific,
San José, CA, USA) and to improve mass accuracy of full-scan MS spectra, a permanent
recalibration of the instrument was allowed using polycyclodimethylsiloxane ((C,H¢SiO)s, m/z

445.12003 Th) as lock mass.

4) Data analysis and database searches
Raw Orbitrap data were processed with Proteome Discoverer 1.4 software (Thermo Fisher
Scientific, San José, CA, USA) and searched against the NCBI database restricted to the C.

reinhardtii taxonomy (31,910 entries on 2014.09.04) using an in-house Mascot search server
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(Matrix Science, London, UK; version 2.4). Mass tolerance was set to 10 ppm for the parent ion
mass and 20 mmu for fragments and up to two missed cleavages per peptide were allowed.
Methionine oxidation, N-terminal acetylation of peptides and deamidation of asparagine and
glutamine were taken into account as variable modifications and cysteine
carbamidomethylation as fixed modification. Peptide False Discovery Rates (FDRs) were
determined by searching against a reversed decoy database and peptide identifications were
filtered at 1% FDR. Proteins were validated if they were identified with at least two different
peptides passing the peptide FDR filter. For each extract (MX-CW15; SS-AT; WTcell, WTcp) two
biological replicates and two analytical replicates were analyzed.

In addition to the steps described above, | contributed substantially to the analyses and
interpretation of the results. The detailed protocol of the MS analyses is provided in the
Appendix section. The functional analysis was carried out by KEGG (http://www.kegg.jp), BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi), Algal Functional Annotation Tool

(http://pathways.mcdb.ucla.edu/algal/pathways.html) and PredAlgo (https://giavap-

genomes.ibpc.fr/cgi-bin/predalgodb.perl?page=main).

3.3 Results
3.3.1. Pyrenoids from the wild-type cells had RBCL and RBCS as two major proteins.

The pellets acquired from a wild-type strain (ambient CO, or 5% CO;) and two pyrenoid-
deficient stains were analyzed by silver staining (Fig 3.2). Two major bands at the size around 55
kDa and 15 kDa were seen in pyrenoid pellet isolated from wild-type cells cultured with ambient
air or 5% CO, (Fig 3.2). These molecular mass values were consistent with those of RBCL and
RBCS, the two protein subunits of the Rubisco holoenzyme [237]. The pyrenoid is known as the
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major location for Rubisco [45]. The enrichment of RBCL and RBCS in the pellet indicated the
possible successful isolation of pyrenoids. Although this did not reveal the purity of the
pyrenoid, it showed that we obtained a pellet, which was highly enriched with Rubisco
compared to the “top” fraction which was extremely complex in its protein composition (Fig.
3.2). “Top” fraction here indicated that the protein fraction from the 500 ul supernatant above
the Percoll gradient after centrifugation.

Moreover, in C. reinhardtii, the pyrenoid is known to have the CCM and over 90% Rubisco is
in the pyrenoid when CCM is induced [70]. Cells cultured under high CO, (5%) conditions have
small or even rudimentary pyrenoids [70]. The pyrenoid isolated from high CO, cultured wild-
type strain showed much lower levels of RBCL and RBCS compared with the ambient CO, grown
culture (Fig 3.2) [70]. Equal numbers of cells grown in different CO, level were loaded on Percoll
gradient for pyrenoid isolation. The difference in the amounts of RBCL and RBCS in the pellet
fraction from cells cultured under high CO, conditions suggests that fewer pyrenoids were
collected due to their smaller size, or there is less Rubisco in these pyrenoids because they lack
CCM, or both. In any case, this result further supports the presence of pyrenoids in the pellet
fraction of cells from the ambient CO, conditions.

Pellet fractions were also obtained from two pyrenoid-deficient strains. | used the same
method to obtain pellet fraction from cells of the wild-type (pyrenoid-containing) strain and the
pyrenoid-less mutants. The SS-AT mutant contains Rubisco holoenzyme but it does not have
pyrenoids, while MX3312/cwi15 contains neither Rubisco nor a pyrenoid. If the RBCL and RBCS
that | detected in wild-type strain (Fig. 3.2) represented Rubisco holoenzyme, | should also
detect them in SS-AT. Compared to wild-type strain, only trace amount of RBCL without RBCS
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was found in the pellet from SS-AT. Both RBCL and RBCS bands were absent in the pellet of
MX3312/cwi15 (Fig. 3.2). Thus, RBCL and RBCS | got in wild-type cells could be from isolated

pyrenoid.
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Figure 3.2 Proteins in the top and pellet fractions from pyrenoid-containing strain KA6 and
two pyrenoid deficient strains; SS-AT and MX3312/cw15 were characterized by silver staining.
The pyrenoid fraction (Lane 1) from KA6 grown in ambient CO, was enriched with RBCL and
RBCS but not other proteins when compared to top fraction (Lane 2). The pyrenoid-containing
strain KA6 had less RBCL and RBCS in pellet fraction cultured under high CO, (Lane 3) than
normal CO, (Lane 3). Two pyrenoid deficient mutants had almost no RBCL or RBCS in the pellet
fraction (Lane 5 and 7).
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pyrenoid-deficient
mutant

Figure 3.3 IF staining of pellet fractions from KA6, SS-AT and MX3312/cw15 revealed the
presence of pyrenoid in KA6.

The pellets were IF-stained with RBCL (red) or RBCS (green) separately. A) KA6 showed circular
structures (DIC) with staining of both RBCL and RBCS in pellet fraction. B) Small undefined
particles were found in SS-AT. They lacked the staining of RBCL or RBCS. C) Round and solid
particles were detected in MX3312/cw15. Since they were not IF-stained with either RBCL or

RBCS, they could be large stroma starch granules, which were found in this strain before.
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The pellet fractions from wild-type strain and two mutants were also examined by light
microscopy. The pellet fraction from wild-type cells contained spherical bodies with a similar
size as pyrenoids. These were indeed pyrenoids because they IF-stained with antibodies against
RBCL and RBCS (Fig. 3.3 A). The circular structure surrounding them could be the starch sheath
of pyrenoid, which was induced under low CO, condition and co-pelleted with pyrenoid. In
addition, these fractions contained some unidentified small particulate material (Fig 3.3 A). Not
all the spherical bodies from wild-type cells showed IF staining of RBCL and RBCS. That is a
suggestion of a leakage of the components of pyrenoid during the isolation and/or IF staining
process, or there is another type of structure, possibly stromal starch granules in the pyrenoid
fraction we isolated. These spherical pyrenoids that IF-stained for RBCL and RBCS were absent in
the pellets from pyrenoid-deficient strain SS-AT (Fig 3.3 B). However, | saw a lot of round,
spherical bodies in the other pyrenoid-deficient strain MX3312/cw15. These spherical bodies
were not IF-stained with RBCL or RBCS (Fig 3.3 C). Cells of MX3312/cw15 normally have more
than one round starch granules as seen by DIC microscopy. Thus | strongly suspect that these
spherical objects were stromal starch granules. The absence of pyrenoids; spherical bodies that
IF-stained for RBCL and RBCS, in two pyrenoid-deficient mutants revealed that the pellet
fractions from the two mutants (MX3312/cw15 and SS-AT) could be useful for the identification
of contaminants by their subtraction during the proteome.

Unfortunately, the initial MS analyses of the pyrenoid pellet fractions obtained from cells
showed that many proteins found in the pyrenoid pellets were known to be in other subcellular
compartments of C. reinhardtii (Sup Fig. 3.2 S1 and S2). A major challenge for our proteomics
was to further purify the pyrenoid fraction from mitochondrial, cytoplasmic and chloroplastic

84



contaminants.
3.3.2 Chloroplasts isolation increases the purity of the pyrenoids isolation.

The levels of the marker proteins for mitochondria, cytoplasm, ER and chloroplast showed
that the chloroplast isolation efficiently removed most proteins from these compartments, but
maintained most chloroplast components (Fig 3.4 A). The ER marker BIP signal decreased to
13.7% of the whole cell level while the signal of mitochondria marker AOX1 and cytoplasmic
marker Cyl4 descended even lower in chloroplast: 6.6% and 0.2% of the cell level respectively.
On the other hand, two chloroplast markers: a ribosomal protein of the 50S subunit of the
chloroplast ribosome and RBCL showed less than 20% loss in the chloroplast samples compared
with whole cell samples. Chloroplast breakage may be the reason of the partial loss of the
soluble contents. Pyrenoids were isolated from the chloroplasts and the proteins in this pellet
fraction were examined by silver staining. It seemed that the RBCL and RBCS signals were more
intense in the pyrenoids isolated from chloroplasts then those isolated from cells (compare
lanes 1 and 3 in Fig 3.4 B). In deed, some bands, which are absent in the pyrenoid isolated from
cells showed up in that from chloroplasts. This suggests that the chloroplast isolation was
beneficial for both purity and yield of pyrenoids. The protein pattern in the pyrenoids isolated
from chloroplasts was slightly different from that in whole cells on the silver staining gel (Fig 3.4
B), which indicated that chloroplast isolation indeed removed some contaminant proteins in

pyrenoid pellet.
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Figure 3.4 Chloroplast isolation prior to pyrenoid purification increased the purity of pyrenoid
fraction.

A) Immunoblot experiments showed that chloroplast isolation rid most contamination from ER
(BIP), mitochondria (AOX) and cytoplasm (cyl4) while kept most of chloroplast content (RBCL
and large ribosomal protein 50S). B) Pyrenoid fraction isolated from chloroplast showed more
enrichment of RBCL and RBCL (Lane 3) than that from whole cells (Lane 1). The protein pattern

from chloroplast is also different from cells (Lane 3).
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3.3.3 Analysis of the functional annotation of the pyrenoid proteome revealed possible
functions of this compartment.

1) Chloroplast isolation and subtraction with two pyrenoid-deficient mutants improved the
quality of the pyrenoid proteome.

Pellet fractions from wild-type cells and chloroplasts, and cells of MX3312/cw15 and SS-AT
were analyzed by mass spectrometry in two biological replicates (S1 and S2). Two technical
replicate analyses were performed on each biological replicate sample and these results were
pooled (Fig 3.5). Then, the resulting pellet proteomes from the two mutants were subtracted
from the proteome of the pellet fraction from the KA6 (pyrenoid-containing) strain. Finally, 179
proteins were considered as our pyrenoid proteome (Fig. 3.5).

Results of mass spectrometry confirmed that the isolation of chloroplasts before pyrenoid
purification get rid of many contaminating proteins. Of the 172 proteins identified in pellet
fractions from wild-type cells, only 32.6% were predicted to be chloroplast targeted by PredAlgo
analysis. This proportion increased to 58.1% in the proteins identified in the pellet fraction from
isolated chloroplasts (Sup Fig. 3.3). The actual proportion of chloroplast-targeted protein is even
higher because PredAlgo is known to classify many known chloroplast proteins as O (other) or

M (Mitochondria).
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Figure 35
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Figure 3.5 Flow chart to show how the final list of pyrenoid proteins were acquired.

Proteins in two technical replicates from same sample were identified and the results were put
together to generate a protein pool for this sample. The proteins showed also in the pellet of KA
cells, SS-AT and MX3312/cw15 were subtracted out from KA6 chloroplast sample. Two biological
replicate samples S1 and S1 were classified in this way and two pools with the proteins only
identified in pellet fraction of KA6 chloroplast were combined together as a final pyrenoid

proteome.
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Analyses of the pellet fractions obtained from the two pyrenoid-deficient mutants indeed
identify many contaminating proteins for subtraction from pellet fraction from wild-type strain
to give our pyrenoid proteome. However, several known pyrenoid proteins were also removed
from the list by this subtraction, e.g. RBCL and Rubisco activase [26]. This was due to a trace
amount of RBCL was detected in SS-AT strain on silver staining gel. RBCL is one of the most
abundant proteins in plants (Fig 3.2). Moreover, RBCL is known to aggregate with other proteins
and a fraction of the total pool is known to become insoluble in Triton X-100 treatment (Fig. 4,
Appendix Il) [238]. Rubisco activase was also found in the aggregation under stress and it is also
abundant [239]. Thus, detection of RBCL and Rubisco activase in the pyrenoid-deficient mutants
due to their abundance or ability to aggregate could not eliminate their appearance in the
pyrenoid. This also indicated that our subtraction method was very stringent and our pyrenoid
proteome, while partial, have proteins that are identified with high confidence.

2) Functional annotation of the pyrenoid proteome.

Among the 179 proteins that we identified in the pyrenoid proteome, there were 115
proteins of known functions, and 64 have unknown functions (Sup Fig 3.4). KEGG analyses
classified the 115 proteins into the following level one categories; “Metabolism” (72 proteins),
“Genetic information processing” (38 proteins), “Stress response/Redox homeostasis” (1
protein), “Cellular process” (1 protein), “Environmental Information Processing” (3 proteins)
(Fig. 3.6, Sup Fig. 3.4). The KEGG pathways were characterized by the interactions between
molecules and network reactions. In KEGG level one groups, proteins were separated to more
defined sub-groups based on functions (Fig. 3.6, Sup Fig 3.4). All 15 sub-groups with their
components were listed in colored circles in Fig. 3.7. The color difference in the same sub-group
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indicated more detailed level of functional annotation in the sub-group. Some intriguing
proteins were identified and what they confirm and may reveal about pyrenoid functions is

discussed below.
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Figure 3.6 The pie chart showed the protein categories identified in pyrenoid proteome.
179 proteins were separated in six Kegg level one groups in functional annotation analysis;
Metabolism (72), Genetic information processing (38), Stress response/Redox homeostasis (1),

Cellular process (1), Environmental Information Processing (3) and Unknown (64).
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CCM:

The CCM is one of two processes that are known to occur in the pyrenoid. All cultures were
grown under CCM inducing conditions, and, therefore, CCM proteins are expected to be found
in the pyrenoid proteome. Indeed 12 proteins whose expression are known to be regulated by
the low CO, were identified (Sup Fig. 3.5) [240]. Eleven of these were identified in the KEGG 2
category “Carbon dioxide metabolism”. Moreover, 5 proteins among them were directly
participated in CCM: Low-CO2-inducible protein (LCI5, 15011441), Low-CO,-inducible
chloroplast envelope protein (CCP1, 158278383), Carbonic anhydrase 3 (CAH3, 2301259),
Mitochondrial carbonic anhydrase beta type (CAH4, 1323549) and Rubisco small subunit (RBCS,
20150214). These validate the results, as many known pyrenoid proteins are found. It also
suggests that some of the proteins of unknown function, might function in the CCM.

Starch metabolism:

When CCM is induced, the starch sheath forms around pyrenoid [241]. Moreover, the
product of CO, fixation in pyrenoid, 3-PGA, activates the enzyme for this starch sheath synthesis
[242]. This raised the possibility that synthesis of starch sheath occurs in, or close to the
pyrenoid. In our proteomic results, 22 proteins, including 4 starch synthases and 3 starch
branching enzymes, were grouped in the starch and sucrose metabolism category (Sup Fig 3.4).
On the silver stained polyacrylamide gel of pyrenoid pellet from chloroplasts (Fig 3.2), there was
an intensive band around 70 kDa that could represent the soluble starch synthase (SSS4, 71 kDa,
8901183). In addition, seven predicted proteins might have starch-related functions, based on
the presence of predicted domains for the alpha amylase catalytic domain (1 protein) or starch-
binding domains (6 proteins). Four proteins function in starch degradation; alpha-amylase
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(AMYA?2, 158275185), alpha-glucan water dikinase (GWD1, 158281332), phosphoglucan water
dikinase (PWD1, 158274573) and isoamylase (ISA1l, 158274418). This implies that starch
metabolism, including both synthesis and degradation, happens in or close to the pyrenoid.

A recent finding that a pyrenoid deficient mutant was not impaired in starch synthesis led to
the abandonment of this hypothesis [241]. However, stromal starch granules could be
synthesized at the different location with different enzymes from the pyrenoid starch sheath
[241]. It still remains possible that the pyrenoid is the location where the pyrenoid starch sheath
is made and broken down.

Photosynthesis:

The pyrenoid sequesters Rubisco from the O, produced by PSIl in thylakoid membranes
throughout the chloroplast. In addition, it has been proposed that the thylakoid membranes of
the tubules in the pyrenoid lack PSII, and this is supported by results of histochemical staining
and electron microscopy [232]. The absence of PSIlI subunits in our pyrenoid proteome
substantiates this finding (Sup Fig 3. 4). Consistent with a previous report of PSI in pyrenoid
tubule membranes histochemical staining, we found that three PS | reaction center subunits in
the pyrenoid proteome. (PSI does not produce O, and, therefore, would not affect the 0,/CO,
ratio in the pyrenoid). In addition, we identified three ATP synthase subunits and three
cytochrome bgf complex subunits. Like PSI and PSIl, these complexes are known to be
embedded in thylakoid membranes. Therefore, our results suggest that all of the major
photosynthesis complexes, except PSII, are present in the thylakoid membranes of the tubules
within the pyrenoid. Moreover, the absence of PSII reaction center subunits in the pyreniod
proteome makes the presence of other photosystems unlikely to be a contamination by non-
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pyrenoidial thylakoid membranes. In the absence of PSII, the other complexes can synthesize
ATP using cyclic electron flow and photophosphorylation [243]. Our results provide further
support of the previous hypothesis that ATP synthesis occurs in pyrenoid. To reiterate a major
finding here; the absence of PSIl subunits in our pyrenoid proteome, and the presence of
subunits of each of the other major photosynthesis complexes (see below) provides the first
biochemical support of this hypothesis that PSIl is excluded from the pyrenoid to suppress the
0,/CO; ratio (Sup Fig 3. 4).

The major, abundant light-harvesting proteins that are associated with PSI and PSIl were not
in the proteome. However, the PSIl proteins can be seen in the pellet fractions of all strains; the
pyrenoid-positive WT strain and the pyrenoid-deficient mutants (Fig 3.2, Sup Fig 3.2 S1 and S2).
They were just subtracted from the final proteome list. Therefore, our results did not determine
whether LHC | and Il proteins are in the pyrenoid or not. However, we did identify four LHC-like
proteins with known or predicted roles in light-stress responses: stress-related chlorophyll a/b
binding protein 1 and 3 (LHCSR1 and 3, 1865773 and 158275235), early light-inducible protein
(ELI4, 158276363) and low molecular mass early light-induced protein (LHL3, 54649970) (Sup
Fig 3.4). LHCSR proteins played a crucial role in dissipating excess light energy for photo-
acclimation [244]. These proteins may be involved in regulating photosynthesis in the thylakoid
membranes of the pyrenoid tubules. Whether there is a special requirement for the light stress
responses carried out by these proteins in the pyrenoid remains to be determined.

Chlorophyll synthesis:

Historically, the location of chlorophyll synthesis in chloroplasts of plants and algae has been

controversial and very little is known in C. reinhardtii [245]. Therefore, it was intriguing to find 6
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proteins in the tetrapyrrole and chlorophyll synthesis pathway in the pyrenoid proteome (Sup
Fig 3.4). It is widely assumed, but not tested, that chlorophyll synthesis is localized at or near
the locations of the assembly of the photosystems and their LHCs [22]. This assumption is based
on the fact that ROS and oxidative damage can be caused by free chlorophyll intermediates; i.e.
in the absence of the photochemical and non-photochemical chlorophyll quenching
mechanisms carried out by these complexes [246]. Thus newly synthesized chlorophyll is
predicted to be integrated to the photosynthetic complex quickly [94]. Previous work in the lab
identified the location of PSIl subunit synthesis and assembly immediately adjacent to the
pyrenoid, in the T-zone and chloroplast translation membranes (which have the marker
proteins found in the T-zone) [212]. If chlorophyll is synthesized in or close to pyrenoid, it could
be rapidly loaded into assembling PSIl complexes in the neighboring T-zone. This could
minimize the accumulation and toxicity of unassembled, non-quenched chlorophyll.

Lipid synthesis:

Biogenesis of thylakoid membrane needs the biosynthesis of galactolipids of the bilayer and
the assembly of the photosystem complex. Since pyrenoid is adjacent to the PSIl assembly
location, | wondered if there would be any evidence of lipid synthesis in our proteome.

We did identify three proteins with roles in, or related to, lipid biosynthesis. One of these is
the E1 subunit of pyruvate dehydrogenase (PDH2, 158277372), which catalyzes the conversion
of pyruvate into acetyl-CoA as the beginning of lipid synthesis. The E2 subunit, DLA2, was not
identified in the final list, because it was detected in the primary lists of proteins identified by
MS in the wild-type and two mutant strains. This protein has a dual function as a translational
activator of psbA translation, for the synthesis of the D1 subunit of PSIl, and it is localized in the
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T-zone [201]. Also identified in the pyrenoid proteome were two subunits of acetyl-CoA
carboxylase (158271224, 158270727), which carboxylates acetyl-CoA to form malonyl-CoA
[247]. The identification of these enzymes in fatty-acid synthesis in the pyrenoid raises the
possibility of lipid metabolism in, or close to, the pyrenoid. Three elements related to thylakoid
biogenesis; PSIl assembly, chlorophyll synthesis and lipid synthesis all localized in or close to
pyrenoid. Taken together, our results suggested that the location at the perimeter of pyrenoid
could be the site of thylakoid membrane biogenesis.

Transcription:

The chloroplast DNA-directed RNA polymerase is composed of four core subunits and
additional proteins as sigma factor and polymerase associated proteins [248]. Five of the
identified proteins were subunits of chloroplast RNA polymerase. These proteins represented
all four core polymerase subunits o (RPOA, 23307781), B (RPOB1, 24209933; RPOB2,
24209934), B’ (RPOC1A, 213517451), B” (RPOC2, 213517428) respectively [248]. Although the
sigma factor was not found in the pyrenoid proteome, the finding of entire core subunits of
RNA polymerase and the fact that chloroplast nucleoids localized close to pyrenoid suggests it
has a role in transcription of the chloroplast genome [19].

Translation:

Proteins of the chloroplast translation system were identified in the pyrenoid proteome.
These include 22 ribosomal proteins; 15 of the large subunits and 6 of the smalls subunits. In
addition, there is one mitochondria ribosomal protein (MRPL29, 158282820). Two chloroplast
stem-loop binding proteins (CSP41a, 158280041 and CSP41b, 34398360) were also in this
category and they are known to have endoribonuclease activity and function (directly or
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indirectly) in transcription and translation [249].

CSP41a could initiate and regulate specific RNA turn-over in tobacco chloroplasts. CSP41b
was found associated with 70S ribosome in C. reinhardtii and involved in mRNA processing,
endonuclease activity, cleavage and translation [250, 251]. Except these two RNA-binding
proteins, one ATP-dependent RNA helicase (HEL65, 158274646) and one RNase J-like protein
(RNJ1, 187766731) were also found in pyrenoid proteome list. These four proteins might have a
function related to RNA degradation. This proteomic result, together with the finding of 8-oxoG
RNA in pyrenoid (Chapter 2), indicated that pyrenoid could be a location for oxidized RNA
metabolism, for example, degradation. Degradation process of oxidized RNA would prevent
their translation and limit the synthesis of aberrant proteins.

Stress response:

According to annotation information, peroxiredoxin, type Il (PRX5, 158283443) was the only
protein which had been categorized to “stress response” in the functional annotation.
Peroxiredoxin scavenges ROS and it also plays a role in ROS signalling [252]. There are three
types of peroxiredoxins Il in C. reinhardtii, however, only one of them contains a putative
chloroplast transit peptide, which was exactly the one we identified in pyrenoid proteome
[252].

Other than this, proteins that have been characterized to the other functional groups could
also have stress related functions. For example, Zeaxanthin epoxidase (ZEP1, 28629442) that
was categorized to “Carotenoid Biosynthesis”, which is required for the resistance of osmatic,
drought and light stress [253, 254]. Although the function of lipid-associated proteins (PLAP10,
158278755) was “unknown” in C. reinhardetii, it is thought to response to oxidative, aging and
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biotic stress in Solanaceae [255]. This might indicate a stress related function of this protein.
Those stress-related proteins identified in the pyrenoid proteome could imply a role of
pyrenoid in stress response or regulation.

3.4 Discussion

3.4.1. How might future work enhance the purity of the isolated pyrenoids?

Although the chloroplast isolation rid lots of contaminants from mitochondria and cytoplasm,
we still need to further enrich the pyrenoids in the pellet. | tried to use immunoprecipitation
with magnetic beads to purify pyrenoids from the crude pyrenoids fractions isolated by Triton X-
100 as described above. Both RBCL and RBCS antibodies were used for purification. In the
elution using affinity purified RBCL antibody and polyclonal RBCL antibody, there was a band
which corresponds to the molecular weight of RBCS on the silver-staining polyacrylamide gel
(Sup Fig. 3.6). This band was absent in the control experiment with pre-immune serum of RBCL
(Sup Fig. 3.6). This result indicated that there might be some Rubisco or even pyrenoids isolated
by RBCL antibodies. Other than RBCL and RBCS, there were other protein bands identified on
the gel. However, | was unable to see pyrenoids by light microscopy in the elution. The
purification with affinity purified RBCS antibody also showed a band at the molecular mass of
RBCL (56 kDa), however, that is also the size of heavy chain of the antibody. It was not
determined if RBCL was immunoprecipitated with RBCS yet. A specific secondary antibody,
which does not detect heavy chain, could solve this problem. Although more detailed analysis
would be needed to characterize the components of the eluted material from the
immunoprecipitation, it offered a new possible method for further purification of the isolated
pyrenoids.
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3.4.2. The majority of stroma proteins were not found in pyrenoid proteome.

The results of previous work suggests that thylakoid membranes form the thylakoid tubules
that extended into the pyrenoid [233]. High resolution 3D electron tomography analysis of C.
reinhardtii chloroplast revealed that the junctions are incredibly complex, where mini-tubules
containing stroma extend into thylakoid membranes which make up the thylakoid tubules [35].
These mini-tubules are in contact with the pyrenoid matrix allowing direct continuity of the
chloroplast stroma. This might explain why 19 proteins in our list were found in the stroma
proteome (Sup Fig. 3.7). The finding of mini-tubules indicated a direct exchange between
stroma and pyrenoid and also suggested that stroma proteins in our pyrenoid proteome might
not be just contaminants but actually might function in the pyrenoid.

3.4.3. Function of pyrenoid in oxidized RNA metabolism.

One important reason for us to characterize the proteome of the pyrenoid is that my results
reveal that 8-oxoG oxidized RNA is localized in the pyrenoid and the major pyrenoid protein
RBCL controls the level of RNA oxidation (Chapter 2). mRNA was never detected in the pyrenoid
matrix by FISH [38, 212, 214]. However, when | stained wild-type cells of C. reinhardtii with the
RNA-specific dye (SYTO® RNASelect™ Green Fluorescent cell Stain, life technologies), | did
detect weak staining of pyrenoid (Sup. Fig. 3. 8). This further supports the presence of RNA in
the pyrenoid. The finding of 5 RNA polymerase subunits and 22 ribosomal subunits indicated
the possible function related to transcription and translation. In addition, the enzymes related
to RNA degradation as RNase J, ATP-dependent RNA helicase, and CSP41 a/b were also found in
pyrenoid. These results build upon the evidence that that pyrenoid has a role in RNA
metabolism and a possible oxidized RNA quality control (Chapter 2). This moonlighting function
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of RBCL could be the protection of intact RNA from oxidation, or repair/ degradation of oxidized
RNA. The identification of enzymes related to RNA turn-over and processing supports this
proposed function of the pyrenoid in RNA metabolism and quality control. The protein that
could be involved in protection and repair mechanisms were not found, however, 36% of the
proteins in the pyrenoid proteome are still uncharacterized.

In summary, my results describe a partial proteome of the pyrenoid with valuable new
information about this micro-compartment and establish methods for a more convincing

characterization of this proteome.
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Chapter 4: Newly synthesized chlorophyll is localized at the perimeter of the pyrenoid and at
the ends of lobes.
4.1 Introduction

The tetrapyrroles, chlorophyll and heme, are synthesized in the chloroplast in a pathway
with common steps at the beginning and then branches after the synthesis of the porphyrin ring
into separate pathways for each [256]. The location(s) of the steps in these pathways has been a
subject of a controversial debate; with localization to the chloroplast stroma, the inner envelope
membrane and thylakoid membranes proposed for various steps. However, these conclusions
are based almost exclusively on subcellular fractionation studies that compared equivalent mass
amounts of protein from these compartments [85]. Many of the studies compared enzyme
activity levels, which are affected by other components of fractions and often labile. This
drastically overrepresented the amount of envelope membrane and, hence, the proportion of
proteins in the envelope, relative to others (i.e. thylakoid membranes and stroma).

Six proteins in the pyrenoid proteome are known enzymes in tetrapyrrole synthesis,
including four that are specific to the chlorophyll biosynthesis branch of the pathway (Chapter
3). This suggests that the pyrenoid could be the location of chlorophyll synthesis. Indeed, two
previous papers provided preliminary evidence of this hypothesis [257, 258].

A previous study in our lab revealed that there are special punctate foci, called
translation zone (T-zone) localized with a chloroplast translation membrane (CTM) at the
perimeter of pyrenoid. This T-zone appears to be a privileged location for PSIl subunit synthesis
and assembly [214]. Chlorophyll is an important component of photosynthesis complexes; it is
the major pigment that harvests light energy. It transfers this energy by resonance energy
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transfer to the photosystems, and chlorophyll positioned in the reaction centers of PSI and PSII
act as cofactor in the charge separation and electron transport reactions [259]. While it has
been supposed that chlorophyll synthesis is localized to the site of synthesis and assembly of
chlorophyll-binding proteins, this has not been demonstrated to my knowledge. Surprisingly,
the same question regarding heme synthesis is also unresolved; i.e. whether or not it is co-
localized with cytochrome synthesis. One reason for such a co-localization is the toxicity of free
chlorophyll and heme, which can produce ROS if not controlled with a variety of protective
mechanisms or sequestered within protein. Therefore, it is supposed that newly synthesized
chlorophyll should be rapidly bound with other components to form photosynthesis complexes.
Our abovementioned results of the proteomic characterization pyrenoid suggest that the
pyrenoid and adjacent region could be a location of chlorophyll synthesis.

Protoporphyrin IX is the intermediate in the biosynthesis of both chlorophyll and heme
which has the porphyrin ring but lacks the central metal atom; Mg or Fe, respectively. Insertion
Mg2+ into protoporphyrin IX by Mg-chelatase (CHLI, CHLH and CHLD) is the initial step for the
specific biosynthesis of chlorophyll [90, 91]. Mg-protoporphyrin IX is then methylated and
converted to divinyl-protochlorophyllide (DV-Pchlide) in two sequential steps catalyzed by Mg-
protoporphyrin IX methyltransferase (PPMT) and a Mg-protoporphyrin IX monomethyl ester
(oxidative) cyclase (CRD1 and CTH1) [92, 97]. CRD1 (Copper response defect 1) is the cyclase
that accumulates under conditions of either copper-deficiency and oxygen-deficiency while
CTH1 is expressed under copper-sufficient and oxygenated conditions [260]. Protochlorophylide
(Pchlide) is a reduced product from DV-Pchlide by a DV-Pchlide-8-vinyl reductase (DVR) [99]
[100]. Chlorophyllide a is generated by the reduction of pyrrole ring of Pchlide by one of two
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distinct isoforms of protochlorophylilde oxidoreductase (POR), one light-dependent the other
light-independent [102, 107]. The last step for chlorophyll a formation from chlorophyllide a
was catalyzed by chlorophyll synthase (CHS) [117]. Chlorophyll b is synthesized from
chlorophyllide b which is synthesized from chlorophyllide a by chlorophyllide a oxidase (CAO).
This step was also catalyzed by chlorophyll synthase (CHS) [120, 121].

In the work described in this chapter, | asked whether chlorophyll synthesis is localized to
the pyrenoid. | detected the localization of newly synthesized chlorophyll and a chlorophyll
biosynthetic enzyme with fluorescence microscopy. The chlorophyll mutant y-1 was used to
detect the newly synthesized chlorophyll. This mutant has a mutation in the nuclear y-1 gene,
which is needed for ChlL translation [112]. ChlIL is one important subunit for light independent
POR (LID-POR). Therefore y-1 cannot reduce protochlorophyllide to chlorophyllide in the dark.
There is no chlorophyll synthesized and the color of this strain is yellow in the dark. However,
this strain can synthesize light-dependent POR (LD-POR), which can reduce protochlorophyllide
with light incubation. It will produce the chlorophyll when shifted to light and the color of the
culture will turn from yellow to green. This process is called “greening”. Thus, localization of
newly synthesized chlorophyll was detected in greening y-1.

The newly synthesized chlorophyll was found in two locations; in the posterior lobe of the
chloroplast (which contains the pyrenoid [Chapter 1]), and tips of lobes, near the flagella. The
auto-fluorescence of chlorophyll was not enriched in the pyrenoid. LD-POR only localized at the
periphery of pyrenoid in y-1 mutant when it was grown in dark. By contrast, LD-POR in a wild-
type strain (CC503) showed a ring-like pattern of LD-POR IF signal in a region called the lobe
junction. My colleagues and | showed that the chloroplast protein import complexes TIC and
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TOC are localized in this pattern, suggesting that chloroplast protein import is localized in
regions adjacent to the T-zone [214]. The results revealed much more complex patterns of
chlorophyll fluorescence in the early greening y-1 cells than simple appearance within the
pyrenoid (described below), but are nevertheless consistent with the pyrenoid or its surface
being a primary location of chlorophyll synthesis.

The appearance of the first chlorophyll fluorescence at the ends of the lobes in early
greening y-1 cells suggests that these regions are also locations of synthesis of chlorophyll and,
by extension, chlorophyll-binding proteins. Previous work in the lab, reviewed above, found
evidence only for the localized synthesis of PSII subunits and RBCL in the T-zone [212]. T-zone
localization was not observed for the psaA chloroplast mRNA, encoding a major core subunit of
PSI (PsaA), or a biochemical factor that is specifically involved in PSI assembly [212]. Similarly,
the CTM showed markers of PSIl assembly, but not PSI assembly [214]. Although the psaA
mMRNA and the PSI assembly factors were not seen to localize in situ to the lobe ends, this
pattern was observed for chloroplast ribosomal proteins (markers of the chloroplast ribosome
and, potentially, translational activity). Therefore, it will be important to explore the possibility
that the ends of the lobes are biogenic regions for PSI, or the light-harvesting complex.

4.2 Materials and Methods
Cell culturing and treatment
Cell stains used in this chapter were listed below.

Table 4.1 strains used in the chlorophyll detection

Name Mutation place Chl intermediate accumulation Color and growth condition
CC-503 (wild type) - - Green/ light or dark
CC-339 CHLH Protoporphyrin IX Brown/ dark
CC-4261 CHLM Mg-protop®Fphyrin IX Yellow/ dark

y-1 y gene Protochlorophyllide Yellow in dark;

green in light




Cells were cultured to the density of 2-4 X10° cells/ ml. CC-339, CC-4261 and y-1 were
grown in the dark condition while CC503 was grown under moderate light (50 uE m~2s™). The
dark-grown y-1 culture was transferred to the moderate light condition for 1, 2, 3, 20 and 92
hours incubation and then detected for chlorophyll auto-fluorescence.

Chlorophyll auto-fluorescence imaging in living cells

Cells were added to equal amount of 100% (v/v) glycerol, in order to immobilize them
during imaging by microscopy. The mixture was spread in the center of the microscope slide and
covered with a cover slip then sealed with nail polish. This step was not done under completely
dark condition, thus y-1 cells examined in “0 h” light exposure condition were actually exposed
to dim light for a couple minutes. The slides were examined by a laser scanning confocal
microscope Leica TCS SP2 (Leica). The excitation wavelength was 488 nm and the emission filter
was adjusted to 600 nm to 700 nm.

IF staining

All procedures were described previously [202]. The primary antibodies used were chicken
AtpB (1:2000), chicken D1 (1:1000) (Agrisera), rabbit POR (1:2000). Goat anti-chicken FITC
secondary antibody and Alexa Fluor 488 or 568 goat anti rabbit IgG (H+L) secondary antibody
(Invitrogen) were used to introduce fluorescent signal to detection. The specimens were
examined by a Leica DMI 6000 epi-fluorescent microscope with a 63X/1.4 objective, a
Hamamatsu OrcaR2 camera, and Volocity acquisition software (Perkin-Elmer) in the DIC, GFP

and Texas Red channels.
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4.3 Results
4.3.1 Chlorophyll fluorescence in the y-1 mutant was detected around the periphery of the
pyrenoid and in the end regions of the lobes.

In the preliminary results of pyrenoid proteome, six enzymes related to the chlorophyll
biosynthesis were identified (Chapter 3). The proteome of the pyrenoid opens a new avenue to
the localization of this process. | used fluorescence microscopy to detect newly synthesized
chlorophyll in living cells.

The chlorophyll fluorescence was imaged in y-1 cells that were dark-grown and then
maintained in near darkness (Materials and Methods) (0 h) or exposed to light to initiate
greening for 1 h, 2 h, 3 h, 20 h or 96 h. The chlorophyll fluorescence was seen around the
pyrenoid and at the ends of the lobes in the cells from the 0 h, 1 h and 3 h time points (Fig. 4.1
A). There was weak chlorophyll fluorescence showing in cells from the 0 h time point, which was
particularly localized to the perimeter of pyrenoid, with less fluorescence from within the
pyrenoid (Fig. 4.1 A). The chlorophyll fluorescence in y-1 cells was elevated in the cells adapted

to light for 1h to 3h compared to the signal in “Oh” light incubated cells (Fig. 4.1 A).
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Figure 4.1 Auto-fluorescence of chlorophyll was examined in y-1, CC503 and two other

chlorophyll mutants.

A) Auto-fluorescence of newly synthesized chlorophyll (red) in y-1 was detected in dark grown
culture and in the culture transferred to light incubation for 1h, 2h, 3h, 20h and 92 h by laser
scanner confocal microscopy. Cell shape was observed in DIC channel B) The chlorophyll in
CC503 grown under constant light was examined (left). The two chlorophyll mutants; CC339 and
CC4261 showed weak signal of chlorophyll in them (right). C) A cartoon illustration showed
newly synthesized chlorophyll distribution in y-1 strain (red) (N; nucleous, Cy; cytoplasm, cp;

chloroplast). Size bar indicated 5 um.
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In addition to the localization around the pyrenoid, | also observed that some of the cells
had signal specifically enriched in T-zone [214], for example the cells in Fig. 4.1 A (the 2 h light
incubation). The t-zone and CTM are identified as locations for PSII biosynthesis and assembly
[38]. This might indicate that the biosynthesis of chlorophyll is related to the assembly of PSII.

In y-1 cells after 20 h of greening, the patterns of chlorophyll fluorescence around the
pyrenoid and the ends of lobes was not as obvious as at the earlier time points and the
fluorescence was dispersed throughout the chloroplast (Fig. 4.1 A, Sup Fig 4.1). Over 3 days
exposure to the light, the chlorophyll fluorescence was similar shape of the chloroplast that was
seen in the wild-type (CC503) cells. The color of the y-1 cultures at this time point also had
become green from their original yellow (Fig. 4.1 A and B). Although newly synthesized
chlorophyll did not localize in the pyrenoid, the close location to pyrenoid also suggest that
pyrenoid could relate to the biosynthesis of chlorophyll.

In order to confirm that the auto-fluorescence described above is indeed from chlorophyl, |
also analysed two chlorophyll deficient mutants as negative controls. CC339 lacks the CHLH
subunit of Mg-chelatase and accumulates protoporphyrin IX [261]. CC4261 lacks Mg-
protoporphyrin IX methyltransferase and accumulates Mg-protoporphyrin IX [261]. They both
lack chlorophyll. When examined under the same microscopy settings as the y-1 cells, neither
mutant showed auto-fluorescence signal (Fig. 4.1 B). These results control for the possibility
that one or more other molecules generated the auto-fluorescence attributed to chlorophyll in

the greening y-1 cells.
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4.3.2 The localization of chlorophyll signal at the perimeter of pyrenoid and tip of lobes was
not due to the abnormal shape of chloroplast in y-1.

When cultured in the dark, yellow y-1 cells were shown to not have mutual thylakoid
membranes and photosynthesis [262]. When it was transferred to light, the thylakoid biogenesis
and chlorophyll synthesis initiated. An alternative explanation for the chlorophyll auto-
fluorescence patterns in early greening stages of y-1 cells could be that the shape of chloroplast
is abnormal, being constricted between the basal region (posterior part with the pyrenoid) and
the ends of the lobes. In this case, all the chloroplast proteins would show a similar pattern.

A chloroplast marker protein, ATP synthase B (AtpB) was detected by IF staining to show
the chloroplast shape in cells from the same cultures and time points that were analyzed for
chlorophyll auto-fluorescence (described above). At the 0 h time point, the AtpB IF straining
showed a complete chloroplast in all optical sections and | did not see the patterns that were
seen for the chlorophyll auto-fluorescence; in perimeter of pyrenoids or at the ends of the lobes
(Fig. 4.2). In contrast, the chlorophyll signal of living cells showed the special pattern as seen
before (Fig. 4.1). The IF signal were more obvious after incubated in the light. After 3 h of
greening, the chlorophyll signal was still concentrated around the pyrenoid and at the ends of
the lobes, while the signal of AtpB was dispersed throughout the chloroplast. Therefore, the
auto-fluorescence patterns attributed to localized newly synthesized chloroplast were distinct

from the in situ distribution of a soluble protein in the chloroplast.
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Figure 4.2 The newly synthesized chlorophyll distribution in y-1 was different from the

light incubation time

chloroplast marker ATP synthase B.
The auto-fluorescence signal of chlorophyll was observed in y-1 grown in dark and with 1h, 2h
and 3h light incubation (red) as described in Fig 4.1. The distribution of ATP synthase B from the

same culture was detected by IF (greed). Size bar indicated 5 um.



4.3.3 Immunoflourescence microscopy reveals LD-POR in situ at lobe junctions and in a ring-
like pattern in wild-type cells

After figuring out the localization of newly synthesized chlorophyll, | would like to know
the location of enzymes in this pathway. As a crucial enzyme, LD-POR was found previously to
associate with envelope membrane and thylakoid membranes, based on subcellular
fractionation experiments [263]. There is no in situ evidence to verify these results. Thus, | used
IF staining to detect whether LD-POR is localized in the wild-type strain CC503 and, if so, where
is it localized? CC503 was grown under constant light, transferred to the dark for 2 hours, and
then exposed to moderate light (20 HE m™2 s7%) for 5 min. The short time light exposure could
initiate chlorophyll and photosystem complex re-generation. The LD-POR signal was mainly seen
in the chloroplast lobes instead of pyrenoid periphery, where the newly chlorophyll was found
(Fig 4.3). The LD-POR IF signal at lobe junctions appeared to surround a finger-like lobe where it
connects to the chloroplast basal region (Fig. 4.3). This was seen as a perforation of the IF-
signal; a non-staining spot attributed to the presence of the lobe. A similar pattern was seen
with antibodies against proteins of the chloroplast protein import machinery (I am one of the
coauthors, Appendix Ill) [214]. It was proposed that this pattern represents specialized domains
of the chloroplast envelope at these lobe junctions, which are responsible for the localized
import of newly synthesized proteins from the cytoplasm.

These perforations were seen in the cells from constant light, dark 2h and 5 min light
conditions. This ring-like pattern existed in about 59% cells gown in constant light and this
number increased to 73% in dark and 85% in cells that were dark adapted and then transferred
to light (Sup Fig 4.2). The perforation was not seen with thylakoid marker protein D1. This
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indicated that this pattern is not associated to the shape of thylakoid membrane, one of the
currently proposed locations of LD-POR [263].

The intriguing perforation-structure at the lobe junction in CC503 is different from the
pattern of newly synthesized chlorophyll in y-1. This suggests that the localization of POR could

show an import pattern instead of the location of chlorophyll synthesis.
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Figure 4.3 LD-POR formed a perforation at the chloroplast lobe junction in CC503.

A) An illustration to show where is the lobe junction (red region) [214]. B) The LD-POR distribution in
CC503 was examined in the cells in constant light, dark (2h) adaption and dark to light (5 min) conditions.
The LD-POR (red) localized mainly on the chloroplast lobes. It also formed perforation structure (white
arrow) at the lobe junction where is thought to be import site for nuclear encoded chloroplast targeted
proteins. A photosystem complex D1 (green) was IF-stained to show the location of thylakoid membrane.
DAPI (blue) were used to localize nucleus and nucleoids. The merge of IF signal of LD-POR and D1 and all

three staining were also showed. Size bar indicated 5 um.
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4.4 Discussion
4.4.1. Newly synthesized chlorophyll signal at the periphery of pyrenoid and at the ends of
lobes could be confirmed by chlorophyll synthesis inhibitor.

Because the y-1 mutant cannot reduce protochlorophyllide to chlorophyllide in the dark,
there is no chlorophyll synthesis in dark. Therefore, the chlorophyll signal detected after
exposing to light should come from newly synthesized chlorophyll. Moreover, this fluorescent
signal is not detected in the chlorophyll deficient mutants, which accumulate only chlorophyll
intermediates instead of chlorophyll (Fig. 4.1 B). That means the signal | detected was unlikely
from the chlorophyll intermediates. Also, because y-1 is known to initiate chlorophyll synthesis
upon illumination [233] and that chlorophyll is a highly fluorescent molecule, it is likely that the
fluorescence signal is from newly synthesized chlorophyll. However, more evidence is needed to
show that this auto-fluorescence is newly synthesized chlorophyll. To test this, chlorophyll
inhibitors can be used to block the chlorophyll biosynthesis in the y-1 strain in light. If the signal
observed disappears when treated with chlorophyll inhibitors, it indicates the signal | detected
around the pyrenoid and at the tips of lobs should come from newly synthesized chlorophyll.
4.4.2. Chlorophyll synthesis vs thylakoid membrane biogenesis

Newly synthesized chlorophyll was used as a marker for thylakoid membrane biogenesis
in y-1 strain when it was transferred from dark to light [262]. This paper revealed that newly
synthesized chlorophyll synthesis was assembled in functional PSI and PSIl complexes within a
few seconds after dark adapted cells were exposed to light. Since chlorophyll synthesis occurred
prior to thylakoid membrane biogenesis and it was an important component in photosynthesis
complex on thylakoids, its localization might give some information for the localization of
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thylakoid membrane biogenesis.

T-zone and CTM had been identified as a PSIl synthesis and an assembly place by a
previous student in our lab [212]. They may also relate to the biogenesis of thylakoid
membrane. Part of newly synthesized chlorophyll signal was found around the pyrenoids and
some of it was concentrated at T-zone area (Fig 4.1 A). This interesting finding made a bridge of
PSIl assembly and chlorophyll synthesis. Chlorophyll is very important component of PSII
complex. It is reasonable that these two share the same or very close localization for synthesis
or assembly.

Besides the newly synthesized chlorophyll, | was wondering where were the enzymes
related to the chlorophyll synthesis. If they also localized in T-zone or CTM, | would have more
confidence of the connection of PSIlI synthesis and assembly with chlorophyll biosynthesis. LD-
POR localized around pyrenoids but did not localize at the tips of lobes in the dark in y-1. When |
consider the fact that CTM was localized at the perimeter of pyrenoid, the IF signal of POR could
be also in CTM. The finding implied that the localization of chlorophyll biosynthesis enzymes
might relate to the localization of PSIl synthesis and assembly.

A PratA-defined membrane (PDM) was identified as a place for PSIl assembly as CTM in
cyanobacteria [247]. Interestingly, POR found in PDM revealed a tight connection between
chlorophyll synthesis and PSIl assembly [247]. It also raised a possibility that PDM is for both
PSIl biogenesis and chlorophyll synthesis in cyanobacteria. The IF signal of POR in y-1 was found
at the perimeter of pyrenoid, where was identified as CTM region. In addition, lipid metabolism
proteins were found in pyrenoid proteome. Taking all these elements together, CTM or
generally speaking the perimeter of pyrenoid might be a strong candidate for the localization of
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thylakoid membrane biogenesis.

Unlike PSII, the localization of PSI synthesis and assembly was still not very clear. PSl is also
an important component of thylakoid membrane and its assembly could relate to thylakoid
membrane biogenesis. The localization of newly synthesized chlorophyll could also offer a
possible hypothesis for PSI localization. The newly synthesized chlorophyll localized to the
perimeter of pyrenoids and the tips of lobe. The perimeter of pyrenoids was also identified as a
localization of CTM for PSII synthesis and assembly. Then | wanted to know what else could
happen at the tips of lobes. One hypothesis is that the tips of lobes are the major localization
for PSI synthesis and assembly.

Besides the newly synthesized chlorophyll, some other proteins like ribosomal protein
were also found located at the tips of lobes (Data not shown). The chloroplast nucleoids located
at the perimeter of pyrenoid as well as tips of lobes at the 2h and 6h in the light cycle of the
synchronised cultures [19]. The finding of DNA and ribosomal protein implied that tips of lobes
could be localization of protein synthesis. If mRNA signal could also be detected at the same
place, tips of lobes could be another T-zone specifically for PSI.

We have already known that 1) nucleoids were localized around pyrenoid and at the tips of
lobes at certain time in synchronized cells; 2) newly synthesized chlorophyll was localized at the
perimeter of pyrenoids and tips of lobes and it may be related to the thylakoid membrane
biogenesis; 3) T-zone and related membrane CTM are the major location for PSIl synthesis and
assembly; 4) tips of lobes could be another location for some protein synthesis and complex
assembly, such as PSI. All the information composed an intriguing hypothesis that the
localization of thylakoid membrane biogenesis might be around the pyrenoids or at the tips of
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lobes together with chlorophyll synthesis.
4.4.3 LD-POR localized at the chloroplast protein import machinery could be beneficial for the
photosystem assembly.

The ring-like pattern of LD-POR localization at lobe junctions is intriguing because it
resembles a pattern seen for the TIC and TOC proteins, which are involved in the import of
proteins into the chloroplast [214]. We proposed in that paper that import of the nuclear
genome-encoded proteins of PSIl (and possibly other complexes) is localized to lobe junctions to
build upon newly assembled PSIl reaction centers in the neighboring T-zone. The TIC and TOC
complexes import the major chlorophyll-binding proteins of the chloroplast, the light harvesting
complex (LHC) proteins associated with PSI and PSII [214]. One intriguing possibility is that the
LD-POR is localized to the envelope at lobe junctions to provide the chlorophyll to the LHC
proteins when or soon after they enter the chloroplast. As the expression of LHC proteins is
strongly light-induced [264], it would be beneficial to use a light-dependent POR to synthesis
the chlorophyll for them.

This ring-like pattern of LD-POR localization at the lobe junctions and in the lobes
contrasts the appearance of the initial chlorophyll fluorescence in greening y-1 cells (compare
Figs 4.3 and 4.4). | can only speculate that the former is to provide chlorophyll for the incoming
LHC proteins and the latter is the newly synthesized chlorophyll for the assembling PSI and PSII
reaction centers in these regions.

4.4.4. Could newly synthesized chlorophyll localize differently from the enzymes in
chlorophyll synthesis?

IF staining of POR did not show exact pattern as | identified of newly synthesized chlorophyll
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localization. There are two possibilities for this, the first one is that perimeter of pyrenoids and
tips of lobes are the localization of chlorophyll synthesis. Some enzyme might localize with the
newly synthesized chlorophyll while the others not. To explore more about this possibility, the
localization of other chlorophyll synthesis enzymes, especially the ones that | found in the
pyrenoid proteomics, should be determined. | would like to localize these proteins by IF staining
if there are commercial antibodies against them or | would add HA tag to those proteins and
examine their localization pattern under microscope. Second hypothesis is that the newly
synthesized chlorophyll is transported to the perimeter of pyrenoid and tips of lobes after being
synthesized. Chlorophyll could be generated in seconds when the cells were exposed to light.
Before | checked the chlorophyll localization, | exposed the culture in dim light for a couple
minutes to prepare the slides. It is long enough for the initiation of chlorophyll synthesis and
these newly synthesized chlorophyll could be transferred to the other place for function. The
appearance of chlorophyll at the perimeter of pyrenoid and tips of lobes may relate to the

thylakoid membrane biogenesis.
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Appendix I: Supplementary Figures (Fourteen in total)

Eight Excel Figures (In a separate folder)

Supplemental Figure 3.2 All S1 samples information.

Supplemental Figure 3.2 All S2 samples information.

Supplemental Figure 3.3 PredAglo results of pyrenoid proteome.

Supplemental Figure 3.4 Annotations of 179 proteins in pyrenoid proteome.
Supplemental Figure 3.5 Proteins in pyrenoid proteome were encoded by LCI genes.
Supplemental Figure 3.7 Proteins in pyrenoid proteome found in storma proteome.
Supplemental Figure 4.1 Analysis of chlorophyll distribution in y1.

Supplemental Figure 4.2 Analysis of POR distribution in CC503.
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Six Picture Figures:
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Supplementary Fig 2.1 Growth rates, levels of marker transcripts for oxidative stress, and
H,0, amounts in wild-type, ArbcL and ARBCS cultures.

A) Growth rates of the wild-type strain, ArbcL, and ARBCS were monitored using OD7y
values, measured at 24 h time points. B) Transcript levels of oxidative stress marker genes
were measured with the Quantigene2 assay (Panomics Inc.). The marker genes for oxidative
stress are GPX5 (XM_001698523) and GSTS2 (XM _001699214) [207]. Transcript levels were
normalized to the level of the RPS26 (XP_001691901) transcript. Bar heights indicate the
mean level of each transcript graphed as the percent of the level in the wild-type strain. C)
H,0, concentrations in cultures of the wild-type strain, ArbcL, and ARBCS were measured at
hourly time points over 8 h and graphed as the percent of the initial concentration (4.0 mM).

Error bars indicate the standard error of the mean.
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Supplemental Figure 2.2 RBCL complex was detected in the wild-type cells but not in ArbcL.
A) Fraction 4 and 12 from the polysome isolation of wild-type cells were examined by a non-
denatured gel and immunoblot by the antibody against RBCL. The very intensive band in the
red square on the top of the film indicated the Rubisco holoenzyme (560 KDa). The faint
band in the red square on the bottom indicated a complex with RBCL. B) The crude lysate of
Arbcl was also run on the non-denatrued gel and examined by immunoblot for RBCL. High

molecular weight marker was used to indicate the size of complexes.
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Supplemental Figure 2.3 Other RBCL complexes were detected in ARBCS.

Polysome profiles isolated in ARBCS were examined by non-denatured gel. Immunoblot
analysis with the antibody against RBCL showed there were other RBCL complexes at
different sizes other than around 100 KDa in the top 1-6 (red square). High molecular weight

marker was used to calculate approximate size of the complex.
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Supplemental Figure 3.1 Saponin solubilized the plasma membrane prior to chloroplast
isolation.

Light microscopy was used to observe the shape of cells or chloroplasts in different solution.
Cells in isolation buffer showed irregular shape because isolation buffer is hypertonic to the
cytoplasma. Saponin treated cells swelled to the normal shape because the plasma
membrane was solubilized. The cup-like chloroplasts were detected in the third picture to

show successful isolation of chloroplast.
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Supplemental Figure 3.6 Immunoprecipitation of pyrenoid from crude pyrenoid pellet with
antibodies.

Three antibodies were used to further immunoprecipitated pyrenoid; a polycolonal antibody
against RBCL, an affinity purified antibody against RBCL (AF RBCL) and an affinity purified
antibody against RBCS (AF RBCS). Pre-immune RBCL was used as a negative control of the
experiment. A band around 15 KDa which indicated the size of RBCS was found on the silver
staining gel with the samples pulled out by two different RBCL antibodies (Lane 1 and 2). This
band was absent in negative control (Lane 4). In the RBCS antibody pull out result, a band at
the size of RBCL was also found (Lane 3). Molecular weight marker was used to indicate the

size.
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Supplemental Figure 3.8 Faint RNA staining was found in the pyrenoid.

SYTO® RNASelect™ Green Fluorescent Cell Stain (Life technology) was used to stain the cells
(green). Nucleus and some nucleoids were staining by DAPI (blue). Most signal of RNA was
showed in nucleus and punctated foci in cytoplasm or chloroplast. Pyrenoid was faintly

stained with the RNA select dye.
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ABSTRACT
The oxidation of biological molecules by reactive oxygen species can render them inactive or
toxic. This includes the oxidation of RNA, which appears to underlie detrimental effects of
oxidative stress, aging, and certain neurodegenerative diseases. Here we investigate the
management of oxidized RNA in the chloroplast of the green alga Chlamydomonas
reinhardtii. Results of immunofluorescence microscopy reveal oxidized RNA (with 8-
hydroxyguanine) in the pyrenoid, a chloroplast microcompartment where CO; is assimilated
by the Calvin cycle enzyme Rubisco. Results of genetic analyses and biochemical
fractionation reveal that RBCL, the Rubisco large subunit, controls the level of oxidized
RNA. This represents a dual “moonlighting” function of RBCL, possibly related to its known
RNA-binding activity. Results of preliminary experiments in human (HeLa) cells reveal
oxidized RNA is localized to cytoplasmic foci which are distinct from stress granules,
processing bodies, and mitochondria. Our results support a role of RBCL and the pyrenoid in
the control of oxidized RNA in algal chloroplasts and suggest that the compartmentalization

of oxidized RNA quality control is a general phenomenon.
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INTRODUCTION

The oxidation of biological molecules by reactive oxygen species (ROS) can render them
inactive or toxic (Holmstrom and Finkel, 2014). While DNA, lipids and proteins have long
been considered as critical intracellular targets of oxidation, recent evidence suggests roles of
RNA oxidation in oxidative stress, aging, and certain neurodegenerative diseases (Wurtmann
and Wolin, 2009). For example, the translation of oxidized mRNAs generates aberrant
proteins (Tanaka et al., 2007; Nunomura et al., 2009) and elevated RNA oxidation in neurons
is associated with Alzheimer disease, Parkinson disease, dementia with Lewy bodies and
amyotrophic lateral sclerosis (Nunomura et al., 2009).

Molecular quality control systems specifically recognize oxidized molecules and
subject them to repair, sequestration, or degradation (Stoecklin and Bukau, 2013). Quality
control systems have been characterized for oxidized DNA, proteins, and lipids, but not for
oxidized RNA (Wurtmann and Wolin, 2009). However, oxidized RNA quality control may
involve YB-1, Aufl and PNPase because these proteins bind oxidized RNA and control its
accumulation (Li et al., 2014). Moreover, the intracellular location(s) of oxidized RNA quality
control in eukaryotic cells have been hypothesized to include stress granules (SGs) and
processing bodies (PBs) (Wurtmann and Wolin, 2009; Thomas et al., 2011; Walters and
Parker, 2014). For SGs, this is supported by their recruitment of YB-1 and Aufl, and their
formation under oxidative stress conditions when excess ROS causes oxidative damage
(Onishi et al., 2008; Bravard et al., 2010; Tanaka et al., 2014). Similarly, PBs increase in size
and number during oxidative stress and they contain mRNA degradation machinery, a
component of RNA quality control (Thomas et al., 2011; Walters and Parker, 2014). While
our understanding of the quality control of oxidized RNA is advancing, the precise
intracellular locations are still unknown.

In the chloroplasts of plants and green algae, antioxidant systems and molecular

quality control are particularly important because photosynthesis produces ROS as hydrogen
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peroxide (H,0,), singlet oxygen, superoxide and the hydroxyl radical (Foyer and Shigeoka,
2011). Moreover, chloroplasts have a genome and a gene expression system which are targets
of oxidation and mutagenesis by ROS (Wurtmann and Wolin, 2009; Zheng et al., 2014).
While chloroplasts are known to have quality control systems for oxidized DNA, proteins,
and lipids (Apel and Hirt, 2004), nothing is known about how they manage oxidized RNAs.

An avenue to study RNA quality control and its localization in chloroplasts arose with
our discovery of SG-like bodies that form during oxidative stress in the chloroplast of the
unicellular green alga Chlamydomonas reinhardtii (hereafter “Chlamydomonas”) (Uniacke
and Zerges, 2008). These ‘“chloroplast stress granules” (cpSGs) were seen by confocal
fluorescence microscopy as stress-induced foci containing mRNAs encoded by the
chloroplast genome and SG marker proteins. cpSGs form at the inner perimeter of the
pyrenoid, a micro-compartment in the chloroplasts of most algae where CO, fixation is
catalyzed by the Calvin cycle enzyme ribulose bisphosphate carboxylase/oxygenase
(Rubisco) (McKay and Gibbs, 1991). ¢pSGs are enriched in the large subunit of Rubisco,
RBCL, but not the Rubisco holoenzyme; they are not similarly enriched in the small subunit
of this complex, RBCS (Uniacke and Zerges, 2008). The RBCL in cpSGs might function in
RNA metabolism because, under oxidizing conditions, the protein has been shown to acquire
an RNA-binding activity and form aggregates which might represent a biochemical form of
cpSGs (Yosef et al., 2004; Knopf and Shapira, 2005). Together, these results suggest that
cpSGs, RBCL, and the pyrenoid have some undefined role(s) in chloroplast RNA metabolism
during stress. This hypothesis and the previously reported role of RBCL in autoregulatory
feedback translational repression are mutually compatible (Cohen et al., 2006).

Here we show that oxidized RNA localizes to the pyrenoid with results of
immunofluorescence (IF) microscopy using an antibody against a major oxidized base in
RNA and DNA, 8-hydryoxyguanine (8-0x0G) (Nunomura et al., 1999; Wurtmann and Wolin,

2009). We also show that RBCL controls the level of oxidized RNA in the chloroplast and
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does so independently of its function as a subunit of the Rubisco holoenzyme. We extend our
discovery of the localization of oxidized RNA to human cells by showing that HeLa cells
under arsenite-induced oxidative stress localize oxidized RNA to cytoplasmic foci which are
neither SGs nor PBs. Our results reveal a factor involved in the control of oxidized RNA in an
algal chloroplast and suggest that the compartmentalization of oxidized RNA quality control
is a general phenomenon.
RESULTS

Oxidized RNA localizes within the pyrenoid.

We characterized the distribution of oxidized RNA in Chlamydomonas cells by IF
microscopy using an antibody against 8-oxoG. The IF signal was specific because it was
eliminated when the antibody was incubated with 8-0x0G prior to staining (Fig. 1 A and B).

Inspection of cell images revealed higher 8-0xoG IF signal in the chloroplast than in the
central region with the nucleus and most cytosolic compartments (Fig. 1 A). The 8-oxoG IF
signal was seen in two distinct patterns; throughout the pyrenoid and in punctate foci located
in or near the chloroplast. In order to determine whether these patterns represent 8-0xoG in
DNA or RNA, we used two approaches. First, we co-stained cells with DAPI, to visualize the
nucleus and the chloroplast nucleoids (the latter contain the multicopy chloroplast genome).
These DNA-containing structures only weakly IF-stained for 8-oxoG (Fig. 1 A) and were
clearly distinct from the 8-0xoG IF-staining of the pyrenoid and foci. Therefore, most of the
8-0x0G detected with this method is not in the genomic DNA of either the nucleus or
chloroplast. Second, we asked whether RNase or DNase treatment altered the 8-oxoG IF-
staining of the pyrenoid, the foci, or both. Cells (fixed and permeabilized) were exposed to
either RNase or DNase prior to staining with the 8-0xoG antibody and DAPI. The 8-0xoG IF
signal in the pyrenoid was eliminated by treatment with RNase, but not DNase, revealing that
it represents oxidized RNA (Fig. 1 C). By contrast the 8-0xoG IF signal in most punctate foci

was eliminated by treatment with DNase, but not with RNase, revealing that it represents
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oxidized DNA (Fig. 1 D). These foci could be the DNA of mitochondria, which are localized
adjacent to the chloroplast (Rasala et al., 2014). These foci were not explored further here.
DNase treatment often generated a diffuse 8-oxoG IF signal throughout the chloroplast for
unknown reasons (Fig. 1 D).

We focused on the 8-0xoG IF-staining of the pyrenoid because it represents oxidized
RNA and was atypical; we did not see this pattern for any of four chloroplast mRNAs or nine
chloroplast proteins that we analyzed previously (not including RBCL and RBCS, which were
seen in the pyrenoid) (Uniacke and Zerges, 2007; Uniacke and Zerges, 2008; Uniacke and
Zerges, 2009; Schottkowski et al., 2012; Bohne et al., 2013). Therefore, 8-0xoG IF-staining of
the pyrenoid represents the specific localization of oxidized RNA and is not due, for example,
to nonspecific entry into the pyrenoid of RNA from the surrounding stroma, the “cytoplasm”
of the chloroplast.

When cells were exposed to H,O,, a ROS used to induce oxidative stress, the
percentage in which the pyrenoid IF-stained for 8-0xoG increased from 44% (n=215) to 64%
(n=189). This result suggests that oxidized RNA localizes to the pyrenoid for quality control.

Oxidized RNA did not localize to cpSGs, which were IF-stained for two marker
proteins; RBCL or a protein of the 30S subunit of the chloroplast ribosome (Fig. 1 E and F)
(Uniacke and Zerges, 2008). During the stress induced by H,O, c¢pSGs formed, but the 8-
oxoG IF signal remained throughout the pyrenoid (Fig. 1 E and F). This result suggests that
cpSGs do not accumulate oxidized RNA.

Oxidized RNA localizes to foci in cultured mammalian cells.

To determine whether the compartmentalization of oxidized RNA is a general
phenomenon, we asked whether it occurs in human cells. HeLa cells were treated with the
oxidative stressor arsenite and then IF-stained for 8-0xoG. The 8-0xo0G IF signal was detected
in multiple cytoplasmic foci in more than 40% of these cells, as compared to 5% of untreated

cells (Fig. 2 A). These foci were distinct from SGs and PBs, which were IF-stained for marker
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proteins specific to each of these RNA granule types (Fig. 2 A and B). They were also not
within mitochondria and therefore could not be oxidized RNA or DNA of the mitochondrial
genetic system (Fig. 2 C). Nuclei also had 8-oxoG-containing bodies, which appear to be
nucleoli (Lee et al., 2014). RNA with 8-0x0G, and not DNA, was detected in these bodies,
both cytoplasmic and nuclear, because they did not stain for DNA with DAPI and they were
not detected in RNase-treated cells (Fig. 2 A). These results reveal that mammalian cells
compartmentalize oxidized RNA to cytoplasmic structures, which we name here “oxidized
RNA bodies” (ORBs). They also substantiate the localization of oxidized RNA to nucleoli
reported previously (Nunomura et al., 1999).

RBCL controls the level of oxidized RNA in the chloroplast.

Returning to the chloroplast; we hypothesized that RBCL functions in the quality control
of oxidized RNA based on the localization of 8-0xoG RNA to the pyrenoid, the fact that
RBCL is a major protein of the pyrenoid, and the evidence that RBCL has a dual function
involving RNA during stress (Yosef et al., 2004). For example, RNA bound by RBCL might
be protected from oxidation, repaired of oxidative damage, or be directed to the RNA
degradation machinery of the chloroplast. To test this hypothesis, we asked if an RBCL
knockout mutant, MX3312 (hereafter “ArbcL”), has an elevated level of 8-0xo0G in RNA. The
results of immuno-slot-blot analyses revealed a significantly higher mean level of 8-0x0G in
RNA from ArbcL than in RNA from the wild-type strain (Fig. 3 A). Therefore, RBCL is
required to control oxidized RNA. This oxidized RNA is probably from the chloroplast
because RBCL is a chloroplast protein and most 8-0xoG RNA was detected in this organelle
(Fig. 1).

The elevated level of oxidized RNA in ArbcL is not due to Rubisco-deficiency because
it was not detected in another Rubisco-deficient mutant, one that lacks RBCS, but has RBCL
(ARBCS-CAL005.01.13, hereafter “4RBCS”) (Fig. 3 A) (Dent et al., 2005). On the contrary,

RNA from ARBCS showed an even lower mean level of 8-0xoG than that of the wild-type

149



strain (Fig. 3 A). This surprising phenotype is not due to genetic background because
transformation of ARBCS with a wild-type copy of RBCS?2 restored the mean level of 8-0xoG
RNA to nearly that of the wild-type strain (Fig. 3 A). This low level of 8-0x0G in RNA from
ARBCS is also not due to a deficiency for some unknown RBCS function because a mutant
lacking both RBCL and RBCS was found to have a high mean level of 8-0x0G in RNA,
similar to that of ArbcL (Fig. 3 A). Based on these results, we conclude that RBCL controls
the level of oxidized RNA independently of Rubisco.

Exposure of the cells to H,O, did not significantly change the mean level of 8-0xoG
RNA from wild type, ArbcL, or ARBCS (Fig. 3 A). This RBCL-dependent control of oxidized
RNA under both non-stress and stress conditions supports a constitutive role of RBCL in
controlling oxidized RNA.

RBCL probably does not control the level of oxidized DNA, because similar mean
levels of 8-0x0G were detected in total DNA from ArbcL and the wild-type strain (Fig. 3 B).
While the level of 8-0x0G was higher in DNA from ArbcL than in DNA from ARBCS, this
difference was 1.4-fold versus 10-fold for the same comparison of 8-0xoG in RNA (described
above) (Fig. 3 A). Moreover, as stated above, chloroplast nucleoids did not IF-stain for 8-
0x0G (Fig. 1 A and C).Treatment of cultures with H,O, increased the variability in the level of
8-0x0G in DNA between biological replicate experiments but did not increase the mean levels
relative to DNA from the non-treated cultures (Fig. 3 B). No differences in mean levels of
oxidized protein were found between the wild-type strain, ArbcL, or ARBCS mutant strains,
measured as carbonylated amino acid residues in total protein (Fig. 3 C). Therefore, our
results do not support a role of RBCL in controlling the levels of oxidized DNA or protein.
Biochemical evidence of an RBCL pool that controls the level of oxidized RNA.

Our finding that RBCL has a Rubisco-independent function in the control of oxidized

RNA suggests the existence of a pool of the protein that carries out this function which is

distinct from the RBCL in the Rubisco holoenzyme. Therefore, we carried out biochemical

150



fractionation experiments to identify such an RBCL pool. In addition to the major RBCL pool
of the Rubisco holoenzyme, three forms of RBCL are known. Two forms of RBCL were
detected in cells undergoing oxidative stress or senescence: one was in insoluble aggregates
(Knopf and Shapira, 2005) and the other was membrane-associated (Knopf and Shapira,
2005; Marin-Navarro and Moreno, 2006). In addition, RBCL that is newly synthesized and
unassembled was proposed to autoregulate rbcL translation during oxidative stress (Cohen et
al., 2005). To determine whether the RBCL that controls the level of these pools, we
developed a differential centrifugation scheme to separate soluble and insoluble proteins into
three fractions (Fig. 4 B): S16 has soluble proteins; P16-TS has insoluble proteins that can be
solubilized by Triton X-100, e.g. membrane proteins; and P16-TI has insoluble proteins that
cannot be solubilized by Triton X-100.

Analyses of fractions from the wild-type strain revealed that S16 had both RBCL and
RBCS, representing Rubisco holoenzyme (Fig. 4 C). Detection of other RBCL forms in
fractions of wild -type strains was hampered by contamination of most subcellular fractions
by of the Rubisco holoenzyme due to its extremely high abundance (Spreitzer, 2003). For
example, fraction P16-TI from the wild-type strain contained both RBCL and RBCS,
presumably in the Rubisco holoenzyme (Fig. 4 C). This contamination was not a problem
with ARBCS because it lacks the Rubisco holoenzyme, it accumulates RBCL to only 1-10%
of the wild-type level (Fig. 4 A), and it has enhanced RBCL function in the control of
oxidized RNA (Fig. 3 A). Therefore, we presumed that most RBCL in 4RBCS represents a
pool dedicated to the control of oxidized RNA in the chloroplast. Analysis of fractions
obtained from ARBCS cells revealed RBCL primarily in P16-TI and, as expected (because this
mutant lacks Rubisco), only in trace amounts in S16 (Fig. 4 D). The RBCL in P16-TI from
ARBCS is not newly synthesized because this form is soluble, as revealed by *’S-pulse-
labelling (Fig. 4 E). Furthermore, this RBCL is probably not insoluble due to membrane-

association, because it was not with detergent-solubilized membrane proteins in P16-TS (Fig.
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4 C and D). These results suggest that the major form of RBCL in ARBCS differs in
physiochemical properties from the soluble RBCL pools of the Rubisco holoenzyme and the
newly synthesized protein. Therefore, this RBCL could represent a pool of the protein that is
dedicated to the control of oxidized RNA in the chloroplast.

To address the possibility that the RBCL in the P16-TI fraction from ARBCS represents
the form in cpSGs, we asked whether P16-TI has another feature of cpSGs; enrichment in the
30S subunit of the chloroplast ribosome over the 50S subunit (Uniacke and Zerges, 2008).
Indeed, results of immunoblot analyses revealed a greater proportion of the 30S subunit pool
in P16-TI fractions, whereas the 50S subunit pool was not similarly enriched. This difference
was observed in analyses of both ARBCS and the wild-type strain (Fig. 4 C, D). However,
while stress induces the recruitment of RBCL and 30S subunits to cpSGs, neither shifted from
the soluble pool (S16) to P16-TI when cells were exposed to H,O, (Fig. 4 C and D). This
result provides further support of a constitutive role of RBCL in the control of oxidized RNA
is constitutive and raises the possibility that cpSGs are a manifestation of an RBCL-
containing ribonucleoprotein particle that exists at the submicroscopic level under non-stress
conditions (see Discussion).

Survival under oxidative stress inversely correlates with the level of oxidized RNA

To obtain evidence that the differential levels of oxidized RNA in the wild-type and
mutant strains (Fig. 3 A) have relevance in vivo, we tested ArbcL for impaired tolerance to
stress induced by exogenous H,O,. ARBCS was again used to control for the effects of
Rubisco-deficiency. Cultures of the wild-type strain, ArbcL, and ARBCS were exposed to a
toxic concentration of H,O, (4.0 mM) and the percentage of live cells was monitored over 8 h
(Fig. 5 A). The results revealed that ArbcL cells died significantly faster than did the wild-type
cells. Therefore, the elevated level of oxidized RNA in ArbcL correlates with impaired H,O,
tolerance. ARBCS exhibited H,O, hypertolerance, measured both as cell survival (Fig. 5 A)

and in a more stringent assay of viability, as the percent initial colony forming unit
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concentration (Fig. 5 B). Therefore, in ARBCS, the low mean level of oxidized RNA and H,0,
hypertolerance are both opposite to loss-of-function phenotypes for these traits in ArbcL.
Similarly, the rescued 4RBCS mutant (by transformation with RBCS2) showed wild-type
H,0; tolerance (Fig. 5 C) and a wild-type mean level of oxidized RNA (Fig. 3A). Finally, like
ArbceL, the mutant for both RBCL and RBCS showed impaired H,O, tolerance and a high
oxidized RNA level (Fig. 5 D). These differences in H,O, tolerance did not reflect inherent
differences in growth rate, transcript levels of oxidative stress marker genes, or the rate of
H,0O, degradation in the medium (Fig. S1). Thus, biological relevance of the differential levels

of oxidized RNA detected in vitro is supported the role of RBCL in H,O, tolerance in vivo.

DISCUSSION

Our results reveal oxidized RNA in the pyrenoid of an algal chloroplast and in
cytoplasmic ORBs in cultured human cells (Fig. 1 and 2). These findings in such
phylogenetically distant genetic systems suggest that the compartmentalization of oxidized
RNA has fundamental significance. Compartmentalization of DNA and protein quality control
1s well documented and is believed to have several functions (Stoecklin and Bukau, 2013;
Adjibade and Mazroui, 2014; Walters and Parker, 2014). The sequestration of damaged
molecules prevents them from interfering with the processes in which they normally function.
It prevents the degradation or attempted repair of undamaged substrates. Finally,
compartmentalization could enhance local concentrations of substrate molecules and quality
control factors to establish favorable thermodynamic parameters that favor forward reactions
in, for example, repair or degradation. Our results open avenues to study the role of

compartmentalization in RNA quality control.
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Our results show that RBCL controls the level of oxidized RNA in the chloroplast
(Fig. 3) and is a determining factor in H,O, tolerance (Fig. 5). These functions are
independent of Rubisco and, therefore, could explain the evolutionary retention of RBCL in
plant and algal lineages that have lost photosynthesis (Krause, 2008). We also identify an
insoluble RBCL pool that is not part of the Rubisco holoenzyme and could carry out this dual
“moonlighting” function (Fig. 4). This explains non-colocalization of the IF signal from 8-
0xoG RNA in the pyrenoid with the strongest patches of RBCL IF signal, which was probably
Rubisco holoenzyme. Recently, evidence of an extra-Rubisco RBCL pool was reported;
results of quantitative mass spectrometry analysis in Chlamydomonas revealed that RBCL
accumulates several fold above the equal stoichiometric amount with RBCS required in the
Rubisco holoenzyme complex (Recuenco-Muioz et al., 2015). RBCL appears to be a
particularly critical and determining factor in the control of oxidized RNA in the chloroplast;
if any other factor would function more so, then the RBCL in 4RBCS would not be able to
lower the level of oxidized RNA (Fig. 3 A) or enhance the H,0, tolerance (Fig. 5 A and B),
relative to wild- type. In 4ARBCS, the enhanced level of RBCL activities in controlling
oxidized RNA and H,O, tolerance could, for example, be due to greater availability of the
protein for these functions when it cannot be assembled in the Rubisco holoenzyme.

Our results also support the inclusion of RBCL in a class of metabolic proteins that
have dual functions as RNA-binding proteins (Yosef et al., 2004). This class of proteins has
been proposed to coordinate metabolism and gene expression and to enhance the functional
diversity of proteomes (Hentze and Preiss, 2010). For only a few such proteins has evidence
of the dual function been demonstrated in vivo, as we have done here for RBCL.

How RBCL controls oxidized RNA remains to be determined. This could involve the
protection of undamaged RNA from ROS or selection of oxidized RNA for sequestration
from translated pool, repair, or degradation. Our finding that the IF signal from 8-0xoG RNA

was not enriched in cpSGs (Fig. 1 E and F) is inconsistent with sequestration of oxidized
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RNA, but compatible with the other mechanisms. For example, cpSGs would not accumulate
oxidized RNA if they protect non-oxidized RNA from ROS and might not if they rapidly
degrade or repair oxidized RNA. Nevertheless, it remains to be determined whether or cpSGs
function in the quality control of oxidized RNA.

Our findings have potential relevance to the biology of SGs and PBs. These RNA
granules have been implicated in fundamental cell biological processes, but their functions
and physiochemical properties are only partially understood. Our results reveal an extra-
Rubisco biochemical pool of RBCL which is insoluble, a feature that might be expected of
cpSG proteins because cpSGs are aggregates of RNA and protein and insolubility in Triton X-
100 is a property of PB proteins (Teixeira et al., 2005). Furthermore, the P16-TI fraction with
this RBCL pool, like cpSGs, has an excess of the 30S subunit of the chloroplast ribosome
over the 50S subunit (Fig. 4). But even under non-stress conditions, when most cells do not
have cpSGs, RBCL was detected in the insoluble form and shown to control oxidized RNA
under non-stress conditions, when most cells do not have cpSGs (Fig. 3). Together, these
results suggest that RBCL controls oxidized RNA at the submicroscopic level, independently
of cpSGs, and constitutively. Whether or not SGs and PBs also have these features remains to
be determined.

Oxidized RNA arises under optimal growth conditions and the mean level did not to
increase during stress (Fig. 3). RNA oxidation might result from ROS produced as a
byproduct of photosynthesis, which occurs under both non-stress and stress conditions
{Foyer, 2009 #3516}. Moreover, a presumed detrimental nature of oxidized RNA in the
chloroplast seems at odds with the wild-type growth rate ArbcL despite its having an elevated
level of oxidized RNA (relative to wild-type) (Fig. 3 A and Fig. S1 A). Our results are
consistent with a certain level of oxidized RNA being benign under optimal conditions
(Fig.S1 A) and becoming detrimental in the presence of H,O, (Fig. 5). For example, oxidized

bases in chloroplast mRNAs could result in the synthesis of aberrant iron-binding proteins
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with Fenton activity (conversion of H,O, to the highly toxic hydroxyl radical) and thereby

potentiate the toxicity of H,O, (Foyer and Noctor, 2009).

MATERIALS AND METHODS

Culturing of C. reinhardtii. The wild-type strain was 44+ (CC-4051); ArbcL was CC-4696
(MX3312) (Dr. Genhai Zhu, Pioneer Hi-Brid) (Satagopan and Spreitzer, 2004); ARBCS was
CAL005.01.13 (diml1) (Dent et al., 2005). ArbcL and ARBCS are non-photosynthetic, but fully
viable under heterotrophic conditions (Satagopan and Spreitzer, 2004). Because Rubisco
mutants are highly light-sensitive (Johnson, 2011), all cultures were grown and tested under
heterotrophic conditions; in the dark on Tris-acetate phosphate (TAP) medium, at 24°C, with
orbital shaking (Gorman and Levine, 1965). To generate the complemented ARBCS strain, the
wild-type RBCS?2 gene (on plasmid pSS2) (Khrebtukova and Spreitzer, 1996) was introduced
into 4RBCS by glass bead-mediated transformation as described previously (Purton, 2007).
The double mutants for rbcL and the RBCS locus (RBCSI and RBCS?2) were obtained from a
cross between ArbcL (mt+) and ARBCS (mt-). It was critical to use cultures in exponential
growth phase and in the density range of 2-4 x 10° cells/ml.

C. reinhardtii microscopy and IF-staining. The IF protocol for C. reinhardtii was reported
previously (Uniacke et al., 2011). To induce cpSG formation, live cells were treated with 2.0
mM H,0O; for 15 min prior to fixation. Where indicated, fixed and permeabilized cells were
treated for 1h at 37°C with 10 pg/ml RNase A (Fermentas) or 50 ug/ml DNase I (Invitrogen).
8-0x0G was immunodetected with a monoclonal mouse antibody (QED Bioscience Inc.,
clone 15A3). The specificity of this antibody in situ was confirmed by incubating with its
antigen 8-hydroxy-2'-deoxyguanosine (1.0 mg/mL) for 2 h before IF-staining. Rabbit
antibodies were used to immunodetect RBCL (Agrisera AS03037) and the 30S subunit
chloroplast ribosomal-protein (S-20) (Randolph-Anderson et al., 1989). Secondary antibodies

were: Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit IgG
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(Invitrogen Inc.). Images were acquired by epifluorescence microscopy using a Leica DMI
6000 microscope (Leica Microsystems) with a 63X/1.4 objective, a Hamamatsu OrcaR2
camera, and Volocity acquisition software (Perkin-Elmer). Z-stacks were taken by series
capture at a thickness of 0.2 um per section. Stacks were deconvoluted with AutoQuant X3
(Media Cybernetics Inc.) (Abramoft et al., 2004).

Mammalian tissue culture. HelLa cervical cancer cells were obtained from the American
Type Culture Collection (Manassas, VA; ATCC). Cells were cultured at 37°C in DMEM
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum, penicillin and
streptomycin (all from Sigma-Aldrich). Fixed and permeabilized cells were treated with 10
pg/ml RNase for 1h, where indicated. 1.0 mM sodium arsenite treatments of live cells were
for 1.0 hr under the conditions described above.

Mammalian cell IF-staining.

The protocol was described previously (Fournier et al., 2013). Primary antibodies were;
aG3BP1 from Dr. Imed Gallouzi (McGill University), aRCK and aTOM20 (FL-145) from
Santa Cruz Biotechnology, and a8-0xoG from QED Bioscience Inc. (clone 15A3). The
secondary antibodies were Alexa Fluor 488 goat anti-mouse IgG, Alexa Fluor 598 goat anti-
mouse IgG, and Alexa Fluor 568 goat anti-rabbit IgG (Invitrogen Inc.). IF signals were
visualized by an LSM 700 confocal laser scanning microscope (Zeiss), controlled with 2009
ZEN software for image acquisition and analysis. Images were acquired using the following
settings: 63X oil objective (zoom 1.0), 0.06 um for pixel size, and 1.00 airy units as pinhole.
Analyses of oxidized RNA, DNA and Protein. In each biological replicate experiment,
RNA, DNA, and protein were isolated from the same culture. Where indicated, live cells were
exposed to 2.0 mM H,O, for 15 min. Total RNA was extracted using TRI-reagent (Sigma-
Aldrich) according to the manufacturer’s protocol. Qualification and quantification of RNA
were confirmed by electrophoretic analysis by bioanalyzer (Agilent). Total DNA was

extracted using hexadecyltrimethylammonium bromide, as described previously (Murray and
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Thompson, 1980). The DNA preparations were rid of RNA by precipitation with LiCl, , as
confirmed by nanochip analysis with a 2100 Bioanalyzer (Agilent) (Sambrook and Russell,
2001). RNA and DNA concentrations were quantified by bioanalyzeranalyses by nanochip
and UV spectrophotometry, respectively. Total RNA (5 pg) and DNA (1 pg) samples were
transferred to a nitrocellulose membrane with a Minifold-II slot blot system (Schleicher &
Schuell). Filters were reacted with the commercial antibody against 8-0xoG (QED Bioscience
Inc., clone 15A3) overnight, at 4°C (Sambrook and Russell, 2001). A goat anti-mouse
secondary antibody (KPL) was used and ECL detection was performed with a commercial kit
(Millipore). To isolate total protein, cells were pelleted (3,000 x g, 3 min) and broken in 50
mM Tris-Cl pH 8.0, | mM EDTA, 50 mM NaCl, 1 mM PMSF, 100 mM DTT by bead-beating
(Hopkins, 1991). Protein samples (20 pg) were analyzed with the OxyBlot Kit according to
the manufacturer’s protocol (Millipore). Total protein concentration was determined as
described previously (Smith et al., 1985). Quantification was carried out as described
previously (Bohne et al.,, 2013). For statistical analyses, each biological replicate was
compared to a corresponding ArbcL strain prior to the addition of H,O,, which was designated
as 100% oxidation. Statistical differences were determined in each case using a one-sample t-
test.

Differential Centrifugation. Cells from 75 ml cultures were pelleted by centrifugation (5,000
X g, 5 min) at room temperature and resuspended in 5.0 ml ice cold MKT-buffer (25 mM
MgCl,, 20 mM KCI, 10 mM Tricine pH 7.5, 1.0% (v/v) protease inhibitor cocktail (Sigma-
Aldrich)). Cells were broken by three passages through a chilled French pressure cell at 1,000
psi. The cell lysate was centrifuged at 3,200 x g for 1 min to pellet unbroken cells. The
supernatant was collected and centrifuged at 16,000 x g for 20 minutes at 4°C. The resulting
supernatant was S16. The pellet (P16) was resuspended in MK T-buffer with 2% (v/v) Triton
X-100 and incubated for 15 minutes at room temperature with gentle agitation to solubilize

membranes. These samples were then centrifuged at 16,000 x g for 20 minutes at 4°C. The

158



supernatant was P16-TS. The pellet (P16-TI) was resuspended in MKT-buffer. Protein
samples from each fraction were subjected to SDS-PAGE and immunoblot analysis. Protein
loading was based on equal proportions of each fraction. The antisera were: aRBCL
(Agrisera, AS03037), aRBCS (Dr. Robert Spreitzer, University of Nebraska), aCP43
(Agrisera, 111787) aS-20 (30S r-protein), aL-30 (50S r-protein) (Randolph-Anderson et al.,
1989), and aHSP70B (Schroda et al., 1999). Secondary staining used goat anti-rabbit antibody
(KPL) incubated for 1 h at room temperature.

In vivo 35S-pulse-labeling of proteins. > S-pulse-labeling reactions were performed with
30, as described previously (Uniacke and Zerges, 2007). Cells (c.a. 1.2 x 107 per sample)
were then pelleted by centrifugation (5,000 x g, 5 min), washed once with 500 uL 50mM Tris-
Cl pH 7.4, resuspended in 80 uL. MKT-buffer, and broken by bead-beating (Hopkins, 1991).
The cell lysates were centrifuged (16,000 x g, 5 min), and the pellet and supernatant fractions
were subjected to SDS-PAGE (7.5-15% acrylamide, 6.0 M urea). 33S-pulse-labelled proteins
in dried gels were visualized with a Typhoon phosphoimager (GE Healthcare).

Survival and viability

Cell survival and viability were assayed following addition of H,O; to 4.0 mM. Cell survival
was determined by counting the proportion of live cells with the Trypan blue exclusion assay
(Sigma-Aldrich). Viability was determined as colony forming units on agar-solidified TAP
medium. For statistical analyses of survival and viability, a mixed analysis of variance
(ANOVA) was conducted with strain as a between factor and time as a within factor. When

appropriate, post hoc analyses were conducted using Tukey’s HSD.
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Fig. 1. The in situ distribution of 8-0x0G RNA in Chlamydomonas. A) Wild-type cells
were [F-stained for 8-oxoG (green) and co-stained with DAPI to visualize DNA. The
pyrenoid is seen in differential interference contrast (DIC) images. A cell illustration (right-
hand most image in A) shows the locations of the nucleus (N), cytosol (Cy), and chloroplast
(Cp), wherein the pyrenoid (P) is surrounded by a starch sheath (white) and contains cpSGs
(red). B) The IF signal from 8-0xoG was eliminated by pre-incubating the primary antibody
with 8-0x0G. C) The 8-0xoG IF signal in the pyrenoid is sensitive to RNase (10 pg/ml)
treatment. D) DNase (50 pg/ml) treatment did not reduce the 8-0xoG signal in the pyrenoid
but did in the punctate foci. E and F) In cells that had been treated with 2.0 mM H,O; to
induce cpSG formation, the 8-0xoG IF signal (green) was seen throughout the pyrenoid and
not in cpSGs (white arrows), which were IF-stained (red) for either RBCL (E) or the protein

of the 30S chloroplast ribosomal subunit (F). Size bars = 5.0 um.
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Fig. 2. In cultured human (HeLa) cells, oxidized RNA localizes to cytoplasmic
ORBsduring arsenite-induced oxidative stress. Cells were IF-stained for 8-oxoG (green)
and DNA was co-stained with DAPI (blue). A) Foci of 8-0xoG were not seen in 95% of cells
prior to arsenite treatment. In 40% of arsenite-treated cells, the 8-0xoG IF signal was seen in

cytoplasmic foci (white arrows) which are distinct from SGs (seen as foci of the red G3BP1
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IF signal). ORBs were not seen in arsenite-treated cells which were treated with RNase after
fixation. B) ORBs are also distinct from PBs (seen as foci of the red RAK IF signal). C)
Oxidized RNA-containing bodies are not mitochondria. n = 250 cells for each. Size bars = 20

pm.
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Fig. 3. RBCL controls the level of oxidized RNA, but not the levels or oxidized DNA or
protein. A) Levels of 8-0xoG in RNA from the wild-type strain, ArbcL, ARBCS, the rescued-
ARBCS, and the double mutant are shown (dark bars). Levels of 8-0xoG in RNA from cells
exposed to 2.0 mM H,0, were analysed from the wild-type strain, ArbcL, ARBCS (grey bars).
Bar height represents the percentage of 8-0xoG enhanced chemo-luminescent signal of ArbcL
strain before stress (white bar; 100%). B) The relative levels of 8-0xoG in DNA from the

wild-type strain, ArbcL, and ARBCS are presented as described for RNA in panel A. C) Levels
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of carbonylated amino acid residues in protein from the wild-type strain, ArbcL, and ARBCS
are presented as described for RNA in panel A. Results were analyzed and are presented as
described in Materials and Methods. Error bars indicate the standard error of the mean.

Asterisks indicate a significant difference from ArbcL, as determined by one-sample t-tests (p

<0.05).
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Fig. 4. A minor pool of RBCL correlates with the Rubisco-independent control of
oxidized RNA. A4) The relative levels of RBCL in crude lysates of wild-type, ARBCS and
ArbeL cells were determined by SDS-PAGE and immunoblot analysis. Dilutions of the wild-
type cell lysate were supplemented with lysate from ArbcL to maintain a constant amount of
total protein in each lane. The band attributed to RBCL was not a cross-reacting protein as it
was not detected in ArbcL. The signal from a protein of the 30S subunit of the chloroplast
ribosome (30S) was used as a loading control. Black bars indicate adjoined non-adjacent lanes
from a single exposure. B) The fractionation scheme is illustrated. C and D) RBCL
fractionation during differential centrifugation and solubilisation with Triton X-100 was
revealed by immunoblot analyses for C) the wild-type strain and D) ARBCS. Proteins
analyzed were RBCL, RBCS, a soluble protein of the chloroplast stroma (HSP70B), an
integral thylakoid membrane protein (CP43), and ribosomal proteins of chloroplast ribosome
subunits (30S and 50S). Where indicated, fractions were prepared from cells that had been
exposed to 2.0 mM H,0,. E) **S-pulse-labelled (newly synthesized) RBCL in the insoluble
(P16) and soluble (S16) fractions from the wild-type strain and ARBCS was revealed by SDS-
PAGE and phosphoimaging. As a negative control, fractions from ArbcL were shown to lack
the *°S-pulse-labelled band assigned to RBCL. An unidentified **S-pulse-labelled protein was
detected in both fractions of all three strains (asterisk). Black bars indicate adjoined non-

adjacent lanes from the same immunoblot and exposure.
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Fig. 5. RBCL functions in H,O; tolerance. A, C, D) The effects of H,O, on cell survival
were measured by Trypan blue exclusion and graphed as the mean percentages of the initial
values (immediately prior to H,O, exposure). B) The effects of H,O, on viability were
measured as colony-forming unit concentration and graphed as the mean percentages of the
initial values (immediately prior to H,O, exposure). The strains analysed are indicated in each
panel. Asterisks indicate a significant difference from the wild-type strain, as determined by

mixed analysis of variance (ANOVA) (p < 0.05).
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Supplementary Fig. 1. Growth rates, levels of marker transcripts for oxidative stress,
and H,O; amounts in wild-type, ArbcL and ARBCS cultures. A) Growth rates of the wild-
type strain, ArbcL, and ARBCS were monitored using OD7; values, measured at 24 h time
points. B) Transcript levels of oxidative stress marker genes were measured with the
Quantigene2 assay (Panomics Inc.). The marker genes for oxidative stress are GPX5
(XM_001698523) and GSTS2 (XM_001699214) (Fischer et al., 2009). Transcript levels were

normalized to the level of the RPS26 (XP_001691901) transcript. Bar heights indicate the
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mean level of each transcript graphed as the percent of the level in the wild-type strain. C)
H,0; concentrations in cultures of the wild-type strain, ArbcL, and ARBCS were measured at
hourly time points over 8 h and graphed as the percent of the initial concentration (4.0 mM).

Error bars indicate the standard error of the mean.
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ABSTRACT
The polypeptide subunits of the photosynthetic electron transport complexes in plants and
algae are encoded by two genomes. Nuclear genome-encoded subunits are synthesized in
the cytoplasm by 80S ribosomes, imported across the chloroplast envelope, and assembled
with the subunits that are encoded by the plastid genome. Plastid genome-encoded subunits
are synthesized by 70S chloroplast ribosomes directly into membranes which are widely
believed to belong to the photosynthetic thylakoid vesicles. However, in situ evidence
suggested that subunits of photosystem Il are synthesized in specific regions within the
chloroplast and cytoplasm of Chlamydomonas. Our results provide biochemical and in situ
evidence of novel membranes that are localized to these translation zones. A “chloroplast
translation membrane” is bound by the translation machinery and appears to be privileged
for the synthesis of polypeptides encoded by the plastid genome. Novel membrane domains
of the chloroplast envelope are located adjacent to the cytoplasmic translation zone and
enriched in the TOC-TIC protein import complexes, suggesting a coordination of protein
synthesis and import. Our findings contribute to a current realization that biogenic processes

are compartmentalized within organelles and bacteria.
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\body INTRODUCTION
Membrane biogenesis requires the concerted synthesis and localization of component lipids
and proteins. The ER organizes these processes for the biogenesis of the nuclear envelope,
the endomembrane system, lysosomes, peroxisomes, and the plasma membrane. This
coordination involves the localization of ribosomes and mRNAs to the rough ER for
translation and the cotranslational membrane translocation of proteins destined for specific
subcellular compartments [284]. Other subcellular compartments and structures are also
sites of localized translation. For example, localized synthesis of specific proteins occurs in
eggs and polarized cells for pattern formation, in neurons for the formation and remodeling
of synapses, at the mitotic spindle, mitochondria, chloroplasts, and bacteria for biogenesis
[285-287]. Therefore, localized translation is a general mechanism for establishing the
correct protein compositions of subcellular compartments.

Here we explore localized translation in the biogenesis of the photosynthetic
thylakoid membranes in chloroplasts. Thylakoid membranes form a network of vesicles and
contain the complexes of the photosynthetic electron transport system. Their biogenesis
involves two distinct translation systems [22]. Subunits encoded by the nuclear genome are
synthesized in the cytoplasm by 80S ribosomes, imported across the chloroplast envelope,
and targeted to thylakoids. Within the chloroplast, other subunits are encoded by the plastid
genome and synthesized by 70S bacterial-like ribosomes. Precisely where thylakoid proteins
are synthesized within the cytoplasm and chloroplast is under debate [286].

As chloroplasts enlarge and divide, e.g. in the young green tissue of vascular plants
and growing populations of algae, they require protein synthesis to make new
photosynthesis complexes. It is widely believed that nascent polypeptides are

cotranslationally inserted into stroma-exposed thylakoid membranes because ribosomes are
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bound to thylakoid membranes [22]. However, chloroplast ribosomes also translate the psbA
mMRNA to repair photochemically damaged photosystem Il (PS II) making it difficult to identify
ribosomes involved de novo complex biogenesis.

An alternative model proposes that a specific “translation zone” (T-zone) in the
chloroplast of the green alga Chlamydomonas reinhardtii is a privileged site of protein
synthesis for the de novo biogenesis of PSIl and possibly other complexes [212, 213]. This T-
zone was defined by the colocalization of markers of the chloroplast ribosome, chloroplast
mRNAs encoding PSIl subunits, and the PSII translation factor RBP40, as seen by confocal
microscopy [212]. The T-zone is located in the outer perimeter of the pyrenoid, a spherical
body in algal chloroplasts and only relevant here as a cytological landmark. The T-zone was
defined only by the results of fluorescence microscopy and, therefore, its ultrastructure and
biochemical nature are unknown.

III

We postulated that the T-zone contains a novel “chloroplast translation membrane”
(CTM) as a privileged site for the synthesis of PSIl subunits encoded by the chloroplast
genome because chloroplasts ribosomes synthesizing PSIl subunits are bound to membrane,
but the chloroplast envelope and most thylakoid membranes are outside the T-zone [212].
This prediction provided an avenue to test the T-zone model at the biochemical level.

Here a subcellular fractionation scheme was developed to reveal a CTM. This scheme
resolves chloroplast membranes with the high density of rough endoplasmic reticulum
membrane (9) because we predicted that a CTM would also have a high-density membrane
due to its having bound ribosomes. We focused on the location of PSIl subunit synthesis
because the evidence for the T-zone was established for chloroplast mRNAs encoding PSII

subunits (6). We also identified novel domains of chloroplast envelope which are enriched in

the TOC-TIC translocons and located adjacent to cytosolic regions where previous in situ

“RBP40 is also called RB38 {Schwarz, 2007 #3310;Barnes, 2004 #1477}.
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evidence supports the localized translation of the mRNA encoding a subunit of the light
harvesting complex Il (LHCIl), which is peripherally associated with PSIl (7). Together, the
results reveal two novel biogenic membranes of the chloroplast and suggest a
spatiotemporal organization of PSII-LCHII biogenesis.

RESULTS
Subcellular fractionation reveals chloroplast translation membranes.

To study where proteins are synthesized in the chloroplast, we used analytical
subcellular fractionation to determine whether the membranes bound by the chloroplast
translation machinery have the density of thylakoid membranes, the chloroplast envelope
membrane, or an unknown membrane type (10). C. reinhardtii cells were broken by French
press because other breakage methods leave unbroken cells which contaminate the
membranes of interest in subsequent steps. Using isopycnic ultracentrifugation, membranes
were floated from a 2.5 M sucrose cushion into a 0.5-2.2 M sucrose concentration gradient
where they banded according to density. Non-membrane material either remained in the 2.5
M sucrose cushion or pelleted. Most previous studies of ribosome-bound chloroplast
membranes used discontinuous sucrose density gradients to isolate bulk membranes in
broad density ranges. Chloroplast envelope membranes are isolated in the density range of
0.4 - 1 M sucrose (11). Thylakoid membranes are considered to be the densest membrane of
the chloroplast and, therefore, are collected as bulk dense membranes in the range of 1-2 M
sucrose (12, 13). As rough ER membranes are denser than thylakoid membranes (9) it
seemed plausible that previous studies inadvertently analysed an analogous ribosome-
bound CTM with thylakoids (8). Therefore, to separate membranes in this density range, we
used continuous sucrose gradients with a high maximal concentration (2.2 M). Gradient

fractions were analysed by immunoblotting to determine the density of membranes
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associated with markers of the chloroplast translation machinery and known chloroplast
compartments (Fig. 1). Gel lanes had the same proportions of fractions so that the amount
of a marker would reflect the proportion of its total cellular pool (10). In other words,
samples were not normalized on the basis of mass amounts of protein because this would
drastically over-represent markers, on a per cell basis, in fractions with the least amount of
protein, and vise versa.

Our major finding was that thylakoid membranes can be resolved from denser
membranes that are associated with markers of the chloroplast translation machinery and
the T-zone. As seen for the three experimental trials of our subcellular fractionation scheme
(Fig. 1), the fractions with thylakoid membranes could be identified by their enrichment in
chlorophyll and the subunits of photosystem | (PSI) and PSIl, PsaAp and D2, respectively
(Panel A, lanes 7-10; B, lanes 7-10; C, lanes 6-9). Envelope membranes are less dense than
thylakoids and should be in lanes 4-6 (see below) (Fig. 1A-C) (11). Interestingly, denser
membrane fractions had substantial proportions of the total pools of chloroplast ribosomal
(r)-proteins and RBP40, and yet they had minor amounts of thylakoid membranes (Fig. 1A,
lanes 11-13; B & C, lanes 10-12). As predicted, these dense membranes had similar density
to the canonical ribosome-bound membrane of the rough ER revealed by an r-protein of the
60S subunit of the cytoplasmic ribosome (Fig 1C, lanes 6-12). By contrast, CTM were distinct
from stroma-exposed thylakoid membranes, the accepted site of PSIl subunit synthesis (Fig.
1A and B, PsaAp). These results provided the first evidence of a novel CTM privileged for the
synthesis and membrane insertion of PSIl subunits and localized in the T-zone.

In PSIlI assembly, newly synthesized subunits associate to form subcomplexes which
then associate to form the monomeric PSIl complex RCC1 (14). In an attempt to identify

membranes associated with the assembly of chloroplast-encoded subunits, fractions were
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immuno-probed with an antiserum against a PSIl assembly factor in Synechocystis sp. PCC
6803, YCF48, the homologue of HCF136 of Arabidopsis thaliana (Fig. 1 A) (15). This antiserum
detected a protein of the expected molecular mass (suppl. Fig.1). This putative
YCF48\HCF136 was detected in a broad membrane density range (Fig. 1A, lanes 7-13) but not
in the non-membrane material (lanes S and 14). Notably, Fraction 7 contained YCF48/HCF136
but had little thylakoid membrane and no detectable CTM (lane 7, Fig. 1A). This result
suggests that this fraction contains yet another novel biogenic membrane, one involved in
PSIl assembly. Although these results are preliminary, they are consistent with the general
theme here; that the C. reinhardtii chloroplast may have diverse biogenic membranes.

CTM should be physically bound by chloroplast ribosomes. Alternatively, a ribosome-
associated membrane could be generated artifactually during cell breakage if free
chloroplast ribosome subunits and RBP40 in the chloroplast stroma become trapped within
vesicles that form by fragmenting membranes. Detracting from this possibility, however, a
marker protein for the chloroplast stroma, HSP70B, was not in CTM fractions, while trace
amounts were detected in the thylakoid fractions in lanes 10-12 and 7-9, respectively of Fig.
1C. To more directly address whether chloroplast translation marker proteins are bound to
CTM, we asked whether they can be extracted by agents that remove peripheral membrane
proteins. Membranes of Fraction 10 in Fig. 1 B were washed with one of the following; 500
mM KCl, 20 mM NaCOs, 1.0 M NacCl, or 2.0 M urea or, as a negative control, without agent.
Supernatant and pellet fractions were analysed by immunoblot to determine the degree of
extraction of marker proteins for chloroplast ribosome subunits and RBP40. To ensure
pelleting of membrane, we followed the low amount of thylakoid membrane in this fraction
by immuno-probing for D2. The results revealed that RBP40 and the 50S subunit were

extracted by each of the agents, either partially or completely (Fig. 2). Therefore, these
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translation components are peripherally bound to CTM. The 30S subunit r-protein was only
extracted by high ionic strength (2.0 M NaCl) and only partially. While this result alone is
consistent with either of the two possibilities outlined above, the 30S ribosome subunit is
probably bound to CTM because it seems improbable that it would be trapped in vesicles
while most 50S subunits and RBP40 are not. Therefore, the 30S subunit is probably bound to
CTM with particularly high affinity.

Blue-Native (BN) PAGE and immunoblot analyses reveal markers of PSIl biogenesis.

Newly synthesized PSIl subunits assemble in specific combinations to form
precomplexes, which then associate to form the monomeric PSIl complex RCC1 (14). We
reasoned that unassembled subunits could serve as a marker for a CTM, and precomplexes
for specific steps in PSIl assembly. Therefore, membrane fractions were compared for the
assembly states of the chloroplast-encoded PSIl subunits D1 and D2 using BN PAGE and
immunoblot analysis (16). Analyses of equal amounts of membrane ensured comparable
solubilisation conditions, which can affect quaternary structure artifactually (17). Because
this necessitated over-representation of CTM on a per cell basis, the amounts of sample
were normalized to the level of the monomeric PSIl complex, RCC1. In other words, we asked
whether CTM are qualitatively different from thylakoid membranes in ways that support
their having a role in PSIlI subunit synthesis and assembly. The results revealed RCC1 at
constant levels across the lanes, confirming proper normalization (Fig. 3A). The higher
mobility complex is RC47, the PSIl monomer lacking CP43 which is generated primarily
during PSIl repair (18). Notably, the dimeric PSIl, RCC2, was detected in the thylakoid
membrane fractions but not in CTM fractions (Fig. 3A, compare lane 1-2 with 4-6). This result
suggests that thylakoid membranes are the primary location of RCC1 dimerization to form

RCC2, a late step in PSII biogenesis (14).
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With 1D BN PAGE we were unable to detect free subunits and subcomplexes for use
as CTM markers, possibly due to ill effects of the detergent on detection below 100 kDa (17).
Therefore, BN gel lanes with either thylakoid membranes or CTM were subjected to a second
dimension of denaturing SDS-PAGE and analysed by immunoblotting. We normalized based
on the relative levels of RCC1 in these samples determined by 1D BN PAGE (Fig. 3A). (RCC2
was not detected for unknown reasons on the 2D gel immunoblot analyses.)

The results revealed that D1 in RCC1 and RC47, as well as in an early assembly
intermediate subcomplex, the PSIl reaction center, and as free unassembled subunit. All
were detected in both thylakoid and CTM samples (Fig 3. B & C). Unassembled D1 could not
serve as a marker for CTM because it is associated with both the repair and de novo
biogenesis of PSIl. Nevertheless, this result revealed that the assembly step in which the
reaction center forms RCC1 does not occur preferentially in CTM over thylakoid membranes.
Also, the finding that unassembled D1 can be detected on both immunoblots, serves as a
positive control for the subsequent experiments.

These blots were immunoprobed for D2, a PSIl subunit whose synthesis is not
induced for PSII repair. Therefore unassembled D2 can serve as a marker for PSII biogenesis.
D2 was detected in RCC1, RC47, and the RC in both thylakoids and CTM (Fig. 3D and E). Most
notably, however, unassembled D2 was detected only in the CTM sample (Fig. 3E). These
results suggest that CTM is a privileged location of the synthesis of the plastid genome-

encoded subunits for de novo assembly of PSII.

Markers of PSI assembly cofractionate with thylakoid membranes

To determine whether CTM has a role in PSI biogenesis, we immuno-probed the 2D
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blots for PsaAp (Fig. 3 F and G). Although PsaAp was not detected unassembled, it was
detected in the PSI monomeric complex, the PSI monomeric complex lacking PsaK and PsaG,
and a larger unidentified complex of c.a. 550 kDa, possibly the PSI dimer (19). Notably, the
PSI monomer lacking PsaK/G was more abundant in the thylakoid membrane fraction than in
the CTM fraction (Fig. 3 F and G). This result, and previously reported evidence that this
complex is a late intermediate in PSI assembly (19), suggest that later steps in PSI assembly
occur primarily in thylakoid membranes. Earlier steps in PSI assembly may also occur in
thylakoids because we detected an early PSI assembly factor, YCF4, only in thylakoid
membrane fractions (Fig. 1C, compare fractions 7-9 and fractions 10-12) (20). Finally, the
mRNA encoding PsaAp was not recruited to the T-zone under the same conditions that
recruited two PSIlI subunit mRNAs (6). Together these results suggest that PSI subunit
synthesis and assembly occur at thylakoids, and not CTM.
Envelope membranes with the TOC-TIC translocons have higher-than-expected density.

The gradient fractions were also tested for the envelope markers, Toc75 and Tic110;
subunits of the TOC and TIC protein import complexes. Instead of finding these proteins in
the density range of the envelope membranes (Fig. 1 A-C, fractions 4-6) (11), they were
detected with thylakoid fractions and, in certain preparations, also with denser CTM (Fig. 1B
and C). Although the basis of this unexpectedly high and variable density of envelope
membranes with the TIC and TOC complexes is unknown, their occasional separation from
CTM reveals these are distinct membrane types.
The chloroplast protein import machinery localizes to novel envelope domains

To explore the basis of the unexpectedly high density of envelope membranes with
Toc75 and Ticll0, the in situ distribution of these proteins was characterized by

immunofluorescence (IF) staining and epifluorescence microscopy. All cells were co-stained
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for the chloroplast psbA mRNA by fluorescence in situ hybridization (FISH) to reveal the T-
zone with strong signal localized around the pyrenoid and to stain the chloroplast with
weaker diffuse signal. For a description of chloroplast anatomy, see Fig. 4A (6) .

A striking pattern was observed in many cells in which the Toc75 or Tic110 IF signal
localized around lobes specifically where they adjoined the basal region (Fig. 4 B and D). We
named these sites “lobe junctions” (Fig. 4A). In some cases, the lobe at such a lobe junction
could be seen to form a hole in the cloud of IF signal, indicating that the envelope
surrounding it was enriched in the TOC-TIC protein import machinery (Fig. 4B). Examples of
the cells that did not show this localization pattern are shown in Fig. 4 C & E. Of the cells
examined from moderate light growth condition (ML cells), 48% showed the Toc75 IF signal
localized around one or two lobe junctions (Fig. 4B, n=188). Similarly, of the ML cells IF-
stained for Tic110, 47% showed this pattern (Fig. 4D, n = 199). This pattern is interesting for
three reasons. First, it is specific to import machinery because it was not observed for many
other chloroplast proteins whose localization we have examined with this method (6, 7, 21).
Second, this localization pattern may be physiologically relevant because the percentage of
cells showing it dropped during incubation in the dark for 2 h, a condition associated with
reduced rates of PSIl biogenesis and chloroplast protein import in C. reinhardtii (6, 22). When
ML cells were dark-adapted (DA) immediately prior to fixation; the percentages showing
localization around lobe junctions dropped from 48 to 11% for Toc75 (n= 74) and from 47 to
15% for Tic110 (n= 52). Finally, Toc75 or Tic110 localization at lobe junction was probably
present but undetected in many cells. C. reinhardetii cells are polarized and must be oriented
longitudinally in the microscopy field in order to reveal cytological landmarks necessary to
locate lobe junctions, e.g. the cytosol and pyrenoid (Fig. 4A). Moreover, there no protein

marker exists for which co-IF-staining can reveal lobe junctions in a particular cell.
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These results suggest that lobe junctions have special envelope domains enriched in
the TOC-TIC protein import machinery. In light of these results, the unexpectedly high and
variable density of envelope membranes with Toc75 and Tic110 could be explained if these
import envelope domains have higher density than previously described envelope
membranes and had formed to different degrees in the various cultures used for subcellular
fractionation.

DISCUSSION

Our results provide biochemical evidence of a CTM as a privileged location of the synthesis of
plastid genome-encoded PSIl subunits and localized in the T-zone (6, 7). We also report
biochemical and in situ evidence of a second novel chloroplast membrane compartment;
domains of chloroplast envelope which are localized around lobe junctions, possibly to
import the nucleus-encoded subunits for the biogenesis of PSIl. These include the subunits
of the oxygen evolving complex (OEC) and LHCII which are peripherally associated with PSIl in
the PSII-LHCIl supercomplex. The possibility of a third novel chloroplast membrane, one
privileged for PSII assembly, is suggested by the enrichment of YCF48/HCF136 in a sucrose
gradient fraction with membranes that were neither of thylakoid membranes nor CTM (Fig.
1A). A previously described “low-density” membrane (LDM) of the C. reinhardtii chloroplast
was suggested to have a role in the translation of chloroplast mRNAs encoding thylakoid
proteins because it is physically associated with RNA-binding proteins and thylakoids (23, 24).
LDM is distinct from CTM; it is less dense and not associated with chloroplast translation
machinery.

Any model unifying these results must explain how the PSII-LHCIl supercomplex is
assembled from subunits that are localized to distinct chloroplast compartments, i.e.,

chloroplast-encoded subunits in the T-zone and nucleus-encoded subunits in lobe junctions.
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Also it must be explained how the newly assembled PSII-LHCII supercomplex is localized to
thylakoid membranes throughout the chloroplast. Finally, such a model should consider that
PSIl biogenesis begins with the assembly of the chloroplast-encoded subunits to form RCC1,
followed by RCC1 dimerization, the incorporation of nucleus-encoded PSII subunits, and the
association of the OEC and LHCII (14).

In our model, the T-zone and lobe junctions are early and intermediate
compartments in a spatiotemporal pathway of PSII-LHCIl supercomplex biogenesis (Figs. 4A
and 5). In the T-zone, CTM is a platform for the synthesis of the plastid genome-encoded
subunits. Chloroplast ribosome subunits and PSIl subunit mRNAs are recruited to
membranes in the T-zone by translation independent mechanisms (e.g. tethering by
membrane bound RNA-binding proteins) and subsequently translated at CTM (7). The
particularly high affinity with which the 30S subunit binds CTM (Fig. 2) may be related to its
early role in the assembly of a translation-component ribosome and, consequently, a
requirement to maintain its CTM association while it binds the mRNA, large subunit, and
initiation factors (5). Newly assembled PSII precomplexes moves by lateral diffusion within
CTM to the lobe junctions and assemble to form RCC1 (Fig. 5). The membrane(s) involved
could be CTM, thylakoid membranes, or an unknown assembly membrane (above). RCC1
dimerizes and is built upon by nucleus-encoded subunits of PSIl, LHCII, and OEC. These are
imported locally by TOC-TIC import machinery of the envelope around lobe junctions. Thus,
in this model, lobe junctions are convergence points for the pathways that supply
polypeptides subunits encoded by the chloroplast and nuclear genomes. Assembled PSII-
LHCIl supercomplexes move, again by lateral diffusion, to photosynthetic membranes of
thylakoid vesicles in the lobes and at the periphery of the chloroplast basal region (Fig. 4A).

At each stage, lateral diffusion of subunits and complexes could occur in a contiguous
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membrane because EM images have shown that thylakoid vesicles extend from the T-zone to
the ends of the lobes or around the periphery of the basal domain (25). In our model, these
thylakoid vesicles are laterally heterogeneous such that their extremities in the T-zone are
composed of CTM while their opposing extremities in lobes and at the periphery of the basal
region are photosynthetic thylakoid membranes. This working model is indirectly supported
by similar findings in other organisms (below).

Generality of this model is supported by the identification of a PSIl biogenesis
compartment in the cyanobacterium Synechocystis sp. PCC 6803 and a GFP-tagged Tic20
paralogue which was seen to be localized to specific regions of the chloroplast envelope in
Arabidopsis thaliana (26, 27). The effect of light on the relocalization of the TIC and TOC
import machinery to lobe junctions might be relevant to the light stimulation of chloroplast
protein import which has been observed in C. reinhardtii and vascular plants (22, 28).
Moreover, the Rubisco holoenzyme might be assembled in the pathways described here
because its small subunit is imported via the TOC and TIC pathway and the chloroplast mRNA
encoding the large subunit localizes in situ in the T-zone and is translated in association with
membrane (7, 29, 30). Our findings build upon growing evidence of complex cytological

organizations of biogenic processes in organelles and bacteria.

METHODS
Culture conditions. C. reinhardtii strains CC-4051 or CC-503 were cultured

photoautotrophically in high-salt-minimal medium with aeration at 24°C, under a light
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intensity of c.a. 100 pE m™ sec™ until mid-log phase (2-4 x 10° cells mI™) (31).

Analytical subcellular fractionation. Cells from a 500 ml culture were pelleted by
centrifugation at 4,000 x g for 5 min at 4°C, resuspended in MKT-buffer (25 mM MgCl,, 20
mM KCl, 10 mM Tricine-Cl pH 7.5, Protease Inhibitor (Sigma-Aldrich)). Cells were broken by
three passes through an ice-chilled French Pressure Cell at 1,000 psi. Breakage was verified
by light microscopy (400X and 1000X magnification). The lysate was ultracentrifuged at
100,000 g for 1 h at 4°C. The supernatant was collected and stored at -80°C. The pellet was
resuspended in 2.5 M sucrose, overlaid with a linear sucrose gradient (0.5-2.2 M). All sucrose
solutions were prepared in MKT-buffer. The gradient was ultracentrifuged at 100,000 g for 16
h at 4° C. Fractions (0.75 ml) were collected and the pellet was resuspended in KHEG-Buffer
(60 mM KCI, 20 mM HEPES, 0.2 mM EDTA, 20% Glycerol). Gradients contained only
membrane and associated material based on the buoyant density of bacterial ribosomes in
equilibrium CsCl gradient ultracentrifugation (1.67-1.69 g/ml) would be equivalent to 4.9 M
sucrose (32).

Quantification of protein and chlorophyll. Protein concentration was determined using the
bicinchoninic acid assay (33). Chlorophyll was quantified as described previously (34).
Immunoblot analysis. Equal proportions of the fractions were solubilized in SDS-PAGE
loading buffer, denatured at 42°C for 30 min. SDS-PAGE and immunoblot analyses were
performed as described previously (35). The antisera were: aD1 (Agrisera), aS-20 (30S r-
protein), aL-30 (50S r-protein) and acyL4 (60S r-protein) (36, 37), aPsaAp (38), aHSP70B (39),
and aRBP40 (40).

FISH, IF-staining, and fluorescence microscopy. FISH and IF-staining of cells of strain CC-503
were as described previously (6, 41). The psbA FISH probes were labeled with Alexa Fluor 488

and the IF-staining used Alexa Fluor 568-conjugated anti-rabbit secondary antibody
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(Invitrogen). Images were captured on a Leica DMI6000B microscope (Leica Microsystems)
using a 40X/0.75 objective, a Hamamatsu OrcaR2 camera and Volocity acquisition software
(Perkin Elmer).
BN-PAGE. BN PAGE was performed as described previously with the following minor
modifications (16, 42).. Aliquots of sucrose gradient fractions containing 6 ug of chlorophyll
were concentrated by centrifugation (100,000 g; 1 h; 4 °C) and resuspended in ACA 750
(750mM aminocaproic acid, 50 mM Bis-Tris, and 0.5 mM EDTA, pH 7.0). Membranes were
then solubilized on ice in 0.8% n-Dodecyl-B-D-Maltoside (B-DM) for 5 min. Samples were
centrifuged at 17,000 x g for 30 min at 4°C. The supernatant was added to 1/10 Vol of 5%
Coomassie Brilliant Blue G-250, 750mM aminocaproic acid whereupon protein complexes
were then separated by electrophoresis in a 4.5-12% acrylamide BN gel. To ensure that D2
signal on different 2D gels was normalized to the level of RCC1, comparable amounts of RCC1
were loaded, as determined by results from 1D BN gels, and all steps were carried out in
parallel. Results of maximal ECL exposure times are shown for both.
Membrane washing. Aliquots of fraction 10 in Fig. 1 B were diluted 25-fold in washing buffer
(20 mM KCIl, 10 mM Tricine and 2.0 mM EDTA pH 7.2, protease inhibitor cocktail (Sigma-
Aldrich)) and pelleted by centrifugation in a microfuge for 1 h at 17,000 x g at 4°C. Pellets
were resuspended in 30 pl of one of the following: washing buffer, 500 mM KCl, 20 mM
NaCOs, 1.0 M NaCl, 2.0 M urea, incubated on ice for 30 min, and then subjected to the same
centrifugation step. The supernatants were collected and the pellet was washed once and
then resuspended in 30 pl SDS-PAGE sample buffer. SDS-PAGE and immunoblot analysis were
as described previously (35).
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Fig. 1) Chloroplast translation membranes were revealed by subcellular fractionation.

Each panel shows the results from an independent trial. Fractions were assayed by immunoblot analyses for
the following marker proteins: appressed (granal) thylakoid membranes (D2), stroma-exposed thylakoid
membranes (PsaAp), CTM and the T-zone (RBP40, r-proteins of the 30S and 50S chloroplast ribosomal
subunits), the TOC-TIC protein translocons of the outer and inner chloroplast envelope membranes (Toc75

and Tic110, respectively), chloroplast stroma (HSP70B), PSIl assembly (YFCF48/HCF136), PSI assembly
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(YCF4p), and the cytoplasmic ribosome (60S). (A) Percentages of total chlorophyll (%Chl) and protein (%Prot)
in each fraction are indicated. The supernatant of the initial high speed centrifugation is labeled “S”.
Membranes of the sucrose gradient were collected as (A) fractions 1-13 or (B and C) fractions 1-12. The 2.5 M
sucrose from which membranes were floated is (A) fraction 14 and (B and C) fraction 15. The pellet of the
sucrose gradient (P). A thin vertical line in each row distinguishes the images of immunoblots of two gels for

which all steps were carried out in the same solutions.
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Fig. 2) CTM association of ribosome subunits and RBP40. Samples of CTM (fraction 10 in Fig. 1B) were
incubated with the indicated agents to extract peripheral membrane proteins. Membranes were pelleted by
centrifugation and then immunoblot analyses compared the non-membrane supernatant (S) and membrane
pellet (P) fractions to reveal the degrees of extraction of RBP40 and the 30S and 50S subunits of the
chloroplast ribosome. The trace amount of thylakoid membranes in this sample allowed us to ensure pelleting

of membranes by immunoprobing for D2.
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Fig. 3) BN-PAGE revealed markers of protein synthesis for PSIl de novo assembly and repair.

(A) Analysis by 1D BN PAGE compared the assembly states of D2 in thylakoids (lanes 1-2) and CTM (lanes 3-6);
samples of fractions 8-13 in Fig. 1A. D2 was immunodetected in RCC1, RCC2, and RC47. Samples were
normalized to the level of RCC1 to ensure comparable solubilisation conditions (see Results). (B-G) In order to
reveal subcomplexes and unassembled free subunits, BN-PAGE lanes with thylakoid membranes or CTM,
equivalent to lanes 1 and 6 in A, respectively, were subjected to a second dimension of SDS-PAGE prior to
immunoblot analyses. RCC1 levels determined in Panel A were used to normalize samples analysed on the 2D
gels. The 2D gel-immunoblots of thylakoid membranes (B, D, and F) or CTM (C, E, and G) were first immuno-

probed for D1 (B and C); then for D2 (D and E), and finally for the PSI subunit PsaAp (F and G). D1 and D2 were
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detected in RCC1, RCC2, and RC47, in smaller assembly intermediate precomplexes (RC47 and PSlI reaction
center (RC)) and as unassembled subunits (UP). The expected molecular mass of each protein is indicated by
an asterisk. Some D1 and D2 was shifted to higher molecular mass positions of the gels (**) due to
incomplete denaturation prior to the second dimension of SDS-PAGE. This shift was useful because it resolved
the RC (shifted*) from the free subunits (not shifted**). The same results were obtained when this shift did
not occur. (F and G) PsaAp was detected in the PSI monomer (PSl), a putative PSI monomer lacking PsaK and

PsaG (PSI-Psak/G), and an unknown complex, possibly the PSI dimer (“?”).
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Fig. 4) The TOC and TIC protein import complexes are localized to chloroplast envelope domains.

(A) An illustration of a Chlamydomonas cell shows the nucleus (N), cytosol, and chloroplast with its lobes,
lobe junctions, basal region, thylakoid lamellae, T-zone, and pyrenoid (P). The chloroplast lobes extend from
the basal region to the anterior cell pole thereby “cupping” the nuclear-cytosolic compartments. (B-E)
Representative cells are oriented as in Panel A and show the IF-signal from Toc75 (B and C) or Tic110 (D and
E). Co-staining for the psbA mRNA by FISH (green) revealed the T-Zone (thin arrows). Cells in B and D
(moderate light) show the localization of the Toc75 or Tic110 IF signal at lobe junctions while cells in C and E

(dark-adapted) do not show this localization pattern. Bars = 2um.
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Fig. 5) A working model for the spatiotemporal organization of PSII-LHCII supercomplex biogenesis.

(1) In the T-zone, plastid-encoded subunits are synthesized into CTM. (2) Free subunits assemble to form the
PSII reaction center (RC) and the other precomplexes and then (3) move by lateral diffusion to a lobe junction
(see also Fig. 4A). (4) There, precomplexes associate to form the PSIl monomeric complex, RCC1. (5) RCC1
dimerizes to form RCC2. (6) Nuclear genome-encoded subunits of the OEC (blue) and LHCII (light green) are
locally imported by the TOC and TIC complexes (purple) into the lobe junction and assembled upon RCC1 and
RCC2. (7) The resulting PSII-LHCII supercomplex diffuses to thylakoid membrane located throughout the

chloroplast.
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Supplemental data Fig. 1; The antisera against YCF48 of Synechocystis sp. PCC 6803 and Toc75 and Tic110 of
pea each detect one polypeptide of the expected size in C. reinhardtii.

(A) The antiserum against YCF48 detected only one protein of the expected molecular mass; 44 kDa, in a
membrane fraction. (B and C) The antisera against Toc75 and Tic110 detect a proteins of the expected

molecular masses, 75 and 100 kDa, respectively.
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