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Abstract

Novel chloroplast compartments are sites of photosystem Il biogenesis and mRNA

management during stress in the chloroplast of Chlamydomonas reinhardtii

James Uniacke, Ph.D.

Concordia University, 2009

Eukaryotic cells are highly compartmentalized. Many processes and metabolic pathways
occur within specific organelles such as the nucleus, endoplasmic reticulum, Golgi
apparatus, mitochondria, and peroxisomes. These compartments themselves are highly
compartmentalized. In plants and algae, chloroplasts carry out photosynthesis, the
biosynthesis of lipids, pigments, cofactors, amino acids, and function in the assimilation
of S, P, and N. However, chloroplast cell biology has lagged behind that of other
organelles. Classic models for the spatial organization o;‘ these processes are
contradictory and based on EM and subcellular fractionation with no uée of modern
fluorescence microscopy. Here, chloroplast processes are revealed as highly
compartmentalized within the chloroplast of Chlamydomonas reinhardtii with the first
extensive use of fluorescence in situ hybridization, immunofiluorescence staining and
confocal microscopy. In Chapter 2, | propose that the processes underlying the
biogenesis of thylakoids are compartmentalized in the chloroplast of C. reinhardtii.
Chapter 4 describes the discovery of chloroplast stress granules, a compartment that

manages mMRNAs during oxidative stress. Chapter 3 assigned known targeting

iii



mechanisms to specific chloroplast proteins while identifying new examples of localized
translation. Because the pyrenoid, a largely unexplored chloroplast compartment in
most algae, plays a central role in many of my findings, and little is known about this
compartment, | isolated it and characterized its proteome by mass spectrometry. The
pyrenoid proteome consisted of proteins with roles in starch metabolism, CO,
assimilation and nitrite reduction. Taken together, these findings reveal that the
- Chlamydomonas chloroplast is more highly compartmentalized and complex than has
been appreciated and that it can be use;i as a model sysfem to study fundamental cell
biological questions. This work has advanced our understanding of the cell biology of
chloroplasts and provides a new conceptual framework for research into chloroplast

biogenesis.
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1 Introduction

Eukaryotic cells are highly compartmentalized. Many processes occur in specific
organelles such as the nucleus, the endoplasmic reticulum (ER), the Golgi apparatus,
mitochondrion, chloroplasts, peroxisomes and lysosomes. Many organelles themselves
are known to be highly compartmentalized. For example, within the nucleus the
nucleolus is the site of rRNA transcription and ribosome assembly, while the ER is
divided into rough and smooth regions. In plants and algae, plastids are an organelle
class v;/hichr includes chloroplasts,. amyloplastﬁ, chromoplasts, and etioplasts. In
photosynthetic tissues, chloroplasts differentiate from the proplastids, the “stem
organelle” where they carry out photosynthesis, the biosynthesis of lipids, pigments,
cofactors, amino acids, and function in the assimilation of S, P, and N. The chloroplast is
the organelle with the greatest number of known compartments. It has six
compartments including the outer and inner envelope membranes, the inter-membrane
| space, the stroma, the thylakoid membranes and the thylakoid lumen.

Most cellular compartments were identified by electron microscopy (EM) and
then isolated with sub-cellular fractionation and analyzed by biochemical approaches.
More recently, the use of fluorescence microscopy including fluorescent in situ
hybridization (FISH), immunofluorescence (IF) and green fluorescent protein (GFP)
fusion proteins has made significant contributions to our understanding of cellular
compartméntalization. However, with respect to the use of fluorescence microscopy,
the analysis of chloroplasts has lagged behind that of other organelles mainly due to the

high background caused by chlorophyll autofluorescence.



GFP is a widely used tool to visualize proteins in their native environment in
living cells. The GFP gene has been introduced and expressed in many systems such as
bacteria, yeast, fungi, and mammals. Since GFP has been codon-optimized for
expression in plants, it has been used to determine whether a protein is localized to the
plastid [1, 2]. While GFP may be a good method to determiné the intracellular location
of a protein, it is not suitable for determining its intraorganellar location in plants.
Overexpression of GFP could affect localization of a protein and chlorophyli
autofluorescence masks subtle localization patterns. Therefore, the use of FISH, to
visualize mRNAs, and IF to visualize proteins within chloroplasts could reveal a degree of
compartmentalization not seen before without having to introduce GFP fusion proteins
into the chloroplast.

My thesis work includes the first extensive in situ study of the localization of
chioroplast mRNAs and proteins. | adapted FISH and IF techniques to examine the
localization of specific mRNAs and proteins in the chloroplast of the green alga
Chlamydomonas reinhardtii from a study that used these methods to localize proteins
and mRNAs in the cytoplasm of this alga [3]. My findings reveal a high level of
compartmentalization within the C. reinhardtii chloroplast that has not been seen
before, such as a distinct compartment for de novo photosystem Il (PS II) biogenesis
(Chapter 2), chloroplast protein targeting by localized translation (Chapter 3), and RNA
granules that form during oxidative stress conditions (Chapter 4). | also examined the
functions of these granules (Chapter 5) and the pyrenoid, a chloroplast compartment

(Chapter 6).



1.1 The compartmentalization of chloroplasts
Photosynthesis involves several pathways that are highly compartmentalized within
chloroplasts. For example, in the land plants, CO, assimilation occurs in the stroma,
which is analogous to the cytoplasm of a cell [4]. However, in green algae, this process
occurs in the pyrenoid [5]. The Iight-dependenf reactions occur within the membranes
of an elaborate network of flattened vesicles, the thylakoids. These reactions are
performed by three multisubunit complexes: photosystem | (PS 1), PS lf, and the
- cytochrome b6/f complex [6]. Thylakoids themselves are compartmentalized. PS 1i is
localized in thylakoid membranes that are appressed within the stacks of thylakoid
vesicles called grana, while PS | is localized in the non-appressed thYlakoid membranes
that are exposed to the chloroplast stroma [7].
The biogenesis of chloroplasts also involves many well-characterized
pathways, but much less is known about the spatial organization of these pathways [8-
10]. In situ data are sparse regarding the locations of the biosynthesis and assembly of
the component lipids, pigments and proteins of the various chloroplast compartmentg
and the steps in the expression of the chloroplast genome. Of the few reported in situ
studies, two showed that proteins that function in chlorophyll synthesis and lipid
transport to thylakoids are localized in punctate patterns near the periphery of the
chloroplast [11, 12]. These processes would thus appear to be more compartmentalized
than previously realized. The biogenesis of PS Il has been studied extensively. This
complex uses energy from light to carry out the first charge separation reaction of

oxygenic photosynthesis [12, 13]. Many of the 25 PS 1l subunits are encoded by nuclear



genes, synthesized in the cytoplasm by 80S ribosomes, imported into the chloroplast,
and finally targeted to thylakoid membranes [14, 15]. However, the major integral
membrane subunits of PS Il are encoded by chloroplast genes, whose mRNAs are
translated by bacterial-like 70S ribosomes within the chloroplast [16]. These include D1,
D2, CP43, and CP47, which are encoded by the chloroplast genes psbA, psbD, psbB, and
psbC, respectively. While all subunits are synthesized for de novo assembly of the PS II
complex, the D1 subunit is also synthesized to replace D1 subunits damaged by
photochemical reactions inherent to PS It activity, oxidative stress, or both [17, 18]. This
D1 repair synthesis is elevated under high light (HL) stress conditions. It is widely
accepted that D1 synthesis for PS Il repair occurs at stromal thylakoids because the
results of subcellular fractionation support this occurrence [19]. My 2007 article
provides the first in situ evidence for this model.

1.1.1 The location of de novo PS Ii biogenesis

There is a debate over the intra-chloroplast location where mRNAs are translated and
thylakoids are generated. A widely accepted model proposes that chloroplast-encoded
- PS 1l subunits are synthesized directly into thylakoid membranes (Figure 1.1 A). This
model is supported by two lines of evidence. First, chloroplast polysomes synthesizing
subunits of PS 1i and other thylakoid membrane proteins co-fractionated with thylakoid
membranes on sucrose density gradients [20-29]. These membranes were proposed to
be stroma thylakoids based on results of thylakoid fractionation experiments [19, 25,

30-33].
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Figure 1.1. Three models describe possible locations in chloroplasts where mRNAs are
translated.

A) Chloroplast mRNAs are translated in association with thylakoid membranes. Glycerol lipids
and pigments are transported from their site of synthesis at the envelope to thylakoid
membranes by transferase proteins. Proteins encoded by nuclear genes are imported through
the chloroplast envelope. These components assemble in thylakoid membranes to form the
integral membrane complexes of the photosynthetic apparatus. B) Chloroplast mRNAs are
translated in association with the inner membrane of the chloroplast envelope, where they
assemble with in-coming proteins from the cytosol and newly synthesized chlorophyll.
Assembled integral membrane complexes are transported to thylakoids with membranous
vesicles. C) Chloroplast mRNAs are translated at the ends of thylakoid grana, the stacks of disk-
like thylakoid membranes. There they assemble with chlorophyll and nucleus-encoded thylakoid
proteins to form the integral membrane complexes of the photosynthetic apparatus. Lipids,
pigments and thylakoid proteins from the cytosol could be transported membranous vesicles
and/or by transferase proteins [8].



Second, in situ evidence for this model was provided by EM images of
isolated thylakoid membranes, which revealed chloroplast ribosomes or inéompletely
assembled PS Il subcomplexes primarily at non-appressed stroma thylakoid membranes
f21, 25, 34, 35]. While it has been assumed that thylakoid membrane protein synthesis
and assembly occur in stromal thylakoids throughout the chloroplast, to our knowledge,
the possibility that these processes could occur in specialized domains of stromal
thylakoids or a compartment specialized in thylakoid biogenesis had not been explored
prior to this thesis work. |

lﬁ an alternative model, the inner membrane of the chloroplast envelope has
been proposed to house the synthesis and assembly of the chloroplast-encoded
thylakoid membrane proteins (Figure 1.1 B). Chloroplast membranes that resemble the
inner envelope membrane in buoyant density and pigment composition were found to
be associated with RNA binding proteins (RBPs) and a homolog of poly(A) binding
protein (PABP) [42, 61]. Similar non-thylakoid membranes co-fractionated with 50% of
chloroplast ribosomes [36]. The credibility of this alternative model was increased by
the discovery that thylakoid biogenesis requires vesicular transport from the inner
envelope membrane [37-40]. Although these data would seem to contradict the
aforementioned evidence for thylakoids as the location of PS Il subunit synthesis, they
do not necessarily. For example, most of the EM imageé cited above were taken of
isolated thylakoids, recognized by their stacked regions. However, other membranes
with bound ribosomes in the same fractions would have been disregarded as

contaminating rough ER [21]. Moreover, the thylakoid membranes that were concluded



to have bound chloroplast polysomes were in sucrose density gradient fractions that are
heavily contaminated by membranes that resemble the membranes of the chloroplast
envelope [41, 42]. The latter membranes have been hypothesized to be undifferentiated
thylakoid membranes of an unknown location in the chloroplast of C. reinhardtii {42].
The location of the de novo assembly of the photosynthesis complexes has
also been addressed in Synechocystis, the closest known bacterial relative of the
chloroplasts of the gréen plants (which include Chlamydomonas) [43]. Results of cellular
subfracﬁonation experiments provided strong evidence for the assembly of PS1and PS li
occurring in the plasma membrane [44, 177], which is considered to be homologous
with the inner membrane of the chloroplast envelope [45]). Yet, the three-dimensional
structure of this bacterium obtained by electron tomography revealed that most
ribosomes are within 6 nm of a membrane (i.e., sufficiently close to be inserting a
nascent protein) and were on or near thylakoid membranes [46]. The possibility that an
unknown membrane type gives rise to thylakoid membranes was suggested by the
description of unit membrane-like sheets that had dense clusters of ribosomes and
were connected to thylakoid membranes (Fngre 1.1 C) [47]. Similarly, in
Chlamydomonas and pea (Pisum sativurn), many of the chloroplast ribosomes seen by
EM were in clusters located near isolated thylakoid membranes but not directly on them
[21, 25]. Therefore, many lines of evidence support different models for the location(s)
of de novo PS 1i biogenesiS, and an in situ approach might shed some new light on this

longstanding question.



1.2 Chloroplast protein targeting

Each organelle in a eukaryotic cell requires a distinct protein complement to carry out
its specialized functions. Therefore, newly synthesized proteins are targeted to specific
organelles and compartments within them. This is known to involve three general
mechanisms. In a post-translational mechanism, the import machinery of the organelle
selects the correct proteins by virtue of their having a transit peptide or nuclear
localization signal (Figure 1.2 A). In a co-translational mechanism, the signal sequence in
the nascent polypeptide binds signal recognition particle (SRP), which represses further
translation, docks the mRNA-ribosome-nascent polypeptide complex at the ER,
whereupon translation resumes for the insertion of the elongating polypeptide into the
ER lumen or membrane (Figure 1.2 B). Lastly, in an mRNA-based mechanism, the
untranslated mRNA is localized by an RBP associated with a molecular motor or the
target membrane and translation is initiated only upon mRNA localization [47, 48]
(Figure 1.2 C). The two latter mechanisms 'appéar to operate together in protein
targeting to the mammalian ER [49].

The chloroplasts of plants and green algae import a few-thousand proteins to
function in photosynthesis and other processes [50]. These proteins are believed to be -
synthesized at random cytoplasmic locations and undergo post-translational import
because isolated chloroplasts can import proteins synthesized in vitro and EM studies
have observed only outer chloroplast envelope membranes without bound ribosomes
[51]. However, at least a few proteins are trafficked to chloroplasts via the secretory

system, implying they are first targeted to the ER by the co-translational SRP pathway
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Figure 1.2. The three general mechanisms of protein targeting.

A) In a post-translational mechanism, the protein is synthesized in the cytoplasm and
the import machinery of the organelle selects the correct proteins by virtue of their
having a transit peptide or nuclear localization signal. B) In a co-translational
mechanism, the signal sequence in the nascent polypeptide binds SRP, which represses
further translation, docks the mRNA-ribosome-nascent polypeptide complex at the ER,
whereupon translation resumes for the insertion of the elongating polypeptide into the
ER lumen or membrane. Proteins are transported via vesicles and fuse to the correct
target membrane. C) In an mRNA-based mechanism, the untranslated mRNA is localized
by an RBP associated with the target membrane and translation is initiated only upon
mRNA localization.



[52-54). Despite several decades of research on chloroplast protein import, nothing is
known about the location(s) of chloroplast protein synthesis in the cytoplasm.

A minor protein contingent is expressed from the chloroplast genome and
targeted to specific compartments within this organelle [8]. Some of these “chloroplast-
encoded” proteins are targeted to thylakoid membranes where they function as
subunits in the photosynthesis complexes. Others are targeted to the stroma. In green
algae, the large subunit of Rubigco (LSU) is targeted to the pyrenoid [55]. However, little
is known about the targeting mechanisms involved. We do know that thylakoid
membrane proteins are synthesized by membrane-bound chloroplast polysomes [21,
26]. A chloroplast homologue of the SRP subunit that binds the signal sequence,
cpSRP54, was shown to bind the nascent chain of the D1 subunit of PS Il in a
reconstituted chloroplast translation System and to be required for thylakoid membrane
biogenesis [56-59]. In addition, mRNA-based mechanisms probably target chloroplast-
encoded p‘roteins. First, only one protein i; known to have a transit peptide, indicating
that post-translational mechanisms are not predominant [57]. Second, cpSRP54 is not
absolutely required for thylakoid biogenesis in Arabidopsis, indicating thé existence of
another pathway [60]. Finally, several membraﬁe-associated RBPs have been identified
in the chloroplast of the eukaryotic green alga C. reinhardtii {61, 62]. Therefore, much
work remains to be done to identify and characterize the mechanisms and machinery

involved in the targeting of chloroplast-encoded proteins.

10



1.3  Translationally silent mRNAs localize to RNA granules during stress

Research on translation has focused primarily on general mechanisms by which
ribosomes synthesize poly;;eptides and how the translation of specific mRNAs is
regulated or localized to specific cytological locations [48]. More recently, the nature of
tranyslationally silenced mRNAs has come into attention, first with regards to their
metabolism and degradation and, of late, the intracellular localization of these
processes. During conditions of franslational repression in a variety of eukaryotes,
specific mRNAs have been seen to localize in discrete cytoplasmic foci called stress
granules (SGs) and processing bodies (PBs) (reviewed by [63, 64]). These classes of RNA
granules are being revealed as complex, functionally related compartments involved in
the control of mRNA fates and RNA silencing.

SGs form within 15-30 minutes of exposure to various stress conditions,
including high temperature, oxidative stress due to the broduction of reactive oxygen
species (ROS), damage induced by UV irradiation, and osmotic shock [64]. They have
been described in mammalian and plant cells, and possible orthologs exist in the fission
yeast Schizosaccharomyces pombe and trypanosomes [65-68], but no stress-induced
RNA granule has been observed in any prokaryote or organelle. Recruitment into SGs is
thought to regulate mRNA stability by storing them for translation upon the restoration
of homoeostasis [69]. SGs are believed to harbor stalled translation pre-initiation
complexes because they lack the large ribosomal subunits, contain small ribosomal
subunits, certain translation initiation factors, the PABP and several other RBPs {65, 69-

72]. PBs are more mobile and ever-present than SGs, but do increase in size and number

11



during certain stress conditions [65, 73, 74]. PBs are believed to be specialized
cytological locations for mRNA decay because they contain mRNA decapping proteins
DCP! and DCP2, exonuclease Xrnl, and the deadenylase CCR4 [75-77]. PBs are also
distinct from SGs in that they lack both ribosomal subunits and translation initiation
factors [78]. Although SGs and PBs are distinct by these criteria, real-time fluorescence
imaging experiments revealed that they share and exchange common components [79].
PBs move to and from stationary SGs after docking for a few minutes. Together, these
observations are the basis for the current model that SGs are a triage compartment
during stress where translationally silent mRNAs are directed either back to the pool of
translating mRNAs or to PBs for degraaation [69]. However, other models have not been
excluded. |
1.3.1 The proposed functions of stress granules

The fundamental function of SGs is not clear. There is evidence in mammalian cells
that SGs have a role in stress tolerance. Lethality is associated with deficiency for two
proteins in two separate mutant cell lines that did not form SGs when stressed [80, 81].
These cell lines had mutations in heme-regulated inhibitor kinase or the deacetylase
HDACS6, which both act upstream of SG assembly. Heme-regulated inhibitor kinase is
activated upon stress and phosphorylates elF2a, which initiates the signaling cascade
toward SG assembly. Deécetylase HDACS acts on tubulin and HSP90 and has many other
functions. Therefore, assigning a stress tolerance function to SGs may be premature
because of the pleiotropic effects caused by the above mentioned mutations. It has

proven difficult to abolish SG formation at the assembly level in mammalian cells
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because of the lethality of the mutations or the redundant pathways involved [82]. SGs
have also not yet been isolated and their co‘mplete composition has not been
characterized. it would be of great interest to find a system where SGs could be isolated
and their assembly more directly abolished without being lethal.

1.4 The function of the pyrenoid

Aquatic photosynthetic organisms have evolved strategies to more effectively utilize
- CO,. The challenge these organisms face in a-ssimilating CO, is two-fold. First, the rate of
diffusion of CO, in aqueous solution is 10,000 times slower than in air. Second, the
enzyme that catalyzes the first step of the Calvin cycle by fixing CO; into an organic
moIecul»e, ribulose bisphosphate carboxylase/oxygenase (Rubisco), has an unusually
slow catalytic activity. Rubisco can function at only 25% of its catalytic capacity at
atmospheric levels of CO,, and the high abundance of O, being produéed in these
organisms competes with CO, for Rubisco’s active site [83, 84]. Thus, aquatic
microorganisms concentrate carbon away from O; in the pyrenoids of many algae and in
the carboxysome, the homologous compartment in cyanobacteria.

The pyrenoid is a chloroplast compartment in many eukaryotic algae and one
member of the hornworts. It is not membrane-bound, but is typically surrounded by
thick starch sheaths and penetrated by several pyrenoid tubules, as seen by EM [85].
These tubules are membranous and contain thylakoid vesicles that extend from outside
the pyrenoid. Thylakoid membranes connect to electron dense structures in the walls of
the tubules. The pyrenoid has a dense proteinaceous matrix containing up to 90% of the

cellular Rubisco pool [55].
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Surprisingly little is known about the function(s) of the pyrenoid.
Immunolocalization studies in the eukarybtic green alga C. reinhardtii have provided
some evidence for a role in the assimilation of CO,. Immuno-gold EM and subcellular
fractionation studies revealed that Rubisco is concentrated in the pyrenoid [5, 55]. This
Rubisco is thought to be active because in vivo rates of CO, fixation are similar to the
total amount of Rubisco activity [55]. Suss et al [5] identified two Rubisco forms based
on differences in their spatial organization. What they called Form | localized to
thylakoid membranes and stroma for CO, fixation. Rubisco form Il localized throughout
the pyrenoid matrix and was proposed to be involved in a CO, concentrating
mechanism. Rubisco activase and nitrite reductase have also been detected within the
pyrenoid by immunogold EM [5, 86]. Because the pyrenoid is surrounded by starch, it
has been proposed that starch synthesis occurs within this compartment, but this
hypothesis has never been tested. Results of my thesis work strongly suggest additional
and novel pyrenoid functions. Chapter 2 shows that sites lateral to the pyrenoid, called T
zones, are involved in the synthesis of de novo PS lf assembly {87]. Chapter 4 shows that
the pyrenoid harbouré chloroplast stress granules (cpSGs) suggesting that it could be
involved in protecting chloroplast mRNAs from ROS during oxidative stress, consistent
with its proposed role of having low oxygen levels to enhance Rubisco efficiency [88].
Therefore,'the pyrenoid is being revealed as a more complex cqmpartment than
previously realized. Proteomic analysis of this chloroplast compartment could reveal

new functions and confirm its role in carbon assimilation and starch synthesis.
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15 Chlamydomonas reinhardtii as a model system

C. reinhardtii is a widely used model organism in studies of chloroplast biology and
photosynthesis. It is a unicellular eukaryotic green alga with many cell and molecular
biological tools developed for it. Its chloroplast and nuclear genomes have been fully
sequenced and annotated [89]. This alga is amenable to work with because it can be
grown on solid media in Petri plates and has a doubling time on the order of 5 h. A
major advantage of using C. reinhardtii instead of land plants i; that photosynthesis-
deficient mutants are fully viable when provided with a reduced carbon source such as
acetate. Furthermore, a wealth of mutants is availablle from the research community
and a stock center. A major contribution of my thesis is the demonstration that
Chlamydomonas is ideally suited for characterizations of the distributions of specific
mRNAs and proteins in thé chloroplast by FISH and IF techniques because its single large
chloroplast has a definite anatomy which is easily recognizable in every cell examined.
1.6 Thesis outline and contributions of colleagues

Chapter 2 describes my discovery of a chloro‘plast compartment for de novo PS Il
biogenesis which we call “T zones” for translation zones. These locations were defined
as having colocalized chloroplast mRNAs encoding PS !l subunits and proteins of the
chloroplast translation machinefy specifically under conditions of PS Il subunit synthesis.
In contrast, my results support the current belief that PS Il repair occurs on thylakoid
membranes throughout the chloroplast. Chapter 3 describes my use of in situ
techniques to characterize the nature of the targeting mechanisms used by four

chloroplast proteins, two encoded by nuclear genes and two encoded by chloroplast
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genes. The three known general protein targeting mechanisms were distinguished by
first observing whether the mRNA encoding a specific protein was localized (to
discriminate post-translational targeting from co-translational and mRNA-based
targeting). If an mRNA localization paftern was detected, co-translational and mRNA-
based targeting mechanisms were distinguished by whether this localization was
dependent on translation. The results reveal two novel examples of targeting by
localized translation, in light-harvesting complex (LHC 1l) subunit import and the
targeting of LSU to the pyrenoid of the chloroplast. They also reveal examples of each of
the three known targeting mechanisms: post-translational, co-translational, and mRNA-
based, in the targeting of specific chloroplast proteins. Chapter 4 describes my discovery
of cpSGs, the first such discovery in a bacterial/organellar genetic system. These stress-
induced RNA granules are analogous to mammalian SGs in that they contain mRNAs
from recently disassembled polysomes, the small ribosomal subunit and PABP.
Moreover, also like mammalian SGs, mRNAs are in continuous flux between these
chloroplast granules and polysomes during stress. This chapter also describes a novel
function of the pyrenoid in a stress response as well as the possibility that LSU plays a
role in the assembly of cpSGs. Chapter 5 provides evidence that cpSGs have a role in
short-term oxidative stress tolerance, a function thought to be associated with
mammalian SGﬁs. Two mutants that do not form SGs were exposed to increasing
concentrations of hydrogen peroxide but did not have lower levels of tolerance to this
stress than a wild-type strain. This study also showed that these mutants do not have a

pyrenoid suggesting that this chloroplast compartment has a role in cpSG formation.
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Chapter 6 describes the isolation of the pyrenoid and a partial characterization of its
proteome by mass spectrometry. A simple protocol was established to purify pyrenoids
and they were found to have very few proteins when separated by SDS-PAGE. The
proteome revealed functions in starch synthesis, CO; assimilation and nitrate
metabolism.

Chapters 2, 3 and 4 were published in The Plant Cell [87], PNAS [90], and The
Journal of Cell Biology [88], respectively. Chapter 5 is a manuscript iﬁ preparation. |
carried out all of the experimental work described in these chapters and participated in
experiment design, data analysis, and writing of the manuscripts.

Chapter 6 describes an ongoing project which has involved two undergraduates,
Brendan Gunther and Simon Arragain, and currently involves M.Sc. student Oussama
Rifai, research associate Heng Jiang and Dr. Vincent Martin. Together, we developed. a
pyrenoid purification protocol and determined the first pyrenoid proteome, although it
is incomplete because one band from the gel was missing from the mass spectrometer
results. Therefore, | have contributed approximatebly half of the experimental work, data
analysis and experimental design for this manuscript as well as co-supervising two

undergraduate and one graduate student.
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2 Photosystem |l assembly and repair are differentially localized in
Chlamydomonas

Photosystem Il assembly and repair are differentially localized in Chlamydomonas.

Uniacke J, Zerges W. Plant Cell. 2007 Nov;19(11):3640-54. www.plantcell.org

©Copyright American Society of Plant Biologists

2.1  Introduction

Considering the uncertainty regarding the location of thylakoid membrane biogenesis
and the lack of in situ evidence relating to this question, | addressgd this problem by
characterizing the locations of PS | subunit synthesis iﬁ the chloroplast ofv C. reinhardtii
with FISH, IF staining, and confocal microscopy. Because FISH and IF staining had not
been used in chloroplasts, | adapted these techniques which were used to detect
mRNAs and proteins in the Chlamydomonas cytoplasm and nucleus [3]. The rationale for
identifying the location(s) of PS Il biogenesis was to define them as having colocalized
chloroplast mRNAs encoding PS Il subunits and proteins of the chloroplast translation
machinery specifically under conditions of PS Il subunit synthesis. While exploring the
aforementioned problems, | found that Chlamydomonas is ideally suited for
characterizing th‘e distribution of specific chloroplast mRNAs and proteins by these
techniques because its single large chloroplast has a definite anatomy that is easily
recognizable in every cell examined. The findings on chloroplast morphology presented
in this chapter were also published in Volume | of the Chlamydomonas Sourcebook

[178].
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2.2 Materials and Methods

C. reinhardtii culture conditions

For ‘the d‘ark-adapted (DA}, moderate light (ML), HL, and ML5" conditions, cells were
cultured photoautotrophically in high-salt minimal medium (HSM) [91] until mid-log
phase (3 X 10° cells/mL) at 24°C and under a light intensity of 100 to 150 pE-m?Zs™.
Dark-adaptation was accomplished by a 2 h incubation in flasks wrapped with two layers
of aluminum foil on an orbital shaker at 24°C. HL (2000 puE-m™2s?) was génerated by a
slide projector (Kodak) to which small (2 to 30 mL) cultures were exposed at a distance
of 10 cm with manual shaking. The alb3.1 mutant (ac29; CC-245), FUD34 (CC-2518), and
the control wild-type cells used in experiments with these mutants (Figure 2.7) were
cultured on Tris-acetate-phosphate (TAP) medium in the dark [92]. When lincomycin
was used, it was added to a final concentration of 200 pg/mL at 10 min prior to bceII
fixation. The chloroplast transcription inhibitor, rifampicin, was added to a final
concentration of 350 ug/va at 60 min prior to the end of the 2 h dark adaptation period
for the control experiment. The rifampicin was active because it was lethal at this
concentration after 24 h (data not shown).

In vivo *°S pulse-labelling

The levél of **s labelling of a PS Il subunit during a 5 min pulse-labelling period reflects
its synthesis rate, because previous studies found that thé levels of the mRNA encoding
these subunits do not change dramatically in response to light exposure [93, 94] and
their degradation was not detected within 30 min of their synthesis [35]. Pulse-labelling

was performed for 5 min with 1.2 X 10’ cells in 0.3 mL of HSM lacking NH4SO,.
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Cycloheximide was added to a final concentration of 10 pg/mL 5 min prior to the
addition of 80 pCi of [3551504; Cells were not deprived of SO, for more than the 15 min
required for centrifugation and resuspension and treatment with cycloheximide prior to
- pulse-labelling, during which time 100 uM SO, was available from the trace element
mixture present in this medium. Pulse-labelling was performed on an orbital shaker for
5 min under the light conditions described. Cells were pelleted by centrifugation at 4000
x g for 2 min, resuspended and lysed in 100 pL of SDS-PAGE loading buffer (250 mM Tris
pH 6.8, 2% SDS, 20% glycerol, 50 mM DTT, and 2% 2-mercaptoethanol), and incubated
at room temperature for 60 min, and then 50 pt of each sample was loaded on a 13%
denaturing SDS-polyacrylamide gel (with 8M urea) on the basis of cell number (6 X 10°
cells/lane). Following electrophoresis, the gels were dried and **S-labelled proteins were
revealed by autoradiography. Coomassie Brilliant Blue staining confirmed that
comparable amounts of total protein were in the lanes (data not shown). The light
stimulation of the >°S labelling of these proteins does not reflect effects on the rate of
[>°5]SO, uptake, because a 200-fold excess of sulphate immediately prior to light
exposure did not affect the pattern of labelled proteins (data not shown). The induction
of protein synthesis by light was not observed in cells cultured in TAP medium (data not
shown), probably because the acetate it contains induces protein synthesis in the dark
[95].
FISH
Cell fixation, permeabilization, and FISH were performed as described previously with

the following modifications [3]. Four FISH probes (Alpha DNA) of 50 nt were designed to

20



hybridize to each of the mRNAs (Table 2.1) [96-99]. The probes against the psbA mRNA
hybridize écross exon junctions. The psbA, rbcl, and psaA mRNA FISH signals were highly
specific because they were not detected in deletion mutants for these genes [100-102]
(Figure 2.3). FISH probes were labelled with either Alexa Fluor 488 or Alexa Fluor 555
(Molecular Probes) according to the manufacturer’s protocol on five modified C6-dT
residues with 6-10 nucleotides between each modified C6-dT. Labelled probes were
purified from a denaturing 13% polyacrylamide gel by excising the bands,' manually
crushing them, and overnight incubation in elution buffer (0.1% SDS, 10 mM magnesium
acetate, and 0.5 M ammonium acetate) at 37°C. Approximately 1 X 10° cells were
spotted on a microscope slide coated with 0.1% Poly-L-lysine. These slides were first
boiled in 1M HCL for iS min to reduce autofluorescence and then a 10 pL drop of 0.1%
Poly-L-lysine (Sigma) was spotted at one end of the slide and smeared across with
another slide. These treated slides were kept in a slide rack covered with aluminum foil
and left to dry for a few days to a week. After waiting 45 sec to allow the cells to adhere
to the slide, the slide was inserted into a Coplin jar with a screw cap for fixation (all
washes were done in Coplin jars on an orbital shaker at low speed). After fixing the cells
in 4% para-formaldehyde in 1XPBS, they were incubated in two methanol washes for 10
min each at -20 °C. Cells were washed in 1 X PBS, 5 mM MgCl, twice for 10 min. Triton X-
100 at 2% (v/v) in 1XPBS was used to permeabilize the cells for 10 min. Cells were
washed in 1 X PBS, 5 mM MgCl, twice for 10 min. When the cells are ready for
hybridization, 10 uL spots of hybridization buffer (10 mM vanadyl ribonucleoside

complex (VRC), 4XSSC, 4 mg/mL of BSA) were placed in the center of coverslips laying on
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TABLE 2.1. Oligonucleotide FISH probe sequences

hame

probe sequence (5’ — 3’)

psbA-1 ’

psbA-2
psbA-3
psbA-4
psbC-1
psbC-2
psbC-3
psbC-4
psaA-1
psaA-2
psaA-3
psaA-4
rbel-1

rbcl-2
rbcL-3
rbcL-4
RbcS-1
RbcS-2
RbcS-3
Rbcs-4
Lhcll-1

Lhcll-2
Lhcll-3
Lhcll-4

CTGAAACTGGTTCACGGATACCATCGATGTCTACTGGC
ACGGAAAGATAATTCCCACTCACGACCCATGTAGCAGTATACACTAGA
GAATACGATCATGAAGTTGAAAGTACCAGAGATACCTAAAGGCATACCGT
GGAAGATTAGACGACCAAAGTAACCATGAGCAGCTACAATGTTGTAAGTT
TACCTGACCACCAAGCAAAACCTGTTGTTTCTTGGTCACGGCCACCTACT
ATAATTTCACCACCTGGACCTACACCGTAACCTAAAGTTGCGATGTGTGG
GGGTTAGTAATAACACGAACGTCACCACCACCTGGAGCCCAAGTATCGTA
AGTCTAAACCGTTTGGACCACGTAGAGGTTCTAACCATGGACCACGGAAG
TTGGAACCATTCTAGTTTTGGAGCAGCTTTGTGGTAGTGGAACCAACCAG
CTACGTGGTGGTGAGCAGTATCACTTAACCAAAGACCACCAGTAACAGGG
AAGCTGTAACCGTACCCCAAACATCAGATTGCATCTTCCAGCTGAAGTGG
AGTAGGAGGTGCGCCTTCCAGCGAATACATGATTTTTCCCCCTTCCAGTT
CCACATTCTTCAGGTGGAACACCTAGTTGTGGAGTCATACGGAATGCAGC
GCAGGTGGAATACGAAGGTCTTCAAGACGTAGAGCACGTAAAGCTTTGAA
GTGCATAGCACGGTGGATGTGTAGAAGAAGACCGTTGTCACGACAGTAGA
CACCTGGCATTGAACACCAGTCTTGAGTGAAGTAAATACCACGGCTACGG
GGGTTGCAAGTGCTCAAATACCCCATCAAACATCATCCTGGTTTGGCTGC
CGGAGGACTTGGCAATGACGGCGGCCATTTTAAGATGTTGAGTGACTTCT
TAGGAGAAGGTCTCGAACATCTTGACCGGGGTCCAGACCATCATCTGGTT
TTCCACATGGTCCAGTAGCGGTTGTCGTAGTACAGCTGCAAGACACGCTG
GCTGCGGACGGAGGACTTCATGATGGCGGCCATTTTGATTGGTATAGACA
AAGAAGCCGAACATGGAGAACATAGCCAGGCGGCCGTTCTTGATCTCCTT
TCTCCGCTCAATCACGCCAGTACATGCAGCTGCCGAGGGCCAAAAATTTA
TTAATCGCACGTCCCTCGCGCTCCTAAGCCTGTGAAAAGAGGCTCACACT

Boldface Ts indicate modified C6-dT residues that were labeled with Alexa Fluor 488,
Alexa Fluor 555, or Alexa Fluor 633 (Molecular Probes).
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a long piece of parafilm. Probe mixture (20 ng) with 100X competitor DNA (2 mg/mL
each of salmon sperm DNA and E. coli tRNA) were air-dried in a speedvac at 43 °C and
resuspended in 10 pL formamide then heated at 85°C for 5 rﬁin. The probe mixture was
then spotted onto the hybridization buffer spot on the coverslip. The slide was then
blotted gently with Kimwipes and placed cell-side down onto the hybridization solution
on the coverslip. The slides were incubated overnight at 37°C in a slide hybridization
oven. A piece of moist paper towel was included to maintain humidity. Hybridization
temperature was 30.5 °C below Tm because 50% formamide was present. Post-
hybridization buffer (1 X SSC, 50% formamide) was made fresh the next day and
incubated for 30 min at 37 °C. Cells were incubated twice for 20 min in post- '
hybridization buffer, and then for 10 min each in 0.5XSSC and 0.25XSSC. Cells were
washed for 10 min in 1 X PBS, 5 mM MgCl,. Slides were blotted dry with KimWipes and
20 pl of ProLong Gold Anti-fade reagent (Molecular Probes) was added to the cell side
of each slide. A coverslip was placed on top of the Anti-fade reagent, incubated for 2 h
at room temperature and then sealed with nail polish. Slides were stored at -20 °C. All
solutions were made with diethyl pyrocarbonate-treated water.

IF staining

When cells were probed for an mRNA-and a protein, FISH was carried out prior to IF
staining. The slide with adhered cells was incubated in blocking solution (PBS [137 mM
NaCl, 2.7 mM KCl, 10 mM Na;HPO,, and 2 mM KH,PO4}, 0.1% BSA, and 2mM VRC) for 30
min at room temperature by placing a 25 puL drop of blocking solution on a coverslip and

placing the blotted-dry slide cell-side down onto the drop. This was followed by a 75 min
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incubation with diluted primary antiserum in blocking buffer (with 10 mM VRC) at 37°C.
A dilution of 1:1000 was commonly used, but this was too high for the LHC I antisera
causing artifacts such as IF signal only around the perimeter of the cell or signal in
aggregates. The LHC Il antisera was used at a dilution of 1:4000. After washing twice in
PBS, cells were incubated in a 1:200 dilution of an anti-rabbit secondary antibody in
blocking buffer (with 10 mM VRC) at room temperature for 45 min. The secondary
antibody was anti-rabbit 1gG-TRITC or IgG—FITC (Sigma). ProLong Gold Anti-fade
(Molecular Probes) was used for mounting. The in situ IF staining patterns of D1, PsaA,
and the r-proteins were highly specific because each of the antibodies detected a
protein of the expected molecular weight on immunoblots of total cellular protein (data
~ not shown). The specificities of the IF signals from PsaA and D1 were also demonstrated
by their absence in deletion mutants for psaA [101] and psbA (FuD7) [100], respectively
(Figure 2.3 D and E). Staining with the secondary antisera alone did not generate a signal
(data not shown). The r-protein of the 60S subunit of the cytoplasmic ribosome was
detected by the antiserum described previously and called, in an early nomenclature,
L4; it very weakly cross-reacted against two smaller r-proteins, L47 (60S) and S26 (30S)
(data not shown) [103, 104]. A chicken antiserum against D1 (AgriSera) was used in
conjunction with a rabbit antiserum against LHC Il (Figures 6D to 6F). It was critical to
titer the primary antisera (especially those against thylakoid membrane proteins) and
use them at the lowest concentration required to give a signal to avoi\d artifactual highly
punctate IF staining patterns or high general background. The 50S subunit r-protein of

the 50S subunit, L2, was detected by an antiserum described previously as L-1 [105-
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107]. The antiserum against the r-protein of the 30S subunit of the C. reinhardtii
chloroplast ribosome was called S-21. Although the molecular weight of the r-protein
detected with the S-21 antiserum was similar to that of the Chlamydomonas ortholog of
S21 in E. coli, they drastically differ in pl [105, 108]. The protein detected by this
antiserum is most similar to the plastid specific r-protein PSRP-4 in molecular mass, pl,
and nuclear location of the gene(s). Despite this uncertainty, the antisera against L-1
and S-21 detected bona fide r-proteins because they were raised against proteins from
highly purified chloroplast ribosome subunits and their levels were reduced several fold
in a mutant strain for ac20 and cr1, which accumulates 30% of the wild-type level of
chloroplast ribosomes {(immunoblot data not shown).

Microscopy

Fluorescence signals were visualized in serial 0.2 um optical sections obtained with a
Leica TCS SP2 confocal laser-scanning microscope and image acquisition software
version 2.61 (Leica). Argon and green helium neon lasers were used to produce the 488-
and 543-nm stimulation of fluorophores Alexa Fluor 488 and Alexa Fluor; 555,
respectively. Deconvolution was not used. Cells were observed under immersion oil with
an HCX PL APO objective lens of 100X and numerical aperture of 1.4. Images were
acquired in 512 X 512 format with digital zoom set at 4.8X with a pinhole size of 0.84
airy. Glow-Over (Leica) images were obtained after adjusting the maximal signal in each
section to just below saturation. 4’,6-Diamidino-2-phenylindole was visualized with a
Zeiss Axioplan fluorescence microscope with UV-G 365 filter cube, 100X oil objective

with numerical aperture of 1.3, and SPOT Insight color camera model 3.2.0.
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Statistical analysis o‘f colocalization

In order to determine the percentage of pixels with strong colocalized signals in the
region of T zones, from a central optical section of each cell, two areas of 10 X 10 pixels
were cropped from the regions located midway between the pyrenbid and the cell
periphery (i.e., where T zones were observed in ML5’ cells) from DA and MLS’ cells using
Corel Photo-Paint. A crop in one channel {red) was taken at the precise location of the
crop in the other channel (green) using the xy coordinates given on the image
manipulation program. Colocalization was compared for both signals with the Imagel
plugin Colocalization Finder. To determine the pefcentage of pixels with intense
colocalized signals in each sampled region, only pixels with both channels above a
fluorescence intensity of 175 were selected from the scatterplot generated by this
plugin (an 80 X 80 square in the upper right corner of the plot). it should be noted that
this method of showing colocalization of the strongest signals requires that few or no
pixels have strong signal in only one channel, as revealed by sampling at these regions
on the plots in Colocalization Finder. For example, if one channel shows strong signal
dispersed tﬁroughout the cell and the other has highly localized strong signal, the latter
pattern would appear as white even though the signals are not specially colocalized.

2.3 Results

2.3.1 The Chlamydomonas chloroplast as revealed by fluorescence confocal
microscopy

In order to validate my identification of relevant cellular compartments by ﬂuoreécence

confocal microscopy, Figure 2.1 shows an illustration of a typical cell (A) and the IF
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staining patterns of four marker proteins (B to G). Each cell is shown with its apical basal
axis oriented from left to right (Figure 2.1 A). The globular basal region of the
chloroplast contains the pyrenoid, which was identified by its IF staining for Rubisco
(Figure 2.1 B) [5, 55, 109]. In the images throughout this report, the pyrenoid is seen as
a spherical region that is largely devoid of fluorescence signals from chloroplast mRNAs
or marker proteins. The IF signal from a marker protein for thetytoplasm, an r-protein
of the 60S subun.it of the cytoplasmic ribosome, revealed the outer perimeter of the
chloroplast (Figure 2.1 C). The chloroplast extends apically from the basal region to skirt
the cytosol, thereby enclosing a central region with the nucleus, cytoplasm, and other
organelles. Thylakoids and stroma are interspersed throughout the chloroplast, as seen
from the IF staining patterns of marker proteins for these compartments: PsaA (Figures
2.1 D and F) and HSP70B (Figures 2.1 E and G), respectively [101, 110].

Although the chloroplast is widely believed to resemble a cup, with the basal
region as its base and a continuous rim with its brim near the apical cell pole [85], my
images revealed more complex and variable chloroplast morphologies. Similar features
were described previously based on three dimensional reconstructions of a few
Chlamydomonas cells from serial EM images. In one report, the chloroplast is described
as having, instead of an apical rim, a few elongated finger-like lobes [111]. | observed
many chloroplasts with such lobes, as seen outlined by the IF signal from the
cytoplasmic r-protein (Figure 2.1 C). The authors of another report likened the
chloroplast to the white of a boiled egg with the narrowest (apical) end cut off to form

an opening and having large perforations in the resulting rim [112]. | saw these features
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Figure 2.1. IF staining patterns
of marker proteins reveal
chloroplast  anatomy  and
morphology.

A) An illustration of a typical
longitudinal cell section shows
the chloroplast (green) as
composed of apical lobes and a
basal region, which contains the
pyrenoid (blue).

B) to G) Images show 0.2 um
central optical sections of cells
that were IF-stained for a
marker protein for the pyrenoid
and thylakoids (Rubisco) (B), the
cytoplasm, an r-protein of the
60S subunit of the cytoplasmic
ribosome (C), thylakoids (PsaA)
(D), and stroma (HSP70B) (E). In
tangential optical sections taken
between the center and the
periphery, (F) and (G) show the
organization of lobes in the
same cells shown in (D) and (E),
respectively. Cells are shown
with their apical-basal axis
oriented from left to right. Bars,
1.0 um.
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in other cells, in which chloroplast lobes appeared to connect at their apical ends, as
seen in the tangential optical sections, which were taken within the forward-most lobes
to the viewer (Figures 2.1 F and G).

2.3.2 The psbA and psbC mRNAs colocalized to discrete regions in the chloroplast

basal region during the induction of PS Il subunit synthesis and assembly

To determine where chloroplast mRNAs and translation components colocalize
specifically for de novo PS Il assembly, | first needed to establish conditions that rapidly
induce translation for this procéss but do not significantly induce psbA translation for PS
Il repair. ML (50 to 200 pE-m?s?) activates the translation of multiple chloroplast
mRNAs for the biogenesis of the photosynthesis complexes [21, 94, 113], while
preferential psbA translation for D1 repair synthesis is evident only under high intensity
light (HL; >700 pE-m?s?) [114, 115). These two distinct modes of translational
regulation were revealed by the results of in vivo **S pulse-labelling experiments (Figure
2.2). Cells were treated with cycloheximide, which specifically inhibits translation by 80S
ribosomes, so that only chloroplast-encoded proteins. would be radiolabelled. Cells
cultured photoautotrophically under ML (150 pE-ms?) synthesized several proteins at
higher rates than did cells from the same culture at the end of a 2 h incubation in the
dark (Figures 2.2 A, lanes 2 and 3, and 2.2 B, lanes 1 and 2). Hereafter, these are called
ML cells and DA cells, respectively. ML cells synthesized PS Il subunits primarily for de
novo complex assembly, because the bands corresponding to D1 and D2 were of similar
intensities, consistent with their equal stoichiometry in the PS Il complex. The synthesis

of CP43 and CP47 also appeared to be positively regulated by light (see Figure 2.2).

29



A B HIT'
HL10' ML DA MLS' ML DA HLT MLs

1, ) a4 1_‘ - S

Figure 2.2. Protein synthesis for PS Il assembly and repair is induced by light.
Synthesis of the PS Il subunits D1, D2, CP43, and CP47 was monitored in vivo by **$
pulse-labelling for 5 min. Protein synthesis by 80S cytoplasmic ribosomes were inhibited
by cycloheximide. Of the proteins synthesized by chioroplast ribosomes, D1, D2, CP43,
CP47, and LSU were recognized [116]. Cells exposed to high intensity light for 10 min
(HL10’) preferentially synthesized D1 for PS Il repair (A, lane 1). Cells cultured under
moderate light (ML) synthesized D1, D2, CP43, and CP47 for de novo PS Il assembly (A,
lane 2; B, lane 1). Lower levels of synthesis were detected in 2 h dark-adapted cells (DA;
A, lane 3; B, lane 2). The induction of the synthesis of subunits for de novo PS |l
assembly was detected during a 5 min exposure to ML (ML5"; A, lane 4) or following
exposure to HL for 1 min (HL1’; B, lane 3). Light-induced synthesis was more evident for
D1 and D2 than for CP43 and CP47, possibly due to lower levels of these larger proteins
that undergo a complete round of synthesis during the 5 min labelling period. HL1’ cells
exposed to ML for 5 min (HL1’ML5’) underwent both PS Il subunit synthesis for de novo
assembly and preferential D1 synthesis for PS Il repair (B, lane 4).
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Subunit synthesis for de novo PS If assembly was rapidly inducedb when DA cells were
exposed to ML for 5 min (ML5’ cells; Figure 2.2 A, lane 4). The similar synthesis levels of
D1 and D2 also demonstrated that D1 synthesis was not induced significantly for PS Il
repair by this S min ML exposure. Preferential

D1 synthesis for PS Il repair was observed when DA cells were exposed to HL for
10 min, as seen by the predominant **S labelling of D1 in these HL10’ cells (Figure 2.2 A,
lane 1). The synthesis of most other proteins was down-regulated in HL10" cells, as
reported previously for LSU under less severe light stress conditions {116]. The results in
Figure 2.2 B, lanes 3 and 4, are described later in this section.

The green FISH signal seen throughout this section is specific to the psbA mRNA
because it was not detected in a psbA deletion mutant (Figure 2.3 A). Although a psbC
deletion mutant is not available for this control, the psbC FISH signal probably also is
specific, because the FISH probes used are not complementary to any other sequence in
the chloroplast or nuclear genomes (Table 2.1). The FiSH signals from the chloroplast
rbclL and psaA mRNAs (see below) also were absent in deletion mutants for these genes
(Figure 2.3 B and C).

As a first approach to identify the location(s) of PS Il assembly, FISH was used to
determine where mRNAs encoding two PS |I subunits colocalize specifically under
conditions of fheir translation (iﬁe.’, in ML5’ cells but not in DA cells). In DA cells, the FISH
signals from the psbA and psbC mRNAs were detected throughout the chloroplast and
their colocalization was seen in a few scattered regions (Figure 2.4 A). By contrast, in all

ML5’ cells examined, a punctate colocalization pattern was seen at 0.5 to 1.0 pm from
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psbA MRNA rbcl mRNA
A

Figure 2.3. Control experiments revealed high specificities of FISH and IF signals.

Deletion mutants for the corresponding chloroplast gene lacked the fluorescence signals
from the FISH probes against the mRNAs of (A) psbA, (B) rbcl, (C) psaA, and the IF
signals from (D) PsaA and (E) D1. The right-hand images show the signal of other mRNAs
or proteins as positive controls. Each image shows a 0.2 um optical section. Bars, 1.0
pum.
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the pyrenoid, amid weaker psbA and psbC FISH signals throughout the chloroplast
(Figure 2.4 B). This punctate pattern was typically located lateral to the pyrenoid (i.e.
above and below the pyrenoid in the ifnages).

The visualization of the punctate colocalization pattern in ML5’ cells was
hampered by the non-localized FISH signals, which probably were from non-translated
psbA and psbC mRNAs. This was expected because several Chlamydomonas chloroplast
mRNAs accumulate in excess for their translation and for photoautotrophic growth [117,
118] and the hajority of pshbA mRNAs is not associated with polysomes [119]. To
highlight this colocalization pattern, | used the Colocalization Finder plugin of Image)
(http://www.rsb.info.nih.gov/ij; [120]) to display the pixels in which the signal was
strongest in both channels in white, as seen in the fourth column of Figure 2.4 (max
colocal). This analysis revealed in all ML5’ cells that the strongest colocalized FISH
signals were in the discrete regions lateral to the pyrenoid (Figure 2.4 B). This pattern is
specific to conditions of PS Il assembly (i.e., ML5’ cells), because in DA cells the pixels
with the strongest colocalized FISH signals were fewer and dispersed within the basal
region and some were in lobes (Figure 2.4 A). This pattern is specific to the colocalized
psbA and psbC mRNAs, because the pixels with only one strong FISH signal were not
localized in any consistent pattern (data not shown).

These results were the initial evidence that supported our model that psbA and
psbC translation for de novo PS 1l assembly occurs in the chloroplast basal region
generally around the pyrenoid as well as in discrete regions lateral to it, hereafter called

T zones (for translation zones). However, additional evidence was required to
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psbC mRNA 50S r-protein  merged  max colocal.

Figure 2.4. Chloroplast mRNAs encoding PS Il subunits and chloroplast translation proteins
colocalize in specific regions under conditions of PS 1l assembly.

The induction of subunit synthesis for PS Il assembly that occurred while dark-adapted (DA) cells
were exposed to ML for 5 min (ML5’) correlated with the colocalization near the pyrenoid of the
psbC mRNA with the psbA mRNA (A and B) and proteins of the chloroplast translation machinery (C
to H). The percentage of cells with the localization patterns seen in each image set and the number
of cells examined (n) are given for each condition. Image sets have the psbC mRNA FISH signal and
the psbA mRNA FISH signal in a DA cell (90%; n = 20) and a MLS’ cell (100%; n = 20) (A and B); IF
from the r-protein of the 30S chloroplast ribosomal subunit in a DA cell (83%; n = 40).and a ML5’ cell
(100%; n = 20) (C and D); IF from the r-protein of the 50S subunit in a DA cell (83%; n = 40) and a
ML5’ cell (100%; n = 20) (E and F); and IF from the RNA binding protein RB38 in a DA cell (88%; n =
40) and a ML5’ cell (100%; n = 20) (G and H). Non-colocalization in T zones can be seen for the psbA
mMRNA FISH signal with the rbcL mRNA FISH signal in a DA cell (100%; n = 8) (1) and a ML5’ cell
(100%; n = 10) (J) and with the psaA mRNA FISH signal in a DA cell (100%; n = 10) (K) and a MLS’ cell
(100%; n = 9) (L). The fourth column shows merged images in which the pixels with the strongest
colocalized signals are highlighted in white {max colocal.). Each image shows a 0.2 um optical
section. Bars, 1.0 um.
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demonstrate that mRNAs are localized in T zones for their translation rather than for
other stéps of their expression or their degradation.
2.3.3 Chloroplast r-proteins colocalized with the psbC and psbA mRNAs in T Zones
specifically during PS l assembly
If psbA and psbC mRNAs colocalized in T zones for their translation, chloroplast
ribosomes should colocalize with them specifically under conditions of de novo PS Ii
assembly (i.e., in ML5’ cells but not in DA cells). To test this prediction, | analyzed the in
situ distributions of r-proteins of both subunits of the chloroplast ribosome, each in pair-
wise combinations with the .pst and psbA mRNA FISH signals and in both DA and ML5’
cells. In all ML5’ cells examined, T zones had the strongest colocalized r-protein IF signal
and FISH signal from either mRNA (Figure 2.4 D and F). By contrast, in most DA cells
examined, maximal colocalization was more dispersed (Figufe 2.4 C and E). Thus, these
results indicate that both subunits of the chloroplast ribosome colocalize with the psbA
and psbC mRNAs in the T zones specifically when the translation of these mRNAs is
induced for PS Il assembly (ML5’ cells), consistent with protein synthesis for PS Il
assembly occurring in these regions.
2.3.4 localization of the RNA binding protein RB38
} performed a similar analysis with RB38, an RBP that has been proposed to regulate the
translation of the psbA mRNA [121]. RB38 has recently been identified as an RBP called
RB40 and it was demonstrated that this protein is specifically required for translation
initiation on the chloroplast psbD mRNA for PS Il biogenesis [122]. In both DA and ML5’

cells, the RB38 IF signal was distributed throughout the chloroplast (Figure 2.4 G and H).
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However, in most ML5’ cells, but not in‘ DA cells, the strongest colocalized signals from
RB38 and the psbC mRNA were primarily in T zones. Thus, the colocalization of this RBP
with the psbC mRNA in T zones specifically in ML5’ cells further supports my hypothesis
that the synthesis of PS Il subunits occurs in these regions.

2.3.5 Statistical analyses confirmed the colocalization patterns

The colocalization patterns shown in Figure 2.4 were quantified and statistically
tabulated across the DA and ML5’ conditions. | used Colocalization Finder (Image)) to
determine the percentage of pixels that had strong signal from both molecules under
comparison specifically in sampled regions (100 pixels) where T zones were observed in
ML5’ cells. The mean percent of pixels with strong colocalized signals in these regions of
ML5’ cells, relative to that in DA cells, was higher by 3.6-fold (P < 0.001) for the psbA and
psbC mRNAs, by 2.2-fold (P = 0.001) and 6.4-fold (P < 0.001) for the psbC mRNA and the
r-proteins of the 30S and 50S ribosomal subunits, respectively, and by 14.3-fold (P <
0.001) for the psbA mRNA and RB38 (Figure 2.5).

2.3.6 The mRNAs of rbcL and psaA are not recruited to T zones in ML5’ cells

To determine whether chloroplast mRNAs encoding subunits of other photosynthesis
complexes localize to T zones for their translation, | performed the analyses described
above for the colocalization of the FISH signals of the mRNAs of the chloroplast genes
rbcl and psaA relative té the psbA mRNA. rbcL and psaA encode LSU and the PsaA
'subunit of PS |, respectively [99]. Neither of these mRNAs showed any particular pattern
of coloéalization with the psbA mRNA; the pixels with the strongest colocalized signals

were seen at apparently random locations throughout the chloroplast in both DA cells
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Figure 2.5. Statistical analysis of colocalization in regions where T zones are located
across the DA and ML5’ conditions.

Within multiple images of DA cells and ML5’ cells, regions (100 pixels) located midway
between the pyrenoid and the lateral cell periphery were subjected to analysis by
Colocalization Finder (Imagel) to determine the percentage of pixels with strong
colocalized signals in the combinations indicated on the x-axis. Bars indicate mean
values for DA cells (gray bars) and ML5’ cells (white bars). Error bars indicate 2 SE. In
MLS5’ cells relative to DA cells, statistically significantly higher levels of percentage
colocalization were observed for the psbA and psbC mRNAs and the psbC mRNA with
respect to each of the chloroplast ribosomal subunits (30S and 50S) and RB38. In ML5’
cells relative to DA cells, no significant increase was observed in the mean percentage
colocalization of the pshbA mRNA with the rbcL. mRNA or the psaA mRNA in the regions
of T zones.
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and MLY’ cells (Figure 2.4 | to L). In cells cultured under constant ML, the rbcL mRNA
localized generally around the pyrenoid, as described in Chapter 3. However, this
pattern was established only 2 hr after a shift from dark to light conditions and,
therefore, not observed in ML5’ cells. In regions where T zones are located, the mean
percentage of pixels with the strongest colocalized FISH signals was not significantly
different between DA and ML5’ cells (Figure 2.5) (P > 0.05). For the rbcL mRNA, this was
not due to a constant level of its translation, because LSU synthesis was higher in ML5’
cells than in DA cells (Figure 2.2 A, lanes 3 and 4). Moreover, positive light regulation of
rbcl translation was demonstrated in é more comprehensive study that controlled for
the level of the rbcL mRNA [124]. Therefore, the rbcl. mRNA is not localized specifically
to T zones during the induction of its translation in ML5" cells. However, it is not known
whether psaA translation is activated by light. Therefore, it remains possible that
localized psaA translation in T zones is not enhanced in ML5’ cells and, therefore, is not
detectable by this approach. Nevertheless, this result supports my conclusion that the
psbA and psbC mRNAs colocalized in T zones for their translation for de novo PS I
assem‘bly. Additional research is required to determine whether T zones house subunit
synthesis for the assembly of thylakoid membrane complexes other than PS |l

2.3.7 T zones are within stroma and overlap thylakoids

To address the location of the T zones, | localized them with respect to the marker
proteins for stroma and thylakoids, HSP70B and PsaA, respectively {101, 110]. Although
it was not possible to precisely determine where the psbA and psbC mRNAs localized

due to the limited resolution of confocal microscopy and the interspersion of these
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compartments, a few important observations were made. The FISH signals from each of
these mRNAs in T zones were within regions of HSP70B or PsaA IF, which were of
variable intensities and extended throughout most of the chloroplast (Figures 2.6 B and
D). Clearly, T zones do not correspond to stroma and thylakoids throughout the
chloroplast. Thus, my hypothesis that translation for PS Il assembly occurs in T zones
contradicts the current model that this process occurs generally at non-appressed
thylakoid membranes. My data are consistent with the initiation steps of psbA and psbC
translation occurring in the stroma around the pyrenoid and the subsequent synthesis
of D1 and CP43 into the neighbouring thylakoid membranes (see Discussion section 2.5).
The similar distributions of both HSP70B (Figures 2.6 A and B) and PsaA (Figures
2.6 C and D) in DA and ML5’ cells exclude the possibility that the localization patterns
that formed in the T zones (Figure 2.4 B, D, F, and H) resulted from the redistribution of
stroma or thylakoids. For example, the T zones clearly are not pockets of stroma with
free chloroplaét mRNAs, chloroplast ribosome subunits, and RB38.
2.3.8 In the FUD34 mutant, psbA mRNAs a;e localized near the pyrenoid by their
translation
I took advantage of the repertoire of Chlamydomonas mutants that are affected in PS I
assembly to address the location of translation for de novo PS Il assembly. FUD34 is
specifically defective for t:;anslation of the pst.mRNA due to a mutation in its 5
untranslated region [99, 125]. My initial rationale was to examine FUD34 cells for the
absence of a psbC mRNA localization pattern that is formed in wild-type cells to identify

the location of CP43 synthesis for PS Il assembly. However, this was not possible
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Figure 2.6. Localization of the psbC mRNA was compared with the distributions of chloroplast
stroma and thylakoids under differential conditions for de novo PS il assembly.

The distributions of the psbC mRNA and marker proteins for chloroplast stroma and thylakoids
are compared before and after the induction of PS Il subunit synthesis in DA and ML5’ cells,
respectively. Image sets show the psbC mRNA FISH signal and IF from the marker protein for
stroma (HSP70B) in a DA cell (100%; n = 20) and a ML5’ cell (100%; n = 20) (A and B), the marker
protein for thylakoids (PsaA) in a DA cell {(100%; n = 20} and a ML5’ cell (100%; n = 20) (C and D),
and the marker protein for the pyrenoid (Rubisco; 100%; n = 20) (E). Arrows indicate where the
psbC FISH signal is localized in T zones. The percentage of cells with the localization patterns
seen in each image set (and described in the text) and the number of cells examined (n) are
given above. Each image shows a 0.2 pm optical section. Bar, 1.0 pm.
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because detection of the relevant localization patterns in wild-type cells (Figure 2.4)
required the induction of de novo PS Il biogenesis with ligl';t, a process that requires
functional PS 1l [126]. As FUD34 is deficient for PS lI, this mutant and the wild-type
control strain had to be cultured heterotrophically in the dark (see Methods section
2.3).

Unexpectedly, much of the psbA FISH signal was localized within 1 um of the
pyrenoid in >90% of the FUD34 cells analyzed (Figure 2.7 B). By contrast, 92% of wild-
type cells did not show this pattern under the same conditions (Figure 2.7 A). It was not
unexpected that the psbA fnRNA could be translated in the dark under these
heterotropﬁic growth conditions, because the acetate provided as a reduced carbon
source is known to induce protein synthesis in the Chlamydomonas chloroplast in the
dark [95]. This result seemed consistent with my hypothesis that protein synthesis fér
de novo PS Il assembly occurs near the pyrenoid, considering that FUD34 translates the
. psbA mRNA at a wild-type level for the assembly of PS Il complexes lacking CP43 [35]
and the FUD34 cells did not translate the psbA mRNA for PS Il repair (because they were
cultured in the dark).

To determine whether these localized psbA mRNAs are translated and anchored
by their nascent D1 chains to membranes around the pyrenoid, | asked whether the
abolition of translation in the chloroplast delocalizes them. All FUD34 cells treated for
10 min with an inhibitor of translation initiation by chloroplast ribosomes, lincomycin
[105], showed a dispersed distribution of the psbA FISH signal (Figure 2.7 C). This result

strongly suggests that the majority of the psbA mRNAs localized near the pyrenoid in
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Figure 2.7. Analyses of two PS Ii
assembly-impaired mutants:
FUD34 and an alb3.1 mutant.

(A) to (€} Translation-
dependent localization of the
psbA mRNA near the pyrenoid
was detected in the psbC
translation mutant FUD34. The
FISH signals from psbA and psbC
mRNAs are shown in a wt cell
(92%; n = 36) (A), an FUD34
mutant cell (90%; n = 20) (B),
and an FUD34 mutant cell
treated with lincomycin, an

inhibitor of translation initiation

by chloroplast  ribosomes
(100%; n = 20) (C). (D) to (F)
Unassembled D1 and the
incompletely assembled PS il
subcomplex were detected
around the pyrenoid in the
alb3.1 mutant and FUD34,
respectively, where we propose
they mark the location of PS i
subunit synthesis and assembly.
The IF signals from D1 and LHCII
are seen in a wt cell (100%; n =
20) (D), an alb3.1 mutant cell
(81%; n = 89) (E), and an FUD34
mutant cell (90%; n = 20) (F).
The percentage of cells with the
localization patterns seen in
each image set (and described
in the text) and the number of
cells examined (n) are given
above. Each image shows a 0.2
pum optical section. Bars, 1.0
pum.
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this mutant are translated and that this localization requires their translation. Since, in
FUD34, the pshA mRNA is translated for (incomplete) PS Il assembly, these results
provide further support of my hypothesis that de novo PS Il subunit synthesis occurs
near the pyrenoid in the wild-type.

The psbA mRNA FISH signal that encircled the pyrenoid in FUD34 is distinct from
the colocalization patterns in T zones, which are punctate and typically located lateral to
the pyrenoid (Figure 2.4). However, in ML5’ cells, | also observed a similar ring of
colocalized psbA and psbC mRNAs and of the psbC mRNA colocalized with the r-proteins
or RB38, which was not observed in most DA cells (the merged images of DA cells with
MLS’ cells in Figure 2.4). This region weakly IF-stained for the marker proteins for
stroma and thylakoids (Figures 2.6 B and D, respectively).

2.3.9 In an ALBINO3.1 mutant and FUD34, intermediates of de novo PS Il assembly
localize near the pyrenoid
Additional evidence for the occurrence of PS Il assembly specifically near the pyrenoid
was obtained from in situ localization studies of the incompletely assembled PS Il
subcomplex in FUD34 and the unassembled D1 in an ALBINO3.1 mutant. | predicted that
these PS Il assembly intermediates might mark the location of the synthesis and
assembly of chloroplast-encoded PS Il subunits [31]. ALBINO3.1 functions in the
incorporation of D1 during de novo PS Il assembly; in the alb3.1 mutant, ac29, D1 is
synthesized and integrated into the thylakoid membrane at a wild-type rate, but only
10% is assembled into functional PS Il complexes {127, 128]. D1 and LHC 1l are

components of the PS II-LHC Il supercomplex in thylakoid membranes (reviewed in
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[129]. In alb3.1 mutant cells, LHC Il associates only with these assembled PS Il complexes
[128]. Therefore, to characterize the localization of the unassembled D1 in this mutant, |
determined where the IF signal of D1 is in excess over that of LHC 1. In all wild-type
cells, the IF signals from D1 and LHC Il colocalized throughout the chloroplast (except
within the pyrenoid; Figure 2.7 D), consistent with previously reported results of
immunogold EM [130]. By contrast, the majority of the alb3.1 cells had a dramétic
localization of D1 in the chloroplast basal region, particularly within approximately 1 um
of the pyrenoid {Figure 2.7 E). This region only weakly IF-stained for LHC ll, suggesting
that the unassembled D1 in this mutant is localized there. This is in contrast with the
lobes and the margin of the basal region, where LHC Il IF was stronger than D1 IF,
consistent with the proper localization of the fewer PS II-LHC II supercomplexes that
assemble in this mutant. Similarly, most FUD34 cells showed localization of D1 in this
pattern (Figure 2.7 F). This D1 IF signal was mostly or entirely from the incompletely
assembled PS 1l subcomplex, because a previous study found all detectable D1 with this
subcomplex in FUD34 [35]. In FUD34, LHC Il probably accumulates in the absence of its
association with PS ll, as has been found in a mutanf that is defective in the association
between these complexes {131].

A general disorgan'izatiqn of thylakoid membranes does not localize
unassembled D1 and the PS Il subcomplex near the pyrenoid in the alb3.1 mutant and
FUD34, respectively, because the LHC Il distribution in both mutants appeared wild-
type. Thus, these results further support my hypothesis that protein synthesis occurs for

de novo PS Il assembly in the region surrounding the pyrenoid (see Discussion).

44



2.3.10 Insitu evidencé for D1 repair synthesis at thylakoids throughout the

chloroplast

The incorporation of newly synthesized D1 subunits into photodamaged PS Il complexes
during HL stress conditions is believed to occur at stromal thylakoid membranes, based
on previously reported results of thylakoid subfractionation experiments [19]. However,
to my knowledge, there are no reported in situ data regarding the location of this
process. Therefore, | used fluorescence confocal microscopy to address this question. In
HL10’ cells, the specific induction of D1 synthesis for PS It repair (Figure 2.2 A, lane 1)
correlated with a diffuse distribution of the psbA FISH signal throughout the chloroplast,
where it colocalized with IF from the thylakoid marker protein PsaA, a chloroplast r-
protein, and RkB3‘8 (Figure 2.8 A to C). This pattern is not common to all chloroplast
mRNAs during this HL stress condition, because the rbcL. mRNA was more concentrated
around the pyrenoid in HL10’ cells (Figure 2.8 D). This localization pattern will be
described further in a subsequent report. These results are consistent with the current
model that D1 repair synthesis occurs generally at non-appressed thylakoid membranes,
because they did not re\}eal a specific location of psbA translation in cells carrying out
this process.

Affirmative results in support of this conclusion were obtained when | looked for
colocalization of psbA mRNA with the r-protein of the 30S ribosomal subunit that
formed during the induction of PS Il repair in cells that had localized psbA and psbC
mRNAs in T zones. In this experiment, the initial localization of the psbA mRNA in T

zones provided a reference for the identification of a repair-specific localization pattern.
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Figure 2.8. Under c¢onditions of
D1 repair synthesis, the psbA
mRNA colocalized with
thylakoids and translation-
components throughout the
chloroplast.

psbA mRNA PsaA (PSI merged  max colocal.

(A) to (D) DA cells were exposed
to HL for 10 min (HL10’ cells) to
induce PS Il photodamage and
D1 repair synthesis and then
FISH-probed for the psbA mRNA
and concurrently. IF-stained for

: the thylakoid marker protein
Rb38 ~ PsaA (100%; n = 20) (A), the r-
protein of the 30S subunit of
the  chloroplast  ribosome
(100%; n = 20) (B), the RNA
binding protein RB38 (100%; n =
20) (C), or the rbcL mRNA (D).
(E) to (H) Cells were IF-stained
for the r-protein of the 30S
chloroplast ribosomal subunit
and co-FISH-probed for the
psbC mRNA (E and F) or the
psbA mRNA (G and H). The psbA
and psbC mRNAs colocalized
with the 30S ribosomal subunit
r-protein in T zones during the
induction of PS Il assembly in
DA cells that were exposed to
HL for 1 min (E and G,
respectively). Distinct
localization of the psbA and
psbC mRNAs during the D1
repair synthesis was induced
during subsequent 5 min
incubation under ML (E and G,
respectively). The percentage of
cells with the localization
patterns seen in each image set
. ; {and described in the text) and
moames ) o : the number of cells examined
(n) are given above. The fourth
column shows merged images
in which the pixels with the
strongest colocalized signals are
highlighted in white. Each image 4¢
shows a 0.2 um optical section.
Bars, 1.0 pm.

psbC mRNA 30S r-protein  merged  max colocal.

psbAmRNA 30S r-protein  merged  max colocal.



The psbC mRNA localized in T zones provided a negative control as an mRNA whose
translation is not induced during PS Il repair (Figure 2.2 A, lane 1) [132]. When DA cells
were exposed fo HL for only 1 min (HL1’ cells), D1 and D2 synthesis were induced for de
novo PS Il assembly (Figure 2.2 B, lanes 2 and 3) and the strongest colocalized signals
from the 30S subunit r-protein and either the psbA mRNA or the psbC mRNA were in T
zones (Figure 2.8 E and G, respectively), as was observed in ML5’ cells (Figure 2.4). This
localization pattern was more distinct for the psbC mRNA than for the psbA mRNA,
possibly because these cells were also inducing psbA translation for PS Il repair, which
became evident after a 5 min incubation under ML (HL1'ML5’) (Figure 2.2 B, lane 4). This
delayed induction of D1 repair synthesis occurred amid a sustained subunit synthesis for
PS Il assembly (Figure 2.2 B, lane 4). During this 5 min incubation under ML, the
strongest colocalized signals from the psbC mRNA and the 30S r-protein remained
localized in T zones in most HL1’ML5’ cells (Figure 2.8F).

However, in these HL1’ML5’ cells, the strongest colocalized signals from the psbA
mRNA and the 30S subunit r-protein were broadly distributed throughout the basal
region and within the lobes (Figure 2.8 H). Therefore, the appearance of this dispersed
distribution pattern correlated with the induction of D1 repair synthesis, and this was
not seen for the psbC mRNA and the 30S subunit r-protein. These results further
sﬁpport‘the localization of the psbA translation throughout regions of the chloroplast

with thylakoid membranes for the repair of photodamaged PS Il complexes.
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2.4  Discussion

My results provide in situ evidence for the current model that D1 synthesis for PS I
repair occurs in stromal thylakoid membranes throughout the chloroplast (Figure 2.8)
[19]. They also contribute to the emergent realization that the processes underlying
chloroplast biogenesis are highly compartmentalized by providing three lines of
evidence showing that PS 1l subunit synthesis and assembly occur in a specific region of
the chloroplast. First, during the rapid induction of PS Il assembly, | observed in
punctate regions lateral to the pyrenoid, termed T zones, the colocalization of multiple
components of PS Il subunit synthesis: the psbC and psbA mRNAs, chloroplast r-
~ proteins, and RB38 (Figure 2.4). Weaker colocalized signals from these mRNAs and
translation proteins were localized with stroma and thylakoids around the pyrenoid,
specifically in ML5’ cells (Figure 2.4 B, D, F, and H). The T zones were typically within this
region. Second, in the psbC translation-deﬁcient mutant FUD34, ongoing psbA
translation for attemptéd PS Il assembly correlated with the translation-dependent
localization of the psbA mRNA around the pyrenoid (Figure 2.7 B and C). Third, in two PS
Il assembly mutants, uﬁassembled D1 and a partially assembled PS lI subcomplex
accumulate around the pyrenoid (Figure 2.7 E and F), where | propose that they mark a
compartment of PS Il subunit assembly (see below).

24.1 bn the location of the PS Il,asserﬁbly compartment

Most T zones did not contact the pyrenoid (Figure 2.6 E). T zones probably are within
stroma, based on comparisons of the psbC mRNA FISH signal and IF from HSP70B (Figure

2.6 B). Close inspection of ML5’ cells that were FISH-probed for either mRNA and co-IF-
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stained for the thylakoid marker protein PsaA revealed that most T zones overlapped
with regions of the basal chloroplast that were densely populated by thylakoids (Figure
2.6 D).

Previous EM studies revealed that the pyrenoid is surrounded by starch plates,
then by a sphere of stroma, and that stroma and thylakoids are interspersed throughout
the rest of the chloroplast [85]. Chua et al. [21] proposed that translation initiation of
the-ChIamydomonas chloroplast mRNAs encoding thylakoid membrane proteins occurs
in the stroma and that these ribosomes subsequently localize at thylakoid membranes
forr the insertion of their polypeptide products. My results are consistent with these
steps occurring specifically in stroma and thylakoids within the T zones and generally
around the pyrenoid.

The chloroplast envelope appears not to be a major location of PS Il subunit
synthesis and assembly (see Introduction section 2.2): the chloroplast periphery was not
enriched in chloroplast mRNAs, chloroplast r-proteins, or RB38 under any of the
conditions examined. However, my data and most of the evidence for the synthesis and
assembly of photosynthetic complexes at the inner envelope membrane can be
reconciled if thylakoid biogenesis occurs in an internal chloroplast membrane
comparfment that has properties of the chloroplast envelope (reviewed in [8]). it will be
important to characterize T zones ‘ and the membranes around the pyrenoid to
determine whether or not they contain known photosystem assembly factors, enzymes

of chlorophyll and thylakoid membrane lipid biosynthesis, and the light-activated RBPs
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that have been proposed to localize chloroplast mRNAs for thylakoid biogenesis [13, 42,
61].

In published EM images of the chloroplast basal region, | noticed discrete
structures with the same approximate size and location as T zones that appeared to be
distinct from thylakoids and more electron dense than stroma [85]. Thylékoids
connected with these structures, and a few thylakoid vesicles extended into bthem. Only
one report mentioned these structures, in Chlamydomonas moewusii, and proposed
that they contain chloroplast DNA because they were seen to contain fibres [133].
Transcription could not have generated the colocalization patterns involving the mRNAs
in T zones because chloroplast nucleoids (the structures that contain multiple copies of
the chloroplast genome) did not consistently colocalize with the mRNAs in T zones
stained with 4’,6-diamidino-2-phenylindole (Figure 2.9 A). Moreover, their formation
was not affected by rifampicin, an inhibitor of the chloroplast RNA polymerase in
Chlamydomonas (Figure 2.9 B). Also, the psbA FISH probes hybridize across exon
junctions and, therefore, do not detect the psbA gene or unspliced mRNAs (see
Methods section 2.3). It is improbable that mature transcripts could be generated from
a 6.6 kbp gene with four introns within the 2 to 3 min that the psbA mRNAs localized to
T zones in HLT’ cells (Figure 2.8 G).

2.4.2 Light regulates translatidn for PS il assembly and repair
The results of *°S pulse-labelling experiments shown in Figure 2.2 indicate distinct
modes of light regulation of protein synthesis in chloroplasts for PS Il assembly and

repair. While these modes of regulation have been described previously, the distinction
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A psbA mMRNA DNA (DAPI)

B

psbC mRNA psbAmRNA  merged  max colocal.

ML5'+rifampicin

Figure 2.9 psbA transcription does not generate the localized psbA mRNAs in T zones.

(A) Epifluorescence microscopy images show ML5’ cells that were FISH-probed for the
psbA mRNA and concurrently stained with DAPI to reveal of chloroplast nucleoids
(cpDNA). In the right-hand image the psbA FISH signal in T zones are indicated with “t”.
Nuclei are indicated. The upper T zone of the right-hand cell does not stain with DAPI.
Other chloroplast nuclei do not have strong psbA FISH signal. (B) In the presence of
rifampicin, an inhibitor of the chloroplast RNA-polymerase, the psbC and psbA mRNAs
colocalized in T zones (90%, n= 20). Bar, 1 um.
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between them has not been emphasized in most publications. The mechanisms
underlying these modes of light regulation, at least in Chlamydomonas, probably are
distinct, because the psbA 5’ untranslated region mediates the former [134, 135] but
not the latter [132]. One study showed a clear distinction between the regulation of
psbA translation by autofeedback repression for PS Il assembly and by HL for D1 repain
synthesis [132].

24.3 fhe morphology of the Chlamydomonas chloroplast is complex

Chloroplasts in my images did not have the generally accepted cup-like morphology with
the apical chloroplast as a continuous rim (Figure 2.1). Rather, | observed the
chloroplast morphology seen in three-dimensional reconstructions of a few cells that
were rﬁade from serial EM images [111, 112]. This morphology is retained by isolated
chloroplasts [136], suggesting that it is maintained by a plastoskeleton [137]. Clearly, the
morphology of the Chlamydomonas chloréplast is complex and additional research is
required to characterize it and the molecules and mechanisms underlying it.

2.4.4 PS Il biogenesis may occur in a spatiotemporal pathway

My proposal that the synthesis and assembly of PS Il subunits occur near the pyrenoid
requires a process by which newly assembled complexes get to thylakoids throughout
the chloroplast. Several of my results suggest the existence of a spatiotemporal pathway
. of PS Il biogenesis. In this model, T zones would house the earliest stages of PS Il subunit
synthesis and assembly. Indeed, the colocalization patterns were detected in these
bregions within 1 min of light exposure (Figure 2.8 E and G). An intermediate stage in this

pathway could be located around the pyrenoid, where | observed the accumulation of
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unassembled D1 and the PS Il subcomplex in steady state conditions in the alb3.1
mutant and FUD34, respectively (Figure 2.7 E and F). The colocalized mRNAs and
translation machinery components that | observed distinctly around the pyrenoid
specifically in ML5’ cells, and the translation-dependent localization of the psbA mRNA
in this region in FuD34 (Figure 2.7 B), also could reflect protein synthesis for PS Il
biogenesis in this proposed intermediate compartment.

Such‘a spatiotemporal pathway of PS Il biogenesis could involve a branch of the
vesicular transport system that functions within chloroplasts for thylakoid biogenesis
[37, 38, 40, 85]. Alternatively, newly assembled PS 1l complexes might laterally migrate
within pre-existing thylakoid membranes, which are largely contiguous between the
basal region and the entire length of the lobes [85]. As a third possibility, thylakoids
could be built upon their termini in the basal region, where they are anchored at the
pyrenoid and, consequently, being pushed in an apical direction either into the lobes or
even to generate the lobes during chloroplast differentiation. The pyrenoid has a system
of tubules into which thylakoid vesicles extend [138]. The function(s) of these tubules,
and why they contain thylakoid vesicles, are longstanding mysteries. In this third model,
pyrenoid tubules could serve as the anchors.

In the context of this spatiotemporal model for PS Il assembly, my observation
that unassembled D1 and the PS Il subcomplex localize around the pyrenoid in the
alb3.1 mutant and FUD34, respectively (Figure 2.7 E and F), suggests the existence of a
quality-control checkpoint that ensures that only assembled PS 0 complexes are

transported outward. This would be analogous to the system that retains non-native
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and incompletely assembled complexés in the rough ER [139]. Indeed, the half-lives of
this unassembled D1 and the PS I subcomplex are >1 h [35, 128], suggesting that they
should disperse by diffusion unless they are retained by some mechanism, such as a
quality-control checkpoint in an active transport system.

Many problems remain to be addressed. The mechanisms that target
chloroplast-encoded proteins are only beginning to be identified. It will be important to
determine whefher mRNAs are localized for PS Il assembly and repair by RBPs, by
interactions between the Chlamydomenas homolog of the conserved signal sequence
binding protein cpSRP54 (AF238499), or by other mechanisms. These questiohs are
addressed in Chapter 3. | expect that the cytological organization of PS Il assembly and
repair described here will provide a context to frame future research into thylakoid
membrane biogenesis. |
2.5  Conclusion
These results provide in situ evidence for the current model that D1 synthesis for PS Ii
repair occurs in stroma thylakoid membranes throughout the chloroplast. They also
provide many lines of evidence showing that PS Il subunit synthesis and assembly occur
in a specific region of the chloroplast that | have called translation zones or “T zones”.
These results do not support the proposed model of PS Ii biogenesis occurring at the
chloroplast envelope (Figure 1.1 B) because this compartment was not enriched in
chioroplast mRNAs, ribosomes or RB38 under any conditions examined. Rather, these
results support PS Il biogenesis occurring either at thylakoid membranes (Figure 1.1 A)

or a yet undiscovered internal chloroplast compartment resembling envelope (Figure
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1.1 C). The composition of T zones and the membranes surrounding them will have to
be characterized in order to distinguish between these possibilities.
This contributes to the emergent realization that the processes underlying

chloroplast biogenesis are highly compartmentalized.
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3 Chloroplast protein targeting involves localized translation in Chlamydomonas

Chloroplast protein targeting involves localized translation in Chlamydomonas.
Uniacke J, Zerges W.Proc Natl Acad Sci U S A. 2009 Feb 3;106(5):1439-44.

www.pnas.org Copyright ©2009 by the National Academy of Sciences

3.1  Introduction
The high degree of compartmentalization of eukaryotic cells requires the targeting of
proteins to the compartmen;(s in which they function. Of the few thousand proteins that
function in chloroplasts, most are synthesized by cytoplasmic ribosbmes, imported
across the chloroplast envelope by well-characterized pathways, and then routed to the
appropriate compartment within the organelle (reviewed by [59]). In addition, recent
evidence has revealed that many proteins are routed to chloroplasts via the ER and
Golgi apparatus in two vascular plants and Euglena [52-54, 140]. Although chloroplast
proteins are assumed to be synthesized throughout the cytoplasm, this has not been
confirmed by in situ approaches. Much less is known about the intraorganellar targeting
of the small subset of proteins that ar‘e encoded by chloroplast genomes and
synthesized by 70S bacterial-like ribosomes within these organelles (reviewed by [57].
To address the lbng-standing questions, | used in -situ techniques in
Chlamydomonas to identify the targeting mechanisms used by the following canonical
chloroplast proteins: the Rubisco small subunit (SSU), LHC Il subunits, and the
chloroplast-encoded proteins D1 and LSU. Both mRNA-based and co-translational
targeting involve the localization of the mRNA encoding the targeted protein. Therefore,

to distinguish these mechanisms from post-translational targeting, | used FISH, IF

56


http://www.pnas.org

staining, and confocal microscopy to determine whether the mRNA is localized near the
target compartment of the protein that it encodes. Co-translational targeting requires
translation to produce a signal peptide, whereas mRNA-based taréeting does not,
because the localization signal is in the mRNA. Therefore, | distinguished co-translational
and mRNA-based targeting based on whether or not pharmacological inhibition of
translation prevents localization of the mRNA. My results reveal the use of each of these
three mechanisms in chloroplast protein térgeting, along with two novel examples
involving localized translation.

3.2  Materials and Methods

C. reinhardstii culture conditions

Strain CC-503 was cultured in HSM [91] until the mid-log phase (ca. 3 X 10° cells mL?) at
24 °C. ML was 100-150 uE~m'1's’2', and HL was 2000 pE-m'l's'z. The deletion mutant for
RbcS1 (and RbcS2), T60-3, was cultured on TAP medium under indirect light [141]. The
conditions used (DA, ML, ML5’, HL1’, HL1’ML5’) and inhibitor concentrations were
described previously (Chapter 2).

FISH and IF staining

The FISH and IF procedures, as well as the psbA and rbcl FISH probes, have been
described previously (Chapter 2; Table 2.1; [3]). The Lhcll and RbcS2 FISH probes (Table
2.1) were labelled with either Alexa 488 or Alexa 633 (Molecular Probes) according to
the manufacturer’s protocol. The Lhcll probes were designed to hybridize to the Lhcil-3
mRNA (Accession BAB64417), but they also were complementary to the other three

Lhcll mRNAs. The RbcS2 probes hybridized to the RbcS2 mRNA (Accession P08475) and
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failed to produce a signal in a deletion mutant for both RbcS genes (Figure 3.1 A). The
absence of the Lhcll FISH signal in DA cells (Figure 3.1 B) provides negative controls for
its specificity, in the absence of a deletion mutant for these genes [93]. The antisera
against the ribosomal proteins were described previously [87, 103, 105-107]. The
localization patterns described herein were seen in 80% of the cells examined (n > 20),
except in the following cases. In 55% of the cells, the rbcL mRNA was distinctly focused
at the outer perimeter of the pyrenoid (Figure 5.2 C), whereas in 40% the signal was
slightly more dispersed (Figure 3.2 B), and in 5% it was not localized (n > 20). An
atypically high percentage of cells lacked the Lhc// mRNA signal for unknown reasons. Of
the 110 ML cells examined, 62 (56%) had a very weak signal, which likely was
background because it was evenly distributed thrqughout the cell, including within the
chloroplast (data not shown). Considering just the 48 cells that had above-background
Lhcll FISH signals in the cytosolic region, 30 cells (63%) had the localization pattern
shown in Figure 3.5 A, B, and G, 14 cells (29%) had a less evident semblance of this
localization pattern, and 4 cells (8%) had a non-localized signal.

Microscopy

Confocal images were obtained as 0.2 um optical sections with a confocal laser-scanning
microscope (TCS SP2; Leica) and image acquisition software (version 2.61; Leica). Argon,
green helium neon, and helium neon lasers were used to produce the 488 nm, 543 nm,
and 633 nm stimulation of fluorophores Alexa 488/FITC, Alexa 555/TRITC, and Alexa
633, respectively. The cells were observed with immersion oil using an HCX PL APO

objective lens of 100 X and NA of 1.4. Images were acquired in 512 X 512 format with
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Lhcll mRNA PDI (ER)

Figure 3.1. Control experiments for the specificities of the RbcS2 and Lhcll mRNA FISH
signals.

(A) The RbcS2 FISH signal was specific because it was absent in a deletion mutant for
both RbcS genes. (B) The Lhcll FISH signal could be detected only at the background
level (i.e., weak and equal in the cytosolic region and the chloroplast) in dark-adapted
(DA) cells, serving as a control for its specificity. The micrographs show 0.2 um optical
sections. PDI, protein disulfide isomerase. Bar, 1 um.
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digital zoom set at 4.8 X with a pinhole size of 0.84 airy. Images were acquired after
adjusting the maximal signal in each section to just below saturation. Fluorescence
density was measured with the Measure tool of Image). Statistical analyses of
colocalization were carried out as described in Chapter 2.
3.3  Results
3.3.1 LSU targeting to the pyrenoid involves a co-translational mechanism
To characterize the targeting of LSU to the pyreﬁoid, | used FISH to analyze the
distribution of its mRNA, that of the chloroplast rbcL gene. The rbcL mRNA signal was
enriched in the chloroplast basal region relative to the lobes (Figure 3.2 A—C). Co-
immunostaining of these cells for Rubisco revealed that the rbcL mRNA was distinctly
focused at the outer perimeter of the pyrenoid in most cells (see Materials and Methods
section 3.3). This localization pattern was not observed in the FISH signals of three
chloroplast mRNAs encoding thylakoid membrane proteins: psbA (Figure 3.2 C), psbC,
and psaA {88]. Therefore, these results support the targeting of LSU to the pyrenoid by
either a co-translational or an mRNA-based mechanism.

To determine whether fhese rbcL mRNAs are localized by targeting signals in the
LSU nascent chain (in a co-translational mechanism) or in the mRNA sequence (in an
mRNA-based mechanism), | explored whether this localization occurs in cells depleted of
translating chloroplast ribosomes and LSU nascent chains through treatment with
lincomycin [142, 143]. The rbcl FISH signal was not localized around the pyrenoid in cells

treated with this drug (Figure 3.2 E). This localization pattern also was not seen in DA
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Figure 3.2. Translation-dependent localization of the chloroplast rbcL mRNA at the
pyrenoid for LSU targeting.

(A) An illustration of the cell shown in (C) demonstrating the single chloroplast (green)
with its lobes and globular basal region. The basal region contains the pyrenoid (P; blue).
Also indicated are the cytosolic region (gray) and the approximate locations of T zones
(T}, the nucleus (N), and the flagella. The region in which rbcL. mRNAs localize is shown in
red. (B) An ML cell showing the rbcL mRNA signal and immunolabeled Rubisco. Signals

from the rbcl and psbA mRNAs in cells from constant ML (C), DA (D), ML with lincomycin
(E), and HL (F) for 60min. The punctate colocalized psbA and rbcL mRNA signals near the
pyrenoid in (E) and (F) are cpSGs, which form in response to oxidative stress caused by a
secondary effect of lincomycin (photosensitization to ML) or HL, respectively (21). The
micrographs show 0.2 um optical sections. For each experiment, n = 20 cells. Each
pattern was observed in >80% of cells. Bar, 1 um.
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cells, a condition where rbcL transiation is down-regulated {94, 124] or a 60 min HL
exposure [116] (Figure 3.2 D and F).

The apparent higher level of the rbcl FISH signal in cells exposed to ML
compared with DA cells and lincomycin-treated ML cells most likely reflecté the
concentration of the signal near the pyrenoid; four previous studies found a constant
rbcL mRNA level across diverse light condition.s in Chlarﬁydomonas [28, 93, 94, 124].
Together, these results strongly support LSU targeting to the pyrehoid primarily through
a co-translational mechanism.

in a minority of cells (25%; n = 24), Rubisco and the rbcL mRNA also colocalized in
a structure with the size, shape, and general location of the eyespot (Figure 3.2 B).
Because this localization pattern was not detected in most cells, | did not explore it
further.

3.3.2 D1 targeting for de novo PS Il assembly involves an mRNA-based mechanism

I also explored how D1 is targeted for de novo PS Il assembly in T zones. T zones are
punctate regions adjacent to the pyrenoid in which | previously observed the
colocalization of multiple components in PS Il subunit synthesis for de novo assembly
when it was induced by shifting cells from darkness to ML for 5 min (Figure 3.2 A)
(Chapter 2). Figure 3.3 A and B show the colocalization of the psbA mRNA and the
chloroplast ribosomal protein L2 in T zones only in the inducing ML5’ condition, not in
the repressing DA condition. To highlight this colocalization pattern, the pixels with the
strongest colocalized signals are displayed in white using Image) [121], as shown in the

fourth image column in Figure 3.3 A—C (see also Figure 3.4 A-E). T zones are distinct
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Figure 3.3. Translation-independent localization of the pshbA mRNA in T zones for de
novo PS 1l assembly.

Fluorescence signals from the psbA mRNA and the chloroplast ribosomal protein L2 in
cells from the following conditions: 2 h dark-adaptation DA (A), after a 5 min ML
exposure to initiate psbA translation for de novo PS Il assembly (ML5’) (B), and MLS’
cells generated in the presence of lincomycin (C). The fourth image column shows the
merged channels, with the strongest colocalized signals highlighted in white. The
punctate psbA mRNA signal near the pyrenoid that does not colocalize with L2 is in
cpSGs (21). The micrographs show 0.2 um optical sections. Bar, 1 um. (D) The
percentage of pixels in sampled T zones with strong colocalized signals [white pixels in
(A—C)] for each of the three conditions. The error bars indicate 2 standard errors. For
each experiment, n > 20 cells.
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from the rbcL mRNA localization pattern around the pyrenoid; they are punctate and
located on the lateral sides of the pyrenoid, and the rbcL mRNA does not localize to
them (Chapter 2). Because the scoring of this pattern is subjective, | analyzed each T
zone for the percentage of pixels with strong colocalized signals and determined the
mean value for each condition (Figure 3.3 D) (see Chapter 2 Materials and Methods).
These results confirmed my previous finding that the psbA mRNA localizes to T zones
during the induction of de novo PS Il assembly. Therefore, this tlargeting of D1 involves
either a co-translational or an mRNA-based méchanism.

To discriminate between these two mechanisms, | investigated whether or not
the psbA mRNA localized to T zones after chloroplast mRNAs were cleared of ribosomes
and nascent polypeptides by treatment with lincomycin. When ML5’ cells were
generated in the presence of lincomycin, the psbA mRNA ahd L2 still colocalized in T
zones (Figure 3.3 B and C). Moreover, the quantitative analyses revealed that lincomycin
unexpectedly enhanced this colocalization (Figure 3.3 D). Lincomycin also enhanced
colocalization of the psbA mRNA and a markerv protein for the small chloroplast
ribosomal subunit, S-21, under similar conditions that activated psbA translation for the
de novo PS Il assembly: DA cells exposed to HL for 1 min (HL1’ cells) (Figure 3.4 A—C and
F). This translation-independence supports a primary mRNA-based mechanism in psbA
mRNA localization to T zones for D1 synthesis in the de novo PS Il assembly.

Comparing the distributions of L2 and S-21 revealed that chloroplast ribosomal
subunits also localized to T zones through translation-independent mechanisms (Figures

3.3 and 3.4).
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Figure 3.4. Localization of the
psbA mRNA for the de novo
assembly and repair of PS I

Fluorescence signals from the
psbA mRNA and the
chloroplast ribosomal protein
S-21 in cells from the following
conditions: a 2 h dark-
adaptation (DA) (A); DA cells
exposed to HL for 1 min (HL1')
to induce psbA translation for
de novo PS Il assembly (B);
HL1’ cells generated in the
presence of lincomycin (C);
HL1’ cells exposed to ML for 5
min, a condition of PS Ii repair
(HL1’'ML5’) (D); and HL1’MLS’
cells generated in the presence
of lincomycin (E). The
micrographs show 0.2 pm
optical sections. Bar, 1 um.) (F)
The percentages of pixels with
strong colocalized signals in T
zones (white bars) and
chloroplast lobes {shaded bars)
across all cells from the five
conditions. The error bars
indicate two standard errors.
For each experiment, n 2 20
cells.
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3.3.3 D1 targeting to thylakoids for PS Il repair involves a co-translational
mechanism

During HL stress, the replacement of photodamaged D1 subunits in PS Il complexes
involves the localization of the psbA mRNA to thylakoid membranes throughout the
chloroplast (Chapter 2; [19}]). As a condition to induce PS Il repai.r, I incubated HLY’ cells
for an additional 5 min under ML (HL1’ML5’), for reasons described in the previous
report (Chapter 2). This effect can be seen as the appearaﬁce of strong colocalized
signals from the psbA mRNA and S-21 in chloroplast lobes in HL1'ML5’ cells (Figure 3.4
D) relative to HLY' cells (Figure 3.4 B; in 3.4 F, compare the second and fourth shaded
bars). This localization of the psbA mRNA for D1 targeting in PS |l repair is consistent
with both co-translational and mRNA-based mechanisms. To discriminate between
these poséibilitieé, I generated HL1I'MLS’ cells in the presence of lincomycin. Under
these conditions, | did not detect this colocalization of the psbA mRNA and L2 in the
lobes, thus supporting a co-translational mechanism in D1 targeting for PS Il repair in
thylakoid membranes (Figure 3.4 C and E; in 3.4 F, compare the third and fifth shaded
bars).

3.3.4 Chloroplast protein targeting from the cytoplasm

| then turned my attention to protein targeting from the cytoplasm to the chloroplast.
- Using FISH to characterize the distribution of Lhc/l mRNAs, which encode the subunits of
LHC Il [13], revealed that their FISH signal was frequently concentrated along the
cytoplasmic border of the chloroplast basal region (see Materials and Methods section

3.3). This localization pattern is shown in Figure 3.5 A, in which the chloroplast was
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Figure 3.5. FISH analyses of two
nucleocytosolic mRNAs.

(A) A moderate light (ML) cell
showing the distribution of the
Lhcll mRNAs relative to the
chloroplast, stained by
immunolabeling L2. The closed-
head arrows indicate
enrichment of Lhc/l mRNAs near
the chloroplast basal region. (B)
A ML cell showing the
fluorescence signals from Lhcll
mRNAs and the cytoplasmic
ribosomal protein cylL4. (€) A
ML cell exposed to puromycin
for 1 min that was FISH-probed
for the Lhcll mRNAs and
immunostained for cyl4. (D) A
ML cell showing the distribution
of the RbcS2 mRNAs relative to
the chloroplast, which was FISH-
probed for the psbC mRNA. (E)
A ML cell that was FISH-probed
for the RbcS2 mRNA and
immunostained for the
cytoplasmic ribosomal protein
cyld. The open-head arrow
shows the autofluorescence
resulting from excitation at 633
nm, seen in the
nonprobed/immunostained cell
in (F). (G) A ML cell that was
FISH-probed for Lhcll and RbcS2
mMRNAs. DIC, differential
interference  contrast.  The
micrographs show 0.2 um
optical sections. Bar, 1 um.
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stained with immunolabeled L2. In other cells, the Lhc/l mRNAs that localized at the
basal region were more concentrated near the bases of chloroplast lobes (Figure 3.5 B
and G). These results raise the possibility that the cytoplasmic border of the chloroplast
basal region is a privileged location of LHC ll'synthesis. This hypothesis is supported by
several findings. First, different distributions were observed for the RbcS2 mRNA (Figure
3.5 D—G; see the next paragraph) and the mRNA encoding B2-tubulin [3]. Second, the
localized Lhcll mRNAs probably were translated, because they colocalized with the
concentrated marker protein for cytoplasmic ribosomes, cyl4, and this Lhc/l mRNA
localization pattern was not detected after mRNAs were released from ribosomes and
nascent chains by puromycin (Figure 3.5 B and C, respectively) [21, 103]. The concurrent
decrease in the intensity of this signal likely reflects rapid degradation of untranslated
Lhcll mRNAs, because their translation and abundance are directly correlated in
Chlamydomonas [93, 144]. Third, patches of strong cylL4 signals at other cytoplasmic
locations were not enriched in the Lhc/l mRNA signal (Figure 3.5 B); therefore, LHC i
subunits appear to be targeted to the chloroplast by the localized translation of the
mRNAs encoding fhem. The translation-dependence of this mRNA localization pattern
supports a co-translational mechanism.

Analysis of the distribution of the RbcS2 mRNA, which encodes SSU, revealed
that its FISH signal was not enriched at the chloroplast perimeter (Figure 3.5 D, E, and
G). The prominent non-staining region contains the nucleus [3]. Some cells exhibited
variable intensity in this signal, but this was not concentrated in any consistent location

{(Figure 3.5 D). This broad distribution of the RbcS2 mRNA was quite distinct from the
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Lhcll mRNA localization pattern when these signals were compared in the same cells
(Figure 3.5 G). Moreover, the RbcS2 mRNA colocalized with cyl4 throughout the
cytosolic region (Figure 3.5 E). Therefore, these results support the current model of SSU
synthesis throughout the cytoplasm and post-translational import into the chloroplast.
3.4  Discussion
My results provide evidence of chloroplast protein targeting by the three general
mechanisms described earlier and reveal a remarkably complex ;spatial organization of
ichloroplast protein synthesis. The colocalization o% RbcS2 mRNA with ribosomes
throughout the cytosol provides the first in situ evidence supporting the long-standing
model of SSU synthesis at random cytoplasmic locations and post-translation import
into the chloroplast (Figure 3.5 E) [50, 141]. Although my findings do not exclude the
possibility of a minor RbcS2 mRNA pool Iocalized at the chloroplast perimeter for
translation and SSU targeting, this s‘eems unlikely, bécause confocal microscopy is
sufficiently sensitive and quantitative for detecting such a pool. Most RbcS2 mRNAs
likely are translated; their FISH signal was completely colocalized with the cylL4 signal
(Figure 3.5 E). Moreover, SSU is among the most synthesized proteins in
Chlamydomonas, and nearly all RbcS mRNAs are polysome-associated in barley leaf cells
[141, 145].

In contrast with the non-localization of the RbcS2 mRNA, | found evidence for
localized Lhcll translation at the cytoplasmic border of the chloroplast basal region
(Figure 3.5 A, B, and G). Thi§ could localize the import of newly synthesized LHC I

subunits near T zones to facilitate the assembly of the PS 1I-LHC 1l supercomplex. To
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what feature of cellular architecture could Lhcl/ mbRNAs be localized? LHC Il subunits
likely are co-translationally inserted into a membrane, because they are hydrophobic
integral membrane proteins. They probably are not routed to the chloroplast through
the secretory system in Chlamydomonas as they are in other algal species because these
proteins are predicted to lack a signal peptide by TargetP [146]. My working hypothesis
is that polysomes with Lhc/l mRNAs are bound to specific regions of the chloroplast
envelope for co-translational targeting of LHC Ii subunits to the éhloroplast by unknown
mechanisms. Although this hypothesis is seemingly contradicted by many EM images of
ribosome-free outer chloroplast envelope membranes [51, 147], none of these images
were obtained from cells treated with an inhibitor qf translation elongation, which is
required to retain chloroplast ribosomes on thylakoid membranes during cell isolation
[20].

I expanded the survey of mRNA localization patterns in the Chlamydomonas
chloroplast by demonstrating that the rbcL. mRNA is translated at the outer perimeter of
the pyrenoid, probably to target LSU for the Rubisco assembly therein (Figure 3.2 B and
C) [55]. Weaker rbcL mRNA signals were detected throughout the chloroplast, possibly
from a pool translated for the Rubisco bound to thylakoid membranes [5]. The
translation-dependence of the former localization pattern supports a co-translational
targeting mechaniém. I also found similar evidence for co-translational targeting of D1
for the repair of photodamaged PS Il complexes in thylakoid membranes throughout the
| chloroplast (Figure 3.4 D-F). Future research should explore whether LSU and D1

targeting involves the cpSRP54 homolog in Chlamydomonas (AF238499).
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An mRNA-based mechanism in D1 targeting for de novo PS ll assembly is
supported by the translation-independence of psbA mRNA Ipcalization to T zones
(Figures 3.3 and 3.4). The possibility exists that cpSRP54 subsequently directs nascent
D1 for co-translational membrane insertion. Concerted mRNA-based and co-
translational mechanisms have been speculated to operate in protein targeting to
thylakoids, and there is evidence for this in protein targeting to the mammalian ER [57,
149].

I also found that chloroplast ribosomal subunits localized to T zones through
translation-independent mechanisms. This finding was not unexpected because 10%—
40% of chloroplast ribosomes are associated with membranes by electrostatic
interactions alone in Chlamydomonas and Pea [20, 22, 25]. Moreover, translation-
independent mechanisms localize ribosomes to the inner membrane of mitochondria in
Saccharomyces cerevisiae and the mammalian ER [149, 150].

3.5  Conclusion

My use of in situ approaches in the analysis of mRNA localization for chloroplast protein
targeting has begun to identify the targeting mechanisms used by specific proteins and
for different processes in the biogenesis and repair of the photosynthesis apparatus. |
have found intriguing similarities to intracellular protein targeting in many other
organisms. Although the post-translational import machineries in the chloroplast
envelope have been identified and are currently being dissected, much remains to be
learned about the co-translational and mRNA-based pathways [50]. By revealing specific

examples of chloroplast proteih targeting by co-translational and mRNA-based
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pathways, my results will help guide the exploration of these pathways at the

biochemical level.

72



4 Stress induces the assembly of RNA granules in the chloroplast of

Chlamydomonas reinhardtii

Stress induces the assembly of RNA granules in the chloroplast of Chlamydomonas
reinhardtii. Uniacke J, Zerges W. J. Cell Biol. 2008 Aug 25;182(4):641-6.

http://jcb.rupress.org/ ©The Journal of Cell Biology

4.1  Introduction

During my analysis of the distribution of chloroplast mRNAs, | noticed a punctate
localization pattern at the internal perimeter of the pyrenoid unaer conditions of HL. An
examination of the literature revealed that punctate cytoplasmic loci of mRNA and
proteins, called RNA granules, form in the presence of stress in mammalian and plant
cells [65, 67]. Therefore, | decided to examine the punctate chloroplast mRNA
localization pattern further to see if it is similar to any of the RNA granules described in
these other systems. In this chapter, | describe the identification and initial
characterization of stress-induced RNA granules in the chloroplast of C. reinhardtii. As in
all green plants, the chloroplast genetic system in C. reinhardtii is esséntially bacterial,
reflecting its evolution from a cyanobacterial endosymbiont [151]. Therefore, this is the
first such report of an RNA granule in an organellar/bacterial lineage.

4.2  Materials and Methods

C. reinhardtii culture conditions

Strain CC-503 was cultured in HSM [91] to a cell density of 2-3 X 10° cells/ml at 24 °C
under a light intensity of 100-150 pE-m™*'s2 and with orbital shaking. HL {2000 pE-m™'s%)

was generated by a slide projector (Kodak), to which small (2-30-ml) cultures were
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exposed at a distance of 10 cm for 10 min with manual shaking'. Dark adaptionwas a2 h
incubation of liquid cultures wrapped with two layers of aluminum foil on an orbital
shaker. Lincomycin and chloramphenicol were added to final concentrations of 200
pg/ml. Puromycin was added to a final concentration of 100 pg/mL. These inhibitors
were shown to be active because each abolished protein synthesis in the chloroplast
after 10 min as revealed by the results of in vivo radioisotope pulse-labelling
experiments. Cells were treated with rose bengal or hydrogen | peroxide at
concentrations of 0.5 uM and 2 mM,‘respectively, for 15 min. DPCMU was added to a
final concentration of 10 uM for 15 min. FCCP was added to a final concentration of 10
puM for 30 min. UV irradiation (20 mJ) was performed in a Stratalinker (Promega) and
cells were fixed 30 min later. The conditions of heat shock, osmotic shock, and
phosphate deprivation were described previously [152-154]. The colocalization of the
psbA mRNA and the chloroplast ribosomal protein L2 to T zones was induced by
exposing DA cells to ML for 5 min as described in Chapter 2. These cells were then
treated with lincomycin under ML, when it does induce cpSGs by potentiating light-
induced stress [155]. The effects of the inhibitors were assessed in the dark to avoid the
induction of light stress. These cells were first cultured undér ML (so they would have
polysomes from which chloroplast mRNAs could be released) and then shifted to the
dark immediately before the addition of lincomycin or puromycin.

FISH and IF staining

The procedures and probes used for FISH and IF were described previously (Chapter 2;

[3]). High specificity of the psbA , rbcl , and psaA FISH signals were demonstrated in

74



Chapter 2). Indirect' IF was carried out using the following primary antisera: anti-SSU,
anti-LSU (N. Brisson, University of Montreal, Montreal, Canada), anti-L2, anti-S$-21, anti-
Rubisco (E. Harris, Duke University, Durham, NC), anti-cPABP (S. Mayfield, The Scripps
Research Institute, La Jolla, CA), and anti- HSP70B (M. Schroda, University of Freiburg,
Freivburg, Germany). The in situ IF staining patterns of the ribosomal proteins, PABP, and
HSP70B were highly specific because each of the antibodies detected a protein of the
expected molecular weight on immunoblots of total cellular protein. Secondary antisera
alone did not generate a signal.

Confocal microscopy

Confocal images were obtained as 0.2 um optical sections with a confocal laser-scanning
microscope (TCS SP2; Leica) and image acquisition software (version 2.61; Leica). Argon
and green helium neon lasers were used to produce the 488 and 543 nm stimulation of
TRITC or the fluorophores on the FISH probes Alexa 488 and 555 (Invitrogen). Cells were
observed under settings described in Chapter 3.

4.3  Results and Discussion

43.1 Chloroplasf mRNAs localize to cpSGs in cells under HL stress

For each of the four chlbroplast mRNAs examined by FISH and confocal microscopy, a
fraction localized in cpSGs in fnost cells that were cultured under ML and then exposed
to HL for 10 min (Figure 4.1 B and see Figure 4.2). This localization pattern was seen in a
minority of cells maintained under ML. These chloroplast mRNAs encode subunits of PS
Il (psbA and psbC), PS I (psaA), and Rubisco (rbcl). This localization was quantified by

determining the mean ratio of the fluorescence densities of each FISH signal in cpSGs
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Figure 4.1. cpSGs resemble cytoplasmic SGs in their composition of translation components.

(A} An illustration shows the chloroplast with cpSGs (yellow), the envelope (orange), the
aqueous stroma and thylakoid vesicles (green), and the pyrenoid (brown), surrounded by a
starch sheath (white). Also shown are the cytosolic compartments (gray), the nucleus (N}, and
the flagella. (B) In cells under HL stress, cpSGs had strong FISH signals from the mRNAs of psbA,
psbC, rbcl, and psaA. cpSGs were ‘not seen in most cells under the nonstress condition of
moderate light (ML). (C) Bar heights indicate a mean signal density in cpSGs standardized to the
signal density of the chloroplast for the FISH signals from the mRNAs and a protein of the small
ribosomal subunit (S-21), two proteins of the large ribosomal subunit (L2 and L12), and cPABP.
Error bars represent two SE. A value substantially greater than one (dotted line) represents
localization in cpSGs. (D) cpSGs revealed by the psbA FISH signal immunolabeled S-21, but only
weakly for L12. cpSGs also showed strong IF signal of cPABP. Arrows in B and D indicate ¢pSGs.
The micrographs show 0.2 pm optical sections. Bars, 1 um. For each experiment, n 2 20 cells.
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versus in the chloroplast (n 2 20 cells for each mRNA). This analysis revealed that each of
these mRNAs is concentrated several fold in cpSGs (Figure 4.1 C).

4.3.2 ¢pSGs and SGs are similar in their composition of translation components

To determine whether cpSGs are similar to SGs or other stress-induced RNA granules, |
asked whether they contain the subunits of the chloroplast ribosome and the C.
reinhardtii PABP homologue, cPABP [120]. Hallmarks of SGs are their enrichment for
PABP and the small ribosomal subunit, but not the large ribosomal subunit. In c-:ells from
the HL stress condition, cpSGs were seen to have strong IF from S-21, a protein of the
small ribosomal subunit (Figure 4.1 D). Quantification revealed a 3.5 fold higher signal
density in cpSGs relative to the rest of the chloroplast (Figure 4.1 C). Moreover, two
proteins of the large ribosomal subunit, L12 and L2, had lower signal densities in cpSGs
than in the chloroplast (Figure 4.1 C and D; and see Figure 4.3 C). Finally, the signal
density of cPABP was three fold higher in cpSGs than in the chloroplast (Figure 4.1 C and
D). Although stable chloroplast mRNAs are not 3’ polyadenylated, genetic and
biochemical evidence support a role of cPABP in chloroplast translation involving its
binding to internal mRNA sequences [16, 120]. Thus, cpSGs resemble SGs in their
composition of these translation components.

4.3.3 Specific stress conditions induce mRNA localization to cpSGs

To analyze factors that induce mRNA localization to cpSGs, cells were exposed to
different stresses and analyzed for the psbA mRNA distribution. Because HL exposure
induces oxidative stress and damage to PS Il [156], conditions specific to each of these

stresses were tested. When oxidative stress was induced by treatment with hydrogen
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peroxide or rose bengal (a photosensitizer of singlet oxygen production; [157]), higher
percentages of cells with cpSGs were observed relative to non-treated cells (Figure 4.2).
In contrast, inhibition of PS Il by 3-(3,4-dichlorophenyl)—1,l-dimethylurea (DCMU) had
no significant effect.

Therefore, HL causes mRNA localization to cpSGs by inducing oxidative stress
and not by damaging PS Il. Other fesults suggest that energy deprivation also induces
mRNA localization to cpSGs. First, exposure to the proton ionophore carbonylcyaﬁide-p-
trifluoromethoxyphenylhydrazone (FCCP), which inhibits ATP synthesis in chloroplasts
and mitochondria, elevated the percentage of cells with cpSGs by more than 11 fold
(Figure 4.2). Second, a three-fold increase occurred during a 2 h incubation in the dark, a
condition that is unlikely to be associated with a stress condition apart from energy
deprivation caused by the lack of photosynthesis. HL exposure of DA cells had little
effect, possibly because they lacked polysomal psbA mRNAs for localization to cpSGs
(see section 4.4.6; Figure 4.2; [158]). cpSGs were not described in Chapter 2, which
examined DA cells under HL stress. cpSG formation was also induced by expdsure to UV
light or phosphate deprivation. Heat shock had no effect and osmotic shock abolished
cpSGs in the minority of cells that have them under ML (Figure 4.2). Therefore, cpSGs
form under specific stress conditions and the underlying inducing factors and signalling
pathways remain to be determined.

4.3.4 cpSGs are located at the internal perimeter of the pyrenoid
To characterize the location of cpSGs, | used marker proteins for specific chloroplast

compartments. cpSGs were detected only in the vicinity of the pyrenoid. This spherical
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Figure 4.2. cpSGs form under specific stress conditions.

Bar heights indicate the percentages of cells with cpSGs under the following conditions:
ML, constant moderate light; ML > HL, cells cultured under ML were exposed to HL; RB,
oxidative stress was induced by rose bengal; H,0, , oxidative stress was induced by
exposure to hydrogen peroxide; DCMU, a PS Il inhibitor; UV, UV light exposure; —PO, ,
phosphate deprivation; FCCP, energy deprivation by this proton ionophore; heat, heat
shock; osmotic, osmotic shock; dark, 2 h dark-adapted cells; dark - HL, 2 h dark-
adapted exposed to HL. For each condition, n > 20 cells.
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compartment in the chloroplasts of most algae provides a high CO,/0; ratio to favour
the carboxylase activifcy of Rubisco in the Calvin cycle [159]. In cells from the HL stress
condition that were immunoprobed for the Rubisco holoenzyme to reveal the pyrenoid
and FISH probed for the psbA mRNA, all cpSGs were located at the internal perimeter of
the pyrenoid (Figure 4.3 A). However, cpSGs were within patches of IF from a marker
protein for the chloroplast stroma, HSP70B, where it was not enriched relative to its
mean signal density in the chloroplast (Figure 4.1 C and Figure 4.3 B; [160]). Together,
these results suggest that cpSGs are in pockets of stroma within the pyrenoid.
Therefore, | considered whether cpSGs are within the opening of the membranous
tubules that have been seen by EM to extend into the pyrenoid [138]. Consistent with
this possibility, | observed cpSGs at the termini of what appeared to be pyrenoid tubules
with HSP70B in rare images that il'ovn'gitudinally sectioned them (Figure 4.3 B).

| proposed previously that discrete regions within the chloroplast, called T zones,
house early steps of translation for de novo PS Il assembly, based on the rapid
colocalization therein of the psbA and psbC mRNAs and both subunits of the chloroplast
ribosome specifically under conditions of de novo PS Il assembly (Chapter 2). As T zones
are near the pyrenoid, | compared their location with respect to cpSGs (see Materials
and methods section 4.3). As seen in‘merged images of the fluorescence signals from
the psbA mRNA and L2 (Figure 4.3 C), T zones (yellow) are distinct from cpSGs (green).
Moreover, certain cpSGs adjoined a T zone, suggesting a functional relationship

between these compartments.
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Figure 4.3. cpSGs are located at the
internal perimeter of the pyrenoid.

cpSGs, with the psbA mRNA (green), were
located relative to proteins for the
pyrenoid, stroma, and T zones. For each
cell, a second image set shows an
enlargement of the pyrenoid region. (A) In
HL-stressed cells, cpSGs were detected at
the internal perimeter of the pyrenoid,
revealed by immunolabeled Rubisco
(100%, n = 20 cells). (B) In cells from both
moderate light (ML) and HL conditions, the
chloroplast stroma marker protein HSP70B
was observed in lines that appear to be
pyrenoid tubules. The cpSGs in HL stressed
cells were detected at the peripheral
termini of this HSP70B immunostaining
pattern (n = 7 cells). (C) cpSGs are distinct
from T zones (large arrow), which have
colocalized psbA mRNA and ribosomal
protein L2 (n = 20). Arrows indicate cpSGs
and the larger arrow in C indicates a T
zone. The micrographs show 0.2 pm
optical sections. Bars, 1 um.
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4.3.5 A model for cpSG assembly involving the large subunit of Rubisco
A key difference between cpSGs and SGs are their factors for mRNA localization and
assembly. SG assembly involves the self-aggregation of the RBPs TIA-1 and TIAR [161].
Homologues were not identified in Basic Local Alignment Search Tool searches of the C.
reinhardtii genome. However, a candidate cpSG assembly factor was suggested by my
review of previous reports that C. reinhardtii cells under oxidative stress disassemble
Rubisco into its constituent LSUs and SSUs, whereupon the oxidized LSU non-specifically
binds chloroplast mRNAs and forms large particles [162-164]. These authors proposed a
role of LSU in the repression of the rbcl translation. In addition, immunogold EM
revealed a particulate form of Rubisco at the internal periphery of the pyrenoid [5].
Although this was proposed to function in the Calvin cycle, it may have been LSU in
cpSGs.

To determine whether cpSG assembly involves the aggregation of LSU bound to
- chloroplast mRNAs (Fighre 4.4 A), | asked whether LSU, but not SSU, localizes to cpSGs.
Indeed, when cells under HL stregs were immunoprobed with antisera specific to each
of these subunits, most of the LSU signal within the pyrenoid was in cpSGs, whereas the
SSU signal remained dispersed (Figure 4.4 B). Quantification of the mean signal densities
in cpSGs, relative to the entire pyrenoid, confirmed that LSU localizes to cpSGs, whereas
SSU does not (Figure 4.4 C). Therefore, LSU could be an mRNA-binding factor in cpSG
assembly, analogous to TIA-1 and TIAR in the assembly of SGs in mammalian cells [161].

Different assembly mechanisms probably would be involved because LSU lacks amino
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Figure 4.4. A model for cpSG assembly.

(A} cpSG assembly is proposed to involve the stress-induced disassembly of the Rubisco
holoenzyme in the pyrenoid, the activation of the RNA-binding activity of LSU, followed by its
concurrent aggregation and binding to mRNAs that are released from polysomes [163, 164]. Flux
of mRNAs and small chloroplast ribosomal subunits between cpSGs and polysomes during stress
was revealed by effects of the translation inhibitors. Lincomycin inhibits the initiation of protein
synthesis, but allows ribosomes to complete translation, thereby liberating mRNA from
polysomes. Puromycin liberates mRNAs from polysomes by inducing premature termination.
Chloramphenicol prevents polysome disassembly by stalling translating ribosomes on mRNAs.
(B) Cells from the nonstress condition of moderate light (ML) had immunolabeled LSU uniformly
distributed within the pyrenoid. After the induction of stress by HL, most LSU of the pyrenoid
localized in cpSGs, whereas SSU remained dispersed. (C) To quantify the localization of Rubisco
LSU, SSU, and holoenzyme to cpSGs, the mean density of each signal therein was standardized
to its density throughout the pyrenoid. A value substantially greater than one (dotted line)
represents localization in cpSGs. Error bars represent two SE. The micrographs show 0.2 ym
optical sections. Bar, 1 um. For each experiment, n 2 20 cells.
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acid sequence similarity to the Q-rich prion-like domains in proteins that nucleate SG
assembly (for review see [161]).

4.3.6 mRNAs from disassembled polysomes localize to cpSGs

| addressed the nature of the mRNAs that localize to cpSGs. Cytoplasmic SGs contain
mRNAs that are Iiberated by the disassembly of their polysomes resulting from
translational repression, but not mRNAs that are highly translated during stress [69,
165]. There is evidence for translational repression of the rbclL and psbC mRNAs during
HL stress (Chapter 2; [164]). Although it is well known that HL stress activates psbA
translation for the repair of photodamaged PS Il complexes [19], a distinct psbA mRNA
pool in T zones may become translationally repressed (Chapter 2). Although these
results are consistent with the localization of mRNAs from disassembled polysomes to
cpSGs, the following experiments were required to answer this question.

In mammalian cells, evidence that SGs receive mRNAs from disassembled
polysomes was provided by studies involving pharmacologicail inhibition of translation.
SG assembly was prevented by inhibitors of translation elongation, which trap mRNAs
on polysomes. Similarly, treatment of C. reinhardtii cells with chloramphenicol, an
inhibitor of translation elongation in the chloroplast, prevented cpSG assembly when
oxidative stress was induced subsequently by rose bengal (Figure 4.5 A). Moreover,
under these conditions, LSU was not detected in cpSGs, suggesting that the mRNAs
released by polysome disasserﬁbly are required either to trigger LSU aggregation or to

serve as a structural component of cpSGs (unpublished data; n = 20).
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Figure 4.5. Evidence for psbA mRNA flux between cpSGs and polysomes during stress.

(A) The percentage of cells with cpSGs is graphed for moderate light cells incubated without or
with chloramphenicol and then exposed to rose bengal to induce oxidative stress (shaded bars;
0 - RB and C - RB, respectively). Under non-stress conditions, mRNA release from polysomes
only marginally induced cpSG formation as revealed by the percentages of cells with cpSGs that
were exposed to no inhibitor (0), lincomycin (L), or puromycin (P), with treatment with
hydrogen peroxide (H,0,) as a positive control. The cpSGs that formed in response to oxidative
stress induced by exposure to rose bengal were abolished by a chloramphenicol treatment
(shaded bars; RB and RB > C, respectively). (B) During recovery from rose bengal — induced
oxidative stress in the dark, 60 min was required for the percentage of cells with cpSGs to drop
to that of dark-adapted cells in the absence of inhibitor {(diamonds). cpSG disassembly was
accelerated by chloramphenicol (circles) and prevented by both lincomycin (squares) and
puromycin (triangles). n 2 20 cells for each condition.
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In mammalian cells under non-stress conditions, SGs formed when mRNAs were
liberated from polysomes by translation initiation inhibitors {166, 167]. However, if
cpSG formation involves stress-induced Rubisco disassembly and aggregation of LSU,
mRNAs released from polysomes in the absence of stress should not localize to cpSGs.
Alternatively, if RNA-binding active LSU or any other protein that localizes mRNAs to
cpSGs is always available, mRNAs released from polysomes under non-stress conditions
should localize to cpSGs. Therefore, polysome disassembly in the chloroplast was
induced by lincomycin or puromycin, which inhibit translation initiation  and induce
premature termination, respectively. In the absence of inhibitor under these conditions
(see Materials and methods section 4.3), 10% of cells had cpSGs (Figure 4.5 A). in the
presence of either inhibitor, 15% of the cells had cpSGs, a marginal increase compared
with the effects of most stress conditions (Figure 4.2). Results of a positive control
experiment revealed that most of these cells could form cpSGs upon exposure to
hydrogen peroxide. Therefore, in addition to mRNAs from polysome disassembly, cpSG
assembly requires a stress condition, e.g., to induce Rubisco disassembly and activate
LSU for RNA binding (Figure 4.4 A).

4.3.7 mRNA flux occurs between cpSGs and polysomes

In mammalian cells, mRNA flux between SGs and polysomes was demonstrated, in part,
by the rapid disappearance of SGs when mRNAs were trapped in the ribosome-bound
pool by inhibitors of translation elongation during sustained oxidative stress [166].
Similar mRNA dynamics appear to occur in the C. reinhardtii chloroplast. First, during

sustained oxidative stress induced by rose bengal, the 80% of cells that had formed
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cpSGs lost them during a 10 min treatment with chloramphenicol, an inhibitor of
elongation by chloroplast ribosomes (Figure 4.5 A). Second, chloramphenicol
dramatically accelerated the disappearance of cpSGs during recovery from oxidative
stress (Figure 4.5 B). Third, lincomycin and puromycin prevented cpSG disappearance
within 180 min of recovery from stress, suggesting that mRNAs must be engaged by
translating ribosomes to leave cpSGs. These inhibitors also initially enhanced the
percentage of cells with cpSGs, presumably because they released mRNAs from
polysomes in the minority of cells that had not done so in respaonse to oxidative stress
(Figure 4.5 B). Thus, like mammalian SGs, cpSGs do not sequester mRNAs during stress.
Rather, mRNAs are in continuous flux between polysomes and cpSGs (Figure 4.4 A).
Such mRNA dynamics could be facilitated by the proximity of cpSGs to T zonés, where
the psbA and psbC mRNAs are translated (Figure 4.3 C; Chapter 2).

4.4 Conclusion

This discovery of cpSGs reveals a novel chloroplast stress response and, to my
knowledge, the first example of a stress-induced RNA granule in a bacterial lineage or
organellar genetic system. The location of cpSGs suggests that the pyrenoid provides an
environment depleted of ROS, which are produced during stress throughout the rest of
the chloroplast and known to damage RNA [168]. My results raise the possibility of a
novel functioﬁ of Rubisco LSU as an mRNA-localizing and assembly factor of cpSGs. The
RNA-binding activity of LSU and its activation by oxidizing conditions are conserved in
higher plants, suggesting that | have identified a general chloroplast stress response

[164]. 1t remains to be determined whether cpSGs and SGs evolved from a common
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ancestral RNA granule or by convergent evolution from distinct origins in response to
general requirements of mMRNAs released from polysomes during stress. In either case, a
comprehensive understanding of cpSGs should elucidate these requirements and the

molecular mechanisms that fulfill them in chloroplasts.
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5 Chlproplast stress granules are required for short term, but not long term,
oxidative stress tolerance
5.1  Introduction
A major unanswered question is whether or not SGs have a direct role in tolerance to
oxidative stress because of their rapid appearance during these conditions. My .
discovery of cpSGs led me to explore their functions. | proposed in Chapter 4 that LSU is
an RBP that nucleates cpSG formation because; under oxidative stress, Rubisco
disassembles into its constituent LSUs and SSUs, whereupon the oxidized LSU non-
specifically binds chloroplast mRNAs and localizes to cpSGs (Chapter 4; [164]). | also
proposed that the pyrenoid has a function in cpSG assembly and sequesters free mRNAs
from ROS produced by thylakoid membranes throughout the rest of the chloroplast. In
this Chapter, | investigated further the role of LSU and the pyrenoia in the assembly of
cpSGs by using FISH to determine whether or not mutants lacking LSU and pyrenoids
can form cpSGs.

Another question concerns the function(s) of SGs. In mammalian cells, SGs are
thought to be involved in stress tolerance because lethality was observed in two mutant
cell lines that did not form SGs when stressed [80, 81]. These cell lines had mutations in
heme-regulated inhibitor kinase or the deacetylase HDACS6, which both act upstream in
signal transduction pathways that activate SG assembly. Heme-regulated inhibitor
kinase is activated upon stress whereupon it phosphorylates elF2a to cause global .
translational repression and the release of mRNAs from polysomes. These mRNAs are

also a structural component of SGs. The other protein, HDAC6, is an enzyme that
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deacetylates tubulin and HSP90 and has many other targets. Since both of these
proteins have essential functions which are independent of their roles in SGs, assigning
a stress tolerance function to SGs may be premature because the lethality of null
mutants for them could be due to effects upon other processes. Similarly, mouse
mutants that are deficient for RBPs directly involved in SG assembly are either lethal
because these proteins have essential functions in development or have no phenotype
because there are functionally redundant proteins [65].

I was able to address these questions for cpSGs because, in C. reinhardtii, LSU is
not essential since this alga can take up and metabolize an exogenous reduced carbon
source such as acetafe and thereby dispense with photosynthesis. Therefore, | was able
to analyze LSU-deficient mutants that are known to lack pyrenoids and ask whether or
nbt the LSU-deficient mutant can form cpSGs or not [173]. The question is whether the
pyrenoid is required for cpSG formation or whether both LSU and the pyrenoid are not
required. Analysis of the SSU-deficient mutant, which accumulates LSU (and lacks a
pyrenoid), allowed me to determine whether or not LSU can form cpSGs in the absence
of Rubisco holoenzyme and a pyrenoid. If the LSU-deficient mutants did not form cpSGs,
I would test their tolerance to oxidative stress by monitoring their growfh in such
conditions.

In Chapter 4, | describe cpSGs and SGs as having translation initiation factors, the
small but not the large ribosomal subunit, and that mRNA departure réquires
translation. This is consistent with a general, physiological role of cpSGs in the initiation

of translation and concurrent protein synthesis. Upon stress, cpSGs might increase in
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size and become detectable by confocal microscopy, but exist as ribonucleoprotein
complexes under non-stress conditions. This hypothesis predicts that a cpSG-deficient
strain would be impaired in the induction of protein synthesis in the chloroplast. In
Chapter 2, | showed that the synthesis of PS Il subunits is induced rapidly by a shift from
dark to ML conditions. Therefore, | tested the ability of two Rubisco mutants to induce
protein synthesis for de novo PS Il biogenesis with in vivo >°S pulse-labelling.

I found that LSU and the pyrenoid are required for the assembly of cpSGs and
that cpSGs are not required for oxidative stress tolerance or the induction of protein
synthesis.

5.2  Materials and Methods

C. reinhardtii chlture conditions

Wild-type strain 4C+, and mutant strains MX3312 (Arbcl; Dr. Genhai Zhu (Pioneer Hi-
Brid)) and T60-3 (ArbcS; {141]) were cultured on TAP medium under indirect light to a
cell density of 2-3 X 10° cells/ml at 24°C under a light intensity of 100-150 pE-m™*s? and
with orbital shaking [92]. HL (2000 pE-m™*s?) was generated by a slide projector
(Kodak), to which small (2-30-ml) cultures were exposed at a distance of 10 cm for 10
min with manual shaking. H,0, was a.dded to TAP agar medium immediately prior to
pouring of the plates. Plates are stored in the dark at 24 °C to prevent H,0, degradation
and allowed drying of excess condensation from the solidified medium for at least 48 h
before use. Strains were struck on the solidified medium. A serial dilution of a wild-type
and an LSU-deficient strain was spotted on solid media containing varying H,0,

concentrations. Plates were incubated in the dark for 7-10 days. 500 cells of a wild-type,
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an LSU-deficient strain, and an SSU-deficient strain were plated on TAP plates with
increasing concentrations of H,0,. Plates were incubated in the dark for about a week.
Growth curves of a wild-type, an LSU-deficient sfrain, and an SSU-deficient strain were
monitored after the addition of increasing concentration of H,0,. Wild-type and LSU-
deficient cells were exposed to 2 mM-H,0, and their survival was monitored over 18 h.
Survival was monitorved by removing some cells at the specified time points and spotting
therﬁ on a microscope slide with an equal amount of 0.4% Trypan Blue (Sigma). Dead
‘cells were distinguished from lfve cells by their blue staining.

FISH, IF staining, and pyrenoid staining

The procedures and probes used for FISH and IF were described previously (Chapters 2-
4). To reveal the pyrenoid, the marker protein carbonic anhydrase was histochemically
stained by first fixing cells in 4% para-formaldehyde (1 X PBS) and then placed in open
Petri plate halves fof the subsequent washing steps. A 1 mL solution of 50% acetone, 50
mM 5-Dimethylaminonaphthalene-l-sulfqnamide (Fluka Cat. #39225) and a drop of 10N
NaOH was placed on the slide and incubated for 5 min. The slides were then washed in a
Coplin jar in 20 mM HEPES-KOH (pH 7.6) for 5 min, mounted with ProLong Gold antifade
reagent (Invitrogen) and observed under UV-excitation [169].

5.3  Results

5.3.1 An LSU-deficient mutant does not form cpSGs

I first asked whether an LSU-deficient mutant lacking a pyrenoid forms cpSGs. This
mutant was first exposed to HL stress and then FISH-probed for the psbA mRNA and co-

immunostained for Rubisco to see if cpSGs could form (Figure 5.1 B). None of the LSU-
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deficient cells examined had cpSGs, while most of the wild-type cells had them (Figure
5.1 A) suggesting that LSU and the pyrenoid are important factors in cpSG assembly. The
red IF signal corresponds to SSU because the antiserum was raised against the Rubisco
holoenzyme. It has been shown that SSU in this rbclL chloroplast mutant is rapidly
degraded following its import into the chloroplast. It seems that there is enough SSU or
SSU degradation products to detect by IF [141]. A deletion mutant for both Rbcs genes,
T60-3, was exposed to the HL stress conditions to determine if the cpSG minus
phenotype observed in the LSU-deficient strain was specific to the lack of LSU, the
pyrenoid, and the Rubisco holoenzymé. No cpSGs were observed in this mutant in HL
stressed cells (Figure 5.1 C). However, LSU is not stable in this mutant because it is
rapidly degraded when SSU is not available [141]. Therefore, even though LSU IF signal
can be observed, its localization is different in wild-type (see Chapter 4) and its rapid
degradation (or the lack of a pyrenoid) could be affecting its ability to assemble cpSGs.
The LSU-deficient mutant has been shown to lack a pyrenoid [171]. | observed
this strain, the SSU-deficient mutant, and‘the wild-type under differential interference
contrast microscopy and saw differences in their chloroplast morphology (Figure 5.1 D-
F). Although the mutant strains appear to have a pyrenoid, this could be a large starch
granule because; 1) these mutants ha‘ve an abundance of starch granule-like structures
of varying sizes in their chloroplast (arrow in Figure 5.1 E) and 2) the starch shéath that
is visible around the pyrenoid in wild-type strains appears to be absent in the mutants

(Figure 5.1 D). The lack of a pyrenoid in the mutant strains was confirmed with a UV-
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psbA mRNA  Rubisco merge

Figure 5.1. Mutants deficient for LSU or SSU do not form cpSGs and also lack a pyrenoid.

(A) HL stress induces the formation of cpSGs in wt cells, but not in a mutant lacking LSU
(MX3312) (B) or a mutant lacking SSU (T60-3) (C). Differential interference contrast
images of a wt cell (D), MX3312 (E) and T60-3 (F). A carbonic anhydrase stain reveals the
pyrenoid in a wt strain (G), but not in MX3312 (H) or T60-3 (I). The micrographs show
0.2 um optical sections. n = 20. wt, wild-type. Bar, 1 um.
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fluorescent molecule that binds to carbonic anhydrase, which is primarily localized
within the pyrenoid of C. reinhardtii [170]. The pyrenoid can be seen in the wild-tybe
strain as a blue sphere (Figure 5.1 G), while the two Rubisco-deficient mutants have a
uniform signal distribution and unstained regions corresponding to the starch granule-
like structure(s) (Figure 5.1 H-I). Therefore, the lack of carbonic anhydrase staining in
these bodies provides further evidence that they are not pyrenoids. A more general link
between photosynthesis and cpSG assembly was suggested because a variety of other
photosynthetic mutants did not have pyrenoids and did not form c¢pSGs under oxidative
stress conditions (data not shown). Thus, the pyrenoid appears to be required for cpSG
assembly.

5.3.2 Mutants that do not form cpSGs are not detectably impaired in oiidative

stress-tolerance

To test whether cpSGs function in oxidative stress tolerance, we compared the
tolerance of a wild-type strain and the two Rubisco-deficient mutants to varying H,0,
concentrations. The first assay involved testing the wild-type and mutant strains for the
ability to grow on solid medium containing varying H,0, concentrations. A previous
study revealed that the highest percentage of cells with cpSGs was observed in the
presence of 2 mM H,0, (Chapter 4). The growth of all three strains was similarly
inhibited at each H,0; concentration (Figure 5.2). The H,0, is active because it inhibited
the growth of all three strains at 5 mM (Figure 5.2 E). Because the number of cells
streaked on each section of each plate is not the same in this experiment, a more

precise method was employed.
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Figure 5.2. Two Rubisco-deficient strains that do not form cpSGs, MX3312 and T60-3,
have wild-type levels of tolerance to oxidative stress.

The wild-type strain (4C+) and two Rubisco-deficient mutants (MX3312 and T60-3) were

streaked on solid agar medium with increasing concentrations of H,0,: 0 mM (A), 1 mM
(B), 1.5 mM (C), 2 mM (D), and 5 mM (E).
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The second assay involved testing the ability of wild-type and mutant strains to
form colonies by spotting cells in a serial dilution onto so‘lid medium containing varying
H,0, concentrations. At the lowest dilution (40 cells), colonies could be counted so that
the effect on colony size and formation could be determined. The result was the same
as in Figure 5.2 except that the LSU-deficient strain grew slightly faster than the wild-
type on the 1 mM, 1.5 mM and 2 mM plates (Figure 5.3). The third assay was the same
except 500 cells of each strain were spread on solid media containing varying H,0,

_ concentrations to see the effect that oxidative stress had on the growth of these strains
by counting the number of colonies that could form (Figure 5.4 A). Similar to the results
in Figure 5.3, both Rubisco mutants developed the same number of colonies as the wild-
type strain. Therefore, cpSGs appear to have no function in tolerance to H,0,.

Because these experiments focused on the effect of oxidative stress on solid
media, 1 decided to test these effects in liquid media because growth rate could be
measured more accurately and in a shorter time period by monitoring cell density. The
fourth assay involved monitoring the effect of H,0; on cell density over a period of days.
H,0, was added to a wild-type, an LSU-deficient, and an SSU-deficient strain at mid-log
phase. Similar to the results on solidified media, the growth of these strains was
similarly affected by H,0,. Thé mutant strains grew more rapidly than the wild-type
strain when exposed to 2 mM H,0; (data not shown). More trials are required because
an increase in growth rate was observed when no H,0;, was added.

The fifth assay involved monitoring survival during oxidative stress over a shorter

time period. When cells were shifted to 2 mM H,0,, about 60% of the mutant cells died
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within the first 2 h when most wild-type cells remained viable. However, after 4 h, the
Wild-type and rbcl deletion mutant strains were grown mixotrophically until mid-
exponential phase and then spotted as serial dilutions on acetate-containing (TAP) agar
plates of increasing H,0, concentrations (0 mM, 1 mM, 1.5 mM and 2 mM). wt, wild-
type.survival of the mutant cells stabilized while the survival of the wild-type cells
plummeted to less than 20% between 4 h and 18 h (Figure 5.4 C). These results suggest
that cpSGs could have a role in tolerance tb oxidative stress only within the first fe'w
hours of stress (see Discussion). The same results were obtained for all these
experiments when using other forms of oxidative stress such as HL or Rose Bengal
treatment (data not shown).
5.3.3 ¢pSGs are not required for wild-type levels of translation initiation in the
chloroplast

In Chapter 4, | show that cpSGs, like cytoplasmic SGs in other systems, contain
translation initiation factors, the small. but not the large ribosomal subunit, and that
mRNA departure from cpSGs requires translation. While SGs and cpSGs are believed to
assemble only during stress, this is consistent with a general, physiological role of cpSGs
in the initiation of translation. Upon stress, in this scenario, cpSGs increase in size and
become detectable by confocal microscopy. Under non-stress conditions, they exist as
smaller ribonucleoprotein complexes which cannot be detected by this method. This
hypothesis predicts that a cpSG-deficient strafn would be impaired in the induction of
protein synthesis in the chloroplast. In Chapter 2, | showed that the synthesis of PS Ii

subunits is induced rapidly by a shift from dark to ML conditions (Figure 2.2). Therefore,
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MX3312 wt MX3312 wt MX3312 wt MX3312 wt
4 X 10° cells

4 X 10° cells

4 X 10° cells

4 X 10" cells

H,0,

Figure 5.3. A strain that does not form cpSGs, an rbcL deletion mutant, has wild-type
levels of tolerance to oxidative stress.
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T60-3

% survival

Time, hrs

Figure 5.4. Two Rubisco-deficient strains that do not form

chloroplast stress granules, T60-3 and MX3312, have wt levels of
tolerance to oxidative stress.

(A) 500 cells were plated on increasing concentrations of H,0, and
surviving colonies were counted. The two mutants had a similar
number of colonies, if not more, as the wt. Columns represent the
average of 3 experiments. Error bars represent 2 SE. (B) A wt strain
and the MX3312 mutant were exposed to 2 mM H,0; and their

survival was monitored in fiquid culture over periods of 2, 3, 4 and 18
h. wt, wild-type.
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| tested the ability of two cpSG-deficient mutants to induce protein synthesis for de
novo PS Il biogenesis with in vivo >°S pulse-labelling. Both mutants grown in the dark for
2 h had low levels of PS I subunit synthesis (Figure 5.5 lanes 1 and 2). De novo PS Il
biogenesis was induced by shifting the cells to ML for 20 min. PS Il subunit synthesis was
induced in these mutants suggesting that their lack of cpSGs does not impair their ability
to initiate PS Il biogenesis (Figure 5.5 lanes 3 and 4)>. | also wanted to test whether these
mutants could induce D1 synthesis for PS Il repair because it had been previously
reported that inhibiting the Calvin cycle or a missense mutation in rbcl abolished D1
repair synthesis [168]. My results contradict this finding. Both Rubisco deletion mutants
induced D1 repair synthesis to the same extent as wild-type when exposed to HL for 20
min (as seen by the preferential D1 synthesis in Figure 5.5 lanes 5 and 6).

5.4 Discussion

My results rev.eal that cpSGs may be involved in short term oxidative stress tolerance,
but not long term tolerance. Two Rubisco-deficient mutants, MX3312 and T60-3, did not
form cpSGs (Figure 5.1 A-C), but had wild-type levels of oxidative stress tolerance
(Figures 5.2, 5.3 and 5.4 A). However, when the survival of these mutants was
monitored over a period of a few hours during oxidative stress, they were significantly
impaired in their survival. cpSGs receive mRNAs from disassembling polysomes during
the global translational arrest that occurs within minutes after stress (Chapter 4).
Therefore, cpSGs may function in the early stages of oxidative stress when mRNAs are

being released from polysomes.
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Under long term oxidative stress (days), cultures of the Rubisco mutants grew
faster than did wild-type (Figure 5.3, 5.4 A). These mutants al;e known to have elevated
levels of H,0, in their chloroplasts because interruption of the Calvin cycle and
photorespiration decreases the utilization of NADPH, which leads to the reduction of O,
to form H,0, [172]. Therefore, the Rubisco mutants may constitutively express
pathways that detoxify ROS or mitigate their effects, which gives them an advantage
over the wild-type strain and may compensate for the lack of cpSG§ during oxidative
stress.

These findings contradict two reports that mammalian SGs provide long term
stress tolerance [80, 81]. However, these studies analyzed mutants that are deficient for
both SGs and pathways upstream of assembly that could have pleiotropic effects. The
mutants are defective in cpSG assembly and deficient for Rubisco, an enzyme | proposed
is involved in cpSG assembly (Chapter 4). Photosynthesis is not functional in these
mutants; therefore mutations in this pathway should not have other effects.

In addition to lacking cpSGs, these Rubisco-deficient mutants also lacked
pyrenoids or had empty pyrenoids lacking Rubisco and carbonic anhydrase (Figure 5.1
D-1). Therefore, the pyrenoid has a role in cpSG assembly, possibly either because
Rubisco must be within the pyrenoid for its LSU to participate in assembly or the
pyrenoid itself faeilitates the assembly of cpSGs from components arriving from the
stroma (free mRNAs, small ribosomal subunits) and the pyrenoid matrix (LSU). This is
the first report of an SSU-deficient mutant without a pyrenoid, and other

photosynthetic mutants having active Rubisco but no pyrenoid.
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MX3312 T60-3 MX3312 T60-3 MX3312 T60-3
DA DA ML20 ML20 HL20  HL20

130 —
100 —

35 —

27 —

15 —

Figure 5.5. Protein synthesis for PS Il biogenesis and repair is not impaired in two
Rubisco-deficient mutants.

Chloroplast protein synthesis was monitored in vivo by **S pulse-labelling. Reduced
protein synthesis was evident in two Rubisco-deficient mutants, MX3312 and T60-3,
that were dark-adapted (DA) for 2 h (lanes 1 and 2). PS Il biogenesis was induced by
exposing MX3312 and T60-3 mutants to moderate light (ML) for 20 min (lanes 3 and 4).
PS |l repair and preferential D1 synthesis was induced by exposing MX3312 and T60-3
mutants to HL for 20 min (lanes 5 and 6). LSU, large subunit of Rubisco.
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This study also ruled out a possible role of cpSGs in facilitating the initiation of de
novo PS Il biogenesis. Two mutants that do not form cpSGs were shown to induce
protein synthesis when PS Il biogenesis was induced (Figure 5.5). These findings also
surprisingly contradict a previous report that the interruption of the Calvin cycle inhibits
protein synthesis in the chloroplast {173].

5.5 Conclusion

These results suggest that cpSGs have a role in short term tolerance to oxidative stress,
consistent with the proposed model that mRNAs from disassembled polysomes enter
SGs within minutes of stress exposure. However, my results show that cpSGs do not
have a critical function in tolerance to sustained long term oxidative stress. It will be
interesting to test the effects of inhibiting mammalian SGs directly at the assembly level
to see if they really do have a functipn in stress tolerance. Another roadblock in
determining the function of SGs is that they have been difficult to isolate from
‘mammalian cells. It would be interésting to try to isolate pyrenoids (see Chapter 6) in
stressed C. reinhardtii cells and compare the proteome of these pyrenoids versus non-
stressed cells to obtain a proteome of cpSGs. My findings have taken the analysis of

cpSGs beyond what has been done for mammalian SGs.
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6 Characterization of the pyrenoid proteome in Chlamydomonas reinhardtii

6.1 Introduction

The pyrenoid has been mentioned prominently throughout the preceding chapters. The
pyrenoid is located close to T zones which | showed are involved in the de novo
assembly of PS Il (Chapter 2). The translation of the rbcL mRNA was found to be
localized around the pyrenoid' (Chapter 3). c¢pSGs are localized at the internal perimeter
of the pyrenoid (Chapter 4) and the pyrenbid is required for cpSG assembly (Chapter 5).
The complete protein composition of this chloroplast compartment is unknown. In this
chapter, a fast and easy protocol for isolating a fraction enriched in pyrenoids is
described. IF microscopy and mass spectrometry were performed on these fractions to
characterize the proteome of the pyrenoid. From these data, we may gain a better.
understanding of the function of the pyrenoid.

6.2  Materials and Methods

C. reinhardtii culture conditions

The strain used in the pyrenoid isolation, KaCW15#6, is a cell wall defective mutant that
was created in our lab by crossing a wild-type strain with a cell wall defective mutant
carrying the CW15 mutation. KaCW15#6 was one of these progeny and was chosen
based oh how quickly it lysed in 2% Triton-X100. This strain was cultured either
photoautotréphically or mixotrophically on HSM or TAP, respectively, until mid-log

phase (3 X 10° cells/mL) at 24°C and under a light intensity of 100 to 150 uE-m?s™.
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Pyrenoid isolation

A 500 mL culture of KaCW15#6 cells was pelleted by centrifugation at 5000 x g for 10
min and resuspended at a cell density of 8X10” cells/mL in 1 X Breaking Buffer (8B, 0.3
M sorbitol, 10 mM Tricine pH 7.8, 10 mM EDTA). An equal volume of 4% Triton-X100 in
1 X BB was added to the cells for a final concentration of 2% Triton-X100. This mixture
was layered on 80% Percoll in 1 X BB and centrifuged at 7500 rpm for 10 min. The
Triton-X100 and Percoll were removed carefully with a pipet. Excess Triton-X100 was
removed by washing the pellet gently with 1 X BB. Pyrenoids can be visualized under
light microscopy by spotting a few pL of the preparation on a microscope slide.

Western blot analysis

The pyrenoid pellet was resuspended in 50 pL loading buffer (2% SDS, 10% glycerol, 0.1
M DTT, 0.125 M Tric-HCl, 0.004% bromophenol blue), boiled for 1 min, and proteins
were resolved by SDS-PAGE. The proteins were transferred to a nitrocellulose
membrane and then blocked for 1 h in 5% milk and 1 X PBS with shaking. The
membrane was probed with primary antisera diluted to 1:1000 in blocking solution for 2
h at 4 °C with shaking and then Washed three times in 1 X PBS for 10 min each. The
membrane was then probed with secondary antisera linked to horseradish peroxidase
(Fisher Scientific SA1200) diluted to 1:20000 in blocking solution and then washed twice
in 1 X PBS for 5 min each. Chemiluminescent revelation was done according to

manufacturer’s protocol (Millipore WBKLS0100).
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MaSs spectrometry

Samples of the pellet fraction, containing pyrenoids, in SDS-PAGE loading buffer were
incubated at 100 °C for 1 min, and subjected to electrophoresis on a 12-18%
polyacrylamide gel (overnight at 4 mA). Protein was stained with Coomassie Blue for
one hour and the gel was destained until the background was clear. The gel slices
(length) were excised and then cut into 1 mm? pieces with a razor blade, using a new
blade for each cut, and starting at the low-molecular weight region of the lane. Major
bands were specifically excised, while areas with few bands could be cut into larger.
sections. The gel pieces were incubated in 200 pL of wash solution (50% methanol and
5% acetic acid) overnight in 1.5 mL microcentrifuge tubes at room temperature. The
wash solution was removed and another 200 pL was added to the gel pieces for 2 h.
Next, 200 pL of acetonitrile was added for 5 min and then all the solution was removed.
The gel pieces were dried completely in a speed vac for 3 min, 30 pL of 10 mM DTT was
added for 30 min and then removed. Finally, 30 pL of 100 mM iodoacetamide was
added for 30 min and then removed. Gel fragménts were incubated in 200 pL of
acetonitrile for 5 min, then in 200 pL of 100 mM ammonium bicarbonate for 10 min and
then dried completely in a speed vac for 3 min. Trypsin.reagent was prepared by adding
1000 pt of ice-col_d 50 mM ammonium bicarbonate to 20 pg trypsin (Sigma). The g.el
pieces wére incubated in 36 pL of the trypsin reagent on ice for 10 min with occasional
gentle vortexing. The gel piecés were pelleted by centrifuging the sample for 30 sec and
the excess trypsin solution was removed. Prior to vortexing, 5 pL of 50 mM ammonium

bicarbonate was added to the sample, and then the samples were cenrifuged for 30 sec
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at 13000 rpm. The digestion was carried out overnight at 37 °C. The next day, 30 pL of
50 mM ammonium bicarbonate was added to the digest for 10 min with occasional
vortexing. The digest was pelleted by centrifuging the sample for 30 sec at 13000 rpm.
The supernatant was collected and transferred to a new microcentrifuge tube. The gel
pieces were incubated in 30 uL of extraction buffer (50% acetonitrile, 5% formic acid) for
10 min at room temperature. The supernatant was removed and transferred to a
centrifuge tube. A second 30 pL of extraction buffer was added and incubated for 10
min. The supernatant was removed and combined in the new.microcentrofige tube. The
volume of the extract was reduced to 20 pL in a speed vac at ambient temperature. The
samples were subjected ‘to tandem mass spectrometry (MS/MS). Using SEQUEST from
BioWorks 3.3 (Thermo Electron), the peptide sequences were searched against the C.
reinhardtii genome version 3.0 at the Joint Genome Institute (http://genome.jgi-
psf.org/Chire3). Charge state analysis was performed during DTA file filtering, and a
series of high-stringency filters was applied to the search results. The singly, doubly, and
triply charged peptide ions required SEQUEST cross-correlation (XC) scores of at least
1.8, 2.5, and 3.5, respectively. We only considered peptide and protein hits identified on
the basis of two or more unique peptides and with probability scores of less than 1073,
as calculated by BioWorks.

6.3 Results

6.3.1 Pyrenoids can be isolated from a cell wall defective strain

It was necessary to establish a procedure for isolating pyrenoids that eliminates as many

contaminants from other cellular compartments. Different techniques have been used,
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but usually Triton-X100 is used to lyse the cell and solubilize membranes, and the
pyrenoids are pelleted through sucrose density gradients away from most cellular debris
[174]. Pyrenoids are stable in 2% (vol/vol) Triton-X100 under isotonic conditions
because they are not membrane bound. Therefore, treatment of cell wall defective
strains with 2% Triton-X100 solubilized most cell membranes and released the
pyrenoids. We have developed a quicker and easier method by subsequently pelleting
the cellular debris through an 80% percoll gradient (Figure 6.1). Kuchitsu et al. [174] use
mercury for isolating pyrenoids from C. reinhardtii wild-type strains, but we found that
mercury did not improve the pyrenoid yield of our fraction and decided to omit the use‘
of this hazardous element.

To confirm that the pellet was enriched in byrenoids, we used Western blot
analysis, microscopy, IF and SDS-PAGE. First, we spread 5 pL of the pellet onto a
microscope slide and observed it with a light microscope. Many spherical bodies having
the approximate sizes of pyrenoids were seen, and one is seen next to an intact cell
(Figure 6.2 A). Intact cells in the pellet were rare: this image was chosen to show a side
by side comparison between a pyrenoid and a cell. Next, we stained these pyrenoids
with a stain for the pyrenoid carbonic anhydrase (see Chapter 5) and performed IF with
an a-Rubisco antibody to show that these bodies contain pyrenoid marker proteins.
Strong signal could be observed from carbonic anhydrase and Rubisco within these

bodies (Figure 6.2 B-D). A Western blot analysis of our pyrenoid fraction
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KaCW15#6 cells

!

centrifuge, 5 min, 5,000 rpm

!

resuspend to 8X10’ cells/mL in 1XBB
and mix with 4% Triton-X100

#

layer on an 80% Percoll gradient in 1XBB

cells with Triton-X100

; - 80% Percoli

i

centrifuge, 10 min, 7,500 rpm

pellet enriched in pyrenoids
Figure 6.1. Pyrenoid isolation procedure.
KaCW15#6 cells were pelleted and resuspended to a final concentration of 8X10’
cells/mL in 1X Breaking Buffer (BB). An equal volume of 4% Triton-X100 in 1XBB was

added to the cells. This mixture was layered on 80% Percoll in 1XBB and centrifuged at
7,500 rpm for 10 min. The pellet is enriched in pyrenoids.
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Figure 6.2. The pellet fraction is enriched in pyrenoids.

(A) Spherical bodies having the approximate size of
pyrenoids can be observed next to an intact cell. (B-D)
Signals from carbonic anhydrase (CA) and Rubisco (Ru)
show that these bodies contain bona fide pyrenoid
proteins. (E) Western blot analysis revealed that the
pyrenoid fraction (lane 2} was highly enriched in the large
subunit of Rubisco {LSU) compared to the supernatant
(lane 1). Bars, 5 um.
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revealed that it was highly enriched in LSU compared to the supernatant (Figure 6.2 E).
Finally, when the pyrenoid fraction was compared to the supernatant on an SDS-PAGE,
most proteins were not detected; while known pyrenoid proteins remained (LSU and
SSU) (Figure 6.3 lanes 1 and 2). These results suggest that our pellet fraction is highly
enriched in pyrenoids.

6.3.2 C. reinhardtii pyrenoid proteome

The protein composition of pyrenoid-enriched fractions was different between cells
grown mixotrophically (on TAP medium) or phototrophically (on HSM medium) (Figure
6.3 lanes 2 and 3, respectively). Pyrenoids from cells grown phototrophically were
enriched in both LSU and SSU and had fewer proteins that are thought to be
contaminants such as LHC 1. Therefore, we prepared the pyrenoid fractions for mass
spectrometry analysis from cells grown bhototrophically to minimize the amount of
cohtafnination from other compartments.

The pyrenoid fraction was separated on a 12-18% gradient non-denaturing SDS-PAGE
and the gel lane was cut into 14 sections (Figure 6.3 lane 3). Each section was analyzed
separately by tandem mass spectrometry. Twelve proteins had P scores below the
cutoff of 10 (Table 6.1). P scores reflect the probability that a peptide for a given
protein has the same sequence elsewhere in the genOme. Out of these twelve proteins,
seven were chloroplast proteins determined by their characterization at the Joint
Genome Institute. Four of the seven chloroplast proteins had functions in starch
metabolism, two were Calvin cycle enzymes and one was a nitrite reductase. One

protein, a putative glucoamylase I, was included in Table 6.1 as a possible pyrenoid
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protein because it had a high P score and had the appropriate molecular weight for the
gel section it was excised from while being involved in starch metabolism like many
other proteins in the proteome. These results provide the first proteome of the
pyrenoid which included eight proteins functioning in starch metabolism, CO;
metabolism and nitrite metabolism.

6.4  Discussion

6.4.1 A simple method for isolating pyrenoids

This simple procedure for pyrenoid isolation is much faster and safer than previously
| described protocols (Figure 6.1) [174]. The optirﬁal growth conditions were defined to
obtain pyrenoids with the least amount of contaminating proteins. | had found
previously that cells grown mixotrophically have a higher rate of protein synthesis and a
higher total amount of protein than cells grown phototrophically (data not shown).
Therefore, it was not surprising that pyrenoid fractions isolated from cells grown
mixotrophically had a higher level of protein contamination (Figure 6.3 lane 2).
Furthermore, an initial mass spectrometry analysis with mixotrophic cells produced a
larger number of.proteins from other compartments including flagella, the nucleus and
cytoplasm (data not shown). Pyrenoids from cells grown phototrophically have fewer
proteins and a higher ratio of LSU and SSU compared to the other proteins present
(Figure 6.3 lane 3). This higher ratio is probably due to a requirement for many more
proteins for metabolism of exogenous acetate than for photosynthesis. Therefore,

pyrenoids from cells grown phototrophically were used for mass spectrometry analysis.
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Figure 6.3. A fraction enriched in pyrenoids has few proteins.

Many proteins are absent when the pyrenoid pellet fraction was compared to the
supernatant on SDS-PAGE, while known pyrenoid proteins remained (LSU and SSU)
(lanes 1 and 2). The protein composition of pyrenoids was different between cells grown
mixotrophically on TAP or phototrophically on HSM (lanes 2 and 3). Pyrenoids from cells
grown phototrophically were enriched in both LSU and SSU and had contaminating
proteins such as LHC Ii.
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Function

Peptides

Protein Local. P MW (KDa)
hits
Putative granule-bound starch cp Starch 1.90 X 10° 74.6 26
synthase | metabolism
6-phosphogluconolactonase cp Starch 9.68 X 10 27.1 7
metabolism | -
Rubisco small subunit cp Calvin cycle 2.30X 107 20.6 4
enzyme
Nucleoside diphosphate sugar cp Starch 4.99 X 10° 44.7 8
epimerase metabolism
Glycine cleavage T protein cy | Aminomethyl | 4.75C10° 43.6 3
transferase
Glyceraldehyde-3-phosphate cp | Calvincycle | 2.51X10° 40.3 3
dehydrogenase enzyme
Beta subunit of mitochondrial mt | ATP synthase | 1.68 X 10° 61.8 14
ATP synthase
Alpha-glucan water dikinase cp Starch 8.52X10° 149.8 2
metabolism :
Nitrite reductase cp Nitrite 8.05 X 10° 52.2 5
reductase
Calmodulin-dependent protein cy Kinase 7.67X10° 48.8 2
kinase ‘
Lactate/malate dehydrogenase cy | Dehydrogenase | 1.17 X 10" 36.6 2
Pherophorin-C3 ex Cell wall 1.08 X 10 41.9 3
protein
t Putative glucoamylase | cp Starch 1 173.8 3
metabolism

TABLE 6.1. Mass spectrometry analysis of pyrenoid fraction

Mass spectrometry analysis of the pyrenoid fraction revealed 12 proteins with P values
below 10 and 7 of these are chloroplast proteins (JGI, Target P). All proteins are ranked
~ according to their P score, which is a probability that a peptide has the same sequence
elsewhere in the genome. cp, chloroplast; cy, cytoplasm; ex, extracellular matrix; mt,

mitochondria.

T This protein had a high P score but was included in the table because it had the appropriate molecular
weight for the section of the gel it was in and it was involved in starch metabolism in the chloroplfast
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The proteome of the pyrenoid in mixotrophic cells could be unique and interesting but
because of the large amount of contaminating proteins we did not study it further.

6.4.2 The C. reinhardtii pyrenoid proteome

This is the first study to describe the proteome of the C. reinhardtii pyrenoid. Of the
eight proteins identified by mass spectrometry, 2 had been identified previously by
immunogold EM: nitrite reductase and SSU [55, 86] and 5 of the other 6 are involved in
starch metabolism, which is not surprising considering the large starch plates that
surround the pyrenoid (see Chapter 1 Figure 1.3). Calvin cycle enzyme glyceraldehyde-3-
phosphate dehydrogenase is the only other Calvin cycle enzyme to have been identified
in the C. reinhardtii pyrenoid besides Rubisco. Kuchitsu et al. [174] had an enriched
pyrenoid fraction _but could only visually identify LSU and SSU. They mentioned proteins
of 70, 66, 51, 49, and 44 kDa as possible minor pyreﬁoid proteins. The 70 kDa protein is
most likely granule-bound starch synthase, the 51 kDa protein is nitrite reductase, and
the 44 kDa protein is nucleoside diphosphate sugar epimerase. This study provides the
first evidence that starch metabolism enzymes and glyceraldehyde-3-phosphate
dehydrdgenase are localized to the pyrenoid.

The other two minor proteins mentioned by Kuchitsu et al. {174] could be
contaminants. We did not have a contaminant of 66 kDa in our fraction, but we did have
calmodulin-dependent protein kinase as a 49 kDa contaminant. Our pyrenoid fraction
had 5 out of 12 proteins that were not chloroplast proteins. This level of contamination
is consistent with the proteomic analysis of other chloroplast subcompartments like the

eyespot, which had approximately 20% contaminants [175]. Our pyrenoid fraction had
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double this amount of contamination, but the eyespot isolation procedure is very labour
intensive and most likely eliminates more contaminants than our rapid method. This
level of contamination from outside the chloroplast brings into question the amount of
contamination from within the chloroplast.

It must be noted that the mass spectrometer did not detect LSU in the pyrenoid
fraction even though it is clearly a major band in fhe gel (Figure 6.3 lane 3). A possible
reason for this is that the amount of trypsin was not increased when the gel band
containing LSU was digested. This may have resulted in little digestion of this abundant
protein and therefore too few peptides produced for the mass spectrometer to analyze.
One must wonder whether other proteins are missing from our pyrenoid proteome due
to this problem. Repeating these experiments by adding more trypsin to gel pieces
containing high amounts of proteins could yield a more complete proteome.

6.5 Conclusion

The pyrenoid proteome has confirmed that this chloroplast subcompartment has roles
in CO, assimilation and nitrite reduction, which have been mentioned previously based
on immune-gold EM localization studies. However, this proteome also reveals a novel
function of thé pyrenoid in starch metabolism. There are, however, significant
contaminants from other compartments and this proteome may be incomplete due to
the absence of LSU which is clearly a pyrenoid protein.

This simple method for pyrenoid isolation could be used in future studies such as
cpSG isolation because these granules have been shown to be at the inner perimeter of

the pyrenoid (Chapter 4).
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7 Conclusions and suggestions for future work

My findings have improved our level of understanding of the chloroplast. | am
the first to use FISH and IF extensively within this organelle. The use of these techniques
has shown that processes within this organelle are much more compartmentalized than
previously thought. | have identified two novel chloroplast compartments: T zones,
which house the early steps of de novo PS Il biogenesis, and cpSGs, which form during
oxidative stress and harbor mRNAs and protein. | am the first to show that some
chloroplast proteins are targeted via their mRNA and have begun to describe the precise
targeting mechanisms used. | have characterized the first proteome of the pyrenoid,
which suggests that this chloroplast compartment is involved in starch metabolism, CO,
assimilation and nitrite reduction.

7.1 PS Il subunit synthesis for PSII biogenesis occurs in T zones

I have provided in situ evidence for the current model that D1 synthesis for PS Il repair
occurs in stroma thylakoid membranes throughout the chloroplast. | have also provided
many lines of evidence showing that PS Il subunit synthesis and assembly occur in a
specific region of the chloroplast that | have called T zones (Chapter 2).

The next step would be to characterize, biochemically, the composition of T
zones and the membranes surrounding them. We expect T zones to be heavier than
thylakoid membranes based on ﬁ1y in situ data showing ribosomes concentrating there.
Therefore, sucrose gradient centrifugation of chloroplasts could reveal membranes that
are heavier than thylakoid membranes. If there are such heavy membranes, these could

be analyzed by Western blot to see if they have T zone components. If they do, we could
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analyze these samples by mass spectrometry to obtain a T zone proteome. This would
tell us what proteins are involved in de novo PS Il synthesis and assembly.

7.2 Chloroplast protein targeting involves localized translation

My use of in situ approaches in the anaiysis of mRNA localization for chloroplast protein
targeting has begun to identify the targeting: mechanisms used by specific proteins for
different processes (Chapter 3). | showed that chloroplast proteins are targeted via the
three known general mechanisms: post-translational, co-translational, and mRNA-based
targeting. These findings reveal that chloroplasts are complex and compartmentalized
systems that use protein targeting mechanisms like the well-characterized mechanisms
in yeast and Drosophila.

Future studies should focus on exploring thesé pathways at the biochemical
level. What ‘proteins are involved in localizing the mRNA-ribosome-nascent chain
complexes in co-translational targetinvg? Which RBPs localize‘the mRNAs in mRNA-based
targeting? One could also use these approaches to determine the targeting mechanisms
used for other chloroplast proteins.
7.3 Stress induces the assembly of RNA granules in the chloroplast of C. reinhardtii
The discovery of cpSGs reveals a novel chloroplast stress response and the first example
of a stress-induced RNA granule in a bacterial lineage or organellar genetic system. My
findings also provide novel functions for the pyrenoid in harbouring cpSGs and LSU as
the cpSG assembly factor (Chapter 4).

In Chapter 5, | present evidence that cpSGs do not provide oxidative stress

tolerance, therefore what is their function? To better understand the role of cpSGs, we
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would like to determine their complete composition. Because cpSGs are within the
pyrenoid, we have begun work to isolate cpSGs by using our pyrenoid isolation protocol
described in Chapter 6. Initial trials have shown that cpSGs come apart during pyrenoid
isolation. Therefore, we would like to try the addition of cross-linking égents that might
hold cpSGs within pyrenoids during the isolation. Isolating cpSGAs would allow us to
analyze them by mass spectrometry and obtain the first proteome of any SG.

Other projects that could stem from these findings are to determine whether
land plants or even mitochondria or bacteria have cpSGs.

7.4  Characterization of the pyrenoid proteome in C. reinhardtii

The pyrenoid proteome has revealed that this chloroplast compartment has roles in
starch metabolism, CO, assimilation and nitrite reduction. Because this pyrenoid
isolation procedure yields significant contaminants from other compartments and
because this proteome is incomplete due to the absence of LSU, it will be necessary to
. repeat this experiment.

In Chapter 5, | describe two mutants with deletions in rbcl and rbcS that do not
have pyrenoids. If these mutants were put through the pyrenoid isolation procedure,
the material that was found in the pellet fraction could be considered contamination.
These contaminants could be analyzed by mass spectrometry and subtracted from the
pyrenoid proteome of a wiid-type strain that is run in parallel. A way to do this would be
to grow the mutant strain on °N and the wild-type strain on N, mix an equal number
of cells from each strain and isolate pyrenoids from this mixture [176]. The re‘sulting

pyrenoid fraction would have proteins labeled with ¥N and contaminating proteins
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labeled with ©N. The mass spectrometer is able distinguish between nitrogen isotopes

and it could subtract all proteins from the proteome that have **N. This could yield a

more accurate proteome because many contaminating proteins should be removed.

8
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