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ABSTRACT
REGULATION OF PLANT ENERGY ORGANELLE DYNAMICS IN ARABIDOPSIS
By
Ronghui Pan

Eukaryotic cells are defined by the presence of membrane-delineated organelles,
providing the necessary environments for various biochemical reactions. In plants, three
organelles — chloroplasts, mitochondria and peroxisomes — are critically involved in
many essential aspects of plant physiology, including energy capture, conversion,
storage and metabolism. The major protein machineries governing the dynamics of
these organelles, including those for protein import and membrane fission, have been
identified. However, mechanisms that regulate the major machineries are just beginning
to be elucidated in plants and other systems. This dissertation research aims to deepen
the understanding of the roles of protein post-translational modifications and membrane
lipids in regulating organelle dynamics using the plant model system Arabidopsis
thaliana. First, | studied the role of cardiolipin (CL), a negatively charged non-bilayer
forming phospholipid, in organelle dynamics and plant development. | showed that CL is
important for mitochondrial fission in Arabidopsis and exerts this function, at least in part,
through stabilizing the higher-order protein complex of dynamin-related protein 3
(DRP3), a major division protein for mitochondria and peroxisomes. CL and Cardiolipin
Synthase (CLS) both localize specifically to mitochondria. CL deficiency resulted from
CLS gene disruption or suppression of gene expression leads to mitochondrial
elongation and enlargement, abnormal mitochondrial cristae, plant dwarfness and

susceptibility to various abiotic stresses. Then | focused on a key form of protein post-



translational modification — ubiquitination, for its role in regulating organelle dynamics.
Through a bioinformatic approach, | identified a mitochondrial outer membrane
associated deubiquitinase, UBP27, and determined its membrane topology, targeting
signal and enzymatic activity. UBP27 is anchored to the mitochondrial outer membrane
with the enzymatic domain facing the cytosol. Overexpression of UBP27 reduces
mitochondrial length and mitochondrial association of DRP3, suggesting its role in
mitochondrial dynamics possibly through affecting the recycle of DRP3 from
mitochondrial to the cytosol. Finally, | identified a small family of RING domain-
containing proteins, namely SP1, SPL1 and SPL2, among which ubiquitin E3 ligase
activity had been shown for SP1. SP1 and SPL1 localize to chloroplasts, mitochondria
and peroxisomes, while SPL2 localizes to chloroplasts and mitochondria; such proteins
that localize to all three major energy organelles had not been reported. | performed
initial characterization of these RING domain proteins, and discovered distinct
characteristics among them in targeting signal, membrane association, and loss- and
gain-of-function mutant phenotypes. | hypothesize that these three related proteins may
coordinately regulate the import, division, and/or distribution of chloroplast, mitochondria
and peroxisomes. In summary, my work has revealed multiple regulatory mechanisms
in the dynamics of Arabidopsis mitochondria, peroxisomes and chloroplasts, key
organelles that act in concert in a number of plant metabolic pathways essential for

energy metabolism.
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CHAPTER 1

LITERATURE REVIEW

The dynamics of plant energy organelles: protein import and organelle fission



1.1 Introduction

Eukaryotic cells are defined by the presence of membrane-enclosed structures,
including the nucleus and numerous other organelles. In higher plants, three organelles
- peroxisomes, mitochondria and chloroplasts — play essential roles in energy capture,
conversion, storage and/or metabolism. Hence, they are often referred as plant energy
organelles.

Peroxisomes are small single membrane-bounded entities with a diameter of 0.1-
1 um. They perform various crucial metabolic functions, including lipid mobilization,
photorespiration, detoxification, hormone biosynthesis and metabolism, and pathogen
defense in plants (Hu et al.,, 2012). Mitochondria, the descendants of ancient
endosymbiotic a-proteobacteria, are delineated by double membranes (Lane and Martin,
2010). They participate in many vital physiological processes, such as energy
metabolism, programmed cell death, intracellular calcium homeostasis, primary carbon
metabolism, amino acid metabolism and the biosynthesis of lipids and vitamins.
Mitochondria supply the biological energy ATP and thus are considered the power
house of the cell (Millar et al., 2008). Chloroplasts are chlorophyll-containing plastids,
which are descendants of ancient endosymbiotic photosynthetic cyanobacteria (Keeling,
2010). Plastids are surrounded by two membranes, the inner envelope membrane (IEM)
and outer envelope membrane (OEM). Chloroplasts carry out photosynthesis, the
synthesis of fatty acids and amino acids, the metabolism of nitrogen and sulfur, and
numerous other functions (Neuhaus and Emes, 2000). There is also a network of
internal membranes in chloroplasts called thylakoids, where photosynthetic pigments

and major photosynthetic proteins are embedded (Jarvis and Lépez-Juez, 2013).



Some metabolic pathways, including photorespiration, jasmonic acid
biosynthesis, and lipid metabolism, require the coordinated functions of peroxisomes,
mitochondria and chloroplasts (Peterhansel et al., 2010; Millar et al., 2008; Hu et al.,
2012). For example, photorespiration is initiated in chloroplasts by Rubisco, the same
enzyme that is also responsible for photosynthetic CO, fixation. Photorespiration
recycles phosphoglycolate, a toxic compound produced by oxygen fixation in
photosynthesis, back to phosphoglycerate, a Calvin cycle intermediate. The
photorespiratory pathway in higher plants consists of individual reactions from all three
organelles as well as the cytosol (Bauwe et al., 2010). Hence, one can predict that the
optimal performance of photorespiration is dependent on the coordination of the
functions and dynamics of these three organelle, as well as inter-organellar metabolite
transportation.

If considered quantitatively in terms of mass flow, photosynthesis and
photorespiration are the two most important processes in the biogeosphere.
Photosynthesis plays a major role in the creation of chemical energy and biomass on
earth. Photorespiration, however, causes significant losses of carbon and energy, which
potentially amounts to 25% of photosynthetic output in C3 plants (Cegelski and
Schaefer, 2006; Sharkey, 1988). Just from this perspective, it is important to understand
the regulation of the functions of peroxisomes, mitochondria and chloroplasts in plant
cells to achieve the preferable activity of photosynthesis and photorespiration. Progress
in this field can potentially lead to tremendous industrial and agricultural values.

To be responsive to various environmental, developmental and physiological

cues, chloroplasts, mitochondria and peroxisomes are all very dynamic organelles. The



dynamics of these organelles include changes in number, morphology, distribution, as
well as their protein and lipid compositions. The dynamics of chloroplasts, mitochondria
and peroxisomes are important for their functional efficiency. Chloroplasts and
mitochondria originated from endosymbiosis events and contain their own genomes.
However, almost all the mitochondrial and chloroplast proteins are encoded by nuclear
genes and have to be imported from the cytosol. Mitochondria and chloroplasts cannot
be generated de novo. Instead, they have to be inherited from the parental cells and
can only multiply by bacterial-like binary fission (Jarvis and Lépez-Juez, 2013; Carrie et
al., 2013). In contrast, peroxisomes do not contain any genetic information, hence,
peroxisomal proteins are all nuclear encoded and imported into the organelles from the
cytosol after translation. Peroxisomes can propagate through either de novo formation
from the endoplasmic reticulum (ER) or peroxisomal fission (Hu et al., 2012).

This chapter focuses on the dynamics of mitochondria and peroxisomes in

Arabidopsis with respect to protein import and organelle fission.

1.2 Plant mitochondrial protein import machinery

Due to the endosymbiotic origin, mitochondria contain their own genome that
encodes proteins as well as rRNA and tRNA (Millar et al., 2008; Friedman and Nunnari,
2014). However, except about 50 proteins, the proteome of mitochondria is almost all
encoded by nuclear genes and imported into mitochondria after translation (Millar et al.,
2005; Canovas et al., 2004). The mitochondrial proteome also varies significantly in
different tissue types or developmental stages. For example, within ~12-24 hours of

seed germination, mature mitochondria emerge from pro-mitochondria that contain no



cristae, with an concurrent increase of mitochondrial metabolic activities (Law et al.,
2014; Naydenov et al., 2008; Khanam et al., 2007; Logan et al., 2001; Ehrenshaft and
Brambl, 1990; Howell et al., 2006).

Since most mitochondrial proteins have to be imported, the protein import
apparatus is a central part of mitochondrial biogenesis (Wiedemann et al., 2004; Dudek
et al., 2013; Gebert et al.,, 2011; Rassow and Pfanner, 2000). A large portion of this
apparatus is well conserved across different species. In plants, however, the existence
of chloroplasts introduces additional complexities to protein targeting. Hence, plant cells
contain some unique factors to maintain the mitochondrial protein targeting specificity
against plastid targeting (Duncan et al.,, 2013). The mitochondrial protein import
apparatus comprises protein components located in different sub-compartments of
mitochondria, i.e., outer membrane (MOM), inter-membrane space (IMS), inner

membrane (MIM) and matrix (Fig. 1.1).

1.2.1 Outer membrane proteins

Translocation of mitochondrial proteins is initiated with the recognition of
precursor proteins by the Translocases of the Outer Membrane (TOM). The Arabidopsis
TOM machinery consists of the conserved proteins TOM40 and METAXIN, as well as
plant specific proteins TOM20, TOM9, and OM64 (Fig. 1.1) (Duncan et al., 2013; Braun
and Schmitz, 1999).

TOMA40 is a B-barrel protein and it functions as the pore forming channel (Lister
et al., 2004). Plant TOM20 proteins are C-terminal anchored membrane proteins and

function as protein receptors (Rimmer et al., 2011). In normal growth conditions,



disruption of Arabidopsis TOM20 functions only causes a little delay in bolting (Lister et
al., 2007). TOM9 proteins are considered the orthologs of yeast TOM22, but they are
much shorter and lack the cytosolic domain found in yeast TOM22 (Jansch et al., 1998;
Macasev et al., 2000). OM64 shows sequence similarities to the plastid receptor TOC64,
which does not have growth defects in the Arabidopsis null mutant (Lister et al., 2007).
Arabidopsis mutants deleted for OM64 and all three functional TOM20 proteins are
embryonic lethal (Duncan et al., 2013). Thus, TOM20 and OM64 are probably both
plant-specific receptors with overlapping functions.

METAXIN is an outer membrane protein important for protein import. It is
conserved from mammals to plants. Deletion of Arabidopsis METAXIN results in strong
plant developmental abnormalities and reduction of protein import. The cytosolic domain
of METAXIN interacts with some mitochondrial precursor proteins (Lister et al., 2007).

However, the exact role of METAXIN has not yet been clarified.

1.2.2 Proteins in the inter-membrane space

Several protein import factors that are highly conserved across different species
are located in the IMS (Carrie et al., 2010b). These include the so-called “tiny TIM”
proteins (TIM8, 9, 10 and 13) and MIA40-ERV1 proteins (Fig. 1.1). In yeast, TIM9 and
TIM10 form a hexameric chaperone complex, which is essential for yeast viability and
the translocation of mitochondrial precursor proteins to the MIM. Moreover, TIM8 and
TIM13 also form a chaperone complex (Davis et al., 2007; Koehler et al., 1998; Senapin

et al., 2003). The biochemical activity of these Arabidopsis TIMs, particularly, TIM9 and



TIM10, was tested in a reconstitution assay, which showed that these TIMs are
important for the import of mitochondrial carrier proteins (Lister et al., 2002).

Besides tiny TIMs, the disulfide relay system mediated by MIA40 and ERV1
facilitates the import of IMS located proteins with twin CX(9)C or CX(3)C motifs (Gabriel
et al., 2007). Both MIA40 and ERV1 are essential proteins in yeast (Rissler et al., 2005;
Chacinska et al., 2004). However, in Arabidopsis, only ERV1 is essential. Interestingly,
Arabidopsis MIA40 is dual localized to mitochondria and peroxisomes. Consistently,
MIA40 substrates superoxide dismutase (CSD1) and copper chaperone for SOD1
(Ccs1) are also dual localized to mitochondria and peroxisomes in Arabidopsis. This
indicates that MIA40 may be involved in the biogenesis of both mitochondria and

peroxisomes in Arabidopsis (Xu et al., 2013; Carrie et al., 2010a).

1.2.3 Inner membrane proteins

The import of mitochondrial proteins targeted to the MIM and matrix is dependent
on the Translocases of the Inner Membrane (TIM). TIM components show better
conservation across different species than the TOM components (Carrie et al., 2010b).
The imported mitochondrial preproteins associate with either TIM22 or TIM17:23
complexes, after the translocation mediated either directly by the TOM complexes or
chaperoned by the tiny TIMs in the IMS (Chacinska et al., 2010). TIM22, TIM17 and
TIM23 are pore-forming channel proteins (Chacinska et al., 2009). Other factors such
as TIM50, TIM21, mtHSP70, TIM44 and chaperone proteins PAM16 and PAM18, are
also associated with the TIM17:23 complexes (Fig. 1.1) (Chacinska et al., 2010;

Wagner et al., 2009). Many of these TIM components are highly expressed during



Arabidopsis seed germination and are essential for the viability of the plant (Narsai et al.,

2011).

1.2.4 Matrix proteins

After being imported into the matrix, mitochondrial proteins have to be processed
to be mature in function. This is mediated by two kinds of peptidases, the Mitochondrial
Processing Peptidases (MPP) and the Presequence Peptidase (PrepP) (Fig. 1.1), each
having two isoforms in Arabidopsis (Kwasniak et al., 2012). MPP cleaves the targeting
signal and PrepP degrades the signal peptide after cleavage. Both MPP and PrepP
show plant specific features: the Arabidopsis MPP has a second function in
mitochondrial electron transfer, while PrepP localizes to both mitochondria and
chloroplasts (Glaser et al., 2006; Stahl et al., 2002; Eriksson et al., 1996; Braun et al.,

1992).

1.3 Plant peroxisomal protein import machinery

The current model of peroxisome biogenesis is based on the studies from
multiple model organisms, especially from yeasts due to the dispensable nature of
peroxisomes in yeasts grown in rich media. Peroxisomes are considered semi-
autonomous. They can arise through either de novo biogenesis from special ER
membrane domains (at least in yeasts and mammals) or fission of existing peroxisomes.
ER provides a source for membrane phospholipids and some peroxisome membrane

proteins (PMPs) to generate pre-peroxisomes (Schluter et al., 2006; Mullen and



Trelease, 2006). Pre-peroxisomes need to mature through the import of matrix proteins
(Hu et al., 2012).

The core peroxisomal protein import machinery is largely conserved from yeasts
to plants and animals. Peroxisome matrix proteins are all imported from the cytosol,
mostly using either a C-terminal localized Peroxisome Targeting Signal type 1 (PTS1) or
N-terminal localized PTS2 signals (Brocard and Hartig, 2006; Petriv et al., 2004).
Several membrane associated peroxins (proteins involved in peroxisome biogenesis)
collectively form the protein import apparatus (Fig. 1.2) (Hu et al., 2012). In Arabidopsis,
peroxisomal matrix proteins are bound to receptors PEX5 or PEXY7 prior to peroxisomal
entry. PTS1-containing proteins interact with PEX5, while PTS2-containing proteins
interact with PEX7 (Lanyon-Hogg et al., 2010). In addition, PEXS is also required for
PEXY function (Nito et al., 2002). Then the cargo-receptor complexes dock to the import
apparatus formed by two membrane proteins PEX13 and PEX14 (Hayashi et al., 2000;
Mano et al., 2006). After the translocation of cargo proteins into the matrix, the
receptors are recycled back to the cytosol. In yeast, the recycling of PEX5 employs an
ubiquitin system, which comprises an ubiquitin-conjugating enzyme PEX4 and three
ubiquitin-protein ligases PEX2, PEX10, and PEX12 (Grou et al., 2009). There is no
direct evidence for PEX5 ubiquitination in plants, but this ubiquitin-related apparatus is
conserved (Fig. 1.2). In Arabidopsis, PEX4 is anchored to the membrane by PEX22
(Zolman et al., 2005). Two AAA ATPases PEX1 and PEX6 mediate the departure of
PEX5 back to the cytosol (Nito et al., 2007; Zolman and Bartel, 2004). An integral
membrane protein APEM9 interacts directly with PEX6 and tether the PEX1-PEX6

complex to the peroxisome membrane (Goto et al., 2011). The knockout mutants of



Arabidopsis PEX2, PEX10, and PEX12 are embryonic lethal (Schumann et al., 2003;
Hu et al.,, 2002; Fan et al., 2005; Sparkes et al., 2003). The precise roles of each
peroxins are still obscure and probably more complex than the current model. For
example, a mild pex13 mutant aggravates the pex5 and pex714 mutant defects but
ameliorates other mutants defected in the recycling of PEX5 (Ratzel et al., 2011). This
indicates that maintaining the balance between the import and export of receptors is

critical.

1.4 Fission machineries of plant mitochondria and peroxisomes

1.4.1 Shared fission factors between mitochondria and peroxisomes

Mitochondria and peroxisomes both utilize fission to maintain their abundance in
the cell and to pass onto subsequent generations. In normal conditions, both
mitochondria and peroxisomes appear as numerous discrete small entities in plant cells,
indicating that their fission process is very active. As mentioned in the introduction,
mitochondria and peroxisomes are metabolically linked. Mitochondrial and peroxisomal
dynamics are also strongly linked by sharing of a major part of their fission machineries.
The shared fission factors in Arabidopsis include Fission1 (FIS1), Dynamin-Related

Protein 3 (DRP3), and Peroxisomal and Mitochondrial Division factor1 (PMD1) (Fig. 1.3).

1.4.1.1 DRP3A and DRP3B: dynamic membrane scissors
The core factors of mitochondrial and peroxisomal fission belong to the dynamin-

related protein family and are conserved across different kingdoms, e.g., DRP3A and
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DRP3B in Arabidopsis, hsDRP1 in human and scDNM1 in Saccharomyces cerevisiae
(Fujimoto et al., 2009; Mano et al., 2004; Aung and Hu, 2012; Zhang and Hu, 2009;
Bleazard et al., 1999; Smirnova et al., 2001). These DRPs are large GTPases located in
the cytosol before being recruited to the organelles. The crystal structure of hsDRP1
revealed the protein to be composed of a G domain, a bundle signaling element and a
stalk (Frohlich et al., 2013). These large GTPases can form dimers and higher-order
complexes. They dynamically localize at the organelle fission sites, form ring-like
structure via higher order assembly, and promote membrane fission through assembly-
driven and GTP hydrolysis-driven constrictions (Hoppins et al., 2007; Praefcke and
McMahon, 2004; Ingerman et al., 2005; Legesse-Miller et al., 2003; Labrousse et al.,
1999).

In Arabidopsis, DRP3A and DRP3B localize to the tips and fission sites of
mitochondria. They also associate with peroxisomes, but with much less frequency.
Loss-of-function mutants of DRP3A and DRP3B show significant increase of
mitochondrial and peroxisomal length. Hence, DRP3s are very important for the fission
of these organelles. Moreover, the organelle fission defects of drp3A mutants are much
stronger than those of drp3B mutants, suggesting that DRP3A functions as the primary
peroxisomal/mitochondrial fission DRP in Arabidopsis (Zhang and Hu, 2009; Aung and

Hu, 2012; Fujimoto et al., 2009; Mano et al., 2004).

1.4.1.2 FIS1A and FIS1B: membrane anchors for DRP3
In Arabidopsis, besides DRP3A and DRP3B, two other homologous proteins in

the shared fission machinery of mitochondria and peroxisomes are FIS1A and FIS1B
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(Zhang and Hu, 2008b, 2009; Lingard et al., 2008). Similar to DRP3, FIS1 proteins are
well conserved across different kingdoms (Yoon and Krueger, 2003; James et al., 2003;
Karren et al., 2005). FIS1 anchors to the membrane via its C-terminal transmembrane
domain with its N-terminal tetratricopeptide repeat (TPR) domain exposed to the cytosol
(Tooley et al., 2011; Zhang and Chan, 2007; Koch et al., 2005). The importance of FIS1
proteins in mitochondrial and peroxisome fission is evidenced by organelle fission
defects in various FIS1 deficient mutants across different kingdoms (Koch et al., 2005;
Kobayashi et al., 2007; Zhang and Hu, 2008b, 2009; Nagotu et al., 2008). In addition,
these studies indicate that FIS1 is involved in the recruitment of DRPs from the cytosol
to mitochondrial and peroxisome membranes. Interestingly, the Arabidopsis FIS1A is
also found to localize to chloroplasts (Ruberti et al., 2014). Whether plant FIS1 is

involved in the dynamics of chloroplasts is a very interesting question to be answered.

1.4.1.3 Other fission factors shared by mitochondria and peroxisomes

In Arabidopsis, the third dual-localized fission factor on mitochondria and
peroxisomes is Peroxisomal and Mitochondrial Division factor 1 (PMD1). PMD1 is a
plant-specific fission factor, which acts independently from the FIS1-DRP3 complex.
PMD1 is a C-terminal anchored membrane protein with multiple coiled-coil domains.
PMD1 deficiency results in peroxisomal enlargement and mitochondrial elongation,
while PMD1 overexpression increases mitochondrial and peroxisomal abundance and
aggregation. PMD1’s homolog, PMD?2, localizes specifically to mitochondria. The exact
roles of PMD1 and PMD2 in plant organelle fission processes remain to be determined

(Aung and Hu, 2011).
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In the yeast Saccharomyces cerevisiae, two homologous proteins MDV1 and
CAF4 function as adaptors between scFIS1 and scDNM1. MDV1 and CAF4 physically
interact with scFIS1 and scDNM1, as well as themselves. MDV1 and CAF4 each
contain an N-terminal extension (NTE) domain with two a-helices, a middle coiled-coil
domain (CC) and a C-terminal WD40 repeat region (Tieu et al., 2002; Karren et al.,
2005; Schauss et al., 2006; Motley et al., 2008). However, these adaptors do not have
apparent homologs in Arabidopsis or human.

In metazoans, a coiled-coil domain-containing membrane protein Mitochondrial
fission factor (Mff) is tail anchored to both mitochondria and peroxisomes (Gandre-
Babbe and Bliek, 2008; Otera et al., 2010). In mammals, Mff physically interacts with
DRP1 and is a receptor for DRP1 (Otera et al., 2010). Mff does not have apparent

homologs in Arabidopsis or yeasts, either.

1.4.2 Mitochondrial-specific fission factors

Besides PMD1, DRP3 and FIS1, Arabidopsis mitochondrial fission machinery
contains a plant-specific fission factor, Elongated Mitochondria1l (ELM1) (Fig. 1.3).
Loss-of-function mutants of ELM1 contain extensively elongated mitochondria. ELM1
physically interacts with DRP3 and is involved in the translocation of DRP3 to
mitochondria in a FIS1-independent manner (Arimura et al., 2008).

In metazoans, two homologous membrane proteins MiD49 and MiD51 are
anchored in the mitochondrial outer membrane, displaying a localization pattern on
mitochondria similar to that of mammalian DRP1. Overexpression of MiD49 or MiD51

results in extensive mitochondrial elongation. However, the loss-of-function mutants

13



were reported with conflicting morphological changes (mitochondrial elongation vs.
fragmentation) in different studies (Loson et al., 2013; Zhao et al., 2011; Schuldt, 2011;
Palmer et al., 2011a). MiD49 and MiD51 interact with DRP1 and FIS1, both able to
mediate the recruitment of DRP1 to mitochondria in the absence of Mff and FIS1 (Loson
et al., 2013; Zhao et al., 2011; Schuldt, 2011; Palmer et al., 2011a; Liu et al., 2013).

Thus, several proteins are involved in recruiting DRP1 to mitochondria.

1.4.3 Other peroxisomal fission factors
1.4.3.1 PEX11: promoter of peroxisome elongation

In Arabidopsis, peroxisome fission is mainly mediated by three evolutionarily
conserved families of proteins. These include PEROXIN11 (PEX11), FIS1 and DRP3.
Although FIS1-DRP3 complex is shared between mitochondria and peroxisomes,
PEX11 function is limited to peroxisomes (Fig. 1.3). PEX11 proteins are integral to
peroxisome membrane and mediate peroxisome elongation prior to the action of the
FIS1-DRP3 complex. There are five PEX11 proteins (PEX11a to —e), which are
classified into three sub-families based on sequence homology, i.e., PEX11a, PEX11b
and PEX11c to e. When overexpressed, each PEX11 isoform can induce peroxisome
elongation and subsequent increase of peroxisome number. Silencing of these PEX11
proteins causes a reduction of both peroxisome number and size (Orth et al., 2007;
Lingard and Trelease, 2006; Lingard et al., 2008). Although individual PEX11 isoforms
are partially redundant in peroxisome fission, each of them may still have distinct

functions. For example, only two members of the five Arabidopsis PEX11 isoforms (i.e.
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PEX11d and PEX11e) can complement the yeast pex11 mutants and confer the yeast

null mutant the ability to grow on oleic acid (Orth et al., 2007).

1.4.3.2 DRP5B: a fission factor shared by peroxisomes and chloroplasts

In addition to DRP3A and DRP3B, a third DRP family protein (DRPSB) also
localizes to peroxisomes and participates in the fission process (Fig. 1.3) (Zhang and
Hu, 2010). There are 16 DRP proteins in the Arabidopsis genome, which are classified
into 6 subfamilies based on sequence similarities (Hong et al., 2003). DRPS5B is a well-
known chloroplast fission factor (Gao et al., 2003) distantly related to DRP3A and
DRP3B in sequence and only found in plants and algae (Miyagishima et al., 2008).
Hence, the involvement of DRP5B in both peroxisome and chloroplast fission process is
probably a unique feature of plant and/or algae.

Moreover, even though DRPS5B does not associate with mitochondria, the
deficiency of DRP5B does cause defects in mitochondrial fission. DRP5B is not a
component of the DRP3 higher-order complex (Aung and Hu, 2012). Why mitochondria
are elongated in drp5B null mutants is unknown. The exact role of DRP5B in

peroxisome fission also needs to be determined.

1.5 Lack of identified mitochondrial fusion machinery in plants

Mitochondria are highly tubular and interconnected in typical animal and yeast
cells (Chan, 2012), yet highly fragmented in normal plant cells. This suggests that plant
mitochondrial dynamics is fission dominant, as opposed to the fusion dominant

mitochondrial dynamics in many other eukaryotes.
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The molecular mechanism underlying mitochondrial fusion is well characterized
in yeast and mammals (Palmer et al., 2011b). Similar to fission, the core of the fusion
machinery is also composed of members of the DRP family. The mammalian
mitochondrial fusion DRPs are mitofusin 1 and 2 (MFN1/2) on the outer membrane
(Eura et al., 2006; Chen et al., 2003) and optic atrophy1 (OPA1) on the inner membrane
(Song et al., 2007; Mishra et al., 2014; Ishihara et al., 2006). The corresponding yeast
fusion DRPs are FZO1 (Rapaport et al., 1998) and MGM1 (Meeusen et al., 2006;
Sesaki et al., 2003; Wong et al., 2000, 2003). Besides the fusion DRPs, other fusion
factors have also been characterized in yeast and mammals (Palmer et al., 2011b;
Hoppins et al., 2007). In contrast, no plant mitochondrial fusion protein factors have
been discovered through either forward or reverse genetics. However, mitochondrial
fusion does occur in plants, as revealed by a fluorescence mixing experiment with onion
bulb epidermal cells using a mitochondrion-targeted photoconvertible fluorescent
protein name Kaede (Arimura et al., 2004a). Mitochondrial fusion in plants is also
supported by the observation of reticular mitochondria during G1 to S phase of the cell
cycle in Arabidopsis shoot apical meristem cells (Segui-Simarro et al.,, 2008). Such
extensive fusion of mitochondria was detected in cultured protoplasts prior to cell

division as well (Sheahan et al., 2005).

1.6 Regulatory mechanisms of mitochondrial dynamics
Mitochondria are very dynamic, being shaped continuously by antagonistic
fission and fusion events. The equilibrium of fission and fusion is tuned not only at

different developmental stages, but also in stressful environmental and pathological
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conditions. To date, the key machineries responsible for mitochondrial dynamics are
characterized through extensive studies in various experimental systems, including
mammals, yeasts and plants. Moreover, progress has been made on the regulatory
mechanisms of mitochondrial fission and fusion. Three types of regulations that
contribute significantly to the dynamic nature of mitochondria are discussed in this
subchapter: post-translational modifications (PTMs) of mitochondrial fission DRPs, ER-
mitochondria interaction, and mitochondrial membrane lipids (Ha and Frohman, 2014;

Huang and Frohman, 2009; Chang and Blackstone, 2010; Marchi et al., 2014).

1.6.1 Post-translational regulation of mammalian DRP1

DRPs are the core factors of the fission apparatus. The fission DRPs function in
a very dynamic manner. They translocate from cytoplasm to mitochondrial outer
membrane, assemble into higher-order ring structure at the fission site, deform and
scissor the membrane in a GTP hydrolysis-dependent manner, and relocate back to the
cytosol. PTMs of the fission DRPs may modulate multiple aspects of DRP functions,
including DRP’s dimerization/oligomerization, GTPase activity, localization to and
departure from mitochondria, and protein stability. Among all the components of
mitochondrial fission and fusion machineries, the mammalian mitochondrial DRP1 is the
best characterized with respect to its PTMs, including phosphorylation, SUMOylaiton,
ubiquitination, and S-Nitrosylation (Fig. 1.4) (Palmer et al., 2011b; Chang and

Blackstone, 2010).

1.6.1.1 Phosphorylation
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Phosphorylation of mammalian DRP1 occurs at different positions, either
enhancing or undermining DRP1’s fission activity. First, human DRP1 phosphorylation
at a conserved serine residue (Ser616) is mediated by the cdk1/cycling B kinase
complex during mitosis (Fig. 1.4) (Taguchi et al., 2007). This phosphorylation is
activated by RALA, a small Ras-GTPase and its effector RALBP1, which acts as a
scaffold to bring cdk1/cycling B kinase close to DRP1 and promote DRP1
phosphorylation (Kashatus et al., 2011). Phosphorylated DRP1 contains enhanced
ability in mitochondrial fission, possibly assisting the segregation of mitochondria into
daughter cell during mitosis.

DRP1 phosphorylation at Ser637 is mediated by cAMP dependent protein kinase
A (PKA) (Fig. 1.4), resulting in the inhibition of DRP1’s GTPase activity and therefore
impaired mitochondrial fission (Chang and Blackstone, 2007; Cribbs and Strack, 2007).
This phosphorylation can be reversed by a eukaryotic Ca2+/calmodulin-dependent
serine/threonine protein phosphatase Calcineurin (Fig. 1.4), which increases
mitochondrial associated DRP1 and DRP1’s fission activity (Cereghetti et al., 2008).
However, in another study, phosphorylation at the same Ser637 site mediated by
Ca2+/calmodulin-dependent protein kinase la (CaMKla) was found to lead to opposite
changes of DRP1, i.e. increases in mitochondrial associated DRP1 and its fission
activity (Fig. 1.4) (Han et al., 2008). The opposite consequences caused by the
phosphorylation of the same residue may suggest the complexity of the regulation of

mitochondrial dynamics in different cellular and tissue environments.

1.6.1.2 Ubiquitination
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MARCHS (or MITOL) is a mitochondrial membrane associated ubiquitin E3 ligase
in mammals (Nakamura et al., 2006; Yonashiro et al., 2006). MARCHS physically
interacts with the fusion factor MFN2 and the ubiquitinated form of fission factors DRP1
and FIS1 (Nakamura et al.,, 2006; Yonashiro et al., 2006). MARCHS5-mediated
ubiquitination of DRP1 is suggested to enhance mitochondrial fission, because silencing
of MARCHS5 causes disruption of DRP1 distribution and mobility, and hence
mitochondrial elongation (Fig. 1.4) (Karbowski et al., 2007).

DRP1 is also ubiquitinated by another ubiquitin E3 ligase named Parkin, which
may cause degradation of DRP1 (Fig. 1.4), as DRP1 protein level is increased in Parkin
loss-of-function mutants and decreased when exogenous GFP-Parkin is overexpressed
(Wang et al., 2011). Furthermore, Parkin mediates the ubiquitination of multiple
mitochondrial outer membrane proteins and thus may play multiple roles instead of just

the degradation of DRP1 in mitochondrial fission (Chan et al., 2011; Wang et al., 2011).

1.6.1.3 SUMOylation

In addition to ubiquitination, human DRP1 is also covalently modified by the small
ubiquitin-like modifier (SUMO) (Harder et al., 2004; Figueroa-Romero et al., 2009). The
SUMO1 protein localizes to the mitochondrial fission site and physically interacts with
DRP1 (Harder et al., 2004). UBC9, the corresponding SUMO E2 conjugating enzyme,
physically interacts with DRP1 (Figueroa-Romero et al., 2009; Harder et al., 2004). A
SUMO E3 ligase called MAPL localizes to mitochondrial outer membrane (Fig. 1.4).

Overexpression of MAPL, as well as SUMO1 itself, promotes mitochondrial fission via
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stabilization of the DRP1 protein (Harder et al., 2004; Neuspiel et al., 2008; Braschi et
al., 2009). These studies suggest that SUMOylation positively regulates DRP1 activity.

Similar to ubiquitination, DRP1 SUMOylation can be reversed. SenP5, a SUMO
protease, was identified in a suppressor screen, in which overexpression of SenP5
rescued SUMO1-induced mitochondrial fragmentation (Fig. 1.4). Silencing of SenP5
stabilizes DRP1 SUMOylation and induces mitochondrial fragmentation (Zunino et al.,
2007), consistent with a positive role of DRP1 SUMOylation in mitochondrial fission. In
another study, SenP5 was reported to localize to mitochondria during mitosis. In this
case, de-SUMOylation of DRP1 by SenP5 promotes mitochondrial fission, possibly
helping to ensure the distribution of the mitochondria to daughter cells in mitosis (Zunino
et al., 2009).

SUMQOylation is also involved in the regulation of DRP1 in mammalian apoptotic
cell death. The activation of Bcl-2-associated X protein (BAX), a pro-apoptotic member
of the Bcl-2 protein family, stimulates DRP1 SUMOylation as well as mitochondrial
fission (Wasiak et al., 2007). SenP3, another SUMO protease, also mediates DRP1 de-
SUMOylation and promotes cell death process after ischemia (Fig. 1.4). Silencing of
SenP3 stabilizes DRP1 SUMOylation, blocks DRP1-mediated cytochrome c release,
and suppresses caspase-mediated cell death (Guo et al.,, 2013). As shown above,

DRP1 SUMOylation plays multiple roles in mammalian physiology.

1.6.1.4 S-nitrosylation
Protein S-nitrosylation results from the covalent attachment of nitric oxide to the

target protein (Hess et al., 2005). Mitochondrial fission in neuronal cells is increased by
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nitric oxide treatment (Cho et al., 2009; Barsoum et al., 2006). This increase was
suggested to be caused by DRP1 S-nitrosylation at Cys644, which stimulates DRP1’s
GTPase activity and dimerization (Cho et al., 2009). Additionally, DRP1 S-nitrosylation
was detected after the expression of the 3-amyloid protein (AB), the main component of
the amyloid plaques found in the brains of Alzheimer patients (Nakamura et al., 2010;
Barsoum et al., 2006). This induction of DRP1 S-nitrosylation is probably due to
nitrosative stress, which was proposed to be stimulated by AB oligomerization (Fig. 1.4)
(Cho et al., 2009).

In summary, these findings of post translational regulations of mammalian DRP1
demonstrate the complexity of the regulation of mitochondrial dynamics. The
physiological conditions and developmental stages should be taken into consideration
when analyzing the functional consequence of a specific post-translational modification.
Furthermore, this complexity probably explains why these regulatory mechanisms of

mitochondrial fission are hardly conserved across mammals, yeasts and plants.

1.6.2 Post-translational regulation of Arabidopsis DRP3

In contrast to the vast amount of information on mammalian DRP1 PTM, our
knowledge of the post-translational regulation of Arabidopsis DRP3 is very limited.
DRP3 phosphorylation has been identified by multiple genome-wide proteomic
experiments (Heazlewood et al., 2008; Sugiyama et al., 2008; Durek et al., 2010;
Nakagami et al., 2010; Mayank et al., 2012; Wang et al., 2013). For example,
phosphorylation at Ser575 on DRP3A was detected by four and at Ser560 on DRP3B

by three independent mass spectrometry (MS) studies (Sugiyama et al., 2008;
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Nakagami et al., 2010; Wang et al., 2013; Umezawa et al., 2013). DRP3A
phosphorylations at Tyr10, Ser13 and Ser787 were identified from auxin-treated root
tissue (Zhang et al., 2013), and at Ser787, Ser789, and Ser791 were detected in a
phosphoproteomic study conducted on mature Arabidopsis pollen grains (Mayank et al.,
2012). The consequences of these phosphorylation events have not been determined
yet. In addition, DRP3A and DRP3B were reported to undergo mitotic phosphorylation
at unidentified sites, which promotes mitochondrial fission during mitosis (Wang et al.,

2012).

1.6.3 The role of ER-mitochondria association in regulating mitochondrial fission
An interesting question about mitochondrial fission is how the fission sites in
mitochondrial membrane are determined. This question was possibly addressed in
yeast with the finding of mitochondria-ER association, which occurs in advance to DRP
recruitment (Marchi et al., 2014). ER tubules were first found to associate with
mitochondria with a GFP-based approach (Rizzuto et al., 1998). Further, using electron
microscopy and tomography, ER tubules were shown to associate with mitochondria
and wrap around the mitochondrial fission sites in yeast (Friedman et al., 2011). When
ER tubules circle around the mitochondrial membranes, mitochondrial diameter appears
to be reduced (from ~210nm to ~140nm, Saccharomyces cerevisiae), which was further
confirmed by a two-color STORM super-resolution approach (Shim et al., 2012). As
such, ER-mitochondria association might contribute to the initiation of mitochondrial

fission.
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The ER-mitochondria interaction probably alters mitochondrial membrane lipid
composition and/or membrane structure, which may help to recruit fission factors inside
and/or outside mitochondria. In support of this idea, it was proposed that in mammalian
cells, the ER-localized protein Inverted Formin 2 (INF2) mediates the initial
mitochondrial constriction through actin polymerization (Korobova et al., 2013).

However, ER-mitochondria association has not been reported in plants yet.

1.6.4 The impact of membrane lipids on mitochondrial dynamics

As described above, the key protein factors that regulate mitochondrial dynamics,
especially mitochondrial fission, have been well characterized. Significant progress has
been made to investigate the PTMs of key protein factors. The roles of diverse
membrane lipids in regulating mitochondrial dynamics are beginning to be discovered,
too. Lipids can play structural roles in membrane remodeling process, such as the
formation of negative membrane curvature, as shown in the fusion of secretory vesicles
to plasma membrane (Donaldson, 2009; Vitale et al., 2001; Vicogne et al., 2006; Huang
et al., 2005). When exposed on the surface of membranes, lipids may directly interact
with proteins, recruiting proteins to the membranes or affecting protein activities (Guo et

al., 2007; Huang et al., 2011; Montessuit et al., 2010).

1.6.4.1 Cardiolipin
Cardiolipin (CL) is a dimeric anionic phospholipid that contains a triple glycerol
backbone and four acyl groups. It is considered the signature lipid of mitochondria due

to its exclusive presence in mitochondria in mammals and yeasts. CL promotes fusion
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of the mitochondrial inner membrane through its interaction with the fusion factor MGM1
(a DRP) in yeast (DeVay et al., 2009; Joshi et al., 2012a). The enzymatic processing of
MGM1 to generate short isoform of MGM1 (s-MGM1) is dependent on CL. The
dimerization and GTPase activity of s-MGM1 is also stimulated by its interaction with CL
(Rujiviphat et al., 2009).

In mammalian cells, CL also plays a role in mitochondrial fission by interacting
with a-Synuclein, a Parkinson's disease-related protein that promotes mitochondrial
fission, by recruiting a-Synuclein to the mitochondrial membrane (Nakamura et al.,
2011). Despite the findings of opposite roles of CL in mitochondrial fission and fusion
processes, CL appears to be mostly a pro-fusion factor. This is evidenced by the
mitochondrial fragmentation caused by CL deficiency in yeast cells lacking UPS1, a
positive regulator of CL level (Joshi et al., 2012a).

Besides its role in mitochondrial dynamics, CL is also important in energy
metabolism, mainly by stabilizing individual proteins and protein complexes in the
mitochondrial electron transport chain (Paradies et al., 2013; Houtkooper and Vaz,
2008). In addition, CL has crucial roles in mammalian apoptosis. CL binds to
cytochrome ¢ on the mitochondrial inner membrane in normal conditions. In apoptosis,
CL peroxidation contributes to cytochrome c dissociation from the inner membrane. By
recruiting and activating pro-apoptotic Bcl-2 family proteins, CL participates in
mitochondrial outer membrane permeabilization (MOMP), which leads to the release of
cytochrome ¢ and other apoptogenic factors from mitochondria (Paepe et al., 2014;

Gonzalvez and Gottlieb, 2007). Therefore it appears that CL has multiple roles in
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mitochondrial metabolism in mammal and yeast. The roles of CL in plant energy

metabolism and stress response are just beginning to be uncovered (see Chapter 2).

1.6.4.2 Phosphatidylethanolamine

Phosphatidylethanolamine (PE), another major lipid of mitochondrial membranes,
is also important for mitochondrial fusion. In yeast, PE deficient cells contain fragmented
mitochondria with impaired mitochondrial fusion. In a liposome fusion assay, a reduction
in PE caused insufficient lipid mixing. Hence, PE deficiency probably alters the
biophysical properties of the mitochondrial membrane and reduces membrane fusion
kinetics (Tasseva et al., 2013; Chan and McQuibban, 2012). PE deficiency also reduces
the generation of s-MGM1, a protein important for mitochondrial fusion (Chan and
McQuibban, 2012), suggesting that PE regulates mitochondrial fusion in two aspects -
membrane biophysical properties and MGM1 processing.

Combination of CL and PE deficiency in yeast results in stronger morphological
defects of mitochondria, including stronger fragmentation. This means PE and CL may
have overlapping functions in promoting mitochondrial fusion (Chan and McQuibban,
2012). Yeast cells lacking either CL or mitochondrial PE are viable, but a combination of
the two is lethal, indicating that the overlapped functions of CL and PE are essential
(Gohil et al.,, 2005). Loss-of-function mutants of some proteins involved in CL
metabolism, such as UPS1 and UPS2 (two homologous mitochondrial intermembrane
space proteins) and TAZ1 (a CL-specific transacylase enzyme) have abnormal levels of

both CL and PE (Sesaki et al., 2006; Tamura et al., 2009; Xu et al., 2005), indicating
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that both the metabolisms and functions of these two non-bilayer forming lipids are

related.

1.6.4.3 Phosphatidic acid and diacylglycerol

Similar to CL, phosphatidic acid (PA) is a negatively charged and cone-shaped
phospholipid. PA induces the formation of negative membrane curvature, making it an
important structural lipid (Kooijman et al., 2003; Ammar et al., 2013). PA can be
generated by Mitochondrial surface Phospholipase D (MitoPLD) through the cleavage of
CL (Baba et al., 2014; Huang et al., 2011; Choi et al., 2006). It can also be generated
from lyso-PA (LPA) by LPA acetyltransferase (Guo et al., 2007). PA is converted to LPA
by the PA-preferring phospholipase A1 (PA-PLA1) and to diacylglycerol (DAG) by the
PA phosphatase Lipin 1b (Huang et al., 2011; Baba et al., 2014).

Multiple lines of evidence demonstrate a role of PA in mitochondrial fusion
process. Overexpression of MitoPLD in mammalian cells causes aggregated and
enlarged mitochondrial, similar to the effect of overexpressing a key fusion factor MFN1
(Choi et al., 2006). Silencing of MitoPLD and overexpression of its dominant negative
form both induce mitochondrial fragmentation (Choi et al., 2006; Muliyil et al., 2011).
Consistently, Overexpression of PA-PLA1 and Lipin 1b induce mitochondrial fission,
while their functional disruption leads to elongation (Huang et al., 2011; Baba et al.,
2014). The mechanism of PA in mitochondrial fusion is not clear. One possibility is that
PA functions through MFN1/2. This is supported by the fact that MitoPLD
overexpression cannot promote mitochondrial aggregation when MFN1 and MFN2 are

silenced (Chen et al., 2003).
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The product of PA dephosphorylation by Lipin 1b is DAG, which is a pro-fission
lipid (Huang et al., 2011). The exact role of DAG in the fission process is not clear.
However, the roles of DAG in membrane fission events are dissected for other
organelles. DAG is important for the recruitment of VPS1, a yeast mitochondrial and
peroxisomal fission DRP, to the peroxisomal membrane, and for protein kinase D (PKD)
to golgi membrane (Guo et al., 2007; Bossard et al., 2007). These findings may help

understanding how DAG regulates mitochondrial fission.

1.7 Regulatory mechanisms of peroxisomal dynamics

Control of peroxisome dynamics by protein post-translational modifications or
membrane lipids is much less known. The mitochondrial and peroxisomal DRP proteins
in mammals and plants are both regulated by post-translational modifications, which
alter their activity in mitochondrial fission. However, if and how these DRP PTMs impact
peroxisomal dynamics are still unknown.

In yeast cells, phosphorylation of PEX11 provides a regulatory mechanism for
peroxisome fission. In Saccharomyces cerevisiae, scPEX11 is phosphorylated at
Ser165 and/or Ser167 to promote peroxisome proliferation. The translocation of
scPEX11 from ER to peroxisomes is phosphorylation dependent. A cyclin-dependent
kinase Pho85 probably mediates this phosphorylation event, as its overexpression
stimulates hyperphosphorylation of scPEX11 and peroxisome proliferation (Knoblach
and Rachubinski, 2010). In addition, scPEX11 is an in vitro target of Pho85 (Ptacek et
al., 2005). In Pichia pastoris, ppPEX11 is phosphorylated at Ser173, a different

phosphorylation site from that of scPex11p. This phosphorylation is not required for the
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translocation of ppPEX11 from ER to peroxisomes, but instead is required for the
interaction between ppPEX11 and ppFIS1 (Joshi et al., 2012b). Taken together, these
observations in yeast studies demonstrate that the peroxisome fission machinery is
indeed regulated at post-translational level. In human cells, the phosphorylation of
PEX11B was also reported in a phosphoproteomic study (Rikova et al., 2007). These
phosphorylated residues of yeast PEX11 proteins are not conserved in plants, and
whether PEX11 phosphorylation occurs in plants is unknown.

A study in Penicillium chrysogenum indicates the association of pcPEX11’s
function with membrane lipids. The N-termini of PEX11 orthologs contain a conserved
amphipathic helix, and the presence of negatively charged phospholipids in liposomes
is necessary for pcPEX11’s amphipathic helix to induce membrane tubulation (Opalinski
et al., 2011). To date, how membrane lipids affect peroxisomal fission machinery
functions is still very obscure. But given the importance of membrane lipids in
mitochondrial dynamics and the shared fission machinery between these two organelles,
it is not unreasonable to speculate that lipids also play critical roles in peroxisome

membrane remodeling processes.

1.8 Aims of this dissertation research

In plants, the major protein factors responsible for the dynamics of chloroplasts,
mitochondria and peroxisomes, including their fission and protein import processes,
have been identified. However, the regulatory mechanisms of the function of these
major factors are just beginning to be elucidated. This dissertation research aims to

deepen the understanding of the regulation of the dynamics of these key energy
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organelles in the plant model system Arabidopsis thaliana, focusing on the roles of
protein post-translational modifications and membrane lipids. Post-translational
modifications of major protein factors provide a quick and direct way to adjust their
activities. Phospholipids play structural roles in organelle dynamics by changing the
biophysical properties of the membrane, and directly participate in protein-membrane
interactions, thus likely to affect multiple aspects of proteins, such as protein association
with the membrane, protein complex formation, enzyme activity and even correct
formation of protein’s three-dimensional structure.

In chapter 2, | focused on CL, a negatively charged non-bilayer forming
phospholipid. CL localizes to poles and fission sites of bacterial membranes, and is
related with bacterial fission (Renner and Weibel, 2011; Kawai et al., 2004; Lenarcic et
al., 2009; Doan et al., 2013). The distribution pattern of CL on bacterial membranes
resembles that of mitochondrial fission DRP on mitochondrial membranes. In eukaryotic
cells, CL predominantly localizes to mitochondria (Osman et al., 2011), but was also
reported to localize to peroxisomes in Pichia pastoris (Wriessnegger et al., 2007).
Hence, | speculated that CL may be another dual fission factor for mitochondria and
peroxisomes. In this chapter, | analyzed the subcellular distribution of CL and
Cardiolipin Synthase (CLS), and the targeting signal, membrane topology and loss-of-
functions mutants of CLS. CL’s role in plant stress response was also investigated. The
studies in chapter 3 and 4 are part of our group’s efforts to uncover post-translational
modifications involved in the regulation of plant energy organelle dynamics. | focused on
ubiquitination, which was recently shown to regulate the dynamics of plant chloroplasts

and peroxisomes (Ling et al., 2012; Lingard et al., 2009; Kaur et al., 2013). However, no
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ubiquitin-related proteins had been identified in plant mitochondria. | started with a
search for components of the mitochondrial associated ubiquitin system, including
ubiquitin E3 ligases and ubiquitin-specific proteases. In chapter 3, | identified a
mitochondrial outer membrane associated ubiquitin-specific protease, UBP27, and
characterized its membrane topology, targeting signal, enzymatic activity, and loss- and
gain-of-function mutants. UBP27’s possible involvement in DRP3’ mitochondrial
association was also revealed. In chapter 4, | identified a small family of RING domain-
containing proteins, namely SP1, SPL1 and SPL2, analyzed their subcellular
localization, and preliminarily characterized the targeting signal, membrane association
and loss-of-function and gain-of-function mutant phenotypes of these RING domain
proteins. The dual or triple localization of these proteins in peroxisomes, mitochondria
and chloroplasts and their distinct mutant phenotypes render the SP1/SPL1 family
members potential coordinators of the dynamics of chloroplasts, mitochondria and

peroxisomes.
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Figure 1.1. The mitochondrial protein import apparatus in plants.

Plant mitochondrial protein import apparatus contains both conserved and plant-specific
components. The plant-specific components are TOM20, TOM9, OM64 and TIM17.
TOM, translocase of the outer mitochondrial membrane; TIM, translocase of the inner
mitochondrial membrane; PAM, presequence translocase associated motor; MOM,
mitochondrial outer membrane; IMS, inter-membrane space; MIM, mitochondrial inner
membrane; MIA, mitochondrial inter membrane space import and assembly; ERV,
essential for respiration and vegetative growth; MPP, mitochondrial processing

peptidase; PreP, presequence protease.
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Figure 1.2. The Arabidopsis peroxisomal matrix protein import machinery.

Peroxin5 (PEX5) and PEX7 are cytosolic receptors for cargo proteins. The cargo-
receptor complexes dock to the import apparatus formed by two membrane proteins
PEX13 and PEX14. After cargo release, the receptors can be recycled. In the yeast
Saccharomyces cerevisiae, PEX5 are recycled via an ubiquitin system, which
comprises an ubiquitin-conjugating enzyme PEX4 and three ubiquitin-protein ligases
PEX2, PEX10, and PEX12; whether PEX5 is the target of this system has not been
shown in plants. PEX4 is anchored to the membrane by PEX22. The departure of
ubiquitinated PEX5 back to the cytosol is mediated by the AAA ATPases PEX6 and

PEX1, which are tethered by APEM9. The recycling process of PEX7 is still unclear.
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Figure 1.3. Proteins responsible for mitochondrial and peroxisomal fission in
Arabidopsis.

Dynamin-related protein 3A (DRP3A) and DRP3B are large GTPases and assemble
into ring structures at the organelle fission sites. FISSION1A (FIS1A) and FIS1B are C-
terminal anchored membrane proteins possibly responsible for DRP3 recruitment to the
organelles. PMD1 functions independently of the FIS1-DRP3 complex. DRP3, FIS1 and
PMD1 are shared between mitochondria and peroxisomes. Besides, Elongated
Mitochondria 1 (ELM1) is a mitochondrial specific fission factor involved in DRP3
recruitment to mitochondria. PEROXIN11 (PEX11) regulates peroxisome elongation
prior to fission. Dashed lines with arrows indicate protein interaction and lines with a

cross indicate no protein interaction.
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Figure 1.4. Post-translational regulation of mammlian Dynamin-Related Protein1
(DRP1).

Mammlian DRP1 is a target of phosphorylation, ubiquitination, SUMOylation and S-
nitrosylation. Phosphorylation is carried out by different enzymes, including cAMP
dependent protein kinase A (PKA), Ca®‘/calmodulin-dependent protein kinase Ia
(CaMKla) and cdk1/cycling B kinase, whereas dephosphorylation is performed by
Calcineurin. DRP1 ubiquitination is mediated by ubiquitin E3 ligases Parkin and
MARCHS. A SUMO E3 ligase MAPL SUMOylates DRP1. Two SUMO proteases can
deSUMOylate DRP1. DRP1 S-nitrosylation occurs during nitric oxide treatment or with

the expression of the R-amyloid protein.
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CHAPTER 2

Cardiolipin-mediated mitochondrial dynamics and stress response in Arabidopsis

The work presented in this chapter has been published:
Ronghui Pan, A. Daniel Jones, and Jianping Hu. (2014)
The Plant Cell 26: 391-409.
doi:10.1105/tpc.113.121095.

35



2.1 Abstract

Mitochondria are essential and dynamic organelles in eukaryotes. Cardiolipin (CL)
is a key phospholipid in mitochondrial membranes, playing important roles in
maintaining the functional integrity and dynamics of mitochondria in animals and yeasts.
However, CL’s role in plants is just beginning to be defined. In this study, we used
Arabidopsis thaliana to examine the subcellular distribution of CL and cardiolipin
synthase (CLS), and to analyze the loss-of-function c/s mutants for mitochondrial
morphogenesis and stress response. We show that CL localizes to mitochondria and is
enriched at specific domains, and CLS targets to the inner membrane of mitochondria
with its C terminus in the intermembrane space. Further, c/s mutants exhibit markedly
impaired growth, and altered structural integrity and morphogenesis of mitochondria. In
contrast to animals and yeasts, in which CL’'s impact on mitochondrial fusion is more
profound, plant CL plays a dominant role in mitochondrial fission and exerts this function,
at least in part, through stabilizing the protein complex of the major mitochondrial fission
factor, dynamin-related protein 3 (DRP3). CL also participates in plant response to heat
and extended darkness - stresses that induce programmed cell death (PCD). Our study
has uncovered conserved and plant-specific aspects of CL biology in mitochondrial

dynamics and plant response to environmental stresses.
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2.2 Introduction

Mitochondria are essential and dynamic organelles that house diverse
biochemical pathways in energy production, metabolism, and signaling (Jacoby et al.,
2012). To maintain optimal biochemical activities, mitochondria remodel their
morphology and function in response to developmental and environmental cues and
use continual fission and fusion as an efficient quality control mechanism. Mitochondrial
fission and fusion are two topologically opposite but molecularly similar processes that
both involve comparable steps of lipid bilayer remodeling, such as local disruption,
bending, and bridging (Palmer et al., 2011b). Thus, it is not surprising that Dynamin-like
GTPases (DRPs) are at the core of both mitochondrial fusion and fission machines
(Chan, 2012). In contrast to typical animal and yeast cells, in which mitochondria are
highly tubular and interconnected, normal plant cells contain fragmented and discrete
mitochondria, indicating the dominance of mitochondrial fission in plants as opposed to
fusion in many other eukaryotes (Logan, 2010). Arabidopsis possesses conserved and
plant-specific mitochondrial fission factors, including the homologous DRP3A and
DRP3B proteins that play dual roles in mitochondrial and peroxisomal fission (Hu et al.,
2012). However, neither organelle fusion DRPs nor other components of the
mitochondrial fusion apparatus have been identified in plants. Plant mitochondria do
fuse, which may indicate the existence of a weak and plant-specific mitochondrial fusion
machinery (Logan, 2010).

Cardiolipin (CL) is a key component of both prokaryotic and eukaryotic
membranes, with unique structure and functions (Lewis and McElhaney, 2009). It is an

anionic phospholipid with a dimeric structure, and contains a triple glycerol backbone
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and four acyl groups, most of which are highly unsaturated. CL's acyl chain composition
is quite simple, as almost all acyl chains in animal CL are composed of 18-carbon fatty
acids, 80% of which being linoleic acid [18:2 (n-6)] (Schlame et al., 2005). This feature
is rather unusual, because most other phospholipids, including CL’s precursor PG, do
not show an obvious preference for specific fatty acids. Although it is unknown how the
acyl chain preference is determined in CL biosynthesis, the simple composition of acyl
chains in CL apparently leads to a high degree of structural uniformity and molecular
symmetry, which may facilitate the assembly of organized membrane domains and
enhance the stability of mitochondrial membrane protein homodimers (Schlame et al.,
2005).

In bacteria, CL-enriched membrane domains (CMDs) localize at the negatively-
curved regions of the cell membrane, such as the poles of Escherichia coli (Renner and
Weibel, 2011) and the septa of Bacillus subtilis undergoing spore formation, where
decreasing CL levels causes reduced rate of sporulation (Kawai et al., 2004). CMDs
also co-localize with E. coli cell division proteins like DivIVA and MinD (Lenarcic et al.,
2009; Renner and Weibel, 2012), and facilitate the function of the cell fission protein
FisB in B. subtilis (Doan et al., 2013). In eukaryotes, although the exact distribution
pattern of CL on mitochondria has not been fully characterized, biochemical analysis
revealed that ~75% of total CL localizes in the mitochondrial inner membrane and ~25%
are in the outer membrane (Osman et al., 2011).

In yeast and animals, CL promotes mitochondrial fusion by affecting the
enzymatic processing and/or aggregation of fusion DRPs (DeVay et al., 2009; Tadato et

al., 2010; Joshi et al., 2012a) . CL tends to concentrate in curved membrane regions,
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promoting the formation of hexagonal membrane structures, which can be the
intermediate state of double membrane in fission and fusion (Ortiz et al., 1999).
However, under reduced CL levels caused by deletion of a positive regulator of CL,
yeast mitochondria are more fragmented, indicating a stronger impact of CL on
mitochondrial fusion (Tamura et al., 2009). In addition, CL contributes to the
bioenergetics and biogenesis of mitochondria in animals and yeasts by enhancing the
organization, stabilization, and/or activity of several protein complexes involved in
respiration and protein import (Osman et al., 2011). CL also regulates the early events
of apoptotic programmed cell death (PCD) in animals by providing an activating platform
for Bcl-2 family proteins, factors required for inducing outer membrane permeabilization,
which leads to the release of mitochondrial cytochrome ¢ and other proapoptotic
molecules (Lutter et al., 2000; Kuwana et al., 2002; Kagan et al., 2005; Gonzalvez and
Gottlieb, 2007; Montessuit et al., 2010). In humans, changes in CL levels can cause
various pathological conditions, including Barth syndrome, aging, and heart failure
(Chicco and Sparagna, 2007).

A previous study in the yeast Pichia pastoris discovered CL to constitute 2-4% of
the phospholipids in peroxisomal membranes (Wriessnegger et al., 2007), raising the
possibility that CL may also be involved in the dynamics and function of peroxisomes,
essential organelles linked to mitochondria through metabolism and sharing fission
DRPs with mitochondria (Schrader and Yoon, 2007; Hu et al., 2012). This finding,
together with the distinct morphology of plant mitochondria from that of animals and
yeasts prompted us to investigate CL’'s role in the dynamics of mitochondria and

possibly other organelles in plants. In addition, although the well characterized protein
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machinery that controls apoptosis in animals is not conserved in plants, plants possess
caspase-like activities and Bcl-like proteins (Lord and Gunawardena, 2012). Plant
programmed cell death (PCD) is a highly regulated cell death process that shares some
morphological hallmarks with apoptosis, such as increased number of vesicles,
cytoplasmic condensation, plasma membrane shrinkage, DNA fragmentation, and
cytochrome c release (Gadjev et al., 2008). However, plant PCD network is poorly
characterized at the molecular level. To this end, it was important to investigate CL's role
in plant stress responses as well.

Recent studies of the Arabidopsis cardiolipin synthase (CLS) T-DNA insertion
mutants demonstrated defects of the mutants in embryo development, growth and
reproduction, mitochondrial ultrastructure and respiratory function, and protoplast
response to UV light and heat shock stresses (Katayama and Wada, 2012; Pineau et al.,
2013). In this study, we investigated the role of CL in mitochondrial dynamics, especially
fission, and explored CL’'s function in stress response at the whole organism level.
Subcellular distribution of CL and targeting and membrane topology of cardiolipin
synthase (CLS) were determined, and Arabidopsis cls T-DNA mutant and artificial
microRNA lines were characterized for defects in mitochondrial morphology and plant
response to stresses that induce PCD. Our study revealed novel aspects of CL biology

in organelle dynamics and plant stress response.

2.3 Results

2.3.1 Mitochondrial localization of CL and CLS in plant cells
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To understand the role of CL in plant organelle dynamics, we first determined the
subcellular distribution of CL and explored the possibility that it may also be present in
other organelles such as peroxisomes. Arabidopsis seedlings containing a
mitochondrial marker (Saccharomyces cerevisiae COX4-Yellow Fluorescent Protein or
COX4-YFP) (Nelson et al., 2007) or a peroxisomal marker (YFP-Peroxisomal Targeting
Signal 1 or YFP-PTS1) (Fan et al., 2005) were stained with the CL-specific fluorescent
dye, 10-N-nonyl-acridine orange (NAQO) (Mileykovskaya and Dowhan, 2000; Kawai et al.,
2004; Kaewsuya et al., 2007; Renner and Weibel, 2011), which gives consistent and
specific staining patterns under our experimental conditions. Confocal laser scanning
microscopic analysis showed that, whereas peroxisomes were negatively stained for
NAO, all fluorescent signals co-localized with the mitochondrial marker (Fig. 2.1A).
Somewhat similar to the polar distribution of CL on bacterial cell membranes (Kawai et
al., 2004; Renner and Weibel, 2011), CL was particularly enriched at specific domains in
mitochondria, a pattern that was obvious in both wild type the drp3A-2 drp3B-2 double
mutant that contained extremely elongated mitochondria (Zhang and Hu, 2009; Aung
and Hu, 2012) (Fig. 2.1A, 2.1B). We concluded that in plants, CL localizes primarily, if
not exclusively, to mitochondria and is enriched at specific mitochondrial regions, the
CL-enriched mitochondrial domains (CMDs).

To further examine the distribution and biosynthesis of CL in plants, we analyzed
the subcellular localization of cardiolipin synthase (CLS), which is conserved in diverse
eukaryotic species (Fig. 2.2A). Arabidopsis CLS (At4g04870) is capable of catalyzing
CL synthesis from cytidinediphosphate-diacylglycerol (CDP-DAG) and

phosphatidylglycerol (PG) in E.coli, and CLSN ®*™"S_.GFP |ocalized to mitochondria in
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onion epidermis (Katayama et al., 2004; Nowicki et al., 2005). To get a complete view of
CLS localization, full-length CLS fused with a C-terminal YFP-Hemagglutinin (HA) tag
was expressed under the 35S constitutive promoter in Arabidopsis plants containing the
organelle marker COX4-Cyan Fluorescent Protein (COX4-CFP) or CFP-PTS1 (Aung
and Hu, 2011). Confocal microscopic analysis showed that CLS-YFP-HA overlapped
completely with the mitochondrial marker but not the peroxisomal marker (Fig. 2.1C). In
contrast, CLS fused to an N-terminal YFP (YFP-CLS) was diffused in the cytosol when
expressed in tobacco (Nicotiana tabacum) leaves (Fig. 2.1D), proving that the N
terminus is vital for organelle targeting of CLS. Immunoblot analysis of proteins from
tobacco plants expressing the cytosolic YFP-CLS protein or the mitochondrial CLS-
YFP-HA protein detected the former as a single band, while the latter appeared as two
bands, one of which was slightly smaller than the full-length protein (Fig. 2.3A). After
fractionation by several centrifugation steps, only the smaller band was detectable in the
pellet fraction enriched in mitochondria (Fig. 2.3B). These data suggested that an N-
terminal signal peptide was cleaved from the CLS precursor of the mitochondrial
localized CLS-YFP-HA, which is consistent with the target peptide processing
mechanism for many mitochondrial inner membrane proteins (Teixeira and Glaser,
2013).

Although the catalytic domain is well conserved, the N-terminal region of plant
CLS homologs is divergent from those in non-plant CLS sequences (Fig. 2.2B, 2.2C).
To dissect this plant-specific region, we made a series of CLS deletion constructs (Fig.
2.4A) and transiently expressed the 35S-driven truncated CLS-YFP proteins together

with COX4-CFP in tobacco. Confocal microscopic analysis revealed that, as predicted,
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mitochondrial targeting signals reside at the N terminus, as the C terminus of CLS
(CLS™"**") mis-targeted the fusion protein to compartments such as the plasma
membrane, ER and Golgi (Fig. 2.4B, 2.4C). Interestingly, two separate regions at the N
terminus seemed to contain mitochondrial targeting signals. Signal 1 (aa 1-20) was
sufficient to target the protein to mitochondria. However, when signal 1 was deleted,
signal 2 (aa 42-140) could direct the protein to both mitochondria and chloroplasts (Fig.
2.4B). Since both signals are fairly well conserved in plant CLS sequences (Fig. 2.4C),
they may represent plant-specific targeting mechanisms for CLS and possibly some
other proteins as well, although further investigations will be needed to clearly address

this aspect of targeting in planta.

2.3.2 Membrane association and topology of CLS

In animals and yeasts, CL biosynthesis occurs in the mitochondrial inner
membrane (Osman et al., 2011), but the membrane topology of the key enzyme CLS
was unknown. To address this issue, mitochondria were isolated from transgenic plants
co-expressing CLS-YFP-HA and COX4-YFP, and the purity of mitochondria was
determined by immunoblot analysis using organelle-specific antibodies (Fig. 2.5A). The
presence of CLS-YFP-HA fusion protein in mitochondria was confirmed by its detection
with the GFP antibody (Fig. 2.5A). After treatments with TE, high concentrations of salt
(NaCl), and Na,COs, CLS-YFP-HA was detected in the pellet after each treatment,
suggesting that CLS is indeed a mitochondrial integral membrane protein (Fig. 2.5B).

We further dissected the localization and topology of CLS by performing protease

protection assays with thermolysin, which degrades proteins on the surface of the
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organelles, and trypsin, which can access the intermembrane space. For the controls,
the outer membrane protein YFP-PMD1 was digestible by both proteases, whereas the
inner membrane protein COXIl and the matrix protein COX4-YFP were protected from
both enzymes (Fig. 2.5C and 2.5D). CLS-YFP-HA was resistant to thermolysin but
digestible by trypsin (Fig. 2.5C and 2.5D), favoring a topology in which CLS is anchored
to the mitochondrial inner membrane with its C terminus facing the intermembrane

space (Fig. 2.5E).

2.3.3 Disruption of CLS leads to defects in mitochondrial structure and fission
The localization pattern of NAO-stained CMDs shared some similarities with
those of the mitochondrial/peroxisomal fission proteins DRP3A and DRP3B, i.e., at the
tips and fission sites of the organelles (Arimura and Tsutsumi, 2002; Arimura et al.,
2004a; Mano et al., 2004; Zhang and Hu, 2009), suggesting a possible role of CL in
plant mitochondrial division. To test this prediction, we characterized the cls-1
(SALK_049840) mutant, which has a T-DNA insertion in exon 5 (Fig. 2.6A). A previous
report of the same cls mutant allele described extreme retardation in embryo
development and plant growth, and low fertility of the mutant (Katayama and Wada,
2012), yet the molecular basis of the mutation was not fully characterized. Reverse
transcription PCR analysis revealed that c/s-71 contained three truncated CLS transcripts
(Fig. 2.6B). Sequencing of the RT-PCR products showed that transcript 1 and 2 each
retained partial sequence of exon 5 and were still in frame, thus may encode truncated
proteins lacking part of the catalytic domain, whereas transcript 3 was missing the entire

exon 5 (Fig. 2.6A). Consistent with the previously reported growth phenotypes of cls T-
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DNA insertion mutants (Katayama and Wada, 2012; Pineau et al., 2013), cls-1 was
severely dwarfed (Fig. 2.6C, Fig. 2.7A) and produced very small siliques that contained
non-viable seeds (Fig. 2.7B). The homozygous cls-1 seeds produced by heterozygous
plants were significantly delayed in germination (Fig. 2.6D). These phenotypes are in
agreement with the expression pattern of CLS, which shows an elevation during seed
development and peaks in dry seeds, followed by a quick decrease to the basal level
after germination (Fig. 2.8A, 2.8B). The mutant phenotypes could be rescued by
35S,r0:CLS-YFP-HA (Fig. 2.6E and 2.6F, Fig. 2.7C), confirming the essential role of CL
in plant development and the proper function of the CLS-YFP-HA fusion protein.

Liquid chromatography followed by mass spectrometry analysis (LC/MS) of lipids
from leaf tissue revealed a ~70% reduction of CL in c/s-1, which was restored by
overexpression of CLS-YFP-HA (Fig. 2.6G). In cls-1, there was a ~2-fold accumulation
of the two major species of PG, substrates for CLS; however, PG levels in the
complemented cls-1 lines were even higher than in the mutant (Fig. 2.6H), possibly
reflecting the complex regulation of phospholipid levels in the CLS-overexpression lines.

To investigate CL’'s role in plant mitochondrial dynamics, COX4-YFP was
transformed into cls-1. Confocal microscopy of various cell types in transgenic plants
showed that in c/s-1, mitochondria were remarkably elongated and sometimes enlarged,
and these phenotypes could be largely rescued by CLS-YFP-HA (Fig. 2.9A, 2.9B).
Similar to the c/s-1 mutant, the drp3A-2 drp3B-2 double mutant (Zhang and Hu, 2009;
Aung and Hu, 2012) also displayed significantly elongated and frequently enlarged
mitochondria (Fig. 2.9C), suggesting that both mitochondrial elongation and

enlargement appeared to be a direct consequence of the fission defect caused by the
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absence of DRP3 functions. In contrast, consistent with the lack of detection of CL in
peroxisomes, peroxisome morphology exhibited no obvious changes in cls-1 (Fig. 2.7D).
Based on these observations, we concluded that, opposite to what occurs in animals
and yeasts, reduced CL level in plants has a much stronger impact on mitochondrial
fission than fusion. It is less likely that CL inhibits mitochondrial fusion in plants,
because CL has the intrinsic property to promote membrane curvature and hexagonal
structure, an intermediate step required for the fission and fusion processes (Osman et
al., 2011).

Transmission electron microscopy (TEM) further revealed that, in addition to the
abnormal mitochondrial shape and size, inner mitochondrial membrane structure in cls-
1 was also significantly altered (Fig. 2.10). In contrast to the wild type (Fig. 2.10A,
2.10B), most mitochondria in the mutant contained markedly long or enlarged/bubble-
like cristae structures and decreased abundance of cristae (Fig. 2.10C-2.10G),
supporting the crucial role of CL in maintaining the structural integrity of mitochondria.
The disruption of cristae structure may also cause mitochondrial swelling/enlargement,
as these two morphological changes are often found to occur concurrently in conditions
such as isolated mitochondria, disease conditions, and chemical-treated cell lines
(Malamed, 1965; Myron and Connelly, 1971; Faller, 1978; Mannella et al., 2001; Sun et
al., 2007; Magdalan et al., 2009). Taken together, our results demonstrated that CL
plays a positive role in mitochondrial morphogenesis, including fission of the organelle

and cristae formation in the inner membrane.

2.3.4 Cardiolipin regulates mitochondrial fission through DRP3 proteins
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The similarities between cl/s-1 and drp3 mutants in mitochondrial fission defects
suggested that, in plants, CL promotes mitochondrial fission and may exert this function
via key mitochondrial division factors, such as DRP3. To elucidate the link between CL
and DRP3, we expressed 35S,,:CFP-DRP3 in COX4-YFP-containing cls-1, to see
whether the mitochondrial fission defects could be partially rescued. Compared with the
cls-1 control (Fig. 2.11A), cls-1 lines expressing 35S,,:CFP-DRP3 contained more
fragmented mitochondria, decreased levels of elongated and enlarged mitochondria,
and an increased number of mitochondria per cell (Fig. 2.11B, 2.11C, and 2.11D). This
result provided genetic evidence that DRP3 acts downstream from CL in mitochondrial
fission. It is not surprising that CFP-DRP3 overexpression could not fully complement
the cls-1 defect in mitochondrial morphology and plant development to the wild-type
levels, as CL is a membrane structural component that is involved in multiple aspects of
mitochondrial morphogenesis besides DRP3-mediated fission.

In animals and yeasts, CL physically binds to fusion and fission DRPs (DeVay et
al., 2009; Tadato et al., 2010; Montessuit et al., 2010). DRP3 and the human
mitochondrial and peroxisomal fission DRP, DRP1, belong to the same DRP subclade,
in which most members have dual functions in the division of mitochondria and
peroxisomes (Miyagishima et al., 2008). Human DRP1 interacts with CL and stimulates
oligomerization of the Bcl-2-family protein, Bax, in the initiation of apoptosis; R247, a
positively-charged residue exposed on the surface of DRP1, was shown to mediate this
interaction (Montessuit et al., 2010). Sequence alignment of fission DRPs from diverse
species showed that this Arg is conserved in mitochondrial fission DRPs, but not in

Arabidopsis ARCS5 (DRPSB) (Fig. 2.12), which is localized to chloroplasts and
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peroxisomes (Gao et al., 2003; Zhang and Hu, 2010). Comparison of protein tertiary
structure of the GTPase domain revealed structural similarities between human DRP1
and Arabidopsis DRP3s, including the surface-exposed region in which the conserved
Arg is located (Fig. 2.13A). These observations strongly suggested that in Arabidopsis,
CL also interacts with DRP3 and the conserved Arg on DRP3 is likely required for this
interaction.

We then tested the hypothesis that the conserved R273 on DRP3A and R258 on
DRP3B, which presumably mediate the interaction with CL, also impact DRP3'’s function
in mitochondrial fission. CFP fusions with DRP3AR?"*® and DRP3B"***%, in which the
conserved CL-interacting residue Arg was substituted by a negatively charged residue,
Glu, were generated. Tobacco cells transiently co-expressing DRP3?™F with N- or C-
terminal CFP and COX4-YFP showed strong inhibition of mitochondrial fission and, as a
result, dramatic reduction of the total number of mitochondria per cell, which is in stark
contrast to cells expressing wild-type DRP3s (Fig. 2.14A, 2.14B, and 2.14C, Fig. 2.13B).
As expected, no morphological changes were observed for peroxisomes by co-
expressing the mutant DRP3 proteins and the peroxisomal marker (Fig. 2.13C, 2.13D).

Similar to the phenotype caused by DRP3"’E

in wild-type tobacco cells, CFP-
DRP3AR?"E transiently expressed in Arabidopsis leaves of drp3A-2 seedlings by the
Fast Agro-mediated Seedling Transformation (FAST) method (Li et al., 2009) strongly
enhanced the mitochondrial fission defect in drp3A-2 to the level of the drp3A-2 drp3B-2

3R*E showed

double mutant (Fig. 2.15A). Transgenic plants expressing CFP-DRP
similar mitochondrial phenotypes and were dwarfed, somewhat similar to drp3A drp3B

double and drp3A drp3B drp5B triple mutants (Aung and Hu, 2012) (Fig. 2.14D). These
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data together argued strongly that the proper function of DRP3 in mitochondrial fission
is CL dependent.

Previous studies showed that residues K38, S39, and T59 on human DRP1 are
important for protein function; K38A and S39N reduced GTP binding and T59A
decreased GTP hydrolysis. When ectopically expressed, mutant forms of hDRP1 led to
fission inhibition and thus dramatic elongation of mitochondria. In contrast,
overexpression of DRP1%*® did not affect the distribution of peroxisome in the cell
(Smirnova et al., 2001). A following report showed that overexpression of DRP1¥*%
caused mild peroxisome elongation. When co-overexpressed with PEX11[3, peroxisome

fission was strongly inhibited by DRP1%® (

Koch et al.,, 2003). Overexpression of
DRP1%*N and DRP1™% resulted in reduced abundance of peroxisomes. Besides,
peroxisome elongation was also caused by overexpression of DRP15*N (Li and Gould,
2003; Thoms and Erdmann, 2005). These three residues are also conserved in
Arabidopsis organelle division DRPs; for example, K72, S73, and T93 on DRP3A are
conserved respectively with hDRP1 K38, S39, and T59 (Fig. 2.12). To compare the
inhibitory effects of DRP3AR?”*F on mitochondrial division with those caused by CFP-
DRP3A"?*  CFP-DRP3A°™N and CFP-DRP3A™* we made 35S,,:CFP-DRP3A
constructs that contained K72A, S73N, and T93A, respectively. When transiently
expressed in Arabidopsis drp3A-2 plants and tobacco leaves, CFP-DRP3AX?A CFP-
DRP3AS™N and CFP-DRP3A™* caused mitochondrial morphological alterations
comparable to those caused by CFP-DRP3AR?"*E (Fig. 2.15A, 2.15C). In contrast,

morphology or abundance of peroxisomes did not show obvious changes (Fig. 2.15B,

2.15D), somewhat consistent with the aforementioned data from overexpressing human
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DRP1 mutant proteins. Furthermore, CFP-DRP3AR?"%F but not CFP-DRP3AX"?* CFP-
DRP3AS™N or CFP-DRP3A™** complemented the peroxisome phenotype in drp3A-2
(Fig. 2.15B), suggesting that disrupting CL-DRP3 interaction does not interfere with
DRP3’s role in peroxisome fission, yet reducing DRP3’s GTPase activity would abolish
its function in the division of both peroxisomes and mitochondria. Taken together, our
data reinforce the idea that CL is much more important to DRP3’s role in mitochondrial

fission than peroxisome fission.

2.3.5 Cardiolipin stabilizes the mitochondrial-associated DRP3 protein complex

To further determine the impact of CL on DRP3 at the mechanistic level, we
analyzed the localization of the DRP3 proteins in mitochondria in tobacco plants co-
expressing various forms of CFP-DRP3 and COX4-YFP. Wild-type CFP-DRP3 proteins
were found to be frequently associated with mitochondria (Fig. 2.16A). Although some
CFP-DRP3AR?"*E and CFP-DRP3BR?*°® proteins still localized to the massively
elongated mitochondria, the total number of fluorescent spots per cell and the
percentage of mitochondrial-associated fluorescent spots were significantly reduced
(Fig. 2.16B, 2.16C, and 2.16D). These data suggested that CL is likely required for the
stabilization of DRP3A and DRP3B proteins (oligomers) on mitochondria.

To detect the formation of the DRP3 protein complexes, we performed blue
native gel electrophoresis (BN-PAGE) of proteins from tobacco leaves expressing YFP-
DRP3 or YFP-DRP3®E, followed by immunoblot analysis. YFP-DRP3%F monomers
remained at a similar level to that of the wild-type DRP3, but the level of the higher-

order protein complex was greatly reduced (Fig. 2.17A). Consistent with this result, the
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total protein levels of YFP-DRP3®”F were also significantly reduced (Fig. 2.17B). To
examine the possibility that the reduction of DRP3RF higher-order complex was due to
impaired DRP3 self-interacting ability, co-immunoprecipitation (co-IP) was performed
with HA- and YFP-tagged wild-type and mutant DRP3 proteins expressed in tobacco
leaves. No obvious defects in self-interaction were observed for any of the DRP3 pairs
(Fig. 2.18A), indicating that CL’s role in DRP3 function was likely to stabilize the DRP3
oligomers.

To further support this view that CL can stabilize DRP3 oligomers, we analyzed
the formation of the endogenous DRP3 complex in the c/s-1 mutant, using BN-PAGE
followed by immunoblot analysis with DRP3 peptide antibodies. In our previous study,
these antibodies had been able to detect the DRP3 higher-order complex but not
monomers, possibly due to the low level of endogenous DRP3 monomers (Aung and
Hu, 2012). As expected, there was a marked reduction in the level of the DRP3 higher-
order complex in cls-1 (Fig. 2.17C), while no obvious decrease was noted for the DRP3
transcripts in the mutant (Fig. 2.18B). To further determine the specificity of this
stabilization effect, we analyzed the complex formation of endogenous COXII
(mitochondrial inner membrane) and VDAC (mitochondrial outer membrane) proteins,
using BN-PAGE followed by immunoblot analysis. The complex pattern of these two
proteins on the BN-PAGE gel did not show significant differences between wild type and
cls-1 (Fig. 2.17D), suggesting that the reduction of the DRP3 complex in cls-1 is
relatively specific. In addition, endogenous DRP3 and COXII were also analyzed using
SDS-PAGE followed by immunoblot. The total protein amount was not obviously altered

in cls-1. Nevertheless, DRP3 total protein amount was slightly diminished in comparison
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with COXII (Fig. 2.17E). These results led us to the conclusion that CL can stabilize the

mitochondrial-associated DRP3 protein complex.

2.3.6 Cardiolipin plays a role in plant responses to programmed cell death (PCD)-
inducing stresses

The significant role of CL in mammalian apoptosis prompted us to explore the
function of CL in plant PCD, a process that shares morphological and biochemical
features with apoptosis (see Introduction). In fact, UV-C light and heat shock treatments
had been found to cause increased cell death in protoplasts from a c/ls mutant (a
different allele from cls-1), supporting CL’s role in plant stress response (Pineau et al.,
2013). To address this question in whole plants, we first treated wild-type and CL-
deficient plants with heat, one of the most effective PCD stimuli in plants (Gadjev et al.,
2008). The cls-1 mutant was severely inhibited in growth and weak, therefore not
suitable for physiological analysis, To this end, we generated artificial micro RNA
(amiRNA) lines, and selected two lines in which the levels of the CLS transcripts were
significantly reduced (Fig. 2.19). These CLS amiRNA lines did not show growth defects,
but exhibited obvious changes in mitochondrial morphology (Fig. 2.20A).

To determine the optimal length of time for the heat treatment, we first placed
wild-type Col-0 plants at 65°C and analyzed genomic DNA fragmentation, a feature of
late-stage PCD (Collins et al., 1997). DNA fragmentation was detected after 30 min heat
treatment (Fig. 2.20B). As CL presumably exerts its function in the early stage of PCD,
we selected 10 min at 65°C as the PCD-inducing condition, and analyzed responses in

both wild-type and CLS deficient seedlings after the treatment. Whereas wild-type Col-0
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did not show strong differences in appearance, CLS deficient mutants displayed leaf
chlorosis and shriveling, and even plant death (Fig. 2.19B, 2.19C), despite their lack of
apparent growth deficiencies under normal conditions (see plants in Fig. 2.19B at 0 hr).
To detect the level of PCD in the plants, we used the Terminal Deoxynucleotidyl
Transferase Mediated dUTP Nick End Labeling (TUNEL) assay to stain fragmented
DNA in wild type and the amiRNA-1 line, which exhibited stronger chlorosis than
amiRNA-2 in response to heat (Fig. 2.19B). Three hours after the heat treatment, a
significant level of DNA fragmentation was detected in amiRNA-1, whereas wild-type
plants stained negative for TUNEL (Fig. 2.19D), indicating a much earlier burst of PCD
in the CLS deficient line. Plants were also treated with a longer and milder heat stress:
37°C for 24 hours. Accelerated formation of chlorotic lesions was evident in amiRNA
lines, again indicating the faster buildup of PCD in these plants (Fig. 2.20C, 2.20D).

To determine whether CL plays a specific role in heat stress response or it is
broadly involved in PCD, we applied another commonly known PCD-inducing stimulus,
prolonged darkness (Gadjev et al., 2008), to the seedlings. Unlike the wild-type plants,
CLS deficient lines started to demonstrate signs of senescence after four to five days in
the dark (Fig. 2.19E, 2.19F). Our results from the heat and extended dark treatments
and the TUNEL assays together provided strong evidence that CL plays a protecting

role in plants against PCD-inducing stresses.

2.4 Discussion

2.4.1 Novel and plant-specific aspects of CL biology uncovered
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Previous efforts have been devoted to understanding the function, biosynthesis,
and regulation of CL in various non-plant model organisms, which led to the discovery of
CLl’'s pivotal roles in mitochondrial dynamics and integrity, and human health
(Houtkooper and Vaz, 2008). CL’s role in plants is just beginning to be revealed. As
shown in the two previous studies (Katayama and Wada, 2012; Pineau et al., 2013) and
in this study, CL is essential for normal plant growth and development, as illustrated by
the severe developmental defects in strong c/ls mutants. Thus, the functions of CL in
mitochondrial electron transport, ATP production, and protein import, are very likely to
be conserved among eukaryotes. In this study, we also revealed aspects of CL biology
that were previously uncharacterized or are unique to plants.

First, we observed a distinct pattern of CMDs in a significant portion of plant
mitochondria, which is similar to the pattern shown for CL on bacterial cell membranes
(Mileykovskaya and Dowhan, 2000; Kawai et al., 2004) but has not been reported in
animal or yeast cells. However, CMDs have been defined in mammals biochemically as
detergent-resistant membrane fractions (Sorice et al., 2009). That fluorescent
microscopy only detected CMDs in plants and bacteria suggests that the number of
CMDs might be lower in other eukaryotic systems.

Second, we showed that the N terminus of Arabidopsis CLS consists of two
peptides with mitochondrial targeting signals: Signal 1 and Signal 2, of which Signal 2 is
conserved in plant CLS proteins but divergent from CLSs from non-plant systems,
suggesting a possible plant-specific targeting mechanism for this protein. It is possible
that Signal 1 is a mitochondrial matrix targeting signal, which directs the precursor

protein partially into the matrix, and Signal 2 targets the protein to the mitochondrial
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intermembrane space (IMS) after Signal 1 is cleaved off. Together the N-terminal
(putative) TMD and Signal 2 ensure that CLS resides in the inner membrane with the
correct topology. Signal 2 by itself leads the fusion proteins to both mitochondria and
chloroplasts, substantiating the importance of Signal 1 for initial mitochondrial targeting.
At this point, we do not completely exclude the possibility that targeting of the protein to
both organelles by Signal 2 was an artifact in our experiment; further investigations are
needed to clarify this possibility.

Third, we determined the topology of CLS, which resides in the mitochondrial
inner membrane with the C terminus facing the IMS. This suggests that the C-terminal
catalytic domain might be in the IMS. However, a previous study using rat liver
suggested that CL is synthesized on the matrix side of mitochondrial inner membrane
(Schlame and Haldar, 1993), thus it is unlikely that the catalytic domain is solely in the
IMS. Since several TM domains are predicted in the C-terminal region of CLS, we
predict that the enzymatic domain of CLS may pass the inner membrane.

More importantly, we showed a specific role of CL in mitochondrial fission
through the dynamin-related protein DRP3, and in protecting plants from some program

cell death-inducing stresses (see below).

2.4.2 CL-mediated mitochondrial fission and fusion

The contrasting morphology of mitochondria in plant vs. yeast and animal cells
suggests a highly unbalanced mitochondrial dynamics leaning towards fission in plants,
as opposed to animals and yeasts. Consistent with this notion, plant mitochondria

exhibit impaired fission upon CL deficiency, which is linked at least in part to CL'’s ability
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to stabilize DRP3 higher-order complexes. Taking into consideration the positive impact
of CL on fusion DRP functions in yeasts and animals, we predict that CL plays equally
critical roles in mitochondrial fission and fusion. The ultimate outcome of CL deficiency
in mitochondrial dynamics may be determined by the relative strengths of the
antagonistic fusion and fission machineries in an organism. As such, when CL is
deficient, the impairment of the dominant machinery is more pronounced, resulting in
the shift of mitochondrial dynamics towards fission in animals and yeasts and towards
fusion in plants.

In this study, we showed the similarities in mitochondrial morphological
phenotypes caused by the loss of DRP3 and CLS, rescue of the mitochondrial
phenotype in cls-1 by overexpressing DRP3, and stabilization of DRP3 oligomers by CL,
suggesting a direct role of CL in mitochondrial fission through DRP3. In yeast and
mammals, CL is an important structural component of the mitochondrial membrane,
involved in the organization, stabilization, and/or activity of several protein complexes
involved in respiration, protein import, and fusion (see Introduction). Reduction in the
level of respiratory chain complexes was also shown for an Arabidopsis cls mutant
(Pineau et al., 2013). However, CL’s role in mitochondria seems to be selective rather
than non-selective, as shown by the lack of obvious reduction in the levels of the
mitochondrial membrane protein complexes COXIl and VDAC in cls-1. CL tends to be
enriched in specific membrane domains and promotes the formation of hexagonal
membrane structure, an intermediate step of the fission and fusion processes (see
Introduction). It will be interesting to determine in the future whether CL is also important

for the function of other proteins involved in mitochondrial division/morphogenesis, such
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as FIS1, a conserved protein that recruits DRP3 to both mitochondria and peroxisomes
(Scott et al., 2006; Lingard et al., 2008; Zhang and Hu, 2009); ELM1, a plant-specific
factor that recruits DRP3A to mitochondria (Arimura et al., 2008); and PMD1, another
plant-specific factor that regulates mitochondrial and peroxisome morphogenesis in a
DRP3-independent manner (Aung and Hu, 2011).

We cannot completely rule out the possibility that significantly increased fusion of
mitochondria may also contribute to the observed phenotype in c/ls mutants. However,
CL has been shown by multiple studies to play a positive role in the mitochondrial fusion
process in non-plant systems. This is achieved not only by its role in stabilizing the
oligomerization and enzymatic processing of the fusion DRPs, but also by a structural
role in promoting membrane curvature and hexagonal structure (see Introduction).
Although mitochondrial fusion machinery has not been discovered in plants and thus
makes it difficult to address this question for now, it is unlikely that CL plays an inhibitory

role in mitochondrial fusion in plants.

2.4.3 Different membrane lipid compositions of mitochondria and peroxisomes
may contribute to the distinct modes of DRP3 functions on these organelles

DRP higher-order complexes form a ring structure that encircle the organelle
fission site to mediate membrane fission (Chan, 2012). However, whether and how the
same DRP functions in distinct organelles in different manners is still an open question.
In this study, we showed that DRP3®”F mutant proteins conferred a dominant negative
effect on mitochondrial fission when overexpressed, possibly by competing with wild-

type DRP3 proteins on the mitochondria and consequently significantly reducing the

57



interaction between DRP3 and CL, which stabilizes the DRP3 complex.

Ectopically expressed dominant negative forms of human DRP1 with impaired
GTP hydrolysis or GTP binding led to dramatic morphological changes to mitochondria,
and a weaker impact on peroxisomal morphology (Smirnova et al., 2001; Li and Gould,
2003; Thoms and Erdmann, 2005). In our study, transient expression of CFP-DRP3A
containing changes of the corresponding conserved amino acids, i.e., CFP-DRP3AX"?A,
CFP-DRP3AS"™N and CFP-DRP3A™ also caused strong inhibition of mitochondrial
fission, but virtually no changes to the number or morphology of peroxisomes (Fig.
2.15D). It is possible that the endogenous mitochondrial fission DRPs in plants retained
enough competence to divide peroxisome even in the presence of ectopically
expressed mutant DRP3 proteins. Nonetheless, CFP-DRP3AR?*E  but not the three
GTPase activity-reduced dominant negative forms of DRP3A, attenuated the
peroxisome elongation phenotype in drp3A-2, supporting the conclusion that CL is not
as essential to peroxisome fission as to mitochondrial fission. It is well known that
membrane lipid composition can modulate membrane-associated protein functions
(Marsh, 2008; Vogler et al., 2008). Thus, the mitochondrial-specific presence of CL and

CMDs may reflect a mechanism for DRP3 proteins to distinguish mitochondria from

peroxisomes.

2.4.4 Cardiolipin may link mitochondrial fission to programmed cell death (PCD)
In apoptosis, CL on the outer membrane provides an anchor and activating
platform for caspase-8 as well as BID, a factor required for activating Bax and Bak -

proteins that induce outer membrane permeabilization and the release of cytochrome ¢
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(Lutter et al., 2000; Kuwana et al., 2002; Gonzalvez and Gottlieb, 2007; Montessuit et
al., 2010). CL also directly contributes to cytochrome c release. Prior to apoptosis, CL
on the outer leaflet of mitochondrial inner membrane binds to cytochrome c to retain it in
the cristae, and stress signals induce the peroxidation of CL by cytochrome ¢, which
presumably allows for remodeling of the cristae and the subsequent release of
cytochrome ¢ (Kagan et al., 2005; Gonzalvez and Gottlieb, 2007).

Although whether mitochondrial fission plays a central role in plant PCD is still
being debated (Chan, 2012), multiple studies in non-plant systems have linked
mitochondrial fission to the onset of PCD. For example, inhibition of human DRP1
activity reduces apoptotic mitochondrial fission and cytochrome c release (Frank et al.,
2001). Ectopic expression of Caenorhabditis elegans DRP1 induces both mitochondrial
fission and cell death (Jagasia et al., 2005), and the S. cerevisiae fission DRP, Dnm1,
was shown to promote cell death (Fannjiang et al., 2004). CL and CMDs are believed to
provide an activating platform for the PCD pathway by recruiting/stabilizing Bcl-2 family
proteins required for the release of cytochrome c¢ and other pro-PCD molecules
(Gonzalvez and Gottlieb, 2007). It is possible that during PCD, CL’s interactions with
fission DRP and Bcl-2 family proteins are both strengthened, leading to increased
mitochondrial scission and rupture of mitochondrial outer membranes and thus
promoting the initiation of PCD.

Plant PCD is involved in embryogenesis, tissue differentiation, reproductive
organ formation, pollination, senescence, and serves as a response mechanism to
some abiotic and biotic stresses (Lord and Gunawardena, 2012). It shares several

morphological hallmarks with animal apoptotic PCD (Gadjev et al., 2008), although the
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well characterized protein machinery that controls animal apoptosis is not obviously
conserved in plants. It would be of great interest to focus future investigations on the
role of CL and DRP3 proteins in plant PCD. Our finding that CLS deficient plants have
increased susceptibility to heat stress and prolonged darkness treatment is a first step

in this research direction.
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Figure 2.1. Subcellular localization of cardiolipin and CLS in plant cells.
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Figure 2.1 (cont’d)

(A) Confocal images showing the localization of CL to mitochondria in Arabidopsis. Leaf
epidermal cells of two-week-old T3 plants expressing COX4-YFP or YFP-PTS1 were
stained with the CL-specific dye, NAO. Scale bar, 5 ym.

(B) Confocal images showing CMDs on mitochondria in leaf epidermal cells of two-
week-old wild type and drp3 double mutant stained with NAO. Scale bar, 5 um.

(C) CLS localizes to mitochondria but not peroxisomes. Two-week-old T2 lines
expressing CLS-YFP-HA and COX4-CFP or CLS-YFP-HA and CFP-PTS1 were used for
analysis. Scale bar, 5 ym.

(D) Cytosolic diffusion of YFP-CLS transiently expressed in tobacco leaf epidermal cells.

Scale bar, 10 uym.
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Figure 2.2. Sequence comparison of CLS proteins from different species.
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Figure 2.2 (cont’d)
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Figure 2.2 (cont’d)

(A) A phylogenetic tree of CLS sequences from different species generated by the

Phylogeny.fr program (http://www.phylogeny.fr/version2_cgi/index.cqi). The

cyanobacterial CLS protein from Nostoc sp. PCC 7120 shows low sequence similarity
with those in eukaryotes. The plant species include Arabidopsis thaliana, Ricinus
communis, Populus trichocarpa, Vitis vinifera, Prunus persica, and Cucumis sativus.
The non-plant species include Homo sapiens, Mus musculus, Danio rerio, Xenopus
laevis, Drosophila melanogaster, Phaeodactylum tricornutum, Saccharomyces
cerevisiae. Scale bar, 1.0 amino acid substitutions per site.

(B and C) Sequence alignment between Arabidopsis CLS and CLS homologs from non-
plant species (B) and plant species (C). Sequence alignment was performed using the
ClustalW2 program. Signal 1 and signal 2 on Arabidopsis CLS, which direct the protein
to mitochondria and mitochondria/chloroplasts, respectively, are highlighted. The
conserved enzymatic activity domain (CDP-alcohol phosphatidyltransferase) is

underlined by blue dashed lines.
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Figure 2.3. CLS-YFP-HA is processed upon mitochondrial targeting.
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Figure 2.3 (cont’d)

(A) Immunoblot analysis of transiently expressed YFP-CLS and CLS-YFP-HA proteins
in tobacco leaves, using a-GFP antibodies. Arrow heads point to the putative precursor
and mature form of CLS-YFP-HA. Loading control, large subunit of Rubisco stained by
Ponceau S.

(B) Immunoblot analysis of CLS-YFP-HA in different subcellular crude fractions.
Tobacco leaves transiently expressing CLS-YFP-HA were homogenized on ice in
grinding buffer (450 mM Sucrose, 1.5 mM EGTA, 0.2% BSA, 0.6% PVP-40, 10 mM DTT,
0.2 mM PMSF, and 15 mM MOPS/KOH, pH7.4). The homogenized solution is
considered crude extract (CE). Chloroplasts and other organelles and particles were
sedimented by centrifugation for 10 min at 3,500 g (5 min each time) and 5 min at 6,000
g. Finally, the solution was centrifuged for 10 min at 17,000 g to get a supernatant
fraction (S) and a pellet fraction (P) enriched in mitochondria. Arrow heads point to the

putative precursor and mature form of CLS-YFP-HA.
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Figure 2.4. Analysis of organelle targeting signals on CLS.
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Figure 2.4 (cont’d)
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Figure 2.4 (cont’d)

(A) Schematics of the CLS protein and deletion constructs. Black box, transmembrane

helices predicted by TMHMM server (http://www.cbs.dtu.dk/services/TMHMM/).

(B) Confocal images of the localization of fusion proteins between various CLS
fragments and YFP transiently expressed in tobacco leaves together with the
mitochondrial marker COX4-CFP. Co-localization between COX4-CFP and CLS-YFP
fusion proteins were examined in epidermal cells. Co-localization between chloroplast
autofluorescent signals and CLS-YFP fusion proteins were examined in mesophyll cells.

Scale bars, 5 ym.

(C) Localization of cLs""*"_YFP to the ER and Golgi. The YFP fusion protein was

transiently expressed in tobacco leaves with the ER marker AtWAK2-CFP or Golgi

marker GmMan1-CFP (Nelson et al., 2007). Scale bar, 5 ym.
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Figure 2.5. Analyses of mitochondrial membrane association and topology of CLS.
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Figure 2.5 (cont’d)
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Figure 2.5 (cont’d)

(A) Immunoblot analysis to assess the purity of mitochondria isolated from leaf tissue of
Arabidopsis transgenic plants. Organelle-specific antibodies used were against plant
VDAC (mitochondria), FtsZ1 (chloroplasts) and PEX11d (peroxisomes), respectively.
The presence of CLS-YFP-HA is confirmed by detection with the GFP antibody. CE,
crude extract.

(B) Membrane association of CLS. Purified mitochondria were treated with TE, sodium
chloride (NaCl), or sodium carbonate (Na,COs;, pH 11.0) respectively and later
separated into soluble (S) and pellet (P) fractions by centrifugation. Immunoblot
analyses were performed on the proteins using a-GFP (for CFP and YFP fusions) and
a-VDAC antibodies. COX4-YFP and VDAC (voltage-dependent anion change) were
controls for matrix and membrane proteins, respectively.

(C and D) Protease protection assays to determine the membrane topology of CLS.
Antibodies used were a-GFP and a-COXII. Mitochondria used for the detection of YFP-
PMD1 were isolated independently from Arabidopsis plants expressing 35Sp.,:YFP-
PMD1 (Aung and Hu, 2011).

(E) liustration of the digestive ability of thermolysin and trypsin. PMD1, COXII and
COX4-YFP are controls for distinct sub-compartments of mitochondria. OM, outer

membrane; IMS, intermembrane space; IM, inner membrane.
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Figure 2.6. Molecular, phenotypic and biochemical analyses of the c/s-1 mutant and

rescued lines.
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Figure 2.6 (cont’d)
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Figure 2.6 (cont’d)

(A) Schematics of the Arabidopsis CLS gene, and exon 5 sequences in the three CLS
transcripts (T1-T3) in cls-1 as a result of the T-DNA insertion. Open box, UTR; black box,
exon; line, intron. Dashed lines indicate deletions from exon 5 in the three transcripts in
cls-1. Nucleic acids in lower cases are foreign sequences introduced by the T-DNA
insertion.

(B) Semi-quantitative RT-PCR analysis of RNA from four-week-old c/s-1. N term, 500 bp
of the N terminus of the CLS cDNA. UBQ10 (ubiquitin 10) was used as a loading control.
1-3 represents transcripts 1-3.

(C) Three-week-old wild-type and cls-1 plants.

(D) Delayed germination of cls-1 seeds produced by heterozygotes. Average numbers
of days required for the appearance of radicles and the two green cotyledons were
quantified. Error bars, s.d.; n=5. Triple asterisks indicate p<0.001 in t-test.

(E) Three-week-old Col-0 and a cls-1 plant rescued by 35S,,,:CLS-YFP-HA.

(F) RT-PCR analysis of CLS mRNA in the CLS overexpression line shown in (E).
UBQ10 was used as the loading control.

(G and H) Liquid chromatography-mass spectrometry analysis of CL (G) and PG (H)
levels in wild type, cls-1 and complemented c/s-1 line. MS counts normalized to total
protein content were used for quantifications. Error bars, s.d.; n=4. NS, not significant
(p>0.05); double asterisks, p<0.01; triple asterisks, p<0.001. Total CL was used in (G),

and two major PG species were used in (H).
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Figure 2.7. More characterization of cls-1.

77



Figure 2.7 (cont’d)

cls-1

(A-B) Five-week-old plants (A) and siliques (B).

(C) Genotyping of c/s-1 mutant and rescued lines. Schematics of the Arabidopsis CLS
gene, position of the T-DNA insertions in cls-1, and primers used in the genotyping are
shown on the left. Genotyping of two independent lines for each genotype is shown on
the right.

(D) Peroxisomal morphology in five-week-old c/s-1 and wild-type plants expressing the
peroxisome marker YFP-PTS1 (SKL). Confocal images were taken from leaf mesophyll

cells. Scale bar, 10 ym.
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Figure 2.8. Expression profile of the Arabidopsis CLS gene.
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Figure 2.8 (cont’d)

(A) CLS expression data from Genevestigator (https://www.genevestigator.com/).

(B) CLS expression data from Arabidopsis eFP browser (bar.utoronto.ca).
Developmental stages include: 1, Dry seed; 2, Imbibed seed, 24 h; 3, 1st Node; 4,
Flower Stage 12, Stamens; 5, Cauline Leaf; 6, Cotyledon; 7, Root; 8, Entire Rosette
After Transition to Flowering; 9, Flower Stage 9; 10, Flower Stage 10/11; 11, Flower
Stage 12; 12, Flower Stage 15; 13, Flower Stage 12, Carpels; 14, Flower Stage 12,
Petals; 15, Flower Stage 12, Sepals; 16, Flower Stage 15, Carpels; 17, Flower Stage 15,
Petals; 18, Flower Stage 15, Sepals; 19, Flower Stage 15, Stamen; 20, Flowers Stage
15, Pedicels; 21, Leaf 1 + 2; 22, Leaf 7, Petiole; 23, Leaf 7, Distal Half; 24, Leaf 7,
Proximal Half; 25, Hypocotyl; 26, Root; 27, Rosette Leaf 2; 28, Rosette Leaf 4; 29,
Rosette Leaf 6; 30, Rosette Leaf 8; 31, Rosette Leaf 10; 32. Rosette Leaf 12; 33,
Senescing Leaf; 34, Shoot Apex, Inflorescence; 35, Shoot Apex, Transition; 36, Shoot
Apex, Vegetative; 37, Stem, 2nd Internode; 38, Mature Pollen; 39, Seeds Stage 3 w/
Siliques; 40, Seeds Stage 4 w/ Siliques; 41, Seeds Stage 5 w/ Siliques; 42, Seeds
Stage 6 w/o Siliques; 43, Seeds Stage 7 w/o Siliques; 44, Seeds Stage 8 w/o Siliques;
45, Seeds Stage 9 w/o Siliques; 46, Seeds Stage 10 w/o Siliques; 47, Vegetative

Rosette.

80


https://www.genevestigator.com/

B Cc
cls-1+ drp3A-2
cls-1 WT 35S, CLS-YFP-HA drp3B-2

Guard
cells

Leaf
epidermis

Root
epidermis

Leaf
mesophyll

Figure 2.9. Mitochondrial morphology in cls-1.
Confocal images show mitochondrial morphologies in different cell types in wild type
and cls-1 (A), cls-1 complemented by 35S,,,:CLS-YFP-HA (B), and drp3 double mutant

(C). All lines are expressign COX4-YFP. Scale bars, 10 ym.
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Figure 2.10. Transmission electron microscopic (TEM) analysis of mitochondrial

structure from four-week-old wild-type and cls-1 leaves.
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Figure 2.10 (cont’d)

(A-F) TEM images with arrowheads indicating mitochondrial inner membrane and
cristae structure. Dotted circles in (A) and (C) indicate individual mitochondria. Scale
bars, 1 um.

(G) Quantification of mitochondrial cristae structure with different morphologies in cl/s-1.
Data were collected from 22 mitochondria in the mutant. Long cristae is defined as >0.4
um in length, and bubble-like cristae is defined as bubble-shaped and >0.2 ym in

diameter.
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Figure 2.11. Partial complementation of the mitochondrial morphological phenotype in

cls-1 by DRP3 proteins.
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Figure 2.11 (cont’d)
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Figure 2.11 (cont’d)

(A) Mitochondrial morphology in c/s-1 guard cells. Scale bar = 10 pym.

(B) Mitochondrial morphology in wild-type and cls-1 guard cells expressing 35S,,:CFP-
DRP3A or 35S,,,:CFP-DRP3B. Scale bar, 10 pm. Arrowheads point to some
mitochondrial-associated DRP3 proteins. Dashed lines delineate single guard cells.

(C and D) Quantification of the rescue of mitochondrial fission defects in cls-1 by CFP-
DRP3 overexpression. Independent mitochondria per guard cell were quantified.
Abnormal mitochondria include enlarged and elongated mitochondria, where enlarged
mitochondria have diameters >2 pm and elongated mitochondria have lengths >4 pm.

Error bars, s.e.m.; n=6 (number of cells analyzed). Asterisks indicate p<0.05 in t-test.
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dmDRP1 LPQIVVLGSQSSGKSSVIESVVGRSFLPRGTGIV@RRPLVLOQLIYSPL-—-——— DDRENRS 79

scDNM1 LPILAVVGSQSSGKSSILETLVGRDFLPRGTGIVERRPLVLOLNNISPNSPLIEEDDNSV 87
scVPS1 LPQITVVGSQSSGKSSVLENIVGRDFLPRGTGIVERRPLVLOLINRRPKKSEHAKVNQTA 88

atARCS APAVLVVGQQTDGKSALVEALMGFQFNHVGGGTKERRPITLHMKYDPQ-—-—-—-———————— 100
atDRP3A GGSD-—-—————-————————=———————————— DEWGEFR-HLPETRFYDFSEIRREIEAET 141
atDRP3B GGSD-———————=—=————=—=————————————— EEWGEFLHHDPVRRIYDFSEIRREIEAET 126
hsDLP1 GEEN--—-—-----—--—-—————————— GVEAEEWGKFL-HTKNKLYTDFDEIRQEIENET 115
mmDRP1 GEENDPATWKNSRH-—-———————— LSKGVEAEEWGKFL-HTKNKLYTDFDEIRQEIENET 128
dmDRP1 AENG-—-—-=—=——=—————————————— TSNAEEWGRFL-HTK-KCFTDFDEIRKEIENET 114

scDNM1 NPHDEVTKISGFEAGTKPLEYR--GKERNHADEWGEFL-HIPGKRFYDFDDIKREIENET 144
scVPS1 NELIDLNINDDDKKKDESGKHONEGQSEDNKEEWGEFL-HLPGKKFYNFDEIRKEIVKET 147
atARCS  ——=m———— CQFPLCHLGSDD-DPSVSLPKSLSQIQAYIEAEN 133

atDRP3A NRLVGE-NKGVADTQIRLKISSPNVLNITLVDLPGITKVP--VGDQPSDIEARIRTMILS 198
atDRP3B NRVSGE-NKGVSDIPIGLKIFSPNVLDISLVDLPGITKVP--VGDQPSDIEARIRTMILT 183
hsDLP1 ERISGN-NKGVSPEPIHLKIFSPNVVNLTLVDLPGMTKVP--VGDQPKDIELQIRELILR 172
mmDRP1 ERISGN-NKGVSPEPIHLKVFSPNVVNLTLVDLPGMTKVP--VGDQPKDIELQIRELILR 185
dmDRP1 ERAAGS-NKGICPEPINLKIFSTHVVNLTLVDLPGITKVP--VGDQPEDIEAQIKELVLK 171
scDNM1 ARIAGK-DKGISKIPINLKVEFSPHVLNLTLVDLPGITKVP--IGEQPPDIEKQIKNLILD 201
scVPS1 DKVTGA-NSGISSVPINLRIYSPHVLTLTLVDLPGLTKVP--VGDQPPDIERQIKDMLLK 204
atARCbH MRLEQEPCSPFSAKEIIVKVQYKYCPNLTIIDTPGLIAPAPGLKNRALQVQARAVEALVR 193

atDRP3A YIKQDTCLILAVTPANTDLANSDALQIASIVDPDGHRTIGVITKLDIMDKGTDARKLLLG 258
atDRP3B YIKEPSCLILAVSPANTDLANSDALQIAGNADPDGHRTIGVITKLDIMDRGTDARNHLLG 243
hsDLP1 FISNPNSIILAVTAANTDMATSEALKISREVDPDGRRTLAVITKLDLMDAGTDAMDVLMG 232
mmDRP1 FISNPNSIILAVTAANTDMATSEALKISREVDPDGRRTLAVITKLDLMDAGTDAMDVLMG 245
dmDRP1 YIENPNSIILAVTAANTDMATSEALKLAKDVDPDGRRTLAVVTKLDLMDAGTDAIDILCG 231
scDNM1 YIATPNCLILAVSPANVDLVNSESLKLAREVDPQGKRTIGVITKLDLMDSGTNALDILSG 261
scVPS1 YISKPNAIILSVNAANTDLANSDGLKLAREVDPEGTRTIGVLTKVDLMDQGTDVIDILAG 264
atARCS AKMQHKEFIILCLEDSSDWSIATTRRIVMQVDPELSRTIVVSTKLDTKIPQFSCSSDVEV 253

atDRP3A NVVPLRLGYVGVVNRCQEDILLNRTVKEALLAEEKFFRSHPVYHGLAD--RLGVPQLAKK 316
atDRP3B KTIPLRLGYVGVVNRSQEDILMNRSIKDALVAEEKFFRSRPVYSGLTD--RLGVPQLAKK 301
hsDLP1 RVIPVKLGIIGVVNRSQLDINNKKSVTDSIRDEYAFLOKK--YPSLAN--RNGTKYLART 288
mmDRP1 RVIPVKLGIIGVVNRSQLDINNKKSVTDSIRDEYAFLQKK--YPSLAN--RNGTKYLART 301
dmDRP1 RVIPVKLGIIGVMNRSQOKDIMDOKHIDDOMKDEAAFLORK--YPTLAT--RNGTPYLAKT 287
scDNM1 KMYPLKLGFVGVVNRSQODIQLNKTVEESLDKEEDYFRKHPVYRTIST--KCGTRYLAKL 319
scVPS1 RVIPLRYGYIPVINRGOQKDIEHKKTIREALENERKFFENHPSYSSKAH--YCGTPYLAKK 322
atARCbH FLSPPASALDSSLLGDSPFFTSVPSGRVGYGQODSVYKSNDEFKQAVSLREMEDIASLEKK 313

Figure 2.12. Alignment of the N terminus (containing the GTPase domain) of

mitochondrial/peroxisome division DRP proteins from various species.
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Figure 2.12 (cont’d)

The conserved CL-interacting Arg and the three other conserved residues, Lys, Ser and

Thr, in the GTPase domain are highlighted. Sequence alignment was performed using

the ClustalW2 program.
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Figure 2.13. Functional association of CL and DRP3 in mitochondrial fission.
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Figure 2.13 (cont’d)
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Figure 2.13 (cont’d)

(A) Structural modeling of the GTPase domain from Arabidopsis DRP3A (60 to 321 aa)
and DRP3B (44 to 306 aa) and human DRP1 (2 to 314 aa). The protein model was

generated by SWISS-MODEL (http://swissmodel.expasy.org), based on the structure of

Dynamin 3 GTPase domain, and visualized with the PyMOL software. The cardiolipin-
interacting Arg (R247) is shown in red and indicated by an arrow.

(B) Epifluorescent images showing mitochondrial morphology in tobacco leaf epidermal
cells transiently overexpressing wild-type CFP-DRP3A or CFP-DRP3B, together with
the mitochondrial marker COX4-YFP. Scale bar, 10 um.

(C) Epifluorescent images showing peroxisome morphology in tobacco leaf epidermal

cells transiently overexpressing DRP3A™ —-CFP, DRP3B - -CFP, CFP-DRP3A"

or CFP-DRPBBRZSBE, together with the peroxisomal marker YFP-PTS1. Scale bar, 10

pm.
(D) Immunoblot analysis of DRP3 fusion proteins in crude protein extracts from tobacco
leaves co-expressing each CFP-DRP3 (or DRP3-CFP) fusion protein and the

peroxisomal marker YFP-PTS1. The proteins were detected by the GFP antibody.
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Figure 2.14. DRP3’s function in mitochondrial fission depends on interaction with CL.
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Figure 2.14 (cont’d)
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(A) Epifluorescent images of tobacco leaf epidermis co-expressing CFP-DRP3™F (or
DRP3R'>E—CFP) and the mitochondrial marker COX4-YFP. Scale bar, 10 um.

(B) Immunoblot analysis of the expression of DRP3 fusion proteins in crude protein
extracts from tobacco leaves co-expressing CFP-DRP3 (or DRP3-CFP) and COX4-YFP.
Proteins were detected by the GFP antibody. The large subunit of Rubisco stained by
Ponceau S was shown as a protein loading control.

(C) Quantification of the number of independent mitochondria in cells expressing CFP-
DRP3AR?3E or CFP-DRP3BR?°E, Error bars, s.d.; n=5. Triple asterisks indicate p<0.001.
(D) Six-week-old plants overexpressing CFP-DRP3 or CFP-DRP3%?”F, and various

DRP3 loss- and gain-of-function lines.
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Figure 2.15. Analysis of the role of a few conserved residues in mitochondrial and

peroxisomal fission.
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Figure 2.15 (cont’d)
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(A-B) Mitochondrial (A) and peroxisomal (B) morphologies in leaves of Arabidopsis
plants in various genetic background (left) or in drp3A-2 transiently expressing mutant

CFP-DRP3A proteins (right).
(C-D) Tobacco leaf epidermis overexpressing CFP-DRP3A" -, CFP-DRP3A° " or

CFP-DRP3AT93A and the mitochondrial (C) or peroxisomal (D) marker.
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Figure 2.16. Association of CFP-DRP3 and CFP-DRP3%F proteins with mitochondria.
(A and B) Confocal analysis of the association of CFP-DRP3 and CFP-DRP3*”F with
mitochondria in tobacco leaf epidermis expressing COX4-YFP. Scale bar, 10 um.

(C and D) Quantification of the number of CFP-DRP3 fluorescent spots and their
mitochondrial association. Error bars, s.d.; n=4. Single asterisk, p<0.05; double

asterisks, p<0.01.
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Figure 2.17. Cardiolipin stabilizes DRP3 protein complexes.
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Figure 2.17 (cont’d)

(A) BN-PAGE followed by immunoblot analysis to detect the level of oligomerization of
DRP3 proteins overexpressed in tobacco leaves. Crude protein extracts were analyzed
and the a-GFP antibody was used to detect YFP-DRP3 proteins. Coomassie Blue
staining of Rubisco is shown at bottom as the loading control.

(B) SDS-PAGE followed by immunoblot analysis of DRP3 fusion proteins analyzed in
(A), detected by a-GFP antibodies. Loading control, large subunit of Rubisco stained by
Ponceau S.

(C and D) BN-PAGE followed by immunoblot analysis to detect the level of complex
formation for DRP3 (C) and COXIl and VDAC proteins (D) in cls-1. Crude protein
extracts from leaves were used, and endogenous DRP3A, DRP3B, COXII, and VDAC
proteins were detected by their respective antibodies. Coomassie Blue staining of
Rubisco is shown as the loading control.

(E) SDS-PAGE followed by immunoblot analysis of endogenous DRP3 and COXIl in cls-

1, detected by their respective antibodies.
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Figure 2.18. Analyses of DRPSR_>E protein self-interaction in tobacco and DRP3
transcript levels in cls-1.

(A) Co-IP analysis of YFP- and HA-tagged DRP3 proteins co-expressed in tobacco
leaves. IP, immunoprecipitation. Blot, immunoblot.

(B) RT-PCR analysis of DRP3A and DRP3B transcripts in wild-type and c/s-1 plants.

Actin mRNA level was included as a loading control.
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Figure 2.19. CLS deficient mutants are more susceptible to heat stress and prolonged

darkness.
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Figure 2.19 (cont’d)
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Figure 2.19 (cont’d)

(A) RT-PCR analysis of CLS mRNA levels in four-week-old plants.

(B) Appearance of three-week-old Arabidopsis plants treated with 65°C heat for 10 min
and left to recover at 22°C for varied lengths of time.

(C) Quantitative analysis of the tolerance of wild-type and c/s mutants to heat stress.
Percentage of healthy leaves showing no chlorosis or withering was calculated. Error
bars, s.e.m; n=2.

(D) TUNEL staining of fragmented DNA in leaf epidermal cells from wild type and CLS
amiRNA-1 lines treated by heat. Scale bars, 100 ym.

(E) Accelerated induction of senescence in dark-treated CLS deficient mutants. Three-
week-old seedlings were subjected to dark treatment for 8 days, during which the plates
were brought to light for imaging before being placed back to the dark.

(F) Quantitative analysis of the number of senescent leaves in wild-type and cls mutants
shown in (E). Percentage of healthy leaves showing no visible signs of senescence was

calculated.

102



>

Guard cells Leaf mesophyll Leaf epidermis

DIC COX4-YFP DIC COX4-YFP DIC COX4-YFP

amiRNA-1

amiRNA-2

D

B <

65°C ‘Ej’ 100 s—p—tp.

[(}] "1—-|_=' )

0 5 15 30 45 min © L AR
2 80 W M
g 60 % ..‘______.
o . —=—amiRNA-1
[
= 40 " amiRNA-2
o 20 9
)] “m
g 0 T T T T T T 1
§ 24-12 0 12 24 36 48 60 72 (hr)

37°C 22°C

Figure 2.20. Mitochondrial phenotypes of CLS amiRNA lines and characterization of

CL’s role in plant response to PCD-inducing stresses.
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Figure 2.20 (cont’d)
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(A) Confocal images showing mitochondrial morphology in the two amiRNA lines used
in this study. Scale bars, 10 ym.

(B) Electrophoresis of genomic DNA from wild-type plants incubated at 65°C for various
lengths of time.

(C) Three-week-old Arabidopsis seedlings subjected to 37°C heat treatment for 24
hours and then left at 22°C.

(D) Quantitative analysis of the susceptibility of wild type and cls mutants to 24-hr heat
stress at 37°C. Percentage of leaves showing no signs of chlorosis or withering was

calculated.
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Table 2.1. DNA primers used in Chapter 2.

Primer Sequence (5’-3’)

CLS-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatggcgatttacagatctctaag

CLS-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtcctatgatctcttaatcatagatatagg

CLS-Re-front

cgccattgatatcatattcgg

CLS-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtctgatctcttaatcatagatatagg

DRP3A-Fw-attB1

ggggacaagtttgtacaaaaaagcaggcttcatgactattgaagaagtttccg

DRP3A-Fw-attB2-N

ggggaccactttgtacaagaaagctgggtcttagaatccgtatccattttggtg

DRP3A-Re-attB2-C

ggggaccactttgtacaagaaagctgggtcgaatccgtatccattttggtg

DRP3B-Fw-attB1

ggggacaagtttgtacaaaaaagcaggcttcatgtccgtcgacgatctccc

DRP3B-Re-attB2-N

ggggaccactttgtacaagaaagctgggtcttacatatgaagccgtccgttc

DRP3B-Re-attB2-C

ggggaccactttgtacaagaaagctgggtccatatgaagccgtccgttc

CLS-partial -Re-1

ggggaccactttgtacaagaaagctgggtctggtcttgttttccggtgattg

CLS-partial-Re-2

ggggaccactttgtacaagaaagctgggtcgaacaacggcgaaaactgcggtgg

CLS-partial-Re-3

ggggaccactttgtacaagaaagctgggtcaaaactcttgactaattttccacc

CLS-partial-Fw-4

ggggacaagtttgtacaaaaaagcaggcttcatgagaccattcttcaccgccgetac
agc

CLS-partial-Fw-5

ggggacaagtttgtacaaaaaagcaggcttcatgccgttgttcccacatttctcac

CLS-partial-Fw-6

ggggacaagtttgtacaaaaaagcaggcttcatgaagagttttgttaatgtgccg

DRP3A-R273E-Fw

gtaaatgagtgccaggaggatattttgctaaaccg

DRP3A-R273E-Re

ctggcactcatttacaactcccacgtatccaagtc

DRP3B-R258E-Fw

gagttgtaaatgagagtcaagaggatattttgatg

DRP3B-R258E-Re

tcctcttgactctcatttacaactcccacgtatce

CLS | miR-s gattacacacccgataagaaccctctctcttttgtattcc
CLS Il miR-a gagggttcttatcgggtgtgtaatcaaagagaatcaatga
CLS lll miR*s gaggattcttatcggctgtgtattcacaggtcgtgatatg
CLS IV miR*a gaatacacagccgataagaatcctctacatatatattcct
UBQ10-1 tcaattctctctaccgtgatcaagatg

UBQ10-2 ggtgtcagaactctccacctcaagag

RT-3A-F gctgcaaatgcgagtgatacaaggtggg

RT-3A-R caactcatctagtgtcctgtaagcttgc

RT-3B-F ctgcaccagctggaagcacaagctggag

RT-3B-R ccgattcagcttctaacggcagctcgtc

P67 Act7 FP ttcaatgtccctgccatgta

P68 Act7 RP tgaacaatcgatggacctga

PR-1-LB1 atgaattttactggctattc

PR-1-RB1 aacccacatgttcacggcgga

PR-2-LB1 gcttecttcttcaaccccaca

PR-2-RB1 ctgaaccttccttgagacgga

elF1a-LB1 gcacagtcattgatgcccca

elF1a-RB1 cctcaagaagagttggtccct

CLS-genotyping-1

cgtaccttgatcctcttgcag
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Table 2.1 (cont’d)

Primer Sequence (5’-3’)

CLS-genotyping-2 attttgccgatttcggaac

CLS-genotyping-3 ttagcgagggaacatgttttg
DRP3A-K72A-fw cagtggcgcgtctagcgtccttgaagcactcgtcg
DRP3A-K72A-re cgctagacgcgccactgctttggcttccaacaac
DRP3A-S73N-fw ggcaagaatagcgtccttgaagcactcgtcggecg
DRP3A-S73N-re gacgctattcttgccactgctttggcttccaacaac
DRP3A-T93A-fw atctgcgcegcegtcegtectcttgttctccagetee
DRP3A-T93A-re acgacgcgcgcagatatcattaccacgagggag
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Table 2.2. Vectors used in Chapter 2.

Vector and reference Construct Plant
selection
pDonor 207 all donor plasmids
(Invitrogen)
pEarleyGate 100 amiRNA CLS BASTA
(Earley et al., 2006)
pEarleyGate 101 YFP-CLS. BASTA
(Earley et al., 2006)
pEarleyGate 104 CLS-YFP-HA BASTA
(Earley et al., 2006)
pEarleyGate 201 HA-DRP3A BASTA
(Earley et al., 2006)
pDest-35S-6xHis-YFP-X YFP-DRP3A, YFP-DRP3B, YFP- Kanamycin
(Reumann et al., 2009) DRP3AR?*E YFP-DRP3BR?%%E
pDest-35S-X-YFP-6xHis CLS™-YFP, CLS"™'-YFP, CLS""*"- | Kanamycin
(Reumann et al., 2009) YFP, CLS?"3*.YFP, CLS**34.YFP,
CLS*™MO.yFp, CcLS™"**LYFP
pGWB544 CFP-DRP3A, CFP-DRP3B, CFP- Hygromycin
(Nakagawa et al., 2007) DRP3AR?"E CFP-DRP3BR?*%F
CFP-DRP3AX"?A CFP-DRP3AS™N,
CFP-DRP3A™*
pGWB545 DRP3A™"**_CFP, DRP3B"™**°*-CFP | Hygromycin

(Nakagawa et al., 2007)
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2.5 Methods

2.5.1 Plant material and transformation

Plants were grown at 22°C with 70% humidity, 70 to 80 pmol m? s of white light
for 14 h per day. Col-0 was used as the wild type. Seeds for the T-DNA insertion mutant
cls-1 (SALK_049840) were provided by the Arabidopsis Biological Resource Center
(ABRC), and homozygous mutants were identified by PCR of genomic DNA. Organelle
marker lines were either generated in our previous studies or obtained from other
sources, as cited in the text. Transgenic Arabidopsis plants were generated via
simplified flora dipping method (http://entomology.wisc.edu/~afb/protocol.html) using
Agrobacterium tumefaciens strain GV3101 (pMP90). To screen for transformants with
BASTA, T1 plants were grown on soil and sprayed at 7 days and 9 days after
germination with 0.1% (v/v) of Basta (Finale; Farnam Companies, Phoenix, AZ, USA)
with 0.05% (v/v) Silwet L-77. For other transformants, T1 seeds were plated on 0.5
Linsmairer and Skoog (1/2 LS) medium containing 50 ug/ml kanamycin, or 50 ug/mi
hygromycin (see Supplemental Table S2). Transient gene expression in tobacco
(Nicotiana tabacum) plants was performed as described previously (Aung and Hu,
2011). Information on the primers and vectors used is provided in Supplemental Table

S1 and S2.

2.5.2 Gene cloning, plasmid construction, and RT-PCR
The coding sequences of specific genes were amplified with Gateway compatible

primers (Supplemental Table S1) by Phusion polymerase (NEB), using cDNA made
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from total RNA of Col-0 plants. The PCR products were cloned into pDonor207 vector
and various destination vectors (Supplemental Table S2) via a standard Gateway
cloning system (Invitrogen, http://www.invitrogen.com/). To generate point mutations of
DRP3AR?*E DRP3AX?A DRP3AS™N DRP3A™* and DRP3B®?**F overlapping PCR
was performed (http://gfp.stanford.edu/protocol/index5.html) with primers containing the
mutation sites.

To clone the artificial microRNA construct, amiRNA CLS (5-
TTACACACCCGATAAGAACCC-3’) was designed by WMD3-Web MicroRNA Designer

(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). Overlapping PCR was used to clone

the amiRNA according to the WMD3-Web MicroRNA Designer

(http://wmd3.weigelworld.org/downloads/Cloning_of artificial _microRNAs.pdf). The

precursor miRNA was amplified by Gateway-compatible primers (Supplemental Table 1)
and cloned into pEarley100 (Supplemental Table S2).
To analyze gene expression level in plants, semi-quantitative RT-PCR was

performed as previously described (Aung and Hu, 2011).

2.5.3 Protein preparation and immunoblot analysis

For crude plant protein extraction, 50 mg fresh tissue from Arabidopsis or
tobacco plants were ground with plastic pestles using liquid nitrogen and 500 pl
extraction buffer (60 mM Tris-HCI pH 8.8, 2% SDS, 2.5% glycerol, 0.13 mM EDTA pH
8.0, and 1X protease inhibitor cocktail complete from Roche). The tissue lysates were
vortexed for 30 s, heated at 70°C for 10 min, and centrifuged at 13,000 g twice for 5 min

at room temperature. The supernatants were then transferred to new tubes. 15 ul of the
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supernatant mixed with 5 pl 4X LDS sample buffer was loaded onto SDS-PAGE. To
prepare mitochondrial proteins for SDS-PAGE analysis, 15 pl purified mitochondria (see
below) mixed with 5 yl 4X LDS sample buffer were heated at 70 °C for 10 min, before
loaded onto SDS-PAGE.

To prepare crude native protein extracts, 100 mg fresh weight of Arabidopsis or
tobacco leaves was homogenized with a pestle in liquid nitrogen. Total native proteins
were isolated using a NativePAGE™ Sample Prep Kit (Invitrogen, Carlsbad, CA, USA).
400 pl 1X TBS buffer containing 2% Triton X-100 was added to the homogenized
samples before the mixture was incubated on ice for 30 min and later centrifuged at
17,000 g two times (15 min/each) at 4 °C. 25 pL of the supernatant was transferred to a
new tube, mixed with 3 pl 5% G-250, and then separated on a 4%-16% Native PAGE™
according to the product manual.

After separation on the gel, proteins were transferred to a PVDF membrane. For
native gels, the PVDF membrane was fixed by 8% acetic acid, rinsed, air dried, and
washed with methanol, as described in the product manual. The membrane was
blocked with 5% milk in 1x TBST (50 mM Tris-base, 150 mM NaCl, 0.05% Tween 20,
pH 8.0) for 1 h at room temperature, and then incubated for 1 h at room temperature
with primary antibody prepared in the blocking buffer as follows: 1:20000 for a-GFP
(Abcam), 1:5000 for a-Actin (Sigma), 1:1,000 for a-PEX11d (Orth et al., 2007), 1:5,000
for a-VDAC (Reumann et al., 2009), 1:3000 a-FtsZ1 (provided by Dr. Kathy Osteryoung,
MSU), 1:250 a-COXII (a stock from the former lab of Dr. Lee Mclntosh, MSU), 1:2000
for a-HA (Cell signaling) and 1:400 for a-DRP3A and a-DRP3B (Aung and Hu, 2012).

The probed membrane was washed with 1x TBST three times at 5min each time,
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followed by incubation with the secondary antibody (i.e., 1:20,000 goat anti-rabbit IgG or
1:20,000 goat anti-mouse IgG, Millipore) at room temperature, washed four times with
1x TBST for 10 min each time, and then visualized with SuperSignal West Dura

Extended Duration Substrate (Pierce Biotechnology).

2.5.4 NAO staining and microscopy

For NAO staining, an NAO (Invitrogen, cat. a-1372) stock solution of 2 mg/ml in
100% ethanol was prepared. 10-day-old seedlings were incubated with 10 pg/ml NAO in
ddH,0 (diluted from the stock) in the dark for 10 min at room temperature. A leaf from
the treated seedlings was used for fluorescence microscope analysis, using a Zeiss
Axio Imager upright epifluorescence microscope and an Olympus Fluoview FV1000
confocal laser scanning microscope.

For confocal microscopy, NAO was excited with a 458 nm laser and detected at
575-620 nm. For epifluorescence microscopy, NAO was excited and detected with the
same setting as CFP. CFP, YFP, and chlorophyll auto-fluorescence were excited with
458, 515, and 515 nm lasers respectively and detected at 475-500 nm, 531-580 nm
and 655-755 nm, as previously described (Aung and Hu, 2011). Fluorescent
mitochondrial, Golgi, and ER makers used were from a previously study (Nelson et al.,
2007). The mitochondrial marker ScCOX4-YFP is a fusion of the first 29 aa of the yeast
S. cerevisiae cytochrome c oxidase IV and YFP. The Golgi marker GmMan1-CFP
contains the first 49 aa of soybean a-1,2-mannosidase |, which includes the cytoplasmic

tail and transmembrane domain. The ER marker AtWAK2-CFP contains the signal
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peptide of Arabidopsis wall-associated kinase 2 (AtWAK2) at the N terminus of the CFP
and the ER retention signal His-Asp-Glu-Leu at the C terminus of CFP.

To observe the ultrastructure of organelles in mesophyll cells, four-week-old wild-
type and cls-1 Arabidopsis plants were subjected to transmission electron microscopy

analysis, using methods previously described (Fan et al., 2005; Aung and Hu, 2011).

2.5.5 Total lipid extraction

Lipid extraction was performed following a modified protocol from Kansas
Lipidomics Research  Center  (http://www.k-state.edu/lipid/lipidomics/index.htm).
Approximately 50 mg of Arabidopsis leaf tissue was collected and quickly immersed in 3
ml 75°C (preheated) isopropanol with 0.01% BHT (butylated hydroxytoluene, Sigma
B1378) for 15 min. After adding 1.5 ml chloroform and 0.6 ml water, the mixture was
briefly vortexed and then incubated 1 hr at room temperature with agitation. After the
liquid portion was transferred to a new glass tube, 4 ml chloroform/methanol (2:1) with
0.01% BHT was added to the tube with the leaf tissue and agitated for 30 min at room
temperature. This step was repeated until the tissue turned white. Then 1 ml 1 M
aqueous KCI was added to the combined lipid extract. After a brief vortex, the sample
was centrifuged at 1000 g for 5 min. After the upper phase was discarded, 2 ml water
was added. After another brief vortex, the mixture was centrifuged again at 1000 g for 5
min. After discarding the upper phase, the organic extract was evaporated to dryness
with blowing nitrogen in a 37°C water bath. Finally, the dried residue was dissolved in 1

ml chloroform and the tube was filled with nitrogen to protect the sample from oxidation.
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2.5.6 LC/MS analysis

Analyses of lipids were performed using a Waters LCT Premier mass
spectrometer interfaced to Shimadzu LC-20 HPLC pumps and a Shimadzu SIL-5000
autosampler. A 10-ul aliquot of each reconstituted lipid extract was injected onto a
Supelco Ascentis Express C18 column (2.1 x 50 mm, 2.7 ym particles), and gradient
elution was performed using a total flow rates of 0.4 ml/min and gradients based on
solvent A (10 mM aqueous ammonium formate, pH 2.7) and solvent B (acetonitrile/2-
propanol 1:2 v/v) as follows (A/B): 0-4 min (90/10), linear gradient to 20/80 at 15 min,
linear gradient to 1/99 at 20 min and held at these conditions until 28 min, at which time
the solvent composition was returned to the initial condition. Mass spectra were
acquired using W-mode ion optics (mass resolution at full width half-maximum = 9000)
using negative-ion mode electrospray ionization over m/z 100-2000. Mass spectra were
acquired in five quasi-simultaneous functions using aperture 1 potential settings of 20,
35, 50, 65, and 80 volts to generate non-selective ion fragmentation using a protocol
known as multiplexed collision-induced dissociation (Gu et al., 2010; Stagliano et al.,
2010) that provides additional evidence of lipid structure from fragment ion masses.
Levels of cardiolipin were quantified by integration (Waters QuanLynx software) of the
extracted ion chromatogram for m/z 1401.98, corresponding to [M-H] of the most
abundant form of cardiolipin (with two 16-carbon and two 18-carbon fatty acids and a
total of 3 double bonds. Amounts of other forms of cardiolipin relative to the major form
remained constant across all wild-type and mutant extracts. An external standard of
1',3'-bis[1,2-dioleoyl-sn-glycero-3-phospho]-sn-glycerol (Avanti) was used for method

development and quantitative analysis.
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2.5.7 Co-immunoprecipitation (Co-IP)

Tobacco leaves (~1 g fresh weight) transiently expressing the YFP-DRP3 and
HA-DRP3 fusion proteins were homogenized in 4 ml RIPA buffer (Thermo) with 1x
complete protease inhibitor cocktail (Roche), and lysed on a rotator for 1 hr at 4°C. After
the lysed tissue was centrifuged at 13,000 g for 10 min, the supernatant was incubated
with 20 ul agarose conjugated anti-GFP (MBL) on a rotator at 4°C for 1 hour to pull-
down the YFP fusion proteins. The agarose beads were spun down at 3000 g for 15 sec
and washed three times with RIPA buffer. YFP-interacting proteins were eluted by
adding 1x NuPAGE LDS sample buffer (Invitrogen) and heating at 75°C for 10 min. The

eluted proteins were subjected to immunoblot analysis as described above.

2.5.8 Mitochondrial isolation and determination of protein membrane association
and topology

Mitochondria were isolated from rosette leaves of four-week-old transgenic plants
expressing 35Sy, YFP-PMD1 or 35S,,:CLS-YFP-HA and the mitochondrial marker,
COX4-YFP, using a previously published protocol (Aung and Hu, 2011). The purity of
mitochondrial preparations was determined using immunoblot analyses and organelle-
specific antibodies as described above. Mitochondrial membrane association was
tested using previously described methods (Nakagawa et al., 2007).

To determine the topology of CLS on the mitochondrial membrane, protease
protection assays were employed using proteases thermolysin and trypsin. For

thermolysin treatment, 200 pl purified mitochondria was treated with 0, 150 or 300 ug/ml
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of thermolysin in an incubation buffer containing 50 mM Hepes/NaOH, pH 7.5, 0.33 M
sorbitol, and 0.5 mM CaCl,. The reactions were carried out at 4°C for 1 h, and stopped
by incubating on ice for 5 min with 5 mM EDTA. For trypsin treatment, 200 pl purified
mitochondria was treated with 0, 150 or 300 pg/ml of trypsin in an incubation buffer
containing 50 mM Hepes/NaOH, pH 7.5, and 0.33 M sorbitol. As a control, mitochondria
were also treated with 1% SDS and 300 pg/ml trypsin, in which SDS served to
permeabilize the membrane to cause the loss of protection of inner membrane proteins
against trypsin. The reactions were carried out at 4°C for 30 min, and stopped by
incubating on ice for 5 min with 0.5 mM PMSF. Immunoblot analysis was then

performed as described above.

2.5.9 TUNEL assay

Whole Arabidopsis seedlings were fixed overnight in 4% paraformaldehyde in
PBS, pH 7.4, and washed with PBS for 10 min. Samples were then permeablized by
immersing them in 0.1% (v/v) Triton X-100 in 0.1% sodium citrate for 2min on ice,
washed with PBS for 10 min, and then incubated with 4% pectinase and 2% cellulase
for 30 min. Treated samples were washed with PBS for 10 min before being used for

the TUNEL assay with protocols provided by the manufacturer (Roche).

2.5.10 Statistical analysis
Quantitative analysis results are presented as the means + s.d. (or s.e.m) from
repeated experiments as indicated in the Figure legends. Pairwise Student’s f-test was

used to analyze statistical significance.
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CHAPTER 3

The Arabidopsis mitochondrial membrane-bound ubiquitin protease UBP27 contributes
to mitochondrial morphogenesis

The work presented in this chapter has been published:
Ronghui Pan, Navneet Kaur, and Jianping Hu. (2014)
The Plant Journal 78: 1047-1059.
doi:10.1111/tpj.12532.

117



3.1 Abstract

Mitochondria are essential organelles with dynamic morphology and function.
Post-translational modifications (PTMs), including protein ubiquitination, are critically
involved in animal and yeast mitochondrial dynamics. How PTMs contribute to plant
mitochondrial dynamics is just beginning to be elucidated, and mitochondrial enzymes
involved in ubiquitination have not been reported from plants. In this study, we identified
an Arabidopsis mitochondrial localized ubiquitin protease, UBP27, through a screen
combining bioinformatics and fluorescent fusion protein targeting analysis. We
characterized UBP27 with respect to its membrane topology and enzymatic activities,
and analyzed the mitochondrial morphological changes in UBP27 T-DNA insertion
mutants and overexpression lines. We have shown that UBP27 is embedded in the
mitochondrial outer membrane with an Nj,-C,y: orientation and possesses ubiquitin
protease activities in vitro. UBP27 demonstrates similar subcellular localization, domain
structure, membrane topology and enzymatic activities with two mitochondrial
deubiquitinases, yeast ScUBP16 and human HsUSP30, indicating that these proteins
are functional orthologs in eukaryotes. Although loss-of-function mutants of UBP27 do
not show obvious phenotypes in plant growth and mitochondrial morphology, UBP27
overexpression can change mitochondrial morphology from rod to spherical shape and
reduce the mitochondrial association of dynamin-related protein 3 (DRP3) proteins,
large GTPases that serve as the main mitochondrial fission factors. Thus, our study has
uncovered a plant ubiquitin protease that plays a role in mitochondrial morphogenesis

possibly through modulation of the function of organelle division proteins.

118



3.2 Introduction

The ATP-generating respiratory function of mitochondria is essential to cellular
maintenance and organismal growth in eukaryotes (Friedman and Nunnari, 2014;
Genova and Lenaz, 2014; Schwarzlander and Finkemeier, 2013; Trounce, 2000). In
plants, mitochondria are involved in the metabolism of carbon, nitrogen, phosphorus
and sulfur, and play an important role in plant stress response (Jacoby et al., 2012;
Schwarzlander and Finkemeier, 2013). Mitochondria are dynamic and can adjust their
morphology, abundance, and contents in response to developmental and environmental
cues (Carrie et al., 2013; Palikaras and Tavernarakis, 2014; Palmer et al., 2011b;
Wiedemann et al., 2004).

Mitochondrial morphology and number are largely determined by the relative
strength of two topologically opposite processes, fission and fusion (Palmer et al.,
2011b). In yeasts and animals, both mitochondrial fission and fusion employ dynamin-
related GTPases present on the outer and inner mitochondrial membranes (Chan,
2012). In plants however, mitochondrial fission seems to be dominant over fusion and
the fusion machinery has not been discovered. In Arabidopsis thaliana, mitochondrial
fission is mainly executed by the homologous dynamin-related proteins (DRPs) DRP3A
and DRP3B, both of which are also involved in peroxisome division (Arimura et al.,
2004a; Arimura and Tsutsumi, 2002; Aung and Hu, 2012; Fujimoto et al., 2009; Logan,
2010; Mano et al., 2004; Zhang and Hu, 2009). Other plant mitochondrial fission factors
include: FISSION1A (FIS1A) and FIS1B, C-terminal-tail-anchored proteins dual-
localized to the surface of mitochondria and peroxisomes with a rate-limiting role in

organelle fission (Scott et al., 2006; Zhang and Hu, 2008a, 2009); ELONGATED
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MITOCHONDRIA1 (ELM1), a protein specifically involved in mitochondrial division that
recruits DRP3A to the organelle (Arimura et al., 2008); and PEROXISOME AND
MITOCHONDRIAL DIVISION FACTOR1 (PMD1), another dual localized membrane
protein involved in the division of peroxisome and mitochondria but acting independently
from ELM1, FIS1, or DRP3 (Aung and Hu, 2011).

As revealed in yeasts and animals, mitochondrial dynamics is subjected to
various modes of regulation, including post translational modifications (PTMs), which
represent an essential step toward the maturation, diversification, or degradation of
proteins. PTMs are achieved by the addition of small molecules, such as phosphate,
methyl, or acetyl groups, or by the covalent attachment of small proteins, such as
ubiquitin and ubiquitin-like proteins, to the protein substrates (Kerscher et al., 2006).
Take the mammalian mitochondrial/peroxisomal division protein Drp1 as an example,
this protein is regulated by protein phosphorylation (Cereghetti et al., 2008; Chang and
Blackstone, 2007; Cribbs and Strack, 2007; Han et al., 2008; Taguchi et al., 2007),
ubiquitination (Karbowski et al., 2007; Nakamura et al., 2006; Wang et al., 2011;
Yonashiro et al., 2006), SUMOylation (Braschi et al., 2009; Figueroa-Romero et al.,
2009; Harder et al., 2004; Zunino et al., 2007), and S-Nitrosylation (Cho et al., 2009),
resulting in alterations in Drp1’s dimerization, GTPase activity, targeting to or
association with mitochondria, or protein stability. Genome-wide proteomic experiments
identified multiple phosphorylation sites on Arabidopsis DRP3A and DRP3B (Durek et
al., 2010; Heazlewood et al., 2008; Mayank et al., 2012; Nakagami et al., 2010;
Sugiyama et al., 2008; Wang et al., 2013), although the consequences of these

phosphorylation events have not been determined. DRP3A and DRP3B were reported
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to undergo mitotic phosphorylation at unidentified sites, leading to the induction of
mitochondrial fission during mitosis (Wang et al., 2012).

Among the PTMs, ubiquitination is a key regulatory mechanism in multiple
cellular pathways (Komander and Rape, 2012) and in both fission and fusion of
mitochondria in animals and yeasts (Palmer et al., 2011b). Ubiquitinations may occur as
the attachment of a single ubiquitin molecule or a multi-molecule chain that may vary in
the number of ubiquitin molecules, branch patterns, and/or 3D structures, granting
various fates to the substrates (Vierstra, 2009). Recent studies in plants indicated key
roles of ubiquitination in the biogenesis and/or function of chloroplasts (Ling et al., 2012)
and peroxisomes (Kaur et al., 2013; Lingard et al., 2009), two organelles functionally
linked to mitochondria.

A critical feature of ubiquitination is its reversibility mediated by de-ubiquitination
enzymes (DUBs), most of which are cysteine proteases and some are metalloproteases.
Based on the catalytic domain configuration, DUBs are further classified into two major
groups that include ubiquitin C-terminal hydrolases (UCHs) and ubiquitin-specific
proteases (UBPs, or USPs in mammals), and two non-canonical groups that include
ovarian tumor proteases (OTUs) and Machado—Joseph disease protein domain
proteases (MJDs). UCHs are suggested to process short multi-ubiquitin chains and
ubiquitin precursors, whereas UBPs can hydrolyze the peptide or isopeptide bond
between ubiquitins and other proteins (Clague et al., 2012; Eletr and Wilkinson, 2014;
Reyes-Turcu et al., 2009).

Bioinformatic analyses identified at least 90 DUBs in human, 17 in the yeast

Saccharomyces cerevisiae, and 64 in Arabidopsis (Amerik and Hochstrasser, 2004; Liu

121



et al., 2008; Nijman et al., 2005). There are two reported mitochondrial outer membrane
(MOM)-localized UBP-type DUBs, ScUBP16 from yeast (Kinner and Kolling, 2003) and
HsUSP30 from human (Nakamura and Shigehisa, 2008). Suppression of HsUSP30
function leads to enhanced mitochondrial elongation and inter-connection,
demonstrating a positive role of de-ubiquitination in mitochondrial fission (Nakamura
and Shigehisa, 2008), whereas removal or overexpression of SCUBP16 did not cause
noticeable changes to mitochondrial morphology or inheritance (Kinner and Koalling,
2003). Beyond the three highly conserved catalytic residues, i.e., one cysteine (Cys)
and two histidines (His), UBPs share low sequence similarities and possess variant
domain compositions, implying diversity in their localization, regulation and/or substrate
specificity (Amerik and Hochstrasser, 2004; Nijman et al., 2005). Out of the 27 predicted
Arabidopsis UBPs (Liu et al., 2008), several nuclear, cytosolic, or plastid UBPs have
been shown to contribute to diverse developmental processes (Chandler et al., 1997;
Cui et al., 2013; Doelling et al., 2001; Ewan et al., 2011; Luo et al., 2008; Moon et al.,
2005; Schmitz et al., 2009; Zhao et al., 2013); none was reported to associate with
mitochondrial morphogenesis or function.

The role of post-translational modifications in plant mitochondrial dynamics is
beginning to be revealed. We recently showed that cardiolipin, a mitochondrial specific
phospholipid, promotes mitochondrial fission in Arabidopsis by stabilizing the
supercomplex of DRP3 proteins on mitochondria (Pan et al., 2014a). To determine
whether ubiquitination plays a role in plant mitochondrial dynamics, we searched the
Arabidopsis genome for mitochondrion-localized proteins potentially involved in

ubiquitination or de-ubiquitination. Here we report the identification of Arabidopsis
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UBP27 as a mitochondrial specific DUB with deubiquitinase activities. We also provide
evidence that UBP27 plays a role in mitochondrial morphogenesis and reduces the
association of DRP3 proteins with mitochondria, possibly facilitating the recycling of

DRP3 proteins from mitochondria to the cytosol.

3.3 Results

3.3.1 Arabidopsis UBP27 is localized to mitochondria

To determine whether de-ubiquitination is involved in plant mitochondrial
dynamics, we searched the 27 predicted Arabidopsis UBPs (Liu et al., 2008) for those
localized to mitochondria. Based on literature mining and bioinformatic analysis using
tools that predict subcellular localization and transmembrane domains (TMDs) (Claros
and Vincens, 1996; Emanuelsson et al., 2000; Guda et al., 2004; Hoglund et al., 2006;
Hua and Sun, 2001; Small et al., 2004), UBP17, UBP25 and UBP27 were each
predicted by at least two programs to have a strong likelihood to be mitochondrial;
among them only UBP27 contained a predicted TMD (Fig. 3.1).

To examine the subcellular localization of UBP17, UBP25, and UBP27, N-
terminal and C-terminal YFP fusions of their full-length proteins were co-expressed in
Nicotiana tabacum (tobacco) with the mitochondrial marker cytochrome ¢ oxidase 4-
Cyan Fluorescent Protein (COX4-CFP), which is a fusion of the first 29 amino acids of
the yeast S. cerevisiae COX4 and CFP (Nelson et al., 2007) and has been successfully
used in our previous studies (Aung and Hu, 2011, 2012; Pan et al., 2014a). Confocal

microscopy analysis of tobacco leaf epidermal cells revealed that, whereas UBP17 and
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UBP25 did not seem to associate with mitochondria as either C- or N-terminal YFP
fusions (Fig. 3.2A), both UBP27-YFP and YFP-UBP27 showed localization to
mitochondria (see below).

Transgenic plants co-expressing COX4-CFP and UBP27-YFP or COX4-CFP and
YFP-UBP27 were generated to further confirm the mitochondrial localization of UBP27.
Confocal microscopy analysis of transgenic plants demonstrated that UBP27-YFP
formed a ring structure on the surface of mitochondria (Fig. 3.3A) and tended to
aggregate at the conjunction of non-separated mitochondria (Fig. 3.2B), suggesting that
the protein is localized to MOM. Although many YFP-UBP27 proteins also localized to
mitochondria, a significant amount was diffused in the cytosol (Fig. 3.2B, 3.2C),
suggesting that blocking the N terminus markedly decreased the mitochondrial targeting
specificity of UBP27. To determine the targeting specificity of UBP27, we also made
transgenic plants expressing YFP-UBP27 or UBP27-YFP together with the peroxisome
marker CFP-PTS1 (peroxisomal targeting signal type 1, SKL). Peroxisomal association
was not observed for either protein (Fig. 3.2D), consistent with UBP27’s specific
localization to mitochondria.

Yeast ScUBP16 and human HsUSP30 are MOM-localized DUBs that share low
sequence identities but similar domain structures (Kinner and Kolling, 2003; Nakamura
and Shigehisa, 2008). Despite low overall sequence similarities with ScUBP16 and
HsUBP30, UBP27 also contained a predicted TMD near the N terminus and a long
ubiquitin C-terminal hydrolase (UCH) domain (Fig. 3.4A, Fig. 3.3B). Phylogenetic
analysis using all the predicted Arabidopsis UBPs, ScUBP16, and HsUSP30 grouped

UBP27 in the same subclade with the two mitochondrial DUBs (Fig. 3.3C), suggesting
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that UBP27 may be the plant ortholog of ScUBP16 and HsUSP30.

3.3.2 Analysis of UBP27’s mitochondrial targeting sequence and membrane
topology

The exclusive mitochondrial targeting of UBP27-YFP as opposed to YFP-UBP27
suggested that the mitochondrial targeting signal resided at the N terminus of UBP27.
The mitochondrial targeting of N-terminal tail-anchored proteins often depends on an N-
terminal TMD and the flanking regions that contain positively charged residues
(Nakamura and Shigehisa, 2008; Rapaport, 2003). To dissect the mitochondrial
targeting signal of UBP27, C-terminal YFP fusion proteins of various UBP27 segments
(Fig. 3.5A) were co-expressed with COX4-CFP in tobacco leaves. Like the full-length
(FL) protein, UBP27""", which contained the TMD and its two flanking regions, targeted
the fusion protein to mitochondria, while UBP277%°%.YFP was diffused in the cytosol
(Fig. 3.5B). Hence, the N terminus contained the mitochondrial targeting signal. By
contrast, N-terminal segments that lacked the TMD and one of the flanking regions, i.e.,
UBP27'%6, UBP27™°, UBP27?"", and UBP27°°" lost or reduced the ability to
recognize mitochondria (Fig. 3.5B), suggesting the importance of TMD and the two
flanking regions for mitochondrial targeting. Notably, a significant fraction of UBP27%""
still localized to mitochondria (Fig. 3.5B), indicating that the TMD’s C-terminal flanking
region plays a stronger role than the N-terminal flanking region in UBP27’s
mitochondrial targeting.

Both ScUBP16 and HsUSP30 are integral MOM proteins with the catalytic

domain facing the cytosol (Kinner and Kolling, 2003; Nakamura and Shigehisa, 2008).

125



Hydropathy plot analysis using TMHMM (www.cbs.dtu.dk/services/TMHMM/) likewise
suggested UBP27 to be N-terminally anchored to the mitochondrial membrane with the
catalytic domain exposed in the cytosol (Fig. 3.4B). To experimentally test the topology
of UBP27 on mitochondrial membrane, we isolated mitochondria from leave tissue of
transgenic Arabidopsis lines co-expressing UBP27-YFP and COX4-CFP. The purity of
the isolated mitochondria was confirmed by immunoblot analysis, which did not detect
contamination from peroxisomal protein PEX14 (Fig. 3.6A). The presence of UBP27-
YFP in the mitochondrial fraction was shown by immunoblotting using the GFP antibody
(Fig. 3.6B). The isolated mitochondria were treated with the TE buffer, high
concentration salt solution (1M NaCl), and alkaline carbonate (Na,COs;, pH11.0)
respectively. UBP27 was detected solely in the pellet after each treatment followed by
centrifugation (Fig. 3.6C), supporting the conclusion that UBP27 is an integral
membrane protein of mitochondria.

The topology of UBP27 on mitochondrial membrane was further determined by
protease protection assays with thermolysin, which degrades proteins unprotected by
the organelle membrane. UBP27-YFP was degraded by thermolysin, but the MOM
protein VDAC, which was largely embedded in the membrane, the inner membrane
protein COXII, and the matrix protein COX4-CFP were all protected (Fig. 3.6D). These

data provided evidence that UBP27 passes MOM in an Ni,-Co,t orientation (Fig. 3.6E).

3.3.3 UBP27 hydrolyses casein and possesses ubiquitin protease activity in vitro
To determine UBP27’s enzymatic activity, we first performed a preliminary

universal protease activity assay, using Escherichia coli-expressed GST-UBP27, in
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which UBP27’s first 49 amino acids that contained TMD were removed. Despite protein
instability (Fig. 3.7A), GST-UBP27 demonstrated protease activity on the substrate
casein, as measured colorimetrically by the release of Tyr from casein (Fig. 3.7B). To
confirm that UBP27 is a functional deubiquitinase that can cleave covalently attached
ubiquitin molecules, we conducted an in vitro assay. A His-tagged quatrameric
polyubiquitin of Arabidopsis UBQ14 (His-AtUBQ14) was generated as a test substrate,
and either expressed alone or co-expressed with GST-UBP27 in E. coli cells.
Immunoblotting with anti-ubiquitin as well as anti-His antibodies showed that 8 hours
after protein induction, His-UBQ14 was accumulated at a comparable level in cell lines
with or without GST-UBP27. Forty-eight hours later, lines co-expressing GST-UBP27
displayed accumulation of cleaved ubiquitin products, significantly faster degradation of
His-UBQ14, and appearance of free single ubiquitin molecules (Fig. 3.8). Therefore,

UBP27 is a bona fide deubiquitinase capable of processing polyubiquitin in vitro.

3.3.4 UBP27 affects mitochondrial morphogenesis

To look into UBP27’s role in mitochondrial dynamics, we identified four UBP27 T-
DNA insertion lines: ubp27-1, ubp27-2, ubp27-3 and ubp27-4 (Fig. 3.9A), none of which
exhibited apparent abnormalities in growth compared with the wild type (Fig. 3.10A).
Semi-quantitative RT-PCR did not detect full-length UBP27 transcripts in ubp27-1 or
ubp27-3 nor did it detect the 5 550 bp of the transcript in ubp27-3 (Fig. 3.9B),
suggesting that these two alleles do not encode fully functional UBP27 proteins and that
ubp27-3 is possibly a null mutant.

The mitochondrial marker COX4-YFP and peroxisomal marker YFP-PTS1 were
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introduced into the ubp27 mutants respectively by floral dipping. Confocal microscopy
analysis of T2 lines did not identify significant alterations in mitochondrial, peroxisomal,
or chloroplast morphology in the mutants (Fig. 3.9C, Fig. 3.10B, 3.10C). Thus, this
mutant analysis did not reveal an essential role of UBP27 in mitochondrial
morphogenesis and plant development.

To further explore the role of UBP27 in mitochondrial dynamics, we expressed
UBP27 under the control of the 35S constitutive promoter in tobacco leaves. In plants
such as Arabidopsis and tobacco, mitochondria appear as discrete and mostly rod-
shaped structures. However, in tobacco epidermal cells overexpressing UBP27 together
with the mitochondrial marker COX4-YFP (Fig. 3.11A), the number of rod-shaped
mitochondria (>1um long) was reduced to ~4% and most of the mitochondria became
spherical (< 1um long), although the total number of mitochondria remained similar (Fig.
3.11B, 3.11c). To compare the phenotype caused by overexpressing UBP27 with those
caused by ectopic expression of mitochondrial fission factors, 35S-CFP-DRP3A and
35S-CFP-DRP3B were also expressed in tobacco along with the mitochondrial marker.
A significant change in mitochondrial morphology from rod-shape to sphere-shape also
occurred (Fig. 3.11B, 3.11C). When UBP27 and CFP-DRP3 were co-expressed,
mitochondrial were also highly spherical, but the massive mitochondrial aggregation in
some cells prevented us from quantifying these organelles (Fig. 3.12A).

Consistent with the phenotype caused by overexpressing UBP27, mitochondria
were also mostly spherical in Arabidopsis transgenic plants expressing 35S-UBP27-YFP,
whereas mitochondria in transgenic lines overexpressing YFP-TOM22, a MOM protein

involved in protein import, UBP27"""-YFP, the mitochondrial localized N terminus of
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UBP27, or UBP277%°%.YFP, the non-mitochondrial localized catalytic domain of UBP27,
did not show discernible morphological differences from the wild type (Fig. 3.12B).
These data led us to the conclusion that UBP27 is involved in mitochondrial
morphogenesis. We further predicted that UBP27 possibly functions through the division

process that involves DRP3.

3.3.5 UBP27 reduces the mitochondrial association of DRP3

To determine whether UBP27 affects the localization of DRP3, the mitochondrial
association of CFP-DRP3 in tobacco cells overexpressing UBP27 was compared with
cells that did not express UBP27. When UBP27 was co-expressed, CFP-DRP3’s
mitochondrial association was reduced to ~20% for both DRP3A and DRP3B (Fig.
3.13A, 3.13B). These results indicated that UBP27 may promote the dissociation of
DRP3 proteins from mitochondria. To see whether the opposite phenotype could be
observed in ubp27 mutants, YFP-DRP3 was transformed into ubp27-3. YFP-DRP3’s
mitochondrial association in transgenic plants did not seem to show obvious differences
compared with that of the wild type (Fig. 3.14).

As a first step to determine whether DRP3 proteins might be targets of UBP27 for
deubiquitination, SDS-PAGE followed by immunoblot analysis was performed on the
UBP27 loss- and gain-of-function lines. Endogenous DRP3 proteins detected by DRP3A
and DRP3B peptide antibodies (Aung and Hu, 2012; Pan et al., 2014a) did not show
apparent alterations in these lines both in terms of protein levels and protein mobility
(Fig. 3.15), the latter of which might be a reflection of DRP3’s PTM. Due to instability of

recombinant UBP27 proteins, we have not been able to prove direct interaction between

129



UBP27 and DRP3 proteins in co-immunoprecipitation assays. Thus, although we have
discovered UBP27 as a mitochondrial ubiquitin protease that affects mitochondrial
dynamics, further investigations will be needed to determine whether DRP3 proteins, or

other mitochondrial proteins, are subjected to deubiquitination by UBP27.

3.4 Discussion

3.4.1 Evidence for the presence of a mitochondrial deubiquitinase in plants

In this study, we asked the question whether the ubiquitin system plays a role in
mitochondrial dynamics. We characterized the Arabidopsis UBP27 protein with respect
to its subcellular targeting, membrane topology, enzymatic activities, and analyzed the
mitochondrial morphological changes in UBP27 loss-of-function and gain-of-function
plants. Bioinformatic predictions, fluorescence microscopy, sub-fractionation and
protease protection assays led to the conclusion that UBP27 is a MOM protein with an
Nin-Cout topology. The universal protease and ubiquitin protease activities of UBP27
were verified in vitro using recombinant UBP27 proteins. Lastly, our analysis of UBP27
gain-of-function  phenotypes suggested that UBP27 affects mitochondrial
morphogenesis and dynamics possibly by promoting the dissociation of DRP3 from
mitochondria. In summary, we have identified Arabidopsis UBP27 as a mitochondrial
de-ubiquitination enzyme that affects mitochondrial morphogenesis possibly through the
division process.

Yeast ScUBP16 and human HsUSP30 are mitochondrial DUBs that share the

same domain structure with UBP27 despite little sequence similarities. The exact
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function has not been assigned to ScUBP16 (Kinner and Kolling, 2003), whereas
HsUSP30 is suggested to be involved in mitochondrial fission (Nakamura and Shigehisa,
2008). Our phylogenetic analysis suggested that, within all the Arabidopsis UBPs,
UBP27 is most closely related to ScUBP16 and HsUSP30, arguing for UBP27 as the
plant ortholog of these two mitochondrial UBPs. Thus, the mitochondrial ubiquitin
system appears to be conserved across diverse eukaryotic systems to regulate
mitochondrial dynamics. Furthermore, it is highly likely that plant mitochondrial ubiquitin
ligases are also present, even though proteins with obvious sequence similarities to the
non-plant mitochondrial ubiquitin ligases have not been reported in plants. In summary,
our study takes a first step towards getting a comprehensive picture of the role of

protein ubiquitination in modulating plant mitochondrial morphogenesis and function.

3.4.2 UBP27’s role in plant mitochondrial dynamics and morphogenesis

Mitochondrial morphology varies in different species and cell types, depending
on the balance between fission and fusion. In yeast and mammalian cells, mitochondria
are often highly tubular and inter-connected (Chan, 2012). In plant cells, mitochondria
are highly fragmented and often appear as discrete rod-shaped entities, yet the
biological significance and mechanism for maintaining mitochondrial fragmentation and
the rod shape in plants is still unclear.

HsUSP30 was suggested to play a positive role in mitochondrial fission, because
down-regulation of USP30 expression by RNAI induced mitochondrial elongation and
inter-connection (Nakamura and Shigehisa, 2008). Here, we show that UBP27

overexpression effectively changed mitochondrial morphology from rod-shaped to
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spherical, and similar changes can be achieved by overexpressing CFP-DRP3. Similarly,
overexpressing human Drp1 caused fragmented mitochondrial network in human HelLa
cells (Stojanovski et al., 2004). Therefore, UBP27 appears to play a positive role in
changing rod-shaped to round mitochondria through division. The strong mitochondrial
aggregation phenotype seen in this study in cells co-expressing UBP27 and CFP-DRP3,
but not in cells where each protein was overexpressed alone is, to some extent, similar
to previous observations of cells overexperssing organelle fission factors such as
Arabidopsis PMD1 (Aung and Hu, 2011) or DRP1’s organelle anchor FIS1 in human
(Stojanovski et al., 2004). Although this aggregation might have been caused by a
functional interaction between UBP27 and CFP-DRP3, it may also have been an artifact
caused by high levels of two membrane-associated proteins. Overexpression of some
fluorescently tagged MOM proteins was shown to cause mitochondrial aggregation to
one pole of the cell or heterogeneous changes in mitochondrial morphology (Duncan et
al., 2011). As such, although we are in favor of a positive role for UBP27 in converting
mitochondria from rod to spherical shape based on the uniform alteration of
mitochondrial morphology in cells overexpressing UBPZ27, we cannot completely rule
out the possibility that the mitochondrial shape alterations were artifacts from ectopic
expression of a MOM protein.

In contrast to the mitochondrial fission defects caused by the suppression of
HsUSP30 in human (Nakamura and Shigehisa, 2008), loss of UBP27 function did not
cause any obvious defects in mitochondrial morphology in Arabidopsis. These different
phenotypes between ubp27 and Hsusp30 mutants may reflect the different relative

strength between mitochondrial fission and fusion processes in plants and mammals.
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Since mitochondrial fusion machinery is stronger in human cells, HsUSP30’s function in
mitochondrial fission may be required to achieve the balance between fusion and fission
under normal conditions. In plant cells where mitochondrial fission is predominant over
fusion, this pro-fission activity of UBP27 may not be essential to balance the fusion
machinery that is already weak. This may explain why UBP27 gain-of-function but not
loss-of-function plants display altered mitochondrial morphology. However, neither
knockout nor overexpression of the putative yeast ortholog ScUBP16 led to obvious
changes to mitochondrial morphology (Kinner and Kolling, 2003). Therefore, AtUBP27,
ScUBP16, and HsUSP30 may have diverged in their function during evolution.
Meanwhile, other possibilities, such as the presence of a mitochondrial protein with

redundant function to UBP27, cannot be excluded.

3.4.3 Is the function of DRP3 directly modulated by UBP277?

DRP proteins are core components of the mitochondrial fission and fusion
machinery and are highly dynamic in localization and oligomerization (Legesse-Miller et
al., 2003; Westermann, 2008). The function of the mammalian
mitochondrial/peroxisomal fission DRP, Drp1, is regulated by ubiquitination (see
Introduction), yet there has been no direct evidence to support the regulation of DRP by
ubiquitination in plants.

Our study revealed a significant reduction in DRP3’s association with
mitochondria when UBP27 was over-expressed, suggesting that UBP27 may promote
the dissociation of DRP3 from mitochondria in a direct or indirect manner. UBP27 may

act to accelerate the recycling of DRP3 from MOM to the cytosol, which is necessary to
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maintain DRP3’s optimal function in mitochondrial division. In UBP27 overexpressing
cells, although the dissociation of DRP3 from mitochondria is accelerated, DRP3 still
functions normally in organelle division during its attachment to mitochondria, thus no
deficiency in mitochondrial fission was observed. As such, ectopic expression of UBP27
may have caused further division of rod-shaped to spherical mitochondria, but the total
number of mitochondria remains the same as a result of a feed-back mechanism to
control the total volume of mitochondria in the cell. Alternatively, assuming that
mitochondrion-localized DRP3 provides a force to maintain the rod shape of
mitochondria by a yet-unknown mechanism, UBP27 overexpression, which decreases
mitochondrion-associated DRP3, may cause the morphological changes of
mitochondria from rod to round shape. These possibilities will need to be rigorously
tested in the future.

One critical question is whether DRP3 is a direct target of UBP27 for
deubiquitination. We have not been able to prove direct interaction between UBP27 and
DRP3 proteins, as a result of the extreme instability of recombinant UBP27 proteins. In
this study, when we attempted to use DRP3A and DRP3B-specific peptide antibodies to
analyze DRP3 proteins in UBP27 loss- and gain-of-function plants by immunoblot, we
did not detect PTM forms of DRP3. One possibility is that DRP3 proteins are not
targeted for deubiquitination by UBP27. Alternatively, these DRP3 antibodies were not
specific enough to detect the modified DRP3 proteins when the amount of the modified
proteins is very low. Thus, it will be necessary to use more sensitive methods such as
quantitative mass spectrometry to compare the level of DRP3 protein ubiquitination in

these lines.
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Although it is critical to determine whether DRP3 and UBP27 interact, whether
DRP3 ubiquitination differs in wild-type and ubp27 plants, and whether DRP3 is a direct
target of deubiquitination by UBP27, it is equally possible that UBP27 has an impact on
DRP3’s association with mitochondria in an indirect manner. UBP27 may directly affect
the function of mitochondrial proteins involved in other aspects of mitochondrial
functions besides mitochondrial dynamics. Therefore, although DRP3 and other
mitochondrial fission factors are candidates for UBP27’s substrates, other possible

substrates also exist.
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Figure 3.1. Predicted and experimentally confirmed localization, and TMD prediction for

all Arabidopsis UBPs.
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Figure 3.1 (cont’d)

The sub-cellular localization and TMD were predicted with online bioinformatics tools
(see Results). Some localization information was from literature (Kleffmann et al., 2004;
Chandler et al., 1997; Fernandez-Calvino et al., 2011; lto et al., 2011; Liu et al., 2008;
Pendle et al., 2005). mt, mitochondrion; pt, plastid; nu, nucleus; er, endoplasmic

reticulum; px, peroxisome; ex, extracellular; ct, cytosol.
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UBP17-YFP COX4-CFP Merged

YFP-UBP17 COX4-CFP Merged

UBP25-YFP COX4-CFP Merged

YFP-UBP25 COX4-CFP Merged

Figure 3.2. Analysis of the sub-cellular localization of UBP17, UBP25 and UBP27.
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Figure 3.2 (cont’d)
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Figure 3.2 (cont’d)

(A) Confocal images of tobacco epidermal cells co-expressing the mitochondrial marker
COX4-CFP and YFP fusions of UBP17 or UBP25. Scale bars =10 ym.

(B) Epifluorescent images comparing the specificity of UBP27-YFP and YFP-UBP27
localization. Leaf epidermal cells of two-week-old Arabidopsis plants expressing the
mitochondrial marker and UBP27-YFP or YFP-UBP27 were used for the analysis.
Unseparated mitochondria in the boxed areas are magnified below. Scale bars = 5 pm
for the upper panel, = 1 ym for the lower panel.

(C) Confocal images of leaf epidermal cells in transgenic Arabidopsis plants co-
expressing YFP-UBP27 and the mitochondrial marker COX4-CFP. Scale bars = 5 pm.
(D) Confocal images of leaf epidermal cells in transgenic Arabidopsis plants co-
expressing YFP fusions of UBP27 and the peroxisomal marker CFP-PTS1. Scale bars =

S5 um.
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Figure 3.3. UBP27 is a putative ortholog of the mitochondrial UBPs ScUBP16 and
HsUSP30.

(A) Confocal images showing the localization of UBP27-YFP on the surface of
mitochondria. Leaf epidermal cells of two-week-old Arabidopsis plants co-expressing
UBP27-YFP and COX4-CFP were used for the analysis. Scale bar =5 pym.

(B) Domain structure comparison of UBP27 and the mitochondrial UBPs ScUBP16 and
HsUSP30. TMD, transmembrane domain; UCH, ubiquitin C-terminal hydrolase.

(C) Phylogenetic analysis of the relationship between Arabidopsis UBPs and the two

known mitochondrial UBPs. Scale bar, 0.1 amino acid substitution per site.
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Figure 3.3 (cont’d)
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Figure 3.4. Sequence comparison of mitochondrial UBP proteins from different species

and topology prediction for UBP27.
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Figure 3.4 (cont’d)
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(A) Sequence alignment between UBP27 from Arabidopsis thaliana, UBP16 from
Saccharomyces cerevisiae and USP30 from Homo sapiens. The predicted TMDs are in
boxes. The UCH domain is highlighted in grey. Positively charged residues in the
flanking regions of the N-terminal TMD are highlighted in green. The three residues of
the conserved catalytic triad are marked with red.

(B) Membrane topology of UBP27 predicted by the TMHMM software

(http://www.cbs.dtu.dk/services/TMHMM/).
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Figure 3.5. Analysis of mitochondrial targeting signals on UBP27.

(A) Schematic of the UBP27-YFP protein and deletion constructs. TMD, transmembrane
domain. UCH, ubiquitin C-terminal hydrolase.

(B) Confocal images of the localization of various UBP27 fragments fused to YFP. Co-
localization between COX4-CFP and the YFP fusions were examined in epidermal cells
of tobacco leaves transiently expressing the two proteins. Scale bar = 5 ym. FL, full

length.
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Figure 3.5 (cont’d)
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Figure 3.6. Immunoblot analyses of the mitochondrial membrane association and

topology of UBP27.

(A) Assessment of the purity of isolated mitochondria from the leaf tissue of Arabidopsis
transgenic plant expressing UBP27-YFP and COX4-CFP. Antibodies used were against
maize voltage-dependent anion selective channel (VDAC for mitochondria) and
Arabidopsis PEX14 (for peroxisomes). Mito, isolated mitochondria. CE, crude extract.
Numbers on the left are molecular weight markers in kDa.
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Figure 3.6 (cont’d)
(B) Confirmation of the presence of UBP27-YFP in isolated mitochondria shown in (a),
using the GFP antibody. Isolated mitochondria from plants co-expressing YFP-PMD1

and COX4-CFP (Aung and Hu, 2011) were used as the control (CON). VDAC was the

control for protein loading.

(C) Mitochondrial membrane association of UBP27-YFP. Purified mitochondria were
treated with TE, NaCl, or Na,CO3 (pH 11.0) respectively and separated into soluble (S)
and pellet (P) fractions by centrifugation. UBP27-YFP and COX4-CFP were detected by
a-GFP, and COX4 and VDAC were controls for matrix and integral membrane proteins,
respectively.

(D) Protease protection assay to determine the membrane topology of UBP27. Isolated
mitochondria from plants co-expressing UBP27-YFP and COX4-CFP were treated with
thermolysin followed by immunoblot analysis using a-GFP, a-VDAC, and a-COXIl
antibodies, respectively.

(E) Diagram showing the digesting ability of thermolysin. VDAC, COXIl, and COX4-CFP
are controls for distinct sub-compartments of mitochondria. OM, outer membrane; IMS,

intermembrane space; IM, inner membrane.
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Figure 3.7. GST-UBP27 hydrolyzes casein.
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Figure 3.7 (cont’d)

(A) Purified GST-UBP27 (deleted for aa 1-49 that contains the TMD) from E. colil is
unstable. Anti-GST antibody was used to detect GST-UBP27. GST-UBP27 degradation
fragments are indicated. Molecular weight markers in kDa are indicated on the left of the
blot.

(B) GST-UBP27 has protease activity on the substrate casein. GST-UBP27 was
incubated with casein, and the release of Tyr was quantified colorimetrically using
Folin’s reagent. Absorbance value obtained from GST-UBP27 hydrolysis of casein was
compared to a Tyr standard curve to finally calculate specific activity (U/ml). Units/mL of
enzyme = (umole Tyr released)(Total Vol. of assay)/(Vol. used in colorimetric assay )(Vol.

of enzyme) (Time of assay).
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Figure 3.8. UBP27 possesses de-ubiquitinase activity in vitro.

The substrate 6xHis-AtUBQ14 was either expressed alone (lanes 1, 3, 5) or co-
expressed with GST-UBP27 (lanes 2, 4, 6) in E. coli Rosetta (DE3) strain for the
indicated periods of time. 6xHis-AtUBQ14 and its breakdown products were detected by
anti-ubiquitin antibody. Lane 7 contains pure free ubiquitin as a control for the ubiquitin
antibody and used to determine the mobility of monomeric ubiquitin. Lower panel shows
the intact AtUBQ14 polyubiquitin quatramer detected by the anti-His antibody. Molecular

weight makers in kDa are shown on the left of the immunoblots.
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Figure 3.9. Characterization of the UBPZ27 T-DNA insertion lines.
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Figure 3.9 (cont’d)

(A) Schematic of the UBP27 gene. Open box, UTR; black box, exon; line, intron. Arrows
indicate the T-DNA insertion sites. Primers 1 and 2 were used to amplify the full-length
UBP27 and primers 1 and 3 were used to amplify the 5’ 500 bp of the UBPZ27 transcript.
(B) Semi-quantitative RT-PCR analysis of RNA from four-week-old UBP27 T-DNA
insertion lines. FL, full length. Ubiquitin 10 (UBQ10) was used as the loading control.

(C) Confocal images showing mitochondrial morphology in epidermal cells of six-week-
old Arabidopsis plants expressing the mitochondrial marker COX4-YFP. Scale bar = 10

um.
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Figure 3.10. Additional characterization of the UBP27 T-DNA insertion lines.
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Figure 3.10 (cont’d)

(A) Growth phenotype of 6-week old UBP27 T-DNA insertion lines.

(B) Confocal images showing chloroplast and peroxisome morphology in mesophyll
cells of Arabidopsis plants expressing the peroxisome marker YFP-PTS1. Chloroplasts
were marked by chlorophyll autofluorescence. Scale bar = 10 ym.

(C) Quantitative analysis of mitochondria size distribution in Col-0 and ubp27 loss-of-
function mutants expressing COX4-YFP. Mitochondrial size in a 4.9x10°> pm? confocal
image was quantified with Image J software. No statistical significance in mitochondrial

size was detected between the samples. Error bar, s.e.m.; n=4.

155



* Control
-~ IR

Control
35S-UBP27
H20

25 cycles | = . ;
' 355-CFP- " 35S-CFP-
' DRP3A™ § 5 DRP3EN

UBP27

28s rRNA
185 rRNA

"

m Spherical ORod-shaped ETotal

120

100—

80—

407

20

Control 35S- 35S-CFP- 35S-CFP-
uBP27 DRP3A DRP3B

Figure 3.11. UBP27 overexpression leads to mitochondrial morphological changes.
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Figure 3.11 (cont’d)

(A) Semi-quantitative RT-PCR analysis of RNA from tobacco leaf tissue transiently
overexpressing UBP27 and the mitochondrial marker COX4-YFP or only COX4-YFP
(control). Primers 1 and 2 shown in Figure 5a were used to amplify full-length UBP27
transcript. Total RNA was used as the loading control.

(B) Epifluorescent images showing mitochondrial morphology in tobacco leaf epidermal
cells transiently overexpressing UBP27 or CFP-DRP3 and the mitochondrial marker
COX4-YFP. Control, COX4-YFP alone. Expression of CFP-DRP3 was evidenced by the
detection of CFP signals under the fluorescent microscope. Scale bar, 10 um.

(C) Quantification of the mitochondria with different shapes in tobacco leaf epidermal
cells shown in (b). Error bars, s.e.m.; n=6. ***, p<0.001; **, p<0.01; n.s., not significant.
Rod and spherical mitochondria are defined as >1 ym and <1 ym in length respectively.

Y axis indicates the number of mitochondria in 3.6 x 10°> ym? of analyzed area.
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Figure 3.12. Mitochondrial phenotypes caused by UBPZ27 overexpression.
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Figure 3.12 (cont’d)

B Control 35S-UBP27-YFP

35S-YFP-TOM22 35S-UBP2711-YFP 358-UBP2772-505.YFP

(A) Epifluorescent images showing mitochondrial aggregation in tobacco leaf epidermal
cells co-expressing 35S-UBP27 and 35S-CFP-DRP3. Scale bar = 10 ym.

(B) Epifluorescent images comparing mitochondrial morphology in Arabidopsis T2
plants overexpressing UBP27-YFP, YFP-TOM22, UBP27"""-YFP and UBP27"%°%-YFP.

Scale bar = 10 um. Control, plants only expressing the mitochondrial marker COX4-CFP.
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Figure 3.13. UBP27 overexpression reduces the association of DRP3 with mitochondria.
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Figure 3.13 (cont’d)
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(A) Confocal images showing the association of CFP-DRP3 with mitochondria in
tobacco leaf epidermis expressing COX4-YFP (control) or COX4-YFP and 35S-UBP27.
Scale bars =5 uym.

(B) Quantification of the mitochondrial association of CFP-DRP3 in tobacco leaf
epidermis expressing CFP-DRP3 alone or co-expressing CFP-DRP3 and UBP27. Error

bars, s.e.m.; n=4. **, p<0.01; *, p<0.05; n.s., not significant.
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Figure 3.14. Mitochondrial association of DRP3 is not changed in ubp27 loss-of-

function mutant.

Confocal images showing the association of YFP-DRP3 with mitochondria in

Arabidopsis leaf epidermis expressing COX4-CFP in wild-type or ubp27-3 background.

Scale bars =5 uym.
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Figure 3.15. Immunoblot analysis of endogenous DRP3A and DRP3B proteins in wild-
type, UBPZ27 loss-of-function mutants and gain-of-function lines.

DRP3A and DRP3B were detected by specific peptide antibodies. Immunoblot using a-
actin antibody and Ponceau S staining were used as loading controls. Numbers on the

right are molecular weight markers in kDa.
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Table 3.1. DNA primers used in this study.

Primer Sequence

UBP17-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgatgttggtttttcttctgattcg

UBP17-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcaatcaaacgtttgagatttattatg

UBP17-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtcatcaaacgtttgagatttattatgacg

UBP25-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgggatttaaactgcagatg

UBP25-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcacgagtacttcttcttgc

UBP25-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtccgagtacttcttcttgctaatctcc

UBP27-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatggtitctagaagaggctccg

UBP27-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcaaagcctttcatagaagagc

UBP27-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtcaagcctttcatagaagagcaagc

ubp27-1-genotyping-1

tcaatccaatgaaaaccaagc

ubp27-1-genotyping-2

ctccatcacggtggttacaac

ubp27-2-genotyping-1

caggcttgagagctaatgcag

ubp27-2-genotyping-2

tacctggaggatgacgttgag

ubp27-3-genotyping-1

aagatgaagaagggcttctgc

ubp27-3-genotyping-2

tgtgatgaaataccgtgattcc

ubp27-4-genotyping-1

tgaaacagttaatcatcgccc

ubp27-4-genotyping-2

aggctattccactttccatcg

UBP27-partial -Re-1

ggggaccactttgtacaagaaagctgggtcaaaagaatcgtctccggagtc

UBP27-partial-Re-2

ggggaccactttgtacaagaaagctgggtcccattgattagagatcctaattc

UBP27-partial-Re-3

ggggaccactttgtacaagaaagctgggtctagaccgtgctgtigggcaaatac

UBP27-partial-Fw-4

ggggacaagtttgtacaaaaaagcaggcttcatggtttcgcatttgtctttcgc

UBP27-partial-Fw-5

ggggacaagtttgtacaaaaaagcaggcttcatgticcgcaacttaaacaacttaaaac

UBP27-partial-Fw-6

ggggacaagtttgtacaaaaaagcaggcttcatgctcgtacctggccttcaaaatc

UBQ14-1

gaattcgaattctccaagcgattaatc

UBQ14-2 gtcgacgtcgacgataagtttttagaaaccac
TOM22-1 ggggacaagtttgtacaaaaaagcaggcttcatggcgcctaagaaaatcgg
TOM22-2 ggggaccactttgtacaagaaagctgggtcttagagcatcgcaccgaccgg
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Table 3.2. Vectors used in this study.

Vector and reference Construct Plant selection
pDonor 207 (Invitrogen) all donor plasmids N/A
pEarleyGate 100 i

(Earley et al., 2006) 355-UBP27 BASTA
pEarleyGate 101 YFP-UBP27, YFP-UBP17, BASTA

(Earley et al., 2006) YFP-UBP25, YFP-TOM22

pEarleyGate 104 UBP27-YFP, UBP17-YFP, BASTA

(Earley et al., 2006) UBP25-YFP

pDEST15 (Invitrogen) GST-UBP27 N/A

pET28a (Novagen) His-UBQ14 N/A

uBP27"""-YFP, UBP27"°-YFP,
UBP27"°%_YFP,

UBP27?"".YFP, UBP27°>"-YFP, | Kanamycin
UBP277%505.yFP,
UBP27-YFP (used in tobacco)

pDest-35S-X-YFP-6xHis
(Reumann et al., 2009)

pGWB544
(Nakagawa et al., 2007)

CFP-DRP3A, CFP-DRP3B Hygromycin
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3.5 Methods

3.5.1 Plant material

Plants were grown at 22°C with 70% humidity, 70 to 80 pmol m? s™ white light for
14 h per day. Col-0 was used as the wild type. Seeds for the T-DNA insertion mutant
ubp27-1 (SAIL_399 FO01), ubp27-2 (SALK_067020), ubp27-3 (SALK 027968) and
ubp27-4 (SALK _023358) were provided by the Arabidopsis Biological Resource Center
(ABRC), and homozygous mutants were identified by PCR of genomic DNA.
Peroxisome marker lines CFP-PTS1 and YFP-PTS1 were generated in our previously
study (Fan et al., 2005). Mitochondrial marker lines COX4-YFP and COX4-CFP were

generated in a previous study (Nelson et al., 2007) and obtained from ABRC.

3.5.2 Plant transformation

Transgenic Arabidopsis plants were generated via a simplified floral dipping
method (Clough and Bent, 1998) using Agrobacterium tumefaciens strain GV3101
(pPMP90). To screen for transformants with BASTA, T1 plants were grown on soil and
sprayed at 7 days and 9 days after germination with 0.1% (v/v) BASTA (Finale; Farnam
Companies, Phoenix, AZ, USA) with 0.05% (v/v) Silwet L-77. For other transformants,
T1 seeds were plated on 0.5 Linsmairer and Skoog (1/2 LS) medium containing 50
pug/ml kanamycin. Transient gene expression in tobacco (Nicotiana tabacum) plants was
performed as described previously (Aung and Hu, 2011). Information of the primers and

vectors used is provided in Tables 3.1 and 3.2.

3.5.3 Gene cloning, plasmid construction, and RT-PCR

The coding sequences of specific genes were amplified with Gateway-compatible
primers (Table S1) by Phusion polymerase (NEB), using cDNA made from total RNA of
Col-0 plants. The PCR products were cloned into pDonor207 vector and various

destination vectors (Table S2) via a standard Gateway cloning system (Invitrogen,

http://www.invitrogen.com/). Substrate polyubiquitin AtUBQ74 (At4g02890) was similarly
amplified and cloned in EcoR1/Sal1 sites of pET28a using primers UBQ14-1/HU5795
and UBQ14-2/HU5796 (sequences shown in Table 3.1).
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To analyze gene expression level in plants, RT-PCR was performed as previously
described (Aung and Hu, 2011).

3.5.4 Plant protein preparation

Protein sample was prepared as previously described (Pan et al., 2014a). For
crude plant protein extraction, 50 mg fresh tissue from Arabidopsis or tobacco plants
were ground with plastic pestles using liquid nitrogen and 500 pl extraction buffer (60
mM Tris-HCI pH 8.8, 2% SDS, 2.5% glycerol, 0.13 mM EDTA pH 8.0, and 1X protease
inhibitor cocktail complete from Roche). The tissue lysates were vortexed for 30 s,
heated at 70°C for 10 min, and centrifuged at 13,000 g twice for 5 min at room
temperature. The supernatants were then transferred to new tubes. 15 ul supernatant
mixed with 5 pul 4X LDS sample buffer was loaded onto SDS-PAGE.

To prepare mitochondrial proteins for SDS-PAGE analysis, 15 pl purified
mitochondria mixed with 5 yl 4X LDS sample buffer were heated at 70 °C for 10 min,
before loaded onto SDS-PAGE.

3.5.5 Immunoblot analysis

After separation on the gel, proteins were transferred to a PVDF membrane. The
membrane was blocked with 5% milk in 1x TBST (50 mM Tris-base, 150 mM NaCl, 0.05%
Tween 20, pH 8.0) for 1 h at room temperature.

For immunoblot using a-ubiquitin antibody (polyclonal rabbit, 1:100, Sigma-
aldrich), nitrocellulose membrane was used instead of PVDF membrane. After transfer,
the nitrocellulose membrane was immersed in distilled water and autoclaved for 30 min
in liquid cycle setting. Then excessive water was removed, and the nitrocellulose
membrane was autoclaved for 15min in dry cycle setting and blocked the same way as
the PVDF membrane.

After blocking, the membrane was incubated for 1 h at room temperature with
primary antibody prepared in the blocking buffer as follows: 1:20000 for a-GFP (Abcam),
1:2,500 for a-PEX14 (Lingard and Bartel, 2009), 1:5,000 for a-VDAC (Reumann et al.,
2009), 1:250 for a-COXIl (Moellering and Benning, 2010), 1:10,000 for a-GST
(Invitrogen), 1:150 for a-ubiquitin (Sigma-Aldrich), 1:2000 for a-His (Invitrogen) and
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1:400 for a-DRP3A and a-DRP3B (Aung and Hu, 2012). Then the membrane was
washed with 1x TBST three times for 5 min each time, and incubated with the
secondary antibody (i.e., 1:20,000 goat anti-rabbit IgG or 1:20,000 goat anti-mouse 1gG,
Millipore) at room temperature. After that, the membrane was washed four times with 1x
TBST for 10 min each time, and then visualized using the SuperSignal West Dura

Extended Duration Substrate (Pierce Biotechnology).

3.5.6 Microscopy

Fluorescence microscopy analysis was performed using a Zeiss Axio Imager
upright epifluorescence microscope or an Olympus Fluoview FV1000 confocal laser
scanning microscope. For confocal microscopy, CFP, YFP, and chlorophyll auto-
fluorescence were excited with 458, 515, and 515 nm lasers and detected at 465—490

nm, 505-555 nm and 655-755 nm, respectively.

3.5.7 Mitochondrial isolation, and determination of protein membrane association
and topology

Mitochondria were isolated from rosette leaves of four-week-old transgenic plants
expressing 35Sp,:UBP27-YFP-HA and the mitochondrial marker, COX4-CFP, using a
previously published protocol (Aung and Hu, 2011). The purity of mitochondrial
preparations was determined using immunoblot analyses and organelle-specific
antibodies as described above. Mitochondrial membrane association was tested using
previously described methods (Nakagawa et al., 2007).

To determine the topology of UBP27 on the mitochondrial membrane, protease
protection assays were employed using thermolysin. 200 ul purified mitochondria was
treated with 0, 300 or 600 pg/ml of thermolysin in an incubation buffer containing 50 mM
Hepes/NaOH, pH 7.5, 0.33 M sorbitol, and 0.5 mM CaCl,. The reactions were carried
out at 4°C for 30 min, and stopped by incubating on ice for 5 min with 5 mM EDTA.

Immunoblot analysis was then performed as described above.

3.5.8 Determination of mitochondrial size distribution

Confocal images were analyzed with the software Imaged
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(http://rsb.info.nih.gov/ij/download.html), using the protocol modified from the automatic

determination of particle size distribution

(http://www.microscopy.ethz.ch/downloads/particle-size.pdf). First, using

Image>Color>Split Channels, the color channels of the image were split and a single
channel image was used for further analysis. Second, using Analyze>Set Scale, image
magnification was calibrated by setting a scale. Third, using Image>Adjust>Threshhold,
the threshold was adjusted to filter noise signals and to make the mitochondria appear
as dots in the black and white mode. Fourth, using Analyze>Analyze Particles,
mitochondrial size was analyzed. The analysis result was copied to Microsoft Excel

software and subjected to a histogram analysis (http://mesa.ac.nz/?page _id=3813) to

show the distribution of the mitochondrial size.

3.5.9 Phylogenetic tree construction
Protein sequences were aligned using Clustal Omega

(http://www.ebi.ac.uk/Tools/msa/clustalo/). Sequence alignment was subjected to

phylogenetic analysis using ClustalWw2 — Phylogeny
(http://www.ebi.ac.uk/Tools/phylogeny/clustalw2 phylogeny/). The phylogenetic tree

was generated by the Tree of Life V1.0 software (http://itol.embl.de/itol.cqi).

3.5.10 Universal protease activity assay

Protease activity assay was performed using casein as a substrate according to
instructions on colorimetric protease assays posted on the Sigma website
(http://www.sigmaaldrich.com/life-science/learning-center/life-science-video/universal-
protease.html). Briefly, to exclude the TMD, the N-terminal 49 amino acids were
removed when expressing the GST-UBP27 fusion in E. coli. 1 ng of GST-UBP27 was
incubated with 0.65% solution of casein (5 ml) at 37 °C for 10 min. A second set (Blank)
omitting the protease was run in parallel. Both sets were treated with 5 ml TCA

(Trichloroacetic acid) to precipitate the protein. 1 ug of GST-UBP27 was added to the
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Blank set after the addition of TCA. Following 30 min incubation at 37°C, solutions from
both sets were filtered. Folin’s reagent (1 ml) and 500 mM sodium carbonate solution (5
ml) was added to the filtrate (2 ml) and incubated at 37°C for 30 minutes. Absorbance at
660 nm was recorded and value of the Blank sample subtracted from the Absorbance of
the protease samples was plotted on a tyrosine standard curve to determine specific

activity.

3.5.11 In vitro deubiquitinase activity assay

His-tagged AtUBQ14 was co-expressed with GST-UBP27 in E. coli strain Rosetta
DE3 (Novagen) and protein induction was carried out with 0.1mM IPTG at 20 °C for
various lengths of time. Sonicated lysates were analyzed by western blots. Purified

bovine erythrocytes ubiquitin (Sigma-aldrich) was used as a control.

3.5.12 Statistical analysis
Quantitative analysis results are presented as the means + s.d. (or s.e.m.) from
repeated experiments as indicated in the figure legends. Pairwise Student’s t-test was

used to analyze statistical significance.
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CHAPTER 4

Characterization of a small family of RING domain proteins associated with Arabidopsis
energy organelles
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4.1 Abstract

Eukaryotic cells are defined by the presence of membrane-delineated organelles.
In plants, three organelles — chloroplasts, mitochondria and peroxisomes — are essential
for energy capture, conversion, storage and metabolism. These organelles behave very
dynamically in function, morphology, abundance, distribution and protein content, in
response to stimuli from both inside and outside of plant cells. Post-translational
modifications (PTMs), including protein ubiquitination, are critical in the regulation of
animal and yeast mitochondrial dynamics. How ubiquitination contributes to the
dynamics of plant chloroplasts, mitochondria and peroxisomes are just beginning to be
addressed. Here, we report the characterization of a small family of RING domain-
containing proteins composed of SP1, SPL1 and SPL2. Many RING domain proteins
are ubiquitin E3 ligases, and this activity has been previously tested in vitro for SP1. In
this work, | show that SP1 and SPL1 localize to chloroplasts, mitochondria and
peroxisomes, while SPL2 localizes to only chloroplasts and mitochondria. | preliminarily
characterized the targeting signal, membrane association and loss-of-function and gain-
of-function mutant phenotypes of these RING domain proteins, and revealed different
characteristics in these aspects. My results suggest that these three proteins probably
regulate different aspects of organelle dynamics. Since the SP1/SPL1 family members
associates with multiple plant energy organelles, these proteins may be able to

coordinately regulate the dynamics of chloroplast, mitochondria and peroxisomes.
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4.2 Introduction

To create an optimal environment for specific biochemical reactions, eukaryotic
cells contain numerous membrane-bounded compartments, among which are
peroxisomes, mitochondria and chloroplasts — organelles that cooperate in various
metabolic pathways, such as photorespiration, lipid metabolism, and hormone
biosynthesis (Peterhansel et al., 2010; Millar et al., 2008; Hu et al., 2012). Peroxisomes,
mitochondria and chloroplasts are considered energy organelles in plants because of
their essential roles in energy capture, conversion, storage and/or metabolism.
Peroxisomes are bounded by a single membrane and host many important metabolic
processes, such as lipid mobilization, photorespiration, detoxification, hormone
biosynthesis and metabolism, and pathogen defense in plants (Hu et al., 2012).
Mitochondria are enclosed by double membranes and participate in many vital tasks,
including energy metabolism, programmed cell death, and intracellular calcium
homeostasis, and are considered the power house in the cell because of their ability to
provide ATP (Millar et al., 2008). Chloroplasts, the chlorophyll-containing plastids, are
surrounded by two membranes - the inner envelope membrane (IEM) and outer
envelope membrane (OEM). Chloroplasts also contain a network of internal membranes
called thylakoids, where major photosynthetic machinery components reside (Jarvis and
Lopez-Juez, 2013). In addition to photosynthesis, chloroplasts also carry out the
synthesis of fatty acids and amino acids, the metabolism of nitrogen and sulfur, and
other functions (Neuhaus and Emes, 2000).

Peroxisomes can bud from the endoplasmic reticulum and multiply from pre-

existing peroxisomes via division through partially overlapping steps including
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elongation, membrane constriction and fission (Yan et al., 2005; Hu et al., 2012). In
Arabidopsis, three protein families are the major known division factors: PEX11a to —e
for elongation (Lingard and Trelease, 2006; Orth et al., 2007), DRP3A and DRP3B for
membrane scission (Fujimoto et al., 2009; Mano et al., 2004; Aung and Hu, 2012;
Zhang and Hu, 2009) and FIS1A and FIS1B presumably for recruiting DRP3 (Zhang
and Hu, 2008b). DRP5B, which was originally identified as a chloroplast division factor,
was recently found to be engaged in peroxisome division as well (Zhang and Hu, 2010).
As descendants of endosymbiotic a-proteobacteria (Lane and Martin, 2010),
mitochondria can only divide by binary fission (Friedman and Nunnari, 2014). In spite of
differences in membrane structure and evolutionary origins, peroxisomes and
mitochondria share two groups of division factors, DRP3 and FIS1. This is not very
surprising due to the highly interconnected functions of these two organelles. DRPs
(Dynamin-Related Protein) play a key role in the fission process, in which these
dimerized large GTPases dynamically localize at the fission sites, form spiral-like
structure via higher order assembly, and promote membrane fission through assembly-
driven and GTP hydrolysis-driven constrictions (Hoppins et al., 2007). In addition to
FIS1 and DRPs, there are several lineage-specific or organelle-specific factors, such as
WD40 domain-containing proteins MDV1/CAF4 in yeasts, Mff in human, and ELM1 and
PMD1 in Arabidopsis (Motley et al., 2008; Gandre-Babbe and Bliek, 2008; Arimura et al.,
2008; Aung and Hu, 2011). Among them, MDV1/CAF4, Mff and PMD1 are also shared
by mitochondria and peroxisomes. Similar to mitochondria, chloroplasts are propagated
by binary fission. Chloroplast fission is mediated by several concentric rings, i.e., a Z-

ring and an inner PD-ring on the stromal side and an outer PD-ring and a discontinuous
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DRP5B ring on the cytosolic side (Jarvis and Lépez-Juez, 2013; Gao et al., 2003). The
Z-ring is formed by FtsZ1 and FtsZ2, two homologous tubulin-like GTPases (TerBush
and Osteryoung, 2012). The inner PD-ring has yet uncertain composition, whereas the
outer PD-ring comprises polyglucan filaments (Yoshida et al., 2010).

Due to the endosymbiotic origin, mitochondria and chloroplasts contain their own
genomes (Millar et al., 2008; Friedman and Nunnari, 2014; Green, 2011) as well as
transcriptional and translational machinery. However, the proteomes of mitochondria
and chloroplasts are almost all encoded by nuclear genes and imported from the cytosol
(Millar et al., 2005; Canovas et al., 2004; Strittmatter et al.,, 2010). In contrast,
peroxisomes do not contain any genomic information. They can be generated de novo
from specific ER subdomains (Hu et al., 2012). ER is an important source of
peroxisome membrane phospholipids and some peroxisome membrane proteins
(Schluter et al., 2006; Mullen and Trelease, 2006). Peroxisome matrix proteins are all
imported from the cytosol (Hu et al.,, 2012). Thus, protein import is essential to the
biogenesis and functions of these plant energy organelles. The mitochondrial and
chloroplast matrix protein import is initiated by protein translocation across their outer
membranes, which is mediated by the TOM machinery at the mitochondrial outer
membrane and the TOC machinery at the outer envelope of chloroplasts, respectively
(Duncan et al., 2013; Strittmatter et al., 2010). In Arabidopsis, the TOC machinery is
composed of the channel protein TOC75, the receptors for photosynthetic proteins
TOC33 and TOC159, and the receptors for housekeeping proteins TOC34 and
TOC132/TOC120 (Shi and Theg, 2013; Strittmatter et al., 2010). The Arabidopsis TOM

machinery mainly consists of the conserved proteins TOM40 and METAXIN, as well as
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the plant specific proteins TOM20, TOM9, and OM64 (refer to Fig. 1.1 in Chapter 1)
(Duncan et al., 2013; Braun and Schmitz, 1999). For Arabidopsis peroxisomes, the
cargo proteins are first recognized by the receptors PEX5 and PEX7, which dock to the
import apparatus formed by membrane proteins PEX13 and PEX14. Then the cargo
proteins translocate into the matrix, after which the receptors are recycled. At least in
yeasts and mammals, the recycling of PEX5 depends on a ubiquitin system consisting
of a ubiquitin-conjugating enzyme PEX4, three ubiquitin-protein ligases PEX2, PEX10,
and PEX12, as well as two AAA ATPases PEX1 and PEX6. In Arabidopsis, PEX4 is
anchored to the membrane by PEX22, whereas PEX1 and PEX6 are tethered to the
membrane by APEMO (refer to Fig. 1.2 in Chapter 1) (Hu et al., 2012).

The morphology and abundance of mitochondria and peroxisomes are very
dynamic depending on the physiological and environmental conditions, so the fission
machinery must be regulated effectively. Multiple regulatory mechanisms are employed
for this purpose. In Arabidopsis, PEX11b is regulated by light through the far-red light
receptor phyA and the bZIP transcription factor HYH (Hu and Desai, 2008; Desai and
Hu, 2008). Besides regulation at the transcriptional level, regulation of the division
machinery may also be achieved at the post-translational modification (PTM) level.
Multiple aspects of the fission DRP proteins, such as the GTPase activity, translocation
from cytosol to the organelle division site, interaction with other factors, and polymer
assembly, may be influenced by PTMs. The human peroxisome/mitochondrion division
factor DRP1 can be modified via phosphorylation, SUMOylation, ubiquitination and S-
nitrosylation, which enhance or repress the function of this protein in mitochondrial

division (Chang and Blackstone, 2010). However, peroxisomes are either not affected
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or not yet verified to be affected by these modifications. To date, there is no evidence
that any of these DRP modification mechanisms are conserved from mammals to plants
or yeasts. However, phosphorylation of the Arabidopsis DRP3A and DRP3B proteins
was discovered by multiple proteomics studies (Heazlewood et al., 2008; Sugiyama et
al., 2008; Durek et al., 2010; Nakagami et al., 2010; Mayank et al., 2012; Wang et al.,
2013). The effects of these phosphorylation events on the function of DRP3 are not
known yet. In addition, DRP3A and DRP3B were reported to be phosphorylated at
unidentified positions during mitosis, which may induce mitochondrial fission (Wang et
al., 2012).

As an important form of PTM, ubiquitination is defined as the covalent
attachment of ubiquitin, a small 76-amino acid protein, usually to the lysine residues of
the target proteins (Sadanandom et al., 2012; Vierstra, 2009). Ubiquitination may occur
as the attachment of a single ubiquitin molecule or a multi-ubiquitin chain, the latter of
which can vary in the number of ubiquitin molecules, branch patterns, and/or 3D
structures. The nature of ubiquitin linkage and position of the modified residue
determine the fate of the substrates. In most cases, the substrate is degraded by the
26S proteasome, the major proteolytic machinery in eukaryotic cells (Vierstra, 2009).
The ubiquitin-proteasome system (UPS) adjusts the abundance of key regulatory
proteins and enzymes to control various cellular pathways (Sadanandom et al., 2012;
Vierstra, 2009). It was estimated that proteins involved in the UPS pathway take
approximately 5~6% of the Arabidopsis proteome (Smalle and Vierstra, 2004). Most
(~1406) of these proteins are, or predicted to be, E3 ligases. E3 ligase is a component

in the triad ubiquitination cascade, which consists of ubiquitin-activating enzyme (E1),
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ubiquitin-conjugating enzyme (E2), and ubiquitin-ligase (E3) (Sadanandom et al., 2012).
The tremendous diversity of E3 ligases is consistent with E3s’ key roles in defining
substrate specificity. Based on the types of the enzymatic domain, the Arabidopsis E3
ligases can be classified into several groups, such as HECT, RING and U-BOX
(Sadanandom et al., 2012; Vierstra, 2009). The RING-type E3s can either function by
itself or dependent on a multi-subunit anaphase-promoting complex (APC) Skp1-Cullin-
F-box (SCF). The RING domain is named due to its initial identification in a protein
called Really Interesting New Gene (Freemont et al., 1991). Similar to the DNA-binding
zinc finger domain, the RING domain contains a cysteine-rich motif that coordinates two
zinc atoms. However, RING domain interacts with proteins rather than DNA (Borden,
2000; Lovering et al., 1993). Stone, S. et al identified 469 Arabidopsis RING-type E3s
based on bioinformatics analysis, and confirmed the ubiquitination activity for many of
them in vitro (Stone et al., 2005). RING-type E3s have been shown to mediate various
pathways in plants, such as auxin signaling, photomorphogenesis, defense, the
secretory pathway and seed development (Serrano and Guzman, 2004; Xu and Li,
2003; Xie et al., 2002; Molnar et al., 2002; Holm et al., 2002; Hardtke et al., 2002;
Matsuda et al., 2001).

In mammalian cells, the UPS apparatus plays an important role in the quality
control of mitochondrial proteome as well as in the regulation of mitochondrial dynamics.
The identified components of the mammalian mitochondrial UPS apparatus comprises
E3 ligases MUL1, MITOL (or MARCH-V) and Parkin, and deubiquitinase (DUB) USP30
(Livnat-Levanon and Glickman, 2011). Recent studies in Arabidopsis demonstrated that

ubiquitin E3 ligases play critical roles in the biogenesis and/or function of chloroplasts
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(Ling et al., 2012) and peroxisomes (Lingard et al., 2009; Kaur et al., 2013). However,
no component of the triad ubiquitination cascade has yet been found to associate with
the other plant energy organelle, mitochondria. Our discovery of a mitochondrial outer
membrane-bound DUB named UBP27 strongly supports the presence of plant
mitochondrial UPS (Pan et al., 2014; Chapter 3 of this thesis).

To look for additional factors in plant mitochondrial UPS, particularly E3s, we
searched the Arabidopsis genome for mitochondrion-localized proteins that could
potentially be involved in ubiquitination. Here, we report the identification of a small
protein family of three RING domain-containing proteins, SP1, SPL1 and SPL2. These
three proteins were previously found to localize to chloroplasts, with SP1 mediating the
ubiquitination and degradation of multiple components of the TOC machinery (Ling et al.,
2012). In this study, we show that all three members of this protein family localize to
mitochondria as well as chloroplasts, and SP1 and SPL1 also localize to peroxisomes.
These three E3s appear to possess distinct characteristics in regulating the dynamics of
the three plant organelles. | hypothesize that plants possibly use SP1/SPL-mediated
ubiquitination events to coordinate the dynamics and thus the functions of chloroplasts,

mitochondria and peroxisomes.

4.3 Results and discussion

4.3.1 Subcellular localization of members of a small RING-type E3 protein family

in Arabidopsis
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In a previous genome-wide study, approximately 1406 proteins were predicted to
be ubiquitin RING-type E3s in Arabidopsis (Stone et al., 2005). From this list of proteins,
we searched for potential mitochondrial localized E3s, using bioinformatic predictions
for protein subcellular localizations compiled in the SubCellular Proteomic Database
(SUBA) (http://suba.plantenergy.uwa.edu.au/). A small protein family of three RING-type
E3s, namely SP1, SPL1 and SPL2, were predicted to be associated with mitochondria.

We then experimentally analyzed their subcellular localization with YFP fusion
proteins. Transgenic Arabidopsis lines expressing these fusion proteins under the 35S
constitutive promoter were generated, using the floral dipping method in wild type plants
expressing the mitochondrial marker COX4-CFP or the peroxisomal marker CFP-PTS1.
The leaf tissue of T2 plants was used for confocal analysis. All three proteins targeted to
chloroplasts (Fig. 4.1), consistent with a previous report (Ling et al., 2012). The
SP/SPL-YFP proteins all seemed to be more concentrated on smaller chloroplasts, yet
with different distribution patterns. Specifically, SP1 and SPL1 signals were relatively
low and formed numerous tiny spots on the chloroplasts (Fig. 4.1A, 4.1B), probably
indicating that SP1 and SPL1 are part of some small protein complexes. However,
SPL2 signals were stronger throughout chloroplasts and formed much fewer but bigger
spots (Fig. 4.1C), suggesting that SPL2 are probably part of very big protein complexes.

Interestingly, SP1, SPL1 and SPL2 were all present on mitochondria (Fig. 4.2).
SP1 distributed evenly on mitochondria (Fig. 4.2A). SPL1 signals were very low
throughout mitochondria and in addition appeared as numerous bright spots associated
with mitochondria (Fig. 4.2B). SPL2 spread all over mitochondria and formed a few

large foci on mitochondria (Fig. 4.2C). These observations strongly support the

181



presence of a mitochondrial associated ubiquitin ligase system in Arabidopsis. The
different distribution patterns of these proteins suggest that members of this family may
play distinct functions on mitochondria.

In addition to chloroplasts and mitochondria, SP1 and SPL1 also localized to
peroxisomes (Fig. 4.3). SP1 often appeared as bright spots (Fig. 4.3A), while SPL1
signals were relatively low and evenly distributed on most peroxisomes (Fig. 4.3B).
Different from SP1 and SPL1, SPL2 did not localize to peroxisomes (Fig. 4.3C),

indicating that SPL2 may be functionally more divergent from SP1 and SPL1.

4.3.2 Protein sequence analysis of SP1/SPL family members

Within the SP1/SPL family, SP1 and SPL1 share a 58% amino acid identity, and
SPL2 is more divergent with 22% sequence identity to SP1 and 23% to SPL1 (Fig. 4.4).
Hydropathy plot analysis using TMHMM Server V. 2.0
(http://www.cbs.dtu.dk/servicess TMHMM/) showed that SP1 and SPL1 are likely to
contain one transmembrane domain (TMD) with a predicted probability around 0.6 (Fig.
4.5A, 4.5B). In comparison, SPL2 contained two TMDs, both with a predicted probability
higher than 0.8 (Fig. 4.5C). One SPL2 TMD was at the similar position to that of SP1
and SPL1, but the other SPL2 TMD was at the very N-terminus (Fig. 4.6A). The N-
termini of SP1 and SPL1 had very low probability to contain TMDs, but instead they
were predicted to contain signal peptides (Fig. 4.6A) by the SignalP 4.1 Server, which
predicts the presence and location of signal peptide cleavage sites in protein amino acid

sequences (http://www.cbs.dtu.dk/services/SignalP/). These analyses are consistent

with SPL2’s different organelle association pattern from SP1 and SPL1.
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Studies in mammals identified several mitochondrial ubiquitin E3s, including
Parkin, MITOL and MUL1 (Livnat-Levanon and Glickman, 2011). MUL1 was also
reported to be an E3 for small ubiquitin-like modifier (SUMO) (Braschi et al., 2009).
MUL1 is a RING-type protein (Li et al., 2008) showing 27%, 26% and 23% sequence
identity to Arabidopsis SP1, SPL1 and SPL2 respectively. We also searched against the
rice genome using the BLAST tool for proteins with similar sequences to Arabidopsis
SP1/SPL family and human MUL1. Based on a phylogenetic analysis of these proteins,
SP1, SPL1 and MUL1 were more closely related, and SP1 had a close homologue in
rice (Fig. 4.6B). SPL2, as well as its homologue in rice, was more distantly related to
SP1 and SPL1 (Fig. 4.6B). Therefore, SP1 and SPL1 are probably functionally distinct
from SPL2. Additional blast analyses identified homologous proteins for both SP1 and
SPL2 in other plant species, such as Brassica napus, Citrus sinensis, Nicotiana
tomentosiformis, Vitis vinifera, Glycine max, Prunus mume, Zea mays, Oryza sativa and
others. Thus, the functions of the SP1/SPL family proteins are very likely conserved

across different plant species.

4.3.3 SP1 is integral to the mitochondrial and peroxisomal membranes

SP1, as well as SPL1, was predicted to contain one TMD. SP1 was shown by
Ling et al to be integral to the chloroplast membrane (Ling et al., 2012). To analyze the
membrane association of SP1 to mitochondria and peroxisomes, we isolated these two
organelles from Arabidopsis leaf tissue stably expressing SP1-YFP together with either
COX4-CFP or CFP-PTS1. The purity of these isolated organelles was determined by

immunoblot analysis using organelle specific antibodies: VDAC for mitochondria and
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PEX14 for peroxisomes (Fig. 4.7A). The presence of SP1-YFP and the organelle
markers on mitochondria and peroxisomes was confirmed by immunoblot with GFP
antibody (Fig. 4.7A). To separate integral membrane proteins from total proteins, the
isolated organelles were treated with Tris—EDTA (TE) buffer, high concentration salt
solution (1 M NaCl), and alkaline carbonate (Na,COs, pH 11.0) respectively. Integral
membrane proteins were concentrated into the pellet after centrifugation. SP1-YFP, as
well as the mitochondrial membrane protein VDAC and the peroxisomal membrane
protein PEX14, was detected in the pellet after each treatment (Fig. 4.7B, 4.7C),
suggesting that SP1 is indeed an integral membrane protein of both mitochondria and
peroxisomes.

SP1 was previously reported to localize to the chloroplast outer envelope, where
SP1 mediates the ubiquitination and degradation of multiple components of the TOC
complexes (Ling et al., 2012). It is possible that the mitochondrial/peroxisomal SP1, as
well as SPL1, is topologically similar to SP1 on chloroplasts. Further, it is also possible
that SP1 and SPL1 modulate the function of the protein import machineries on the
mitochondrial outer membrane and peroxisome membrane. These hypotheses will need
to be tested in the future to dissect the membrane topology and identify the substrates
for SP1 and SPL1. The topology of SPL2 on chloroplast and mitochondrial membrane

will also need to be experimentally tested.

4.3.4 Analysis of SP1 and SPL1 targeting signals
The localization of SP1 and SPL1 to all three energy organelles indicates that the

SP1/SPL-mediated UPS apparatus may play a regulatory role to simultaneously
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coordinate the dynamics and/or functions of chloroplasts, mitochondria and
peroxisomes. An intriguing question is how a protein recognizes three different
subcellular compartments. To dissect the targeting information on SP1 and SPL1, we
generated a series of SP1 and SPL1 deletion constructs to make C-terminal YFP fusion
proteins. These 35S-driven YFP fusion proteins were transiently expressed in tobacco
(Nicotiana tabacum) together with the mitochondrial marker COX4-CFP or the
peroxisome marker CFP-PTS1.

As described above, the first 24 amino acids of SP1 and SPL1 were predicted to
form targeting peptides. In tobacco leaf cells, SP1"?*-YFP and SPL1"%*-YFP targeted to
chloroplasts, but not mitochondria and peroxisomes (Fig. 4.8A, 4.9A). Therefore, these
N-terminal peptides, SP1'?* and SPL1"?*, contain chloroplast targeting information. On
the other hand, SP1*°**_-YFP and SPL1%3*.YFP, which contained the full-length
protein deleted for the N-terminal peptide, localized to mitochondria and peroxisomes,
but not chloroplasts (Fig. 4.8D, 4.9D). These results suggest that the N-terminal
peptides are sufficient and necessary for the chloroplast targeting of SP1 and SPLA1.
SP1"2*_YFP and SPL1"?*"-YFP, which contained the N-terminal peptide and the TMD,
localized to all three organelles (Fig 4.8C, 4.9C). Additionally, SP1"?*-YFP and SPL1"
222_YFP localized to chloroplasts, but not mitochondria and peroxisomes (Fig. 4.8B,
4.9B). Thus, the TMD appeared to be necessary for mitochondrial and peroxisome
localization.

In summary, the N-terminal peptides of SP1 and SPL1 contain the necessary
chloroplast targeting information for these two proteins, and the TMD is required for the

mitochondrial and peroxisomal localization. Different from SP1 and SPL1, SPL2 does
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not contain the N-terminal signal peptide, so SPL2 might use a different targeting
mechanism for chloroplasts, a hypothesis that needs to be tested in the future. Human
MUL1 is more closely related to SP1 and SPL1 than SPL2, but does not contain the N-
terminal signal peptide either (Fig. 4.6A). It is possible that the N-term peptides evolved

in this gene family in plants after the split of plant and animal lineages.

4.3.5 SP1 and SPL1 play a different role from MUL1 in regulating mitochondrial
dynamics

In mammalian cells, MUL1 was reported to be a positive regulator of
mitochondrial fission. Overexpression of MUL1-YFP induced mitochondrial clustering
and fission, possibly because of its ability to stabilize human DRP1 (Braschi et al.,
2009). However, overexpression of SP1-YFP and SPL1-YFP in transgenic Arabidopsis
lines did not cause noticeable increases in mitochondrial fission (Fig. 4.10).

MUL1 was reported to mediate the SUMOylation of DRP1 (Braschi et al., 2009).
The N-terminal YFP fusion protein of human SUMO1 (YFP-hSUMO1) localized to
mitochondrial fission sites and the two tips in a punctate manner similar to human DRP1,
and hSUMO1 physically interacts with DRP1 in yeast-two-hybrid assays (Y2H) (Harder
et al., 2004). There are four expressed SUMO paralogues (SUMO1, 2, 3 & 5) in
Arabidopsis (Kurepa et al.,, 2003; Saracco et al., 2007). To check the subcellular
localization of these Arabidopsis SUMOs, we generated constructs to express N-
terminal YFP fusion proteins of SUMOs driven by the 35S promoter. Transgenic
Arabidopsis lines stably expressing these YFP-SUMOs were generated using floral

dipping method and analyzed by confocal microscopy. However, the subcellular
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distribution pattern of Arabidopsis SUMOs indicate that they are mostly in the cytosol
and/or nuclei, but not associated with mitochondria (Fig. 4.11A). Furthermore, to test
whether Arabidopsis SUMOs physically associate with DRP3, we conducted Y2H
assays using the Matchmaker two-hybrid system. Arabidopsis SUMO1, SUMO?2,
SUMO3, SUMO5 and DRP3A were cloned into the pGilda and pB42AD vectors to
create protein fusions with the DNA binding domain (BD) and the activation domain (AD)
respectively. When AD-DRP3A and BD-DRP3A were coexpressed in the yeast strain
EGY48, yeast cells grew abundantly in medium lacking Ura, Trp, His, and Leu
(SD/galactose-UTHL) and turned blue in the presence of 5-bromo-4-chloro-3-indolyl-3-
D-galactopyranoside, confirming the well-known self-interaction of DRP3 (Fig. 4.11B).
However, yeast cells expressing the combinations of DRP3A and any one of the
SUMOs did not grow on SD/galactose-UTHL medium (Fig. 4.11B). Therefore, in Y2H,
no interactions between Arabidopsis SUMOs and DRP3s were detected. Based on the
observations above, we conclude that the regulatory role of MUL1 in mitochondrial
dynamics by SUMOylation in metazoan is very likely not conserved in its homologous
proteins in plants.

To further analyze the functions of endogenous SP1 and SPL1 proteins, four T-
DNA insertion mutants were obtained from the Arabidopsis Biological Resource Center
(ABRC) (Fig. 4.12A). Homozygous plants were isolated after PCR genotyping of
genomic DNA. The gene transcription level was also analyzed using Semi-quantitative
reverse transcription polymerase chain reaction (RT-PCR). Full length SP1 transcripts
were not detectable in sp71-1, sp7-2, or spl1-1, and were strongly decreased in sp/1-2

(Fig. 4.12B). Hence, sp1-1, sp1-2 and spl1-1 are null mutants, while sp/1-2 is a knock-
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down mutant. A homozygous double mutant line was also generated by crossing sp7-2
and sp/1-1. The growth and development of these mutants were not significantly
different from wild-type plants in normal growth conditions (Fig. 4.12C). To examine the
mitochondrial morphology, mitochondrial marker COX4-YFP was introduced into sp7,
spl1 and the double mutants using floral dipping method. The mitochondrial morphology
in the leaf tissue of these mutants was analyzed using confocal microscopy. No obvious
abnormality was observed in these mutants in comparison to wild-type mitochondria
(Fig. 4.12D).

To analyze the consequences caused by the overexpression of non-tagged SP1
and SPL1, we made constructs to overexpress these proteins under the 35S promoter.
These constructs were transiently expressed in tobacco leaves together with organelle
markers. However, no significant organelle abnormality was detected by confocal
microscopy (Fig. 4.13D). We also generated similar constructs to overexpress point
mutant forms of SP1 and SPL1. Five of the conserved residues in the RING domain
were substituted (Cys by Ser, His by Tyr) (Fig. 4.13C). When the mutant forms of SP1
and SPL1 were expressed in tobacco leaves, no obvious changes of the organelle
morphology occurred (Fig. 4.13D). Therefore, we conclude that, in contrast to hMULA1,
Arabidopsis SP1 and SPL1 are very likely not essential factors in Arabidopsis
mitochondrial fission process.

As described above, MUL1-mediated DRP1 SUMOylation promotes mammalian
mitochondrial fission (Braschi et al., 2009). Nevertheless, SUMOylation very likely
targets multiple proteins in mitochondria, rather than just DRP1 (Braschi et al., 2009;

Harder et al., 2004). It is reported that overexpression of MUL1 caused a reduction in
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mitochondrial fusion rate (Braschi et al., 2009). This in theory could cause MUL1-
induced mitochondrial fragmentation. However, no homologous components of the non-
plant mitochondrial fusion machinery are found in plants yet. It is possible that
SUMOylation negatively regulates the mammalian fusion machinery, which are not
conserved in plants. Moreover, mitochondria are often elongated and interconnected in
mammalian and yeast cells, suggesting stronger activity of mitochondrial fusion than
fission. In contrast, mitochondria are highly fragmented in plants, indicating the
dominance of fission. Therefore, the need to further increase fission or decrease fusion

by SUMOylation probably does not exist in plants.

4.3.6 SPL2 may function in mitochondrial distribution, movement or division

In contrast to the evident similarities between SP1 and SPL1 in amino acid
sequence, domain composition and subcellular localization, SPL2 seems to be
divergent from SP1 and SPL1. To analyze whether SPL2 is involved in mitochondrial
dynamics, we generated artificial micro RNA (amiRNA) lines in the background of
COX4-YFP plants to specifically reduce the transcript level of SPL2. RT-PCR analysis
showed that the SPL2 transcript level was significantly reduced (Fig. 4.12A, 4.13A). In
contrast to SP1 and SPL1, SPL2 deficiency mediated by amiRNA resulted in strong
mitochondrial aggregation (Fig. 4.13B), suggesting that SPL2 is probably important for
the distribution, movement, or division of mitochondria.

To analyze the consequences caused by the overexpression of SPL2, we made
a construct to overexpress SPL2 under the 35S promoter. When expressed in tobacco

leaves together with organelle markers, no significant organelle abnormality was
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detected using confocal microscopy (Fig. 4.13D). We also generated a construct to
overexpress a point mutant form of SPL2. Four of the conserved residues in the RING
domain were substituted (Cys by Ser, His by Tyr) (Fig. 4.13C). In contrast to mutant
forms of SP1 and SPL1, strong mitochondrial aggregation was induced by the
overexpression of mutant SPL2 (Fig. 4.13D). Our results showed that the disruption of
SPL2 functions by SPL2 amiRNA and by the dominant negative form of SPL2 protein
both result in strong mitochondrial aggregation. Hence, we conclude that SPL2 is an
important factor in mitochondrial dynamics. In the future, SPL2 substrates will need to
be identified and SPL2’s mode of action in mitochondrial dynamics will need to be

further elucidated.

4.3.7 Next steps in the elucidation of SP1/SPL functions

In this chapter, we characterized a small family of RING domain-containing
proteins by analyzing their localization, domain structures, membrane association,
targeting signals, and loss-of-function and gain-of-function mutants. We showed that
these proteins are distinct from each other in some of the properties tested. SP1 and
SPL1 are more similar to each other and localize to chloroplasts, mitochondria and
peroxisomes. Since SP1 is known to be a regulator of protein import in chloroplasts,
SP1 and SPL1 may also be involved in protein import for mitochondria and peroxisomes.
SPL2 deficiency led to strong mitochondrial aggregation, and thus is probably involved
in mitochondrial distribution, movement and/or fission. To better understand the
functional mechanisms of SP1, SPL1 and SPL2, further studies will need to be done in

the future, as described below.
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SP1 has a known role in regulating chloroplast protein import. SP1-mediated
regulation of TOC complex was uncovered because disrupting SP1 function partially
suppressed the defects of toc33 and toc75 deficient mutants (Ling et al., 2012). Similar
strategy can be applied to uncover the roles of SP1 and SPL1 in mitochondrial and
peroxisomal protein import. For example, sp1, sp/1 and sp7 sp/1 double mutants can be
crossed with fom and pex mutants, such as tom20, tom40, metaxin and om64 for
mitochondria and pex13, pex14, pex5, pex6 and pex7 for peroxisomes (refer to Fig. 1.1
and 1.2 in Chapter 1). Either suppression or escalation of the defects in these tom or
pex mutants by disrupting SP1 and SPL1 can manifest the role of SP1 and SPL1 in the
biogenesis of mitochondria and peroxisomes. Besides genetics, we can also employ
Y2H screens using SP1 and SPL1 as baits to fish out their direct targets. Since they are
integral membrane proteins, Y2H using the split ubiquitin system may be used to test
membrane protein interactions (Fetchko and Stagljar, 2004; lyer et al., 2005;
Kittanakom et al., 2009; Thaminy et al., 2004). Additionally, by comparing the “ubiquitin-
omics” of isolated mitochondria from wild-type plants to those from sp7 or sp/7 mutants
using mass spectrometry, it is also possible to find their targets to help to illustrate the
functions of SP1 and SPL1. Given that SP1 was found to be involved in the import of
photosynthesis-related proteins (Ling et al., 2012), one possibility is that SP1 and SPL1
modulate the import of photorespiration apparatus into mitochondria and peroxisomes,
thus to adjust the rate of photosynthesis in parallel with photorespiration. To this end,
we may compare the behaviors of sp7 sp/7 mutants with wild-type plants under stresses

that disturb the equilibrium of photosynthesis and photorespiration.
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SPL2 is apparently a special member in this protein family, because of its
uniqueness in organelle association pattern, predicted domain structure and loss-of-
function/dominant negative mutant phenotypes. | propose a role of SPL2 in regulating
mitochondrial distribution, movement and/or fission. Thus possible substrates may
include proteins involved in these processes, such as fission factors like PMD1, DRP3
and FIS1. Another good candidate for SPL2’s substrate is MIRO1/2, which is essential
for mitochondrial motility (Yamaoka et al., 2011; Yamaoka and Leaver, 2008). In
addition, since plant mitochondria mainly move on actin filament, the association
between SPL2 and cytoskeletons will also need to be checked. To look into the function
of SPL2, strategies like suppressor screening, Y2H screening and “ubiquitin-omics”

analysis of mitochondria can be employed here as well.
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Figure 4.1. Chloroplast association of SP1, SPL1 and SPL2 in Arabidopsis.
Two-week-old T2 lines expressing SP1-YFP (A), SPL1-YFP (B) or SPL2-YFP (C) were
used for analysis. Confocal images were taken from leaf mesophyll cells. Chloroplasts

were marked by chlorophyll auto-fluorescence. Scale bar, 5 pm.
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Figure 4.2. Mitochondrial association of SP1, SPL1 and SPL2 in Arabidopsis.
Two-week-old T2 lines expressing SP1-YFP (A), SPL1-YFP (B) or SPL2-YFP (C) were
used for analysis. Confocal images were taken from leaf epidermal cells. Mitochondria

were marked by mitochondrial targeted COX4-CFP, which was stably expressed in

these lines. Scale bar, 5 uym.

194



SP1-YFP CFP-PTS1

CFP-PTST

L

CFP-PTST

Figure 4.3. Peroxisomal association of SP1 and SPL1 in Arabidopsis.
Two-week-old T2 lines expressing SP1-YFP (A), SPL1-YFP (B) or SPL2-YFP (C) were
used for analysis. Confocal images were taken from leaf epidermal cells. Peroxisomes

were marked by peroxisome targeted CFP-PTS1, which was stably expressed in these

lines. Scale bar, 5 um.
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Figure 4.4. Protein sequence comparison of Arabidopsis SP1, SPL1 and SPL2.
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Figure 4.4 (cont’d)

The alignment was performed using the ClustalWw2 program

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Identical amino acids are marked with

asterisks and similar amino acids are marked with dots.
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Figure 4.5. Transmembrane domain (TMD) prediction analysis of Arabidopsis SP1,
SPL1 and SPL2.
Protein sequences of SP1 (A), SPL1 (B) and SPL2 (C) were analyzed by TMHMM

server (http://www.cbs.dtu.dk/services/TMHMM/). Potential TMDs are indicated by red

columns. Y-axis is the probability to be TMDs, and the X-axis is the amino acid number

in the analyzed protein sequence.
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Figure 4.6. Bioinformatics analysis of Arabidopsis SP1, SPL1 and SPL2.
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Figure 4.6 (cont’d)

(A) Domain structure comparison of SP1, SPL1, SPL2 and hMUL1. Red box, TMD
predicted by TMHMM server, as shown in Fig. 5. Green box, signal peptide predicted by

SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/). Blue box, RING domain.

(B) Phylogenetic tree of Arabidopsis SP1, SPL1 and SPL2, human MUL1, and their
homologues in rice Oryza sativa Japonica Group. Scale bar, 0.6 amino acid substitution

per site. Branch support values are indicated. The phylogenetic analysis was performed

using the Phylogeny.fr program (http://www.phylogeny.fr/version2_cgi/index.cqi).
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Figure 4.7. Immunoblot analyses of the mitochondrial and peroxisomal membrane

association of SP1.
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Figure 4.7 (cont’d)

(A) Assessment of the purity of isolated mitochondria and peroxisomes from the leaf
tissue of Arabidopsis transgenic plant expressing SP1-YFP and the corresponding
organelle marker COX4-CFP or CFP-PTS1. Antibodies used were against maize
voltage-dependent anion selective channel (VDAC for mitochondria) and Arabidopsis
PEX14 (for peroxisomes). The presence of SP1-YFP and the corresponding organelle
markers in isolated mitochondria or peroxisomes was shown using the GFP antibody.
Mt, isolated mitochondria. Px, isolated peroxisomes. Molecular weight markers in kDa
are indicated on the left.

(B) Peroxisomal membrane association of SP1-YFP. Purified peroxisomes were treated
with TE, NaCl, or Na,CO3 (pH 11.0) respectively and separated into soluble (S) and
pellet (P) fractions by centrifugation. SP1-YFP and CFP-PTS1 were detected by a-GFP,
and CFP-PTS1 and PEX14 were controls for matrix and integral membrane proteins,
respectively.

(C) Mitochondrial membrane association of SP1-YFP. Purified mitochondria were
treated with TE, NaCl, or Na,COs3 (pH 11.0) and separated into soluble (S) and pellet
(P) fractions by centrifugation. SP1-YFP and COX4-CFP were detected by a-GFP, and
COX4-YFP and VDAC were controls for matrix and integral membrane proteins,

respectively.
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Figure 4.8. Analysis of organelle targeting signals on SP1.
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Figure 4.8 (cont’d)

Confocal images of the localization of fusion proteins between various SP1 fragments
and YFP transiently expressed in tobacco leaves together with the organelle markers.
The amino acids included in SP1 fragments are indicated as superscripts (SP1 domain
structure shown in Fig. 4.6A). Mit stands for mitochondria, labeled by COX4-CFP; Pex
stands for peroxisomes, labeled by CFP-PTS1; and Chl stands for chloroplasts, marked
by chlorophyll autofluorescence. Co-localization between COX4-CFP/CFP-PTS1 and
SP1-YFP fusion proteins was examined using epidermal cells. Co-localization between
chloroplast autofluorescent signals and SP1-YFP fusion proteins was examined in

mesophyll cells. Scale bars, 5 ym.
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Figure 4.9. Analysis of organelle targeting signals on SPL1.
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Figure 4.9 (cont’d)

Confocal images of the localization of fusion proteins between various SPL1 fragments
and YFP transiently expressed in tobacco leaves together with the organelle markers.
The amino acids included in SPL1 fragments are indicated as superscripts (SPL1
domain structure shown in Fig. 4.6A). Mit stands for mitochondria, labeled by COX4-
CFP. Pex stands for peroxisomes, labeled by CFP-PTS1. Chl stands for chloroplasts,
marked by chlorophyll autofluorescence. Co-localization between COX4-CFP/CFP-
PTS1 and SPL1-YFP fusion proteins was examined in epidermal cells. Co-localization
between chloroplast autofluorescent signals and SPL1-YFP fusion proteins was

examined in mesophyll cells. Scale bars, 5 ym.
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Figure 4.10. Mitochondrial morphology is not affected by overexpression of SP1 or
SPLA1.

Confocal images show the mitochondrial morphology in two-week-old T2 Arabidopsis
lines with only the mitochondrial marker COX4-CFP, both COX4-CFP and SP1-YFP, or
both COX-CFP and SPL1-YFP, all of whichwere driven by the 35S promoter. Images
were taken in leaf epidermal cells. CFP fluorescence is shown in red. YFP fluorescence
is shown in green. CFP and YFP images are merged for cells with SP1-YFP and SPL1-

YFP. Scale bar, 10 ym.
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Figure 4.11. Subcellular localization and yeast two hybrid (Y2H) analysis of Arabidopsis

SUMO proteins.
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Figure 4.11 (cont’d)

(A) Subcellular localization pattern of Arabidopsis SUMO proteins. Confocal images
were taken in leaf epidermis from 2-week-old transgenic plants stably expressing YFP-
SUMO1, YFP-SUMO2, YFP-SUMO3 and YFP-SUMOS. YFP signals are shown in
green. Scale bar, 10 ym.

(B) The Arabidopsis SUMO proteins did not interact with DRP3A in Y2H. Yeast
transformation was done on SD/-UTH media. After transformation, the positive colonies
were streaked on SD/-UTHL plus B-gal to check for protein interaction, as shown in the
image. Growth of the colonies and the blue color together indicates positive protein

interactions.
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Figure 4.12. Molecular, phenotypic and mitochondrial morphology analyses of the sp1

and spl1 single and double mutants.
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Figure 4.12 (cont’d)

WT sp1-1  spi1-2 spl1-1  spl1-2  sp1-2 spl1-1
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Figure 4.12 (cont’d)

(A) Schematics of the SP1, SPL1 and SPL2 genes. Open box, UTR; black box, exon;
line, intron. Black triangles indicate the T-DNA insertion sites. Arrows indicate the
primers used to amplify full length cDNAs.

(B) Semi-quantitative RT-PCR analysis of RNA from four-week-old SP7 and SPL1 T-
DNA insertion lines. Two individual plants were analyzed for each mutant. P stands for
wild-type sample and N stands for water (negative control). FL, full length. UBQ70
(ubiquitin 10) was used as a loading control.

(C) Growth phenotype of 6-week-old SP7 and SPL1 T-DNA insertion lines.

(D) Confocal images showing mitochondrial morphology in epidermal cells of 2-week-
old Arabidopsis plants expressing the mitochondrial marker COX4-YFP. Scale bar = 10

um.
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amiR SPL2 amiRNA-1
spL2 WT H)yO

SPL2

UBQ10

Figure 4.13. SPL2 plays a role in mitochondrial dynamics.

(A) RT-PCR analysis of SPL2 mRNA level in 4-week-old Arabidopsis plants. UBQ10
(ubiquitin 10) was used as a loading control. Two independent lines of wild-type and
amiR SPL2 are shown.

(B) Epifluorescent images showing mitochondrial morphology in epidermal cells of 4-
week-old Arabidopsis plants expressing the mitochondrial marker COX4-YFP. Scale bar
=10 um.

(C) The RING domain sequences of SP1, SPL1 and SPL2. The conserved active Cys
and His residues are marked in red. The substituted residues in the point mutant protein
forms are underlined with green lines.

(D) Epifluorescent images showing mitochondrial morphology in tobacco leaf epidermal
cells transiently overexpressing each of the wild-type SP1, SPL1, SPL2 and their point

mutant forms, together with the mitochondrial marker COX4-YFP. Scale bar, 10 ym.
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Figure 4.13 (cont’d)

SP1: CVICLEQEYNAVFVPCGHMCCCTACSSHLTSCPLC

SPL1: CVVCLDQKYNTAFVECGHMCCCTPCSLQLRTCPLC
SPL2: CVICVSRRRVPAFIPCGHVVCCRRCASTVERELNPKCPVC

35S-SP1 35S-SPL1

. 355-SPL2

35S-SP1(m) 35S-SPL1(m).
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Table 4.1 DNA primers used in this study.

SP1-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgattccttggggtggagttac

SP1-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcagtgacgatatgtcttaaccg

SP1-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtcgtgacgatatgtcttaaccgccag

SPL1-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgatacatttggctggatttac

SPL1-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcaatggcggtaaattttc

SPL1-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtcatggcggtaaattttcaaaac

SPL2-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgtcctcgccggagegtgcetc

SPL2-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtcctaagagtaatatacacgcatag

SPL2-Re-AttB2-C

ggggaccactttgtacaagaaagctgggtcagagtaatatacacgcatagatc

SUMO1-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgtctgcaaaccaggag

SUMO1-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcaggccgtagcaccaccac

SUMO2-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgtctaaccctcaagatgac

SUMO2-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtcttaaagcccattatgatcg

SUMO3-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatgtctgctactccggaagaag

SUMO3-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtcctaaaagcagaagagcttcag

SUMO5-Fw-AttB1

ggggacaagtttgtacaaaaaagcaggcttcatggtgagticcacagacac

SUMOb5-Re-AttB2-N

ggggaccactttgtacaagaaagctgggtctcaaggagtgtaaggaccg

sp1-1-genotyping-1

aggatcattcaattccaaccc

sp1-1-genotyping-2

attacatggacacggcttgtc

sp1-2-genotyping-1

tattcgctgaatcgagcaaac

sp1-2-genotyping-2

gctgccatgtataacaggctg

spl1-1-genotyping-1

ttgggagatttgtcaaggttg

spl1-1-genotyping-2

ggcttaattaagcccaacctg

spl1-2-genotyping-1

gcgttgggttatcttaaaggce

spl1-2-genotyping-2

aggtccttagttgcaaggagc

SP1-partial -Re-1

ggggaccactttgtacaagaaagctgggtcgccactactccggecgag

SP1-partial-Re-2

ggggaccactttgtacaagaaagctgggtcatatttgtacaaccttgacc

SP1-partial-Re-3

ggggaccactttgtacaagaaagctgggtcatacttgaacctccttgac

SP1-partial-Fw-4

ggggacaagtttgtacaaaaaagcaggcttcatgagggatgctgaagtactcg

SPL1-partial -Re-1

ggggaccactttgtacaagaaagctgggtcgcctgtgctcctggtaag

SPL1-partial-Re-2

ggggaccactttgtacaagaaagctgggtcatatttgtacaaccttgacc

SPL1-partial-Re-3

ggggaccactttgtacaagaaagctgggtcatacttgaacctccttgac

SPL1-partial-Fw-4

ggggaccactttgtacaagaaagctgggtcctctagaacagagtcaatgac

SP1-RingMutant-Fw

gtttgtcccgagtggttatatgagcagcagcaccgcatgcetc

SP1-RingMutant-Re

gagcatgcggtgctgctgctcatataaccactcgggacaaac

SPL1-RingMutant-Fw

ctittgttgagagtggttatatgagcagcagcacaccatgctc

SPL1-RingMutant-Re

gagcatggtgtgctgctgctcatataaccactctcaacaaaag

SPL2-RingMutant-Fw

cgtttattcccagtggatatgtagtaagtagcaggcgatgtgc

SPL2-RingMutant-Re

gcacatcgcctgctacttactacatatccactgggaataaacg

SPL2-I miR-s gatgtttaactctcgticcgceggtctctcttttgtatice

SPL2-1l miR-a gaccgcggaacgagagttaaacatcaaagagaatcaatga
SPL2-IIl miR*s gaccacggaacgagacttaaacttcacaggtcgtgatatg
SPL2-1V miR*a gaagtttaagtctcgttccgtggtctacatatatattcct
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Table 4.2 Vectors used in this study.

Vector and Construct
reference

pDonor 207

Plant
selection

. all donor plasmids N/A
(Invitrogen)
pEarleyGate 100 35S-SP1, 355-SPL1, 355-SPL2, 355-SP1(m), | pha1a
(Earley et al., 2006) | 35S-SPL1(m), 35S-SPL2(m); amiRNA SPL2
pEarleyGate 101 YFP-SUMO1; YFP-SUMO?2; YFP-SUMO3; BASTA
(Earley et al., 2006) | YFP-SUMOS5;
pEarleyGate 104 ) ) )
(Earley et al., 2006) SP1-YFP; SPL1-YFP; SPL2-YFP; BASTA
pDest-35S-X-YFP- | SP1"**-YFP; SP1"“*-YFP; SP1"“*-YFP;
6xHis (Reumann et | SP12°3Y_YFP; SPL1".YFP; SPL1"#%.YFP; | Kanamycin
al., 2009) SPL1"?*_.YFP; SPL1%>3%.YFP;
pGilda-GW BD-DRP3A; BD-SUMO1; BD-SUMO2; BD- N/A
(Clontech) SUMO3; BD-SUMO5
pB42AD AD-DRP3A; AD-SUMO1; AD-SUMO2; AD- N/A
(Clontech) SUMO3; AD-SUMO5
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4.4 Methods

4.4.1 Plant materials

Arabidopsis plants were grown at 22°C, with 70% humidity, and 14-h 70 to 80
umol m? s of white light per day. Tobacco (Nicotiana tabacum) plants were grown at
24°C, with 70% humidity and 14-h 50 ymol m? s? of white light per day. The Col-0
ecotype of Arabidopsis was referred as the wild type. T-DNA insertion mutants, sp7-1
(SALK_063571), sp71-2 (SALK_002099), spl1-1 (SALK_064720), and spl/1-2
(SALK_024744) were provided by Arabidopsis Biological Resource Center (ABRC;
Columbus, OH, USA). Homozygous mutants were identified by PCR of genomic DNA
followed by RT-PCR analysis as described previously (Zhang and Hu, 2010).
Peroxisome marker lines CFP-PTS1 and YFP-PTS1 were generated in our previously
study (Fan et al., 2005). Mitochondrial marker lines COX4-YFP and COX4-CFP were

generated in a previous study (Nelson et al., 2007) and obtained from ABRC.

4.4.2 Plant transformation
All organelle markers and other constructs used in this study were transformed
into plants via simplified floral dipping method

(http://entomology.wisc.edu/~afb/protocol.html) with Agrobacterium tumefaciens strain

GV3101 (pMP90). To screen for transformants with kanamycin resistance, T1 seeds
were plated on 0.5 Linsmairer and Skoog (1/2 LS) medium containing 50 g/ml of
kanamycin. To obtain BASTA-resistant transformants, T1 seeds were grown on soil and

sprayed with 0.1% (v/v) Basta (Finale; Farnam Companies, Phoenix, AZ, USA) and
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0.025% (v/v) Silwet L-77 after 7 days, for at least two times. To perform protein transient
expression in tobacco plants, leaves of six to 8-week-old Nicotiana tabacum plants were
infiltrated with resuspended A. tumefaciens cells harboring specific plasmids.
Agrobacterium cells were grown in shakers for 24 h at 28°C with 200 rpm agitation.
Then the cells were spun down and resuspended in water to an A600 of 0.05. Leaf

areas subjected to infiltrations were cut off and used for confocal imaging.

4.4.3 Gene cloning, plasmid construction and RT-PCR

The coding sequences of specific genes were amplified with Gateway compatible
primers by Phusion polymerase (NEB). The cDNA made from total RNA extracts of Col-
0 plants was used as template. The PCR products were cloned into pDonor207 vectors
and various destination vectors via standard Gateway cloning system (Invitrogen,

http://www.invitrogen.com/). To generate dominant negative forms of SP1, SPL1 and

SPL2, overlapping PCR was performed (http://gfp.stanford.edu/protocol/index5.html)

with primers containing the mutation sites. All primers used in this study are shown in
Table 4.1. All vectors used are shown in Table 4.2.

To clone the artificial microRNA construct, amiRNA SPL2 (5-
TGTTTAACTCTCGTTCCGCGG-3’) was designed by WMD3-Web MicroRNA Designer

(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). Overlapping PCR was used to clone

the amiRNA according to the WMD3-Web MicroRNA Designer

(http://wmd3.weigelworld.org/downloads/Cloning_of artificial _microRNAs.pdf). The

precursor miRNA was amplified by Gateway-compatible primers and cloned into

pEarley100 vector.
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To analyze gene expression level in plants, semi-quantitative RT-PCR was

performed as previously described (Aung and Hu, 2011).

4.4.4 Immunoblot analysis

To prepare mitochondrial and peroxisomal proteins for SDS-PAGE analysis, 15
Ml purified mitochondria and peroxisomes mixed with 5 pl 4X LDS sample buffer
(Invitrogen) were heated at 70 °C for 10 min, before loaded onto SDS-PAGE. Proteins
were transferred to a PVDF membrane after separation. The membrane was blocked
with 5% milk in 1x TBST (50 mM Tris-base, 150 mM NaCl, 0.05% Tween 20, pH 8.0) for
1 h at room temperature, then incubated for 1 h at room temperature with primary
antibody prepared in the blocking buffer as follows: 1:20000 for a-GFP (Abcam),
1:2,500 for a-PEX14 (Lingard and Bartel, 2009) and 1:5,000 for a-VDAC (Reumann et
al., 2009). The probed membrane was washed with 1x TBST three times at 5 min each
time, followed by incubation with the secondary antibody (i.e., 1:20,000 goat anti-rabbit
IgG or 1:20,000 goat anti-mouse IgG, Millipore) at room temperature for 1 h. After that,
the membrane was washed four times with 1x TBST for 10 min each time, and then
visualized using the SuperSignal West Dura Extended Duration Substrate (Pierce

Biotechnology).

4.4.5 Purification of peroxisomal and mitochondrial proteins
Rosette leaves from 4-week-old transgenic Arabidopsis plants expressing 35S-
SP1-YFP and an organelle marker were used for organelle purification. Peroxisomes

were isolated from the peroxisomal marker (CFP-PTS1) background as described
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previously (Reumann et al., 2009). Mitochondria were isolated from the mitochondrial
marker (COX4-CFP) background, using a previously published protocol (Aung and Hu,
2011; Kruft et al., 2001; Werhahn and Braun, 2002). The purity of mitochondrial
preparations was determined using immunoblot analyses and organelle-specific
antibodies as described above. Mitochondrial membrane association was tested using

previously described methods (Nakagawa et al., 2007).

4.4.6 Microscopy

Two fluorescence microscopes, the Zeiss Axio Imager Upright Microscope and
the Olympus Fluoview FV1000 confocal laser scanning microscope, were used. For
confocal microscopy, CFP, YFP, and chlorophyll auto-fluorescence were excited with
458-, 515-, and 515-nm lasers respectively and detected at 465—490 nm, 505-555 nm

and 655-755 nm respectively.

4.4.7 Yeast two-hybrid assay

The Matchmaker two-hybrid system (Clontech) was modified by introducing the
gateway cassette (attR1-Cmr-ccdB-arrR2) into pGilda and pB42AD vectors. Specific
gene constructs were transformed into yeast strain EGY48 and selected on standard
Synthetic Dropout medium (SD/-Ura-Trp-His). The plasmid DNA was transformed using
Frozen-EZ Yeast Transformation Kit™ as recommended by the manufacturer (Zymo).
Transformants were then transferred onto SD/-Ura-Trp-His-Leu medium that contains -

gal to test for protein interaction.
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CHAPTER 5

CONCLUSION AND PERSPECTIVES
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Eukaryotic cells contain numerous membrane-enclosed organelles, providing
specific environments for various biochemical reactions. In plant cells, mitochondria,
peroxisomes and chloroplasts are critically involved in many essential aspects of plant
physiology, including energy capture, conversion, storage and metabolism. To achieve
the ideal organismal physiology, these organelles alter their functions in response to
changes from both inside and outside of the cell. Therefore, dissecting the mechanisms
behind the dynamics of these organelles is important for fully understanding their
functions.

In plants, the major protein machineries governing protein import and membrane
fission of these organelles have been identified. However, the regulatory mechanisms of
the functions of the major protein components are just beginning to be uncovered in
plants and other systems. Their functions can be directly and promptly adjusted by
covalent attachment of small molecules and by membrane lipids. In my dissertation
research, | used the model plant Arabidopsis to further characterize the regulatory
mechanisms of organelle dynamics, focusing on protein import and membrane fission

(Fig. 5.1).

5.1 Membrane lipids

In Chapter 2, | showed that cardiolipin (CL), a negatively charged phospholipid, is
involved in mitochondrial fission and plant stress response in Arabidopsis. CL is present
in bacterial cell membranes and eukaryotic mitochondrial membranes. Its distribution
pattern at the tips and fission sites of bacterial membrane resembles that of the key

fission factor Dynamin-related Protein3 (DRP3), on mitochondria (Fujimoto et al., 2009;
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Mano et al., 2004; Aung and Hu, 2012; Zhang and Hu, 2009). CL also supports the
functions of bacterial division proteins, as reported in multiple studies (Renner and
Weibel, 2011; Kawai et al., 2004; Lenarcic et al., 2009; Doan et al., 2013). Besides its
predominant localization in mitochondria (Osman et al., 2011), CL was also reported to
be in peroxisomes in a yeast study (Wriessnegger et al.,, 2007). Hence, we had
hypothesized that CL may be a dual fission factor for mitochondria and peroxisomes. In
this study, | characterized CL and Cardiolipin Synthase (CLS), and found both localized
specifically to mitochondria. CL deficiency resulting from CLS gene disruption leads to
mitochondrial elongation and enlargement, abnormal mitochondrial cristae, and plant
susceptibility to various abiotic stresses. CL mediates mitochondrial fission at least
partially through stabilizing the DRP3 higher-order complex. Our discovery of the role of
CL in mitochondrial fission adds to its well-known function in mitochondrial fusion
process, which had been shown in non-plant systems (Sesaki et al., 2006; Tamura et al.,
2009).

At this point, we cannot exclude the possibility that CL also impacts the functions
of other mitochondrial fission proteins, such as FIS1, ELM1 and PMD1 (Scott et al.,
2006; Lingard et al., 2008; Zhang and Hu, 2009; Arimura et al., 2008; Aung and Hu,
2011). To test this, native protein gel can be used to analyze the formation of proteins
complexes that contain these proteins in CL deficient mutants. In addition, protein-lipid
interaction between CL and these proteins could be tested. It's also possible that CL
plays a role in mitochondrial fusion in plants, too. However, the plant mitochondrial
fusion machinery has not been identified yet, thus the interaction between fusion

proteins and CL cannot be tested at present. A possible strategy to reveal the role of CL
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in plant mitochondrial fusion is to generate a drp3A drp3B cls triple mutant, in which we
may see less mitochondrial elongation if CL also promotes mitochondrial fusion.

In non-plant systems, CL is found to be crucial for multiple aspects of
mitochondrial functions, including mitochondrial fusion, mitochondrial electron transport
chain complex formation and mitochondrion-mediated programmed cell death (PCD)
(Osman et al., 2011). The roles of CL in mitochondrial electron-transport chain complex
formation and abiotic stress response are just beginning to be elucidated in plants. It is
still unknown whether CL is also involved in biotic stress response in plants, which
should be feasible to test using the loss-of-function mutants of CLS.

In mammalian apoptosis, CL contributes significantly to mitochondrial outer
membrane permeablization and cytochrome c release (Lutter et al., 2000; Kuwana et al.,
2002; Gonzalvez and Gottlieb, 2007; Montessuit et al., 2010). CL directly interacts with
cytochrome ¢ and pro-apoptotic Bcl-2 family proteins (Kagan et al., 2005; Gonzalvez
and Gottlieb, 2007). CL was also recently shown to mediate mitophagy in mammals
(Chu et al., 2013). However, the roles of CL in plant PCD and mitophagy are still very
obscure. Particularly, the plant PCD pathway, which lacks homologous proteins to
almost all the mammalian apoptotic factors, is very different from that in mammals (van
Doorn, 2011). The mitophagy pathway also has plant-specific features and is much less
characterized in plants than in mammals (Li et al., 2014). In Chapter 2, we showed that
CL is important for plant response to PCD-inducing abiotic stresses. Hence, it is
probable that CL may be a conserved PCD and mitophagy factor across different
kingdoms and thus will be worthwhile to test whether these two pathways are affected in

CL deficient mutants.

224



Besides CL, other membrane lipids can also contribute to the dynamics of
mitochondria. The remodeling of CL, such as the formation of monolysocardiolipin
(MLCL) and the desaturation of CL acyl contents, may significantly impact CL functions.
The regulation of CL distribution on both mitochondrial outer and inner membranes may
also be important for CL functions. Apart from mitochondria, how membrane lipids
contribute to the dynamics of peroxisomes and chloroplasts in plants still wait to be

elucidated.

5.2 Post-translational modifications

In Chapters 3 and 4, | focused on protein ubiquitination, which has not been
shown previously to occur in plant mitochondria. | identified a mitochondrial outer
membrane associated deubiquitinase, UBP27. Overexpression of UBP27 reduces
mitochondrial length and mitochondrial association of DRP3. Without identification of
UBP27 substrates, we can propose different mechanisms to explain how UBP27
contributes to mitochondrial morphogenesis. First, it is possible that UBP27 directly
regulates DRP3 localization and promotes the recycling of DRP3 back to the cytosol
after mitochondrial fission. Second, UBP27 may be indirectly involved in mitochondrial
morphogenesis. Since UBP27 localizes on mitochondrial outer membrane with the
enzymatic domain facing the cytosol, it is possible that UBP27 actually regulates protein
import by targeting the TOM machinery. Besides, UBP27 may target other proteins at
the cytosolic side of mitochondrial outer membrane, such as proteins involved in
mitochondrion-cytoskeleton interactions.

In Chapter 4, | reported characterizations of a small family of RING-domain
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containing proteins composed of SP1, SPL1 and SPL2. The RING domain is one type
of domains found in ubiquitin E3 ligases. The ubiquitination activity was previously
confirmed in vitro for SP1. Intriguingly, | found that SP1 and SPL1 both associate with
peroxisomes, mitochondria and chloroplasts - three metabolically linked organelles.
SPL2 associates with two of them — mitochondria and chloroplasts. Since SP1 was
previously reported to target chloroplast protein import machinery, it is possible that SP1
and SPL1 are involved in the protein import processes of mitochondria and
peroxisomes. In this scenario, SP1 and SPL1 can coordinately modulate the biogenesis
of all three organelles. Moreover, when toc mutants are combined with sp7 loss-of-
function mutant, the toc defects are ameliorated (Ling et al., 2012). Similar strategies
can be employed to check if the disruption of SP7 and SPL1 affects the loss-of-function
mutants of protein import machineries of mitochondria and peroxisomes.

No growth or organelle defects have been observed in the loss-of-functions
mutants of SP1 and SPL7. However, disrupting SPL2 function leads to strong
mitochondrial aggregation, indicating SPL2’s potential roles in mitochondrial movement,
distribution, or fission/fusion. More in-depth analyses are needed to reveal the
mechanism behind this mitochondrial aggregation phenotype. Proteins involved in
mitochondrial movement and distribution can be tested as potential ubiquitination
substrates of SPL2. Genome-wide screens, such as Y2H screening using UBP27 or
SP1/SPL as baits, and mass spectrometry-based “ubiquitin-omics” analysis of isolated
mitochondria, may also be employed.

The organelle dynamics machineries can be regulated by PTMs other than

ubiquitination. For example, DRP3 was reported by multiple studies to be
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phosphorylated, yet it is unknown whether these phosphorylation events affect DRP3
activity and the general plant physiology. To detect PTMs of DRP3 and other proteins,
proteomics analyses of purified organelles can be performed. As suggested by the
studies of mammalian DRP1 PTMs, the post-translational regulation of mitochondrial
fission DRP and possibly other organelle dynamics proteins can be very specific to
tissue types and developmental stages to meet the specific requirements of these
conditions to fine tune organelle dynamics (see Chapter 1). Tissue and development
differences should also be considered when analyzing the role of a specific type of

protein PTMs in organelle dynamics in plants.

5.3 Broader impacts of this study

The dynamics of organelles are important for their functions. Peroxisomes,
mitochondria and chloroplasts are essential for plant growth, general physiology, energy
metabolism, biomass accumulation and stress response. Because these organelles are
metabolically linked, it is also important to keep their functions coordinated. Changing
the functions of each plant energy organelles as well as their functional coordination by
adjusting organelle dynamics can potentially contribute to agriculture and biofuel
production. Thus, it is important to analyze the major protein machineries governing
organelle dynamics and the regulatory mechanisms of these major machineries.

Cardiolipin is important not only for mitochondrial dynamics but also for plant
stress response. The exact roles of cardiolipin in plant stress response and
programmed cell death (PCD) are still unclear. The study of cardiolipin will also reveal

the overall mechanism of plant PCD as well as how mitochondria are involved in this
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process. PCD is critically involved in plant embryogenesis, tissue differentiation,
reproductive organ formation, pollination, senescence, and serves as a response
mechanism to some abiotic and biotic stresses (Lord and Gunawardena, 2012). Hence,
the study of the role of mitochondria and CL in PCD is also a critical step toward
improving plant health and stress defense.

Ubiquitination regulates the dynamics of plant chloroplasts and peroxisomes. In
this dissertation research, | discovered mitochondrial ubiquitin specific protease and
ubiquitin E3 ligases as well. In particular, members of the RING domain E3 ligase family
SP1/SPL are associated with multiple energy organelles. The study of this protein family
may reveal ubiquitination-mediated mechanisms that coordinate the dynamics of all
three energy organelles. Knowledge gained from this line of research may be used to
improve the equilibrium of plant energy organelle functions, such as to produce more
biomass by maintaining an optimal ratio between photosynthetic and photorespiratory

activities.
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Figure 5.1. A summary of the efforts described in this dissertation to dissect the

regulatory mechanisms of plant energy organelle dynamics.

229




Figure 5.1 (cont’d)

This dissertation research aims at analyzing the regulatory mechanisms of plant energy
organelle dynamics. My work focuses on the investigation of membrane fission and
protein import processes mainly from two directions: the membrane phospholipids and
protein post-translational modifications. The impact of these regulatory mechanisms to
organelle functions and general plant physiology, especially plant stress response, is
also analyzed. Chapter 2 of this dissertation focuses on cardiolipin — a mitochondrial
membrane phospholipid, and revealed that it promotes mitochondrial fission by
stabilizing DRP3 higher-order protein complexes. Chapter 3 shows that the
mitochondrion-associated deubiquitinase UBP27 contributes to mitochondrial
morphogenesis. Chapter 4 characterizes a small family of RING domain-containing
proteins — SP1, SPL1 and SPL2. SP1 and SPL1 associate with peroxisomes,
mitochondria and chloroplasts. Given that SP1 was previously shown to target the
plastid protein import machinery, SP1 and SPL1 possibly modulate function of the
mitochondrial and peroxisomal import machineries. SPL2 associates with mitochondria
and chloroplasts, resulting in mitochondrial aggregation when its function is disrupted.
The substrates of UBP27, SP1, SPL1 and SPL2 in mitochondria and peroxisomes are

unknown.
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APPENDIX A

The conserved fission complex on peroxisomes and mitochondria

This section has been published:

Ronghui Pan and Jianping Hu. (2011)
Plant Signaling & Behavior 6: 870-872.
doi:10.4161/psb.6.6.15241.
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A.1 Abstract

Peroxisomes are eukaryotic organelles highly versatile and dynamic in content
and abundance. Plant peroxisomes mediate various metabolic pathways, a number of
which are completed sequentially in peroxisomes and other subcellular organelles,
including mitochondria and chloroplasts. To understand how peroxisomal dynamics
contribute to changes in plant physiology and adaptation, the multiplication pathways of
peroxisomes are being dissected. Research in Arabidopsis thaliana has identified
several evolutionarily conserved families of proteins in peroxisome division. These
include five PEROXIN11 proteins (PEX11a to -e) that induce peroxisome elongation and
the fission machinery, which is composed of three dynamin-related proteins (DRP3A, -
3B and -5B) and DRP’s membrane receptor, FISSION1 (FIS1A and -1B). While the
function of PEX11 is restricted to peroxisomes, the fission factors are more promiscuous.
DRP3 and FIS1 proteins are shared between peroxisomes and mitochondria, and
DRPSB plays a dual role in the division of chloroplasts and peroxisomes. Analysis of the
Arabidopsis genome suggests that higher plants may also contain functional homologs
of the yeast Mdv1/Caf4 proteins, adaptor proteins that link DRPs to FIS1 on the
membrane of both peroxisomes and mitochondria. Sharing a conserved fission machine
between these metabolically linked subcellular compartments throughout evolution may

have some biological significance.
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Peroxisomes are single membrane-delimited organelles involved in a variety of
metabolic pathways essential to development (Schrader and Fahimi, 2008). Plant
peroxisomes participate in processes such as lipid mobilization, photorespiration,
detoxification, hormone biosynthesis and metabolism, and plant-pathogen interaction
(Nyathi and Baker, 2006; Kaur et al., 2009). A number of these metabolic functions,
such as photorespiration, fatty acid metabolism and jasmonic acid biosynthesis, are
accomplished through the cooperative efforts of peroxisomes and other subcellular
compartments, such as mitochondria and chloroplasts (Kaur et al., 2009; Beevers, 1979;
Reumann and Weber, 2006). The function, morphology and abundance of peroxisomes
can vary depending on the organism, cell type, developmental stage and prevailing
environmental conditions in which the organism resides (Purdue and Lazarow, 2001,
Yan et al., 2005). It is now believed that in addition to budding from the endoplasmic
reticulum (ER), peroxisomes also multiply from pre-existing peroxisomes via division,
going through steps including peroxisome elongation/tubulation, membrane constriction
and fission (Yan et al.,, 2005; Fagarasanu et al., 2007). In the reference plant
Arabidopsis thaliana, three evolutionarily conserved families of proteins have been
identified as key components of the peroxisome division apparatus. Five integral
membrane proteins, named PEX11a to -e, are mainly responsible for inducing the
elongation and tubulation of peroxisomes in the early stage of peroxisome division
(Lingard and Trelease, 2006; Orth et al., 2007; Nito et al., 2007). DRP3A and DRP3B
are members of a dynamin-related protein family that powers the fission of membranes
and FIS1A and FIS1B are homologous proteins believed to anchor the DRP proteins to

the membrane (Arimura et al., 2004b; Arimura and Tsutsumi, 2002; Fujimoto et al., 2009;
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Logan et al., 2004; Mano et al., 2004; Scott et al., 2006; Zhang and Hu, 2008b, 2009).
Similar to their counterparts in yeasts and mammals, DRP3 and FIS1 are shared by the
fission machineries of peroxisomes and mitochondria (Arimura et al., 2004b; Arimura
and Tsutsumi, 2002; Fujimoto et al., 2009; Logan et al., 2004; Mano et al., 2004; Scott
et al., 2006; Zhang and Hu, 2008b, 2009). We recently reported the unexpected finding
that DRP5B, a plant/algal-specific DRP distantly related to the DRP3 proteins and
originally discovered for its function in chloroplast division, is also involved in the
division of peroxisomes. Using co-immunoprecipitation (co-IP) and bimolecular
fluorescence complementation (BiFC) assays, we further demonstrated that DRPS5B
and the two DRP3 proteins can homo- and hetero-dimerize and each DRP can form a
complex with FIS1A and/or FIS1B and most of the Arabidopsis PEX11 isoforms (Zhang
and Hu, 2010). These results together demonstrate that, despite their distinct
evolutionary origins, structures and functions, peroxisomes, mitochondria and
chloroplasts use some of the same factors for fission. These data also revealed that,
like in yeasts and mammals, the FIS1- DRP complex exits on peroxisomes and
mitochondria in plants.

DRPSB, a DRP unique in the plant and photosynthetic algae lineages, seems to
be the sole component shared by the division of chloroplasts and peroxisomes (Zhang
and Hu, 2010). However, both FIS1 and DRP are found to be required for the division of
peroxisomes and mitochondria throughout eukaryotic evolution (Kaur and Hu, 2009;
Nagotu et al., 2010), prompting the question: to what extent is the FIS1-DRP complex
conserved among diverse species? In the yeast Saccharomyces cerevisiae, this fission

complex also contains an adaptor encoded by two homologous WD40 proteins, Mdv1
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and Caf4, which are partially redundant in function with Mdv1 playing the major role.
Mdv1 and Caf4 share an N-terminal extension (NTE) domain with two a-helices, a
middle coiled-coil domain (CC) and C-terminal WDA40 repeat. Both proteins use the NTE
to interact with the tetratricopeptide repeat (TPR) domain-containing N-terminus of Fis1,
the CC domain to dimerize and the C-terminal WD40 repeat to interact with and recruit
the DRP protein, Dnm1 (Griffin et al., 2005; Tieu et al.,, 2002). The Hansenula
polymorpha Mdv1 (Hp Mdv1) also has a dual function in the division of peroxisomes
and mitochondria (Nagotu et al., 2008). In addition, a Mdv1/Caf4 homolog, Mda1, was
identified from the primitive red algae Cyanidioschyzon merolae and found to be
involved at least in mitochondrial fission (Nishida et al., 2007). However, higher
eukaryotes do not seem to have obvious homologs of Mdv1/Caf4. For example,
mammals contain Fis1 and Drp (called DLP1 or Drp1) but no apparent homologs to
Mdv1 and Caf4. Instead, a metazoan-specific tail-anchored protein, Mitochondrial
Fission Factor (Mff), was recently found to regulate the fission of mitochondria and
peroxisomes in a similar manner to Fis1. Mff is essential in recruiting Drp1, at least in
mitochondrial division, yet it functions in a Fis1-independent pathway (Gandre-Babbe
and Bliek, 2008; Otera et al., 2010).

To determine whether plants contain structural or functional homologs of Mdv1
and Caf4, we performed blast searches of the Arabidopsis genome, which resulted in
the retrieval of ~300 WD40 proteins. However, just like the search results from
mammals, none of these proteins show significant sequence similarity with Mdv1 and
Caf4 beyond the WD40 repeats. To identify proteins with similar domain structures with

Mdv1/Caf4, we further analyzed these WDA40 proteins, using the online Simple Modular
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Architecture Research Tool (http://smart.embl-hei- delberg.de/). After eliminating
proteins apparently inappropriate to be part of this complex, such as kinases and
proteins with drastically distinct domain organizations despite of having both WD40
repeats and CC domains, we were able to narrow down to eight proteins. These
proteins, which are encoded by At1g04510, At2g32950, At2g33340, At3g18860,
At4g05410, At4g21130, At5g50230 and At5g67320, respectively, each contain a central
CC domain in addition to the WD40 repeat region and are ranging from 450 to 900
amino acids in length (Fig. A.1A). Subcellular localization studies will need to be
performed to determine whether some of these proteins are associated with
peroxisomes and mitochondria. If such a WD40 protein is proven to be part of the FIS1-
DRP complex in Arabidopsis, it will be important to determine whether it simply acts as
an adaptor or it also plays other roles, such as to promote and maintain the active
structure and conformation of DRP3A/3B at the division site (Fig. A.1B). Consistent with
the latter scenario, it was found that Sc Mdv1 accumulates at the division sites after
Dnm1 assembles and that the mammalian Fis1 and Drp1 proteins physically interact
(Naylor et al., 2006; Yoon et al., 2003). Peroxisomes and mitochondria are functionally
linked in a number of metabolic pathways. For example, in plants, they act cooperatively
in important processes such as fatty acid metabolism and photorespiration (Kaur et al.,
2009). An interesting question to address in the future is whether sharing such a
conserved fission machine between peroxisomes and mitochondria throughout

evolution has critical biological consequences.
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Figure A.1. Domain structure of Mdv1/Caf4 and their homologs or putative homologs.
(A) Domain structure of Sc Mdv1 and Sc Caf4 from S. cerevisiae, their homologs from H.
polymorpha and C. merolae, and the eight Arabidopsis proteins with similar domain
organization. Grey boxes indicate the CC domain and black boxes are WD40 repeats.
(B) The putative FIS1-WD40-DRP complex in Arabidopsis. CC, coiled-coil; NTE, N-

terminal extension; TPR, tetratricopeptide repeat; TMD, transmembrane domain.
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Figure A.1 (cont’d)
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