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The goal of this dissertation research is to determine how post translational
modifications of Mitofusin 2 (Mfn2), dynamin related protein 1 (Drp1) and Protein
Phosphatase 2A (PP2A) B’ regulate protein function and stability. Mfn2 and Drp1 work
in opposing manners to balance mitochondrial morphology and maintain organelle
function. Loss of balanced fission and fusion results in mitochondrial dysfunction, a
major contributor to the pathology of many neurodegenerative diseases and cancer.
While regulation of fission is mediated through the reversible posttranslational
modifications of Drp1, there are currently no known post-translational modifications of
Mfn2 that regulate fusion. The first two experimental chapters of this thesis focus on the
regulation of PKA induced phosphorylation of mitochondrial fission and fusion proteins.
In Chapter 2 | utilize a Mfn2 phospho Ser442 specific antibody to determine the
phosphorylation state of both over-expressed and endogenous neuronal Mfn2. Using
this technique | found that under the conditions studied, Mfn2 is not PKA
phosphorylated on Ser442. To look at the requirement of Mfn2 Ser442 in promoting
mitochondrial elongation and protecting hippocampal neurons from excitotoxic cell
death, Hela cells and primary hippocampal neurons (PHN) were evaluated by
immunofluorescence. Results from these studies suggest Mfn2’s neuroprotective effects
require Ser442, and are separate from its function to promote mitochondrial fusion, and
independent of PKA phosphorylation. Chapter 3 utilizes biochemical and
immunofluorescence techniques to determine whether the PKA induced
phosphorylation of Drp1 on Ser656 and the nitrosylation of Drp1 on Cys663 are
mutually competing events. While previous work demonstrated the requirement of Drp1

Cys663 in mediating nitric oxide (NO) induced mitochondrial fragmentation and cell



death, results presented herein demonstrate Cys663 and Ser656 act independently to
blunt, but not inhibit, mitochondrial fragmentation following NO treatment. Additional
work demonstrated that the Drp1 Cys663Val mutant that blocks nitrosylation shows
increased PKA phosphorylation of Ser656 by both biochemical and morphological
assays, while direct Drp1 nitrosylation had no effect. These results show Cys663 to be a
structurally important residue, but suggest Drp1 nitrosylation at Cys663 is not required
for NO induced mitochondrial fragmentation.

The final chapter characterizes the formation of a novel E3 ubiquitin ligase
complex, composed of KLHL15 and Cul3, that mediates the specific degradation of
protein phosphatase 2A (PP2A) regulatory subunit B'. PP2A B’ is expressed in
neurons where it functions to regulate catecholamine synthesis through the
dephosphorylation and inactivation of tyrosine hydroxylase (TH). Here | establish the
role of a novel kelch domain containing protein, KLHL15, which serves as an adaptor
molecule, bridging the E3 ubiquitin ligase Cul3, through the N-terminal BTB domain,
with the substrate B’ through the C-terminal kelch domain. Additionally, the
requirement of B'g Tyr52 for its interaction with KLHL15 suggests Tyr phosphorylation of
this residue might regulate the inclusion of PP2A B’ in the complex, ultimately
regulating downstream dopamine synthesis.
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ABSTRACT

The goal of this this dissertation research is to determine how post
translational modifications of Mitofusin 2 (Mfn2), dynamin related protein 1 (Drp1)
and Protein Phosphatase 2A (PP2A) B’g regulate protein function and stability.
Mfn2 and Drp1 work in opposing manners to balance mitochondrial morphology
and maintain organelle function. Loss of balanced fission and fusion results in
mitochondrial dysfunction, a major contributor to the pathology of many
neurodegenerative diseases and cancer. While regulation of fission is mediated
through the reversible posttranslational modifications of Drp1, there are currently
no known post-translational modifications of Mfn2 that regulate fusion. The first
two experimental chapters of this thesis focus on the regulation of PKA induced
phosphorylation of mitochondrial fission and fusion proteins. In Chapter 2 | utilize
a Mfn2 phospho Ser442 specific antibody to determine the phosphorylation state
of both over-expressed and endogenous neuronal Mfn2. Using this technique |
found that under the conditions studied, Mfn2 is not PKA phosphorylated on
Ser442. To look at the requirement of Mfn2 Ser442 in promoting mitochondrial
elongation and protecting hippocampal neurons from excitotoxic cell death, Hela
cells and primary hippocampal neurons (PHN) were evaluated by
immunofluorescence. Results from these studies suggest Mfn2’s neuroprotective
effects require Ser442, and are separate from its function to promote
mitochondrial fusion, and independent of PKA phosphorylation. Chapter 3
utilizes biochemical and immunofluorescence techniques to determine whether
the PKA induced phosphorylation of Drp1 on Ser656 and the nitrosylation of
Drp1 on Cys663 are mutually competing events. While previous work
demonstrated the requirement of Drp1 Cys663 in mediating nitric oxide (NO)

induced mitochondrial fragmentation and cell death, results presented herein
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demonstrate Cys663 and Ser656 act independently to blunt, but not inhibit,
mitochondrial fragmentation following NO treatment. Additional work
demonstrated that the Drp1 Cys663Val mutant that blocks nitrosylation shows
increased PKA phosphorylation of Ser656 by both biochemical and
morphological assays, while direct Drp1 nitrosylation had no effect. These results
show Cys663 to be a structurally important residue, but suggest Drp1
nitrosylation at Cys663 is not required for NO induced mitochondrial
fragmentation.

The final chapter characterizes the formation of a novel E3 ubiquitin ligase
complex, composed of KLHL15 and Cul3, that mediates the specific degradation
of protein phosphatase 2A (PP2A) regulatory subunit B'. PP2A B'f} is
expressed in neurons where it functions to regulate catecholamine synthesis
through the dephosphorylation and inactivation of tyrosine hydroxylase (TH).
Here | establish the role of a novel kelch domain containing protein, KLHL15,
which serves as an adaptor molecule, bridging the E3 ubiquitin ligase Cul3,
through the N-terminal BTB domain, with the substrate B’g through the C-
terminal kelch domain. Additionally, the requirement of B’ Tyr52 for its
interaction with KLHL15 suggests Tyr phosphorylation of this residue might
regulate the inclusion of PP2A B’f in the complex, ultimately regulating

downstream dopamine synthesis.
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CHAPTER I: INTRODUCTION

Mitochondria

In the 1850’s scientists examining muscle cells under a microscope began
describing previously unidentified organelles that looked like grains of wheat
(Scheffler, 2008). Further investigation revealed that the morphology of these
membrane bound organelles varied in different tissues and could be described
as either wheat grains (Chondros, Greek) or more threadlike structures (Mitos,
Greek), from which the name mitochondrion is derived. Over the next 30-40
years, biochemical characterization revealed that cellular energy production
through oxidative phosphorylation originated at the mitochondria. With the new
role of mitochondria as the “powerhouse of the cell,” came the hotly debated
question; did mitochondria evolve within a single cell through internal
compartmentalization, or rather did a prokaryote capable of energy production
form a symbiotic relationship with an early eukaryotic cell. While never firmly
concluded, the identification of mitochondrial DNA (mtDNA) solidified the
endosymbiotic theory thereby clarifying the evolution of the eukaryotic cell

(Margulis, 1981).

Mitochondrial Fission and Fusion

Early descriptions of mitochondria as either small granules or longer
threadlike structures highlight the dynamic nature of the organelle (Scheffler,
2008). Indeed mitochondria are not static organelles but rather undergo rapid
fission and fusion events regulated by a group of large GTPases. Mitochondrial
fusion is regulated by two outer mitochondrial membrane (OMM) localized
proteins Mitofusin 1 (Mfn1) and Mitofusin 2 (Mfn2) (Figure 1.1A) (Chen, et al,
2003, Eura, et al, 2003, Hales & Fuller, 1997, Ishihara, et al, 2004, Legros, et al,
2002, Santel & Fuller, 2001, Santel, et al, 2003), and Optic Atrophy 1 (Opa1),



localized to the inner mitochondrial membrane (IMM) (Cipolat, et al, 2004).
Fusion of the OMM occurs through the C-terminal coiled-coil domains of Mfn1/2
interacting with like proteins on adjacent mitochondria (Koshiba, et al, 2004).
While it is not known how Mfn1/2 mediates mitochondrial fusion, a recently
proposed model suggests once the adjacent mitochondria are bound by Mfn1/2,
GTP hydrolysis induces a conformational change, folding the protein in half,
allowing for fusion to occur (Knott, et al, 2008). Fusion of the IMM is proposed to
occur through the interaction of Opa1 with itself in frans allowing for inner
membrane tethering and fusion (Knott, et al, 2008, Meeusen, et al, 2006).

Mitochondrial fission is regulated by the dynamin homologue Dynamin
related protein 1 (Drp1) (also called Dynamin like protein 1 (DIp1)) (Smirnova, et
al, 2001, Smirnova, et al, 1998). Drp1 localizes in the cytosol until signaling
events mediate its translocation to the mitochondria where it interacts with the
OMM localized Fis1 (Figure 1.1B) (James, et al, 2003, Smirnova, et al, 2001,
Smirnova, et al, 1998, Stojanovski, et al, 2004, Yoon, et al, 2003). There are
conflicting views as to how Drp1 mediates mitochondrial scission once at the
mitochondrion. The first view suggests that Drp1 forms concentric rings around
the mitochondria that constrict, dividing one mitochondrion into two (Knott, et al,
2008, Praefcke & McMahon, 2004, Urrutia, et al, 1997, Youle & Karbowski,
2005). The alternative theory is that Drp1 acts as a pinchase, pinching off small
amounts of the OMM through GTP hydrolysis. When a critical amount of the
OMM has been depleted, fission occurs through the snapping of the once fused
mitochondrion into two (Youle & Karbowski, 2005).

The importance of balanced mitochondrial fission and fusion is highlighted
by the fact that mutations in many fission and fusion proteins lead to hereditary
neurodegenerative diseases, or early death. Mutations in Opa1 cause the most

common type of hereditary blindness, Dominant Optic Atrophy (DOA), which in



rare cases presents with additional symptoms such as deafness or other
neurological or neuromuscular abnormalities (Amati-Bonneau, et al, 2009,
Lenaers, et al, 2009, Liesa, et al, 2009). Two different variants of the
neurodegenerative disease Charcot Marie Tooth (CMT) disease are caused by
mutations in mitochondrial fission and fusion proteins (Liesa, et al, 2009).
Mutations clustered in the N-terminal Ras like domain, the GTPase domain and
the first coiled-coil domain of Mfn2 are responsible for about 20% of CMT type
2A (CMT2A), making it the most common cause of hereditary neuropathy
(Chung, et al, 2006, College, 2006, Engelfried, et al, 2006, Palau, et al, 2009,
Verhoeven, et al, 2006, Zhu, et al, 2005, Zuchner, et al, 2004). Mutations in
GDAP1, a proposed mitochondrial fission protein, have been shown to cause the
demyelinating form of CMT, type 4A, a recessive variant of the disease (Palau, et
al, 2009, Vallat, et al, 2008). Lastly, a de novo mutation of Ala395Asp in Drp1
was found in an infant born with microencephaly, who died shortly after birth
(Waterham, et al, 2007). Microscopic examination of patient fibroblasts revealed
abnormal mitochondrial fission due to impaired oligomerization and decreased
mitochondrial localization (Chang, et al, 2010, Waterham, et al, 2007). Overall,
the occurrence of pathology related to mitochondrial dysfunction signifies the

importance of maintaining a balance between mitochondrial fission and fusion.

The role of fission and fusion in promoting
mitochondrial function
Though the mitochondria were originally identified as power producing
organelles, their known functions are numerous, quite diverse and require
balanced fission and fusion. Fusion is important for many functions including
cellular respiration, where decreased fusion impairs oxidative phosphorylation

and decreases membrane potential possibly due to an inability to repair



damaged mtDNA (Benard & Rossignol, 2008, Chen & Chan, 2005, Seo, et al,
2010).

The relationship between mitochondria and calcium has been intimately
explored over the past sixty years. Not only are mitochondria able to buffer large
calcium efflux within the neuronal synapse (MacAskill & Kittler, 2010), but also
store Ca?* until it is needed elsewhere by the cell (Walsh, et al, 2009).
Additionally, Ca** influx is tightly regulated by membrane potential and is both
important for and dependent on cellular respiration.

The ability of mitochondria to undergo regulated fission is important not
only for apoptosis, but also for the selective degradation of damaged
mitochondria through autophagy. One of the initial steps in apoptosis is Drp1
mediated mitochondrial fragmentation preceding cytochrome c release and
activation of caspase cascades (Karbowski, et al, 2002, Suen, et al, 2008, Youle
& Karbowski, 2005). Inhibition of Drp1 activity delays but doesn’t abolish cell
death (Knott, et al, 2008). Similarly, mitochondrial quality control is dependent on
the selective targeting of damaged or dysfunctional mitochondria for autophagy
(Chen & Chan, 2009). Impairing the ability of mitochondria to undergo
autophagy, due to loss of Drp1 function, leads to an increased presence of
damaged mitochondria (Twig, et al, 2008).

The brain is the most power hungry tissue in the body utilizing 1/5 of the
energy produced for maintaining synaptic transmission and the promotion of
action potential (MacAskill & Kittler, 2010). Most of the energy produced in the
brain is derived from mitochondria localized in the neurons at sites of high-energy
demand, such as the pre and post synapse. Therefore mitochondria need a
reliable method of transportation from the soma to the synapse. Anterograde
transport of mitochondria to the synapse occurs along the microtubules and is

mediated by the kinesin motor proteins KIF5 and KIF1B (Hirokawa & Takemura,



2005, Nangaku, et al, 1994). TRAK1/2 (human homologues of the Drosophila
protein Milton) and Miro act as adaptors anchoring the mitochondria to the motor
proteins (MacAskill & Kittler, 2010). Damaged mitochondria are transported
retrogradely along the axon to the soma by dynein motor proteins and currently
unknown anchor complexes. Recent evidence has shown that Mfn1/2 interact
with the Milton/Miro complex responsible for mitochondrial anterograde transport
(Misko, et al, 2010). Loss of Mfn2 specifically, results in delayed axonal
movement due to decreased attachment to the transport complex.

In conclusion, regulation of mitochondrial fission by Drp1 and Fis1, or
fusion, by Mfn1, Mfn2, and Opa1 is required not only for proper localization within
neurons, but also for the myriad of mitochondrial functions where inhibition of
fission or fusion can lead to delayed apoptosis, loss of autophagy, decreased
oxidative phosphorylation and a decrease in membrane potential. Recent
acknowledgement of the contribution of mitochondrial dysfunction to neurological
disease and cancer further highlights the importance of regulated fission and

fusion activity.

PKA signaling activity at the mitochondria

Protein Kinase A

The cAMP/Protein Kinase A (PKA) signaling pathway is a complex
network involving the activation of a cascade of proteins resulting in the direct
phosphorylation of target substrates. Initiation of the cAMP/PKA signaling
cascade begins when ligand binds to the G-protein coupled receptor (GPCR),
activating the a subunit by exchanging GDP for GTP allowing it to dissociate
from the By subunits. The signal is terminated when the o subunit hydrolyses
GTP to GDP. The Gas subunit of GPCR specifically activates adenylate cyclase,

which converts ATP to cAMP and releases it into the cytosol. The released cAMP



can activate a diverse group of substrates including phosphodiesterases
(Houslay & Adams, 2003), guanine nucleotide exchange proteins activated by
cAMP (EPACs) (Bos, 2003, Cheng, et al, 2008) and Protein Kinase A (PKA)
(Wong & Scott, 2004). PKA is a tetramer consisting of two regulatory (R)
monomers that hold in place two inactive catalytic (C) monomers creating the
holoenzyme. The structure of the R subunits consists of a N-terminal
dimerization/docking domain (D/D), a linker region that contains an inhibitor site,
followed by two cAMP binding domains (Sarma, et al, 2010). The presence of
either RI (subtype I) or RII (subtype Il) within the holoenzyme dictates PKA
subtype. While both PKA subtypes respond to cAMP by releasing the C subunits
to phosphorylate target substrates, they differ in their ability to be post-
translationally modified by autophosphorylation (Erlichman, et al, 1974, Francis &
Corbin, 1994, Taylor, et al, 1990) or nitrosylation (Burgoyne & Eaton, 2009), their
sensitivity to substrate mediated PKA activation through facilitation of
holoenzyme dissociation (Viste, et al, 2005), and their affinity for binding AKAPs
(Banky, et al, 1998). The binding of PKA RI and RIl to AKAP1 is mediated
through their N-terminal D/D domain that forms a docking site for AKAPs through
the formation of X-type antiparellel four-helix bundles (Banky, et al, 1998, Sarma,
et al, 2010). Within the D/D domain of Rl are two cysteines, Cys16 and Cys37,
which form disulfide bonds across the antiparellel bundles (Leon, et al, 1997).
Mutation of Cys37His disrupts disulfide bond formation (Leon, et al, 1997), but
further mutations of Phe47Ala and Phe52Ala are required to prevent Rl

dimerization (Banky, et al, 1998).

A-Kinase Anchoring Protein 1

A kinase anchoring proteins (AKAPs) are a diverse family of proteins

whose shared function is to serve as scaffolds anchoring PKA and other



signaling molecules in distinct locations providing substrate specificity (Skroblin,
et al, 2010, Wong & Scott, 2004). The N-terminal portion of AKAP1 (alternatively
called D-AKAP1, AKAP121 or AKAP149) is responsible for targeting the protein
to the mitochondria, while alternative splicing of the C-terminus mediates protein
interaction and dimerization (Chen, et al, 1997, Huang, et al, 1997, Huang, et al,
1999, Ma & Taylor, 2008, Wong & Scott, 2004). Unique among its family
members, AKAP1 is able to interact with both type | and type Il regulatory
subunits of PKA (Huang, et al, 1997) as well as Protein Phosphatase 1 (Steen, et
al, 2000). The region of AKAP1 important for binding PKA is found in the core

domain of the protein and is present in all splice variants (Huang, et al, 1997).

Formation of the Protein Phosphatase 2A
holoenzyme complex

Protein Phosphatase 2A (PP2A) is one of four major serine/threonine
phosphatases that is highly conserved throughout evolution (Janssens, et al,
2008, Lechward, et al, 2001, Shi, 2009). PP2A plays a crucial role in many
cellular processes including cell cycle regulation, cell growth, development and
death, cell mobility, cytoskeletal dynamics, and participates in many cell signaling
pathways (Shi, 2009). The core region of PP2A consists of a scaffolding A
subunit and a catalytic C subunit, while the inclusion of a variable regulatory B
subunit completes the holoenzyme. The A and C subunits are encoded by two
highly similar genes, while the B subunits are encoded by three unrelated gene
families, B (B55), B’ (B56) and B” (McCright, et al, 1996). Though some of the
subunits show tissue specific expression, most cells contain multiple PP2A
holoenzyme complexes that differ in subcellular localization, substrate specificity
and protein regulation, predominantly determined by the inclusion of the B

subunit.



The core enzyme

The core of the PP2A enzyme consists of the A and C subunits.
Structurally, the A subunit contains 15 tandem Huntington, elongation, A subunit,
TOR (HEAT) repeats that form an elongated horseshoe structure (Hemmings, et
al, 1990, Shi, 2009, Walter, et al, 1989). HEAT repeats 11-15 have been found to
interact directly with the C subunit (Xing, et al, 2006). The core enzyme is
differentially regulated through interactions with tumor inducing toxins Okadaic
Acid (OA) and microcystin-LR (MCLR) (Shi, 2009, Xing, et al, 2006), which bind
in a hydrophobic pocket and interact with residues within the active site of the C

subunit inhibiting PP2A activity (Xing, et al, 2006).

The requlatory subunit

The regulatory subunits are grouped into families based on sequence and
structural similarity. The B family is encoded by four genes (a, B, vy, 8), which
structurally form a 3 propeller consisting of seven WD40 repeats (Shi, 2009).
While Ba and Bd are expressed in a variety of tissues (Strack, et al, 1999), Bf
and By are neuron specific (Strack, et al, 1998). Characterization of
Bp localization has found that alternative splicing of an N-terminal tail targets the
subunit to the mitochondria, where is it proposed to dephosphorylate resident
proteins (Dagda, et al, 2003, Dagda, et al, 2005, Dagda, et al, 2008). One of the
most well characterized substrates of the B family is tau. Hyperphosphorylation
of tau has been linked to Alzheimer’s disease, suggesting a possible role of
decreased PP2A B family activity in pathology (Qian, et al, 2010). Recent work
in the Strack lab found that PP2A Ba and Bo regulate the Mitogen Activated
Protein Kinase (MAPK) signaling cascade through dephosphorylation of Erk (Van
Kanegan, et al, 2005).



The B’ family is encoded by five genes (a, B, v, 9, €) that structurally consist
of eight HEAT repeats forming a crescent shape (Xu, et al, 2006). The B’ family
plays an important role in cellular development and neuronal outgrowth through
regulation of signaling cascades. B’a interacts with and destabilizes -catenin
leading to a overall decrease in wnt signaling (Eichhorn, et al, 2009, Seeling, et
al, 1999, Yamamoto, et al, 2001). B’d dephosphorylates the TrkA receptor
producing sustained signaling and neuronal differentiation (Van Kanegan &
Strack, 2009). While B’ is responsible for dephosphorylating tyrosine
hydroxylase (TH) causing a decrease in catecholamine production (Saraf, et al,
2007, Saraf, et al, 2010).

The third family of regulatory subunits is B”, which is encoded by one
gene that yields two proteins through alternative splicing (Janssens & Goris,
2001). B” family subunits are mainly localized to the nucleus and are thought to
be calcium dependent phosphatases with a role in the regulation of the G+/S cell
cycle transition (Janssens, et al, 2003, Voorhoeve, et al, 1999).

Overall, the role of PP2A in dephosphorylating target substrates either in
the cytosol or mitochondria is regulated not only by the inclusion of a specific
regulatory subunits, but also through the inactivation of the core enzyme by

pharmacological inhibitors.

Cell Systems
The selection of an appropriate cell culture model for my thesis work was
based on two criteria; 1) Microscopic analysis of mitochondria morphology
required the use of larger, flat cells that were responsive to pharmacological
treatment; 2) Biochemical approaches required the production of large quantities
of over-expressed protein in order to examine interactions or modifications that

occurred in only a small fraction of the protein population. Based on these
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requirements, CV1, NT2 and Long Hela cells were used for the
immunofluorescence studies and the FRAP assays performed by the Youle lab
while Cos 1 and Cos M6 were used for the biochemical assays.

CV1 cells are kidney epithelial cells from Cercopithecus aethiops (Jensen,
et al, 1964). While these cells grow flat and have abundant mitochondria, they
are unresponsive to forskolin induced mitochondrial elongation (data not shown).
N-tera 2 (NT2) cells are a human embryonic testicular carcinoma cell line
(Andrews, 1988) that differentiate following neuroectodermal lineages in the
presence of retinoic acid (Andrews, 1984). These cells provided an excellent way
of studying the effects of phospho-mutations in Mfn2 on protein function by
monitoring changes in mitochondrial morphology under both basal and forskolin
stimulated conditions (Chapter 2). The last cell line used for immunofluorescence
was Long Hela cells, a human cervical carcinoma cell line (Scherer, et al, 1953).
We began using these cells in order to determine whether the variation in the
ability of Mfn2 phospho-mutants to regulate function in Fluorescence Recover
After Photobleaching (FRAP) assays and immunofluorescent experiments was
due to differences in cell culture models or technique (Chapter 2).

For biochemical assays | used Cos 1 cells, which are kidney epithelial
cells from Cercopithecus aethiops (Gluzman, 1981) in Chapters 3 and 4, while |
used a clonal cell line Cos M6 for experiments in Chapter 2. These cell lines
have high transfection efficiency with very little associated cell death, allowing for
the production of large quantities of expressed proteins.

Additionally various tissue extracts from rat where used to look at
expression of Mfn2, while primary hippocampal neurons (PHN) were used to

examine the neuroprotective role of Mfn2 in Chapter 2.
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Dissertation Research Focus
Mitochondria are required for a diverse array of functions, from energy

production through oxidative phosphorylation, to buffering and storing Ca?"in the
neuronal synapse, to control of autophagy and apoptosis. The maintenance of
proper function is dependent on the ability of the mitochondria to balance
dynamic fission and fusion events, regulated by Drp1 and Mfn1/2 respectively.
Recently mitochondrial fission and fusion proteins have been identified as
substrates of kinases and phosphatases localized both at the mitochondria as
well as in the cytosol. | will present data herein addressing the question whether

the requlation of phosphorylation events profoundly effects the function of target

substrates. | will address this question by testing three separate and distinct
hypotheses (Figure 1.2); 1) Phosphorylation of Mfn2 on Ser442 mediates the
mitochondrial morphology and cell survival actions of PKA at the outer
mitochondrial membrane; 2) Nitrosylation of Drp1 Cys663 inhibits
phosphorylation of Drp1 Ser656 to mediate mitochondrial fission and cell death;
3) The E3 ubiquitin ligase Cul3 along with the novel adaptor protein KLHL15
specifically target PP2A B’ for degradation. The conclusions of this research
provide important insight in the identification of novel sites of PKA
phosphorylation of Mfn2, determination of whether posttranslational modifications
of neighboring residues act dependently or independently in the modulation of
protein function, and the characterization of a novel Cul3::KLHL15 complex that

regulates the stability of PP2A B’f.
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Neuronal Transport Autophagy
Calcium Buffering Apoptosis
Repair of mtDNA MtDNA inheritance

Figure 1.1 Placement of mitochondrial fission and fusion proteins, and their
role in mitochondrial function.

A. Mitofusin1/2 are localized to the outer mitochondrial membrane, where they
interact with like proteins to promote mitochondrial fusion. Opa1 serves a similar
purpose on the inner mitochondrial membrane. Fusion, specifically the function of
the Mfns, promotes mitochondrial transport within neurons, and is important for
Calcium buffering and repair of mtDNA. B. Drp1 translocates to the
mitochondria, where it interacts with Fis1 constitutively localized to the outer
mitochondrial membrane. Once at the mitochondria, Drp1 promotes fission and
proper function is required for autophagy and apoptosis. (Figure modified from
Youle and Karbowski, 2006).
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Figure 1.2 Model outlining the questions posed by this thesis.

This thesis is broken down into three distinct areas of research. 1) Determine
how phosphorylation of Mfn2 by PKA regulates protein function at the
mitochondria; 2) Investigate whether nitrosylation of Drp1 modulates the ability of
Ser656 to be phosphorylated, and the role of Ser656 and Cys663 in mediating
nitric oxide (NO) induced mitochondrial fragmentation; 3) Characterize a novel
E3 ubiquitin ligase complex and its role in regulating PP2A B’p protein stability.
Highlighted in the model are the pharmacological treatments utilized in Chapter 2
and 3 to modulated the activities of PKA and PP2A.
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CHAPTER Il: REGULATION OF MITOFUSIN 2 BY
PHOSPHORYLATION

Introduction

Mfn1 and Mfn2 share similar domain structures, a N-terminal GTPase
domain, two coiled-coil domains and two C-terminal transmembrane domains
(Figure 2.1A,B) though they are functionally distinct and non-redundant (Chen &
Chan, 2005, Chen, et al, 2003, Eura, et al, 2003, Ishihara, et al, 2004). Mfn1’s
primary function is to tether mitochondrial membranes in a GTP dependent
manner, and to work in concert with Opa1 to promote mitochondrial fusion
(Dimmer & Scorrano, 2006, Ishihara, et al, 2004). In addition to interacting with
Mfn1 (Ishihara, et al, 2004, Koshiba, et al, 2004), Mfn2 is thought to function as a
signaling GTPase with a role in the assembly of mitochondrial complexes
(Benhar, et al, 2009). The focus of this chapter is on Mfn2 and its role in not only
promoting mitochondrial fusion, but also in maintaining a diversity of

mitochondrial functions.

Mfn2 in development, disease and death

Mfn2 is ubiquitously expressed in most organs (Figure 2.1C), though it has
a critical role in the nervous system and in the heart. Initial characterization of the
role of Mfn2 in development found that while heterozygous loss of Mfn2
produced viable mice, homozygous deletion resulted in embryonic lethality due to
disruption in placental development (Chen, et al, 2003). In the cerebellum, Mfn2
is required not only for dendrite outgrowth, and spine formation in Purkinje cells
(Chen, et al, 2007), but also protects granule cells against DNA damage and
oxidative stress induced cell death (Jahani-Asl, et al, 2007).

Missense mutations in Mfn2 are the most common cause of the hereditary

and sensory motor neuropathy Charcot Marie Tooth Disease type 2A (CMT2A)
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(Chung, et al, 2006, Engelfried, et al, 2006, Palau, et al, 2009, Reilly, 2005,
Verhoeven, et al, 2006, Zhu, et al, 2005, Zuchner, et al, 2004). It is thought that
loss of Mfn2 function disrupts mitochondrial transport down the long neurons
resulting in axonal degeneration (Cartoni & Martinou, 2009, Misko, et al, 2010,
Palau, et al, 2009).

In the vascular system Mfn2 acts in an anti-proliferative manner by
inhibiting the MAPK signaling cascades resulting in subsequent cell cycle arrest
at Go (Chen, et al, 2004). Further evidence shows that following oxidative stress,
PKA activation or serum deprivation, Mfn2 is upregulated triggering vascular
smooth muscle cell (VSMC) apoptosis (Guo, et al, 2007). More recently it was
found that Mfn2 expression is reduced in the skeletal muscle of patients who are
obese or have type 2 diabetes (Zorzano, et al, 2009). This loss of Mfn2 results in
decreased respiration exemplified by a decrease in mitochondrial membrane
potential and reduced cellular oxygen consumption.

Work by the Youle lab has helped clarify the role of Mfn2 in both apoptosis
and autophagy. In healthy cells the Bcl-2 family members Bax and Bak promote
mitochondrial fusion by interacting with Mfn2 and promoting the formation of
large GTPase complexes (Karbowski, et al, 2006). Following apoptotic induction,
however, Bax and Bak form distinct foci on the OMM at fission sites that contain
both Mfn2 and Drp1 (Karbowski, et al, 2002). Additional work has shown that
following apoptotic stimuli Endophilin B1, a regulator of autophagosome
biogenesis (Pierrat, et al, 2001, Takahashi, et al, 2005, Takahashi, et al, 2008),
translocates to the OMM where it plays a role in mitochondrial remodeling during
cell death (Karbowski, et al, 2004). While it is currently unknown how Endophilin
B1 anchors at the mitochondria preliminary evidence shows Endophilin B1
interacts directly with Mfn2 (data not shown), further supporting a role for Mfn2 in

OMM complex formation following cell death signaling.
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Posttranslational requlation of Mfn2

The regulation of mitochondrial function by the posttranslational
modifications of fission and fusion proteins has recently become an important
field of study. The function of the fission protein Drp1 is tightly regulated by a
variety of modifications including phosphorylation, nitrosylation and SUMOylation
(Chang & Blackstone, 2010). However, the regulation of mitochondrial fusion
proteins remains largely uncharacterized. Downregulation of the yeast Mfn2
homologue, Fzo1 by ubiquitin dependent proteasomal degradation, is an
important step in maintaining mitochondrial homeostasis, as many OMM proteins
are susceptible to oxidative damage (Neutzner, et al, 2007). Yet in mammalian
cells, while Mfn2 has been shown to interact with the E3 ubiquitin ligase March V
(Karbowski, et al, 2007, Nakamura, et al, 2006), and display increased
expression following inhibition of proteasomal degradation (Karbowski, et al,
2007), no evidence for direct ubiquitination has not been found. Similarly, while
many groups have suggested that Mfn2 is PKA phosphorylated, based on in
silico consensus sequence analysis, no direct evidence has been shown (Chen,
et al, 2004, Dimmer & Scorrano, 2006, Zhou, et al, 2010). These results suggest
the possibility that Mfn2 function is posttranslationally regulated, allowing for the

identification of targeted residues.

Kinase signaling at the mitochondria

Reversible phosphorylation is one method of communication within the
cell. Long thought to be isolated organelles, recent evidence has suggested a
startlingly complex signaling network located at the mitochondria. Erk localizes to
the mitochondria where it modulates apoptosis by phosphorylating and
inactivating Bcl-2 and Bad, as well as promotes mitochondrial turnover through

autophagy (Dagda, et al, 2009, Horbinski & Chu, 2005). AKAP1 is constitutively
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localized to the OMM where it acts as a scaffold for PKA (Carlucci, et al, 2008,
Dagda, et al, 2009, Horbinski & Chu, 2005, Huang, et al, 1999), resulting in
increased mitochondrial fusion and neuroprotection mediated by the
phosphorylation and inactivation of Drp1, and possibly other resident OMM

proteins (Chang & Blackstone, 2007a, Cribbs & Strack, 2007, Merrill, et al, 2010).

PP2A B2 dephosphorylation at the mitochondria

Recent evidence has found that the divergent N-terminal extension of
PP2A Bp2 is both necessary and sufficient for targeting PP2A to the
mitochondria (Dagda, et al, 2003). At the mitochondria PP2A B2 enhances
serum-starvation induced apoptosis (Dagda, et al, 2003) by promoting
mitochondrial fragmentation (Dagda, et al, 2008). Ongoing work in the lab has
recently found that PP2A B2 specifically dephosphorylates Drp1, activating
protein function and mitochondrial fragmentation (unpublished data).

The role of kinases and phosphatases to modulate mitochondrial
morphology through the phospho-regulation of mitochondrial fission/fusion
proteins has previously been established by the identification of the PKA
mediated Drp1 Ser656 phosphorylation causing protein inactivation and
increased mitochondrial fusion (Cribbs & Strack, 2007). These results suggest
that in order to maintain the fission/fusion balance, PKA may phosphorylate and
activate Mfn2. My original hypothesis predicted phosphorylation of Mnf2 Ser442
mediates the actions of PKA at the mitochondria. Here | provide evidence

suggesting that PKA does not phosphorylate Mfn2 on Ser442 in the brain.
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Materials and Methods

Cell Culture and Constructs

Cos M6 (Gluzman, 1981), CV1 (Jensen, et al, 1964), N-tera 2 (NT2)
(Andrews, 1988) and Long Hela cells (a generous gift from Richard Youle, NIH)
(Scherer, et al, 1953) cells were cultured (37°C, 5% CO,) in RPMI 1640 (Gibco)
containing 10% fetal bovine serum (heat inactivated). Dissociated primary
hippocampal neurons were prepared fresh as previously described (Lim, et al,
2003) and maintained in serum free Neurobasal media (Invitrogen) containing
B27 (Invitrogen) and 0.5 mM glutamine (Chen, et al, 2008).

The cDNA of Mfn2 in the pEGFP N1, pEGFP C1 or pcDNA 3.1 myc vector
were generous gifts from Ansgar Santel (Santel & Fuller, 2001, Santel, et al,
2003). Site directed mutagenesis was carried out using the pEGFP N1 Mfn2
cDNA as a template. The mutations were made to either mimic pathogenic Mfn2
mutations (Arg94GiIn, Thr206lle, Arg384Trp or Trp740Ser (Chung, et al, 2006,
Verhoeven, et al, 2006, Zhu, et al, 2005, Zuchner, et al, 2004)), disrupt potential
phosphorylation sites (Tyr269Phe, ThrSer283AlaAla, Ser431Ala/Asp,
Serd442Ala/Asp, Ser511Ala, Thr580Ala, Ser615Ala/Asp), or to disrupt GTPase
activity (Lys109Thr (Santel & Fuller, 2001, Santel, et al, 2003)).

Five short hairpin RNAs (Table 2) were designed based on algorithms
predicting the 5’ end stability, ability to bind target mMRNA, and consensus
targeting across species (Reynolds, et al, 2004). The p-Super H1 vector
(Brummelkamp, et al, 2002) was used as a template to amplify the sequence of
interest from oligos containing flanking Pcil and BspEl enzyme sites. The PCR
product was then placed into the complimentary sites in pCOX8 3HA mCherry
vector (Shu, et al, 2006), a vector that will target the hairpins to the mitochondrial

matrix, and express red fluorescence to mark transfected cells.
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In order to simultaneously knockdown endogenous Mfn2 while over-
expressing the mutant Mfn2 construct for analysis in a one-plasmid transfection
protocol (Strack, et al, 2004), the sh3 hairpin was subcloned into the vector
already containing the Mfn2-GFP construct. Site-directed, PCR-based
mutagenesis was then used to render the Mfn2 construct resistant to the hairpin

by introducing four silent base changes.

Antibodies

Antibodies commercially available are as follows: GFP (ab290 (Abcam)),
EZ view FLAG conjugated beads purchased from Invitrogen, myc (9E10) (Santa
Cruz), FLAG (Cell Signaling), Mfn2 and Mfn1 (Sigma). We also received an
aliquot of a chicken anti-Mfn2 antibody made by the Youle lab (NIH). The
phospho-specific Mfn2 Ser442 antibody was made by injecting rabbits
(Hybridoma facility at lowa State University) with a peptide containing the region
of interest (Cys-Ala-Glu-Glu-lle-Arg-Arg-Leu-Ser (PO3H2)-Val-Leu-NH>) coupled
to maleimide activated KLH. Bleeds from two rabbits were tested for protein
specificity, and phospho-specificity before the antibody was purified. Secondary
antibodies include goat aRabbit IR800, goat aMouse IR800, goat aRabbit IR680,
and goat aMouse IR680 (Licor, Lincoln, NE).

Other Reagents

Forskolin was purchased from Fisher and a 50 mM stock solution was
prepared and aliquoted and stored at -20° C for dilution in media prior to use.
Okadaic Acid was purchased from Alexis (Lausanne, Switzerland) and stored at
-80° C. Rolipram (Sigma) was prepared as a 20 mM stock solution and stored at
-20° C. A stock solution of 100 mM Glutamate (Sigma) was kept at -20° C prior

to dilution in media.
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shRNA

Cos M6 cells, plated at a density of 150,000 cells/mL media on a 24 well
plate, were transiently transfected with the shRNA constructs targeting Mfn2 or
scrambled sequence, and co-expressing pEGFP Mfn2. The cells were allowed to
grow for 72 hours post transfection to allow for efficient knockdown of the target
sequence, then washed one time with PBS and lysed in 1X sample buffer.
Samples were sonicated for 10 seconds each, boiled, and subjected to SDS-
PAGE, transferred to nitrocellulose membrane, and western blotted. Images
were generated using the Kodak Phospho Imager, and quantification of protein
expression was performed using ImagedJ analysis.

Once the most efficient hairpins were identified, 30,000 CV-1 cells were
plated on collagen coated, glass bottom chamber slides, and transiently
transfected with the selected hairpins (sh1, sh2, and sh3). 72 hours post
transfection cells were washed one time with PBS, and fixed for 20 minutes in
the incubator with 4% paraformaldehyde (PFA). Following fixation, cells were
washed two times with PBS, blocked for 30 minutes at room temperature with
4% normal donkey serum (Invitrogen) in Tris buffered saline containing 0.1%
Triton X 100 (TTBS). Cells were stained with a 1:500 dilution of mitochondrial
cytochrome oxidase in TTBS for 16 hours at 4° C. Following washing 5x for 5
minutes with PBS cells were incubated with Alexa Flour-543 in PBS for 2 hours
at room temperature. After secondary incubation cells were washed 5x for 5
minutes in PBS. Cells from each condition were imaged in the green channel
(shRNA) and the red channel (all mitochondria) using a Zeiss 200M inverted

microscope equipped with a Hamamatsu ER camera.
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Generation of GST fragments and protein purification

Glutathione S-transferase (GST) fragments of Mfn2 were generated in
order to identify regions of Mfn2 that were targeted for in vitro phosphorylation.
The pEGFPN1 Mfn2 was used as a template for primers containing flanking
BamHI and EcoRI restriction enzyme sites targeting the regions of interest for
each of the fragments. The PCR product was then cut with the above enzymes
and ligated into the same sites in the previously cut pGEX2T vector. The ligated
product was then transformed into BL21* cells and the proteins were purified
from E. coli using the following protocol. Starter culture (5 mL of SOB media
containing Ampicillin) was grown for 7-8 hours shaking in a 37° C incubator.
Then 5 mL was transferred into a fresh 100 mL volume of SOB + Ampicillin so
that the OD was 0.2-0.3, and grown for about 5 hours or until it was at an OD
reading of 0.6-0.8. After reaching log growth phase, 1 mM IPTG was used to
induce protein expression, and the cultures were incubated for 5-6 hours shaking
in the 37° C incubator. The next morning cells were pelleted by centrifuging the
culture at 1000 x g. Pellets were resuspended in bacterial lysis buffer (154 mM
NaCl, 50 mM Tris, pH 7.5, 1% Triton X-100, 1mM EDTA, 2 mM benzamidine with
fresh 1 mg/mL lysozyme and 1 mM PMSF) and then rocked for 30 minutes at 4°
C. Lysates were then probe-tip sonicated for 5 minutes before pelleting at 40,000
x g for 20 minutes at 4°. The supernatants were collected and incubated with 300
uL of glutathione-agarose beads at room temperature for 2-3 hours. Beads were
washed three times in 1 mL bacterial lysis buffer with one tube change. GST-
Mfn2 was then run on SDS-PAGE along with Bovine Serum Albumin (BSA)
standards followed by coomassie staining and image quantification using ImageJ
analysis to determine the protein concentration of the various fragments for

standardization for subsequent assays.
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In vitro phosphorylation

GST-Mfn2 fragments (0.1-1 ug/ml) were suspended in 1X kinase buffer
(0.01% Triton X-100, 50 mM Tris HCI, pH 7.5, 10 mM MgCl,, 2 mM DTT, 1 mM
EDTA) and then incubated for 10-30 minutes at 30° C with 0.5 U/ul PKA catalytic
subunit or a similar amount of Erk (Upstate Biotech), 200 uM ATP, 0.2 uCi [y-
¥pP]ATP, and10 mM MgCls in the presence of phosphatase and protease
inhibitors. To stop the reaction, SDS-sample buffer with 25 mM EDTA was added
to each sample, followed by separation on SDS-PAGE. Proteins were analyzed
by densitometry from the Coomassie blue-stain, and *P incorporation via a

Phospholmager.

Metabolic labeling

COS M6 cells were transfected with Lipofectamine 2000 one day after
plating 200,000 cells/well on a 6 well plate to express the different Mfn2
constructs. Cells were incubated with phosphate-free media containing 1%
dialyzed FBS for 30 minutes in a CO; incubator at 37° C and then metabolically
labeled with PO, (0.5 mCi/ml) in the same media for 4-6 hours in the incubator.
Cells were lysed in buffer containing 1% Triton X 100, 0.5% deoxycholate and
0.1% SDS along with protease and phosphatase inhibitors, after which the Mfn2
fusion protein was immunoprecipitated (IP’d) using the polyclonal GFP (ab290)
antibody and Protein A/G beads for 4-6 hours to isolate the transfected Mfn2
constructs only. IPs were run along with input samples on a 10% SDS gel,
transferred to nitrocellulose and immunoblotted for GFP in order to gage Mfn2
expression before being analyzed for *P incorporation using a Phospholmager.
NIH ImagedJ was used to quantify relative phosphorylation of each band as a ratio

of **P to immunoblot signal.
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To identify the kinase and phosphatase involved in Mfn2 phosphorylation,
cells were metabolically labeled as above prior to treatment with either 10-50 uM
forskolin (an adenlyate cyclase agonist that increases production of cAMP
leading to the activation of PKA) for 30 minutes, or 300 nM okadaic acid (a PP2A

specific inhibitor at this concentration) for 2 hours.

Use of phospho-specific antibodies

Initial characterization of the phospho-specific antibody involved
phosphorylation of over-expressed pEGFP N1 Mfn2. Cos M6 cells were plated at
100,000 cells/mL media and then transiently transfected 18 hours later with wild
type, Serd442Ala or Ser442Asp Mfn2 using Lipofectamine 2000 (Invitrogen). 48
hours post transfection cells were treated with 20-25 uM forskolin plus 0.1 uM
rolipram for 1 hour. Cells were then washed one time with PBS and then lysed in
Radio immunoprecipitation assay (RIPA) buffer (20 mM Tris HCI, pH 7.5, 150
mM NacCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 2.5 mM NasP,07, 1 mM
NasVO4, 1 mM beta-glycerolphosphate, 1 ug/mL leupeptin 1 mM benzamidine,
0.5% Deoxycholate (DOC), 0.1% sodium dodecyl sulfate (SDS) and fresh 1 mM
PMSF and 1mM DTT). Lysates were centrifuged at 13,000 rpm for 10 minutes
followed by removal of 30 uL of the supernatant as the input sample. The
remaining supernatant was incubated with 10 uL Protein A/G beads and 7 uL
GFP or myc (9E10) antibody for 2-3 hours rotating at 4° C. Beads were washed
three times with RIPA buffer before resuspension in 1X sample buffer, followed
by protein separation by SDS-PAGE and transfer to nitrocellulose membrane for
western blotting. Images were generated using the Odyssey Imaging System
(Licor, Lincoln, NE).

In some instances following the immunoprecipitation, beads were

subjected to an in vitro PKA kinase assay to further activate potential Ser442



24

phosphorylation. Briefly, beads were suspended in 1X kinase buffer and then
incubated with 0.5 U/uL PKA catalytic subunit, 200 uM ATP, and 10 mM MgCl,
for 30 minutes at 30°. 1X sample buffer was then added to stop the reaction, and
the beads were then run on SDS-PAGE, and transferred to nitrocellulose
membrane for western blotting. Images were generated using the Odyssey
Imaging System (Licor, Lincoln, NE).

To address the phosphorylation state of endogenous Mfn2 we examined
the protein from rested or stressed rats, (10 minute forced swim in room
temperature water). Tissues were harvested, weighed, and finely diced with a
razor blade before being placed in 1X kinase buffer containing microcystin LR
(Alexis, Lausanne, Switzerland) and 1 mM NazVO, to a volume that was 5x the
weight of the brain (mg to uL). The tissues were further homogenized with a
plastic pestle in a 1.5 mL eppendorf tube, sonicated for 5 seconds and rotated for
10 minutes at 4° C before centrifugation at 13,000 rpm for 10 minutes. To
ensure that the same amount of protein was being compared from each tissue, 2
uL of each supernatant was dotted onto nitrocellulose paper followed by ponceau
staining of the membrane. Relative protein concentration was determined by
scanning the membrane followed by Imaged analysis. The collected
supernatant, adjusted for protein concentration, was then pre-cleared with
Protein A/G beads for 1 hour at 4° C. The beads were pelleted by centrifugation
at 3000 rpm for 2 minutes. The supernatant was then incubated for 2 hours at 4°
C with the Mfn2 antibody and Protein A/G beads. The beads were washed two
times in kinase buffer, followed by resuspension in 1X sample buffer. The beads
were then subjected to SDS-PAGE, transferred to nitrocellulose membrane and
western blotted. Images were generated using the Odyssey Imaging System

(Licor, Lincoln, NE).
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Immunofluorescence

N-tera 2 (NT2) cells were plated at 30,000 cells/well on glass bottomed 4
well chamber slides, and were transiently transfected with plasmids that co-
express Mfn2-targeted shRNA to knockdown endogenous Mfn2 and RNAI-
resistant, phosphorylation site mutant Mfn2 cDNAs, specifically wild type,
Ser442Ala, Ser442Asp, and mGFP (GFP targeted to the inner mitochondrial
membrane) as a control, using Lipofectamine 2000 (Invitrogen). 48 hours post
transfection cells were left untreated, or treated with 25 uM forskolin plus 0.1 uM
rolipram for 1 hour. Following treatment cells were washed one time with PBS
and fixed with 4% PFA for 20 minutes in the cell culture incubator. Cells were
then washed two times with PBS and blocked with 4% normal donkey serum
(Invitrogen) in TTBS for 30 minutes rocking at room temperature. Staining was
performed using a 1:3000 dilution of GFP and 1:200 mitochondrial cytochrome
oxidase in TTBS for 16 hours at 4° C. Following washing 5x for 5 minutes with
PBS cells were incubated with Alexa Flour-488 and -543 in PBS for 2 hours at
room temperature. After secondary incubation cells were washed 5x for 5
minutes in PBS. To detect the nucleus Hoechst DNA dye was diluted 1:1000 in
PBS and incubated on the cells for 5 minutes at room temperature. Cells from
each condition were imaged on the green channel (transfected cells) and the red

channel (all mitochondria).

Image Analysis

Computational analysis of mitochondrial morphology was performed in
Image J using an iterative deconvolution plugin (Dougherty, 2005) and a custom
macro (Cribbs & Strack, 2009). The macro performs background subtraction and
binary thresholding followed by calculation of several metrics of size including

area, perimeter, length of mitochondria, major and minor axis, form factor
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(p*/asme4) (a measure of mitochondrial shape complexity), and aspect ratio (a
measure of mitochondrial length versus width), for the mitochondria from each

cell.

Fluorescence recovery after photobleaching (FRAP)

Fluorescence recovery after photobleaching (FRAP) of the Mfn2
constructs were performed by Megan Cleland in the Youle lab (NIH) using Long
Hela cells. The following protocol is from the Youle lab. Long Hela cells were
transfected with mutant Mfn2-YFP constructs using Lipofectamine 2000 and
incubated for 24 — 36 hours before the microscopy procedure (Karbowski, et al,
2006, Szabadkai, et al, 2004). The fluorescent photobleaching occurred in a 1
um? randomly selected perinuclear region, and the recovery of fluorescence into
that area was measured for up to 1 minute. All values were normalized to the
fluorescent intensity both before and after bleaching. Recovery rate constants

and mobile fractions were calculated by curve fitting.

Neuronal survival assays

Primary hippocampal neurons (PHN) (Chen, et al, 2008) were transfected
at days in vivo (DIV) 10-14 (Dagda, et al, 2003) with Lipofectamine 2000 and the
shRNA/cDNA plasmids to replace endogenous Mfn2 with Mfn2 phosphorylation
site mutants, in the presence or absence of co-expressed AKAP1. 48-72 hours
post transfection the cells were treated with + 40uM glutamate for 10 minutes
then washed and kept in neurobasal media for the remaining 48 hours. Prior to
fixation, cells were incubated with 5 ug/mL propidium iodide (PI) in neurobasal
media for 5 minutes in the 37° C incubator, washed two times in PBS and then
fixed in 4% paraformaldehyde for 15 minutes in the incubator. Neurons were then
washed two times with PBS and blocked with 4% normal donkey serum

(Invitrogen) in TTBS for 30 minutes rocking at room temperature. Staining was
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performed using a 1:500 dilution of GFP in TTBS for 16 hours at 4° C. Following
washing 5x for 5 minutes with PBS cells were incubated with Alexa Flour-488 in
PBS for 2 hours at room temperature. Neuronal survival was calculated by
visualizing the GFP positive neurons (mark of transfected neurons) using the 40X
objective on the microscope, and then determining if the nuclei were Pl stained

on the red channel. A percent survival was then calculated for all constructs.

GTP binding assays

Cos M6 cells were plated at a density of 300,000 cells/mL media and then
transiently transfected using plasmids that co-expressed the Mfn2 shRNA/cDNA
constructs, wild type, Ser442Ala, Ser442Asp, Thr680Ala, and Lys109Thr using
Lipofectamine 2000 (Invitrogen). 72 hours post transfection cells were washed
one time, lysed in kinase buffer, then centrifuged at 13,000 rpm for 10 minutes.
After input samples were removed, the supernatant was incubated with 10 uL of
GTP agarose (Ishihara, et al, 2004) for 2 hours at 4° C. Following incubation,
beads were washed two times in kinase buffer, resuspended in 1X sample buffer,
run on SDS-PAGE gels, transferred to nitrocellulose membrane and subjected to
western blotting. Images were generated using the Odyssey Imaging System

(Licor, Lincoln, NE).
Results

Targeted knockdown of Mfn2 produces mitochondrial

fragmentation

In order to determine which of the five designed short hairpin RNAs was
the most efficient at targeting Mfn2 specifically all five were co-expressed with
GFP tagged Mfn2 in Cos M6 cells. Western blot analysis of sShRNA mediated

knockdown showed three (sh1, sh2, sh3) of the five hairpins produce a greater



28

than 80% decrease in Mfn2-GFP expression (Figure 2.2A). Of these three
shRNAs, sh3 appeared to be the most potent in experiments where a lower ratio
of shRNA/target was transfected (data not shown).

It has previously been shown that loss of Mfn2 leads to mitochondrial
fragmentation (Eura, et al, 2003, Santel & Fuller, 2001). | next looked at the
efficiency of the three most efficacious hairpins to cause mitochondrial
fragmentation in CV1 cells. 72 hours after transfection cells were fixed and
stained with GFP antibody to mark transfected cells, and mitochondria antibody
MTCO2 (NeoMarker) to label all mitochondria. Mitochondrial morphology was
calculated using Imaged macro analysis of the images. From the calculations of
form factor and aspect ratio it is apparent that hairpin sh3 causes fragmentation
(Figure 2.2B,C), while sh1 and sh2 are indistinguishable from control (data not

shown).

Analysis of Mfn2 phosphorylation in vitro

Mitochondria are highly dynamic organelles whose morphology can be
modified by the action of kinases and phosphatases acting on fission and fusion
proteins at the outer mitochondrial membrane (Dagda, et al, 2009, Dagda, et al,
2003, Dagda, et al, 2005, Huang, et al, 1999, Merrill, et al, 2010). To begin to
address the question of whether Mfn2 is phosphorylated | generated GST Mfn2
fragments encompassing the entirety of the protein and then performed in vitro
kinase assays using PKA or Erk. In vitro PKA phosphorylation assays showed
some degree of *?P incorporation on all six fragments, though fragments 3 (261-
407), 4 (407-558) and 6 (657-757) showed the highest degree of phosphorylation
(Figure 2.3A). In contrast to PKA, only fragments 3 (261-407) and 5 (558-617)
showed Erk phosphorylation (Figure 2.6A).
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Two web-based phosphorylation site identification algorithms, NetPhos
2.0 (Blom, et al, 1999) and KinasePhos (Huang, et al, 2005) were then used to
analyze the Mfn2 sequence and predict which serine, threonine, or tyrosine
residues had the highest probability of being phosphorylated. The identified
residues were Ser211, Tyr269, Ser431, Ser442, Thr580 and Ser615. Ser442 had
also been identified in the literature as a potential phosphorylation site (Chen, et
al, 2004, Dimmer & Scorrano, 2006).

To try to identify potential PKA phosphorylation sites, mutations were
made to residues highlighted by the in silico approach on the various GST
fragments shown in Figure 2.3A to be phosphorylated (summarized in Table 1).
Of the mutants evaluated, only Ser442Ala showed complete ablation of 3P
incorporation following in vitro PKA phosphorylation (Figure 2.3B).

Evaluation of the Erk phosphorylation site was much easier, as one
fragment showed the predominant Erk phosphorylation, and within that fragment
only one residue was highlighted in silico as having a high probability of MAPK
phosphorylation. Mutation of Thr580Ala resulted in the complete ablation of 2p

incorporation following Erk phosphorylation (Figure 2.6B).

Determination of Mfn2 phosphorylation state in whole

cells
Once | had the in vitro data demonstrating that Ser442 was PKA
phosphorylated, it was important to follow up on those results in vivo using wild
type Mfn2-GFP or a Ser442Ala mutation that blocks phosphorylation. To
overcome the issue of low basal PKA phosphorylation (Cribbs & Strack, 2007),
cells expressing wild type Mfn2 were left untreated, or treated with 25uM
forskolin plus 0.1uM rolipram (F/R) or 100nM okadaic acid (OA). Analysis of the

2P incorporation showed no significant change in total phosphorylation of
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Serd442Ala compared to wild type, with only a 15% decrease overall when
multiple experiments were pooled (Figure 2.3C,D). These results indicate that
either a) Ser442 is not phosphorylated, b) Ser442 is one of many
phosphorylation sites, or c) loss of Ser442 phosphorylation promotes
phosphorylation at a different site. Additionally, there was no significant change
in wild type Mfn2 phosphorylation levels following treatment with either F/R or
OA. Taken together, the metabolic data is inconclusive as to whether Mfn2 is

PKA phosphorylated.

Phosphorylation state of endogenous Mfn2

To verify PKA phosphorylates Mfn2 Ser442 in vivo a phospho-specific
antibody was generated. The serum from two rabbits injected with the maleimide
activated KLH peptide was evaluated using GST Mfn2 fusion proteins
phosphorylated in vitro. Data from these tests showed that antibody 4046 was
the stronger of the two and showed the greater specificity towards the
phosphorylated wild type fragment over the Ser442Ala fragment (data not shown
and Figure 2.3F).

Based on these results | started to characterize the PKA phosphorylation
of Mfn2 in whole cells. Initially, Cos M6 cells expressing GFP Mfn2, wild type or
Serd442Ala/Asp, were treated +/- 25 uM forskolin plus 0.1 uM rolipram for 1 hour.
Whole lysates probed with both Mfn2 and Mfn2 phospho-Ser442 generated no
detectable phospho signal (data not shown). Next, Mfn2 was immunoprecipitated
out of the lysates using either the Mfn2 or the GFP antibody with Protein A/G
beads, followed by immunoblotting with the phospho-Ser442 antibody. These
experiments generated similar results where there was no detection of
phosphorylated Mfn2 (data not shown). In order to detect a specific band with the

phospho Ser442 antibody, Cos M6 cells expressing myc Mfn2 were treated +/-
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25 uM forskolin plus 0.1 uM rolipram for 1 hour, subjected to IP using the myc
antibody and Protein A/G beads, and finally in vitro phosphorylated with PKA.
Wild type Mfn2 is specifically phosphorylated by PKA in vitro following IP,
independent of prior F/R treatment as neither the lane containing Mfn2
Ser442Ala, nor the empty vector lane show any phospho Ser442 band (Figure
2.3E). Unfortunately these results could not be duplicated.

It is possible to imagine that Mfn2 is only PKA phosphorylated under very
specific circumstances, and the methods | was using to detect the potential
phosphorylation were not physiologically relevant. Previous work in the lab has
demonstrated that mice subjected to a stress and exercise regiment of a 15
minute forced swim produced a detectable increase in PKA mediated Drp1
phosphorylation in the heart (Cribbs & Strack, 2007). | therefore subjected an
adult male rat to a 10 minute forced swim in room temperature water. The
forebrain, cerebellum, midbrain and heart were all evaluated for Ser442
phosphorylation following Mfn2 IP, and in all cases there was no detectable
phospho-specific band in either the stressed or unstressed tissues (data not
shown). Finally, | tried in vitro PKA phosphorylating Mfn2 IP’d from midbrain
homogenates, using the 407-558 fusion proteins as a positive control. Results
from this experiment showed that the PKA was able to efficiently phosphorylate
the GST Mfn2 fusion protein in a specific manner, as the Ser442Ala fragment
was undetected by the phospho Ser442 antibody (lanes 5 & 6), but there was no
detectable phosphorylation of the brain IP’d Mfn2 (lanes 1 & 2) under these
conditions (Figure2.3F).

One possible explanation for the above results is that the Mfn2 phospho-
Ser442 antibody is not very strong, and is therefore unable to detect any small
amount of Ser442 phosphorylation that might be occurring. To test this

possibility, | performed an Elisa assay using the original Mfn2 Ser 442 or Drp1
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Ser656 peptides to test the strength and specificity of the two phospho-specific
antibodies generated by the lab. Later experiments utilized whole cell lysates
expressing Mfn2 GFP to compare the Mfn2 phospho-Ser442 to the commercially
available Mfn2 and GFP antibodies. In each case, the lowest concentration of
Mfn2 phospho Ser442 antibody was able to detect its peptide in a more sensitive
and specific manner than the other antibodies tested (data not shown). These
results suggest that the inability of the phospho Ser442 antibody to detect Mfn2
phosphorylation is not due to the weakness of the antibody, but rather the lack of

phosphorylation of full length Mfn2 under the conditions tested.

Modulation of mitochondrial morphology by Mfn2

phospho-site mutations

The dynamic balance between mitochondrial fission and fusion occurs
through tight regulation of the actions of fission proteins Drp1 and Fis1 and the
fusion proteins Mfns1/2 and Opa1 (Chen & Chan, 2009, Herzig & Martinou,
2008, Youle & Karbowski, 2005). Numerous groups have shown that the
regulation of Drp1 activity by phosphorylation can either activate, in the case of
CaMKlo and Cdk1 (Han, et al, 2008, Taguchi, et al, 2007), or inactivate, following
PKA phosphorylation (Chang & Blackstone, 2007a, Cribbs & Strack, 2007)
protein function. | therefore wanted to determine whether PKA phosphorylation of
Mfn2 regulated protein function by analyzing whether phospho-site mutations
modulated mitochondrial morphology.

Initial characterization of phospho-site mutants in NT2 cells showed that
the Ser442Ala mutant caused significant fragmentation, and the Ser442Asp
trended towards elongation, though was not significantly different from wild type
expressing cells (Figure 2.4A,B). While these results were encouraging, evidence

from FRAP assays (discussed later) suggested that the phospho-ablating
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Ser442Ala mutant resulted in no functional change in mitochondrial motility.
These results were puzzling based on the morphology in NT2 cells. | sought to
determine whether the lack of functional consequence of the Ser442Ala from the
FRAP assay was due to a difference in the cell type used, Long Hela versus
NT2, or due to an inherent problem with the immunofluorescence assay. |
therefore performed similar immunofluorescence experiments in Long Hela cells,
while the FRAP assay was conducted in CV1 cells. Long Hela cells were
transfected with the GFP Mfn2 constructs as was done previously in the NT2
cells. Unlike previous results, there was no significant difference between the
Mfn2 wild type and either phospho-site mutant following three independent
studies (data not shown). Further characterization of the fragmentation caused
by the Ser442Ala mutant in NT2 cells showed the initial results to be non-
reproducible in their significance (Figure 2A,B).

Next it was important to determine if the Mfn2 phospho-site mutants could
block the elongation caused by pharmacological activation of PKA. Treatment of
the NT2 cells with 50 uM forskolin plus 0.1 uM rolipram (F/R) caused significant
and reproducible elongation of the wild type Mfn2 compared to untreated cells
(Figure 2.4B and data not shown). When cells expressing the phospho-site
mutants were treated with F/R both the Ser442Ala and the Ser442Asp mutant
blocked the F/R induced mitochondrial elongation seen in wild type cells (Figure
2.4B). However, the absolute value of the form factor score in cells expressing
Serd442Asp and treated with F/R was identical to WT treated cells. While the
requirement of Ser442 in mediating mitochondrial elongation following F/R
treatment was only performed one time in Hela cells, the results show a similar
trend as that from similar experiments performed in NT2 cells. In NT2 cells
Ser442Ala mutants clearly and significantly block F/R induced mitochondrial

elongation, while the Ser442Asp mutants trend towards elongation, but are not
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significantly different from wild type expressing cells (data not shown). These
data suggest that the Ser442Ala mutant might be causing a disruption in Mfn2
function, as it blocks the actions of F/R, but this disruption does not seem to be
related to PKA phosphorylation, as the two phospho-site mutants do not display

opposing effects.

Mobility of Mfn2 in the outer mitochondrial membrane

Mfn2 is tethered to the outer mitochondrial membrane through two
transmembrane domains in the C-terminal portion of the protein (Figure 2.1A).
The maijority of the protein is exposed to the cytosol, where it can interact with
cytosolic proteins such as Bax (Karbowski, et al, 2002) or Endophilin B1 (data
not shown) and more importantly, form hetero- and homodimeric complexes with
Mfn1/2 on opposing mitochondria (Koshiba, et al, 2004). Fluorescence recovery
after photobleaching (FRAP) quantifies network complexity by measuring the rate
at which mitochondria matrix localized YFP migrates to a region irreversibly
photobleached (Karbowski, et al, 2006, Szabadkai, et al, 2004). Previous work by
Megan Cleland in the Youle lab (NIH) has demonstrated that a hyperactive Mfn2
containing the Rasg12v mutation shows increased protein function (Jahani-Asl, et
al, 2007) and increased mobility within the OMM (Figure 2.4C). Conversely the
Lys109Thr mutation that disrupts Mfn2 GTPase activity (Santel & Fuller, 2001,
Santel, et al, 2003), shows slower mobility within the OMM (Figure 2.4C).
Therefore, Megan performed FRAP analysis to determine if the phospho-site
mutants displayed a change in mobility, pointing to a disruption in protein
function. Long Hela cells were analyzed after transfection with GFP Mfn2 wild
type, Serd442Ala or Serd42Asp. The Ser442Asp mutants showed a significant
increase in protein mobility compared to wild type Mfn2, while the Ser442Ala

mutant showed no change (Figure 2.4D,E). The increase in mobility seen with
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the Ser442Asp mutant, while significant when compared to wild type Mfn2, was
not as dramatic as the increase seen with the Mfn2 Rasg12v mutation, suggesting

that the difference in mobility does not represent hyperactivity.

Mfn2 protects against glutamate induced neurotoxicity

Maintaining the balance between mitochondrial fission and fusion is
important for cell function. While complete loss of Mfn2, or even point mutations
can result in severely disturbed embryos (Chen, et al, 2003) and neuronal
pathology (Chung, et al, 2006, Chung, et al, 2008, Engelfried, et al, 2006,
Verhoeven, et al, 2006, Zuchner, et al, 2004) expression of the constitutively
active Mfn2 Rasg12v mutant is neuroprotective (Jahani-Asl, et al, 2007). Previous
work in the lab has demonstrated the importance of phosphorylation in neuronal
protection where overexpression of AKAP1 (Merrill, et al, 2010), or
downregulation of PP2A B2 promotes neuronal survival (Dagda, et al, 2003,
Dagda, et al, 2005, Dagda, et al, 2008). In order to address the possibility that
Mfn2 is able to protect hippocampal neurons, important for learning and memory,
against insult, | used glutamate to induce neuronal death. Glutamate is an
excitatory neurotransmitter that activates receptors important for learning,
memory and synaptic plasticity (Matsuzaki, et al, 2001). However, excessive
glutamate stimulation has been implicated in a number of neuropathies, including
stroke, seizures and brain trauma (Matsuzaki, et al, 2001). If phospho-regulation
modulates Mfn2 function, then the phospho-site mutants should either block
(Serd42Ala) or enhance (Ser442Asp) the neuroprotective activity of Mfn2 against
excitotoxic insult.

Primary hippocampal neurons (PHN) were transfected at DIV 10-14 with
Mfn2 GFP wild type, Mfn2 Serd442Ala, Mfn2 Ser442Asp, or mGFP as a control

and then treated with 40 uM glutamate to induce excitotoxic neuronal death. In
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three independent experiments, overexpression of wild type Mfn2 was able to
protect the neurons from glutamate-induced neurotoxicity compared to mGFP
neurons. However, neither phospho site mutant showed any neuroprotection, but
rather they both behaved similar to control neurons (Figure 2.5A). These results
confirmed the findings of other groups, demonstrating the importance of Mfn2 in
neuronal protection, and showed the requirement of Ser442 for this function.
Next | wanted to determine if the actions of AKAP1 to promote neuronal
survival (Merrill, et al, 2010) required Mfn2 Ser442 phosphorylation. PHNs were
co-transfected as described above +/- AKAP1. Neurons were treated with 50 uM
glutamate, followed two days later by Pl staining and fixation. In the absence of
AKAP1, the Mfn2 provided neuronal protection against glutamate-induced death
as seen previously (Figure 2.5A). When co-expressed with AKAP1 the mGFP
and Mfn2 showed increased neuroprotection compared to when expressed alone
while the Ser442Ala showed no change in percent survival independent of the
presence of AKAP1 (Figure 2.5B). Taken together these results suggest that the

neuroprotective effect of AKAP1 is dependent on the presence of Mfn2 Ser442.

Disruption of Mfn2 GTP binding by phospho-site

mutants

Mfn2 is a large GTPase whose binding and hydrolysis of GTP are required
for fusion activity (Ishihara, et al, 2004). In order to determine if any of the
phospho-site mutants, Ser442Ala, Ser442Asp or Thr580Ala, disrupted the ability
of Mfn2 to bind GTP, | performed a binding assay using GTP agarose beads.
Cos M6 cells expressing either wild type, phospho mutants Serd442Ala,
Serd442Asp, Thr680Ala or the GTPase defective mutant, Lys109Thr, Mfn2 were
lysed in kinase buffer and precipitated with the GTP agarose. When normalized

to input amount, there is a 25-30% increase in GTP binding with the Ser442Asp,
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Thr580Ala and Lys109Thr mutants compared to wild type, which shows similar
binding as the Ser442Ala (Figure 2.6C,D). It is interesting to note that while the
Lys109Thr mutation disrupts GTPase activity (Santel & Fuller, 2001, Santel, et al,
2003), it does not seem to disrupt binding to GTP. These results are similar to
how wild type Mfn2 has increased GTP binding but decreased GTP hydrolysis
when compared to Mfn1 (Ishihara, et al, 2004). Results from these preliminary
pull down experiments suggest that mutations in possible phosphorylation sites

modulate the ability of Mfn2 to bind GTP.

Discussion

It has recently been reported in the literature that the Ser442Ala mutation
in Mfn2 exerts anti-proliferative effects on VSMC due to a G1 cell cycle arrest
(Zhou, et al, 2010). While Zhou and colleagues are able to demonstrate the
opposing functions of the Serd42Ala and the Ser442Asp mutations in their
mouse model of VSMC proliferation, they fail to directly demonstrate the
phosphorylation of Mfn2 by PKA. The conclusions drawn from this paper bring in
to question my own results, which suggest that Mfn2 may not be PKA

phosphorylated on Ser442.

PKA phosphorylation of Mfn2 fragments in vitro

Perhaps the data that best supports the possibility of Mfn2
phosphorylation are the initial in vitro kinase assays that were performed shortly
after this project began. In the case of both the PKA and Erk assays, multiple
fragments showed strong *?P incorporation (Figures 2.2A and 2.6A respectively).
Following up on these findings | began to make and analyze a series of potential
phospho-site mutants trying to identify the residue responsible for the of 2p
incorporation on each fragment (Table 1). The Mfn2 mutants of the two sites that

showed complete loss of *P incorporation, Ser442 (Figure 2.2B) and Thr580
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(Figure 2.6B), were then analyzed for GTP binding and changes in mitochondrial
morphology. Based on extensive analysis of the Ser442 site, it was determined
that under the conditions studied, Ser442 is not PKA phosphorylated. However,
the initial examination of Thr580 suggests that Erk phosphorylation of this site
may modulate Mfn2 function as the Thr680Ala mutant caused mitochondrial

fragmentation (Table 1) and showed increased GTP binding (Figure 2.6C,D).

Characterization of the phospho-specific antibody

The data that initially suggested that Mfn2 might not be phosphorylated on
Ser442 were the experiments characterizing the Ser442 phospho-specific
antibody. After repeated attempts, using both the Cos M6 over-expressed GFP
Mfn2 and brain precipitated Mfn2 as substrates, | could not detect any Ser442
phosphorylation (Figure 2.3F). | originally thought that the problem might be low
basal levels of phosphorylated protein, yet neither stress induced
phosphorylation (Cribbs & Strack, 2007), nor F/R treatment alone could produce
a phospho-signal (Figure 2.3E and data not shown). In fact the only time | could
detect full length Mfn2 phospho Ser442 was when the protein was
phosphorylated in vitro following IP (Figure 2.3E). However, | know that the
antibody is able to specifically detect the 407-558 fragment of Mfn2 following
PKA phosphorylation, as it doesn’t recognize the same fragment containing the
Ser442Ala mutation (Figure 2.3F). It also appears that the antibody is very
strong, as Elisa assays show recognition of its specific peptide at concentrations
far lower than other antibodies currently used in the lab (data not shown). Taken
together, these results suggest a couple of conclusions. First, that while the
antibody is able to detect short fragments of Mfn2, and its peptide, the binding
site for the antibody might be hidden by protein folding, and is therefore unable to

recognize the phosphorylated substrate. This possibility seems unlikely, as
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subjecting the protein to SDS PAGE should result in protein unfolding, allowing
for the antibody to bind. Additionally, if the binding site was buried within protein
secondary structure it’'s hard to believe that PKA would have access to the
protein to phosphorylate Ser442. In fact, based on protein threading predictions it
appears that Ser442 lies on the inside face of an alpha-helix (data not shown). If
this structural prediction of Mfn2 is correct, it is hard to imaging how this site
could be phosphorylated. The second, and seemingly more probable conclusion
to be drawn is that Ser442 is not phosphorylated in the brain, under conditions
similar to those tested here. | fully acknowledge that | did not examine the
phosphorylation state following an exhaustive array of conditions, nor did | really
focus on the heart, other than some initial studies. It is possible to imagine that
Mfn2 is highly phosphorylated in the heart, as recent studies suggest (Zhou, et
al, 2010), but is not phosphorylated in the brain.

Is Mfn2 phosphorylated?

While the initial in vitro data was exciting, | could not reproduce the Mfn2
Ser442 phosphorylation in whole cells. Previous work done in the lab has used
similar in vitro phosphorylation assays as a starting point to identify
phosphorylated residues that were then verified in vivo (Cribbs & Strack, 2007).
In the case of Mfn2 | believe that PKA is a promiscuous kinase that interacts with
many regions of the protein that contain some similarity to the consensus
sequence, leading to false positive results. Based on the metabolic labeling
experiments, it appears that Mfn2 is phosphorylated, though Ser442 does not
appear to be the dominant site of phosphorylation (Figure 2.3C). | also believe
that the interaction between Mfn2 and the MAPK pathway (Chen, et al, 2004,
Zhou, et al, 2010) suggests that the Erk phosphorylation of Thr580 may prove to

be important for Mfn2 function. Overall, there is clearly more work that needs to
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be done in order to characterize the role of phosphorylation in regulating Mfn2
function, and to determine if the phosphorylation state of Mfn2 varies in different
tissue types; ie whether Mfn2 Ser442 is phosphorylated in the heart (Zhou, et al,
2010) but not in the brain.

Modulation of mitochondrial morphology by phospho-

site mutants

Mitofusin proteins are indispensable in the maintenance of mitochondrial
morphology (Eura, et al, 2003, Hales & Fuller, 1997, Legros, et al, 2002, Santel &
Fuller, 2001), where loss of either Mfn1 or Mfn2 results in mitochondrial
fragmentation (Figure 2.2B,C) (Wang, et al, 2009). | therefore wanted to
determine whether disruption in Mfn2 function through loss of the PKA
phosphorylation site altered mitochondrial morphology.

Initial experiments conducted in NT2 cells showed that the Ser442Ala and
Ser442Asp mutants altered mitochondrial morphology compared to wild type
Mfn2. However, over a series of many independent experiments, the initial
results showing opposite effects on mitochondrial morphology with the phospho-
site mutants were not reproducible (Figure 2.4A,B). In preliminary experiments,
the F/R induced mitochondrial elongation of wild type Mfn2 was blocked by either
phospho-site mutation (Figure 2.4B). These results imply the PKA induced

mitochondrial elongation is not mediated by Mfn2 Ser442.

Neuroprotective effects of AKAP1 require Mfn2

Ser442
We know that Mfn2 plays a critical role in the central nervous system
based on its importance in neuronal development of the cerebellum (Chen, et al,
2007), its ability to protect neurons against insult (Jahani-Asl, et al, 2007) as well

as its role in neuropathy (Chung, et al, 2006, Chung, et al, 2008, Engelfried, et al,
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2006, Verhoeven, et al, 2006, Zuchner, et al, 2004). Here | demonstrate, for the
first time, the role of Mfn2 in protecting hippocampal neurons against glutamate
induced excitotoxicity.

Similar to its role in the cerebellum, (Jahani-Asl, et al, 2007), Mfn2
protects hippocampal neurons against glutamate-induced neurotoxicity (Figure
2.5A,B). Interestingly, mutation of Ser442 resulted in a complete loss of Mfn2
dependent neuroprotection (Figure 2.5A,B). If the neuroprotection caused by
Mfn2 was dependent on PKA phosphorylation of Ser442, then it would be
expected that the Ser442Ala mutation would result in neuronal death similar to
control levels, while the Ser442Asp should behave similar to wild type, or show
even greater neuroprotection. Since the results of the phospho-site mutants were
identical, rather than opposite, this suggests that the Ser442 site is important for
Mfn2 function, independent of PKA phosphorylation.

While previous work has shown that AKAP1 protects hippocampal
neurons against glutamate induced death (Merrill, et al, 2010, Tanaka, 2001), |
sought to take these findings a step further and determine whether the effects of
AKAP1 on neuroprotection required the presence of Mfn2 Ser442. Hippocampal
neurons co-expressing AKAP1 and mGFP showed a significant increase in
neuronal survival compared to mGFP alone. There was a similar increase in
neuronal survival in hippocampal neurons expressing both AKAP1 and Mfn2
compared to neurons expressing Mfn2 alone (Figure 2.5B). While these results
are not significant, it is possible that the neuroprotective effects of Mfn2 under
basal conditions are already at a maximum, and co-expression of AKAP1 does
little to enhance the effects of Mfn2 alone. Interestingly, AKAP1 fails to protect
neurons expressing Mfn2 Ser442Ala. These results suggest the ability of AKAP1

to exert neuroprotective effects requires the presence of Mfn2 Ser442.
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In conclusion, the data provided herein demonstrate that Mfn2 is not PKA
phosphorylated in the brain. However, evidence provided by the neuronal
survival assay suggests that Ser442 is important for the fusion independent

functions of Mfn2.



Table 1 Summary of analysis of Mfn2 CMT2A causing mutations or potential phosphorylation site mutants.

In vitro GTP Binding Mitochondrial

Mutation Purpose Phosphorylation (compared to WT)  Morphology
Lys109Thr . Disrupts GTPase activity ND ] increased | Fragmented
Arg94Gilu CMT2A ND increased Aggregated
Thr206lle CMT2A ND completely ablated = Aggregated
Arg384Trp CMT2A ND ND Aggregated
Trp740Ser CMT2A ND . ND__ Aggregated
Tyr269Phe Src phosphorylation unable to test ND inconclusive
ThrSer283AlaAla PKA phosphorylation no change ND ND
Ser431Ala/Asp PKA phosphorylation no change ND ND
Ser442Ala PKA phosphorylation ablates 32P incorporation no change inconclusive
Serd442Asp PKA phosphorylation ND increased inconclusive
Ser511Ala PKA phosphorylation no change ND Elongated
Thr580Ala Erk phosphorylation ablates 32P incorporation increased Fragmented
Ser615Ala/Asp PKA phosphorylation no change ND ND

19474



Table 2 Summary of Mfn2 targeted shRNA sequence and analysis of function.

Knockdown of Mitochondrial

Name Sequence Species Targeted Mfn2 Protein Fragmentation
5' CGC ACATGT CCG GAT TCC AAAAA N/A N/A N/A

Loop TCT CTT GAA N/A N/A N/A

________ 3 GGGGATCTGTGGTCTCATACAGAA NA  ~ NA  NA

#1 ACACAT GGC TGAGGT GAAT human, rat, dog, bull YES NO
#2 GCACTT TGT CAC TGC CAAG human, rat, mouse YES NO
#3 TGAGGATGTTTGAGTTTCA human, rat, mouse, dog, bu YES YES
#4 TCC TCAAGG TTT ATAAGAA human, rat, mouse NO ND
#5 AGAGGG CCT TCAAGC GCCA human, rat, mouse, dog, bu NO ND

144



45

Ras GTPase CC1 ™ CcC2
(77-92i i103-261i (408I-433) [I (72il]57)
C. PKA/PKG PKA/PKG PKA/PKG Camx1x PKA/PKG
mMfn2 FGRTSNGKS~~ERCTSFLVD-~VVDRSQAGD~-~ERQVS TAMA~~IRRLSVLVD
OMM hMfn2 FGRTSNGKS--ERCTSFLVD--VVDRSQAGD--ERQVSTAMA--IRRLSVLVD
rMfn2 FGRTSNGKS--ERCTSFLVD--VVDRSQAGD--ERQVSTAMA--IRRLSVLVD
e R hMfnl FGRTS:GKS=<~ERCLHFLVE=<VVNALEAQN-~ANKVSCAMT=~ICRLSVLVD
pa Mfn2 aa# 106 283 295 431 442
D o
. c
o
» O
> [ — é g Q © g w
o (3] [ — L' = . 2] [~ >
o @ s B a S je) © = 3 @ e
@ * 3 ¥ o 5 » & &6 = & £ 35 6
L;-.‘—-—-b.-o ---‘—.ﬁ Mfn2

Figure 2.1 The cytosolic portions of Mitofusin 2 contain a GTPase domain,
as well as multiple consensus phosphorylation sites.

A, B. Structural domains of Mfn2, and predicted topology of the protein. C.
Consensus sequence of potential phosphorylation sites in human (h), mouse (m),
and rat (r) Mfn2 and human Mfn1. D. Tissue distribution of Mfn2 in adult female
rat.
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Figure 2.2 Knockdown of Mfn2 causes mitochondrial fragmentation.
A. Testing of five Mfn2-directed shRNAs for knockdown of transiently expressed
protein. Immunoblot analysis reveals shRNA #3 to be the most potent B.
Analysis of sh3-mediated knockdown of Mfn2 revealed increased fragmentation
that was significantly different from control. C. Cells transfected with sh3 (green)
show mitochondrial fragmentation compared to untransfected cells (red).
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Figure 2.3 PKA induced phosphorylation of Mfn2 on Ser442.

A. GST fragments encompassing the entire Mfn2 protein, except the
transmembrane domains were used for in vitro kinase assays. A PKA assay was
performed, with each fragment containing some *?P incorporation, signifying PKA
phosphorylation. B. A mutation was made in the 407-558 fragment converting a
potential PKA phosphorylated serine 442 to an alanine. This mutation completely
ablates any P incorporation. C. *P incorporation of wild type Mfn2 as well as
Ser442Ala, a mutation meant to abrogate potential phosphorylation at this site,
and wild type treated with 25 uM Forskolin plus 0.1 uM rolipram (F/R) or 100 nM
Okadaic Acid (OA). From this experiment it appears that the Ser442Ala confers a
slight loss of total an2 phosphorylation, while F/R and OA have no effect. D.
Quantification of **P incorporation in wild type or Ser442Ala Mfn2 GFP from three
independent metabolic labeling experiments. E. Initial testing of Mfn2 P-Serine
antibody shows the presence of a phospho-specific band in the lanes containing
cells expressing wild type Mfn2, but not the SA mutation, or lanes containing
cells expressing the empty vector alone (V). The appearance of the band is
dependent on the presence of PKA and ATP in the IP conditions, and further
enhanced by a 1 hour treatment with 25 uM Forskolin plus 0.1 uM rolipram prior
to lysing. F. Rat forebrain homogenates and GST Mfn2 wild type or S442A were
treated with PKA +/- ATP. The brain extracts were then subjected to Mfn2 |IP.
The blots were probed for both total Mfn2 and phospho-S442. Only the wild type
GST fragment phosphorylated by PKA was detected by the phospho-specific
antibody.
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Figure 2.4 Modulation of mitochondrial morphology and Mfn2 mobility
within the outer mitochondrial membrane by phospho-site mutants.

A. Immunofluorescence of N-tera 2 cells transfected with either wild type Mfn2 or
the phospho-ablating Ser442Ala mutation or the phospho-mimicking Ser442Asp
mutation. These cells were then left untreated, or treated for 1.5 hours with 25uM
forskolin and 0.1uM rolipram. B. Mitochondrial morphometric analysis of
untreated cells (left) shows the Ser442Ala and Ser442Asp mutations causes no
significant change compared to WT. While cells treated with forskolin/rolipram
(right) show significant elongation of WT cells compared to untreated WT, though
the Ser442Ala and Serd442Asp mutations show similar behavior to untreated.
C.D.E. FRAP analysis performed by Megan Cleland in the Youle lab (NIH). C.
Analysis of the mobility of GTPase active (rasG12V) or GTPase inactive
(Lys109Thr) Mfn2 by fluorescence-recovery after photobleaching (FRAP).
Results show the rasG12V mutant enhances mobility while the Lys109Thr
mutant is similar to WT. D. FRAP analysis of the mobility of the phosphorylation
site mutants shows the pseudo-phosphorylated Ser442Asp mutant shows
increased mobility, suggesting enhanced function. E. The quantification of the
results in part D.
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Figure 2.5 Neuroprotection imparted by Mfn2 requires Ser442.

A. Primary hippocampal neurons (PHNSs) transfected with either mitochondrial
GFP, or WT, Ser442Ala or Ser442Asp Mfn2 show similar basal survival levels
(left) while only WT Mfn2 protects neurons against 40 uM glutamate treatment
(right). Results are shown + the standard deviation of three wells, representative
of three independent experiments. B. The expression of AKAP1 with the Mfn2
and control constructs provides additional protection against 50 uM glutamate not
seen with the Ser442Ala Mfn2 mutation. These results suggest that Mfn2
mediated survival is dependent on the presence of Ser at residue 442. Results
shown + standard deviation of three wells representative of one experiment.
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Figure 2.6 Analysis Erk induced phosphorylation of Mfn2 on Thr580.

A. An in vitro Erk phosphorylation assay was performed, with GST fragments
encompassing the entire Mfn2 sequence. Fragment 3 (261-407) and fragment 5
(558-617) were the only fragments to show any *?P incorporation, with fragment
S having a much greater degree of phosphorylation than fragment 3. B. The
Thr580AIa mutation was made in the 558-617 fragment, which completely
ablated **P incorporation, signifying this site is Erk phosphorylated. C. The ability
of PKA and Erk phosphorylation mutants to modify GTP binding was analyzed
using GTP agarose beads in one preliminary experiment. The Ser442Ala
mutation showed no difference in GTP binding compared to wild type, while the
Serd442Asp, Thr580Ala and Lys109Thr mutants all showed increased binding. D.
Quantification of the GTP binding seen in C.
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CHAPTER 1ll: MODULATION OF DRP1 SER656
PHOSPHORYLATION BY NITROSYLATION

Introduction

Proper mitochondrial function is dependent on maintaining the balance
between mitochondrial fission and fusion. The large cytosolic GTPase Dynamin
related protein 1 (Drp1) regulates mitochondrial fission by translocating to the
mitochondria where it interacts with Fis1 and promotes scission (James, et al,
2003, Smirnova, et al, 2001, Smirnova, et al, 1998, Stojanovski, et al, 2004,
Yoon, et al, 2003). The actions of Drp1 are tightly regulated by a variety of post-
translational modifications that effect GTPase activity, localization, mobility and
protein stability (Cereghetti, et al, 2008, Chang & Blackstone, 2007a, Cho, et al,
2009, Cribbs & Strack, 2007, Figueroa-Romero, et al, 2009, Han, et al, 2008,
Karbowski, et al, 2007, Merrill, et al, 2010, Taguchi, et al, 2007).

The GED domain is the predominant site of Drp1

modifications

Dynamin related protein 1 (Drp1)

Drp1 is a member of the dynamin superfamily of proteins classified by
their structural similarity and GTPase activity (Praefcke & McMahon, 2004,
Smirnova, et al, 1998). Drp1 is similar to other dynamin family members in that it
contains an N-terminal GTPase domain, a middle (MID) domain, the largely
unconserved variable domain (VD) and a C-terminal GTPase effector domain
(GED) (Figure 3.1). Alternative splicing of three exons, one in the GTPase
domain and two in the VD, can yield up to eight alternatively spliced products
(unpublished data from the Strack lab). While the function of the splice variants is

largely unknown, work from the Strack lab has demonstrated that the presence of
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the third exon, in the absence of the second exon, targets Drp1 to the
microtubules, decreasing its actions on the mitochondria.

Drp1 is highly regulated by post-translation modifications to residues
present in the core domain of the protein (Chang & Blackstone, 2007a, Cho, et
al, 2009, Cribbs & Strack, 2007, Han, et al, 2008, Taguchi, et al, 2007). However,
recent work has shown that four of the eight non-canonical SUMOylation sites of
Drp1 are found in the variably spliced exons within the VD (Figueroa-Romero, et

al, 2009), suggesting that some Drp1 protein regulation is splice form dependent.

Drp1 Phosphorylation

The most predominant form of Drp1 posttranslational modification is
phosphorylation. There is bidirectional control of Drp1 activity by phosphorylation
as multiple kinases and phosphatases act on different residues to modulate
protein function. The most well characterized modification is the PKA
phosphorylation of Ser656 (Cribbs & Strack, 2007) (in the longest splice variant
or Ser637 in the splice variant missing the C-terminal splice (Chang &
Blackstone, 2007b). From now on the PKA phosphorylation site will be referred
to as Ser656). While it is unclear how Ser656 phosphorylation affects GTPase
activity, it is clear that phosphorylation results in decreased Drp1 mediated
mitochondrial fission (Chang & Blackstone, 2007b, Cribbs & Strack, 2007). The
calcium dependent phosphatase Calcineurin dephosphorylates Ser656 (Cribbs &
Strack, 2007) and mediates the translocation of Drp1 from the cytosol to the
mitochondria where it functions to promote fragmentation (Cereghetti, et al,
2008) and initiate apoptosis (Cereghetti, et al, 2010). Increased Ca** influx in
neurons has also been shown to activate CamKla induced phosphorylation of
Ser656, mediating the translocation of Drp1 to the mitochondria, resulting in

increased mitochondrial fragmentation (Han, et al, 2008). Phosphorylation also



53

regulates the activity of Drp1 during mitosis, where Cdk1/cyclin B
phosphorylation of Ser635 activates the protein, and is required for the
mitochondrial fragmentation seen during mitosis (Taguchi, et al, 2007). However,
outside of mitosis the phospho-blocking Ser635Ala mutation increases Drp1
dependent mitochondrial fragmentation (Cereghetti, et al, 2008), rather than the
inactivation of function that occurs during mitosis (Taguchi, et al, 2007). Taken
together, the contradictory phosphorylation of a single residue by multiple
kinases, and the opposing actions of a phosphorylation site depending on cell
cycle stage, demonstrate the complexity of Drp1 regulation that appears to be

both cell type and cell cycle stage dependent.

SUMQOylation and Ubiquitination of Drp1

The stability of Drp1 is regulated by both SUMO and ubiquitin
modifications. SUMOylation is the conjugation of a SUMO moiety to a lysine of a
target substrate mediated through an E3 SUMO-conjugating enzyme. MAPL, a
SUMO-conjugating enzyme, mediates the addition of a SUMO group to Drp1
(Braschi, et al, 2009, Harder, et al, 2004), which occurs on eight non-canonical
lysine residues (Figueroa-Romero, et al, 2009) and results in increased protein
stability and mitochondrial fragmentation (Harder, et al, 2004).

The E3 ubiquitin conjugating enzyme March V interacts with and
ubiquitinates Drp1 (Karbowski, et al, 2007, Nakamura, et al, 2006). Similar to
SUMQOylation, the ubiquitination of Drp1 appears to be required for Drp1 fission
activity and serves to stabilize protein expression (Karbowski, et al, 2007,

Nakamura, et al, 2006, Park, et al, 2010, Santel & Frank, 2008).

Drp1 Nitrosylation
In neurons, the presence of excessive nitric oxide (NO) leads to rapid

mitochondrial fragmentation preceding neuronal death (Barsoum, et al, 2006).
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Previous work demonstrated that nitrosylation of dynamin, the archetypal
superfamily member, activates protein function, increasing both the rate and
magnitude of endocytosis (Wang, et al, 2006). These findings lead to the
hypothesis that nitrosylation of Drp1 might mediate the effects of NO treatment
on mitochondrial morphology. Indeed, nitrosylation of Drp1 on Cys663 (Cys644
in the splice variant examined in the paper) increased Drp1 activity, mediating
the mitochondrial fragmentation induced by NO (Cho, et al, 2009). Furthermore,
overexpression of dominant negative Drp1 Lys38Ala or blocking nitrosylation with
the Cys663Ala mutant, prevents NO induced mitochondrial fragmentation

(Barsoum, et al, 2006, Cho, et al, 2009).

Nitrosylation/Denitrosylation as a signaling event

The use of nitric oxide (NO) as a signaling molecule in endothelial cells
has long been recognized, but the pervasiveness of S-nitrosylation of diverse
substrates has only more recently been examined. S-nitrosylation, or the addition
of an NO group to any reactive cysteine, is a non-enzymatic process mediated by
the presence of endogenous or exogenous NO, which reacts with glutathione or
a free cysteine catalyzing the transnitrosylation of the target substrate (Benhar, et
al, 2009, Hess, et al, 2005). The production of NO can occur through the actions
of Nitric Oxide Synthase (NOS) to generate NO from arginine and O, or from the
reduction of NOy species (Hess, et al, 2005). The removal of NO groups from
the substrate is just as complicated as the addition. While degradation by light,
heat, reducing agents or nucleophilic compounds can catalyze the removal, there
are two groups of denitrosylating agents that can act on specific substrates to
remove the NO group (Benhar, et al, 2009). The denitrosylation of S-
nitrosoglutathione (GSNO) by GSNO reductase (GSNOR) acts indirectly on

proteins that are involved with GSNO, but not on substrates directly. Thioredoxin
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(Trx) and Thioredoxin Reductase (TrxR) act together with NADPH to catalyze
denitrosylation of specific substrates, many of which have been recently
identified (Benhar, et al, 2010). Overall, the use of reversible nitrosylation to
regulate protein activity is a complex field that has recently been the focus of
more research.

Here | investigate whether the posttranslational modifications of Drp1,
PKA mediated phosphorylation of Ser656 and NO mediated nitrosylation of
Cys663 act dependently or independently to modulate Drp1 function. Our model
(Figure 3.2) predicts that nitrosylation of Cys663 and phosphorylation of Ser656
are mutually exclusive events. Additionally, we believe the NO mediated Drp1
activation and mitochondrial fragmentation goes through modulation of the

phosphorylation state of Ser656.

Materials and Methods

Cell Culture and Constructs

Cos 1 (Jensen, et al, 1964) and Long Hela cells (Scherer, et al, 1953) (a
gift from Richard Youle) were cultured (37°C, 5% CO,) in RPMI 1640 (Gibco)
containing 10% fetal bovine serum (heat inactivated).

The cDNA of Drp1 (Y Yoon, University of Rochester) was used as a
template for generating the Ser656Ala/Asp (Cribbs & Strack, 2007), the
Cys663Val, and the Ser656Asp plus Cys663Val double mutant using site
directed mutagenesis as described elsewhere.

The cDNA of PKA Rla was cloned using RTPCR from rat tissue using the
forward primer TGA CCT GGG ATC CGC CAC CAT GGC AGC CAG TGA GGA
AGA GC and the reverse primer TCA GAT CGC GGC CGC CGA CGG ACA
GTG ACA CAA AGC TG. The cDNA was then subcloned into the V5 vector using
the BamHI and Notl restriction sites added during the RTPCR. Site directed
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mutagenesis was then carried out using the V5 PKA Rla as a template to create

the Cys39His mutation.

Antibodies

Antibodies commercially available are as follows: Total Drp1, PKA Rla
and PKA Rlla (BD Transduction Laboratories), Drp1 phospho-Ser656, Total
Vasp, Vasp phospho-S157, PKA substrate (Cell Signaling), V5 (Invitrogen), GFP
(Abcam), Mitochondrial cytochrome oxidase 2 (NeoMarkers). Secondary
antibodies include goat aRabbit IR800, goat aMouse IR800, goat aRabbit IR680,
and goat aMouse IR680 (Licor, Lincoln, NE); Alexa conjugated donkey aRabbit-
488 and Alexa conjugated donkey aMouse-543 (Invitrogen).

Other Reagents

Forskolin was purchased from (Fisher) and a 50 mM stock solution was
prepared and aliquoted and stored at -20° C for dilution in media prior to use. S-
nitrosocysteine (SNOC) was prepared fresh before each use by mixing equal
molar amounts of cysteine (Sigma) with sodium nitrite (Fisher) and then adding
an equal amount of 1 M HCI bringing the solution to a final molarity of 100 mM.
The mixture, which turns a burnt orange color if properly mixed, was incubated at
room temperature for 5 minutes in the dark before dilution in media prior to use.
Dibutyryl cAMP (Bt, cAMP) (CalBioChem) stock solution was prepared fresh

prior to each use in Dimethylsulfoxide (DMSOQO) (Fisher) before diluting in media.

Immunofluorescence

Long Hela cells were plated at 40,000 cells/well on rat tail collagen (BD
Biosciences) coated glass bottom four well chamber slides (Lab Tek) for same
day transfection. Cells were transfected with plasmids replacing the endogenous

Drp1 with wild type or mutant GFP Drp1. 24 hours following transfection cells
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were either left untreated, or treated with 500 yM SNOC for 2 hours. After
treatment cells were washed one time with PBS and fixed with 4% PFA for 20
minutes in the cell culture incubator. Cells were then washed two times with PBS
and blocked with 4% normal donkey serum (Invitrogen) in TTBS for 30 minutes
rocking at room temperature. Staining was performed using a 1:3000 dilution of
anti rabbit GFP antibody and a 1:200 dilution of anti mouse mitochondrial
cytochrome oxidase antibody in TTBS for 16 hours at 4° C. Following washing 5x
for 5 minutes with PBS cells were incubated with Alexa Flour-488 and -543 in
PBS for 2 hours at room temperature. After secondary incubation cells were
washed 5x for 5 minutes in PBS. To detect the nucleus Hoechst DNA dye was
diluted 1:1000 in PBS and incubated on the cells for 5 minutes at room
temperature. Finally the Hoechst dye was removed and replaced with fresh PBS.
Cells were imaged at 63X on a Zeiss 200M inverted microscope equipped with a

Hamamatsu ER camera.

Image Analysis

Mitochondrial morphology was analyzed either through subjective scoring
of coded images, or by a custom macro written for Image J analysis software as
discussed previously. Subjective scoring was performed by first coding all
images using an Image J macro. The mitochondrial channel (red channel) of the
images was then scored from 0.5 to 4, where 0.5 signifies 100% of the
mitochondrial are fragmented into small shapes, similar to grains of pepper and 4
signifies 100% of the mitochondria are forming a unbroken network throughout

the entire cell.

PKA phosphorylation assays

Cos1 cells were plated at 300,000 cells/mL media for same day

transfection on a 24 well plate. Drp1 wild type or Cys663Val were transfected
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using 0.06% Lipofectamine 2000. 40 hours post transfection cells were treated
with 500 uM SNOC followed immediately by 10x dilutions of forskolin or Bt;
cAMP. Prior to adding to the cells 10x serial dilutions of forskolin or Bt cAMP
were made so that once added to the cells | would have a final concentration of
0.64 uM, 1.6 uM, 4 uM, 10 uM and 25 uM or 125 yM, 250 uM, 500 uM or 1 mM
respectively. 1.5 hours following treatment cells were washed in phosphate-
buffered saline (PBS) and lysed in 75uL 1X Sample Buffer (for 24 well plate),
sonicated and run on 10% SDS polyacrylamide gels followed by transfer to
nitrocellulose membrane for western blotting. Images were generated using the

Odyssey Imaging System (Licor, Lincoln, NE).

Quantitative immunoblotting using phospho-specific

antibodies

Images were captured using the Odyssey Imaging System, and the
quantification of band intensities was calculated using Image J software. To
determine the relative phosphorylation of the bands, the phospho-specific
antibody signal was divided by the total protein signal to control for loading
differences. The values were then normalized to either the 25 yM forskolin
concentration without SNOC for the forskolin dose curves, or the 10 yM forskolin
concentration without SNOC for the Bt, cAMP dose curves. Statistical analysis
was performed on data from at least three independent experiments using Excel

to calculate either Student'’s t-test or two-way ANOVA.

cAMP Production Assays

Cos1 cells were plated at 150,000 cells/mL media in a 96 well plate and
allowed to attach overnight. The next day the Bridge-It cAMP designer assay
(Mediomics) was used based on manufacturers protocol. Specifically, 24 hours

after plating the cells were washed in 100 uL PBS and then 50 uL 1X KRB-IBMX
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buffer was placed on the cells, and incubated at room temperature for 15
minutes. During this initial incubation, serial dilutions of forskolin were made to
10X the desired concentration in KRB-IBMX buffer. SNOC was diluted to 5 mM
in KRB-IBMX buffer containing forskolin. The 10X buffer containing forskolin and
SNOC was added to the appropriate well to bring final concentration to 0.1 uM,
0.39 uM, 1.56 uM, 6.25 yM, and 25 pM or 500 pM respectively. Cells were
incubated on a rocker at room temperature for 30 minutes covered in tin foil.
Following treatment, the KRB-IBMX buffer was removed from the wells and

100 uL cAMP designer assay was added to each well. Cells were then incubated
on the rocker for 30 minutes covered in tin foil. After incubation cells were
scraped off and added to a black 96 well plate, to be read on a fluorescent plate
reader at excitation of 480 and emission of 535. Once the raw fluorescent values
were read, the background value of an empty cell was subtracted from each of
the wells containing sample. Relative fluorescence was then calculated using
the following formula RF = (RO — R)/R0, where RO is the blank well, or the cells

containing no stimulation and R is the raw value for each well.

Disulfide Bond Formation Assays

Cos1 cells were plated at 300,000 cells/mL in a 12 well plate. The
following day cells were treated with 1 mM Bt, cAMP along with the desired
concentration of SNOC for 90 minutes. Prior to addition to the cells serial
dilutions of the SNOC were made so that the final concentration added to the
cells was 64 pM, 160 uM, 400 uM, 1 mM and 2.5 mM. Following treatment cells
were washed one time in PBS and then lysed in 1X sample buffer without beta-
mercaptoethanol, sonicated, run on 10% SDS polyacrylamide gels and
transferred to nitrocellulose membrane for western blotting. Images were

generated using the Odyssey Imaging System (Licor, Lincoln, NE).
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Quantification of Disulfide Bond Formation

Images were captured using the Odyssey Imaging System, and the
quantification of band intensities was calculated using Image J software. To
determine the relative contribution of the dimer and monomer to the total PKA
Rla signal the intensities of the two bands were added together and the

percentage of each was calculated.

Results

Blocking nitrosylation with Drp1 Cys663Val enhances

PKA induced mitochondrial elongation

Previous work has established that PKA induced mitochondrial elongation
is dependent on its ability to phosphorylate and inactivate Drp1 on Ser656
(Chang & Blackstone, 2007a, Cribbs & Strack, 2007). | wanted to determine
whether blocking nitrosylation, using the conserved Cys663Val mutation, affected
PKA induced mitochondrial elongation. Hela cells were transfected with either
wild type Drp1, Ser656Ala to block phosphorylation or the Cys663Val to block
nitrosylation, along with outer mitochondrial targeted GFP (omGFP) as a control
or outer mitochondrial targeted PKA (omPKA). Morphometric analysis of the
various conditions found that in the cells co-expressing omGFP, the Ser656Ala
mutant caused slight, though non-significant mitochondrial fragmentation while
the Cys663Val mutant caused significant elongation (Figure 3.3A). In cells co-
expressing omPKA, the wild type Drp1 showed significant elongation compared
to control, that was completely ablated by the Ser656Ala mutant. The Cys663Val
mutant significantly enhanced the omPKA induced mitochondrial elongation
compared to wild type Drp1 containing cells (Figure 3.3A). These results suggest
that blocking the ability of Drp1 to be nitrosylated, using a Cys663Val mutation,
synergizes with PKA mediated phosphorylation of Ser656.
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The Cys663Val and Ser656Asp independently block

nitrosylation induced mitochondrial fragmentation.

The initial characterization of the regulation of Drp1 by nitrosylation found
that NO treatment of Drp1 activates protein function resulting in Cys663
dependent mitochondrial fragmentation of neurons (Cho, et al, 2009). | sought to
determine whether 1) nitrosylation modulated the phosphorylation state of Drp1
Ser656 causing mitochondrial fragmentation, and 2) whether the Ser656 and
Cys663 sites acted dependently or independently to modulate the NO induced
fragmentation. Prior to experimentation, | verified the previously reported NO
induced mitochondrial fragmentation (Barsoum, et al, 2006) in Long Hela cells
and determined that the NO donor S-nitrosocysteine (SNOC) resulted in the most
significant fragmentation at the lowest concentration (data not shown). To
examine the above posed questions Hela cells were transfected with wild type
Drp1, Ser656Asp, Cys663Val, a double mutant containing both mutations,
Ser656Asp, Cys663Val, and the Ser635Ala mutant, blocking Cdk1 induced
phosphorylation, which was used as a control. Prior to fixation and staining, cells
were either left untreated, or treated with 500 yM SNOC for 2 hours. Subjective
scoring of the mitochondria revealed that under basal conditions the Ser656Asp,
Cys663Val and the double mutant all showed similar significant mitochondrial
elongation compared to wild type, while the Ser635Ala behaved similar to wild
type (Figure 3.4B). Treatment of the cells with 500 yM SNOC caused
mitochondrial fragmentation independent of the Drp1 construct. Specifically, the
wild type and Ser635Ala Drp1 showed significant fragmentation compared to
untreated cells, while the Ser656Asp, Cys663Val and the double mutant all
provided some protection against nitrosylation induced fragmentation (Figure
3.4A,B). Analysis of three independent experiments showed that while the

mitochondrial morphology of the double mutant construct was slightly longer than
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either single mutant alone, there was no significant difference between the
Ser656Asp and the double mutant constructs (Figure 3.4C). These results
suggest that the Ser656Asp and the Cys663Val act independently to attenuate
NO induced fragmentation. Yet the two mutations clearly have an additive effect
as the double mutant is more protected from NO induced mitochondrial
fragmentation than either mutation alone. One possible explanation is that the
mitochondrial elongation caused by the Ser656Asp (Chang & Blackstone, 20073,
Cribbs & Strack, 2007) protects the cells against the nitrosylation-induced
fragmentation. So rather than blocking the nitrosylation, the cells are buffered
from the effects of the NO or just take longer to respond. | believe the Cys663Val
mutant acts in much the same way. While the Val substitution is a conserved
mutation, the mitochondrial elongation under basal conditions suggests the
Cys663Val construct causes a non-specific conformational change leading to
Drp1 inactivation, which again buffers the cell against the nitrosylation induced

fragmentation.

Nitrosylation inhibits Adenylate Cyclase decreasing

cAMP production.

Posttranslational modifications serve to regulate protein function, not only
by turning the protein on or off, but also in initiating cascades of modifying
events. With the identification of the nitrosylated cysteine (Cho, et al, 2009) in
such close proximity to the Drp1 PKA phosphorylation site (Chang & Blackstone,
2007a, Cribbs & Strack, 2007) | wanted to determine whether nitrosylation
affected the ability of Ser656 to be phosphorylated.

Cos 1 cells were transfected with HA Drp1 wild type or Cys663Val. Two
days after transfection, cells were treated with 500 yM SNOC followed

immediately by increasing concentrations of forskolin. In the absence of SNOC
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treatment, wild type Drp1 showed a dose dependent increase in Ser656
phosphorylation following forskolin treatment, which was enhanced by the
Cys663Val mutant at all forskolin doses, though it was only significant at the two
highest doses (Figure 3.5A). The addition of SNOC lead to an overall decrease in
Ser656 phosphorylation of wild type Drp1 that was significant at the highest
forskolin concentrations (Figure3.5B) and was mirrored in the Cys663Val Drp1.
The change in Drp1 phosphorylation following nitrosylation was specific to the
PKA site, Ser656, as there was no change in the CDK1 phosphorylation site,
Ser635 (Taguchi, et al, 2007), following either treatment (data not shown). To
determine whether the decrease in Ser656 phosphorylation was a result of direct
Drp1 nitrosylation, or an indirect effect on the signaling cascade, cell lysates
were probed for phosphorylation of Vasp at Ser157, a specific substrate of PKA
(Butt, et al, 1994, Eckert & Jones, 2007). The change in Vasp Ser157
phosphorylation mimicked Drp1 Ser656 phosphorylation, with a dose dependent
increase in forskolin-induced activation that was significantly decreased in the
presence of SNOC (data not shown). Taken together these results suggest
SNOC is acting upstream of Drp1 to modulate PKA phosphorylation of target
substrates, independent of the presence of Cys663.

Next a SNOC dose curve was carried out to determine which
concentration produced an optimal block in Ser656 phosphorylation. When
SNOC was added to the cells immediately following forskolin, there was no dose
dependent change in Ser656 phosphorylation. Rather, initial activation of
adenylate cyclase by forskolin produced the optimal substrate phosphorylation
independent of the presence of SNOC (Figure 3.6A). These results suggested
that the forskolin and SNOC are acting at the same point in the pathway,
specifically adenylate cyclase, and whichever treatment is added first produces

an irreversible activation or inactivation, respectively. However, the decrease in
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Drp1 Ser656 phosphorylation at the highest concentration of SNOC (2.5 mM)
suggests Drp1 is being directly nitrosylated, and resulting in decreased Ser656
phosphorylation.

Previous work has demonstrated that adenylate cyclase (AC) type 5 and
type 6 are inactivated by nitrosylation (Hill, et al, 2000, McVey, et al, 1999). The
predominant subtype of adenylate cyclase found in the adult kidneys is AC6,
though AC4, 5, 7, and 9 are also expressed to a much lower degree (Defer, et al,
2000, Shen, et al, 1997). To examine the direct effects of nitrosylation on
adenylate cyclase in Cos 1 cells a cAMP production assay was performed using
the Bridge-It cCAMP assay (Mediomics). When the assay was performed at
concentrations similar to those used in the Ser656 phosphorylation assay (Figure
3.5), there was a significant decrease in the amount of cAMP produced at the
highest forskolin concentrations in the presence of 500 yM SNOC (data not
shown). When a more complete forskolin dose curve was undertaken, all but the
lowest forskolin concentrations, (0.1 yM and 0.39 yM) showed a significant
decrease in cAMP production in the presence of 500 yM SNOC (Figure 3.6B).
These results suggest that SNOC inhibition of adenylate cyclase leads to an
indirect decrease in PKA induced phosphorylation of Drp1 Ser656. However,
these results do not address the role of direct Drp1 nitrosylation on Ser656

phosphorylation.

Nitrosylation induced activation of PKA Rlo causes an

increase in substrate phosphorylation

To overcome the inhibition of adenylate cyclase by nitrosylation, Dibutyryl
cAMP (Bt, cAMP) was used to directly activate PKA. Cos 1 cells transfected with
HA Drp1 wild type or Cys663Val were treated two days after transfection with
500 uM SNOC followed immediately by 10 uM forskolin (as a positive control) or
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increasing concentrations of Bt, cAMP. Under basal conditions the wild type
Drp1 showed a dose dependent increase in Ser656 phosphorylation that at the
highest concentration (1 mM) was about three-fold lower than the
phosphorylation seen with 10 uM forskolin (Figure 3.7 A,B). Similar to the
forskolin curves, the Cys663Val mutant displayed enhanced Ser656
phosphorylation compared to wild type Drp1, under both basal and SNOC
stimulated conditions. Addition of 500 uM SNOC to the cells resulted in a five-
fold increase in Ser656 phosphorylation of both wild type and Cys663Val Drp1
(Figure 3.7A,B). Examination of Vasp phosphorylation revealed that addition of
SNOC led to a four-fold increase in Ser157 phosphorylation compared to when
treated with Bt, CAMP alone. These results suggest that SNOC is acting
upstream of Drp1 mediating indirect effects on Ser656 phosphorylation.

To address the possibility that SNOC is activating PKA to increase
substrate phosphorylation | looked at the disulfide bond formation of the PKA
regulatory subunits. Untransfected Cos1 cells were treated with 500 uM SNOC in
the presence or absence of 1 mM Bt, cAMP. Cells were lysed in the absence of
B-mercaptoethanol to prevent disulfide bond reduction. Examination of the
regulatory subunits revealed that PKA Rla shows a dose dependent increase in
disulfide bond formation after the addition of SNOC that is independent by Bt;
cAMP treatment (Figure 3.8A top and B). There was no detectable Rlla disulfide
bond formation in the presence of either treatment (Figure 3.8A bottom),
suggesting the actions of SNOC are PKA RI specific. To verify that the SNOC
induced dimerization that | was seeing was due to disulfide bond formation |
added back a reducing agent. Treating the cell lysates with p—-mercaptoethanol
resulted in a complete loss of the SNOC induced PKA Rla disulfide bond
formation (Figure 3.8C). PKA RI contains two highly conserved cysteines Cys16

and Cys37 (human sequence), which are absent from PKA RIl. Previous work
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has found that Cys16 and Cys37 form disulfide bonds (Banky, et al, 1998,
Burgoyne & Eaton, 2009, Leon, et al, 1997), which are enhanced by treatment of
cells with H2O, or NO donors (Brennan, et al, 2006, Burgoyne & Eaton, 2009).
To address the role of the cysteines in mediating the NO induced disulfide bond
formation of PKA RI, | made a Cys39His mutation (rat sequence), which has
previously been demonstrated to block disulfide bond formation, but not disrupt
PKA RI dimerization (Banky, et al, 1998). The Cys39His ablated the SNOC
induced disulfide bond formation of PKA Rla (Figure 3.8D), further demonstrating
the importance of disulfide bond formation, and specifically residue Cys39, in
mediating the effects of NO on PKA.

Contrary to previous findings (Brennan, et al, 2006) SNOC induced
disulfide bond formation of PKA Rla enhances the substrate phosphorylation
only in the presence of Bt, cAMP (Figure 3.8E). Additionally, treatment of Cos1
cells with 500 uM SNOC does not induce PKA RI translocation out of the cytosol
to a heavy membrane fraction (data not shown). These results are consistent
with the idea that SNOC induced disulfide bond formation of Rla. amplifies the
responsiveness of PKA to levels of cAMP, promoting increased substrate

phosphorylation.

Direct nitrosylation of Drp1 has no effect on the

nearby PKA phosphorylation site S656

| next looked at the effects of Drp1 nitrosylation on Ser656
phosphorylation, using a constitutively active form of PKA (caPKA) targeted to
the outer mitochondrial membrane (OMM). Cos 1 cells were transfected with
wild type or Cys663Val Drp1 along with increasing amounts of caPKA. 24 hours
post transfection cells were either left untreated, or treated with 500 uM SNOC

for 1.5 hours. Under basal conditions the caPKA acted similarly to the forskolin
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treatment, causing a dose dependent increase in substrate phosphorylation
independent of the Drp1 construct expressed (Figure 3.9A,B). It is important to
note here that the Cys663Val mutant causes slight, though non-significant
enhancement of PKA mediated Ser656 phosphorylation. Upon treatment of the
cells with the NO donor SNOC there is a slight, though non-significant decrease
in Ser656 phosphorylation. Further analysis with the PKA substrate antibody
showed a similar trend, where there was no change in overall phosphorylation
levels after SNOC treatment (data not shown). While at this point | am unable to
show that the SNOC is directly nitrosylating Drp1, it is evident that under the

conditions tested here is no effect of nitrosylation on Ser656 phosphorylation.

Discussion

Drp1 Nitrosylation

Contrary to previous findings it is now clear that nitrosylation of Drp1 has
no impact on Drp1 function. While NO donor treatment results in Drp1
nitrosylation, and evidence for Drp1 nitrosylation can be found in aged brains,
including those from PD and AD patients, there is no consequence of Drp1
nitrosylation on GTPase activity (Bossy, et al, 2010). The initial report described
SNOC induced Drp1 dimerization and NO mediated mitochondrial fragmentation
that was dependent on Drp1 Cys663 (Cho, et al, 2009). Previous
characterization of Drp1 demonstrated that oligomerization, not dimerization, is a
hallmark of Drp1 activity (Shin, et al, 1999, Zhu, et al, 2004), and is unaffected by
NO treatment (Bossy, et al, 2010). Furthermore, closer examination of GTPase
activity of recombinant Drp1 reveals that SNOC treatment does not increase the
GTPase activity of either wild type or the dominant negative Lys38Ala Drp1, as
previously claimed (Cho, et al, 2009). The conclusions from this most recent

paper, that the effects of nitrosylation on mitochondrial fragmentation do not go
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through changes in Drp1 activity, but rather may modify the function of an as yet
unidentified protein (Bossy, et al, 2010), are in agreement with my findings.
Furthermore, as NO can have far reaching effects on any available cysteine,
including kinases such as cdk2 (Kumar, et al, 2010), the increase in Drp1 activity
following NO donor treatment may be due to the increased Ser635
phosphorylation (Ser616 in the splice variant examined in the paper) rather than
directly to Drp1 nitrosylation (Bossy, et al, 2010) though my data does not
support this conclusion (data not shown).

The results discussed above support the conclusions that | am able to
draw from my studies. It is apparent that the Drp1 Cys663Val mutant consistently
attenuates the PKA mediated Ser656 phosphorylation. While the difference
between the Drp1 WT and the Cys63Val mutant are significantly different under
basal conditions and when treated with forskolin, there is no significant
enhancement of the caPKA phosphorylation of Ser656. | believe the discrepancy
in these results is due to a difference in magnitude. If you compare the Ser656
phosphorylation caused by forskolin (Figure 3.5 A) versus caPKA (Figure 3.9A) it
seems that the caPKA is more efficient at phosphorylating Drp1 than the
forskolin. Additionally, the difference in the WT and Cys663Val constructs is
subtle, requiring large numbers of experiments to become significant at even the
highest doses of forskolin. Therefore, while the difference between the Drp1 WT
and the Cys663Val in the presence of caPKA is not significantly different, the
trend is towards enhanced PKA phosphorylation with the Cys663Val mutant that
| believe would be significant if more experiments were performed. Furthermore,
| believe the difference between the Ser656 phosphorylation levels of the two
Drp1 constructs is not due to blocking nitrosylation but rather that the Val
mutation somehow increases the availability of the Ser656 to be phosphorylated,

either by changing the innate Drp1 structure to allow Ser656 to stick out more, or
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by possibly widening a binding pocket allowing PKA better access. Evidence of
this can be seen with the increase in Ser656 phosphorylation by western blot
analysis (Figure 3.5A), as well as by an attenuation of the decreased Drp1
mobility seen with PKA activation (data not shown), or the elongation of
mitochondrial following omPKA expression (Figure 3.3). However, treatment of
cells with an NO donor has no effect on the ability of Ser656 to be
phosphorylated (Figure 3.5B,C), suggesting the effects seen with the mutant are

due to a structural change rather than loss of a modification.

The role of Drp1 in mediating NO induced

mitochondrial fragmentation

One key point in my findings, is that contrary to previous reports (Cho, et
al, 2009) the Cys663Val mutant is not able to block SNOC induced mitochondrial
fragmentation (Figure 3.4), though there is a decrease in the percentage of
fragmented mitochondria (data not shown). The discrepancy between the results
of the Lipton lab and my own could be explained in many ways. First, the
difference could be due to the use of a Cys663Val mutation rather than the
Cys663Ala mutation used in the paper. While this is a possibility, the use of a
conserved mutation (position 663 is a valine in C. elegans) (Figure 3.1) would not
be expected to cause nonspecific conformational changes that result in disrupted
function. A second possibility is the use of different cell culture models. The
Lipton lab used primary cortical neurons for their immunofluorescent work, while |
used Hela cells. Since | first optimized the concentration of NO donor used to
induce mitochondrial fragmentation (data not shown), the cell culture model
should not result in such dramatic differences. Finally, | believe the variation
could be due to the use of selective publishing. The data from the Lipton lab

showed only control cells both treated and untreated, along with the Drp1
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constructs following SNOC treatment. Without knowing the percentage of
fragmentation caused by the Drp1 constructs under basal conditions it is hard to
draw complete conclusions. Similar to my data, the Lipton lab showed that the
Cys663Val blocked nitrosylation induced fragmentation when compared to
treated wild type Drp1. However, they make no comparison between treated and
untreated Cys663Val, leaving the possibility that in neurons, there is also
nitrosylation induced fragmentation of the Cys663Val construct, that is
significantly less than that seen in wild type expressing neurons. While | am not
saying that the data from the Lipton lab is wrong, | am simply stating that |
believe that the conclusions drawn from their work are not complete based on the
lack of proper controls presented in the paper. The conclusions that | draw from
my results are that the Ser656Asp and the Cys663Val are able to attenuate the
SNOC induced fragmentation, while the Ser635Ala and wild type Drp1 are not,
possibly due to the protective effects of mitochondrial elongation on delaying

apoptosis (Jahani-Asl & Slack, 2007, Lee, et al, 2004, Sugioka, et al, 2004).

Nitrosylation of the cAMP-PKA signaling cascade

Recently the nitrosylation of kinases and phosphatases have been found
to play a key role in modulating signaling cascades. Specifically, Park et al (Park,
et al, 2000) demonstrated S-nitrosylation of Cys116 inhibits JNK-mediated
phosphorylation and activation of Jun, its downstream signaling substrate.
Conversely S-nitrosylation of Src is associated with the formation of disulfide
bonds across Src multimers, leading to activation through autophosphorylation of
Tyr416 (Akhand, et al, 1999). Similarly the cAMP-PKA signaling cascade is
diametrically regulated by S-nitrosylation of key components. cAMP production
occurs following activation of adenylate cyclase (AC) by either Gas or through

pharmacological induction by forskolin. McVey et al (McVey, et al, 1999) found
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that pre-incubation of cell membranes from N18TG2 cells with NO donors (SNP
or SNAP) results in a dose dependent decrease in forskolin-induced cAMP
production from AC6. The inhibition of AC activity by NO is specific to isoforms 5
and 6, as AC1 and AC2 show no change in forskolin-induced cAMP production
following NO donor pre-incubation (Hill, et al, 2000). Looking downstream of AC
in the pathway, PKA Rl is directly activated by NO (Burgoyne & Eaton, 2009).
When perfused rat hearts are exposed to increasing concentrations of SNOC
there is a dose dependent increase in PKA RI nitrosylation and in disulfide bond
formation (Burgoyne & Eaton, 2009). Previous work by Brennan et al (Brennan,
et al, 2006) showed that oxidant-induced dimerization/disulfide bond formation
lead to activation of Rl resulting in translocation and increased substrate
phosphorylation.

Evidence presented herein verifies the previous findings of others.
Specifically, treatment of untransfected cells with the NO donor SNOC leads to a
significant decrease in cAMP production (Figure 3.6B), suggesting that NO is
acting to directly inactivate adenylate cyclase. Adenylate cyclase was identified
as a possible target of NO modifications when it became clear that the sequence
of the addition of SNOC and forskolin mediated the outcome of substrate
phosphorylation. When cells were treated with SNOC followed immediately by
increasing concentrations of forskolin, substrate phosphorylation was significantly
decreased in the presence of SNOC compared to forskolin treatment alone
(Figure 3.5B,C). Conversely, when cells were treated with forskolin prior to the
addition of increasing concentrations of SNOC, the NO treatment resulted in no
change in substrate phosphorylation (Figure 3.6A). Taken together these results
suggest that both forskolin and NO are acting on the same target, namely AC5/6.
It is possible to envision that conformation changes induced by forskolin masks

the NO targeted cysteine, making it unavailable for modification. In the inactive
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conformation, the targeted cysteine is available for modification by NO, possibly
locking the enzyme in its inactive state, thereby ablating the effects of forskolin.
Why then, is the decrease in substrate phosphorylation following SNOC
treatment so minimal? Why is there still any phosphorylation at all? The answer
to this is twofold. First, NO treatment has been found to specifically inhibit AC5/6
(Beazely & Watts, 2006, Hill, et al, 2000, McVey, et al, 1999) but not the other
subtypes found in kidney epithelial cells (Defer, et al, 2000, Shen, et al, 1997).
Therefore, following inactivation of a majority of the AC in the cells, there are still
some AC subtypes available for activation by forskolin, producing a small, but
important amount of cAMP (Figure 3.6B). Second, NO treatment increases PKA
RI disulfide bond formation (Figure 3.8A,B) enhancing the PKA mediated
substrate phosphorylation following cAMP (Figure 3.7A,B). Taken together, this
means that the substrate phosphorylation seen in the presence of both forskolin
and SNOC could be due to the moderate amount of cAMP produced from AC
subtypes not effected by NO induced inhibition, acting on the PKA, whose activity
is enhanced by NO modifications of PKA RI. Overall, these results highlight the
complexity of NO signaling and its role in regulating phosphorylation signal
cascades.

In conclusion it appears based on evidence presented herein, and recent
published work, that direct nitrosylation of Drp1 Cys663 has no functional
consequence, either through modulating Drp1 Ser656 phosphorylation, or

through direct activation of protein function.
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Figure 3.1 Schematic of Drp1 highlighting the highly conserved C-terminal
posttranslational modifications and the three alternatively spliced exons.
Figure modified from Cribbs JT and Strack S 2009.
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Figure 3.2 Model predicting the regulation of Drp1 by posttranslational
modifications.

Our model proposes that Drp1 posttranslational modifications are mutually
exclusive events. The nitrosylation of Cys663 prevents/inhibits the
phosphorylation of Ser656, while blocking nitrosylation with the Cys663Val
mutation, allows for PKA induced phosphorylation of Ser656.
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Figure 3.3 Blocking Drp1 nitrosylation with the Cys663Val mutant enhances
PKA induced mitochondrial elongation.

Mitochondrial morphometric analysis of Long Hela cells transfected with GFP
Drp1 wild type, Ser656Ala, or Cys663Val. A. Using form factor as a measure of
mitochondrial length, a preliminary experiment shows that under basal conditions
(omGFP), the Cys663Val causes mitochondrial elongation while the Ser656Ala
causes slight mitochondrial fragmentation. Co-expression of omPKA induces
mitochondrial elongation of wild type Drp1 that is blocked by the Ser656Ala
mutant, and enhanced by the Cys663Val mutant. Results are shown + standard
error where N = the number of cells per condition. B. Analysis of the average
number of mitochondria per cell reveals that conditions that show significant
mitochondrial elongation as described in A show significantly fewer mitochondria.
Results are shown + standard error where N = the number of cells per condition.
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Figure 3.4 Cys663Val and Ser656Asp independently ablate nitrosylation
induced mitochondrial fragmentation.

A. Immunofluorescence of Hela cells transfected with wild type (top) or
Cys663Val (bottom) Drp1 either untreated (top left) or treated with 500uM SNOC
(top right or bottom). B. Subjective scoring from one representative experiment.
Under basal conditions the Ser656Asp, Cys663Val and the Ser656Asp,
Cys663Val double mutant all cause significant mitochondrial elongation, while
the Ser635Ala is indistinguishable from wild type. SNOC treatment results in
mitochondrial fragmentation of all Drp1 constructs. C. Data from three
subjectively scored experiments normalized to wild type basal and NO treated (1
and 0 respectively). Results show that the S635A is indistinguishable from wild
type under both basal and NO treated conditions, while the other three constructs
are significantly elongated. SNOC treatment results in significant fragmentation
of all Drp1 constructs, though the Ser656Asp, Cys663Val and double mutant are
all significantly longer than the wild type treated cells. The Ser656Asp and
Cys663Val appear to independently block NO induced fragmentation as neither
single mutant is significantly different from the double mutant.
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Figure 3.5 Treatment of cells with S-nitrosocysteine decreases forskolin
induced Ser656 phosphorylation.

A. Quantification of Cos1 cells expressing either Drp1 wild type or Cys663Val
treated with increasing concentrations of forskolin. Results show the Cys663Val
enhanced PKA mediated phosphorylation compared to wild type. B.
Representative blot showing cells expressing wild type or Cys663Val Drp1 with
increasing concentrations of forskolin in the presence or absence of SNOC. C.
Quantification of the results from seven independent experiments as shown in B.
Results show treatment of the cells with SNOC causes decreased forskolin
induced Ser656 phosphorylation independent of the availability of Cys663 for
nitrosylation.
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Figure 3.6 Nitrosylation decreases adenylate cyclase activity resulting in
decreased cAMP production.

A. Quantification of Cos 1 cells expressing wild type or Cys663Val Drp1 that
were treated with forskolin followed immediately by increasing concentrations of
SNOC. Probing the cells for Ser656 phosphorylation revealed no change in
levels at any concentration of SNOC independent of the availability of Cys663 to
be nitrosylation. These results suggest forskolin and SNOC are acting in
opposing manners on adenylate cyclase B. The Bridge-it cAMP production assay
was used to monitor cAMP levels following treatment of untransfected cells with
increasing concentrations of forskolin in the presence or absence of SNOC.
Results show that treatment of the cells with SNOC prior to forskolin causes a
significant decrease in cAMP production at almost all concentrations of forskolin.
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Figure 3.7 S-nitrosocysteine treatment of cells enhances Dibutyryl cAMP
activation of PKA resulting in increased substrate phosphorylation.

A. Representative blot showing Cos 1 cells expressing wild type or Cys663Val
Drp1 treated with Dibutyryl cAMP following SNOC treatment. B. Quantification of
four independent experiments shows that SNOC treatment enhances the
Dibutyryl cAMP mediated activation of PKA resulting in dose dependent
phosphorylation of target substrates.
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Figure 3.8 Nitrosylation increases PKA Rla disulfide bond formation

leading to increased substrate phosphorylation following cAMP activation.
A. Untransfected Cos 1 cells treated with increasing concentrations of SNOC
show a dose dependent increase in disulfide bond formation of PKA RI, but not
PKA RII, that is independent of cAMP activation. B. Quantification of three
independent experiments demonstrates the dose dependent disulfide bond
formation of PKA RI. C. Untransfected Cos 1 cells were treated with increasing
concentrations of SNOC and lysed in the presence or absence of 3-
mercaptoethanol. Results show the NO induced PKA RI dimerization is due to
disulfide bond formation, as the band is reduced following treatment with -
mercaptoethanol.
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Figure 3.8 Continued

D. Cos 1 cells expressing wild type or Cys39His V5 PKA RI were treated with
increasing concentrations of the NO donor SNOC. The presence of Cys39His
blocked the NO induced PKA RI disulfide bond formation, suggesting this residue
is important for mediating the effects NO on PKA. E. PKA induced substrate
phosphorylation of untransfected Cos1 cells treated with increasing
concentrations of SNOC in the presence or absence of Bt, cAMP. Results show
PKA phosphorylation occurs only after Bt, CAMP treatment.
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Figure 3.9 Direct nitrosylation of Drp1 has no effect on Ser656

phosphorylation by constitutively active PKA.

A. Representative blot showing Cos 1 cells expressing wild type or Cys663Val
Drp1 along with constitutively active PKA (caPKA) in the presence or absence of
SNOC. B. Quantification of three independent experiments shows that caPKA
induces a dose dependent increase in Ser656 phosphorylation that is
independent of the availability of Cys663 to be nitrosylated. Treatment of the
cells with SNOC results in no change in Ser656 phosphorylation.
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CHAPTER IV: CHARACTERIZATION OF A NOVEL E3 UBIQUITIN
LIGASE COMPLEX THAT TARGETS PP2A B’ FOR
DEGRADATION

Introduction

The regulation of protein function within the cell can take the form of many
different types of posttranslational modifications. The most common and well
studied is the on/off regulation of protein activity by direct (de)phosphorylation by
kinases and phosphatases. The termination of protein activity often occurs
through regulated protein degradation, where the substrate protein is tagged with
mono or polyubiquitin and targeted for degradation by the proteasome. While
previous work in the lab has focused on identification of target substrates, and
determining downstream consequences of phosphatase activity, now the focus
has shifted to understanding how PP2A itself is regulated. To this end, we
performed a proteomic screen to identify novel interacting partners of PP2A B’(.
HEK293 cells expressing Flag B’p were IP’d using FLAG conjugated beads and
the lysates were subjected to liquid chromatography followed by tandem mass
spectrometry (LC-MS/MS). This technique identified KLHL15 and Cul3 as

specific interactors of B’g that did not interact with any other PP2A subunit.

Ubiquitination

Proteins are targeted for degradation through the addition of the 76 amino
acid ubiquitin moiety onto lysine residues, which often directs the modified
protein to the 26S proteasome. Ubiquitin molecules are added to the protein in a
stepwise fashion by three classes of proteins; the E1 ligase activates the
ubiquitin molecule, transferring it to the E2 ubiquitin-conjugating enzyme, which
interacts with an E3 ubiquitin ligase. E3 ligases are either HECT domain proteins,

which are able to directly ubiquitinate the substrate, or RING finger proteins,
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which serve as a scaffold to bring the E2 in close proximity to the protein
substrate (Petroski & Deshaies, 2005, Rotin & Kumar, 2009). The activity of the
E3 ligase can serve to add one molecule of ubiquitin onto the substrate
(monoubiquitination), one ubiquitin on multiple lysines of the substrate
(multiubiquitination), or form ubiquitin chains through the conjugation of additional
ubiquitins onto internal lysines of the original ubiquitin molecule

(polyubiquitination) (Rotin & Kumar, 2009).

Cullins

One family of Ring domain E3 ligases is the Cullin family, composed of
seven members (1, 2, 3, 4A, 4B 5, and 7) that act as scaffolds for various E2
enzymes and adaptor molecules. Each Cullin (Cul) contains a N-terminal
adaptor binding domain, and a C-terminal Ring binding domain that interacts with
the E2 ubiquitin conjugating enzyme, often called ROC1 or Hrt1 (Petroski &
Deshaies, 2005). Adaptor molecules, which confer substrate specificity to the
activity of Cullins, have been identified for many of the Cullins. Skp1 was
identified as an adaptor connecting the substrate binding Fbox protein to the E3
ligase activity of Cul1/7. Cul2/5 bind Elongin C, which then interacts with SOCS
proteins to convey substrate specificity. Unique among the family members are
Cul3 and Cul4 that interact with BTB/Kelch and DDB1 proteins respectively,
which are able to bind both the Cullin ligase and substrate through different

domains within a single protein.

Kelch domain containing proteins

KLHL15 is a recently identified kelch protein containing a N-terminal BTB
(broad-complex, tramtrack and bric a brac) domain a flexible linker BACK (BTB
and C-terminal Kelch) domain, and a C-terminal kelch repeat domain (Yoshida,

2005). BTB domains are important for self-association of other BTB/Kelch
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proteins, as well as interaction with Cul3 (Chen, et al, 1995, Perez-Torrado, et al,
2006, van den Heuvel, 2004). Previous groups have demonstrated the
requirement of kelch domain protein dimerization for Cul3 mediated ubiquitination
of the target substrate (McMahon, et al, 2006). The C-terminal kelch domain
forms a seven blade p-propeller that conveys substrate specificity (Adams, et al,
2000, Rondou, et al, 2008). KLHL15 joins a family of kelch domain containing
proteins that serve as adaptor molecules linking the Cul3/Hrt1 E3 ubiquitin ligase

complex to the specific substrate (Pintard, et al, 2004).

Tyrosine Hydroxylase dephosphorylation by PP2A B’

Tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine
synthesis, is activated by PKA induced phosphorylation of Ser40 (Haycock,
1990, Lew, et al, 1999). Previous work in the Strack lab showed that PP2A
B’p specifically dephosphorylates TH on Ser40, leading to enzyme inactivation
resulting in decreased dopamine synthesis (Saraf, et al, 2007, Saraf, et al, 2010).

The focus of this research was to characterize a novel E3 ubiquitin ligase
complex through the identification of residues in the BTB domain of KLHL15 that
are responsible for self association and interaction with Cul3, in the kelch domain
that are required for substrate binding, and in PP2A B’p that mediate binding to
the complex. The goal is to identify mutations that would enhance the interaction
between PP2A B'3 and the E3 complex, destabilizing the phosphatase, leading
to enhanced activation of target substrates, specifically TH. Rational drug design
could then be used to decrease PP2A B’p stability leading to increased dopamine

synthesis.
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Materials and Methods

Cell Culture and Constructs

Cos 1 (Gluzman, 1981) were cultured (37°C, 5% CO,) in RPMI 1640
(Gibco) containing 10% fetal bovine serum (heat inactivated).

The cDNA from KLHL15 was cloned using RTPCR from HEK 293T cells
using the forward primer CAG CTC GAG CAG GGG ACG TGG AAG GAT TCT
G and the reverse primer GTG CAATTG TCATTA GTT GCA ACG CCT GAC C.
The cDNA was then cloned into the pEGFP C1 (Invitrogen) or pEGFP -3HA
using the Xhol and Mfel restriction sites. The V5 tag was inserted between the
KLHL15 DNA and the GFP tag at the BsrGl and Xhol sites using the oligo GTA
CAA GTC TCG AGG AAA GCC AAT TCC TAATCC TCT GCT CGG GCT CGA
CAG CAC TGG AAG TGG TAA ACC GAT CCC AAA CCC GCT TCT AGG TCT
GGA TTC TAC AGG. Site directed mutagenesis was carried out following the
Quick Change (Stratagene) whole plasmid PCR protocol. pEGFP C1-KLHL15
was used as a template to generate the following mutations (Asp32Ala,
His45Leu, lleLeuLys72AlaAlaAla, Arg318Glu, Glu335Arg + Leu337Ala,
Glu371Arg, ArgAsp389AlaAla, and GluAsnLys567LysAspGlu) and the truncation
mutant Akelch. HA B’ (McCright & Virshup, 1995) (a gift from DM Virshup) and
FLAG B’ (Van Kanegan, et al, 2005) were used as templates for generating
point mutations (His45GIn, Tyr52Ser, 52SerGInGlyLysProlle). Design of the
FLAG B’ truncation mutants (A1-30, A1-65, A475-497 and A486-497) is
described elsewhere (Saraf, et al, 2010). KLHL1 (Nemes, et al, 2000) was a

generous gift from Michael Koob (University of Minnesota).

Antibodies
Antibodies commercially available are as follows: GFP (Abcam (rabbit)

and NeuroMab (mouse), V5, EZ-View anti HA and anti FLAG conjugated beads
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(Invitrogen), HA (Santa Cruz), FLAG (Cell Signaling). B’f and B’e serum was a
gift from DM Virshup. Secondary antibodies include goat aRabbit IR800, goat
aMouse IR800, goat aRabbit IR680, and goat aMouse IR680 (Licor, Lincoln,
NE).

Immunoprecipitation

Cos1 cells were plated at 300,000 cells/mL media in a 6 well plate and
were transiently transfected the same day with either pEGFP C1 KLHL15
constructs or KLHL1 along with HA KLHL15 constructs, HA Cullin, or FLAG B’
subunit constructs using 0.6% Lipofectamine 2000 (Invitrogen). 40 hours post-
transfection cells were washed with PBS and harvested in Digitonin Buffer (50
mM Tris HCI, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 10
ug/mL (20 uM) leupeptin 250 uM PMSF and 1 mM DTT) containing 500 ug/mL
digitonin. Soluble protein was IP’d with 10 uL conjugated beads (either HA or
FLAG) in digitonin buffer to which 1% Triton X 100 was added for 2.5-3 hours.
Beads were washed two times in IP Kinase Buffer (1% Triton X 100, 150 mM Tris
HCI, 300 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM benzamidine, 10 ug/mL (20
uM) leupeptin, 1 mM p-glycerolphosphate, 2.5 mM sodium pyruvate, and 250 uM
PMSF), extracted in SDS Sample Buffer, subjected on SDS PAGE and
transferred to nitrocellulose membrane for western blotting. Images were

generated using the Odyssey Imaging System (Licor, Lincoln, NE).

Co-expression Assays

Cos1 cells were plated at 300,000 cells/mL media in a 24 well plate and
were transiently transfected the same day with HA or FLAG tagged B’ subunits
(a, B, v, O, €), along with pEGFP KLHL15 or KLHL1 using 0.6% Lipofectamine
2000 (Invitrogen). In order to look at the requirement of Cul3 in the degradation

of B’ HA Cullin constructs (Cul2, Cul3 or Cul3 AROC) were transiently
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transfected with FLAG tagged B’ or B’e along with pEGFP KLHL15 or KLHL1.
40 hours post transfection cells were washed one time with PBS and lysed in 1X
Sample Buffer followed by sonication, and boiling. Samples were subjected to
10% SDS PAGE and transferred to nitrocellulose membranes for western
blotting. Images were generated using the Odyssey Imaging System (Licor,

Lincoln, NE).

Quantitative of protein expression

Images were captured using the Odyssey Imaging System, and the
quantification of band intensities was calculated using Image J software. To
determine the relative intensities of each subunit, the B’ subunit band was
divided by the KLHL band to control for loading differences. Then the ratio of B’
subunit expressed in the presence of KLHL15:KLHL1 was calculated to

determine the relative expression of each subunit in the presence of KLHL15.

Results

The BTB domain of KLHL15 is required for self-

association

The N-terminal BTB domain is important for both kelch domain protein
dimerization as well as interaction with the E3 ligase Cul3. Previous work has
demonstrated that dimerization of Keap1, a kelch domain protein, is imperative
for binding to Cul3, and targeting its substrate Nrf2 for ubiquitin mediated
degradation (McMahon, et al, 2006). To examine the importance of the BTB
domain of KLHL15 for both dimerization and Cul3 interaction, mutations were
made in three highly conserved residues (Figure 4.1A), Asp32Ala and His45Leu

that were previously shown to be important for BTB protein self association
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(Chen, et al, 1995) or lleLeuLys72AlaAlaAla that was predicted to disrupt the
interaction with Cul3.

Self-association was examined by co-expressing HA KLHL15 full length or
kelch domain only with GFP KLHL15 wild type, the BTB domain mutants, or
Akelch, which contains the BTB and Back domains. Precipitation of full length
HA KLHL15, but not kelch only, was able to co-precipitate all the GFP KLHL15
constructs examined except Asp32Ala (Figure 4.1B). Importantly, the Akelch
mutant still associated with full length HA KLHL15. These results suggest that the
BTB domain of KLHL15 is both necessary and sufficient for self-association and

requires residue Asp32, but not His45 or lleLeuLys72.

The KLHL15 BTB domain mediates the interaction

with Cul3

Next | wanted to verify that the BTB domain is required for binding the E3
ubiquitin ligase. Specifically | wanted to show that Cul3, but not Cul2, is able to
interact with KLHL15. Cos 1 cells co-expressing GFP KLHL15 or KLHL1 along
with HA Cul2, Cul3 or Cul3 AROC (this mutant disrupts the interaction between
Cul3 and E2 conjugating enzymes (Pintard, et al, 2004)) were IP’d using HA
conjugated beads. Results show only Cul3 and Cul3 AROC are able to
precipitate out both KLHL 15 and KLHL1 (Figure 4.2A). Not surprisingly,
expression of the Cul3 AROC resulted in greater stability and IP of both the Cul3
and KLHL proteins, due to the loss of substrate ubiquitination. Taken together
these results suggest that KLHL15 and Cul3 exist in a complex in cells.

In order to identify which BTB domain residues are required for the
interaction between KLHL15 and Cul3 | used the BTB domain mutants described
above, as well as a kelch domain mutant (Arg318Glu) described elsewhere. IP of

HA Cul3 was able to specifically pull-down all the KLHL15 constructs examined,
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though there was a 40% decrease of interaction with the His45Leu,
lleLeuLys72AlaAlaAla, and Arg318Glu mutants (Figure 4.2B). The HA Cul3
AROC co-precipitated all the GFP KLHL15 constructs expressed except the
lleLeuLys72AlaAlaAla mutant (Figure 4.2C). The inconsistency of these results
could be due to variation in protein expression, or loss of a secondary interaction
that further stabilizes complex formation. The disruption of KLHL15::Cul3 AROC
complex with the lleLeuLys72AlaAlaAla mutant has been confirmed in multiple
independent experiments leading to the conclusion that this residue is important

for the direct interaction between Cul3 and KLHL15.

KLHL15 specifically targets B’ for degradation

KLHL15 was identified in large scale FLAG IPs of B'3, but not the A or C
subunit (unpublished data). In order to determine whether the interaction of
KLHL15 was specific for B’g, or universal for all B’ subunits, we monitored the
degradation of B’ subunits following KLHL15 overexpression. Co-expression of
KLHL15 and HA B’ subunits resulted in a 60% decrease in B’ expression while
other subunits showed no change in expression, when compared to co-
expression with KLHL1 (Figure 4.3A). These results suggest KLHL15 induces
degradation of B’$ but not of other B’ subunits (a.,9,y,e). To show that the
degradation of B’ was due to an interaction with KLHL15, FLAG B’ or B’e,
were used to Co-IP GFP KLHL15 or KLHL1. The interaction between B’ and
KLHL15 was shown to be specific as B’ was able to pulldown KLHL15 but not
KLHL1 (Figure 4.3B), while B’e did not pulldown either KLHL protein (Figure
4.3C). These results suggest that the degradation of B’f is due to the specific
interaction between KLHL15 and B’p.
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KLHL15 mediated degradation of B’ requires Cul3

To verify that the KLHL15 mediated degradation of B’} occurs through the
formation of an E3 ubiquitin ligase complex with Cul3, co-expression tests were
performed. FLAG B’ was co-expressed with GFP KLHL1 or 15 and HA Cul2,
Cul3 or Cul3 AROC. Degradation of B’p occurred only when both KLHL15 and
Cul3 were co-expressed, but not when expressed with Cul2 or Cul3AROC and
not when KLHL15 was replaced with KLHL1 (Figure 4.3D). These results
suggest that KLHL15 and Cul3 form an E3 ubiquitin ligase complex that

specifically targets B’p for degradation.

KLHL15 binds to the N-terminal portion of B’

Once it was determined that KLHL15 binds to and degrades B’} but not
the other B’ subunits, examination of the B’ subunit sequence alignment showed
low sequence conservation in the N-terminal and C-terminal portions of the B’
subunits. Previously subcloned N and C-terminal truncation mutants (Saraf, et al,
2010) were used to narrow down possible binding regions (summarized in Figure
4.4B). Co-expression of KLHL15 with B’p wild type and B3 A1-30 showed a 75%
decrease in protein expression compared to expression with KLHL1, while the
B’B A1-65 showed no difference in expression (Figure 4.4A). In order to rule out
additional binding sites in other portions of the protein, a pEGFP B’ C-terminal
construct was co-expressed with either KLHL15 or KLHL1, which showed equal
expression in the presence of both KLHL proteins (summarized in Figure 4.4B).

Next Co-IP assays were performed to determine which of the B’
truncation mutants were capable of specifically interacting with KLHL15. FLAG
B’p constructs (wild type, A1-30, A1-65, and A475-497) were co-expressed with
pEGFP KLHL15. Similar to the co-expression data, B’ wild type, A1-30 and
A475-497 were able to specifically pullout KLHL15, while A1-65 was not (Figure
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4.4C). These results suggest that the N-terminal portion, specifically residues 31-
65, are necessary to bind KLHL15, leading to the degradation of B’(.

Scrutiny of the B’ sequence between residues 31-65 showed a high
degree of sequence conservation not only among B’ homologs, but also
amongst B’ subunits (Figure 4.5A). In B’p His45 is conserved among homologs,
but is replaced by a GIn in B’e. Additionally, the YQSNQQ in rat B’ is SQGKPI in
B’e suggesting these residues might be important for mediating specific protein
interactions. FLAG B’g His45GIn and Tyr52Ser were co-expressed with GFP
KLHL15 and then IP’'d using FLAG beads. The His45GIn interacted with KLHL15
in a manner similar to wild type B’g, while the Tyr52Ser mutation completely
disrupted the interaction (Figure 4.5B). Taken together, the results from these co-
expression and co-immunoprecipitation assays help to map the requirement of
the N-terminal region of B'f}, specifically residue Tyr52, for the interaction with

KLHL15.

KLHL15 interacts with B’f in the holoenzyme

To identify all of the components of the KLHL15:Cul3 complex it is
important to determine whether KLHL15 degrades the PP2A holoenzyme or just
the B’p regulatory subunit. To address this question | focused on whether B’ can
simultaneously interact with the PP2A core enzyme and KLHL15. Cos 1 cells
transfected with KLHL15 along with FLAG B'’f wild type or mutants that disrupt
association of the regulatory subunit with the PP2A core enzyme,
LysArg103AspGlu, and SerSer367AspAsp or the ArgLys232GluAsp mutation as
a control (unpublished data). Analysis of FLAG IPs reveal that KLHL15 is able to
bind to all the B’p constructs independent of its association with the PP2A core
enzyme (Figure 4.6A). Reciprocal IPs were then performed to look at the ability

of KLHL15 to precipitate out B’g as well as the PP2A/c subunit as a measure of
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holoenzyme inclusion into the KLHL15::Cul3 complex. Cells were transfected as
described above and IP’d using V5 conjugated beads. Initial results demonstrate
that KLHL15 is able to interact with B’ independent of its association in the
PP2A holoenzyme, as B’3 mutants that disrupt PP2A/c subunit interaction
(KR103DE and SS367DD) can still be precipitated out with V5/GFP KLHL15
(Figure 4.6B). Furthermore, KLHL15 appears to interact with the PP2A
holoenzyme in a B’ dependent manner, as PP2A/c is only precipitated out in the
presence of wild type B’p (Figure 4.6C). Taken together these results suggest
that KLHL15 can interact with both the free B’ as well as the holoenzyme
associated B’f. However, association of KLHL15 and the PP2A holoenzyme
depends on the presence of wild type B’p, further verifying that KLHL15 only
binds B’f, and not other PP2A subunits.

B’B binds to the top of the KLHL15 Kelch Domain

Now that | have identified the region of B’ responsible for interacting with
KLHL15, it was important to identify which residues in the kelch domain were
required for the interaction. Sequence alignment of multiple kelch domain
containing proteins identified multiple non-conserved residues located on the top
of the KLHL15 B-propeller structure (Figure 4.7B,C) marking them as possible
substrate binding sites. Mutations of these sites (GluAsnLys567LysAspGilu,
Arg318Glu, Glu335Arg Lys337Ala, and Glu371Arg) converted the KLHL15
residue into the equivalent residue from another family member. Cells expressing
FLAG B’ and GFP KLHL15 wild type or kelch domain mutants were co-
expressed and then IP’d using FLAG conjugated beads. Results show that all the
kelch domain mutants disrupt binding to B’p (Figure 4.7A). These results suggest
that the top of KLHL15 forms a binding surface, or possibly a pocket into which
B’B binds.
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KLHL15::Cul3::B’8 exist as a complex in vivo

While we know that the degradation of B’ requires the presence of both
KLHL15 and Cul3, it is important to determine if all three exist in a complex in
intact cells. Since the purpose of the KLHL15:Cul3 complex, we believe, is to
mediate ubiquitination and degradation of B'f3 | chose to use the Cul3 AROC
mutant that should be able to form the proper complex, without ubiquitinating the
substrate (Pintard, et al, 2004). Cos1 cells were transfected with HA Cul3 AROC,
FLAG B’B, and GFP KLHL15 wild type, BTB domain mutants (Asp32Ala,
His45Leu, lleLeuLys72AlaAlaAla), or kelch domain mutants (Arg318Glu and
Glu371Arg). First | used HA conjugated beads to pullout HA Cul3 AROC, and
looked for specific interactors. HA Cul3 AROC was able to precipitate B’f with
wild type KLHL15, Asp32Ala and His45Leu, but not the Cul3 AROC binding
disruption mutant (lleLeuLys72AlaAlaAla) or the kelch domain mutants
(Arg318Glu and Glu371Arg) (Figure4.8A). Next | performed the reciprocal
immunoprecipitation, pulling out FLAG B’ and looking for interacting partners.
FLAG B’f is able to pull-down wild type GFP KLHL15 and the BTB mutants
(Asp32Ala, His45Leu, lleLeuLys72AlaAlaAla), but not the kelch domain mutants
(Arg318Glu and Glu371Arg) (Figure 4.8B). Cul3 AROC is only precipitated in the
presence of wild type KLHL15 but not with any of the KLHL15 mutants (Figure
4.8B). Together these results suggest 1) that a complex consisting of KLHL15,
B’B, and Cul3 exists in cells, and 2) unlike other BTB domain containing protein,
KLHL15 dimerization is dispensable for proper protein function (Kim, et al, 2005,

McMahon, et al, 2006, Zhuang, et al, 2009, Zipper & Mulcahy, 2002).
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Discussion

Characterization of the KLHL15 BTB domain

The BTB domain was initially characterized as a protein self-association
domain (Chen, et al, 1995, Robinson & Cooley, 1997). Indeed the self-
association of substrate adaptors has long been thought to be required for the
formation of the Cul3:kelch domain protein complex (McMahon, et al, 2006,
Robinson & Cooley, 199, Kim, et al, 2005, Zhuang, et al, 2009, Zipper &
Mulcahy, 2002). Using site-directed mutagenesis, based on dimerization
disrupting mutations in other BTB domain containing proteins (Chen, et al, 1995)
| was able to characterize the role of the KLHL15 BTB domain in self-association
and its interaction with Cul3.

The BTB domain of KLHL15 was found to be both necessary and
sufficient for protein self-association, with a specific requirement for the presence
of Asp32 (Figure 4.1B). Analysis of the role of the BTB domain in mediating the
interaction with Cul3 revealed that KLHL15 dimerization is dispensable for Cul3
interaction, as both Cul3 and Cul3 AROC were able to interaction with the
KLHL15 Asp32Ala mutant. Interestingly, the presence of the ROC1 binding
domain influenced the ability of Cul3 to interact with KLHL15. When KLHL15
was co-IP’d with HA Cul3, all KLHL15 mutations disrupted the interaction to
some degree (Figure 4.2B). However, when KLHL15 was co-IP’d with Cul3
AROC, the lleLeuLys72AlaAlaAla specifically and completely, disrupted the
interaction, while the other mutations had no affect (Figure 4.2C). These
conflicting results can be explained in two ways; 1) co-expression of KLHL15 with
wild type Cul3 leads to degradation of both proteins within the complex.
Therefore, maybe the variation in interaction is due to a variation in protein

stability, rather than a true reflection on complex formation. This explanation is
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unlikely given the relatively similar levels of protein expression between the two
transfections. 2) It is possible that there are secondary interactions between the
E2 conjugating enzyme and KLHL15 that enhance complex formation. The
results from the KLHL15 Cul3 ARoc IPs suggest a direct interaction between
Cul3 and the BTB domain (Figure 4.2C). However, it appears that the E2
conjugating enzyme may interact with other portions of KLHL15 (Figure 4.2B)
thereby explaining the discrepancy between the results. Either way, these
results verify the role of the KLHL15 BTB domain in self-association and

interaction with the E3 ubiquitin ligase Cul3.

The N-terminal portion of B’f interacts with the

KLHL15 kelch domain

Once we were able to determine that KLHL15 mediates the degradation of
only B’ it was fairly easy to narrow down the binding domain to the N-terminal
portion of the protein. Mutagenesis of the residues that were highly conserved in
B’B but were absent in other B’ subunits lead to the identification of Tyr52 as the
residue required for the interaction between B’ and KLHL15.

The identification of Tyr52 as being indispensable for KLHL15 leads to
some intriguing possibilities as to the potential phospho-regulation of PP2A B’p
stability. In silico analysis implicates Tyr52 as a potential Tyr phosphorylation
site. One possible scenario is that phosphorylation of Tyr52 disrupts the
interaction between B’ and KLHL15:Cul3 complex, causing increased B’
stability, an increase in substrate (TH) dephosphorylation, and an overall
decrease in dopamine synthesis. If B'f stability is indeed regulated by Tyr
phosphorylation, then treating Parkinson’s disease patients with a tyrosine kinase
inhibitor, or a tyrosine phosphatase activator, while there would be many off-

target effects, might result in an overall increase in dopamine synthesis.
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When examining the kelch domain of KLHL15 the picture is a little
murkier. Mutation of multiple residues on the outer face of the kelch domain all
disrupt binding to B’p (Figure 4.7A). Protein threading models predict that most of
the mutations, Arg318Glu, Glu335Arg Lys337Ala, and Glu371Arg, are on the top
of the pB-propeller suggesting the possibility that these residues form a binding
pocket or surface into which the substrate binds (Figure 4.7B). Taken together
these results suggest that B’ Tyr52 fits into a binding pocket at the top of the
kelch domain. Disruption of the binding pocket, by mutations in the kelch domain,
or to B’ Tyr52, result in complete loss of the interaction, increasing B’} protein
stability.

The intriguing aspect of the kelch domain mutagenesis is that the
GluAsnLys567LysAspGlu, residues predicted to be on the opposite side of the
p-propeller (Figure 4.7B,C), also disrupt binding to B’f (Figure 4.7A). It is
possible, based on the crescent-like shape of the B’ subunit family (Xu, et al,
2006), that multiple regions of the KLHL15 kelch domain are important for
substrate binding. However, analysis of B’f truncation mutants revealed that only
one region of B’f binds KLHL15 making the dual binding scenario less likely. A
second explanation of these results, may be that while the top of the kelch
domain interacts with B’g, the other side interacts with another part of the PP2A
holoenzyme, which is indirectly responsible for binding B’g. This possibility is
unlikely based on the original identification of KLHL15 and Cul3 as specific
interactors of B'f3 that did not interact with other PP2A subunits. The third
possibility is that all the kelch domain mutants non-specifically disrupt kelch
domain structure or function. The evidence against this possibility is that the
KLHL15 kelch domain residues were mutated to match residues found in the

same position in other kelch domain containing proteins. Overall, while it is
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difficult to imagine how the KLHL15 GluAsnLys567LysAspGlu mutants disrupts
binding to B’f it is clear that the kelch domain is important for B’g binding.

Future work should characterize additional kelch domain mutants, finding
some that do not disrupt binding to B’f, though the identification of the binding
pocket on KLHL15 that mediates the interaction with B’ Tyr52 is very promising.
Manipulation of these residues should allow for specific regulation of B'f} protein

stability, modulating the levels of dopamine synthesis.

The novel KLHL15:Cul3 ubiquitin ligase complex

mediates the degradation of PP2A B’B.

Based on the mutational analysis and IP data it is clear that KLHL15 is
acting as a substrate adaptor, bridging the E3 ubiquitin ligase Cul3 with the
substrate B’. Based on mutations within the BTB domain, it appears that unlike
previously described kelch domain proteins (McMahon, et al, 2006) KLHL15 self-
association is dispensable for Cul3 interaction (Figure 4.2 B,C) and substrate
binding (Figure4.7A). While the KLHL15 kelch domain mutants all disrupt the
interaction with B’ to some degree, evidence suggests that B’ Tyr52 (Figure
4.5) interacts with the binding pocket created by KLHL15 Arg318, Lys335,
Glu337 and Glu371 (Figure4.7), on the top of the kelch domain (3 propeller. Since
the N-terminal portion of B’f is responsible for binding KLHL15, this leaves the C-
terminal portion available for binding the PP2A core enzyme (Figure 4.6). These
results open up the possibility that KLHL15 mediates the degradation of the
PP2A B’g holoenzyme, as the interaction of KLHL15 and B’f is independent of
the ability of B’g to bind the PP2A C subunit (Figure 4.6A,B), though the inclusion
of the PP2A holoenzyme in the KLHL15::Cul3 complex is B’$ dependent (Figure
4.6C).
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The focus of this work was to identify residues in B’ and KLHL15 that
mediate direct interaction and substrate degradation. Once these residues are
identified, work can then shift to determining how regulation of the stability of
PP2A B’ affects downstream substrate activity. To this end, we believe that
increasing the interaction between KLHL15 and B’ using pharmacological Tyr
phosphatase activators or Tyr kinase inhibitors or a Tyr52Phe phospho-ablating
mutation should decrease protein stability, resulting in a downstream increase in
TH Ser40 phosphorylation and a measurable increase in dopamine synthesis. In
conclusion future work directed at the regulation of PP2A B’ protein stability, by
modulating its interaction with the Cul3:KLHL15 complex, is a viable target for

research directed at increased dopamine synthesis.
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Table 3 Summary of KLHL15 mutant binding to interaction partners.

KLHL 15 Domain
Mutant Location Self Association Cul3 B'g
WT --- dimerizes YES YES
Asp32Ala BTB disrupts YES YES
His45Leu BTB dimerizes YES YES
lle72Ala, Leu74Ala, Lys75Ala BTB dimerizes NO ND
Arg318GIu KELCH dimerizes YES NO
Glu335Arg, Leu337Ala KELCH ND ND NO
Glu371Arg KELCH ND YES NO
ArgAsp389AlaAla KELCH ND ND ND
Glu518Arg KELCH ND ND ND

GluAsnLys567LysAspGlu KELCH ND YES YES
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Figure 4.1 The N-terminal BTB domain of KLHL15 is both necessary and

sufficient for protein self-association.

A. Structural domains of KLHL15 and the sequence alignment of the BTB and
kelch domains of KLHL1, 9, 15 and Keap1. B. Residues previously identified to
be important for BTB dimerization were mutated in the KLHL15 BTB domain. IP
of HA full-length or Kelch domain only co-expressed with GFP KLHL15 wild type,
BTB domain mutants, or the Akelch domain. Results show that the BTB domain
is necessary and sufficient for KLHL15 self-association and requires the Asp32
residue.
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Figure 4.2 The BTB domain of KLHL15 interacts with the E3 ubiquitin ligase
Cul3.

A. IP of HA Cul2, Cul3, or Cul3 AROC co-expressed with GFP KLHL15 or KLHL1
demonstrates that the N-terminal portion of Cul3 specifically interacts with both
KLHL15 and KLHL1. B.C. IP of HA Cul3 (B.) or HA Cul3 AROC (C.) co-
expressed with GFP KLHL15 wild type, BTB domain mutants (D32A, H45L,
ILK72AAA) or Kelch domain mutant (R318E). Results reveal that KLHL 15 self-
association is dispensable for Cul3. Cul3 is able to interact with all KLHL15
constructs, though there is a 40% decrease in binding with the H45L, ILK72AAA
and R318E (B.). The Cul3 AROC construct is able to specifically interact with all
the GFP KLHL15 constructs with the exception of ILK72AAA (C.).
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Figure 4.3 KLHL15 mediated degradation of B’ requires Cul3.
A. Co-expression of HA B’ subunits with GFP KLHL15 or KLHL1 reveals that
KLHL15 specifically degrades B’g, while having no affect on other B’ subunits.
B.C. IP of FLAG B’ (B.) or B’e (C.) co-expressed with GFP KLHL15 or KLHL1
demonstrate that the KLHL15 mediated degradation of B’f is due to a specific
interaction between KLHL15 and B’f. D. Co-expression of HA Cul2, Cul3, or
Cul3 AROC with GFP KLHL15 or KLHL1 and FLAG B'’§ or B’e shows that the

KLHL15 specific degradation of B’b requires wild type Cul3.
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Figure 4.4 KLHL15 binds to the N-terminal portion of B’f to mediate
degradation.

A. The region of B’ responsible for binding KLHL15 was examined by co-
expressing B'f full length or N-terminal truncation mutants with GFP KLHL15.
Analysis of B’} protein expression when co-expressed with KLHL15 revealed that
both B’ full length and A1-30 are degraded while A1-65 remains unchanged. B.
Summary of B’ N and C-terminal truncation mutant degradation when co-
expressed with KLHL15. C. IP of FLAG B’ full length or truncation mutants co-
expressed with GFP KLHL15. Results show KLHL15 interacts with full length,
A1-30 and A475-497, but not the A1-65. Taken together these results suggest
B’ residues 30-65 are required for interacting with KLHL15.
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Figure 4.5 B’$ Tyr52 is required for binding to KHLH15.

A. Analysis of the B’ orthologues reveals highly conserved residues that are
absent in B’e. These residues, His45 and Tyr52, were mutated to the equivalent
residues in B’s. B. IP of FLAG B’ wild type, His45Leu or Tyr52Ser co-expressed
with KLHL15. Results show Tyr52 is required for binding KLHL15.
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Figure 4.6 B’ in the PP2A holoenzyme binds to KLHL15.

Co-expression of V5/GFP KLHL15 with FLAG B’ wild type, holoenzyme
disrupting mutants (LysArg103AspGlu, SerSer367AspAsp, and
ArglLys232GluAsp as a control, (described elsewhere)) or the KLHL15 disrupting
mutants Tyr52Ser and A1-65. A. FLAG IPs reveal that all B’f mutants still
interact with KLHL15 independent of their inclusion in the PP2A holoenzyme. B.
V5 IPs show that KLHL15 is able to interact with B’ independent of its inclusion
in the holoenzyme. C. However, V5 IPs performed to examine the incusion of
the PP2A holoenzyme show the C subunit is present in the complex in a

B’p dependent manner as cells expressing B3 mutants that disrupt the
association with the C subunit (SS367DD) fail to show interaction between

KLHL15 and PP2A/c.
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Figure 4.7 The top of the kelch domain of KLHL15 is responsible for
binding B’f.

A. Mutations were made of residues that are present in the Kelch domain of
KLHL15, but not other kelch domain proteins. IP of FLAG B’ co-expressed with
GFP KLHL15 kelch domain mutants results in disrupted substrate binding with all
mutants. These results suggest that the bottom face of the KLHL15 kelch domain
is responsible for binding the substrate B’p. B.C. Model of the proposed
structure of the KLHI15 kelch domain highlighting (in green) the residues that
when mutated disrupt substrate binding. As all mutations lie on the bottom face
of the p-propeller the results suggest these residues form a binding pocket or
surface that interacts directly with B’p.
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Figure 4.8 KLHL15 acts as a scaffolding, bridging the E3 ubiquitin ligase
Cul3 and the substrate B’$ in one complex.

Cos1 cells co-expressing HA Cul3 AROC, FLAG B’ and GFP KLHL15 wild type,
BTB domain mutants (Asp32Ala, His45Leu, lleLeuLys72AlaAlaAla) or kelch
domain mutants (Arg318Glu, Glu371Arg). A. HA IPs show only the BTB domain
mutant lleLeuLys72AlaAlaAla disrupts KLHL15:Cul3 AROC binding. Analysis of
the presence of FLAG B’ shows the substrate is present when co-expressed
with KLHL15 wild type, Asp32Ala and His45Leu. B. FLAG IPs show the KLHL15
kelch domain mutants disrupt binding to B’f. HA Cul3 AROC is only present
when co-expressed with wild type KLHL15.
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CHAPTER V: CONCLUSIONS

Importance of mitochondrial function

Historically, mitochondria are best known for their role in being the
“‘powerhouse of the cell.” However, further insight into the function of the
mitochondria has revealed important roles for this organelle in buffering calcium
at the neuronal synapse (MacAskill & Kittler, 2010), participation in both
autophagic and apoptotic cell death (Chen & Chan, 2009, Youle & Karbowski,
2005), as well as energy production through oxidative phosphorylation. Balanced
mitochondrial morphology is key to maintaining proper mitochondrial function.
Disruption of either mitochondrial fission or fusion results in dire consequences
evident by the myriad of pathological disorders caused by mutations in
mitochondrial fission and fusion proteins (Chang, et al, 2010, Palau, et al, 2009,
Waterham, et al, 2007) as well as the contribution of mitochondrial dysfunction to

many neurodegenerative diseases and cancer (de Moura, et al, 2010).

Involvement of phospho-regulation in maintaining
mitochondrial function
The role of phosphorylation in regulating mitochondrial morphology has
clearly been demonstrated by the identification of both activating and inactivating
modifications on multiple residues of the mitochondrial fission protein Drp1
(Chang & Blackstone, 2007a, Cribbs & Strack, 2007, Han, et al, 2008). As
inactivation of mitochondrial fission, by the PKA induced phosphorylation of Drp1
Ser656 (Chang & Blackstone, 2007a, Cribbs & Strack, 2007), is often balanced
by the promotion of increased mitochondrial fusion, it was plausible that PKA
induced phosphorylation of Mfn2 might in fact activate Mfn2 function (Chen, et al,
2004, Dimmer & Scorrano, 2006, Zhou, et al, 2010). In Chapter 2 | describe the

characterization of Mfn2 Ser442 as a potential substrate for PKA
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phosphorylation. What is clear from the analysis of direct PKA induced
phosphorylation of Mfn2 on Ser442, as well as the requirement of Ser442 for
PKA induced changes in mitochondrial morphology and neuroprotection, is that
under the conditions studied Ser442 is not PKA phosphorylated. These results
are in direct contention with recently published work describing the role of Mfn2
Ser442 in the anti-proliferative effects on Vascular Smooth Muscle cells (VSMC)
(Zhou, et al, 2010). There are a number of hypotheses that can be formulated to
account for the discrepancies between my findings and those of Zhou and
colleagues. First, much of my work relied on cell culture model systems as well
as the utilization of rat tissues, primarily the brain, while Zhou et al focused on
the role of Mfn2 in the heart. It is possible that phosphorylation of Mfn2 is
regulated in a tissue specific manner, due possibly to the presence (or absence)
of a protein required for such regulation. Therefore it is possible Mfn2 Ser442 is
PKA phosphorylated in the heart, and despite my initial examination (data not
shown) | was unable to detect it. Second, it is possible that despite utilizing
techniques previously employed by the lab to characterize the phosphorylation of
substrate proteins | was unable to demonstrate a similar effect on Mfn2. Maybe
phosphorylation of Mfn2 Ser442 is transient, or occurs in a small population of
the protein pool, that the techniques described in Chapter 2 are not accurate or
adequate enough to detect. Third, the role of Ser442 in regulating Mfn2 function
is independent of its potential to be PKA phosphorylated. Examining the
neuroprotective role of Mfn2 in hippocampal neurons demonstrated the
requirement of Serd442, as either Ser4d42Ala/Asp mutant ablated any protective
effect. Similarly, the phospho-ablating or phospho-mimicking mutations of Mfn2
have a profound effect on the proliferative function of Mfn2, while having no
effect on inducing changes in mitochondrial morphology (Figure 2.5A,B and

(Zhou, et al, 2010)). Taken together these results suggest Mfn2’s anti-
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proliferative and neuroprotective effects are not only separate from its function to
promote mitochondrial elongation (Figure 2.5A,B and (Zhou, et al, 2010)) but
also independent of PKA phosphorylation (Figure 5.1). However, the opposing
effects of Serd42Ala and Ser442Asp on VSMC proliferation, hint at a possible
role of phosphorylation (Zhou, et al, 2010). The final possibility is that Mfn2 is not
PKA phosphorylated on Ser442. Despite the work of Zhou and colleagues, direct
evidence of Mfn2 Ser442 phosphorylation has never been presented. This fact,
along with the evidence provided in Chapter 2, strongly suggests that Mfn2
Ser442 is not PKA phosphorylated. Rather the evidence provided by Zhou et al,
similar to my findings regarding the function of Mfn2 to promote neuroprotection
(Figure 2.6), suggest a role of Ser442 in promoting Mfn2 function that is not
related to its role in promoting mitochondrial fusion, and are independent of

phosphorylation.

Involvement of independent modifications in
regulating mitochondrial morphology

Given the identification of many types of posttranslational modifications on
regulating Drp1 function (Figure 3.1) it was important to address the question of
whether these modifications act dependently or independently to modulate Drp1
function. With the identification of Drp1 Cys663 as a nitrosylation site that
activates Drp1 activity (Cho, et al, 2009) so close to the PKA phosphorylation site
Ser656 that inactivates Drp1 function (Chang & Blackstone, 2007a, Cribbs &
Strack, 2007), it was hypothesized that these modifications were mutually
exclusive events (Figure 3.2). Evidence provided in Chapter 3 clearly
demonstrates that blocking the ability of Drp1 to be nitrosylated, using a
Cys663Val mutation, enhances the actions of PKA to induce Ser656

phosphorylation (Figure 3.5A) as well as to promote mitochondrial elongation
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(Figure 3.3). However, direct nitrosylation of Drp1 results in no change in Ser656
phosphorylation (Figure 3.9), and is unable to block nitrosylation induced
mitochondrial fragmentation (Figure 3.4). Once again, my findings were in direct
contention with the previously published report, to which there are a few possible
explanations. First, the methodology used by Cho et al (Cho, et al, 2009) to
characterize the nitrosylation induced fragmentation was limited, and could have
overlooked subtleties in the data. Characterizing mitochondria as either
fragmented or not fragmented highlights only gross changes in mitochondrial
morphology, rather than addressing the dynamic and highly varied shape and
size of mitochondria under many conditions. The objective scoring methods
used in Chapter 3 allow for the variation in morphology by classifying the
mitochondria size, not just the presence or absence of fragmentation. Second, it
is possible that our results are identical, however the data provided by Cho et al
is itself fragmented, as they fail to show the length of mitochondria in neurons
containing wild type Drp1 or the Cys663Ala under basal conditions. As
demonstrated in Figure 3.3 and 3.4, the Cys663Val mutant causes elongation
under basal conditions compared to wild type. Therefore, the increase in
mitochondrial length following NO donor treatment may be due to a kind of
buffering effect, where the elongated mitochondria are able to withstand the
effects of increased NO longer, or just take longer to fragment, than smaller
mitochondria. As Cho et al fail to provide mitochondrial length scores under basal
conditions it is difficult to interpret their findings, in light of my results. Finally, it is
clear not only from my data, but also from recently published findings that there is
no functional consequence of Drp1 nitrosylation (Figure 5.1). While Drp1 is
clearly nitrosylated in vivo following treatment of recombinant protein with NO
donors, and in aged brains (Bossy, et al, 2010) there is no change in Drp1

activity following nitrosylation that results in a detectable change in function,
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either directly, or through modulation of other Drp1 modifications, such as Ser656

or Ser635 phosphorylation.

Implications of regulated ubiquitination on PP2A
B’g function

With the identification of the KLHL15:Cul3 ubiquitin ligase complex as
novel interactors and regulators of PP2A B’} expression (Figure 5.1) come the
intriguing possibilities of regulating phosphatase activity. The role of PP2A B’f in
dephosphorylating and inactivating tyrosine hydroxylase, leading to decreased
dopamine synthesis, has been clearly established (Saraf, et al, 2007, Saraf, et al,
2010). Identifying residues in B'g and KLHL15 that modulate the formation of the
ubiquitin complex can lead to the development of small molecule targets. The
residue that currently holds the most promise for pharmacological targeting is B’
Tyr52. Determining that the N-terminal portion of B’ interacts with KLHL15
(Figure 4.4) lead to the identification of the requirement of B’ Tyr52 (Figure 4.5)
for the interaction to occur. Intriguingly, B'p Tyr52 has a high probability of being
modified by tyrosine phosphorylation. These findings lead to a model in which the
phosphorylation of B’ Tyr52 prohibits the interactions between B’ and KLHL15,
leading to increased PP2A B’g stability (Figure 5.2). Therefore identifying small
molecules that can specifically modulate phosphorylation of B’f Tyr52, without
affecting other MAPK targets, could be a viable option in the treatment of
Parkinson'’s disease.

Future work needs to focus on 1) demonstrating that B'g Tyr52 is indeed
phosphorylated by tyrosine kinases, leading to increased PP2A B’ holoenzyme
stability and 2) determining the role of mutations in B’f or KLHL15 that effect
B’B:KLHL15:Cul3 on PP2A B’f substrate dephosphorylation, using the

downstream dopamine synthesis as an output.
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In conclusion, my thesis work has focused on the role of posttranslational
modifications in regulating protein function (Figure 5.1). While | was unable to
demonstrate that PKA phosphorylates Mfn2 on Ser442, this residue is clearly
important for Mfn2 function that is unrelated to its role in maintaining
mitochondrial morphology. Similarly, while Drp1 nitrosylation does not appear to
be important for modulating Ser656 phosphorylation or GTPase activity (Bossy,
et al, 2010), it is clear that the Cys663Val mutant modulates protein function,
apparently by enhancing PKA induced inactivation of Drp1. These results
suggest an important role of Cys663 in maintaining Drp1 function. More recently,
the characterization of PP2A B’ as a target of KLHL15:Cul3 mediated ubiquitin
dependent degradation opens the door for possible Parkinson’s disease

therapeutics by modulating PP2A B’f protein stability.
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Figure 5.1 Model expanding the role of posttranslation modifications on
regulating protein function, as concluded from experiments conducted
herein.

Based on the results drawn from the experiments conducted in the previously
discussed chapters, the following conclusions can be made; 1) Mfn2 Ser442 is
important for protein function independent of mitochondria fusion and PKA
phosphorylation; 2) Nitrosylation of Drp1 has no effect on PKA induced
phosphorylation of Ser656, however Ser656 and Cys663 act in a similar manner
to independently blunt Nitric Oxide induced mitochondrial fragmentation; 3) The
formation of an E3 ubiquitin ligase complex containing Cul3, KLHL15 and PP2A
B’p leads to downregulation of B'f, decreasing its ability to act on substrate
proteins.
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Figure 5.2 Model predicting the role of B’ Tyr52 MAPK phosphorylation in
regulating PP2A B’ protein stability.

In a dephosphorylated state (top left) PP2A B’ interacts with the KLHL15:Cul3
ubiquitin ligase complex, leading to proteasomal degradation of the PP2A
holoenzyme. Loss of PP2A B’} leads to maintenance of TH Ser40
phosphorylation and increased dopamine synthesis. The MAPK phosphorylation
of B’B on Tyr52 is predicted to prohibit the interaction of the PP2A

B’B holoenzyme with KLHL15:Cul3, causing dephosphorylation of TH Ser40,
causing an overall decrease in dopamine synthesis.
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