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ABSTRACT OF THE DISSERTATION

Phosphorylation of Parkin by the autophagy initiating kinase ULK1
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Our laboratory recently identified the autophagy initiating kinase ULK1
as a novel AMPK substrate, which directly connects the highly conserved

AMPK-mediated energy sensing pathway to the regulation of autophagy.

Xi



Genetic deletion of ULK1 led to an accumulation of mitochondria with
abnormal morphology, supporting a role for ULK1 kinase activity in the
maintenance of mitochondrial homeostasis, yet few mammalian ULK1
substrates have been identified beyond those involved in the canonical
initiation of autophagy. Here we have identified and validated the E3 ligase
Parkin, a known mediator of mitochondrial quality control and the most
commonly mutated gene in autosomal recessive early-onset Parkinson’s
disease, as a direct ULK1 substrate. ULK1-mediated phosphorylation of
Parkin was required for maximal Parkin activity in multiple assays of Parkin
function. These data reveal an important role for ULK1-mediated Parkin
phosphorylation in the regulation of mitochondrial homeostasis, as this
modification seems to prime Parkin for maximal activity following
depolarization. Further studies using mouse models have indicated that Parkin
is phosphorylated in vivo in mouse livers and primary hepatocytes in response
to activators of the AMPK/ULK1 pathway, including Metformin, the most widely
prescribed drug for the treatment of Type Il diabetes. These data suggest the
potential for profound in vivo relevance for the regulation of Parkin function

downstream of the AMPK/ULK1 signaling cascade.

Xii



CHAPTER ONE:

Introduction to the AMPK/ULK1 signaling pathway

and Parkin-mediated mitophagy



The AMPK signaling pathway is a master cellular energy regulator

The AMP-activated protein kinase (AMPK) is a highly conserved
kinase complex which acts as a sensor and regulator of cellular energy
homeostasis. As a kinase, the catalytic function of AMPK is to mediate the
transfer of a phosphate group to a specific amino acid residue of a target
protein substrate. This activity, known as phosphorylation, can subsequently
alter the activity of the target substrate in a variety of different ways, including
modulation of the substrates own enzymatic activity (either increasing or
decreasing activity), changing its subcellular localization, or altering its local
interacting partners. In this way, kinase activity sets off a series of changes in
multiple downstream targets, referred to as a signaling pathway or cascade.
Although 518 different kinases have been identified in the human genome (1),
AMPK is uniquely positioned as a finely tuned sensor of cellular energy status
due to its ability to directly bind the adenine nucleotides AMP, ADP, and ATP
competitively. The AMPK complex is heterotrimeric, comprised of an «, 3, and
v subunit, each of which is required for the important functions of the AMPK
holoenzyme, which our laboratory has recently reviewed (2). The a subunit
provides the catalytic activity, as it contains the kinase domain, as well as a
conserved residue (Thr172) in the activation loop whose phosphorylation (by
either of its upstream kinases, LKB1 or CAMKK?2) is required for maximal
AMPK activity. The  subunit contains a carbohydrate binding module and a

myristoylation site, which are involved in glycogen sensing and intracellular



targeting, respectively, as well as domains for binding both the o and vy
subunits. The y subunit controls AMPK’s energy-sensing ability, as it contains
four cystathionine B-synthase repeats (comprising two Bateman domains),
each of which may competitively bind the adenine nucleotides AMP, ADP, or
ATP. The relative abundance of these molecules is modulated by energy
status of the cell (with energy stress raising the ratio of AMP:ATP), and the
binding of these nucleotides in turn modulates AMPK function, via
conformational changes that alter kinase activity as well as the accessibility of
the activated phospho-Thr172 residue to phosphatases. When cellular AMP
levels rise relative to ATP levels, the net effect is that AMPK becomes highly
activated. This effect can be achieved by energy stress on a whole organismal
level as well as a cellular level, as ATP levels are affected by a wide range of
stressors, including low nutrient availability, hypoxia, exercise, fasting, and any
compounds that interfere with mitochondrial ATP production, such as the most
widely prescribed Type |l diabetes drug, Metformin, which falls under the
biguanide class of compounds that inhibit the mitochondrial electron transport
chain. AMPK can also be activated by AMP mimetic compounds (such as
AICAR, which is metabolized to the AMP mimetic ZMP), or by direct allosteric
activators. Once activated by any of these methods, AMPK uses its kinase
activity to phosphorylate its downstream substrates, initiating a signaling
cascade that inhibits anabolic processes and activates catabolic processes in

an effort to restore cellular energy homeostasis. The anabolic processes



inhibited by AMPK activation involve multiple biosynthetic pathways, including
gluconeogenesis, fatty acid synthesis, protein synthesis, and sterol synthesis,
while the catabolic processes activated by AMPK include glycolysis, glucose
uptake, fatty acid oxidation, and autophagy. By affecting these crucial
metabolic processes, AMPK has been designated a “master cellular energy
regulator”, and is studied extensively due to its involvement in a wide variety of
physiological and disease states, including diabetes, obesity, cancer, aging,

exercise endurance, and stem cell fate, to name a few.

A screen for novel AMPK substrates identifies the autophagy initiating
kinase ULK1

AMPK regulates such a wide range of metabolic processes due to its
ability to target an incredibly diverse array of downstream substrates for
phosphorylation. Our laboratory and others have identified a number of
substrates phosphorylated by activated AMPK, which include members of
pathways involved in protein synthesis, fatty acid synthesis and oxidation, as
well as transcriptional control of glucose and lipid metabolism. These
substrates themselves perform a wide range of different enzymatic and non-
enzymatic cellular functions, as they include protein kinases, lipid kinases,
transcription factors, lipogenic enzymes, scaffolding proteins, and many more.
Multiple approaches to the identification of novel AMPK substrates have been

carried out, but in our laboratory we have largely focused on an AMPK



substrate screen involving the development of an “optimal AMPK motif” in
conjunction with other screening methods. The optimal AMPK motif describes
the preferred amino acid residues found at defined positions relative to a
central phosphoacceptor residue on a candidate substrate of direct AMPK-
mediated phosphorylation. This motif was first described and published by our
laboratory in 2008 (3), and since then has been used to validate a number of
additional AMPK substrate candidates. One such candidate that emerged from
our phosphorylation motif screen was the autophagy initiating kinase ULK1,
which our laboratory published in 2011 (4) and was independently verified by
the Guan laboratory (5), albeit with differences in the specific phosphorylated
residues reported (reviewed in (6)). The validation of ULK1 as a bona fide
AMPK substrate was significant in that it represented the first direct connection

of AMPK-mediated energy-sensing activity to the process of autophagy.

The AMPK/ULK1 signaling pathway regulates autophagy and
mitochondrial homeostasis

Most broadly, ‘autophagy’ refers to a number of processes that
converge upon the degradation of cellular components in the lysosome, and
will be used hereafter to describe (as is conventional in the literature) the
process more specifically known as ‘macroautophagy,” wherein cellular
components are engulfed by a double-membrane vesicle which subsequently

fuses with the lysosome. Given that the AMPK-mediated signaling cascade is



known to play a major role in the restoration of cellular energy levels, it is
perhaps unsurprising that it also directly regulates the autophagy initiating
kinase ULK1. Autophagy is a process activated under conditions of low
nutrient availability in order to promote cell survival by a variety of
mechanisms, including the liberation of amino acids for production of proteins
essential for starvation adaptation, generation of TCA-cycle intermediates
(which contribute to the restoration of ATP levels), and even the facilitation of
gluconeogenesis in the liver (7).

The serine/threonine kinase ULK1 is the predominant isoform of the two
mammalian homologs (ULK1 and ULK2) of the yeast autophagy-related
protein 1 (ATG1). ULK1 is considered the core of the autophagy initiation
complex —the most upstream component of the autophagic pathway— which
is comprised of ULK1, the autophagy-related proteins Atg13 and Atg101, and
the focal adhesion kinase family interacting protein of 200 kDa (FIP200). As
described previously, our laboratory identified ULK1 as a direct target of
AMPK kinase activity (4). Intriguingly, this study also demonstrated that
AMPK-dependent phosphorylation of ULK1 was not only necessary for
survival under nutrient-deficient conditions but also for the proper autophagic
clearance of mitochondria, as ULK1-deficient cells displayed higher
mitochondrial content and an increased number of morphologically abnormal
mitochondria. However, very little is currently known about how ULK1 actually

mediates the steps required to initiate autophagy, as few mammalian ULK1



substrates have been reported to date and even fewer which would seem to
be involved in the maintenance of mitochondrial homeostasis. Our laboratory
and others have begun to approach the study of ULK1 function through the

determination of novel substrates of ULK1 kinase activity.

A screen for novel ULK1 substrates identifies Parkin

The earliest-identified substrates of ULK1 kinase activity were
components of its own core complex controlling autophagy initiation: the
regulatory subunits Atg13 (8, 9) and FIP200 (10), as well as
autophosphorylation of ULK1 itself (11). At the time that this thesis research
project was established in our laboratory, a number of additional mammalian
ULK1 substrates were reported, including AMBRA1 (12), syntenin-1 (13),
TAB2 (14), raptor (15), and even AMPK itself (16), which may represent a
potential feedback loop of regulation, although other investigators have
reported an inability to detect ULK1-dependent phosphorylation of AMPK (15).
However, the investigations of these reported substrates did not characterize
specific ULK1 phosphorylation sites, which leaves open the possibility that
some of these observed phosphorylation events may be ULK1-dependent but
not directly mediated by ULK1. One of the first and most extensive
characterizations of directly ULK1-mediated phosphorylation was reported in
2013 by the Guan laboratory, which identified the autophagy nucleation

complex protein Beclin-1 as a novel substrate of ULK1 phosphorylation (17).



Since that time, other specific residues of ULK1-mediated direct
phosphorylation have been reported by our laboratory and others, with
substrates including VPS34 (18), FUNDC1 (19), Atg14 (20), Sec16a (21), and
Sec23a (22). These laboratories have utilized differing approaches to the
identification of these phosphorylation sites, and thus the validity of each of
these specific residues as bona fide ULK1 substrates is not well established.
However, these studies all clearly indicate a great interest in the identification
and characterization of novel ULK1 substrates, and our laboratory is not alone
in considering the list of reported substrates as incomplete. There also
remains a large gap in our knowledge of the functional significance of these
modifications, and the temporal and spatial contexts in which they are
regulated. The approach our laboratory has taken to dissect the role of ULK1
in autophagy initiation has begun with a screen to identify novel ULK1
substrates, with a particular interest in those which may help explain the
abnormal mitochondrial phenotype we have observed in the context of ULK1
loss, described in (4). In 2010, the Turk laboratory published a “large-scale”
screening approach that identified putative phosphorylation motifs for half the
kinases in the yeast kinome, including the optimal phosphorylation motif of
Atg1, the yeast ortholog of mammalian ULK1 (23). However, this original Atg1
motif was generated using overexpressed Atg1 protein, which neglects to
account for native Atg1 complex binding partners, and thus subsequent

research further improved the motif by using the endogenous protein in its



native complex (24). Although Atg1 and ULK1 are closely related orthologs,
our laboratory sought to generate an optimal phosphorylation motif specific to
human ULK1, in order to identify putative substrates more likely to possess
human physiological relevance. This motif analysis was initiated in a manner
similar to our original AMPK substrate screen, as it involved the development
of an optimal ULK1 phosphorylation consensus motif using the positional
scanning peptide library technique described previously (3). The results of this
phosphorylation motif analysis were reported by our laboratory in 2015 (18).
Using this human ULK1 phosphorylation motif, we utilized Scansite (25) and
PhosphoSitePlus (26), which are online systems biology based resources, in
order to screen candidate substrates for the presence of ULK1
phosphorylation motifs. This approach not only identified specific residues of
direct ULK1-mediated phosphorylation in previously reported substrates
(including Atg101, Beclin1, AMBRA1, and Syntenin-1) and thereby increased
our confidence in the validity of our screen, but also identified novel
unreported substrates of human ULK1, including Vps34 (18) and Parkin. Since
Parkin is a protein that has been shown to play a critical role in mitochondrial
autophagy (referred to as mitophagy), the further validation and
characterization of Parkin as a direct substrate of ULK1 was of great interest
to our laboratory, and consequently formed the basis of the graduate thesis

research described here.
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Parkin mediates mitochondrial quality control via mitophagy

Since its discovery nearly twenty years ago, the Parkin gene has been
a subject of wide-spread global interest. The gene, now known as PARK2,
was first identified in 1998 as the causally mutated gene in Japanese patients
with autosomal recessive juvenile parkinsonism (AR-JP) (27). Parkin
mutations are now the leading known genetic cause of early-onset Parkinson’s
disease worldwide, representing 90% of all cases presenting before age 21
and 50% of cases presenting before age 45 (the age cutoff for early-onset
designation) (28). Interest in Parkin has thus expanded rapidly, as it features
in thousands of papers now published in the field and is the frequent subject of
review (for recent reviews pertaining to the Parkin functions that will be
described here, see (29-32)

Parkin is an E3 ubiquitin ligase (specifically of the RING between RING,
or RBR, domain family), which means that the enzymatic function of activated
Parkin is to ubiquitinate its downstream target substrates. As described
previously, Parkin immediately captured our attention as an interesting
potential novel substrate of ULK1, particularly in the context of the aberrant
mitochondrial phenotype we observed following ULK1 loss, because it is
already known to play an important role in the regulation of mitochondrial
clearance, in a process conventionally referred to as PINK1/Parkin mediated
mitophagy. In brief, this process of mitophagy is initiated by a decrease in

mitochondrial membrane potential (indicative of damage to the mitochondrial
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membrane), which blocks the import and cleavage of another kinase known as
PINK1. This allows PINK1 to become stabilized on the outer mitochondrial
membrane, where it can subsequently use its kinase activity to phosphorylate
substrates at the mitochondrial surface. One such substrate of PINK1-
mediated phosphorylation is ubiquitin itself, and this phosphorylated ubiquitin
is thought to contribute to the recruitment of Parkin from the cytosol to the
depolarized mitochondria. Following its recruitment to the mitochondria, Parkin
can then also be phosphorylated by PINK1 at the Parkin Ser65 residue, which
lies in Parkin’s ubiquitin-like domain. Phosphorylation of Parkin by PINK1 at
Ser65 is thought to contribute to activation of Parkin, by relieving Parkin from
an autoinhibited conformation. Active Parkin then uses its E3 ligase activity to
ubiquitinate outer mitochondrial membrane substrates, which are in turn
phosphorylated by PINK1, leading to even more robust recruitment of Parkin
and autophagic receptors, in what has been described as a “feed forward”
mechanism (33). The recruitment of the autophagic machinery leads to the
expansion of an autophagic membrane (termed the phagophore) which
engulfs the damaged mitochondria into a double-membraned vesicle
(autophagosome) that subsequently fuses with the lysosome to form an
autolysosome, resulting in the degradation of the damaged mitochondria and
constituting the final step of the process referred to as PINK1/Parkin mediated

mitophagy.
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Parkin as a novel substrate of ULK1

Parkin has emerged from our laboratory’s screen to identify novel
substrates of ULK1-mediated phosphorylation, and represents a very
interesting new substrate of the AMPK/ULK1 signaling cascade for a number
of reasons. On the most basic level, it expands our list of validated ULK1
substrates, of which few have been reported in mammalian systems, and thus
contributes to our understanding of ULK1 function beyond its role in the
canonical initiation of autophagy. More significantly, as a known mediator of
mitochondrial quality control via its role in PINK1/Parkin mediated mitophagy,
Parkin is an excellent candidate to explain the profound mitochondrial
phenotype we observed in the absence of ULK1 kinase activity, and would
thereby provide a piece of the molecular mechanism directly connecting
energy sensing to mitophagy. The process of PINK1/Parkin mediated
mitophagy is traditionally considered in the context of a cellular housekeeping
role by promoting the turnover of isolated damaged mitochondria, but ULK1
activity downstream of AMPK activation would connect the highly conserved
AMPK energy sensing response (which is activated by a wide range of
stressors on both the organismal as well as cellular level) directly to the
regulation of mitochondrial homeostasis. Furthermore, the identification of a
novel phosphorylation site on Parkin represents a huge leap forward in our
understanding of Parkin regulation. In spite of worldwide interest in the

function and regulation of Parkin, to date the only extensively characterized
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site of phosphorylation, or indeed of any posttranslational modification, on
Parkin itself is the PINK1-mediated phosphorylation of Ser65. This
phosphorylation event is directly downstream of mitochondrial depolarization,
and thus ULK1-mediated phosphorylation of Parkin downstream of the
AMPK/ULK1 energy sensing signaling cascade would represent an entirely
new branch of regulation of Parkin. For these reasons, my graduate studies
described in this thesis have aimed to validate Parkin as a novel substrate of

ULK1.
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Phosphorylation of Parkin by the autophagy initiating kinase ULK1

regulates mitochondrial homeostasis
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ABSTRACT

The AMP-activated protein kinase (AMPK) promotes cell survival during
energy stress by phosphorylation of a diverse array of substrates that activate
catabolic pathways or inhibit anabolic pathways. Our lab recently identified the
autophagy initiating kinase ULK1 as a novel AMPK substrate, whose genetic
deletion leads to an accumulation of mitochondria with abnormal morphology,
supporting a role for ULK1 kinase activity in the maintenance of mitochondrial
homeostasis. Here we identify the E3 ligase Parkin, a known mediator of
autophagic clearance of damaged mitochondria (mitophagy) and the most
commonly mutated gene in autosomal recessive early-onset Parkinson’s
disease, as a direct ULK1 substrate. ULK1 phosphorylates Parkin at multiple
serine residues in response to activation of the AMPK/ULK1 signaling
pathway, and we demonstrate that this phosphorylation is required for
maximal Parkin activity following mitochondrial insult. Mutation of these
phosphorylation sites in Parkin to non-phosphorylatable residues, as well as
ULK?1 loss or pharmacologic ULK1 inhibition, led to functional defects in
multiple assays of Parkin activity, including decreased ubiquitination of Parkin
substrates, delayed localization to damaged mitochondria, and defective
mitochondrial clearance. We also observed phosphorylation of endogenous
Parkin induced by the AMPK-pathway activating compound, and widely
prescribed Type |l diabetes drug, Metformin in mouse livers, as well as ULK1-

dependent phosphorylation of endogenous Parkin in mouse primary
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hepatocytes. These data reveal an important role for ULK1-mediated Parkin

phosphorylation in the regulation of mitochondrial homeostasis in vivo.

INTRODUCTION

The unc-51 like autophagy initiating kinase (ULK1) is considered the
major upstream initiator of the conserved intracellular degradative process
known as autophagy, and is in fact the only known protein kinase involved in
canonical autophagy initiation. Though the term autophagy encompasses
multiple related processes, it is used here to describe the process of macro-
autophagy, in which cellular components are engulfed in a double membrane
vesicle known as the autophagosome, which subsequently fuses with the
lysosome to degrade the cargo. Autophagy plays a crucial role in cellular
housekeeping, as it facilitates the removal of damaged organelles, as well as
in the cellular stress response, in order to promote cell survival during nutrient
deprivation. In fact, ULK1 activity has been directly linked to the highly
conserved AMP-activated protein kinase (AMPK) energy stress signaling
cascade by AMPK-mediated phosphorylation of ULK1 at multiple residues (4,
5). In addition to identifying ULK1 phosphorylation sites induced by AMPK-
activating stimuli, our laboratory also observed that phosphorylation of these
residues was required for ULK1’s ability to maintain mitochondrial
homeostasis, as loss of this signaling either by ULK1 deficiency, inactivation of

ULK1 kinase activity, or mutation of the AMPK-mediated phosphorylation sites
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on ULK1 to non-phosphorylatable residues led to an aberrant accumulation of
morphologically abnormal mitochondria (4). However, little is known to directly
connect ULK1 to established regulators of mitochondrial quality control, as few
direct substrates of ULK1 kinase activity have been identified in mammalian
systems, and fewer beyond the canonical autophagic machinery. In addition to
the cellular energy stress signals described previously, the AMPK/ULK1
signaling pathway is also robustly activated by mitochondrial insults, as any
stressor that inhibits mitochondrial ATP production (including Metformin, the
most widely prescribed Type |l diabetes drug, which acts as an electron
transport chain inhibitor) can activate this signaling cascade. Our laboratory
has sought to identify novel components of the AMPK/ULK1 signaling pathway
downstream of mitochondrial stress, with a particular interest in those which
may contribute to the mitochondrial phenotype we have observed in the
context of ULK1 loss. The approach our laboratory has taken to identify novel
ULK1 substrates was initiated with the development of an optimal ULK1

kinase phosphorylation motif. The optimal phosphorylation motif of Atg1, the
yeast ortholog of mammalian ULK1, was first described in 2010 as part of a
large-scale screening approach that identified putative phosphorylation motifs
for half the kinases in the yeast kinome, including overexpressed Atg1 (23).
This Atg1 motif was further refined using the endogenous protein in its native
complex and published in 2014 (24). Our laboratory sought to achieve a higher

level of human physiological relevance by identifying substrates using an
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optimal phosphorylation motif specifically designed toward human ULK1. This
screen was performed using the positional scanning peptide library technique
described previously (3), and the results of this phosphorylation motif analysis
were reported by our laboratory in 2015 (18). Using this human ULK1
phosphorylation motif, we screened candidate substrates with a combination
of bioinformatic and systems biology based resources available online,
Scansite (25) and PhosphoSitePlus (26). This approach not only identified
specific residues of direct ULK1 mediated phosphorylation in previously
reported substrates (including Atg101, Beclin1, AMBRA1, and Syntenin-1) and
thereby validated the robustness of our screen, but also identified novel
unreported substrates of human ULK1, including Vps34 (18) and Parkin. The
validation of Parkin as a potential novel substrate of ULK1 was of particular
interest in the context of the aberrant mitochondrial phenotype we observed
following ULK1 loss, as Parkin is an E3 ubiquitin ligase already known to play
a crucial role in the selective clearance of damaged mitochondria (34). This
process is now known as PINK1/Parkin mediated mitophagy (35, 36), and has
been extensively reviewed, recently in (29-32). Parkin’s role in this
mitochondrial quality control process is especially significant in the context of
human disease, as Parkin was first identified in 1998 as the causally mutated
gene in Japanese patients with autosomal recessive juvenile parkinsonism
(AR-JP) (27), and Parkin mutations are now the leading known genetic cause

of early-onset Parkinson’s disease worldwide, representing 50% of cases
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presenting before age 45 (the age cutoff for early-onset designation) and 90%
of all cases presenting before age 21 (28). Yet in spite of worldwide interest in
the function and regulation of Parkin, to date the only extensively
characterized site of phosphorylation on Parkin itself is the PINK1-mediated
phosphorylation of the Ser65 residue (37, 38), which lies in Parkin’s ubiquitin-
like domain and is thought to contribute to activation of Parkin by relieving the
protein from an autoinhibited conformation. Intriguingly, the only other
extensively validated regulator of Parkin function is phosphorylated ubiquitin,
which was discovered in 2014 by multiple independent investigators as a
target of direct PINK1-mediated phosphorylation at the ubiquitin Ser65 residue
(39-41). This phosphorylated ubiquitin directly binds to Parkin (42) and
robustly contributes to Parkin activation. The discovery of ULK1-mediated
Parkin phosphorylation sites is significant, as the process of PINK1/Parkin
mediated mitophagy is traditionally considered in the context of a cellular
housekeeping role by promoting the turnover of isolated damaged
mitochondria, but ULK1-mediated Parkin phosphorylation downstream of
AMPK activation would directly connect the highly conserved AMPK energy
sensing response (which is activated by a wide range of stressors on both the
organismal as well as cellular level) directly to the regulation of mitochondrial
homeostasis. Here we report the identification of direct ULK1-mediated

phosphorylation sites on Parkin, which are required for maximal Parkin activity
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in multiple assays of Parkin function, revealing a novel regulation of

mitochondrial quality control downstream of energy stress signaling.

RESULTS
Parkin S108-110 region identified as novel site of ULK1-dependent
phosphorylation

In order to identify previously undiscovered substrates of ULK1 kinase
activity, we generated an optimal ULK1 phosphorylation consensus motif,
which uncovered multiple ULK1-dependent phosphorylation sites in several
core autophagy pathway components, including Atg101, Beclin1, and VPS34,
as described previously (18). In addition to these core members of the
autophagy pathway, this screen also identified the E3 ligase Parkin as a novel
candidate substrate of ULK1-mediated phosphorylation. In order to validate
this putative substrate, we first utilized the overexpression of wildtype ULK1 in
HEK293T cells, since the overexpressed kinase is constitutively active in this
cell type. We observed a profound electrophoretic mobility shift of YFP-tagged
human Parkin expressed in HEK293T cells on standard SDS-PAGE gels when
co-expressed with Myc-tagged human ULK1 (WT ULK1), suggestive of
phosphorylation (Figure 1A). This mobility shift was dependent on ULK1
kinase activity, as it was not observed following co-expression with Myc-ULK1
rendered kinase-inactive (KI ULK1) by a single point mutation, K46l.

Furthermore, the Parkin bandshift induced by catalytically active WT ULK1
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was diminished by treatment with lambda-phosphatase (Figure S1A). Mass
spectrometry confirmed that Parkin is extensively phosphorylated upon co-
expression with WT ULK1, and that these phosphorylation events are
dramatically reduced following KI ULK1 co-expression (Figure 1B). Several of
these phosphorylation sites likely represent secondary phosphorylation events
that are induced by the presence of WT ULK1 but are not direct substrates of
ULK1 itself in vivo. Of the sites identified by mass spectrometry, Parkin Ser108
and Ser110 also conform to the putative ULK1 motif displayed in previously
identified ULK1 substrates (Figure 1C), indicating that these may be bona-fide
direct substrates of ULK1 kinase activity. The Parkin Ser108-110 residues are
notably well conserved in higher eukaryotes, with sequence homology
observed back to Caenorhabditis elegans (Figure 1D). Intriguingly,
phosphorylation of the homologous region in mouse Parkin was previously
reported in an extensive phosphoproteomic dataset, with phosphorylation of
this region identified as specifically induced in brown fat tissue (43). Thus
phosphorylation of this region in mouse Parkin occurs within a metabolic
tissue characterized by a high density of uncoupled mitochondria, lending
support to the in vivo relevance of this region as a regulator of Parkin function.
Importantly, although phosphorylation of this region was identified in mouse
Parkin, the kinase responsible for mediating this phosphorylation was not
identified, and we hypothesized that ULK1 could be a kinase directly

regulating this region. Since our mass spectrometry results in human Parkin
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(as well as those reported in mouse Parkin by Huttlin et al.) indicated that any
of the Parkin 108-110 serines may be phosphorylated, and thus Ser-to-Ala
mutation of one residue may be compensated for by phosphorylation of the
adjacent residues, we generated constructs mutating all three serines in this
region to alanines, which is subsequently abbreviated SA>. Mutation of these
serine residues to non-phosphorylatable alanines ablated the WT ULK1-
induced bandshift, indicating that these are indeed significant sites of ULK1-
mediated phosphorylation (Figure 1E). Additionally, mammalian expression
constructs were generated containing Ser/Thr-to-Ala mutation of each
phosphorylation site identified by mass spectrometry, regardless of their lack
of conformation to the ULK1 maotif, but only mutation of Ser108-110 completely

ablated the WT ULK1 induced bandshift (Figure S1B).

Parkin S108-110 is phosphorylated in vitro and in vivo

In order to probe the regulation of Parkin S108-110 phosphorylation, we
developed a phosphospecific antibody designed to detect phosphorylated
Parkin Ser108, and thus subsequently referred to as ‘pParkin S108.” The
phospho-antibody detected robust signal by Western blotting in the presence
of WT ULK1, which was not induced by KI ULK1, and mutation of the 108-110
serines to alanines caused the WT ULK1-induced signal to be entirely lost
(Figure 2A). Although mutation of one of the Ser108-110 serines does not

preclude the phosphorylation of the others, the antibody was unable to detect
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signal in single-serine mutants (Figure S2A), indicating that the presence of all
three serines is required for recognition by the phospho-antibody, but not
sufficient for detection in the absence of phosphorylation induction. Given that
phosphorylation of all three of the S108-110 residues was reported in our
mass spectrometry results in the presence of WT ULK1, mutation of multiple
residues was required to observe complete collapse of the WT ULK1-induced
Parkin bandshift, and that this region is conserved and phosphorylated at
multiple residues in mouse tissue (43), we will subsequently refer to
phosphorylation detected by the pParkin S108 phosphoantibody as indicating
phosphorylation of the Parkin S108-110 region. Neither Ser-to-Ala mutation of
the Ser65 PINK1-induced Parkin phosphorylation site nor mutatgenesis of the
commonly used representative Parkinson’s disease mutation Lys161Asn
affected the WT ULK1-induced phosphorylation of Parkin Ser108-110 (Figure
S2B). To validate that ULK1 itself can directly mediate phosphorylation of
Parkin, we performed in vitro kinase assays combining immunoprecipitated
Myc-tagged Parkin with recombinant ULK1 protein and ATP. In these in vitro
assays, the Parkin S108 phosphoantibody detected robust phosphorylation of
Parkin, and these same assays also detected phosphorylation of the validated
ULK1 substrate VPS34 using a phosphospecific antibody for the ULK1-
mediated VPS34 phosphorylation site (Figure 2B, input controls Figure S2C).
Having established that ULK1 can phosphorylate Parkin in vitro, we next

sought to test the in vivo relevance of this phosphorylation by determining
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whether phosphorylation of Parkin Ser108-110 occurs under conditions in
which Parkin is known to be activated and whether this involves the induction
of endogenous ULK1 kinase activity, in the absence of WT ULK1
overexpression. The mitochondrial depolarizing agent carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) has been frequently utilized to induce Parkin
activity (32), and indeed we observed that CCCP rapidly induced
phosphorylation of Parkin Ser108-110 in ULK1-expressing HEK293T cells,
within 30 minutes of treatment (Figure 2C). Phosphorylation of ULK1 Ser555,
considered an AMPK-mediated activating phosphorylation event (4, 44), is
also increased by CCCP treatment. Depolarization-induced phosphorylation of
Parkin Ser108-110 was also validated by mass spectrometry, which similarly

detected this modification within 30 minutes of CCCP treatment (Figure S2D).

AMPK/ULK1 pathway activators induce phosphorylation of endogenous
Parkin

Having identified novel sites of ULK1-mediated phosphorylation on
Parkin using multiple overexpression systems, we sought to validate the
presence of ULK1-dependent phosphorylation of endogenous Parkin using in
vivo mouse model systems. As described previously, phosphorylation of the
conserved mouse Parkin region was detected in a 2010 phosphoproteomic
dataset, in which this phosphorylation of endogenous Parkin was observed in

a tissue-specific manner in brown fat (43), though this dataset did not identify
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the kinase mediating this phosphorylation. We have observed that brown fat
tissue displays constitutively high levels of AMPK pathway activation (data not
shown), which lends support to phosphorylation of this region downstream of
active AMPK/ULK1 signaling, but does not facilitate the study of its regulation,
as the pathway is already fully activated. Given our previous observation that
ULK1 loss led to a defective mitochondrial phenotype in primary mouse
hepatocytes (4), and our ability to examine AMPK/ULK1 pathway activation in
mouse livers by injection of live mice with the AMPK-activating compound
Metformin, we first focused on mouse livers for our investigation of
endogenous Parkin regulation. Since the Parkin pS108 antibody was designed
using a human Parkin target peptide, the phospho-antibody was unable to
detect phosphorylation of these sites in mouse Parkin, and thus we relied on
the Phos-tag acrylamide gel system to separate proteins based on
phosphorylation status (45). When liver lysates were prepared from wildtype
mice treated for 1 hour with Metformin, we observed the induction of ULK1
Ser555 phosphorylation, as well as a bandshift of endogenous Parkin on a
Phos-tag acrylamide gel, indicating that Metformin activates the AMPK/ULK1
pathway and leads to phosphorylation of endogenous Parkin (Figure 2D). The
Metformin-induced Parkin bandshift was completely ablated in AMPK-deleted
mice, which have no ULK1 Ser555 phosphorylation in the absence of AMPK
expression. To further probe the ULK1-dependence of this phosphorylation,

we utilized ULK1/2 fl/fl mice with tail vein injection of AAV-Cre in an effort to
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achieve liver-specific deletion of ULK1 and its closely related homologue
ULK2. These mice were subsequently treated for 2 hours with Metformin,
which again induced a bandshift of endogenous Parkin in the un-deleted
(AAV-GFP) mouse livers, detected by Phos-tag acrylamide gel (Figure 2E).
Under the conditions utilized, liver-specific ULK1 deletion by AAV-Cre was
incomplete, and thus ULK1 levels were reduced yet Metformin treatment still
stimulated a modest induction of ULK1 Ser555 phosphorylation. This reduced
ULK1 activity corresponded to a reduced induction of Parkin phosphorylation,
indicating that the Metformin-induced phosphorylation of endogenous Parkin is

indeed downstream of ULK1 pathway activation.

Phosphorylation of S108-110 is required for maximal Parkin activity
Having identified novel Parkin phosphorylation sites induced in a WT
ULK1 and stimulus-dependent manner, we next examined whether
phosphorylation of these residues affects Parkin function. A number of
functional assays have been widely used to characterize Parkin activity. One
such readout is the ubiquitination of Parkin substrates, as activated Parkin
uses its E3 ligase activity to ubiquitinate a wide range of proteins most
frequently located at the outer mitochondrial membrane (46). MitoNEET and
Mitofusin2 (Mfn2) are two well-validated substrates of Parkin ligase activity
(47-49). MitoNEET ubiquitination is indicated here by higher-molecular weight

forms of ubiquitinated MitoNEET detected by Western blotting, and these
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forms increased in a time-dependent manner following a timecourse of CCCP
treatment, indicating activated Parkin (Figure 3A). Mfn2 ubiquitination is
indicated by the loss of Mfn2 protein, and this reduction is also induced by
CCCP in a time-dependent manner. Both of these readouts of Parkin ligase
activity are dramatically blunted when the Ser108-110 residues of Parkin are
mutated to non-phosphorylatable alanines, similar to the defects observed
upon mutation of the crucial Ser65 PINK1-induced phosphorylation site as well
as a representative Parkinson’s disease mutation previously demonstrated to
display defective ligase activity (37). This indicates that phosphorylation of
Parkin Ser108-110 is required for maximal CCCP-induced Parkin activity, as
the loss of phosphorylation impairs the rate of ubiquitination of Parkin
substrates.

CCCP treatment also induces translocation of Parkin from the cytosol to
damaged mitochondria (34), and this recruitment has been widely used as an
indicator of Parkin function. To investigate the effect of S108-110A mutation
on this aspect of Parkin function, we generated mouse embryonic fibroblast
(MEF) cell lines stably expressing either wildtype or mutant YFP-Parkin.
Consistent with previously published results, we observed colocalization of
wildtype Parkin with mitochondria within two hours of CCCP treatment (Figure
3B). CCCP treatment was also able to induce the mitochondrial colocalization
of Ser108-110A mutant Parkin, as well as the PINK1 site mutant Ser65Ala and

the representative Parkinson’s disease mutant Lys161Asn, however, there
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was less observed mitochondrial colocalization of mutant Parkin, with mutant
Parkin remaining diffuse throughout the cytosol. These observations were
quantified over a timecourse of CCCP treatment using previously described
methods (35, 38), which confirmed that phosphorylation of the Ser108-110
ULK1 sites was required for optimal Parkin translocation to damaged
mitochondria, as mutation of these sites to non-phosphorylatable alanines
resulted in significantly fewer cells that displayed complete translocation of
Parkin to damaged mitochondria, and significantly more cells that displayed no
Parkin translocation whatsoever by 16 hrs of CCCP treatment (Figure 3C).
The previously described method of phenotypic scoring can also be
employed to quantify the effects of Parkin mutation upon a third readout of
Parkin function: the clearance of mitochondria in the final step of Parkin-
mediated mitophagy, when the damaged mitochondria are degraded in the
lysosome and thus not detected by immunofluorescence staining, leading to
diffuse cytosolic Parkin in cells where the mitochondria appear absent
(“gone”). Further confirming the importance of phosphorylation of Parkin
Ser108-110, we observed that mutant Parkin expressing cells displayed
significantly less mitochondrial clearance than cells expressing wildtype Parkin
after 16 hours of CCCP treatment, and that mutant Parkin expressing cells
also displayed a greater percentage of cells in which no Parkin colocalization
or clearance of mitochondria was observed at all (Figure 3D). This delay in

mitochondrial clearance in mutant Parkin expressing cells was also observable
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by Western blot, in which a long timecourse of CCCP treatment induced loss
of mitochondrially associated proteins (the outer mitochondrial membrane
protein Tom20, as well as Complex IV and V components of the electron
transport chain) in wildtype Parkin expressing cells, but this loss was blunted
when the Ser108-110 residues were mutated to non-phosphorylatable

alanines (Figure S3A).

Inhibition of ULK1 function decreases phosphorylation of Parkin and
recapitulates the Parkin mutant phenotype

We predicted that if ULK1 is the major kinase responsible for
phosphorylation of Parkin S108-110, then loss of ULK1 function should
diminish phosphorylation of these residues, as well as phenocopy the reduced
Parkin function we observed when S108-110 were mutated to non-
phosphorylatable residues. To first establish the effect of ULK1 loss on
phosphorylation of Parkin S108-110, we utilized siRNA pools targeting human
ULK1, which greatly reduced ULK1 levels in HEK293T cells and importantly
reduced the levels of CCCP-induced Parkin phosphorylation as well (Figure
4A). This reduction of ULK1 activity was also sufficient to reduce
phosphorylation of Atg13, a well-characterized substrate of ULK1 (50, 51),
indicated by the lower molecular weight mobility shift of unphosphorylated
Atg13 in the siULK1 conditions. We also utilized a panel of additional

AMPK/ULK1-pathway activating compounds, which each act in different ways
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to induce or mimic energy stress, described subsequently, and observed that
each of these compounds increased phosphorylation of ULK1 at Ser555 as
well as induced phosphorylation of Parkin S108-110, and importantly that in all
cases this phosphorylation was dramatically reduced by ULK1 knockdown.
These compounds are expected to increase ULK1 phosphorylation and
activity via activation of its upstream kinase, AMPK, by either a decrease in
cellular ATP levels (Phenformin and Rotenone via electron transport chain
inhibition, and Valinomycin via mitochondrial depolarization) or by direct
allosteric activation (991;(52)). To further establish that phosphorylation of
S108-110 has a functional effect on Parkin activity, we next sought to validate
that this ULK1 knockdown-mediated loss of Parkin phosphorylation also
correlated with decreased Parkin activity, consistent with the Parkin S108-
110A mutant phenotype. We first examined the effect of siULK1 on
ubiquitination of Parkin substrates, and observed that CCCP-induced
ubiquitination of MitoNEET was decreased following ULK1 knockdown (Figure
S4A). Furthermore, in immunofluorescence assays of Parkin activity, ULK1
siRNA knockdown also significantly delayed the translocation of Parkin to
depolarized mitochondria over a short timecourse of CCCP treatment (Figure
4B), as well as significantly reduced the Parkin-mediated clearance of
damaged mitochondria following prolonged treatment with CCCP (Figure 4C).
These data indicate that loss of ULK1 activity by siRNA knockdown impairs

phosphorylation of Parkin with a concomitant impairment of Parkin activity. To
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further validate the effects of ULK1 loss of function on Parkin phosphorylation
and activity, we utilized a newly developed small molecule inhibitor of ULK1
activity, SBI-0206965, hereafter referred to as “6965”, which was recently
characterized by our laboratory (18). In this study, 6965 was identified as a
highly selective ULK1 kinase inhibitor in vitro and inhibited the ability of
endogenous ULK1 to phosphorylate ULK1 substrates. We tested the ability of
6965 to decrease CCCP- and 991-mediated phosphoryation of Parkin, and
observed that co-treatment with 6965 dramatically reduced phosphorylation of
S108-110 (Figure 4D), further supporting the role of ULK1 as the major kinase
responsible for phosphorylation of this region. Inhibition of ULK1 by 6965 also
recapitulated the effects observed following ULK1 siRNA knockdown or
mutation of the Parkin S108-110 sites to non-phosphorylatable alanines, as
co-treatment with 6965 impaired the ubiquitination of the Parkin substrate
MitoNEET. 6965 treatment alone had no effect on phosphorylation of ULK1
Ser555, nor on Parkin phosphorylation or activity. The ability of 6965 to
diminish CCCP-induced phosphorylation of Parkin S108-110 was additionally
validated by mass spectrometry, which revealed phosphorylation of this region
following CCCP treatment that was ablated by co-treatment of CCCP with
6965 (Figure S4B).

Similar to the Metformin-induced bandshift of endogenous Parkin in
mouse livers observed previously, Phenformin (a Metformin analog with more

potent activity in certain cell types), CCCP, as well as a combination of



32

antimycin and oligomycin (AO; a mitochondria-depolarizing combination)
induced robust ULK1 Ser555 phosphorylation and a concomitant induction of
phosphorylated endogenous Parkin in mouse primary hepatocytes (Figure
S4C). Importantly, this phosphorylation of endogenous Parkin was reduced by
co-treatment with the ULK1 inhibitor 6965, validating the ULK1-dependence of

these phosphorylation events.

Genetic deletion of ULK1 reveals compensatory kinase activity to
maintain phosphorylation of Parkin S108-110

Since loss of ULK1 function by both siRNA knockdown and a small
molecule inhibitor decreased phosphorylation of the Parkin S108-110 region
and blunted Parkin activity in a number of functional assays, we hypothesized
that genetic deletion of ULK1 using the CRISPR/Cas9 system (Figure S5A)
would produce similar results. However, unexpectedly, clonal cell populations
established following targeting of ULK1 with the CRISPR/Cas9 system that
appeared to have complete loss of ULK1 protein by Western blot frequently
displayed CCCP-induced activation, or even hyperactivation, of Parkin activity
and phosphorylation of Ser108-110 (Figure 5A). However, one of these clones
(hereafter referred to as Clone B) revealed a much fainter band close in
molecular weight to the endogenous ULK1 band of wildtype HEK293T cells,
which exhibited signaling resembling ULK1 siRNA knockdown and 6965 ULK1

inhibitor treated cells, with diminished phosphorylation of S108-110 and a
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corresponding reduction in Parkin activity demonstrated by the reduced
ubiquitination of the Parkin substrate MitoNEET. Sequencing of Clone B
revealed three different allelic mutations (the parental HEK293T cells are
hypotriploid (53), two of which were out-of-frame (17 base pair insertion, and
22 base pair deletion) but one of which was in-frame (10 base pair insertion
with one base pair deletion) (Figure 5B). The hypomorphic response observed
in Clone B suggests that the single in-frame mutant ULK1 allele could provide
sufficient ULK1 function for Clone B to avoid activation of compensatory
kinases, yet is insufficient to achieve maximal ULK1 activity. The fact that
phosphorylation of Parkin S108-110 was maintained in the ULK1-null clones
suggested that phosphorylation of this region is indeed of great cellular
importance, yet also raised the intriguing question of what kinase or kinases
are activated to compensate for the loss of ULK1. We surmised that a natural
candidate to fulfill this backup kinase role was the closely related kinase ULK2,
which possesses an overall 52% amino acid identity to ULK1 as well as
conserved domain structures, with the kinase domain being particularly well-
conserved (76% amino acid identity) (54). There is also previous evidence for
functional redundancy between ULK1 and ULK2, including the identification of
multiple shared interacting partners, as well as the observations that both ulk1
" mice and ulk2’ mice are born viable yet ulk1” ulk2’ mice display neonatal
lethality, as reviewed in (55). Consistent with our hypothesis, gPCR for human

ULK2 revealed a greater than two-fold induction of ULK2 expression in Clone
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A compared to the wildtype parental cell line, while ULK2 expression in Clone
B was unaffected (Figure 5C), suggesting that the Clone A ULK1-/- cells could
compensate for loss of ULK1 by upregulation of the related ULK2 kinase. The
role of ULK2 as a backup kinase in the context of ULK1 loss was further
examined using the CRISPR/Cas9 method to knock out ULK2 in the wildtype
and ULK1-/- HEK293T lines. In polyclonal populations of cells following
targeting with CRISPR/Cas9 guides designed toward ULK2, targeting of ULK2
ablated the CCCP-induced phosphorylation of Parkin S108-110 in the
hypercompensated Clone A line, with little apparent change in Parkin
phosphorylation status in the wildtype or Clone B lines (Figure S5B). To
confirm the ULK2-mediated specificity of this result, we directly compared this
targeting of ULK2 to CRISPR/Cas9 guides designed toward TBK1, which we
considered as another potential backup kinase due to its well-characterized
involvement in mitophagy, where it is shown to be activated following
mitochondrial depolarization and to directly mediate phosphorylation and
regulation of the autophagic receptor Optineurin (56-58), as well its permissive
phosphorylation motif (59). CRISPR/Cas9-mediated knockout of TBK1 was
highly efficient in the polyclonal population, but loss of TBK1 did not affect
phosphorylation of Parkin S108-110, indicating that the compensatory
phosphorylation observed in ULK1-/- lines is not likely to be mediated by
TBK1. Consistently, gPCR results did not detect any significant alterations in

TBK1 expression levels in either Clone A or Clone B cells compared to
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wildtype expression (Figure S5C). Taken together, the gPCR and
CRISPR/Cas9 results strongly suggest that ULK2 acts as a backup kinase to
maintain CCCP-induced phosphorylation of Parkin S108-110 in the ULK1-null

context.

Energy stress primes Parkin for maximal activity following
depolarization

Having identified that there is indeed an important biological
significance to phosphorylation of Ser108-110 on Parkin activity in a number of
functional assays, we next sought to determine whether this phosphorylation
event was sufficient to drive Parkin activity per se. As described previously
(see Figure 4A), a wide variety of compounds (including CCCP, Phenformin,
Rotenone, 991, and Valinomycin) potently activate the AMPK/ULK1 pathway
within one hour of treatment. This activation is observed in the induction of
AMPK Thr172 phosphorylation and ULK1 Ser555 phosphorylation, and these
compounds concomitantly induce phosphorylation of Parkin Ser108-110
(Figure 6A). INK128 is a selective inhibitor of mTOR, but this inhibition does
not induce activation of AMPK or ULK1, and similarly does not induce
phosphorylation of Parkin Ser108-110. Although all of the AMPK/ULK1
activating compounds described rapidly induce phosphorylation of Parkin
Ser108-110, the ubiquitination of the Parkin substrate MitoNEET was only

observed following treatment with the mitochondrial depolarizing agents
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(CCCP and Valinomycin). When MEF cells stably expressing YFP-Parkin were
examined by immunofluorescence, even prolonged (6 hr) treatment with the
AMPK/ULK1 pathway activating compounds was insufficient to induce Parkin
translocation to the mitochondria, unless this activation occurred in the
presence of mitochondrial depolarization with CCCP or Valinomycin (Figure
6B). Taken together, these data indicate that activation of the AMPK/ULK1
pathway is required for Parkin Ser108-110 phosphorylation, but this
phosphorylation is insufficient to drive Parkin activity towards mitophagy in the
absence of depolarization. This contributes to our model wherein ULK1-
mediated phosphorylation of Parkin Ser108-110 downstream of AMPK/ULK1
pathway activation primes Parkin for maximal activity in a number of functional
assays (including mitochondrial translocation, substrate ubiquitination, and
subsequent mitochondrial clearance) to promote robust mitophagy (Figure

6C).

DISCUSSION

As the most frequently mutated gene in autosomal recessive juvenile-
onset Parkinson’s disease, Parkin function has been widely studied, yet
surprisingly little is known of its regulation in vivo beyond its well-characterized
PINK1-mediated Ser65 phosphorylation site and interaction with
phosphorylated ubiquitin. We have identified novel ULK1-mediated sites of

Parkin phosphorylation in the S108-110 region, which are induced
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downstream of the activated AMPK energy-sensing signaling cascade. Loss of
S108-110 phosphorylation by mutation of this region to non-phosphorylatable
residues, small-molecule inhibition of ULK1 activity, or ULK1 knockdown
impairs Parkin activity in multiple assays of Parkin function, supporting the
functional significance of these phosphorylation events. Thus phosphorylation
of S108-110 downstream of AMPK/ULK1 pathway activation was required for
efficient Parkin function following mitochondrial depolarization, suggesting that
energy stress may act as a priming signal to promote maximal Parkin activity
when combined with additional regulatory signals such as Ser65
phosphorylation. ULK1-mediated phosphorylation of Parkin S108-110
represents a novel direct connection between activation of the conserved
energy-sensing AMPK pathway and mitochondrial quality control. Recent
evidence has indicated that ULK1 can also phosphorylate the mitophagic
receptor FUNDC1 at Ser318 (19), yet in spite of the longstanding observation
that loss of ULK1 impairs mitochondrial morphology and clearance, there has
been little other previous evidence to directly connect ULK1 to established
regulators of mitophagy. Our laboratory also recently discovered that AMPK
signaling controls another aspect of mitochondrial regulation through direct
AMPK-mediated phosphorylation of the mitochondrial fission factor (MFF) (60),
suggesting that AMPK can act through multiple arms of its signaling cascade
to promote mitochondrial efficiency in response to energy stress. Although

phosphorylation of S108-110 per se was insufficient to induce the
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translocation of Parkin to mitochondria in the absence of depolarization,
whether this phosphorylation affects alternative aspects of Parkin function,
such as its activity toward cytosolic substrates (of which several have been
reported (46)), has yet to be determined. Another significant finding that we
report here is the in vivo phosphorylation of endogenous Parkin in response to
AMPK/ULK1 pathway activation. In untreated mice, phosphorylation of the
orthologous mouse region of Parkin was found to be specifically induced in
brown fat (43), and although this study did not identify the kinase responsible
for these phosphorylation events, it strongly indicated the importance of high
metabolic activity (brown fat displays a high density of uncoupled mitochondria
and robust AMPK pathway activation) on the regulation of Parkin in a tissue-
specific manner. Our study presents exciting results in the context of treatment
with AMPK pathway activating compounds, as we observed Metformin-
induced phosphorylation of endogenous Parkin in mouse liver as well as
ULK1-dependent phosphorylation of endogenous Parkin in primary mouse
hepatocytes. The oral biguanide compound Metformin has been widely
prescribed for the treatment of Type Il diabetes since the mid-1970s, though
astonishingly the compound itself is derived from the active ingredient of the
French lilac Galega officinalis, also colloquially known as ‘Goat’s rue’, which
was prescribed for the treatment of diabetic symptoms observed in medieval
times (61). The beneficial effects of Metformin are known to be mediated in

large part through activation of the AMPK signaling cascade (62, 63), and the
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regulation of Parkin function downstream of active AMPK/ULK1 signaling
presents a previously unappreciated role for mitochondrial quality control in
the liver as well as in other metformin-responsive tissues. In fact, Metformin
can cross the blood-brain barrier and is widely considered neuroprotective
(64-66), though some controversy remains (67, 68), and thus merits thorough
investigation. Intriguingly, parkin -/- mice are also susceptible to
hepatocellular carcinoma (69), and Parkin has been proposed as a tumor
suppressor in a number of human cancers (recently reviewed in (70)). In
conclusion, our study has identified novel sites of human Parkin regulation
directly downstream of AMPK/ULK1 pathway activation, and thus opens up
several avenues for future investigation in important in vivo contexts,

including Parkinson’s disease, cancer, and diabetes.

EXPERIMENTAL PROCEDURES
Antibodies and Reagents

Cell Signaling Technology antibodies used were ACC (#3662),
phospho-ACC S79 (#3661), AMPK (#2532), phospho-AMPK T172 (#2535),
Atg13 (#13273), GAPDH (#5174), GFP XP (#2956), Myc tag (#2278), Parkin
(#2132), Parkin monoclonal (#4211), Raptor (#2280), phospho-Raptor (#2083),
phospho-S6 S235/6 (#4858), TBK1 (#3013), phospho-TBK1 S172 (#5483),
ULK1 (#8054), phospho-ULK1 S555 (#5869), phospho-ULK1 S757 (#6888),

4EBP1 (#9452). Phospho-Parkin Ser108 antibody was developed in
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collaboration with Thorsten Wiederhold at Cell Signaling Technology.
Phospho-Vps34 Ser249 antibody was developed in collaboration with Gary
Kasof at Cell Signaling Technology as reported previously (Egan et al., 2015).
Sigma antibodies used were ULK1 (A7481), b-actin (A5541), and Flag tag
polyclonal (F7425). MitoNEET/CISD1 (16006-1-AP) antibody was from
ProteinTech. Phospho-Atg13 Ser318 (600-401-C49) antibody was from
Rockland. Mitofusin2 (ab124773) antibody was from Abcam. Mitochondrial
electron transport chain complexes were blotted using the MitoProfile Total
OXPHOS antibody cocktail (ab110413). EBSS (14155-063) was from
GIBCO/Life Technologies. CCCP (C2759), Rotenone (R8875), and
Phenformin (P7045) were from Sigma. INK-128 (A-1023) was from Active Bio-

chem. AICAR (A611700) was from Toronto Research Chemicals.

Plasmids

YFP-Parkin plasmid (#23955) was from Addgene. The cDNA encoding
human Vps34 was obtained from Invitrogen. The Flag tag and attL1 sites (for
BP reaction) were cloned by PCR using standard methods. cDNAs were
subcloned into pPDONR221 with BP clonase (Invitrogen), and site-directed
mutagenesis was performed using QuikChange Il XL (Stratagene). Kinase
dead ULK1 was achieved by introduction of a K46l mutation. Wild-type and
mutant alleles in pDONR221 were sequenced in their entirety to verify no

additional mutations were introduced during PCR or mutagenesis steps and
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then put into either pcDNA3 Myc or pcDNA3 Flag mammalian expression
vectors, or pQCXIN retroviral destination vector (#17399) from Addgene by LR

reaction (Invitrogen).

Cell Culture, Transient Transfections, and Cell Lysis

HEK-293T and SV40 immortalized wild-type mouse embryonic
fibroblast (MEF) cells were cultured in DMEM (Mediatech) containing 10%
fetal bovine serum (Hyclone, Thermo Scientific) and penicillin/streptomycin
(Gibco) at 37°C in 10% CO2. For transient expression, cells were transfected
with 2 ug each DNA plasmid per 6 cm dish using Lipofectamine 2000
(Invitrogen) following the manufacturer's protocol. Cells were harvested 16
hours after transfection in Cell Signaling Technology lysis buffer supplemented
with EDTA-free protease inhibitor cocktail (11836170001) from Roche and
Calyculin A (1336100U) from Tocris. Cell lysates were prepared and
immunoblotted as previously described (Egan et al., 2011). siRNA
transfections were performed using ON-TARGETplus SMARTpools from
Dharmacon transfected at a final concentration of 20 nM using RNAIMAX
(Invitrogen) according to the manufacturer’s protocol, and cell lysates were
harvested 72 hours after transfection. Immunoprecipitations were performed
by incubating the cell lysates at 4°C for 2 hours with the indicated antibodies
and Protein A- or G-Sepharose 4B Conjugate (for rabbit or mouse antibodies,

respectively) from Invitrogen or by incubation with GFP-Trap (Bulldog Bio)
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where indicated. Phosphatase treatment was performed using lambda protein

phosphatase (P0753S) from New England BioLabs.

Generation of YFP-Parkin MEFs, and Fluorescence Microscopy
Stable retroviral expression of wildtype and mutant YFP-Parkin in MEF
cells was performed as described previously (3). Briefly, the pQCXIN YFP-

Parkin constructs were transfected along with the ampho packaging plasmid

into HEK293T cells, the virus-containing supernatants were collected 48 hours
after transfection and passed through 0.45 um filters, and target MEFs were
infected in the presence of polybrene (5 ug/ml; Sigma 107689). 24 hours after
infection, cells were selected with neomycin (0.5 mg/ml; Invitrogen 10131027).
MEFs stably expressing YFP-Parkin were plated on glass coverslips in 6-well
tissue culture plates. 16 hours later, cells were treated as indicated and
subsequently fixed in 4% PFA (Electron Microscopy Sciences) in PBS for 10
minutes and permeabilized in 0.2% Triton in PBS for 10 minutes. Mitochondria
were stained using the primary antibody Tom20 (1:200; Santa Cruz sc-11415)
and secondary antibody anti-rabbit AlexaFluor 555 (1:1000; Molecular Probes),
and counter stained with DAPI (Sigma). Coverslips were mounted in
Fluoromount-G (SouthernBiotech). Images were acquired on a Zeiss LSM 700
confocal microscope, and scoring was performed blind to cellular

genotype/expression and treatment.



43

Mass Spectrometry

YFP-Parkin was overexpressed in HEK-293T cells as described and
immunoprecipitated with GFP-Trap (Bulldog Bio), run out on SDS-PAGE gels,
and stained with GelCode blue reagent (Thermo Scientific). Bands on the gels
were cut out and subjected to reduction with dithiothreitol, alkylation with
iodoacetamide, and in-gel digestion with trypsin or chymotrypsin overnight at
pH 8.3, followed by reversed-phase microcapillary/tandem mass spectrometry
(LC/MS/MS). LC/MS/MS was performed using an Easy-nLC nanoflow HPLC
(Proxeon Biosciences) with a selfpacked 75 ym id x 15 cm C18 column
coupled to a LTQ-Orbitrap XL mass spectrometer (Thermo Scientific) in the
data-dependent acquisition and positive ion mode at 300 nL/min. Peptide ions
from predicted phosphorylation sites were also targeted in MS/MS mode for
quantitative analyses. MS/MS spectra collected via collision induced
dissociation in the ion trap were searched against the concatenated target and
decoy (reversed) single entry and full Swiss-Prot protein databases using
Sequest (Proteomics Browser Software, Thermo Scientific) with differential
modifications for Ser/Thr/Tyr phosphorylation (+79.97) and the sample
processing artifacts Met oxidation (+15.99), deamidation of Asn and Gin
(+0.984) and Cys alkylation (+57.02). Phosphorylated and unphosphorylated
peptide sequences were identified if they initially passed the following Sequest
scoring thresholds against the target database: 1+ ions, Xcorr 22.0 Sf=20.4, P

2 5; 2+ ions, Xcorr=22.0,Sf>20.4, P =2 5; 3+ ions, Xcorr22.60,Sf=204,P=>5
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against the target protein database. Passing MS/MS spectra were manually
inspected to be sure that all b- and y- fragment ions aligned with the assigned
sequence and modification sites. Determination of the exact sites of
phosphorylation was aided using Fuzzylons and GraphMod and
phosphorylation site maps were created using ProteinReport software
(Proteomics Browser Software suite, Thermo Scientific). False discovery rates
(FDR) of peptide hits (phosphorylated and unphosphorylated) were estimated

below 1.5% based on reversed database hits.

Generation and sequencing of CRISPR cell lines

CRISPR knockout cell lines were generated using the Cas9 nickase strategy
as described previously (71). Briefly, a guide RNA (gRNA) pair was designed
to target each of the indicated human genes (ULK1, ULK2, or TBK1) using the
online design tool at crispr.mit.edu. Each gRNA duplex was cloned into pX462
vector encoding SpCas9n-2A-puro (Addgene # 48141). HEK293T cells were
transfected with the gRNA pair using Lipofectamine 2000 (Invitrogen). 24
hours after transfection, cells were selected with puromycin (2.5 ug/ml) for 48
hours, and single cell cloning was subsequently performed by cell sorting into
96-well plates. Individual clones were screened by western blot, and selected
clones were sequenced by PCR amplification and the Zero Blunt TOPO PCR

cloning kit (Life Technologies) according to the manufacturer’s instructions.
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Clones were mini prepped and sequenced by Sanger sequencing and aligned

to the reference sequence.
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Myc-ULK1: - WT KiI
YFP-Parkin: + + +

YFP-Parkin
(IB: GFP)

Myc-ULKA1
(IB: Myc)

HEK293T

Figure 2.1A. ULK1-induced electrophoretic mobility shift of Parkin

Myc-tagged wildtype ULK1 (WT) or Myc-tagged kinase-inactive ULK1 (KI) was transfected
into HEK293T cells along with wildtype YFP-tagged Parkin (YFP-Parkin). Negative control (-)
for cDNA transfection was pEBG empty backbone GST fusion vector. Cellular lysates were
isolated 16-hr post transfection and run on standard SDS-PAGE gels which were transferred
to PVDF membranes and subsequently immunoblotted with the indicated antibodies. Red
arrow indicates a mobility shift representative of phosphorylation that only occurs with the
YFP-Parkin and WT ULK1 combination.
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YFP-Parkin + WT ULK1

FPVEVDSD .I VV AXRQGVPADQ LRVIFAGKEL RNDWIVQNCD LDQQSIVHIV QRPWRKGQEI

GDDPRN ARGGCEREPQ lLT R SPFAGIEAGR SIYNSFYVYC KGPCQRVQPG

161 KLRVQCSTCR QATLTLTQGP SCWDDVLIPN RISGECQSFH CPGTSAEFFF KCGAHPTSDK ETSVALHLIA TNSRNITCIT

241 CIDVRSPVLV FQCNSRHVIC LDCFHLYCVT RLNDRQFVHD PQLGYSLPCV AGCPNSLIKE LHHFRILGEE QYNRYQOYGA

321 EECVT_C‘C—C—V LCPRPGCGAG LLPEPDQRXV TCEGGNGLGC GFAFCRECKE AYHEGEC'AV FEAIG'TTQFA YRVDERARREQ

401 ARWERRJRET IRXTTXPCPR cuvevExNGe CHeMxcPQPQ CRLEWCWNCE CEWNRVCHGD HWEDV

Legend:

Protein coverage Peptide spectra

B m=i-15.98450 nQ=:-0.38402 [ sTva@:-7s.9se33

YFP-Parkin + KI ULK1

VV RXRQGVPADQ LRVIFAGKEL RNDWIVQNCD LDQQSIVHIV QRPWRKC—QE.

{IVEVRENSS FPVEVDSD TSI

K IPFAC—.EAGR SIYNSFYVYC KGPCQRVQPG

I

401 ARWERASKET IXXKITKPCPR CHVPVERNGG Cl. KCPQPQ CRLEWCWNCG CEWNRVCMGD HWEDV

Legend:

Protein coverage Peptide spectra

N w=:-15.99490 nQ=:-0.38402  [| sTva@:-7s.9ss33

Figure 2.1B. Mass spectrometry of YFP-Parkin

WT (top) and KI (bottom) Myc-ULK1 was transfected into HEK293T cells along with YFP-
Parkin. Cellular lysates were collected 16 hrs post transfection, and YFP-Parkin was
immunoprecipitated with GFP-Trap conjugated agarose beads. The immunoprecipitate was
run out on an SDS-PAGE gel and stained with coomassie, and the band corresponding to
YFP-Parkin was isolated and subjected to tryptic digest and LC/MS/MS analysis. Green bars
indicate peptide coverage, and purple highlights indicate phosphorylation events.
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Parkin Serl08
Parkin Serll0
Atgl3 Ser389
Atgl3 Ser355
Atgl0l Serll
Atgl0l Ser203
Beclinl Serl5
Beclinl Ser30
Beclinl Ser96
Beclinl Ser279
Beclinl Ser337
STING Ser366
VPS34 Ser249

Figure 2.1C. Alignment of phosphorylation motifs of ULK1 substrates
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Alignment of Parkin Ser108 and Ser110 phosphorylation sites alongside previously reported
ULK1-mediated phosphorylation sites in Atg13, Atg101, Beclin1, STING, and VPS34.
Residues conforming to the optimal ULK1 phosphorylation motif at the -3, -1, +1, +3 and +4
positions are highlighted.
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H. sapiens Human

P. troglodytes Chimpanzee
M. fascicularis Macaque

M. musculus Mouse

R. norvegicus Rat

G. gallus Chicken

S. scrofa Pig

D. rerio Zebrafish
T. castaneum Beetle

C. elegans Nematode

Polar negative

Hydrophobic

Figure 2.1D. Conservation of Parkin sites across species

The phosphoacceptor residues of Parkin S108-110 are conserved throughout evolution.

Conserved residues across multiple species were aligned using NCBI Standard Protein
BLAST.

49
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Myc-ULK1: - - WT WT KI KIi
YFP-Parkin: - WT WT SA3 WT SAS3
(1B Myc) r—

YFP-Parkin . -

(IB: GFP) - e o
Actin | e o CEpaD GID G
HEK293T

Figure 2.1E. The ULK1-induced bandshift is ablated by mutation of S108-
110

WT or KI Myc-ULK1 was transfected into HEK293T cells along with wildtype (WT) or S108-
110A (SA3) YFP-Parkin. Cellular lysates were isolated 16-hr post transfection, run on standard
SDS-PAGE gels which were transferred to PVDF membranes and subsequently
immunoblotted with the indicated antibodies. Red arrow indicates a mobility shift
representative of phosphorylation that only occurs with the WT YFP-Parkin and WT ULK1
combination.
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YFP-Parkin: - WT WT WT SA3SA3 SA3
Myc-ULK1: - - WT KI - WT Ki

ULK1 . ' g
s o
pParkinS108 ' :
Parkin
(IB: GFP)
GAPDH | —————

HEK293T

Figure 2.2A. A novel phospho-antibody detects ULK1 kinase-dependent
phosphorylation of Parkin $S108-110

WT or KI Myc-ULK1 was transfected into HEK293T cells along with WT or SA® YFP-Parkin.
Cellular lysates were isolated 16-hr post transfection and subsequently immunoblotted with
the indicated antibodies, including a novel phospho-specific Parkin antibody (pParkinsmg)
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Parkin protein: - - WT WT SA3SA3 - - - -
VPS34 protein: - - - - - - WT WT SA SA

Rec. ULK1 protein: -+ + -+ -+ -+
ULK1 ., O e m -
pVPS345240 -

pParkinS108 —

In vitro kinase assay

Figure 2.2B. Parkin S108-110 is phosphorylated in vitro by ULK1

An in vitro kinase assay was performed using either Parkin or VPS34 as substrates for
recombinant (Rec.) ULK1 in the presence of ATP. Parkin and VPS34 were isolated by
transfection of wildtype Myc-Parkin or Flag-VPS34 into HEK293T cells and subsequent
immunoprecipitation 16-h post transfection using monoclonal antibodies directed toward the
epitope tag (anti-Myc and anti-Flag, respectively) and sepharose beads conjugated to
recombinant Protein G. In vitro kinase assay reactions were run on a standard SDS-PAGE gel
and subsequently immunoblotted with the indicated antibodies.
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CCCP: 0 30m 1th 4h 0 30m 1h 4h 0 30m 1h 4h
YFP-Parkin: - - - -  WT WT WT WT SA3 SA3 SA3 SA3

pParkinS108

YFP-Parkin
(IB: GFP)

pULK 18555

ULK1

Actin

HEK293T

Figure 2.2C. Phosphorylation of Parkin $108-110 is induced by CCCP

WT or SA® YFP-Parkin was transfected into HEK293T cells. 16-h post transfection, cells were
treated with 20 uM CCCP (or equivalent volume DMSO vehicle control, 0). Cellular lysates
were isolated after the times indicated (30 min, 1 hour, 4 hours) and immunoblotted with the
indicated antibodies.
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WT AMPK del
Sal Met Sal Met

AMPK

pULK 18555

ULKA1

GAPDH

Parkin

Bej-soyd

Mouse livers

Figure 2.2D. Metformin induces phosphorylation of endogenous Parkin
in an AMPK/ULK1-dependent manner in mouse liver

AMPK a1/a2 fl/fl mice expressing (“AMPK del”) or not expressing (“WT”) albumin-cre were
treated with tamoxifen (1 mg/kg) every other day for a total of 3 injections. Mice were then
fasted overnight, refed for 1 hr, then treated for 1 hr with saline or Metformin (250 mg/kg).
Livers were collected, lysates were prepared in Cell Signaling Technology lysis buffer
supplemented with 5X EDTA-free protease inhibitor cocktail Roche and Calyculin A, and
subsequently run on standard SDS-PAGE gels or Phos-tag acrylamide gel as indicated, then
immunoblotted with the indicated antibodies.
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ULK1/2 fl/fl

AAV-GFP AAV-Cre
Sal Met Sal Met

pULK 18555

ULKA1

Atg13

GAPDH

Parkin

Bey-soyd

Mouse livers

Figure 2.2E. ULK1 loss reduces Metformin-induced phosphorylation of
endogenous Parkin

ULK1/2 fI/fl mice were administered AAV-GFP or AAV-Cre by tail vein injection. 2 weeks post-
injection, mice were treated for 2 hrs with saline or Metformin (250 mg/kg). Livers were
collected, lysates were prepared in Cell Signaling Technology lysis buffer supplemented with
5X EDTA-free protease inhibitor cocktail Roche and Calyculin A, and subsequently run on
standard SDS-PAGE gels or Phos-tag acrylamide gel as indicated, then immunoblotted with

the indicated antibodies.
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20 uM CCCP: 0 hrs 1hrs 2hrs 3 hrs
YFP-Parkin: WT SA365 161 WT SA365 161WT SA365 161WT SA365 161

YFP-Parkin
(IB: GFP)

MitoNEET

Mfn2

Figure 2.3A. Ubiquitination of Parkin substrates is impaired by Parkin
S$108-110A mutation

MEF cells stably expressing WT or mutant (S108-110A, SA% S65A, 65; K161N, 161) YFP-
Parkin were treated with 20 uM CCCP (or equivalent volume DMSO vehicle). Cellular lysates
were isolated after the times indicated and subsequently immunoblotted with the indicated
antibodies. Red arrow indicates the higher molecular band of ubiquitinated MitoNEET.
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Figure 2.3B. Translocation of Parkin to damaged mitochondria is
impaired by Parkin S108-110A mutation

Immunofluorescence imaging of MEF cells stably expressing WT or mutant (SA3, S65A,
K161N) YFP-Parkin, treated with 20 uM CCCP or equivalent volume DMSO vehicle control for
4 hrs. YFP-Parkin (green) was visualized by the fluorescent YFP tag, while mitochondria (red)
were immunostained by the outer mitochondrial membrane protein Tom20, and nuclei (blue)

were counterstained with DAPI.
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Figure 2.3C. Translocation of Parkin to damaged mitochondria is
significantly delayed by Parkin S108-110A mutation

Quantification of Parkin mitochondrial translocation phenotype described in (B). MEF cells
stably expressing WT or mutant (SA3, S65A, K161N) YFP-Parkin were treated with 20 uM
CCCP or equivalent volume DMSO vehicle control for the times indicated prior to fixation and
immunofluorescence staining (mitochondria: Tom20; nuclei: DAPI). Data are shown as the
mean + SEM of three independent experiments with 2100 cells counted for each condition for
each replicate. *P<0.01-0.05; **P<0.001-0.01; ***P<.0001-.001; ****P<.0001by two- way
analysis of variance (ANOVA).
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Figure 2.3D. Clearance of damaged mitochondria is delayed by Parkin

S108-110A mutation

Quantification of Parkin mitochondrial clearance phenotype by immunofluorescence. MEF
cells stably expressing WT or mutant (SA3, S65A, K161N) YFP-Parkin were treated with 20
uM CCCP or equivalent volume DMSO vehicle control for the times indicated prior to fixation
and immunofluorescence staining (mitochondria: Tom20; nuclei: DAPI). Data and statistics

were collected as in (3C).
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Figure 2.4A. ULK1 knockdown ablates the AMPK/ULK1 activator-induced
phosphorylation of Parkin S108-110

RNAi knockdown of ULK1 (or scramble RNAI control, ctl) was performed in HEK293T cells for
72 hrs. Cells were transfected with YFP-Parkin 16 hrs prior to collection. 1 hr prior to
collection, cells were treated with 20 uM CCCP, 2 mM Phenformin (Phen), 10 uM 991, 100
ng/ml Rotenone (Rot), 10 uM Valinomycin (Val), or equivalent volume vehicle control (DMSO).
Cellular lysates were isolated and subsequently immunoblotted with the indicated antibodies.
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Figure 2.4B. ULK1 knockdown delays translocation of Parkin to damaged
mitochondria

Quantification of Parkin mitochondrial translocation phenotype. MEF cells stably expressing
WT YFP-Parkin were treated for 72 hrs with RNAi knockdown of ULK1 or scramble control
(ctl). Prior to fixation and immunofluorescence staining (mitochondria: Tom20; nuclei: DAPI),
cells were treated with 20 uM CCCP or equivalent volume DMSO vehicle control for the times
indicated. Data are shown as the mean + SEM of three independent experiments with 2100
cells counted for each condition for each replicate. *P<0.01-0.05; **P<0.001-0.01; ***P<.0001-
.001; ****P<.0001by two- way analysis of variance (ANOVA).
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Figure 2.4C. ULK1 knockdown impairs clearance of damaged
mitochondria

Quantification of Parkin mitochondrial clearance phenotype. MEF cells stably expressing WT
YFP-Parkin were treated for 72 hrs with RNAi knockdown of ULK1 or scramble control (ctl).
Prior to fixation and immunofluorescence staining (mitochondria: Tom20; nuclei: DAPI), cells
were treated with 20 uM CCCP or equivalent volume DMSO vehicle control for the times
indicated. Data and statistics were collected as in (4B).
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Figure 2.4D. Inhibition of ULK1 ablates the CCCP- and 991-induced
phosphorylation of Parkin S108-110

YFP-Parkin was transfected into HEK293T cells. 16 hrs post transfection, cells were treated
with DMSO vehicle control (D), 20 uM CCCP (C), 10 uM 991, 10 uM 6965 ULK1 inhibitor (65),
or combination of 6965 with CCCP or 991 (65/C, 65/991, respectively) for 1 hr. Cellular lysates
were isolated and subsequently immunoblotted with the indicated antibodies.
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1 hr: DMSO CCCP
ULK1CRISPRHEK293T: WT A B C D WT A B C D

pULK15%5

ULK1

pParkins108

YFP-Parkin

MitoNEET

Actin

Figure 2.5A. ULK1 knockout CRISPR clones display compensatory
phosphorylation of Parkin S108-110

WT HEK293T cells (WT) and representative ULK1 knockout CRISPR clones (A-D) were
treated with DMSO vehicle control or 20 uM CCCP for 1 hr. Cellular lysates were isolated and
subsequently immunoblotted with the indicated antibodies.
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New DNA from 1 to 637

Alignment to

RA_015_15_SEQF_G02.abl-- Matches:637; Mismatches:0; Caps:642; Unattempted:0
Mismatches:6; Gaps:567; Unattempte:

RA_018_18 SEQF_B03.abl- Mismatches:0; CGaps:694; Unattempte

New DNA-- Matches:637; Mismatches:0; Gaps:0; Unattempted:0

* - * - * - * - * -
1>~~~-~~~-~~--~~--~~-GTGMGBCHGTGCCCCTCCTGACCCGGGGmCCTCCCGGCCNCMCCCNCCMGCGCTCTCCATCCMGTMCGBGDE 1
1>GNNCGTATGGGCGGC- - —G'l'GGTGGCT'l'GTGCCCCTCCTGACCCGGGGTT’W‘N" 'TGCCTGGCGCTCTCCATCCGTGTGGCGGGA>96
C TTGTGCCCCTCCTGACCC TTTCCTCCCH TGCCTGGCGCTC!
1>GGNCGTTTCGGCGGTC-——G’!'GG'IGGC'lTGTGCCCCTCCTGACCCGGGGTTTCCTCCCGGCCTGCGGCCCTGCCTGGCGCTCTCCATCCGTGTGGCGGGA)97
TGGTGGCTTGTGCCCCTCCTGACCC TTTCCTCCCGGCCTGCGGCCCTGCCTGEGCGCTCTCCATCCGTGTGGCGGGA>81

* - * - * - * *
B2>CCGGCCTGGCTGCGCGMACTCACCCCTMGGGAGGAMCACGGCCCCCAGGCCCTGAGCCGCCTCTCCCCGCAG
97>CCGGCCTGGCT! .CTCACCCC GGCCCTGAGCCGCCTCTH

101>CCGGCCTGGCTGCGCGGGACTCACCCC! "‘ ACGGCCC C C Abu,\,u.b\,AG
98>CCGGCCTGGCTGCGCGGGACTCACCCCT AACACGGCCC CTGAGCCGCCTCTCCCCGC
82>CCGGCCTGGCTGCGCGGGACTCACCCC AACACGGCCCCCAGGCCCTGAGCCGCCTCTCCCCGC

* * * * * * * * * *
164>-CACGCTGAGCGAGGACACCATCAGGCTCTTCCTGCAGCAGATCGCGGGCGCCATGCGGCTTCTGCACAGCAAAGGCATCATCCACCGCGACCTGAAACC>262
@CACGCTGAGCGAGGACACCATCAGGCTCTTCCTGCAGCAGA TGCGGCTTCTGCACAGCAAAGGCATCATCCACCGCGACCTGAAACC>294
CGAGGACACCATCAGGCTCTTCCTGCAGCAGATCGCGGGCGCCATGCGGCTTCTGCACAGCARAGGCATCATCCACCGCGACCTGARACC>284

GCTCTTCCTGCAGCAGATCGCGGGCGCCATGCGGCTTCTGCACAGCAAAGGCATCATCCACCGCGACCTGAAACC>256
164>-CACGCTGAGCGAGGACACCATCAGGCTCTTCCTGCAGCAGATCGCGGGCGCCATGCGGCTTCTGCACAGCAAAGGCATCATCCACCGCGACCTGAAACC>262

* * * * * * * * * *
263>GCAGAACATCCTGCTGTCCA "MCCCCMCAGCATCCGCGTCMGATCGGTCAGCCCGCGGGCAGGCAGGCGGGCCCGGCG> 362
295>GCAGAACATCCTGCTGTCCAAC ACCCCAACA: 'CCGCGTCAAGATCGGTCAGCC 'CGGCG>394
285>GCAGAACATCCTGCTGTCCAACCCCGCCGGCCGCCGCGCCAACCCCAACAGCATCCGCGTCAAGATCGGTCAGCCCGCGGEC nf‘f‘f‘h- GCGGGCCCGGCG>384

257>GCAGAACATCCTGCTGTCCAACCCCGCCGGCCGCCGCGCCAACCCCAACAGCATCCGCGTCAAGATCGGTCAGCCCGCGGGCAGGCAGGCGGGCCCGGCE>356
263>GCAGAACATCCTGCTGTCCAACCCCGCCGGCCGCCGCGCCAACCCCAACAGCATCCGCGTCAAGATCGGTCAGCCCGCGGGCAGGCAGGCGGGCCCGGCG>362

* * * * * * * * * *
36 3>GGGAGGGGCTCCGGGGCCMCGCCGGTCCTGACGCTTCTCTCCCGCAGCTGACTTCGGCmGCGCGGTACCTCCAGAGCMCAMATGGCGGCCACACb 462
GGCGCCGGTCCTGACGCTTCTCTCCCGCAGCTGACTTCGGCTTCGCGCGGTACCTCCAGAGCAACATGATGGCGGCCACACT>494
ALubbbbubbbubuubbAu,AL:ACGCTTCTC’1'CCCGCAGCTGACTTCGGCTTCGCGCGGTACCTCCAGAGCAACATGA’IGGCGGCCACACT>484

357 TCCGGGGCCGGCGCCGGTCCTCGACGCTTCTCTCCCGCAGCTGACTTCGGCTTCGCGCGGTACCTCCAGAGCAACATGATGGCGGCCACACT>456
36 TCCGGGGCCGGCGCCGETCCTGACGCTTCTCTCCCGCAGCTGACTTCGGCTTCGCGCGGTACCTCCAGAGCAACATGATGGCGGCCACACT>462

* * * * * * * * * *
463>CTGCGGCTCCCCCATGTACATGGTGTGTTTACCTTGGCCGGGCTGTGCCGGGTGGGCGCCTCTCTGGGCTTGCTGGTTGGTTGGCTGGCGTGTGGTGCGC>562
495>CTGCGGCTCCCCCATGTACATGGTGTGTTTACCTTGGCCGGGCTGTGCCGGGTGGGCGCCTCTCTGGGCTTGCTGGTTGCTTGGCTGGCGTGTGGTGCGC>594
485>CTGCGGCTCCCCCATGTACATGGTGTGTTTACCTTGGCCGEGCTGTGCCGGETGGGCGCCTCTCTGEGCTTGCTGETTGCTTGCGCTGGCGTGTGGTGCGC>584
457>CTGCGGCTCCCCCATGTACATGGTGTGTTTACCTTGGCCGGGCTGTGCCGEGGTGGGCGCCTCTCTGGGCTTGCTGCTTGCTTGCGCTCGGCCGTGTGGTGCCC>556
463>CTGCGGCTCCCCCATGTAC, TTACCTTGGCCGGGCTGTGCC GCCTCTCTGGGCTTGC TGGT TGGC GC>562

Figure 2.5B. Sequencing of ULK1 knockout CRISPR clone B

ULK1 allele sequencing of HEK293T CRISPR clone B was performed on TOPO cloning
products and analyzed using the ApE plasmid editor.
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Figure 2.5C. Upregulation of ULK2 expression compensates for ULK1
loss in ULK1 knockout CRISPR clone A

gPCR analysis for ULK2 mRNA expression in WT HEK293T and ULK1 knockout CRISPR
clones A and B. Values are expressed as mean = SEM.
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Figure 2.6A. Phosphorylation of Parkin S108-110 is not sufficient to
induce ubiquitination of Parkin substrates in the absence of
mitochondrial depolarization

YFP-Parkin was transfected into HEK293T cells. 16 hrs post transfection, cells were treated
for 1 hr with 20 uM CCCP, 2 mM Phenformin, 100 ng/ml Rotenone, 10 uM 991, 1uM INK128,
5 uM Valinomycin, or equivalent DMSO vehicle control. Cellular lysates were isolated and
subsequently immunoblotted with the indicated antibodies. Red arrow indicates higher
molecular weight band of ubiquitinated MitoNEET.
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Figure 2.6B. Activation of the AMPK/ULK1 pathway is not sufficient to
induce translocation of Parkin in the absence of mitochondrial
depolarization

Immunofluorescence imaging of MEF cells stably expressing WT YFP-Parkin, treated 6 hrs
with 20 uM CCCP, 2 mM Phenformin, 100 ng/ml Rotenone, 10 uM 991, 10 uM Valinomycin, or
equivalent DMSO vehicle control. YFP-Parkin (green) was visualized by the fluorescent YFP
tag, while mitochondria (red) were immunostained by the outer mitochondrial membrane
protein Tom20, and nuclei (blue) were counterstained with DAPI.
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Figure 2.6C. Model

Mitochondrial stress activates the AMPK/ULK1 pathway and induces ULK1-mediated
phosphorylation of Parkin at S108-110, which primes Parkin for maximal activity following
mitochondrial depolarization.
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Figure 2.S1A. The ULK1-induced bandshift of Parkin is collapsible by

phosphatase treatment

Myc-tagged wildtype ULK1 (WT) or Myc-tagged kinase-inactive ULK1 (KI) was transfected
into HEK293T cells along with wildtype YFP-tagged Parkin. Negative control (-) for cDNA
transfection was pEBG empty backbone GST fusion vector. Cellular lysates were collected 16

hrs post transfection, YFP-Parkin immunoprecipitation was performed using GFP-Trap

conjugated agarose beads, and samples were subsequently treated with lambda-phosphatase
(PPase) or PMP buffer negative control. Samples were run out on a standard SDS-PAGE gel

and subsequently immunoblotted with the indicated antibodies.
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Figure 2.S1B. The ULK1-induced bandshift of Parkin is collapsible by
S$108-110A mutation

WT YFP-Parkin or YFP-Parkin with Ser(orThr)-to-Ala mutation of the indicated Ser/Thr
residues (bottom) was transfected into HEK293T cells along with WT or KI ULK1 (top).
Cellular lysates were isolated and subsequently immunoblotted with the indicated antibodies.
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Figure 2.S2A. Phospho-antibody specificity

WT YFP-Parkin or YFP-Parkin with Ser-to-Ala mutation of the indicated Ser residues (108,
109, 110, 65) or Lys161-to-Asn mutation (161) was transfected into HEK293T cells along with
WT or KI ULK1. Cellular lysates were isolated and subsequently immunoblotted with the
indicated antibodies.
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Figure 2.S2B. Phospho-Parkin $S108-110 is not affected by S65A or
K161N mutation

WT Myc-ULK1 was transfected into HEK293T cells along with WT or mutant (or SA®, S65A, or
K161N) YFP-Parkin. Cellular lysates were isolated 16-hr post transfection and subsequently
immunoblotted with the indicated antibodies.
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Figure 2.S2C. In vitro kinase assay input controls

Cellular lysates corresponding to the input controls for the in vitro kinase assay shown in
Figure 2C. HEK293T cells were transfected with wildtype Myc-Parkin or Flag-VPS34, and
cellular lysates were isolated 16-h post transfection. Input samples were collected from
cellular lysates prior to immunoprecipitation described in Figure 2C. Input samples were run
on a standard SDS-PAGE gel and subsequently immunoblotted with the indicated antibodies.
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Figure 2.S2D. Mass spectrometry validation of CCCP-induced
phosphorylation

Mass spectrometry coverage of peptides containing Parkin Ser108-110, with phosphorylated
peptides indicated in blue (phosphorylated residue is indicated with lower case). YFP-Parkin
was transfected into HEK293T cells. 16 hrs post transfection, cells were treated with 20 uM
CCCP (or equivalent DMSO vehicle control) for the times indicated, then cellular lysates were
collected and YFP-Parkin was immunoprecipitated with GFP-Trap conjugated agarose beads.
The immunoprecipitate was run out on an SDS-PAGE gel and stained with coomassie, and
the band corresponding to YFP-Parkin was isolated and subjected to tryptic digest and
LC/MS/MS analysis.
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Figure 2.S3A. Parkin S108A mutation delays mitochondrial degradation

MEF cells stably expressing WT or mutant (S108-110A, SA% S65A, 65; K161N, 161) YFP-
Parkin were treated with 20 uM CCCP (or equivalent volume DMSO vehicle control). Cellular

lysates were isolated after the times indicated and subsequently immunoblotted with the
indicated antibodies.
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Figure 2.S4A. ULK1 knockdown impairs Parkin substrate ubiquitination

RNAI knockdown of ULK1 (or scramble RNAI control, ctl) was performed for 72 hrs in MEF
cells stably expressing YFP-Parkin. Cells were treated with 20 uM CCCP or equivalent volume
DMSO vehicle control for the times indicated. Cellular lysates were isolated and subsequently
immunoblotted with the indicated antibodies.



YFP-Parkin

DMSO

VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK

CCCP

VDLSsSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLsSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLsSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK

6965/CCCP

VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK

6965

VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSR
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRK
VDLSSSVLPGDSVGLAVILHTDSRKDSP

78

Figure 2.S4B. Small molecule inhibition of ULK1 impairs CCCP-induced
phosphorylation

Mass spectrometry coverage of peptides containing Parkin Ser108-110, with phosphorylated
peptides indicated in blue (phosphorylated residue is indicated with lower case). YFP-Parkin
was transfected into HEK293T cells. 16 hrs post transfection, cells were treated with 20 uM
CCCP, 10 uM 6965, combination (6965/CCCP), or equivalent volume DMSO vehicle control
for 1 hr. Cellular lysates were collected and YFP-Parkin was immunoprecipitated with GFP-
Trap conjugated agarose beads. The immunoprecipitate was run out on an SDS-PAGE gel
and stained with coomassie, and the band corresponding to YFP-Parkin was isolated and
subjected to tryptic digest and LC/MS/MS analysis.
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Figure 2.S4C. Phosphorylation of endogenous Parkin is ablated by co-
treatment with the ULK1 inhibitor 6965

Primary hepatocytes were generated from wildtype mice, and subsequently pre-treated for 30
minutes with the ULK1 inhibitor 6965 (or equivalent DMSO), followed by co-treatment with
CCCP (20 uM), Phenformin (2 mM), or a combination of antimycin and oligomycin (AO; 10
uM/5 uM), or equivalent DMSO. Cellular lysates were isolated and subsequently run on
standard SDS-PAGE gels or Phos-tag acrylamide gel as indicated, then immunoblotted with
the indicated antibodies.
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CCATGCGCACGCTGAGCGAGGACACCATCAGGCTCTTC..
GGTACGCGTGCGACTCGCTCCTGTGGTAGTCCGAGAAG..

4 5 6 7

hULK1 KO GdB PAM
hULK1 exon 6: ..CTCTTCCTGCAGCAGATCGC GGGCGCCATGCGGCTTCTG...
..GAGAAGGACGTCGTCTAGCGCCCGCGGTACGC CGAAGAC...

hULK1 exon 6:

Figure 2.S5A. Human ULK1 knockout CRISPR guides

Schematic showing the relevant genomic regions and nucleotide sequences around Cas9
target sites designed for human ULK1. PAM sequences are indicated in pink, and locus-

specific sgRNA sequences are indicated in green.
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Figure 2.S5B. ULK2 knockout ablates compensatory phosphorylation of
Parkin S108-110 in ULK1 knockout CRISPR clone A

WT HEK293T cells or representative ULK1 knockout CRISPR clones (A and B) were
transfected with CRISPR guides targeting TBK1 or ULK2. Following selection, the polyclonal
population was treated for 1 hr with 20 uM CCCP or equivalent volume DMSO vehicle control,
cellular lysates were isolated and subsequently immunoblotted with the indicated antibodies.
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Figure 2.S5C. TBK1 expression is not affected

gPCR analysis for TBK1 mRNA expression in WT HEK293T and ULK1 knockout CRISPR
clones A and B. Values are expressed as mean = SEM.
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