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ABSTRACT OF THE DISSERTATION

Investigation and Characterization of Small Molecule Modulators

For Mitochondrial Processing Peptidase

by

Colin Joseph Douglas
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2014

Professor Carla M. Koehler, Chair

Mitochondria are an extremely complex organelle comprised of four discrete
compartments and are vital for the proper functioning of key cellular pathways including, energy
production, growth, differentiation, and cellular signaling. The mitochondrial genome encodes
for 13 proteins, however the mitochondrial proteome is estimated to contain approximately 600—
1000 proteins; most of these must be imported from the cytosol. Depending on a protein’s
intended location, there are host signals and import machinery that ensure the correct appropriate
localization. Proteins destined for the mitochondrial matrix typically possess a mitochondrial
targeting sequence (MTS) found at the N-terminus. These proteins are funneled through the

translocon of the outer membrane (TOM complex), the translocon of the inner membrane
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(TIM23 complex) into the matrix. Here, the MTS is cleaved off by mitochondrial processing
peptidase (MPP), allowing the mature protein to fold into its native confirmation.

Many proteins, such as MPP, are essential for life, therefore it is difficult to study them
using classical approaches or through methods such as RNAI as these may cause global side-
effects and take a great deal of time for effect manifestation. As such, our lab devises ways to
bypass these issues through the development of small molecule modulators for our proteins of
interest. For MPP, this was accomplished through a high-throughput screen (HTS) of
approximately 130,000 compounds at UCLA’s CNSI screening center.

We focused on 2 molecules resulting from the screen, MitoBloCK-50 and -51, which
were found to be inhibitors of MPP. Both compounds possess many similarities in the effects we
see via MPP inhibition including cleavage of Su9-DHFR, import of Su9-DHFR, import of
Cpnl0, hPink1 import, and the import of CytB,-DHFR (1-167). Conversely, we also saw
differences in their inhibition of MPP and their effect on downstream pathways including, the
import of CytC,, the import of CytB,-DHFR (A63P), Parkin recruitment on the surface of
mitochondria, and zebrafish development. These similarities and differences between the 2
MitoBloCK compounds could signify differences in their binding and inhibition of MPP, and
these differences result in slightly different downstream effects. Overall, we have discovered and
initated the characterization of two MPP inhibitors and their respective analogs, potentially
helping to elucidate the Pink1-Parkin mitochondrial degradation pathway and the pathways

involved in copper metabolism, melanogenesis, and melanin formation.
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Chapter 1: An Introduction into Mitochondrial
Biology, High-Throughput Screening, and the
Elucidation of Small Molecule Modulators

Abstract

The mitochondrion is an organelle essential for the viability of most living things. While
mitochondria do contain their own genome, it is limited, capable of encoding for only a few
genes. As a result, mitochondria have devised pathways for importing the many other proteins
required for function into the organelle, and subsequently sorting these proteins into their
designated locations. Because the mitochondrion is so necessary for life, many of these proteins
are essential, and as such cannot be studied via conical knockdown or knockout methods. To this
end, other methods must be devised to transiently affect these proteins for study. Here we discuss
these mitochondrial pathways, methods for identifying tools for the ephemeral inhibition of
mitochondrial proteins, and the use of zebrafish as an in vivo platform for studying mitochondrial

biology.



Introduction

The Mitochondrion

The mitochondrion is a dual membrane-bound organelle that is present in all vertebrate
organisms. It consists of 4 respective compartments that include the outer membrane, the
intermembrane space, the inner membrane and the matrix. (1) The mitochondrial proteome is
estimated to contain 600—1000 proteins though only a small fraction of these proteins are
translated from the mitochondrial genome; the rest are encoded in the nuclear genome and must

be imported into the mitochondrion. (2-4)

The Mitochondrial Genome and Respiratory Complex

Most animal mitochondrial genomes consist of approximately 16,000 base pairs and
encode 37 genes. These genes products include: 22 tRNAs, 2 rRNAs, 13 proteins, and 1 un-
translated region. (5) The mitochondrial human genome is 16,569 base pairs; similarly the
mitochondrial genome of zebrafish is 16,596 bases pairs, while that of yeast is 85,779 base pairs.
(6-8) All proteins encoded by the mitochondrial genome are subunits that comprise the
respiratory chain complex, which is the most notable function of the mitochondrion. (5)

The role of the respiratory chain complex is to carry out oxidative phosphorylation by
shuttling electrons generated via catabolic processes through the various protein complexes that
encompass the chain. The energy generated from this movement of electrons is harnessed in the
production of ATP; the energy source that is absolutely vital for the function of many biological

processes (Figure 1.1). The first of these complexes is NADH dehydrogenase (Complex 1),



which accepts electrons from NADH and is comprised of 45 polypeptide fragments and 8 iron-
sulfur (Fe-S) clusters. (9, 10) Initially the electrons are transferred from NADH to a prosthetic
FMN group via a chain of Fe-S clusters, culminating in the electrons being deposited on
coenzyme Q. Concurrently, hydrogen ions are translocated from the matrix to the inner
membrane; this process is necessary to set-up the proton gradient utilized for ATP production.
(11, 12) The next enzyme in the electron transport chain is succinate dehydrogenase (Complex
IT), which also ultimately deposits its electrons on coenzyme Q. This protein complex consists of
4 subunits that transfer electrons from succinate using the co-factor FAD. (12) Coenzyme Q is
fat soluble, making it extremely well suited to transfer electrons through in the inner membrane
from the both complex I & II to the cytochrome 4¢; complex (Complex IIT). Complex III utilizes
a pathway know as Q-cycling to pass electrons from coenzyme Q to cytochrome ¢. Similar to
Complex I, this process also pumps hydrogen ions across the inner membrane. (13) Cytochrome
¢ then moves electrons through the inner membrane to cytochrome ¢ oxidase (Complex IV); the
next complex within the electron transport chain. (14) Within Complex IV, electrons are
transferred from cytochrome ¢ to molecule oxygen, the final electron acceptor. In this process the
final hydrogen ions are transported across the inner membrane. (15) Ultimately, the transport of
hydrogen ions back into the matrix is coupled to ATP synthesis via ATP synthase (Complex V).

(16)

LProtein Translocation into the Mitochondrion

Though ATP production and the electron transport chain are the primary role for the
mitochondrion there are many other processes that take place within this organelle, such as the

citric acid cycle and lipid oxidation. (17, 18) The proteins required for these processes along



with most of the other proteins that are utilized within the mitochondrion are encoded by the
nuclear genome, are translated in the cytosol, and must be transported into the mitochondrion
and segregated to their respective compartments. Because there are many proteins requiring
import into the mitochondrion, a complex system of translocation and assembly apparatuses are
present within the various compartments of the mitochondrion to aid in sorting precursor
proteins to the appropriate locations, and to help them fold into the proper confirmations upon
arrival (Figure 1.2). As pre-proteins are transported in the mitochondrion, the first protein
complex that they encounter is the outer membrane translocase (TOM). (19, 20) The TOM
complex is made-up of 7 integral membrane proteins (Tom70p, Tom40p, Tom22p, Tom20p,
Tom7p, Tom6p, and Tom5p), all of which help pre-proteins cross the outer mitochondrial
membrane. (19-22) Those proteins that are destined for the outer membrane or the
intermembrane space are segregated and sorted through the sorting and assembly mechanism
(SAM complex). This complex consists of 2 proteins, the Sam 50p and Mas37p (Figure 1.2: A).
(23-25)

Those proteins destined for the inner membrane or the matrix must not only pass through
the TOM complex but must also go through the translocase of the inner membrane (TIM
complex). Within the mitochondrion there are 2 TIM complexes: the TIM23 and TIM22
complexes. Those proteins destined for the matrix, which also typically possess a positively
charged N-terminal targeting sequence, are processed via the TIM23 complex (Figure 1.2: C).
(19, 20) The TIM23 complex is composed of 3 integral membrane proteins: Tim50p, Tim17p,
and Tim23p. (19, 20, 26) When examining the function of this complex, Tim50p acts as a guide
for incoming precursors, while Tim17p and Tim23p comprise the complex pore. (27) For

precursors to traverse the TIM23 complex a membrane potential is essential; Tim44p, Tim14p,



mHsp70 and mGrpE provide this potential. (28) Together these proteins function as the
translocation motor and establish the electrophoretic effect required to attract the positively
charged N-terminal targeting sequence and allow for precursor processing and integration into
the matrix. (29)

Proteins destined for the inner membrane are processed via the TIM22 complex (Figure
1.2: B). (30, 31) The TIM22 complex is made up of 3 integral membrane proteins (Tim54p,
Tim22p, and Tim18p), which form a channel that allows precursors to be inserted into the inner
membrane. (31-33) Proteins destined for the inner membrane are hydrophobic, lack an N-
terminal targeting sequence and require assistance crossing the intermembrane space. (34) These
chaperones, the “small Tims,” form 6-membered complexes made-up of 3 subunits of 2 different
proteins, and aid inner membrane proteins in traversing the intermembrane space. One complex
consists of Tim8p and Tim13p, while the other is comprised of Tim9p and Tim10p. (35-37)
Within this family of small Tims, all proteins share a common CX;3C motif. For import to occur,
all 4 thiols must be conserved. (38, 39) If any of the cysteine side-chains are eliminated, import
is impaired, and the small Tim complex is improperly assembled. (40)

Unlike the cytosol, which has an overall reducing character, the intermembrane space is
an oxidizing environment and is quite redox sensitive. (41) A large percentage of proteins found
in the intermembrane space contain disulfide bonds that are vital for their respective biological
functions. Examples of such proteins include Cox17p and Cox19p (subunits of the cytochrome ¢
oxidase complex), which contain twin CXyC motifs. (42, 43) Similar to the small Tims, these
proteins must be oxidized to their native state after being imported via the TOM complex before
they function properly. In order to keep cysteine-rich proteins in the intermembrane space (like

the small Tims) in their active oxidized state, a disulfide relay system exists. This relay (the



Mia40p-Erv1p pathway) is responsible for maintaining the activity of redox-active proteins. (44,
45)

Upon import via the TOM complex, precursors enter the intermembrane space where
they encounter Mia40p, which contains 3 disulfide bonds. Two of the disulfide bonds are in the
CXoC motif and appear to play a structural role, and the other disulfide bonds exists as a CPC
triad and is located near the N-terminus. (46) Imported proteins destined for the intermembrane
space initially form a transient disulfide exchange with Mia40p, thereby becoming oxidized and
folding into their native conformation. (46) After undergoing this disulfide exchange, the redox-
active cysteine of Mia40p must then be re-oxidized so that it can take part in the proper folding
of additional precursor proteins. Ervlp, a sulthydryl oxidase found in the mitochondrial
intermembrane space, performs the re-oxidation of Mia40p. (41, 42, 47, 48) In addition to be
required for the Mia40p-Erv1p pathway to remain functional, Erv1p itself is imported via this
pathway and must be oxidized and folded into its active conformation. (49) Following the
transfer of electrons from the substrate to Ervlp, the electrons are then shuttled to FAD. (47)
Once the FAD has accepted the electrons they are passed to a number of electron acceptors, such
as cytochrome ¢ (which then donates the electrons to the electron transport chain) or molecular
oxygen (which initially forms hydrogen peroxide but is ultimately converted to water using
cytochrome ¢ peroxidase). (41, 51)

As illustrated, the mitochondrial protein import pathways are of the utmost importance
for mitochondrial homeostasis. Along similar lines, the mitochondrial proteolytic system, which
functions to ensure the proper assembly and degradation of macromolecular complexes, is also
vital for mitochondrial homeostasis. This complex system involves the general proteases Lon

and Clp that are found in the matrix, a series of proteases responsible for ensuring the import and



processing of precursors, and a series of proteases required for import, assembly, and
degradation of other general mitochondrial proteins. (52-54)

Precursor proteins that contain a targeting sequence, which is typically 20-60 amino acids
long, are acted on by proteases that function in removing and degrading the targeting sequence.
The first protease to interact with precursors containing the targeting sequence is the
mitochondrial processing peptidase (MPP) (Figure 1.3). (53) For those precursors destined for
the inter membrane space, a second cleavage of the targeting sequence is conducted by the inner
membrane protease (IMP). For a small subset of precursor proteins that are mainly involved in
iron-sulfur metabolism, eight additional amino acids are removed from the N-terminus by the
mitochondrial intermediate processing peptidase (MIP). (53) Following these cleavages, the
targeting sequence that has been removed from the precursor must be degraded; this is done by

the processing protease/mammalian metallopeptidase 1 (Prep/MP1). (55-57)

Mitochondrial Processing Peptidase

Based on its central role in mitochondrial precursor import, it is possible that MPP could
play some part in mitochondrial disorders. In 2001, MPP was implicated in the pathogenesis of
Friedreich ataxia (FRDA). FRDA is a fairly frequent (1:50,000 live births) autosomal recessive
degenerative disorder caused by the dysfunction of frataxin. (58) Like so many mitochondrial
proteins, frataxin is initially synthesized in the cytosol with an N-terminal targeting sequence and
must be imported into the mitochondrial matrix. (59, 60) It was determined that the precursor of
frataxin is cleaved by MPP in two sequential steps, which is extremely rare for MPP cleavage,
before it can fold into its mature form in the matrix. (61, 62) When examining the presequence

for both yeast and human frataxin, it was found that they are 51 and 55 amino acids respectively.
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(63, 64) The presequence of yeast frataxin is cleaved between residues 20-21 and 51-52, while
the presequence of human frataxin is cleaved between residues 41-42 and 55-56. (60-64) When
examining the two cleavages for human frataxin, it was determined that the first cleavage
happened very rapidly, while the second cleavage was much slower and was the rate-determining
step for mature frataxin formation. The rate of this second cleavage is further reduced in FRDA
patients. (62) The cleavage of frataxin by MPP was found to be inhibited by two of the most
frequent point mutations observed in FRDA patients, [154F and G130V. (65)

MPP is a heterodimer that consists of an a and a 3 subunit. It is a metalloendopepetidase
within the pitrilysin family, which also includes the protease insulin-degrading enzyme. Unlike
the typical metalloendopeptidase, MPP does not have the standard zinc-binding motif of HExxH,
but instead possesses an inverted zinc-binding motif, HxxEH. (66) Originally, it was purified
from a number of different organisms by independent laboratories; therefore the two subunits
have throughout the years been given a number of different names. a-MPP has been known as
MPP-1, MAS2, MIF2, P-55 and cytochrome ¢ reductase subunit III, and f-MPP has been known
as PEP, MAS1, MIF1, P-52 and cytochrome ¢ reductase subunit I and I1. (53, 67) As of 1993, the
subunits of MPP have been referred to as o-MPP (the larger subunit) and -MPP (the smaller
subunit). (67)

The original purifications of MPP were done from Newurospora crassa, S. cerevisiae and
rat liver. MPP derived from yeast and mammals are soluble heterodimers that are 100 and 110
kDa respectively. (68, 69) Experimentation has concluded neither of the two subunits (o or ) is
active by themselves. (70-72) The optimal pH range for purified MPP activity is pH 7-8, with
inactivation at lower pH values. MPP is inhibited by EDTA and o-phenanthroline and activated

by divalent cations (Co>", Mn*", Zn>" and Mg”"). (73-76) At low metal concentrations the degree
y g



of MPP activation follows this trend, Zn*">Mn*" > Co?®"; however unlike cobalt and manganese,
excess zinc inhibits MPP activity. (77, 78)

Through the use of a-MPP and 3-MPP temperature-sensitive mutants it was determined
that the two subunits of yeast MPP are coded by alleles MAS1/MIF1 and MAS2/MIF2. (68, 79-
82) There is roughly 20-30% identity between the sequences of the a-MPP and 3-MPP subunits
for any given species. (83, 84) Both MPP subunits are translated in the cytosol as larger
precursor proteins with N-terminal targeting sequences that require the presence and function of
MPP within the mitochondrial matrix to allow newly imported MPP it reach its native state. (53)
In a study utilizing antisense RNA for 3-MPP, it was found that the 3-MPP protein was up-
regulated 1.8 fold compared with wild-type; its mRNA increased 4.5 fold and both a-MPP and
Cox IV were induced. Inhibition of the -MPP gene most likely acted through a retrograde
signaling mechanism (informational relay pathway from mitochondrion to nucleus) to induce the
expression of mitochondrial proteins. (85) MPP is quite different from other proteases as it does
not recognize a specific sequence or position like exo-peptidases. MPP appears to have preferred

recognition motifs and does not just cleave at random sites of polypeptide chains. (86)

MPP Cleavage Specificity

Substrates of MPP typically contain an N-terminal targeting sequence of approximately
20-60 residues and carry a global positive charge. (87) These targeting sequences are both
necessary and sufficient to target precursor proteins to their correct locations within the
mitochondrion. A number of non-mitochondrial molecules, including cytosolic proteins and
nucleic acids have been successfully targeted to the mitochondrion through the use of only an N-

terminal matrix targeting sequence (Figure 1.3). (88, 89) The presequences that MPP recognizes
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typically (but not universally) contain three key features: (1) a global positive charge, (2) an
ability to form an amphiphilic a-helix, and (3) an arginine residue usually at either the -2 or -3
position relative to the cleavage site. (87, 90-92) With regard to cleavage site motif sequence,
there are currently four identified models, which include: (1) the R-2 motif (xRx | x[S/s]), (2) the
R-3 motif (xRx[Y/x] | [S/A/x]x), (3) the R-10 motif (xRx | [F/L/I]xx[S/T/G]xxxx | ; the first
cleavage is done by MPP at the -2 position, following by an MIP cleavage at the -10 position),
and (4) the R-none motif (xx | x) (Figure: 1.4). (93) A common secondary structure of MPP
substrates is the capability to form a helix-linker-helix orientation with the a-helix disruptor
being glycine and/or proline. (94, 95) In an examination of 71 yeast mitochondrial matrix
targeting sequences, only 65% of those sequence fell into the categories of R-2, R-3 or R-10. As
such, it is difficult to predict from the sequence whether a mitochondrial precursor protein is an
MPP substrate. (92, 93, 96) The ability of MPP to interact with the targeting sequence of
precursor proteins was found to be extremely sensitive to ionic strength. The K;,, of MPP
increases under high salt conditions, leading to the idea that this interaction occurs via
electrostatic interactions. (97) However, alternative research endeavors argue against the
necessity and importance of these parameters governing MPP cleavage and substrate specificity.
Site-directed mutagenesis of the -2 or -3 arginine of different MPP substrates has shown mixed
results. Depending on the precursor examined; partial or complete inhibition is observed, novel
cleavage sites are discovered, or no effect is found. (98-101) When examining the necessity of
the global positive charge for the targeting sequence, mild to severe effects were observed by
substituting some or all of the arginine and lysine residues; however the substitution of the non-
basic amino acids appeared to have no effect. (99, 100, 102) Experiments also showed that small

deletions or point mutations on the C-terminal end of the cleavage site, both proximal and distal
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from the MPP cleavage site, were capable of affecting the ability of MPP to act on a
substrate.(94, 103) These findings suggest the structural features of both the targeting sequence
and the mature portion of the substrate are likely important factors for whether MPP cleaves a

particular target.

MPP Structural Analysis

For MPP to function properly, both subunits (o and 8) are necessary, but the two subunits
perform different needs for cleavage of MPP substrates. (104) Regarding 3-MPP, there are 2
areas within 200 residues at the N-terminal end that have a high overall degree of homology. The
first area carries a high amount of negative charge and appears to interact with the positively
charged amphiphilic a-helix of the targeting sequence. (69) The second area (approximately 70
residues) contains the inverted zinc-binding domain (H-x-x-E-H-x74-E), and is responsible for
MPP’s catalytic activity. (83, 105) Within this motif, the histidine and final glutamate residues
are responsible for metal binding. The first glutamate residue is involved in the activation of
water for the hydrolysis of the substrate peptide bond. (106) All residues within the inverted
zinc-binding domain are absolutely required for function; any replacements lead to the inability
to bind zinc and the loss of MPP activity. (107) Mutations in the HxxEH zinc binding domain
have little or no effect on the ability of the o and 3 subunits to form a complex similar to that of
wild-type MPP, therefore mutations in this domain do not significantly change the 3-D structure
of B-MPP. (105) Conversely, a-MPP has no catalytic activity but seems to play a role in
substrate specificity and recognition via a highly conserved glycine-rich loop. (66)

From the crystal structure of yeast MPP, it appears the active site is located in a central,

negatively charged cavity, and has a glycine-rich loop that blocks accessibility to the cavity.
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When this loop is deleted, both the enzyme’s substrate affinity and catalytic activity are
decreased (Figure 1.5). (108, 109) Both subunits of MPP cooperatively form the substrate-
binding pocket and each subunit is responsible for recognizing different aspects of the precursor.
The subunits alone were found to have low affinity towards elements of presequence; the full
native conformation is necessary for high substrate binding affinity. (110) The crystal structures
found of MPP with synthetic signal peptides show the presequence interacts with the polar cavity
of MPP in an extended conformation. These structures suggest the helical conformation taken by
many mitochondrial targeting sequences is important for recognition by the mitochondrial import
machinery, and this extended conformation is required for the cleavage by MPP (Figure 1.5).
(108) Through mutagenesis, it was concluded the zinc-binding domain (HxxEHx7¢H) of 3-MPP
is vital for the proper formation of active protein, and may be in contact with a-MPP. Also, the
central region around Lys215 of §-MPP, which is not highly conserved, plays a role in
interacting with a-MPP. Finally, the C-terminal region that surrounds Ser314 of 3-MPP is
needed for catalytic activity. (111) Using both cross-linking analysis and surface plasmon
resonance, a-MPP was found to bind a precursor protein in the absence of B-MPP and was able
to bind the precursor as effectively as MPP. From this, it appears that a-MPP is responsible for
binding the mitochondrial targeting sequence before it is presented to the catalytic domain. (111)
All of these factors come together to provide strict specificity and high affinity for MPP and its

substrates.
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High-throughput Screening

A major shortcoming in studying mitochondrial activity in biological systems is the lack
of tools. Classic genetic approaches used in mitochondrial biology in yeast and worms, rely on
conditional mutants such as temperature-sensitive (ts) and overexpression mutants to induce
changes in pathways, an approach that is not easily accomplished in mammalian cells. This
approach often requires hours to switch from a permissive condition to a lethal condition and
results in secondary perturbations, leading to global side effects. The goal is to generate small
molecule modulators that alter activity of the mitochondrial proteases within minutes, with the
aim of determining the role of mitochondria in diverse cellular pathways from fungi to plants and
animals. These tools will be important for altering regulated proteolysis in vivo. An ultimate goal
is to develop a “toolbox” of small molecules to study the roles of these proteases by eliminating
their immediate function. Modulating the quality control system will affect a broad range of
mitochondrial functions and provide insight into how the mitochondrion controls diverse cellular
processes.

In the discovery and development of therapeutic drugs and biological probes, the
benchmark methodology is conducting a high-throughput screen (HTS) with small molecule
libraries. When using HTS to find drug-like compounds that have bioactivity, one of most vital
aspects to ensure reliability and specificity is the use of a finely tuned assay. (112) Through the
use of HTS, a researcher is capable of quickly conducting a plethora of chemical, genetic, or
pharamocological tests that can rapidly identify active compounds, antibodies or genes that
affect a particular biologic pathway. These reactions are typically conducted in microplates that
contain 384, 1,536, or 3,465 wells. The researcher sets up the assay by first placing the desired

entity into each well; this could be biological material such as a protein, cells, or animal
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embryos. Typically, with use of the screening facility’s automated system, each well is pinned
with its corresponding vehicle control (such as DMSO) or small molecule. The reaction is then
allowed to incubate for a specified amount of time to allow for the reaction to proceed. After the
incubation period, measurements are conducted across the plate; this could consist of shining
polarized light into each well and measuring reflectivity, measuring fluorescence from each well,
microscopy, or measuring cell death. Data are collected from these experiments; with the aid of
automation and robotics, hundreds of thousands of reactions can be analyzed fairly quickly. The
typical HTS system consists of one or more robots that transport the assay plates from station to
station, which include, sample and reagent addition, mixing, incubation, and readout or
detection. Those small molecules that exceed the predetermined threshold for inhibition or
activation are then re-screened (know as cherry-picking, this describes the transfer of the hit
compounds from their original sample plate to a new assay plate) in the original assay to confirm

their activity.

Quality Contro/

Due to the speed at which data can be collected, HTS has led to an explosion in the rate
of generated data in recent years. (112) This idea then leads to fundamental challenges that face
HTS: how to determine biochemical significance from all of this data. Significance from HTS
can only be found through the development and use of appropriate experimental designs and
analytic methods regarding both hit selection and quality control. (113, 114)

High-quality assays are paramount for HTS experiments. Achieving a high degree of
quality control (QC) when developing these types of assays requires the integration of both

experimental and computational approaches. Good QC relies on three important factors: (1)
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appropriate plate design, (2) use of effective positive and negative controls, and (3) development
of a useful QC metric capable of differentiating viable data from inferior data. (115) High quality
HTS assays are typified by a clear distinction between the positive control and the negative
reference, therefore there have been a number of quality-assessment measurements utilized to
gauge this difference when assessing data quality. These measurements include signal-to-
background ratio, signal-to-noise ratio, signal window, assay variability ratio and Z-factor. (114,
116) We utilize the Z-factor in our lab, which is a measure of statistical effect size that judges if
the effect observed in the assay is large enough to warrant further investigation. (116) There are
four parameters that go in to defining the Z-factor, the means and standard deviations of both the
positive and negative controls. This produced the following equation: Z-factor = 1 — ((3(o, +
On)/(Jup - Ua|)) where p and n represent the positive and negative controls, respectively. (116)
Four ranges that describe the quality of the HTS assay have been implemented for the Z-factor
measurement: (1) Z-factor equals 1 and the assay is described as being ideal (a Z-factor can not
exceed 1), (2) Z-factor is between 0.5-1 and the assay is described as being an excellent assay,
(3) Z-factor is between 0-0.5 and the assay is described as being a marginal assay, and (4) Z-
factor is less than 0 and the assay is said to have to a large degree of overlap between the positive

and negative controls, therefore it is not a useful assay. (116)

Hir Selection

Once an HTS is completed, the next phase is hit selection, where compounds or other
variables from the HTS are deemed a hit if they had the desired size of effect. Different statistical
methods must be used to analyze screen data depending on whether the screen used replicates

(usually done for confirmatory screens) or did not use replicates (typical seen in primary
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screens). For those without replicates the Z-score is a sufficient method, while for those with
replicates the t-statistic is suitable. (114) For primary screens without replicates, other values
typically and easily investigated are average fold change, mean difference, percent inhibition and

percent activity. (114)

Zebrafish as a Model Organism

To a large extent the study of human disease pathways is examined through the use of
animal model organisms. In the early 1980’s the use of the mouse (M musculus) model was
implemented to simulate human disease in a vertebrate system, as there is a high degree of
homology between the species. (117)

Though mice are used worldwide as a model organism there are some significant
drawbacks to their use in studying human biological processes, especially embryonic
development. Several of these concerns when studying embryonic development include: large
numbers of mice are needed to obtain enough material to conduct the study (a typical mating pair
of mice can produce 50 offspring during their breeding span); embryonic development occurs
internally, therefore surgery is required to examine early stages in development and finally the
maintenance and testing of mouse colonies is both extremely time consuming and costly. (120)

Many of the drawbacks to studying embryonic development inherent with the mouse
model are alleviated with the use of zebrafish as the model organism to study human disease
pathways. Starting in the 1930’s, zebrafish (Dazio rerio) have been used to study development.
(122) Zebrafish are fairly inexpensive to obtain from commercial sources, easy to maintain with

the proper water filtration system, can yield hundreds of embryos per mating and the embryo
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develops externally from the parental fish making is fast and simple to collect and manipulate the
embryos once they have been fertilized. (122-125) Along with these benefits in the use of
zebrafish as a model organism, zebrafish embryo development can also be monitored starting
from the single-cell stage in real-time since their protective outer proteinaceous shell (the

chorion) is optically clear. (126)

Zebrafish Fmbryonic Development

The development of zebrafish has been thoroughly investigated, thereby allowing a
particular research aim to be directed towards the most relevant stage of zebrafish development.
Approximately 45 minutes after fertilization the zebrafish embryo initially passes through both
the zygote and cleavage stages of development, which are exemplified by a few rapid rounds of
synchronous division (Figure 1.6:A-F). (127) After these stages, the embryo transitions through
the blastula and gastrula phases that are periods of long asynchronous divisions (approximately 3
hrs post fertilization) (Figure 1.6: G-N). These epibolic phases are points at which involution,
convergence, extension of the epiblast and embryonic axis formation are seen. Segmentation
starts ten hours post fertilization; this gives rise to 30-34 somites that ultimately develop into
mostly skeletal muscle and, to some extent, vertebrae. (128, 129) The pharyngula phase follows
segmentation; at this point the body axis straightens, pigmentation appears and blood circulation
starts (begins 24 hrs post fertilization and last another 24 hrs) (Figure 1.6: Q-R). (127) Roughly 5
hours post fertilization the heart begins to form; this gives rise to the premature heart (cardiac
disc) at approximately 22 hours post fertilization (Figure 1.6: R, arrow). (130) After 48 hours
post fertilization a majority of the embryos hatch from the chorion (now defined as larvae);

developmentally this period shows rapid formation of organ systems, along with cartilage
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formation in the head and tail. Between the range of 48 and 60 hours post fertilization the
pectoral fins begin to obtrude and expand and the mouth begins to form. At 72 hours post
fertilization, the mouth of the larvae start protruding, gill slits and filaments are seen, and the
first bones become visible (Figure 1.6: S, arrow). (127) Between 72 and 96 hours post
fertilization the swim bladder inflates, the gut tube moves ventrally, and the larvae starts to
actively swim more and respond to external stimuli with precise movements. (127) From 5 to 7
days post fertilization the yolk sac is fully consumed and exogenous feeding is necessary. (131)
In the range of 21 days to 3 months post fertilization zebrafish are considered adolescents; after 3
months they reach sexual maturity and are capable of producing offspring. (132)

Much like mice, the zebrafish genome has a great deal of homology with the human
genome though their sizes are quite different from each other (1.5 billion bases on 25
chromosomes and 2.9 billion bases on 23 chromosomes respectively). (133, 134) The use of
zebrafish as a model for development has been conducted for decades, but is hasn’t been until
recently that they have been analyzed on both the genomic and proteomic level, along with being
used in the study and identification of drug compounds. (122) As part of this project, our lab
utilized the zebrafish model as a way to examine the effects of our small molecules 77 v7vo on a

vertebrate model organism.

Zebrafish Biochemistry and Drug Discovery

Zebrafish are well suited for our work because DNA can be introduced fairly easily into
the organism for expression. The two basic ways of introducing DNA into zebrafish is through a
transient fashion, and via a germ line integration. (135, 136) When it is necessary for the genes to

be pass along to their progeny then DNA integration is the correct course of action. This form of
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genetic integration allows proteins to be investigated at all stages of development since synthesis
is under cellular control and produced constantly. Gene integration is accomplished by
introducing cDNA for the gene of interest onto a plasmid that is flanked between 2 Tol2
transposition sites. (137) The plasmid along with RNA for the transposase protein is then
injected into the single-cell stage of the embryo. Upon injection, the cellcular translation
machinery translates the transposase protein. The transposase protein then integrates the gene
into the genome via homologous recombination at the Tol2 sites. (137) The fluorescent heart line
used for these experiments for these assays was constructed via this method.

A major advantage of using zebarfish in our studies is due to fluorescent imaging. The
optical clarity of the embryos allows for proteins or cellular components to be fluorescently
tagged and viewed in real-time using microscopic imaging. (142) The most common transgenic
markers used with zebrafish are GFP and DsRed due to their high stability, resistance to photo-
bleaching and ease by which they can be detected using a number of microscopic techniques.
(142-144) One useful technique is to pair fluorescent markers with transgenic expression
systems, similar to the technique discussed previously to generate zebrafish lines that express
reporter fluorescence in specific cell types (e.g., cmlc2 is placed in front of the DsRed protein
then DsRed will be expressed in cardiac cells). (141)

A relatively new avenue of use for zebrafish is their utilization in high-throughput
screening (HTS) assays. (124) Currently in the scientific community there is a large push
towards small-molecule discovery, and zebrafish provide an excellent system to perform large-
scale small-molecule screens on an in vivo system. (126, 145) Zebrafish allow for the testing of
small-molecules on a vertebrate organism that more closely relates to the phenotypic response of

humans than the more classic organisms (2 melanogaster and C elegans) used in HTS. (126,
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146, 147) Several factors make zebrafish an excellent organism for the study of small molecules.
Firstly, zebrafish are capable of producing 200-300 embryos per mating pair, which allows for
multiple drugs and concentrations to be tested together with an ample amount of replicas. (124,
148) The embryos are also capable of surviving in as little as 50 uL of water, thereby making it
possible to conduct experiments in either 96- or 384-well plates. (124) Another key feature of
zebrafish embryos is that they are osmotically permeable, allowing small molecules to diffuse
through the embryo and makes it possible to study adsorption, biodistribution, and tissue
specificity of drug molecules. (124) Despite the fact that metabolic processes of zebrafish are not
completely elucidated, it is still possible to use this model organism to determine the toxicity
small molecules. (149, 150) Through the use of morpholino injection or an alternate means of
protein knockdown it is possible to identify both off-target and on-target effects of a small
molecule by comparing the phenotypes of zebrafish treated with drug and those treated with
morpholino injection. (151) Though the homology between humans and zebrafish is not
identical, zebrafish do appear to be an excellent model organism to study the intricacies of
mitochondrial function as they relate to human disorders.

With its many functions ranging from protein translocation to oxidative phosphorylation,
the mitochondrion is an extremely complex organelle that still remains vastly a mystery. One
aspect of our lab is the development of small molecule modulators that can be used in the study
of mitochondrial function. The use of small molecules is advantageous as they allow the study of
synthetically lethal proteins that were previously un-assayable using classical genetic
approaches. Using small molecule modulators, our lab is capable of temporally inhibiting a
protein of interest, and observing the effects, without globally affecting the genome of the model

organism. Much of our preliminary work with the small molecule modulators is done 7z vizro to
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confirm and characterize their mode of action. Following this investigation our lab transitions to

the zebrafish model organism to assess the 77z 17vo actions of our small molecule modulators.
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Figure 1.1 The Respiratory Complexes of the Electron Transport Chain (ETC) in
Mitochondria.

Electrons from NADH enter the ETC at Complex I, which is located in the inner membrane.
The electrons from NADH are shuttled to coenzyme Q (Q) via a series of iron-sulfer clusters
within Complex I. This shuttling of electrons provides the energy to transport H' ions from the
matrix across the inner membrane to the intermembrane space, thereby helping to establish a
proton gradient across the inner membrane. Electrons are also shuttled from FADH,; to Q within
Complex II. Unlike Complex I this process does not translocate H+ across the inner membrane.
Q is capable of traversing the inner membrane and takes elecrons to Complex III. Electrons are
then transferred to cytochrome ¢, similar to Complex 1. This process is able to tranlocate more
H' ions through a method known as Q-cycling. The electrons from Cytochrome c are then
passed to Complex IV and ultimately to the final electron acceptor, O,. Complex IV is the final
site in the ETC where H' ions are pumped from the matrix to intermembrane space. The H' ion
are then pumped back across the inner membrane via Complex V. The energy generated from

this process is harnessed to generate ATP from ADP and P;.
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Figure 1.2 Mitochondrial Protein Import.

Depending on where proteins are destined with the mitochondria (outer membrane,
intermembrane space, inner membrane, or matrix) they follow different translocation pathways
that ensure that the proper proteins are segregated to their appropriate compartment. Irrespective
of what compartment a protein is destined, most proteins follow traditional pathways (as shown
above) and first interact with the TOM complex. A. Following their interaction with the TOM
complex, proteins staying in the outer membrane are shuttled to the SAM complex where they
are inserted into the outer membrane. B. Proteins going to the inner membrane are aided across
the intermembrane space by the small Tim complexes upon exit from the Tom40 pore. After
being escorted by the small Tims the precursor proteins are transferred to the TIM22 complex for
insertion into the inner membrane. C. Precursor proteins that are destined for the mitochondrial
matrix typically possess a positively-charged N-terminal targeting sequence (MTS) that directs
them to the TIM23 complex. The pore of the TIM23 complex consists of Tim23 and Tim17,
which allow precursor proteins to traverse from the intermembrane space to the matrix. Once in
the matrix the N-terminal targeting sequence of these precursor proteins must be cleaved off so
the protein can fold into its native conformation. The MTS possessing precursor proteins are
pulled into the matrix through the interaction of the positively-charged amino acids in the MTS
and the translocation motor (Tim44, Tim14, mHsp70, and mGrpE) of the TIM23 complex.
Translocation via the TIM22 and TIM23 complexes is dependent on a membrane potential (AW)

across the inner membrane.
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Figure 1.3 Import of Precursor Proteins into the Mitochondrial Matrix.

Precursor proteins that possess a positively-charged mitochondrial targeting presequence (MTS)
are typically destined to be imported into the mitochondrial matrix. Like many other precursor
proteins that are imported into the mitochondria, these precursors first interact with the TOM
complex in the outer mitochondrial membrane. Once across the intermembrane space, they
interact with the TIM23 complex in the inner membrane; its thought that these precursors
traverse the intermembrane space while attached to both the TOM and TIM23 complex. As
stated previously, the positively-charged amino acids within the MTS interact with translocation
motor (Tim44, Tim14, mHsp70, and mGrpE) of the TIM23 complex, which aids in pulling the
precursors into the matrix. Before the precursors are capable of folding into their mature and
functional conformation the MTS must be cleaved off; this is accomplished by MPP. Currently,
there is conflicting data as to whether the precursor protein completely passes through the TIM23
complex and into the matrix or only partially enters the matrix so the MTS is available before
MPP acts, but in either instance, MPP is necessary for the proper import and processing of

precursors with an MTS.
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R-2 or R-3 Motif
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HMUT MLRAKNQLFLLSPHYLRQVKESSGSRLIQQRL LHQQ....
HPDHE3  MQSWSRVYCSLAKRGHFNRISHGLQGLSAVPLRTY ADQP....
MAAT MALLHSGRVLSGVSAFHPGLAAAASARA SSWW...
RSCSA MVSGSSGLAAARFFSRTFLLQQNGIRH GSYT....
YCOX8 MLCQQMIRTTAKRSSNIMTRPIIMKRS VHFK....
YDHA7 MFSRSTLCLKTSASSIGRLQLRYF SHLP....
YIDH1 MLNRTIAKRTL ATAA....
YRMO2 MWNPILLDTSSFSFQKHVSGVFLQVRN ATKR....
R-10 Motif
HOTC MLFNLRILLNNAAFRNGHNFMVRN FRCGQPLQ
MMDH MLSALARPVGAALRRS FSTSAQNN
NCPB MFGPRHFSVLKTTGSLVSSTFSSSLKPTATFSCARA FSQTSSIM
YAT14 MFPIASRRILLNASVLPLRLCNRN ~FTTTRISY
YCOXIV MLSLRQSIRFFKPATRT LCSSRYLL
YDLDH MLRIRSLLNNKRA FSHSTVRTL
YFe/S MLGIRSSVKTCFKPMSLTSKRL ISQSLLAS
YRMO7 MQRFSLVTHRS FSHSCVKP
No R-2, R-3, or R-10 Motif
BMPC ....NAPHLQLVHDGLAGPRSDPAGPPGPPRRSRNLAAA AVEE....
HFOA ....GALRRLTPSAALPPAQLLLRAVRRRSHPVRDYAAQ TSPS....
NATP2 ....GLISRSLGNSIPKSASRASSRASPKGRLLNRAVQY ATSA....
PCS ....MALLTAAARLFGAKNASCLVLAARHAS ASST....
YATP6 ....MFNLLNTYIT SPLD....
YADH3 ...MLRTSTLFTQRVQPSLFSRNILRLQST AAIP...
YDHA1 ..MLATRNLVPIIRASIKWRIKL SALH....
YNDI1 ....MLSKNLYSNKRLLTSTNTLVRFASTR STGV....
YRMO4 ...MWKRSFHSQGGPLR ARTK....

NKVQ....
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SKVF....
NVIQ....
QQKP....
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Figure 1.4 Examples of MPP and IMP Cleavage Motifs.

Common cleavage sites for MPP consist of an Arg residue position at the -2, -3, or -10 positions
relative to the site of cleavage. As illustrated, this is not always the case because there are a
number of MPP substrates that possess none of these common motifs. The space between
different fragments of each MPP substrate signifies the cleavage site of either MPP or IMP as
indicated by the arrow.

BMPC — bovine mitochondrial phosphate carrier; HFOA — human Fo-ATPase proteolipid
subunit; HMUT — human methylmalonyl-CoA mutase; HOTC — human ornithine
transcarbamylase; HPDHE3 — human pyruvate dehydrogenase E3 subunit; MAAT — mouse
aspartate amino tranferase; MMDH — mouse malate dehydrogenase; NATP2 — Nicotiana
plumboginifolia ATP synthase beta chain; NCPB — N. crassa cyclosporin-binding protein; PCS —
pig citrate synthase; RSCSA — rat succinyl-CoA synthetase o subunit; YADH3 — S. cerevisiae
alcohol dehydrogenase III; YAT14 — S. cerevisiae ATP synthase H chain; YATP6 — S. cerevisiae
ATP synthase A chain; YCOX4 — S. cerevisiae cytochrome ¢ oxidase subunit IV; YCOXS8 — S.
cerevisiae cytochrome ¢ oxidase subunit VIII; YDHAI — §. cerevisiae aldehyde dehydrogenase;
YDHAT7 — S. cerevisiae potassium-activated aldehyde dehydrogenase; YDLDH — S. cerevisiae
dihydrolipoamide dehydrogenase; YFe/S — S. cerevisiae ubiquinol—cytochrome c reductase
Rieske iron—sulfur protein; YIDH1 — S. cerevisiae isocitrate dehydrogenase subunit 1; YNDI1 —

S. cerevisiae rotenone-insensitive NADH-ubiquinone.
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Figure 1.5 Model for MPP Cleavage of Substrate within the Active Site Cavity.

The model shows the differential ability of MPP to recognize short (upper pair) and long (lower
pair) presequences. a- and B-MPP subunits are represented in yellow and blue, respectively. 4
black arrows depict the substrate-binding scaffold, and the scissors show where the active site is
located within the B-MPP subunit. For the precursor, the bold line indicates the presequence and
the narrow line the rest of the protein. The plus symbols depict the basic amino acids that are
present in the presequence and the negative symbols represent the binding site area for both the
proximal (2) and distal (3,4) presequence binding regions. Model is based on the idea that for
MPP to cleave its substrate, the presequence must enter the active site cavity of MPP in an
extended conformation. It appears that electrostatic interactions are capable of capturing the
positively-charged MTS and bringing it into the negatively-charged MPP cavity. MPP is capable
of scanning the presquence as it threads through the cavity along the negatively-charged walls of
both subunits and determine the correct site of cleavage. From this model, MPP would be
capable of distinguishing different length presquences as they travel from the  subunit to the a
subunits, and thereby effectively and reproducibly cleave the correct site and release the mature
protein. The process of directional insertion by which the precursor is allowed past the glycine-
rich loop at the opening of the cavity, and the process of presequence scanning, are not yet
completely understood. Deletion of the glycine-rich loop was found to significantly reduce the

activity of MPP, but the exact mechanism of action is still unknown.
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Figure 1.6 Stages of Embryonic Development.

2



A-M are face views; remaining are left-side views unless where noted, anterior up and dorsal to
the left. A. 1-cell stage (0.2 hr) embryo resides at animal pole (top) and yolk migrates to vegetal
pole (bottom) B. 2-cell stage (0.75 hr) C. 4-cell stage (1 hr) Blastomeres exist as a planar 2x2
array. D. 8-cell stage (1.25 hr) Blastomeres exist as a planar 2x4 array. E. 16-cell stage (1.5 hr)
Blastomeres exist as a planar 4x4 array. F. 64-cell stage (2 hr) Blastomeres exist as three regular
tiers of cells. G. 1000 cell stage (3 hr) Blastula period. The blastodisk appears ball-like and
blastomeres reside in 11 tiers. H. High stage (3.3 hr) Beginning of blastodisc flattening. I.
Oblong stage (3.7 hr) Flattening becomes elliptical in nature. J. Sphere stage (4 hr) A flat border
exists between yolk and blastodisc, and embryo appears spherical. K. Dome stage (4.3 hr)
Embryo stays spherical but yolk cells bulge inward towards animal pole as epiboly begins.
(arrow) L.30% epiboly stage (4.7 hr) Blastodisc thins and spreads uniformly around yolk. M.
50% epiboly stage (5.3 hr) Blastodisc continues to spread around yolk, and remains uniform in
thickness. N. Bud stage (10 hr) Right side view, with anterior up and dorsal right. The tail bud
becomes visible. (arrow) O. 16-18 somite stage (approx. 8 hr) Segmentation period. Extension of
the tail begins, P. 21-24 somite stage (approx. 20 hr) Yolk begins to straighten out the posterior
of the embryo. Q. Prim-5 (24 hr) Pharyngula period. There are approx. 30 somites, and length of
yolk extension equals diameter of yolk ball. R. Long-pec stage (48 hr) Hatching period. Embryo
begins to hatch from chorion. Pectoral fins have elongated and heart is clearly visible (arrow) S.
Protruding-mouth stage (72 hr) The mouth is wide open (arrow) and gills are forming. T. Day 4
(96 hr) Swim bladder begins to inflate.(arrow) U. Day 5 (120 hr) Swim bladder is fully inflated.
(arrow) V. 6 day (144 hr) W. 7 day (168 hr) A-Q and R-W imaged at 25x and 16x magnification,
respectively (Leica MZ16F stereoscope). Figure included with permission from Meghan E.

Johnson.
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Chapter 2: Development and Implementation
of a High-Throughput Screen for Mitochondrial
Processing Peptidase

Abstract

Mitochondrial processing peptidase (MPP) is required for viability, and thus cannot be studied
through traditional methods; alternative approaches must be utilized. To this end, high-
throughput screening (HTS) allowed for the systematic and efficient identification of small
molecule modulators that temporally affected protein function. We conducted an HTS assay
utilizing recombinantly purified MPP, and a fluorescent probe with an MPP cleavage site from
YDHAY7, to screen over 130,000 compounds. From this screen, we identified a number of small
molecules capable of modulating MPP activity. Here we present the details of the screening
process, the identification and confirmation of the preliminary hit compounds, and the initial

characterization conducted to identify the subset of molecules that appeared the most promising.
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Introduction

Mitochondria & Mitochondrial Processing Peptidase

Mitochondrial Structure

Mitochondria consist of four compartments: the outer membrane, the intermembrane
space, the inner membrane and the matrix. (1) The mitochondrial genome is approximately
16,000 base pairs and encodes for 37 genes, which include: 22 tRNAs, 2 rRNAs, 13 proteins,
and 1 untranslated region. (2) A majority of the proteins that are utilized in the mitochondria are
encoded by the nuclear genome, translated in the cytosol and must be imported into the
mitochondria. Depending on where these proteins are located within the mitochondria they

follow a different protein translocation pathway.

Mitochondrial limport

Proteins destined for the outer membrane or the intermembrane space first interact with
the translocase of the outer membrane (TOM), which is comprised of 7 integral membrane
proteins (Tom70p, Tom40p, Tom22p, Tom20p, Tom7p, Tom6p, and Tom5p). (3-6) Following
this interaction, the imported proteins are segregated and sorted by the sorting and assembly
mechanism (SAM complex), which consists of Sam50p and Mas37p. (7-9) For proteins that need
to go to the inner membrane or the matrix, not only do they interact with the TOM complex, but
they must also interact with one of the two translocases of the inner membrane (TIM complex).
The two TIMs are TIM23, which is involved with proteins destined for the matrix and TIM22,

which helps negotiate imported proteins to the inner membrane. (3, 4) The TIM23 is comprised
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of 3 integral membrane proteins (Tim50p, Tim17p, and Tim23p), while TIM22 is composed 3
different integral membrane proteins (Tim54p, Tim22p, and Tim18p). (3, 4, 10-12)

Imported proteins functioning in the mitochondrial matrix typically possess a positively
charged N-terminal mitochondrial targeting sequence (MTS) that directs them through the
translocase machinery to the mitochondrial matrix. (4) Regarding the TIM23 complex, Tim17p
and Tim23p make-up the pore of the complex, Tim50p acts as a guide for precursor proteins and
Tim44p, Tim14p, mHsp70, and mGrpE function as the motor to attract the MTS to the complex
and draw the precursor protein into the matrix for processing. (13-15) For precursor proteins
imported into the mitochondrial matrix to fold and function properly, their MTS must first be
cleaved off. This cleavage is accomplished by the matrix protease, mitochondrial processing

peptidase (MPP). (16, 17)

Mitochondrial Processing Peptidase

The MTS of precursor proteins is typically 20-60 amino acids long and MPP is the first
of potentially several proteases responsible for cleaving and degrading the MTS. (16) MPP has
been linked to the autosomal recessive degenerative disorder, Friedreich ataxia (FRDA), which
affects 1:50,000 lives births. (18) FRDA patients exhibit neurodegeneration of the spinal cord
and hypertrophic cardiomypathy, along with being plagued with muscle weakness in the
extremities, loss of coordination, vision and hearing impairment, slurred speech, scoliosis, atrial
fibrillation, and tachycardia. (19, 20) FRDA is caused by the dysfunction of a mitochondrial
matrix protein, frataxin, which is cleaved in 2 sequential steps by MPP. (21-24)

MPP is a heterodimer of approximately 100 kDa, consisting of o and 3 subunits. The

proper functioning of MPP is reliant on both subunits, but only the 3 subunit contains the
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metalloendopeptidase domain. (25) MPP is a member of the pitrilysin family of inverted zinc-
binding proteases that include pitrilysin and 3 members of the insulin-degrading enzyme family.
(25) The inverted zinc-binding domain is made up of the following structure; H-x-x-E-H-x74-E,
with the zinc ion being coordinated via both His residues and the downstream Glu residue. The
upstream Glu residue is responsible for the activation of water, which is necessary for cleavage
of the precursor protein. (26-28) The optimal pH range for purified MPP activity is pH 7-8, with
inactivation at lower pH. MPP is inhibited by EDTA and o-phenanthroline and activated by
divalent cations (Co”", Mn*", Zn*" and Mg”"). (29-32) At low concentrations of metals the degree
of MPP activation follows the following trend, Zn*">Mn*" > Co*"; though unlike cobalt and
manganese, excess zinc inhibits MPP activity. (33, 34)

The presequences MPP recognizes typically, but not universally, contain three key
features: (1) a global positive charge, (2) an ability to form an amphiphilic a-helix, and (3) an
arginine residue typically at the -2, -3, or -10 position relative to the cleavage site. (35-38)
Currently there are four identified cleavage motif models, which include: (1) the R-2 motif
(xRx | x[S/s]), (2) the R-3 motif (xRx[Y/x]|[S/A/x]x), (3) the R-10 motif
(xRx | [F/LNxx[S/T/G]xxxx| ; the first cleavage is done by MPP at the -2 position, following by
an MIP cleavage at the -10 position), and (4) the R-none motif (xx | x). (39) Within the secondary
structure of the MPP substrate, a common feature is the capabilty of forming a helix-linker-helix

orientation, and typically this a-helix disruptor is glycine and/or proline. (40, 41)
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Rational for High-Throughput Screen

This project represents a new direction in mitochondrial biogenesis studies. A major
shortcoming in studying mitochondrial activity in biological systems is the lack of tools. Classic
genetic approaches, used in mitochondrial biology in yeast and worms, rely on conditional
mutants such as temperature-sensitive (ts) and overexpression mutants to induce changes in
pathways, an approach that is not easily accomplished in mammalian cells. This approach often
requires hours to switch from a permissive condition to a lethal condition and results in
secondary perturbations, leading to global side effects. (42) Another method to study protein
interaction pathways in organisms such as cultured cells, worms and flies is via down-regulation
using RNAi, which alters gene expression. Similarly this method has a major drawback because
its modulation can typically takes days to observe an effect and it causes significant global side
effects. (43, 44) The goal of this project was to generate small molecule modulators for MPP that
alter the proteolytic activity within minutes, with the aim of determining the role of MPP in the
mitochondria in diverse cellular pathways from fungi to animals. (45) These tools will be
important for altering regulated proteolysis in vivo. An ultimate goal is to develop a “toolbox” of
small molecules to study the roles of these proteases by eliminating their immediate function.
Modulating the quality control system will affect a broad range of mitochondrial functions and
provide insight into how the mitochondrion controls diverse cellular processes. These small
modulators will be discovered via a high-throughput screening (HTS) assay using purified

recombinant MPP.
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Results

Obtaining purified MPP was the first necessity of this project. The MPP plasmid was
expressed and purified using BL21 gold bacterial cells, auto-induction expression, and purified
using Nickel beads against the Hiss tag on MPP. (46) Using BCA quantification, we determined
the concentration of MPP was 33 mg/mL. The overall scheme of the HTS for purified
recombinant MPP can be seen in Figure 2.1.

The essence of our high-throughput screening assay was to synthesize a small peptide
around a known MPP cleavage site that also contained a flanking fluorophore and quencher
moiety. From this, if the cleavage by MPP was inhibited, or stopped all together, the
fluorescence would be minimal, while if MPP was able to cleave the peptide the fluorescence
would increase significantly. Many of the known presequences of substrates for MPP are quite
hydrophobic, but we set out to choose the most hydrophilic sequence, simply to increase the
likelihood the peptide would be soluble in the HTS assay. We analyzed a number MTS amino
acid sequences and settled on using a peptide modeled around the cleave site of YDHA7 (yeast
potassium-activated aldehyde dehydrogenase) (Figure 2.2). Our lab is also interested in the study
of polynucleotide phosphorylase (PNPase), which is a 3’35’ exoribonuclease and poly-A
polymerase located in the intermembrane space that regulates the import of RNA into
mitochondria. (47) For this reason, we also obtained a synthesized peptide based on the proposed
cleavage site of PNPase.

Using purified MPP, both synthetic peptides from JPT Peptide Technologies, and a flex
station plate reader we set out to determine which of the peptides could be cleaved by MPP. MPP

was found to only cleave the peptide modeled around YDHA7, therefore we moved forward with
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this peptide for the rest of the pre-screening and the primary screen (Figure 2.3). The premise of
the assay and the structure of the YDHA7 synthetic peptide can be seen in Figure 2.4. An assay
was used to determine the optimal concentration of the purified recombinant MPP, 2" metal
cation, synthetic peptide, and EDTA/o-phenanthroline concentration needed to completely
inhibit MPP cleavage of the JPT peptide (Figure 2.5). From these results, we determined the
optimal concentrations to user were: 128 nM MPP, 1 mM MnCl,, and 12 pM JPT synthetic
peptide. Since MPP is a metaloendopepdidase, EDTA and o-phenanthroline were used to form
the negative control for MPP. Their optimal concentrations were 4 mM and 0.04 mM,
respectively. This assay was also used to determine if general protease inhibitors such as PMSF,
STI, IAA, and a chymostatin/leupeptin/pepstatin cocktail were capable of inhibiting the cleavage
of MPP and the JPT synthetic peptide; which were all negative. The Km of the JPT synthetic
peptide was found to be 13 pM. Before the HTS could be conducted, we needed to determine the
Z score for the MPP/JPT fluorogenic peptide assay so we could be confident with the HTS
results. The Z score is calculated by examining a plate that consists of half positive and half
negative control wells. Using the reading from the entire plate and Z score equation we
determined that the Z score for this assay was 0.8. The maximum Z score is 1 and any value over
0.5 is believed to be a good HTS assay, therefore we were extremely confident that any hits we
found from the primary screen and the “cherry-picked” re-screen would be indicative of
compounds specific for modulating the MPP/JPT fluorogenic peptide assay.

Utilizing the robotic system screening system available at the Screening Center at the
Calfornia Nanosystems Institute at UCLA, roughly 130,000 small molecules were investigated
for their ability to modulate the cleavage activity of MPP on the JPT fluorogenic peptide (Figure

2.7). A sample of how each screening plate was laid out can be seen in Figure 2.6. Following the
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re-screen of the “cherry-picked” compounds from the primary screen, we identified 88 inhibitor
small molecules and no enhancer molecules. The fact that we failed to find any enhancer small
molecules was not surprising as our assay only investigated the end-point fluorescence instead of
looking at multiple points within the linear range of the JPT fluorogenic peptide cleavage assay.
From these 88 inhibitors of MPP cleavage we roughly organized the compounds by central
scaffolding (approximately 8-10 groups) and ordered approximately 30 compounds from the
primary screen that did not possess moieties known to disrupt membrane integrity such as: nitro
groups, halogen groups and other highly reactive groups. Figure 2.8 shows the compounds that
we further investigated with non-automated JPT fluorogenic assays and Su9-DHFR cleavage
assays, along with the groups each compound falls into.

Out of the compounds ordered, only one compound failed to inhibit the cleavage activity
of MPP on the JPT fluorogenic peptide, compound 216 (F3257-0216). The non-automated
fluorogenic assay was also used to determine the ICsy of these compounds; this data can be seen
in Figure 2.9. Before moving further with these compounds we also wanted to make sure they
did not cause general mitochondrial dysfunction, such as causing membrane depolarization,
disrupting membrane integrity, or disrupting the electron transport chain and oxygen
consumption. The ability of the compounds to elicit a depolarization in the outer mitochondrial
membrane was assessed using the diS-C; assay. This assay uses the mitochondrial membrane
potential sensitive probe 3,3’-dipropylthiadicarbocyanine iodide (diS-C3); under normal
conditions of mitochondrial membrane polarization the diS-C; probe is taken up by the
mitochondria and fluorescence signal in the solution is fairly low. If the membrane is
depolarized, as seen when purified mitochondria are treated with CCCP, the probe is not within

the mitochondria and the fluorescence signal in solution is significantly higher. (48-50) The
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fluorescence difference between the test conditions (compound in 1% DMSO and 20 uM CCCP
[negative control]) was consistently greater than a 2-fold difference. All of the compounds were
tested in this assay at both a concentration of 10 and 50 pM. None of the small molecules caused
a significant increase in the fluorescence signal as compared to DMSO only; a representative
analysis of compound 199 (MB 50) can be seen in Figure 2.10.

Mitochondrial membrane integrity was assessed using purified wild-type GA74
mitochodria treated with either 25 or 100 pM of each compound. Both supernatant and
mitochondrial pellet fractions were then analyzed on a SDS-PAGE gel with coomasie staining. If
proteins were seen in the supernatant lane then that drug was positive for disrupting
mitochondrial membrane integrity. None of analyzed drugs were found to disrupt membrane
integrity. The final test conducted on each drug to examine their ability to cause global
mitochondrial dysfunction was an oxygen electrode test with purified mitochondria. Drugs that
disrupted the ETC would have oxygen consumption rates similar to treatment with CCCP and
not basal consumption like NADH treatment. Compound 993 was found to significantly increase
the consumption of oxygen; therefore this compound was not further characterized.

The next aspect of characterizing these inhibitors of MPP activity was to test these
compounds with other known substrates of MPP by non-fluorescence methods. Initially, the
compounds were tested for their ability to inhibit the cleavage of [*°S] radiolabelled Su9-DHFR
by purified recombinant MPP. Su9-DHFR is a fusion protein consisting of the MTS (Su9) of
subunit 9 of mitochondria ATP synthase fused to mouse dihydrofolate reductase (DHFR). Under
normal conditions, DHFR is located in the cytosol, but when fused to Su9 it is directed towards
the mitochondrial matrix where it is processed by MPP, with 2 sequential cleavages. (51-54)

Figure 2.11 shows a sample of some of the drugs (100 uM) and their ability to inhibit the
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protease activity of MPP (128 nM). According to this data all but one of the drugs
(compound160) were able to inhibit the cleavage of [*>S] Su9-DHFR by MPP. The other drugs
not displayed in this figure showed similar potency for inhibiting the activity of MPP.

Following the cleavage of [°S] Su9-DHFR with purified recombinant MPP we investigated the
ability of the drugs to inhibit the import of [*>S] Su9-DHFR into purified wild-type GA74
mitochondria. This type of assay more closely exemplifies the natural state of MPP, since import
is reliant on just the amount of endogenous MPP present in the purified mitochondria. Figure
2.12 shows a sample of some of the drugs (100 uM) and their ability to inhibit import of [*°S]
Su9-DHFR into purified GA74 mitochondria (50 pg/lane on the gel). A number of the
compounds appeared to inhibit the import of [3 5S] Su9-DHFR: compounds 707, 546, 022, 113,
184, 247, 325, 132, 060, 515, 700, 004, and 238. Others did not appear to significantly inhibit the
import of [358] Su9-DHFR: compounds 589, 086, 051, 067, 146, 013, 340, 589, and 479.

To test whether the compounds were simply acting as a general import blocker, the drugs
were examined for their ability to inhibit the import of ADP/ATP carrier protein (AAC). AAC is
a 30 kD homodimeric protein responsible for importing ADP into the mitochondria, and
exporting ATP out of the mitochondria into the cytosol following synthesis from oxidative
phosphorylation. AAC is an integral membrane protein synthesized without a cleavage
presequence. It instead contains internal targeting information. (55-57) The import and
processing of AAC in the mitochondria is not contingent on the functioning of MPP, therefore
we intended to use the import of AAC into purified GA74 mitochondria as a means to identify
whether any of the small molecules were causing global import dysfunction (Figure 2.13). From
the import of [35S] AAC it appears there are a number of compounds that did not appear to

significantly inhibit the import of AAC: compounds 081,100 113, 546, 199, 707, 132, 060, 051,
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067, 340, 819, 238, 515, and 700. There were several compounds that completely blocked the
import of AAC: compounds 993, 247, 004, 160, 022, 325, and 184.

A protein of interest for our lab is PTEN induced putative kinase 1 (Pink1), which is
synthezied as a 63 kDa protein that is cleaved by PARL between residues Alal03 and Phe104
resulting in a 43 kDa fragment. Within the topology of PINK1 there is an N-terminal
mitochondrial localization sequence, a putative transmembrane sequence, a Ser/Thr kinase
domain, and a C-terminal regulatory sequence. The protein has been found to localize to the
outer membrane of mitochondria, but is found primarily in the cytosol. Experiments suggest the
Ser/Thr kinase domain faces outward toward the cytosol, indicating a possible point of
interaction with Parkin; which is believed to play a role in the clearance of dysfunctional
mitochondria. (58-64) We determined recombinant MPP was capable of processing both human
Pink1 (hPink1) and drosophila Pink1 (dPink1) (Figure 2.14). Following these results we
examined the ability of small molecules to inhibit the import of hPink1 into GA74 mitochondria
(Figure 2.15). The data showed a number of the compounds appeared to inhibit the import of
[358] hPink1 into the mitochondrion; compounds 184, 238, 004, 700, 199, 546, 707, 169, 819,
022, 132, 060, 325, 247, 113, 100, 340, 067, and 051. While several molecules did not appear to
significantly inhibit the import of [*>S] hPink1 into the mitochondrion: compounds 515, 003,

146, 479, and 081.
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Discussion

An HTS primary screen was conducted on recombinant MPP with the use of a JPT fluorogenic
peptide modeled after the MPP cleavage site of YDHA7. Approximately 130,000 compounds
were screened and out of those we identified 88 inhibitors of MPP (0.07%). When examining
any re-screen data, one is looking for less than 0.1% of hits, which signifies that the relationship
between the hit compounds and the molecule (purified MPP) of interest are not hugely
promiscuous. Typically this type of assay, one wants to use a control protein to rule out general
protease inhibitors, metal chelators or general oxidative compounds. We accomplished this by
concurrently screening Prep (same general family as MPP), Erv1, and several yeast cell viability
screens. Any overlapping compounds between the screens were omitted from further
investigation. The lack of confirmation for the enhancers was not surprising since the assay was
based on an end-point determination; it would be difficult to determine enhancers since the final
fluorescence reading was done fairly close the maximum fluorescence reading for the peptide.
For this primary screen to yield legitimate activators of MPP the screen would have had to been
done at multiple time points within the linear region of the assay, but this was not feasible at the
UCLA screening center.

After analyzing these molecules and grouping them based on general scaffolding, we
ordered 28 compounds to be characterized further. Within these compounds, two main groups
presented themselves: one centered on compounds containing a quinone/hydroquinone moiety,
while the common substituent of the other group was a para-t-butyl phenol connected to a
substituted benzene ring via a methyl imine moiety. We were able to confirm all 28 compounds

using a non-automated version of the fluorogenic peptide assay, and a majority of the
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compounds tested were capable of inhibiting the cleavage of [*°S] Su9-DHFR as well as its
import into GA74 mitochondria.

Parkinson’s disease is a neurodegenerative disorder of the central nervous system,
typified by movement-related symptoms resulting from the loss of dopamine-generating cells in
the substantia nigra. (65) Recently two genes have been linked to familial forms of this disease,
Pink1 and Parkin. (60) Drosophila studies revealed the two proteins function in the same
pathway and that Pink1 is upstream of Parkin. (66-68) Under normal conditions Pink1 is quickly
degraded, but under conditions where the mitochondrial membrane is depolarized Pink1 is
stabilized. Once stabilized, Pink1 goes to the outer mitochondrial membrane where it recruits
Parkin via its Ser/Thr kinase domain and results in the ubiquitination and degradation of
senescent or damaged mitochondria. (60, 64) We were able to show MPP is capable of cleaving
both human and drosophila Pink1. Previous work using RNAi has showed that decreasing the
amount of MPP caused an increase in the accumulation of Pink1 on the mitochondrial surface.
This increase in Pink1 accumulation caused an increase in Parkin recruitment and mitochondrial
degradation. (69) Because of these results, we wanted to examine if our small molecule inhibits
of MPP could inhibit the mitochondrial import of hPinkl. We found the following compounds
were capable of inhibiting the import of Pink1: 184, 238, 004, 700, 199, 546, 707, 169, 819, 022,
132, 060, 325, 247, 113, 100, 340, 067, and 051; the majority of which fell into the two main
scaffolds mentioned previously. From these groups we identified two candidate molecules for
further study. The next phase of our characterization of MPP inhibitors was aimed primarily at

compounds 819 (MitoBloCK-50) and 199 (MitoBloCK-51).
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Materials and Methods

Reagents. Chemical libraries and investigated compounds were obtained from Chembridge
Corporation (San Diego, CA), Asinex Ltd (Moscow, Russia) and Life Chemicals (Burlington,
Canada). All other reagents were purchased from Sigma-Aldrich, EMD Biosciences, MB
Biomedicals, US Biological and JPT innovative peptide solutions. For the expression of MPP the
following solutions were used: ZY media (10 g tryptone and 5 g yeast extract per 1 L), 20X NPS
(0.5 M (NH4)2S04, 1 M KH;PO4, and 1 M Na,HPO4), 50X 5052 (25 g glycerol, 2.5 g glucose,
and 10 g a-lactose per 100 mL), and 40% glucose (all solutions were autoclaved). For the
purification of MPP the following solutions were used: 0.5 M Sodium phosphate pH 7.0, 4 M
NaCl, 1X Equilibration/Wash buffer pH 7.0 (50 mM sodium phosphate buffer, 300 mM NaCl,
and sterile filtered), 1X Wash Buffer pH 7.0 (50 mM sodium phosphate, 300 mM NaCl, 7.5 mM
imidazole, and sterile filtered), and 1X Elution buffer pH 7.0 (50 mM sodium phosphate, 300
mM NaCl, 150 mM imidazole, and sterile filtered). For trypan blue assays, cultured HeLa cells
were grown in DMEM high glucose medium (Invitrogen) with glutamine, sodium pyruvate, 10%

FBS, and penicillin-streptomycin (complete medium).

Expression and Purification of MPP. The MPP plasmid (46) was transformed into BL21 gold
bacterial cells for expression. A starter culture of MPP/BL21 gold was grown overnight at 37°C
in ZYP-0.8G media (ZY media, 1 mM MgSO., 0.8% glucose, 1X NPS, and 1X of both
ampicillin and chloramphenicol). The following day 500 pL of starter culture was transfer to
each 1 L flask of ZYP-5052 (1 mL MgSO,, 1X 5052, 1X NPS, and 1X each of ampicillin and
chloramphenicol) to initiate the auto-induction of MPP expression. Protein expression was

conducted for 24 hours at 37°C, while shaking at 200 rpm. At the conclusion of protein
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expression, the bacterial cells were collected by centrifugation (10 min., 7,000 xg, at 4°C) and
cleansed with 0.9% NaCl. The pellet was then resuspended in 50 mL of cold equilibration/wash
buffer. Once resuspended the bacteria cells were lysed using a microfluidizer (Microfluidics M-
110P). The cell lysate was collected by centrifugation (10,000 xg, 30 min, 4°C) and then the
supernatant was incubated with Nickel beads for 1 hour at 4°C. Following the incubation, the
resin was washed 3 times with approximately 10-20 mL of 1X Wash buffer, transferred to a
gravity-flow column, and eluted with 1X Elution buffer into 1 mL aliquots. A bicinchoninic acid
(BCA) assay was conducted on each aliquot and the samples that contained the highest protein
concentration were pooled and glycerol (20% final) was added. A final BCA assay was done on
the pooled protein sample to determine the final protein concentration. Small aliquots were flash
frozen with liquid nitrogen and stored at -80°C for later use. All steps of both expression and
purification were examined via coomasie staining of a SDS-PAGE gel and western blot analysis

(Hise antibody).

MPP/JPT Fluorogenic Peptide Assay. Purified MPP was tested against a small synthetic
peptide flanked on opposite sides by both a fluorophore and quencher from JPT. The synthetic
peptide was modeled after the cleavage site of the presequence of the known MPP precursor
YDHAT (yeast potassium-activated aldehyde dehydrogenase). The synthetic peptide contained
the following groups and amino acid sequence: 7-Methoxycoumarinyl-acetyl-
LQLRYRFSHLPM-Lys (JPT)-NH,. The peptide has a molecular weight of 1,912.25 g/mol, was
>80% pure based on HPLC, was supplied to use as a trifluoroaceate salt, stored at -20°C. All
assays were monitored using a FlexStation Plate Reader (Molecular Devices) with constant
shaking, for 90 min (at 2 min. intervals) at an excitation of 330 nm, an emission of 405 nm, and

an auto cutoff of 325 nm (these values were determined based the literature provided by JPT for
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their fluorophore/quencher combination). Different iterations of this assay were used to
determine the optimal values for the following parameters that would be utilized in the HTS
primary screen: MPP concentration, MnCl, concentration, EDTA concentration, o-
phenanthroline concentration, and JPT fluorgenic peptide Km and concentration. Along with
these values the assay was used to determine which divalent cation (Zn*", Mg”", or Mn*")
worked best for the MPP/JPT fluorogenic peptide assay, the Z-score of the assay (the difference
between positive [DMSO only] and negative [with EDTA and o-phenanthroline] controls; a
score of 1 indicating an ideal, and reliable assay), whether any common protease inhibitors were
capable of inhibiting the cleavage of the fluorogenic peptide by MPP (e.g., PMSF, STI, IAA, and

a chymostatin/leupeptin/pepstatin cocktail).

High-Throughput Screening (HTS). A primary screen of approximately 130,000 drug-like
small molecules was conducted against purified recombinant matrix processing protease (MPP)
in 384-well plates. All screening was performed with an integrated robotic screening platform
with dynamic plate scheduling. Each plate was handled in a consistent pattern by robotics and
timing of each step was tightly controlled. The primary chemical screen used fresh recombinant
MPP (in buffer: 10 mM Hepes, pH 7.4, 50 mM NacCl, 0.01% BSA, and 1 mM MnCl) at a
concentration of 128 nM. A Titertek multidrop (Beckman Coulter) was used to dispense 25 pL
of MPP or 25 pL of MPP with 4 mM EDTA and 0.04 mM of o-phenanthroline (inactivated MPP
due to metal chelation) into wells of a clear bottom 384-well plate (Greiner Bio One). A Biomek
FX (Beckman Coulter) was used to pin transfer 0.5 pL of each drug compound (1 mM stock) or
DMSO vehicle to their respective wells. The concentration of each drug compound was
approximately 10 pM. After compound transfer to all plates they were allowed to incubate at

25°C in a humidified incubator for 1 hr. A Titertek mulidrop was used to dispense 15 pL of
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fluorogenic peptide (7-Methoxycoumarinyl-acetyl-LQLRYRFSHLPM-Lys (JPT)-NH,, cleavage
site modeled after the presequence of the known MPP precursor YDHA7) to each well; the final
concentration of peptide was 12 uM. Plates were incubated at 25°C in a humidified incubator for
an additional 25 minutes. Following incubation the end-point fluorescence reading was
conducted with an excitation of 330 nm, an emission of 405 nm, and an auto cutoff of 325 nm.
An automated plate scheduler conducted all operations throughout the screening process to
ensure consistency. MPP inhibitor compounds were chosen based on a cutoff of greater than
50% inhibition as compared to DMSO only treated controls; while MPP activator compounds
were chosen based on a cutoff of greater than 130% activation as compared to DMSO only
treated controls. Compounds that fit either of these conditions were then “cherry-picked,” pinned
from their stock plates into new drugs plates that contained only the selected compounds, and re-

screened against the same MPP/JPT fluorogenic peptide assay as used in the primary screen.

Confirmation of Selected Small Molecules via Non-automation. Compounds that were
confirmed via the “cherry picked” screen were analyzed and placed in approximate groups based
on common scaffold moieties. Using Lipinski’s rule of 5 and attempting to avoid compounds
that contained functional groups that could potentially cause membrane disruption or ETC
disruption, roughly 30-35 compounds were ordered from their respective companies. Using a
non-automated version of the MPP/JPT fluorogenic peptide assay, all of the ordered compounds
were tested for their ability to inhibit or activate MPP. A solution of MPP was made using the
exact concentrations of protein, MnCl,, buffer components along with the exact same solution
plus EDTA and o-phenanthroline. 1 pLL of JPT synthetic peptide was pipetted into each well
(final concentration of 12 uM). 10 uM of drug or the corresponding amount of DMSO was added

to separate aliquots of the MPP buffer solution. EDTA/o-phenanthroline was added in a separate
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aliquot of MPP buffer solution with final concentrations of 4 mM and 0.04 mM, respectively. All
samples were allowed to incubate for 1 hour in the dark with gentle shaking. 50 pL. of MPP with
drug or DMSO only or MPP plus EDTA/o-phenanthroline solution was added to each well. Once
the MPP solution was added the reaction was initiated, and the plate was transferred to the
FlexStation. The fluorescence was monitored over an hour and a half (2 min. interval readings)
using a FlexStation Plate Reader (Molecular Devices) with constant shaking at an excitation of
330 nm, an emission of 405 nm, and an auto cutoff of 325 nm. All samples were done in

triplicate and analyzed with GraphPad Prism 5.

Drug ICsy. The ICs for each compound was assessed using the MPP/JPT fluorogenic peptide
assay. These assays were conducted in the same manner as described for the non-automated
confirmation of each compound with one alteration. For each small molecule the concentration
was varied from 0.01 pM to 20 uM. All small molecule concentrations were done in triplicate
and analyzed with GraphPad Prism 5. The fluorescence was monitored over 90 min using a
FlexStation Plate Reader (Molecular Devices) with constant shaking at an excitation of 330 nm,

an emission of 405 nm, and an auto cutoff of 325 nm.

diS-C3; Membrane Depolarization Assay. The ability for the small molecule modulators to
affect the depolarization of the mitochondrial membrane was assessed using the mitochondrial
membrane potential sensitive probe 3,3’-dipropylthiadicarbocyanine iodide (diS-Cs) as
previously described. (48, 49) Each compound (10 & 50 uM) and CCCP (20 uM) plus
oligomycin (2 pg/mL) was tested with the diS-Cs; compound on purified wild-type GA74

mitochondria.
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Mitochondrial integrity assays. Frozen aliquots of yeast mitochondria were quickly thawed
and then diluted to a concentration of 100 pg/mL in import buffer (0.6 M sorbitol, 2 mM
KH,PO,, 60 mM KCl, 50 mM HEPES-KOH, 5 mM MgCl, 2.5 mM EDTA, 5 mM L-
methionine, pH 7.1) and incubated at 25°C for 5 minutes. Reactions were treated with DMSO
(1% final concentration), drug, or CCCP and incubated for 30 minutes at 25°C. After 8,000 x g
centrifugation for 5 minutes (mitochondrial reactions) or 100,000 x g centrifugation for 15
minutes (microsomal reactions), supernatants were collected and released proteins were
subsequently TCA precipitated and suspended in reducing SDS sample buffer (2% SDS, 80 mM
Tris-HCI pH 6.8, 10% glycerol, 0.002% bromphenol blue, and 5% BME. The pellets from each
reaction after 8,000 or 100,000 x g spin were gently rinsed with BB7.4 buffer. The wash buffer
was aspirated and pellets were resuspended in reducing SDS sample buffer. Aliquots from all
samples were boiled for 10 minutes and resolved on SDS-PAGE gels. Gels were coomassie

stained.

Oxygen consumption assays. Oxygen consumption of purified wild-type yeast mitochondria
was measured using a Clark-type oxygen electrode as described previously. (70) Briefly, state 11
respiration was induced to a suspension of 100 mg/ml mitochondria in 0.23 M sucrose, 20 mM

KCl, 20 mM Tris-HCI, 0.5 mM EDTA, 4 mM KH»PO4 and 3 mM MgCly, pH 7.2 by adding 2

mM NADH. The consumption rate was monitored for approximately 2 min. Small molecule or
DMSO was added to a final vehicle concentration of 1% and respiration was measured for
another approximately 2 min. Uncoupled respiration was achieved by adding 20 mM CCCP to

the chamber.

In-vitro Su9-DHFR Cleavage Assay. Before the cleavage assay with purified recombinant

MPP, [°S]-methionine and cysteine labeled Su9-DHFR was made with the TNT Quick Coupled
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Transcription/Translation kit (Promega). Each sample consisted of 8 pL of Su9-DHFR/[**S]
added to 12 pL of MPP solution (solution included purified recombinant MPP at 128 nM final
concentration, drug at 100 uM final concentration (if added), 4 mM EDTA with 0.04 mM o-
phenanthroline [final concentration; negative control], 1% DMSO [final concentration], and 1
mM MnCl, [final concentration]). DMSO only, drugs, or EDTA/o-phenanthroline were
incubated with MPP for an hour at room temperature before the addition of Su9-DHFR. 20 pL
aliquots were taken at 2, 5, and 10-minute time points; the reactions were quenched with the
addition of Laemmli sample buffer and all samples were analyzed by SDS-PAGE and

autoradiography.

Mitochondria Purification. Mitochondria were purified from GA74 or MASI1 ts yeast cells
grown in YPEG as described in previous studies. (71, 72) After purification, the concentration
was measured by BCA assay and mitochondria were stored at -80°C. Mammalian mitochondria
were purified from HeL A cells grown in DMEM as previously described in studies(73). After
purification, the concentration was measured by BCA assay and the mitochondria were purified

and used fresh for each import assay.

Import of radiolabeled proteins into mitochondria. Before import into purified
mitochondria, [*°S]-methionine and cysteine labeled precursor proteins were made with the TNT
Quick Coupled Transcription/Translation kit (Promega). Imports of precursor proteins into
purified yeast mitochondria were conducted based on established protocols. (71, 74) As the drug
compounds were primarily only soluble in DMSO, a final concentration in each import reaction
of 1% was used. Drugs in DMSO or DMSO vehicle only was added to the mitochondria (25-50
pg/mL) in import buffer and incubated for 15 min at 25°C. Imports were initiated with the

addition of radio-labeled precursor and aliquots were removed at intervals during the reaction
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time-course. Import was terminated with the addition of 25 pg/mL of trypsin or just placed on
ice for those import reactions where carbonate extraction was performed. After 15 min, 200
pg/mL of soybean trypsin inhibitor was added to deactivate trypsin. Mitochondria were pelleted
by centrifugation at 8,000 x g for 5 min. To investigate proteins that had not been inserted into
the membrane a carbonate extraction step was performed without the use typsin as described
previously. (75) For all imports, the mitochondria were disrupted in Laemmli sample buffer after

the final centrifugation and analyzed by SDS-PAGE and autoradiography.

Analysis and Statistics. Unless otherwise stated, all results reported are representative of three
experimental replicates. Quantitative analysis was performed in GraphPad Prism 5 software

(GraphPad Software, Inc.) unless otherwise stated.

Miscellaneous. Western blotting was performed using standard protocols with polyclonal
antibodies raised towards highly purified antigens. The PDI antibody was a mouse monoclonal
antibody purchased from Abcam Inc. (Cambridge, MA). Proteins were transferred to
nitrocellulose membranes and immune complexes were visualized with HRP labeled Protein A
in a chemiluminescence assay (Pierce). Chemiluminescent imaging was performed on an Alpha
Innotech (Santa Clara, CA) FluorChem FC2 workstation unless otherwise noted.

Autoradiographic imaging was performed on film.
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Figure 2.1 Overall schematic flow-chart for MPP HTS.
Step by step outline of the HTS to identify and characterize small molecule modulators of

purified recombinant MPP.
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R-2 or R-3 Motif

l MPP
HMUT MLRAKNQLFLLSPHYLRQVKESSGSRLIQQRL LHQAQ....
HPDHE3  MQSWSRVYCSLAKRGHFNRISHGLQGLSAVPLRTY ADQP....
MAAT MALLHSGRVLSGVSAFHPGLAAAASARA SSWW....
RSCSA MVSGSSGLAAARFFSRTFLLQQNGIRH GSYT....
YCOX8 MLCQQMIRTTAKRSSNIMTRPIIMKRS ~ VHFK....
YDHA7 MFSRSTLCLKTSASSIGRLQLRYF SHLP.... &= Used for assay
YIDH1 MLNRTIAKRTL ATAA....
YRMO2 MWNPILLDTSSFSFQKHVSGVFLQVRN ATKR....
R-10 Motif

llMP

HOTC MLFNLRILLNNAAFRNGHNFMVRN FRCGQPLQ NKVQ....
MMDH MLSALARPVGAALRRS FSTSAQNN AKVA....
NCPB MFGPRHFSVLKTTGSLVSSTFSSSLKPTATFSCARA FSQTSSIM  SKVF....
YAT14 MFPIASRRILLNASVLPLRLCNRN FTTTRISY  NVIQ....
YCOXIV MLSLRQSIRFFKPATRT LCSSRYLL QQKP....
YDLDH MLRIRSLLNNKRA FSHSTVRTL TINK....
YFe/S MLGIRSSVKTCFKPMSLTSKRL ISQSLLAS KSTY....
YRMO7 MQRFSLVTHRS FSHSCVKP KSAC....
No R-2, R-3, or R-10 Motif
BMPC ....NAPHLQLVHDGLAGPRSDPAGPPGPPRRSRNLAAA AVEE....
HFOA ....GALRRLTPSAALPPAQLLLRAVRRRSHPVRDYAAQ TSPS....
NATP2 ....GLISRSLGNSIPKSASRASSRASPKGRLLNRAVQY ATSA....
PCS ....MALLTAAARLFGAKNASCLVLAARHAS ASST....
YATP6 ...MFNLLNTYIT SPLD....
YADH3 ...MLRTSTLFTQRVQPSLFSRNILRLQST AAIP...
YDHA1 ...MLATRNLVPIIRASIKWRIKL SALH....
YNDI1 ...MLSKNLYSNKRLLTSTNTLVRFASTR STGV....
YRMO4 ...MWKRSFHSQGGPLR ARTK....
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Figure 2.2 Examples of MPP and IMP Cleavage Motifs.

Common cleavage sites for MPP consist of an Arg residue at the -2, -3, or -10 positions relative
to the cleavage site. As illustrated, this is not always the case as there are a number of MPP
substrates that possess none of these common motifs. The space between different fragments of
each MPP substrate signifies the cleavage site of either MPP or IMP as indicated by the arrow. A
black horizontal arrow notes the MPP substrate we modeled our JPT synthetic peptide around.
We chose YDHA7 due to the presence of more hydrophilic amino acids (both up- and down-
stream of the cleavage site) than the other sequences investigated.

BMPC — bovine mitochondrial phosphate carrier; HFOA — human Fo-ATPase proteolipid
subunit; HMUT — human methylmalonyl-CoA mutase; HOTC — human ornithine
transcarbamylase; HPDHE3 — human pyruvate dehydrogenase E3 subunit; MAAT — mouse
aspartate amino tranferase; MMDH — mouse malate dehydrogenase; NATP2 — Nicotiana
plumboginifolia ATP synthase beta chain; NCPB — N. crassa cyclosporin-binding protein; PCS —
pig citrate synthase; RSCSA — rat succinyl-CoA synthetase o subunit; YADH3 — S. cerevisiae
alcohol dehydrogenase III; YAT14 — S. cerevisiae ATP synthase H chain; YATP6 — S. cerevisiae
ATP synthase A chain; YCOX4 — S. cerevisiae cytochrome ¢ oxidase subunit IV; YCOXS8 — S.
cerevisiae cytochrome ¢ oxidase subunit VIII; YDHAI — §. cerevisiae aldehyde dehydrogenase;
YDHAT7 - S. cerevisiae potassium-activated aldehyde dehydrogenase; YDLDH — S. cerevisiae
dihydrolipoamide dehydrogenase; YFe/S — S. cerevisiae ubiquinol—cytochrome c reductase
Rieske iron—sulfur protein; YIDH1 — S. cerevisiae isocitrate dehydrogenase subunit 1; YNDI1 —

S. cerevisiae rotenone-insensitive NADH-ubiquinone.
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Figure 2.3 MPP Cleavage of YDHA7 and PNPase Synthetic Peptides.

1 mM of JPT peptide (YDHA7 or PNPase) was incubated with varying concentrations of

purified recombinant MPP in screening buffer (10 mM Hepes, pH 7.4, 50 mM NacCl, 0.01%

BSA) at 25°C with gentle shaking for 2 hrs. Individual reading were taken at 2 min intervals and
the fluorescence signal was monitored at an excitation of 330 nm, an emission of 405 nm, and an
auto cutoff of 325 nm. These values were chosen from the data provided by JPT to correspond to

their fluorophore-quencher combination. Only the YDHA7 synthetic peptide was cleaved by

MPP.
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Figure 2.4 Model of JPT Fluorogenic Peptide Assay.
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The fluorogenic peptide assay was design around evaluating the significant signal difference
between the fluorescence of the un-cleaved verse the cleave JPT fluorogenic synthetic peptide.
From the modeled cleavage of MPP and YDHA7, MPP was thought to cleave the synthetic
peptide between phenylalanine and serine, with an arginine at the -2 position compared to the
cleavage site. The JPT moiety in the synthetic peptide is proprietary therefore we are not aware
of the exact structure of the quenching moiety of this peptide. The fluorophore/quencher pair of

the JPT synthetic peptide has an excitation of 330 nm, an emission of 405 nm, and an auto cutoff
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Figure 2.5 Pre-Screen MPP/JPT Fluorogenic Peptide Assay.

From the pre-screen data done for the HTS primary screen the optimal concentration of MPP
was determined to be 128 nM, 1 mM MnCl,, 12 uM JPT peptide. Inhibition of MPP was
achieved with 4 mM and 0.04 mM of EDTA and o-phenanthroline, respectively. This assay
determined the Z-score for the assay was 0.8, signifying the assay has a high degree of

confidence. The Km of the JPT synthetic peptide was determined to be 13 uM.
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Figure 2.6 Layout for HTS Plates & Sequence for Dispensing of Solutions and Compounds.
Due to edge effects no samples were placed in the first or the last column of the plate. The
positive control (MPP + DMSO vehicle) was placed in the second column and the negative
control (MPP + EDTA & o-phenanthroline + DMSO vehicle) was placed in the second to last
column. Each drug was pinned into the remaining wells. 128 nM solution of MPP was initially
incubated at 25°C in an incubator for 1 hour with drug, DMSO only, or EDTA & o-
phenanthroline. A timey fluorescence reading was taken after the hour incubation and then the
JPT synthetic peptide was dispensed into each well. Once the peptide was added the reaction was
started and allowed to incubate at 25°C in an incubator for 25 minutes, after which point the
time,s fluorescence reading was acquired. This data was analyzed for each plate using Excel to

identify MPP modulators.
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TAR 27/ 8,640 0 3 0 0
DL 62/19,840 | 8 7 0 1
MS 72,240 0 5 0 5
PW 4/1,280 1 3 0 3
SS 8 /2,560 1 1 0 1
NIH 2/ 640 0 0 0 0
ESI 6/1,920 0 1 0 0
UCLA 94/29,760 | 27 49 0 39
EAM 64/20,480 | 4 17 0 1
NEW 125 /40,000 | 5 72 0 38
Total 127,360 46 158 0 88
Hit rate (%) 0.036 0.12 0.0 0.07
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Figure 2.7 Statistics for HTS for MPP cleavage of JPT Fluorogenic Peptide.

Using the MPP/JPT fluorogenic peptide assay, approximately 130,000 small molecules were
assayed for their ability to modulate the activity of MPP cleavage. According to the primary
screen, 46 enhancers and 158 inhibitors were discovered. After the compounds were “cherry-

picked” and rescreened using the same fluorogenic assay, none of the enhancers were confirmed

and 88 (0.07%) of the inhibitors were confirmed.
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Figure 2.8 Small Molecules Ordered from MPP HTS.

These are the structures of the small molecules that were ordered and further characterized.
Compounds within table are grouped into 3 broad categories based on scaffold structure. These
categories consisted of those compounds similar to MB 50, MB 51, and the others ordered. The

table also includes the order number and pKa for each compound.
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Compound ICs Compound ICs Compound ICs
Number (nM) Number (nM) Number (nM)

819 1.3 340 0.13 993 0.05
515 1.9 238 0.83 700 0.95
051 3.4 067 2.1 930 1.1
199 0.54 325 0.33 184 2.6
172 4.5 707 0.54 247 7.9
060 32 100 1.4 086 5.5
022 1.7 146 6.3 132 2.8
113 1.6 479 4.5 160 8.4
721 4.8 004 29 216 5.1
003 9.7

Figure 2.9 I1Cs) Data for MPP inhibitors.

Using the parameters from the HTS assay as a baseline, the ICsg for each drug was determined
using 128 nM MPP (in screening buffer), ImM MnCl,, 12 uM JPT peptide, and varying drug
concentrations. All of the ICsy values were determined to be in the low micromolar to

submicromolar range.
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Figure 2.10 DiS-C; Assay for MPP Small Molecule 199.

Purified wild-type GA74 yeast mitochondria were treated with diS-C; probe alone, diS-Cs plus
DMSO, 20 uM CCCP and 2 pg/mL oligomycin, or 10 or 50 uM of compound 199. The
fluorescent signals of the diS-C3 probe and compound 199 were also investigated. The diS-C;
probe absorbs at 651 nm, and emits at 675 nm. All conditions were repeated in triplicate and
GraphPad Prism 5 was used to analyze the data.
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Figure 2.11 MPP Cleavage of [°S] Su9-DHFR with Drugs & EDTA.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
MPP (128 nM [screening buffer], | mM MnCl,) was incubated for 1 hr in the dark with 1%
DMSO, 4 mM EDTA & 0.04 mM o-phenanthroline, or 100 uM of drug. Each reaction consisted
of a ratio of 8 uL of [°S] Su9-DHFR solution to 12 pL of MPP solution with DMSO, drug, or
EDTA. 2, 5, and 10-minute time points were taken for each condition. All drugs except
compound 160 appeared to significantly inhibit the cleavage of [*>S] Su9-DHFR by MPP.
Compound 086 appeared to inhibit this cleavage but not as severely as the other drugs. Su9-
DHER is cleaved twice by MPP; EDTA appeared to inhibit any processing of [*>S] Su9-DHFR
by MPP, while the drugs appeared to primarily work by inhibiting the second site of processing

for Su9-DHFR.
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Figure 2.12 [**S] Su9-DHFR Import into Purified Yeast Mitochondria.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 yeast mitochondria were treated with 1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin,
or 100 pM of Drug for 15 minutes at 25°C. 10 pL of [*>S] Su9-DHFR solution/reaction time
point was added to each condition and 250 pL aliquots were taken at each of 3 time points (2, 5,
and 10 minutes). Reactions were quenched on ice by adding 50 pg/mL of trypsin. All imports
were disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. A
number of the compounds appeared to inhibit the import of [*>S] Su9-DHFR (compounds 707,
546, 022, 113, 184, 247, 325, 132, 060, 515, 700, 004, and 238), while others did not appear to
significantly inhibit the import of [**S] Su9-DHFR (compounds 589, 086, 051, 067, 146, 013,

340, 589, and 479).
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Figure 2.13 [*>S] AAC Import into Purified Yeast Mitochondria.

[°S] AAC was synthesized using a TNT Quick Coupled Transcription/Translation kit. GA74
yeast mitochondria were treated with 1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin, or 100
uM of Drug for 15 minutes at 25°C. 10 pL of [*>S] AAC solution/reaction time point was added
to each condition and 250 pL aliquots were taken at each of 3 time points (2, 5, and 10 minutes).
Reactions were quenched on ice by adding 50 pug/mL of trypsin. All imports were disrupted in
Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. A number of
compounds did not appear to significantly inhibit the import of AAC (compounds 081,100 113,
546, 199, 707, 132, 060, 051, 067, 340, 819, 238, 515, and 700), while there was several
compounds completely blocked the import of AAC (compounds 993, 247, 004, 160, 022, 325,

and 184).
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Figure 2.14 Recombinant MPP Cleavage of [35S] PINK1

[*°S] PINK1 was synthesized using a TNT Quick Coupled Transcription/Translation kit. MPP
(128 nM [screening buffer], 1 mM MnCl,, with or without 4 mM EDTA & 0.04 mM o-
phenanthroline) was incubated with Pink1 (drosophila, human, and the yeast homolog mtHsp60).

Purified recombinant MPP was found to be able to process both drosophila and human Pink1.
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Figure 2.15 [**S] hPink1 Import into Purified Yeast Mitochondria.

[*°S] hPink1 was synthesized using a TNT Quick Coupled Transcription/Translation kit. GA74
yeast mitochondria were treated with 1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin, or 100
uM of Drug for 15 minutes at 25°C. 10 pL of [°S] hPink1 solution/reaction time point was
added to each condition and 250 pL aliquots were taken at each of 3 time points (10, 20, and 30-
minutes). Reactions were quenched on ice by adding 50 pg/mL of trypsin. All imports were
disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. A
number of the compounds appeared to inhibit the import of [*>S] hPink1 (compounds 184, 238,
004, 700, 199, 546, 707, 169, 819, 022, 132, 060, 325, 247, 113, 100, 340, 067, and 051), while
others did not appear to significantly inhibit the import of [*°>S] hPink1 (compounds 515, 003,

146, 479, and 081).
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Chapter 3: Characterization of MitoBloCK-50

Abstract

In the high-throughput screen conducted with purified MPP, 88 hit compounds were identified
and confirmed as inhibitors of MPP activity. From this list, 28 compounds were ordered and
characterized to identify those most promising for further study. MitoBloCK-50 (MB 50) was
one of these promising candidates identified through these initial assays. Through the use of in
vitro techniques such as radiolabeled cleavage assays and import experiments, MB 50 was
shown to affect the import and processing of a variety of mitochondrial precursors, including
proteins of interest frataxin, Cpn10, and Pink1. Additionally, MB 50 provoked Parkin
recruitment when co-treated with CCCP in HeLa cells and induced body morphology and
cardiac defects in zebrafish embryos upon treatment. Taken together, these results provide
evidence as to the direct and indirect roles MPP may play in cellular pathways and organism

development.
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Introduction

Mitochondrial Structure & Function

Mitochondria consist of four separate compartments including the outer membrane, the
intermembrane space, the inner membrane and the matrix. The primary role of the
mitochondrion is energy production in the form of ATP; though the organelle also plays a central
role in other cellular functions including signaling, cellular differentiation, cell death, cell cycle
and cell growth. (1-5) The mitochondrial genome is approximately 16,000 base pairs and
encodes 37 genes: 22 tRNAs, 2 rRNAs, 13 proteins, and 1 untranslated region. (6) A majority of
the proteins that are utilized in the mitochondria are encoded by the nuclear genome, translated
in the cytosol and must be imported into the mitochondria. Imported proteins functioning within
the mitochondrial matrix typically possess a positively charged N-terminal mitochondrial
targeting sequence (MTS) that directs it through the mitochondrial translocase machinery and
into the mitochondrial matrix. (7)

Precursor proteins destined for the mitochondrial matrix first interact with the translocase
of the outer membrane (TOM) complex, which is comprised of 7 integral membrane proteins
(Tom70p, Tom40p, Tom22p, Tom20p, Tom7p, Tom6p, and TomSp). (8-11) Following the
traverse across the intermembrane space, precursors possessing an MTS encounter the
translocase of the inner membrane 23 (TIM23), which is made up of 3 integral membrane
proteins (Tim50p, Tim17p, and Tim23p). (8, 9, 12) Regarding the TIM23 complex, Tim17p and
Tim23p make-up the pore of the complex, Tim50p acts as a guide for precursor proteins and
Tim44p, Tim14p, mHsp70, and mGrpE function as the motor to attract the MTS to the complex

and draw the precursor protein into the matrix for processing. (13-15) For precursor proteins
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imported into the mitochondrial matrix to fold and function properly, their MTS must first be
cleaved off. This cleavage is accomplished by the matrix protease, mitochondrial processing

peptidase (MPP). (16, 17)

Mitochondrial Processing Peptidase

MPP is a 100 kDa metalloendopeptidase and is a member of the pitrilysin family that
includes pitrilysin and 3 members of the insulin-degrading enzyme group. (18) All members of
this family possess an inverted zinc-binding motif with the structure; H-x-x-E-H-x74-E.
Coordination of the zinc ion is accomplished with both His residues and the downstream Glu
residue; the up stream Glu residue is responsible for the activation of water necessary for
substrate cleavage. (19-21) The optimal pH range for purified MPP activity is pH 7-8, with
inactivation at lower pH. MPP is inhibited by EDTA and o-phenanthroline and activated by
divalent cations (Co”", Mn*", Zn*" and Mg®"). (22-25) At low levels of metal concentration the
degree of MPP activation follows the following trend: Zn*">Mn*">Co*", though unlike cobalt
and manganese excess zinc inhibits MPP activity. (26, 27)

MPP is formed as a heterodimer complex that consists of an o and a  subunit. Both
subunits are necessary for the proper functioning of MPP. The MTS of precursor proteins is
typically 20-60 amino acids and carries a global positive charge. (7) The MTS is both necessary
and sufficient to target precursor proteins to their correct location within the mitochondrion. A
number of non-mitochondrial molecules, including cytosolic proteins and nucleic acids have
been successfully targeted to the mitochondrion through the use of only an N-terminal matrix

targeting sequence. (28, 29)
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For MPP to function properly both subunits (o and 3) are necessary, but the two subunits
perform different needs for cleavage of MPP substrates. (30) The zinc-binding domain resides on
the f subunit. While a-MPP has no catalytic activity, it does appear to play a role in substrate
specificity and recognition via a highly conserved glycine-rich loop and a negative region that
faces towards the active site cavity. (18) The crystal structure of yeast MPP suggests the active
site is located in a central, negatively charged cavity and the glycine-rich loop appears to block
accessibility to the cavity. When this loop is deleted, both the enzyme’s substrate affinity and
catalytic activity are decreased. (31, 32) Both subunits of MPP cooperatively form the substrate-
binding pocket and each subunit is responsible for recognizing different aspects of precursor.
The subunits alone were found to have low affinity towards elements of presequence but a native
conformation was necessary for high substrate binding affinity. (33) The crystal structures of
MPP with synthetic signal peptides suggests the presequence interacts with the polar cavity of
MPP in an extended conformation, suggesting the helical conformation mitochondrial targeting
sequences are capable of taking is important for recognition by the mitochondrial import
machinery and must take on an extended conformation for the cleavage by MPP. (31) Through
the use of mutagenesis, the zinc-binding domain (HxxEHx7¢H) of B-MPP is vital for the proper
active formation, and may be in contact with a-MPP. Additionally, the central region around
Lys215 of f-MPP, which is not highly conserved, plays a role in interacting with a-MPP.
Finally, the C-terminal region that surrounds Ser314 of 3-MPP is needed for catalytic activity.
(34) Using both cross-linking analysis and surface plasmon resonance, o-MPP was found to bind
a precursor protein in the absence of $-MPP and was able to bind the precursor as effectively as

MPP. From this, it appears a-MPP is responsible for binding the mitochondrial targeting

71



sequence before it is presented to the catalytic domain. (34) All of these factors come together to

provide strict specificity and high affinity for MPP and its substrates.

MitoBloCK-50

MitoBloCK-50 (MB 50) also know as [2-(2-Hydroxybenzyliden)amino]-4-tert-butyl-
phenol can be synthesized from the condensation of 2-amino-4-(ze7butyl)phenol and
salicylaldehyde. (35) This compound has been utilized in the following types of synthetic
organic chemistry: formation of hexacoordinated phosphorus (V) compounds, production of 2,3-
dihydroquinolines via boronate complexes, formation of dioxaboracyclononenes, use of
palladium(II) catalyzed oxidative cyclization to produce benzoxazoles, and in kinetic substitution
reaction of tridentate ligands. (35-39) MB 50 has a molecular weight of 269.343 Da and its CAS

registration number is 292167-53-4. (35) As of yet this compound has no known biological use.

Structure-Activity Relationships (SARs)

Along with the characterization of the original hit compound from the HTS, SARs studies
are usually conducted. The SAR describes the relationship between the compound of interest and
its biological effect. These studies allow for the dissection and potential identification of
essential moieties on the small molecule, along with building a library of both positive and
negative analogs that can further enhance the characterization of the hit compound and effect on
the protein pathway. Within this project, a SAR study was conducted by data mining the original
HTS against a structural homology search for non-hit compounds or compounds not originally

screened.
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After the determination of MB 50 as a potential candidate for the inhibition of MPP our
goal was to characterize this compound, along with building and characterizing potential positive
and negative analogs for MB 50. This work was done using purified recombinant MPP, purified

wild-type and MAS1ts mitochondria, mammalian cell culture, and zebrafish assays.
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Results

We focused on compound 819 (MitoBloCK-50; MB 50) for further characterization
because it was one of the more promising compounds in the group from which we had the most
hits. Additionally, when treated in conjugation with CCCP, we saw Parkin recruitment on the
surface of EGFP-Parkin expressing HeLa cells (Figure 3.1). From the data presented in Chapter
2 concerning general mitochondrial dysfunction caused by the small molecules, MB 50 did not
disrupt the integrity of the outer mitochondrial membrane, cause depolarization of the outer
membrane, cause dysfunction of the ETC, or block the import of AAC. Similarly, MB 50 was
also examined for its MICsy in HEK cells and its effect on mitochondrial morphology in HeLa
cells (Figure 3.2). The MICsy of MB 50 was between 100 and 200 uM and it did not appear to
cause changes in mitochondrial morphology. Figure 3.3 shows the structure of MB 50 along with
its positive and negative controls (determined from their ability to inhibit the MPP/JPT
fluorogenic peptide assay).

The negative controls were found by data mining the HTS data for compounds that did
not inhibit MPP activity and that possessed a greater than 60% homology with MB 50 based on
structure analysis. This figure only shows the positive and negative control compounds that were
ordered and tested along with MB 50; for a full list of all the compounds that fell into either of
these groups refer to the appendices. The positive MB 50 analogs all contained the para-t-Butyl
phenol connected to a substituted benzene ring via a methyl imine moiety. Within this structure
we assumed that due to high degree of similarity with all the compounds, the combination of the
para-t-butyl phenol and imine were likely to be the important substituents for this group of

molecules. From this, we wanted our negative analogs to systematically substitute these groups
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to assess if our hypothesis was correct about MB 50. Compound 013 lacked the hydroxyl group
on the para-t-butyl phenol of MB 50 and the trifluoromethyl group adequately substitutes for the
t-Butyl group based on size and geometry. Compound 302 lacked only the para-t-butyl group as
compared the core structure of MB 50 and compound 247 exchanged the para-t-butyl group for
an ethyl moiety, as compared with the core structure of MB 50.

MB 50 exhibited the ability inhibit the in-vitro cleavage of [*>S] Su9-DHFR and its
import into purified GA74 mitochondria (Figures 3.4 and 3.5). A titration of MB 50’s ability to
inhibit Su9-DHFR into mitochondria was also examined (Figure 3.6). These results suggested
the ICso for Su9-DHFR import was approximately 12 uM. MB 50 was also tested against the
import of Cytochrome C, (CytC,;), Cytochrome B,-DHFR (1-167) (CytB,-DHFR (1-167)), and
Cytochrome B,-DHFR (A63P) (CytB,-DHFR (A63P)). CytC; is targeted towards the inner
membrane of the mitochondria and is one of the constituents of Complex III of the ETC. (40)
CytB, is synthesized as a precursor in the cytosol and imported into the mitochondria. It contains
a tightly folded heme-binding domain; the TIM23 complex sorts its transport across the outer
membrane, which requires ATP. The 1-167 version of this construct is typically not processed by
MPP since it is directed towards the intermembrane space due to a stop transfer sequence. (41-
43) Conversely, the A63P mutant of this construct is targeted towards the matrix and is
processed by MPP. (44-46) MB 50 showed the ability to inhibit both the import CytB,-DHFR (1-
167) and CytB,-DHFR (A63P), but it did not appear to inhibit the import CytC; (Figure 3.7).

Frataxin is a 210 amino acid protein encoded by the nuclear DNA and is imported into
the mitochondrion. Frataxin appears to be involved in the assembly of iron-sulfur clusters and
has been proposed to be either an iron chaperone or an iron storage protein. The mRNA of

frataxin is predominantly expressed in tissues with a high metabolic rate such as the liver,
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kidney, brown adipose tissue and heart. (47, 48) Frataxin has been implicated in the etiology of
FRDA, which is an autosomal recessive degenerative disease. Upon import into the
mitochondria, frataxin is processed twice (in 2 sequential cleavages) by MPP, the first of the
cleavages happens very rapidly, while the second cleavage is much slower and is the rate-
limiting step for the formation of mature frataxin. A reduction in this second cleavage has been
directly linked to the cause of FRDA and mutations in both MPP and frataxin have been shown
to inhibit the cleavage of frataxin by MPP. The yeast and human frataxin presequence is 51 and
55 amino acids, respectively, and the presequence of yeast frataxin is cleaved between residues
20-21 and 51-52, while the human frataxin presequence is cleaved between 41-42 and 55-56.
(47-53) MB 50 appears to inhibit the second cleavage of frataxin to a more significant extent
than the first cleavage, while CCCP treatment completely blocks the import of frataxin (Figure
3.8).

Chaperonin 10 (Cpn10) along with chaperonin 60 aids in the stabilization and protection
of disassembled proteins. Cpnl0 exists as a ring-shape oligomer of 6—8 identical subunits that
are self-assembled by the presence of Mg®"-ATP. The central cavity of the cylindrical Cpn60
tetradecamer provides an isolated environment for protein folding, while Cpn10 binds to Cpn60
and synchronizes the release of the folded protein in a Mg*-ATP dependent manner. (54) Cpn10
does not have a known MTS that is cleaved by MPP, but MB 50 was found to completely inhibit
the import of [°S] Cpn10 into purified mitochondria (Figure 3.8).

PTEN induced putative kinase 1 (Pink1), is synthesized as a 63 kDa protein and is
cleaved by PARL between residues Alal03 and Phel04 resulting in a 43 kDa fragment. Within
the topology of PINK1 there is a N-terminal mitochondrial localization sequence, a putative

transmembrane sequence, a Ser/Thr kinase domain, and a C-terminal regulatory sequence. The
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protein has been found to localize to the outer membrane of mitochondria, but is found primarily
in the cytosol. Experiments suggest the Ser/Thr kinase domain faces outward toward the cytosol,
indicating a possible point of interaction with Parkin, which is believed to play a role in the
clearance of dysfunctional mitochondria. (55-61) MB 50 was found to inhibit the import of
hPink1 into GA74 mitochondria. A titration against hPink1 import determined this to occur at
approximately 25 pM (Figure 3.9).

Parkin recruitment was also assessed using EGFP-Parkin expressing MTS dsRed HeLa
cells and treatment with either 1% DMSO, CCCP alone, MB 50 alone, or CCCP with MB 50
(Figure 3.10). 5 uM of CCCP recruits some Parkin to the surface of mitochondria, while 10 pM
of CCCP recruits substantially more Parkin to the surface of mitochondria as evidenced by the
yellow merged panel in the figure. 40 uM of MB 50 alone does not recruit Parkin to
mitochondria. Conversely, the combination of 2.5 or 5 uM CCCP with either 20 pM or 40 uM
MB 50 is capable of recruiting a significant amount of Parkin to mitochondria and this
recruitment appears to be greater than 10 uM of CCCP alone. The quantification showed that
when 40 uM of MB 50 was combined with either 2.5 or 5 pM CCCP, it exhibited a greater
amount of Parkin recruitment than CCCP alone.

The genes that encode for MPP are MAS1 (MPP ) & MAS2 (MPP o). The temperature-
sensitive mutant for yeast MPP 3 (MAS1) at incuabation temperatures of 37°C exhibits signs of
MPP knockdown. It is apparent that MB 50 and the MAS1 ts mutant affect the import of Su9-
DHEFR in a different manner (Figure 3.11). The MAS1ts yeast mutant shows an accumulation of
unprocessed, and trypsin protected, Su9-DHFR, while MB 50 in both wild-type and MASI ts

mitochondria exhibits a decrease in overall import of Su9-DHFR.
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MB 50 was examined using zebrafish expressing cardiac myocyte light chain 2 (cmlc2),
which only express DsRed in heart cells (Figure 3.12). Zebrafish are useful for these types of
studies because they are fertilized externally, the embryos are optically clear, and the embryos
are osmotically permeable. Additionally, the parent fish can be crossed weekly to produce
hundreds of embryos. By 3 days post-fertilization the nervous and cardiac systems have started
to develop. At 20 uM MB 50 the zebrafish start showing a change in body curvature, and at 50
uM the body curvature is more severe and there was a slight loss of pigmentation. At 20 pM MB
50 the heart also starts to exhibit severe atrial distension and does not appear to flip. Zebrafish
pigmentation is initiated during embryogenesis and begins in the retinal epithelium and in the
melanophores. The pigment cells develop rapidly, and within hours they constitute a prominent
feature of the embryo. (62, 63) One common method for zebrafish depigmentation is through the
treatment with N-phenylthiourea (PTU), which is capable of completely blanching the zebrafish,
but can also be washed-out. PTU works by inhibiting melanogenesis by blocking all tyrosinase-
dependent steps in the melanin pathway. (64) Another method for causing depigmentation of
zebrafish is through the chelation of copper with compounds such as neocuproine and
bathocuproine. (65, 66) Using both bathocuproine and PTU as controls, MB 50 was examined
for its ability to be washed-out following 3 days of treatment. After 3 days of treatment with 40
uM MB 50, bathocuproine, or PTU we saw a severe body curvature effect with MB 50, a slight
decrease in pigmentation with bathocuproine and a significant loss of pigmentation with PTU.
Following 2 days where all compounds have been washed-out and the zebrafish have been
allowed to develop normally we see that the pigmentation has returned completely in all three-
drug conditions and that the body curvature issue with MB 50 is not as severe as seen after 3

days of MB 50 treatment (Figure 3.13).
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To show justification for our data mining method for a SAR study, the in-vitro cleavage
of Su9-DHFR was investigated with the analogs (Figure 3.4). EDTA and MB 50 significantly
inhibited the formation of mature Su9-DHFR, while the negative MB 50 analogs (247, 302, and
013) do exhibit some accumulation of the second cleavage by MPP of Su9-DHFR, but a majority
of the mature Su9-DHFR by 5 minutes is formed as compared to the 1% DMSO control. The
positive analogs (238, 515, 340, 700, 051, and 067) as referenced in Chapter 2 showed similar
results in the inhibition of MPP cleavage activity as MB 50 (data not shown). It appears that the
selection of the key moieties in MB 50 are plausible and that these negative analogs for the MB
50 group can be carried on further.

The analogs were also tested for their ability to inhibit the import [**S] Su9-DHFR into
GA74 mitochondria (Figure 3.5). Out of the negative MB 50 analogs, compound 302 showed
little to no inhibition of Su9-DHFR import, compound 013 showed moderate inhibition and
compound 247 exhibited comparable inhibition of Su9-DHFR as MB 50. As for the positive MB
50 analogs, compounds 515 and 700 exhibited significant inhibition to Su9-DHFR import, 238
and 340 appeared to have some inhibitory affect, while compounds 067 and 051 showed little to
no degree of inhibition of Su9-DHFR import into GA74 mitochondria.

Lastly, the analogs were tested to determine their effects on zebrafish development
(Figure 3.14). At 3 days post fertilization, MB 50 and its positive analogs (515 & 700) all exhibit
changes in body curvature that get more severe with increasing drug concentration as compared
to the control zebrafish (Figure 3.14: Top). When comparing the negative controls (013 & 302)
and MB 50, the negative controls showed some signs of malformation and changes in body

curvature, but at similar concentrations MB 50 appeared to be more severe than both negative
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analogs (Figure 3.14: Bottom). Drug 247 was left out of this table because at all concentrations

tested all of the zebrafish were severely mutilated and none of them were alive.
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Discussion

Through the analysis of the data for MB 50 and both its positive and negative analogs it
appears the key structural component of MB 50 is the para-t-butyl phenol connected to a
substituted benzene ring via a methyl imine moiety. Within this sub-structure of MB 50 the
likely moieties responsible for activity are likely to be the hydroxyl group of the phenol, the
imine, or some combination/coordination of the two groups. The substituents seen on the
benzene ring of MB 50 and its positive analogs likely aid in the specificity of the compounds, but
it can not be ruled out that they play some role in the chemistry these compounds are capable of
exhibiting. One of the rather interesting positive analogs for MB 50 is compound 515, which is
known as 3-bromo-5-(tert-butyl)benzene-1,2-diol. With some synthetic manipulations this
compound could act as a precursor to the imine moiety seen in the rest of the compounds within
the MB 50 group. The fact this compound shows activity towards MPP, though not to the same
extent as MB 50, gives some credence to which part of MB 50 is required for the inhibition of
MPP, and whic part could potentially increase potency, binding efficiency, or alter binding
specificity.

MB 50 was capable of inhibiting the import of Su9-DHFR, CyB,-DHRF (1-167) and
CytB,-DHFR (A63P), frataxin, Cpnl0, and hPink1, while it did not inhibit the import of CytC;
or AAC. Both CytB,-DHFR (1-167) and CytB,-DHFR (A63P) are initially processed MPP, the
difference between them is CytB,-DHFR (1-167) possesses a stop transfer sequence after the
MTS, which directs it towards the intermembrane space. IMP cleaves off the stop transfer
sequence of CytB,-DHFR (1-167). CytB,-DHFR (A63P) is directed to the matrix via the A63P

mutation, therefore it is only processed by MPP. (41) The fact that MPP inhibits the import of
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both CytB,-DHFR (1-167) and CytB,-DHFR (A63P) is not unexpected since MPP has to process
them before they can take their mature form. On the other hand, MB 50 was not capable of
inhibiting CytC;, though this was expected. Though the exact mechanism for CytC; is not
completely resolved, the general consensus is CytC; import requires a membrane potential, ATP,
and the precursor is first processed by MPP and then IMP2. (25, 67-71) The discrepancy
between our work and data showing that MPP processes CytC; could signify a difference
between how MPP interacts with CytB, and CytC;.

From the crystal structures of MPP with synthetic signal peptides, it appears the
presequence interacts with the polar cavity of MPP in an extended conformation, suggesting the
helical conformation taken mitochondrial targeting sequences is important for recognition by the
mitochondrial import machinery and cleavage by MPP (Figure 1.5). (31) It appears that
electrostatic interactions are capable of capturing the positively-charged MTS and bringing it
into the negatively-charged MPP cavity. MPP is capable of scanning the presquence as it threads
through the cavity along the negatively-charged walls of both subunits and determine the correct
site of cleavage. With this model in mind, MPP would be capable of distinguishing different
length presquences as they travel from the B subunit to the o subunit, and thereby effectively, and
reproducibly, cleave the correct site and release the mature protein. If MB 50 is exerting an effect
in the active site or an ancillary site that affects precursor recognition, this could potentially
explain the difference in import inhibition for CytB; and CytC;. Perhaps MPP recognizes these
two presequences differently, and MB 50 is only able to affect the recognition of CytB..

Frataxin, which has been linked to FRDA, is cleaved in two sequential steps by MPP.

The first of these cleavages happens very rapidly, while the second cleavage is much slower and

is the rate-determining step for the formation of mature frataxin. A reduced rate and ability to

82



conduct the second cleavage of frataxin is believed to be a major factor in the etiology of FRDA.
(72-76) MB 50 showed the ability to inhibit the two-step processing of frataxin differently when
import into mitochondria. Though there was some reduction of the intermediate product when
compared to the amount of intermediate product to DMSO treated mitochondria, the majority of
the difference was seen when comparing the amount of mature product. Treatment with MB 50
resulted in approximately a 70-75% reduction in the amount of mature frataxin at the final time
point, while CCCP treatment appeared to block both processed forms equally. MB 50, therefore,
could be an interesting agent to study the cleavage process of frataxin and its link to FRDA.
Cpn10 resides within the mitochondrial matrix and with the aid of Cpn60 helps precursor
proteins fold into their native state. (77) Cpn10 does not contain a known MTS and its
mechanism for import into the mitochondrial matrix is not completely understood. (54, 78) MB
50 appears to completely inhibit the import of Cpnl0 in GA74 mitochondria, therefore, even
though Cpn10 does not contain a known MTS for MPP, our data suggest MPP is involved in the
import of Cpn10 and its maturation into a functional mitochondrial matrix protein. This could
mean Cpnl0 does in fact possess a presquence recognized by MPP, or un-inhibited MPP is
necessary for import of Cpnl0 import even though it does not cleave the Cpn10 precursor.
Parkinson’s disease is a neurodegenerative disorder of the central nervous system, which
is typified by movement-related symptoms resulting from the loss of dopamine-generating cells
in the substantia nigra. (79) Recently two genes have been linked to familial forms of this
disease, Pink1 and Parkin. (57) Drosophila studies revealed the two proteins function in the same
pathway and that Pink1 is upstream of Parkin. (80-82) Under normal conditions Pink1 is quickly
degraded, but under conditions where the mitochondrial membrane is depolarized Pink1 is

stabilized. Once stabilized, Pink1 goes to the outer mitochondrial membrane where it recruits
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Parkin via its Ser/Thr kinase domain and results in the ubiquitination and degradation of
senescent or damaged mitochondria. (57, 61) Previous work using RNA1 also showed decreasing
the amount of MPP caused an increase in the accumulation of Pink1 on the mitochondrial
surface. This increase in Pink1 accumulation also caused an increase in Parkin recruitment and
mitochondrial degradation. (83) We were able to show MB 50 was able to inhibit the import of
Pinkl and, in conjunction with CCCP treatment; it was capable of recruiting Parkin to the
surface of mitochondria. MB 50 has the potential to be used as a stimulant for the activation of
the Pink1-Parkin mitochondrial mitophagy pathway. MB 50 needs to be investigated further for
its ability to up-regulate this pathway and for its ability to direct damaged or dysfunctional
mitochondria to be degraded.

When zebrafish were treated with MB 50 they exhibited a change in body curvature, an
atrial heart distension (the heart also failed to flip), and loss of pigmentation at high
concentrations compared to DMSO treatment. Additionally, we found MB 50 could be washed-
out after 3 days post-fertilization with return of pigmentation and the body change was not as
severe. Organismal development and muscular systems (i.e., the cardiac sytstem) are extremely
prone to mitochondrial abnormalities due to their reliance on ATP production. Using zebrafish as
a model organism to simulate human diseases is becoming fairly commonplace; as is their use in
replicating mitochondrial disorders. (84) During early stages of zebrafish development
mitochondria are paramount to proper growth, development, and cardiac function; therefore, the
body curvature, notochord abnormalities, and cardiac malformation seen with MB 50 and its
inhibition of MPP make complete sense due to the high demand of functional mitochondria. This

data mirrors much of the data we have collected with other MitoBloCK compounds. (85, 86)
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This could signify that MPP is upstream to many of the other pathway we have investigated in

the lab or that the individual pathways are separate but result in similar phenotypes.
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Materials and Methods

Reagents. Chemical libraries and investigated compounds were obtained from Chembridge
Corporation (San Diego, CA), Asinex Ltd (Moscow, Russia) and Life Chemicals (Burlington,
Canada). All other reagents were purchased from Sigma-Aldrich, EMD Biosciences, MB
Biomedicals, US Biological and JPT Innovative Peptide Solutions. For trypan blue assays,
cultured HeLa cells were grown in DMEM high glucose medium (Invitrogen) with glutamine,

sodium pyruvate, 10% FBS, and penicillin-streptomycin (complete medium).

In-vitro Su9-DHFR Cleavage Assay. Before the cleavage assay with purified recombinant
MPP, [°S]-methionine and cysteine labeled Su9-DHFR was made with the TNT Quick Coupled
Transcription/Translation kit (Promega). Each sample consisted of 8 pL of Su9-DHFR/[>S]
added to 12 pL of MPP solution (solution included purified recombinant MPP at 128 nM final
concentration, drug at 100 uM final concentration (if added), 4 mM EDTA with 0.04 mM o-
phenanthroline [final concentration; negative control], 1% DMSO [final concentration], and 1
mM MnCl, [final concentration]). DMSO only, drugs, or EDTA/o-phenanthroline were
incubated with MPP for an hour at room temperature before the addition of Su9-DHFR. 20 pL
aliquots were taken at 2, 5, and 10-minute time points; the reactions were quenched with the
addition of Laemmli sample buffer and all samples were analyzed by SDS-PAGE and

autoradiography.

Mitochondria Purification. Mitochondria were purified from GA74 or MASI ts yeast cells
grown in YPEG as described in previous studies. (85, 87) After purification, the concentration
was measured by bicinchoninic acid (BCA) assay and mitochondria were stored at -80°C.

Mammalian mitochondria were purified from HeLA cells grown in DMEM as previously
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described in studies. (86) After purification, the concentration was measured by bicinchoninic

acid (BCA) assay and the mitochondria were purified and used fresh for each import assay.

Import of radiolabeled proteins into mitochondria. Before import into purified
mitochondria, [*°S]-methionine and cysteine labeled precursor proteins were using the TNT
Quick Coupled Transcription/Translation kit (Promega). Imports of precursor proteins into
purified yeast mitochondria were conducted based on established protocol. (85, 88) Due to the
fact that the drug compounds were primarily only soluble in DMSO a final concentration in each
import reaction of 1% was used. Drugs in DMSO or DMSO vehicle only was added to the
mitochondria (25-50 pg/mL) in import buffer and incubated for 15 min at 25°C. Imports were
initiated with the addition of radio-labeled precursor and aliquots were removed at intervals
during the reaction time-course. Import was terminated with the addition of 25 pg/mL of trypsin
or just placed on ice for those import reactions where carbonate extraction was performed. After
15 min, 200 pg/mL of soybean trypsin inhibitor was added to deactivate trypsin. Mitochondria
were pelleted by centrifugation at 8,000 x g for 5 min. To investigate proteins not inserted into
the membrane, a carbonate extraction step was performed without the use of trypsin as described

previously. (89)

Imports into purified mammalian mitochondria were conducted using a similar method as the
one described for yeast mitochondria except that the mammalian mitochondria were diluted to a
final concentration of 200 pg/mL in a different import buffer consisting of 20 mM Hepes-KOH
pH 7.4, 70 mM sucrose, 220 mM mannitol, 0.5 mM MgCl,, | mM ATP, 20 mM sodium

succinate, and 5 mM NADH.

For all imports, the mitochondria were disrupted in Laemmli sample buffer after the final
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centrifugation and analyzed by SDS-PAGE and autoradiography .

Cell manipulations. For microscopy experiments, HeLa cells treated with DMSO, MB 50, or
CCCP for 24 or 48 hrs, were fixed with 4% formaldehyde. Cells were visualized with a
microscope 9 Axiovert200M (Carl Zeiss) using a Plan-Fluor 63x oil objective. Images were
acquired at room temperature with a charge-coupled device camera (ORCA ER, Hamamatus
Photonics) controlled by Axiovision software (Carl Zeiss). Images were resized to 300 dpi

without resampling using Photoshop software (Adobe).

Trypan blue cell integrity assay. A modified version of previously described protocols was
used to assess cell integrity. (90, 91) Starting material for each experiment was 1-2 plates (10
cm) of HeLa cell culture. Confluent cultures of HeLa cells were first washed with phosphate-
buffered saline (PBS) solution (Invitrogen) and then detached from plates with a solution of
0.05% trypsin/EDTA (Invitrogen). Cells were then collected in DMEM high glucose medium
+10% FBS medium to quench trypsin reaction and then pelleted at 125 x g for 5 minutes. Cell
pellet was subsequently resuspended in PBS and then centrifuged as before. Washed pellet was
resuspended in 2-4 ml DMEM high glucose medium +10% FBS and cell density was quantified
using a hemocytometer. A 0.25 ml aliquot containing approximately 625,000 cells was diluted
1:1 into DMEM high glucose medium +10% FBS containing DMSO, drug, or CCCP at 2X of
the final assay concentration. After gentle mixing by inversion, the 0.5 ml reaction was
incubated for 24 hours. Next, a 0.25 ml aliquot of trypan blue solution (0.4% w/v trypan blue in
Hank's balanced salt solution [Invitrogen]) was added to each reaction and incubated for 5
minutes at RT. Cell integrity was assessed by counting blocks of 100 cells from each reaction
with a hemocytometer. HeLa cells with a blue center were counted as permeabilized and those

with a clear center were counted as being intact.
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Zebrafish Lines. Zebrafish displaying fluorescent hearts were derived from transgenic TL fish
expressing a mitochondrially targeted dsRed regulated by a cardiac myocyte light chain 2

(cmlc2) promoter to make it heart-specific. O-dianisidine staining was conducted in cmlc2 lines.

Zebrafish Husbandry. Zebrafish lines were maintained in a 14-hour-light/10-hour-dark cycle
and mated for 1 hour to obtain synchronized embryonic development. Embryos were grown in
E3 buffer (5 mM sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33

mM magnesium sulfate) at 28.5°C.

Zebrafish Drug Treatment Assay. Zebrafish were mated for 1 hour to obtain synchronized
embryonic development. Embryos were grown to 3 hpf in E3 buffer (5 mM sodium chloride,
0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium sulfate) and then
incubated with buffer, 1% DMSO, or drug for 3 days at 28.5°C. Following treatment, embryos
were imaged using a Leica SSAPO microscope at 1.575x magnification or Leica MZ16F
fluorescent stereoscope (TexasRed filter set) at 5x magnification. Cmlc2 embryos were stained
with o-dianisidine (40% (v/v) ethanol, 0.01 M sodium acetate, 0.65% hydrogen peroxide, 0.6
mg/mL o-dianisidine) and incubated for 15 minutes in complete darkness. Embryos were then
washed with E3 buffer to remove residual stain and stereoscopically imaged under white light
using a Leica SSAPO microscope at 1.575x magnification. Images were resized to 300 dpi

without resampling using Adobe Photoshop.

Analysis and Statistics. Unless otherwise stated, all results reported are representative of three
experimental replicates. Quantitative analysis was performed in GraphPad Prism 5 software

(GraphPad Software, Inc.) unless otherwise stated.
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Miscellaneous. Western blotting was performed using standard protocols with polyclonal
antibodies raised towards highly purified antigens. The PDI antibody was a mouse monoclonal
antibody purchased from Abcam Inc. (Cambridge, MA). Proteins were transferred to
nitrocellulose membranes and immune complexes were visualized with HRP labeled Protein A
in a chemiluminescence assay (Pierce). Chemiluminescent imaging was performed on an Alpha
Innotech (Santa Clara, CA) FluorChem FC2 workstation unless otherwise noted.

Autoradiographic imaging was performed on film.
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EGFP-Parkin expressing Hela EGFP-Parkin expressing Hela

cells - treatment with DMSO & cells - treatment with MB 50 &
cccp CCCP

Figure 3.1 Parkin recruitment on the surface of EGFP-Parkin Expressing HeLa Cells.
EGFP-Parkin expressing HeLa cells were treated with either 10 pM CCCP and 1% DMSO or 10
uM CCCP and 40 uM of MB 50. EGFP Parkin is more diffuse throughout the cell in the CCCP
only condition, whereas EGFP appears to become more localized when CCCP and MB 50 are
added concurrently. This localization appears to be on mitochondria. Figured included with

permission from Non Miyata.
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Figure 3.2 MICsy of MB 50 in HEK Cells and Mitochondrial Morphology in HeLa Cells.
Treating the cells for 24 hours with varying concentrations of MB 50 and conducting a cell count
for each condition using the hemocytometer determined the MIC50 in HEK cells (done in
triplicate for each condition). The MICs, for MB 50 in HEK cells is 100—200 pM. HeLa cells
expressing MLS dsRed were used to determine is MB 50 caused changes in mitochondrial
morphology as compared to 1% DMSO or 20 uM CCCP for 24 and 48 hours of treatment. MB
50 at 50 uM (24 & 48 hrs) did not appear to cause the mitochondria to become punctate unlike
the mitochondria seen in the CCCP treatment. MB 50 at 100 uM did appear to cause some
degree of punctate mitochondria but it was not as severe as CCCP treatment. MB 50 treatment

on HeLLA cells did not seem to cause adverse effects to mitochondrial morphology.
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Figure 3.3 Structures of MB 50 and a Selection of its Analogs.
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All of the MB 50 analogs were determined either directly from the MPP primary and secondary
screens or by data mining the screen for compounds that did not inhibit MPP but had a greater
than 60% homology with MB 50 based on structural analysis. Compound 013, lacked the
hydroxyl group on the para-t-butyl phenol of MB 50 and the trifluoromethyl group adequately
substitutes for the t-butyl group based on size and geometry. Compound 302, lacked only the
para-t-butyl group as compared the core structure of MB 50 and compound 247 exchanged the

para-t-butyl group for an ethyl moiety as compared with the core structure of MB 50.
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Figure 3.4 In-Vitro Cleavage of [*°S] Su9-DHFR by Recombinant MPP with MB 50 and
Negative Analogs.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GAT74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL
valinomycin, or 100 uM of Drug for 15 minutes at 25°C. 10 pL of [*°S] Su9-DHFR
solution/reaction time point was added to each condition and 250 pL aliquots were taken at each
of 2 time points (2 and 5-minutes). Reactions were quenched on ice by adding 50 pg/mL of
trypsin. All imports were disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and
autoradiography. EDTA and MB 50 significantly inhibited the formation of mature Su9-DHFR,
while the negative MB 50 analogs (247, 302, and 013) did exhibit some accumulation of the
second cleavage by MPP of Su9-DHFR, but a majority of the mature Su9-DHFR by 5 minutes is

formed as compared with the 1% DMSO control.
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Figure 3.5 [*°S] Su9-DHFR import into GA74 Mitochodria with MB 50 and Analogs.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL
valinomycin, or 100 uM of Drug for 15 minutes at 25°C. 10 pL of [°S] Su9-DHFR
solution/reaction time point was added to each condition and 250 pL aliquots were taken at each
of 3 time points (2, 5, and 10-minutes). Reactions were quenched on ice by adding 50 pg/mL of
trypsin. All imports were disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and
autoradiography. Out of the negative MB 50 analogs, compound 302 showed little to no
inhibition of Su9-DHFR import, compound 013 showed moderate inhibition and compound 247
exhibited comparable inhibition of Su9-DHFR as MB 50. As for the positive MB 50 analogs,
compounds 515 and 700 exhibited significant inhibition to Su9-DHFR import, 238 and 340
appeared to have some inhibitory affect, while compounds 067 and 051 showed little to no

degree of inhibition of Su9-DHFR import into GA74 mitochondria.
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Figure 3.6 Titration of MB 50 with the Import of [*>S] Su9-DHFR into GA74 Mitochondria.
[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL
valinomycin, or varying concentrations of MB 50 for 15 minutes at 25°C. 10 uL of [*>S] Su9-
DHFR solution was added to each condition and 250 pL aliquots were taken after S-minutes.
Reactions were quenched on ice by adding 50 ug/mL of trypsin. All imports were disrupted in
Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. The ICso of MB 50

was approximately 12-15 uM with regard to the import of Su9-DHFR into GA74 mitochondria.
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Figure 3.7 CytC,, CytB,-DHFR (1-167), and CytB,-DHFR (A63P) import into GA74
Mitochondria with MB 50.

[*°S] CytC), CyB,-DHRF (1-167) and CytB,-DHFR (A63P) were synthesized using a TNT
Quick Coupled Transcription/Translation kit. GA74 yeast mitochondria were treated with either
1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin, or 100 uM of MB 50 for 15 minutes at
25°C. 10 pL of [**S] transcript solutions/reaction time point was added to each condition and 250
uL aliquots were taken at each of 3 time points (2, 5, and 10-minutes). Reactions were quenched
on ice by adding 50 pg/mL of trypsin. All imports were disrupted in Laemmli sample buffer and
analyzed by SDS-PAGE and autoradiography. According to the data, MB 50 inhibited CytB,-
DHFR (1-167) and CytB,-DHFR (A63P), while CytC, did not appear to be inhibited by

treatment of MB 50.
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Figure 3.8 Frataxin and Cpn10 Import into GA74 Mitochondria with MB 50 Treatment.
[*°S] Frataxin and Cpn10 were synthesized using a TNT Quick Coupled
Transcription/Translation kit. GA74 yeast mitochondria were treated with either 1% DMSO, 50
uM CCCP & 1 mg/mL valinomycin, or 100 uM of MB 50 for 15 minutes at 25°C. 10 pL of [*S]
transcript solutions/reaction time point was added to each condition and 250 pL aliquots were
taken at each of 3 time points (5, 15, and 30-minutes). Reactions were quenched on ice by adding
50 pg/mL of trypsin. All imports were disrupted in Laemmli sample buffer and analyzed by
SDS-PAGE and autoradiography. Once frataxin is imported it is processed twice by MPP, the
first cleavage happens very rapidly, while the second cleavage occurs at a much slower rate and
is the rate-limiting step for the formation of mature frataxin. MB 50 appears to inhibit the second
cleavage of frataxin to a more significant extent than the first cleavage, while CCCP treatment
completely blocks the import of frataxin. Cpn10 does not contain a known MPP cleavage site,
but MB 50 is capable of completely inhibiting the import of Cpn 10 in purified mitochondria.

Figure included with permission from Eric Torres.
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Figure 3.9 Import and Titration of hPinkl into GA74 Mitochondria and MB 50.

[*°S] hPink was synthesized using a TNT Quick Coupled Transcription/Translation kit. For the
import of hPink1, GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP
& 1 mg/mL valinomycin, or 100 pM of MB 50 for 15 minutes at 25°C. 10 uL of [*°S] hPink1
solution/reaction time point was added to each condition and 250 pL aliquots were taken at each
of 3 time points (10, 20, and 30-minutes). For the titration of MB 50, GA74 yeast mitochondria
were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin, or varying
concentrations of MB 50 for 15 minutes at 25°C. 10 pL of [*>S] hPink1 solution was added to
each condition and 250 pL aliquots were taken after 30-minutes. All reactions for both
experiments were quenched on ice by adding 50 pg/mL of trypsin. All imports were disrupted in
Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. MB 50 was capable
of significantly inhibiting the import of hPink1 into mitochondria and had an ICsy of

approximately 25 pM.
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Figure 3.10 Parkin Recruitment in EGFP-Parkin Expressing MTS dsRed HeLa MTS with
Quantification.

EGFP-Parkin expressing MTS dsRed HeLa cells were treated with either 5 or 10 uM CCCP, 1%
DMSO, 40 uM MB 50 or 4 different combinations of CCCP and MB 50. 5 uM of CCCP
recruited some Parkin to the surface of mitochondria, while 10 pM of CCCP recruited
substantially more Parkin to the surface of mitochondria as evidenced by the yellow merged
panel in the figure above. 40 uM of MB 50 alone did not recruit Parkin to mitochondria. The
combination of 2.5 or 5 pM CCCP with either 20 uM or 40 uM MB 50 was capable of recruiting
a significant amount of Parkin to mitochondria and this recruitment appeared to be greater than
10 uM of CCCP alone. The quantification was done by counting 100 cells/condition and showed
that when 40 pM of MB 50 was combined with either 2.5 or 5 pM CCCP it exhibited a greater
amount of Parkin recruitment than CCCP alone. Figure included with permission from Juwina

Wijaya.
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Figure 3.11 Comparison of [**S] Su9-DHFR in GA74 and MASI1 ts Mitochondria with MB
50 Treatment.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 or MASI ts yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1
mg/mL valinomycin, or varying concentrations of MB 50 for 15 minutes at 25°C. 10 pL of [*°S]
Su9-DHFR solution was added to each condition and 250 pL aliquots were taken after 5-
minutes. Reactions were quenched on ice by adding 50 pg/mL of trypsin. All imports were
disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. The
MASI ts mutant Su9-DHFR was arrested in its import and protected from trypsin shaving, as
compared with DMSO treatment. Similarly, when the concentration of MB 50 was increased, the
total amount of Su9-DHFR import was decreased for both types of mitochondria and the amount

of un-processed Su9-DHFR for the MASI ts was significantly decreased.
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Figure 3.12 Zebrafish Treatment with MB 50.

Cmlc2 DsRed zebrafish were allowed to develop for 3 hours post-fertilization and then treated
with 1% DMSO or the varying concentrations of MB 50. After 3 day post-fertilization the
embryos were imaged using a Leica SSAPO microscope at 1.575x magnification or Leica
MZ16F fluorescent stereoscope (TexasRed filter set) at 5x magnification. At 20 uM of MB 50
the zebrafish start showing a change in body curvature and at 50 uM the body curvature was
more severe and there was a loss in pigmentation. At 20 pM MB 50 the heart also started to

exhibit severe atrial distension and does not appear to flip.
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Figure 3.13 Zebrafish Treated with MB 50, Bathocuproine, and PTU for 3 Days and then
Wash-out for 2 Days.

Cmlc2 DsRed Zebrafish were allowed to develop for 3 hours post-fertilization and treated with
1% DMSO, 40 uM MB 50, 10 uM Bathocuproine, or 0.003% PTU. After 3 day post-fertilization
the embryos were imaged using a Leica SSAPO microscope at 1.575x magnification, washed
with E3 buffer and allowed to develop for an additional 2 day with no treatment. Following 5
day post-fertilization the embryos were imaged using a Leica SSAPO microscope at 1.575x
magnification. After 3 days of treatment with 40 pM MB 50, bathocuproine, or PTU we saw a
severe body curvature effect with MB 50, a slight decrease in pigmentation with bathocuproine
and a significant loss of pigmentation with PTU. Following a 2-day washout period and the
zebrafish were allowed to develop undisturbed, we saw the pigmentation had returned

completely in all 3 drug conditions and the body curvature issue with MB 50 was not as severe.
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Figure 3.14 Zebrafish Treated with MB 50 and its analogs.

Cmlc2 dsRed Zebrafish were allowed to develop for 3 hours post-fertilization and were treated
with 1% DMSO or the varying concentrations of MB 50 and its analogs. After 3 day post-
fertilization the embryos were imaged using a Leica S8APO microscope at 1.575x magnification
or Leica MZ16F fluorescent stereoscope (TexasRed filter set) at 5x magnification. MB 50 and its
positive analogs (515 & 700) are in the top panel and all exhibited changes in body curvature
that get more severe with increasing drug concentration as compared with the control zebrafish.
The bottom panel shows MB 50 along with its negative controls (013 & 302). Drug 247 was left
out of this table because at all concentrations tested all of the zebrafish were severely mutilated
and none were alive. When comparing the negative controls to MB 50, the negative controls
showed some signs of malformation and changes in body curvature, but at similar concentrations

MB 50 appeared to be more severe than both negative analogs.
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Chapter 4: Characterization of MitoBloCK-51

Abstract

A second compound, MitoBloCK-51 (MB 51) was identified as a promising inhibitor of
mitochondrial processing peptidase (MPP) from the high-throughput screen and subsequent
characterization assays. Experiments conducted to characterize MB 51 in vitro showed inhibition
of the processing of known MPP substrates including fraxtin, and Pink1. Interestingly, when the
import of Pink1 was conducted in the presence of MB 51 utilizing carbonate extraction, a high
molecular weight aggregate formed that was not present with the vehicle control alone or with
CCCP treatment. Parkin recruitment in HeLa cells was not greatly affected with MB 51
treatment, however when zebrafish were treated with MB 51, developmental abnormalities were
observed. Additionally, MB 51 treatment resulted in a lack of pigmentation of the embryos, an
effect similar to that observed with bathocuprione or PTU treatment, known inhibitors of
melanin formation. These results illustrate potential interactions of MPP in copper metabolism or

mitophagy; functions not usually assumed for import proteases.
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Introduction

Mitochondrial Structure & Function

Mitochondria consist of four separate compartments including the outer membrane, the
intermembrane space, the inner membrane and the matrix. The primary role of the
mitochondrion is energy production in the form of ATP, though the organelle also plays a central
role in other cellular functions that include signaling, cellular differentiation, cell death, cell
cycle and cell growth. (1-5) The mitochondrial genome is approximately 16,000 base pairs and
encodes for 37 genes, which include: 22 tRNAs, 2 rRNAs, 13 proteins, and 1 untranslated
region. (6) A majority of the proteins utilized in the mitochondria are encoded by the nuclear
genome, translated in the cytosol and must be imported into the mitochondria. Imported proteins
that function in the mitochondrial matrix typically possess a positively charged N-terminal
mitochondrial targeting sequence (MTS) that directs them through the mitochondrial translocase
machinery and into the mitochondrial matrix. (7)

Precursor proteins that are destined for the mitochondrial matrix first interact with the
translocase of the outer membrane (TOM) complex, which is comprised of 7 integral membrane
proteins (Tom70p, Tom40p, Tom22p, Tom20p, Tom7p, Tom6p, and TomS5p). (8-11) Following
the traverse across the intermembrane space, precursors that possess an MTS encounter the
translocase of the inner membrane 23 (TIM23), which is comprised of 3 integral membrane
proteins (Tim50p, Tim17p, and Tim23p). (8, 9, 12) Tim17p and Tim23p make-up the pore of the
complex, Tim50p acts as a guide for precursor proteins and Tim44p, Tim14p, mHsp70, and
mGrpE function as the motor to attract the MTS to the complex and draw the precursor protein

into the matrix for processing. (13-15) For precursor proteins imported into the mitochondrial
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matrix to fold and function properly, their MTS must first be cleaved off. This cleavage is

accomplished by the matrix protease, mitochondrial processing peptidase (MPP). (16, 17)

Mitochondrial Processing Peptidase

MPP is a 100 kDa metalloendopeptidase and is a member of the pitrilysin family that
includes pitrilysin and 3 members of the insulin-degrading enzyme family. (18) All members of
this family possess an inverted zinc-binding motif with the structure: H-x-x-E-H-x74-E.
Coordination of the zinc ion is accomplished by both His residues and the downstream Glu
residue; the upstream Glu residue is responsible for the activation of water required for substrate
cleavage. (19-21) The optimal pH range for purified MPP activity is pH 7-8, with inactivation at
lower pH. MPP is inhibited by EDTA and o-phenanthroline and activated by divalent cations
(Co*", Mn*", Zn*" and Mg*"). (22-25) At low concentrations of metals, the degree of MPP
activation follows the following trend, Zn*">Mn”" > Co”"; though unlike cobalt and manganese,
excess of zinc inhibits MPP activity. (26, 27)

MPP is formed as a heterodimer complex that consists of an o and a B subunit. Both
subunits are necessary for the proper functioning of MPP. The MTS of precursor proteins is
typically 20-60 amino acids and carries a global positive charge. (7) The MTS is both necessary
and sufficient to target precursor proteins to their correct location within the mitochondrion. A
number of non-mitochondrial molecules, including cytosolic proteins and nucleic acids have
been successfully targeted to the mitochondrion through the use of only an N-terminal matrix
targeting sequence. (28, 29)

For MPP to function properly both subunits (o and 3) are necessary, but the two subunits

perform different needs for cleavage of MPP substrates. (30) The zinc-binding domain resides on
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the f subunit. The a-MPP subunit has no catalytic activity but appears to play a role in substrate
specificity and recognition, via a highly conserved glycine-rich loop and a negative region that
faces towards the active site cavity. (18) The crystal structure of yeast MPP suggests the active
site is located in a central, negatively charged cavity and the glycine-rich loop appears to block
accessibility to the cavity. When this loop is deleted both the enzyme’s substrate affinity and
catalytic activity are decreased. (31, 32) Both subunits of MPP cooperatively form the substrate-
binding pocket and each subunit is responsible for recognizing different aspects of precursor.
The subunits alone were found to have low affinity towards elements of presequence however
the native conformation was necessary for high substrate binding affinity. (33) From crystal
structures of MPP with synthetic signal peptides, it appears the presequence interacts with the
polar cavity of MPP in an extended conformation, suggesting the helical conformation
mitochondrial targeting sequences take on is important for recognition by the mitochondrial
import machinery and for cleavage by MPP. (31) Through the use of mutagenesis, the zinc-
binding domain (HxxEHx7cH) of 3-MPP was shown to be vital for the proper formation of active
and may be in contact with a-MPP. Additionally, the central region around Lys215 of 3-MPP,
which is not highly conserved, plays a role in interacting with a-MPP. Finally, the C-terminal
region that surrounds Ser314 of B-MPP is needed for catalytic activity. (34) Using both cross-
linking analysis and surface plasmon resonance a.-MPP was found to bind a precursor protein in
the absence of f-MPP and was able to bind the precursor as effectively as MPP. It appears o-
MPP is responsible for binding the mitochondrial targeting sequence before it is presented to the
catalytic domain. (34) All of these factors come together to provide strict specificity and high

affinity for MPP and its substrates.
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MitoBloCK-57

MitoBloCK-51 (MB 51) also know as 2-(1’methyl,1,10b-
dihydrospiro[benzo[e]pyrazolo[1,5-c][1,3]oxazine-5,4’-piperidin]-2-yl)benzene-1,4-diol. This
compound was purchased from Life Chemicals and so far has no published method for synthesis,
nor has it been utilized in any other schemes of organic synthesis. MB 51 has a molecular weight
of 365.431 Da and a CAS registration number of 899972-20-4. As of yet this compound has no

known biological use.

Structure-Activity Relationships (SARs)

In addition to the characterization of the original hit compound from the HTS, a SARs
study is usually conducted. The SAR describes the relationship between the compound of
interest and its biological effect. These studies allow for the dissection and potential
identification of essential moieties on the small molecule, along with building a library of both
positive and negative analogs that can further enhance the characterization of the hit compound
and effect on the protein pathway. Within this project, a SAR study was conducted by data
mining the original HTS against a structural homology search for non-hit compounds or
compounds that were not originally screened.

After the determination of MB 51 as a potential candidate for the inhibition of MPP our
goal was to characterize this compound, along with building and characterizing potential positive
and negative analogs for MB 51. This work was done using purified recombinant MPP, purified

wild-type and MAS1ts mitochondria, mammalian cell culture, and zebrafish assays.
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Results

One of the compounds we focused on for further characterization was compound 199
(MitoBloCK-51; MB 51) because it was one of the more promising compounds resulting from a
group with a number of hits. Its core structure of a quinone/hydroquinone is interesting due to its
similarity to coenzyme Q and when treated in conjugation with CCCP we saw Pink1
accumulation (Figure 4.1). According to the data presented in chapter 2 concerning general
mitochondrial dysfunction caused by the small molecules, MB 51 did not disrupt the integrity of
the outer mitochondrial membrane, cause depolarization of the outer membrane, cause
dysfunction of the ETC, or block the import of AAC. Similarly, MB 51 was also examined for its
MICs, in HEK cells and its effect on mitochondrial morphology in HeLa cells (Figure 4.2). The
MICsy of MB 51 is approximately 200 uM and it did not appear to cause changes in
mitochondrial morphology. Figure 3.3 shows the structure of MB 51 along with its positive and
negative controls regarding their ability to inhibit the MPP/JPT fluorogenic peptide assay.

The negative controls were found by data mining the HTS data for compounds that did
not inhibit MPP activity and possessed a greater than 60% homology with MB 51 based on
structure analysis. This figure only shows the positive and negative controls compounds that
were ordered and tested along with MB 51; for a full list of all the compounds that fell into either
of these groups refer to the appendices. Based on the similarities with all the positive MB 51
analogs and the fact they all contain the quinone/hyrdroquinone moiety we assumed this group
was the important substituent for this group of molecules. As such, we wanted our negative
analogs to systematically substitute substituents from this group to assess if our hypothesis was

correct about MB 51. Compound 001, completely substitutes the quinone moiety for a benzene
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ring, thereby getting rid of both hydroxyl groups on the ring. Compound 082, changes the
quinone moiety for a phenol one, which causes the loss of one of the hydroxyl groups.
Compound 102, replaces on the hydroxyl groups in the quinone for a methyl, which allows for
some similarity in geometry to the original quinone but a loss of the reactivity that the original
group possessed.

MB 51 exhibits the ability to not only inhibit the in-vitro cleavage of [*>S] Su9-DHFR but
also its import into purified GA74 mitochondria (Figures 4.4 and 4.5). A titration of MB 51°s
ability to inhibit Su9-DHFR into mitochondria was also examined (Figure 4.6). The 1Cso for Su9-
DHFR import was approximately 50 uM. MB 51 was also tested against the import of
Cytochrome C; (CytC;), Cytochrome B,-DHFR (1-167) (CytB,-DHFR (1-167)), and
Cytochrome B,-DHFR (A63P) (CytB,-DHFR (A63P)). CytC; is targeted towards the inner
membrane of the mitochondria and is one of the constituents of Complex III of the ETC. (35)
CytB; is synthesized as a precursor in the cytosol and imported into the mitochondria. It contains
a tightly folded heme-binding domain; the TIM23 complex sorts its transport across the outer
membrane, which requires ATP. The 1-167 version of this construct is typically not processed by
MPP since it is directed towards the intermembrane space due to a stop transfer sequence. (36-
38) Conversely, the A63P mutant of this construct is targeted towards the matrix and is
processed by MPP. (38-40) MB 51 showed the ability to inhibit both the import CytB,-DHFR (1-
167) and CytC,, but it did not appear to inhibit the import of CytB,-DHFR (A63P), (Figure 4.7).

Frataxin is a 210 amino acid protein encoded by the nuclear DNA that is imported into
the mitochondrion. Frataxin appears to be involved in the assembly of iron-sulfur clusters and
has been proposed to be either an iron chaperone or an iron storage protein. The mRNA of

frataxin is predominantly expressed in tissues with a high metabolic rate such as the liver,
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kidney, brown adipose tissue and heart. (41, 42) Frataxin has been implicated in the etiology of
FRDA, which is an autosomal recessive degenerative disease. Upon import into the
mitochondria, frataxin is processed twice (in 2 sequential cleavages) by MPP, the first of the
cleavages happens very rapidly, while the second cleavage is much slower and is the rate-
limiting step for the formation of mature frataxin. A reduction in this second cleavage has been
directly linked to the cause of FRDA and mutations in both MPP and frataxin have been shown
to inhibit the cleavage of frataxin by MPP. The yeast and human frataxin presequence is 51 and
55 amino acids, respectively, and the presequence of yeast frataxin is cleaved between residues
20-21 and 51-52, while the human frataxin presequence is cleaved between 41-42 and 55-56.
(41-47) MB 51 appears to cause an overall inhibition of frataxin, while CCCP treatment
completely blocks the import of frataxin (Figure 4.8).

Chaperonin 10 (Cpn10) along with chaperonin 60 aids in the stabilization and protection
of disassembled proteins. Cpn10 exists as a ring-shape oligomer of between six to eight identical
subunits that are self-assembled by the presence of Mg>*-ATP. The central cavity of the
cylindrical Cpn60 tetradecamer provides an isolated environment for protein folding, while
Cpn10 binds to Cpn60 and synchronizes the release of the folded protein in a Mg*"-ATP
dependent manner. (48) Cpnl0 does not contain a known MPP cleavage site, but MB 51 is
capable of significantly inhibiting the import of Cpnl0 in purified mitochondria (Figure 4.8).

PTEN induced putative kinase 1 (Pink1), which is synthesized as a 63 kDa protein that is
cleaved by PARL, between residues Alal03 and Phel04, resulting in a 43 kDa fragment. Within
the topology of PINK1 there is a N-terminal mitochondrial localization sequence, a putative
transmembrane sequence, a Ser/Thr kinase domain, and a C-terminal regulatory sequence. The

protein has been found to localize to the outer membrane of mitochondria, but is found primarily
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in the cytosol. Experiments suggest the Ser/Thr kinase domain faces outward toward the cytosol,
indicating a possible point of interaction with Parkin, which is believed to play a role in the
clearance of dysfunctional mitochondria. (49-55) MB 51 was found to inhibit the import of
hPink1 into GA74 mitochondria and from the titration, hPink1 import was determined to occur
between 50 and100 uM (Figure 4.9: A, B). hPink1 was also imported into GA74 mitochondria in
the presence of MB 51, but instead of trypsin treatment, the samples were quenched on ice and
proteins embedded in the membrane were extracted with carbonate extraction. Under these
conditions, MB 51 caused the formation of a higher molecular weight aggregate that was not
observed in either treatment with 1% DMSO or CCCP (Figure 4.9: C).

Parkin recruitment was assessed using EGFP-Parkin expressing MTS dsRed HeLa cells
and treatment with either 1% DMSO, CCCP alone, MB 51 alone, or CCCP with MB 51 (Figure
4.10). 5 uM of CCCP recruits some Parkin to the surface of mitochondria, while 10 uM of CCCP
recruited substantially more Parkin to the surface of mitochondria as evidenced by the yellow
merged panel in the figure. 40 uM of MB 51 alone did not recruit Parkin to mitochondria.
According to the quantification, which was done by counting 100 cells/condition it showed that
concurrent treatment with MB 51 and CCCP did not exhibited a significant amount of Parkin
recruitment than CCCP alone.

The genes that encode MPP are MAS1 (MPP ) & MAS2 (MPP a). The temperature-
sensitive mutant for yeast MPP 3 (MAS1) at incuabation temperatures of 37°C exhibits signs of
MPP knockdown. It is apparent that MB 51 and the MAS1 ts mutant affect the import of Su9-
DHEFR in a different manner (Figure 4.11). The MAS1ts yeast mutant showed an accumulation
of unprocessed, and trypsin protected, Su9-DHFR, while MB 51 in both wild-type and MASI ts

mitochondria exhibited a decrease in overall import of Su9-DHFR.
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Following the test with radio-labeled precursors, MB 51 was tested against zebrafish
expressing cardiac myocyte light chain 2 (cmlc2), which only express DsRed protein in heart
cells (Figure 4.12). Zebrafish are useful for these types of studies because they are fertilized
externally, the embryos are optically clear, and the embryos are osmotically permeable. The
parent strain can also be crossed weekly to produce hundreds of embryos, and by 3 day post-
fertilization the nervous and cardiac systems have started to develop. At 20 uM MB 51, the
zebrafish started showing a loss of pigmentation and at 50 uM the zebrafish exhibited a severe
loss in pigmentation. At 20 uM MB 51 the heart also started to exhibit severe atrial distension
and appeared to no flip. Zebrafish pigmentation is initiated during embryogenesis and begins in
the retinal epithelium and in the melanophores. The pigment cells develop rapidly, and within
hours they constitute a prominent feature of the embryo. (56, 57) One common method for
zebrafish depigmentation is through the treatment with N-phenylthiourea (PTU), which is
capable of completely blanching the zebrafish, but can also be washed-out. PTU works by
inhibiting melanogenesis by blocking all tyrosinase-dependent steps in the melanin pathway.
(58) Another method for causing depigmentation of zebrafish is through the chelation of copper
with compounds such as neocuproine and bathocuproine. (59, 60) Using both bathocuproine and
PTU as controls, MB 51 was examined for its ability to be washed-out following 3 days of
treatment. After 3 days of treatment with 40 uM MB 51, bathocuproine, or PTU we saw a severe
loss of pigmentation and a slight change in body curvature with MB 51, a slight decrease in
pigmentation with bathocuproine and a significant loss of pigmentation with PTU. Following 2
days where all compounds have been washed-out, and the zebrafish have been allowed to

develop normally, we saw pigmentation had returned completely in all three drug conditions, but
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the MB 51 treated zebrafish still exhibited a body curvature issue and a defect around the heart
sac (Figure 4.13).

We wanted to investigate the MB 51 analogs, simply to show justification for our data
mining method for a structure-activity relationship (SAR) study, using in-vitro cleavage of Su9-
DHFR (Figure 4.4). EDTA, MB 50, and the positive analogs (329 & 321) significantly inhibited
the formation of mature Su9-DHFR, while the negative MB 51 analogs (102, 082, and 001) did
exhibit inhibition of the cleavage of Su9-DHFR by MPP as compared with the 1% DMSO
control. The positive analogs (325, 184, and 172), as referenced in Chapter 2, showed similar
results in the inhibition of MPP cleavage activity as MB 51 (data not shown). According to these
results it appeared that the selection of the key moieties in MB 51 are plausible and that these
negative analogs for the MB 51 group could be carried on further.

MB 51 and its analogs were then tested for their ability to inhibit the import [*°S] Su9-
DHFR into GA74 mitochondria (Figure 4.5). Out of the negative MB 51 analogs, compound 102
showed little to no inhibition of Su9-DHFR import, while compounds 082 and 001 showed
severe inhibition of Su9-DHFR. For the positive MB 51 analogs, compounds 325 and 184
exhibited significant inhibition to Su9-DHFR import, 329 and 321 appeared to have some
inhibitory affect on the import of Su9-DHFR import into GA74 mitochondria.

The analogs were also tested for their effects on zebrafish (Figure 4.14). MB 51 and its
positive analogs (321 & 329) all exhibited a loss in pigmentation (Figure 4.14: Top).
Depigmentation for MB 51 started at 15 uM and steadily got more severe with increasing
concentration of drug. After 30 uM the fish also started exhibiting other defects in body shape
and around the heart. Depigmentation for 321 started earlier than MB 51 (10 uM), but did not get

as severe at higher concentrations and the body defects were also not as prevalent as with MB
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51. Depigmentation for 329 started at 15 uM and steadily got more severe with increasing
concentration of drug. We were unable to examine any fish beyond 30 uM because none of them
survived, but based on trends compound 329 appears to exhibit similar results as MB 51. When
comparing the negative controls (102, 001, & 082) to MB 51 (Figure 4.14: Bottom), 102 and 001
did not exhibit the same signs of depigmentation as MB 51, but at higher concentrations they
presented changes in body shape and heart malformations. When comparing 082 to MB 51, 082
did show signs of depigmentation but they were not consistent as the concentration of 082
increases. This was also true for body defects that were present at low concentrations but not at

higher concentrations.
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Discussion

Through the analysis of the data for MB 51 and both its positive and negative analogs it
appears the key structural component of MB 51 is the 2-(5,10b-dihydro-1H-
benzo[e]pyrazolo[1,5-c][1,3]oxazin-2-yl)benzene-1 ,4-diol. Within the sub-structure of all the
MB 51 relevant compounds the active moiety is most likely the quinone/hydroquinone group
that is capable of conducting a multitude of reactions, along with be a center for both oxidation
and reduction chemistry similar to coenzyme Q. When examining the group attached to the
quinone group this could aid in specificity or reactive chemistry, but based on the analysis of the
SARs compounds, the quinone moiety is the key reactive group and any other reactive group
simply provide and ancillary role.

MB 51 was capable of inhibiting the import of Su9-DHFR, CytC,;, CytB,-DHFR (1-167),
frataxin, Cpnl0, hPink1, and to some extent CytB,-DHFR (A63P) before the final time point,
while it did not inhibit the import of AAC. Both CytB,-DHFR (1-167) and CytB,-DHFR (A63P)
are initially processed by MPP, the difference between them is CytB,-DHFR (1-167) possess a
stop transfer sequence after the MTS, which directs it towards the intermembrane space. IMP
cleaves off the stop transfer sequence of CytB,-DHFR (1-167). CytB,-DHFR (A63P) is directed
to the matrix via the A63P mutation, therefore it is only processed by MPP. (38) MB51 appears
to predominantly inhibit the import of CytB,-DHFR (1-167) compared to CytB,-DHFR (A63P).
Though the exact mechanism for CytC, is not completely resolved, the general consensus is that
CytC; import requires a membrane potential, ATP, and the precursor is first processed by MPP

and then IMP2. (25, 61-65) The discrepancy between our work and data showing that MPP
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processes CytB,-DHFR (A63P) could signify a difference between how MPP interacts with
CytB,-DHFR (1-167) and CytB,-DHFR (A63P).

Crystal structures of MPP with synthetic signal peptides suggest the presequence
interacts with the polar cavity of MPP in an extended conformation, suggesting the importance
of this feature for both recognition by import machinery and cleavage by MPP (Figure 1.5). (31)
It appears that electrostatic interactions are capable of capturing the positively-charged MTS and
bringing it into the negatively-charged MPP cavity. MPP can scan the presquence as it threads
through the cavity along the negatively-charged walls of both subunits and determine the correct
site of cleavage. From this model, MPP would be capable of distinguishing different length
presquences as they travel from the § subunit to the a and thereby effectively and reproducibly
cleave the correct site and release the mature protein. If MB 51 is exerting an effect in the active
site, or an ancillary site that affects precursor recognition, this could potentially explain the
difference in import inhibition for CytB,-DHFR (1-167) and CytB,-DHFR (A63P). Perhaps MPP
recognizes these two presequences differently and MB 51 is only able to affect the recognition of
CytB,-DHFR (A63P).

Cpnl0 resides within the mitochondrial matrix and with the aid of Cpn60 helps precursor
proteins fold into their native state. (66) Cpnl10 does not contain a known MTS and its
mechanism for import into the mitochondrial matrix is not completely understood. (48, 67) MB
51 appears to completely inhibit the import of Cpnl10 in GA74 mitochondria, therefore, even
though Cpn10 does not contain a known MTS for MPP our data suggests that MPP is involved in
the import of Cpnl0 and its maturation into a functional mitochondrial matrix protein. This could

mean that Cpn10 does in fact possess a presquence that MPP recognizes or that un-inhibited
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MPP is necessary for import of Cpnl0 import even though it does not cleave the Cpnl10
precursor.

Parkinson’s disease is a neurodegenerative disorder of the central nervous system, which
is typified by movement-related symptoms that are the result of loss of dopamine-generating
cells in the substantia nigra. (68) Recently two genes have been linked to familial forms of this
disease, Pink1 and Parkin. (51) Drosophila studies revealed the two proteins function in the same
pathway and that Pink1 is upstream of Parkin. (69-71) Under normal conditions Pink1 is quickly
degraded, but under conditions where the mitochondrial membrane is depolarized Pink1 is
stabilized. Once stabilized, Pink1 goes to the outer mitochondrial membrane where it recruits
Parkin via its Ser/Thr kinase domain and results in the ubiquitination and degradation of
senescent or damaged mitochondria. (51, 55) Previous work using RNAi showed that decreasing
the amount of MPP caused an increase in the accumulation of Pink1 on the mitochondrial
surface. This increase in Pink1 accumulation also caused an increase in Parkin recruitment and
mitochondrial degradation. (72) We were able to show that MB 51 was able to inhibit the import
of Pink1, but in conjunction with CCCP treatment it was not capable of recruiting Parkin to the
surface of mitochondria. This could be due to the fact that MB 51 is not capable of inducing the
recruitment of Parkin or that our assay is simply not sensitive enough to estimate the change in
Parkin recruitment to the surface of mitochondria under native conditions.

When zebrafish were treated with MB 51 they exhibited a loss of pigmentation, an atrial
heart distension (the heart also failed to flip), and some change in body curvature compared with
DMSO treatment. In addition, we found MB 51 could be washed-out after 3 days post-
fertilization with return of pigmentation and the body change was not as severe. Organismal

development and muscular systems (i.e., the cardiac system) are extremely prone to
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mitochondrial abnormalities due to their reliance on ATP production. Using zebrafish as a model
organism to simulate human diseases is becoming fairly commonplace, along with their use to
replicate mitochondrial disorders. (73) During early stages of zebrafish development
mitochondria are paramount to proper growth, development, and cardiac function; therefore, the
body curvature, notochord abnormalities, and cardiac malformation seen with MB 51 and its
inhibition of MPP make complete sense due to the high demand of functional mitochondria. This
data mirrors much of the data we have collected with other MitoBloCK compounds. (74, 75)
This could signify that MPP is upstream to many of the other pathway we have investigated in
the lab or that the individual pathways are separate but result in similar phenotypes. A striking
difference with MB 51 is the depigmentation at relatively low concentrations. Previous studies
with zebrafish have linked copper metabolism with the loss of pigmentation. (76) This could
signify that MPP plays some role in copper metabolism and that MB 51 is capable of specifically

disrupting this interaction; however further work is required to elucidate this connection.
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Material and Methods

Reagents. Chemical libraries and investigated compounds were obtained from Chembridge
Corporation (San Diego, CA), Asinex Ltd (Moscow, Russia) and Life Chemicals (Burlington,
Canada). All other reagents were purchased from Sigma-Aldrich, EMD Biosciences, MB
Biomedicals, US Biological and JPT Innovative Peptide Solutions. For trypan blue assays,
cultured HeLa cells were grown in DMEM high glucose medium (Invitrogen) with glutamine,

sodium pyruvate, 10% FBS, and penicillin-streptomycin (complete medium).

In-vitro Su9-DHFR Cleavage Assay. Before the cleavage assay with purified recombinant
MPP, [°S]-methionine and cysteine labeled Su9-DHFR was made with the TNT Quick Coupled
Transcription/Translation kit (Promega). Each sample consisted of 8 pL of Su9-DHFR/[>S]
added to 12 pL of MPP solution (solution included purified recombinant MPP at 128 nM final
concentration, drug at 100 uM final concentration (if added), 4 mM EDTA with 0.04 mM o-
phenanthroline [final concentration; negative control], 1% DMSO [final concentration], and 1
mM MnCl, [final concentration]). DMSO only, drugs, or EDTA/o-phenanthroline were
incubated with MPP for an hour at room temperature before the addition of Su9-DHFR. 20 pL
aliquots were taken at 2, 5, and 10-minute time points; the reactions were quenched with the
addition of Laemmli sample buffer and all samples were analyzed by SDS-PAGE and

autoradiography.

Mitochondria Purification. Mitochondria were purified from GA74 or MASI ts yeast cells
grown in YPEG as described in previous studies. (74, 77) After purification, the concentration
was measured by bicinchoninic acid (BCA) assay and mitochondria were stored at -80°C.

Mammalian mitochondria were purified from HeLA cells grown in DMEM as previously
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described in studies. (75) After purification, the concentration was measured by bicinchoninic

acid (BCA) assay and the mitochondria were purified and used fresh for each import assay.

Import of radiolabeled proteins into mitochondria. Before import into purified
mitochondria, [*°S]-methionine and cysteine labeled precursor proteins were using the TNT
Quick Coupled Transcription/Translation kit (Promega). Imports of precursor proteins into
purified yeast mitochondria were conducted based on established protocol. (74, 78) Due to the
fact that the drug compounds were primarily only soluble in DMSO a final concentration in each
import reaction of 1% was used. Drugs in DMSO or DMSO vehicle only was added to the
mitochondria (25-50 pg/mL) in import buffer and incubated for 15 min at 25°C. Imports were
initiated with the addition of radio-labeled precursor and aliquots were removed at intervals
during the reaction time-course. Import was terminated with the addition of 25 pg/mL of trypsin
or just placed on ice for those import reactions where carbonate extraction was performed. After
15 min, 200 pg/mL of soybean trypsin inhibitor was added to deactivate trypsin. Mitochondria
were pelleted by centrifugation at 8,000 x g for 5 min. To investigate proteins not inserted into
the membrane, a carbonate extraction step was performed without the use of trypsin as described

previously. (79)

Imports into purified mammalian mitochondria were conducted using a similar method as the
one described for yeast mitochondria except that the mammalian mitochondria were diluted to a
final concentration of 200 pg/mL in a different import buffer consisting of 20 mM Hepes-KOH
pH 7.4, 70 mM sucrose, 220 mM mannitol, 0.5 mM MgCl,, | mM ATP, 20 mM sodium

succinate, and 5 mM NADH.

For all imports, the mitochondria were disrupted in Laemmli sample buffer after the final
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centrifugation and analyzed by SDS-PAGE and autoradiography .

Cell manipulations. For microscopy experiments, HeLa cells treated with DMSO, MB 50, or
CCCP for 24 or 48 hrs, were fixed with 4% formaldehyde. Cells were visualized with a
microscope 9 Axiovert200M (Carl Zeiss) using a Plan-Fluor 63x oil objective. Images were
acquired at room temperature with a charge-coupled device camera (ORCA ER, Hamamatus
Photonics) controlled by Axiovision software (Carl Zeiss). Images were resized to 300 dpi

without resampling using Photoshop software (Adobe).

Trypan blue cell integrity assay. A modified version of previously described protocols was
used to assess cell integrity. (80, 81) Starting material for each experiment was 1-2 plates (10
cm) of HeLa cell culture. Confluent cultures of HeLa cells were first washed with phosphate-
buffered saline (PBS) solution (Invitrogen) and then detached from plates with a solution of
0.05% trypsin/EDTA (Invitrogen). Cells were then collected in DMEM high glucose medium
+10% FBS medium to quench trypsin reaction and then pelleted at 125 x g for 5 minutes. Cell
pellet was subsequently resuspended in PBS and then centrifuged as before. Washed pellet was
resuspended in 2-4 ml DMEM high glucose medium +10% FBS and cell density was quantified
using a hemocytometer. A 0.25 ml aliquot containing approximately 625,000 cells was diluted
1:1 into DMEM high glucose medium +10% FBS containing DMSO, drug, or CCCP at 2X of
the final assay concentration. After gentle mixing by inversion, the 0.5 ml reaction was
incubated for 24 hours. Next, a 0.25 ml aliquot of trypan blue solution (0.4% w/v trypan blue in
Hank's balanced salt solution [Invitrogen]) was added to each reaction and incubated for 5
minutes at RT. Cell integrity was assessed by counting blocks of 100 cells from each reaction
with a hemocytometer. HeLa cells with a blue center were counted as permeabilized and those

with a clear center were counted as being intact.
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Zebrafish Lines. Zebrafish displaying fluorescent hearts were derived from transgenic TL fish
expressing a mitochondrially targeted dsRed regulated by a cardiac myocyte light chain 2

(cmlc2) promoter to make it heart-specific. O-dianisidine staining was conducted in cmlc2 lines.

Zebrafish Husbandry. Zebrafish lines were maintained in a 14-hour-light/10-hour-dark cycle
and mated for 1 hour to obtain synchronized embryonic development. Embryos were grown in
E3 buffer (5 mM sodium chloride, 0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33

mM magnesium sulfate) at 28.5°C.

Zebrafish Drug Treatment Assay. Zebrafish were mated for 1 hour to obtain synchronized
embryonic development. Embryos were grown to 3 hpf in E3 buffer (5 mM sodium chloride,
0.17 mM potassium chloride, 0.33 mM calcium chloride, 0.33 mM magnesium sulfate) and then
incubated with buffer, 1% DMSO, or drug for 3 days at 28.5°C. Following treatment, embryos
were imaged using a Leica SSAPO microscope at 1.575x magnification or Leica MZ16F
fluorescent stereoscope (TexasRed filter set) at 5x magnification. Cmlc2 embryos were stained
with o-dianisidine (40% (v/v) ethanol, 0.01 M sodium acetate, 0.65% hydrogen peroxide, 0.6
mg/mL o-dianisidine) and incubated for 15 minutes in complete darkness. Embryos were then
washed with E3 buffer to remove residual stain and stereoscopically imaged under white light
using a Leica SSAPO microscope at 1.575x magnification. Images were resized to 300 dpi

without resampling using Adobe Photoshop.

Analysis and Statistics. Unless otherwise stated, all results reported are representative of three
experimental replicates. Quantitative analysis was performed in GraphPad Prism 5 software

(GraphPad Software, Inc.) unless otherwise stated.
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Miscellaneous. Western blotting was performed using standard protocols with polyclonal
antibodies raised towards highly purified antigens. The PDI antibody was a mouse monoclonal
antibody purchased from Abcam Inc. (Cambridge, MA). Proteins were transferred to
nitrocellulose membranes and immune complexes were visualized with HRP labeled Protein A
in a chemiluminescence assay (Pierce). Chemiluminescent imaging was performed on an Alpha
Innotech (Santa Clara, CA) FluorChem FC2 workstation unless otherwise noted.

Autoradiographic imaging was performed on film.
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Figure 4.1 Pinkl Accumulation with Concurrent Treatment of CCCP and MB 51.

HeLa cells were treated with DMSO, 10 uM CCCP, 40 uM of MB 51 (199), or CCCP & MB 51.
Gels were blotted for antibodies for Pink1 and Tomm40 (loading control). Comparing CCCP
treatment and CCCP plus MB 51 after 2 hours of treatment, it appears the concurrent treatment

of CCCP and MB 51 causes more accumulation of Pink1 than CCCP alone. Figure included with

permission from Non Miyata.
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Figure 4.2 MICsy of MB 51 in HEK Cells and Mitochondrial Morphology in HeLa Cells.
Treating the cells for 24 hours with the varying concentrations of MB 51 and then conducting a
cell count for each condition using the hemocytometer determined the MIC50 in HEK cells
(done in triplicate for each condition). The MICsy for MB 51 in HEK cells was approximately
200 uM. HeLa cells expressing MLS DsRed were used to determine if MB 51 caused changes in
mitochondrial morphology as compared with 1% DMSO or 20 uM CCCP for 24 and 48 hours of
treatment. MB 51 at 50 and 100 uM (24 & 48 hrs) did not appear to cause the mitochondria to
become punctate unlike the mitochondria seen in the CCCP treatment. MB 51 treatment on

HeLA cells did not seem to cause adverse effects to mitochondrial morphology.
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Figure 4.3 Structures of MB 51 and a Selection of its Analogs.

All of the MB 51 analogs were determined either directly from the MPP primary and secondary
screens or by data mining the screen for compounds that did not inhibit MPP but had a greater
than 60% homology with MB 51 based on structural analysis. Based on the similarities with all
the positive MB 51 analogs, and the fact they all contain the quinone/hyrdroquinone moiety, we
assumed this group to be the important substituent for this group of molecules. Ee wanted our
negative analogs to systematically substitute substituents from this group to assess if our
hypothesis was correct about MB 51. Compound 001, completely substitutes the quinone moiety
for a benzene ring, thereby getting rid of both hydroxyl groups on the ring. Compound 082,
changes the quinone moiety for a phenol one, which causes the loss of one of the hydroxyl
groups. Compound 102, replaces on the hydroxyl groups in the quinone for a methyl, which
allows for some similarity in geometry to the original quinone but a loss of the reactivity that the

original group possessed.
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Figure 4.4 In-Vitro Cleavage of [°S] Su9-DHFR by Recombinant MPP with MB 51 and
analogs.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL
valinomycin, or 100 uM of Drug for 15 minutes at 25°C. 10 pL of [*°S] Su9-DHFR
solution/reaction time point was added to each condition and 250 pL aliquots were taken at each
of 2 time points (2 and 5-minutes). Reactions were quenched on ice by adding 50 pg/mL of
trypsin. All imports were disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and
autoradiography. EDTA, MB 51, and the positive analogs (329 & 321) significantly inhibited the
formation of mature Su9-DHFR, while the negative MB 51 analogs (102, 082, and 001) did
exhibit inhibition of the cleavage of Su9-DHFR by MPP as compared with the 1% DMSO

control.
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Figure 4.5 [*°S] Su9-DHFR import into GA74 Mitochodria with MB 51 and Analogs.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL
valinomycin, or 100 uM of Drug for 15 minutes at 25°C. 10 pL of [°S] Su9-DHFR
solution/reaction time point was added to each condition and 250 pL aliquots were taken at each
of 3 time points (2, 5, and 10-minutes). Reactions were quenched on ice by adding 50 pg/mL of
trypsin. All imports were disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and
autoradiography. Out of the negative MB 51 analogs, compound 102 showed little to no
inhibition of Su9-DHFR import, while compounds 082 and 001 showed severe inhibition of Su9-
DHFR. For the positive MB 51 analogs, compounds 325 and 184 exhibited significant inhibition
to Su9-DHFR import, and 329 and 321 appeared to have some inhibitory affect on the import of

Su9-DHFR import into GA74 mitochondria.
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Figure 4.6 Titration of MB 51 with the Import of [*>S] Su9-DHFR into GA74 Mitochondria.
[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL
valinomycin, or varying concentrations of MB 51 for 15 minutes at 25°C. 10 pL of [*>S] Su9-
DHFR solution was added to each condition and 250 pL aliquots were taken after S-minutes.
Reactions were quenched on ice by adding 50 pug/mL of trypsin. All imports were disrupted in
Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. The ICso of MB 51

was approximately 50 uM with regard to the import of Su9-DHFR into GA74 mitochondria.
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Figure 4.7 CytC,, CytB,-DHFR (1-167), and CytB,-DHFR (A63P) import into GA74
Mitochondria with MB 51.

[*°S] CytC), CyB,-DHRF (1-167) and CytB,-DHFR (A63P) were synthesized using a TNT
Quick Coupled Transcription/Translation kit. GA74 yeast mitochondria were treated with either
1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin, or 100 uM of MB 51 for 15 minutes at
25°C. 10 pL of [**S] transcript solutions/reaction time point was added to each condition and 250
uL aliquots were taken at each of 3 time points (2, 5, and 10-minutes). Reactions were quenched
on ice by adding 50 pg/mL of trypsin. All imports were disrupted in Laemmli sample buffer and
analyzed by SDS-PAGE and autoradiography. According to the data, MB 51 inhibited CytB,-
DHFR (1-167) (B panel) and CytC, (A panel), while CytB2-DHFR (A63P) (C panel) did not

appear to be inhibited by treatment of MB 51.
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Figure 4.8 Frataxin and Cpn10 Import into GA74 Mitochondria with MB 51 Treatment.
[*°S] Frataxin and Cpn10 were synthesized using a TNT Quick Coupled
Transcription/Translation kit. GA74 yeast mitochondria were treated with either 1% DMSO, 50
uM CCCP & 1 mg/mL valinomycin, or 100 uM of MB 51 for 15 minutes at 25°C. 10 pL of [*S]
transcript solutions/reaction time point was added to each condition and 250 pL aliquots were
taken at each of 3 time points (5, 15, and 30-minutes). Reactions were quenched on ice by adding
50 pg/mL of trypsin. All imports were disrupted in Laemmli sample buffer and analyzed by
SDS-PAGE and autoradiography. MB 51 appeared to cause an overall inhibition of frataxin,
while CCCP treatment completely blocked the import of frataxin. Cpnl10 does not contain a
known MPP cleavage site, but MB 51 was capable of significantly inhibiting the import of

Cpn10 in purified mitochondria. Figure included with permission from Eric Torres.
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Figure 4.9 Import and Titration of hPinkl into GA74 Mitochondria and MB 51.

[*°S] hPink was synthesized using a TNT Quick Coupled Transcription/Translation kit. For the
import of hPink1, GA74 yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP
& 1 mg/mL valinomycin, or 100 pM of MB 51 for 15 minutes at 25°C. 10 uL of [*°S] hPink1
solution/reaction time point was added to each condition and 250 pL aliquots were taken at each
of 3 time points (10, 20, and 30-minutes). For the titration of MB 51, GA74 yeast mitochondria
were treated with either 1% DMSO, 50 uM CCCP & 1 mg/mL valinomycin, or varying
concentrations of MB 51 for 15 minutes at 25°C. 10 pL of [*°S] hPink1 solution was added to
each condition and 250 pL aliquots were taken after 30-minutes. Reactions for both panel A and
B experiments were quenched on ice by adding 50 pg/mL of trypsin. All imports were disrupted
in Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. MB 51 was
capable of significantly inhibiting the import of hPink1 into mitochondria (panel A) and had an
ICso between 50—100 pM (panel B). hPink1 was also imported into GA74 mitochondria in the
presence of MB 51, but instead of trypsin treatment, the samples were quenched on ice and
proteins embedded in the membrane were extracted with carbonate extraction (panel C). Under
these conditions, MB 51 caused the formation of a higher molecular weight aggregate that was

not observed in either treatment with 1% DMSO or CCCP.
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Figure 4.10 Parkin Recruitment in EGFP-Parkin Expressing MTS dsRed HeLa MTS with
Quantification.

EGFP-Parkin expressing MTS DsRed HeLa cells were treated with either 5 or 10 uM CCCP, 1%
DMSO, 40 uM MB 51 or 4 different combinations of CCCP and MB 51. 5 uM of CCCP
recruited some Parkin to the surface of mitochondria, while 10 pM of CCCP recruited
substantially more Parkin to the surface of mitochondria as evidenced by the yellow merged
panel in the figure above. 40 uM of MB 51 alone did not recruit Parkin to mitochondria.
According to the quantification, which was done by counting 100 cells/condition it showed that
concurrent treatment with MB 51 and CCCP did not exhibited a significant amount of Parkin

recruitment than CCCP alone. Figure included with permission from Juwina Wijaya.
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Figure 4.11 Comparison of [**S] Su9-DHFR in GA74 and MASI ts Mitochondria with MB
51 Treatment.

[*°S] Su9-DHFR was synthesized using a TNT Quick Coupled Transcription/Translation kit.
GA74 or MASI ts yeast mitochondria were treated with either 1% DMSO, 50 uM CCCP & 1
mg/mL valinomycin, or varying concentrations of MB 51 for 15 minutes at 25°C. 10 pL of [*°S]
Su9-DHFR solution was added to each condition and 250 pL aliquots were taken after 5-
minutes. Reactions were quenched on ice by adding 50 pg/mL of trypsin. All imports were
disrupted in Laemmli sample buffer and analyzed by SDS-PAGE and autoradiography. When
comparing 1% DMSO GA74 and MASI ts mitochondria it is apparent that Su9-DHFR is
arrested in its import and protected from trypsin shaving in the MAS1 ts mutant . Similarly,
when the concentration of MB 51 is increased, the total amount of Su9-DHFR import is
decreased in both instances. In addition, the amount of un-processed Su9-DHFR for the MAS] ts

is significantly decreased. Figure included with permission from Eric Torres.
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Figure 4.12 Zebrafish Treatment with MB 50.

Cmcl2 DsRed zebrafish were allowed to develop for 3 hours post-fertilization and then treated
with 1% DMSO or the varying concentrations of MB 51. After 3 day post-fertilization the
embryos were imaged using a Leica SSAPO microscope at 1.575x magnification or Leica
MZ16F fluorescent stereoscope (TexasRed filter set) at 5x magnification. At 20 uM of MB 51
the zebrafish started showing a loss of pigmentation and from 50 uM onward there was a
significant loss in pigmentation. At 20 uM MB 51 the heart also started to exhibit severe atrial

distension and appeared to not have flipped.
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Figure 4.13 Zebrafish Treated with MB 50, Bathocuproine, and PTU for 3 Days and then
Wash-out for 2 Days.

Cmcl2 DsRed zebrafish were allowed to develop for 3 hours post-fertilization and then treated
with 1% DMSO, 40 uM MB 51, 10 uM Bathocuproine, or 0.003% PTU. After 3 day post-
fertilization the embryos were imaged using a Leica SSAPO microscope at 1.575x magnification,
washed with E3 buffer and allowed to develop for an additional 2 day with no treatment.
Following 5 day post-fertilization the embryos were imaged using a Leica SSAPO microscope at
1.575x magnification. After 3 days of treatment with 40 uM MB 51, bathocuproine, or PTU we
saw a severe loss of pigmentation and a slight change in body curvature with MB 51, a slight
decrease in pigmentation with bathocuproine and a significant loss of pigmentation with PTU.
Following 2 days where all compounds have been washed-out and the zebrafish have been
allowed to develop normally, we saw the pigmentation has returned completely in all 3 drug
conditions, but the MB 51 treated zebrafish still exhibited a body curvature issue and a defect

around the heart sac.
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Figure 4.14 Zebrafish Treated with MB 50 and its analogs.

Cmcl2 DsRed zebrafish were allowed to develop for 3 hours post-fertilization and then treated
with 1% DMSO or the varying concentrations of MB 51 and its analogs. After 3 day post-
fertilization the embryos were imaged using a Leica S8APO microscope at 1.575x magnification.
MB 51 and its positive analogs (321 & 329) are in the top panel and all exhibited a loss in
pigmentation. Depigmentation for MB 51 started at 15 uM and steadily got more severe with
increasing concentration of drug. After 30 uM the fish also started exhibiting other defects in
body shape and around the heart. Depigmentation for 321 started earlier than MB 51 (10 uM),
but did not get as severe at higher concentrations and the body defects were also not as prevalent
as with MB 51. Depigmentation for 329 started at 15 pM and steadily got more severe with
increasing concentration of drug. We were unable to examine any fish beyond 30 M because
none of them survived, but from trends, compound 329 appeared to exhibit similar results as MB
51. The bottom panel shows MB 51 along with its negative controls (102, 001 & 082). When
comparing the negative controls to MB 51, 102 and 001 did not exhibit the same signs of
depigmentation as MB 51, but at higher concentrations they presented with changes in body
shape and heart malformations. When comparing 082 to MB 51, 082 did show signs of
depigmentation but they were not consistent as the concentrations of 082 increases. This was

also true for body defects that were present at low concentrations but not at higher ones.
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Chapter 5: Comparison of MitoBloCK-50 and
MitoBloCK-51

Small molecules can potential affect their target protein in a number of different ways,
from binding directly to portions of the active site to binding to an ancillary site that indirectly
affects the protein’s active. All of these actions have the potential to cause varying downstream
changes in the cellular environment. By studying the differences that each small molecule causes
for the same target we can gather more information on how the protein of interest functions.
Comparing the data of MB 50 and MB 51 much of their affects against MPP are fairly similar,
but we did observe some glaring differences. The major differences seen between the two
inhibitors of MPP involved import of CytC, and CytB,, Pink1 import when coupled with
carbonate extraction, Parkin recruitment, and zebrafish treatment.

MB 50 was capable of inhibiting the import of CytB,-DHFR (1-167) and CytB,-DHFR
(A63P), while it did not inhibit the import of CytC,. On the other hand, MB 51 was able to
inhibit the import of CytC; and CytB,-DHFR (1-167), while the inhibition of CytB,-DHFR
(A63P) was not as robust (Figure 5.1). Both drugs were capable of inhibiting the import of
CytB,-DHFR (1-167), but they showed opposite effects for CytC1 and CytB,-DHFR (A63P).
MPP is able to cleave an extremely diverse set of substrates with varying lengths, amino acid
sequence, and overall charge, but its cleavage site for each of its substrates is specific and
accurate. The active cavity of MPP is believe to be capable of scanning its substrates for the

correct site of processing, therefore the differences we are observing between MB 50 and 51
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could signify the two drugs are binding in a different region within MPP. A difference in binding
site might have a different effect on MPP’s ability to recognize different substrates.

We also saw different effects between MB 50 and 51 for Pink1 import and Parkin
recruitment (Figure 5.2 & 5.3). When analyzing the import of Pink1 with carbonate extraction
we observed a high molecular weight Pink1 aggregate that formed after treatment with MB 51,
but not MB 50. On the other hand, when we looked at Parkin recruitment on the surface of
mitochondria following drug treatment, we saw that MB 50 in conjunction with CCCP was
capable of inducing the Parkin recruitment, but MB 51 failed to show similar results. The current
model for Parkin recruitment is that Pink1, which is normally degraded quickly upon import into
mitochondria becomes stabilized due mitochondrial dysfunction. Pink1 is then directed towards
the outer membrane where it presents a Ser/Thr kinase domain towards the cytosol, which is
capable of directing the recruitment of Parkin. Once Parkin is recruited, the damaged
mitochondria then degraded via autophagy. With this in mind, our data regarding MB 50 and 51
appears to be conflicting. MB 51 is capable of causing Pink1 aggregation, which could signify
that it has the potential to cause Pink1 mitochondrial accumulation and direction towards the
outer membrane. This should then cause the recruitment of Parkin, but when we tested MB 51
for Parkin recruitment in HeLa cells it failed to show significant recruitment. On the other hand,
MB 50 did not exhibit Pink1 aggregation, but did recruit Parkin to the surface of mitochondria.
This could mean that the aggregation seen with MB 51 does not correlate with Pink1
accumulation on the surface of mitochondria or we require a different method for detecting
Parkin recruitment.

MB 50 and 51 also exhibited significant differences when zebrafish were exposed to the

two drugs (Figure 5.4). MB 50 caused the zebrafish to have severe developmental problems with
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body curvature and cardiac abnormalities after 3 days of drug exposure. Once MB 50 was
washed out and the zebrafish were allowed to grow for an additional 2 days, they still exhibited
some changes in body curvature and cardiac development, but these issues were not as drastic as
before MB 50 was washed out. This could signify that MB 50 has some long lasting effects on
zebrafish development even after the drug is removed. MB 51 caused the zebrafish to have some
changes in body shape and cardiac development, but the most striking affect was a complete
depigmentation after 3 days of drug exposure. Once MB 51 was washed out the pigmentation
came back completely, but the changes in body shape and cardiac development appeared to be
more severe at 5 days post-fertilization then at 3 days. Comparing this outcome to MB 50 it
could suggest that the effect of MB 51 after it has been removed is more long lasting and
pervasive than the lasting effects of MB 50. Taking all the data reexamined in this comparison
chapter into account it appears MB 50 and 51 may act on MPP in a different manner and/or a

different binding site, which causes different downstream affects.
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Future Directions

Further work needs to be done to determine the binding sites of both MB 50 and 51 with
MPP. One method for this is via computational modeling and docking experiments with MPP
and the MitoBLoCK drugs. Another method capable of showing where the MitoBLoCK drugs
bind to MPP is through x-ray crystallography. Once this data is acquired we would then narrower
regions of possible drug-protein interactions, which could be further tested with site-directed
mutagenesis on MPP to determine what mutations were capable of altering drug binding. This
work would further help us determine if the differences we observed between MB 50 and 51
were due to differing interactions with MPP or they were caused by different off-target affects.
Docking experiments with MB 50 and 51 analogs could also help us determine if our hypothesis
regarding the key structural features of each drug group are correct and if more effective drug
candidates can be developed.

Zebrafish depigmentation seen with exposure to MB 51 also needs to be further tested.
We compared treatment of MB 51 with a copper chelator and PTU, which inhbits melanogenesis
by blocking all tyrosine-dependent steps in the melanin pathway. All three compounds caused
the fish to loss pigmentation and all three compounds could be washed out allowing the fish
pigmentation to completely return. This lead us the idea that MB 51 inhibition of MPP could be
involved in copper metabolism, melanogenesis, and/or the production of melanin. An experiment
that could shed light on the involvement of copper metabolism is to add increasing amounts of
copper during treatment with MB 51 to see if by adding copper we can block depigmentation.

We could also utilize both CRISPR (germ-line knockdown) and morpholino (transient protein
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knockdown) technology to test whether we observe the same effects when we knockdown MPP
as compared MB 51 drug treatment.

Using zebrafish its possible to specifically label certain populations of neurons with
fluorescent proteins. Previous work in this area has produced a line of zebrafish where the
dopaminergic neurons are tagged with GFP. (1-3) Using this line or ones similar to it we could
test MB 50 and 51°s ability to affect dopaminergic neurons, thereby gaining more insight into
whether our small molecules and their capability to alter Pink1 import and induce Parkin
recruitment can be linked to Parkinson’s disease or other dopamine-related diseases. There are
also known morpholinos for Pink1, Parkin, and Mitofusin, which could be used in conjunction
with our small molecules to learn more about the Pink-Parkin mitochondrial degradation
pathway and its link to disease. (4-6)

Lastly, while compiling the data for this thesis I discovered a hit compound that has the
potential to be an interesting MPP inhibitor, apomorphine (its structure can be seen in the
appendix). Apomorphine is known by the following commercial names: Apokyn, Ixense,
Spontane, and Uprima. It is a non-selective dopamine agonist capable of activating both D;-like
and D,-like dopamine receptors; it also exhibits antagonistic affects on 5-HT and a-adrenergic
receptors. (7-10) Historically, apomorphine has been used as a treatment for alcoholism,
Parkinson’s disease, erectile dysfunction, Alzheimer’s disease, and opioid addiction. (11-17) The
ability of apomorphine to inhibit the function of MPP needs to be investigated in our entire
preliminary assays; cleavage of the JPT fluorgenic peptide, Su9-DHFR cleavage, and Su9-DHFR
import. Once these test are completed and apomorphine is confirmed to be a MPP inhibitor it
needs to be modeled along with the rest of the compounds, characterized further for specific

import inhibition, and treated on zebrafish.
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Figure 5.1 Comparison of MB 50 and 51 with import of CytC,, CyB,-DHRF (1-167) and
CytB,-DHFR (A63P).

The aim of this figure is the show the comparison of MB 50 and MB 51 treatment on the import
of CytC,, CyB,-DHRF (1-167) and CytB,-DHFR (A63P). Panel A shows import with MB 50
treatment, while panel B is MB 51 treatment. CytC; import is in both panels Al and B1. CyB;-
DHREF (1-167) import is in both panels A2 and B2. CytB,-DHFR (A63P) import is in both
panels A3 and B3. For additional details about these experiments see Chapter 3 for MB 50

experiments and Chapter 4 for MB 51 experiments.
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Figure 5.2 Comparison of MB 50 and MB 51 with Pinkl Import in Conjunction with
Carbonate Extraction.

Panel A looks at MB 50 treatment with the import of hPink1 with carbonate extraction and Panel
B shows the treatment of MB 51 with import of hPink1 in conjunction with carbonate extraction.
MB 51 treatment exhibits a high molecular weight aggregate as compared to DMSO, CCCP, and

MB 50 treatment.
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Figure 5.3 Comparison of MB 50 and MB 51 with Parkin Recruitment on EGFP Parkin
Expressing HeLa Cells.

Both upper and lower panels are quantifications of the number of HeLa cells showing
recruitment of Parkin on the surface of mitochondria (upper — MB 50, lower — MB 51). MB 50
treatment (40 pM) with concurrent treatment of CCCP (5 uM) exhibited significantly more

Parkin recruitment than MB 51 treatment (40 pM) with concurrent treatment of CCCP (5 pM).
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Figure 5.4 Comparison of MB 50 & 51 Treatment with Zebrafish.

Cmcl2 DsRed zebrafish were allowed to develop for 3 hour post-fertiliztion and then they were
treated with 1% DMSO or 40 uM of either MB 50 or MB 51. After 3 days the drugs were
washed out the zebrafish were allowed develop for an additional 2 days. MB 50 treatment
exhibits a severe change in body and cardiac development after 3 days of exposure. Once MB 50
is washed out the development problems still exist but they are as severe. MB 51 treatment
exhibits a severe loss of pigmentation and some defects with body shape and cardiac
development. After MB 51 is washed out the pigmentation returns completely, but changes in
body and cardiac development appear to be fairly similar if not a bit worse when comparing day

3 to day 5.
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Appendix A: Hit Compounds from HTS

Cl
OH ” i
% N OH

7

OH |( ; X
N
Bi

N

0
OH
Br
; OH
N

r.
N
OH ”/ : N

.

(¢]
0,

186



B
9,
\_/

\
7
@ i J N \©\
OH _—
SN /SN Ve S 7\ 7\
N\ ‘ | N\ N N/ — —
oN N o \ N\ = o o . st\o ?/ \\
3 I
W 7
N
HO /1\\ 7 \

OH F \\\ / S

187




E
Br
O

o

HO
x
o=—g$—0
Br
o=—s—0

e

7\

AN
N
o)
\N/S
oy

O,

0,
Br
Br.

o

Br
O

o
HO/ "
Cl
Cl

s
OH
o]
(0]
l °
N
N
S

HO.
Cl
Cl
Br.

o

hs
T

;
~
o

c
Br

Y|
A
| &
al

0,
]

Cl
0]

@ )4
e
7

188

O=—S——=0

o

N:<
0
a
x
a
Cl
(0}
Cl
Cl

o




Appendix B: Data Mined Negative SARS For
MitoBloCK-50
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Appendix D: MB 50 Nomenclature for

Published Data
Thesis Name Published Structure
Nomenclature
MB 50 MitoBloCK-50.1 p
J;H |N OH
238 MitoBloCK-50.2 Q
%OH |N OH Ok
051 MitoBloCK-50.3 (Ej
"
067 MitoBloCK-50.4 Hi;k
OH |N !
515 MitoBloCK-50.5 T

HO.

a%s
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302 MitoBloCK-50n-2
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197




Appendix E: MB 51 Nomenclature for

Published Data
Thesis Name Published Structure
Nomenclature

MB 51 MitoBloCK-51.1

325 MitoBloCK-51.2

184 MitoBloCK-51.3

172 MitoBloCK-51.4 O Ow

321 MitoBloCK-51.5 o O
(< T]

329 MitoBloCK-51.6
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