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ABSTRACT OF THE DISSERTATION

Utilizing Small Molecules to Study Mitochondrial Presequence-Degrading Protease

by

Juwina Wijaya
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2015

Professor Carla Marie Koehler, Chair

Proper mitochondrial function contributes to cell’s health and integrity. Perturbations in
mitochondrial homeostasis have been linked to diseases, specifically neurodegenerative diseases.
Understanding the players of mitochondrial homeostasis will be beneficial for identification of
potential therapeutic pathways. The mitochondrion is equipped with proteases that together serve
as a quality control system to maintain homeostasis. While knockout using yeast genetics and
RNAI approaches are powerful, new tools that are more rapid and specific are needed to
elucidate the role of mitochondrial proteases. In this study, I utilize a high-throughput screening
approach to discover and utilize small molecule modulators to characterize presequence-
degrading protease (PreP).

PreP degrades N-terminal mitochondrial-targeting sequences and other small bioactive

peptides, including amyloid-beta peptide, implicating it in Alzheimer’s Diseases. Nonetheless,

il



not much is known about this protease. An in vitro fluorescence donor-quencher based assay was
adapted for high-throughput screening of PreP modulators. From a collection of over 100,000
drug-like small molecules, we discovered numerous modulators of PreP.

MitoBloCK-60 was identified as a specific inhibitor of PreP. This piperazine-derivative
does not uncouple mitochondria and affect viability of cells. Crystal structure of small molecule-
bound protein at 2.3 A revealed key bindings and specificity determinants. MitoBloCK-60 binds
within the catalytic chamber of PreP, specifically at the substrate recognition exosite, inducing a
conformational change in PreP that limits substrate binding. MitoBloCK-60 treatment in cultured
cells suggests the role of PreP in mitochondrial quality control pathways. By being able to
modulate PreP activity rapidly and selectively, we will provide insight into the involvement of

PreP in mitochondria in general and how dysfunction of PreP could lead to diseases.
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Chapter 1: Introduction —
High-throughput screening methods to develop
small molecule probes targeting mitochondria

Introduction

As scientists, we seek to understand how things work by either breaking or fixing them.
In the cellular context, this is typically achieved by the classic genetic knockout approach,
eliminating specific proteins and then observing the molecular and phenotypic outcomes. While
this approach has been widely successful in organisms such as S. cerevisiae and D.
melanogaster, genetic knockout approach is not as straightforward in mammalian systems with
larger genomes and slower reproductive rates' . Another approach to dissect molecular
mechanisms of proteins is by using small, synthetic organic molecules. These molecules can
either attenuate or increase activity of a specific protein, and prevent protein-protein interactions.
This chemical biology approach is particularly useful to study essential proteins where knockout
approach is not an option. Additionally, small molecule studies do not involve ablation of target
proteins, which allows for discovery of protein functions that would not be possible with genetic
approach. Small molecules also provide a rapid and often, a reversible way to modulate target
proteins. They can exert their effects on proteins as soon as binding occurs and can, most of the
time, be washed away to allow proteins to return to their native states, allowing for additional
temporal control that is not afforded by genetic perturbations®. Finally, these small molecules
could also be designed and synthesized for therapeutics.

Studies on small molecules as probes and drugs have been on the rise in the past decade,

targeting a wide range of cellular processes from signaling, metabolism, oxidative



phosphorylation, and many more, studying proteins such as kinases, oxidoreductases, proteases,

147 These small molecules

transferases, ion channels, G protein-coupled receptors, and others
that modulate a particular protein or a specific function are discovered by performing high-
throughput screens (HTS), utilizing a subset of chemical libraries®. Of a particular interest is
utilizing chemical biology approach to study mitochondria, specifically by developing small
molecules that target mitochondrial proteins and functions. In this review, we will discuss why
the mitochondrion is an attractive target for small molecules development, specifically
highlighting mitochondrial import machineries and proteases and their implications in diseases.
We will also outline different ways in which small molecule modulators are discovered,

developed, and validated. Finally, we will include examples of screens, and discuss successes

and challenges of using chemical biology to study this complex organelle.

Mitochondrial dysfunctions underlie and contribute to diseases
pathologies.

Evolutionary derived from endosymbiotic bacteria, the mitochondrion functions extend
beyond the boundaries of the cells and influence organism’s health and physiology. While the
most studied function of mitochondria is its energy-producing ability, numerous studies are
actively being conducted to gain insight into mitochondrial metabolism, dynamics, translation,
protein import, quality control, and biogenesis, highlighting the complexity of mitochondrial
functions® . Dysfunctions in these processes underlie diseases and contribute to diseases’
pathologoes. As such, drug discovery and probe development targeting mitochondria is
especially beneficial to understand diseases mechanisms and remedies.

The mitochondrion is a membrane-bound organelle comprised of the outer membrane

(OM), the inner membrane (IM), the intermembrane space (IMS), and the matrix. Various



proteins reside in these sub-compartments and while the mitochondrion has its own genome
(mtDNA), only 13 proteins are encoded by the mtDNA'*. The remaining mitochondrial proteins
are nuclearly-encoded and synthesized in the cytosol. The human mitochondrial is approximately
16.6 kilobases circular DNA found in the matrix. It encodes about 13 proteins, 22 tRNAs, and
two rRNAs'*. Proteins encoded by the mtDNA are mostly respiratory chain proteins that must
assemble with other proteins encoded by nuclear DNA (nDNA) to form the respiratory chain
complexes'’. The respiratory chain complexes are vital for ATP production via oxidative
phosphorylation (OXPHOS). The mtDNA is particularly susceptible to oxidative damage,
especially from reactive oxygen species (ROS) generated by complex I and III during
OXPHOS"™'°. As such, mutations in the mtDNA and nDNA that encode for respiratory chain
subunits and assembly factors are found to be causative of mitochondrial
encephalomyopathies'*'”. These include Pearson’s syndrome, leber hereditary optic neuropathy
(LHON), mitochondrial encephalomyopathies, lactic acidosis, stroke-like syndrome (MELAS),
myoclonus epilepsy with ragged-red fibers (MERFF), neuropathy ataxia and retinas pigmentosa

7-19 The results of mutations or deletions in the

(NARP), and leigh syndrome, and many others
mtDNA are clinically heterogeneous. Large deletion in the mtDNA cause disease such as
Pearson’s syndrome and Kearns-Sayre syndrome (KSS)*’. Mutations in gene encoding tRNAs,
m.A3243>G and m.8344A>G, which globally affect translation, cause MELAS and MERRF
respectively. These mutations affect the tRNA leucine and lysine, respectively'®. Mutation in the
protein coding gene of ATPase6 (m.8993T>G) results in NARP'. One of the most challenging
aspects in studying these diseases is that the diseases present themselves differently, depending

on the degree of heteroplasmy (the co-existence of normal and mutated mtDNA) within the

organism®’. While the specific mutations-causing genes have been mapped, studying



mitochondrial disorders related to mtDNA mutations is still challenging due to the lack of animal
models. Cybrid cells in which cells” mtDNA are removed and replaced with a mixture of wild-
type and mutated mtDNA have been successful in confirming how mutations lead to defect in
respiration, protein synthesis, and ATP production'®. Nonetheless, better tools are needed to
model these diseases with the ultimate goal of developing therapeutics.

Mitochondrial proteins encoded by nDNA are synthesized in the cytosol and imported to
mitochondria with the aid of mitochondrial import machineries’>. Mitochondrial proteins are
synthesized as preproteins in the cytosol. These proteins typically carry N-terminal
presequence/mitochondrial-targeting sequences (MTS) that allow for their recognition and

import to mitochondria”*

. MTS are typically amphipathic and a-helical in nature. For matrix-
targeted protein, translocase of the outer membrane (TOM) recognizes MTS and drives
translocation of preproteins across the membrane to the translocase of inner membrane complex
(TIM)**. There are two TIM complexes, each recognizing different proteins. For matrix proteins,
preproteins pass through the TIM23 complex to enter the matrix where it can fold and function
following removal of MTS by matrix peptidases (Figure 1C)*. For membrane proteins, in
addition to N-terminal MTS, they also carry additional targeting information within the
membrane- spanning domain termed the stop-transfer sequence, allowing them to be inserted
into the inner membrane® (Figure 1C). The other TIM complex, TIM22 recognizes targeting
information of mitochondrial carrier proteins such as ADP/ATP transporter, and aids in their
insertion in the inner membrane. Small TIM proteins act as chaperones in the IMS*’ (Figure 1D).
Import of IMS proteins such as the small TIMs utilizes the MIA import pathway(Figure 1B)*®.

IMS proteins carry cysteine-rich CX3C motif that is recognized by oxidoreductase Mia40 once

they enter IMS**°. Mia40 oxidizes and folds IMS cysteine-rich proteins. To recycle Mia40 for

4



successive round of protein folding, sulthydryl oxidase Ervl/ALR reduces Mia40 and passes
electrons along to cytochrome c. Electrons are ultimately passed on to molecular oxygen >,
Import of OM precursors proteins are not as well characterized as the others. B-barrel proteins on

32,33

OM inserted to the membrane by SAM complex™ ™ (Figure 1A). B-barrel proteins carry signals

that allow them to first enter the IMS and recognition of their OM localization signal by the
SAM complex allowed them to be inserted to the OM>***.

A number of mitochondrial import machineries are found to be essential’. As such,
defects in translocation machineries could impair mitochondrial functions and contribute to
disease pathologies. TIMMS8a/DDP1 forms complex TIMMI3 to aid in protein import into the
intermembrane space®. Point mutation in yeast homolog, Tim8 protein (C66W) leads Mohr-
Tranebjaerg/deafness-dystonia syndrome, an x-linked neurodegenerative disorder characterized
deafness, cortical blindness and dystonia®’. Biochemical studies led to the discovery in which the
point mutation leads to an unstable protein that fails to form complex with Tim13*°. The defect
in complex assembly reduces import of Tim23, an integral component of mitochondrial import
machineries™. Similarly, defect in import of pyruvate dehydrogenase (PDH) results in PDH
deficiency, with symptoms such as microcephaly and cerebral atrophy’. Studies later showed
Arg to Pro mutation within MTS results in reduced import to mitochondria. Mutation in the
motor proteins essential to drive translocation of matrix proteins, DNAJC19 is associated with
dilated cardiomyopathy with ataxia (DCMA)**. Specifically, mutation within the splice acceptor
of DNAJC19 results in a loss of exon 4, leading to a motor protein lacking DNAJ domain®®.

Currently, not a lot of tools are available to study mitochondrial protein machineries and

import process. A number of proteins are essential; hence genetic knockout approach is not the

most suitable way to understand the molecular mechanisms of protein import. Temperature-



sensitive mutants have often been employed to study essential proteins, nonetheless, this method
does not allow for temporal and precise modulation that chemical biology approach provides. As
such, development of small molecule tools will be advantageous not tease out specific import
mechanisms and provide basis to understand how defects in mitochondrial protein import lead to
diseases.

Following import, precursor proteins are processed in order for it to fold and function
properly. Presequences/MTS are removed by numerous processing peptidase such as matrix-
processing peptidase (MPP), inner membrane peptidase (IMP), Octl, and Icp55°" (Figure 2).
Upon translocation MTS on the preprotein is cleaved MPP in the matrix and IMP the inner
membrane *’. Additional processing might occur in the matrix where MPP performs a second
cleavage, Octl removes an additional octapeptide, or Icp55 removes a single amino acid from

the protein’”*"*

. Icp55 cleavage is particularly important to stabilize proteins. Discovery of
Icp55 establishes the N-end rule of mitochondrial proteins where it was found that certain amino
acids on the N-terminus render proteins to be more susceptible to degradation than others*'.
Another membrane-embeded protease in the inner membrane is the thomboid protease. In yeast,
rhomboid protease Pcp 1 is involved in processing of cytochrome ¢ peroxidase 1 (Ccpl) and
mitochondrial genome maintenance 1 (Mgml)*. Pcpl knockout yeast loses its mtDNA and
exhibits growth defect in non-fermentable carbon source™. In human, rhomboid protease PARL
is involved in OPA1 and PINKI1 processing, thereby regulating mitochondrial dynamics and
quality control™*.

As with the translocation machineries, mutations in processing proteases are linked to

various diseases. Mutation in o-subunit of the MPP heterodimer leads to non-progressive

cerebellar ataxia (SCAR2)"'. Specifically, Ala 377 Thr mutation impairs activity of MPP,



leading to accumulation of preproteins including frataxin, and increase in hydrogen peroxide
level”’. Frataxin is a matrix protein involved in iron-sulfur biogenesis and has been shown to

49  The aforementioned

underlie a neurodegenerative diasese, Freidreich Ataxia (FRDA)
mutation from SCAR?2 patients also leads to reduction of MPP in patients’ lymphoblastoid cells
and fibroblasts*’°. MPP is an essential protein, as such, reduction in MPP level likely contribute
to disease pathology. Downstream of MPP, another member of M16 family of proteases
degrades the MPP-cleaved MTS. Presequence protease/peptidase (PreP) degrades MTS to
smaller peptides such that they can be exported to cytosol by mitochondrial ABC transporters”'.
In vitro, these peptides can bind to membrane and perturb in membrane integrity and

mitochondrial electrochemical gradient™>’

. Interestingly, PreP is able to degrade amyloid-beta
(AP) peptide in vitro®*. Whether A is imported and localized to mitochondria warrants further
investigation.

With the complexity of processes occurring inside the mitochondrion, the mitochondrion
is equipped with quality control systems in order to ensure homeostasis. There are numerous
proteases residing in different mitochondrial sub-compartments whose functions are to degrade
misfolded or damaged proteins (Figure 2). In the matrix, membrane-bound m-AAA (ATPase
Associated with diverse cellular Activities) proteases such as AFG3L2 (AFG ATP-ase family
gene 3-like 2) and SPG7 (spastic paraplegia 7) not only degrade misfolded proteins, but also
important for respiratory complex assembly™. Yeast devoid of the m-AAA proteases exhibit
decreased respiration and ATP synthesis’®. Ribosomal protein MrpL32 is processed on the N-

terminus by yeast m-AAA, resulting in mature protein. Dominant negative variant of AFG3L2

increases processing of OPAl, a mitochondrial fission protein via OMAI and results in



mitochondrial fragmentation®’. Furthermore, AFG3L2 ablation results neuropathies in mice™.
Mutation in SPG7 has been mapped in hereditary spastic paraplegia™.

In addition to the membrane-bound proteases, there are other oligomeric proteases in the
matrix. Lon is an ATP-dependent protease with a serine protease domain containing catalytic
serine-lysine dyad®. Lon is a part of mitochondrial quality control system as it is able to degrade
misfolded and damaged proteins. Substrates of Lon have been mostly studied in vitro, in E. coli
and in yeast, however, substrates of human Lon have not been very well characterized. Lon is
responsible for degrading aconitase, a TCA cycle enzyme susceptible to damage by reactive
oxygen species (ROS)*. In vitro, Lon degrades MPP-a subunit and murine steroidogenic acute
regulatory protein (StAR).°" Lon has also been shown to associate with mtDNA and contributes
to the regulation of complex IV assembly®’. Thus, Lon has a role in regulating respiration in
response to cellular and environmental stress. Interestingly, Lon gene expression is upregulated
in hypoxic condition, in lymphoma cell lines, non-small-cell lung cancer carcinomas, and other
tumor cell lines®. Knockdown of Lon results in aberrant mitochondria and cell death. Since the
mechanisms and regulations of human Lon are not very well understood, this particular protease
is an attractive target for small molecules study given the crucial role of Lon in mitochondrial
function and its implication in disease such as cancer.

Another oligomeric protease in the matrix is the ClpXP. CIpXP is a complex formed by
CLPP (ClpP, ,caseinolyptic peptidase P and ClpX, caseinolyptic peptidase X)>. It is a serine
protease has been shown to degrade numerous model peptides®. Nonetheless, the endogenous
substrates of ClpXP have not been very well characterized. In C. elegans, ClpXP plays a major
role in the mitochondrial unfolded protein response (UPR™)'%%>% Peptides degraded by ClpXP

are exported to the cytosol by transporter HAF1. These peptides serve as a signal for



transcription factor ATFS1 to induce transcription of mitochondrial chaperones and protective
genes such as CHOP, mtHSP70, HSP60, and Lon®. While the UPR™ pathways have been
characterized the most in C. elegans, most recent ClpXP studies in mammalian cells showed
overexpression of ClpX results in increased expression of the mitochondrial proteostasis genes
expressed in C. elegans, suggesting a conservation between model organisms®. Small molecule
probes of ClpXP could provide additional insights into mitochondrial quality control system.

In the intermembrane space, HtrA/Omi protease is reported to degrade misfolded proteins
in the IMS and to interact with apoptotic proteins®. Most recent study reveals the role of HtrA in
UPR™ ROS triggers a signaling cascade involving phosphorylation of estrogen receptor a
(ER0), resulting in the upregulation of HtrA/Omi to degrade proteins damaged by ROS®"°.
Inner membrane i-AAA proteases, YMEIL and OMAL1 are involved in both processing and
quality control”'. YMEIL not only degrades misfolded proteins, it also has been shown to cleave
OPA1, regulating mitochondrial fission and Atg32, regulating selective removal of damaged
mitochondria (mitophagy)’*".

As highlighted above, our understanding of mitochondrial proteases are growing rapidly,
but a lot of the biology remains unknown. The major shortcoming in studying mitochondrial
proteases in vivo is that very few tools are available to modulate activity of these proteases in

model organisms such as yeast, zebrafish, and cultured cells. Chemical biology approach pro

could shed light into the functions and the disease implications of these proteases in vivo.

High-throughput screening approaches to discover and develop
small molecules probes

There are two ways in which one can discover and develop small molecules probes: a

target-based and a phenotypic-based approach. Below we will discuss examples of target-based
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and phenotypic-based screens targeting mitochondrial proteases and protein translocation

machineries.
Target-based small molecule screens

In the post-genomic era, a target-based screen is the main approach for drug and probe
discovery. In this approach, a protein of interest is identified and validated, typically for its role
in pathways or diseases. Biochemical, biophysical, and bioinformatics methods could be
employed to validate the target of interest. A functional in vitro assay is then designed and
miniaturized for HTS. A screen is further conducted to identify small molecules that modulate
the protein of interest. Most target-based small molecule screens measure fluorescence as a
function of the target protein. Target-based screens typically use recombinant proteins and it the
most straightforward approach since all the parameters are known and controlled. Target-based
screens also enable for structure-activity relationship (SAR) optimization of hits from the
primary screen. Limitations of this type of drug and probe discovery include specificity and the
need to validate the cellular activities of the molecules in vivo.

Design of mitochondrial target-based screens/Assay development

The goal of target-based HTS is to measure the function of an enzyme in the presence of
thousands and even millions of compounds in a timely and highly reproducible manner. The
central player of an enzyme assay is the protein of interest. In a cellular context, proteins can be
modified by post-translational modifications, proteins can have interacting partners and co-
factors, and they can also have various length and forms (splice variants). In HTS assay, it is best
that the target closely resemble its physiologic state to ensure that the hits identified will be
relevant in vivo. While the ideal scenario is to have the most biologically relevant form of target

protein, it is not always plausible to express and purify the enzyme in the native state. For

10



instance, membrane proteins are technically challenging to purify and retained in their native
states. As such, it is important to create multiple constructs and test the purity, activity, and
stability of the target protein.

Choice of expression system will also impact the quality of target proteins. While E. coli
is the most widely-used expression system, it might not express human proteins well’*. Yeast,
Sf9 cells/baculovirus, and mammalian cells are alternative expression systems’~ . For proteins
that are not soluble, inclusion of tags such as glutathione-s-transferase (GST), and maltose-
binding protein (MBP) and expression with co-chaperones could enhance solubility and
expression, while ensuring that the tag does not interfere with function’®. Upon successful
expression, protein extraction methods should carefully be considered to ensure proper protein
folding thus activity. Purification from inclusion body (E. coli system) requires proteins to be
denatured and then re-folded, which might not result in the native protein conformation’®.
Furthermore, purity of the target must be monitored as impurities might affect HTS result.
Ideally, enough proteins should be produced for an entire screen using of large-scale protein
production to reduce batch-to-batch variability. The effect of freeze-thaw cycle on the activity
and stability of the enzyme should also be taken into account.

Once the target protein is expressed, purified, and tested for activity, one must consider
the HTS parameters as they might interfere with the assay. For instance, proteins will be
incubated in the presence of compounds’ solvent, typically dimethylsulfoxide (DMSO) and the
presence of such organic compound might affect protein stability or activity. A DMSO-tolerance
test, titrating different amount of DMSO must be conducted to rule out the effect of DMSO.
Furthermore, one must consider the effect of the HTS “hardware,” namely the liquid dispenser.

Some proteins can bind irreversibly to the tubing, resulting in a reduced amount of enzymes on
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the actual screening plates. Low amount bovine serum albumin (BSA), and detergents such as
NP-40, CHAPS, TWEEN, and Triton present in the buffer could alleviate such problem
(<0.01%). Additionally, the stability of the protein within the bottle container or the liquid
dispensing tubing over time must be tested. Environmental factors such as light and temperature
should also be considered.

Choice of buffer is extremely important to ensure the optimum environment for the
enzyme. Buffers should closely mimic physiological condition for the enzyme and these include
salt concentration, metal ions/co-factors, and pH. Buffers such as TRIS, HEPES, and MOPS are
commonly used for enzyme assays since they are best at maintaining physiological pH. For
proteins requiring co-factors such as metal ions, these ions could be added to the buffer and
tested to ensure the optimal concentration that gives the best signal to noise ratio. Excess zinc
has been shown to inhibit zinc metalloproteases’". Tris has been shown to chelate metal ions,
which could affect the activity of enzymes requiring metal ions™ .

The other player in an enzyme assay is the substrate. Choice of substrate, similar, to
enzyme construct can significantly affect the quality of the assay. The best substrate should be
stable and biologically relevant. Substrate should also be added at the ideal concentration®.
While increasing substrate concentration can result in a high signal to noise ratio, this might not
allow for identification of hits with specific modality®”. Ideal substrate concentration should be

8384 This allows

around the Km (measure of substrate turnover to product) of the enzyme
investigators to capture small molecule hits that are competitive, uncompetitive, and
noncompetitive in nature. If the substrate concentration used is above the Km of the enzyme, the

majority of the substrate will occupy the active site of the enzyme, making it harder for

competitive inhibitors to bind and be identified as hits®. If the substrate is much lower relative to
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the Km, there is very little of enzyme-substrate complex in the solution, making it harder to
identify uncompetitive inhibitors. Non-competitive inhibitors are not affected by the substrate
amount because they bind at an allosteric site that is not influenced by presence of substrate®,

In measuring the functionality of the target protein, one can decide on a direct or indirect
detection method. In a direct detection mode, either substrate disappearance or product
appearance is directly measured, typically through fluorescence. In an indirect method, the assay
is coupled to another reaction that measures the progress or completion of the assay. For
instance, ATP hydrolysis results in ADP and inorganic phosphate. This can be coupled by
addition of reagents that can bind to inorganic phosphate and results in increase in signal.
Malachite green is commonly used to measure ATP hydrolysis. Free inorganic phosphate react
with malachite green molbydate, resulting in the formation of green molybdophosphoric acid
complex that can be measured on a plate reader at 620-640 nm®*®. We will discuss a few in vitro
biochemical assays that have been used to screen for modulators of mitochondrial proteins

below.

Applications
To report activities of proteases, fluorogenic substrates are often used®’ This type of

substrate carries fluorophore on one end and a quencher on the other end. Intact substrate gives
no or very little fluorescence whereas cleaved substrate results in an increase in fluorescence®*™.
The enzymatic cleavage of substrate can be monitored over time. An analogous assay is using
fluorescence resonance energy transfer (FRET) substrates'™ A donor and acceptor molecules
attached to the end of the substrate will transfer energy when the substrate is intact whereas when

it is cleaved, the fluorescence dissipate because the donor-acceptor molecules are no longer close

to each other to allow for FRET to occur’".
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An example of using fluorogenic peptide as a substrate is when we synthesized a peptide
that is made up of part of leumorphin sequence, attached an methoxycourmarin (MCA)
fluorophore and a proprietary quencher (JPT) and use this as substrate to screen for inhibitors of
mitochondrial presequence-degrading protease (PreP). A similar screen conducted for small
molecules inhibitors of mitochondrial matrix-processing peptidase (MPP) use an intramolecular-
quenched presequence of yeast alcohol dehydrogenase as the substrate. In both of these cases, we
used a direct method of detection by measuring increase of fluorescence as a function of peptide
cleavage, which corresponds to protein activity. We learned from the screen that it is important
to measure basal fluorescence level prior to substrate addition, as many small molecules are
intrinsically fluorescent and could contribute to the end point reading. Our PreP screen led us to
the discovery of MitoBloCK-60, which when used as a probe, revealed an unexpected role of
PreP in activation of mitochondrial stress pathways. A successful screen using indirect method of
detection is when Dabir et al used amplex red coupled assay to identify inhibitors of a
mitochondrial sulfhydryl oxidase, Erv1°'. The redox activity of Ervl was measured by oxidation
of dithiothreitol (DTT), which produces hydrogen peroxide (H,O,). H,O; oxidizes amplex red in
the presence of horseradish peroxidase (HRP) to fluorescence resofurin’’. The screen identified
MitoBloCK-6 as an inhibitor of ervl and MitoBloCK-6 probed the role of ervl in stem cell
development”. A similar assay in which the function of protein is indirectly detected is an
ATPase assay. The malachite green assay described earlier indirectly detects the level of organic
phosphate in the solution, as a function of ATP hydrolysis. This type of assay can be applied to
recombinant mitochondrial ATPases such as LON, AF3GL2, SPG7, and others.

Finally, a more recently developed method is to use activity-based probes (ABP) to

measure protease activity’>. ABPs are small molecules that covalently bind to the active form of
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an enzyme. ABPs typically consist of a tag, a spacer, and an electrophilic group that traps within
an active site of a nucleophile”. When the tag is fluorescence, the binding of ABPs to their
targets can be monitored by fluorescence polarization and/or fluorescence microscopy. Binding
of fluorescence ABP on an active site of a protein results in slower tumbling of the ABP
molecule, thus giving a high fluorescence polarization. In contrast, free ABP tumbles freely in

d**. Utilizing ABP, one can identify small

the solution and fluorescence polarization is reduce
molecules that inhibit binding of ABP to protease active site. Wolf et al uses fluorescence-ABP
and discovered B-lactones as novel class of inhibitors targeting bacterial rhomboid protease
GlpG”. More recently, the same group extended their study where they used ABP to obtain an
inhibitor fingerprint of 13 rhomboid proteases’®. Furthermore, the inhibitors discovered were
utilized as probes where they identified an unexpected auto-processing ability of rhomboid
proteases”®. There is currently no known inhibitor of mitochondrial rhomboid proteases,
nonetheless, given the tools available to measure activity of rhomboid proteases, specific ABP
can be designed to target mitochondrial rhomboid protease as PARL, which play role in quality
control and homeostasis. In addition to rhomboid protease, ABP has also been utilized to create a
peptide reporter substrate and peptide inhibitor of the Lon protease with the goal of enhancing
our understanding of Lon’s functions in normal and disease state’’. Additionally, since the

substrates of many mitochondrial proteases are not very well characterized, the advent of ABP

could be a way to characterize these proteases.

Characterization of hits obtained from target-based screens

One of the main concerns in target-based approach is the specificity of the hits toward the

target. While the in vitro system is simple and easy to set up, a battery of secondary assays or
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counterscreens must be in place to tackle the specificity concern. For instance, to determine
specific hits of PreP, we performed counterscreens of the initial hits with two other proteins,
MPP and IDE, both belonging in the same family of M 16 protease as PreP. We found there were
molecules that both inhibit PreP and MPP. Non-specific hits could also be problematic as they
can lead to unexpected toxicity and interpretation in the biological system. While it simple and
easy to synthesize, the drawback of using fluorogenic substrates is that they might not be
necessary relevant in a cellular context. Fluorogenic peptides are typically short, only containing
the sequences that are necessary for reaction to occur. Small molecules can also react with these
peptides and result in false positive or negative. As such, it is important to design complimentary
assays to ensure that the hits are not specific to just the substrate used.

In addition to exhibiting specificity, the characterization of small molecule probes must
also include mechanism of action studies. Structure-activity relationship (SAR) study is
extremely crucial to understand the mechanism of action and to optimize the lead compound.
Traditionally, SAR studies have been focused on the specific compound groups in collaboration
with chemists. Today, the traditional approach can be complemented with bioinformatics, which
results in a better and more comprehensive large-scale SAR. Data mining has emerged as a
powerful tool of SAR study’®. Review on large-scale SAR analysis can be found here” and also
briefly discussed later. Following lead optimization through SAR, another important aspect of
small molecules development is understanding how and where the molecules bind within the
target. Fluorescence polarization and anisotropy could be used to show that the molecules indeed
bind to the target’. Further characterization includes ICso analysis and classic enzyme kinetics to
determine inhibition modality. Copeland et al has extensively reviewed the characterization of

81-84

small molecule inhibitors by classic enzyme kinetics approach here” . Biophysical methods
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such as fluorescence spectroscopy, differential scanning calorimerty (DSC), surface plasmon
resonance (SPR) and isothermal titration calorimetry (iTC) are increasingly being used to
understand small molecule binding parameters'*'%".

Another powerful approach to understand mechanism of action is by structural biology
approach. X-ray crystallography structure of small molecule bound to target provides a
molecular insight into the mechanism of inhibition. X-ray structure also aids in compound
optimization. Complementary to structural approach, proteomics approach has emerged to be
poweful in small molecule validation and characterization. Hydrogen/deuterium exchange
coupled with mass spectrometry (HDX-MS) can also highlight the regions within the target

192 Once the small molecule has been

protein that are most influenced by small molecule binding
characterized and declared as lead compound, the long-term goal is to use the compound as

probe to understand mechanisms of proteins in vivo. A checklist of what constitute a good probe

can be found here'”.
Phenotypic-based small molecule screens

In a phenotypic-based approach, a pathway or phenotype of interest is identified then a
screen is performed to identify small molecules that perturb the pathway or result in change in
phenotype. Phenotypic screens afford the possibility of discovering therapeutics targets, as the
screens are more biologically relevant than screens with recombinant proteins. While phenotypic
screen is extremely powerful, one of the biggest challenges is identifying the specific target of
the molecule that gives rise to the observed phenotype. Secondary assays to identify the exact
target of the small molecules must also be in the works simultaneously. Below we highlight a

few important considerations for setting up phenotypic-based screens targeting mitochondria.
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Design of mitochondrial phenotypic screens

Model system

Budding yeast, Saccharomyces cerevisiae is commonly used for phenotypic screen,
owing to the ease of manipulation and high level of conservation of mitochondrial genes and
functions. For a more complex model system, immortalized cell lines are easily obtainable, can
be grown in high quantities and convenient. However, one must take into consideration the
metabolic states of these cells. Some of these cell lines are highly glycolytic, which might not be
suitable to study mitochondrial functions. On the other hand, primary cells lines are more
biologically relevant and can be specifically derived from patients. Other model organisms such
as worms (C. elegans) and zebrafish (D. rerio) can be genetically manipulated to tag
mitochondrial protein or processes and have since been extensively used in phenotypic screens

especially since they allow for physiological observations at the multi-organ level.
Assay Development

Measurement of ATP level is often used to measure compound toxicity. Assays
measuring ATP level are well established and they typically involve a reporter-based assay'®*.
ROS level can be used to measure toxicity and the level of mitochondrial homeostasis.
Mitochondria-targeted redox sensitive proteins can be oxidized by ROS and their intensity can
be used to indirectly measure ROS level'”'%. Alternatively, ethidium-based dyes such as
DCFDA and MitoSox are commonly used to measure hydrogen peroxide and superoxide level
respectively'”’. Woolley et al wrote a great comprehensive analyses of different ROS probes and
their applicability in different systems'’®. Measurement of membrane potential (AW) is

particularly useful to monitor functional state of mitochondria. Respiring mitochondria would

have an established level of AW whereas damaged or stressed mitochondria would show a
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reduced AY. To measure membrane potential, multiple dyes can be used. For instance,
mitoTracker and tetramethylrhodamine (TMRM) accumulate in mitochondria in the presence of
AY. These dyes, along with fluorescently-tagged mitochondrial proteins can also be utilized to
monitor mitochondrial morphology. Cell growth conditions as such as medium, incubation,
seeding, temperature, and pH can affect the analysis. For instance, mitochondria undergo less
fission upon nutrient starvation, thereby showing long, fused mitochondrial morphology. It is
important that cells are seeded at optimal density that represents an optimal, non-stressed

i . : . 104,109-111
condition. Reviews on probe selections have been described

. In addition to probes,
reporter genes are great tools to monitor mitochondria. Luciferase-based gene reporter assay has
been extensively used in high-throughput screens to measure promoter activity any protein of
interest''”. For instance, gene expression of COX2, encoded by mtDNA can be used to measure
mitochondrial biogenesis; activation of mitochondrial stress pathways can be measured by

monitoring LON promoter reporter activity. The ability to monitor these various parameters by

assay multiplexing makes HCS extremely powerful and informative.
Applications

Many of the assays described above can be set up in different organisms from yeast,
cultured cells, and whole organism such as zebrafish. Montague et al used yeast to screen for
small molecules that increases mitochondrial membrane potential. Using a AY membrane
sensitive dye, DiOC;6, the authors discovered a subset of molecules that not only increase AW,

but also ATP level first in yeast then confirmed in cultured cells'"

, further validating that
findings in yeast can be extended to mammalian cells and possibly other model systems.

Import of nuclearly-encoded mitochondrial proteins utilizes various mitochondrial

translation machineries. Genetic knockout approach is often not suitable to study protein import
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because a lot of the import machinery proteins are essential. To facilitate mechanistic studies,
small molecules are developed to measure import efficiency and how defect in import contribute
to diseases. Hasson et al utilizes yeast as a model organism to probe the mechanism of protein
import through the TIM22 complex''*. Specifically, the authors used temperature-sensitive
mutant of Tim10, a protein involved in chaperoning precursor proteins to the TIM22 complex,
and conducted a growth-based phenotypic screen to discover compounds that induce synthetic
lethality. Yeast is a great platform for drug discovery due to its homology to human, ease in
genetic manipulations, and simple readouts'. More than 30% of human proteins have yeast
homolog. In fact, the majority of mitochondrial translocation machineries were first discovered

and characterized in yeast'"”

. The ease of genetic manipulation in yeast allowed the authors to
generate and use a temperature-sensitive strain that grow at permissive temperature (25°C) but
not at non-permissive temperature (37°C). The authors identified compounds that are synthetic
lethal at permissive temperature by measuring optical density of yeast at 600 nm. The lead
compound, MitoBloCK-1 inhibits import of preproteins that utilize TIM22 complex. Although
MitoBloCK-1 might have multiple targets in yeast, the authors designed secondary assays to
determine specific inhibition site of the small molecule, which is critical for phenotypic-based
screens. MitoBloCK-1 was found to inhibit import by preventing binding of substrate to tim9/10
complex to the substrate, thus the substrate failed to be reach the TIM22 translocon, highlighting
the importance of the assembly and chaperoning of tim9/10 complex in import of TIM22
substrates, all of which will not be possible with classical genetic approach.

Miyata et al also used yeast as a model system and designed an assay to screen for

inhibitors of that block import of proteins that utilize the TIM23 complex. Mitochondria-

targeting signal of subunit 9 of ATP synthase from N. crassa was fused with URA3 gene (Su9-
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Ura3)''°. Presence of Su9 drives translocation of Ura3 to mitochondrial matrix through the
TIM23 complex and render yeast unable to grow on media lacking uracil. If Su9-Ura3 does not
enter mitochondria, however, Ura3 is present in the cytosol and yeast can grow on media lacking
uracil. By measuring yeast growth in the presence of small molecules, the authors identified
MitoBloCK-12/DECA (Dequalinium chloride) as an FDA-approved small molecule inhibitor of
protein import through the TIM23 complex. The discovery of DECA as mitochondrial import
inhibitor is not only useful to study the mechanics of TIM23 substrate proteins import, but also
for possible therapeutics since numerous proteins are found to be mislocalized to mitochondria.
The authors utilized MitoBloCK-12/DECA to pharmacologically rescue of a mislocalized mutant
of peroxisomal enzyme, alanine:glyoxylate aminotransferase” '“9'""% (AGT"''"9!7%R) " This
mutation is the underlying cause of primary hyperoxaluria (PH1). AGT usually traffics to the
peroxisome to detoxify glyoxylate and prevent oxalate accumulation, however, mutations in the
N-terminal end of AGT generate a mitochondrial targeting sequence that allows for AGT import
to mitochondria. Treatment of cells overexpressing AGT" "9 with DECA blocks import of
mutant protein to mitochondria and restores trafficking of AGT to peroxisome where it can
prevent oxalate accumulation. This study is another great example on how discoveries in model
organism such as yeast can be directly translated to mammalian systems'.

While phenotypic screening measuring growth or fluorescence is a useful readout, an
emerging and powerful method to set up a screen is by using microscopy (high content
screening/HCS). HCS allows for measurement of multiple parameters thus gaining much more
information from a single image. For instance, an assay using microscopy to monitor localization
of mutant AGT in mammalian system has been developed''’. In addition to the protein of

interest, cells can also be labeled with dyes to mark different cellular compartments such as
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nucleus, peroxisome, lysosome, and mitochondria. An image acquired in HCS is the extremely
powerful as not only will it show the location of AGT within the cell, it will also show the status
of other compartments in the presence of small molecules.

In contrast correcting mislocalized proteins, another strategy is to use small molecules to
purposely mislocalize proteins. For instance, preventing oncoproteins to localize to certain
cellular compartments can help treat cancer. Ras is overexpressed in cancer. Palmostatin B,
which inhibits depalmitoylation of acyl protein thioesterase 1 (APT1) can inhibit localization of

palmitoylated Ras on the cell surface and reduce cancer cells survival''®'"

. For mitochondria,
HCS can be powerful to identify modulators that influence fumarate hydratase/fumarase
localization. Fumarase underlies a tumor susceptibility syndrome, hereditary leiomyomatosis and
renal cancer cell (HRLCC)'?*'*!. Inactivation of fumarase in HRLCC stabilize hypoxia-induced

120-122

factor (HIF) and enhance tumorigenesis . Fumarase is dually localized to mitochondrial

matrix and cytosol'*’. Under stress, a subset of fumarase residing in the cytosol is imported to the

nucleus to aid in DNA damage repair, specifically double DNA breaks'**

. HCS can be applied in
this case to identify modulators that can regulate fumarase localization for both mechanistic and
therapeutics applications. In a whole organism screen such as zebrafish screens, HCS can be
used to monitor multiple organs. Transgenic zebrafish lines expressing fluorescent mitochondria

can be used to monitor mitochondria in neuron and hearts’*!'%!%,

Characterization of hits obtained from phenotypic screens

While phenotypic screens enables researcher to observe the direct effects of small
molecules in a more biologically relevant setting, identifying the molecular target of the
molecule remains a hurdle, not to mention that a single molecule could target multiple proteins

or pathways (off-target effects). Orthogonal approach utilizing biochemical, genetic, and
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bioinformatics methods can complement each other in target identification. Affinity purification
method enables for targets to be pulled down with immobilized small molecules. Target can then
be identified via mass spectrometry (MS)'**'?’. This approach emerged as the most popular
strategy for target identification as it is unbiased and it probes the entire proteome. Combination
of SILAC-based quantitative proteomics with affinity chromatography have greatly improve
target identification within these past few years'*®. Nonetheless, this method comes with its own
challenges. Identifying binding of small molecules to low abundance proteins can be challenging
in a mixture of millions of proteins. On the other hand, high abundance proteins can bind non-
specifically to immobilized small molecules beads. Other parameters such as compound
solubility and choice of ethers should also be noted to ensure successful chemical proteomics.
More recent methods have emerged that does not require immobilization of small
molecules to beads. One method relies on the idea that small molecule binding changes the
confirmation of the target protein and results in increased resistance to proteolysis. Drug affinity
responsive target stability (DARTS) has shown binding of FKBP12 to rapamycin, celecoxib to
COX2, and many others decreased target’s sensitivity to proteolytic degradation'*’. While
DARTS have been quite successful, one cannot rule out the fact that protease sensitivity might
not be decreased upon small molecule binding. Another biochemical method, target
identification by chromatographic co-elution (TICC), relies on the principle that small molecule
binding leads to increase in the retention time of target protein. TICC has been successfully used
to identify binding of molecules to low abundance targets'’’. Another biochemical method,
cellular thermal shift assay (CETSA) relies on the principle of increased target’s thermodynamic
as a result of small molecule binding"'. The proof-of principle study of CETSA was highlighted

by an increase in melting temperature and stabilization of p38a and ERK1/2 in the presence of

23



132

their respective inhibitors ~“. Furthermore, CETSA has been nicely adapted for high-throughput

screens. The success of CETSA is demonstrated by growing number of publications utilizing
CETSA to identify target of small molecules'**"**,

In addition to biochemical approaches, genetic screening has been widely successful in
identifying drug targets. The ease of genetic manipulation in yeast such as S. cerevisiae has
provided the best proof-of concept in utilizing genetic screening for target identification.
Integration of chemical-genetic and genetic interaction can aid in identifying cellular targets.
Drug-induced haploinsufficient profiling (HIP) leverages the fact that decreased level of the
target gene in a heterozygous population results in increased drug sensitivity'>>. An analogous
approach, homozygous profiling (HOP) utilizes fully deleted yeast strains to identify a pathway
that small molecules act on. Single-deletion mutant that interact with small molecules can show
synthetic lethality® . The readily available yeast single deletion mutants can be treated with small
molecules and chemical-genetic profile can be generated and provide insight into the molecular

targets or pathways affected by the small molecules'*”'*®

. By screening yeast deletion library,
the genome-wide profile can be generated and analyzed to infer the drug’s target.
Complementary to the HIP/HOP approach, multicopy suppression profiling (MSP) uses
overexpression yeast strains with the idea that increasing the copy number of genes will decrease
sensitivity to small molecules'”®. Together, these yeast genetics assays provide distinct
information that can be integrated to reveal the molecular target and mechanisms of small
molecules.

Extending upon genetic-based approach in yeast, genome-wide RNAi and cDNA

libraries can be employed in mammalian system to identify drug targets. RNAi screen can be

performed to find genes that phenocopy the effect of small molecules. Alternatively, if some
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mechanistic clues are available, a more focused RNAL1 library could be used. While this approach
is powerful, genetic knockdown does not always phenocopy small molecules effect. Numerous
small molecules targeting kinases do not give the same effect as RNAi knockdown'’’.
Nonetheless, RNAi knockdown can still validate the target of small molecules. Similar to the
idea of a HIP assay, reducing the copy number of target gene with RNAi can render cells more
sensitive to small molecules. For example, Sato et al showed knockdown of prohibitin leads to
increased sensitivity of cells to aurilide'*’, Castoreno et al discovered small molecule inhibitors
that target rho signaling in cytokinesis by partially reducing the amount of Rho GTPase available
using RNAi'*". The authors further showed the specificity of the targets when overexpression
renders cells resistant to the small molecule. Analogous to MSP in yeast, overexpression of
target genes using cDNA library could aid in validating small molecule target.

Rounding up the orthogonal approach to identify drug targets, it would be remiss to
exclude the powerful tools of bioinformatics. Connectivity map project is a database that stores
gene expression profiles from cultured human cells treated with small molecules'*.
Transcriptional profiles derived from molecules perturbing the same pathway is likely to be
similar. Another bioinformatics approach, CSNAP (Chemical Similarity Network Analysis

143

Pulldown), utilizes chemical similarity network to infer drug target ™. List of databases,

methods, and applications can be found in here'*,
In silico probe development and drug design

Over the last decade, there has been an increasing growth in computational (in silico)
approach to drug and probe discovery. In silico approach uses algorithms and softwares to store
biological data and then create simulations and predictions to advance drug discovery.

Computational drug discovery relies on the availability of structures of the target proteins. The

25



structure serves as the reference point for virtual drug screenings using various algorithms'*. If
the structure is not available, a homology model can be created from closely related homologs.
Some of the specific methods currently being used to design and discover probe include
databases of previously characterized drugs, quantitative-structure activity relationship (QSAR),
molecular modeling/docking, machine learning, data mining, and network analysis'**'**!¥’.
While a lot of improvements have been made towards a better in silico drug design and
discovery, these improvements are often not enough to replace the experimental approaches.
Nonetheless, in silico methods could serve as alternative and complementary approaches to

experimental drug discovery. The tremendous ongoing development in the field could only add

to the sophisticated toolbox for scientists to develop chemical tools to study protein functions.
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Concluding remarks

Looking forward, we anticipate mitochondria to grow as an attractive drug target. There
are still a lot of unknowns within the mitochondria and the HTS approach, developing probes to
study mitochondrial functions will lead to many great biological discoveries. Here, we outlined
the different methods to set up and follow up on hits for both target-based and phenotypic-based
screens, and highlighted a number of successful screens. In the near future, recently developed
genome editing technologies (TALEN, ZFN, CRISPR) provide an exciting avenue to advance
HTS technologies. While increasing assay system and complexity increased biological relevance,
it also comes with decreased throughput and mechanism of action improvements. Nonetheless, at
the end, multifaceted approaches will complement each other to ultimately increase our

understanding of the fundamental biology and provide basis to develop therapeutics.
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Figure 1'%

. Pathways of protein import into mitochondria. (A) Outer membrane, B-barrel
proteins are imported and inserted to the OM by the SAM complex. (B) IMS-targeted proteins
are typically cysteine-rich proteins that import through the MIA pathway. In the IMS, the redox-
relay system involving mia40 and ervl folds proteins to their native confirmations. (C) Matrix-
targeted proteins carry N-terminal presequences that are recognized by the TOM complex. Once
they are imported across the membrane, they are passed on to the TIM23 complex. Preproteins
enter the matrix and immediately processed by MPP to produce mature proteins. IM-targeted
proteins carry both N-terminal presequences and top-transfer signals that allow for their insertion
on to the IM via the TIM23 translocon. (D) Carrier proteins are chaperoned by small TIM

proteins and delivered to the TIM22 translocon upon entry to mitochondria. TIM22 complex

inserts carrier proteins to the inner membrane.
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Figure 2. Mitochondrial proteases maintain homeostasis. Processing peptidases (yellow) are
involved in protein maturation. In the matrix, MPP and MIP cleave mitochondrial targeting
sequence (MTS) and PreP degrades MTS upon MPP cleavage. IMP functions like MPP in the
intermembrane space (IMS). AAA proteases facing the IMS and matrix degrade misfolded and
damaged proteins. HtrA/Omi protease in the IMS is upregulated in the presence of ROS.
Oligomeric proteases such as Lon and ClpXP are also involved in quality control by degrading
misfolded and damaged proteins. ClpXP has been shown to be directly involved in activation of

UPR™ in C. elegans.
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Chapter 2: Discovery and characterization of
small molecule modulators of mitochondrial
presequence-degrading protease

Introduction

An organelle found within eukaryotic cells, the mitochondrion is involved in cell
signaling,, control of cell cycle, cell death, homeostasis, metabolism, and energy
production'(Figure 1-1). A handful of proteins involved in these processes reside in the
mitochondrion. Although some proteins are synthesized inside the organelle, most mitochondrial
proteins are synthesized by ribosomes in the cytosol as preproteins®. These preproteins carry
mitochondrial targeting signal(s) (MTS) that are recognized by receptors on the surface of the
outer membrane of the mitochondrion®. Most of the time, the MTS is located on the N-terminus
of the preportein. Membrane proteins often carry internal targeting sequence that allows them to
be inserted into the membrane’. Most targeting sequences are about 20 to 60 amino acids in
length.  When the MTS is recognized by outermembrane translocases, the import of
mitochondrial-targeted proteins is initiated by passing through the pore of the Translocase of
Outer Membrane (TOM). Depending on the final destination of the protein, it can interact with
different translocation systems. The Translocase of the Inner Membrane (TIM) 23 recognizes
matrix-targeted proteins and facilitates insertion of these proteins to the matrix (Figure 1-2). The
TIM23 complex also recognizes a subset of proteins that are targeted to the inner membrane
(IM), typically those with a single transmembrane (TM) domain®. These IM-targeted proteins

are inserted in the membrane by the TIM23 complex through the recognition of the stop-transfer
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signal®. Alternatively, IM-targeted proteins with multiple TM domains are inserted through
TIM22 import pathway®. Upon successful localization, the MTS are typically cleaved by one or
multiple proteases in the respective mitochondrial compartments”® (Figure 1-2). The Matrix
Processing Peptidase (MPP) cleaves the MTS of matrix-targeted preproteins, whereas the Matrix
Intermediate Processing Peptidase (MIP) mediates an additional cleavage for a small number of
preproteins™’. For proteins that are translocated by the TIM23 complex but reside in the inner
membrane or intermembrane space, the Inner Membrane Peptidase (IMP) cleaves the precursor

8,10

after an initial cleavage by MPP™". The cleaved presequence is further degraded by

10-12 . 1
7 , wWhich is

metalloendopeptidase 1 (MP1) or also known as the presequence protease (PreP)
the subject of this study.

PreP was first identified in the mitochondrial matrix and chloroplast stroma of
Arabidopsis thaliana. This metalloprotease has been characterized as a member of pitrilysin
family, and M16 subfamily of proteases with the inverted zinc-binding domain HXXEH"'""".
Further studies show that this ATP-independent protein degrades small targeting peptides’. The
crystal structure of AtPreP suggests that this protease has a proteolytic chamber of 10,000 A’ that
is spacious enough to accommodate peptide substrates such as a cleaved MTS, but not larger
proteins, such as the preprotein'®. A model for its proteolytic mechanism has since been
proposed. The MTS is first cleaved by a processing protease such as MPP, leaving the MTS as a
small peptide. The binding peptide within the proteolytic chamber triggers a conformational
change that brings the two halves of the enzyme closer together, adapting a closed conformation.
The protein returns to its open conformation upon proteolysis to release the cleaved products'.
Additional studies suggest that PreP might be redox-regulated. It was found that when the

protein is oxidized, it loses the capability to degrade small peptides'"".
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Human PreP has been further identified as the functional analogue of human Insulin
Degrading Enzyme (IDE)'®. IDE has been implicated in Alzheimer’s disease (AD) due to its
ability to degrade amyloid-beta peptide (AB), which is believed to be one of the leading causes of
AD'""_ A collection of studies has implicated the involvement of mitochondria in AD. AB
accumulates in the neurons of transgenic mice as well as AD patients”. Inside the
mitochondrion, A3 has been shown to interact with both IM and matrix proteins. In the IM, A3
can interact with cytochrome oxidase (COX) and cyclophilin D (CypD), inhibiting their
activity’'. Additionally, AB can also bind to AB binding protein alcohol dehydrogenase (ABAD)
in the matrix®'. The interaction of AB with IM and matrix proteins leads to elevated reactive
oxygen species (ROS), which is detrimental as it causes oxidative stress and cell toxicity*'*.
Amyloid Protein Precursor (APP), the precursor of AB, has been shown to be arrested in the
TOM complex in AD patients®. Importantly, hPreP can degrade AB in vitro, which directly links
PreP and mitochondria to AD'>. While PreP’s role aside from degrading MTS remains largely
unknown, its ability to degrade A3 warrants further investigation especially since mitochondrial
dysfunction contributes to AD pathology. Decrease in proteolytic activity of PreP was found in
mitochondria of AD patients and in transgenic AD mice”. Interestingly, there is only a slight
decrease of expression of hPreP in the temporal lobe of AD and non-AD individuals®. Various
PreP single-nucleotide polymorphisms have been mapped, however there has not been any clear
genetic association linking PreP to AD**. Most recent study showed overexpression of PreP in
AD mouse model decreased AB level, improved synaptic mitochondrial function, decreased ROS
level and reduced level of inflammatory cytokines™.

To gain a better understanding of the role of mitochondria in diseases such as AD, better

tools are needed to flexibly modulate mitochondrial activity in biological model systems. In this
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study, we have identified modulators of PreP by a high throughput screening (HTS) approach
(Figure 2-1 for project overview). HTS method is chosen because of its simplicity,

d****. Small molecule inhibitors of PreP will be advantageous for

reproducibility, and spee
mechanistic studies as well modeling studies in biological systems®”~°. Small molecule inhibitors
can induce change instantly and specifically’'”>. Overall, small molecules that modulate activity
of PreP will be insightful as they can provide a basis for developing therapeutic agents. Our
hypothesis is that probes discovered through this study will be important for altering regulated

proteolysis in vivo and understanding the role of PreP in mitochondrial function in general and in

AD. Here we present the methodologies and initial results from our study.
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Results

Development of a robust assay to measure activity of PreP

To discover novel modulators to study mitochondrial proteolysis, we developed an in
vitro assay to measure activity of PreP (Figure 2-1). The enzyme assay is composed of
recombinant His-tagged PreP and a fluorogenic peptide. We utilized an intra-molecularly
quenched peptide (MCA-RRQFKVVTRSQ-JPT) derived from bioactive peptide, leumorphin’.
The activity of the protease can be monitored overtime by measuring increase in fluorescence as
a result of peptide cleavage. To purify recombinant PreP, PreP cDNA purchased from Open
Biosystems was subcloned into pET28a expression vector, appending 6 repeats of His on the N-
terminus (Figure 2-2). The MTS is removed in the expression construct to ensure that the protein
folds properly. Upon successful confirmation of the cloned construct by sequencing, an auto
induction method was utilized that gives robust expression of the recombinant protein, and
further allows for purification of the protein with a Co**-column (Figure 2-3)*°. The identity of
the recombinant protein was confirmed by western blot using an anti His antibody (Figure 2-4).
The activity of the protease was initially tested in a single tube assay. We titrated from 125-550
ng of PreP in a 50 pl reaction with initially 10-15 uM final peptide concentration. Cleavage of
the peptide by recombinant PreP resulted in increased fluorescence count, which was monitored
over time Specifically, PreP degraded the peptide in a concentration dependent manner.
Moreover, when PreP was chelated with1,10 o-phenanthroline and EDTA (Figure 3-1A), the
protein is no longer able to cleave peptide (Figure 3-1A). Other parameters were also tested to
optimize the assay for HTS. Assay optimization included testing buffers like HEPES and

phosphate, determining the right protein and substrate concentrations, and testing the effect of
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metals, DMSO tolerance, automation, and measuring Z’ of the assay (Figure 3-1A-G). PreP
activity also was not altered when the protein was frozen and thawed (Data not shown).
Furthermore, we found PreP is not inhibited by general protease inhibitors such as iodoacetamide
(IAA) - an inhibitor of cysteine peptidases, phenylmethanesulfonylfluoride (PMSF) - inhibitor of
serine proteases, soybean trypsin inhibitor (STI)- an inhibitor of trypsin. Chymostatin leupeptin,
and pepstain protease inhibitors cocktail also did not significantly inhibit the proteolytic activity
(Figure 3-2), suggesting that we would be able to find a novel inhibitor of PreP.

Prior to generating enough quantity of PreP to carry out HTS, we established that the assay is
suitable for HTS. To this end, a statistical parameter was measured. Pre-pilot experiments gave a
Z-prime (Z’) value of 0.7, indicating a good HTS assay quality. The Z’ is a statistical measure of
the ratio between signal and background in the assay where a Z *> 0.5 indicates a good quality
assay>'. We also took into account that drugs in the library are delivered in DMSO vehicle,
giving 2% final DMSO in the assay and tested if this inhibits proteolytic activity. Activity was
not inhibited by 2% DMSO (Figure 3-1E). Another consideration in high-throughput adaptation
is the way in which the reagents are dispensed or delivered. Initial validation experiments
demonstrated that automated dispensing of both protein and peptide using the liquid handling

system did not affect the activity of the protein (Figure 3-1F).

High-throughput screen for modulators of PreP

During HTS, the activity assay was integrated with a robotic screening platform where
each step was automated and tightly coordinated to provide maximum reproducibility. Prior to
extensive screening runs, we performed a pilot screen in which known small molecules inhibitors

from the biomol library (comprised of 600 small molecules) were screened for both inhibitors
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and activators of PreP. Fluorescence counts were measured prior to the start of the reaction,
which is initiated by fluorogenic peptide addition, and 20-30 minutes after the peptide is added.
We expect that inhibitor of PreP will give a fluorescent count that is comparable or even lower
than the control wells (PreP chelated with 2 mM EDTA and 0.5 mM o-phenanthroline). On the
other hand, an activator of PreP will enhance cleavage of substrate and gives a fluorescent count
that is higher than vehicle (DMSO) treated control. The data obtained from the screen was
analyzed using an algorithm courtesy of Dr. Samuel Hasson, allowing us to identify hits for
potential inhibitors and activators. Additionally, the quality of pilot screen plates demonstrated a
favorable Z’ score of >0.5. Due to the small size of molecules screened during the pilot round,
we were able to measure fluorescence every 15 minutes (Fig 4-1A-C). Nonetheless, this was not
the case of the rest of the libraries screened. The pilot screen gave a hit for a potential inhibitor,
dichlorobenzamil (Figure 4-1C). We proceeded to purchase dicholorobenzamil from a chemical
vendor; unfortunately, the inhibitory effect of dichlorobenzamil was not confirmed (Figure 4-2).
This further stress the importance of confirming the hits obtained from the screen. Small
molecules on a plate could get degraded or oxidized over time. Other variations such as lot
number, purify differences, and many others could lead to irreproducible result.

Following successful pilot screen, we continued with our search to discover small molecule
modulators of PreP from various libraries available at MSSR (Table I). Conversion of raw data
to table format aided in data analysis (Fig 4-3). Furthermore, we analyzed the robustness of the
assay during the screen my monitoring z’ value of each plate. Plates with z” values less than 0.5
were repeated. For in depth data analysis, we sorted our hits according to its % survival,
indicating the % activity remaining in the presence of small molecule (Figure 4-4). The %

survival value was normalized to DMSO-treated PreP (100%) and chelators-treated PreP (0%).
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We marked compounds that inhibited PreP by 70% (30% survival) as hits. Our first screen of
88,000 small molecules gave a hit rate of 0.48% (Table 2-1). 464 compounds that were marked
as hits were then cherry-picked onto a clear plate for secondary screens. Our second round

40,000 molecules screen, carried out 2 years later, gave us a hit rate of 0.67% (Table 2-2).

Counter-screen eliminates hits that non-specific to PreP

To ensure that the hits are specific for PreP, two counter-screens were conducted. The
first counter-screen was against human Insulin-degrading enzyme (IDE) and the second one was
against yeast matrix processing peptidase (MPP).

Insulin-degrading enzyme (IDE) was selected for its similarities to PreP with respect to
structure, catalysis, and substrate. IDE belongs in the M16A family of metalloproteases with
HxxEH inverted zinc binding domain®. The M16 family of proteins is comprised of two halves,
about 50-55 kDa each. The two domains (N and C domains) are connected by a short loop in
MI16A proteins and an extended helical loop in M16C proteins'®. IDE-N and IDE-C are
connected by a 28 residues loop whereas a 65 residues extended helical hairpin connects PreP-N
and PreP-C. For both proteins, The HxxEH motif is located in the N domain with where zinc ion
is coordinated to two conserved histidines and glutamate residues. The N and C domains of both
PreP and IDE form an enclosed catalytic chamber of 13,000 and 16,000 A’ respectively35’36.
Structural studies have provided insight into substrate selectivity of both proteins. IDE and PreP
are both able to degrade peptides up to 70 amino acids in length. Both proteins select their
substrates based on size, shape and charge distribution. Additionally, both IDE and PreP are able

7,13,18,37

to degrade amyloid-beta (AP) peptide . Furthermore, it has been shown that a second

initiation site creates an IDE isoform that localizes to mitochondria'®. Due to the high degree of
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similarities between PreP and IDE, we believe that IDE would be a good candidate for counter-
screen against PreP hits.

To perform a counter-screen using IDE, we cloned full-length human IDE into pET28a
expression vector’’. The His¢-tagged IDE was expressed in E. coli and purified by affinity
purification (Figure 4-5). Since IDE shares similar substrate preference as PreP, we hypothesize
IDE will also be able to degrade the same leumorphin fluorescence peptide that we used for the
screen. To this end, we tested IDE activity with leumorphin substrate. IDE is able to degrade
leumorphin peptide, but IDE is less efficient than PreP. The cleavage assay with IDE gave a z’ of
0.7, indicating that this assay is suitable for high-throughput screening. We also determined that
the liquid handler, and freeze-thaw cycle do not affect activity of the protease (data not shown).
Cherry-picked hits were then screened against IDE. None of the molecules that were marked as
hits from the first round of screening inhibited activity of IDE to degrade leumorphin peptide
(Figure 4-6). From the second round of screening with LS libraries, 8 molecules were found to
inhibit both IDE and PreP (Table 2-1 and 2-2, appendix A and B).

During the IDE counterscreen, a parallel screen of 100,000 small molecules to identify
modulators of MPP were ongoing and conducted by Colin Douglas. Similar to PreP and IDE,

MPP is a M16 protein with HxxEH inverted zinc binding motif**”

. MPP is comprised of a and 3
subunit, about 50 kDa each'’. Unlike PreP and IDE, MPP lacks a linker region that connects the
two halves®. Hits from MPP screen were cross-referenced with hits from PreP screen. There

were a few molecules that overlap and inhibit both MPP and PreP (Table 2-1 and 2-2, appendix

A and B).

49



Hits belong in different chemical scaffold and display diverse
characteristics

Following successful counter-screen, the hits’ chemical structures were analyzed and
organized into different groups based on their structures similarities. Table III and appendix C
display hits from LS library screen with over 10 different scaffolds of small molecules that
inhibited PreP activity. The compounds that exhibit the lowest % survival from each scaffold
group were purchased in powder form.

Our initial characterization began with determining the drug concentration at which PreP
activity is inhibited by 50% (ICsy analysis). We also confirmed the inhibitory effects of the hits
on PreP by measuring PreP’s ability to degrade of presequence of subunit 9 of ATP synthase
from neurospora crassa (su9-DHFR) and fluorescently-labeled amyloid-beta peptide (FAM-AP).
General mitochondrial functions were also examined. From past small molecule screening
projects, small molecules that non-specifically permeabilize mitochondrial membrane often
present themselves as hits. To this end, an assay to monitor the intactness of mitochondrial
membrane was developed. Additionally, because PreP ablation in cells does not affect
respiration, compounds that uncouple mitochondria and impair respiration are likely false-
positive hits.

To determine whether our hits uncouple mitochondria or impair respiration, we employed
a battery of secondary assays. First was using clark-type oxygen electrode to measure rate of
oxygen consumption in isolated mitochondria. By measuring the rate of oxygen consumption, we
were able to determine whether compounds uncouple mitochondria or inhibit respiration.
Compounds that behave like a known mitochondrial uncoupler would display an increased in the

rate of oxygen consumption greater than that of basal respiration level (NADH) whereas
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compounds that inhibit respiration would prevent oxygen from being consumed. This assay was
also complemented by a fluorescence based assay in which a potentiometric dye, 3,3’-
Dipropylthiadicarbocyanide lodide (DISC;(5)), was used to measure level of coupling in
mitochondria. DISC3(5) accumulates in hyperpolarized membrane and is translocated into the
lipid bilayer where its fluorescence is quenched. As such, in polarized mitochondria, DISC;(5)
fluorescence, is low, however, when mitochondria is depolarized by uncoupler such as carbonyl
cyanide m-chlorophenyl hydrazine (CCCP), DISC;(5) fluorescence is high. Compounds that
uncouple mitochondria will give high fluorescence measurement in DISCs(5) assay.
Nonetheless, the DISCs(5) assay might not be suitable for compounds that absort or emit at the
same excitation and emission wavelength as the potentiometric dye. Additionally, compounds
that react non-specifically with the dye could give a false positive or negative output.
Furthermore, we utilized another potentiometric dye, MitoTracker Red CMXROS to visualize
whether compounds uncouple mitochondria. This particular dye also allows us to monitor
mitochondrial morphology by microscopy and determine if there is a change in mitochondrial
morphology when cells are cultured in the presence of small molecules.

Following our assays to measure compound potency, membrane intactness, and
respiration, we determined whether the small molecules inhibited protein import into
mitochondria. Furthermore, structurally similar compounds were purchased to gain more insight
into the mechanism of action of the inhibitors. SAR compounds will aid in determining the
specific functional groups important for inhibition and further in improving the efficacy of the
compound. The characterization of T057 is highlighted below and the detailed characterization

of MitoBlock-60 is highlighted in chapter 3.
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TO057 is a tetrahydroisoquinoline derivative that displays unique
characteristics

T057 is a 2-[3-(1H-pyrrol-1-yl)benzoyl]-1,2,3,4-tetrahydroisoquinoline-3-carboxamide
identified from the Enamine library (Figure 5-1A). T057 ICsy using leumorphin peptide as a
substrate in the in vitro fluorescence activity was 3.8 uM. The inhibitory effect of TO57 was also
confirmed using fluorescently labeled AP peptide (Figure 5-1 B,C). TO57 does not permeabilize
mitochondria as most proteins remained in the mitochondrial (pellet) fraction compared to
MitoBloCK-2, which is known to permeabilize mitochondrial membrane (Figure 5-2).
Furthermore, TO57 does not impair respiration or uncouple mitochondria. The rate of oxygen
consumption in isolated yeast mitochondria treated with 100 pM TO057 is comparable to NADH,
which measures basal rate of oxygen consumption (Figure 5-3A). Using a potentiometric probe,
we confirmed T057 does not behave like a mitochondrial uncoupler, CCCP (Figure 5-3B).
Because PreP is downstream of MPP, and it might play a role in protein translocation and
maturation®. We tested if inactivation of PreP by TO057 affects translocation of nuclearly-
encoded mitochondrial proteins. We tested a subset of precursors that localize to different
mitochondrial compartments and utilize distinct translocation machineries for their imports:
Tom40 (outer membrane — TOM complex), AAC (inner membrane — TIM22 pathway), DDP1
(intermebrane space — MIA pathway), su9-DHFR (matrix — TIM23 pathway). Interestingly,
T057 inhibits import of all of precursors tested (Figure 5-4).

To confirm that T057 indeed bind to PreP, Drug-Affinity Responsive Target Stability
(DARTS) assay was conducted. Recombinant PreP was incubated with T057 or vehicle control
for 2 hours prior to addition of thermolysin to degrade PreP. Small molecules that bind to PreP

would induce a conformational change, therefore protecting PreP from degradation by
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thermolysin. This was found to be the case for T057. Increasing concentration of TO57 protects
PreP from degradation by thermolysin, but not IDE, a structurally similar protease, suggesting
T057 binds specifically to PreP (Figure 5-5). To determine the mechanism of action of T057, we
determined the kinetics parameters of TO057 inhibition. Fluorescence activity assay was
conducted in the presence of increasing concentration of leumorphin peptide where PreP was
inhibited at T057’s IC50 concentration, 4 uM. To convert fluorescence signal to peptide
concentration, we generated a standard curve using tryspin (Figure 5-5A). We then determine the
initial velocities of the DMSO-treated and T057-treated PreP for each peptide concentration by
taking the slope of peptide cleaved over time within the linear range of the reaction. The initial
velocities were then plotted against peptide concentrations to generate Michaelis-Menten plot
(Figure 5-5B). The Michaelis-Menten analysis suggests that TO57 does not behave like a
competitive inhibitor since the reaction with TO57 could not reach the same maximum velocity
as DMSO (0.0084 uM/s for DMSO and 0.0072 uM/s for T057). To further determine the nature
of TO57 inhibition, a lineweaver-burk plot was generated. Both Michaelis-Menten and
lineweaver-burk analyses agree that TO57 is not a competitive inhibitor (Vmax was 0.02 uM/s
for DMSO and 0.004 uM/s for T057). Moreover, since Km of the reaction changed in the
presence of inhibitor, we ruled out that TO57 is non-competitive inhibitor, which is characterized
by no change in Km. Therefore, T057 is an uncompetitive or a mixed inhibitor. Michaelis-
Menten analysis showed Km of the reaction increased in the presence of inhibitor (2.5 uM to 9.4
uM), but lineweaver-burk analysis showed the opposite where Km decreased from 20 uM to 3.3
UM in the presence of inhibitor. Additional analyses are necessary to determine the exact nature

of inhibition.
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Structure-Activity Relationship (SAR) study was carried out to further dissect the
functional groups important for inhibiton, we purchased analogs of T057 and measured activity
of PreP. Analog 592, which differs from T057 by the absence of carboxyamide group and the
replacement of pyrrole group to the para position, was able to attenuate PreP activity, albeit at a
lower efficiency compared to TO57. Analog 579 and 901 did not inhibit PreP at all. Analog 579
differs from TO057 in the presence of 2,5 dimethyl pyrrole in the para position and analog 901
lacked the pyrrole group all together (Figure 5-6). Our SAR data suggest that the carboxyamide
group is dispensable for inhibition as 592, which lacks carboxyamide group is still able to inhibit
PreP. The pyrrole group seems to play an important role in inhibition, likely forming specific
hydrophobic and hydrogen bonding interactions within a specific pocket of PreP. Addition of
two methyl groups in 579 completely abolished its inhibition, suggesting that the size of the
pyrrole group is also important for interaction and binding.

Having determined the specific mechanism of action of T057, we were interested in
understanding the implication of inhibiting PreP in cultured cells. Treatment of cultured cells
with T057 for 24 hours does not seem to affect cell viability as measured by MTT viability assay
(Figure 5-8A). This observation was surprising since T057 inhibits import of mitochondrial
proteins, which likely affects cell survival. Additionally, there was no significant change in
mitochondrial morphology when HeLa cells expressing mitochondria-targeted dsRed were

treated for 24 hours with T057 (Figure 5-8B).

54



Discussion

Utilizing an HTS platform with an in vitro assay, we sought out to discover small
molecule modulators of PreP. The goal of our HTS campaign is to validate and utilize the small
molecules discovered from the screen to tease out mechanisms and functions of PreP in
mitochondria. With over 100,000 compounds screened, we discovered diverse sets of small
molecules that attenuate activity of PreP. Our study stresses the importance of validating hits
obtained from primary screen. In our case, dichlorobenzamil came up as a hit in the pilot screen,
however, when we purchased a fresh powder of the chemical, we could not confirm the
inhibition of PreP activity.

Characterization of hits from the first round of screening suggests that most PreP
inhibitors do not permeabilize mitochondrial membrane, impair respiration and uncouple
mitochondria. In addition, the screening hits display a wide range of characteristics. For instance,
the hits from the second round of screening (LS library) represent over 10 different scaffolds that
inhibit PreP to varying extents (Table III, Appendix C). The hits from the LS library represent
the best built-in SAR studies. For instance, scaffold 2, 4, 9, and 10 have over 8 similarly
structured compounds inhibiting PreP. SAR studies using these compounds can quickly
determine which functional groups that are important for inhibition. Determining the mechanism
of action of these molecules through kinetics and structural studies would be essential to further
validate these compounds as probes.

,We characterized a few compounds extensively. Characterization of MitoBloCK-60 is
highlighted in detail in chapter 3. TO57 is a tetrahydroisoquinoline derivative found to inhibit
PreP at relatively low concentration. With an ICs of 3.8 M, SAR study would aid in improving

the efficacy of the molecule. Our preliminary SAR study suggests that the pyrrole group is
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important for inhibition while the carboxyamide group is dispensable. The fact that T057
protected PreP from proteolysis by thermolysin suggests that the presence or binding of T057
changes confirmation of PreP in solution. Additionally, our kinetics study suggests T057 is not a
competitive inhibitor of PreP, hence it does not bind in the same binding pocket as the substrate.
The conformational change induced by T057 binding could lead to an allosteric change that
causes the substrate binding pocket to be inaccessible to substrate. Complementing our kinetics
study with biophysical approach using isothermal titration calorimetry (iTC) would further
confirm our hypothesis. A co-crystal of TO57 bound to PreP would also provide insight into
T057°s mode of inhibition. A higher-throughput way of performing these assays would enhance
probe validation greatly.

From the biology standpoint, TO57 is particularly interesting as it does not permeabilize
mitochondrial membrane, uncouple mitochondria, and impair respiration, but it inhibits import of
proteins targeted to different mitochondrial compartments at high concentration. A better import
study with an extensive drug titration will give us a better idea of the specificity of import defect.
Nonetheless, it is really surprising that respiration does not seem to be impaired but import of all
proteins is essentially blocked. In the literature, tetrahydroisoquinoline derivatives are studied as
neurotoxins that could cause degradation of dopaminergic neutron in Parkinson’s disease™.
Tetrahydroisoquinoline derivatives have also been shown to bind to cell receptors such transient
receptor potential (TRP) channel and opioid channel*"**. Since some of the hits in the LS library
also block import of matrix and inner membrane protein, it would be interesting to see if these
are indeed a consequence of inactivating PreP in vivo. If that is the case, how does mitochondria

deal defect in protein import while maintaining respiration?
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In the near future, our hits could be tested on model systems such as zebrafish or mice.
Knockout of atPreP 1 and 2 has been shown to cause reduction in chlorophyll a and b, and
decreased in respiration during development™. Furthermore, PreP has also been shown to be
involved in hedgehog signaling during mouse development™. Zebrafish is an excellent model
system to study development due to the ease of manipulation and a high degree of conservation
between human and zebrafish genes®. Zebrafish could be treated with small molecules to detect
any developmental defects associated with PreP inactivation. Furthermore, there are numerous
AD mice model that could be used to validate the role of PreP in AD. Small molecule attenuators
of PreP could be injected to mice to see whether AP accumulates more when PreP is inactivated,
and to investigate the functional and phenotypic consequences of PreP inactivation.

In addition to the hits that are specific to PreP, our screen also revealed several molecules
that both inhibit MPP and PreP, but not IDE (Appendix A and B). The fact that these molecules
did not affect activity of IDE suggests that they are not inhibitors of M16 family of proteases.
These chemicals follow somewhat of a trend where a lot of them contain a quinone group or a
sulfonyl group (Appendix B). A follow up study to characterize the hits that affect MPP and
PreP could be interesting as these molecules could bind within a region that is conserved
between MPP and PreP and could be used to mechanistically dissect the binding of mitochondria
targeting sequences to these proteases. It could also be used to understand how non-cleavable
sequences bind to MPP. Similarly, compounds to attenuate activity of all three proteases
screened will be useful to highlight the conserved proteolysis within the M16 family of proteins.
A lot of these compounds contain benzyl halide, quinone, and sulfonyl functional group
(Appendix 2). Whether these functional groups specifically contribute to inhibition of M16

family of proteases require additional investigation.
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In summary, we have discovered small molecules with great potentials for use as tools to
understand the mechanisms of mitochondrial proteases. These small molecules would allow for
rapid and specific manipulations of target proteins. Complemented with multifaceted approaches
such as genetics and biochemistry, chemical biology could expand our understanding of cellular

functions.
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Materials and Methods

Cloning Human PreP/MP1 cDNA was purchased from OpenBiosystems (Accession: BC
005025). Mature PreP (amino acid 27-1036) was amplified using primers containing BamHI and
Xhol restriction sites, digested, and ligated into pET28a expression vector (Novagen). PreP
cloning was performed by Colin Douglas. Human IDE cDNA was purchased from
OpenBiosystems (Accession: BC 096336). Full-length IDE was amplified using primers
containing Notl and Xhol restriction sites, digested and ligated into pET28a expression vector
(Novagen). IDE cloning was performed with Julia Mayer in fulfillment of the requirements for
her degree of Bachelor of Science in Engineering. The sequences of all constructs were verified

by sequencing (Agencourt).

Protein Expression and Purification pET28a-containing PreP plasmid was transformed into
BL21 DE3 E. coli expression strain. PreP was expressed using auto-induction methodStarter
culture streak from a single colony was grown at 37°C overnight in ZYP-0.8G (see media
composition below) supplemented with 40 pg/mL kanamycin and 35 pg/mL chloramphenicol.
The next day, cultures were diluted 2000 fold (500 puL) to 1 L of ZYP-5052 supplemented with
40 pg/mL kanamycin and 35 pg/mL chloramphenicol and grown at 30°C for 24 hours. Following
24 hours induction, Cells were harvested by centrifugation at 7,000 x g at 4°C for 10 minutes.
Cell paste was resuspended in 0.9% NaCl for a quick wash. Following centrifugation, the
bacterial pellet was resuspended in equilibration buffer. Cells were lysed using a high-pressure
homogenizer, emulsiflex (Avestin). Cleared lysate, obtained by centrifugation at 10,000 x g at

4°C for 30 minutes, was applied to talon/cobalt metal affinity beads (Clonetech) and rotated at
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4°C for 2 hours . Beads were washed 3 times with wash buffer on a gravity-flow column. Hise-
tagged recombinant PreP was eluted with elution buffer and 1 mL fractions were collected.
Protein concentration was measured with BCA assay kit (Thermo Scientific). Most concentrated
fractions were pooled together and purified protein was stored frozen at -80°C in 20% glycerol.

IDE construct was transformed into BL21-DE3 gold E. coli expression strain. Starter culture
streak from a single colony was grown at 37°C overnight in 2YT medium supplemented with 40
pg/mL kanamycin and 15 pg/mL tetracycline. The next day, 20 mL overnight culture was
transferred to 1 L flask containing 2YT medium supplemented with 40 pg/mL kanamycin and 15
pg/mL tetracycline. Cultures were grown to OD of 0.6 at 37°C. Protein expression was induced
by addition of 1 mM Isopropyl-B-D-Thiogalactopyranoside (IPTG). Six hours post-induction,
cells were harvested and washed as described above. Cell pellet after NaCl wash was
resuspended in Ni*" lysis buffer (solution composition below). Cells were lysed with 30 minutes
incubation in lysis buffer containing 1 mg/mL lysozyme followed by sonication on ice. Cleared
lysate, obtained by centrifugation at 10,000 x g at 4°C for 30 minutes, was applied to Ni*" metal
affinity beads (Thermo) and rotated at 4°C for 2 hours. Beads were washed 3 times with wash
buffer on a gravity-flow column. Hise-tagged recombinant IDE was eluted with elution buffer
and 1 mL fractions were collected. Protein concentration was measured with BCA assay kit
(Thermo Scientific). Most concentrated fractions were pooled together and purified protein was

stored frozen at -80°C in 20% glycerol.

Media and solutions composition described in protein expression and purification PreP
Expression media: ZY (1% tryptone, 0.5% yeast extract), ZYP-0.8G (ZY, I mM MgSOs, 0.8%

glucose, 25 mM (NH4,S04, 50 mM KH,PO,, 50 mM Na,HPO,), ZYP-5052 (ZY, 1 mM MgSOs,,
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0.8% glucose, 25 mM (NH4,SO4, 50 mM KH,PO,4, 50 mM Na,HPO4 0.5% glycerol, 0.05%
glucose, 0.2% lactose), 2YT (1.6% tryptone, 1% yeast extract, 0.5% NaCl, 10 mM Tris-HCI pH
7.4). Solutions for PreP purification: Equilibration buffer (50 mM sodium phosphate pH 7.0, 300
mM NaCl), Wash buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 7.5 mM imidazole),
Elution buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 150 mM imidazole). Solutions
for IDE purification: Lysis buffer (50 mM NaH,PO4.H,O, 300 mM NaCl, 10 mM imidazole; pH
8.0), Wash buffer (50 mM NaH,PO4.H,O, 300 mM NaCl, 20 mM imidazole; pH 8.0), Elution

buffer (50 mM NaH,PO,.H,0O, 300 mM NacCl, 250 mM imidazole; pH 8.0).

High-throughput Screen (HTS) The primary screen was performed using 22 nM of
recombinant PreP in 10 mM HEPES pH 7.4, 50 mM NaCl, 0.01% BSA). A titertrek multidrop
was used to dispense 35 uL protein or protein chelated with 0.1 mM EDTA and 0.5 yM o-
phenanthroline to all wells of black 384-wells plate (GreinerBio one). 0.5 uL. of small molecules
from the 1 mM stock library or vehicle control DMSO stock (10 uM final concentration) was
then pinned to each well using a biomek FX (Beckman Coulter). Plates were incubated at 30°C
for one hour, followed by a fluorescence measurement prior to substrate addition. A titertrek
multidrop was used to dispense 15 pL of fluorogenic leumorphin peptide (MCA-
RRQFKVVTRSQ-JPT. The final concentration of substrate was 15 uM. The peptide solution
was shielded from light throughout the experiment. Following 30 minutes incubation at 30°C,
plates were read for an end-point measurement using an excitation and emission wavelength of
330 and 425 nm respectively. Screens were conducted using an automated plate scheduler to

ensure consistency across the run. Assay quality and reproducibility of each each plate was
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monitored using the statistical parameter, Z**. All plates had Z’ values greater than 0.5.
Compounds that inhibited activity by 70% were marked as potential hits. 5 pL hits were then
cherry-picked from the original plate onto a 384-well low volume, v-bottom plates. Hits were
then rescreened against PreP and counter-screened against Insulin-Degrading Enzyme (IDE).
IDE counter-screen was conducted with the help of Julia Mayer. Hits from the rescreen and
counter-screened were compared to hits from a parallel screen against Matrix Processing
Peptidase (MPP). Small molecules that inhibited PreP but not MPP and IDE were grouped
according to their chemical structure similarities. Commercially available compounds were
purchased and assayed for ICy, analyses — the concentration of small molecule required to inhibit
activity of the protein by 50%. For 1C,, analysis, serial dilution of small molecule was added into
assay plates containing protein as described above. For cleavage with amyloid-beta substrate,
intramolecularly quenched AP1-42 (Abz-
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-EDDnp) was purchased
from AnaSpec and dissolved in DMSO. 45 nM of recombinant PreP was used for cleavage assay

with amyloid-beta peptide as the substrate.

Oxygen consumption and membrane potential measurements Oxygen consumption of
isolated mitochondria were performed as described previously (cite). Briefly, = upg of
mitochondria isolated from yeast were incubated in respiration buffer with gentle stirring.
Respiration was initiated with addition of 2 mM NADH. Small molecules were added once
steady-state level was reached. As a control, mitochondria were uncoupled by addition of 20 uM
Carbonyl cyanide 4-(trifluoromethoxy) phenlhydrazone (CCCP). Slope indicates the rates of
oxygen consumption. Membrane potential measurements of purified mitochondria were
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performed with fluorescent 3,3’-Dipropylthiadicarbocyanine lodide dye DiSC3(5). 1% DMSO,
CCCP or small molecules were added to mitochondria in import buffer (. 0.2 uM of dye in
import buffer was added following 10 minutes small molecule incubation. 5 minutes later,
fluorescence was measured at excitation and emission length of 620 nm and 670 nm

respectively.

Mitochondria integrity assay 25 pg of yeast isolated mitochondria were incubated 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) the presence of varying concentration of small
molecules at 25°C for 30 minutes. Mitochondria were then pelleted by centrifugation at 8,000 x g
for 10 minutes at 4°C. Supernatant containing released proteins from mitochondria were TCA
precipitated on ice for 30 minutes. Precipitated proteins were recovered by centrifugation at
maximum speed for 15 minutes at 4°C. Both mitochondrial pellet and released proteins were
resuspended in 5x-Laemmli sample buffer (0.25 M Tris-Cl pH 6.8, 10% SDS, 30% glycerol,
0.02% bromophenol blue) with 5% p-mercaptoethanol (BME) and analyzed on SDS-PAGE.
Resulting gel were stained with coomassie blue for 30 minutes or transferred to nitrocellulose

membrane and blotted with key mitochondrial proteins.

In vitro activity assays for PreP. For amyloid-beta degradation, 0.5 uM of PreP was incubated
in DMSO or small molecule in screening buffer for 1 hour prior to addition of 10 uM
fluorescent-labeled amyloid beta, FAM- labeled amyloid beta (1-42) peptide (FAM-AB1-42)
(Anaspec). Reactions were stopped after 1 hour by adding 5x-Laemmli sample buffer. Samples

were resolved on 16% Tris-Tricine gel. Gels were visualized using a BioRad imager to detect
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FAM at 494 and 521 nm excitation and emission wavelength.
For Su9-DHFR degradation, radiolabeled precursor was generated using TNT Quick coupled
transcription translation kit (Promega). During translation, 200 nM PreP in screening buffer were
incubated with small molecule for 1 hour. To cleave targeting sequence from Su9-DHFR, 4 uM
of MPP was incubated with 5 pL of precursor for 30 minutes at 30 °C. PreP previously incubated
with drug was then added to MPP-precursor mixture. Reactions were stopped at specified time
points by adding Laemmli sample buffer. Samples were resolved on 16% Tris-Tricine gel. Gels

were fixed, dried and exposed to film.

Cell culture. HeLa or HEK293T cells were grown in DMEM (life technologies), 10% Fetal

Bovine Serum, 1% penicillin/streptomycin in humidified atmosphere with 5% CO,.

Cell Toxicology Assay. Cells were seeded at 70% confluency in 48 wells plate and treated the
next day with indicated small molecules concentrations for 24 or 48 hours. Cell viability was
measured by MTT toxicology assay (Sigma). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) solution was added for 4 hours. Formazan crystals formed
were solubilized by MTT solubilization solution. Formazan absorbance was measured at 570 nm
along with turbidity measurement at 630 nM. Cell viability was normalized to vehicle-treated

control.

Mitochondria isolation from mammalian cells. Cultured cells were grown to confluency. One
day prior to mitochondria isolation, cells were fed with fresh media. The next day, cells were

harvested and homogenized in 20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM sucrose, 2
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mg/ml BSA, and 0.5 mM PMSF (if mitochondria were not to be used for import, cells were
homogenized in the buffer above with addition of 10 mM N-ethylmaleimide (NEM) and 1 pM
MG132). Lysates were dounced with Teflon dounce or passed through 25 G needle to lyse cells.
Homogenates were centrifuged at 770 x g at 4°C for 5 minutes. Post-nuclear supernatants were
centrifuged at 10,000 x g for 10 minutes to obtain mitochondria pellets. Pellets were further
washed with homogenization buffer without BSA. Protein concentrations were measured using

BCA assay (Thermo Scientific).

Immunofluorescence. Cells were seeded on a 12-wells plate containing glass coverslips. and
treated the next day with indicated small molecules or DMSO vehicle control. Cells were fixed
in 3.7% formaldehyde for 15 minutes followed by 3 times PBS wash. For immunostaining, cells
were permeabilized in ice-cold methanol for 10 minutes after fixation. Cells were blocked in 1%
BSA for 30 minutes prior to incubation with primary antibody (in 1% BSA). Following PBS
washes, cells were incubated with secondary antibodies conjugated Alexa Fluor dyes 350, 488,
or 568 (Life Technologies). For MitoTracker Red staining, cells were incubated in 25 nM
MitoTracker Red CMXROS (Life Technologies) for 30 minutes prior to fixation. Cells were
visualized with Leica TCS SPE DMI 4000B inverted confocal microscope or Axiovert 200M
Carl Zeiss inverted microscope. Cell quantification was performed on ImageJ software (NIH)

where at least 100 cells were counted in 3 independent experiments.

Import of radiolabeled proteins into isolated yeast mitochondria. Mitochondria were purified
from yeast grown in ethanol-glycerol media as described previously. **S-labeled precursors were

synthesized using TNT Quick Coupled Transcription/Translation kits (Promega). 25 pg
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mitochondria were added to import buffer (0.6 M sorbitol, 2 mM KH,PO4, 60 mM KCI, 50 mM
HEPES-KOH, 5 mM MgCl,, 2.5 mM EDTA,5 mM L-methionine, pH 7.1) supplemented with 2
mM NADH. Once equilibrated, small molecules or DMSO vehicle control were added and
samples were incubated for 15 minutes at 25 °C. Import reactions were initiated by precursor
addition. Reaction aliquots were withdrawn at specified time points. Import was stopped by
adding cold impot buffer or 50 pg/mL trypsin. 250 pg/mL soybean trypsin inhibitor was added
following 15 minutes trypsin treatment. Mitochondria were isolated by centrifugation at 8,000 x
g at 4°C for 10 minutes. Final mitochondria pellet were dissolved in 5x Laemlli sample buffer.

Samples were resolved on SDS-PAGE. Gels were dried prior to exposure to film.

Import of radiolabeled proteins into isolated mammalian mitochondria. Mitochondria were
isolated as described above. **S-labeled precursors were synthesized using TNT Quick Coupled
Transcription/Translation kits (Promega). 10 or 20 pg mitochondria were added to import buffer
(20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM sucrose) supplemented with | mM ATP, 0.5
mM magnesium acetate, 5 mM NADH, and 20 mM sodium succinate. Once equilibrated, small
molecules or DMSO vehicle control were added and samples were incubated for additional 15
minutes at 25°C. 10-20 uL precursors were then added to initiate import. Reaction aliquots were
withdrawn at specified time points. Import was stopped by adding cold import buffer or 25
png/mL trypsin. Soybean trypsin inhibitor (50 pg/mL) was added following 15 minutes trypsin
treatment. Mitochondria were isolated by centrifugation at 12,000 x g at 4°C for 5 minutes. Final
mitochondria pellet were dissolved in 5x Laemlli sample buffer. Samples were resolved on SDS-

PAGE. Gels were dried prior to exposure to film.
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Drug Affinity Responsive Target Stability (DARTS). 1 uM (0.12 mg/mL) PreP was incubated
with small molecules in screening buffer at 4°C. Following 2 hours incubation with drug, 5
png/mL of thermolysin was added to the samples. Proteolysis was stopped after 15 minutes by
addition of 5 mM EDTA. Samples were resolved on SDS-PAGE. Gels were stained with
coomassie blue or transferred onto nitrocellulose membrane and blotted with indicated
antibodies. For in organello DARTS, 25 pg mitochondria isolated from HeLa cells were
solubilized in 20 pL solubilization buffer (composition) for 15 minutes on ice. Soluble
mitochondrial proteins were obtained by centrifugation at maximum speed for 5 mins at 4°C.
Soluble extract was incubated with small molecules for 1 hour at 4°C prior to addition of 0.25 pg
of thermolysin. Proteolysis was stopped at specified time points by addition of 5 mM EDTA.
Samples were resolved on SDS-PAGE and transferred onto nitrocellulose membrane. Membrane

was blotted with indicated mitochondrial proteins.

Kinetics Study. 22 nM of PreP was incubated with small molecules at their ICsy concentration
(4 uM for TO57) for 1 hour in screening buffer. 3, 4, 5, 7.5, 10, 15, 25, and 30 uM peptide
substrate were then added to the samples. Fluorescence was monitored over the period of 2 hours
on the FlexStation II plate reader with excitation and emission wavelength of 330 and 425 nm,
respectively. To convert RFU to uM pepide, a trypsin standard curve was generated. Tryspin was
incubated with the peptide range as indicated above. The final fluorescence counts obtained from
trypsin reactions signify maximum cleavage and hence corresponds to the amount of peptide.
Initial velocity was determined by measuring the rate of peptide cleaved over time within the
linear range of the reaction. Michaelis-Menten plot and lineweaver-burk plot were generated and

analyzed using graphpad Prism software.
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In vitro fluorescence peptide cleavage assay with mop112. Same as PreP activity assay. 22
nM of recombinant mopl12 was incubated with indicated small molecules for 1 hour prior to

addition of 15 uM fluorescent substrate.

Yeast cell survival assay. GA74 wildtype and GA74ASNQ2APDRS yeast strains were
inoculated and grown in YPEG (1% yeast extract, 2% peptone, 3% glycerol, 3% ethanol)
overnight at 30°C. The next day, cells were plated onto 96-wells plate at ODgoo of 0.02 in the
presence of varying concentrations of small molecules. The cell density (ODgo9) was measured

after 48 hours incubation at 30°C.

Peptide export. Peptide export from mitochondria assay was performed as previously described
(cite). Briefly, mitochondria peptides were synthesized in organello by incubating isolated
mitochondria is translation buffer (0.6 M sorbitol, 150 mM KCI, 15 mM K,;HPOy, 20 mM Tris-
ClpH 7.4, 12.7 mM MgSQy, 0.3% BSA, 4 mM ATP, 0.5 mM GTP, 1.13 mg/ml a-ketoglutarate,
2.33 mg/ml pyruvate kinase. 0.1 mM of all amino acids and *°S methionine for 20 minutes at
30°C. Drugs or DMSO were added during translation. Following translation, mitochondria were
pelleted and washed with buffer containing cold methionine. Mitochondria were then
resuspended in translation buffer containing drug or dmso. To allow proteolysis of non-
assembled polypeptides, samples were incubated at 37°C. Reaction aliquots were withdrawn at
specified time points and immediately centrifuged at 13,200 x g at 4°C for 4 minutes.
Supernatant containing degradation products released from mitochondria were mixed with

scintillation fluid to measure radioactivity. Mitochondria were resuspended in Laemmli sample
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buffer and mixed with scintillation fluid to measure radioactivity. The amount of peptide
exported was measured as the amount of radioactivity in supernatant fraction over the total

amount of radioactivity in supernatant and mitochondria fraction.

Miscellaneous. Mitochondrial proteins were analyzed by SDS-PAGE using a 12 or 15%

polyacrylamide gel and a Tricine-based running buffer. Proteins were detected by

immunoblotting using nitrocellulose membranes.
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Figures and Tables

Figure 1-1. The mitochondrion is a site for various cellular processes. The mitochondrion is a
double-membrane bound organelle. Various cellular processes occur inside the mitochondrion.
In the inner membrane, the electron transport chain complexes transfer accepts electrons from
reducing equivalent such as NADH and FADH, to create electrochemical gradient that can then
be used by ATP synthase to produce ATP. In the matrix, mitochondria can transcribe and
translate mtDNA that encodes for subunits of the respiratory chain complexes and tRNAs
required for translation of these proteins. On the outer membrane, fusion proteins govern
mitochondrial dynamics, which is influenced by the environment. Mitochondria are also in close

contact with the ER to ensure proper calcium signaling and phospholipid transfer.
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Figure 1-2. Import of matrix-targeted precursor to mitochondria. Mitochondrial proteins are

synthesized in the cytosol as preproteins carrying N-terminal targeting signal that target them to

mitochondria. The TOM complex recognizes the a-helical amphiphatic amino acids and drives

translocation to mitochondria. For matrix proteins, preproteins are passed on to the TIM23

complex. Once preproteins get to the matrix, the targeting signal is cleaved by MPP. Additional

cleavage by MIP might occur. For inner membrane proteins, IMP might perform additional

processing. Once targeting sequences are removed, proteins can fold and function properly. PreP

degrades the MPP and MIP-cleaved sequence to smaller peptides that are then exported to the

cytosol by ABC transporter.
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Figure 2-1. Workflow of PreP high-throughput screening project. PreP lacking the
mitochondrial-targeting sequence was first subcloned into the pET28a expression vector. Upon
successful cloning, the construct was tested for a small-scale expression. The activity of the
purified protein was then tested in a single tube activity assay with fluorogenic peptide as the
substrate. Once it was established that the protein was active, assay conditions and parameters
were optimized. HTS validation included Z’ prime, DMSO-tolerance, and automation analyses.
A pilot screen followed. A large-scale screen using the libraries available at MSSR was then
completed. Following extensive data analyses, hitlist generation, counterscreens and secondary

assays were conducted to identify and characterize hits.
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Figure 2-2. Plasmid map of PreP construct for HTS. PreP without the mitochondrial
targeting sequence (MTS) was created by PCR of PreP ¢cDNA purchased from Open Biosystems.
The insert was digested with BamHI and Xhol and subsequently subcloned into pET28a

expression vector. The sequence of the resulting clone was confirmed by sequencing.
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Figure 2-3. Robust expression and successful purification of recombinant 6X-His PreP. E.
coli overexpression strain, BL21 DE3, was transformed with the construct pCJD-6xHIS PreP
pET28a and expressed for 24 hrs using an auto-induction method (see methods). The lysate was
collected and the His-tagged PreP was purified using Co®” column. 1 ml fractions were collected
and analyzed by SDS-PAGE. The Coommasie-stained gel above indicates that the 120 kDa PreP

protein was successfully expressed and purified.
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Figure 2-4 — Western blot confirmed successful PreP purification. 2 pl of the purified PreP
from elution fractions was loaded on a 7% polyacrylamide gel. Proteins were transferred to
nitrocellulose membrane and blotted with an anti-His antibody. The identity of the expressed

recombinant protein was confirmed by this Western blot.
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Figure 3-1. HTS Assay development and optimization (A) Recombinant PreP was incubated
in assay buffer prior to addition of fluorogenic peptide. PreP cleavage of fluorogenic peptide
follows Michaelis-Menten kinetics. Other assay conditions were tested to create a robust assay.
These includes buffer composition (B), peptide concentration (C) metal level (D), DMSO

tolerance (E), automation (F), and a Z’ analysis (G).
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Figure 3-2. General protease inhibitors do not inhibit PreP activity. The PreP activity assay
was carried out in the presence of commercially available protease inhibitors. PMSF, IAA, and

STI do not alter PreP protease activity.
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Figure 4-1. Pilot screen result. (A) Scatter plots of control wells from biomol lipid (left) and
biomol enzyme (right) library. DMSO (vehicle) treated WT PreP gave an average reading of 6 x
10° RFU and DMSO treated chelated PreP control gave an average reading of 3 x 10° RFU (data
not shown). (B) Scatter plots of the end point fluorescence reading (20 minutes after peptide
addition) from each drug-treated well (C) Time plots of fluorescence measurement. No
compound was identified as a hit from the Biomol Lipid library whereas 1 compound was

marked as a hit from the Biomol enzyme library (arrow).
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Figure 4-2. Dichlorobenzamil does not inhibit PreP (A) The activity assay was performed to
measure the inhibitory effect of dichlorobenzamil purchased from chemical vendor (B) Rate of

reactions remained similar between small molecule (dichlorobenzamil) and vehicle (DMSO)-

treated PreP.

80



—

OEGTTEG

| TIPY98  BISZET6 990008
|6SE7969 | BLIVI9B  OLTYVLS

SLYBYEL

690 21035 7
YEYB6LTT 1023u0) “§aN W0y 05, 0T+
ETTOSYE 1023u0) “Fan wosy 05,01~
ETPLSY “N3Q pIepuels 103U0) annedan
PSEVZIR 38esany |01u0) annedaN
[4330) a PJEPUEIS [0.2U0D 3ND|5O4
BE67SST aesany 02U0D 3NISO4

:siskjeuy jonuod

BS6TBES

6LTYOBE

SIVE8L

IVTVIES

SEBLYTE

SS66TV8

| LLTESYR | 0OSBIVL

| sp1L016

110058 |

SS65158

| voET698 | [eT19118
|e8z676 | 6720516
|6VYSTER | SLLTEBL | ETSTVSE
£108676 9810758 | SVESSI6

VL1T669  PLTEIIR  VITVSVL



Figure 4-3. Data processing sample. Fluorescence raw data of plate 92 from the UCLA library
(Chembridge) was converted into a table format to aid in data analysis by VBA algorithm written
by Dr. Samuel Hasson. Z’ score indicates successful assay. Light green cells are DMSO-treated
well. Yellow cells are for chelated-PreP wells. Red and dark green colored wells marked

compounds whose measurements differ from controls by +/- 3 SD.
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Well

1 Reading 0 % Survival 0
66
67
68
69
70
71 Sample 4588743 8124354 467413 12798484 3450223
72 |Go3 92G03  Sample 4649805 8124354 467413 12798484 3450223 313579 98 38
73 [H14 92H14  Sample 5338373 8124354 467413 12798484 3450223 319212 99 50
74 | A0S 92405  Sample 5344537 8124354 467413 12798484 3450223 320219 100 50
75 |M13 92M13  Sample 5381958 8124354 467413 12798484 3450223 319243 99 51
76 |AD4 92404  Sample 5562478 8124354 467413 12798484 3450223 320161 100 54
77 |HO3 92H03  Sample 5578865 8124354 467413 12798484 3450223 334386 104 54
78 |L04 92L04  Sample 5993806 8124354 467413 12798484 3450223 318698 99 62
79 |Mm18 92M18  Sample 6076314 8124354 467413 12798484 3450223 323981 101 63
80 [J21 92421 Sample 6156323 8124354 467413 12798484 3450223 318555 99 65
81 |G05 92G05  Sample 6181917 8124354 467413 12798484 3450223 322081 100 65
Well
1 Reading 0 % Survival 0
365 [E17 %2E17  Sample 9098625 8124354 467413 12798484 3450223 335769 105 117
366 |A18 92418 Sample 9107145 8124354 467413 12798484 3450223 320822 100 118
367 |D15 92D15  Sample 9129709 8124354 467413 12798484 3450223 321736 100 118
368 |P12 92P12  Sample 9132518 8124354 467413 12798484 3450223 325815 101 118
369 |D16 92D16  Sample 9134389 8124354 467413 12798484 3450223 324545 101 118
370 |c1 92C11 Sample 9150229 8124354 467413 12798484 3450223 323572 101 118
371 [E15 M2E15  Sample 9178183 8124354 467413 12798484 3450223 319839 100 119
372 |An 92A11 Sample 9185348 8124354 467413 12798484 3450223 318088 99 119
373 |B20 92820  Sample 9201838 8124354 467413 12798484 3450223 323310 101 119
374 |A22 92A22  Sample 9244630 8124354 467413 12798484 3450223 317313 99 120
375 |B16 92816  Sample 9272186 8124354 467413 12798484 3450223 324529 101 121
376 |c13 92C13  Sample 9279288 8124354 467413 12798484 3450223 323091 101 121
377 |B18 92818  Sample 9290606 8124354 467413 12798484 3450223 321532 100 121
378 |A13 92A13  Sample 9298013 8124354 467413 12798484 3450223 319570 99 121
379 |P22 92P22  Sample 9311930 8124354 467413 12798484 3450223 327107 102 121
380 |P20 92P20  Sample 9330667 8124354 467413 12798484 3450223 319264 99 122
381 |P18 92P18  Sample 9350350 8124354 467413 12798484 3450223 331834 103 122
382 |A21 92A21  Sample 9455890 8124354 467413 12798484 3450223 320095 100 124
383 |E14 "™2E14  Sample 9555976 8124354 467413 12798484 3450223 513 126
384 |F20 92F20  Sample 12258662 8124354 467413 12798484 3450223 1952 174
385 |41 92411 Sample 15625583 8124354 467413 12798484 3450223 3592 235
2We

Figure 4-4. Data analyses to mark compounds that inhibited and enhanced PreP activity. Sample
data analyses from plate 92 of the UCLA library. Data were sorted by well readings, well types
and % survival. Red-colored cells mark compounds that decreased fluorescence reading by 70%
(lower than 30% survival). Light green-colored cells mark compounds that increase fluorescence
by 20% (120% and up % survival). Well reading 0 gives fluorescence values prior to peptide
addition. % survival 0 normalizes well reading 0 value to that of DMSO vehicle. % survival 0

higher than 100% indicates small molecules that are intrinsically fluorescence.
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Figure 4-5. IDE expression and purification. £. coli overexpression strain, BL21 DE3, was
transformed with the 6x-His-IDE construct. Expression was induced by addition of 1 mM IPTG.
Six hours post-induction, lysate was collected and His-tagged IDE was purified using Ni*'
column. 1 ml fractions were collected and analyzed by SDS-PAGE. The ponceau-stained gel

above indicates IDE was robustly expressed and purified.
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IDE counterscreen well readings
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Figure 4-6. Representative data for IDE counterscreen. Cherry picked compounds were

pinned on plates containing wildtype or chelated IDE. Leumorphin peptide was used for the

counterscreen as described previously.
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Figure 5-1. TOS7 attenuates activity of PreP in vitro. (A) T057 is a 2-[3-(1H-pyrrol-1-
yl)benzoyl]-1,2,3,4-tetrahydroisoquinoline-3-carboxamidetetrahydroquinoline. (B) T057 has a
relative ICsp of 3.8 uM in the in vitro activity assay with leumorphin peptide. (C) Presence of 10
uM TO57 prevents PreP to degrade fluorescently-labeled AP. (D) TO57 stabilizes su9 derived
from MPP-cleaved su9-DHFR (D) FAM-labeled AP was added to recombinant PreP that has

been incubated with DMSO vehicle or increasing concentration of TO057. Presence of
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Figure 5-2. T057 does not permeabilize mitochondria. Isolated yeast mitochondria were
incubated with TO57 or DMSO and MitoBloCK-2 as controls for 30 minutes. Mitochondria were
separated from released proteins by centrifugation. Supernatant were precipitated with 5%
tricholoroacetic acid (TCA). Supernatant and pellet fractions were loaded on SDS-PAGE. Gel

was stained with coommassie blue to visualize proteins.
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Figure 5-3. T057 does not impair respiration and uncouple mitochondria. (A) Respiration in
isolated mitochondria was measured using Clark-type oxygen electrode. Respiration was
initiated by addition of NADH. Rate of oxygen consumption was measured by taking the the
slope of oxygen consumed over time. CCCP was used as a positive control for mitochondrial
uncoupler. (B) Mitochondria were incubated import buffer in the presence of T057 for 15
minutes prior to addition of DISC;(5) dye. DMSO and FCCP were used as controls. DISC;(5)

fluorescence was measured 5 minutes after dye was added.
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Figure 5-4. T057 inhibits import of mitochondrial proteins. Mitochondria purified from HeLa
cells were incubated with DMSO, drug, or CCCP for 15 minutes prior. Import was initiated by
adding (A) outer membrane-targeted precursor, TOM40 (B) Inner membrane-targeted precursor,
AAC (C) intermembrane space-targeted precursor DDP1 (D) and matrix-targeted precursor, su9-
DHFR. Reaction aliquots were withdrawn at specified time points. Import was stopped by

addition of trypsin. Reactions were analyzed on SDS-PAGE and visualized by autoradiography.
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Figure 5-5. T0S7 protects PreP but not IDE from degradation by thermolysin. DARTS
assay. Recombinant PreP was incubated in DMSO or T057 for 2 hours prior to addition of
thermolysin for 15 minutes. Reactions were stopped by addition of EDTA and laemmli sample

buffer. Samples were loaded on SDS-PAGE and stained with coomassie blue (A) or blotted with
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Figure 5-6. T057 is an uncompetitive or a mixed inhibitor. (A) Trypsin standard curve was
generated to convert fluorescence to uM peptide. (B) Plot of initial velocity versus substrate
concentration allowed for measurement of Michaelis-Menten kinetics parameters. (C) Double-
reciprocal plot of Michaelis-Menten results in lineweaver-burk plot. The kinetic parameters of
Michaelis-Menten and lineweaver-burk analyses did not complement each other, thus we can

only conclude that T057 is not a competitive or noncompetitive inhibitor.
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Figure 5-7. Structure-Activity Relationship (SAR) study of TO057. In vitro fluorescence
activity assay (leumorphin peptide) with TO57 analogs. Analog 579 and 901 does not inhibit
activity of PreP at 10 uM whereas analog 572 inhibits PreP at lower concentration compared to

that of TO57.
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Figure 5-8. TO057 treatment in cultured cells does not affect viability and impair
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mitochondrial morphology. (A) HeLa cells were treated with varying concentration of T057 for
24 hours. Cell viability was measured as normalized % of MTT reduction where DMSO-treated
cells were set as 100%. (B) HeLa cells expressing mitochondria-targeted dsRed were treated
with small molecule or vehicle control for 24 hours. Mitochondria morphology visualized by

microscopy on the texas red channel.



Table I. Chemical libraries screened at UCLA Molecular Screening Shared Resources

(MSSR)
Library name # of molecules Description
Biomol 640 Known inhibitors, bioactive lipid
PW 1280 Preswick chemicals FDA-approved collection
UCLA 29760 Chembridge collection
TAR 8640 Asinex targeted set
DL 19840 Asinex diversity set
SS 2560 Asinex synergy set
ESI 1920 Asinex emerald set
MS 2240 Microsource collection
NIH 640 NIH collection
EAM 20480 Enamine collection
LS 40000 Life Chemicals screening set

Table 2-1. Summary of screened compounds (1* round of screening)

Inhibitors |  Inhibitors Hits Hits
Number of Inhibitors hit rate confirmed in confirmed confirmed
compounds o : after IDE after MPP
(%) rescreening .
countersreen | data analysis
Chembrige 29,760 209 0.7 118 (56.5%) 0 2 (1.69%)
Asinex 19,840 134 0.68 67 (50%) 0 1(1.49%)
Others
(focused 38,400 121 0.32 48 (40%) 0 4 (8.3%)
libraries)
Total 88,000 464 0.53 233 (48.1%) | 233 (100%) 226 (97%)

Table 2-2. Summary of screened compounds (2" round of screening)

Hits
confirmed
Inhibitors Inhibitors Hits confirmed after MPP
Number of hit rate confirmed in after IDE data
compounds | Inhibitors (%) rescreening | counterscreen analysis
Life Chemicals 40,000 271 0.6775 131 8 13
Total 40,000 271 0.6775 141 (52%) 133 (94%) 120 (91%)
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Table III. Summary of hits from LS library
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Table 4. Yeast strains used in this study

Strain Genotype Source

GA74-1A his3 leu2 ura3 trp1 ade8 ura 3 Koehler et al, 1998

his3 leu2 ura3 trp1 ade8 ura 3
GA74 ApdrbAsnq2 | pdr5A0::HIS3 snq2A0::KANMX Miyata et al, 2015
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B Overlaps hits from LS library
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Chapter 3: Small molecule modulator reveals
the role of presequence-degrading protease in
mitochondrial quality control pathways

Abstract

Growing evidence shows mitochondrial dysfunction plays a major role in
neurodegenerative diseases. The major shortcoming in understanding the link of mitochondria to
diseases is that dissecting the role of mitochondria in these diverse diseases is essentially
insurmountable because very few tools are available that can rapidly modulate mitochondrial
activity in biological systems such as yeast, worms, fish, mouse and cultured cells. Presequence
protease (PreP) degrades mitochondrial targeting sequences, after cleavage by matrix processing
peptidase (MPP), as well as other small bioactive peptides including amyloid-beta (Af) peptide.
Here, we describe the discovery and characterization of MitoBloCK-60, a novel inhibitor of
presequence protease (PreP). X-ray crystallography, light scattering, and mass spectrometry
analyses reveal key bindings and specificity determinants of MB-60. Two MB-60 molecules
bind hydrophobic pockets distal to the catalytic zinc ion and shift the equilibrium of PreP to the
closed, inactive confirmation. Using MB-60 as a functional probe, we showed PreP inactivation
triggers mitophagy under stress. Our study revealed a previously uncharacterized involvement of

PreP in mitochondrial stress and quality control pathway.
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Introduction

Proper mitochondrial function contributes to cellular integrity and health. Assembly and
biogenesis of mitochondria require coordinated protein import and proteolysis pathways. Aside
from the 13 proteins encoded by mitochondrial DNA, over 1000 mitochondrial proteins are
nuclearly-encoded and synthesized in the cytosol'. These proteins typically carry mitochondrial-
targeting sequences (MTS) at the N-terminus that are recognized by mitochondrial translocation
machineries'. During translocation, MTS are removed to ensure proper protein folding. Matrix
processing peptidase (MPP) cleaves MTS on matrix-targeted proteins®. Presequence protease
(PreP) further degrades MTS in the matrix>. PreP is an ATP-independent, zinc-binding protease
belonging the in M16 family of proteases, which includes MPP and insulin degrading enzyme
(IDE)*’. These proteases degrade peptides based on size and charge distribution that allow them
to enter their catalytic chambers. The degraded peptides are exported to the cytosol. Synthetic
presequence has been shown to inhibit protein import to mitochondria, implicating the crucial
role of PreP in ensuring mitochondrial homeostasis®’. Additionally, studies in yeast suggest PreP
is necessary for survival under stress condition®. Studies on mitochondrial unfolded response
(UPR™) also implicate the possible role of PreP in this pathway”'’.

Several line of evidence has implicated role of PreP in Alzheimer’s Disease (AD). PreP
can degrade several amyloid-beta (AP) variants generated from amyloid-precursor protein (APP)
processing by B and y secretases''. In addition, AP has been found mitochondria of AD patients
post mortem'>">. APP and A localization in mitochondria requires TOMM40 import channel'.
In AD patients, the decline activity of PreP has been reported and mitochondrial AP

. . . . . . . . 15.16
accumulation impairs respiration and increases level of reactive oxygen species (ROS) ™.
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However, APP traffics through the secretory system and typically found in the plasma membrane

and extracellular matrix'"!®

. Thus, the mechanism by which A traffics to mitochondria requires
additional support.

To characterize PreP activity in vivo, we conducted a small molecule screen to identify
modulators of PreP. Here, we report characterization of a specific inhibitor, MitoBloCK-60.
Structural studies revealed an unexpected binding mechanism wherein two molecules bind
within the substrate recognition exosite of PreP. However, attempts to trap stabilized AP in
mitochondria were not successful, even though several approaches were repeated as described in

16,17

the literature Instead, we propose that inactivation of PreP contributes to activation of

mitochondrial stress pathways and induction of mitophagy via the Pink1-Parkin pathway.
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Results

A chemical screen to identify inhibitors of PreP proteolytic activity

To identify small molecules that attenuate PreP, we developed an in vitro assay to
monitor PreP proteolytic activity'’. Recombinant PreP was purified and PreP activity was
confirmed using an intra-molecularly quenched peptide, designed around a cleavage site of
leumorphin, which mimics MTS. Proteolysis ability of PreP was monitored by increased in
fluorescence of the MCA-RRQFKVVTRSQ-JPT peptide. The assay was validated for high-
throughput screen (HTS) and miniaturized to 384 well format, and a chemical screen was
conducted using an integrated robotic system. A total of 88,000 drug-like small molecules from
diverse set of libraries were screened at 10 uM for inhibition of PreP activity. Briefly,
recombinant PreP and PreP chelated with EDTA and o-phenanthroline dispensed, followed by
compound pinning into assay wells. DMSO vehicle was pinned into columns of wells containing
PreP and chelated PreP as negative and positive controls, respectively. Incubation of the pinned
compounds with PreP for 1 hr was followed by an initial fluorescence measurement.
Compounds with autofluorescence were noted and eliminated. The reaction was initiated by
addition of 15 uM substrate. After 30 min, the reaction was in the linear kinetic range and a high
signal-to-noise ratio was achieved. Fluorescence intensity was measured again, and reactions
that were inhibited by more than 70% were picked as potential PreP inhibitors and selected for
secondary analysis (Supplementary Fig 1, Supplementary Table 1A, 1B). In total, 233
primary candidates were identified (Supplementary Table 2). 250 plates were processed with a

7’ greater than 0.6 across the screen, indicating that the screen was consistent and robust.
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To eliminate false positives, two counter-screens were developed to test whether the
small molecules specifically inhibited PreP. Similar fluorescent screens were established for
additional M16 metalloproteases, insulin degrading enzyme (IDE) and the mitochondrial
processing peptidase (MPP). Small molecules that selectively inhibited PreP were considered
for additional characterization (~226 compounds) and designated as mitochondrial protein import
blockers from the Carla Koehler lab (MitoBloCK) compounds based on their potential to inhibit
PreP activity. Of the potential “lead” inhibitors, 12 were initially characterized and MitoBloCK-

60 (MB-60) was chosen for additional analysis (Fig. 1a).

MB-60 inhibits PreP activity in vitro

MB-60 is  1-(diphenylmethyl)-4-(3-methyl-4-nitrobenzoyl)piperazine  from  the
Chembridge library (Fig. 1a). Upon reordering, MB-60 showed the same PreP inhibitory
activity as the original aliquot from the pinned library. The inhibitory concentration at which
PreP degradation activity was reduced by 50% (ICsp) for MB-60 in the cleavage assay with the
leumorphin substrate was 0.49 puM (Fig. 1b). A similar test was conducted with an
intramolecularly quenched AB(1-42) peptide and the ICso was 0.21 uM (Fig. 1¢). To identify
specific properties of MB-60 that inhibit PreP activity, we purchased two small molecules with
similar structures, designated MB-60.1 and Analog 2 (Fig. 1a). We tested these compounds in
the in vitro activity assay with the leumorphin peptide (Fig. 1d,e). The ICsy of MB-60.1 and
Analog 2 with the peptide were 2.25 uM and 12.7 pM, respectively. The chemical library was
also mined to identify additional compounds that shared a similar structure (Supplementary Fig.

2). Numerous piperazine compounds were identified, some with very similar structures, but
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none of these inhibited PreP activity. Thus, the properties of MB-60 suggest that it may be a
unique inhibitor of PreP.

To confirm that MB-60 inhibited PreP activity, we tested MB-60 in two additional
formats. A construct in which the mitochondrial targeting sequence (MTS, residues 1-69) of N.
crassa subunit 9 of the ATPase was fused to DHFR (Su9-DHFR) was used as a model substrate
and a radiolabeled fusion protein was synthesized in an in vitro transcription-translation
reaction”. Su9-DHFR contains two MPP cleavage sites at 35 and 66; the construct is cleaved
efficiently by recombinant MPP and generates an MTS that can be detected in a Tris-Tricine gel
system (Fig. 2a). The addition of recombinant PreP subsequently degraded the cleaved MTS,
establishing this as an assay to gauge PreP activity. In the presence of DMSO, PreP degraded
the MTS, but the addition of MB-60 inhibited PreP activity and the MTS was stable (Fig. 2a).
We also tested the inhibitory activity of the two purchased SAR compounds, MB-60.1 and
Analog 2. However, the MTS was not readily detected on the gel, indicating that these
compounds did not effectively inhibit PreP activity (Fig. 2b). In a second assay, we also tested
PreP activity in the cleavage of fluorescent-labeled AP 1-42 peptide''(Fig. 2¢). In the presence
of the vehicle (1% DMSO), PreP cleaved AB; whereas, the addition of chelators (chel.) EDTA
and o-phenathroline inhibited PreP proteolytic activity. Varying concentrations of MB-60 also
effectively inhibited PreP activity. As a control for AP degradation, trypsin was included. Using
a different gel system, the cleaved form of AP was detected and confirmed that MB-60
effectively blocked PreP activity (Fig. 2d). In sum, MB-60 seems to be a specific inhibitor of

PreP activity, but analogs with similar structures were not effective inhibitors.
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Two MB-60 molecules together bind a hydrophobic exosite of PreP

To understand the mechanism of inhibition of MB-60, we co-crystallized MB-60 with
human PreP.. The structure of MB-60-bound PreP at 2.3 A resolution reveals an unexpected
binding mechanism of MB-60 (Fig. 3a). In the presence of MB-60, PreP exists in a closed
conformation that is nearly identical to structures of substrate-free and Afp-bound PreP
(RMSD=0.15 A and 0.31 A, respectively)’. The N- and C-terminal domains of PreP (PreP-N and
PreP-C, respectively) come together to form an enclosed catalytic chamber (Fig. 3a). Within the
catalytic chamber, two MB-60 molecules wrap around each other to make intimate interactions
to bury 313 A® and bind the hydrophobic pockets of PreP-N that is 20-30 A away from the
catalytic zinc ion (Fig. 3a, 3b). Two MB-60 molecules, MB-60-a (cyan) and MB-60-b (green),
bind distinct pockets of PreP via various contacts. The contacts bury 808 A” and 658 A* surface
between MB-60 and the catalytic chamber of PreP (Fig. 3¢, 3d). For MB-60-a, two phenyl
groups bind a hydrophobic pocket with close contacts with L60, F344, 1432, M446, L447, and
L467. The carbonyl group of MB-60-a forms hydrogen bonds with waters coordinated by the
carbonyl group of M446 and hydroxyl group of Y383. The piperazine group of MB-60-a forms
hydrogen bond with water coordinated with the side chain of Q435. The nitro group of MB-60-a
forms a hydrogen bond with the main chain of G382 and a cation-n interaction with Y383. For
MB-60-b, two phenyl groups interact with the hydrophobic pocket formed by 1337, A343, F344,
1451, and L464 while the nitro group of MB-60-b forms a salt bridge with K431. MB-60
occupies the exosite required for AB-PreP interaction, revealed by Ap-bound PreP structure’.
This explains how MB-60 prevents degradation of AP, by blocking the vital binding site AP to

PreP
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The MB-60-bound PreP structure provides the structural basis as to why the other
analogs of MB-60 are not effective inhibitors. The close interactions of PreP with both phenyl
groups of MB-60 show that the loss of one or both phenyl group(s) should profoundly affect the
affinity of MitoBloCK-60.1 and other analogs to PreP (Fig. 1a, 3b, 3¢, Supplementary Fig. 2,).
Similary, as the nitro groups of both MB-60 play critical roles in binding within the catalytic
chamber of PreP, the relocation of nitro group within the tolyl group of MB-60 (analog 2) (Fig.

1a) and the loss this nitro group (Supplementary Fig. 2) would reduce their affinity to PreP.

MB-60 allosterically induced PreP to the closed conformation to
prevent substrate binding.

Peptide substrates cannot enter the catalytic chamber of PreP in its closed state and the
transition between the open and closed conformation is required for the catalysis by PreP’. Using
small angle X-ray scattering (SAXS) analysis, we have shown that ~20% of PreP exists in the
open state while AB induces PreP to mostly closed conformation’. Thus, in addition to binding to
the hydrophobic exosite and competing with the binding of substrates, MB-60 might also limit
access for substrate binding in the catalytic chamber by inducing PreP to transition from an open
to a close confirmation. To test this hypothesis, we performed the SAXS analysis of PreP in the
absence and presence of MB-60 (Fig. 3e, Supplementary Fig. 4) The simulation of the
scattering curve reveals that the degree of dip at q range from 0.1 A to 0.15 A™ is the key
difference between the open and closed conformation of PreP (Fig. 3e). Indeed, MB-60
noticeably enhanced the degree of dip in the SAXS profile at this q range, suggesting that MB-60
shifts the equilibrium of PreP to the closed conformation in solution (Fig 3e). Consistent with
this notion, we found that the presence of MB-60 reduced the Rg value and the percentage of

PreP open state from 26% to 14% (Supplementary Fig. 4).
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We further used deuterium exchange mass spectrometry (DXMS) to probe the molecular
basis of the MB-60-induced conformational switch.
To do so, we obtained amide hydrogen/deuterium (H/D) exchange profiles of PreP alone and
PreP in presence of MB-60 (Supplementary Fig. 5) and examined the differences between these
two profiles (Supplementary Fig. 6). We found that most of the amide H/D exchanges were
unchanged (Fig. 4a). Of a few regions that have noticeable reduction in H/D exchange, the
peptides around MB-60 binding pockets are most prevalent, which include residues 349-364,
371-388, and 415-478 (Fig. 4). This supports the notion that MB-60 in solution binds the
hydrophobic pockets revealed by our MB-60-bound PreP structure. We also found regions at the
interface between PreP-N and PreP-C with reduced H/D exchange such as residues 201-213
from PreP-N and residues 703-720 from PreP-C (Fig. 4). Two additional regions at PreP-C that
have significant reduced H/D exchange are residues 890-918 and residues 929-940, which are
also nearby the interface between PreP-N and PreP-C. Our H/D exchange data suggest that the
binding of MB-60 also enhances the interaction between PreP-N and PreP-C. Together with our
SAXS study, our data strongly support the notion that MB-60 allosterically induces PreP into the
closed conformation. Our co-crystal structure shows that MB-60 only binds PreP-N and should
not bridge PreP-N and PreP-C together physically. Such allostery is likely mediated by the
change in protein dynamics of the linker joining PreP-N and PreP-C, which is postulated to
control the rigid body motion of PreP-N and PreP-C for the open-closed transition of PreP (Fig.
3a)’. Consistent with this hypothesis, we also observed reduced H/D exchange in residues 503-

522, which is a part of the PreP linker region (Fig. 4).
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MB-60 is not toxic to mitochondria or cells

Once the mechanism of PreP inhibition by MB-60 was understood, we utilized MB-60 to
probe for functions of PreP in mitochondria and in cultured cells. Small molecules may have off-
target effects in cells. Previously we have found that small molecules can dissipate the

membrane potential (A%¥) and permeabilize membranes® >

, making them unsuitable for in vivo
studies. We therefore tested MB-60 in established assays (Supplementary Fig. 7). Isolated
mitochondria were incubated in a 0.5-ml chamber of an oxygen electrode at 25°C, and
respiration was initiated with NADH. The measured oxygen consumption rate was indicative of
well-coupled mitochondria and the addition of MB-60 did not alter the oxygen consumption rate
(Supplementary Fig. 7a). Only the addition of the protonophore CCCP resulted in a drastic
increase in respiration, confirming uncoupling of mitochondria. The AY of isolated
mitochondria was also measured with a potentiometric dye, 3,3’ - dipropylthiadicarbocyanine
iodide (DISC3[5]), which is taken up by mitochondria and then released when the AY is
dissipated. The relative change of fluorescence between dye uptake and release is a relative
measure of the AY; the dye that loads into coupled mitochondria (causing quenching and a
decrease in fluorescence) is released when treated with the uncoupler CCCP. The fluorescence
was not changed in the presence of either DMSO or 100 uM MB-60 (Supplementary Fig. 7b).
To test the integrity of the mitochondrial membranes in the presence of MB-60, yeast
mitochondria were incubated with MB-60 for 30 min at 25°C followed by centrifugation to
pellet mitochondria. Released mitochondrial proteins were recovered in the supernatant fraction
and analyzed by immunoblot analysis for key proteins and coomassie staining for the collective
release of proteins (Supplementary Fig. 7¢,d). Immunoblot analysis indicated that Mop112,

Mia40, and AAC were not released from mitochondria in the presence of MB-60. Gel staining
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indicated that a large pool of mitochondrial proteins was not released. Thus, treatment with MB-
60 does not impair mitochondrial respiration or mitochondrial membrane integrity.

We examined whether MB-60 impaired protein import into isolated mitochondria from
HeLa cells. MB-60 and vehicle (1% DMSO) were pre-incubated with mitochondria.
Radiolabeled Su9-DHFR was then imported into mitochondria and aliquots were removed over
time; the non-imported precursor was removed by trypsin treatment. The rate of import was
identical in the presence of DMSO or 100 uM DMSO (Supplementary Fig. 8a). MB-60 titrated
over a concentration range of 10 to 100 pM did not impair import of Su9-DHFR
(Supplementary Fig. 8b). In addition, MB-60 did not impair the import of Hsp60, tom40, , and
AAC, matrix, outer membrane, inner membrane space, and inner membrane resident proteins,
into mitochondria (Supplementary Fig. 8c¢)

In addition, import of matrix-targeted protein was visualized in vivo using fluorescence
microscopy (Supplementary Fig. 9a). Cells were transiently transfected with a construct that
contained a fusion between Cox7 MTS and EGFP (MTS-EGFP). In the presence of 40 uM MB-
60 after 24 hr, MTS-EGFP was imported into mitochondria and the mitochondrial network
looked similar to cells treated with DMSO. In contrast, cells incubated with 20 uM CCCP had
MTS-EGFP distributed in the cytosol and the mitochondrial network was collapsed. Moreover,
the membrane potential was not perturbed when cells were treated with MB-60, because staining
with MitoTracker was robust (Supplementary Fig. 9b). Again, CCCP-treated cells were
negative for MitoTracker staining, confirming that the membrane potential was dissipated.
Viability of cells was measured using a commercial MTT toxicology assay (Supplementary
Fig. 9c¢); viability was not impaired, even at a concentration of 200 uM MB-60. In summary,

MB-60 seems to inhibit PreP activity in vitro, but MB-60 addition to mitochondria and cells did
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not markedly abrogate mitochondrial function. The normal phenotype in cells treated with MB-
60 aligns with studies in yeast in that the homolog CYM1 can be deleted without compromising

growth or mitochondrial functions®'.

AP does not enter mitochondria in biochemical models

Numerous studies have cited a role for PreP in the degradation of AP and Alzheimer’s
disease. Specifically, a series of publications show that AB is imported into mitochondria'****.
We repeated in vitro and in vivo import assays in which AP was added directly to mitochondria
and cells or mutant APP was expressed in cultured cells'>*, but we could not reproduce
previously published results (Fig. 5a), including in vitro import assays. Specifically, when
AP was added directly to cells, the peptide was taken into cells, but did not co-localize with
mitochondria as previously published®. Even the addition of MB-60 did not stabilize a potential
Ab cohort in mitochondria. Whereas AP may localize to mitochondria in brains from

11,15,24

Alzheimer’s patients , our studies in model systems did not recapitulate this scenario and

precluded us from effectively testing whether MB-60 addition to cells might stabilize Ap.

PreP is redox regulated and functions in a mitochondrial stress
pathway

Molecular modeling of human PreP based on the crystal structure at 2.1 A resolution of
Arabidopsis PreP showed that cysteine residues at position 90 and 527 can form a disulfide bond
and mutagenesis studies suggested that human PreP might be redox regulated’. We therefore
measured the midpoint potential (£,) of PreP over a range of redox potentials by using
monobromobimane (mBBr) titration’**. Recombinant PreP was equilibrated in DTT/DTTox

redox buffers to poise samples at redox potential (E},) values ranging from -240 to -310 mV or in
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GSH/GSSG redox buffers to poise samples at £y, values ranging from -230 to -80 mV and then
incubated with mBBr to form a thiol-specific fluorescent covalent adduct. The titration results
were independent of the equilibrium time and the anaerobic/aerobic state, indicating the
likelihood of good redox equilibration between PreP and the ambient potential imposed by the
redox buffers. The titration results were fit to a curve for a two-electron couple calculated from
the Nernst equation. The E,, was calculated at -270 mV (Fig. 5b). We also tested the proteolytic
activity of PreP at the different redox potentials using the leumorphin peptide. Activity versus Ej
was plotted; PreP activity is close to the mBBr-calculated Ey,, with a midpoint of -210 mV (Fig
5¢). Given that the mitochondrial matrix has a redox potential of approximately -300 mV>’, PreP
is predicted to normally be active, but oxidizing conditions could favor the formation of a
disulfide bond and reversible inactivation of PreP. Previous studies have also shown PreP is
inactive in the presence of oxidizing agents such as hydrogen peroxide and diamide***’. Thus,

PreP activity may be modulated by mitochondrial stress.

PreP inactivation induces a mitochondrial stress pathway, resulting
in Pinkl1 recruitment

Because PreP is redox regulated and is required for growth in yeast under stress®, we
explored whether inhibition of PreP activity by MB-60 might induce a mitochondrial stress
pathway™. We focused on Pink1/Parkin activation because this mitochondrial stress pathway is
typically activated in mammalian cells to induce mitophagy, and misfolded proteins activate
Pink! stabilization on the mitochondrial outer membrane and subsequent Parkin recruitment®®.
Addition of MB-60 did not perturb the mitochondrial network, protein import, or the

mitochondrial membrane potential (Supplementary Fig. 9).
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Because inactivation of PreP and MPP in yeast impaired preprotein maturation and
subsequently induced mitochondrial stress®, we tested whether inhibition of PreP might be
synergistic with a second mitochondrial stress inducer in mammalian cells; we incubated cells
with CCCP (at 2.5 and 5 uM) for 3 hrs and found that both concentrations do not abrogate the
membrane potential and only result in minimal Parkin recruitment in a HeLa cell model with
stable expression of EGFP-Parkin (Fig. 6a, Supplementary Fig. 10,11). MB-60 (10, 40, and
100 p M) was added to cells for 3 hours followed by the addition of 5 uM CCCP for 3 hours.
Mitochondria were subsequently isolated and the status of mitophagy markers was investigated
by immunoblot analysis (Fig. 6b). Pinkl accumulated in the presence of 10 pM MB-60 (Fig. 6b,
lane 6) but was not detected in the presence of 40 and 100 uM MB-60 (Fig 6b, lane 7,8) because
mitochondria were being degraded via mitophagy. Ubiquitinated Parkin was recruited to
mitochondria and MFN1 and TOMM20, sensitive markers for degradation via mitophagy, were
degraded in the presence of MB-60 and CCCP (Fig. 6b, lanes 5-8). Finally, the autophagy
pathway was also induced because the LC3 pool that was recruited to mitochondria shifted to the
lipidated form (LC3-II) (Fig. 6b, lanes 5-7), which was subsequently degraded in the presence of
100 uM MB-60 (Fig. 6b, lane 8). As controls, DMSO addition did not induce mitophagy and
mitochondrial turnover (Fig. 6b, lane 1), but 1 uM valinomycin induced mitophagy, whereas the
addition of proteasome inhibitor MG132 inhibited protein turnover of outer membrane proteins
and stabilized a form of Pinkl that was cleaved by MPP and PARL***. MB-60 accelerates
Pink1 stabilization and Parkin recruitment to mitochondria during stress (Fig. 6c¢). PreP
inhibition by MB-60 also stabilized Pinkl in HeLa cells, which lack Parkin (Supplementary

Fig. 12a)

143



To confirm that Pinkl arrested on the outer membrane, the required location to recruit
Parkin and activate mitophagy, we treated isolated mitochondria with increasing concentrations
of Proteinase K. (Fig. 6d). In the presence of 1 pg/ml Proteinase K, Pinkl was not degraded;
however, 10 pg/ml protease subsequently degraded Pinkl, similar to outer membrane protein
MFNI1, whereas inner membrane and matrix protein, YMEIL and mortalin, were not degraded
by Proteinase K.Thus, inactivation of PreP with MB-60 induces a specific mitochondrial stress
pathway that involved Pink1/Parkin activation.

To validate the role of PreP in the mitochondrial stress pathway, we complemented the
chemical biology approach and confirmed our findings using genetic perturbations. Knockdown
of PreP with RNAIi does not to alter mitochondrial morphology, which correlates with the small
molecule result (Supplementary Fig.13a). Morevover, RNAIi sensitizes the cells to stress and
MB-60 as the level of PINKI1 increased in RNAi-treated cells compared to wild-type cells
(Supplementary Fig.13b). We also generated PreP knockout cells using CRISPR technology.
PreP -/- cells are sensitive to stress, as indicated by Pinkl accumulation in PreP knockout
compared to wildtype cells. (Supplementary Fig. 13c). Moreover, overexpression of PreP in
PreP -/- cells rescues cell sensitivity to stress as shown by decreased in Pinkl level
(Supplementary Fig. 13d) (compare lane 2 and 6). We also observed that in the absence of
PreP, MB-60 does not induce Pink1 recruitment, further confirming that PreP is indeed the target
of MB-60 (lane 3). Together, our genetic approach complemented our small molecule findings in
where PreP plays a role in activating a mitochondrial stress response under stress, specifically by

stabilizing Pink1 in mitochondria.
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Discussion

Perturbations in mitochondrial homeostasis have been linked to diseases, specifically
neurodegenerative disease. The mitochondrion is equipped with proteases that together serve as a
quality control system to maintain homeostasis. The major shortcoming in understanding the link
of mitochondria to diseases is that very few tools are available that can rapidly modulate
mitochondrial activity in biological systems such as yeast, worms, fish, mouse and cultured cells.
In this study, we described the characterization of MitoBloCK-60, a novel small molecule
inhibitor of PreP. Our chemical biology approach provided us with a tool to probe mitochondrial
proteolysis pathways rapidly and selectively, allowing for mechanistic and phenotypic questions
about PreP to be answered. We described a unique binding mechanism in which two small
molecules bind within the catalytic chamber of the protease. Our observations suggest that PreP
is redox-regulated and while PreP inactivation does not impair general mitochondrial functions
such as respiration and protein import, compromised PreP catalytic activity in the presence of
stress is sufficient to trigger a mitochondrial stress response, specifically mitophagy via the
PINK1-Parkin dependent pathway.

Our effort to understand the mechanism of action of MitoBloCK-60 by x-ray
crystallography led to an unexpected discovery in which we observed two molecules of MB-60
wrap around each other within the substrate recognition pocket of PreP. To our knowledge, this
is the first report of such distinct binding between a small molecule and a target protein. Binding
of MB-60 within hydrophobic exosite is particularly unique as this exosite is weakly conserved,
suggesting a very specific binding®’. The interactions observed in the crystal structure of MB-60

bound PreP also explained why some of the analogs we pursued were not as effective at
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inhibiting PreP activity. The phenyl, nitro, and carboxy groups of MB-60 form critical
interactions with the protease. Additionally, our data explained how MB-60 renders PreP
inactive — by shifting the equilibrium of PreP in solution to mostly closed confirmation, where
substrate accessibility to catalytic chamber is limited. Finally, our structural analyses will
provide basis from which improvement on the compounds can be achieved. Compounds may
then be synthesized to have improved solubility, absorption, distribution, metabolism, excretion,
and toxicity (ADMET) characteristics.

Our study demonstrated that PreP is redox-regulated. Under normal condition of matrix
reducing environment, PreP is active and able to degrade its substrates. However, under
oxidizing condition, PreP activity is compromised. We postulate that under mitochondrial stress
such as the presence of misfolded proteins or high ROS level, inactivation of PreP triggers
downstream pathway to maintain mitochondrial homeostasis. Specifically, we found inactivating
PreP using MB-60 accelerates PINK1 stabilization in the mitochondrial outer membrane, which
results in Parkin recruitment to mitochondria and ultimately, in selective removal of damaged
mitochondria (Supplementary Figure 14). The crucial role of PreP in mitochondrial quality
control pathway is corroborated by studies in yeast where knockout of PreP homolog
CYMI1/mopl112p results in growth defect in non-fermentable carbon source under stress".
Furthermore, results obtained through the chemical biology approach have been confirmed and
complemented by genetic apparoch. PreP knockdown sensitizes cells to MB-60 and stress,
further confirming that PreP is indeed the target of MB-60. Complete ablation of PreP results in
higher basal level of PINK1 in cells and increased sensitivity of cells to stress as shown by rapid

stabilization and increased in Pinkl level. The role of PreP in inducing mitophagy under stress
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was further confirmed when overexpression of PreP in PreP -/- cells reduces cell’s sensitivity to
stress.
The identification and characterization of MB-60 is timely as there is a growing evidence

implicating PreP in AD'""

. MB-60 is a validated probe with the potential to provide insight
between the link of PreP, mitochondria and AD, providing AP can be found in mitochondria.
Many secretory proteins contain within them two targeting motifs, for ER and mitochondria.
Alternative targeting of secretory proteins to mitochondria have been observed when ER import
is compromised®’'. APP in particular, is alternatively translocated to mitochondria where ER
import is blocked. As such, this could be one way in which APP or AP is found in
mitochondria®'.

Accumulation of AP in mitochondria has been shown to increase ROS production and

reduce electron transport chain activity'®*

. Reduced PreP activity, has been observed in AD
patients even though the protein level remains the same compared to healthy controls".
Overexpression of AP in yeast is shown to negatively affect PreP activity leading to
accumulation of mitochondrial targeting peptides, which then increases ROS level in
mitochondria®. It is interesting to note that MB-60 and AP occupy the same binding pocket
within PreP. Thus inhibition of PreP activity by MB-60 could be beneficial dually; in one
instance it could prevent AP binding to PreP; and on the other hand inactivation of PreP would
be the tipping point for activation of mitochondrial stress response. As such, MB-60 could be
used in mouse model of AD to see if complete ablation of PreP activity could trigger a protective
stress pathway.

Most recently, PreP has been shown to degrade islet amyloid polypeptide

(IAPP/Amylin)*>. Huan et al showed IAPP localized to mitochondria and induced caspase 3
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cleavage in beta cells. Knockdown of PreP with siRNA increased IAPP-induced apoptosis as
measured by caspase 3 cleavage whereas overexpression of PreP protects cells®>. Since PreP is
involved in mitophagy, it is plausible that PreP ablation could prime cells for apoptosis upon
insult such as IAPP. Alternatively, this could be a way for cells to deal with stress if they are that
are not able to undergo mitophagy. Further studies are required to fully understand if PreP plays
a role in apoptosis.

Our most recent findings suggest that PreP inactivation by MB-60 induces transcription
of mitochondrial proteostasis gene such as mtHSP70, HSP60, LON, CLPP, and DNAJA3 (Data
not shown). Taken together, our data show that PreP is a part of the mitochondrial quality control
system. We propose a model wherein PreP is a redox-regulated protease whose function serves
as a signal to maintain mitochondrial homeostasis (Supplementary Figure S14). Under
oxidizing condition, compromised PreP activity signals for induction of mitochondrial
proteostasis gene. However, when mitochondria are no longer able to cope with stress, mitopagy
is activated. Interestingly, LON, a matrix protease that degrades damaged and misfolded proteins
is also found to be redox-regulated, with a midpoint potential of -227 mV™*, very close to PreP’s
midpoint potential of -210 mV. Although the redox study was performed on bacterial LON, it
would be interesting to study if human LON is also redox-regulated. Nonetheless, similarly to
PreP, activity of human LON is also inhibited by hydrogen peroxide®. Inhibition and
knockdown of LON in lymphoma cells leads to apoptosis®>. Whether redox regulation of matrix
proteases is a common theme requires further investigation. Nonetheless, these studies highlight
the complex mechanisms of mitochondrial homeostasis where on one hand, proteases function as
a quality control system to degrade peptides that might harm mitochondria, and on the other,

they can serve as stress signals and trigger downstream quality control pathways.
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Here we demonstrate that our chemical biology approach has successfully identified MB-
60 as a novel inhibitor of PreP. By using MB-60, we revealed a novel role of PreP in
mitochondrial quality control pathways. Studies are underway to determine genes that are co-
regulated in response to inactivation of PreP (collaboration with Wiseman group). Defining these
networks of genes will provide insight into the mechanisms of mitochondrial homeostasis and
elucidate the physiological relevance of these pathways. Additionally, overexpressing various
mutants of PreP such as catalytically inactive mutant, hinge mutant, and MB-60 binding mutants
could aid in understanding the specific mechanisms by which PreP is involved in activation
stress pathways. Most recent study by the Youle group revealed additional players in mitophagy.
Xenophagy receptors NDP52 and optineurin are recruited to mitochondria independent of
Parkinand bind to phosphorylated ubiquitin®®. These receptors then recruit LC3 and the other
autophagophore machineries. Our study MB-60 is synergistic with CCCP recruit Pinkl is
recruited to mitochondria of HeLa cells, a cell type that does not have Parkin. It would be
worthwhile to investigate whether PreP inactivation can also induce mitophagy by recruiting
NDPS52 and optineurin.

Furthermore, MitoBloCK-60 could be used in global proteomics studies to reveal
peptides that accumulate when PreP is compromised and when mitochondria are under duress.
These peptides could serve as a marker for mitochondrial dysfunction.

SAXS and native PAGE analyses reveal PreP exist as a dimer. The biological relevance
of PreP dimer remains unknown and warrants further investigation. Native gel analysis of PreP
showed higher molecular weight ranging from 200-400 kDa, which could represent PreP dimer
and a tetramer. It could also signify that PreP interaction with other proteins. Proteomics studies

have suggested that PreP is phosphorylated’”*®. Finally, from our most recent collaboration, we
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found that a patient with a homozygous knockout of PreP suffers from cyclic vomiting
syndrome, hence implicating PreP in this particular type of episodic vomiting. In collaboration
with Tang group and his colleagues at University of Chicago, MB-60 could be used, as a tool to
inhibit PreP in animal model and determine if the phenotype associated with PreP inactivation
will mimic that of cyclic vomiting syndrome. Specifically, we will monitor gastrointestinal
functions in animal models. Mitochondria have been implicated in the pathogenesis of diseases
such as AD and Parkinson’s disease. Modulating stress response through understanding

mechanisms of PreP could be an approach to treat these diseases.
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Materials and Methods

Cloning Human PreP/MP1 cDNA was purchased from OpenBiosystems (Accession: BC
005025). Mature PreP (amino acid 27-1036) was amplified using primers containing BamHI and
Xhol restriction sites, digested, and ligated into pET28a expression vector (Novagen). PreP
cloning was performed by Colin Douglas. Human IDE cDNA was purchased from
OpenBiosystems (Accession: BC 096336). Full-length IDE was amplified using primers
containing Notl and Xhol restriction sites, digested and ligated into pET28a expression vector
(Novagen). IDE cloning was performed with Julia Mayer in fulfillment of the requirements for
her degree of Bachelor of Science in Engineering. The sequences of all constructs were verified

by sequencing (Agencourt).

Protein Expression and Purification pET28a-containing PreP plasmid was transformed into
BL21 DE3 E. coli expression strain. PreP was expressed using auto-induction method. Starter
culture streak from a single colony was grown at 37°C overnight in ZYP-0.8G (see media
composition below) supplemented with 40 pg/mL kanamycin and 35 pg/mL chloramphenicol.
The next day, cultures were diluted 2000 fold (500 puL) to 1 L of ZYP-5052 supplemented with
40 pg/mL kanamycin and 35 pg/mL chloramphenicol and grown at 30°C for 24 hours. Following
24 hours induction, Cells were harvested by centrifugation at 7,000 x g at 4°C for 10 minutes.
Cell paste was resuspended in 0.9% NaCl for a quick wash. Following centrifugation, the
bacterial pellet was resuspended in equilibration buffer. Cells were lysed using a high-pressure
homogenizer, emulsiflex (Avestin). Cleared lysate, obtained by centrifugation at 10,000 x g at

4°C for 30 minutes, was applied to talon/cobalt metal affinity beads (Clonetech) and rotated at
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4°C for 2 hours . Beads were washed 3 times with wash buffer on a gravity-flow column. Hise-
tagged recombinant PreP was eluted with elution buffer and 1 mL fractions were collected.
Protein concentration was measured with BCA assay kit (Thermo Scientific). Most concentrated
fractions were pooled together and purified protein was stored frozen at -80°C in 20% glycerol.

IDE construct was transformed into BL21-DE3 gold E. coli expression strain. Starter culture
streak from a single colony was grown at 37°C overnight in 2YT medium supplemented with 40
pg/mL kanamycin and 15 pg/mL tetracycline. The next day, 20 mL overnight culture was
transferred to 1 L flask containing 2YT medium supplemented with 40 pg/mL kanamycin and 15
pg/mL tetracycline. Cultures were grown to OD of 0.6 at 37°C. Protein expression was induced
by addition of 1 mM Isopropyl-B-D-Thiogalactopyranoside (IPTG). Six hours post-induction,
cells were harvested and washed as described above. Cell pellet after NaCl wash was
resuspended in Ni*" lysis buffer (solution composition below). Cells were lysed with 30 minutes
incubation in lysis buffer containing 1 mg/mL lysozyme followed by sonication on ice. Cleared
lysate, obtained by centrifugation at 10,000 x g at 4°C for 30 minutes, was applied to Ni*" metal
affinity beads (Thermo) and rotated at 4°C for 2 hours. Beads were washed 3 times with wash
buffer on a gravity-flow column. Hise-tagged recombinant IDE was eluted with elution buffer
and 1 mL fractions were collected. Protein concentration was measured with BCA assay kit
(Thermo Scientific). Most concentrated fractions were pooled together and purified protein was
stored frozen at -80°C in 20% glycerol. Plasmid containing alpha and beta subunits of matrix
processing-peptidase® was transformed into BL21 DE3 gold expression strain. Protein was
expressed using the auto-induction method and purified using Ni*" metal affinity beads as

described above.
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Media and solutions composition described in protein expression and purification PreP
Expression media: ZY (1% tryptone, 0.5% yeast extract), ZYP-0.8G (ZY, I mM MgSOs, 0.8%
glucose, 25 mM (NH4),SO4, 50 mM KH,PO4, 50 mM Na,HPO,), ZYP-5052 (ZY, 1 mM MgSOs,,
0.8% glucose, 25 mM (NH4,SO4, 50 mM KH,PO,4, 50 mM Na,HPO4, 0.5% glycerol, 0.05%
glucose, 0.2% lactose), 2YT (1.6% tryptone, 1% yeast extract, 0.5% NaCl, 10 mM Tris-HCI pH
7.4). Solutions for PreP purification: Equilibration buffer (50 mM sodium phosphate pH 7.0, 300
mM NaCl), Wash buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 7.5 mM imidazole),
Elution buffer (50 mM sodium phosphate pH 7.0, 300 mM NaCl, 150 mM imidazole). Solutions
for IDE purification: Lysis buffer (50 mM NaH,PO4.H,O, 300 mM NaCl, 10 mM imidazole; pH
8.0), Wash buffer (50 mM NaH,P0O4.H,O, 300 mM NaCl, 20 mM imidazole; pH 8.0), Elution

buffer (50 mM NaH,PO,.H,0, 300 mM NacCl, 250 mM imidazole; pH 8.0).

High-throughput Screen (HTS) The primary screen was performed using 22 nM of
recombinant PreP in 10 mM HEPES pH 7.4, 50 mM NacCl, 0.01% BSA). A titertrek multidrop
was used to dispense 35 pL protein or protein chelated with 0.1 mM EDTA and 0.5 uM o-
phenanthroline to all wells of black 384-wells plate (GreinerBio one). 0.5 pL of small molecules
from the 1 mM stock library or vehicle control DMSO stock (10 uM final concentration) was
then pinned to each well using a biomek FX (Beckman Coulter). Plates were incubated at 30°C
for one hour, followed by a fluorescence measurement prior to substrate addition. A titertrek
multidrop was used to dispense 15 pL of fluorogenic leumorphin peptide (MCA-
RRQFKVVTRSQ-JPT. The final concentration of substrate was 15 uM. The peptide solution
was shielded from light throughout the experiment. Following 30 minutes incubation at 30°C,

plates were read for an end-point measurement using an excitation and emission wavelength of
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330 and 425 nm respectively. Screens were conducted using an automated plate scheduler to
ensure consistency across the run. Assay quality and reproducibility of each each plate was
monitored using the statistical parameter, Z prime (Z’)*. All plates had Z’ values greater than
0.5. Compounds that inhibited activity by 70% were marked as potential hits. 5 uL hits were then
cherry-picked from the original plate onto a 384-well low volume, v-bottom plates. Hits were
then rescreened against PreP and counter-screened against Insulin-Degrading Enzyme (IDE).
IDE counter-screen was conducted with the help of Julia Mayer. Hits from the rescreen and
counter-screened were compared to hits from a parallel screen against Matrix Processing
Peptidase (MPP). Small molecules that inhibited PreP but not MPP and IDE were grouped
according to their chemical structure similarities. Commercially available compounds were
purchased and assayed for ICsg analyses — the concentration of small molecule required to inhibit
activity of the protein by 50%. For ICs, analysis, serial dilution of small molecule was added into
assay plates containing protein as described above. For cleavage with amyloid-beta substrate,
intramolecularly quenched AP1-42 (Abz-
DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA-EDDnp) was purchased
from AnaSpec and dissolved in DMSO. 45 nM of recombinant PreP was used for cleavage assay

with amyloid-beta peptide as the substrate.

Oxygen consumption and membrane potential measurements Mitochondria were purified
from yeast cells grown on YPEG as described in previous study®”>.Oxygen consumption
measurements with isolated mitochondria were performed using an oxygen electrode (Hansatec)
as described previously”'. Membrane potential measurements of purified mitochondria were

performed with fluorescent 3,3’-dipropylthiadicarbocyanine iodide dye [DiSC;(5)]. 1% DMSO,,
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carbonyl cyanide 4-(trifluoromethoxy) phenlhydrazone (FCCP), or MB-60 was added to
mitochondria in import buffer (0.6 M sorbitol, 2 mM KH,PO,4, 60 mM KCl, 50 mM HEPES-
KOH, 5 mM MgCl,, 2.5 mM EDTA,5 mM L-methionine, pH 7.1) for 10 min. Subsequently 0.2
puM DiSCs(5) in import buffer was added andincubated for 5 min, and fluorescence was

measured at excitation and emission length of 620 nm and 670 nm, respectively.

Mitochondria integrity assay 25 pg of yeast isolated mitochondria were incubated 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 varying concentration of small molecules at 25°C
for 30 minutes. Mitochondria were then pelleted by centrifugation at 8,000 x g for 10 minutes at
4°C. Supernatant containing released proteins from mitochondria were TCA precipitated on ice
for 30 minutes. Precipitated proteins were recovered by centrifugation at maximum speed for 15
minutes at 4°C. Both mitochondrial pellet and released proteins were resuspended in 5x-Laemmli
sample buffer (0.25 M Tris-Cl pH 6.8, 10% SDS, 30% glycerol, 0.02% bromophenol blue) with
5% pB-mercaptoethanol (BME) and analyzed on SDS-PAGE. Resulting gel were stained with
coomassie blue for 30 minutes or transferred to nitrocellulose membrane and blotted with key

mitochondrial proteins.

In vitro activity assays for PreP. For amyloid-beta degradation, 0.5 uM of PreP was incubated
in DMSO or small molecule in screening buffer for 1 hour prior to addition of 10 puM
fluorescent-labeled amyloid beta, FAM- labeled amyloid beta (1-42) peptide (FAM-AB1-42)
(Anaspec). Reactions were stopped after 1 hour by adding 5x-Laemmli sample buffer. Samples

were resolved on 16% Tris-Tricine gel. Gels were visualized using a BioRad imager to detect
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FAM at 494 and 521 nm excitation and emission wavelength.
For Su9-DHFR degradation, radiolabeled precursor was generated using the TNT Quick coupled
transcription translation kit (Promega). During translation, 200 nM PreP in screening buffer was
preincubated with small molecule for 1 hour. To cleave targeting sequence from Su9-DHFR, 4
uM of MPP was incubated with 5 pL of precursor for 30 minutes at 30 °C. PreP previously
incubated with drug was then added to the MPP-precursor mixture. Reactions were stopped at
specified time points by adding Laemmli sample buffer. Samples were resolved on 16% Tris-

Tricine gel. Gels were fixed, dried and exposed to film.

Ab peptide assays with mitochondria. 0.5 uM FAM- AP (1-42) peptide was added to media of
HeLa cells grown on coverslips. 24 hrs post-treatment, 25 nM Mitotracker was added to the
media. After 30 min incubation, cells were washed with PBS and fixed in 3.7% formaldehyde in
PBS for 15 min. Cells were then permeabilized in ice-cold methanol for 10 min prior to blocking
and immunostaining with antibodies against mortalin. FAM-AB was visualized on the GFP

filter.

Midpoint potential measurement. To measure the midpoint potential, recombinant PreP was
incubated in 10 mM Hepes pH 7.0 buffer containing defined reduced and oxidized DTT or
glutathione to establish ambient redox potential values as previously described *'. Samples were
incubated for 3 hours followed by incubation with monobromoamide (mBBr) in the dark for 30
minutes. Samples were precipitated with tricholoroacetic acid (TCA) and resupended in 0.1 M
Tris pH 8.0 and 0.1% SDS. mBBR fluorescence was measured on Quant Master QM-4

spectrofluorometer from Photon Technology International (Lawrenceville, NJ), with an
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excitation and emission wavelength of 380 nm and 475 nm respectively. To measure activity of
PreP, PreP was incubated in redox buffers as described above for 1 hour prior to addition of

leumorphin fluorogenic peptide as described above.

Cell culture. HeLa and HeLa cells stably expressing EGFP-Parkin were cultured in DMEM with
pyruvate (Life Technologies) supplemented with 10% FBS (v/v) and 1% penicillin/streptomycin
in humidified atmosphere with 5% CO,. For small molecules treatment, cells were seeded at 70%
confluency and treated the next day. HCT116 cells were cultured in McCoy’s 5A media

(HyClone) supplemented with 10% FBS (v/v) and 1% penicillin/streptomycin.

Cell viability measurement. Cells were seeded at 50% confluency, incubated for 24 hrs, then
treated with the DMSO or the indicated MB-60 concentrations. After 24 hrs, cell viability was
measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

toxicology assay (Sigma), according to the manufacturer’s protocol.

Small molecule treatment and mitochondria isolation. HeLa cells, HeLa stably
overexpressing EGFP-Parkin, or HCT116 cells were seeded at 70% confluency. After 24 hrs,
cells were pre-treated with the indicated small molecule for 3 hrs, followed by CCCP addition.
Cells were harvested at the indicated time points. For mitochondria isolation, cells were
harvested and homogenized in 20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM sucrose, 2
mg/ml BSA, 10 mM NEM and 0.5 mM PMSF and 1 uM MG132. Cells were passed through a
25-gauge needle using a 1 mL syringe to lyse the cells. Homogenates were centrifuged at 770 x g

at 4°C for 5 min. To isolate mitochondria, post-nuclear supernatants were centrifuged at 10,000 x
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g at 4°C for 10 min. Pellets were washed with homogenization buffer lacking BSA. Protein
concentrations were measured using BCA assay (Thermo Scientific).Samples were resolved on
SDS-PAGE and transferred to polyvinyl difluoride (PVDF) membrane (EMD Millipore) for

western blot analysis.

Mitochondria isolation from mammalian cells for protein import. Cultured cells were grown
to confluency. One day prior to mitochondria isolation, cells were fed with fresh media. The next
day, cells were harvested and homogenized in 20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM
sucrose, 2 mg/ml BSA, and 0.5 mM PMSF. Lysates were dounced with Teflon dounce.
Homogenates were centrifuged at 770 x g at 4°C for 5 minutes. Post-nuclear supernatants were
centrifuged at 10,000 x g for 10 minutes to obtain mitochondria pellets. Pellets were further
washed with homogenization buffer without BSA. Protein concentrations were measured using

BCA assay (Thermo Scientific).

Import of radiolabeled proteins into isolated mammalian mitochondria. Mitochondria were
isolated as described above. *°S-labeled precursors were synthesized using the TNT Quick
Coupled Transcription/Translation kits (Promega). 10 or 20 pg mitochondria were added to
import buffer (20 mM HEPES pH 7.6, 220 mM mannitol, 70 mM sucrose) supplemented with 1
mM ATP, 0.5 mM magnesium acetate, 5 mM NADH, and 20 mM sodium succinate. Small
molecules or DMSO vehicle control were added and samples were incubated for 15 minutes at
25°C. 10-20 pL precursor was added to initiate import. Reaction aliquots were withdrawn at
specified time points. Import was stopped by adding cold import buffer or 25 pg/mL trypsin.

Soybean trypsin inhibitor (50 pg/mL) was added following 15 minutes trypsin treatment.
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Mitochondria were pelleted by centrifugation at 12,000 x g at 4°C for 5 minutes. Final
mitochondria pellet were dissolved in 5x Laemnli sample buffer. Samples were resolved on

SDS-PAGE. Gels were dried prior to exposure to film for autoradiography.

Immunofluorescence. Cells were seeded on a 12-wells plate containing glass coverslips and
treated the next day with indicated small molecules or DMSO vehicle control. Cells were fixed
in 3.7% formaldehyde for 15 minutes followed by 3 times PBS wash. For immunostaining, cells
were permeabilized in ice-cold methanol for 10 minutes after fixation. Cells were blocked in 1%
BSA for 30 minutes prior to incubation with primary antibody (in 1% BSA). Following PBS
washes, cells were incubated with secondary antibodies conjugated Alexa Fluor dyes 350, 488,
or 568 (Life Technologies). For MitoTracker Red staining, cells were incubated in 25 nM
MitoTracker Red CMXROS (Life Technologies) for 30 minutes prior to fixation. Cells were
visualized on Leica TCS SPE DMI 4000B inverted confocal microscope or Axiovert 200M Carl
Zeiss inverted microscope. Cell quantification was performed with ImagelJ software (NIH) where

at least 100 cells were counted in 3 independent experiments.

SiRNA knockdown. The PreP siRNA construct was purchased from Qiagen (Cat #
S100108647). On Day 1, HeLa cells were seeded at 50% confluency in 10 cm dish. On day 2,
cells were transfected with 50 nM siRNA using lipofectamine 2000 according to manufacturer’s
protocol. 24 hours post-transfection, transfected cells were split and seeded to 6 cm dishes. The

next day, cells were treated DMSO, CCCP or small molecule per the experiment.
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Generation of PreP knockout cells. PreP knockout HCT116 colon cancer cells were generated
using the CRISPR/Cas9 system as described previously®. Briefly, guide RNAs targeting
different regions of PreP were designed and cloned into PX330-U6-Chimeric BB-CBh-hSpCas9
(Addgene). Cells were seeded and transfected the next day using BioT transfection reagent
(bioland) according to manufacturer’s instructions. 2 days post-transfection, puromycin was
added for additional 2 days to select for transfected cells. Fresh media without puromycin were
then added and cells were grown until they reach confluency. To isolate single colonies, cells
were serially diluted and seeded at 0.5 and 1 cells/well onto multiple 96 wells plates. Each single
colony was screened for deletions of PreP by PCR and sequencing as well as by western blotting

analysis.

Antibodies. The following antibodies were used in this study: PINK 494 (Novus Biologicals),
Tom?20 (sc-11415), Tim 17 (sc-13293), Parkin (sc-32282) (Santa Cruz Biotechnology, Inc.), LC3

(Cell Signaling), Mfn1 (kind gift from Dr. Richard Youle), Mortalin (NeuroMab).

Miscellaneous. Mitochondrial proteins were analyzed by SDS-PAGE using a 12 or 15%
polyacrylamide gel and a Tricine-based running buffer. Proteins were detected by

immunoblotting using nitrocellulose membranes or PVDF membranes.

For structural analyses:
Expression and Purification of hPreP. Wild type hPreP and E107Q were expressed and
purified as described®. Briefly, E. coli Rosetta (DE3) containing plasmid for the expression of

hPreP were grown at 25 °C with 300 uM IPTG induction for 20 hours. Proteins were then
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purified over Ni-NTA affinity, Source Q anion exchange, and Superdex 200 size exclusion

columns and flash-frozen in liquid nitrogen and stored at -80 °C.

Protein Crystallization, data collection, and structure determination. hPreP E107Q was
modified by reductive lysine methylation prior to Superdex 200 chromatography. 5-7 mg/ml
lysine-methylated hPreP-E107Q in buffer containing 20 mM HEPES pH 7.5, 250 mM NaCl, 2
mM DTT, and 200 puM MB60 was combined with mother liquor containing 15.0% (w/v) PEG
8,000, 15 mM TCEP, 80 mM sodium cacodylate pH 6.7, 160 mM calcium acetate, and 20%
(v/v) glycerol in a 1:1 (v/v) ratio for the crystallization of hPreP-MB60 complex by hanging-drop
vapor diffusion at 18°C. Crystals grew for one week prior to data collection. Crystals were
cryoprotected in mother liquor containing 30% (v/v) glycerol, then flash-frozen in liquid
nitrogen. Diffraction data were collected at beamline 19ID at Argonne National Laboratory and
processed using HKL3000*. The structure of hPreP in complex with MB-60 was determined by
molecular replacement using Phaser and hPreP structure (4L3T) as the search model. The model
building including the addition of missing 317-323 residues in chain A were performed using
COOT* and refinement was done using PHENIX*. The final 2.27A resolution model
(pdb=4RPU) has Ryonx=18.6% and Rgee= 20.6%. Data collection and structure refinement
statistics are listed in Table S3. Due to the shorter time of crystallization, only cysteine 112 was
modified with the dimethylarsenic moiety while cysteine 556 was not. Cysteine 556 is in the
close proximity with cysteine 119 to form a disulfide bond. The absence of disulfide bond
between these residues might be due to the presence of reducing agent during the purification

and/or crystallization.
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SAXS Data Collection and Analysis. SAXS data were collected at Argonne National
Laboratory’s Advanced Photon Source, beamline 12ID-B, at 23 °C using 1.1 mg/ml protein and
an incident X-ray wavelength of 0.886 A, and protein concentration of 0.5 mg/ml. For MB-60-
binding experiments, hPreP was preincubated with 200 uM MB-60 on ice prior to SAXS data
collection. The data was reduced and analyzed using ATSAS. PRIMUS* and GNOM* were
used to determine the R, value in reciprocal and real space, respectively. Dm. and P(r)
distribution were calculated by GNOM. Theoretical scattering curves for different models were
generated and fit to the experimental data using CRYSOL®. OLIGOMER was used to
determine the percent composition by parsimonious conformational states that best fit the

observed data. Data collection and scattering derived parameters are listed in Table S4°',

Deuterium exchange mass spectrometry (DXMS). Prior to performing comparative H/D
exchange experiments, enzymatic and quench conditions that produced an optimal fragmentation
pattern of hPreP were established as previously described””. Briefly, 3 pl 4.7 mg/ml hPreP in
buffer containing 20 mM Tris-HCI (pH 7.5), and 50 mM NaCl was diluted with 9 ul of buffer A
(8.3 mM Tris-HCI (pH 7.5), 50 mM NacCl in H,O) at 0°C, and then mixed with 18 ul of ice cold
quench buffers containing 0.8% formic acid, 16.6% glycerol and various concentrations of
GuHCI (0.08, 0.8 and 1.6 M). The quenched samples were then subjected to DXMS apparatus
for proteolysis and LC/MS analysis. The use of 0.8 M GuHCI resulted in the best sequence
coverage of hPreP. For DXMS analysis, 13 uM hPreP in the presence or absence of 130 uM
MB-60 in 8.3 mM Tris-HCI pH7.2, 50mM NaCl, and 2.1%DMSO in H,O was incubated at room
temperature for 30 minutes prior to chill to 0°C for deuteration studies. Functional hydrogen-

deuterium exchange reactions were initiated by adding 3 pl sample into 9 pl of buffer A in D,O
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(pDreap=7.2) and incubated at 0°C for 10, 100, 1,000, and 10,000, 100,000 sec and at room
temperature for 100000 sec (representing 1,000,000 sec at 0°C based on 10-fold enhanced rate at
room temperature®. The exchange reaction was terminated by adding 18 ml of ice-cold 0.8%
formic acid, 0.8M GuHCI, 16.6% glycerol for a final pH of 2.5. Quenched samples were then
immediately frozen on dry ice and stored at -80°C prior to LC/MS analysis. Un-deuterated and
equilibrium-deuterated control samples are also prepared as previously described™®. The frozen
samples were later loaded onto a cryogenic autosampler™, thawed at 4°C, and then passed over
an immobilized pepsin column (16 pl bed volume) for 30-40 sec diggestion. Proteolytic
fragments were collected on a trap column and separated using Michrom C18 reverse phase
analytical column (Michrom MAGIC C18 AQ 0.2 x 50mm, 3mm) with an acetonitrile linear
gradient (6.4%-38.4% over 30min). The effluent was directed into an OrbiTrap Elite Mass
Spectrometer (ThermoFisher Scientific, San Jose, CA). Instruments settings were optimized to
minimize the back-exchange™. The data was acquired in either MS1 profile mode or data-
dependent MS/MS mode. Peptide identification was done by the aid of Proteome Discoverer
software (ThermoFisher). The centroids of the mass envelopes of deuterated peptides were
calculated with DXMS Explorer (Sierra Analytics Inc, Modesto, CA) and then converted to

. . . . . . 5
corresponding deuterium incorporation with corrections for back-exchange”.
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Figure 1. MitoBloCK-60 inhibits PreP activity. (a) Structure of MitoBloCK-60 and two
analogs, MitoBloCK-60.1 and analog 2. ICs of (b) MB-60 using leumorphin peptide as substrate
is 0.49 uM (c¢) using intra-molecularly quenched A peptide is 0.21 uM. I1Csp of MB-60.1 (d) and

Analog 2 (e) using leumorphin peptide as substrate are 2.25 uM respectively.
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Figure 2. MB-60 inhibits PreP activity in vitro. (a) Radiolabeled Su9-DHFR was synthesized
in an in vitro transcription-translation reaction and incubated with 4 uM MPP and 200 nM PreP
in the presence of 35 uM MB-60 or vehicle (1% DMSO) for 60 mins. Products were separated
on a 16% Tris-Tricine gel and detected by autoradiography. p, precursor; i, intermediate; m,
mature; MTS, mitochondrial targeting sequence; * marks nonspecific product. (b) As in ‘a’,
with 35 uM MB-60, 100 uM MB-60.1, and Analog 2. The amount of MTS that was resistant to
degradation was quantified using ImageJ software; 100% was set as the amount of MTS
generated by MPP cleavage. (¢) FAM-AB1-42 was incubated with PreP in the presence of
DMSO, chelators (EDTA and o-phenanthroline, chel.), and MB-60 for 60 mins. The undigested
peptide was separated on a 16% Tris-Tricine gel and the FAM fluorophore was detected by
BioRad FX imager. As a control, trypsin was added directly to APB. The amount of peptide that
was not degraded was set as 100%. (d) As in ‘c’, a gel system was used in which cleaved

AP was detected.
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Figure 3. Structural analysis of MB-60-bound human PreP. (a) Overall structure of MB-60-
bound PreP. PreP is depicted in a ribbon representation. The carbons of two MB-60 molecules
are colored in cyan and green while N and O atoms are in blue and red, respectively. The
catalytic zinc ion is in grey. (b) 2mFo-DFc omit map of MB-60 to depict the close contact
between two MB-60 molecules at the hydrophobic exosite. The map was contoured to lo. (¢)
The close fit of MB-60 within the PreP exosite. The electrostatic surface was calculated using
APBS2.1. (d) Detailed interactions of two MB-60 with PreP side chains. (e) SAXS scattering
profile of PreP in the presence or absence of MB-60 (dotted lines). Theoretical scattering profiles

of open and close PreP (solid lines) were modeled and calculated by CRYSOL.
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Figure 4. HDX-MS confirms MB-60 binding sites within PreP and explains the mechanism
by which MB-60 enhances the interaction between PreP-N and PreP-C. (a) Differential
HDX between PreP in the absence and presence of MB-60 mapped on the MB-60 bound PreP
crystal structure (4RPU) from. Differences in the average HDX are represented as percent
change and colored with blue being slower exchange with MB-60 while with red being faster. (b)
Corresponding deuterium buildup curves for the regions that undergo the most significant change

are shown.
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Figure 5. PreP activity is redox-regulated with midpoint potentials of -277 and -210 mV.
(a) HeLa cells (top panel) and SHSY-5Y cells (bottom panel) were incubated with fluorescent
AB1-42 (FAM-AP) for 24 hours and subcellular localization was monitored by microscopy. An
antibody against mortalin marked mitochondria and the membrane potential was verified by
MitoTracker staining (Scale bar = 20 pm). (b) Redox titration of PreP was performed in a DTT
or glutathione redox buffer. Equilibration was achieved at 3 hrs in pH 7.0 under anaerobic

conditions. Data in all titrations were fit to the Nernst equation for a two-electron carrier. The
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redox titration of PreP was performed with mBBr. The best fit to the mBBr fluorescence
magnitude versus Ej, value was obtained with an Ey, of -277 mV (n = 3). (¢) As in ‘b’, the
activity of equilibrated PreP at different redox potentials was measured based on the cleavage of
the fluorescent leumorphin peptide. The best fit to the activity versus £}, value was obtained with

an Ey, of -2210 mV (n = 3).

169



100 f : b
a * o
= — © 3
g 801 L 22 5 uM CCCP
5 o > +
§ 60- 2 = 2 3 M MB-60
& 8 - 2 2 0 10 40 100
€ 4 PINK1—>| = = - 63
© * > — -
2 Acgva&ed
0. arkin & - _
WM CCCP: 0 0 0252525 5 5 5 Parkin —>| e 05 - - - o - - |
uM MB-60: 0 2040 0 20 40 0 20 40
MFN 1> | «— — e .. .

TOMMA40—> | ais eus Gl GED D GED @D e | .-

TOMM20—> | s s e s Gy = =0

LC3-1y B
LC3-Il - T e e . = _11:

lane: 1 2 3 4 5 6 7 8
*MPP and PARL-cleaved

o
o ™
C S o d
o o § 10uM _1hr 3hrs 6hrs 5uM CCCP
2 2= WMB60 [+ +]+ +] + +|5uMCCCP 10 uM MB-60
8 22 1h3n6h- +|- +| - + |10 uM MB-60 0 1 2 5 10 50 100 ug/mL PK
e PINK1— | —63
PINK1—> = - - 63 B ¢
k> - 48 L e 63
Activated 75
Parkin [ YME1L — M--—G?)
Parkin—| = S e w— --——dbos@® 75
Mortalin — -———-—-Zé§
TOMMAO—> [ o o — | s

170



Figure 6. MB-60 is synergistic with CCCP to induce mitophagy. (a) HeLa cells expressing
constitutive EGFP-Parkin were treated with combinations of 20 and 40 uM MB-60 for three
hours and then 2.5 and 5 uM CCCP for additional 3 hours. EGFP-Parkin recruitment was
monitored by fluorescence microscopy. Mitochondria were marked by TOMM20 and the
membrane potential was monitored by MitoTracker staining. Parkin recruitment to mitochondria
was quantitated in a pool of 100 cells in three separate experiments. Representative images are
shown in Supplementary Fig. 10 and 11. (b) As in ‘a’, HeLa cells expressing constitutive
EGFP-Parkin were treated with MB-60 for 3 hours then 5 pM CCCP for additional 3 hours.
Mitochondria were subsequently isolated and blotted with antibodies against MFN1, Parkin,
PINK 1, TOMM40, TOMM?20, LC3, and TIMMI17. As a control to induce mitophagy, 1 mM
valinomycin was added; as a control to show accumulation of cleaved, short form of PINKI
(marked with an asterisk, cleaved by MPP and PARL), 10 uM MG132 was added. (b) As in ‘a’,
but cells were incubated with 10 uM MB-60 and 5 uM CCCP, and mitochondria were isolated

and subsequently treated with proteinase K (PK).
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Supplementary Table 1A Small molecule screening data

Category Parameter Description
Assay Type of assay In vitro fluorescence-based activity assay.
Target Human Presequence-degrading Protease (PreP).
Primary measurement Detection of fluorescence at emission and
Y excitation wavelength of 330 nm and 425 nm.
Kev reagents Recombinant PreP, leumorphin peptide substrate
y reag (JPT peptide technologies).
Assay protocol (see table S1B)
Library Library size 88,000
. " Drug-like small molecules, FDA-approved small
Library composition ; .
molecules, targeted libraries.
Source ChemBridge, Asinex, various vendors
Screen Format 384-wells plates
Concentration(s) tested 10 uM compound, 1% DMSO
Plate controls DMSO
Reagent/ compound Titertrek Multidrop
dispensing system
Detection instrument and FlexStation Il and SoftMax Pro
software
Assay validation/QC Z’ > 0.5. Multidrop and plate reader calibration
Correction factors
Normalization
Additional comments Screening was conducted at UCLA Molecular
Shared Screening Resource (MSSR)
POStHTS it criteria 70% inhibition
analysis
Hit rate 0.50%

Additional assay(s)
Confirmation of hit purity and
structure

Additional comments

Rescreen and counterscreen with IDE and MPP

Provided by vendors

Commercial small libraries were used; additional
aliquots of compounds were purchased from the
vendor to verify that the specific compound
consistently inhibited PreP activity.
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Supplementary Table 1B HTS Assay Protocol

Parameter Value Description

Dispense controls 35 uL Recombinant chelated PreP

Dispense protein 35 uL Recombinant wild-type PreP

Library compounds 0.5uL Pin compounds from 10 mM stock plates
Assay readout at time 0 330 and 425 nM  Excitation and emission

Incubation time 1 hour 30°C

Dispense peptide 15 uL 50 uM stock peptide

Incubation time 30 minutes 30°C

Assay endpoint readout 330 and 425 nM Excitation and emission

Notes

22 nM of controls dispensed to columns 23 and 24 of 384-wells black plate with clear bottom
22 nM of wild-type protein to columns 1-22

Pintool transfer

Flexstation Il, SoftMax Pro software

Plates lidded until peptide dispense

8-tip dispense reagent to all wells

Plates lidded until endpoint reading

FlexStation Il. 5 seconds mixing before measurement
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Supplementary Table 2. Summary of screened compounds

Number of Inhibitors Inhibitors Hits confirmed | Hits confirmed
umber o Inhibitors hit rate confirmed in after IDE after MPP data
compounds . .
(%) rescreening countersreen analysis
Chembrige 29,760 209 0.7 118 (56.5%) 0 2 (1.69%)
Asinex 19,840 134 0.68 67 (50%) 0 1 (1.49%)
Others (focused 38.400 121 0.32 48 (40%) 0 4 (8.3%)
libraries)
Total 88,000 464 0.53 233 (48.1%) 233 (100%) 226 (97%)
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Supplementary Table 3 Data collection and structure refinement statistics

hPreP with MB-60

Data Collection

Beamline

Wavelength (A)

Space group

Cell dimension(A)
a

™ Q O T

Y
Resolution (A)

Rmeas (%)a
Rpim (%)
CC1/ZC
CC*d
I/'sigma
Redundancy’
Completeness (%)
Unique reflections
Refinement
Rworkg
Rfree h
No. atoms
Protein
Water
B-factors
Protein
Substrate
Water
r.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran plot (%)
Favorable region
Allowed region
Generously allowed region

APS-191D
0.9792
C2

245.6
85.5

158.2

90

127.5

90
44.85-2.27
18.6 (80.1)°
3.8 (31.4)°
(0.793)°
(0.941)°
19.4 (2.3)°
9.7 (42.8)°
99.9 (98.0)°
119317

0.176
0.208

15879
884

36.1
33.5
40.5

0.006
0.972

92.6
7.4
0
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Disallowed region 0

PDE code 4RPU

? Rineas = Znii [N/(N-1 )]1/22i| Tt — <|hk|>| / Zhi <lp>

®Roim. = Zhi [1/(n'1)]1/22i| Ik, = <l>| 7 Znia <lhi™>

°CC,, — Pearson correlation coefficient between random half-datasets -
Pxy=coV[(x,y)/(oxa))]

4CC*=[2CC1/(1+CCyp2)] "

" Nobs/Nunique

9Rwork = Zhia ||Fobs| - K |Feaicll/ Zhi |Fops|

" Riee, Calculated the same as for Ryor but on the 5% data excluded from the refinement
calculation.

® the outer resolution shell. Values in parentheses indicate the highest resolution shell
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Supplementary Table 4 SAXS data collection and scattering-derived parameters

Structural parameters

1(0) [from P(r)]

(3.23+0.03)E-01

hPreP hPreP+MB-60

Data-collection parameters

Instrument 12I1D-B (APS) 12ID-B (APS)

Wavelength (A ) 0.886 0.886

q range (A -1) 0.025-0.220 0.025-0.220

Exposure time (s) 2 2

Number of frames collected 30 30

Concentrations (mg/ml) 1.1 1.1

Temperature (°() 23 23

(2.73+0.03)E-01

Rg (A ) [from P(r)] 33.6+0.3 33.5+0.3

1(0) (from Guinier) (3.40+0.08)E-01 (2.84+0.08)E-01
Rg (A ) (from Guinier) 34.8+1.0 34.3£1.1

Dmax® (A) 11545 11545

Software employed

Primary data reduction Matlab & Igor Pro  Matlab & Igor Pro

Data processing ATSAS ATSAS
Oligmeric component fitting Oligomer Oligomer
Three-dimensional graphics representations PyMOL PyMOL

®Dmax is a model parameter in the P(r) calculation, the error is an estimate based on
the results of P(r) calculations using a range of Dmax values.
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Supplementary Table 5. Yeast strains used in this study

Strain Genotype Source
GA74-1A his3 leu2 ura3 trp1 ade8 ura 3 Koehler et al, 1998
his3 leu2 ura3 trp1 ade8 ura 3
GA74 ApdrbAsnq2 | pdr5A0::HIS3 snq2A0::KANMX Miyata et al, 2015
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Incubate plate at Incubate plate at
30°C for 1 hr 30°C for 0.5 hr

1
1
Dispense 1 Read end-point

15 uM * fluorescence
leumorphin ex: 330 nm

Dispense 22 nM Pin DMSO Read inital
PreP or PreP + or compunds fluorescence

0.1 mM EDTA from libraries signal in HTS
+0.5 uM o-phe (10 uM final) plate reader

peptide em: 425 nm

Supplementary Figure 1. Schematic of PreP high-throughput screen. Flowchart describing

steps in small molecule screen to identify inhibitors of PreP.
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MitoBloCK-60

Analogs from the screening library that did not inhibit hPreP

Supplementary Figure 2. Additional compounds in the chemical library that did not
inhibit PreP. Data mining from the chemical screen revealed additional piperazine compounds

that did not inhibit PreP activity.
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Supplementary Figure 3. Representative regions of hPreP in complex with MB-60 in a
stereoview. (a) MB-60 binding site within hPreP. (b) Zinc binding site of hPreP. (c) Regions
around cysteines 119 and 556. These two cysteines have been postulated to form the disulfide
bond. 2mFo-DFc map (grey mesh) was contoured to 10. Walleye stereo view was prepared with
PyMOL.
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Supplementary Figure 4. SAXS data analysis of hPreP in the presence and absence of MB-

60. Oligomer fittings of PreP SAXS data in the absence (a) or presence (b) of MB-60. The fitting

is performed by OLIGOMER. Guinier plots of SAXS data of PreP in the absence (¢) or presence

(d) of MB-60.
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Supplementary Figure 5. Summary of hydrogen/deuterium exchange rates of hPreP in the
absence (a) and presence (b) of MB-60. Deuteration levels of representative peptide fragments
at various time points (from top to bottom: 10, 100, 1,000, 10,000, and 100,000 s at 0°C and
100,000 at room temperature (representing 1000,000 s at 0°C) are shown as a pseudo color scale.
The percentages of deuteration levels of each peptide fragment at various time points are shown
as a heat map color-coded from blue (<10%) to red (>90%), as indicated at the bottom right of

the figure.
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Supplementary Figure 6. Comparison of hydrogen/deuterium exchange rates of hPreP
induced by MB-60 binding. Differences in deuteration levels in the presence and absence of
MB-60 at various time points (from top to bottom: 10, 100, 1,000, 10,000, 100,000, and
1000,000 s) are shown in a color-coded bar ranging from blue (-50%) to red (+50%), as indicated

at the bottom right of the figure.
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Supplementary Figure 7. MB-60 does not impair general mitochondrial function. (a)
Respiration measurements were performed with an oxygen electrode using isolated mitochondria
and MB-60. Respiration was initiated with the addition of 2 mM NADH. 100 uM MB-60 was
added once steady-state respiration was achieved, followed by the addition of 20 pM CCCP to
uncouple the electron transport chain. Slopes were calculated in the linear range ( -0.7 nmol/s

for NADH, -0.8 nmol/s for MB-60, and -1.5 nmol/s for CCCP). (b) Membrane potential (Dy)
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measurements on purified mitochondria were performed with the fluorescent dye DISC[3] using
a fluorimeter. Coupled mitochondria sequestered and quenched the dye. 1% DMSO was added
to determine the effect on the dye. Collapse of the Dy was initiated by 20 uM CCCP. MB-60
was added at 20 and 100 pM. (¢) 25 and 100 uM MB-60 were added to isolated yeast
mitochondria in import buffer for 30 min at 25°C. Released proteins (S) were separated from
mitochondria (P) by centrifugation at 8,000 x g for 5 min. Immunoblot analysis was performed
to determine fractionation for Mop112 (matrix marker), Mia40 (intermembrane space marker),
and AAC (inner membrane marker). As a control, treatment with the vehicle (1% DMSO) was

included. (d) As in ‘c’, but integrity was investigated with Coomassie staining.
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Supplementary Figure 8. MB-60 does not impair import of precursors into isolated
mitochondria. (a) Mitochondria were pre-incubated with vehicle (1% DMSO) or 100 uM MB-
60 for 15 min. Radiolabeled Su9-DHFR was imported into isolated mammalian mitochondria
and aliquots were removed at the indicated times, followed by protease treatment to remove non-
imported precursor. (b) As in ‘a’, but MB-60 was tested over a concentration range. (¢) As in
‘a’, but Hsp60 was imported in the presence of MB-60. Import reactions were quantitated using
Image J software; 100% was set as the amount of precursor imported into WT mitochondria at

the endpoint in the time course. p, precursor form; m, mature. (d,e) As in ‘a’ but AAC and

Tom40 was imported respectively.
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Supplementary Figure 9. MB-60 is not toxic to mammalian and yeast cells. (a) MTS-EGFP
(EGFP targeted to the mitochondrial matrix) was transiently expressed in HeLa cells that were
treated with 1% DMSO, 20 uM CCCP, or 40 uM MB-60. 24 hours post-transfection, cells were
fixed and strain with anti-TOMM?20 antibody and images were taken. (b) As in ‘a’, after 24 h
post-transfection, cells were stained with the Dy-dependent dye MitoTracker, fixed, and
incubated with anti-TOMM?20 antibody. (¢) Viability of HeLa cells grown in the presence of
MB-60 was measured using an MTT assay and plotted over a concentration range of 1-200 uM
MB-60. (d) Yeast strains (WT and one lacking multidrug resistance pumps, WTApdr54sng?2)
were grown in rich dextrose media, and the minimum inhibitory concentration required to inhibit

the growth of yeast 50% of the yeast (MICs) in the presence of MB-60 was determined
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Supplementary Figure 10, 11. Examples of images that were quantitated for Fig. 6C.
HeLa cells expressing constitutive EGFP-Parkin were treated with combinations of 20 and 40
uM MB-60 for three hours and then 2.5 and 5 uM CCCP for additional 3 hours. EGFP-Parkin
recruitment was monitored by fluorescence microscopy. The mitochondria were marked by
TOMM20 and the membrane potential was monitored by MitoTracker staining. Parkin
recruitment to mitochondria was quantitated in a pool of 100 cells in three independent

experiments (scale bar =20 um).
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Supplementary Figure 12. MB-60 accelerates Pinkl recruitment in a dose-dependent
manner. Hela cells were pre-treated with varying dose of MB-60 for 3 hours prior. 5 uM CCCP
then added for an additional 3 hours. Mitochondria were subsequently isolated and blotted for

various mitochondrial protein markers.
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Supplementary Figure 13. Validation of PreP’s role in mitochondrial stress pathway using
knockdown and knockout approaches. (a) HeLa cells were transfected with 50 nM PreP
siRNA. 24 hours post-transfection, cells were split and grown on coverslips. 48 hours post-
transfection, cells were stained with MitoTracker red, fixed and immunostained with anti-
mortalin and anti-TOMM?20 to visualize mitochondria. (scale bar = 10 pm). (¢) As in ‘b’ but 48
hours post-transfection, cells were treated with 10 and 40 uM MB-60 for 3 hours and then 5 uM
CCCP for additional 3 hours. Mitochondria were subsequently isolated, analyzed on 8% SDS-
PAGE, transferred onto PVDF membrane and blotted against indicated antibodies. (¢) Wildtype
HCT116 and HCT116 PreP knockout cells were treated with 10 puM CCCP as indicated. Cells
were harvested and lysed in RIPA buffer. 100 pg of lysate were loaded on 8% SDS-PAGE.
Samples were transferred onto PVDF membrane and blotted with indicated proteins. (d) As in
‘¢’ but HCT116 PreP-/- cells were transfected with either empty vector (pCDNA3) or vector

containing full-length PreP-3xflag (pbDNA3-PreP) for 48 hours prior to small molecule treatment.
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Supplementary Figure 14. MB-60 reveals the role of PreP in mitochondrial stress
pathways. Inactivation of PreP by MB-60 activates UPR™ by increasing transcription of
mitochondrial proteostasis genes such as ClpP, DNAJ, and HSP. Under stress, PreP inactivation
activates mitophagy, specifically through Pinkl stabilization and Parkin recruitment to

mitochondria, ultimately resulting in removal of damaged mitochondria by the autophagosome.
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