wo 2009/099896 A1 I 10K OO0 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

ot VAP,
(19) World Intellectual Property Organization /g [} 1M1 AN 00POA 1.0 OO OO0 0
ernational Bureau V,& ‘ ) |
. . . ME' (10) International Publication Number
(43) International Publication Date \,!:,: #
13 August 2009 (13.08.2009) WO 2009/099896 A1

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
GOIN 33/68 (2006.01) kind of national protection available). AE, AG, AL, AM,
(21) International Application Number: ég’ éﬁ’ ég’ éé’ gg’ gg’ gg’ gg > ]])31}({, 3\1\}[]’ gg’ gé’
PCT/US2009/032473 EC. EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN.
(22) International Filing Date: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
29 January 2009 (29.01.2009) EZG II\I/IAKLISH\?I?\/I\I{/RI\/I[“)S( IIC/EY LI\I/J[ZL?\{IAMSGMI\]I)I 1\1\/#(1%
(25) Filing Language: English NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,
(26) Publication Language: English SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,

UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:

61/025.231 31 January 2008 (31.01.2008) ys (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): ELAN GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
PHARMACEUTICALS, INC. [US/US]; 800 Gateway ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
Boulevard, South San Francisco, California 94080 (US). TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(72) Inventors; and MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),

(75) Il-lventors/Appllcz.mts (for .US qnly). JOHNSON, Jen- OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ. GW, ML.
nifer, A. [US/US]; 889 Marin Drive, Mill Valley, Califor- MR, NE, SN, TD, TG)
nia 94941 (US). SZOKE, Balazs, G. [US/US]; 30 P T ’
Northam Avenue, San Carlos, California 94070 (US). Published:
MCCONLOGUE, Lisa [US/US]; 150 Chapin Lane,

Burlingame, California 94010 (US).
—  before the expiration of the time limit for amending the
(74) Agents: APPLE, Randolph, T. et al; Townsend And claims and to be republished in the event of receipt of
Townsend And Crew LLP, T\yo Embarcadero Center, 8th amendments (Rule 48.2(h))
Floor, San Francisco, California 94111-3834 (US).

—  with international search report (Art. 21(3))

—  with sequence listing part of description (Rule 5.2(a))

(54) Title: THERMAL DENATURATION SCREENING ASSAY TO IDENTIFY CANDIDATE COMPOUNDS FOR PRE-
VENTION AND TREATMENT OF PARKINSON'S DISEASE

oryptate @

ATP

+

Substrate Sba

Thermal

>

compounds

FIG. 1

(57) Abstract: Thermal Denaturation Screening Assay to Identity Candidate Compounds for Prevention and Treatment of Parkin-
son's Disease The invention provides highthroughput screening assays to identity agents useful for treatment of Parkinson's Dis-
ease. In one embodiment the assay includes exposing a plurality of test samples, each containing a test compound and parkin pro-
tein, to thermal destabilization conditions and determining parkin ligase activity in the test samples relative to a control sample not
containing a test agent. A test agent contained in a test sample in which parkin ligase activity exceeds the ligase activity in said
control sample is identified as a candidate compound for treatment of Parkinson's Disease.
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THERMAL DENATURATION SCREENING ASSAY TO IDENTIFY
CANDIDATE COMPOUNDS FOR PREVENTION AND TREATMENT
OF PARKINSON'S DISEASE

Cross-Reference to Related Applications

fooo1] This application claims benefit of US 61/025,231 filed January 31, 2008, the entire

content of which is incorporated herein by reference.

Field
[0002] Screening assays are provided to identify agents for treatment of Parkinson's Disease.

The invention has application in the fields of medicine and drug development.

Background

[0003] Parkinson’s disease (PD) is a mneurological disorder characterized neuro-
pathologically as a loss of dopamine neurons of the substantia nigra. This neuronal loss
manifests clinically as alterations in movement, such as Bradykinesia, rigidity and/or tremor
(Gelb et al., Arch. Neurol., 56:33-39, (1999)). Human genetic data have identified genes
linked to the development of PD. One of these genes was localized to chromosome 6 using a
cohort of juvenile onset patients and identified as Parkin protein (Kitada et al., Nature,
392:605-608 (1998)). Parkin protein is an E3 ligase protein that functions in the ubiquitin-
proteasome pathway (UPS) (Shimura, Nature Genetics, 25:302-305 (2000)). The UPS is a
major cellular pathway involved in the targeted removal of proteins for degradation and E3
ligases function to identify and label substrates for degradation by cellular proteasomes
(Hereshko et al., Ann. Rev. Biochem., 67:425-479 (1998)) or lysosomes (Hicke, Trends in
Cell Biology, 9:107-112 (1999)).

[0004]  Another hallmark of PD is the presence of insoluble proteinaceous cellular
inclusions known as Lewy Bodies. Lewy Bodies are comprised of many proteins, the most
prominent being the o-synuclein protein (Spillantini et al., Nature, 388:839-40 (1997)).
Point mutations in the a-synuclein gene or multiplications of the gene, result m PD
(Polymeropoulos et al., Science, 276:2045-7 (1997); Kruger et al., Nature Genetics, 18:106-8
(1998)).
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[000s]  New therapeutic agents for treating Parkinson's disease are urgently needed. The
present invention provides new methods and materials useful for identifying and validating

agents that modulate parkin activity, including new therapeutic agents.

Brief Summary of the Invention

[0006] The invention provides an in vitro screening assay to identify candidate compounds
for prevention and treatment Parkinson's Disease. Parkin protein ("parkin") is exposed to
conditions ("thermal destabilization conditions") that cause loss of parkin ligase activity. The
exposure to thermal destabilization conditions is carried out in the presence or absence of test
agents. Agents that preserve parkin ligase activity are candidate compounds for treatment of
Parkinson's Disease.

00077 In one aspect the invention provides a screening assay with steps including a)
exposing a plurality of test samples to thermal destabilization conditions, where each test
sample contains i) parkin protein and ii) one of a plurality of test agents; b) determining
parkin ligase activity in said test samples relative to a control sample comprising parkin
protein exposed in the absence of a test agent to the thermal destabilization conditions, where
a test agent contained in a test sample in which parkin ligase activity exceeds the ligase
activity in the control sample is identified as a candidate compound for treatment of
Parkinson's Disease. In one embodiment the parkin exposed in the absence of a test agent to
the thermal destabilization conditions retains 40-70% of the its original E3 ligase activity.
Examples of thermal destabilization conditions include incubation at a temperature of from
45°C to 60°C for 30 minutes to 180 minutes. For illustration, incubation can be at about
57°C for about 90 minutes or about 60°C for about 150 minutes.

[0008] In the assay, parkin ligase activity can be determined by combining parkin protein, an
E1 ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme, ATP, ubiquitin, and a
parkin substrate in an appropriate buffer, incubating the combination at 20-37°C and
measuring the rate or extent of ubiquitination of the parkin substrate. Examples of parkin
substrates are S5a (e.g., GST-S5a), septin 4, and troponin 1.

[0009] In the assay parkin ligase activity can be determined using a Fluorescence Resonance
Energy Transfer (FRET) assay in which a donor chromophore is associated with ubiquitin
and an acceptor chromophore is associated with a parkin substrate, or in which a donor
chromophore is associated with parkin substrate and an acceptor chromophore is associated

with a ubiquitin. In an embodiment the donor chromophore is europium cryplate and the
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acceptor chromophore is allophycocyanin. In an embodiment the parkin substrate is S5a. In
a version of the assay candidate compounds are ranked according to the parkin ligase activity
of the corresponding test sample.

0010}  Positive modulators of parkin activity that are parkin stabilizers may be distinguished
from candidate compounds that are parkin agonists by incubating unattenuated parkin protein
in the presence and absence of said compound, where a compound that increases parkin
ligase activity is identified as a parkin agonist and a compound that does not increase parkin
ligase activity is identified as a parkin stabilizer.

[0011] In one aspect the invention provides an in vitro method to assess the specificity of a
positive modulator of parkin activity by (a) identifying a positive modulator of parkin; (b)
incubating an E3 ligase protein other than parkin and a parkin substrate protein together
under conditions in which the substrate is ubiquitinated; (¢) incubating the E3 ligase protein
and the parkin substrate protein together in the presence of a positive modulator of parkin
activity, under the conditions of (b); (d) comparing the ligase activity of the E3 ligase in the
presence and absence of the positive modulator, where an increase in E3 ligase activity when
the positive modulator is present indicates the positive modulator is not completely specific
for parkin, and the absence of an increase indicates positive modulator is completely specific
for parkin. In one version of the assay an increase in substrate ubiquitination in the presence
of the positive modulator indicates the positive modulator is not completely specific for
parkin, but positive modulator is partially specific where partial specificity is defined as an
EC10 for the non-parkin E3 not more than 100 micromolar and is at least 4-fold higher than
the EC10 for parkin.

[0012] Examples of parkin substrates for use in the assay include SSa and troponin 1.
Examples of E3 ligase proteins in the assay include RING E3 ligases, Mdm2, Nedd4, Murfl,
and E6AP.

[0013] In one aspect the invention provides a method for selecting a compound for treatment
of Parkinson's Disease by (a) identifying positive modulators of parkin activity; (b) identify
positive modulators of (a) as parkin stabilizers or parkin agonists; (c) select positive
modulators that are parkin specific based on the effect of the modulators on ubiquitination of
a parkin substrate by an E3 ligase other than parkin (d) select positive modulators that are not
substrate specific based on their ability to positively modulate parkin ubiquitination of more
than one parkin substrate. In certain embodiments the parkin substrates include Septin 4, or

Septin 4 and one or both of S5a or troponin 1.
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[0014] In one aspect the invention provides a method of treating Parkinson's Disease
comprising administering a candidate compound identified by the method of the invention, or
administering a derivative of such a candidate compound, to a patient in need of such

treatment.

Brief Description of the Figures

[0015] Figure 1 is a diagram illustrating a TR-FRET assay for parkin stabilizers and agonists.

foo16] Figure 2 shows the results of a parkin ligase assay following thermal destabilization
of parkin, in which the transition point for parkin thermal stability is shown to be between
42°C and 47°C.

(00177 Figure 3 shows results of a thermal denaturation assay.

[0ots] Figure 4 shows is a graph showing the effect of a compound on parkin and mdm?2 E3
ligase activity using S5a as substrate. The compound increased parkin activity with an EC50

of 2.8 uM but did not increase E3 ligase activity of mdm2.

Detailed Description

[0019] Loss of parkin protein activity in humans results in the progressive loss of
dopaminergic neurons in the substantia nigra and eventually to Parkinson’s Disease. It has
been discovered that agents that reverse, reduce, or prevent loss of parkin activity are
candidate compounds for treatment and prevention of Parkinson's Disease. The present

invention provides screening assays and other methods for identifying such agents.

[0020] Parkin protein is an E3 (ubiquitin) ligase. Parkin acts in conjunction with an El
ubiquitin-activating enzyme and an E2 ubiquitin-conjugating enzyme to direct proteins to the
ubiquitin/proteasome protein degradation pathway. The El enzyme uses ATP to activate
ubiquitin for conjugation and transfers it to the E2 enzyme. Parkin interacts with the E2
enzyme and transfers the ubiquitin to a lysine g-amino group on a target protein, thereby
ubiquitinating the target protein. A polyubiquitin chain can be generated by consecutive
addition of ubiquitin moieties to the ubiquitinated substrate. Parkin ligase activity can be

assayed in vitro by measuring the rate or extent of ubiquitination.

[0021] In one aspect, a screening assay of the invention involves obtaining a plurality of test
samples, each of which comprises parkin protein and one of a plurality of test agents, and

exposing the test samples to thermal destabilization conditions (i.e., elevated temperature
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sufficient to reduce ligase activity of native parkin protein). Parkin ligase activity is
determined for each test sample to identify any test agent(s) that preserve or increase parkin
activity relative to a control sample comprising parkin protein exposed to thermal
destabilization conditions in the absence of a test agent. A test agent contained in a test
sample in which parkin ligase activity exceeds the ligase activity in the control sample is
identified as a candidate compound for treatment of Parkinson's Disease. These and other

aspects of the invention are described in greater detail below.

Test Samples

0022] To identify agents that maintain parkin activity under destabilizing conditions, a
plurality of test samples are exposed to an elevated temperature that, absent a test agent,
reduces parkin ligase activity. As described below, each test sample contains parkin and a
test agent in an appropriate medium. Without intending to be bound by a particular
mechanism it is believed that some such agents stabilize parkin protein in its active
conformation and/or catalyze renaturation ("stabilizers"), while others may increase the
activity of native parkin ("agonmists"). Advantageously, assays of the invention allow

stabilizers and agonists to be distinguished from each other.

i) Parkin
[0023] Parkin protein used in the assay most often has a sequence substantially the same as
human parkin. An exemplary sequence for a human Parkin protein is found under NCBI
accession number BAA25751 (see, e.g., SEQ ID NO:1 and SEQ ID NO:2). Alternatively,
parkin proteins from non-human mammals (e.g., mouse) may be used. An exemplary
sequence for a mouse Parkin protein is found under NCBI accession number AAI13205 (see,
e.g., SEQ ID NO:3 and SEQ ID NO:4). Parkin protein is typically obtained by recombinant
expression using methods described widely in the scientific literature. Parkin may be
produced in eukaryotic cell culture, in E. coli (See, e.g., US 2007/0212679), or in other

protein expression systems known in the art.

[0024] Parkin protein used in the assay may have the wild-type sequence or may be an allelic
or other naturally occurring variant, or a recombinantly produced variant, that differs by a
substitution, insertion, deletion of one or more residues, provided the protein retains at least
some ligase activity. Recombinant parkin used in the assay is often modified to some degree.
For example, in recombinantly expressed proteins (e.g., fusion proteins) there are often small

changes (e.g., deletion of the N-terminal methionine) of from 1-10 residues to facilitate
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expression. Parkin may be modified by addition of an epitope tag to facilitate production,
detection or purification may be used. Common epitope tags for labeling proteins used in the
present invention include FLAG, glutathione-S-transferase (GST), polyhistidine (Hisg) (SEQ
ID NO:5), Myc, maltose binding protein (MBP).

[0025] A parkin form suitable in the present assay will generally retain at least 50% of the
ligase activity of the same molar amount of the wild-type human parkin, preferably at least
75%, often at least 80%, and most very at least 90%. Parkin fragments that retain ligase
activity can be used. Typically such fragments comprise at least 400 contiguous residues ofa
naturally occurring Parkin sequence, and often at least 500 contiguous residues. In some
embodiments variants of Parkin used in the present invention share at least 90% sequence
identity, sometimes at least 95% sequence identity, and often at least 98% sequence identity
with a naturally occurring form of parkin. Sequence identity between two proteins may be
determined by optimally aligning the two protein sequences. Proteins can be aligned
manually or using computer-implemented algorithms such as ClustalW and the NCBI

alignment program, using default parameters.

[0026] Parkin variants associated with increased risk of Parkinson's Disease may also be used
provided they retain at least some ligase activity. Examples of variants associated with
increased risk include parkin having asparagine instead of serine at position 167; tyrosine
instead of cysteine at position 212; methionine instead of threonine at position 240;
tryptophan instead of arginine at position 275; glycine instead of cysteine at position 289; or

leucine instead of proline at position 437.

ii) Test agents
[00277 There is no particular limitation on the types of agents that can be screened for the
ability to stabilize and/or activate parkin. For example, a number of natural and synthetic
libraries of compounds can be used. See, e.g., NCI Open Synthetic Compound Collection
library, Bethesda, Md; Pirrung et al., 2008, "Synthetic Libraries of Fungal Natural Products”
ChemlInform 39:2; Shang et al., 2005, "Advancing chemistry and biology through diversity-
oriented synthesis of natural product-like libraries" Curr Opin Chem Biol. 9:248-58; Webb
TR, 2005, "Current directions in the evolution of compound libraries" Curr Opin Drug
Discov Devel. 8:303-8; Fodor et al., 1991, Science 251:767-73; Medynski, 1994,
BioTechnology 12:709-710; Ohlmeyer et al., 1993, Proc. Natl. Acad. Sci. USA 90:10922-26;
Erb et al., 1994, Proc. Natl. Acad. Sci. USA 91:11422-26; Jayawickreme et al., 1994, Proc.
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Natl. Acad. Sci. USA 91:1614-18; and Salmon et al., 1993, Proc. Natl. Acad. Sci. USA
90:11708-712). The test agent can be a small molecule, such as a molecule with a molecular
weight less than 1000, and often less than 500. Preferably the test agent can cross the blood-

brain barrier or can be modified to a derivative that can cross the blood-brain barrier.

[0028] The concentration of test agent in the test sample will vary depending on the nature of
the agent, but concentrations in the range of 1 nM to 5 uM are typical. Test agents may be
prepared as a concentrated stock (e.g., a 500 uM stock in DMSO or other appropriate buffer
or solvent) prior to use in the screening assay. In the course of screening and validating a
candidate compound, the effects on parkin activity of several different concentrations of a test
agent may be measured (e.g., 1 nM, 10 nM, 100 nM, 1 pM, 10 pM, 20 uM and 100 pM). In
one embodiment, 10 uM and/or 20 uM test agent is used in the screening assay. Test agent
concentrations refer to conditions at the time parkin protein is exposed to thermal
destabilization conditions. It will be apparent from the discussion below that, following
exposure to thermal destabilization conditions, reagents for measuring parkin activity are
added to the test sample thereby increasing volume and reducing the concentration of test

agent.

[0029] Generally the test agent is incubated with parkin during exposure to thermal
destabilization conditions. In addition, the test agent may be pre-incubated with parkin under
non-stress conditions (e.g., 4°C to 37°C) for a period of minutes to hours (e.g., 1 minute to 5
hours). Usually, at least some time lag between combining a test agent with parkin and
exposure to thermal destabilization conditions required by the mechanics of reagent transfer
(e.g., pipetting). In one embodiment, a test agent is added to parkin protein at one
temperature (e.g., 4°C) and the test sample is subsequently incubated at a different
temperature (e.g., 37°C) for a period prior to exposure to the thermal destabilization
conditions. In an alternative embodiment, a test agent is added to an already-attenuated
parkin protein. In yet another alternative embodiment a test agent is added to an already-

attenuated parkin protein and then exposed to further thermal destabilization.

[0030] Most often each test sample contains parkin protein and a single test agent. However,
combinations of test agents can be included in a single test sample. Testing combinations can

be useful, for example, for identifying additive or synergistic effects.
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Thermal destabilization conditions

[0031] Test samples containing parkin protein and test agents are exposed to thermal
destabilization conditions, usually prior to initiation of the ligase reaction. Thermal
destabilization conditions comprise a temperature and incubation time that results in thermal
destabilization (or "attenuation") of parkin protein in the absence of a test agent. The thermal
destabilization is detectable as a reduction in parkin ligase activity. Typical thermal
destabilization conditions used in the assay reduce parkin ligase activity by about 10% -
100% compared to parkin protein not exposed to thermal destabilization (e.g., maintained at
4°C for the duration of the assay). Often thermal destabilization conditions are selected that
reduce parkin activity to about 40 - 80% of controls containing parkin not exposed to
elevated temperature. Preferably conditions are selected that reduce parkin activity to about
40% to 70% of controls, such as 40-60% of controls. Parkin protein exposed to thermal

destabilization conditions can be referred to as "attenuated parkin."

[0032] Optimal time and temperature parameters for parkin attenuation will vary somewhat
with the buffer, concentration, test sample volume and form of parkin protein used. One
suitable buffer for both the therma) destabilization and ligase assay steps is Assay Buffer A
(50 mM HEPES pH 8.8, 1 mM DTT, 0.005% Tween® 20 and 0.1% Pluronic® F-127). A
second, and preferred buffer, Assay Buffer B (50 mM HEPES pH 8.8, 1 mM DTT, and

0.005% Tween® 20). Parkin is typically exposed to thermal destabilization conditions at a
concentration in the range 0.1 micrograms/ml to 10 mg/ml, although higher or lower
concentrations may be used. Test sample volumes will depend on the format used and are
often in the range of 50 nanoliters to 50 microliters, more often 500 nanoliters to 5
microliters. Test sample volumes may be lower, e.g., in some microfluidic formats. In one
embodiment thermal destabilization conditions are selected that reduce parkin activity by
about 40 - 80% when measured using 0.1 mg/ml parkin in Assay Buffer A in a 500 nanoliter

reaction volume.

[0033] Thermal destabilization of parkin is usually accomplished by exposure to
temperatures above 45°C. As shown in Example 1, infra, the transition point for parkin
thermal stability is in the range of 42 to 47°C. In experiments in which denaturation occurred
in wells of 1,536-well microtiter plate somewhat higher temperatures were optimal.
Generally the thermal denaturation conditions will comprise a temperature in the range of 45
to 60°C and an incubation time will be in the range of 30 minutes to 3 hours. Exemplary

thermal destabilization conditions include 45-60°C for 30-120 minutes. For example,
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thermal denaturation can be carried out for 90 min at 57°C. In an other example, thermal
destabilization conditions are 150 min at 60°C. In one embodiment parkin (0.5 mg/ml) and

test agent (10 uM) are incubated in Assay Buffer A for 90 min at 57°C.

[0034] In addition to determining parkin activity in test samples containing parkin protein
and a test agent, parallel determinations are carried out conducted with attenuated parkin in
the absence of any test agent as well as parkin not exposed to thermal destabilization

conditions. This is discussed further below, in the section captioned "Reference samples."

Determining Parkin Ligase Activity: Materials, Formats and Methods

[0035] Following exposure to thermal destabilization condition, the parkin ligase activity in
test (and reference) samples is determined. Assays for parkin ligase activity are known in the
art, and a variety of formats and reagent combinations may be used in the screening methods
of the present invention. It will be appreciated that the screening methods of the invention

are not limited to any particular method for determining parkin activity.

[0036] The basic components of many parkin ligase assays are parkin protein, an El
ubiquitin-activating enzyme (e.g., UBA1, UBA2), an E2 ubiquitin-conjugating enzyme (e.g.,
UbcH7, UbcH6, UbcHS, UbcH13), ATP (e.g., Mg-ATP), ubiquitin, a substrate (e.g., target
protein), and an appropriate buffer or reaction medium. In one embodiment E1, E2, ATP,
ubiquitin, a parkin substrate are added together to the test sample containing attenuated
parkin to initiate the ligation reaction. Alternatively, the assay components may be added
separately or sequentially. For example, E1, E2, ubiquitin, and a parkin substrate may be
added to the test sample together, and the ligation reaction initiated by subsequent addition of
ATP. In yet another variation, some assay components (e.g., ATP) may be added prior to

exposure to destabilizing conditions.

[0037] Assay components are commercially available (e.g., Boston Biochem Inc., 840
Memorial Drive, Cambridge, MA 02139) and/or all may be obtained using methods known in
the art or described below. See, e.g., Wee et al., 2000, J. Protein Chemistry 19:489-98; and
Zhang et al., 2000 Proc Natl Acad Sci U S A. 97:13354-9. Assay components may be
purified and/or recombinant and may be human, mammalian, mouse or from other
eukaryotes. In some versions of the assay, the components are derived from the same species

(e.g., parkin, S5a, E1, E2 and ubiquitin are all human, are all mouse, etc.).

[0038] An exemplary El ubiquitin-activating enzyme is UBA1 (Genbank accession No.

X55386). Suitable E2 ubiquitin-conjugating enzymes include UbcH7, UbcHS, UbcH13 and
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UbcH13/Uevl. Parkin substrates that may be used in the assay include, but are not limited
to, alpha-synuclein, Septin-4, the 26S proteasome subunit S5a, troponin 1, the putative G
protein-coupled receptor Pael-R (Imai et al., 2001, Cell 105:891-902) and the parkin protein

itself (autoubiquitination). Preferred substrates are SSa, troponin 1, and Septin-4.

[0039]  S5a is a parkin substrate (see copending application No. 60/898,947, incorporated
herein by reference). S5a is a multiubiquitin-binding protein that binds the poly-ubiquitin
chain though its ubiquitin interaction motif. S5a is described in Ferrell et al., 1996,
"Molecular cloning and expression of a multiubiquitin chain binding subunit of the human
26S protease" FEBS Lett. 381 (1-2), 143-148; Coux et al., "Structure and functions of the 20S
and 26S proteasomes" Annu. Rev. Biochem. 65, 801-847 (1996); Wang et al., 2005, J Mol
Biol. 348(3):727-39; van Nocker, 1996, Mol Cell Biol 16: 6020-28; Katzmann et al., 2002,
Nat. Rev. Mol. Cell. Biol. 3:893; and Young et al., 1998, J. Biol. Chem. 273:5461. The
sequence of human S5a has accession number NP_002801 in the NCI protein database (see,

e.g., SEQ ID NO:6 and SEQ ID NO:7).

t0040]  The S5a substrate may be modified for use in assays. For example, S5a may be
expressed as a fusion protein and may include, for example, an epitope tag such as GST or
Hise. GST-tagged S5a can be purchased from BioMol, Inc. (Plymouth Meeting, PA). Hise-
tagged S5a can be prepared as described in Walters et al., 2002 Biochemistry 41:1767-77.
Truncated forms or fragments that retain the ability to be ubiquitinated by parkin may be
used, typically comprising at least 200 contiguous residues of a naturally occurring S5a
sequence, often at least 300 contiguous residues, often at least 350 contiguous residues,
sometimes at least 370 contiguous residues. In some embodiments variants of S5a with at
least 90% sequence identity to the naturally occurring human protein (NP_002801) are used,
sometimes at least 95% sequence identity, and often at least 98% sequence identity.
Sequence identity between two proteins may be determined by optimally aligning the two
protein sequences. Proteins can be aligned manually or using computer-implemented

algorithms such as Clustal W and the NCBI alignment program, using default parameters.

[0041] Troponin 1 is a subunit of troponin (see, PCT publication WO 2008/095126,
incorporated herein by reference). Troponin binds to actin in thin myofilaments to hold the
troponin-tropomyosin complex in place. Troponin 1 may be expressed as a fusion protein
and may include, for example, an epitope tag such as GST or Hise. Troponin 1 is

commercially available or can be prepared using well-known protocols. Truncated forms or

10
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fragments of troponin 1 that retain the ability to be ubiquitinated by parkin may be used,
typically comprising at least 150 contiguous residues of a naturally occurring troponin
sequence, often at least 180 contiguous residues, often at least 200 contiguous residues,
sometimes at least 205 contiguous residues. In some embodiments variants of troponin 1
with at least 90% sequence identity to the naturally occurring human protein (NCI Protein
Database Accession No. NP_000354; see, e.g., SEQ ID NO:8) are used, sometimes at least
95% sequence identity, and often at least 98% sequence identity. Sequence identity between
two proteins may be determined by optimally aligning the two protein sequences. Proteins
can be aligned manually or using computer-implemented algorithms such as ClustalW and

the NCBI alignment program, using default parameters.

(0042  Septin 4 ("Sept4") is a member of a conserved protein family with functions in cell
division. Three splice variants of Septin 4 have been identified to date: Septd4varl (NCBI
accession number NP_004565), Sept4var2 (also known as "ARTS") (NP_536340) and
Sept4var3 (NP_536341). Septdvarl and Sept4var3 have the same sequence except Sept4varl
contains an additional 21 amino acids at the N-terminus. Sept4var2 (ARTS) shares sequence
identity with variants 1 and 3 for residues 1-247 and then diverges in sequence for amino
acids 247-274 (see Larisch et al., 2000, Nature Cell Biol 2:915-20 incorporated by reference
herein). Also see Chance et al., 2006, "Inherited focal, episodic neuropathies: hereditary
neuropathy with liability to pressure palsies and hereditary neuralgic amyotrophy"
Neuromolecular Med. 8(1-2):159-74; Spiliotis et al., 2006 "Here come the septins: novel
polymers that coordinate intracellular functions and organization" J Cell Sci. 119(Pt 1):4-10;
Hall et al., 2004, "The pathobiology of the septin gene family" J Pathol. 204(4):489-505;
each incorporated by reference herein. Sept4var3 has been shown to be a Parkin substrate
(data not shown). See copending application No. 60/939,335, incorporated herein by

reference.

[0043] In assays of the invention, the Sept4 protein may be Sept4var3. Alternatively the
Sept4 protein may be Septd4varl. Alternatively the Sept4 protein may be Septdvar2.
Variants, fragments and mixtures of isoforms may also be used. Isoform 1 and isoform 3 of
Sept4 differ only at 21 amino acid residues at the amino terminus and are believed to have
equivalent interactions with Parkin. Sept4var2 (ARTS) has homology at the amino terminal
1-247 residues. Septdvar2 is ubiquitinated and co-immunoprecipitation experiments from

neuronal cells demonstrated that Sept4var2 and Parkin interact with each other.
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[0044] In some embodiments, truncated forms of Sept4 can be used with the methods of the
present invention. For example, as demonstrated in the experimental examples below, Sept4
variants missing up to 117 amino acids from the N-terminus retain their ability to be
ubiquitinated by Parkin and can, thus, be used in assays of the invention. In some
embodiments, other variants of Sept4 can be used to practice the methods of this invention,
e.g., Sept4 variants that differ from by insertions, deletions or substitutions. Useful variants
retain the property of being a parkin ubiquitination substrate, which can be tested using
assays known in the art and described herein. Other variants of Sept4 that can be used in the
present invention include variants that share 90% sequence identity, preferably at least 95%
sequence identity, preferably at least 98% sequence identity with a Sept4 protein. Those of
skill in the art can easily determine the homology a variant shares with the parental protein by
optimally aligning the two protein sequences. Alignment programs such as Clustal W and the
NCBI alignment program are exemplary programs that can be used for optimally aligning

two proteins.

[0045] A Sept4 protein may be expressed as a fusion protein and may include, for example,
an epitope tag to facilitate purification and/or binding to a substrate such as a microtiter well.
For example, Thara and colleagues use a baculoviral system to express histidine tagged Sept4
proteins cloned from human and mouse (Ihara et al., 2007, Neuron, 53:519-33).

[0046] Depending on the specific format of the assay, assay components may be labeled or
modified. For example, ubiquitin and/or other components may be biotinylated, tagged,
fluorescenated or complexed with another agent. For example, the Homogeneous Time-
Resolved Fluorescence (HTRF) described below is carried out using biotinylated parkin

substrate and ubiquitin complexed with europium cryptate.

[004771 As noted above, the parkin ligase reaction can be initiated by adding the assay
reagents to a preparation containing attenuated parkin. It is convenient to prepare a "pre-mix"
containing E1, E2, Mg-ATP, ubiquitin and substrate, in a suitable buffer or carrier (e.g.,
Assay Buffer A). In one embodiment both the parkin attenuation step and the parkin ligase
assay are carried out the same medium (e.g., Assay Buffer A). The ligation reaction is
allowed to proceed at a temperature in the range of 20 to 37°C (e.g., room temperature, 30°C
or 37°C) for, e.g., 30 min to 4 hours. In one embodiment the ligation reaction is carried out at

30°C for 180 min.

[0048] The rate or extent of ubiquitination of a substrate (e.g., S5a) can be measured in a
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variety of ways. One method entails carrying out a ubiquitination reaction, separating
proteins in the reaction mixture by electrophoresis, Western Blotting the separated proteins,
probing the Western Blot with an anti-substrate (e.g., anti-S5a) or anti-ubiquitin antibody,
and detecting changes in mobility that reflect attachment of ubiquitin to the substrate. See
Figure 2. However, any method of measuring ligase activity can be used, including
immunologically based assays (ELISA, immunoprecipitation, see Harlow and Lane, 1988,
ANTIBODIES, A LABORATORY MANUAL, Cold Spring Harbor Publications, New York,
incorporated by reference herein), mass spectroscopic methods, electromagnetic spectrum
spectroscopic methods, chromatographic methods, assays using detectably labeled ubiquitin,
and Fluorescence Resonance Energy Transfer (FRET)-type assays. One preferred assay is a
Fluorescence Resonance Energy Transfer (FRET-type) assay, an example of which is
described below. In one embodiment parkin ligase activity is determined using a FRET assay
in which a donor chromophore is associated with ubiquitin and an acceptor chromophore is
associated with a parkin substrate or an acceptor chromophore is associated with ubiquitin

and a donor chromophore is associated with a parkin substrate.

[0049] Assays can be designed to measure total ubiquitination per unit mass of substrate at a
particular end point and/or to measure the extent of poly-ubiquitination of substrate
molecules (i.e., the length of ubiquitin chains). Assays can be designed to measure
ubiquitination at multiple time points to determine the level of ubiquitination per unit time

("rate" of ubiquitination), or under varying conditions.

[00s0] The screening assay can be carried out in any of a variety of formats. For example,
parkin can be exposed to thermal destabilization conditions and ligase activity assays in a
microfuge tube. Preferably however, the assay is carried out in a format suitable for
highthroughput screening (HTS). In one approach, multiwell plates are used, preferably in
conjunction with automated (robotic) handling of reagents and samples. Multiwell plates
microtiter plates are available in several format including 96-well plates, 384-well plates and

1,536-well plates. In another approach, microfluidic assay devices are used.

[005s1] In the screening assay a plurality of test samples are screened simultaneously. The
number of test agents screened in each assay is usually at least 20, more usually at least 50,
preferably at least 100, and often at least 200, 300 or 400. A screening assay will often
include multiple test samples with the same test agent (duplicates and/or at different

concentration) as well as reference samples (described below). It will be appreciated that the
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assay of the invention can also be carried out using a smaller number of test agents, including
a single test agent, particularly to validate or characterize a test agent putatively identified as

a stabilizer or agonist.

Reference samples

[00s2] In addition to test samples, assays generally include reference, or "control,” samples.
[0053] One reference sample contains parkin but no test agent and is otherwise processed in
the same manner as test samples (including the attenuation step). The ligase activity of this
reference provides is the baseline against which parkin ligase activity in test samples is
compared. A test agent contained in a test sample in which parkin ligase activity exceeds the
ligase activity in the reference sample is identified as a candidate compound for treatment of

Parkinson's Disease.
[0054] A second type of reference sample contains unattenuated parkin and a test agent.

[005s] A third type of reference sample contains unattenuated parkin and no test agent. The

parkin ligase activity of this reference sample is a positive control for the ligase assay.

[00s6] Test agents that are stabilizers of attenuated parkin can be distinguished from agonists
of parkin activity by comparing the ligase activity of the test sample and reference sample(s).
An agonist will increase activity in the reference sample containing unattenuated parkin and
the test agent (agonist) relative to unattenuated parkin alone. Thus, the invention also
provides a method for distinguishing candidate compounds that are parkin stabilizers from
candidate compounds that are parkin agonists by incubating unattenuated parkin protein in
the presence and absence of said compound, wherein a compound that increases parkin ligase
activity is identified as a parkin agonist and a compound that does not increase parkin ligase
activity is identified as a parkin stabilizer. The aforementioned determination can be made
concurrently with a primary screen in which test agents are incubated with attenuated parkin
to identify candidate compounds and/or can be carried out as a separate step after candidate
compound(s) have been identified. It will be appreciated that a single test agent may have

both agonist and stabilizer activities.

Fluorescence Resonance Energy Transfer (FRET) Type Assay

(00577 In one embodiment a Homogeneous Time-Resolved Fluorescence (HTRF) substrate-
ubiquitination assay is used for screening. Such an assay is illustrated in Figure 1. As
illustrated in the figure, test samples containing parkin protein and test agent are combined

with a pre-mix containing biotinylated parkin substrate, E1, E2, ubiquitin spiked with a
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ubiquitin europium cryplate complex [Ub-Eu(K)], and Mg-ATP. In one embodiment the
substrate is biotinylated S5a (Bt-S5a). The Ub-Eu(K), is transferred by E1 in the presence of
ATP to E2 (Ub-Eu(K)-E2), which then holds Ub-Eu(K) in an energy-rich thiolester bond for
transfer onto substrates. Ub-Eu(K) is transferred from E2 to the biotinylated substrate S5a
(Bt-S5a).  Allophycocyanin-labeled stretavidin (SA-APC) is added. If Ub-Eu(K) was
transferred to Bt-SSA, Eu®* and APC are brought into close proximity, permitting energy
transfer between the two fluorescent labels. To measure Fluorescence Resonance Energy
Transfer (FRET), Eu®* is excited at a wavelength of 320 nm. Then, time-resolved
fluorescence emission is detected at 685 nm. In order to normalize the FRET signal, time-
resolved fluorescence emission is recorded at 615 nm (emission of Ub-Eu(K) at that
wavelength) as well. The readout is calculated as follows: ratio = emission at 665 nm /
emission at 615 nm x 10,000. In this assay only ubiquitin that has been transferred to the
substrate will be detected. Free Ub-Eu(K) or Ub-Eu(K)-E2 will not lead to an assay signal.
Advantageously, this assay allows screening for both stabilizers of attenuated parkin and
parkin agonists. A further advantage of this type of assay is that the selectivity of any test
compounds identified as hits can be characterized by replacing parkin by another E3 ligase.
It will be recognized by those of skill guided by this disclosure that a variety of FRET-type
assays may be used in the screening method of the invention, including, for example,
variations in which different donor-acceptor pairs are used (e.g., Cy3/Cy5; also see

Kainmiiller and Bannwarth, 2006, Helvetica Chimica Acta 89:3056-70).

Ligase Specificity Screens _

[00s8] Positive modulators identified using the thermal destabilization assays described
above are further characterized using additional screening steps to determine their specificity
for parkin. "Specificity” means that a positive modulator is not an agonist or stabilizer for
multiple E3 ligases tested, but modulates parkin exclusively or more effectively than it
modulates other E3 ligases.

[0059] As demonstrated below in Example 3, S5a is a substrate for several E3 ligases. The
invention provides an in vitro method for determining specificity of a positive modulator of
parkin activity on ligation of S5a by an E3 ligase other than parkin is assessed. In one
embodiment the assay involves (1) incubating an E3 ligase protein other than parkin and S5a
protein together under conditions in which the S5a protein is ubiquitinated; (2) incubating E3
protein and S5a protein in the presence of a parkin positive modulator together under the

conditions of (1); (3) comparing the rate or extent of S5a ubiquitination in the presence of the
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parkin positive modulator with the rate or extent of S5a ubiquitination in the absence of the
parkin positive modulator, where a relative increase in S5a ubiquitination in the presence of
the parkin activity modulator indicates that the parkin activity modulator positively
modulates the activity of the non-parkin E3 ligase activity (e.g., is an agonist of the non-
parkin E3 ligase). A parkin activity modulator that modulates parkin ubiquitination of S5a,
but does not detectably modulate non-parkin E3 ubiquitination of S5a is identified as having
specific parkin positive modulatory activity. See Example 4, below. The assay can also be
used using a different parkin substrate, such as troponin 1, or any other parkin substrate that
can be ubiquitinated in the presence of E1, E2, and other reaction components discussed
above.

[0060] A parkin positive modulator that also modulates non-parkin E3 ubiquitination of S5a,
but does so less effectively than it modulates parkin activity, is identified as having parkin
positive modulatory activity that is partially specific for parkin. In this context "less
effectively" means that amount (concentration) of the compound required to increase parkin
activity by 10% ("EC,o") is greater for the non-parkin E3 than for parkin. In the assay, 100%
is defined as the total activity of fully-active (i.e., not attenuated or denatured) of the E3
ligase in the absence of the compound. An EC, for the non-parkin E3 that is more than 2-
fold greater than for parkin shows partial specificity, provided the EC) for the non-parkin E3
is not more than 100 micromolar. Preferably the ECyq is at least 5-fold, 10-fold, 20-fold, or
100-fold higher. Thus a compound that increases parkin activity from 100% to 110% at a
concentration of 1 micromolar and increases non-parkin activity from 100% to 110% at a
concentration of 25 micromolar shows partial specificity. In some versions of the assay the
parkin and non-parkin E3 may be partially attenuated and have less than 100% of the activity
of fully-active ligase. In such an example, a compound that increases attenuated parkin
activity from 50% to 60% at a concentration of 1 micromolar and increases attenuated non-
parkin activity from 55% to 65% at a concentration of 25 micromolar shows partial
specificity. Dose-response curves can be generated using methods known in the art.
Typically, serial 2-fold or 3-fold dilutions are used. Usually the concentrations tested are
within the range 100 micromolar to 50 picomolar. A compound is considered completely
specific of parkin if the ECyo for the non-parkin E3 ligase(s) is greater than 100 micromolar
and is at least 4-fold higher than the EC, for parkin.

[0061]  The assay conditions for ligase activity of the non-parkin E3 may be, but are not
necessarily, the same as those used in the parkin assay to which results are compared. For

example, modifications may be made to account for differences among E3s in optimal
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reaction conditions or cofactors. For example, when the E3 is Mdm2 or Murfl, the E2
protein may be UbcHS5, while in a corresponding parkin assay a preferred E2 protein may be
UbcH7. Specificity can be reported with reference to the assay reaction conditions and/or the
non-parkin E3 ligase(s) tested. For example, the experiment described in Example 4

demonstrates that the compound tested is specific for parkin relative to Mdm?2.

[0062] In cases in which thermal destabilization assays are used, E3 ligases are incubated
under conditions of thermal denaturation, i.e., conditions that reduce E3 activity to about 30 -
80% of controls not exposed to elevated temperature. Conditions may be selected that reduce
E3 activity to about 40% to 70% of controls, such as 40-60% of controls. E3 protein exposed
to thermal destabilization conditions can be referred to as "attenuated E3." The conditions for
denaturation will vary for different E3 ligases, but can be determined as described in the
Examples. As is shown below, E3 E6AP appeared to lose 50% of its activity after pre-
incubation for 1 hour at 41°C. E3 Murfl appeared to lose 50% of its activity after pre-
incubation for 1 hour at 60°C. It is within the skill of the practitioner guided by this
disclosure to determine the thermal denaturation conditions for a given E3 ligase, that reduce
activity by 40-70%.

[0063] Any mammalian E3 ligase that can ubiquitinate a parkin substrate can be used in a
specificity assay using that substrate. For example, as shown in Example 4, CHIP, Nedd4,
Murfl, E6AP, Mdm?2 and Siah2 can ubiquitinate S5a. CHIP (carboxyl terminus of Hsp70-
interacting protein) is a tetratricopeptide repeat-containing protein that interacts with heat
shock proteins and negatively regulates chaperone functions (see, e.g., Ballinger et al., 1999,
Mol. Cell. Biol. 19:4535-45; Connell et al., 2001, Nat. Cell Biol. 3: 93-96). Nedd4 (Neural
precursor cell expressed developmentally down-regulated protein 4) is the prototypical
protein in a family of E3 ubiquitin ligases that have a C2 domain at the N-terminus, two to
four WW domains in the middle of the protein, and a catalytic HECT domain at the C-
terminus (see, e.g., Ingham et al., 2004, Oncogene 23:1972-1984. Murfl (Muscle-specific
RING finger protein 1) is a protein critical in the development of muscle atrophy (see, e.g.,
Attaix et al., 2005, Essays Biochem. 41:173-186). Mdm?2 (p53-binding protein Mdm?2) is an
oncoprotein that binds to the p53 tumor suppressor transactivation domain (Kussie et al.,
1996, Science 274:948-953). E6AP (Human papillomavirus E6-associated protein) mediates
the interaction of the human papillomavirus E6 oncoprotein with p53 (see Huibregtse et al.,
1993, Mol. Cell. Biol. 13:775-784). Siah2 (Seven in absentia homolog 2) has been implicated
in regulating cellular response to hypoxia (see, e.g., Nakayama et al., 2004, Cell 117:941-
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952). Other mammalian E3 ligases are readily identified by one of ordinary skill by reference
to the medical literature. For illustration and not limitation examples include E3 ubiquitin
ligase atrophin-interacting protein 4 (AIP4); EDD (or HYD); Smurf2; atrogin-1/MAFbx;
RNFS8;c-IAP1; SCf-Cdc4; Herc4; gp78; RINCK; Pirh2; Phrl; Triadl, RNF125/TRAC-1;
Ufd2p; Ligand-of-Numb protein X1; Cullin4B; HRD-1; DDBZ2; BRCA1 RING; c-Cbl;
HACE1; RNF5; Skp2; mind bomb 1; and Huwel.

[0064] In some embodiments, the non-parkin E3 is a member of the RING family. In some
embodiments the E3 ligase is selected from Mdm2, Nedd4, Murfl, and E6AP. In one
embodiment the E3 ligase is Murfl or EGAP. In one embodiment, the E3 ligase is Murfl. In
some versions, the specificity assay uses a parkin substrate other than S5a, such as, for

example, troponin 1.

Drug Discovery Method
[0065] In one aspect the invention provides a method for positive modulators of parkin
activity for use in therapy and prevention of Parkinson's Disease, having the steps shown in

Table 1A or 1B.

Table 1A

# Action

1 Identify positive modulators of parkin activity based on increased ubiquitination of a

parkin substrate (e.g., S5a, Septin4, troponin 1).

2 Select positive modulators of parkin activity that are parkin stabilizers.

3 Select positive modulators of parkin activity that are parkin specific based on the effect
of the modulators on ubiquitination of a parkin substrate (e.g., S5a, troponin 1) by an

E3 ligase other than parkin.

4 Select positive modulators that are not substrate specific (i.e., ubiquitinate more than

one parkin substrate, e.g., ubiquitinate Septin4, S5a and troponin 1).
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Table 1B

# Action

1 Identify positive modulators of parkin activity based on increased ubiquitination of a

parkin substrate (e.g., S5a, Septin4, troponin 1).

2 Select positive modulators of parkin activity that are parkin agonists.

3 Select positive modulators of parkin activity that are parkin specific based on the effect
of the modulators on ubiquitination of a parkin substrate by an E3 ligase other than

parkin.

4 Select positive modulators that are not substrate specific (i.e., ubiquitinate more than

one parkin substrate, e.g., ubiquitinate Septin4, S5a and troponin 1).

[0066] Steps 1-4 may be carried out in any order, provided Step 2-4 are carried out at the
same time as or after Step 1. Step 4 is based on the discovery that Septin4 is a parkin
substrate but is not a substrate for other E3 ligases. Step 1 is preferably carried out using the
thermal denaturation assays described hereinabove. In some embodiments Step 2 is omitted.

In some embodiments Steps 2 and 4 are omitted.

Candidate compound

[0067] A test agent contained in a test sample in which parkin ligase activity exceeds the
ligase activity in the reference sample is identified as a "hit" or candidate compound for
treatment of Parkinson's Disease. Preferably a candidate compound (e.g., a parkin stabilizer)
will preserve at least 10% of the ligase activity lost due to thermal destabization. For
example, if a reference sample with unattenuated parkin is defined as having 100% ligase
activity, and a reference sample with attenuated parkin and no test agent has 50% of the
ligase activity, a parkin stabilizer that preserves at least 10% of the ligase activity lost by
thermal destabization will have at least 55% activity. More preferably a candidate compound
will preserve at least 25% of the ligase activity, at least 30% of the ligase activity, at least
50% of the ligase activity, or at least 75% of the ligase activity lost due to thermal

destabization.

19




WO 2009/099896 PCT/US2009/032473

[0068] Candidate agents may be ranked according to their ability to preserve parkin activity.

The ranking may be recorded (e.g., printed and/or stored on a computer-readable medium).

[0069] It will be understood that, as used herein, reference to an "agent useful for treating
Parkinson's Disease" or "candidate compound for treatment of Parkinson's disease" refers to a
compound identified as being more likely than other compounds to exhibit therapeutic or
prophylactic benefit for patients with Parkinson's disease, i.e., a drug candidate. It will be
understood by those familiar with the process of drug discovery that a drug candidate may
undergo further testing (e.g., in vivo testing in animals) prior to being administered to
patients. It will also be understood that the agent approved for administration to humans may

be a derivative of, or a chemically modified form of, the drug candidate.

[0070] For illustration, the lead compound may be modified to produce a prodrug form. For
example, an ester linkage may be added to a lead compound to produce a pharmaceutically
acceptable ester (e.g., an ester that hydrolyzes under physiologically relevant conditions to
produce a compound or a salt thereof) or a protecting group may be added to the compound.
Ilustrative examples of suitable ester groups include but are not limited to formates, acetates,
propionates, butyrates, succinates, and ethylsuccinates. A variety of protecting groups are
disclosed, for example, in T. H. Greene and P. G. M. Wuts, Protective Groups in Organic
Synthesis, Third Edition, John Wiley & Sons, New York (1999). Conventional procedures
for the selection and preparation of suitable prodrug derivatives are known in the art and
described, for example, in "Design of Prodrugs,” H. Bundgaard ed., Elsevier, 1985, and B.
Testa "Hydrolysis in Drug and Prodrug Metabolism: Chemistry, Biochemistry, and
Enzymology, 2003, Wiley-VCH.

[0071] Similarly, improvements in water solubility of a polyketide compound can be
achieved by addition of groups containing solubilizing functionalities to the compound or by
removal of hydrophobic groups from the compound, so as to decrease the lipophilicity of the
compound. Typical groups containing solubilizing functionalities include, but are not limited
to: 2-(dimethylaminoethyl)amino, piperidinyl, N-alkylpiperidinyl, hexahydropyranyl,
furfuryl, tetrahydrofurfuryl, pyrrolidinyl, N-alkylpyrrolidinyl, piperazinylamino, N-
alkylpiperazinyl, morpholinyl, N-alkylaziridinylmethyl, (1-azabicyclo[1.3.0]hex-1-yl)ethyl,
2-(N-methylpyrrolidin-2-yl)ethyl, 2-(4-imidazolyl)ethyl, 2-(1-methyl-4-imidazolyl)ethyl, 2-
(1-methyl-5-imidazolyl)ethyl, 2-(4-pyridyl)ethyl, and 3-(4-morpholino)-1-propyl.
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[0072] Many other modifications of compounds identified according to the invention will be
apparent to those of skill, and can be accomplished using techniques of pharmaceutical

chemistry.

[0073] Prior to use the candidate product (whether modified or not) can be formulated for
storage, stability or administration. For example, the product can be formulated as a
pharmaceutically acceptable salt. Suitable pharmaceutically acceptable salts of compounds
include acid addition salts which may, for example, be formed by mixing a solution of the
compound with a solution of a pharmaceutically acceptable acid such as hydrochloric acid,
hydrobromic acid, sulfuric acid, fumaric acid, maleic acid, succinic acid, benzoic acid, acetic
acid, citric acid, tartaric acid, phosphoric acid, carbonic acid, or the like. Where the
compounds carry one or more acidic moieties, pharmaceutically acceptable salts may be
formed by treatment of a solution of the compound with a solution of a pharmaceutically
acceptable base, such as lithium hydroxide, sodium hydroxide, potassium hydroxide,
tetraalkylammonium hydroxide, lithium carbonate, sodium carbonate, potassium carbonate,

ammonia, alkylamines, or the like.

[0074] Prior to administration to a subject the product will be formulated as a pharmaceutical
composition according to methods well known in the art, eg., combination with a
pharmaceutically acceptable carrier. The term "pharmaceutically acceptable carrier” refers to
a medjum that is used to prepare a desired dosage form of a compound. A pharmaceutically
acceptable carrier can include one or more solvents, diluents, or other liquid vehicles;
dispersion or suspension aids; surface active agents; isotonic agents; thickening or
emulsifying agents; preservatives; solid binders; lubricants; and the like. Remmington and
Gennaro, 2006 Remington the science and practice of pharmacy. 21st Edition. Baltimore,
Md, Lippincott Williams & Wilkins and Handbook of Pharmaceutical Excipients, Third
Edition, A. H. Kibbe ed. (American Pharmaceutical Assoc. 2000), disclose various carriers
used in formulating pharmaceutical compositions and known techniques for the preparation

thereof.

(00757 The composition may be administered in any suitable form such as solid, semisolid,
or liquid form. See Allen et al., (2005). Ansel's pharmaceutical dosage forms and drug
delivery systems. Philadelphia, Lippincott Williams & Wilkins 8th Edition. In an
embodiment, for illustration and not limitation, the polyketide is combined in admixture with

an organic or inorganic carrier or excipient suitable for external, internal, or parenteral
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application. The active ingredient may be compounded, for example, with the usual non-
toxic, pharmaceutically acceptable carriers for tablets, pellets, capsules, suppositories,
pessaries, solutions, emulsions, suspensions, and any other form suitable for use. The carriers
that can be used include water, glucose, lactose, gum acacia, gelatin, mannitol, starch paste,
magnesium trisilicate, talc, corn starch, keratin, colloidal silica, potato starch, urea, and other
carriers suitable for use in manufacturing preparations, in solid, semi-solid or liquified form.

In addition, auxiliary stabilizing, thickening, and coloring agents and perfumes may be used.

[0076] In one aspect the invention provides positive modulators of parkin activity identified
by methods disclosed above. The agent may be a small molecule, such as a molecule with a
molecular weight less than 1000, and often less than 500. In one embodiment the agent is a
"chemical chaperone,”" capable of stabilizing parkin (i.e., maintaining parkin in an active
conformation even when over-expressed) or induce proper folding of misfolded parkin
variants. The invention further provides a method of treating a subject diagnosed with
Parkinson's Disease by administering a therapeutically effective amount of the compound.
The invention further provides a method of treating a subject determined to be at higher than
average risk for developing Parkinson's Disease by administering a prophylactically effective

amount of the compound.

Example 1: Thermal Attenuation Parameters of Parkin Protein
[0077] Parkin attenuation (thermal destabilization) and in vitro assays were run in a 50ul
eppendorf tube assay format, followed by Western blotting with antibodies to S5a to assess

extent of ubiquitination of S5a by Parkin.

[0078] Parkin protein was pre-incubated for two hours at 37, 42, 47 and 51°C to thermally
destabilize parkin protein. Two different parkin protein preparations were used. Preparation
1 ("His-parkin") is a histidine tagged parkin (described in US 2007/0212679). Preparation 2
("GST-parkin") is a glutathione S-transferase tagged parkin. After thermal destabilization,
Parkin was incubated on ice for ten minutes and then ligase assay reaction mix containing E1,

E2 (UbcH7), S5a, Mg-ATP and ubiquitin was added.

[0079] Reaction mixtures were incubated for 90 min at 37°C and stopped with 4x Laemmli

sample buffer, followed by immunoblotting with antibodies to S5a.

[00s0] The results are shown in Figure 2. It is parkin preparations made using two different

methods and having two different epitope tags identify the same thermal destabilization

22



WO 2009/099896 PCT/US2009/032473

parameters, suggesting these experiments reveal an intrinsic temperature at which Parkin is

not stably folded. The transition point for Parkin thermal stability is between 42°C and 47°C.

Example 2. Validation of FRET Screen

roosi] Figure 3 shows results of a thermal denaturation assay using the FRET format
described above. A 1,536-well assay plate was used. In this experiment, test compounds
were not included. The samples contained fully active parkin, attenuated parkin, or no parkin

as indicated. The assay readout shows clear separation of the samples.

Example 3: Ultra-High-Throughpui-Screen (UHT screen) for Parkin Stabilizers and Agonists
[0082] Using a FRET-type assay of the invention 260,691 compounds were screened and 784
compounds were confirmed as candidate compounds for treatment of Parkinson's Disease.
Parkin was thermally attenuated by exposure at 57°C for 90 min in the presence of test
compounds. After attenuation, an assay reagent mixture (E1, E2, Eu-(K)-Ubiquitin, Mg-ATP,
and biotinylated S5a) was added and incubated at 30°C to measure remaining Parkin activity.
Ubiquitinylation of the biotinylated substrate, Bt-S5a, was determined by adding a
streptavidin-conjugated acceptor cross linked allophycocyanin APC (XL-665, Cisbio Inc.,
Bedford, MA 01730) reagent and measuring the FRET signal between the Eu-(K)-Ubiquitin
and the APC on the substrate. The assay is described in greater detail in the following
paragraphs.

[0083] Thermal destabilization:
1) 1 uL of 0.05 mg/ml GST-Parkin in Assay Buffer A (50 mM Hepes pH 8.8, 1 mM
DTT, 0.005% Tween® 20 and 0.1% Pluronic® F-127) was added to wells of a 1536-

well plate.
11) 10 or 20 nL test agent (500 uM stock in DMSO) was added test sample wells; Neat
DMSO was added to reference sample wells.

1i1) Samples were incubated for 90 min at 57°C.

[oos4] Unattenuated parkin reference samples:

1) 1 uL of 0.05 mg/ml GST-Parkin in Assay Buffer A was added to wells of the 1,536-

well plate (wells containing fully active parkin).
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[0085]

i)

ii)

{0086]

Ligation assay and detection:

500 nL of a premix containing assay components was added to each well to a final
concentration of:

15nM El

300 nM E2

1 mM Mg-ATP

400 nM Bt-S5a

20 nM Ub-Eu(K)

800 nM Ub

The ligation (ubiquitinylation) reaction was allowed to proceed 180 min at 30°C.

3 uL of stop-detection mix was added to a final concentration of 75 nM streptavidin-
conjugated XL665 (SA-XL665), 300 mM KF, 12 mM EDTA from a stock containing
100 mM NaPi pH 7.0, 100 nM SA-XL665, 400 mM KF, 16 mM EDTA, and 0.1%
BSA.

The 4 uL reaction mixture was incubation 45 min at room temperature.

HTRF read using an EnVision device (ParkinElmer) using the following parameters:
a) Excitation at 320 nm.

b) Emission at 665 nm & 615 nm measured.

c¢) Delay time: 70 ps.

d) Time window 100 ps.

e) Time between flashes: 2000 ps.

Primary screen results

4-5 replicates each of 260,691 compounds were screened at 20uM.

The mean attenuation efficiency was 61%.

The hit threshold was the median 3*sigma of all plates (i.e., reference threshold was
18.62% activation) or the individual 3*sigma of the particular plate, whichever was
higher.

3288 primary hit compounds were identified, reflecting a hit rate of 1.3%.

Confirmation screen results:

4-5 replicates of each of the 3,288 primary hit compounds were tested.

The mean attenuation efficiency was 67.4%.
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i1) The reference hit threshold was 14.72%. Fewer than half the replicates must be above
the threshold for a hit to be ‘confirmed.’

1v) 784 compounds were confirmed as hits, reflecting a 24% confirmation rate.

Example 4. Alternate E3 Ligases for Selectivity Screening

r0088] This example describes screening methods disclosed herein may be used to confirm
the specificity of positive modulators of parkin activity. In this method the specificity of the
positive modulator of parkin activity is determined by a) incubating an E3 ligase protein other
than parkin and a parkin substrate protein together under conditions in which the substrate is
ubiquitinated; (b) incubating the E3 ligase protein and the parkin substrate protein together in
the presence of a positive modulator of parkin activity, under the conditions of (a); (c)
comparing the ligase activity of the E3 ligase in the presence and absence of the positive
modulator, where an increase in E3 ligase activity when the positive modulator is present
indicates the positive modulator is not completely specific for parkin, and the absence of an
increase indicates positive modulator is completely specific for parkin.

[0089] E3 ligases represent the largest family of ubiquitinating enzymes, with hundreds of
putative sequences currently identified. There are three families of E3 ligases, grouped based
on their structure and mechanism of action: (1) Homologous to E6AP Carboxy Terminus
(HECT), (2) Really Interesting New Gene (RING) and (3) UFD2 homology (U-box). Assays
of the invention may be, for example, a RING E3, a U-box E3, or a HECT E3. Parkinis a
member of the RING family, and so it would be most valuable to utilize another RING
family E3 as the alternate ligase for the compound screening. However, E3 ligases are
historically challenging to express. Therefore we selected E3 ligases from each of the
families to test for ability to ubiquitinate S5a. The ideal E3 ligase for use in secondary
screens would express well, have high activity under the reaction conditions used in
ubiquitination assays used for parkin, and can be thermally denatured under conditions
similar to those used to disrupt parkin in thermal denaturation assays. Parkin has been
discovered to have a denaturation temperature of 45-60°C. The ideal E3 ligase for specificity
screening would have a thermal denaturation temperature in the range 45-60°C for use in the

thermal stress assays developed for parkin screening.

[0090] We expressed and purified six E3 ligases (CHIP, Nedd4, Murfl, Mdm2, E6AP and
Siah2) as described below (Section B). All of the E3 ligases were able to ubiquitinate S5a
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with high activity, with the exception of Siah2. Siah2 ubiquitinated S5a with very low

activity. See Section C, below.

[0091]  We then tested the ability of the E3 ligases to ubiquitinate S5a after pre-incubation
at temperatures ranging from 4°C to 60°C. The thermal denaturation temperature was
assessed for all E3s except CHIP and Siah2. See Section C, below. The temperature at
which approximately 50% of activity was lost is listed in Table 2 for each E3 tested.

Table 2
Protein E3 class Expressed Purified Ubiq; ;:,I; ated Derflgfxl;?aitl:on
’ Temperature
GST-parkin RING Yes Yes Yes 49°C
His-CHIP U-box Yes Not well Yes N/A
GST-Nedd4 HECT Yes Yes Yes 37°C
GST-Murfl RING Yes Yes Yes 60°C
GST-Mdm?2 RING Yes Yes Yes >60°C
GST-E6AP HECT Yes Yes Yes 41°C
GST-Siah2 RING Yes Yes Yes (low) N/A

[0092] Based on these experiments we concluded that Nedd4, E6AP and Murfl all showed
good expression, purification and activity against S5a. CHIP expressed well and had
reasonable activity for SS5a, but was not a very pure sample. Siah2 was expressed and
purified well, but showed very low activity for S5a. Thermal denaturation properties of
Nedd4, E6AP, Murfl and Mdm2 were assessed. Nedd4 was active after incubation at 37°C
for 60 min, but lost activity by 90 min. Mdm2 had full activity even after pre-incubation at
60°C. E6AP showed thermal denaturation at 41°C and Murfl showed thermal denaturation
at 60°C.

[0093]  Considering all of these results, the two most promising E3 ligases for use in
thermal-denaturation based specificity screening were E6AP and Murfl. Since Murfl is, like

parkin, a RING E3, Murfl is particularly well suited for the ligase secondary screen.
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A. Expression and Purification of E3 Ligases

[0094] Expression plasmids encoding GST fusions of the E3 ligases were transformed into
BL21 DE3 pLysS cells and selected for based on ampicillin resistance. Cells were grown
overnight in selective media and diluted 1:10 fold the following morning. When cell density
reached the logarithmic phase of growth as measured by ODsgo, expression was induced with
1mM IPTG. Expression differed in temperature and time and are listed in Table 3, below.
Also provided are the types of affinity column used to purify the E3 protein and the final

buffer in which the protein was dialyzed.

Table 3
E3 Protein Expression | Affinity Column Final Buffer
temp Time

. . . 50mM Tris pH 7.6, 10mM NaCl,

His-CHIP 25 Overnight Nickel 1mM DTT, 10% Glycerol
. 20mM Tris pH 7.6, 1mM DTT,

GST-Nedd4 16 Overnight GSH >mM EDTA, 20% Glycerol

. 50mM Tris pH 7.6, 100mM
GST-Murfl | 25 Overnight GSH NaCl, 1mM DTT, 10% Glycerol
. 20mM Tris pH 7.6, 1mM DTT,

GST-E6AP 16 Overnight GSH 2mM EDTA, 20% Glycerol

. 50mM Tris pH7.6, 100mM
GST-Siah2 | 30 5 hrs GSH NaCl, ImM DTT, 10% Glycerol

[0095] Expression and purification were monitored by PAGE using Coomassie staining to

identify elution fractions containing the protein of interest.

B. Ability to Use S5a as Substrate

[0096] For each E3 ligase, a ubiquitination assay using S5a as the substrate was carried out.
Briefly, the ubiquitination reaction contained 50nM El, ImM MgATP, 5uM UbcH7, 0.2
mg/mL E3, 200nM ubiquitin, and 200nM S5a. Ubiquitination reactions were incubated for 1
hour at 37°C and samples were taken at time 0, 30’ and 60’. Samples were run on SDS-
PAGE, transferred to immobilon and Western blotted using monoclonal antibody to S5a

(BioMol).

27



WO 2009/099896 PCT/US2009/032473

C. Thermal Denaturation of E3 Ligases

00971 To characterize the thermal denaturation properties E3 ligases, the E3 was pre-
incubated for 90 minutes at a temperature ranging from 4°C to 60°C (Mdm?2 and Nedd4 at 4,
37, 45, 50 and 60°C; Murfl at 4, 37, 50, 60, 70 and 80°C; E6AP at 37, 39, 41, 43, and 45°C.
At 90 minutes, a pre-mix was made containing 50nM El1, ImM Mg-ATP, 5uM UbcH7
(UbcH5a for Mdm2 and Murfl), 200nM ubiquitin and 200nM S5a. The pre-mix was added
to 0.2 mg/mL of E3 ligase and incubated at 37°C for 60 minutes. Samples were run on SDS-
PAGE and assessed by Western blotting using monoclonal antibody to S5a (BioMol).

[0008] Parkin loses approximately 50% of its activity between 45°C and 50°C, which is
consistent with earlier experiments. Mdm?2 appears to retain activity even after pre-
incubation at 60°C. Nedd4 appeared to lose activity following pre-incubation at any
temperature except 4°C, under the conditions tested. E6AP appeared to lose 50% of its
activity after pre-incubation at 41°C so we repeated this experiment using a range of
temperatures from 37°C to 45°C in order to determine a more specific temperature at which

E6AP undergoes thermal denaturation. Murfl appeared to lose 50% of its activity at 60°C.

Example 5. Ligase Selectivity Screening

[0099] Agents that inhibit or enhance parkin E3 ligase activity (hereinafter sometimes called
"positive modulators™) can be identified using assays in which S5a is the parkin substrate.
Additional screening methods disclosed herein may be used to confirm the specificity of
positive modulators for the parkin-S5a interaction. ~An agent that modulates parkin
ubiquitination of S5a but does not modulate ubiquitination of S5a by a different E3 ligase is

identified as having a positive modulatory activity specific for parkin.

[0100] Figure 4 shows an experiment in which a positive modulator of parkin activity (ECso
= 2.8 uM using GST-parkin PS/UbcH7) was tested for its effect on E3 ligase Mdm2. GST-
Mdm?2 was used at a concentration of 0.005 mg/ml with 100 nM UbcH5a in 1536-well
format. As shown in the figure, the positive modulator of parkin activity did not increase
activity of Mdm?2, demonstrating that the positive modulator has specificity for parkin. This

experiment did not use a thermal denaturation step.

sk

[o101] All publications and patent documents (patents, published patent applications, and

unpublished patent applications) cited herein are incorporated herein by reference as if each
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such publication or document was specifically and individually indicated to be incorporated
herein by reference. Citation of publications and patent documents is not intended as an
admission that any such document is pertinent prior art, nor does it constitute any admission
as to the contents or date of the same. The invention having now been described by way of
written description and example, those of skill in the art will recognize that the invention can
be practiced in a variety of embodiments and that the foregoing description and examples are

for purposes of illustration and not limitation of the following claims.
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Claims

1. A screening assay comprising:

a) exposing a plurality of test samples to thermal destabilization conditions,

wherein each test sample comprises
i) parkin protein and
ii) one of a plurality of test agents;

b) determining parkin ligase activity in said test samples relative to a control
sample comprising parkin protein exposed in the absence of a test agent to the thermal
destabilization conditions,

wherein a test agent contained in a test sample in which parkin ligase activity exceeds
the ligase activity in the control sample is identified as a candidate compound for treatment of

Parkinson's Disease.

2. The assay of claim 1 wherein parkin exposed in the absence of a test agent to the

thermal destabilization conditions retains 40-70% of the its original E3 ligase activity.

3. The assay of claim 2 wherein the thermal destabilization conditions comprise

incubation at a temperature of from 45 to 60°C for 30 to 180 minutes.

4. The assay of claim 2 wherein the thermal destabilization conditions comprise

incubation at a temperature of about 57°C for about 90 minutes.

S. The assay of claim 2 wherein the thermal destabilization conditions comprise

incubation at a temperature of about 60°C for about 150 minutes.

6. The assay of claim 1 wherein parkin ligase activity is determined by combining parkin
protein, an El ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme, ATP,
ubiquitin, and a parkin substrate in an appropriate buffer, incubating the combination at 20-

37°C and measuring the rate or extent of ubiquitination of the parkin substrate.

7. The assay of claim 6 wherein the parkin substrate is S5a, septin 4, or troponin 1.
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8. The assay of claim 7 wherein the parkin substrate is S5a expressed as a glutathione-S-

transferase (GST) fusion protein.

9. The assay of claim 1 wherein parkin ligase activity is determined using a Fluorescence
Resonance Energy Transfer (FRET) assay in which a donor chromophore is associated with
ubiquitin and an acceptor chromophore is associated with a parkin substrate, or in which a
donor chromophore is associated with parkin substrate and an acceptor chromophore is

associated with a ubiquitin.

10. The assay of claim 9 wherein the donor chromophore is europium cryplate and the

acceptor chromophore is allophycocyanin.

11.  The assay of claim 9 wherein the parkin substrate 1s S5a.

12.  The assay of claim 9 that is carried out in a 1536-well plate.

13. The assay of claim 1 further comprising distinguishing positive modulators of parkin
activity that are parkin stabilizers from candidate compounds that are parkin agonists,
comprising

incubating unattenuated parkin protein in the presence and absence of said compound,
wherein a compound that increases parkin ligase activity is identified as a parkin agonist and

a compound that does not increase parkin ligase activity is identified as a parkin stabilizer.

14.  The assay of claim 1 further comprising ranking said candidate compounds according

to the parkin ligase activity of the corresponding test sample.

15.  An in vitro method to assess the specificity of a positive modulator of parkin activity
comprising

(a) identifying a positive modulator of parkin using the method of claim 1

(b) incubating an E3 ligase protein other than parkin and a parkin substrate protein
together under conditions in which the substrate is ubiquitinated;

(©) incubating the E3 ligase protein and the parkin substrate protein together in the

presence of a positive modulator of parkin activity, under the conditions of (b);
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(d) comparing the ligase activity of the E3 ligase in the presence and absence of
the positive modulator, where an increase in E3 ligase activity when the positive modulator is
present indicates the positive modulator is not completely specific for parkin, and the absence

of an increase indicates positive modulator is completely specific for parkin.

16.  The in vitro assay of claim 15 wherein an increase in substrate ubiquitination in the
presence of the positive modulator indicates the positive modulator is not completely specific
for parkin, but positive modulator is partially specific wherein partial specificity is defined as
an EC)o for the non-parkin E3 not more than 100 micromolar and is at least 4-fold higher than

the EC)¢ for parkin.

17. The method of claim 15 wherein the parkin substrate is S5a.

18.  The method of claim 15 wherein the parkin substrate is troponin 1.

19. The method of claim 15 wherein the E3 ligase protein is a RING E3 ligase.

20. The method of claim 15 wherein the E3 ligase protein is selected from the group

consisting of Mdm?2, Nedd4, Murfl, and E6AP.

21.  The method of claim 20 wherein the E3 ligase protein is Murfl.

22. A method for selecting a compound for treatment of Parkinson's Disease comprising:
(a) identifying positive modulators of parkin activity; (b) identify positive modulators of (a)
as parkin stabilizers or parkin agonists; (c) select positive modulators that are parkin specific
based on the effect of the modulators on ubiquitination of a parkin substrate by an E3 ligase
other than parkin (d) select positive modulators that are not substrate specific based on their

ability to positively modulate parkin ubiquitination of more than one parkin substrate.

23.  The method of claim 22 wherein the more than one parkin substrate comprises Septin

4.
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24.  The method of claim 22 wherein the more than one parkin substrate comprises Septin

4 and one or both of S5a or troponin 1.

25. A method of treating Parkinson's Disease comprising administering a candidate
compound identified by the method of claim 1, or administering a derivative of such a

candidate compound, to a patient in need of such treatment.
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