1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Bioorg Med Chem. Author manuscript; available in PMC 2016 September 01.

-, HHS Public Access
«

Published in final edited form as:
Bioorg Med Chem. 2015 September 1; 23(17): 5483-5488. doi:10.1016/j.bmc.2015.07.034.

Discovery and structure of a new inhibitor scaffold of the
autophagy initiating kinase ULK1

Michael B. Lazarus and Kevan M. Shokat”
Howard Hughes Medical Institute and Department of Cellular and Molecular Pharmacology;,
University of California, San Francisco, San Francisco, CA 94158, USA

Abstract

Energy homeostasis in eukaryotic cells is a complex and fundamental process that is misregulated
in several human diseases. A key component of energy regulation is a process called autophagy
that involves the recycling of cellular components. There has been much recent interest in studying
the mechanism of autophagy to understand an important cellular process and to evaluate
therapeutic potential in targeting autophagy. Activation of a kinase called ULK1 initiates
autophagy by driving downstream pathways that lead to the formation of double membrane bound
vesicles that surround the cellular contents that are to be degraded. Here, we report the discovery
of an inhibitor of ULK1 with improved selectivity and a high-resolution crystal structure of the
compound bound to the kinase, which will be useful tools for studying autophagy in cells.

Graphical Abstract

— Autophagy

1. Introduction

Autophagy is a conserved process in eukaryotic cells for breaking down cellular components
from proteins to entire organelles for energy, building blocks, and quality control[1]. There
has been increasing interest in the pathway as a fundamental cellular mechanism and as a
complex component of cancer development and survival. Through its ability to provide
energy by recycling cellular components, it is thought that cancer cells can survive energy
shortage during rapid growth when nutrients are limiting, for example prior to
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angiogenesis[2]. However autophagy is also thought to protect cells against tumorigenesis
by removing damaged components that might harm cellular integrity[3, 4]. Despite its
important cellular role and its ability to serve as a potential target in several diseases,
including cancer and neurodegeneration[5-7], it is still poorly understood. What is known is
that upon activation by upstream nutrient deprivation signals, including mTOR and
AMPK]8-10], the autophagy pathway is initiated by a kinase called ULK1[11, 12] (Figure
1A). A closely related kinase, ULK2, has also been implicated in this process, but it has not
been as well characterized and has a less clear role in autophagy. Activation of these kinases,
through a series of autophagy (atg) protein dependent steps that are only recently becoming
clearer[13-17], ULK1 and its complex partners drive the formation of double membrane
bound vesicles called autophagophores, which form around cellular components that are to
be degraded. These vesicles then fuse with lysosomes to degrade the contents of the
autophagophores. There is broad interest in developing small molecule tools to study
autophagy and evaluate it as a potential therapeutic target. However, few selective tools are
available to specifically target autophagy. Compounds used in the field include rapamycin
and chloroquine, two molecules that have broad cellular effects in addition to modulating
autophagy[18-21]. Previously we developed a series of non-selective ULK1 inhibitors and
solved the structure of ULK1[22]. Here, we report new inhibitors that show improved
selectivity for ULK1 and a high-resolution crystal structure of ULK1 bound to an
aminopyrimidine scaffold. The compounds should be useful tools for modulating autophagy
in cells and studying its role in several pathologies, and the structure will help guide further
improvements in ULK1 inhibitors.

2. Results

Recently we reported the first structure of human ULK1 and a series of highly potent active
site inhibitors, with compound 1 (see Table 1 below) being the most potent[22]. These
compounds were not selective against ULK1 and are therefore not useful in cells for
studying autophagy. Attempts to improve selectivity for ULK1 on the aminoquinazoline
core were unsuccessful. Here, we explore another lead compound class from our original
screen that contained an aminopyrimidine scaffold: BX-795[23] (Table 1). This compound is
a potent and relatively selective inhibitor of PDK1[23], which also inhibits TBK1 and
IKKe[24]. We anticipated that this compound would be a good starting point for a more
selective ULK1 inhibitor that could be used in cells, since it already showed good selectivity
for a few kinases and had good potency against ULK1.

We wanted to examine the inhibition of ULK2 with our new compounds as well, since little
is known about the biological role of this kinase and since ULK2 had not been tested with
either the aminoquinazoline or aminopyrimidine class of compounds. Compounds that
inhibit both ULK1 and ULK2 might be more potent inhibitors of autophagy, whereas
selective compounds could help tease apart the roles of the two kinases. We developed a
bacterial expression system for ULK2, similar to ULK1, to enable the rapid production of
protein, the introduction of mutations, and eventual structural studies. Using a sumo-tagged
kinase domain construct, we were able to obtain milligram quantities of the kinase similar to
ULKT1 (Figure 1B). We would then be able to screen both enzymes against this new class of
inhibitors.
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We started chemical optimization by exploring substitutions for the iodine position on the
pyrimidine. However, all attempts at bulkier substituents at this position complete abrogated
inhibition of ULK1 (data not shown). To understand the selectivity of the BX-795 compound
towards ULKZ1 and its preference for an iodine substituent on the pyrimidine ring, and to
rationally improve its potency, we set out to crystallize ULK1 with BX-795. We were
unable, however, to obtain crystals with ULK1 bound to BX-795, either in the same
conditions as for compound 1 or in a broad screen. We then analyzed the previous crystal
structures and hypothesized that the extended diaminopropyl linker of BX-795 compared to
our previous scaffold might interfere with the tight crystal packing between ULK1
protomers in the crystal. In addition, BX-795 is an extremely potent inhibitor of PDK1, so
we wanted to increase the selectivity of the compounds for ULK1 over PDK1 to develop a
selective autophagy inhibitor. We therefore introduced a series of substitutions around the
BX-795 scaffold (Figure 2) to explore the structure activity relationships for inhibition of
ULKZ1 and focused on smaller modifications including the scaffold with the free
diaminopropane linker.

The smaller compounds showed good potency against ULK1 (Table 1) showing IC50 values
of around 100 nM or better, including compound 2 which was more potent than BX-795
against ULK1. The smaller compound 3 was not quite as potent but substantially smaller
than BX-795 and would be ideal for structural studies. Furthermore, compound 3 showed
dramatically reduced potency towards PDK1 and good selectivity throughout the kinome
(Supplementary Figure 1).

Using compound 3 that has a less bulky diaminopropyl substituent we were able to obtain a
high-resolution crystal structure of the inhibitor bound to ULK1 (Figure 3, Table 2, and
Supplementary Figure 2). The compound binds in the active site of the kinase making
traditional hinge contacts to the protein from the aminopyrimidine (Figure 3A). The overall
conformation of the kinase is similar to the two previous structures of ULK1 (PDB 4WNO
and PDB 4WNP), with an RMSD of 0.2371 and 0.6687 A, respectively. The main difference
in the kinase is a movement of the  sheet in the N-terminal lobe with Gly 23 being
displaced 0.9 A towards the inhibitor, which allows Ile 22 to twist away from the bulky
diaminopropyl substituent on the pyrimidine core (Figures 3B and 3C). The other difference
is the gatekeeper methionine moves towards the iodine group, presumably to adopt a
favorable dipole-dipole interaction.

Compared to the previous lead compound, 1, compound 3 adopts a similar orientation in the
active site with the diaminophenyl group occupying a similar space as the quinazoline.
However, the pyrrolidine urea moiety projects off of this phenyl group into previously
unoccupied space in the pocket. We speculate that this area provides selectivity to this
scaffold, in addition to the aminopropy! group that requires a flexible orientation of lle 22 to
pack above it, since this is the part of the molecule that differs most from our previous
scaffold. Lastly we note that the iodine on the new pyrimidine scaffold overlaps with the
cyclobutyl substituent off the old core, which suggested a path for optimization of the new
scaffold. We can compare our structure to those of closely related kinases bound to the
BX-795 scaffold. Structures of PDK1[23] and TBK1[25] show similar orientations of the
scaffold to our compound 3 bound to ULK1 (Supplementary Figure 3). The smaller free
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amine on compound 3 allows our compound to adopt a more compact conformation in our
crystal packing. The active sites of these kinases show nearly identical contacts around the
scaffold, which is consistent with the selectivity of this scaffold towards these kinases. The
main differences are the gatekeeper residues, the residues contacting the urea in the
inhibitor, and two sidechains near the pyrrolidine moiety, which are different in all three
proteins (Supplementary Figure 3 and Supplementary Figure 4). These sites could provide
guidance for further selectivity in the compounds. During the preparation of this manuscript,
another report showed a similar compound that exhibited strong potency against ULK1 and
ULKZ2 and showed inhibition of autophagy in cells [26], MRT67307 (see Table 1). This
compound indeed combines some of the features of our two classes of compounds, with a
cyclopropyl group similar to our cyclobutyl from our quinazolines replacing the iodine
substituent on pyrimidine ring.

Lastly, we evaluated the compounds to see if they inhibited autophagy in cells. We treated
HeL a cells for 24 hours with compounds 2, 3, BX-795 and MRT67307 at 4uM. We then
blotted for LC3 levels as a readout for autophagosome formation (Figure 4). The LC3
protein is lipidated during autophagy so it can be incorporated into the autophagosomes,
converting it from the LC3-1 form to the faster migrating LC3-11 form, which makes it a
common marker of autophagosome formation[27]. Incubation with the ULKZ1 inhibitors led
to a clear accumulation of the LC3-1 form relative to LC3-11, which suggests a blockage of
autophagy due to ULKZ1 inhibition. Therefore, these compounds show promise as tools to
selectively inhibit autophagy in cells. Other features of the quinazoline compounds could be
incorporated onto the pyrimidine scaffold to further optimize this kinase inhibitor.

3. Conclusions

We report a new scaffold for inhibiting ULK1 that should be useful as a tool compound and
have a structural understanding of its inhibition. We think this a promising class of
compounds to modulate autophagy in cells and explore its role in cancer. Similar
compounds confirm the utility of this scaffold for inhibiting ULKZ, and our structure shows
how the compounds bind. Our structure also explains the resistant mutant reported for
MRT67307, Met92Thr, which presents a B-branched amino acid as the gatekeeper residue
into the tightly fitting cyclopropyl group. Finally, the structure also suggests the residues that
provide selectivity to this class of compounds. Our structures should provide guidance on
tuning the compounds to minimize unwanted off-target effects. We also note that care should
be taken in the interpretation of cellular experiments using BX-795 given its potent
inhibition of ULKZ1.

4. Experimental

4.1 Expression of ULK1 and ULK2

ULK1 was expressed and purified as previously reported. ULK2 was cloned from cDNA
into a sumo-tagged vector using the following primers: MBL319N (5’
CACAGAGAACAGATTGGTGGTG GTTCTATGGAGGTGGTGGGTGACTTCG 3’) and
MBL319C (5’ CGTGGCACCAGAGCGAGCTCTT
TATTTTACTGGACCTTGCTCAAGAAAAG 3’). The plasmid was then transformed into
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KRX cells along with lambda phosphatase and the protein was expressed and purified as
was previously reported for ULKL.

4.2 Synthesis of inhibitors

General Methods: Reactions were performed in sealed vials with magnetic stirring. 1H and
13C NMR spectra were recorded on a Bruker Avance DRX500 spectrometer, Chemical
shifts are reported in & (ppm) relative to solvent as either s (singlet), d (doublet), t (triplet), or
m (multiplet). Low resolution mass spectra (LC/ESI-MS) were recorded in positive mode on
a Waters TQ detector with an Acquity UPLC equipped with a BEH C18 column. All
commercial reagents were used without further purification. All RP-HPLC runs were
performed with a Waters 2545 binary gradient module equipped with an XBridge prep C18
column using H,O + 0.1% formic acid and CH3CN + 0.1% formic acid (5-95% gradient)
while monitoring at 254 nm.

N-(3-((4-((3-aminopropyl)amino)-5-iodopyrimidin-2-
yhamino)phenyl)pyrrolidine-1-carboxamide 3—The mixture of 2,4-dichloro-5-
iodopyrimidine (400 mg) and N-(3-aminopropyl)carbamic acid tert-butyl ester (0.24 ml) in 3
ml of ACN with 0.23 ml od TEA was stirred overnight at rt. The product was then
precipitated by the addition of water and collected and dried as an opaque yellow oil. 20 mg
of this product was then reacted with N-(3-aminophenyl)pyrrolidine-1-carboxamide (14.9
mg, prepared previously[28]) overnight at 115°C in 1 ml of MeOH in a sealed vial with 1.5
ul conc. HCI. Then 1 ml of TFA was added overnight at rt to deprotect. The product was
then purified by RP HPLC to give the final product, which was then lyophilized to give a
white powder. Overall yield of 16%. LC-MS m/z 482.62 [M+H"]. 1TH NMR (400 MHz,
DMSO-a6) 6§ PPM 1.81 (m, 2H), 1.85 (m, 4H), 2.76 (t, 2H, J=7.24 Hz ), 3.36 (m, 4H), 3.50
(m, 2H), 6.77 (s, 2H), 6.96 (d, 1H, J = 8.01 Hz), 7.07 (t, 1H, J =8.01 Hz), 7.24 (d, 1H, J=
8.36 Hz), 7.91 (s, 1H), 8.01 (s, 1H), 8.10 (s, 1H), 8.35 (s, 1H), 9.10 (s, 1H)13C NMR (400
MHz, DMSO-ab) & ppm 25.044, 27.517, 36.890, 37.822, 45.678, 64.777, 111.044, 112.928,
113.249, 127.887, 140.557, 140.619, 153.995, 158.981, 160.066, 161.744

N-(3-((4-((3-(cyclopropanecarboxamido)propyl)amino)-5-iodopyrimidin-2-
yl)amino)phenyl)pyrrolidine-1-carboxamide 2—Cyclopropanecarbonyl chloride (3
ul) was added to compound 2 in 1 ml DMF with 20 pl DIPEA on ice. After five minutes the
reaction was moved to rt for 1 hour. The final compound was then purified by RP HPLC and
lyophilized to give the final product as a white powder with 80% yield. LC-MS m/z 550.72
[M+H*]. 1H NMR (400 MHz, DMSO-a6) §ppm 0.65 (m, 4H), 1.49 (m, 1H), 1.67 (m, 2H),
1.85 (m, 4H), 3.11 (m, 2H), 3.35 (m, 4H), 3.44 (m, 2H), 6.64 (t, 1H, J=5.84 Hz ), 6.97 (d,
1H,J=8.08 Hz ), 7.08 (t, 1H, J = 8.03 Hz), 7.27 (d, 1H, J = 8.03 Hz), 7.88 (s, 1H), 7.99 (s,
1H), 8.07 (t, 1H, J = 5.67 Hz ), 8.10 (s, 1H), 9.07 (s, 1H) 13C NMR (400 MHz, DMSO-d6) &§
ppm 6.129, 13.641, 25.027. 29.088, 36.188, 38.393, 45.650, 64.861, 111.228, 112.901.
113.323, 127.822. 140.499, 140.674, 153.981, 159.030, 159.923, 161.603, 172.610

4.3 Inhibition assay

For ULK1 and ULK?2 in vitro kinase assays, the enzymes were tested at 5 nM with 50 uM
cold ATP, 0.05 pCi/pl 32P-y-ATP and 20 uM myelin basic protein (Millipore) as the
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substrate, as previously reported. For PDK1 assays, recombinant PDK1 and synthetic
PDK1tide (sequence: KTFCGTPEYLAPEVRREPRILSEEEQ-EMFRDFDYIADWC) were
purchased from Promega. The PDK1 assay used 5 nM enzyme, 50 uM peptide in a buffer
containing 50 mM HEPES pH 7.5, 10 mM MgCly, 1 mg/ml BSA, 0.02 % Triton-X, and 50
UM DTT. The reactions were terminated after 7 minutes by spotting onto nitrocellulose
paper, which was then washed in 1% phosphoric acid three times and then dried and imaged
on a Typhoon imager. I1Cgq values were calculated with GraphPad Prism. Compound 3 was
profiled against 50 kinases by the International Centre for Protein Kinase Profiling in
duplicate using a radioactive filter-binding assay.

4.4 Crystallization and structure determination

Untagged ULK1 was purified as previously reported. ULK1 at 7 mg/ml was incubated with
300 uM compound 3. Crystals were obtained by seeding the compound 3:ULK1 complex
with crystals of compound 1:ULK1 using the seed bead kit (Hampton) grown in 1.55 M
sodium malonate pH 7 with 0.35 M sodium malonate pH 5. The compound 3:ULK1 crystals
were iteratively seeded 3 times before being cryoprotected in 1.8 M sodium malonate pH 7,
0.4 M sodium malonate pH 5 and 17 % (v/v) glycerol and flash frozen in liquid nitrogen.
Data was collected at ALS beamline 8.2.1. The data was processed with iMosflm and scaled
using Scala in the CCP4 suite to 1.74 A. The structure was then solved by molecular
replacement using the ULK1 structure (pdb 4WNO) as a search model. The ligand was
optimized using Phenix ELBOW[29] and the structure was refined in Phenix[30] using
coordinate, ADP, and TLS[31, 32] refinement, with intermittent manual adjustments in
Coot[33] to a final Rwork/Rfree of 0.1688/0.2069. All structural figures were made with
PyMOL[34].

The coordinates of the ULK1:Compound 3 complex have been deposited in the Protein Data
Bank with accession code XXXX

4.5 Cellular assays and immunoblotting

To evaluate the cellular efficacy of the compounds, HelLa cells were grown in Dulbecco
modified Eagle medium (DMEM) with 10% fetal bovine serum to approximately 50%
confluency in 6 cm dishes and treated for 24 hours with the indicated compounds or DMSO.
Cells were then washed with cold PBS and lysed in buffer containing TBS pH 7.6, 1%
Triton-X, 0.2 % SDS, and protease and phosphatase inhibitor tablets (Roche). After pelleting
the cell debris, the lysate was quantified using a protein assay (Bio-Rad) and
immunoblotted. The LC3 antibody was from Cell Signaling (#12741), the actin antibody
was from Sigma (A1978) and the blots were developed using a LI-COR imaging system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Autophagy activation through ULK1 and ULK2
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SUMO-ULK2

(a) Schematic of ULK1 and ULK2 activation and role in the autophagy activation pathway.
(b) Bacterial purification of ULK2 for /n vitro assays. Coumassie gel shows purified
SUMO-tagged ULK2 next to molecular weight ladder on the left. The SUMO-tagged ULK2
runs around 47 kDa, with a small degradation band visible around 25 kDa.
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Figure 2. Synthetic scheme for ULK1 inhibitors
Reagents and conditions. (a) ACN, TEA, (b) MeOH, conc. HCI; (c) TFA, (d)

cyclopropanecarbonyl chloride, DIPEA, DMF.

Bioorg Med Chem. Author manuscript; available in PMC 2016 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lazarus and Shokat Page 11

A Met 95 B c

Figure 3. Structure of ULK1 bound to inhibitors
(A) Structure of compound 3 bound to ULK1. The key sidechains (cyan) are shown which

surround the compound (shown in yellow) in the active site. The backbone that makes hinge
contacts to the inhibitor is also shown, with sidechains omitted for clarity. (B) Our
previously reported structure of compound 1 (orange) bound to ULK1. (C) Overlay of the
two inhibitor complexes, with the kinase and sidechains from the compound 3 complex
shown.
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Figure 4. Inhibition of ULK1 in cells

The ULK1 inhibitors were evaluated for inhibition of autophagy in cells, and then evaluated
by Western blot. HeLa cells were treated with the indicated compounds for 24 hours at a
concentration of 4 pM. The lysates were then immunoblotted for LC3 and actin (as a loading
control). The compounds led to an accumulation of the LC3-I precursor, which suggests a

blockage of autophagy.
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Compounds were tested against ULK1, ULK2 and PDK1 in an in vitro kinase assay. Assay was performed in

Potencies of ULK1 inhibitors

Table 1

duplicate.
Compound  Structure ULK1 ICsy (M) ULK2ICsq (nM) PDK1 ICg (NM)
Compound 1 53+0.91 13+33 420 + 43
AN
N”>NH
N
2
N/)\N N
H
BX-795 — WO\ 8774 310+ 88 65+3.9
1 B N A~N S
N.__N o
\@/ g Q
o
Compound 2 (— H 67+ 15 200 + 49 56+5.5
H\/NWNW/A
N__N o}
Y O
o
Compound 3 Iy 120+ 1.7 360 £ 79 710 £ 270
NN\/\/NHZ
N.__N
oy
o
MRT67307 170+ 11 230+£21 421+19

Bioorg Med Chem. Author manuscript; available in PMC 2016 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lazarus and Shokat

Table 2

X-ray data collection and refinement statistics.

Compound 3:ULK1 complex

Data collection
Space group P42212
Cell dimensions

a b cA) 66.86, 66.86, 116.61

a, B,y () 90, 90, 90
Resolution (A) 47.28-1.74 (1.83-1.74)
Reym OF Rinerge 0.116 (0.690)
1/al 7.5 (2.0)
Completeness (%) 96.4 (94.3)
Redundancy 4.7 (3.7)
Refinement
Resolution (A) 43.81-1.74
No. reflections 26552
Ruork! Riree 0.1688/0.2069
No. atoms

Protein 2459

Ligand/ion 45

Water 156
B-factors

Protein 18.31

Ligand/ion 26.37

Water 25.14
R.m.s. deviations

Bond lengths (A) | 0.007

Bond angles (°) 1.094

*
Highest resolution shell shown in parentheses. Data was collected from a single crystal
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