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Internal Portfolio Validation

LATSA

Large tumor suppressor homolog 1 (LATS1) is a negative regulator of YAP1 in the Hippo signaling pathway'. YAP1 degradation by
Hippo pathway kinases, such as LATS1, is pivotal in organ size control and tumor suppression through restricting proliferation and
promoting apoptosis?. There are numerous indications associating LATS1 with tumor immunogenicity. LATS1 deletion in tumors leads
to tumor destruction by enhancing anti-tumor immune responses. Inactivation of the “tumor suppressor” LATS1/2 in tumor cells
strongly suppresses tumor growth in immune-competent, but not immune-compromised, mice due to the induction of host anti-tumor
immune responses®. ATP-competitive inhibitors of LATS kinases cause Yap-dependent proliferation of murine supporting cells in the
inner ear, murine cardiomyocytes, and human Muller glia in retinal organoids®.

Computationally targeting of the LATS1 ATP binding site posed a significant challenge because neither a 3-dimensional structure of
the receptor nor any bioactivity binding data were available to us. We used SWISS-MODEL®® to build a homology model of the
receptor based on a homologous x-ray crystal structure sharing 42% sequence identity and a resolution of 3.15A (PDB: 5NCL). We
used the screening protocol described above to select a set of 418 diverse scaffolds, all dissimilar to any known kinase inhibitor in
our training corpus.

We describe the assay protocol in the Methods section. We tested the 418 scaffolds in a KinomeScan competitive binding assay and
identified 76 compounds that reduced positive control binding to <50% at 30uM. Subsequently, 75 of these showed dose-responsive
binding behavior with Ky’s ranging from 0.077 - 82 uM (Supplementary Table 8 and Supplementary Table 9). We then chose 8
scaffolds for hit expansion and validation, performing analog expansion as described before, and selected a total of 834 analogs of
these scaffolds. These compounds were tested in the KinaseProfiler activity assay. 435 analogs showed >50% inhibition at 50uM, out
of which 382 demonstrated DR behavior with IC50s ranging from 0.034 - 76 uM (Supplementary Table 10). In all 8 analog
expansions, we achieved sub-uM potencies and malleable structure-activity relationships (SAR) across the series (Supplementary
Table 11) as well as improved potencies over the parent hit (Supplementary Figure 4).


https://www.zotero.org/google-docs/?s8eOsg
https://www.zotero.org/google-docs/?v5oUgj
https://www.zotero.org/google-docs/?bIh0ws
https://www.zotero.org/google-docs/?IKcHa9
https://www.zotero.org/google-docs/?BKGw8s

VCP

Valosin-containing protein (VCP) is an AAA-type ATPase that governs diverse cellular processes, from the degradation of damaged
proteins and organelles to key signaling events and chromatin regulation with thousands of client proteins’. VCP is a regulator in the
ubiquitin-proteasome system, extracting misfolded proteins and chaperoning them to the proteasome for degradation. Elevated
ATPase activity of VCP has been implicated in various neurological and oncological indications, such as inclusion body myopathy
with early-onset Paget disease of bone and/or frontotemporal dementia (IBMPFD), amyotrophic lateral sclerosis, melanomas,
non-small cell lung carcinoma, and breast cancer®'2.

In this study, we sought to discover small-molecule inhibitors of VCPR?'**" mutant responsible for IBMPFD, a rare autosomal dominant
disorder. We used the AtomNet model to screen 16B Enamine REAL compounds against a relatively low-resolution crystal structure
of VCP (PDB: 6MCK, 3.8A). We chose a screening site that encompassed both the orthosteric ADP binding site’®'*"® in the D2
domain and a nearby allosteric site''® (Supplementary Fig. 5). Using the protocol described in the Methods section, we selected a
set of 416 scaffolds for testing in VCPR'**" ADP-Glo bioluminescence assay'”'®. Of the 20 scaffolds showing >40% inhibition at 50uM,
19 exhibited dose-responsive behavior, with IC50s ranging from 2.4uM to 99.7uM. ADP competition studies of the top 15 hits yielded
3 competitive, 1 uncompetitive, and 11 non-competitive scaffolds. We advanced 7 scaffolds (3 competitive, 1 uncompetitive, and 3
noncompetitive) to hit expansion based on their potency and the mechanism of action, that is, whether the compound competes with
ADP for the binding site (Supplementary Table 12 and Supplementary Table 9). All of our compounds including the allosteric
scaffolds were novel, having a maximal similarity of 0.47 (Tanimoto, ECFP4) to published VCP inhibitors.

Assay Protocols

See Supplementary file Assay_details.xlsx


https://www.zotero.org/google-docs/?7OzBfZ
https://www.zotero.org/google-docs/?AqesRK
https://www.zotero.org/google-docs/?il4aC2
https://www.zotero.org/google-docs/?G6C06I
https://www.zotero.org/google-docs/?I2y15D
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Supplementary Fig. 1. An illustration of the distributions of drug-like properties of the primary hits identified in the 296 AIMS projects. The molecular properties
show that the compounds largely obey Lipinski rules and are amenable for further development. The number of hydrogen bond donors (HBD), number of hydrogen
bond acceptors (HBA), number of rotational bonds, calculated logP (cLogP), molecular refractivity (MR), topological polar surface area (TPSA), and quantitative

estimation of drug-likeness (QED'®), were calculated using RDkit%°.


https://www.zotero.org/google-docs/?4hCA6V
https://www.zotero.org/google-docs/?mNCqii
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Supplementary Fig. 2. The distributions of 49 dose-response validation projects across assay types used in the primary screen,
research area, target class, and further breakdown to enzyme class when applicable. The similarities of these distributions to that of
the AIMS projects suggest that the DR validation set well represents the over set of AIMS projects.
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Supplementary Fig. 3. The distribution of potencies obtained in the dose-response and the analoging validation studies. As

expected, the potencies tend to increase due to the exploration of analog space around the active scaffolds. The median DR activity
of the 144 validated analogs was 7.4uM compared to the median of 15.4puM of the parent compound.
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Supplementary Fig. 4. An illustration of the distribution of potencies for each of the analog sets selected for 8 LATS1 scaffolds
identified in the first round of testing. In all 8 expansions, we achieved sub-uM potencies and malleable structure-activity relation
(SAR). The color of the data points indicates the similarity of the analogs to their parent scaffold (Tanimoto similarity, ECFP4). The
number of analogs of each scaffold is given in parentheses, e.g. there were 75 analogs of Scaffold 1.
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Supplementary Fig. 5. lllustration of the binding site of VCP used in the virtual screening. (A) The side view of VCP hexamer
including N-terminal (residues 2-187), D1 (residues 209-462), and D2 (481-763) domains from PDB ID 5FTJ. The site of R155H
mutation responsible for IBMPFD is adjacent to the D1 ADP site and is highlighted in red spheres on panel A. Each protomer of the
hexamer is represented with a different color. D2 ADP and UPCDC30245 allosteric ligand-binding sites as well as a separate
close-up view of D2 ADP site are displayed on (B) and (C), respectively. (D) The specific structure of the site used in the virtual
screening is available via PDB ID 6MCK with bound CB-5083, an ADP-competitive inhibitor of VCP binding to D2 ADP site.
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Supplementary Table 1. Examples of bioactive compounds discovered using the AtomNet screening system. Compounds for Miro1,
pCD163, TAARS5, SHIP1, SPOP and OTUD7A, and Aspartate N-acetyltransferase were previously published. For each compound,
we provide the Nearest Neighbor (NN) compound in the training data as defined by Tanimoto distance over ECFP4 fingerprints, and
the corresponding annotated potency against the target of interest. “NA” denotes that the target lacked any active molecules in our
training data or was labeled as active but without quantitative dose response potency.
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Supplementary Table 2. Dose-response curves of representative bioactive compounds reported in the Internal Portfolio Validation

section. Curve plots, hill slopes, R?, and IC50 or Kd values were generated using Prism".

' GraphPad Software, San Diego, California USA, www.graphpad.com
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Project . # Compounds No. Assay Model Enzyme Research
Number UniProt ID Tested Hits r(z:/t;: Type Type Target Class Class Area
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. Rare diseases
012 Q8NFI3 72 0 0.0 Functional Homology Enzyme Hydrolase & Disorders
013 Q12931 73 0 0.0 Binding X-ray Enzyme Hydrolase Oncology
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Q76R61

POCS8LO

P07237

Q15311
Q5VWK5S

87

85
94
83

94

94

94

94

94

94
94

4.26

9.09

6.41
5.48

3.09

0.0

1.18
213
3.61

1.7

213

3.19

1.06

5.32

0.0
0.0

Other

Functional X-ray Enzyme Enzymes
. Transcription
Phenotypic X-ray Factor -
Phenotypic X-ray Enzyme Kinase
Functional X-ray Other -
Functional X-ray Other -
Functional Cryo-EM Enzyme Other
Enzymes
Phenotypic X-ray Other -
Binding X-ray Enzyme Transferase
Functional Cryo-EM  lon Channel -

. Other
Functional X-ray Enzyme Enzymes
Functional Homology GPCR -

: DNA/RNA-bin
Phenotypic X-ray ding protein -
Functional Homology Other -

. Other
Functional X-ray Enzyme Enzymes
Phenotypic NMR Transporter -
Functional X-ray Other -

Endocrinology
& Metabolism

Infectious
Diseases

Oncology
Oncology

Infectious
Diseases

Oncology

Oncology
Oncology

Immunology
Oncology

Neurology
Other

Infectious
Diseases

Cardio-vascula
r diseases

Oncology

Immunology



231

232

233

234

235

236

237
238

239

240

241

242

243

244

Q9UH17

Q8JUX6

Q5UBS51

Q5CVNO

P13569

Q8NBP7

P09960
Q99720

P13945

P12883

Q6P988

Q16526

000522,
Q9OULI3

Q96PN6

85

104

68

83

94

94

76
81

84

84

87

177

94

85

19

16

0.0

0.0

4.41

0.0

9.57

5.32

11.8
23.5

19.1

1.19

0.0

3.39

213

0.0

Binding

Functional

Binding

Functional

Functional

Functional

Functional

Binding

Other

Functional

Functional

Functional

Binding

Functional

X-ray

X-ray

X-ray

Homology

Cryo-EM

X-ray

X-ray
X-ray

Homology

X-ray

X-ray

Homology

X-ray

X-ray

Enzyme

Enzyme

Enzyme

Enzyme

lon Channel

Enzyme

Enzyme
Other

GPCR

Enzyme

Enzyme

Transcription
Factor

Other

Enzyme

Hydrolase

Protease

Protease

Other
Enzymes

Hydrolase

Hydrolase

Hydrolase

Hydrolase

Other
Enzymes

Oncology

Infectious
Diseases

Infectious
Diseases

Infectious
Diseases

Rare diseases
& Disorders

Cardio-vascula
r diseases

Immunology
Neurology

Endocrinology
& Metabolism

Cardio-vascula
r diseases

Neurology

Other

Cardio-vascula
r diseases

Other



245

246

247

248
249
250

251

252

253

254

255

256

257

258

259

260

055143

JOQQY6

P13501

000429
Q99497
Q15758

Q16548
Q92793
Q09427
095786
P16220
A1Z1Q3
Q814Y5

014924,
043566

AOQTKG6

C6TCZ5

74

94

83

81
96
94

94

89

96

94

94

82

83

96

84

85

12

35

10

5.41

0.0

1.2

7.41
1.04
12.8

37.2

11.2

3.12

213

5.32

2.44

6.02

2.08

2.38

5.88

Binding

Functional

Binding

Binding
Functional

Functional
Functional
Functional
Functional
Functional
Other
Binding

Functional

Functional

Functional

Functional

Homology

Homology

X-ray

X-ray
X-ray
Cryo-EM

X-ray
X-ray
Cryo-EM
X-ray
X-ray
X-ray

X-ray

NMR

Cryo-EM

X-ray

Enzyme

Other

Other

Enzyme

Other

Transporter

Other

Enzyme

lon Channel

Enzyme

Transcription

Factor

Enzyme

Other

GPCR

Other

Other

Hydrolase

Other
Enzymes

Hydrolase

Other
Enzymes

Transferase

Hydrolase

Hydrolase

Other
Enzymes

Other

Infectious
Diseases

Cardio-vascula
r diseases

Neurology
Oncology
Oncology

Immunology

Oncology

Endocrinology
& Metabolism

Immunology
Oncology

Oncology

Infectious
Diseases

Neurology

Infectious
Diseases

Other



261
262
263

264

265

266

267

268
269
270
271

272

273

274

275

276

Q9Y251
Q9H255
P06400

Q04206

P14778

QoY217

PODTC2

Q13255
Q99986
P16885
Q81Y81

Q93096

Q8WTSH1

Q14498

PODTD1

Q8N9FO0

81
94
94

84

82

73

94

82
81
85
85

84

70

80

94

63

10
15

6.17
10.6
16.0

8.33

6.1

0.0

1.06

6.1
3.7
1.18
3.53

0.0

8.57

1.25

0.0

7.94

Functional
Functional

Binding
Functional
Binding

Phenotypic

Functional

Functional
Functional
Binding
Phenotypic

Functional

Binding

Phenotypic

Functional

Functional

X-ray
Homology

X-ray

X-ray

X-ray
Homology
Cryo-EM

Homology
X-ray
Homology

Homology

X-ray

Homology

X-ray

X-ray

X-ray

Enzyme
GPCR
Other

Transcription
Factor

Other

Enzyme

Other

GPCR
Enzyme
Enzyme

Enzyme

Enzyme

Enzyme

DNA/RNA-bin
ding protein

Enzyme

Enzyme

Hydrolase

Kinase

Kinase
Hydrolase

Transferase

Phosphatase

Transferase

Other
Enzymes

Protease

Transferase

Oncology
Oncology

Neurology
Oncology

Immunology

Infectious
Diseases

Infectious
Diseases

Neurology
Oncology
Neurology
Oncology

Cardio-vascula
r diseases

Other

Oncology

Infectious
Diseases

Rare diseases
& Disorders



277

278

279

280

281

282

283

284

285
286

287

288

289

290

P47870

POA1S2

POWG83

AOAOH3JD
V8

QO9NZC9

Q9YS5X0
P14222

Q9Y265,
Q9Y230
Q92835

Q9HO008

Q13501

P37231

P25787,
P25789

Q99638

84

93

73

81

81

84

72

94

83
68

94

87

82

82

10

0.0

5.38

13.7

1.23

0.0

0.0

5.56

0.0

15.7
7.35

18.1

6.9

2.44

0.0

Functional

Binding

Functional

Functional

Functional

Binding

Functional

Functional

Functional

Binding

Functional

Phenotypic

Functional

Phenotypic

Cryo-EM

X-ray

Homology

X-ray

Homology

X-ray

Homology

Cryo-EM

X-ray
X-ray

X-ray

X-ray

Cryo-EM

X-ray

lon Channel

DNA/RNA-bin
ding protein

Enzyme

Enzyme

DNA/RNA-bin
ding protein

Enzyme

Other

Enzyme

Enzyme

Enzyme

Other

Other

Other

Other

Other
Enzymes

Transferase

Transferase

Hydrolase

Phosphatase

Phosphatase

Other

Infectious
Diseases

Infectious
Diseases

Infectious
Diseases

Oncology

Other

Infectious
Diseases

Oncology

Neurology
Oncology

Cardio-vascula
r diseases

Endocrinology
& Metabolism

Neurology

Oncology



291

292

293

294
295

296

P04062

P10265

P22830

P18887
095833

Q8NBP7

62

83

81

94
94

94

11.3

6.02

1.23

1.06
3.19

1.06

Phenotypic

Phenotypic
Functional

Phenotypic

Functional

Functional

X-ray
Homology
X-ray

X-ray
X-ray

X-ray

Enzyme

Enzyme
Enzyme

Other

lon Channel

Enzyme

Hydrolase

Protease

Other
Enzymes

Protease

Rare diseases
& Disorders

Neurology
Other

Oncology
Oncology

Cardio-vascula
r diseases

Supplementary Table 3. Hit identification results for 296 AIMS projects.
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Purity

Uniprot ID Structure Mass MW HBD HBA Rot | cLogP MR TPSA QED
Number (%)
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Supplementary Table 4. Structures of representative bioactive compounds along with their QC data and calculated physical
properties from each of the 215 projects with at least one discovered bioactive compound. All compounds reported in this study are
off-the-self catalog compounds. The Mass and Purity values are reported from the purchase order received from the supplier, and
account for salts if applicable. Values not received from the supplier are indicated by a ‘-’ sign. The number of hydrogen bond donors
(HBD), number of hydrogen bond acceptors (HBA), number of rotational bonds (Rot), calculated logP (cLogP), molecular refractivity
(MR), topological polar surface area (TPSA), and quantitative estimation of drug-likeness (QED'), were calculated using RDkit?.


https://www.zotero.org/google-docs/?YMDF7E
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Project

Number UniProt ID Research Area # of SD hits # of DR hits Potency Range (uM) Units
017 Q92743 Other 8 0 - .
044 P28223 Infectious 7 3 0.5306 - 1.574 IC50

Diseases
046 P18031 Endocrinology & 13 3 0.2665 - 42.29 Kd
Metabolism
049 P50148 Immunology 1 1 55.2 IC50
050 000308 Oncology 2 0 - -
053 P55072 Other 15 2 1.186 - 2.176 IC50
093 Q16740 Oncology 4 0 - -
094 POWKI7 Infectious 7 1 221 IC50
Diseases
103 B1LMQ5 Infectious 7 0 ; ;
Diseases
104 P15056 Oncology 2 2 2.297 - 118.2 IC50
120 P05121 Rare diseases & 13 8 21.33 - 865.7 IC50
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143 POA031 Infectious 10 2 2.21-31.55 IC50

Diseases



144

148

151

153

155

163

169

174

178

182

183

186

189

191

196

197

P34913

Q15717

015554

P55851

Q9YLJ3

PODTD1

P52270

AOAGLOXSJO

Q9R1M7

Q13469

POWNS3

Q06330

Q15907

POWJY9

P52732

P52333

Other

Neurology
Immunology

Oncology

Infectious
Diseases

Infectious
Diseases

Infectious
Diseases

Infectious
Diseases

Neurology

Immunology

Infectious
Diseases

Oncology

Other

Infectious
Diseases

Oncology

Immunology

11

20

0.004 - 0.642

51.14

5.766

993.1

21.31-44.06

12.2 - 34.54

0.08519 -17.5

3.077 -18.99

0.58

195.6

1.657 - 22.71

25.64 - 51.42

36.98 - 69.76

IC50

IC50

IC50,
ECS50

IC50

IC50

IC50

IC50

IC50

IC50

IC50

IC50

IC50

IC50



198

199

205

209

219

228

235

237

240

242

243

248

251

255
258

261

P47895
P08631

KOWT99

035295

P03518

P07237

P13569

P09960

P12883
Q16526
000522,Q9ULI3

000429

Q16548

P16220
014924,043566

Q9Y251

Oncology
Oncology

Oncology

Oncology

Infectious
Diseases

Cardio-vascular
diseases

Rare diseases &
Disorders

Immunology

Cardio-vascular
diseases

Other

Cardio-vascular
diseases

Neurology

Immunology

Oncology
Neurology

Oncology

19.25-190.5

0.2554 - 0.6474

0.9516 - 5.01

2.78

3.59

0.1715 - 16.56

1.229 - 33.57

20.87

122.2

862.5

261.6

17.2-217.4

1.014 - 14.26
64.17

44.96 - 220.9

IC50

IC50

IC50

IC50

IC50

IC50

IC50

IC50

IC50

IC50

Kd

IC50

IC50
IC50

IC50



262 Q9H255 Oncology 10 7 0.01797 - 81.72 IC50
264 Q04206 Oncology 7 3 0.8557 - 2.982 IC50

273 Q8WTSH1 Other 6 6 6.4965 - 46.985 IC50

Supplementary Table 5. Dose-response results for 49 AIMS projects in the AIMS-validation follow up studies. In the AIMS-validation
dose-response (DR) studies we attempted to reproduce the primary single-dose (SD) hits and follow up with DR measurements,
using the same assay at the same academic lab.
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Supplementary Table 6 Dose-response curves of a representative bioactive compound for each of the projects that were followed
up with positive dose-response experiments. All dose response data were plotted and analyzed using Prism 9.4.1 from GraphPad.
Data (IC50/EC50) were fit using variable slope (four parameter) fits. and plotted as log[inhibitor] (uM) vs response. All Kd data were
fit using One Site — Total (saturation) fits and plotted as log[inhibitor] (uM) vs response. " indicates Kd rather than ICx,.
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Supplementary Table 7. Dose-response results from the analog expansion for 21 AIMS projects in the AIMS-validation follow up
studies. In addition to establishing dose-responsive behavior, additional measurable activities of analogous compounds further
validate the primary hits.
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Supplementary Table 8. Top 10 active compounds identified for LATS1 in the hit-identification screen. 16 billion Enamine REAL
compounds were screened with the AtomNet® model and 418 top-scoring diverse scaffolds were selected for testing in a
KinomeScan binding assay. Of the 76 compounds with more than 50% inhibition at 30uM, 75 showed dose-responsive behavior
ranging from 0.077uM to 82uM (KinomeScan binding assay). Most similar LATS1 compounds in the Atomwise database for each of
the compounds are shown. The similarity between hits and database compounds (NN) is based on the Tanimoto similarity and
ECFP4 fingerprints. NN Potencies are the median activities in the Atomwise database.
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Supplementary Table 9. Dose-response curves of the bioactive compounds reported for LATS1 and VCP in the Internal Portfolio
Validation section. Curve plots, hill slopes, R?, and IC50 or Kd values were generated using Prism?.

2 GraphPad Software, San Diego, California USA, www.graphpad.com
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Supplementary Table 10. Top 10 active compounds identified for LATS1 in the analog expansion. We selected 8 compounds for
analog expansion for a total of 834 analogs. Of the 834 analogs tested in a KinaseProfiler functional assay, 435 showed more than
50% inhibition at 50uM, out of which 382 demonstrated DR behavior ranging from 0.034uM to 76uM. Most similar LATS1 compounds
in the Atomwise database for each of the compounds are shown. The similarity between hits and database compounds (NN) is
based on the Tanimoto similarity and ECFP4 fingerprints. NN Potencies are the median activities in the Atomwise database.
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Supplementary Table 11. An illustration of the structural relations between the 8 LATS1 scaffolds selected for analog expansion and
the most potent compound identified for the respective analog series.

Compound MOA (competitive, Hit potenc A S NN potenc
I‘I’J Identified hit uncompetitive, (K'Z uM)V Nearest Neighbor (NN) (ECFP4, K dIIpCSO ulell)
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Supplementary Table 12. Top seven compounds discovered in the VCP R155H experimental screens of the virtual screening
predictions. Initially, 416 predictions representing a diverse set of novel chemicals were screened at 50 uM in the VCP R155H
ADP-Glo bioluminescence assay, 20 of which were then advanced to dose-response studies with 19 showing dose-dependent
inhibition (IC50s = 2.4 - 99.7 yM). Of the 19 compounds, seven compounds of interest were selected based on their potency and
mechanism of action to be progressed to hit validation and expansion studies. Interestingly, one competitive compound (second from
the last row of the table) is much closer to the boundary of our 0.5 Tanimoto distance cut-off than the other molecules, and the
compound is more visually similar to its nearest neighbor than the other identified hits are to theirs.
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