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1_ ConStrUCt|ng GDB Uniform sampling across triplets

(HAC, stereocenters, heteroatoms)
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Ring Systems

b
UNIVERSITAT
BERN

a) b)
10° 100 10° 5 100
GENG " ] ]
93,463 graphs E 10° 10° 5
< 4 cycles, < 16 nodes . = 3 ] - 75
y 1) Ring enlargement 2 104 104 &
+ filters g 3
R 1]
v £ 10° 4 103 - 50
. ) Y E E ©
2) Aromatization o ] 1 5
o 102 4 102 A
728,391 saturated o 3 E | 5 X
carbocyclic ring systems g 10! - 10! 4
<4 cycles, < 30 atoms =
100_H..|...,|....l....l....l.... 0 100q 0
0 5 10 1 20 25 30 0
Heavy atom count
GDB4c 3) Stereoisomers c) d)
916,130 carbocyclic 106 = - 100 105 5 _-r 100
ring systems " ] ] e
(as SMILES) £ 105 - 105 4 5
0] E E v
+ 3 - 75 ] ‘y - 75 o
& 104 = 10* o J/ pu
E E PR 0
v =2 ; , ] ~_ /L ©
RDB T 10° = - 50 10 - /; // - 50 o
12,536 known GDB4c3D C 102 4 102 - S 5
ring systems 6,555,929 carbocyclic 2 | o5 ,’/ /’ Y X
ring systems g Lot 101 +-"
(as sdf files /SMILES) = 3 1.~
10° — 1 T 0 10° | T T T T T 0
0 5 10 0 1 2 3 4 5 6
Size of largest ring Number of stereocenters

Ricardo Visini, Josep Arus-Pous et al., J. Chem. Inf. Model. 2017, 57, 2707-2718 S



. . . b
— sampling chemical space using Al AstraZeneca u

BigChem “

1) Train: 2) Sample: 3) Compare:
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Josep Arus-Pous et al., J. Cheminf. 2019, 11, 20



— transfer learning

ChEMBL
DrugBank
FDB17
commercial fragments

1) Training
2) Transfer learning

— One known drug

LSTM
Generative Neural Network
|

3) Generate new SMILES

- retain correct SMILES

- remove duplicates

- remove undesirable functional groups

4) Select high similarity analogs

!

New drug analogs
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Table 2. Number of unique/total high similarity drug analogs produced by the different LSTM neural networks.

Neural Network LSTM1 LSTM2 LSTM3 LSTM4 LSTM5 LSTM6
Source database ChEMBL ChEMBLs DrugBank  Commercial FDB17 All Unique
Fragments databases | across

training cpds. 344,319 40,000 5,104 40,986 500,000 890,409 LSTMs
Nicotine 0/23 32/82 1/32 32/93 9/47 16/67 166
Fencamfamine 15/42 126/218 40/96 130/231 92/164 41/114 580
Aminophenazone  5/26 34/96 23/71 38/99 22/66 19/65 223
Sulfadiazine 6/27 19/59 11/37 28/74 8/30 2125 124
Miconazole 2/10 301/500 268/438 174/336 0/0 153/256 1134
Roflumilast 8/15 319/557 117/283 351/585 0/0 45/166 1126
Lovastatin 0/1 631/986 460/757 352/625 487/728 289/530 2729
Epothilone D 0/1 911/1301 561/831 807/1160 1595/2039  1163/1511 | 5707
Nilotinib 0/1 506/666 180/321 218/381 0/0 243/355 1362
Erythromycin 0/2 832/1042 174/243 524/709 1243/1444  1105/1288 | 4190

7

Mahendra Awale et al., J. Chem. Inf. Model. 2019, 59, 1347-1356



— enumeration + sampling
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Transformer
@ Qv _NH,
cl(c2c(c3ccece3)ccc2)cceccl /©/ ke
N<
/"N
Training set Architecture % Invalid % Correct % Recovered % Unique —
LSTM 8.66 % 61.22 % 16.65% 54.03 %
ChEMBL : :
Transformer 1.73 % 87.87 % 36.25 % 58.33 %
LSTM 2.62% 88.10 % 25.94 % 59.56 %
ZINC ‘ ‘ O=S(clcce(n2c(c3cec(F)ece3)ec(C(F)(F)F)n2)ccl)(N)=0
Transformer 0.52 % 96.67 % 31.17 % 51.94 %

Josep Arus-Pous, PhD thesis, 2020



2. Visualizing and searching GDB
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PubChem
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PubChem
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MQN-Mapplet

GDB13 (Mapplet

eMol

Map List of M

Map Tra

Mahendra Awale, Ruud van Deursen et al, J. Chem. Inf. Model. 2013, 53, 509-518
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Daniel Probst et al., Bioinformatics, 2018, 34, 1433-1435, J. Chem. Inf. Model. 2018, 58, 1-7



NN-searches in MQN-space

a) X-MQN string

MQN-sum rest MON to last non-zero value Mask

A90 211/0A14 0A107206204A1303005010000300A16; C13H14N3 255 C1C2C[NH2+]CC1C1=CC3=C(C=C21)N=CC=N3

MQN 1-3/ MQN 4-5 Formula SMILES

b) Hash table file entry

File A9O: Mask 1  Mask 2
211/0A14 0A107206204A1303005010000300A16; C13H14N3 239 111 255 116

number of molecules with Mask values

c) MOLTREE
Folders (one per MQN sum, 120 MQN sums)
Subfolders (one per MQN 1-3 combination, 264 subfolders in folder A90)

o Files (one per MQN 4-5 combination, 45 files in subfolder 211)
A93 ' .
165 i
A92 0A12 File 0A14 (83,799 MQN-bins, 41,761,344 SMILES):
200
A9l 0A13
210 ....0A107206204A1303005010000300A16;
A90 0A14 » C13H14NS3....255 ..... C1C2C[NH2+]CC1C1
211 =CC3=C(C=C21)N=CC=N3.....
A89 0A15
220
A88 0A16
221
A87 0A17
222 :
A86 ) —
L—» .

Lars Ruddigkeit, Lorenz C. Blum et al. J. Chem. Inf. Model. 2013, 53, 56-65
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MQN-browser for GDB-13
*To make this page work, You have to enable JavaScript on your machine™
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Lorenz C. Blum et al., J. Chem. Inf. Model. 2011, 51, 3105-3112

Search done!

Retrieved 1000 neighbors of CN1CCCC1c2ceenc2 from GDB-13 using 2.424 seconds server time.

[ Store complete result to SMILES file | (Click on Image below to get smiles for each molecule)
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Menthol — GDB-13 isomers
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Daniel Probst et al., J. Cheminf. 2018, 10, 66
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MHFP — LSH — k-NN-graph —» MST — 2D-layout u
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http://tmap.gdb.tools/

Daniel Probst et al., J. Cheminf." 00, def ‘.\'%:.’ 3321-020-0416-x
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GDBChEMBL Similarity Search ub
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Draw or paste your query molecule here: (Click here to load test compound)

@ [ 1jnew X ¥ VDOV X i
= —|==~A000000F %
c
? Retrieved 500 nearest neighbors from GDBChEMBL database using MQN-MHFP6.
s |
F \
- | N
cl z b b =~ b
B - O )< LA~ 0
r N
. N7 S
i query dist: 0 IDX_1740017 dist: 0.5 IDX_3073611 dist: 0.59 IDX_3073590 dist: 0.6
>
GDBChEMBL ~ MQN-MHFP6 ~ m i 3 |
_ Ni— N ZF ~ - NS N _ N e
\ i \ / \ 7
X
IDX_1494042 dist: 0.66 IDX_4886374 dist: 0.72 IDX_1740016 dist: 0.74 IDX_1494041 dist: 0.76

Mahendra Awale et al., Mol. Inf.. 2019, 38, 1900031 27



GDBspace

s

- .

: . >

'S % ¢ 3
“ .

o .‘-3-:-'

.’ .

-".
.
® %

e % 4%
..-"lh TN =
gy

P

',

r: .

o'.. .\ -

> ® _a"

- iy

™ »

- »
» Al
- r ".
) vy &
» .
» .\‘
— D
.'.‘_». -

. .‘.‘(’-

® ( '\.'0 d‘,

,GDBspace helped us to better understand the relationship
between various structures and specific biological activities
as well as to identify previously unexplored regions of this

Dy
» ‘.".l‘

“The. map of molecules”
'predlctlve p’ower at your ﬁ,ngertlps

nw .)45
o. -

chemical space” -

LONZQA

CONTACT: Dr. Jingwen Shi, CEO
GDBspace AG
Aeschengraben 29
4051 Basel
Switzerland
jingwen.shi@gdbspace.com
www.gdbspace.com

Legend

chembl
Cytochrome p450
. Other Enzyme
| Epigenetic Regulator
lon Channel
B Kinase
Membrane Receptor
. Protease
. Transcription Factor
. Transporter

- ‘.'.ﬁ.. L:rx o
o Other 28

o)



3. Synthesizing GDB

HO,C
CO,H

NH,
i COzH

V 2

NH2 / COzH
7 (WAY-855)

ICs9 =1.3 uM 8 (rank 1)

CO,H
R, 72
/ ~ NH2

""CO,H

8 (R = CH=CH,)
9d (R = H)

9d (rank 19)
-13.34 kcal/mol  -12.52 kcal/mol

NH,
CO,H

CO,H

CO,Et

12

10 (rank 4888)
-10.46 kcal/mol

COzH

CO.H

11 (rank 5176)
-10.42 kcal/mol

f

Ho_ M
NH,

7
ud ] CORE

13

b

u

b
UNIVERSITAT
ERN

CO,Et

Table 1. ICs, Values for Inhibition of [’H]-Glutamate Uptake by GLT-1
| and EAACI Expressed in Xenopus laevis Oocytes

1. Diversify: 101026 Asp and 151282 Glu from GDB-11

IC5, (GLT-1) (uM)

IC5, (EAACI) (uM)

2. Virtual screening: HT Docking to GLT-1 (1XFH)

) ; i rac-23a (vinyl) 130 £+ 70 no inhibition
3. Synthesis, testing, optimization | rac-25a (phenethyl) 1.4 +0.7 no inhibition |
¢ rac-25d (phenethyl) 19+5 no inhibition
rac-28a (propyl) 25+3 no inhibition
NH, rac-25a rac-28b (butyl) 14 + 8 nd
CO,H IC50=1.4 uM rac-28¢ (0o-HOPh) 21 £ 11 no inhibition
CO,H rac-28d (p-CIPh) 17+ 11 no inhibition
| 7~ 1.3 53 |
17a™ 3.8 7.0
17b* 0.017 0.3

E. Luethiet al., J. Med. Chem. 2010, 53, 7236-7250
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Cite this: Chem. Commun., 2017,

53, 11399 Markus Neuburger

mirror plane
C,-axis

1-R,

Fig.1 The two enantiomers (1S,4S,6R,75,9R)tetracyclo[5.2.2.0%€.0%9]-
undecane (1-S,) and (1R,,4R,6S,7R,9S)-tetracyclo[5.2.2. 0%6.0*°]undecane
(1-R,) displaying the axial chirality. For 1-S,, on the left side the three
norbornane subunits of the structure are displayed in red, blue, and yellow
together with the numbering of the eleven carbon atoms corresponding to
the IUPAC name. The enantiomer 1-R, is displayed together with the
molecules on the Cs-axis.

M) Check for updates Synthesis of trinorbornanet

Lorenzo Delarue Bizzini,” Thomas Muntener,” Daniel Haussinger,
? and Marcel Mayor

b

u

b
UNIVERSITAT
BERN

a

wabc

radical
cyclization

o |:>

1 6 Diels-Alder
O —_— —
: 0
{3 L% [
. >
reduction \ [
EtO elimination 0)
8 7  Michael-addition

Scheme 1 Retrosynthetic analysis for racemic trinorbornane 1 (to improve
the visibility, only the 1-R, enantiomer is displayed).
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HN ~N
N Z
Q\( N’U\/ 9 (KMC420)

Tofacitinib

a-

b

u

b
UNIVERSITAT
BERN

HN s \ o
— N \‘N
]
N\\/N ~

10 (KMC423)

HN { NH Table 1: JAK kinase inhibition profiles.
ICs0 (NM) JAK1 JAK2 JAK3 TYK2
5-5-5

Delgocitinib!s! 2.8 2.6 13 58
Tofacitinib“3! 2.9 1.2 1.1 42
PF-066516001411 >10,000 >10,000 33 nM >10,000

Q rac-99 1.0 13 29 26

PDB: 3LXK (JAK3)

rac-10% 30 53 9 183
(R)-9% 0.8 5.4 14 52
(S)-99 >1,000 >1,000 >1,000 >1,000

Kris Meier et al., Angew. Chem., Int. Ed. Engl. 2020, doi:10.1002/anie.202012049
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Enantioselective synthesis of KMC420

o) o)
o7 >~ NBnBoc NBnBoc  Allyl acetate,
{X:\l\ Hantzsch ester, Pd(PPhg)s, .
© L-proline, DCM B} OH THF, 22°C, 22 h,
°c 41 0 97%
60 22 °C, 41 h, 74% 160
1) TFA, DCM,
)22 °C 2 h 1) DMP, DCM, 22 °C, 1.5 h, 85%

>
2) TrocCl, ACN, 22 °C, 2.5 h, 90%

2) NaBH3CN, MeOH,
22°C,12h, 99%

(1R,5R,8R)-167

BocBnN

b

u

b
UNIVERSITAT
BERN

NBnBoc
[(R,R)-TsDPEN]RuCI( p-cymene), 3 2

-

159

1) Pd/C, H, (1 atm), /\ _!\'5800
1) AcOH, Zn, DCE, ACOH, MeOH, %
0 . S 22 °C, 3d;
60 °C, 2 h; _ BN NBo N N—
8 5 ; o
2) Boc,0, NEts, DCM 2) 6-chloro-7-deazac|qur|ne, <\ p
22°C, 11 h, 93% NEts, NMP, 110 °C, N \
SERL (1S,5R,8R)-117 12 h, 67% N
H

(1S,5R,8R)-168

Kris Meier et al., Angew. Chem., Int. Ed. Engl. 2020, doi:10.1002/anie.202012049

v

'PrOH, 22 °C, 40 h, 57%, er: 99/1 0

(2S,3R)-164

1) O3 DCM, MeOH,
-78 °C, 0.5 h,
then DMS,

0\
- BnN \__\NTroc
2) benzylamine, MeOH, 8 s

AcOH, NaBH;CN,
22 °C, 15 h, 84%

(1S,5R,8R)-163

O
J_on

5

1) HCl in MeOH,
22 °C,23h

Tz

-
g
-

2) cyanoacetic acid, N
DIC, DIPEA,
DMAP, DCM,
22 °C, 20 h, 52%

8

N=

& N

(1S,5R,8R)-KMC420
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Predicting GDB synthesizability with RAscore

B|gChem

Number of Compounds
>1x106 >1x10? >1x10?

100
=
Generated RAscore o 80
Compounds o c
(O]
o9 60
Synthetic Virtual Laboratory S e
Feasibilit Screenin g o
Y & 3G 40
[T,
a o
Virtual (—>3 20
Databases n I
O |
AiZynthfinder
y GDB17 Z\NC cperidan et. a\\\I\OSES GuacaN\o\
ChEMBL GDBChEMBL GDBMedChem
Percentage Solved 75.21 25.54 20.79 Dataset
i'izzeymhFin e Run Time ggg,ooo igg,ooo 12(1"000 mmm ASKCOS  mmm AiZynthFinder ~ mmm RAscore mmm GDBscore
(days)
Score Run Time (mins) 799 309 309

) Expressed in days taken on a single machine with 8 CPUs and 64 GB of RAM, rounded to the nearest
day. The time taken in minutes for the neural network classifier with ECFP6 counted fingerprints is also
given for comparative purposes. The neural network classifier, RAscore, is able to reproduce the results
obtained from AiZynthFinder in a fraction of the time taken to predict full retrosynthetic routes.
bRAscore

9GDBscore

Amol Thakkar et al., ChemRxiv. 2020, https://doi.org/10.26434/chemrxiv.13019993.v1 33



Summary and Outlook w

b

> Constructing GDB
— From graphs to molecules
— Exhaustive enumeration vs. Sampling
— Novelty in ring systems and scaffolds

> Visualizing and searching GDB
— MQN
— Faerun
— MHFP6 and MAP4
— TMAP
— NN-searches with MQN

> Synthesizing GDB
— Virtual screening hits
— Novelty oriented synthesis
— CASP
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