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CReM: chemically reasonable mutations i

framework for structure generation

Pavel Polishchuk

Abstract

Structure generators are widely used in de novo design studies and their performance substantially influences an
outcome, Approaches based on the deep learning models and conventional atom-based approaches may result in
invalid structures and fail to address their synthetic feasibility issues. On the other hand, conventional reaction-based
approaches result in synthetically feasible compounds but novelty and diversity of generated compounds may be
limited. Fragment-based approaches can provide both better nowvelty and diversity of generated compounds but
the issue of synthetic complexity of generated structure was not explicitly addressed before. Here we developed a
new framework of fragment-based structure gendiigsl ) - 5
provides flexible control over diversity, novelty, sy

framework was implemented as an open-source
exploration of chemical space.
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exhaustive fragmentation
(\NH cutting single bonds

>’ Chemically reasonable mutations (CReM)
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Polishchuk, P., CReM: chemically reasonable mutations framework for

structure generation. J. Cheminf. 2020, 12 (1), 28.
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'X' Chemically reasonable mutations (CReM)
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Generated structures are always chemically valid!

IMTM

Polishchuk, P., CReM: chemically reasonable mutations framework for structure generation.J. Cheminf. 2020, 12 (1), 28.
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IMTM )\- CReM features & appl:)catlons
’

MUTATE_ﬂ— ©)\CH3 o ©/N\O
h_,rﬁq s @e@
e [~ @i @ .

* use a custom (in-house) fragment database to generate\
more synthetically accessible compounds enriched with
specific chemotypes

* choose larger radiuses to make replacements more 1. Scaffold decoration
conservative and resulting to more synthetically 2

_ Enumeration of analog series
accessible compounds

Hit expansion
» specify the size of replaced and replacing fragments to

control granularity of steps in chemical space 4. Lead optimization

» specify atoms to protect or replace to direct structural De novo design

modifications

* specify the topological distance between attachment
points in a linker _/
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IMTM )\- Radius of chemical context
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IMTM )\- Radius of chemical context
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IMTM )\- Radius of chemical context

N
/\@\ NH; /@/\N/ /@/\0/ /@/\ -~ HEN/\O\ I NH,
NH, /\/©/ HaN ’ HoN HaN NH, h—N’\/@/
H,N

H
HoN HN <N D ;@/
H
NH, NH,

NH; NH; NH; NH; H

OH Br C N
NH, & - D/

H;N

NH; NH;
NH NH i NH; NH;
Sogevs o :
GROW H;N HsN H,N

max_atoms=2

NH,

NHZ Nl“\

H
@/\ = NH, Nz AN NH; NH, = — HEN/D/NHI
NH;

NH,
OH
radius 1, radius 2
NH;

NH;




¥

IMTM

Radius of chemical context
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Radius of chemical context
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')\- Radius of chemical context

Generated new chemotypes will have a size greater than a selected radius

CReM DB
no amides
H3 H3 H3 H2

context radius 2

CReM DB ,
no amides
H3 H3 H3 H2

context radius 1
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IMTM x> Synthetic accessibility of compounds
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Ertl, P.; Schuffenhauer, A., Estimation of synthetic accessibility score of drug-like molecules based on molecular complexity and
fragment contributions. Journal of Cheminformatics 2009, 1, 8. (10.1186/1758-2946-1-8)
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T @ChEMBL
(1.55 M) _
n (distinct number of distinct fragment/context pairs for each radius
CReM DB | n (molecules) | fragments,
12 atoms) radius 1 radius 2 radius 3 radius 4 radius 5
all 818 174 988585 | 2263436| 4051790| 7133534(11007247 (15271543
SA2.5
338422 272 988 671140 1263268 | 2319377 3752375 5419544
(SA<2.5)
SA2
67 970 55498 143 434 267 156 472 126 754905 | 1087492
(SA<2)
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IMTM )\- Synthetic accessibility of compounds
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')\- CReM online

imtm.cz

=

DSCXEBR,50 Mode:

Scaffold mode - fragments will be added to selected aton

H

& Fragment database:

N SA <=2 v
o Databases prepared from compounds of ChEMBL22 with synthetic

S accessibility score below 2 or below 2.5. additionally fragments were
. filtered by structural alerts.

P Context radius: 3

@ ®
Radius of chemical context considered during replacement/attachment,
I greater radius results in more synthetically relevant madifications but

less numerous.

Maximum number of replacement: 5

Number of randomly chosen modifications to apply. The number of
actually applied modifications can be less {e.g. due to a small number of

available fragments For certain contexts, etc).

CARRCEGNGRY
Maximum fragment size: 10
Qutput SMILES: ®

Aaximum size of an attached/replaced fragment.

Generate structures

crem.imtm.cz
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Ultra-large
libraries

J
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fast similarity
search

CReM-based applications
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3D pharmacophore J Molecular docking J
[ CReM fragments ]
[ (X-ray) ] [ compounds ]
fragments X-ray complexes
CReM-Vpharm CV:ReM-dOLk — CReK/I-dc:ck-ga
|
grow mutate

A A

l

+ de novo design
* hit generation

* de novo design
* hit generation

fine-tuning v

« hit (fragment) expansion

* local sampling/exploration
* hit/lead optimization
* scaffold hopping

fast
(minutes to hours)

reasonably fast
(hours to a day)

moderately fast
(day(s))
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')\- CReM-dock

IMTM [SOFTWARE
Molecules to grow ProLIF: a library to encode molecular
interactions as fingerprints
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Starting * greedy
CReM fragments * Pareto Hits
* clustering
® Vina C 3
CReM: chemically reasonable mutations : smlna
framework for structure generation * gnina
Pavel Polishchuk” Featu res :
e control physicochemical properties
_ ® * control protein-ligand interactions
EasyDock: customizable and scalable

e keep the initial pose
* support different docking tools via
EasyDock

docking tool

Guzel Minibaeva', Aleksandra Ivanova' and Pavel Polishchuk'”

Minibaeva and Polishchuk, CReM-dock: de novo design of synthetically feasible compounds
guided by molecular docking, https://doi.org/10.26434/chemrxiv-2024-fpzgh-v2
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IMTM-)‘- CReM-dock: CDK2 example
Settings: 4257
« CDK2 (2BTR) 4.00-
e MW<450, logPh <4, TPSA<120,RTB<7
* PLIF — hinge region interaction 3757 r
 maximum number of replacements: 2000 350 -

» selection strategy: clustering (25 clusters,

top 2 mols)
* 3independent runs
* top 100 compounds by docking score

" "cH,

-13.1/5.25

a clear trade-off between SA and
docking scores

SA scores are predictably changed
with changing of a radius and a
fragment database
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CReM-dock: fragment expansion

iIMTM
Similarity | Generated molecules | Similarityto| RMSD to
Starting ligand Target ligand of starting most similar to the the target | the starting
and target target one ligand ligand, A
1 1.25
H
r 0.36
H
1 1.52
2HB1 2QBS
K,=160 pM Ki=210 nM
L, H/ H . 0.32 0.63 0.06
HN— SO
351G 3GC4 ¢ "
K. = 6500 nM K. =25 nM
s
HO. A \H H Hs
CH, CH, 0.69 0.86
HO,, A HO,, HO' 2
o . -
HO"™ HO" 0.32
OH ILH2 OH CHs
HO,, A
H |, CHy
’ OQ 0.69 1.03
2ZWZ 27ZX9 & /N\g
Ki=16.3 nM K. =0.054 nM
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target ligand

most similar ligand
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CReM-dock: fragment expansion
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CReM-pharm: generation example
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CReM-pharm: generation example
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CReM-pharm: generation example




IMTM

*x CReM-pharm: generation example

design minimum-sized molecules
matching the maximum number of
features

the search is balanced between

exploration and exploitation and
can be terminated and continued
at any moment



x> CReM-pharm: CDK2 example

IMTM
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§ y
< A n
)]
2.75+ o
. B
|
2.50 4
3RAL A
X
2.254
Settings: i
« MW <450, logP <4, TPSA< 120, RTB <7 415 o 05 100 95
. docking score (Vina)
* maximum number of replacements: all
* top 100 compounds by docking score CReM DB W ChEMBL X ChEMBLSA25 A ChEMBL SA2

Radius @ 1 @ 2 @ 3 @ 4 @ 5
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IMTM-X- CReM-pharm example

CDK2 (3RAL)

0]
o C
" 0=} NH

\\l |

H
ligand
/ \V
H, NS

H H

-11.4/3.0
docking score / SA score

reference
ligand

* designed compounds have high docking scores and fit to protein pockets

* SA scores are not very sensitive to complexity of pharmacophore models
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IMTM-X- Chemical space overlap CReM-dock and CReM-pharm
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* CReM-dock and CReM-pharm structures generated for the same protein structure do not
overlap much. Therefore, it can be suggested to use both approaches to get a greater
number of diverse solutions
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X Hit expansion: inhibitors of main protease SARS-CoV2

IMTM

o’ | (o]
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/
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*in collaboration LifeChemicals company (Ukraine) and IOCB (Prague)



X Hit expansion: inhibitors of main protease SARS-CoV2

IMTM

H
NN | N NN | CH;3
N N bl
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docking score (Autodock Vina)

*in collaboration LifeChemicals company (Ukraine) and IOCB (Prague)
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X Hit expansion: inhibitors of main protease SARS-CoV2

IMTM

N N N
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NN N NS CH,3 AN
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P 7
Z / Za
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*in collaboration LifeChemicals company (Ukraine) and IOCB (Prague)
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')\- Optimization of tubulin inhibitors

Cell line IC5p, UM

A549 0.033 .
CCRF-CEM 0.058 sof a0 "
.f.'o! !' .':Ilno. .
CEM-DNR 0.097 ..ls!:='=. :: .
o l:.. ool.’: ] ".' 1 (1]
HCT116 0.029 2 flsseegips iteceet & e

HCT116p53- 0.029

iif!:'{:!x;l.i e %ee_ ___

K562 0.029 ' e oo s #2008 ‘-2-5 Dleee
4.0- U SRR P :
K562-TAX 0.087 R
| .I [ N ]
U20s 0.038 a0- :
BJ >50 11 10 9 8

Docking Score (Vina). 5LYJ

Cell line IC50, UM

_CHs A549 0.034

A549 3.84 CCRF-CEM 0.018

CCRF-CEM 6.46 CEM-DNR 0.029

CEM-DNR - HCT116 0.017

HCT116 9.18 HCT116p53- 0.021

HCT116p53- 9.29 K562 0.013

K562 2.65 K562-TAX 0.030

-10.0 K562-TAX ) U20s 0.018

docking score U205 6 . 50

BJ >50

*in collaboration with Miroslav Soural group (UPOL)



