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Overview

Background

* Fragment-based drug discovery
* Fragment-to-lead progression
* Cataloguesearch

Published work

* Fragment merging using the Fragment Network

Current work
* Expandingthe chemical space used to find merges

Deployment of algorithms for active campaigns
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Background > Pipeline 1> Pipeline 2> Deployment

Fragment-based drug discovery

Advantages 0 .

* Higher hit rates .
* Smaller library sizes .
Fragment Screen L|nk
* Cover a greater proportion of chemical space w «
g:s;zi;;z:tzz:iZZfiLLurther synthesis and Optimize * Low molecularweight (<300 Da)
* Low molecular complexity

* Step-by-step iterative process + High uM to low nM affinity

Once we have fragment hits, what can we do with them?

Image from Emwas, A-H et al. Molecules 2020, 25(20), 4597; https://doi.org/10.3390/molecules25204597.



Background > Pipeline 1> Pipeline 2> Deployment

Methods for elaborating fragment hits

Fragment growing
 How can we use data from fragment screens to 8"@

identify compounds that recapitulate atoms 8 :

seen in the fragments? ER -

e Structure-guided optimization «
* |Increase potency 8’ | % 8—\/\/%
* Maximize number of interactions b
* Elucidate structure—activity relationship (SAR) Fragment merging

* Three main approaches to fragment V
elaboration

Image from De Souza Neta, L.R. et al. Front. Chem. 2020, 8:93; https://doi.org/10.3389/fchem.2020.00093.




Background > Pipeline 1> Pipeline 2> Deployment

Fragment screening using X-ray crystallography

nsp13 crystallographic fragment
hits

* Biophysical techniques typically used to
detect weakly binding fragments

* Fragment screening with X-ray
crystallography allows:
e Confirmation of binding pose
* Maps possible interactions
* Structure-guided optimization e i Fragmont

Screening

diamond

Newman, J.A. et al. Nat. Commun. 2020, 12:4848; https://doi.org/10.1038/s41467-021-25166-6. 6
https://www.diamond.ac.uk/Instruments/Mx/Fragment-Screening.html
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Fragment merging is highly efficient for increasing

potency

* Fragment merging and linkingare efficient approaches for increasing potency

* Merging can lead directly to on-scale affinity

vipro NSP3 macrodomain NudT7

fragménts

3 Vs

fragments and merge

[ \ o

TRY-UNI-714a760b-20: IC50= 61 pM |

fragments and merge e rgje
\ 4

4

[
-

TRY-UNI-714a760b-6: IC5o = 26 pM ! ICs0= 5 uM NUDT7-COV1: IC50= 1.1 pM .

The COVID Moonshot Consortium. ChemRxiv 2020; https://doi.org/10.26434/chemrxiv-2021-585ks-v2.Resnick, E. et al.J. Am. Chem. Soc. 2019, 141,22, 8951-8968; https://doi.org/10.1021/jacs.9b02822.
Gahbauer, S. et al. PNAS 2023, 120, 2,e2212931120; https://doi.org/10.1073/pnas.2212931120.



Background > Pipeline 1> Pipeline 2> Deployment

What are the existing approaches for identifying

follow-up compounds?

* Existingapproaches All compounds we can get or make
* Manual design
* Difficult to scale-up
* De novo design
* Limited by synthetic accessibility

e Cataloguesearch
* Similarity and substructure search

Compounds we can get
quite easily

Compounds that make
sense

* Rapid and cheap identification of
follow-up compounds

* Lacks formalized workflows im:

which we sample this area of
accessible chemical space



Fragment merging using the
Fragment Network

Pipeline v1
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pubs.acs.org/jcim mmu

Fragment Merging Using a Graph Database Samples Different
Catalogue Space than Similarity Search

Stephanie Wills, Ruben Sanchez-Garcia, Tim Dudgeon, Stephen D. Roughley, Andy Merritt,
Roderick E. Hubbard, James Davidson, Frank von Delft, and Charlotte M. Deane*

Cite This: J. Chem. Inf. Model. 2023, 63, 34233437 I: I Read Online
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The Fragment Network

First described in 2017 by Astex Pharmaceuticals

Architecture
* Nodes represent molecules

* Edges represent transformations
* More chemically intuitive

Populated with commercial catalogues

>120M compounds at time of publishing

* Current version contains >200M compounds

Example enumeration
of connected nodes and
edges

10
Image and Fragment Network from Hall,R.J. et al.J. Med. Chem. 2017, 60, 14, 6440-6450; https://doi.org/10.1021/acs.jmedchem.7b00809.
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The Fragment Network

_________________________________________________________

| O |

F ! N I i

+ First described in 2017 by AstexPharmaceuticals | @ 21 S

* Architecture N e N A e

* Nodes represent molecules T \, t \/ """"""""""

* Edges represent transformations e a SN

* More chemically intuitive ﬁ\ O - 5% —b —@1 o

* Populated with commercial catalogues A N
e >120M compounds at time of publishing P /\{' -------- /\ e .

 Current version contains >200M compounds & ‘@1 0_\7

_________________________________________________________

Example transformations for nsp13 hit fragments

11
Image and Fragment Network from Hall,R.J. et al.J. Med. Chem. 2017, 60, 14, 6440-6450; https://doi.org/10.1021/acs.jmedchem.7b00809.
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Can the Fragment Network be used to find purchasable fragment merges?

Can we find merges that maintain substructures of the crystallographic fragment
hits?

Can we find merges that recapitulate the binding pose and interactions of the
parent fragments?

* Do merges identified by the Fragment Network have any use beyond those
identified using a more traditional similarity search?

12
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Methodology

* We compared the ability of the Fragment Network and a more traditional, fingerprint-based
similarity search to find fragment merges

* Four test systems (XChem targets) were used
e SARS-CoV-2 main protease (Mpro)
e SARS-CoV-2 helicase non-structural protein 13 (nsp13)
* P gingivalis dipeptidyl peptidase 11 (DPP11)
 Human poly(ADP-ribose) polymerase 14 (PARP14)

* Retrospective analyses with existing experimental data was performed

* Inhibitors of Mpro proposed by the COVID Moonshot project (COVID Moonshot Consortium, ChemRxiv, 2020)
* Inhibitors of M. tuberculosis transcriptional repressor protein EthR (Nikiforov et al., Org. Biomol. Chem., 2016)

The COVID Moonshot Consortium. ChemRxiv 2020; https://doi.org/10.26434/chemrxiv-2021-585ks-v2.

13
Nikiforov, P.O. et al. Org. Biomol. Chem. 2016, 14(7): 2318-2326; https://doi.org/10.1039/c50b02630j.



/Crystallographic fragment hits \ ﬁnumerate pairs of compounds to \

merge

/};
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/ Similarity search using Tversky similarity and
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Background > Pipeline 1> Pipeline 2> Deployment

Pipeline: enumerating fragment pairs for merging

* Fragment screening data available to download from Fragalysis

 All pairs of compounds enumerated for querying the database
* Remove pairs that are too far apart or similar

ﬂystallographicfragment hits \ ﬂnumerate pairs of compounds to \

merge

: | W
2 e S | \ ik’@

\ 4

15
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Pipeline: querying the database to find merges

Pairs of compounds to merge

1

A number of hops are made from the seed Kue,ythe Fragment Network to find merges
fragment to generate diversity

* The second fragment is decomposed into Fragment 1 o
substructures o, [Decompostion
* An expansion is made from the seed

fragment in which a substructure from the
other fragmentis incorporated

* The query retrieves compounds that Fragment2  Node traversal
contain substructures from both parent R SR
fragments C@AW i

16



Background > Pipeline 1> Pipeline 2> Deployment

Pipeline: finding merges using a similarity search

Pairs of compounds to merge

- = = = = e = e e e e ) e e e e e e e e e e e e e e e

/ Similarity search using Tversky similarity and
Morgan fingerprint

[0,0,0, 0,0,1,... ] \*/NYQ”J%/

I
N Jeuve u
: l A 204 @%Q
A el =
@\k/\ [ :\ %/LLN [0,0,0,0,0,0,..] - f \AQ )

N e e e e e e e e e e e e e e e e e e e e e e e e e

Query the Fragment Network to find merges

Fragment 1
Decomposition

o - —

Fragment2  Node traversal : * The Fragment Network search is compared
%LNO é;v S against a similarity search

* Molecules are represented using molecular
fingerprints

\ ] S * Similarityis calculated between the parent

fragments and all compounds in the database

17
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Pipeline: filtering proposed fragment merges

and

\ " _ 3D Iﬁ N o
(> . filters | [

______

e 2D filters

* Cheaperfilters (molecular descriptors, rule out of expansions) A. Find best mapping combination by
MCS with positional overlap
o 3 D f| |te rs Nfollowu?c?ri\:asund) ﬁ B. Place atoms C. Minimise in

in conformer protein structure

using Fragmenstein ¥ atom#2- hitA#4

*  More computationally intensive A = »
. N i X
* Generate compounds based on the conformation of the parent fragments ; k. Chosen ST FLCAIZHIERES i Zé L b
t" N -, 4

* Filter out those that don't maintain binding pose Inspiration hits i
Stitched together RMST = 01k
Discarded conformer AAG = -3 kcal/mol

* Filter out those that don't fit the binding pocket
* Filter out those with energetically unfavourable conformations

https://github.com/matteoferla/Fragmenstein 18
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Results

The two search techniques show complementary results

* The search methods operate in different areas of chemical space

DPP11 Hagment Netwer o Mt e PARP14

Similariy Search

Number of  Search Before After % Number of

i hits type filtering filtering  filtered overlap
DPP11 11 FN 22903 198 0.9 8
55 85,919 271 0.3
PARP14 13 FN 48,320 70 0.1 1]
85 78,116 56 0.1
nspl3 9 EN 36,239 503 L4 1
) 1 ) 20 ) u S8 40,102 530 L3
Mpro 19 FN 109,012 952 0.9 4
S5 169,424 918 0.5
nspl13 sl g% | lge b eneporiacy 2R o e Sindaaty Seoed Mpro

e

Low-dimensional representations
of chemical space occupied by

R filtered compounds (using T-SNE

“| s plots)




Background > Pipeline 1> Pipeline 2> Deployment

Results

The two search techniques show complementary results

* The search methods identify merges for fragment pairs not represented by the other

DPP11 PARP14

BN Fragment Network Bl Fragment Network
- Similarity search 10, W Similarity search

@
=1

~
=}

@
o

%)
=}

S
=}

Number of compounds
w
o

Number of compounds
o

5]
=}

=
o

Fragment pairs ' Fragment pairs Numbers of filtered
compounds identified for each
pair of fragments

=]

nsp13 200 Mpro
BN Fragment Network HEEE Fragment Network

200 W Similarity search 350 - Similarity search
3 3B 300
5 5
§150 g 250
E E
g g
o 5 200
© 100 °
a 2 150
E £
2 =

50 100

I . “HH
oL nll o n . J - | ol ull Lvneh] .J..m.mnumlllll\ll“|“”

Fragment pairs Fragment pairs 20



Background > Pipeline 1> Pipeline 2> Deployment

Results

The two search techniques are suited to identifying different types of merge

1. Completely overlapping merges 2 . Partially overlapping merges
(overlapping ring)

* Merging opportunities classified
according to degree of overlap
between two fragments

* The two search techniques differin
the types of merge they identify

* The Fragment Network is more . . :
.. ) . 3 . Partially overlapping merges 4 . Non-overlapping fragments
efficient at identifying types 3 & 4 (no overlapping ring)

* Hypothesis for merging is non-obvious

e Unclear which substructures should be
used in the final merge

21
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Results

The Fragment Network identifies known and potential binders against Mpro

* Literature examples of manually designed merges used as test cases
* Crowd-sourced designs for SARS-CoV-2 Mpro from COVID Moonshot project
* 5 fragments used as inspiration for manual design of 24 compounds (collective label: TRY-UNI-714a760b)
e 8 compounds with IC,, values

* Fragment merging pipeline run on the five fragments and the results compared against
compounds with experimental data

TRY-UNI-714a760b

Overlapping fragments Merged fragments

Molecule(s):
TRY_UN|_714a7GOb_6 TRY-UNI-714a760b-1 TRY-UNI-714a760b-2 TRY-UNI-714a760b-3 ESE][::j;:a%ObA
Cclc(N)cncciNC(=0)ccicce Ccic(N)cncciNC(=0)Ccicece Cclc(N)cncciNC(=0)Cclcce ALE-HEI-f28a35b5-1
e CclcenccINC(=0)Nclcceecl
The COVID Moonshot Consortium. ChemRxiv 2020; https://doi.org/10.26434/chemrxiv-2021-585ks-v2. 22

PostEra. Mpro activity data https://covid.postera.ai/covid/activity_data.



Results

The Fragment Network identifies known and potential binders against Mpro

Background > Pipeline 1> Pipeline 2> Deployment

* The Fragment Network identifies a known binder against Mpro

GLN-189
GLU-166
®e
° < ®
ka - MET-49
,¢ HIs-163 .
H
(]
SER-14% HIS-41 Fragment hits

No crystal
structure
GLN-189 achieved
GLU-166

MET-49

@

¢ | HIS-163

LON-WEI-b2874fec-25
F-IC;,:  99.5uM

) RF-IC;,: 59.6uM

SER-144
~._ 7 His-a1

Fragmenstein-predicted structure of known binder
showninwhite 23



Results

The Fragment Network identifies known and potential binders against Mpro

Background > Pipeline 1> Pipeline 2> Deployment

* The Fragment Network identifies several close analogues of known binders against Mpro

* Fragmenstein-predicted poses match crystal structures

GLN-189
GLU-166
MET-49
SER-14% HIS-41 Fragment hits

GLN-189
GLU-166
MET-49
HIS-163
TRY-UNI-714a760b-18
FIC,,:  26.2uM
SER-144 RF-IC;,: 13.0uM

HIs-41

Fragmenstein-predicted structure shown in white
Crystal structure of known binderin cyan 24
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Results

The Fragment Network identifies known and potential binders against EthR

* Manuallydesigned merges against M. tuberculosis transcriptional repressor protein EthR

* Two fragments hits each bind in two conformations (Nikifirov et al, Org. Biomol. Chem., 2016)

* Manuallydesigned merges 4 and 5 overlap with parent fragments

* Fragment merging pipelinerun for the two fragments and poses generated usingall combinations of fragment conformations

a

25
Nikiforov, P.O. et al. Org. Biomol. Chem. 2016, 14(7): 2318-2326; https://doi.org/10.1039/c50b02630j.



Background > Pipeline 1> Pipeline 2> Deployment

Results

The Fragment Network identifies known and potential binders against EthR

* The Fragment Network identifies known binder after filtering (compound 4)

PHE-184 ASN-179 PHE-184
GLN-125 GLN-125
THR-149 THR-149
ASN-176 ASN-176
TRP-138 TRP-138 . ia
i ompoun
Fragment hits Gt >1004M

Crystal structure of known bindershownin cyan
Fragmenstein-predicted structure shown in white

26



Background > Pipeline 1> Pipeline 2> Deployment

Results

The Fragment Network identifies known and potential binders against EthR

* The Fragment Network identifies close analogues to several other known binders

ASN-179 AN
PHE-184 PHE-184
ASN.LTG ASN-176
THR-149 THR-149
TRP-138
TRP-138 . Compound 21
Fragment hits IC5o:  22uM

Crystal structure of known bindershownin cyan
Fragmenstein-predicted structure shown in white

27



Background > Pipeline 1> Pipeline 2> Deployment

Ssummary

* We provide a flexible pipeline for finding purchasable follow-up compounds for
crystallographic fragment hits using merging and linking-like strategies

* The Fragment Network identifies merges that maintain exact substructures of the
parent fragments

* The Fragment Network search is complementary to a more traditional fingerprint-
based similarity search and can be used to increase the productivity of a catalogue
search

* The Fragment Network is able to identify potential binders against two targets

* The Fragment Network search provides a more computationally efficient approach
to searching large chemical libraries

28



Expanding the chemical space
explored by the Fragment
Network search

Pipeline v2




Background > Pipeline 1> Pipeline 2> Deployment

Motivations

* How can we maximize the chemical space explored by fragment merging techniques while
still remaining faithful to the parent fragments?

* The first iteration of the Fragment Network merging pipeline fails to find catalogue-based
merges for certain pairs of fragments

* Can we improve the hit rate by looking for merges that recapitulate interactions of the
parent fragments without incorporating the exact substructures?

e Can we do this in a computationally efficient way without screening an entire library of
compounds?

30



Background > Pipeline 1> Pipeline 2> Deployment

Expanding the search to 'imperfect’' merges

* 'Imperfect' merges

* How can we identify merges that replicate pharmacophoric properties of the parent fragments without
incorporating exact substructures?

e Can we still remain close enough to the parent fragments to ensure that the binding pose is maintained?

Fragment pair

' Example
merges

31
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Pipeline for identitying imperfect merges

Query the Network for 'imperfect' merges Generate conformers for the proposed

Substructures to imperfect merges

merge N
OO | | ao

0.0.%:2:20
Fragment hits - “\‘-Z‘f 008 0: 255008 <
. N iy 02-80 :>°°°° o L X : Conformers
. =%059 ® ! :
: 8°°°og°° o =2 g .°:°o | How do we ;?Iace generated using
= , ; o%y s 9 00 5 merges using pharmacophore
& g I .
t@ \/Qé %% °g= OX L0 | YL 2 pharmacophores? embedding and
L TN oS0 £ i .
[ \ 0%0%::530% %0 ==':,°°=o : Fragmenstein
C ! .. .
. . f\ How do we define e%0,=° ol 02" ; Minimization
N 4 < : @ similar 059.°05050°° :
. & \ ( « A substructures? ° :
¢ .- \! » 1 i
& S v \’_ l Reverse |
uery |
. LYY 2 a y '
\ - I . " !
D 4 & \_/-i

k / Proposed 2D merges

Enumerate compatible substructure for merging

32




Background > Pipeline 1> Pipeline 2> Deployment

Initial results for imperfect merging pipeline

Enterovirus D68 3C protease Example merges

*  Enumeration of substructure pairs
e 24 fragments binding to catalytic site

[e]
* 404 fragment pairs after applying distance and overlap filters R Q/N%
CI e

* 368 substructure pairs for querying Perfect

. Representing 155 fragment pairs merge
Fragment hits

* Querying
*  Fragment Network
queried for merges
replacing one
substructure using
similarity calculation

Replace one
substructure

¢ Pharmacophore
fingerprint used to find
similar substructures : R

\O A JJ
* Filtering

*  Conformers generated for a maximum of 500 merges per fragment pair
(20,914 compounds placed)

Replace both

substructures
*  Top 30 merges for each pair subject to reverse query and alignment

(9,419 additional compounds placed)
* 417 compounds with SuCOS (shape and colour score) > 0.55

33

SuCOS scorefrom https://github.com/MarcMoesser/SuCOS



Deployment of fragment

elaboration algorithms at
XChem



Background > Pipeline 1> Pipeline 2> Deployment

Using ASAP to validate the approach

4 Project2 )
) Biophysicalassay
_( Synthetically expandable
) Biochemicalassay compound
Aim 1 Aim 2 Aim 3 : j
| Consistent
\_ W, | binding pose ]

— Biophysical affinity

. J

Structure Biology Core Data Infrastructure Core ( )
— Biochemical activity

- J

Work being done to establish process for Aim 4 for ASAP targets

* Enables prospective validation for design algorithms ASAP



Background > Pipeline 1> Pipeline 2> Deployment

Enterovirus D68 3C protease

Summary
1231 compoundsscreened
* 126 hitsidentifiedin 4 sites
1. Catalyticsite — MonomerA
2. R19 & Y48 Pocket — MonomerB
3. ASU interface
4. C60 - Both monomers

18 hits c147

Predominantly in S1 and S2




Background > Pipeline 1> Pipeline 2> Deployment

Compound design Multifactor ranking
Compounds are proposed using direct

i — Compounds from design
enumeration from catalogues or by . .

) algorithms are scored using
generative models plus analogue search shape and colour, predicted

STARTING HITS interactions (PLIP), etc.
o LI Medicinal chemists
SHAPE & COLOR Compounds are sanity checked

and curated by medicinal

[5/\ chemists
OE ROCS l

LINKERS/MERGERS WITH .
JUMP INTO CATALOGUE Compound ordering

Process established for ordering

m /m compounds from Enamine

Fragmenstein & STRIFE &

mallWorld enumeration . ) '
SmallWorld ! 4 SmallWorld enumeration

LINKERS BY SUBSTRUCTURE-BASED
CATALOGUE ENUMERATIONS

520\ 5O

Fragment Network } Arthor Enumeration
Enumeration ,:‘ with lax SMARTS

https //fragaly5|s diamond.ac.uk/

Compound
designs
accessible on
Fragalysis

Enterovirus D68 3C protease used as an initial
target

Pipeline established for designing, ordering
and assaying compounds from Enamine
Firstiteration took 7 weeks from design to new
structures

More data incoming from further iterations
and targets

Compounds will feed into next-generation of
work that explores moving away from the
catalogue for SAR exploration

37



Background > Pipeline 1> Pipeline 2> Deployment

Compound design
Compounds are proposed using direct
enumeration from catalogues or by
generative models plus analogue search

)

STARTING HITS

(O O

Mit 1 Hit2

SHAPE & COLOR

OE ROCS

LINKERS/MERGERS WITH
JUMP INTO CATALOGUE

OO\ [TVO

Fragmenstein & STRIFE &

SmallWorld enumeration SmallWorld enumeration
LINKERS BY SUBSTRUCTURE-BASED
CATALOGUE ENUMERATIONS

‘ Arthor Enumeration

Fragment Network
Enumeration with lax SMARTS

https //fragaly5|s diamond.ac. uk/

Multifactor ranking
Compounds from design
algorithms are scored using
shape and colour, predicted
interactions (PLIP), etc.

|

Medicinal chemists
Compounds are sanity checked
and curated by medicinal
chemists

l

Compound ordering
Process established for ordering
compounds from Enamine

Biophysics M’

Synthesize
100s to 1000s
products in
1day
EE—)
Compound
designs
accessible on
Fragalysis

Fragment Interaction Coverage

Structures

s

W . RAPID SAR Merged °°m_pff“f
.- [ EXPLORATION ANV
AROUND S
FRAGMENT D gL
SCREENS

Elaborations around
core restricted to

Which reactants to buy to produce robot reactions

the products we want?

o

ﬁ | I“
; 78

3 o

Eaol o

Number of Products in Reactant Set
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Background > Pipeline 1> Pipeline 2> Deployment

Ssummary

* The Fragment Network merging tool provides a pipeline for finding merges from the
catalogue that recapitulate substructures from crystallographic fragment hits

* We show initial development on an updated pipeline that expands the chemical space
explored for finding these merges using pharmacophores without the requirement for
performing a virtual screen on an entire library of compounds

* The ASAP projects have helped to develop a workflow for ordering follow-up compounds
on a rapid timescale, moving from compound design to structures in a matter of weeks,
and providing validation for the design algorithms used at XChem

39
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