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New useful in silico approach in a historic perspective

In silico Reverse Fragment Based Drug Discovery (R-FBDD)!?

1. Core ideas .
a. FBDD, its pros and cons [ 9 S Gy }
b. R-FBDD as a solution
i. implementation
li. core scenarios
2. On the concept of fragment-in-molecule-in-a-position
3. Recent advancements and future directions
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Fragment-based drug discovery |

) |

FBDD advantages

Structure-LED

Fragment Based Drug Discovery/Design - FBDD —>

1. better chemical space coverage with smaller libraries ,
a. lessrisks to find a hit cht(%%s&%‘d
b. fewer compounds to screen —

2. highly efficient binding patterns (in terms of LE) B o
a. higher chances to get a drug iaken from [1]

b. shorter optimization path
3. phys-chem properties control - less risks of lead attrition in clinical
Phases FBDD ~ 7% of
4. direct link to SBDD and subsequent rational design lead compounds
5. alternative scaffolds for the same target - lower risks of 'bad’ series
6. proven source of lead and approved drug compounds by 2020-ies
1. Murray, C. W., & Rees, D. C. (2009) // Nature chemistry, 1(3), 187-192., doi: 10.1038/nchem.217
2. Murray, C. W., Verdonk, M. L., & Rees, D. C. (2012). // Trends in pharmacol. sci., 33(5), 224-232., doi: 10.1016/].tips.2012.02.006

3. Joseph-McCarthy, D., Campbell, A. J., Kern, G., & Moustakas, D. (2014) // JCIM, 54(3), 693-704., doi: 10.1021/ci40073 1w
4. Erlanson, D. A., Fesik, S. W., Hubbard, R. E., Jahnke, W., & Jhoti, H. (2016) // Nat. Rev. Drug Disc., 15(9), 605-619., doi: 10.1038/nrd.2016.109
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FBDD difficulties
Fragment Based Drug Discovery/Design - FBDD

1. specialized methods are required to measure weak binding of fragment hits
2. specialized methods are required to establish binding modes

3. working at the edge of the applicability domain of many tools

4. requires highly experienced experts in different fields to collaborate

5. ..and finally...

1. Murray, C. W., & Rees, D. C. (2009) // Nature chemistry, 1(3), 187-192., doi: 10.1038/nchem.217

2. Murray, C. W., Verdonk, M. L., & Rees, D. C. (2012). // Trends in pharmacol. sci., 33(5), 224-232., doi: 10.1016/].tips.2012.02.006

3. Joseph-McCarthy, D., Campbell, A. J., Kern, G., & Moustakas, D. (2014) // JCIM, 54(3), 693-704., doi: 10.1021/ci40073 1w
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FBDD difficulties
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FBDD difficulties... and new challenge
Fragment Based Drug Discovery/Design - FBDD

Democratize FBDD!

Mission: make benefits of
FBDD accessible to many
scientistsl!

Cprollar'y: large anc.j medium a lot of groups/equipment
sized molecules as input




Enter R-FRDD!

Fragment approach (FBDD): find the most active/affine fragments -> combine/grow
intfo a new lead molecule.

Reverse fragment approach (R-FBDD): split a molecule into fragments -> estimate
energetic contribution of each fragment

. 3D complex Fragment
Ligand = =
Screening=P Fragment Hits = Design model estimation

—————

1 &> -

Joseph-McCarthy, D., Campbell, A. J., Kern, G., & Moustakas, D. Shulga D. A., Ivanov N. N., & Palyulin V. A. (2021) // Mend. Comm., 31(3),
(2014) // JCIM, 54(3), 693-704., doi: 10.1021/ci40073 1w 291-293, doi: 10.1016/j.mencom.2021.04.004
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Enter R-FBDD! Basics

Input

e 3D ligand-receptor complex

e reference energy, AEmo|
e fragments of interest

Means
e scoring function’

Output
e energy contfribution for
each defined fragment

4

1. fast and consistent initial implementation

Fragment#1
@ receptor

Entire ligand
@ receptor

Fragment#2
@ receptor

Q /)




Enter R-FBDD! Details A \%/ '

Fr'agmen‘r#l
recepfor

@ receptor \ & " \ 
Input L TN EYaly 2 Y
e 3D ligand-receptor complex G \ \/\/ ) /
e reference energy, AE,_ N \ Fragment#2
e fragments of interest N » U ad\ MO @recep*or
4 “ /‘\kﬁ)/ L % , Z" J
1. Estimate binding energy of each fragment, E, N ‘”/ SRS
E; N Y
' — ] NY A%
2. Stockholders’ share ; =

N
Zi:l E

Scaled energy Efeated = g - Ay,
Energy share of each fragment Share; = 100% - w

Ligand efficiency of j-th fragment LE(GE)= E °*'*¢/NH



R-FBDD: main use cases

I. Consecutive hit-to-lead design: how to guess/choose a probable/fruitful
scaffold binding mode ("step forward")?
II. Due diligence for a ligand: should we remove something to get a more
promising molecule? ("step back")

Step back

Current state of discovery

Step forward

Hit finding

Hit-to-lead optimization Lead optimization

Shulga D. A., Ivanov N. N., & Palyulin V. A. (2021) // Mend. Comm., 31(3), 291-293, doi: 10.1016/j.mencom.2021.04.004
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R-FBDD: use case I - "step forward"

Retrospective design Mode1
NH NH NH
Cr Oy Oy Oy
NHTO\/©
Scaffold of 1 2 3 °
. PDB ID: 4BU3 PDB ID: 4UHG PDB ID: 4U14
interest ICsp= 2200 NM ICso= 500 NM ICso= 50 NM
Mode 2

Energy contribution of the scaffold

E LE,

E
[¢) ! "
Mode | Share, % || calfmol | keal*mol™N" |kcaljmol

Human tankyrase 2,
1 | 69 73 066 | -106 PARP5B, PDB 3U9Y

2 64 -6.5 0.59 -10.2
3 60 -5.9 0.54 -9.8

Mode 3

Shulga D. A., Ivanov N. N., & Palyulin V. A. (2021) // Mend. Comm., 31(3), 291-293, doi: 10.1016/j.mencom.2021.04.004 1
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R-FBDD: use case I - "step forward"

Key takeaway for "step forward" use case:

R-FBDD helped to select the anchoring binding modes of
the scaffold in order to (retrospectively) streamline
further development

4
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R-FBDD: use case IT - "step back”

[1]
oo e " Decide based on LE
™ © estimation for each group
O 1
0 NH N
\ - .
o 1 R, , 5 o 2 Descriptors [} Share [ LE
Y 4 ) CNY 100 | -1.00
NH
75 - L 0.75
Where to go next?! \g/ o
NH g 50 -0.50
o 1 |2 | 0.30
25 1 £0.25
2] R-FBDD
[2] :> 4 . oo

Il w2 =3 =4 w5 Molecule

Low LE High LE

1. Zaryanova, E. V., Lozinskaya, N. A., Beznos, O. V., Volkova, M. S., Chesnokova, N. B., & Zefirov, N. S. (2017) // Bioorganic & med. chem. let., 27(16),

3787-3793, doi: 10.1016/].bmcl.2017.06.065
2. Shulga D. A., Ivanov N. N., & Palyulin V. A. (2021) // Mend. Comm., 31(3), 291-293, doi: 10.1016/j.mencom.2021.04.004

LE/kcal mol™!
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R-FBDD: use case IT - "step back”

Key takeaway for "step back" use case:

R-FBDD helped to select low LE substituents to simplify
the structure and restart design with smaller entire
compounds with higher LE values

4
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What we have so far with R-FBDD
beyond the method itself?

15



R-FBDD: the means for "scaffold-lean” discovery

Lean project management (~Agile) Scaffold-lean discovery

e systematically deliver more e systematically get the maximum value out of

value with less waste the scaffold
Essence: minimize risks of an entire e scaffold - the basis for intellectual property
(complex) project by iteratively
bringing the most value using least Essence: minimize risks of an entire (complex)
resources (~minimize waste) DD project by iteratively bringing the most
value using pertinent scaffolds
5 4 7

Beneficiaries:
1. academic labs - scaffold is a core competence
2. CRO - the fewer scaffold switching, the faster and cheaper the projects are
3. Big Pharma labs - better IP planning

16




R-FBDD: positioning among other in silico approaches
Estimate the energy contribution of a group and LE/GE

a | | A
1) QSAR
o I ") J
m I (2) Free-Wilson method
— | on exp. data
A8 /
K Scaffold-lean drug discovery - \
(3) Free-Energy
0 I Perturbation
) |
S R |
2 (4) R-FBDD using SF |
| : : >
Hit finding Hit-to-lead optimization Lead optimization

Shulga D. A., Ivanov N. N., & Palyulin V. A. (2022) // Molecules, 27(6), 1985., doi: 10.3390/molecules27061985
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R-FBDD: fragment-in-molecule-in-a-position

Main question: how each fragment
o h interacts with the receptor:

AG

P e ligform

A. within the molecule

B. inaspecific arrangement

C. inaspecific position of the
molecule at a target?

- ————

o o ——— ——

F3 - Ja . - Contributions of fragments of a ligand in L-R binding
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R-FBDD: current achievements

Outline

1. Estimation of LE for groups - group efficiencies (GE)

2. Use of different scoring function to partition energy to contributions
3. Splitting the ligands in a medicinal chemist meaningful way

a. MedChemFrag
b. Access hard cases of conjugated molecules

Statistical mechanical representation of ligand-receptor complex within
R-FBDD (using MM/GBSA)
Prospective applied projects guided by R-FBDD... WIP

19



R-FBDD: current achievements

Hung, A. W., Silvestre, H. L., Wen, S, ... & Abell, C. (2016). //
ChemMedChem, 11(1), 38-42.: doi: 10.1002/cmdc.201500414

Optimization of Inhibitors of Mycobacterium tuberculosis
Pantothenate Synthetase Based on Group Efficiency Analysis

Shulga D. A., Ivanov N. N., & Palyulin V. A. (2022) // Molecules,
27(6), 1985., doi: 10.3390/molecules27061985

Our work
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O by’ YL s t] ' Ll Y
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) GE's for fragments of 2
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Compound 3 2 1 4 AGkalimol Compound 3 2 1 4 AGkeal/mol osor R_FBDS s % 2 Fw = RFBOD = RFBDDIdocked
1 x -4.0 (1) x -40 o 04 = = LE threshold & 040 ==ILE threshold
9 e
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GE 036 [047] 017 043 GE 036 (017 0.16 035 " Frscons

Experimental GE

GE estimated with R-FBDD
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MedChemFrag
R-FBDD: current achievements

But: most existing molecular splitters
are based on retrosynthetic schemes

Goal: automatic proper breakdown (e.g. BRICS and RECAP)

into fragments which preserve
intferaction patterns as in entire

H H-bond donor 2 x H-bond donor H-bond donor
ligands for R-FBDD o ecenton Hobond) socantar
N? HO
/

N I
'v./ —v./\
| — -t
o o)
H-bond acceptor H-bond acceptor

new interaction pattern

1. Ivanov, N. N., Shulga, D. A., & Palyulin, V. A. (2023) // Biophysica, 3(2), 362-372., doi: 10.3390/biophysica3020024
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R-FBDD: current achievements

MedChemFrag
HN:
DB03384 T\ N :
(0]
0“-0>'0'_I
DBO0158 e\ :
I\

NH 0/ \N
DB00214 /<NI*<

MedChemFrag

BRICS

i -@*&Y

1. Ivanov, N. N., Shulga, D. A., & Palyulin, V. A. (2023) // Biophysica, 3(2), 362-372., doi: 10.3390/biophysica3020024 22
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R-FBDD: current achievements
Statistical mechanical representation - R-FBDD within MM/GBSA context

Single conformation Statistical mechanical
representation representation Human tankyrase 2,
— PARP5B, PDB 3U9Y

PDB ID: 4Ul4
IC50= 50 nM

Scoring function MM/GBSA Hy
AutoDock Vina



Fragment share, %

R-FBDD: current achievements
Statistical mechanical representation - R-FBDD within MM/GBSA context

FR1

FR2

FR3

N EXP
m Vina
s MM/GBSA

FR4

0.08 Human tankyrase 2,
6,55 PARP5B, PDB 3U9Y
0.04 Full lig %
0.02 N”TOVQ
3 o
| PDB ID: 4Ul4
0.00 -60 -55 —-50 -45 -40 -35 ICso= 50 M
Snapshot AG
: X FR1 o
FR1_scaled B b
| wmms= FR2 _scaled -
FR3_scaled N _— FRi/O
mes FR4_scaled c?Nyr°
18 H,
(o]
Fragments

=30 =25

-20 -15
Snapshot AG

-10
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R-FBDD: prospects

1. Scaffold-lean drug discovery - we introduce a new term

a. for academic groups
b. for CRO
c. for Big Pharma

25



R-FBDD: prospects

2. MedChemFrag

a. medchem relevant splitting preserving interaction pattern
b. useful for fragment interaction analysis
c. useful for numerous AI/ML/DL methods

3. R-FBDD is excellent to use within more complex and specific pipelines

a. we already use it for several applied (prospective) projects, wait for the papers...

4. R-FBDD for

a. hit finding
b. hit-to-lead optimization

26



R-FBDD: repositories

1. R-FBDD
o https://molmodel.com/hg/CalcFragsContribution

2. MedChemFrag
o https://molmodel.com/hg/medchem fragment splitter/

3. R-FBDD for MM/GBSA

o to be published soon...
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Table 1. Pros, cons and applicability domain of different fragment contribution methods.

e (1) G-QSAR, QSAR

(2) Experimental Affinity

(3) FEP Estimation of

(4) Fragment Contribution

Nodependenceon https://doi.org/10.3390/molecules27061985

Interpretation Methods  Free-Wilson Partitioning Fragment Addition Based on Scoring Function
The simulated free Extract fragment
Extract contribution of Extract fragment energy differences contribution from a scoring
each fragment via contribution from a between a pair of function estimation of each
Essence statistical analysis of its ~ minimal set of structurally ligands are used to fragment contribution,
influence on the nested ligands with known estimate the provided a relevant
predicted activity experimental activity contribution brought ligand-receptor complex
by the changed group geometry is available
Potentially takes into
Thesmestibistand account many dynamic Cold _start —no need to
statistically significant and statistical effects synthetize and measure the
2. The least possible efforts  associated with binding experimental activity of
Non-additive i .
. can be made in terms of Only physics-based any structure
dependencies can 4 s : ) 5
. synthesis and activity models (force fields or Several feasible binding
be studied :

P measurement of a small QM/MM) are modes can be considered for
Ligand-based, no need to . f 1 1 % i further Ii 4 R P4
rely on receptor structure series of structural analogs ~ used—no reliance on urther ligand optimization

Pros Y e The activities of the any additional Often clear interpretation of
Fragment contributions .
structures are valuable by mathematical models the nature of the
can be calculated g o i
rospectively for new themselves and can be Additional statistical fragment-receptor

Prosp o rationalized even without metrics from the MD interactions

structures but within the o . 3
f R ; building a model—by a trajectory regarding

applicability domain of litative SAR analysi i . ies of
the underlying qualitative SAR analysis igand-receptor congeneric series o
interactions ligand—any chemical
QSAR models N X
No reliance on any structure suits
chemical class

An extended series of The relevant geometry of the
ligandssvithestablished target needs to be known

igands with establishe . i

e A steep learning curve  Reliance on the geometry of
activity is needed to . 7 5
- L S for beginners in the ligand-receptor complex
ensure statistically Partitioning of affinity in .
A T field due to the Moderate accuracy of
significant results fragment contribution is . . . .
. y inherent complexity scoring functions
New structures, for done retrospectively, i.e., . g
Cons 4 O B Dedicated Dependence of activity
which partitioning into  only after the structures are . Ao
e B2 A : computational estimation on structural
fragment contribution is synthetized and their o
P Bl o resources, often choices: account of
made, should be within activity is measured - . L
the applicability domain requiring high end crystallization waters,
3 CPU/GPU protonation states of
of the underlying g2
receptor’s residues and a
QSAR models 4
ligand, etc.
The most applicable to
The most applicable to the  the lead optimization
The most applicable to hit-to-lead stage, where a stage, where the The most applicable at early
lead optimization, when fragment-sized hit is chemical modifications  stages of hit finding and/or
Applicabilit an extended series of expanded to a drug-sized  are generally small and hit-to-lead, when a
PP Y different structures with  molecule. The FW scheme the binding mode is reliable/relevant
known experimental should be used to plan the  well established. Can structure/conformation of
activity is known synthesis of a minimal be applied at the target is known.
series of analogs hit-to-lead stage also by
the experienced teams
Principle Ligand-based drug Ligand-based drug Structure-based drug Structure-based drug

design (LBDD)

design (LBDD)

design (SBDD)

design (SBDD)
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GE with different scoring functions

Group Efficiency (GE)

0.60

0.40

0.20

0.00

Scoring Function Source Classification References
AutoDock4 AutoDock v4.2.6 Physics-based function [38]
AutoDock4 AutoDock Vina v1.2.3 Physics-based function [38,42]

AutoDock Vina AutoDock Vina v1.1.2 Empirical scoring function [41]
AutoDock Vina AutoDock Vina v1.2.3 Empirical scoring function [42]
Vinardo AutoDock Vina v1.2.3 Empirical scoring function [42,43]
DSX DrugScoreX v0.9 Knowledge-based potential [44]
_ https://github.com/chengwang88/deltavina : :
AvinaRFpg (aceessed oni 19 Februaty 2022) Machine-learning model [45]

Mean GE's for fragments of 1

W FW = = LEthreshold © Mean GE /jSg ‘ OO 3
Mean GE -sd ® Mean GE +.sd ./
4%0

Fragments

0.60

=
i\ ©
i
w P
Group Efficiency (GE)

Mean GE's for fragments of 2

B FW = = LE threshold Mean GE
Mean GE -sd ® Mean GE + sd

Fragments
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