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Introduction

One way to “discover” drugs
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“That's Dr Arnold Moore. He's conducting an experiment to test the theory
that most great scientific discoveries were hit on by accident.*
Drawing by Hoff ; © 1957
The New Yorker Magazine, Inc.



Introduction

C

il ol a=

' Search in the

i

IET'I'C_I d

nemical space -

A good drug (e.qg., Kills virus)

N

\
[
0.9 ~s >§N

SR

HoN

Figure source: PhRMA.org 05



Introduction

|
- - Chemical space (65552)
t S o Chemical space: F = -0.2 (2438)
e N @ Benzene (generation 0)
o #:- O O

G Experimental facilities in
. :O industry can only test 10°
_..»%* " compounds/day

=
- >
.

&
Chemical space ©:

I Figure source: © Kunkel/FHI Kirkpatrick, et al., Nature. 2004 06



I ntrOd UCtio n Drug discovery and development timeline

Average time/cost for designing one drug = 1 () years + $2 GBi

1.000.000

COMPOUNDS ONE FDA-
APPROVED
DRUG

PHASE PHASE PHASE
1 2 3

NUMBER OF VOLUNTEERS

PRE-DISCOVERY

20-80  100-300 1,000-3,000

3-6 YEARS 6-7 YEARS

PHASE 4: POST-MARKETING SURVEILLANCE

D IND SUBMITTED
D NDA SUBMITTED
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[ Target identification ]

[ Lead optimization ]

I

[ Drug candidate ]

I Sliwoski G, et al. Computational methods in drug discovery (2013) 08



Al Industry Shifts Focus
to Drug Discovery

Global investment spikes in reaction to pandemic.

GLOBAL PRIVATE INVESTMENT IN Al BY FOCUS AREA, 2019 VS 2020

Drugs, Cancer, Molecular, Drug Discovery = | ‘
Autonomous Vehicles, Fleet, Autonomous
driving, Road
Students, Courses, Edtech, English language =
Open Source, Compute, Hadoop, Devops
[ 2019
Speech Recognition, Computer interaction, I 2020
Dialogue, Machine translation

0 5,000 10,000 15,000
Total Investment (in Millions of U.S. Dollars)

Data Source: CAPIQ, Crunchbase, and NetBase Quid
Adapted from the Al Index 2021 Annual Report



Introduction

b

|
I
1 1 .
: K 1 4™ paradigm:
. : : . (Big) data
: i & 3paradigm: | 1 driven science
| | & Computational )
1l 2" paradigm: | B science A - ~»
I 2 . 0 @) 1O Q
1l Model-based 1™ (simulations) 1 '
1% paradigm: 1@ theoretical : .o | SO0 9
Empirical : science . SR o9 ' T 25 ®
science 1 : | ‘. .., : ( : 6]
| ~ !
i AU - Q — W : ® .f‘ ,"". : Predictive analytics
I O\.mgf- i Heat work |, e o ® &) | Clustering
j : ey 0 :;";::1 e : ® : Relationship mining
S—— I | Density Functional | A Jy chatection
: = | Theory, | Jim Gray, Turing Award 1998 (1944-2007)
| Experiments li Thermodynamics i Moechme Dk i Honoured as father of The 4" Paradigm
— t ' T —
1600 1950 2000

10



Introduction

Computational drug discovery: three schemes

Functional space

Desired properties (redox
potential, solubility, toxicity) |

Chemical space
e
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(Drug-like, photovoltaics,

polymers, dyes)

Sanchez-Lengeling et al., Science 361, 360-365 (2018)

Simulation

Experiment or
simulation (Schrodinger
equation)

sk

Virtual screening

High-throughput virtual
screening (e.g., with 3
filtering stages)

De novo drug design

Optimization,
evolutionary strategies,
generative models (VAE,
GAN, RL)

N 4
gt 3y,
e ?
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Traditional design ‘.“"De novo desig.ﬁ'.,.
0‘ ’0
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A O : desired %
- :' properties ".
Functional space — : :
e.g. activity, solubility, 3 _.'
binding energy % 4

*

we can use molecular
generative models in
either approach

Chemical space
e.g. drug-like
molecules
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Introduction

9 target activity
low toxicity desired
properties ’
molecular opamiz d
generative model
molecular N
substructures aspirin

Can be used in conjunction with existing
(traditional) methods.
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Introduction
| |

Simulation

Pros

cons

- Replace/provoke/explain experiments
- The most accurate method among 3
aforementioned schemes

- Provides initial hypotheses about the
binding mode of the compounds

- Time-consuming and usually
slower than other schemes

- Require decent computational
resources

- The performance is highly
dependent on the biological system
under study

14



Molecular docking




Molecular docking

- One of the most frequently used methods in structure-based
drug design

- Predict the binding-conformation of small molecule ligands
to the appropriate target binding site to form a stable complex.
Docking does not predict bioactivity!

- Based on “Lock-and-key theory ” (rigid docking) and
“Induced fit theory” (flexible docking).

- Docking can be achieved through two interrelated steps: 1.
sampling conformations of the ligand in the active site of the
protein; 2. ranking these conformations via a scoring function.

16



Molecular docking
Target Ligand

Schematic ustratlon of docking a small molecule ligand (green) Docking of a small molecule
to a p tein target (black) producing a stable complex (green) into the crystal structure 7
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Molecular docking

Molecular docking 4 main f
applications: (\ Sk e T

1.

Reproduce the binding mode of {%én ! n | r‘;‘

X-ray complex Torge

Predicting the binding mode of
a known active ligands

Molecular docking

Drug-likeliness

Predicting the binding affinities
of related compounds
from a known  active series

Identifying neW Ilgands USing MD Simulations
Virtual screening 19



Molecular docking

; Algorithms Characteristic
Matching algorithms Geometry-based, suitable to VS and database
enrichment for its high speed
Incremental Fragment-based and docking incrementally
construction
MCSS fragment-based methods for the de novo design
LUDI fragment-based methods for the de novo design
Monte Carlo Stochastic search
Genetic algorithms Stochastic search
Molecular dynamics For further refinement after docking

Current algorithms and their characteristics used in molecular docking

Molecular Docking: A powerful approach for structure-based drug discovery (2011)
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Molecular docking

B C
3 5 | NS
.g \J @ g_)
i D
0, " ®, )
Systematic methods Stochastic methods
* Glide *« GOLD
* FlexX * DockVision
» Superflex-Dock » AutoDock

+ FRED + PSI-DOCK

I Small molecule conformational search methods

21



Molecular docking

Molecular docking

Ligand

v

Receptor U

Scoring Functions — |

—

—»
RF-Score:

Complex

oD

Docking Scoring
|
Physics-based

—_— L & A,‘; Bij it
. — o il e AL
DOCK:  Funa=). > - (,,&z =l ey (U

Empirical

Epina = wo + w1AGyaw + WaAGhpona
+W3AGrot - w‘l-ﬂGilydro

X-Score:

Knowledge-based

L R
Epina = Z!:lzj=1_kBT In[g(r)]

Machine learning-based

PMF:

Epind = fre(%m)

L R
Xy = Zi:a Z}':l Odcutors = diy]

)

(3)

4

Force field

Ebind = Evdw i+ Eelec

)

Solvent models

Epina = Evaw + Eetec + BGgopy

()

Quantum mechanics

Epina = Equmm + AGsop

Training set

|

Model training

—— Data representation —»>

Validation set Test set

| |

—— Model selection — Predicted binding

|

Performance
evaluation

22



Molecular docking

= Structure of the
protein target (3D
coordinates)

|+ 3D coordinates of
ligand(s)

(Add hydrogens \

« Check protonation
state(s)

« Select proper
tautomer/protomer
/sterecisomer

. /

DockStream: a docking wrapper to enhance de novo molecular design. Journal of Cheminformatics (2021)

« Experimentally
(3D structure of
protein-ligand
complex is
available)

« Cavity detection

Waters that
coordinate
H-bonds between
protein and ligand

\/

« Exploring the
conformational
space (searching
algorithm)

~

* Ranking
candidate
solutions (scoring
function)

Molecular docking: step by step

Are allthe H- |
bond donors and
acceptors in the
ligand satisfied?

If the complex is
known, is the
binding mode of
a ligand to
protein
reproduced?

23



Molecular docking

~

Target Preparation Docking

~

5 supported backends
SR fully parallelized
L different write-out modes
£3 T
: i}ﬁ‘ H-bond / core constraints DockStream
™ " cCDCGOLD ™, il o
........ _,-“A A *}f\‘\ka \\'.1 ;
— : ; { AutoDock Vina R,
Ligand Embedding ‘% —"—»“‘@ :
: Schrédinger Glide ' oY NEIE T
REINVENT = AR L
lJI g1 OpenEye Hybrid SR
_ rDock ! !
+  tautomers/protonation states e ;
*  SMIRKS application
*  stereo-chemistry —_—— Poses Scores

o

Overview of molecular docking procedure

DockStream: a docking wrapper to enhance de novo molecular design. Journal of Cheminformatics (2021)
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Molecular docking
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| Redocking for docking power Crossdocking for screening power
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Molecular docking

a ROC curve
100
Model: AUC
— Model 1: 73.21
- Model 2: 75.98
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Semilogarithmic ROC curve

Model: LogAUC
— Model 1: 14.84
— Model 2: 36.40

Early enrichment

107" 10° 10'
%decoys found (log)

I ROC AUC curve for performance validation

10°
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Molecular docking

28
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Molecular docking

Title | Docking score | Glide Gscore | Glide Emodel
33 -10.849 -10.849 -126.527
36 | -10.670 -10.670 -126.302
31 -10.598 -10.598 -119.240
42 -10.512 -10.512 -116.183
32 -10.468 -10.468 -118.528
61 -10.446 -10.446 -109.465
9 -10.429 -10.429 -122.974
39 -10.041 -10.041 -113.930
62 -9.517 -9.517 -106.098
37 1-9.470 -9.477 -96.283
19 -9.407 -9.407 -99.511
14 | -9.385 -9.385 -98.541
15 -9.383 -9.383 -116.632
35 -9.352 -9.352 -93.823
18 -9.268 -9.268 -97.559
34 |-9.258 -9.272 -90.379
41 -9.091 -9.097 -92.741

Docking score table

29



Molecular docking

Protein Ligand Complex Best complex

) ¥ Qg %@‘ Docking Scoring :

|

Scoring functions
r = 1

Classical Scoring functions

Machine Learning-based

M
Epina = Zm=lwmxm Epina = fur (xm)
Epina T L
Physics-based _ZZ( L )7 ML= RF, SVM,DL etc
e
Empirical e
= wy + w1 AGyaw + WzAG"”M
+ W3AGroror + WilAGhyaropn

Eb;’ud = Efmﬂd + E,m_;w”ﬂr + [EH—bmm’] + Em!”
Knowledge- Epina
&ased =Z:-:andzzzumw‘}(r) — /

Scoring functions in docking

30



Molecular docking
(Linh déng (Flexible)) (Linh déng (Flexible))
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Types of molecular docking methods according to complexity
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Molecular docking

Target protein
|

I
System Preparation

Virtual screening
(Ligand based &
structure based

A,
9y
SR
(7
9
Covalently-bonded complex
v
Lead QSAR MD Binding affinity ~ Post-dock
Optimazatiom Studies Simulation  estimation analysis

Covalent docking 32



Molecular docking

Protein

[\ v
N/

Binding Site (Spot)

Blind docking

Bllnd Docklng
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Molecular docking

g T

Ligand

Database of protein targets

Potential targets

Reverse docking

34



Molecular docking
||

Molecular docking

Pros

cons

- Faster and simpler than other
methods in simulation

- Adaptable to different virtual
screening protocols

- Strong computational resources are
not required

- Suitable for homology approach

- Time-consuming (flexible docking),
under-performance (rigid docking)

- Often results in a high false

positive rate

- Require post-processing
approaches (flexible minimization of
the complexes, MD) for better results
- Depend on experimental 3D
structure

35



Molecular docking

software




Software

= Autodock = GOLD Glide FlexX, Flex-Ensemble
Surflex-Dock FITTED Autodock Vina MOE
HADDOCK = [CM = LigandFit = Others

11.38%

25.87%

31%_—

3.34%/

4.15%_/

16.69%

9.59%

14.91%

Most used docking software from 1990 to 2013

Chen Y.-C. J. T. i. p. s. (2015), "Beware of docking!"
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Software

Autodock

Physical-based

scoring functions

2013 I

Autodock vina 1.1.2 Smina Qvina2

Empirical scoring Empirical scoring
functions; functions; could
multicore processing optimize SF

Accelerate with
BFGS optimization

2021 ERaN 2021 TR

Autodock vina 1.2.3 Autodock-GPU Vina-GPU
Python scripting; Batch-dock _
combine with AD4 GPU utilizing L witllzng

38



Thank you
for your

attention
o

Does anyone have any questions?

39
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