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Supercomputing Drives Science
through Simulation
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Environment Finding Cures  Materials/ Inf. Tech
Weather/ Climatology Medicine Spintronics Plasma Physics
Pollution / Ozone Hole Biology Nano-science Fuel Cells




Computer-aided drug and drug delivery design

Protein biophysics ~ Drug delivery systems Computer-aided drug

2000 ns
I N
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Key areas of biomedical research
where HPC is key

Next
Generation
Sequencing

Velocity (mm/s)
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Blood flow
Whole organ
modeling
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From DNA, to genes and proteins

The Central Dogma

DNA

v

RIBOSOME — " . -

v

000@O@® rrROTEN
Q - X - Rays
j 2 meters! : - I.Drotem
L PR Protein Pictures

* Proteins are the expression of

20.000 genes in the nuclei of our cells genes in functional molecules
* Proteins perform essential

-> PROTEINS functions in the cell



Some proteins need to be stopped!

HIV-RT M2TM NS5B
(Influenza virus) (Hepatitis C)




Drugs block or activate diseased proteins

Paracetamol (Depon) H Aspirin
Normally they are small organic molecules

H
- Therapy N\,( O\g/
- Relief H ©
- Prevention i

- Quality of life improvement
- Life expectancy prolongation

<50
50-59
| 60-69
B 70-79
B 80-87
| Not applicable
No data

Mnyn: World Health Organization . Life expectancy map
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Phases of Pharmaceutical Development

Target discovery Lead discovery

Diseased protein Diseased protein  Candidate Drug  Candidate Drug

Identification Validation Identification Optimization Clinical Phases (I-Ill)
Few selected ligands as FDA

potential drugs Approval
28 million ligands

currently known

1-2 ligands will enter |
Clinical Trials

Duration: 12 — 15 years, Cost: ~ 1 billion US $

Academy of Athens — Zoe Cournia



Traditional Drug Discovery

* Random screening of hundreds of thousands of molecules
with High Throughput Screening (HTS) for combating the pathogen

« Random discoveries (i.e. penicillin, viagra)
* Trying out existing drugs and modifications
e Estimated number of small molecules 1066

that can act as drugs

* Estimated number of atoms in the 1 050

world 1

Structure-based approaches + Targeted Therapy

Zoe Cournia — Academy of Athens



Rational Drug Discovery

O Identify important genes for a diseases

0 Targeting/inactivating genes (proteins) of the pathogen with small
molecules = drugs

TARGETED THERAPY!

Curr Opin Drug Discov Devel. 2002 May; 5(3): 355-360

Zoe Cournia — Academy of Athens




Constitutively active chimeric oncogene
Bcr-Abl Tyrosine Kinase in CML

ber-abl ber-abl ‘ Substrate activated
| y by phosphorylation

“%J Substrate, e.qg. _J

. . GRB-2, SHC
Kinase domain

Substrate cannot
ber-abl A entér kinase site

Tumor cell

— .
cannot proliferate

Imatinib competitively binds

to site and inhibits protein .



Proto-oncogene |
tyrosine kinase Abl Imatinib (]
(PDB ID: 11EP) Ny



What is personalized therapy?

Lung Cancer

]

genotyping
]

4% of patients with
non-small cell lung carcinoma
Rearrangement in ALK protein

/]

CarC|nogeneS|s

SASE, SAFE, UNSAFE, UNSAFL, U

FFECTIVE NOTEFFECTIVE  NOT EFFECTIV FFECTIVE . . -
. ey g - = Drug design for this specific
subset of patients

[}
Crizotinib for ALK+

lung cancer patients




Drug Design: Outline of the process

Protein Structure
. Computer Simulations

Finding binding sites where drug binds

P woN R

Design of chemical compound suitable to bind on the specific
protein (interactions)

2 600~ wmQg

. Choose compounds / Organic Synthesis

. Assaying compounds in vitro (without cells)

. Calculate efficacy of molecule — candidate drug

5
6
7. Cell-based in vitro assays IN VITRO
8
9

. Pharmacokinetics/ Pharmacodynamics in healthy animals

10. Check toxicology in healthy animals IN VIVO

11. Efficacy studies in mouse xenografts

12. Efficacy studies in animal models of the disease 18




Pre-clinical and clinical stages

Pre-clinical studies Clinical Trials

Phase | >
& H ¥y * 5-40 healthy volunteers, months

' \ | 0/ * Dosing and safety studies

, o
Assay Inventory T 70% Success Rate
Development
Molecular Phase Il >
Biology :
l - * 100 - 300 patients, 2 years
- : ".,4 * Efficacy studies
g:’logf"a' * ~30% Success Rate
reening

Phase llI >

*1000 - 3000 patients, 1-4 years

* Large-scale Efficacy, Dosing, and
Safety Studies

* ~25% Success Rate

Phase IV >

* Marketing
* Long term drug effects

Zoe Cournia — Academy of Athens
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Drugs bind on protein pockets through
intermolecular interactions

Structure of the anaplastic lymphoma kinase (ALK)
Complexed with the drug crizotinib — (PDB ID: 2XP2)

Protein-Ligand interactions:

Intermolecular Interactions
(Enthalpy)

Hydrogen Bonds
Electrostatic Interactions
van der Waals Forces
nt — it Interactions

Entropy

Zoe Cournia — Academy of Athens



Intermolecular Interactions

¢ Hydrogen Bonds

PROTEIN

é Ay )'\ IJGAND H’ 6\
yb 3 O o

van der Waals Forces
1t — 1T, cation - it interactions

https://www.youtube.com/watch?v=u49k72rUdyc







Predicting the protein-ligand complex

Docking /
Virtual
Screening

https://www.youtube.com/watch?v=u49k72rUdyc

Zoe Cournia — Academy of Athens



Entry of caffeine into the
adenosine A, , receptor



Entry of caffeine into the
adenosine A,, receptor



Entry of caffeine into the
adenosine A,, receptor



Lipophilic hotspots
in yellow

The caffeine binding pocket in the A, , receptor
A Neutral antagonist



Lipophilic hotspots
in yellow

. T bﬂ i
A,, receptor bound to the inverse agonist - ZM241385

© 2014 Heptares Therapeutics



Overlay of ligands bound to the A, , receptor



De novo computer-aided drug design

» Design of inhibitors from scratch based on 3D structure of protein

- With a ligand-growing program analogs are built inside protein binding site
30
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Scoring functions for molecular docking

Scoring Functions -> approximate the free energy of binding
of a small molecule binding to a target

- The algorithm performs a conformational search in the binding
pocket of the target

- Some of the ligand conformations are rejected because of high-
energy clashes with the protein

 The remainder conformations have to be assessed or ranked
* Different Ligands have to be ranked relative to each other

U

Scoring Functions
(approximate free energy of binding)

AG bind — AG +AG T A(}in‘[. T AGrot. T A(}t/r T AGVib.

solv. conf.

31
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Scoring functions for molecular docking
SP

AG i =AG + AGhbondZ AR, A)

+ AGjgpic ZARAQ) + AGyip0 Ajpo T AG iV,
XP

XP GScore =E

coul

+E vdW +E bind +E penalty

E bind ~— E phobic_pair tE hyd_enclosure +E hb_nn_motif tE hb_cc_motif tE hb_pair tE PI

E

penalty - Edesolv tE ligand strain

!

-
5
- Parameters in scoring functions are being S una
estimated based on training sets
Friesner, R.A.,., et al (2004) J Med Chem, 47, pp. 1739-1749 100 10000 100000 1000000 10000000 Compsunds
Friesner, R.A., et al., (2006) J Med Chem, 49, pp. 6177-6196 Speed / Throughput 32
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Binding site Prediction Virtual Screening

Crystal structure Zinc Database Maybridge Hitfinder

1 Ligand conformations

Molecular Dynamics Glide Docking & Scoring

!

Cluster conformations
from trajectory (RMSD)

1 1,000

(Top Glide ***Hits

Binding site prediction based on G-score)
(Q-Site Finder, PCA)

1 postprocessing

30 compounds purchased and assayed in vitro

Zoe Cournia — Academy of Athens



How are compounds selected for assaying?

# Estimation of binding affinity through docking score

@ Conformation of ligand inside the protein (binding pose):
-Look out for bad van der Waals contacts
-Cis-trans amides
-E-Z esters

# Identification of unwanted or toxic moieties on a compound

# Identification of metabolic liabilities (benzylic hydrogens, p-
position on benzene, sites of glucuronidation, etc...)

# Calculation of physicochemical properties (lipophilicity, cell
permeability, solubility, etc). Choose molecules with drug-like Pchem
profile.

4 Clustering

@ Chemical intuition

Zoe Cournia — Academy of Athens



Early pre-clinical phases
where computation is key

Target Virtual Compgund Lead
: o e : Selection & .
identification Screening Sy Optimization

35



Compound optimization for potency, selectivity,

metabolism & physicochemical properties

(o)
HN_ t "

o
CK-666, IC50 = 12pM
\ T\ _cH,
N
HN_ / H Y
N

Cl
/ A\ M o) — /\ \ 0
— _ =
HN__ / X/\H)\Q HN_ / H»\Q
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Discovery of ABBV-744: A first-in-class highly

BDIl-selective BET bromodomain inhibitor

Hypothesis: BDII-selective BET Inhibitors May Exhibit a Wider TI
Discovery of the BDII-selective Tool Compound 3

~ b ? ? N
\ A ] { A
1--nu,/+ [ o o
RO y,' OSO | | | O | | | | O l
’ N F F O=S F F 0O-=S
BDII N ‘

branch ABBV-075 1 2
mivebresib

2T

His437 BDII | * Ethyl amide buries His437 (BDII) but not Asp144 (BDI)
W » Aspl4d4
> : € 8Dl * 2,6-Disubstituted phenyl clashes with lle146 (BDI)

~ /7_ (red arrow) but not with Val439 (BDII)

p & Vala39 BDII * Combination of ethyl amide and 2,6-dimethylphenyl

' enhances BDIl-selectivity
lle146 BDI

ABBV-744 at New Drugs on the Horizon Session| AACR 2018| April 15, 2018



Discovery of ABBV-744: A first-in-class highly

BDIl-selective BET bromodomain inhibitor

Elaboration of the Series to Discover the Clinical Asset ABBV-744

o) o) o) o)

B 7Y o e \ W (G - T A N HN—
80 = AR T /H \ % e
(]\ oS (,L oL P bl

v gy IR o [T 1 ] Ho)'J;_ I I gomp [ U I __l
o? e oF T~ g i B~ @
' 3 ‘ a 5 ABBV-744
ABBV-744
110x 140x 400x 325x
42/64/12 55/28/10 170/65/37 135/30/31

* 4-Fon aryl ether provides metabolic stability (rat)

437 BDI
LUZEELLE ¢« Tertiary alcohol provided better selectivity and physical

Hi
5 )\ J properties than sulfone

e s - ( 9 B I*lf * Tertiary alcohol accepts H-bond to NH of Asp381 in BDII;
BRD4 BDII lle146 BDI no interaction in BDI

ABBV-744 at New Drugs on the Horizon ion| AACR 2018| April 15, 2018 8



Discovery of ABBV-744: A first-in-class highly

BDIl-selective BET bromodomain inhibitor

Affinity and Selectivity of AbbVie BET Bromodomain Inhibitors

0 o)

LS », A el

I\\ Y . L\/_. = %
0. N o ~ )
——Iowe [T T 1 _ B A - )
Bo i Gy f Bl |
H  ABBV-075 oH  ABBV-744
Mivebresib
Pan-BET inhibitor: equal affinity for all 8 bromodomains ~300-fold selective for BDIl vs. BDI bromodomains

—_——

| | GRO2Kiew) | select. | BROIK (M) | Select | BRDAK(om) | Select. | BRDAECi(oM) | Select
—mmm m mmm -mm

ABBV-075 13
ABBV-744 1160 4.6 250 3140 49 640 520 16 325 21,000 28 750




Computing is transforming biomedical

research

Strategic

Computing
Initiative

Mljsireree - = & 3 (NSCD)
: 8332 § b LCF
B e o = Qe 3
5 Mira 786k cores
CURIE, CEA, France | T ‘ Exascal
L LS S Titan 280k cores ascale
+ GPUs
Enveloped virus
200 mil+ atoms
1-100 US
A
T
2
o
o
% ribosome
g— LeMieux 2 mil atoms Performance
S HP 735 SGI Origin 3k CPUs 100S NS (in FLOPS):
6
128 CPUs Megaﬂop 10
2002 Gigaflop 10°
12
10 o) ATPase Teraflop 10
993 1997 500k atoms Petaﬂop 1015

protein ion channel
10k atoms EE100k atoms
100S pS 1ns time

10s ns

Source: adapted from Prof. Rommie Amaro






Molecular Simulations across scales

Time

10° s

108 s

1012

mesoscale continuum
brownian
dynamics
PN S
T AN
molecular NSRS )
dynamics {-;" ".f
¥ P domain
quantum F+R=ma
chemistry
[ |
() F=ma
Hy = Ey
1010 m 108 m 10 m 104 m




Molecular Modeling

dynamics

Structure --------

Barmoc pS2 ILTIITLIGESGNLLGHR VEVCACPGRIERTELT 285

I PGF

Canine pS$3? ILTIITLENESGR LGHRSFEVIVCACPGRURRTELR $

Feline ps3 ] LEDINGY FREFEVIVCACPGRURRTEEE 280

1 TLEDF HRIFEVR ICACPGRURRTEER 28

LIS FISFEVIVCACPGRIFRTEEE 285

ILTIITLETF FRCFEVE CPGRURRTEED 26

Zebrafish pS3 ILTIITLETORGOLLGRESFEVIVCACFGRIFITEES 255

Husan pS3 ILTIITLEDSEGRLLGHRSFEVIVCACPGRURKTEEE 287
.....................................

Human pS3 ILTIITLEDERGRLLGHREFEVIVCACPGRDRKTEEE 267

Molecular Dynamics

» molecular/atomic level picture
of structure and dynamics i

- property prediction

* ion transport

- solvent effects

- protein stability / conform. changes, ...

Zoe Cournia — Academy of Athens



Molecular Dynamics

A computational method which describes equilibrium and dynamics
properties of a biological system

B Generates configurations of the system by integration of Newton’s law of
motion —calculate the time dependence of the molecular system

B Generates information at the microscopic level —atomic positions and
velocities and connects to macroscopic properties through Statistical
Mechanics

B Connects structure and function by providing additional information to
experimental techniques through the system dynamics

phogpholipid molecule

lipid bilayer n

© 2007 Encyclopaedia Britannica, Inc.




Statistical Mechanics

B In Molecular Dynamics simulations we explore the macroscopic
properties of a system through microscopic simulations

B The connection between microscopic simulations and macroscopic
properties is made via statistical mechanics, which studies a
macroscopic system from a molecular point of view

B The distribution of the system within the ensemble follows the
Boltzmann distribution

B Ensemble: collection of all possible systems which have different
microscopic states but identical macroscopic or thermodynamic state

Zoe Cournia — Academy of Athens



Biomolecular Simulations

Zoe Cournia — Academy of Athens



The Nobel Prize in Chemistry 2013
: Martin Karplus, Michael Levitt, Arieh Warshel

The Nobel Prize 1n
Chemuistry 2013

D Nobel Media AB Photo: Kellana via Photo: Wikimedia

kKimedia Commons LOomi

Martin Karplus vyusedia kL Za i

Michael Levitt Arieh Warshel
The Nobel Prize in Chemistry 2013 was awarded jointly to Martin Karplus,
Michael Levitt and Arieh Warshel "for the development of multiscale
models for complex chemical systems".



The Potential Energy Function (Force Field)

1
The energy of the system is represented by the Hamiltonian: H = K +} = Emv2 @

I V(r)= +F
bond stretch ( ) bonded

non—-bonded

[ ]
. o
intermolecular O
interactions
valence angle
bend

Zoe Cournia — Academy of Athens



Modeling the Potential E: Bond stretch potential

B Molecules undergo vibrational motion, which is modeled as a
harmonic potential according to HOOKE's law

F = —kx = -VV(x)
V(X) = Ebond—stretch = 21,2]9611’73 kb (b _b0)2

B K, represents the force constant and bO represents the equilibrium
value around which the bond oscillates

B This harmonic potential is valid only for deviations of 0.1 A or less

Zoe Cournia — Academy of Athens



Harmonic vs Morse potential

B The Morse term is more accurate, however it is generally not used in
MD simulations since it requires 3 parameters to be specified for
each bond R

v(l)zDe{ ] —exp[—a(l—lo)”-"

B The Morse potential would allow a bond to stretch to an unrealistic
length and break

Morse potential for a C-H bond Harmonic potential for a C-H bond

Zoe Cournia — Academy of Athens



Bond angle potentials

B Describe the deviation from an ideal bond angle geometry

Ebond —bend — Zangles KG ( b— e0 )2

B K, represents the angle bending constant, 6, represents the
deviation from the ideal bond angle

Zoe Cournia — Academy of Athens



Torsion angle potentials

This terms models the steric barrier between atoms separated by 3
covalent bonds

Erorare—along—bond = Z:1,4parirs Kq) ( I —cos (}’l q))>

B The motion associated is rotation, described by a dihedral angle
around the middle bond

B The potential is assumed to be periodic and expressed as a cosine
function

B K, represents rotation constant, n represent the periodicity of the

rotational barrier and ¢ the dihedral angle

Zoe Cournia — Academy of Athens



Electrostatic interactions: The Coulomb potential

B Electrostatic interaction decays slowly with distance, considered
long range interactions. Can be modeled by Coulomb’s law.

1 4.4,
Eelectrostatic = E :

I,J 4711'90 7}]'

B r; represents the distance between two atoms having charges g;
and gq;

B ¢, represents the vacuum permittivity, a number relating the ability of
a material to carry current

Zoe Cournia — Academy of Athens



The van der Waals potential: Lennard-Jones

E VdW energy best described by
a Lennard-Jones potential

/ "vaw - 12 6
r O O.

_ g | | i
Evdw — E 48ij
T g

r’=2"¢c

Expresses the interaction energy between two atoms

Contains an attractive part and a repulsive part

Attractive forces due to London forces (dipole —dipole interaction)
Repulsive part due to Pauli-exclusion principle and inter-nuclear repulsion

¢ is the depth of the potential well, o is the finite distance at which the
inter-particle potential is zero

Zoe Cournia — Academy of Athens



The Potential Energy Function (Force Field)

Bonding Potential Bonding Angle Potential Impropertorsion Potential

4
L] T T T T T Y T
5r i 3
a-
=‘4_ = =gl i
g 81 3’
wF w :z
+-
1- 3
q q
100 L 1M 115 120 us -3 -10 -3 [] E]
3 [degrees] w[degres]
Torsion Potential Lennard-Jones-Potential Coulomb-Potential
L]
E ]
= = =4}
2 2 2
w o. w war
15
ul

o 1 1
-1m -1 12 iso

k= %mvz + V(l') Fj = _V V(r) V(r) =Eb0nded + Enon—bonded

FT] ] 80
p [degrea]

bonds dihedrals impropers

Ebonded = zkb(b_bO)2 + 2 kﬁ(ﬁ_go)z + k¢(1+COS[I’l¢—5])+ Eka)(a)_a)O)2
angles

12 6

O.. . 1 9.9,
_ ij | T i)
Enon—bonded 2481] ( " ] [ - ] + ; 4.71'80 .

I ij ij




MD Simulations study structure + dynamics

Is there a fast and efficient way to study the structure and dynamics
of biomolecules in atomic-level detail?

4

Molecular Dynamics simulations

Step 1. Model the potential energy and use coordinates from experimental
structures and assign initial velocities (Etotal = Epotential + Ekinetic)

Step 2. Integrate Newton’s second law and get the new velocities (v) of the
system and the new coordinates (r) of the atoms

. . - ~/
Step 3. Macroscopic properties ) :,\'
can be expressed through v and f | ¥ o
r via statistical mechanics . o &
($ S -
1 e 1
v »v

System of interest

Zoe Cournia — Academy of Athens




Mopiakni Auvapikn Npocopoiwon

AuvotoTNTEC

 Meplypadn cuoTrHATOC OE ATOULKO
emimedo

1 Zuoyxetion Souncg Kot Asttoupylog
OUOTHLLOTOC

[ YrioAoylopocg Suvapiknc mpwteivng-pappakou

[ Enidpaon tou StaAuTtn, urmtoAoylopog dtaxvonc K.q.

57



Napadoxec Moplakn¢ AUVAULKAC
M Npooeyyion Born-Oppenheimer

1 Bapeic muprive¢ =2 MovteAOmoLloUVTOoL 0OV CNUELAKES LALEC
Kol N Kivnon touc meplypadetol KAAOIKA

d Anpovpyla & ondoilpo deopwv dgv pmopouv va
rovtelomolnBouv

1 Epyodikn utoBeon =2 ZUvOeon MPOooOUOiwoNG LE EPYAOTHPLO

d Ta atopa aAAnAemidpouv pe KAOOIKA SUVALLLKA Yyl TOL oTtolal
XPNOLLLOTIOLOUUE EUTIELPLKEC TIOPOLUETPOUC

1 Meplodikec opLakeC cUVONKEC



MD Formalism

B |nitial coordinates are taken from experimental structures and
velocities from a distribution, e.g. Maxwell-Boltzmann

B Newton’s equation of motion

F.=ma =m, :
dt

B The force can be written as the gradient of the potential energy
\Y

F =-V.JV(r)
B Combine the two equations to get
4V (r) d’r,
o dr

B A trajectory is obtained by solving this differential equation

Zoe Cournia — Academy of Athens



How to integrate Newton’s equation of motion?

B The potential energy is a function of the atomic positions of all the
atoms in the system.

B Due to this complexity there is no analytical solution

B Use algorithms to obtain the positions, velocities, accelerations at a
later time t + Ot to a sufficient degree of accuracy

B Ot is limited by the fastest vibration of the system, ie. the C-H bond
(0t =1fs =101 s)

B An estimate of the positions, velocities, etc may be obtained with
Taylor’s expansion 1
y P r(t+0t) =r(t)+ov(t) +—ota(t) +...

new position  old position old velocity acceleration
v(it+ot)=v(t)+ota(t) +...

new velocity  old velocity acceleration

Zoe Cournia — Academy of Athens



Examples of numerical algorithms: Verlet

B Common use is the VERLET algorithm. I
t
B For a differential equation of second order of the type djﬁ =V (r(?))

with initial conditions r(t,) = ryand % - v, » an approximate numerical
t

solution r, = r(t,) at the times t, = t, + ndt may be obtained by the method:

B setr,=r,+v,0t+ " V(ry)ot?
B forn=1,2iterate:
Fner = 2rn —r* V(rn)5t2

O In MD, each position is determined from the current position and position at
time t — ot 5
r(t+ot)=2r(t)-r(t-ot)+a(t)or +...
O Vecocities calculated from
v(£) = r(t+ot)—r(t-or)
20t




Molecular Dynamics Simulations

B Integration broken down to many small stages: ot
B The total force on each particle in the configuration at a time t is the

vector sum of its interactions with other particles.

B From the force determine the acceleration of the particles and
combine it with positions and velocities at time t to calculate at time t

+0t

B The force is constant during the time step

Give atoms initial positions r, choose short Al, v

:

Getforces F=-V V(r‘Y)anda=F/m

!

Move atoms: i/ = sV Al ¢ L@ AP +

Move time forward. t =t + Al

|

—

Zoe Cournia — Academy of Athens

Repeat as long as you need




2TOTLOTIKA Mn)xowvikn

d Ze pio Mopuakn Auvvauikn Mpooopoiwon dltepguvartal n oxeon
LETAEY ULKPOOKOTILKWY KOl LOKPOOKOTILKWYV LOLOTATWV

J H ox€on ylvetal HEOW TNC OTOTLOTIKAC KNXOVIKAC, N ool
LLEAETA TOL CUOTNOTA OE LOPLOKO eTinedo

J H kotavopr Tou cuoTHHOTOC OTO OTATIOTLKO CUVOAO alkoAouBet
TNV Katavoun Boltzmann

J OepeAlwdnc €vvola - oTATIOTIKO OUVOAO: TO CUVOAO OAWV TWV
MOaVWV CUOTNUATWY TIOU €XOUV OLAPOPETLIKEC ULKPOOKOTILKEC
KOTOLOTAOELG AAAQ LOLa LAKPOOKOTILKN N Beppoduva ki
Kotaotoon



2tatiotikn Mnyxavikn & Xwpoc Daocswv

‘Eva otatlotiko oUVOAO €ival To CUVOAO TWV HLKPOOKOTILKWY KOTAOTACEWV YLo. SESOUEVN
LOLKPOOKOTILKA KOTAoTtaoh

XpnolpomoLe(Tal yla va UTTOAOYLOTOUV oL LBLOTNTEG Tou BepoSuvapLkoU CUOTHHATOC ATtO TOUG
vopouc tn¢ KAaownc A tng KBavtikng Mnxavikng

Mukpokavoviko, NVE Kavoviko, NVT MeyohoKavovikd, uVT
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Elvail €va cUVOAO ATto AVTUTPOCWTIEVUTIKA CNUELQ 0TO XWPO
Twv paocewv dldotaong 6N

=100

Eeos

3 80—

s Omnou ol LKPOKATAOTACELG KLVYOUVTOL dnpLloupywvTag pia
W R duvautkn tpoxta KaBwc ol OECELG KOl OL OPUEC TWV ATOUWVY
o g ‘ o awEEEY Tou e&eAiooovtal oTo Xpovo



H cuvaptnon KatapepLopov o OepLkn Looppomnia

, ni —(gi—gj)/kT , , ,
NOMOC Tou Boltzmann — = e n, nj n}\neuoum EVEPYELAKWYV KATAOTAOEWV

n;

Mo to xapnAdtepo evepyeloko eninedo: 4 = nye 9/3 =1/kT 1y = 2 o

\

q =2 Métpo yla to mAnog '

TWV EVEPYELOKWYV OTAOUWV e
nou eivat SloBéoLpeg o q = 2 ze pe,
O'UVGI"]KEQ Gepuu«’]q Zuvaptnon KAatopEPLOHOU ava

Lcopponiaq ocwpatidio

Ta mapamdvw LoxUoUV OTAV Ol EVEPYELAKEC KATAOTAOELC ival SLtakpLtéc (KBavtkn
Ytatiotikl Mnxavikn). 2tnv KAaowkn Ztatiotik Mnxavikq n 8€on kat n opun
HETOBAANAOVTAL LE GUVEYXT TPOTIO OTIOTE OL ULKPOKATAOTACELG HEV UITOPOUV va PeTpnBolv
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OEPHOSUVAUKEC CUVOPTOELG

Mikpokavovikn Zuvaptnon Katapepiopou, N,V,E otaBepa

] ]
WY N WY N

O(N,V,E) = Y (NV,E) = [d"qd"p

N o pe GIHQ) S_U_UO k1
F=— cle U—U0=—( = + IlQ
q Z wp 4 I

JUvOEDN HE LOKPOOKOTILKY) OEPUOSUVOULKA: S(N, V. E) = kB an(N, V, E)

ATIO TNV apanavw oxeon e€ayovtal ol BepUoSUVAULKES LOLOTNTEC
TOU OUOTAMATOC

1_(88) 1 _ (9O
T \ou),, T "\ oE ),,




2TOTLOTIKA Mn)xowvikn

Mpooouoiwaon MNeipapa

MKpOOKOTILKN TtEPLYpadn MakpooKkoTilkA teplypadn
KBavtikn Mnxavikn: Ospuoduvauikn:
|6loTiueG E Kol LBloouvapTtnoELq 2XEOELG TOU CUOTHMATOG O€
W(r,r,,...,ry) ano efiowon Schrodinger Beppoduvalkn Loopporia i

EKTOC LOOPPOTILOG
Mopiakn Mnxavikn:
Kwntikni kot Auvapikn evépyela E(r,v)

XpAon oTatloTkin¢ Mnxavikng yla va teplypaPpou e Tic BepuodUVaLKES LOLOTNTEC



Mopiakn Auvapkn

Nepypadn tng Kivnong:
d H KAaown Mnxavikn neplypadeL TNV Kivnon Twv atopwyv =2
2°6 vopocg tou Nevtwva:
F; = m;a;

(J OALKN €VEPYELA TOU OUOTHUATOC - XOUATWVELOVA
1
H=T(v])+V(r]) = Emlvl2 +V([r])
d ApYKEC TayUTNTEC YVWOTEC oo Katavour Maxwell

2 .an L
ml (__mlvl- )
n(v.) = e 2kpT

Katavoun
TOXUTATWY,

p(v)

Taxutnteg, v




MePLOOIKEC OPLAKEC CUVONKEC

Koutl mpooopoiwong 2
[MpOCOUOLWVETOL EVa TUAMOL
TOU TIPAYHOTIKOU GUOTAMOTOC
- ArtAoUOTEPOC UTTOAOYLOULOG

1 Otav atopo ptaocel oto
oplo 2 Emaveudaviletal amnod
TNV avtiBetn nMAsvpa

d Avanapaotoon tTng
ouvexoUc ocupumepLdopaC Tou
vypou — SLtaAutn

d Antoduyn emupavelakwy
boLVoUEVWV

\
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NMwc Aettoupyei Eva mpoypappo Moplakng

AUVAULKAG;

- . || Nelpopatika
Apxli5oun 5£p50I:IS'V(1
EAaxlotonoinon
EVEPYELOC TNG SOMAC
l Qote va
; TLETUXOUUE
E§looppomnnon )| cuveriKeg
Oeppokpaoiag kot ieong BLOAOYIKGV
CUOTNHATWV

|

Napaywyn TPoxXLAg

20vOEON MKPOOKOTILKAG
TPOXLAG UE LOLKPOOKO-
TIUKO pEyeBOG

l

lﬁ AvaAuon anoteAeCUATWV
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Examples of MD simulations of proteins

Shan et al (2011) Schulten et al (2012)
Cancer drug dasatinib binding on Src kinase Folding of the Villin Headpiece protein

BLUE JATE

Anton (ASIC) (Cray)
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PI3Ka is a lipid kinase that promotes cell survival

Growth factor
stimulation

\/

PI45)P,  PIP, PIP, PIP,

PDK1 PKB [(Akt)
\‘ T308 S473
Receptor tyrosine / T \
kinase mTORC2

plasma membrane

Proliferation Cell Survival
Fayard et al, 2010 Metabolism
lipid tail
* Active PI3Ka phosphorylates PIP2 to PIP3 at the plasma L . ?-é?-o
) 6 5 0
membrane. O@ "
b
O-P-0
* PIP3 recruits Akt close to PDK1. PIP2 0

* Co-localization of these proteins leads to phosphorylation of residues,

which in turn leads to proliferation, growth, survival. .

Zoe Cournia — Academy of Athens



PI3Ka: most commonly mutated kinase in cancer

* PI3Ka is a membrane-associated lipid kinase

* Involved in cell growth, proliferation,
differentiation

e Most commonly mutated kinase in the B e 7 AR, -0
human genome => cancer

80% of all mutations:

G|u545LyS | His1 O47Arg Huang et al. (Science, 2007)

30% of breast cancer patients
MD Simulations

Mechanism of overactivation? Virtual screening
Property prediction
Mutant and isoform specific In vitro & In vivo assays
therapies? Lead Optimization

Zoe Cournia — Academy of Athens



Kinase Domain Organization

- C-lobe
—  N-lobe

— Catalytic loop
C-terminus

75
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Hydrogen Bond Analysis

) : € catalytic loop
activation loop

- The Hbond between activation loop Leu956 and His1047 breaks Magenta: residue 1047

4,

- The a-helix of H1047 partially unfolds in the presence of 1047R

- Displacement of Arg949 creates a different Hbond network in the mutant, which
changes the activation and catalytic loop positions

H917, RESPONSIBLE FOR ATP HYDROLYSIS, IS ORIENTED TOWARD THE CATALYTIC
POCKET IN THE MUTANT AND AWAY FROM THE POCKET IN THE WT 76
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WT H-bond network

— WIF motif

Catalytic loop
C-terminus

His-917 points away from the active site, while the C-terminus prevents
the catalytic loop from reaching the ATP-binding site.



Mutant H-bond Network is altered
— WIF motif

Catalytic loop

=N

His-917 points towards the active site, while the C-terminus does not
interfere with the access of the catalytic loop to the ATP-binding site.



Binding site identification on PI3Ka conformers

Binding site prediction on  Blue: WT Crystal Green: Cluster

PI3Ka representative Structure by Hon etal ~ conformation from MD
structures (2011) Dots: Predicted binding site

Does this binding site also exist in the mutant form and can it be
exploited for selective drug design?

Zoe Cournia — Academy of Athens



Non-ATP PI3Ka binding pocket discovered

PI3Ka RBD% o PIK-108
|

Allosteric Effect?| [ ™
Non-ATP pocket 275~ & =75 \) /@

*Active site and
non-ATP pocket
occupied by
PIK-108

MD simulations of
WT, H1047R apo

%) ABD :
2 and holo forms

(100ns production run)

b *Is the non-ATP
LYy | pocket allosteric?

. Hon et al, Oncogene (2011)

Zoe Cournia — Academy of Athens



Allosteric or
Noncompetitive Inhibition

The inhibitor binds itself to a site other than the active site
(allosterism), thereby changing the conformation of the
active site. The substrate still binds but there is no catalysis.

8 Substrate o Inhibitor

Active site

u

No catalysis

O

Image credit: K. Dunlap



In vitro cell-free assay with cancer liposomes

* + GST-GRP1

. gutathione | GST-GRP1
* + biotin-PIP3

nionel)| GST-GRP1 | biotin-PIP3_

thione ) GST-GRP1 .
\‘ Loss of

~ biotin-PIP3 ) = absorbance at

450 nm

Christoforidis lab, University of loannina, in vitro assays
Couladouros lab, University of Athens, synthesis of PIK-108

Zoe Cournia — Academy of Athens



Binding site Prediction Virtual Screening

Crystal structure Zinc Database Maybridge Hitfinder
1 Ligand conformations
Molecular Dynamics Glide Docking & Scorin

!

Cluster conformations
from trajectory (RMSD)

!

1,000
Binding site prediction (Top Glide ***Hits
and confirmation for based on G-score)
allosteric pockets
(Q'Slte Finder, PCA) 1 postprocessing
Lionta et al, Curr Top Med Chem (2014) 30 compounds purchased and assayed in vitro

Zoe Cournia — Academy of Athens



How are compounds selected for assaying?

2 YC( ‘2 Maybridge Database
¢4 :f chermcif%;‘fi,"po.mds @ Library docking using Glide SP, XP
@ 1000 Top-scored XP compounds
57 Docking } @ Postprocessing with ChemBioServer
chemical compounds
@ Calculate ADME/tox properties
N @ Check for bad vdW contacts
= 1.000
chemical compounds . . .
i @ Hierarchical Clustering
R £ @ Affinity Propagation (exemplars)
Filtering
chemic;.’ff,’,‘,’,,,oug @ Visualization: check for compound
fiL conformations
ChemBioServer
e http://chembioserver.vi-seem.eu
. compounds Athanasiadis, Cournia, Spyrou, Bioinformatics (2012)

Zoe Cournia — Academy of Athens



Pre/Postprocessing with ChemBioServer

ChemBioServer post-processes virtual screening results

Basic Search

Browse
Compounds

Filtering

@ predefined
Queries

@ combined Search

Advanced
Filtering
Substructure
Van der Waals
@ Toxicity

Clustering

@ Hierarchical

@ Affinity
Propagation

Home Help Contactus

& van der Waals Filtering

Step 1. | | Browse... | Please, Upload an sdf*file.
In this step user is able to upload an sdf File that used for further processing.
Note: Maximum allowed upload size is 3MB (~1000 compounds)

Step 2. Please, Select vdW Parametres.

| 50 Kcal/mol 2|
\75% 3|

van der Waals Energy Threshold:

van der Waals Radii Tolerance:

(*warning: *sdf files are temporary saved on the server and deleted after processing)

Compound ID |

VDW Energy Test [ vpw Distance Test

Comeound: - PASS AW 00785 - - FAIL AW 00785 -
Aw' ooes Browse List For Details... - || Browse List For Detalls... -

- PASS AW 00788 - - FAIL AW 00788 -

sl (orowscList For et
AW 00788 Browse List For Details... : || Browse List For Details... 2

- PASS AW 00785 - - FAIL AW 00785 -

Ct::vpoo:;:; $ Browse List For Details... : || Browse List For Details... &

- PASS AW 00938 - - FAIL AW 00939 -

Compound: 4 < . = = =
AW 00938 _Browse List For Details... - _Browse List For Details...

- PASS AW 00694 - - FAIL AW 00694 -
Conpniddsn Browse List For Details... : || Browse List For Details... 2
AW 00694 . =

- PASS CD 10205 - - PASS CD 10205 -

compound:
CD 10205 —— —

- PASS GK 02096 - - FAIL GK 02096 -
o ati Browse List For Details... : || BrowseList For Detalls... ©
GK 02096 4 s
o o - PASS HTS 01561 - - FAIL HTS 01561 -
mpound: . - o " e
HTS 01561 _Browse List For Details... _Browse List For Details... 2

- PASS MWP 00404 - - FAIL MWP 00404 -

Compourd: 0 Browse List For Details... : || Browse List For Details... $
MWP 00404 e —

- PASS NRB 02577 -

e (arowse istFor Detals. -
NRB 02577 Browse List For Details... ; || Browse List For Details... ©

- FAIL NRB 02577 -

Athanasiadis, Cournia, Spyrou, Bioinformatics (2012)




Pre/Postprocessing with ChemBioServer

r O 0
S e S D

dinitrogen  formyl fluoride

N

http://chembioserver.vi-seem.eu

oxirane
N
N
/ \N /
(E)-1,2-dimethyldiazene

anthracene /\ NO,

o} OH ™ : \
nitroethene “ ’ 5 : L
o) } Home Help Comtactus
/ /\01 /\F = o — - :
Basic Search [@ Toxicity Filtering (Organic Toxic Compounds)
chloroethene /\ B Browse Compounds
- STEP 1. Press Browse Button to select an sdf* fie.

but-3-en-2-one /\ / CN s

o OH Z e | | Browse... |

. Advanced Search
acrylonitrile ("Warnng: *sar fles are lemporary Saved on Ihe Server and deleted afler processing)

benzoquinone  hydroquinone @ Predefined Queries
1,2-diethylhydrazine @ Combined Search

/\0/0\/ /\”/n\/ /\ﬁ/ ~ Filtering

B Substructure

- STEP 2. Press Process Data 0 upbad, process data and Display the Resuits*.
Process Data

(ethylperoxy)ethane N-%«liethy Ihydroxylamine B Van der Waals
@ Toxicity
S
~ >
/\ S \/ o Clustering
1,2-diethyldisulfane O Kmeans =
benzo[d][1,3]dioxole B Affinky Propagation Dt O SR
S o catechol
)k C/ L 2011 BloAcademy | Home | BieAcademy Hiomedical Researm Foundaton Academy of Athens |
—HN NH—— / , \
1,3-dimethylthiourca s OH
NHy
OH

2-amino-3-carbony! thiophene

S

Y NH,
H
/ N
\ s o
N
amino thiazole

S

rhodanine
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In vitro cell-free assay with cancer liposomes

80 -

% PI3K activity

95

90 -

80 -
70 A
60 -
50
40 -
30 A
20 A

% PI3K activity

60 -

10 A

PI3K-010 (1:1) -WT
IC50 = 50uM

PI3K-104 - WT
IC50 =73 uM

10 100 1000

Concentration (uM)

10000

% PI3K activity

% PI3K activity

©
o

a o 0~
o o o

30

95

90 A

80 -
70 A
60 -

20 A

40
30 -

10 A

PI3K-010-Mutant
IC50 = 4.3 uM

—

100 1000

PI3K-104 - H1047R mutant

IC50= 20 uM
L2
T« 4
10 1(;0 10I00

Concentration (uM)

10000

11-fold
selectivity of

the mutant vs
the WT

IC50 = the
concentration
of the
compound
required to
inhibit the
protein by 50%
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Is PI3K-010 an allosteric (non-competitive) inhibitor?

2 experiments low ATP, 4 experiments high ATP

100- mutant PI3Ka 9 - o LogitLog | Low ATI?
> % - (100puM):
z ™ zw N O} IC50 =15 uM
o 3 70 1
S 60+ g 0 - ® |
£ R ]
e 48 < 5% .
5 g : High ATP
= . (2mM):
. § { IC50 = 40 uM
OQ\‘ é’ 1I0 1(IJO 1000
b Concentration uM
150+ Logit Log PI3K'010 IC50
> o7 IC50 = 40 pM .
= 05 - is not
% 100- = o influenced by
£ 5 vl N ATP
5 0 < 5 L1 concentration
2 * %
o- " Could be
J a . . considered
C 10 100 1000 .
Concentration yM al IOSte ric




Cell-based MTT assay

Cell viability assay

*MTT (a yellow tetrazole) is reduced to
purple formazan in living cells

*Initially 96-well plates, now 48-well plates/
seeding with 10000 cells

*Four cell lines were used: Three mutant
and one control WT

0,300
0,250

0,200 - * LY290004 is a known PI3Ka
3;1;‘;2: O O' NN inhibitor (control experiment)
0,050 - E O K/o

« Compounds PI3K-001 — 011

.\& v &'\r a
«%‘3 Q@*ﬁb & Q\'b*po .\@Q’@h @?’Q&h &"@ LY294002 | were assayed
M N AN Y ) D

Zoe Cournia — Academy of Athens



MTT assay on mutant and WT PI3Ka

PI3K-010 inhibitor PI3K-011 inhibitor
120 120
100 - 100 -
80 - 80 -
60 - 60 -
40 - 40
MW Ersi MW Ersi
20 20
0 - M Evi 0 - W Evi
T47D HCC1954 MCF7 MCF12A T47D HCC1954 MCF7 MCF12A
Mutant Mutant Mutant WT mutant mutant mutant WT

« 7-fold Mutant-specific inhibition in cells bearing the H1047R
mutation
* IC50 WT = 7uM

* IC50 H1047R = 1uM (Cournia and Efstratiadis labs, BRFAA)

Zoe Cournia — Academy of Athens



Pharmacokinetic experiments on PI3K-010

Stability of compound PI3K010 in cell
conditioned- medium

Mean blood concentrations of PI3K010 in
corn oil following oral dosing in mice
(10 mg/Kg).

140

120

100

AreaUnder Curve (AUC) ng/mL*h
(percentage of AUC at t=0Oh)
3

: I ‘ I : I .
0 24 48 72

Time (h)

(Tamvakopoulos lab, BRFAA)

Blood Concentration (ng/mL)

500

450

400
350 \ .
300 \
250

200 . \
150 \\
100 —

50 S

0

0 2 4 6 8 10
Time (h)

Cmax of 396 ng/mL (~ 1 uM)
4 h post-dose - average concentrations
of 100 ng/mL (~ 0.3 pM).
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Preclinical study of PI3K-010 (xenografts)

MDA-231-MB (PI3Ka WT)

HCC1954 (H1047R PI3Ka mutant)

Solvent < 3 [ a,. Solvent - 5 @ - 5
PI3K-021 , i S 2 ﬁ PI3K-021 » | @ - - B
PI3K-010 | d :i‘ L PI3K-010 alv|® > | & J
*’ | I 9 5
i) i W T B el 'w‘A“'?“‘(‘;“““";“" o b e :

Tumor weight
06

05

04
03
02 1
01
0

‘Evaon 21

(D. Stellas, Klinakis & Efstratiadis
labs)

Tumor weight

Solvent 015
PI3K-021 ol
PI3K-010 |

control Treated 21 Treated 10

PI3K010 in corn oil following oral
dosing in mice (100 mg/Kg).

BRFAA— Academy of Athens



Patenf e&osued for PI3K- 010 and 021
l {,

'UNTREATEID \TLR )TED\(

PI3K(H1047R) MMTV-MYC breast cancer model \ ‘ \
\ ’ s ( p .'.' .
: _ , |

!

. - 2WKS i 2WKS

INITIAL AFTER A INITIAL & . AFTER
A B

‘B




Lead optimization of PI3K-010

Synthesis of analogs
Compound PI3K-021 Compound PI3K-0021
In vitro cell-free assay e LLilwt

--

IC5, WT: > 1000 uM A £l o
IC;, Mutant: 13.5 uM il :. §§ :
- & . b —
Selectivity > 100 fold * I * 1 NUIIIE
¢ YRGS ESO0
& &
P—
Solubility issues with PI3K-021 _ _
Sent to S. Gabelli Johns Hopkins U
‘ for X-ray last week

Optimization of pchem properties

Zoe Cournia — Academy of Athens



AlaBeoipec MNTuyLaKEC

U BeAtiototroinon 0pacTiKOTNTAC UTTOWNQPIWY PAPUAKWYV

1 Moplakég Auvapikeég NpooouoIWOEIC YIa aVTI-KAPKIVIKOUG
OTOXOUG JE OTOXO TN MEAETN TNG DOMNG Kal QUVAMIKNG
METAANACEWVY

L 2xe0100NOC avaoTOAEWV VIO AVTI-KAPKIVIKOUC OTOXOUG

U E@appuoyec TexvnTtig vonuoouvng oTo oXeOIQONO
POPUAKWYV

Zoe Cournia — Academy of Athens



Project Team

BRFAA

Cournia lab (MD, drug design, cells)
Dr. Evi Gkeka

Dr. Hari Leontiadou £ 5
Thomas Evangelidis q

MARIE CURIE

0
4
0

Efstratiadis & Klinakis labs (cells+mice)
Dr. Ersi Tsellou
Dr. Dimitris Stellas

NCSR Demokritos PRACE
Couladouros lab

Anna Kapela

Maria Ouzouni

University of Thrace
Agianian lab ../ 2%%';'&
Dr. Maria Pavlaki = 8 IO

University of loannina
Christoforidis lab (cell-free assays)

Alexandra Papafotika S
Dr. Vasiliki Lazani @2@ American Association for Cancer Research
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