From molecular mod

i\

!

personalized medic

> S BT
¢ E o
>N =
e : J‘Ii‘
el (.
: :’ '-’v

UNIL | Université de Lausanne
. Faculty of Biology and Medicine
Vincent Zoete, Forum Teratec 2017

June 27, 2017

alixir

SWITZERLAND

|
s

o '/.
N

g.
'{_

-«
.
-

Swiss Institute of
Bioinformatics




Protein Engineering
Drue) Deslgn
PersonaliZacl Vecleine

o1 : O1O|Q1

Swiss Institute of
Bioinformatics

- ®
El?ﬁ”



Structure-based Protein Engineering

How to use molecular mechanics farsilicoprotein engineering?

T-cell receptor
(TCR)

Major
histocompatibility
complex

(MHC)




Structure-based Protein Engineering

How to use molecular mechanics farsilicoprotein engineering?
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I Need for a physiebased method t@uantitativelyestimate
the importance of each residue/interaction




Structure-based Protein Engineering

Link between experiment and modeling
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Ky : dissociatiorconstant

Accessible by |
computer- AGpingl= RTIn(Kp) = AH - TASJ

aided methods

DG, ;4 (kcalimol) |2 -4 -6 -8 -10 -12 -14 -16

Weakbinding * ll | | »Strongbinding
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Structure-based Protein Engineering

CalculatingDG,;,4 by Molecular Mechanics Generalized Born Surface Area

MM-GBSA:

Zoete, V.Meuwly, M., &Karplus M. Proteins 2005 61, 79¢93. Zoete, V¥, Meuwly, M.* J.Comput Chem.2006 27, 1843;1857.




Structure-based Protein Engineering

UsingDG,;,4to select mutations for experimental assay

wt | */ , |

mutant
bind

<0: selected for experiment

DI; — mutant _ wit
bind — bind bind

>0 : rejected

Zoete, V., Irving, M. B., Michielin O.MM-GBSA binding free energy decomposition and T cell receptor enginekMaec Rec.2010 23, 142¢152.
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Computer-aided Protein Engineering of TCR
Sequence modifications targeting CDR3
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Computer-aided Protein Engineering of TCR
Sequence modifications targeting CHORDR
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Computer-aided Protein Engineering of TCR
Sequence modifications targeting CDR3, CDR1 and CDR2
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MD simulation
MM-GBSA

DG,y forwt TCR
& structural data

Rotamerlibrary

3D structural models of possible TCR mutatigns

MD simulation
MM-GBSA

DDG,, for TCR mutations

e

Mutations selected for

expression, purification and et
experimental testing Zoete, V¥, & Michielin, O.* Proteins 2007, 67, 102651047 .
Zoete, V., Irving, M. B., Michielin, O.,J.Molec. Rec, 2010, 23, 142¢152.




Computer-aided Protein Engineering of TCR

3D structure of the wildtype TCRMHCcomplex

MD simulation
MM-GBSA

DG,y forwt TCR
& structural data

Rotamenbrary

3D structural models of possible TCR m atio‘ns

MD simulation
MM-GBSA

DDG,., for TCR mutations

bind

e

Mutations selected for
expression, purification and
experimental testing

Residue E vdW E elec AGde.mh’.e.’e(‘ AGdexm'v.np AG.;:d
Glu29 -2.12 -58.92 71.25 -0.50 9.72
Asp55 -0.34 -56.52 59.24 -0.19 2.18
Arg93 -1.25 34.05 -30.60 -0.07 2.13
GIn95 -2.56 -4.37 8.26 -0.52 0.81
Gly96 -2.30 -0.25 0.76 -0.20 -2.00

Ile53 -1.94 1.83 -1.77 -0.51 -2.39
Ser53 -1.22 -5.01 4.28 -0.47 -2.43
Gly98 -2.29 -5.26 5.28 -0.42 -2.69
Gln51 -2.09 -3.04 2.66 -0.29 -2.77
Tyr94 -1.84 1.02 -2.00 -0.18 -3.01
Val95 -3.18 -3.09 2.86 -0.39 -3.81
Tyr31 -5.25 -0.52 1.52 -0.54 -4.80

Tyr100 -5.07 -4.74 5.29 -0.72 -3.24
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Computer-aided Protein Engineering of TCR

3D structure of the wildtype TCROMHCcomplex

MD simulation
MM-GBSA

DG,y forwt TCR
& structural data

| Rotameribrary
Wl models of possible TCR mutati
e MD simulation 1 e

MM-GBSA
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Targeting Melanoma Epitope NY-ESO1/HLA-A2

Increasing affinity

Gain in binding free energy:
-7.3 kcalmol

P N

Irving, M1, Zoete, \, Hebeisen M.1, Schmid D., Baumgartner, P., Guillaume FBbmero, P.SpeiserD.,Luescherl.,Rufer N.,Michielin,
O.J. Biol. Chem2012 287, 23068&;23078.

Zoete V., Irving, M., Ferber, MCuendef M. A., &Mlichielin, O.Frontiersin Immunology2013 4, 268.




Targeting Melanoma Epitope NY-ESO1/HLA-A2

Increasing selectivity TCR binding

ratio

17 WT

' C G50A

CAS1E

CI63F

CV95L

C A97D: 30 fold decrease
CA97L

a-Sh3w
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Computer-aided Protein Engineering of TCR

3D structure of the wildtype TCROMHCcomplex
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Qutcome - Targeting Melanoma Epitope NY-ESO1/HLA-A2

- 24 single/double mutantgested (M.lrving)
- 13 (54 %) were more active than thve TCR
- up to 56fold increase for single mutations

- 150fold increase for TCYA G50A/A51E/A97L Ma S53W

.'L ")

P \va|95.ﬁ6|y50 O




QOutcome i- Targeting Melanoma Epitope NY-ESO1/HLA-A2

- 24 single/double mutantgested (M.Irving)
- 13 (54 %) were more active than thve TCR
- up to 56fold increase for single mutations

- 150fold increase for TCYA G50A/A51E/A97L Ma S53W

Experimental pK

- good correlation between calculated binding free energies anc

R=0.81

experimental results

5 10 15
Calculated -AAG,; , (kcal mol?)

Irving, M1, Zoete, \A, Hebeisen M.%, Schmid D., Baumgartner, P., Guillaume, P.,
Romero, P.SpeiserD.,Luescherl.,Rufer N.,Michielin, O.Interplay between T

cell receptor binding kinetics and the level of cognate peptide presented by major
histocompatibility complexes governs CD8+ T cell responsivehé&i®l. Chem.

2012 287,23068&;23078.

Experimental pOD

Zoete V., Irving, M., Ferber, MGuendet M. A., &Michielin, O. StructureBased,

wkdA2y Il f 58S3&A 3 yFrotigrs it ImhmuBdlogR0ndStP68L.Ji0 2 N&E &

-10 -5 0 5

Calculated AAG,;, (kcal mol)




Qutcome - Targeting Melanoma Epitope NY-ESO1/HLA-A2

- 24 single/double mutantgested (M.Irving)

7.0

- 13 (54 %) were more active than thve TCR

6.5

- up to 56fold increase for single mutations

6.0

5.5

- 150fold increase for TCY® G50A/A51E/A97L Ma S53W

Experimental pK,

5.0

- good correlation between calculated binding free energies anc |-~ R=0.81
experimental results

0 5 10 15

) ] Calculated -AAG,,,, (kcal mol?)
- good correlation between calculated energies and

experimentalk, (R=0.88) s

-0.9

-1.1

- unfitted approach can be applied to other systems

e.g. appliedo TCR recognizingelan-A antigen with
73%successate

-1.3

-1.5

-1.7

Experimental log(k)

-19

R=0.88

-23 -21 -1 -17 -15 -13 -11 -09 0.7 -05

-2.1

-2.3

Calculated log(k )




Outcome - Targeting Melanoma Epitope: NY-ESO1/HLA-A2

Both T-cell proliferation after antigenic challenge and tumor cell killing were

significantly improved

Irving, M1, Zoete, \}, Hebeisen M., © XMichielin, O.J. Biol. Chem.
2012 287, 23068;23078.

Fold-Change in Activity

wWT | G50A | A97L | DM-B

EC50

WT | G50A | A97L | DM-B

Ca2+

it

wT | G50A | A97L | DM-B

IFN-y

Il

wT | G50A | A97L | DM-B

TNF-a

' .:[‘> Mouse model / Clinical trial at CH I
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Computer-aided Drug Design

Two main categories of approachisdiscovercreate,optimize andevaluate

active molecules:

- StructurebasedapproachesUse the 3D
structure of the targeted macromolecule. Ex:

Molecular docking.

- LigandbasedapproachesUse the
information derived from known ligands.

Ex: Quantitative Structur@ctivity s
Relationships (QSAR, machine |eamin9F3f\NJj[ 1
bioisostericreplacements. O)\N R,

Predicted activity

Experimental activity



Ligand-based Drug Design

Assumption if two molecules are very similar, they are likely to be active on the same target

- 2D: Similar by chemical structure

a
{: F

HN/©\\ 0 HN

\CH O

Hic\o/\/n Xy Ne~° Ny
P P
o N (l) N

CH,

we Erlotinib Gefitinib

- 3D: Similar by shape (electrostatics dipaphilicity)

)

I Nilotinib - Ponatinib I



Molecular Similarity

Chemical similarity (2D fingerprints)
|dentify molecular features

\ /|

°~c AZO,]—', 01), 0, (1 0, M ) 7

R

B=0 1, 01,0,01), (1% )




Molecular Similarity

Chemical similarityZD fingerprints)

The similarity value between molecules A and B is given bTeirhienoto coefficientT:

M ) >

T= __© |, where ais the count of blts a1 n m(;II'ecu% Pout hot irl moIéCliII'e B

a+b+c b is the count of bits at 1 in moleculebBt not in molecule A
cis the count of bits at in both molecules AndB

T ranges frond for totally differentmolecules tal for identicalmolecules

B=0,1,0,1,0,0,1, @z )




Molecular Similarity

3D similarity (ROCS) Grant, J.AGallardg M.A.,Pickup B.,J.Comp Chem, 1996 17, 1653.

Moleculeshave similar shape if their volumes overlay welhd any volume mismatch is a measure of dissimilarity

ROCS&ses a smooth Gaussian function to represent the moleadlime,so it is possible teapidly minimizeo the
best global match.

20to 40 overlays per second

Similar 3D shape

Courtesy of Prof. Davi@feller




Molecular Similarity

3D similarity Electroshapg M. S.Armstrong et al.J.Comput-aidedMol. Des, 2010, 24, 789-801

Idea: transform a 3D conformation into a 1D vector

1. Place important points (centroids) around the molecule:
- C1, baricenter of all atoms

- C2, furthest atom from C1

- C3, furthest atom from C2

- C4, C5 and C6 are defined by vector cross products

2. Calculate 3 values for each centroid:
- Average of the distance to each atom

- Standard deviation of the distance

- Third moment of the distance

(5.987, - )




Molecular Similarity
3D similarity Electroshapg

M. S.Armstrong et al.,J.Comput-aidedMol. Des, 2010 24, 789-801
20 conformers, and thug0 vectors, are calculated for each molecule

Vectors of both compounds are compared using Manhattan distance score

& 1 molA molB dl
Score=¢l+= @ [X™" - X™+
e 1£i€n

Score ranges fror (totally different shapego 1 (perfect match)

Advantages:

- independent of molecular orientation
- does not need molecular superposition

Speed: 10,000 comparisons per second

(20 conformers of the first compound against 20 conformers of second compound)




Molecular Similarity

Example of application

Virtual Screening

Molecule with
Known activity

Library of molecules List ofmolecules

with unknown possibly active on
activities the same target

CHEMBL539433

2,000,000 IC, (abl) : 25nM
X molecules
HN,</ N from ChEMBL O

=\ | CHEMBL363926
Nilotinib \_/ " IC,, (abl) : 8900nM




Ligand-based CADD i SwissSimilarity.ch

A web tool to perform ligandbased virtual screening

Cl

NH,

User compound

/

750,000 Bioactive

compounds

www. SwissSimilarity.ch \

7,000 Drugs

2D and3D ligandbased screening
approaches

25,400,000
Commercial

compounds

205,000,000
Virtual

synthesizable
compounds

Online tools

SwissTargetPredictio
SwissADME
X

Hits

Databases

DrugBankChEMBL
ChEBIZINC,
Vendors

X




Ligand-based CADD ¥ SwissSimilarity.ch

[ AN NB 27F @A NI dz f molecaldslaessibie Hyyclick omgm@tny dron( J
commercially available reactantsand filtered for problematic compounds

Zoete V.* DainaA., BovignyC.and Michielin O.* SwissSimilarityA web tool for low to ultra
high-throughput ligandbased virtuakcreening. Under revision th Chem. Inf. Model.

SigmaAldrich Cr?"e‘?“on of 58 click 1.2billion Filters (**) 205 million
65,000Cpds chemistry reactions (*) Cpds Cpds

(*) Hartenfeller M., Eberle M., Meier, P., Niet@®berhubeyC. Altmann, K-
H., Schneider, G., at. J. Chem. Inf. ModeR011, 51(12), 30983098.

(**) Filters:
- Baell J. B., & Holloway, @.J. Med. Chem2010Q,53(7), 27122740.
- Brenk R.,et al. ChemMedChen2008 3(3), 43%,444.




Ligand-based CADD i SwissSimilarity.ch




