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NMR @ Novartis

« Key technology supporting chemistry, drug discovery project teams, and
development

» Spectrometers ranging from 400 to 800 MHz with various probes,
increasing automation

* Providing NMR infrastructure for small molecule structure verification,
supporting challenges cases and performing structure elucidation

» Hit finding, validation and characterization, mechanistic studies
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Protein-ligand interactions
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Protein-ligand interactions
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* Interactions and recognition central to understand and modulate
biological processes at molecular level

« Straight forward structural characterization (i.e. X-ray) only available for
a fraction of macromolecules of interest

» Flexible proteins, membrane proteins, nucleic acids, etc.

« Even for systems amenable for crystallography, challenges exist
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Lack of structural information
limits chemistry optimization

Crystallization success
rate for validated binders
~20 % on average

Deprioritization of
compounds lacking
structural information

Limitation in chemical
scaffold diversity for a
given target

Other ~80% could offer
new chemistry, features
and opportunities in
binding sites
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Alternative approaches to obtain
structural information

* Chemical approaches — SAR, covalent modifications

Purely computational methods — Docking
Mass spectrometry — H/D exchange
Cryo-EM

NMR-based methods (incomplete list)

— Epitope mapping

— Chemical shift perturbations (CSPs, e.g. J-Surf)
— Ambiguous distance restraints (e.g. HADDOCK)
— Transferred NOEs

— INPHARMA

— NMR molecular replacement (NMR?)

— Complete structure determination

NIBR/Global Discovery Chemistry

6

Business Use Only

') NOVARTIS



Obtaining high confidence information
by NMR usually means a lot of work

Information
content/
confidence

Protein-ligand complexes

NMR?

Full structure determination
NOEs

Ambiguous models

HADDOCK

CSP

Binding site location

Binding site binning

CSP

Labeled
protein
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Complexity/effort

Labeled protein &
assignments
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Large number of NMR-derived
information is required

Protein Ligand
Isotope labeling
Standard
analytical
NMR

methods : :
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Generating protein-ligand complexes
without protein assignments: NMR?2

* NMR molecular replacement
Orts et al. (2016) JACS, 138, 4393

* Requires known protein structure or
homology model

* |sotope-labeled protein

* 2D NOESY to assign ligand and to
determine intramolecular NOEs

* Series of 2D NOEs to determine semi-
guantitative intermolecular NOEs
(eNOE, protein not assigned, but
information if from amide or methyl)

* Scrips prepare data for structure
calculations using CYANA and analyze
output, iterative process

* Applied also to weaker compounds
Walti et al. (2017) Angew Chem, 56, 5208
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Using unambiguous, maximum
number of restraints

* Requires known protein structure or =
homology model o\<

®

Y

6

e Selectively isotope-labeled protein

* Partial protein assignment around »
region of interest, 4D NOESY to ‘ Se & %
assign methyl groups *

* Ligand assignments, low energy HADDOCK
conformers, no intraligand NOEs CNS

* 3D NOESY to determine
unambiguous, intermolecular
NOEs (in distance bins)

* HADDOCK to prepare data for
structure calculation by CNS and to
analyze output

Proudfoot et al. (2017) JACS, 139, 17824
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Methyl-labeled protein offers

unique advantages

* Reducing spectral complexity/improving quality

Optimized NMR experiments available

Automated structure-based assignment
procedures

— MAGIC, Monneau et al. (2017) J Biomol NMR, 69, 215

— MAGMA, Pritisanac et al (2017) JACS, 139, 9523

— FLAMENGO, Chao et al. (2014) J Mag Resonance, 245, 17
— MAP-XSII, Xu et al. (2013) Journal Biomol NMR, 55, 179

Highly methyl labeled protein, MILVAT labeling

— Maximizes number of probes and distance network for NOE
based assignments

— Enables maximum number and high redundancy of
intermolecular NOEs

Proudfoot et al. (2016) J Biomol NMR, 65, 15

NIBR/Global Discovery Chemistry

11  Business Use Only

ILVAT

L w, (°C)
- [ppm]
L 13.0

[ 180

- 23.0

Methionine
Isoleucine
Leucine
Valine
Alanine
Threonine

) NOVARTIS



Method development and
benchmarking with known ligands

Hea
Molecular v Rotatable NMR Ky
Compound Weight (Da) Atom Bonds Conformers (M)
J Count -
N
1 :@ 148.2 11 0 1 32+4
OH
2 ‘(/t©/ ™ 161.1 12 1 2 1280 %
N ' 402
N\ N /H \
3 O M 256.1 19 3 14 7.2+45
AN

== High resolution X-ray co-structures available
Agreement of docking model with co-structure (ligand RMSD)
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High number of observed NOEs
recapitulating the crystal structure

_{1” NOEs between protein methyl groups and ligand protons
N
N T10 L73 M105 V135
OH
1 (23.23) (25.34) (17.87) (23.86) tEy l'H)l
2.69 -
NMR Kg: 32 uM = i
Rotatable bonds: 0 -3.00 .
¥ ¥ ' ¢ r 27 intermolecular
s, '\1 S < ., NOEs obtained
JI‘” Il u *LM& D> o> | |
" ) (ALY
S8 T 6 4 2 w,[H(ppm) 125 0.53 1.80 119
w, ['H] (ppm)
X-ray co-structure Docking model (HADDOCK)

105\

’\ - ‘ »1 ( X-ra /. )

L102 .
1 (docking)
Asﬁ/ ; L131'
@ \ b V135
M74 < " ﬁ li"

1.7% .
/ ( RMSD: 0.8
e A \ M105
» ep
X\', L109

Resolution: 1.98 A ' i.
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Docking score and NOE violations enable
selection of correct ligand conformation
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Resolution: 1.98 A

RMSD: 2.4 A
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Extension to multiple rotatable

bonds

3a 3b 3c 3d 3e
NN H
I ey /09,;0' ﬂ o ;ﬂ& ;}”A p?}')- p?/:f
N ! 3f 3g 3h
3 3i 3j 3k 3|
NMR K: 7 pM
Rotatable bonds: 3 f ﬁ\ _
| | P
3a 3b 3c 3d 3e 3f 39 3h 3i 3k 3l 3m 3n
Score 336.74 384.20 310.09 256.98 123.34 194.11 205.75 381.58 116.91 174.33 259.26 156.77 203.50 116.96
. NQE 4 4 3 3 3 2 6 2 4 2 3 2
violations
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Docking score and NOE violations enable
selection of correct ligand conformation

4

[ ]
T10 & 3 (docking of 3i) T10 /7\ 3 (X-ray)
"\C‘ 3 (docking of 3n) . N 3 (docking of 3n)
L1

102
J\\/; é
NN H o\ A37 &; | L131' A37 &,/

M74 ¢
NMR Kg: 7 uM L73 \\ Ve
Rotatable bonds: 3 L109 Y~
|
Resolution; 2.0 A Resolution; 2.0 A
RMSD: 3.1 A
3a 3b 3c 3d 3e 3f 39 3h 3i 3j 3k 3l 3m 3n

Score 336.74 384.20 310.09 256.98 123.34 194.11 205.75 381.58 116.91 174.33 259.26 156.77 203.50 116.96

. N.OE 4 4 3 3 3 2 6 2 2 4 2 3 2
violations
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Validation with compounds of
unknown binding mode
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Accurate model can guide
analogue selection
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Accurate model can guide
analogue selection

NMR K,  ICq,

AT

(HM) (LM) (°C)
6 Mo/ 361 2420 057
N=N
9 CIMO/ 52 546 2.48
N=N
10 C /\>—</\ OQ\”“Z 1490  >2000 -0.88
N=N

I 110
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Improved analogue confirms

predicted binding mode

46 l 4 (docking model)
‘ 9 (modeling)

L1 02

M105
V1 35
L73 ?’
L109
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Improved analogue confirms
predicted binding mode

1'10 I 4 (docking model)
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Summary/Outlook

* Combination of highly methyl-labeled protein and unambiguous
Intermolecular NOEs facilitates generation of accurate protein-
ligand complex models — focus on ligand binding site

* Bound ligand conformation can be reliably identified from a
conformer library by scoring against experimental data —
experimental determination also an option

* Confidence level/accuracy of models sufficient to enable
structure-guided chemistry optimization

* Challenges:
— Protein flexibility and conformational changes
— Moving from method development to “production mode”
— Still significant time commitment and non-standard tasks necessary
— Software set-up and integration
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