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Beyond the microscope: from hit to market ~15 years

Discovery FDA Approval
Ph ongoing
I safety
surveillance
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Beyond de microscope: structural biology impacts all
modalities

Discovery FDA Approval
ongoing
Safety
surveillance
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Beyond the microscope: ex situ structural biology technigques

500 nm 100 nm 50 nm
Liaht Reconstituted; purified
Mi 9 — Functional
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Visualization of the effects of a therapeuticin the cell and understanding how cells work

microED
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Beyond the microscope: cryo-EM timeline

Xray generator
Home sources

IMCA-CAT

||||||||||||||||||||||||||||||||||||||||||
llllllllllllllll

Insulin

RECARBRIO

One Tablet Once Daily
st e R I . “(imipenem, Cllastatm and
‘E(gﬂe‘sjg\fm %EQG(EZ) N TEMOI M AN ZEP’@;IV;JQEEF] o i
Januvia N .
e ) taglptin) F NS UBRELVY"
TAbmllonde CRIX[\/AN zsiigoigwlgm;mms Be|sonf)]g>a (ubro! nt) tabletsiz:
s . o s exant
For oral use Cansliies v . 'J<
TRUSOPT AGGRASTAT" ISENTRESS Plf':&afl‘r:g QULIPTA
s (tirofiban hydrochloride) Injection ra[tegra\”r e 100 mg tablets (atogepa nt) tablets 6 MERCK 8

ets | for oral
and 1001 q suspension 100 mg



Public

Beyond the microscope: X-ray vs CryoEM

Sample

crystallization trial

X-RAY Crystallography wmnets CryoEM Single Particle Analysis

Plunge Freezing

Crystal plate setup Crystallization
Protein and crystallization mix Protein crystallizes under unique Protein Sample is vitrified in grid
are added to 96-well plate conditions by plunge freezing

Protein
sample
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Macromolecular Crystallography Data collection Cryo Electron Microscopy Data collection

Protein crystals are shot with X-rays to produce
a diffraction pattern unique to the protei
structure

Well dispersed proteins on grid are imaged with an
electron beam to produce 2D projections of the protein in
~ theoretically random orientations

Protein
crystal

WEetcecoll

Fo'I'IBWiﬁQ data collection, individual protein particles are
. . ) . tationally picked and classified in 2D based on their
Using the diffraction pattern and specialized software, comput R ) .
scier?tists are able to%etermine thg protein's 3D structure.; orientations. Back.prOJe.ctlons.of thes_e pgrtlcles based on.thelr
calculation ED mab by using Fast Fourier v relative angular orientations gives an initial 3Dreconstruction that can
P by g ’ then be refined to give a high resolution electron density map. e MERCK

Phasing, model building, and refinement
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Beyond the microscope: X-ray vs CryoEM

X-RAY Crystallography

Sample

purified before

Crystal plate setup Crystallization

Protein and crystallization mix Protein crystallizes under unique
are added to 96-well plate conditions

EXSITU
‘ SAMPLES

Protein
sample

Crystallization

- 9503020502058 mix

Macromolecular Crystallography Data collection

Protein crystals are shot with X-rays to produce
a diffraction pattern unique to the protei
structure

Protein
crystal

Phasing, model building, and refinement

Using the diffraction pattern and specialized software,
scientists are able to determine the protein's 3D structure,;
calculation ED map by using Fast Fourier.

Protein of interest is

crystallization trial

CryoEM Single Particle Analysis

Plunge Freezing

Protein Sample is vitrified in grid
by plunge freezing
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Cryo Electron Microscopy Data collection

Well dispersed proteins on grid are imaged with an
electron beam to produce 2D projections of the protein in
theoretically random orientations

WEetcecoll

Following data collection, individual protein particles are
computationally picked and classified in 2D based on their
orientations. Back projections of these particles based on their
relative angular orientations gives an initial 3Dreconstruction that can
then be refined to give a high resolution electron density map.

€ MERCK
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Beyond the microscope: Xray vs Cryo-EM

X-RAY Crystallography

c Confidential

High resolution (0.6-3.5 A)

Broad MW 12 kDa- 200 kDa

Crystal requirement

No need vitrification

Only amplitudes are recorded; Phase problem
Ice rings affect data completeness

Higher amounts of protein required crystal
screening

Heterogeneous samples often fail to crystallize

Excellent for ion characterization with ligands

CryoEM Single Particle Analysis

« Medium resolution (2.0 -10.0 A)

« > 80-90 kDa (been done with 40 kDa)

* No need of crystals

« \Vitrification, thinice

« Amplitudes and phases are recorded

» Resolution is inversely proportional to ice thickness

« Smaller amount of protein (technique better suited for
complexes with yield ~ 2ug)

 Allows analysis of heterogeneous samples

« Not particularly good for ion characterization
€ MERCK
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Beyond the microscope: impact of cryo-EM on pipeline

Discovery
Ph FDA Approval
1 ongoing Safety
surveillance

Structural Biology
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Beyond the microscope: enable biological understanding
Insulin Receptor

Discovery

Ph  FDA Approval
- I.I:I ongoing Safety
- % surveillance

Structures to
Enable
Biological
Understanding
Construct
Design for
Screening

Help to understand
druggability and MOA
of tool molecules

Structures to Enable

Biological Understanding
€ MERCK 14
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Beyond the microscope: enable biological understanding
Insulin receptor

Indication/ReIevance: rOIe in ContrO”ing 1,202,222 particles (gautomatch) from 3056 tilted images)
glucose homeOStaSIs’ regUIatlng |Ip|d’ l 2D and 3D classifications in Cryosparc
protein, and CarbOhydrase mEtabonsm. |R Last round of classification (267,743 particles)
disfunction has been associated with SR W TS b
diabetes, cancer and Alzheimer. e ""’% e '
Zilgf?:::ticles 'é’
Homogeneous 7.4 Ang
refinement
T =
5.59 Ang

348,930 particles (gautomatch) from
1526 untilted images)

2D and 3D
classifications in

Cryosparc

Homogeneous
refinement, C2, Best class (40,390 particles)

masking
151,409 particles

4.6 Ang One round of heterogeneous refinement (207,126 particles)
- 7
V%«g @ %
6.0A 6.8A 8.0A

Homogeneous

Homogeneous refinement, C2,
refinement masking
147,436 particles 147,436 particles
4.67 Ang 4.27 Ang

G Scapin et al. Nature 556, 122—-125 (2018) doi:10.1038/nature26153
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Beyond the microscope: enable biological understanding

Insulin receptor

Indication/Relevance: role in controlling IMPACT: Structural and mechanistic CHALLENGES OVERCOME:
glucose homeostasis, regulating lipid, knowledge of complex formation and Sample heterogeneity;
protein, and carbohydrase metabolism. IR activation. Insulin binding induces a preferred orientation
disfunction has been associated with conformational change that closes top L1- addressed by use of Spotiton
diabetes, cancer and Alzheimer. CR-L2 with respect to Fnlll-1domain and tilting
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a-CT O-CT §
/e [ \@

TE
_I

+ [nsulin ——



Public

Beyond the microscope: exploring SAR
GPCRs: the orexin Receptor

Discovery
Ph FDA Approval
m ongoing Safety
surveillance
Structures to Structure of Iterative
Enable Screening hits to structures to
Biological explore SAR ITIA0EE et 200
9 : remove liabilities
Understanding compound 1
Construct , 9\
Design for Fesess gij:’l
Screening | dw S scF,16
Céj 8 R
O AR A

Help tounderstand  Structures of Screening
druggability and MOA hits to explore SAR
of tool molecules

Structures to Enable

Biological Understanding

Hong, Hollenstein et al. Nat Comm 2021
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Beyond the microscope: exploring SAR
GPCRs: what makes GPCRs challenging for structural determination?

Discovery

FDA Approval
ongoing Safety
surveillance

Ligands

Antagonist Basal activity Agonist Nanobody

% Native Receptor

Mutations

L

*N- and C-terminal truncations.

-Partial deletion on ICL3 with optimal length of 12 Structural
. chaperones
residues.
*Engineered chimeric Ga-subunit: deleted N-terminal o
alpha helical domain
€ MERCK 1

Davenport et al. Nat. Rev. Drug Discov. 19 (2020). Adapted from Kobilka, Nobel Lecture (2012).
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Beyond the microscope: impact on SAR

Orexin 2

Indication/Relevance: To design an agonist ;  CHALLENGES OVERCOME:
of the orexin receptor 2 (OX2R) since they stabilization of complex with
have promise as novel therapeutics that 's nanobody and G protein.

directly target the pathophysiology of
narcolepsy. Narcolepsy type 1(NT1)is a
chronic neurological disorder that impairs the
brain’s ability to control sleep-wake cycles

Excessive  Lossof Disrupted
Daytime Muscle Nighttime
Sleepiness tone Sleep
(Cataplexy)

20nm

Hypnagogic / Sleep

Hypnopompic Paralysis
Hallucinations Hong, Hollenstein et al. Nat Comm 2021
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Beyond the microscope: impacting SAR
Small-molecule agonist recognition

b
" H
ToNR O,

ZT

compound 1

« Sybody 51improves resolution of complex with small-molecule agonist overall, and in particular in the
extracellular half of OX,R where the agonist binding pocket is located.

« Cpd 1sits deep down in the pocket overlapping with the binding site of the last few residues of OxB.
 Local backbone and sidechain rearrangements in TM2 and TM7 accommodate distal portion of Cpd 1.

Hong, Hollenstein et al. Nat Comm 2021 ’3 MERCK

20
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Beyond the microscope: impact on SAR
Orexin 2

Indication/Relevance: To designanagonist IMPACT: with inactive-state OX2R suggests CHALLENGES OVERCOME:

of the orexin receptor 2 (OX2R) since they mechanism of receptor activation stabilization of complex with
have promise as novel therapeutics that Q134 is a switch that senses agonist bound vs nanobody and G protein.
directly target the pathophysiology of antagonist (toward cytoplasm)

e

narcolepsy. Narcolepsy type 1(NT1) is a
chronic neurological disorder that impairs the
brain’s ability to control sleep-wake cycles

-~

Q\CJA i:!. /j

e
(—) Agonist vs Antagonist

Hong, Hollenstein et al. Nat Comm 2021 e MERCK
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Beyond the microscope: Exploring SAR

Orexin: Comparison inactive -state OX2R suggests mechanism of receptor activation

" Agonist vs Antagonist

Hong, Hollenstein et al. Nat Comm 2021 6 MERCK ”
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Beyond the microscope: exploring SAR
Orexin: comparison with inactive state OX2R suggests mechanism of receptor inactivation

Hong, Hollenstein et al. Nat Comm 2021 ’3 MERCK -
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Beyond the microscope: exploring SAR
Orexin: comparison with inactive state OX2R suggests mechanism of receptor inactivation

Hong, Hollenstein et al. Nat Comm 2021 ’3 MERCK a
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Beyond the microscope: exploring SAR
Orexin: comparison with inactive state OX2R suggests mechanism of receptor inactivation

Hong, Hollenstein et al. Nat Comm 2021 ’3 MERCK -



Public

Beyond the microscope: exploring SAR
Orexin: comparison with inactive state OX2R suggests mechanism of receptor inactivation

Antagonist suvorexant

Hong, Hollenstein et al. Nat Comm 2021 ’3 MERCK 8
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Beyond the microscope: exploring SAR
Orexin: comparison with inactive state OX2R suggests mechanism of receptor inactivation

’ Agonist vs Antagonist _
= Natural peptide agonist OxB

Hong, Hollenstein et al. Nat Comm 2021 ’3 MERCK 7
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Beyond the microscope: Micro-electron diffraction (LED) to evaluate
formulations of the final drug

Discovery

FDA Approval
Ph .

ongoing Safety
I surveillance

MicroED/
Crystallization to
evaluate formulation

Newman et al. Mol. Pharm. 19 (2022) 6 MERCK s
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Beyond the microscope: Micro-electron diffraction (LED) to evaluate

formulations of the final drug

Discovery

FDA Approval
Ph .

ongoing Safety
I surveillance

Crystal size Jgj +1/2 0ABCO - MicroED/

10-100 nM Crystal size Crystallization to
v > 5 microM evaluate formulation

uED allows the study of:
» Structure and key interactions of the
molecules in the crystal.

Single Crystal X-Ray Diffraction Absolute configuration determination.
Solubility optimization.

Electron Diffraction

Molecular conformation.

Crystal Structure Determination Newman et al. Mol. Pharm. 19 (2022)

Salt vs. Co-crystal, solvent stoichiometry.

€9 MERCK
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Beyond the microscope: exploring biologics SAR
Arginase

Discovery

FDA Approval
Ph .
i ongoing Safety

surveillance

Structures to Structure of lterative
Enable Screening hits to structures to
Biological explore SAR improve SAR and
Understanding remove liabilities

Construct

Design for

Screening

€9 MERCK 30

Palte RL et. al. Commun Biol. 2021 Jul 29;4(1):927.
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Beyond the microscope: exploring biologics SAR

Arginase

Indication/Relevance: Activation of
lymphocytes has resulted in unprecedented
rates of durable response among cancer
patients. Since human Arginase 1(hArg1)
modulates T-cell-mediated immune response
we sought to design mABs that can

b rRtRaneichanisanepitopes.

<7
0
Y

mAB1: Mechanism of inhibition by occluding the
orthosteric site with Tyr104 of the CDR3 Loop

IMPACT: Cryo-EM studies reveal large
macromolecular complexes of competitive,
inhibitory antibodies; inform on new means
of inhibition to inspire new designs.

MOA of mAB1-4 function through orthosteric
inhibition by ‘insertion/binding’ of an amino
acid side chains in Arginase active site.

mAB4: Mechanism of inhibition by occluding the
orthosteric site with Arg28
Palte RL et. al. Commun Biol. 2021 Jul 29;4(1):927.

CHALLENGES OVERCOME:
highly variable resolution
across the complex with best
definition at the hARG1-fab
interface

€ MERCK
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Beyond the microscope: exploring biologics SAR

Arginase

Indication/Relevance: Activation of
lymphocytes has resulted in unprecedented
rates of durable response among cancer
patients. Since human Arginase 1(hArg1)
modulates T-cell-mediated immune response
we sought to design mABs that can
illuminate mechanism.

mADbS5 forms 1: 3 Arginase trimer: mABs
(smaller) complex and does not cover
active site entrance

IMPACT: Cryo-EM studies reveal large
macromolecular complexes of competitive,
inhibitory antibodies; inform on new means
of inhibition to inspire new designs.

CHALLENGES OVERCOME:
highly variable resolution
across the complex with best
definition at the hARG1-fab

MOA of mAB1-4 function through orthosteric interface
inhibition by ‘insertion/binding’ of an amino
acid side chains in Arginase active site; mAB5
by blocking interaction of Arg21 which orients
substrate

Palte RL et. al. Commun Biol. 2021 Jul 29;4(1):927.

Asp30
‘. 35A
<

Y
224 -

Arg21l

hArgT1’s Arg21is at salt bridge distance
Asp30 of mADbS.

Arg21is essential for orienting
substrate and product. Prevention of
Arg27’s interaction leads to inhibition.

€ MERCK »
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Beyond the microscope: from ex-situ to in-situ

Discovery

FDA Approval
Ph .
f ongoing Safety
I syrveillance
Structures to Structure of
Enable Screening hits to MicroED/
Biological explore SAR

Crystallization to
evaluate formulation

Understanding

Construct
Design for
Screening

IN SITU
=== Segmentation + CryoET * STA

€9 MERCK =
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Beyond the microscope: from ex-situ to in-situ

Cell culture

Cells grown on grids
or placed on grids
OriPSCs

Visualization of the effects of a therapeutic in the cell and understanding how cells work

Integration of data across scale and techniques will change our understanding of the chemistry and biology

Berger, . Nat Commun 14, 629 (2023). https://doi.org/10.1038/s41467-023-36372-9 Berger et a, Nature Methods 2023 doi.org/10.1038/541592-023-01783-5 €23 MERCK
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