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are major functional
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GPCR signalling: diversity of ligands

Amino acides and ions Lipids
Biogenic amines Glutamate, calcium, GABA, LPA, S1P,
Noradrenaline, dopamine, Peoptides

5-HT, histamine,
acetylcholine
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prostaglandins, leukotrienes
and proteins

Chemokines, angiotensin, thrombin, bombesin,endothelin, bradykinin
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Drug discovery pipeline

Target
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Protein crystals of GPCR related to inflammation
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Small-wedge crystallography

3

3 2

= EEE
4 Voo bbb W
Peak finding, indexing, integration ‘

v 2 2

Data sets selection ‘

v v v

Scaling and merging ‘
4

Phasing and refinement ‘

S &¥ 2
Py Ve
~
L.

sqrt(1-CC)

crystal 1

> crystal 2




Center for molecular mechanisms@MIPT

X-ray Free Electron Laser (XFEL)
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Serial Femtosecond Crystallography:
Diffraction before destruction

Potential for hiomolecular imaging Nanocrystals
with femtosecond X-ray pulses

Richard Neutze*, Remco Wouts*, David van der Spoel*, Edgar Weckert
& Janos Hajdu*

* Department of Biochemistry, Biomedical Centre, Box 576, Uppsala University,
§-75123 Uppsala, Sweden
T Institut fiir Kristallographie, Universitiat Karlsruhe, Kaiserstrasse 12, D-76128 ,

Germany

NATURE |VOL 406 |17 AUGUST 2000
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Benefits of serial femtosecond crystallography at
XFELs

Expert Opinion on Drug Discovery > Enter keywords, authors, D
Volume 14, 2019 - Issue 9

Submit an article Journal homepage

Review

An outlook on using serial femtosecond
crystallography in drug discovery

te Alexey Mishin, Anastasiia Gusach, Aleksandra Luginina, Egor Marin, Valentin Borshchevskiy & Vadim Cherezov &
Pages 933-945 | Received 26 Feb 2019, Accepted 30 May 2019, Published online: 11 Jun 2019
W) Check for updates

&6 Download citation https://dol.org/10.1080/17460441.2019.1626822

* The ability to work with challenging targets that have low
expression and are difficult to crystallize. E] 3003 %203 0430 o3, E]

* Small crystal size often translates into faster crystal . o ikl
optimization, lower mosaicity, and better diffraction quality, L B Ry - I
and can facilitate ligand soaking and exchange s o ool

* SFX obviates laborious crystal harvesting and necessity for bk oot
cryo-protection, lending itself suitable for automation o S RS,

« Room temperature: better water molecules distribution E]
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Hard XFELs around the globe

g e ',i".’ />

SACLA

XFEL facility Location X-ray energy Pulses per Photons Date of user
range [keV] second per pulse operation

LCLS (LCLS-)  HE= 0.25-12.8(to25) 120(10f)  ~10%2 2009 (2020)

Menlo Park, CA, USA

SACLA @® Harima, lapan 4-20 60 ~5x 10 2012
European XFEL _ Hamburg, Germany  0.3-24 27,000 >10%? 2017
PAL-XFEL i@ Pohang South Korea 0.25-12.4 60 >1x 10" 2017
SwissFEL Villigen, Switzerland ~ 0.2-12.4 100 G 2018
3
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B Linac Tunnel (780m)

Lasing

Wavelength range 2-20.4 keV (6.2-1.0 A)

Pulse length 45-60 fs

Repetition rate 1-60 Hz (30 Hz detector limited during beamtime)

Flux 3ell at 9.7 keV (during beamtime)

Spot size H:V 2x3 mm (FWHM), KB mirrors

Detector MX225-HS (Rayonix)

Readout rate & binning 40 frames/second, 1440x1440; 75 frames/second, 960x960
Geometry Single panel

Sample environment LCP-jet/GDVN: He environment; Fixed target: vacuum

Processing 32 cores during beamtime, cluster after beamtime
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Sample preparation for LCP-SFX

Liu et al. 2014. Nat Protoc 9, 2123
lipid protein Ishchenko et al. 2016. J Vis Exp 115, e54463
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Injection

HPLC pump

plunger

CSPAD detector

o W
LCP injector @\l
K-B mirrors

XFEL

LCP as crystallization and crystal delivery medium
Very small crystals (<10 um)

Room temperature structures

No radiation damage

No crystal harvesting

Low protein consumption (<0.3 mg)




SFX Data Processing

Large amount of data:

* LCLS-2TB/hour

* euXFEL-400 TB/hour
Modular detector geometry
Partial reflections
Variations in

* crystal size,

* mosaicity,

* quality,

* pulse intensity,

* spectrum, etc.
Indexing ambiguity

1
2

3

fast-readout pixel
array detector

DAQ: raw XTC files,

SFX data analysis pipeline

OnDA
.Online monitoring
.Live hit rate and
resolution estimate mp
.Live saturated pixel
tracking

Cheetah
1.Hit finding (data reduction)
2.Background subtraction
3.Filtered diff. pattern & meta
data saved as HDF5
4.Statistics & preliminary analysis

7

G CrystFEL
containing X-ray =~ CCP4, Phenix etc 1. indexin y
pulse parameters, Phasing, model 3 g
; - : 2. Integration
pump laser signals, building, refinement, .
i . N @m 3. Merging
diagnostics, motor validation ¢
. . . 4. Post refinement
positions etc. interpretation ; R
Profit 5. Indexing ambiguity removal

CSPAD geometry:

non trivial

i

Cornell-SLAC pixel array
detector used at LCLS

CrystFEL

+ Software for serial crystallography data
analysis, especially from XFELs

* Once parameters have been optimized,
" 41 i processing is completely automatic,
| and parallelized.
W J + Command line driven, easily called
- from scripts

Data layout
Virtual powder

Physical layout

Virtual powder * Well documented; full tutorial online;

o i . : annual workshops.
SFX data quality is very sensitive to precise geometry. Perfecting the 5 i

match between predicted and found peak locations is used to refine the

geometry to sub-pixel accuracy. * Free and open-source (GNU GPL3)

Center for Molecular Mechanisms of Aging MIPT

Cheetah's diagnostic tools
http://www.desy.de/~barty/cheetah

Hit rates

Resolution

Radial stacks Spectral stack

Frame number
Frame number

-

Virtual powder Saturation plots

Low B High galr

intensity

R.r-jd;l-..'s flel??S]
Types of SFX data analyzed

Data from membrane and soluble nano/
microcrystals, virus crystals, 2D crystals on fixed
targets, time-resolved pump-probe SFX, serial
millisecond (synchrotron) crystallography

- -
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Cysteinyl leukotriene GPCR
— essential targets for asthma treatment

CysLTIR and CysLT2R are G Protein Coupled receptors (GPCRs)
activated by cysteinyl leukotrienes. They are key inflammatory
mediators in the human body and stimulate bronchial muscle
constriction as well as immune cells migration, mucus secretion and
edema formation, thus playing an important role in various
inflammation-related disorders, such as asthma, allergic rhinitis and
urticaria. Additionally through the immune response mediation CysLT1-
2Rs are involved in cardiovascular and neurodegenerative diseases and
several types of cancer.

I How antileukotriene drugs treat asthma In RuSSia up to 5—7 %

Phospholipids
o i
¢ { r 1

EVERY DAY 4 i ” ‘!»“ \ Cell membrane
ASTHMA | & i ) of people suffer from asthma
IN AMERICA : TR4.31305%

——Zileuton inhibits the lipoxygenase
pathway of arachidonic acid
metabolism, which produces cysteiny
leukotrienes and leukotriene B,

10% of children

Cysteinyl
i 20,000,000 v \ leukotrienes
1in15 50% gl \ (LTC,, LTD,, LTE,)

cysteinyl leukotriene receptors —

T ITTT YR s g~ B

°
Temales Women
males

Neutroph

-
»
pithelial cells % 3
‘also submucosal S

cells, smooth

nuscle cells) Antileukotriene drugs either block the
production of leukotrienes (zileuton) or bloct
leukotriene receptors on airway cell surfaces
(zafirlukast, montelukast). The cysteinyl
leukotrienes (LTC,, LTD,, LTE,) bind to cystein
leukotriene receptors found on a variety of ¢
types, including airway epithelial, submucosa
and smooth muscle cells. Leukotriene B4 bind
with a different type of cell-surface receptor.
The binding of leukotrienes with their
receptors produces airway constriction,
increased airway mucus secretion, and

i mmm Executive Healthcare
Bronchiole
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Cysteinyl Leukotriene Receptors 1 and 2 CysLT1R antagonists:
Anti-asthma oral treatment

Antagonists
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Cysteinyl Leukotriene Receptors 1 and 2 CysLT1R antagonists:
Anti-asthma oral treatment

Antagonists
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Cysteinyl Leukotriene Receptors 1 and 2 CysLT1R antagonists:
Anti-asthma oral treatment

Antagonists

More efficient anti-asthma
drugs?
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Structural studies of cysteinyl leukotriene
receptors as drug targets

CysLT1 receptor stuctures: complexes with antiasthmatic drugs.
Distinct features for the delta-branch receptors from class A GPCRs

Tw % fim o

C14-C267_ 4
ECL2 x ) CysLT,R-zafir \ » o) (4 »
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}4 ? A 2AR (Inactlve)
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Secren |Frizzled

r’ Taste 2
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Rhodopsin

Fig. 2. Functional motifs of CysLT1R show unusual inactive state features. (A) Superposition of CysLT1R-pran (orange) with B2AR
ininactive (PDB ID 2RH1, violet) and active (PDB ID 3SN6, teal) conformations. (B-E) Zoom in on functional elements: DRY motif (B),

Fig. 1. Overall Structure of CysLT1R and its comparison with other receptors. intracellular region (C), P-I-F motif (D), NPxxY motif (E).

CysLT2 receptor stuctures: Selectivity rationale for receptor subtypes
and desease-related mutations mapping W~
D

<=L
M130354_

b A308'i¢ Y :
n é’ﬂ\- VSN C P,
NAN\V _q, A139353\‘\!"§ Cyp27584
R naress H2428
IC  “E232
R143["

Fig. 4. SNVs from the EXAC database and L1293.43, colored according to their
location: ligand-binding pocket (red), microswitches (blue), sodium site (green),
G= protein and B-arrestin-binding interface (yellow).

Fig. 3. Structure of CysLT2R. (A) Structural superposition of CysLT2R-11a (blue) with CysLT1R-pranlukast (yellow). (B) Comparison of
disulfide bridges between CysLT1R (yellow) and CysLT2R (blue). (C-E) Comparison of functional motifs: NPxxY (d) P-I-F (e) and DRY (f).

Obtained
structures for
rational design
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Structure-based mechanism of cysteinyl leukotriene
receptor inhibition by antiasthmatic drugs

Aleksandra Luginina"*, Anastasiia Gusach'*, Egor Marin', Alexey Mishin', Rebecca Brouillette’,
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CysLT1R-pranlukast vs CysLT2R
structures

Selectivity CysLT,R

@va@\rm _________________ @Y@Y @wm@ < OYQOY
Pranlukast Compound 13e | Compound 11a Compound 15b We identiﬁed the binding poses for |igands

/17,000 nM /1,800 nM /2.9 nM /0.6 nM

in both receptors and found out
what are their structural properties,
which may be responsible for binding specificity.

With this information we can find the dual ligand
for both receptors.

Y932.54

-

s

Overview of the ligand-binding pocket with the docked ligands for CysLT1R
(beige) and CysLT2R (light blue). Inserts show docking poses and details of
ligand interactions with CysLT1R and CysLT2R.
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Structure-based drug design: Virtual ligand screening PO Py e et
MOLECULAR MECHANISMS

of Aging and Age-Related Diseases

.
d b 4D Structural Lead-like and drug-like
model library, 115 M compounds
4 Individual 20K Top-ranked
structural models candidate compounds
¥ CysLT1R crystal structure ] ] ‘

2000 Top-ranked candidate
compounds from each model

\ 4

139 Compounds selected
for experimental testing

\ 4

[ 10 (CysLT1R) & 17 (CysLT2R)

CysLT1R ligand-guided
optimized model

CysLT2R crystal structure

4D Screening Model

CysLT2R ligand-guided
optimized model

inhibitors identified

\ 4

i 5 Cmpds with functional Ki < 1 uM, ’
MW<450 DA, cLogP<4

(a) Optimized ligand pockets for CysLT1R
(b) Flowchart of screening and ligand optimized pocket of CysLT1R and CysLT2R. 28



L129Q SNP: oncogenic mutation in CysLT2R Leading to T
Uveal Melanona. N MOLECULAR MECHANISMS

An aggreSS|Ve Orphan cancer of Aging and Age-Related Diseases

— Choroid
Sclera —— §

Melanoma
Ciliary body /\ of the choroid

Melanoma Macula
of the iris
Lens Vitreous "
humour Optic
nerve
Melanoma of the - 2 ———— Retina
ciliary body /
; MODERN PATHOLOGY LETTERS
nature |
. genetics
Original Article ‘ Published: 09 December 2016
Risk factors for developing UM Symptoms of UM Activating cysteinyl leukotriene receptor
* Age 50-70 years * Melanocytoma * Blurred or . ¥ ¥
* Fair skin colour ¢ Family member with distorted 2 (CYSLTRZ) mutations in blue nevi
* Many skin naevi cutaneous melanoma vision ) _ _ ) A ) . . . .
. Sensitivity to sunburn . Family member with e Visual field loss Inga Méller, Rajmohan Murali, Hansgeorg Miiller, Thomas Wiesner, Louise A Jackett, Recurrent actlvatlng mutatlons Of G_proteln_coupled
. Nprtﬁern European ancestry uveal r.nelanoma. e Flashes 9]‘ light Simt?ne LSc‘h‘olz, loana Cosgarea, Joha‘nnes AP van de Nes, Antje Sufker,ﬂUwe HiIl‘en, receptor CYSLTRZ ln uVeal melanoma
e Light iris colour (blue or grey)  © Germline mutation e Changein Bastian Schilling, Annette Paschen, Heinz Kutzner, Arno Riitten, Martin Bckers, Richard A
° Congenital ocular mEIanOCYtOSiS in BAP1, MLH1 or PALB2 iris colour Scolyer, Dirk Schadendorf & Klaus G Griewank Amanda R Moore!2, Emilie Ceraudo®, Jessica ] Sher!, Youxin Guan', Alexander N Shoushtari*>, Matthew T Chang"67,
Jenny Q Zhang!, Edward G Walczak!, Manija A Kazmi?, Barry S Taylor"*%, Thomas Huber?, Ping Chi®>43,
Modern Pathology 30, 350-356 (2017) | Download Citation & Thomas P Sakmar®® & Yu Chen!-2:45

About 3% of all uveal No specific
melanomas -> several therapheutic
hundreds new cases each treatment available
year 29



L129Q — oncogenic mutation in CysLT2R
Leading to Uveal Melanona: constitutive activity
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The project started in order to get new-
generation anti-asthmatic drugs but we got

also

Inverse agonists for oncogenic L129Q
CysLT2R as a hit compound

% IP1 production
(normalized to NS)

CysLT2R - L129Q

125-

100 X 3 -»- BRI-12359
75 [ ] -e- BRI-12417
50- -o- BRI-12424
25+

0 : T T T T ]
sl 0@ 65 60 -55 50 45 40
ZZ  loglcompound], (M)
£2
o
-l
BRI-D ICso % SEM (M) % max inhibition + SEM

BRI-12359 3222 8211

BRI-12417 3810 59 = 12

BRI-12424 N/C 2110
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1 A MOLECULAR MECHANISMS
Current PrOJeCt Strategy of Aging and Age-Related Diseases

Standart

single
® docking

Consensus

Drug
candidates

H
i
i
i

....

":. =
—————r—
L

o

(T —
5

Receptor modifications,
protein expression,
purification
and crystallization

Receptor-ligand
complex VLS for )
crystal structure potential hits Functional assays
detemination

Off-target activity testing (reverse agonists)
Design of stabilized L129Q mutant of CysLT2 for crystallization in “constitutively active” conformation.

Co-crystallization CysLT2-L129Q with available high-affinity ligand for future VLS round
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Future drug development S i
AN

Target Target — to — Hit Hit — to — Lead +  Lead - to — Candidate
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| High-throughput Hit |dent1ﬁcat|on ' Medicinal Chemical " | PK/ADME-Tox 1 Candidate
: scmenmg, . |chemistry analysis synthesis :
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Identification - O :
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Structure Virtual ligand Ligand co-crystal Structure-activity | Clinical trials Animal tests
determmatcon screening (VLS) structure relationship, SAR | !
) 108 cpds determination, b '
Fragment-based docking and MD :
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Alexey Mishin, Anastasiia Gusach, Aleksandra Luginina, Egor Marin&éalentin Borshchevskiy & Vadim Cherezov (2019):
An outlook on using serial femtosecond crystallography in drug discovery,
Expert Opinion on Drug Discovery
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