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THE BIOCrYSTAL FACILITY aT CNR-IBPM ROMd

High performance platform for Surface plasmon resonance (SPR)

APPLICATIONS:

» High-quality binding kinetics and affinity data for the rapid
characterization of biomolecular interactions.

 high-throughput Hits Identification for DRUG DISCOVERY

Mass photometry

APPLICATIONS:

* Interaction between macromolecules

« Sample characterization for protein crystallization
 Study of protein oligomerization processes

« Macromolecular assemblies determination




CrYSTaLLIZaTION

Up until 7
different
Oryx4 & Oryx8 channels

» “Soluble” proteins

» Membrane proteins using the lipidic
cubic phase

» Vapor diffusion

» Under-oil microbatch

» Optimization
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Trypanosomatid caused diseases

Trypanosomatidae

——

‘ Leishmania Trypanosoma

« L. donovani Leishmaniasis: Trypanosomiasis:
) Visceral (VL) Sleeping T brucei
* L. major Cutaneous (CL) sickness (HAT)

e T cruzi

» L. aethiopica Mucocutaneous Chagas disease

L Sandfly vector Tse-tsefly/

Triatomine bug vector

(ﬂ National Research
Council of ltaly



Areas of Active Transmission of Diseases Due to Trypanosomatids.

40’000 per year

20 millions of people affected and 100000 deaths every year

41°000 per year ‘ ‘
o
15’000 per year &

" HAT HAT + VL

Berthier et Trends in parasitology 2016

Chagas disease + VL

(ﬂ National Research
Council of ltaly

. Chagas
disease




Leishmaniasis is a neglected disease

2 million of new cases occur annually, 60000 deaths/year (a rate
surpassed only by malaria)
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African trypanosoma cycle

Tsetse fly Stages Human Stages
Epimastigotes multiply o Tsetse fly takes
in salivary gland. They a blood meal Injected metacycic
transform into metacyclic FAEH MU DD trypomastigotes transform

’ ‘ e into bloodstream

trypomastigotes, which
are carried to other sites.

trypomastigotes.

5 : Trypomastigotes multiply by
Procyclic trypomastigotes . : ;
leave the midgut and transform binary fission in various
into epimastigotes. body fluids, eg. bloqd.
lymph, and spinal fluid.

(6 A

Bloodstream (rypomasligN /\
\

transform into procyclic eTwpomasligo(es in blood
trypomastigotes in tsetse fly's S
midgut. Procyclic tryposmatigotes R
multiply by binary fission,
A= Infective Stage IA AYHI(I no'("

A\ = Diagnostic Stage http:veww.dpd. cdc.govidpdx




American trypanosoma cycle

Triatomine Bug Stages

Triatomine bug takes a blood meal
| passes metacychs ypomastigotes in leces,
try pomashigoies enber e wound or
mucosal memibranes, such as the congunctiva)

/"’@6

Metacyelic irypomastigoles =]
Eimﬂg? A O
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Multiply in midgut

% Triatomine bug takes
q a bload meal

Epimastigoles ypomashgotes ingested)

in midgut

BEAFEM -HEALTHIER: FEQFLE™

A\ = Infective Stage
A= Diagnostic Stage

Human Stages

e Metacyclic trypomastigotes
penatrate various cells at bite
wound site. Inside cells they
trangform into amastigates,

B bers multiply
Trypomastigotes by binary fissicn in cells
can infect other cells of infected tissues,
and transform into
infracellular amastigobes
in new infaction sites.
Climical manifesiations can
result from this infective cycle.

f%:‘_ vﬁﬁsﬁwa

a transform into rypomastigotes,
then Burst out of the cell
and enter the bloodstream.



Drug therapy against Leishmaniasis

. . COzNa* - \NH HO

pentavalent antimonials: the most o o

Ssv?
used drugs for over 70 years are, long- =g, 9

e _ HO OH

term treatments, high toxicity, drugro”™ O/S'b\o OH 1o
resistance. PO et id ot
Amphotericin B: a polyene Sodium stibogluconate Meglumine antimoniate

antifungal drug, associates with
ergosterol, forming a
transmembrane channel leading to
monovalent ion leak;

AmBisome: liposomal formulation.

High cost
Miltefosine: (2-(hexadecoxy-oxido- wo/ o N
phosphoryl)oxyethyl-trimethyl-azanium): CH

developed as antineoplastic. .
High toxicity Hom
NH, | HzN

Paromomycin: an aminoglycoside o/m}. o
antibiotic, inhibits protein synthesis by o] OH
binding to 16S ribosomal RNA. Drug

0 OH

7 resitance




Drug therapy against Trypanosomiases
Drugs for HAT treatment

Eflornithine (DFMO) is an irreversible inhibitor of ornithine CHF,
decarboxylase (ODC). Eflornithine is effective only for West 1, \ l_ o
African sleeping sickness (caused by T. brucei gambiense); H,N

it has no effect on East African sleeping sickness (caused OH

by T. brucei rhodesiense).

Melarsoprol is a very toxic, arsenic-based drug N—
against all Trypanosomiases. It inhibits the H2N4<\ N

pyruvate kinase and other thiol proteins (also N‘< s OH
TR) High toxicity. HNOA\SS

Drugs for Chagas Disease treatment

T\ e c°
Benznidazole. covalent modification of biomolecules, due to i ()\%/

NH,

the generation of ROS from reduction of the nitro group. H h o
High toxicity, poor efficacy in chronic phase. 7%
Nifurtimox, the second line treatment, is prescribed in O
cases where benznidazole is not well tolerated. Its mode of
action, again, relates to the reduction of the nitro group,
leading to the formation of ROS, High toxicity eox@/ﬂ\_,/N“N/\\

\ ,I}I o) g=0




Irypanotnione, a glutatnione-spermidine conjugate
protects parasites from oxidative damage

Hsn'i{i\r“\(&«\ﬁj\
i~ Jir K

Trypanothione disulfide
TS,

Tr;:_gznut‘;:l;iszne 1 . Alan Fairlamb
Active form

Trypanothione is a polyamine dithiol active in its reduced form T(SH), and

protects parasites from oxidative damage.

It is used by the enzymes tryparedoxin/tryparedoxin peroxidase to reduce the
hydrogen peroxide produced by macrophages during the infection.

It is essential for the parasite survival and virulence and it is absent in
mammalian cells.




Trypanothione metabolism
2 Glutathione + Spermidine —

Trypanothione

Trypanothione

SH
0 0 0
H H synthetase H
HOWHLNNJ\OH + HENM’NWNHE o Dﬂ'ﬁ:ﬂwﬁﬁﬂ‘l\
NH, 0 MO g Ao BH 1
H &H
H
/\ rTai\ﬁﬂ\g-HmJ
0.t
H o
Q

Trypanothione T[SH]2
reductase

The enzymes of the
A A\ P y

trypanothione metabolism are
good drug targets because are

/\ essential and unique

TXNIS],

TXN[SH], Tryparedoxin

S N

ROOH Tryparedoxin ROH + H,0
peroxidase

Colotti, Ilari, 2011. Polyamine metabolism in Leishmania:
rom arginine to trypanothione, Amino Acids



TR is a homodimer. Each monomer is formed by three domains

-terminus

L] interface domain B FAD binding domain [ NADPH binding domain



The residues involved in the TS, reduction are: Cys52,
Cys57, His461" and Glu466’

NADPH + TS, + H* - NADP* + T(SH),

Oxidized
trypanothione

Glu 466’

N
One of the protein cysteines, Cys52, is activated similarly to cysteine proteases
by the His461°-Glu466’ pair and reacts with TS, to produce a mixed disulfide

ollowed by nucleophile attack of the second protein cysteine (Cys57) on Cys52




Leishmania TR vs human GR
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Reduced
glutathione
GSH
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The residues lining the active sites are identical among TRs

Violet indicates identical residues

TRs from all Trypanosomatidae
share at least
67% of primary sequence,

with >82% identity among
Leishmania spp. and >80%
among Trypanosoma

SPP.

Similarity reaches 100% for
residues shaping both substrates’
binding sites,

14 57 100

The dimer of TR from T. brucei (PDB: 2wow) is colored
according to the percentage of residues identity with respect

to other TR (Battista et al. Molecules 2020)

1. A good TR inhibitor can be used

to find a broad spectrum anti-
trypanocidal drug

2. We have used both TbTR and LIiTR for
Our structural studies




Antimonial drugs inhibits TR with high efficiency

The measured K; for Sb(lll) is 1.5 + 0.4 yM indicating that Sb(lll) is
a very effective inhibitor of the enzyme.

Baiocco P, Colotti G, Franceschini S, llari A. Molecular basis of antimony
treatment in leishmaniasis. J. Med. Chem. (2009) 52(8):2603-12.




Different approaches to find new lead compounds targeting TR

1. Drug Repositioning or repurposing involves the investigation of existing

drugs for new therapeutic purposes.This approach would allow pharmaceutical
companies to save money reducing the number of required clinical trial

2. Structure-based drug discovery. This method exploit the knowledge of the
protein structure and of its complex with inhibitor to design new drugs

3. High throughput screening. Using robotics, data processing/control
software, liquid handling devices, and sensitive detectors, high-throughput
screening allows a researcher to quickly conduct hundred of thousands of
chemical, genetic, or pharmacological tests.

4. Fragment-Based Drug Discovery (FBDD). FBDD is a powerful method to
develop potent small-molecule compounds starting from fragments binding
weakly to crystallized targets

5. PROTAC: Proteolisis Targeting Chimeras.
Degradation of target protein through UPS



Drug Repositioning: Auranofin bind to and inhibits TR

cytotoxicity

Auranofin is by the World Au
Health Organization as an ACO NP
antirheumatic agent

(brand name Ridaura).

AcO"™
OAc
Co-crystallization with TR: Au binds to the

residues involved in trypanothione reduction,
andthe 3,4,5-triacetyloxy-6-

(acetyloxymethyl)oxane-2-thiolate competes with

Compounds K, (nM) 1C50(M)
Au (I11)
AuCl, 1605 10.1
[(bipy)Au(OH),][PF] 40+15 8.8
Auoxol 68120 22.8
Au(Pbi)Cl, 90420 6.6
K[Au(Sac),] 200+70 14.9
[Au(NNO)CI] 25000+8000 6.1
[Au(pyox*r)Cl,][PFg] 75420 1.4
[Au(pyox®")Cl,][PF¢] 185+40 5.05
Au(ll1)+Au(l)
[CLAU"(Pbi)Au'(PPh,)][ 22111 0.6
PF¢]
Au(l)

<@n 155435 b
K[Au(Sac),] TA0£30 52.7
[(TPA)Au(Sac)] 50+18 8.5

Auranofin is able

To inhibit promastigote with an
I1C;,=9.68 uM

Ilari, Baiocco, Messori, Ho;
Amino Acids (2012), 42:803-811.

the binding of trypanothione

ramiccia, Di Muccio, Colotti;



Structure-based drug discovery: we start to screen of GSK
LeishBox compounds as TR inhibitors

GlaxoSmithKline whole-cell HTS against L.
donovani, T. cruzi and T. brucei vs. human

TR Inhibition
ICs,

GR Inhibition
ICs,

cells (THP1-derived macrophages, HepG2), 0,5210,14uM  No inhibition
allow
to screen a library of 1.8 million compounds: 5,58 £0,86 pM  No inhibition
Leish-Box: 192 compounds vs. L. L 22O [ 3,2 UM
Sl 1,96 £ 0,30 uM 3,7 UM
Chagas-Box: 222 compounds vs. T. cruzi S A H
HAT-Box: 192 compounds vs. T. brucei

0 92.¢co R ds vs bruce 0,19 £ 0,08 uM  No inhibition
llari A, Fiorillo A, Colotti G. et al. Toward a Drug Against All
Kinetoplastids: From LeishBox to Specific and 2,24 £ 0,52 uM >25 UM
Potent Trypanothione Reductase Inhibitors. Mol Pharm. 2018 Aug
6;15(8):3069-3078.

5,96 + 0,84 uM >25 uM

The compounds with best selectivity index are 4:
have similar structures;
also inhibit T.brucei and T.cruzi;
Al/7 is the only compound in common in all 3
GSK boxes




Structure-based drug discovery: we start from the X-ray
structure of TR from T. brucel in complex with A1/7

. Pro398
b a eusggb a Based on the structure of

| the complex we design
Va'53’ . new and more potent
Lys61 _ Cys52 "

inhibitors
&y .': i
= @ Pro462

Cys57
Fo — Fc map contoured at 2.5 o NF2860, NF2897, NF2859
U 7 T ) ) NF2895, NF2896
ound In the IS, cavity . ‘ MeO N
l MGO{@:B:
VNS
NF2890
NF2897 N f (-7
NF2859, \('\O \. NP r%pzsss
NF2894 NF2860,  NF28s56, ) NF2895,
NFzssz—/ NF2890,  NF2857, NF2896
~--""NF2g97 NF2859, NF2959
NF2894,
NF2896
Leu399
Pro398
0\\
Valsg N’ \\
H O LysGl

Pro462



Structure-based drug discovery: compounds inhibiting
TR in the nanomolar range.

o O e

NF2860 o 6.63+0.39

NF2890 L 4 e 6.44+0.32 0.36

NF2897 (i[> 6.72+0.57 0.19
S o

NF2954 O i D¢ 6.6120.15 0.25
oy

NF2975 He o e 7.-01£0.56 0.10

SEca sl
NF2955 Ot D¢ 6.7220.67 0.19




Structure-based drug discovery: Conclusion

We succeed in finding "N H 3
A TR inhibitor in the nanomolar o U\« @ NF2975

Range (ICg, (NF2925)=100 nM) o
Carboxamide
moiety
Nitro group Not very important _ _
Sulfamoyl amino group important

Essential

\\\ - it
2 LT e \.
i I | N\||‘ S“ I

I

I\

_ Methoxy groups decreases
Thiophene group  the affinity of the compound and
Very important Should be removed




High Throughput Screening on TR

HTS was performed a collection of approximately 120,000 small molecules through
the CNCCS public-private consortium ( ). A new homogeneous
bioluminescent assays was set up in which the residual NADPH after reduction
of TS, is detected by a luciferine/luciferase based system.

A B
1) 250000+
Trypanothione TR Trypanothione ]
disulphide (TS2) /—\' > (TSH2) 200000+ —
= 1500004
NAD(P)H NAD(P)* Luciferin | 4
\ /‘ detection o 1000004
2) reagent .
Reductase » ]
/ \ 50000 -
Reductase I r T r T
cubstrate Luciferin 0 o - -

* Phosphorescence signal

NADPH] (uM
« At concentrations below 50 uyM the signal is linear [ 1 (uM)

o) @]
Substructure Ar)LN’fN‘rrR Ar)K/“N'R

O

o o} O O 0 /
Examp|es \N+ /S\ 'N.‘N»\VD % o 0 ’©)LO/\,N\/
) N

Compound 1 Compound 2 Compound 3
ICs ICsq ICs9
1764.9 + 371.2 nM 13279.6 + 2691.3 nM 7513.2 £ 2532.2 nM



http://www.cnccs.it/

Compound 3 binds to NADPH binding site

Compound 3-TR complex crystal structure: in the NADPH binding site

C3-TR complex ( ) vs. TR in complex
C3-TR complex (magenta) vs. apo TR (blue) with NADPH (NADPH is colored green)
(C3is colored cyan)
N 6197/619§ 4

The site is unique, not present in GR

C3-TR complex (magenta) vs. apo GR
(yellow) (C3 is colored cyan) .
Y221, G229,R235,G223 are not

conserved in GR
Turcano L,...,Fiorillo A, Harper S,

Bresciani A, Colotti G, Ilari A. PLoS Negl
Trop Dis. 2018 26;12(11):e0006969




Compound 1 binds to Trypanothione binding site

Compound 1 from the HTS on TbTR (3097 compounds already
active on Trypanosoma brucei) IC50 of 3.5 2.2 uM

Turcano L, Battista T, De Haro ET, Missineo A, Alli C, Paonessa G,
Colotti G,Harper S, Fiorillo A, llari A, Bresciani A. Spiro-containing
derivatives showantiparasitic activity against Trypanosoma brucei
through inhibition of thetrypanothione reductase enzyme. PLoS Negl

Trop Dis. 2020 May 21;14(5):e0008339.




High Throughput Screening on TR: conclusion

Trypanothione ~ \ NADPH
Binding st 948 %, o

Compound 1:
IC50=3.5 uyM

Compound 3: IC50=7.5uM



Screening (semi)automatizzato

Diamond L ) ] ) )
Fragment di piccoli composti (max 2-300 uma) in cristallo
Screening
Consente di identificare: Screening=» Fragment Hits = Design
- Nuovi leads P L)
Fragment-based screening is now well-established as

a powerful approach to early drug ("lead") discovery. - Nuovi siti di legame

Il target deve avere un buon
«comportamento cristallografico»

TR di Trypanosoma brucei € un target ideale:
- Cristallizzazione riproducibile

- Diffrange a 1.6-2A

- Non richiede crioprotezione

- Tollera bene DMSO




Library testata: DSIP ("Diamond-SGC-iNEXT Poised library")

design principle is to allow rapid, cheap follow-up synthesis to provide quick SAR data.
Poised fragments contain at least one functional group which can be synthesised using a robust, well-

characterised reaction. Reactions include amide couplings, Suzuki-type aryl-aryl couplings and reductive
aminations.

The library is aligned with the availability of compounds in Enamine REAL Database. It is possible for
anybody to order a copy by contacting Enamine directly and mention "DSI-poised" and
Diamond/XChem.



https://enamine.net/hit-finding/compound-collections/real-database
https://enamine.net/

Sito TS2

| siti identificati in trypanosoma
potrebbero essere conservati o
meno in Leishmania.

Conservazione residui
Leishmania-Trypanosoma



Diamond
Fragment

Screening

Fragment-based screening is now well-
established as a powerful approach to early
drug ("lead") discovery.

v’ Cristallizzazione automatizzata

v' Composti aggiunti tramite ultrasuoni

v Supporto software per gestione e analisi
dati

v Analisi PanDDA per identificazione di hit

il

TeXRank Echo Shifter = o -
Crystal targeting Crystal soaking Crystal mounting
t
= | ISPyB
N " sample
— B | registration

soakDB 104-1

Data collection

. Library

hetsoor

~ PanDDA

|
~ | Hitdetection

XCE-Coot

== Model refinement



PANDDA Processing Output

Summary of Processing of Datasets

RISy v Nel 69% dei dataset si & osservato un ‘evento’

Analysed: 356 _

v’ Testati pit di 300 composti

(legame, var. conform,, ....)

v Gli ‘eventi’ vengono clusterizzati in base al sito.

Interesting: 249 _

Sitel
L’analisi preliminare ha identificato 33 siti. |I.|lIlllIIIIIIllll.||.||||||||l||||||

Il-l.Il!“l!ll!l!ll!l!‘!ll!lll!
' Ste3
N ————
= Site 4
o

Site 5

[T
1 3 10 5 20 25



data analysis with XChem Explorer (XCE)

357 datasets analysed with PanDDA
249 classified as interesting

$

480 events clustered in 33 sites.

21 ‘true’ binding events in 8 sites

26 (TS, 5
® 12 fragment hits (res. 1.6-2.0 A) 14-15 (NADPH) 4 }
= 5 independent binding sites 5 2

7-9

1
21 1



Effetto analisi
PanDDA

Sito NADPH (sample 90)

CE1/230 PHE/B CE1/230 PHE/B

Mappa classica Analisi PanDDA



21 eventi i binding ECCN N I

5 siti reali 2-6 (TS2) 69, 71, 109,
221,371
12 ligandi (risoluzione 1.6-1.974) 5 2 60, 90
(IRBM3)
Sito TS2 79 1 %
(sito ...) 14-15 4 64, 68, 90,

Sito NADPH (NADPH) 117
21 1 296




—>

Porzione che punta
verso l'esterno



Frags in proximity of NADPH-site: the doorstop-pocket

‘door opening’
needed for NADPH binding in NAD-FAD reductases

Apo or frag-bound TbTR NADPH-bound

Silvestri et al., ACS Chem Biol, 2018 (SmTGR:WBredoxin-
glutathione Reductase from Schistosoma Mansoni)



Frags in proximity of NADPH-site: the doorstop-pocket

14-15 (NADPH) 4 NADRHzsite s ) 'fragments—site
(doorstop-
ocket

74 | \ 5

o N

0 0 \
77N
CHs
HaC 90 5 117
/

N / N/<

\ | S NT

o N =~

o SO
CH,

We are interested in developing inhibitors starting from the identified fragments



Frags in proximity of NADPH-site: the doorstop-pocket

‘door opening’
needed for NADPH binding in NAD-FAD reductases

€@ doorstop

' aiil
NADPH-bound Apo or frag-bound TbTR
TbTR

= |igand-binding at the doorstop pocket hampers the shift T
of aromatic residue hampering NADPH binding » TR inhibition




/-site in the typanothione binding site

H
NH o°jr” \ - VEcusis
Y Zte
o} o} SH ?
SH

. HJN) MB! @\( \‘7( ‘
Trypanothione " J:l(“ \)Lu ] ? W

o0

{
HaN 52 /C57

Ko L

chlorpromazine trifluoperazine 1




Catalitic Cysteines

Piperazine ring
Electrostatic interaction with Glu467
Shape complementarity

221



Design of fragment hybrids

__________________

HORAe

T

NYN

JC33 - 2 frags derivative

SEG6 - 3 frags
derivative

NH



Three compounds with high inhibitory capacity

9 AC7

10 SE13

14 ADFO1

oD Lo

o

. Niﬂ o 2

1/v
x10° M1.s?
7.5 50 uM trypanothione
R? =0.9874
°
5.0 o

K, =55%*0.2 ul;l

N

100 pM trypanothione
R? = 0.9876
200 pM trypanothione

"/:/._/‘/ R? = 0.9979

[91
-2 2 4 6 (uM)
v
x10% M1s?
25 uM trypanothione
R? = 0.9911
2.0 50 uM trypanothione
R? = 0.9839
1.0 . i 100 pM trypanothione
K, = 0.2 + 0.1uM L/g/'/’/ R? = 0.9887
o [10]
7 2 4 (uM)

1V
x10° M1.s?

1.5

1.0

0.5
K, = 0.8+0.2 uM

2

50 pM trypanothione
R? = 0.9956

100 pM trypanothione
R? = 0.9847
200 uM trypanothione
R? = 0.9728

[14]

-2

2 4 6

(uM)



I N'i'N a2
10 SE13 qﬁ/é‘wﬁw

e € @
14 ADFO1 qﬁﬂ“ﬁfﬂm@ @ . ®




Compound

9 AC7

10 SE13

14 ADFO1

Compound

9 AC7
10 SE13

(; 14 ADFO1

|C50 LiTR | 1c50hGR (um)

(UM)
20.5+2.0 62.4+12.4 3.0
@_ [
.J i? N
5 S 1.31+0.07 2.3+0.1 1.7
2 2.35+0.21 3.7+0.3 1.6

Axenic
Amastigote

EC50 + SE (uM)
(95%Cl)

10.43 + 1.1 (8.3-
13.2)

11.0+1.9
(7.633-15.89)

8.98 + 0.4 (8.2-
9.9)

macrophage Intra-Macrophage

CC50 + SE (uM) | Amastigote

(95%Cl) EC50 + SE (nM)
(95%Cl)

29.9+£4.2(22.5- 15.32+2.3(11.34- 2.8

40.1) 20.71)

12.5+0.8 (11.1- n.t. 1.1
14.3)

12.7+0.9 (11.1- 40% of reductionat 1.4
14.7) 12.5 uM



Fragment-Based Drug Discovery: Ligands at
the TS, binding site

These ligands are cose and/or
Superimposed in the trypanothione
binding sites and can be used to
synthesize new and more effective
lead compounds



Innovative strategy: TR degradation through
UPS

Proteasome

4 O
-
N
SH o
CATP
step 1 \"PAMP+PP,

E1= ubiquitin activating enzyme
E2= ubiquitin conjugating enzyme
E3= E3 ligases



Polyubiquitination can interest one of the 7 ubiquitin lysines.

Ubiquitination through K48 determine the degradation of the target
through UPS




PROTAC: PROteolysis TArgeting Chimeras

POI: Protein of Interest

PROTAC
4 . o
<\ L St PROTACactiy___|
E3 linker PO
ligand ligand b "
" Ub
M W b
proteasome Ub

4 A |
Degraded POI




PROTACS design

PROTAC
E3 binder
Graphical abstract Asatsuma-Okumura et al.
Non-ubiquitination/
destablization =~ %=
CD147/MCTH "-..,,_.‘
\-\-
SALL4, p63 \\ -
—'e® - I B
g Ubiquitination/
degradation
+Thalidomide e _
MEIS2 g Teratogenic effects
'
Stabilization/ === Human CRL4
accumulation

Fischer et al. (2014) Nature
oCRBN (cereblon) - CRL4 = E3 ligase complex Gu et al. (2018) Bioassays

Bricelj et al. (2021) Front Chem




X-ray structure of the complex between thalidomide and CRBN (PDB code: 4CI1)

Thalidomide and CRBN residues interacting with it are represented as sticks and
coloured by atom type (N, blue; O, red; C, yellow and green for thalidomide and
CRBN, respectively). Other residues are as ribbon and coloured green, in the
thalidomide binding domain, and blue, in the rest of CRBN




PROTAC are already in clinical
trials: promising strategy for cancer
therapy

o HO
POROS: & O S
F NH
o =
N7 & N N‘/ N{):O
evs e

(2) ARV-110 (3) ARV-471

O /~N s
O H m»
Cl N
(4) ARV-766

Biopharmaceutical company ARVINAS has three
candidates in clinical trials for the treatment of
prostate and breast cancers (ARV-110 (2),35 ARV-
471 (3),36 and ARV-766 (



Looking for the E3-ligase in Leishmania

PROTAC

!

E3 binder
Structure’
0 Model Confidence:
Thalidomide =
NH Confident (90 > pLDDT >
70)
0 N’, o) Low (70 > pLDDT > 50) 5 P
o I Very low (pLDDT < 50) TN
AlphaFold produces a per-residue
confidence score (pLDDT) between 0 o
and 100. Some regions with low pLDDT
may be unstructured in isolation. "
J
A4HTX8 - A4HTX8_LEIIN &
SOURCE IDENTIFIER METHOD RESOLUTION CHAIN POSITIONS LINKS
- Select - v - Select - i/
eLeishmania protein containing a putative
Thalidomide T;‘p Too Flexible NO

CRYSTALS !!!
Fischer et al. (2014) Nature
Gu et al. (2018) Bioassays
Bricelj et al. (2021) Front Chem

Binding Domain

LiE3lig
HsCRBN




Ki=0.12 uM {Khan et al. 2000
ICS0= 4 ug/mlL

TR inhibitors

A

H\Nf I Cl G ijl\ |

¥i= 6.5 uM (Benson et al. 1982)
1C50=15.45 ul

Ki= 1.0 uM {Fafterson ef al. 2011]
No data on Leishmania



ldentification of TR binders

100 uM NADPH, 150 uM trypanothione, 25°C, pH 7.4

10 uM PROTAC, 100 uM NADPH, 150 uM trypanothione, 25°C, pH 7.4

o
=
(]

S
§ 60
120 § 40
£
5 0 IC5 = 0.83 2 0.29 uM
100 2
10° 10° 107 10° 10° 10° 10°
. [AS105HCI] (M)
>, I The best TR binder = AS105 '
- 80 J- B (x10° M".cm) 150 uM TS2
> T 0.6
- 1 H [: E[ 100 uM TS2
g 60 Nrowow” ) o 0s v 50;47'52
o o
= 40 oﬁ y
'J S /
5 0 5 10 [AS(‘:;;‘C“
20 K=27%0.2uM
W
C ("105:'1-“’"") 10 M AS105
1.
"%
éQ- QC\'Q} (;(/\'qa \Oe)b‘ (9‘\90) 4 5pMAS105
’\ ?. 0.5 °
o 1 uMAS105
0 pM AS105

S 1 1/[AS105HCI]
@ D\ O O -002 -0.01 0 0.01 0.02 003 (UM

N Cl N
|\L Cl Cl N7 SN

O |
s
L i 2
/N |
Cl

Ki= 0.12 uM (Khan et al. 2000) Ki= 6.5 uM (Benson et al. 1992) Ki= 1.0 uM (Patterson ef al 2011)
/C50= 4 ug/mL 1C50=15.45 uM No data on Leishmania




Crystal structure of TbTR bound to AS105

o Crystallographic structure of TR from Trypanosoma
brucei bound to AS105 at 2.1A resolution

~the linker seems too short
Trypanothione

AS105 cavnty




Linker optimization
.\li(\::/g\\/o\/\NJ?\/o\/\N

120 10 uM PROTAC, 100 uM NADPH, 150 uM trypanothione, 25°C, pH 7.4
AC30
100 H
Q\ o
H
0/\/0\/\ N J\/O\/\O/\./O\/\O/\/ N

ET29 "

.“ s T @@
® . B
N RE32

;““‘

o]
.\/\ /\/0\/\ —f.
/yJ

AGZ19 -

LiTR activity

AC30=AP41




Linker optimization

Axenic amastigotes Amastigotes intra macrophages Cytotoxicity
1C50 (uM) % growth inhib (macrophages)
CC50 (uM)
AC29 8.3+04 6.0+1.7 25-50
AC30 9.86+0.4 1.5+0.7 25-30
ET29 20.6+1.7 9% at 1 uM 20
ET33 235+15 nd nd
RE32 27.0£2.7 high <25
AGZ19 224+29 low >50
;/"’—A!/ \\\"‘u
L~ N\
[ \\

ST,
;\—, -
a\‘f\Q (

e

amastigote

AC29 :
.v\o/\/o\/\ NJ\/O\/\ N
H H
@~
e

O
E;\Z\/go\/\u)j\/o\/\o/\/o\/\o/\/n
ET33 .
NH
(\ J\/\O/\/O\/\N. I

N RE32 -47
ij

o]
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The AP41/AC30 compound binds TR thereby inhibiting

Its catalytic activity with high efficiency

A

TbTR-AS105

TbTR-AP41

-
o
(=]

% activity
= [=2] o]
(=] (=] (=]

n
[=]

100

@
[=]

% activity

[=2]
[=]

-
(=1
(=]

- (=2
(=]

n
=]

=1

40 .
\\ 20}
\- 0 r\:l‘--_
Sl=9.4 ) Sl >30 X
8 7 6 5 4 8 7 6 5 4
Log,, concentration (M) Log,, concentration (M)
z AP41 1oL AP42
TN
80 80 ‘\
£ w0 ) £ e \
] @ 40 .
E R E
| *a .
S| ]
S| = BLA o| S! = BLA
8 7 6 5 4 8 7 6 5 4

Log,, concentration (M)

compound LITRIC50 (uM) | HsGR IC50 (uM) Sl

AS103 (DHQ) 15.7 +/- 0.2 ~ 100 uM 9.4
AS105 (Short PROTAC) 4.0 +/-0.6 >> 100 uM >30
APA41 (Best PROTAC) 3.2+/-0.6 >> 100 uM >30
AP42 (methylated PROTAC) 3.4+/-0.3 >> 100 uM >30

Log,, concentration (M)



Proteomic experiments: the compound AC30/AP41
decreases the concentration of TR in the cell

Trypanothione reductase

LFQ intensity
B8
[ © o




LiTR detection

Western Blot analysis

Ak |

‘ o |

Western Blot to assess the degradation of LiTR

- Done on axenic amastigotes harvested 6
hours after treatment

- Axenic amastigote lysis

- Total protein content measured by BCA
assay

- 10 ug of lysate/well

- Housekeeper = alpha-tubulin

- On the left, results obtained for a total of
four independent experiments

- ANOVA analysis

- *p-value = 0,05

- **pvalue = 0,01



LmUbC4 - Fragment screening

UBC domain
Loops = E3 binding site

Catalytic cleft

BEE2  c.ceceesevseseenas e sseeenereesse n;nnxzvswcs}ﬂz V a
LmE2 s L
Lak2_FL MSGAGNLRSNRRREMDYMRLCNSTRKVYPSDIVAEFWVEFKGPEG iz Structure of LmUbC4 determnined by X—ray crystallography

UBC domain = canonical E2 fold

Some human E2 — Cter extensions (intrinsically disordered) — functions
Catalytic Cys = Cys93

HPN motif conserved (10 residues prior Cys93)

20 100 110 120

HsE2 TR DR Y L RPEEMK OKTRRIYTOKYIREE .. o oo ee e v et ALKEQEEGT...
LaE2 Eor Ll L HADRVGFIDALILABHN S THEREP OKALES TPEAYRP .. v v oo veens..s
tax2_rr  SEERENVORNNHLULHADRVGEDA LLREHY S THERYP OKALES IPEAYRPHONTHEEEPDEANA
— a4 a5 |—{a6]
130 140
HsE2 GDSSSE........ S8SMSDFSE...cccccnccscee DEAQDME......0u.n
IME2 it ee e e s s e e es e e s et s e e s s e e s e aeae s s te s st e e s on e

ImE2 FL KDTASDGPVNAGHSKGLTDSSVIPTEDHRVMHDDIAIDGDEDVEAEYEPEEIDL




LmUbC4 - Fragment screening

90° 90°
\
A -6‘«,' \* <P %Df,\\ CP { ‘tx?f Framgent screening = identification of
O e g : LmUbC4 binders
+ o' €
% 90° Identification of ligand binding in LmUbC4

cavities away from the catalytic Cys93.

]~
. 1 { 5 main cavities:
‘ o +E) ’ One of them = “D144 cavity”
}o - 5 fragments were identified
i - Away from Cys93
—S_ 20 - Only partially conserved (compared to
} X the closest human homolog)

466
733
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