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Abstract

Well-validated chemical probes enable testing of biological hypotheses, investigation of target tractability and translatability to the
clinical phase. Consequently, these important tool compounds play a key role in the drug discovery process. Moreover, their use for

target validation may ultimately help to decrease the attrition rate encountered by new molecular entities in clinical trials.

Despite the number of publications describing well-validated chemical probes, for several reasons, it remains a difficult challenge to
identify and select the appropriate high quality molecule enabling the desired biological and pharmacological studies in the relevant
disease model. Various reports describe sets of principles to be fulfilled by high quality chemical probes, which mainly rely on verifying
that chemical probes are potent, engage their intended targets in the relevant cellular model, have sufficient exposure at the desired

site of action and express functional pharmacological activities by a selective modulation of their targets.

Classical chemical probes include low molecular weight ligands, which inform on the functional consequences of interacting with a
particular biological target in a model system. To get information on other parameters (such as sub-cellular distribution of target or
compound) different tools may need to be used, often requiring specific chemical functionalization in order to observe the molecule

using the currently available technologies.

Compared to classical chemical probes, bioorthogonal probes can also be small molecules that elicit a functional response but with
the additional advantage of being able to undergo reaction with a variety of chemical reporters (e.g. fluorophores) in situ, in biological
model systems such as cells and animals. Therefore, this increases their versatility; for example, their visualization using imaging
technologies (bioluminescence and fluorescence imaging) can provide important insights on compound permeability, intracellular
distribution, and potentially co-localization with its protein target in relevant cellular disease models. Hence, the use of a bespoke

bioorthogonal probe may answer key biological questions, which are usually only addressed by using multiple classical probes.

Herein, we describe the design and the synthesis of bioorthogonal probes to study the inhibition of the p53-Mdm?2 protein-protein
interaction. Furthermore, we report the development of a set of assays based on fluorescence and bioluminescence techniques

enabling the validation of these molecules in a cellular osteosarcoma model.

Our approach for chemical probe design and validation in cellular disease models may be applied in principle to a wide range of novel

drug discovery projects to provide early mechanistic understanding.
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Tesi Abstract

L'utilizzo di “Chemical probes” ampiamente confermati sperimentalmente permette di testare ipotesi biologiche, investigare la
trattabilita’ di proteine bersaglio e la trasferibilita’ dei dati sperimentali di laboratorio alle seguenti fasi cliniche. Inoltre, il loro uso

nello studio di proteine bersaglio puo’ aiutare a diminuire gli atriti riscontrati da nuovi potenziali farmaci negli studi clinici.

Per svariate ragioni ed a dispetto del crescente numero di pubblicazioni riguardanti i “Chemical probes” e’ ancora difficile identificare
e selezionare le molecole piu’ appropriate per lo studio biologico e farmacologico di modelli sperimentali di patologie. Sebbene un
gran numero di ariticoli scientifici descrivano un elenco di caratteriche che un “chemical probe” debba soddisfare per essere
considerato valido, sostanzialmente tutte queste pubblicazioni fanno riferimento alla potenza di queste molecole, alla loro capacita’
di colpire le proteine bersaglio in modelli sperimentali di patologie, alla loro concentrazione al sito d’azione ed infine alla loro

capacita’ di attivare un risposta farmacologica grazie alla modulazione dei loro bersagli biologici.

| classici “chemical probes” forniscono informazioni sugli effetti scatenati delle loro interazioni con le proteine bersaglio in modelli
sperimentali. Comunque, per ottenere informazioni, per esempio sulla loro distribuzione nei vari compartimenti cellulari, e’ richiesto
I"utilizzo di varie tecniche avanzate d’indagine o e’ necessario modificare i “chemical probes” redendoli visibili con le attuali tecnologie

di microscopia investigativa.

A differenza dei classici “chemical probes”, i “bioorthogonal probes” permettono anche loro di scatenare un effetto farmacologico,
ma allo stesso tempo hanno il vantaggio di poter essere modificati attraverso reazioni chimiche con agenti fluorescenti o
bioluminescenti in situ, all'interno del modello sperimentale cellulare od animale. Queste molecole dimostrano una superiore
versatilita’, consentendo di ottenere informazioni sulla loro permeabilita’ cellulare, sulla loro distribuzione nei compartimenti cellulari
e sulla loro colocalizazzione con le proteine bersaglio. Quindi I'utilizzo di uno specifico “chemical probe” puo’ aiutare a capire processi

biologici chiave che sono di solito studiati con I'uso di diverse molecole e varie tecnologie analitiche.

Qui descriviamo il disegno e la sintesi dei “bioorthogonal probes” per studiare I'inibizione dell’'interazione fra p53 e Mdm?2, inoltre,
descriviamo lo sviluppo di saggi basati su tecniche di fluorescenza e bioluminescenza che permettano lo studio e la validazione dei

nostri “bioorthogonal probes” in un modello cellulare di osteosarcoma.

Questo studio, infine, ci ha portati a ritenere che il nostro approccio per il disegno e la validazione di “chemical probes” possa essere
applicato ad un ampio numero di progetti di ricerca di nuovi farmaci per fornire nelle prime fasi sperimentali importanti informazioni

sui meccanismi biologici sotto investigazione.
Parole chiave
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Figure 3.3-5 Depicted in the picture an IED-DA and a SPAAC reaction. In (a) the IED-DA between 3 and dye 2
generates a mixture of bioorthogonal products. While in (b), upon SPAAC between 7 and dye 7 a single
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Figure 3.3-6 LCMS analyses of reaction between 6 and dye 2 (1 : 4 cmpd to dye) at final concentration of probe
equal to 0.42 mM. Depicted in the picture (a) LCMS analyses at t= 0 (just after the addition of the second
reagent) and (b) at t= 4h. In (a) from top to down 6, dye 2 and reaction mixture. In (b) LCMS showed mixture
of bioorthogonal product regioisomers; confirmed by MS of major peaks (Adapted from D'Alessandro, P.L., et

al. Angew. Chem. INt. Ed. ENGL., 2016). ........ccoocuueeeiieieeiiieeeeiieeeeiiee e eiree e s itteeesteaessaseeesbaeessataeessareeesbaeaenssneaenes 77

Figure 3.3-7 LCMS analyses of reaction between 7 and dye 7 (1 : 4 cmpd to dye) at final concentration of probe
equal to 0.42 mM. Depicted in the picture (a) LCMS analyses at t= 0 (just after the addition of the second
reagent) and (b) at t= 4h. In both (a and b) from top to down 7, dye 7 and reaction mixture. Reaction went to
completion when analyzed at 4h with formation of bioorthogonal product. (Adapted from D'Alessandro, P.L.,

et al. Angew. Chem. Int. Ed. ENGL., 2016). .....cccccireinierieniinienieeitesie sttt sttt ste st e st sasestesatesbesasesteeatesbesaneee 77
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Figure 3.3-9 Intracellular distribution of fluorophores incubated at 1 uM for 2 hours on fixed SISA-1 cells. The
image sections show the distribution of dye 1-4 (picture (a) to (d) respectively) and of dye 6 and 7 (pictures
(e) and (f) respectively). Images were recorded by IN Cell Analyzer 2000 using the 20 x objective and the FITC
channel (green) for dye 1, 3, 4, and 7 or TexasRed channel (orange) for dye 2 and 6. Image sections are

illustrated USING @ 1:2 ZOOM fACTOT. ..eiiiiiiiiiieert ettt sttt sae e s b e smneenbeesaneeane 79

Figure 3.3-10 Intracellular distribution of fluorophores incubated at 1 uM for 2 hours on live SISA-1 cells. The
images sections show the distribution of dye 1, 2 and 4 (pictures (a) to (c) respectively) and dye 6 and 7
(pictures (d) and (e) respectively). Picture (e) shows that negative control, dye 9, is not cellular penetrant as
only the Hoechst nuclear staining is visible. Images were recorded by IN Cell Analyzer 2000 using the 20 x
objective and the FITC channel (green) for dye 1, 4, 7 and 9 or TexasRed channel (orange) for dye 2 and 6.
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Figure 3.4-1 Bioorthogonal reaction between compounds 3, 4 and 5 (from top down on fixed cells) and dye 1.
The cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16 uM for 1h at
37°C and 5% CO,. After fixing the cells with 4% PFA the cell were treated with dye 1 (1 uM) (green staining)
for 1h. Following some washing steps, the nuclei were stained with Hoechst dye (blue staining) before

imaging. The picture clearly showed a dose-dependent increase in fluorescence upon reaction. ................. 81

Figure 3.4-2 Bioorthogonal reaction between compound 3, 4 and 5 (from top down on fixed cells) and dye 2.
The cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16 uM for 1h at
37°Cand 5% CO,. After cells fixation the dye 2 was incubated (1 uM) (red staining) for 1h. Straight after nuclear
staining with Hoechst (blue staining), the imaging was performed. A dose-dependent increase in fluorescence
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Figure 3.4-3 Bioorthogonal reaction between compounds 3, 4 and 5 (from top down on fixed cells) and dye 4.
The cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16 uM for 1h at

37°C and 5% CO,. After cells fixation the dye 4 was incubated (1 uM) for 1h (green staining). Straight after
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nuclear staining with Hoechst (blue staining), the imaging was performed. A dose-dependent increase in

fluorescence upoN reaction Was ODSEIVEA. ........cc.eiiiiiiiiiiiie e et e e e e b e e e sabaeeeaaeas 82

Figure 3.4-4 Bioorthogonal reaction between compound 7 and dye 6 (a) (red fluorophore) or dye 7 (b) (green
fluorophore). The cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16
UM for 1h at 37°C and 5% CO,. After cells fixation, a treatment with the dyes (1 uM) for 1h was performed.
Straight after nuclear staining with Hoechst (blue staining), the imaging was performed. A dose-dependent

increase in fluorescence UPoON reaction Was OBSEIVEM. ........c.eiiiiiiiiiiiiii i e e 83

Figure 3.5-1 Depicted in the picture the Dynamic Light Scattering on dyes. Dyes were tested at four
concentrations ranging from 0.5 uM up to 10 uM in PBS. Signal was normalized to background. The black line

indicates the threshold for aggregatioNn..........c.uii i et e e e e e rab e e e sbaeessataeeenns 84

Figure 3.6-1 Intracellular reactions of bioorthogonal probes and dyes in fixed SISA-1 cells. Compounds were
incubated at seven concentrations in the range 0.0.158 — 15.8 uM with SJSA-1 cells at 37 °C and 5% CO; for
1h. The cells were fixed with PFA. The dyes (1 uM) were applied to the cells. The bioorthogonal reaction was
run for 2h at R.T. Nuclei were stained with a treatment of Hoechst dye for 10 minutes before imaging.
Depicted in the pictures: (a) reaction with dye 1; (b) reaction with dye 2 and (c) reaction with dye 6 and 7.
Images were acquired with an InCell2000 high throughput microscope (GE Healthcare) using a 20x objective.
Hoechst was excited at 350 nm and emission was sampled at 470 nm; Dye 1 (Bodipy-FL-Tz) and Dye 7 (BODIPY-
FL-BCN) were excited at 490 nm and emission was sampled at 525 nm, dye 2 (BODIPY-TMR-Tz) and dye 6
(TAMRA-BCN) were excited at 596 nm and emission was sampled at 614 NM. ........cccceeeviieeciieeeiiee e ens 85

Figure 3.6-2 Intracellular reactions of bioorthogonal probes and dyes in SISA-1 live cells. Compounds were
incubated at seven concentrations in the range 0.0.158 — 15.8 uM with SJSA-1 cells at 37 °C and 5% CO; for
1h. The dyes (1 uM) were applied to the cells. The bioorthgonal reaction was run for 2h at 37 °C and 5% CO,
for 1h. The cells were fixed with PFA. Nuclei were stained with a treatment of Hoechst dye for 10 minutes
before imaging. Depicted in the pictures: (a) reaction with dye 1 and (b) reaction with dye 2. Images were
acquired with an InCell2000 high throughput microscope (GE Healthcare) using a 20x objective. Hoechst was
excited at 350 nm and emission was sampled at 470 nm; Dye 1 (BODIPY-FL-Tz) was excited at 490 nm and
emission was sampled at 525 nm, dye 2 (BODIPY-TMR-Tz) was excited at 596 nm and emission was sampled
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Figure 3.6-3 SISA-1 cells treated DMSO control (a) and compound 3 at 1.6 uM (b) stained using with Dye 1
(green fluorescence) and Hoechst dye (blue fluorescence). The control sample did not show significant

staining of the fluorescent reported AYe 1. .......ccceeiireiieeieee e e e e seeesaeeeeeennae s 86

Figure 3.7-1 Depicted in the picture: (a) the chemical structure of compound 16; (b) intracellular distribution
of compound 16 incubated at 500 nM concentration with SISA-1 cells at 37 °C and 5% CO, for 1 hour; (c)
intracellular distribution of compound 3 incubated at 500nM concentration with SISA-1 cells at 37 °C and 5%

CO2 for 1 hour, followed by cells fixation and bioorthogonal staining with dye 1 at 1uM concentration.

Figure 3.8-1 Co-localization of probes and target using the fixed cell protocol. SJSA-1 cell were incubated
overnight with probes to induce Mdm2 overexpression in nuclei. Bioorthogonal probes were stained via
bioorthogonal reaction with different probes. Immunostaining of Mdm2 (Alexa Fluor 647 labeled antibody,

red fluorescence) and nuclei staining (Hoechst dye, blue fluorescence) allowed the imaging of the co-
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localization. Compound 3, 4 and 5 were stained with dye 1 (green fluorescence) (a) and dye 2 (red

fluorescence) (b). Compound 7 was stained with dye 7 (green fluorescence) (C)......cccccvveeevvireeevireeeciieeennnen. 88

Figure 3.8-2 Co-localization of probes and target using the live cell protocol. SISA-1 cell were incubated
overnight with probes to induce Mdm2 overexpression in nuclei. Bioorthogonal probes were stained via
bioorthogonal reaction with different probes. Immunostaining of Mdm2 (Alexa Fluor 647 labeled antibody,
red fluorescence) and nuclei staining (Hoechst dye, blue fluorescence) allowed the imaging of the co-
localization. Compound 3, 4 and 5 were stained with dye 1 (green fluorescence) (a) and dye 2 (red

L 0T =YY aTel=) I | <) FE SRR 89
3.8-3 Preferred Bioorthogonal probe and dye Pair..........ceecireuierieiiiece et ere et srae e e sneeenes 89

Figure 3.8-4 Comparative study of bioorthogonal probe-Mdm?2 co-localization. SISA-1 (a) and HT-29 (b) cells
were treated with compound 3. After staining with dye 1 (green fluorescence), Mdm2 was immunostained
(red fluorescence). Finally, cells were treated with Hoechst nuclear staining (Blue fluorescence). Following the
same procedure, SISA1 cells were treated with compound 15 as negative control (c) (Adapted from

D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. ENgl., 2016).........ccccueeeeiueeeeiiureeiiiieeeeiieeeeciveeescteeeeeiveeesssneeennes 90

Figure 3.8-5 The graph obtained from single-cell data analysis of normalized fluorescent signal of labelled
probe (3) versus immunostained Mdm2 reveals the correlation between probe in the nuclei and nuclear

Mdm?2 level (Adapted from D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. Engl., 2016). ...........cccouveeereenn. 91

Figure 3.9-1 Competition experiment for studying target occupancy of compound 1. SASJ-1 cells are treated
with compound 3 (0.5 uM) overnight at 37 °C and 5% CO,. (A) in absence of competitor (1) co-localization
between compound 3 (green signal) and Mdm2 (red signal) can be observed. (B) by treating the live cells with

compound 1 (15 uM), a reduction in the bioorthogonal probe signal is observed. ..........ccccceveevveeceereeenenn. 92
3.9-2 Structures of the LMW compounds 1, 9, 17, 18 and 19 and the stapled peptide 9. ......cceevvvvververnenne 93

Figure 3.9-3 Target occupancy of un-tagged Mdm2-p53 PPI inhibitors. Compounds belonging to different
chemical classes were used to compete the binding of compound 3 with Mdm2 in SISA-1 cells. The cells were
treated with 500 nM of compound 3 overnight followed by competition with increasing concentration of un-
tagged compounds. The percentage of probe competed in the nuclei represented the target occupancy of the

un-tagged compounds (Adapted from D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. Engl., 2016). 94
3.11-1 synthetic route for the preparation Of AYE 5 .......cociieieiiieeieeeeree e 101

Figure 4.1-1 Assessment of compound permeability using the “two step”approach. SISA-1 cells were treated
with increasing concentration of the bioorthogonal probe (0.016 — 15 p) for 2h at 37°C and 5% CO,_ After fixing
the cells with PFA solution, dye 1 (1uM) was incubated for 1h at R.T. Finally the cells imaging was performed.

(a) Compound 3 was stained with dye 1. (b) Compound 7 was stained with dye 7. Compound uptake was

detected with a LOD = 50 nM for compound 3 while a LOD = 160 nM was observed for compound 7......... 111

Figure 4.1-2 Peptides permeability assessment using the “two step” EID-DA approach. SJSA-1 cells were
treated with the labelled peptides at five concentration ranging from 5 to 80 micromolar for 2h at 37°C and
5% CO,. After fixing the cells with PFA solution, dye 1 (1uM) was incubated for 1h at R.T. followed by Hoechst
nuclear staining. Finally the cells imaging was performed. In (a) and (b) are the depicted the permeability
assessment for compound 10 and 11, respectively. Although, these peptides are derivative of the same parent

compound 8, a LOD of 5 uM was observed for 10 while 11 was detected only at 10 uM. Pictures in (c) and (d)
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are images of the cells treated with 10 and 11 at two concentrations, 5 and 80 UM or DMSO control, after

performing the “two step” approach for permeability study. ........ccceiiiiiiiiiiiiiie e 112

Figure 4.1-3 Peptide permeability assessment using the SPAAC reaction. SISA-1 cells were treated with the
azide labelled peptide, 14 at seven concentration ranging from 0.016 to 80 micromolar for 2 h at 37°C and 5%
CO,. After fixing the cells with PFA solution, dye 6 (1 uM) was incubated for 1h at R.T. followed by Hoechst
nuclear staining. Finally the cell imaging was performed. (a) permeability graph for compound 12. (b) images
of the cells treated with 12 at two concentrations (1.6 and 16 uM) or DMSO control, after performing the

“two step” approach for permeability STUAY. .......ccciiiiiiiiiiiie e e 113

4.1-4 Peptide permeability assessment using the “two step” EID-DA approach. SISA-1 cells were treated with
compound 12 at seven concentration ranging from 0.016 to 80 micromolar for 2h at 37°C and 5% CO,, After
fixing the cells with PFA solution, dye 1 (1 uM) was incubated for 1 h at R.T. followed by Hoechst nuclear
staining. Finally the cells imaging was performed. (a) permeability graph for compound 12. (b) images of the

cells treated with 12 at two concentrations (1.6 and 16 uM) or DMSO control, after performing the “two step”

approach for permeability STUAY. ......ccciiiiiiiiiic e e e e e e e ate e e e ta e e e e abe e e earaaeennree s 113
Figure 4.2-1 Schematic representation of the “three step” approach.........cccevveriieiiinenic e 114
FIUIE 4.2-2 BHQ1 QZIOE .uuviieiiieieeetee ettt ettt e ettt e e et e e e e ta e e e eab e e e e ttaeeeataeeeenbaeesnsseeeassaeeesnseeesnssaeennnns 115

Figure 4.2-3 Testing the bioorthogonal cycloaddition between dye 7 and BHQ-1 azide induced fluorophore
quenching. (A) To a solution of dye 7 in PBS (3uM) was added BHQ-1 azide in equimolar concentration or
DMSO. (B) To a solution of dye 9 in PBS (3uM) was added BHQ-1 azide in equimolar concentration or DMSO.
The reactions were placed in a fluorescence spectrophotometer and reading was performed every 5 min for

1 hour. (Ex wavelength = 490nm and Em wavelength = 510 NM)...cccoreriiineniienenieneneeseseese e 115

Figure 4.2-4 Intracellular quenching of dye 7 with BHQ-1 azide. SISA-1 cells were treated with dye 7 for 2h at
37°C and 5% CO,. Next cells were fixed with PFA and after washing, increasing concentrations of BHQ-1 azide
were applied (ranging from 16 nM to 15 uM). (A) A dose-dependent fluorescence decrease was observed
starting plateauing at 500 nM. (B) Cell imaging showed clearly a decrease in fluorescence. BODIPY

fluorescence (green) and nuclear staining with Hoechst dye (DIU€).......ccecvvereiriiiiniieiiereceeee e 116

Figure 4.2-5 validation of the “three step” approach using the bioorthogonal probe (7), dye 7 and BHQ-1 azide
on SJSA-1 cell. SJSA-1 cells were treated with (7) at five concentrations ranging from 1 to 20 uM. The
bioorthogonal probe staining were performed using the fixed cell protocol applying dye 7 at 1 uM
concentration. Finally, the quencher, BHQ-1 azide was applied to the cells (10 uM). The imaging was

performed after nuclear staining wWith HOBChST dYe. ......oocueieieereicece s 116

Figure 4.2-6 Testing the effect of quencher, BHQ-1 azide, on the cellular permeability assessment for the
bioorthogonal probe (7). SJSA-1 cells were treated with (7) at eight concentrations ranging from 0 to 15 uM.
The bioorthogonal probe staining was performed using the fixed cell protocol applying dye 7 at 1 uM
concentration. Finally, the quencher, BHQ-1 azide was applied to the cells (10 puM). The imaging was

performed after nuclear staining with HOBChSt dye. ....cc.ueviiiiiiiiiiec e 117

Figure 4.3-1 Bioluminescence imaging principle. D-luciferin is catalytically oxidized by Firefly luciferase to

[ 0 IO T 1= T =] L= T [ = 174 o U 118

Figure 4.3-2 The three main strategies applied to caged Luciferin BLI approaches.........ccccecvveeeiveeenvreeennnen. 118
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Figure 4.3-3 Mechanism of reaction for EID-DA between a TCO functionalized at the allylic position with a
carbamate (TCO*-Carbamate) and a Tetrazine (Tz) proposed by Robillard. The cyclization leads to the
formation of a bicyclic intermediate (a) which quickly isomerizes to the 1,4 tautomer (b). This tautomer
undergoes 1,4-elimination releasing CO, and an amine to afford (d). Subsequently (d) undergoes
isomerization to (e). The authors did not exclude the possibility that (d) could be formed by decarboxylation

of (a) or (c). Herein, we indicate for simplicity the (E)-cyclooct-2-en-1-ol as TCO* (adapted from R. M.

Versteegen et al., Angew. Chemie. Int. Ed. 2013, 52, 14112 - 14116). ..ccceeveeescrreeeireeeecrreeeeireeeeieeeesiveaennns 119
Figure 4.3-4 Structure of Compound 20 aNd 21..........ooiiiiiiiiiiieeiiiee e eere e st e e sere e e e srre e e sbreeesavaeesssaeaesnaes 120
Figure 4.3-5 Synthetic routes for the synthesis of compounds 20 and 21...........cccecireiiinieienennieneeienene 120
Figure 4.3-6 Synthesis of COMPOUNGT 22..........coiiiiiiiiiiiieiiieeceee et srre e e be e e s bae e s sbaeeseabeeessaeaesnnes 121

Figure 4.3-7 Reaction between the caged amino-luciferin, compound 21 and the tetrazine amino acid,

compound 22. The reaction was run in equimolar concentration of reagents (0.44 mM) in PBS at R.T.121

Figure 4.3-8 Reaction between the caged amino-luciferin, compound 21 and the 3,6-di(pyridin-2-yl)-1,2,4,5-
tetrazine, compound 23. The reaction was run in equimolar concentration of reagents (0.44 mM) in PBS at

2 PP 122

Figure 4.3-9 Mechanism of triazoline degradation upon diatomic nitrogen release suggested by Shea (adapted

from Shea, K.J. et al. Journal of the American Chemical Society 114, 4846-4855 (1992)). ........ccooveeevuveeennnn. 123

Figure 4.3-10 De-protection of the 4-benzyloxycarbonyl azide group triggered with TCO. (Figure adapted from
Chemical Science 6, 1212-1218 (2015)) .....oooecuueeeeeeeeeeeeeeetee et ete e et e et e e e s ta e e e eatee e etae e e sareeeeentaaesaaeaeans 123

Figure 4.3-11 Synthetic route for the preparation of the caged luciferin, compound 24.............ccceevvernnen. 124

Figure 4.3-12 (A) Bioorthogonal de-protection of caged luciferin, compound 24, triggered with TCO (10 e.q.)
in PBS at R.T. Final concentration of compound 24 equal to 0.3 mM. (B) and (C) the UV traces (ranging from
210 to 450 nm) of the LC-MS analyses of the reaction and controls. (B) from top to bottom: the UV traces of
the TCO control at the de-protection condition. The reaction analysis just after the addition of the last reagent
(TCO) considered as T=0. The reaction analyses at T=24h, showing the formation of the un-caged luciferin, 6’-
amino-D-Luciferin (c) (main peak 0.59 min retention time) and the TCO peak (at 0.72 min retention time). The
MS of the peak consistent with the 6’-amino-D-Luciferin showing the expected [M+1]*= 280. (C) The analyses
of the reaction between compound 24 and (Z)-cyclooct-4-en-1-ol (CCO) used as negative control at T=0 and

at T=3d. CCO did not trigger compound 24 un-caging even after 3 days. ......ccccvevveerverrieesceenee e 124

Figure 4.3-13 (A) standard curve of luminescence signal (Relative Luminescence Unit, RLU) generated using
increasing concentration of (25) (amino-D-Luciferin) in Tris-Buffer. (B) Amino-Luciferin produced over time by

reacting (24) with TCO equimolar (20 uM) or in 10 fold excess (200 uM) in Tris-Buffer. .......ccccecuveevereennen. 125

Figure 4.3-14 Comparison of Luciferin assay for measuring de-caging of compound 24 triggered by TCO in Tri-
Buffer before (A and B) and after (C and D) optimization of conditions. A lower LOD was observed for the
standard curve after assay optimization (A and C respectively). The de-caging reaction showed the expecting
plateauing when reaching saturation (D) while this effect was not observed before optimization (B). As

expected CCO did not trigger de-Caging Of 24. ..........cocuiecieiieeiieeeecee et e s e e neenneas 126
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Figure 4.3-16 De-caging of luciferin analogues 24 and 26-31 triggered with Mdm2-p53 PPl inhibitor
bioorthogonal probe (3). The caged luciferin analogues at 1 and 10 uM concentration were reacted with (3)
(10 uM) for 48h. Depicted in the picture analysis of the different reaction after 24 and 48h. At 24 and 48h, 3

microliters of reaction was sampled and added to the luciferase cocktail and placed in a plate reader

for luminescence detection. Free aminoluciferin production was extrapolated using a standard curve....... 128

Figure 4.3-17 Dose-response of the De-caging of luciferin analogues 24 and 26-31 triggered with Mdm2-p53
PPI inhibitor bioorthogonal probe (3) (10 uM) or DMSO control at 24h. At 24h, one tenth of the all reaction
volume was added to the luciferase cocktail and placed in a plate reading for luminescence detection. Free
aminoluciferin production was extrapolated using standard curve. Most of the reaction reached similar signal

saturation. DMSO did not elicit a luminescence signal under any conditions. .........ccceeeevvieeiiieeenciieeesiee e 129

Figure 4.3-18 Performing bioorthogonal de-caging in cell lysate obtained from cells pre-treated with
compound 3 or DMSO control for 24h at 37°C and 5% CO,. Biorthogonal reaction was performed with

compound 24 or DMSO control fOr 24N, .......couuiiiiiii et et e e e baa e e arae s 129

Figure 4.3-19 BLI measurments of amount of compound 3 internalized in SISA-1 cells after 24 h incubation.
Cells were treated with DMSO or compounds 3 at five concentraction ranging from 0.25 uM to 10 uM for 24h
at 37 °C and 5% CO,. Next cells were lysated and compound 24 (10 uM) was added to samples of the lysate.
The reaction was run for 48h at R.T. before reading. The values of the de-caged internalized compounds

were extrapolated from standad curve of the reaction run in cells not pre-treated with the labeled compound.

Figure 4.3-20 BLI measurments of amount of compound 10-11 (a) and 12- 13 (b) internalized in SISA-1 cells
after 24 h incubation. Cells were treated with DMSO or tagged compounds at 1 and 10 pM concentration for
24h at 37 °C and 5% CO,. Next cells were lysated. Compound 24 (10 uM) was added to samples of the lysates
and the reactions were run for 48h at R.T. before reading. The values of the de-caged internalized compounds
were extrapolated from the standard curve of the reaction run in cells not pre-treated with the labeled

compound. As additional controls, the un-labeled compounds 8 and 9 were added. .........ccccceevvercvveneennee. 131

Figure 4.3-21 The “Split Luciferin” assay for real-time imaging and quantification of peptide uptake. (a)
Cycloaddition reaction between CBT and D-Cys forming D-Luciferin. (b) schematic representation of the
cellular assay (H. Karatas et al. “Real-time imaging and quantification of peptide uptake in vitro and in vivo”,

(UL aT o8] o] T aT=Te ['o =T o 1= o TSP 133
Figure 4.3-22 Structure of cOmMpPoUNds 32-35 .......ciiiiiiiiiiiiieiiee ettt e s ae e s sbe e e saaeeestaeaesanes 134

Figure 4.3-23 Cellular activity of 32-35 tested in the Mdm2 nuclear induction immunostaining assay. Activity
of the compound was measure as percentage of Mdm2 nuclear induction triggered by Nutlin-3a at 10

[aT(elgeT o To] E o olo) s ol=T o] d =14 o] o FAUU PSP PSPPI 134

Figure 4.3-24 cellular uptake of compound 32, 33 and 35 in SISA-1-Luc cells measure with the “Split Luciferin”
assay. Cells were pre-incubated with CBT (50uM) for 30 minutes followed by addition of the D-Cys labeled
peptides at (20 uM). The total uptake was calculated from the area under the corresponding kinetic curves

(AUC) at 1h and 24h post iINCUDATION. .....ceiieiieieeieerie ettt e e e e e e e e s e et esnseesseesnaeesneeeneennes 135
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Chapter 1. Introduction

1.1 The use of Chemical probes in drug discovery

The validation of the biological target in a relevant cellular disease model is one of the major challenges encountered
at the inception of a drug discovery program. This is particularly true when our validation approach is enabled by the
use of chemical probes and when our cellular disease model provides a phenotypic read-out.! Despite the key role
played by chemical probes at this stage, their use might not be exempt from biased interpretations and incorrect

conclusions due to unknown off-target effects.?

As defined by Arrowsmith et al. in 2015, a chemical probe is “a reagent, a selective small molecule modulator of a
protein’s function that allows the user to ask mechanistic and phenotypic questions about its molecular target in

biochemical, cell-based or animal studies”.?

Since the 1990s, the great development in genomics technologies (e.g. DNA sequencing, interference RNA, short hairpin
RNA, CRISPR-Cas9 genome-editing technology) has led to the identification of new biological targets, which apparently
have a clear link to the pathogenesis and progression of pathologies.3> Hence, the drug discovery community has
focused its efforts toward target-based approaches supported by the idea that a known Mode of Action (MoA), the
possibility to access more high throughput screen assays, in silico tools for drug design and potentially the structural
knowledge of the target would deliver drug candidates faster and with better translatability in clinical phases.?
However, in the last few years the number of small molecule drugs discovered via phenotypic screening was superior
to that identified through target-based approaches, with reduced cost and time.>®” Furthermore, many of these new
drugs have been discovered applying phenotypic screening approaches through intentional targeting of a specific
phenotype or serendipity.>® Finally, a phenotypic screening campaign often requires a subsequent target identification

and validation where chemical probes have crucial impact.

Exposure.at site Target Functional Phenotype
of Action engagement pharmacology perturbation

Figure 1.1-1 The four pillars for cellular disease model validation using chemical probes (adapted
from M.E. Bunnage, L.H. Jones et al. Nature Chemical Biology, 2013)
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As reported by Bunnage and Jones, one of the major causes of failure of drug discovery programs in clinical trials
(analysis of 44 programs in Phase 2 clinical trials at Pfizer) is a lack of efficacy of the drug substance in human.! Some of
the possible explanations for this are a poor understanding of the biological role of the target in the human disease, a
low compound exposure in the relevant target tissue, a target validation on a phenotype not specific for a particular

disease or in a disease model with poor translatability to human and so on.

Chemical probes can be used for investigating the biological relevance of a target and the chemical tractability of a
phenotype in order to improve the understanding of the target potential in the early drug discovery phase. It is also
important to mention that these molecules can be used for answering translatability questions by, for instance, helping
the identification of biomarkers. Consequently, the important knowledge built by employing well validated chemical
probes in preclinical phase studies enables a reduction of the attrition rate in clinical trials due to a lack of efficacy.® The
two previously cited authors nicely defined a new drug discovery concept, the “three pillars of survival”, as a framework
to be satisfied by validated chemical probes to improve the chances of success of a drug discovery project. These three
pillars are exposure at the site of action, target engagement and expression of functional pharmacological activity.
Moreover, the two authors proposed to add a fourth pillar to their initial analysis, the proof of phenotype perturbation.
Finally, the fourth pillar aims to strengthen the link between target perturbation and disease-relevant pharmacological

modulation (Figure 1.1-1).%

In addition to the suitable pharmacokinetic characteristics and pharmacodynamic properties that a high quality probe
has to satisfy, it is important to remember that crucial prerequisites for these chemical compounds are chemical and
metabolic stability, purity, solubility, potency, selectivity (in particular against target subfamilies, orthologs and
paralogs), selectivity against targets interfering with the pharmacodynamic readout, cellular permeability (for an

intracellular target) and a known mode of action (Figure 1.2-4).%°

Highly valuable chemical probes have enabled pioneering of new areas and pathways in biology and discovery of new
first in class medicines. On the contrary, misuse of poorly validated probes or molecules for which data concerning
liabilities (e.g. target promiscuity) have not been properly reported in databases might lead to observed biological

effects not linked to the functional pharmacology under investigation.

Several remarkable examples of chemical probes used for understanding fundamental biology are shown in Figure 1.1-
2. The study of proteasome function in the cytosol and nucleus was enabled by the probe MG132.° L-731,988 provided
important insights into the mechanism for incorporating viral DNA in the host genome.'* GW683965 was an important
tool compound to investigate the role of nuclear liver X receptors (LXRa and LXRB) in regulating the intracellular level
of cholesterol.'? Finally, ubiquitination of the IKAROS family transcription factors by CRBN-CUL4 E3 ubiquitin ligase
complex was elucidated using Thalidomide.'>* It is worth mentioning in more detail three additional molecules which
contributed to increase awareness of the important role of chemical probes in drug discovery, Rapamycin, (+)-JQ1 and

CCT251545 (Figure 1.1-2).1>Y

Rapamycin (Sirolimus) is a natural product, isolated in the 1970s and clinically approved as an immunosuppressive
agent. This molecule binds to immunophilin FKBP12 forming a ternary complex with the FRB domain of a serine-
threonine kinase, the mammalian target of Rapamycin (mTOR).28 The formation of the ternary complex prevents the

kinase activity of mTOR toward its substrates. Rapamycin has been successfully used for understanding mTOR signaling,
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a key component of the PI3K—AKT-mTOR pathway.*® This intracellular signaling pathway modulates the translation of
MRNA sub-populations important for cell survival and proliferation and its dysfunction has implications in several
pathologies from metabolic to cardiovascular and cancer diseases.'>?° The O-hydroxyethyl derivative of Rapamycin, an
optimized analogue, RAD-001 (Everolimus) (Figure 1.1-2) is a marketed medication for prevention of organ rejection
after transplantation. Since 2009, the FDA also approved the use of Everolimus (marketed as Afinitor®) as an anticancer
drug for several forms of solid tumors (e.g. renal cell cancer in 2009, subependymal giant cell astrocytoma in 2010 and

some forms of advanced neuroendocrine tumors in 2011).
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Figure 1.1-2 Examples of well-validated chemical probes (MG132, L-731,988, GW683965, Thalidomide, Rapamycin, (+)-JQ1 and
CCT251545) and a promiscuous kinase inhibitor several times misemployed as a chemical probe (Staurosporine). Everolimus, a clini-
cally approved immunosuppressive and anticancer agent, is also depicted.

The discovery of BET Bromodomain inhibitors is one of the most well-known and recent successful examples of the use
of chemical probes for investigating and linking target modulation to therapeutic effect. The disclosure by Mitsubishi
Pharmaceuticals of the thienotriazolediazepine as a chemical class of compounds inhibiting binding of acetylated
histones with bromodomain containing proteins set up an interesting chemical starting point for further investigation
of the modulation of epigenetic targets by small molecules.?! SAR analysis and computer-aided drug design methods
(CADD) in addition to the development of a screening platform for bromodomain isoforms led to the identification of
(+)-JQ1 (Figure 1.1-2) as a prototype ligand for the BET bromodomain family.*® X-Ray studies on co-crystal structures
and molecular dynamics investigation aided by the availability of an inactive enantiomer as a negative control
compound, (-)-JQ1, enabled the discovery of the ligand binding mode and understanding of the key features of the &-
N-acetylated lysine pocket (Kac pocket) where (+)-JQ1 binds.® In addition, (+)-JQ1 was applied to a disease relevant
phenotype of human osteosarcoma cell (U20S) transfected with fluorescently labelled BRD4 (GFP-BRD4) for proving in
cell BRD4 target engagement using fluorescent recovery after photo bleaching techniques (FRAP). This experiment
clearly showed that the chemical probe binds with BRD4 in competition with chromatin. Furthermore, the compound
was used to validate the inhibition of BET protein as a mechanism for inducing cell differentiation and growth arrest in

nuclear protein in testis midline carcinoma cells derived from patients (NMC 797 cells).*®
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CCT251545 (Figure 1.1-2) is another example of a chemical probe which had a major impact in drug discovery for
investigating the Mediator complex involved in several human pathologies.?”?? This molecule was developed by
optimization of the 3,4,5-trisubstituted pyridine chemical series identified through phenotype-based screening for
modulators of the Wnt signaling pathway.?® A nice target identification effort using Stable Isotope Labeling by Amino
acids in Cell culture associated to Mass Spectroscopy (SILAC-MS), kinase selectivity data, in vitro and in cell biophysical
approaches and correlation between biochemical and cellular data led to the discovery that CCT251545 is a potent and
selective cellular inhibitor of cyclin-dependent kinase 8 and 19 (CDK8 and CDK19). Using X-Ray crystallography its
binding mode was revealed. CCT251545 is a Type | binder which brings peculiarly the C-terminus of CDK8 inside the
molecule binding site thanks to a pi-cation interaction between the compound phenyl ring and Arg356 of the C-
terminus. This particular binding mode provides an exquisite cellular activity and selectivity not previously observed
using Type Il inhibitors of CDK8 and CDK19. This molecule is, therefore, a potent and selective chemical probe for the
human Mediator complex associated to CDK8 and CDK19. Additionally, CCT251545 enabled the identification of
phospho-STAT1%R7273s a biomarker for CDK8 inhibition in vitro and in vivo. As a final point, CCT251545 acts by
downregulating the expression of Wnt pathway-regulated genes showing efficacy in Wnt-driven colorectal and breast
cancer models.'” The discovery of CCT251545 and the understanding of its on-target effects clearly increased the
interest of targeting CDK8 in the drug discovery community. CCT251545 and a structurally different highly selective dual

CDK8/19 modulator, MSC2530818, are now under preclinical evaluation for efficacy, tolerability and safety.?

Contrary to the previously mentioned successful stories about the use of chemical probes in drug discovery, there is still
a significant use of “poor quality” chemical tools with potential to mislead. This phenomenon is observed despite several
commentaries and reviews advising the users to choose carefully and wisely their chemical probe utilizing guidelines
such as “Fitness Factors”, ““Dos and Don’ts”’, databases (e.g. ) and knowledge built by
chemical biology organizations (e.g. Structural Genomics Consortium) or pre-competitive collaboration projects

between academia and industry (e.g. Donated Chemical Probes project; ).2527

Staurosporine (ST) (Figure 1.1-2) is a classic example reported in several commentary articles of a molecule misused as
a chemical probe.?®?8 Frey defines ST as the “archetype of the probe gone bad”.® This compound, a microbial alkaloid,
was originally identified as a potent Protein Kinase C (PKC) inhibitor with interesting antiproliferative and antifungal
effects.?’ However, further biological profiling of ST against a kinase panel of 290 proteins clearly highlighted its
extremely high kinase inhibition promiscuity with a selectivity score equal to 0.87 (the selectivity score was calculated
dividing the number of protein kinases to which a certain compound was binding with K¢<3 uM by the total number of
kinases tested).3° The poor selectivity of ST should clearly discourage its use as a chemical probe to investigate
mechanistic and phenotypic questions; instead, more highly selective compounds should be chosen. Nevertheless, ST

was still used as a chemical probe after being discovered to be a pan-Kinase inhibitor.?

The use of chemical probes for target validation is clearly complementary to some genetic approaches to interrogate
biological pathways such as RNAi and CRISPR-Cas93132 while offering certain advantages. A great advantage of chemical
probes compared to genetic approaches is the possibility to induce reversibly a biological effect in a time dependent
manner.? Likewise, the possibility to use structurally distinct probes (orthogonal probes) at the same time to investigate

the link between different pathways is another advantage. Furthermore, using a combination of genetic approaches
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and chemical probes can be exceptionally advantageous for confirming on-target effects, excluding scaffolding effects

and to rule-out false positives due to cross-talk between unknown off-target activities and pathways.?

1.2  Bespoke chemical probes

Certain small molecule chemical probes can be modified by introducing a “Click” reactive group (e.g. azide, alkynes etc.)
to be further biotinylated or conjugated to resin or beads generating new probes useful for protein affinity purification
(PAP) followed by subsequent mass spectrometry (MS) proteomics. Recent advanced methods combining quantitative
proteomics (e.g. SILAC and Tandem Mass Tag) with affinity enrichment have been utilized for assessing target
engagement and selectivity.3® Tool compounds can also be modified by an orthogonal addition of a photoactivatable
group such as alkyl diazirine for photo affinity labelling (PAL) followed by visualization of the crossed-linked protein
using a reporter group (e.g. fluorophore, radioactive label or biotin).3* Finally, chemical modification of tool compounds
with an electrophile (e.g. a-chloroacetyl, acrylamide) might allow generation of chemical probes for activity-based
protein profiling (ABPP)%. Consequently, the chemical versatility of orthogonally reactive probes enables the user to
apply diverse approaches for investigating the tool compound selectivity, validating the target and exploring its

pharmacology.

A nice example of application of ABPP for reversible inhibitors was reported by Salisbury and Cravatt in 2007.3¢ The
authors used ABPP for identifying the targets and investigating the selectivity profile of the histone deacetylase (HDAC)
inhibitor suberoylanilide hydroxamic acid (SAHA) (Figure 1.2-1). Their studies proved that SAHA binds only 4 histone
deacetylases (HDACs) and not all the HDAC enzymes belonging to class | and 11.3¢ Histone acetyl transferases (HATs) and
histone deacetylases (HDACs) are enzyme families regulating the acetylation of histone tails. The acetylation status of
the histone tails modulates transcriptional activation and repression of genes.3® Removal of acetyl groups from histones
by HDACs induces a chromatin remodeling which communicates to the transcriptional machinery through “reader

proteins” recognizing and binding specific chromatin sites.3”
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Figure 1.2-1 Suberoylanilide hydroxamic acid (SAHA) and the affinity based chemical proteomics chemical probe for

HDAC (SAHA-Bpyne) developed by Salisbury and Cravatt for target identification and compound selectivity assess-

ment.
Hence, this epigenetic event, if not tightly regulated, appears to be linked to the onset and progression of disease, such
as cancer. HDACs are divided into three classes using yeast homology models. Class | and Il are zinc-dependent
metallohydrolases and Class Il are NAD*-dependent deacetylases.3® Class I/Il pan inhibitors induce growth arrest,
differentiation and apoptosis of tumor in cell disease models.?® In cells HDACs are part of big functional complexes
required for the deacetylating activity while the isolated enzymes are inactive.3® For that reason, biochemical studies

using purified proteins and recombinant systems are difficult and poorly representative of the cellular machinery.3¢

Salisbury and Cravatt designed a covalent activity-based proteomic probe (SAHA-BPyne) starting from the reversible

HDAC inhibitor, SAHA (Figure 1.2-1). Their chemical probe contained a benzophenone moiety capable of covalent
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tagging proximal proteins upon UV irradiation (benzophenone produces a reactive triplet diradical upon UV
irradiation)3® and a “Click” chemistry handle (alkyne) for conjugation to a fluorophore reporter (Rhodamine based) or

biotin containing group for target enrichment (Figure 1.2-2).

“Click”
f Rhodamine Azide
r' o O T ey Tt
SD-PAGE
“Click” -
Biotin Azide .
/ m/z
- Avidin Enrichment ‘\
‘ : [\
ﬁ{’“‘ Tryptic digestion ‘ - m/z
) LC-MS/MS ] &/ \

LC-MS

Figure 1.2-2 Schematic representation of the activity-based protein profiling approach applied by Salisbury and Cravatt to identify the
targets of SAHA (picture adapted from Nature Methods 4, 822-827 (2007)).

They applied SAHA-BPyne to lysates obtained from aggressive and nonaggressive human melanoma cell lines (MUM?2B
and MUMZ2C respectively) in the presence or absence of SAHA as a competitor (control sample). Upon activation of the
photo-affinity handle using UV light, they treated the samples with a fluorescent chemical reporter for a fast detection
of the potential targets and a chemical reporter for affinity enrichment. The samples were reacted with azide reporters
using copper-catalyzed azide-alkyne cycloaddition (CuAAC) “Click” chemistry conditions (Figure 1.2-2).%° Therefore, the
first sample was reacted with a rhodamine-azide and analyzed using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) coupled with fluorescent visualization scanning (Figure 1.2-2). Target proteins with
molecular mass in the range of HDAC proteins were identified. Subsequently, they were able to restrict the number of
potential target hits following a similar protocol but using a biotin-azide as reporter and analyzing the sample with ABPP-
multidimensional protein identification technology (ABPP-MudPIT)(Figure 1.2-2). As a result, they identified HDAC1,
HDAC2 and HDACS as potential targets of SAHA and additional non-HDAC proteins as components of HDAC complexes
(e.g. COREST, MBD3, p66p etc.). Finally, their protein hits were confirmed in a separate experiment by western blotting.
A similar approach was applied to live cells too. Cells were incubated with SAHA-BPyne alone and in the presence of an
excess of SAHA. After UV irradiation and some washing steps, the cells were lysed. The obtained samples were then
analyzed using SDS-PAGE. Besides confirming HDAC1, HDAC2 as SAHA targets, other HDACs were identified. To explain
this finding, the authors suggested a possible interference between the homogenization processes and the HDAC

complex stability.
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This example clearly highlights the great potential of using chemical probes tagged with biologically silent groups, which
can be subsequently activated or reacted with bioorthogonal reagents to identify targets, prove target engagement and

assess selectivity of tool compounds.
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Figure 1.2-3 a) BMS-790052 (selective inhibitor of NS5A) and its respective azide and biotin derivatives used to investigate the com-
pound MoA. Depicted in the picture the AlexaFluor488-BMS-790052 “Click” chemistry product used for investigating intracellular
distribution and probe and target co-localization. b) The EGFR covalent inhibitor PD168393 and its fluorescent analogue used for
receptor occupancy studies.

Other interesting literature examples report the use of the same chemical probe modified with a variety of moieties
(e.g. biotin) and functional groups (e.g. azide) to confirm MoA by pull down experiment and fluorescent imaging

methods for intracellular distribution and probe-target co-localization.

Daclatasvir (BMS-790052) is a highly selective inhibitor of HCV NS5A. Starting from this compound and knowing SAR
around this chemotype, Jones et al. prepared a set of chemical probes to investigate its MoA (Figure 1.2-3a).*! Using a
similar strategy, fluorescent imaging approaches have been used to determine tool compound receptor occupancy

using pre-labeled probes (e.g. covalent EGFR inhibitors) (Figure 1.2-3b).*?

1.2.1. Chemical probe design

Despite the number of publications describing well-validated chemical probes, often and for several reasons, it is very

difficult to identify and select the appropriate high quality molecule for validating a disease model.

This is particularly true for exploration of new biological targets. In the ideal scenario, the researcher would have access
to compounds which are commercially available, potent, well characterized in terms of selectivity and chemically and
metabolically stable etc.?® Additionally, a close analogue of the selected chemical probe (e.g. inactive enantiomer) with
no activity on the target of interest should be made available to be used as a negative control compound (Figure 1.2-

8).12
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To address a lack of availability of the desired chemical probe, the researcher might engage in the validation of bespoke
probes identified by phenotypic screening or known in the literature but not fully validated and characterized.! The
chemical probe design should aim at compounds with high potency in biochemical and cellular assays, which are
selective against target subfamilies and potentially known scaffold, related specific off-targets. Furthermore, they
should be cellularly permeable, soluble, chemically stable and chemically readily accessible and easily modifiable (Figure
1.2-4). Further, the chemical probe design may be strengthened by in silico tools, virtual screening and a scrupulous

data mining.®3
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Stability Potency

Target
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Figure 1.2-4 Criteria for chemical probe design and validation in cellular disease models.

A chemical probe should not be confused with a lead compound to be progressed in a drug optimization phase.
Therefore, for its design and identification, the medicinal chemist should not apply the typical selection criteria
employed during the analysis of a HTS campaign. Those criteria aim at the identification of compounds without innate
chemical structure burdens (e.g. chemically intractable) and potential toxicity issues, which might be liabilities for a lead
compound, however may not exclude their use as chemical probes. Furthermore, the selectivity criteria applied to the
chemical probe design and its validation should be more stringent compared to the one applied to a lead compound for
which a poly-pharmacology is, sometimes, desired.! However, if off-target activities are known and judged unrelated to

the biology under investigation, a less selective chemical probe might be still employed.?

1.3 Chemical probe validation in cellular disease model

After the probe synthesis, a careful chemical characterization (e.g. purity and chemical stability) and an assessment of
the physico-chemical properties (e.g. solubility) should be carried out before starting the set of validation studies in
cells. These final investigations should aim to confirm the compound exposure, target engagement, functional

pharmacology and phenotypic perturbation in the cellular disease model (Figure 1.1-1).

While the assessment of the chemical properties, the physico-chemical properties and the biochemical profile
(biochemical activity and selectivity) of a chemical probe is becoming increasingly straightforward for a conventional

chemical biology institution, the validation in the cellular disease model is more tedious.
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Some aspects of the cellular chemical probe validation and in particular, the assessment of chemical probe permeability,
intracellular concentration, target engagement, receptor occupancy, are still quite laborious tasks which often involve

the use of diverse advanced technologies in parallel.

Assessing compound permeability using high-throughput methods is now routine in drug discovery. These methods use
prevalently Caco-2 (human colon carcinoma) and MDCK (Madin Darby canine kidney) cell lines as model barrier
systems.** The first model well represents passive permeation, while the second one can be additionally used to
investigate compound efflux (e.g. P-glycoprotein) and active transport.*> The molecule’s permeability is expressed as a
permeability coefficient P (measured in cm/s) and represents the capacity of the molecule to permeate the cell
monolayers.* Despite the important role that these assays have in drug discovery for prediction of oral absorption
during pharmacokinetic optimization, their use for predicting cellular permeability of a chemical probe in a disease

model should be discouraged due to differences in membrane transporter expression between cell lines.

While it is possible to apply fairly simple and readily available technologies for estimating cellular up-take of chemical
probes (e.g. LC-MS), the accurate assessment of the intracellular concentration requires more advanced approaches
and equipment. Besides, the analytical method of MS-based technologies is usually run on samples obtained after lysis
of the compound-treated cells. The obvious drawback of this process is the possibility to underestimate uptake by losing
membrane-bound compound during the sample preparation. When the chemical probe is a peptide, the protocol for
applying MS-based technologies becomes even more complicated and requires, for example, labelling of the chemical

probe and use of internal standards for improving sensitivity.*®

More advanced approaches are now under development with the intent to minimize the perturbation of the cell model
by sampling intracellular content using technologies such as the micro capillary or the fluidic force microscopy
associated to MS (e.g. fluidic force microscopy, followed by matrix assisted laser desorption/ionization time of flight

mass spectrometry (FluidFM-MALDI-TOF-MS)).4748

For peptidic molecules, imaging methods such as confocal microscopy and flow cytometry applied on fluorescently
tagged compounds are the most used for cellular uptake studies,*>>* however fluorescence technologies can also be

used for more detailed mechanistic investigation (as described below).

In order to generate a biological response the chemical probe not only has to penetrate the cells but, as well, reach the
intracellular location of its target at the concentration required to elicit the biological effect.>> Many compounds, for
which intracellular distribution studies have been reported, showed subcellular distribution into single organelles and
compartments while only a minority of them showed distribution to multiple sites.>® Additionally, intracellular
distribution of molecules is governed by several factors such as transporters and specific compartmental pH which can
be dissimilar in different cell lines.>? In summary, the compound intracellular distribution can be heterogeneous
between the subcellular compartments and cell specific; consequently, intracellular distribution studies in the specific

cellular disease model becomes even more relevant for validating our chemical probes.

Fluorescent imaging technologies are the most used methods for studying compound intracellular distribution and,
when the chemical probe is a peptide, are the most used for studying cellular uptake too. These approaches usually
require the labelling of the chemical probe with a fluorophore which might greatly impact the intracellular distribution

and uptake of the parent compound.>* However, the use of “Click” mediated labelling can greatly improve the quality
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and sensitivity of our study. In this approach, the compound can be labelled using a small alkyne moiety with less impact

on the properties of the parent compound therefore acting as a better surrogate molecule.*%>®

Target engagement is the ability of a compound to bind a target in a living system (cells or animals). The proof of target
engagement enables correlation of the target modulation to the observed phenotypic effect. Target occupancy studies
aim to quantify the binding of a compound to its target and to link this measurement with a pharmacodynamic (PD)
effect measured with biomarkers. The quantification of the target engagement can be proved by measuring the
interaction between the probe and the protein in the desired disease model or, if the target is an enzyme, by assessing
modulation of enzymatic activity and its substrates (e.g. measuring downstream phosphorylated substrate using
chemoproteomics methods).>® Several approaches have been developed to investigate target engagement such as
radioligand displacement,*” Fluorescence Resonance Energy Transfer Fluorescence Lifetime Imaging Microscopy (FRET-
FLIM)*® and Bioluminescence Resonance Energy Transfer (BRET),*® the previously mentioned ABCP using covalent
binders,*® Ligand-Directed Protein Labeling,%° Cellular Thermal Shift Assay (CETSA)%%2 and so on.®® Most of these
methods required the modification of the chemical probe, the target or both, with radiolabels, fluorophores or chemical
tags (e.g. bioorthogonally reactive groups). The only label free approach, the CETSA, based on the modified thermal
stability of the protein induced by the binding compound, suffers potential drawbacks related to the level of expression

of the target, its size and a potential weak stabilization of the target induced by the probe.®3

One of the common features of the previously mentioned approaches is the tagging of the chemical probe with a
“clickable” moiety. This reactive chemical functionality can be used as a handle to react with an imaging reporter. This
approach has been used to study cellular uptake (Alkyne functionalized geranylgeranyl-CPP, Figure 1.3-1),5° intracellular
distribution (Azide functionalized NS5A probe, Figure 1.2-3a),*! target engagement and receptor occupancy (SAHA-
BPyne, Figure 1.2-1 and 1.2-2)%

/wgﬁgi%ﬁéﬁ s

Alkyne-geranylgeranyl-CPP

Ha

Figure 1.3-1 Alkyne functionalized geranylgeranyl-CPP used for cellular uptake studies

The reported examples generally require the lysis of cells treated with the chemical probe, although this drawback could

be overcome, in most cases, by employing a bioorthogonal functionalization approach.

1.4  Bioorthogonal chemistry

The term “Bioorthogonal chemistry” was coined by Carolyn Bertozzi about 10 years ago to describe chemical reactions
which can be performed in living organisms without interfering with their native biochemical processes. Most of the

early work in this field related to tagging of biomolecules in cellular systems.
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Being able to simply chemically functionalize the bioorthogonal probes in a living system allows us to run experiments
to study mechanisms in a non-destructive way (e.g. study target engagement using fluorescent reporters rather than
pulldown experiment in cell lysates) and to use wild-type cell lines rather than engineered lines. Thus, a bioorthogonal

tagging approach overcomes certain disadvantages and is complementary to other chemical biology methods.

1.4.1. The bioorthogonal chemistry reaction toolbox

In the last two decades, the bioorthogonal chemistry reaction toolbox has significantly grown. A bioorthogonal reaction
should be efficient, chemoselective and tolerate aqueous environments. In particular, the bioorthogonal groups should

be stable in the presence of high concentrations of cellular nucleophiles.

1.4.2. Bioorthogonal chemistry associated to fluorescence and bioluminescence techniques

Nucleic acids, lipids, proteins and small molecules can be covalently tagged with fluorescent and bioluminescent
reporters such as dyes, quantum dots and bioluminescent enzyme substrates to enable imaging in a cell system.
Furthermore, great developments in the field of cell imaging technologies has made this a powerful technique to
investigate chemical probes and provide insights on their mode of action and inform on complex dynamic cellular

processes including transient responses.5

Although a pre-labelling approach of the molecule of interest is an important strategy for monitoring its intracellular

localization and its dynamic activities, this has its drawbacks and limitations.

For example, the fusion of fluorescent proteins (e.g. GFP) to a protein of interest can raise concerns regarding the
perturbation of its intracellular localization, its expression level and activity due to the relatively high increase in size
brought by the fluorescent protein (e.g. ca. 27 kDa). On the contrary, a site-specific modification of the protein of
interest with un-natural amino acids functionalized with bioorthogonal groups (e.g. trans-Cyclooctene, tetrazine etc.) is
a relatively small modification. Subsequent chemical labelling of the protein in a cellular system might overall provide a

better surrogate model for studying the protein of interest, such as its intracellular trafficking.®®

Bioorthogonal chemistry applied to fluorescence and bioluminescence techniques has been used for imaging the
behavior of small molecules such as Taxol®®® or proteins such as Aurora A% and Polo-like kinase 1% in cells, to study
intracellular uptake of compounds such as fatty acids’® and for several other biomedical research applications.”*7 This
technology can be an extremely powerful tool to validate and investigate the chemical and pharmacological properties
of probes. Although, several papers described intracellular distribution studies for small molecules via bioorthogonal
approaches, only a few of them describe intracellular quantification methods.”®”>7778 To date, bioorthogonal chemistry

79,80

is one of the emerging technologies to study target engagement using activity-based protein profiling reagents’”%°,

which can be used in living organisms.?!

1.5 Conclusion

A lack of efficacy of the drug candidates and poor validation and translatability of their proposed mechanisms of action

are key factors in the high attrition rate that many drug discovery programs are facing in clinical trials. A better
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characterization of the new molecular entities (NME) (e.g. target engagement, exposure at the site of action,
pharmacological activity) would improve pharmacokinetics-pharmacodynamics models (PK-PD) in the preclinical phase
and increase the proof of concept (POC) rate in clinical trials.®? Well-validated chemical probes enable testing of a
biological hypothesis, investigation of target tractability and aid translatability in the clinical phase. Besides, these
important tool compounds can contribute to identifying biomarkers and building pharmacodynamic models for testing
drug candidates. While, several well validated chemical probes are now available to the drug discovery community,
there is still a high need for bespoke probes to investigate new biological hypotheses. The validation of bespoke
chemical probes in cell disease models requires the assessment of their cellular permeability, intracellular distribution,
target engagement and occupancy. Despite several technologies to enable the investigation of chemical probe
characteristics, specialized scientists, the use of different equipment and advance software are required for each study.
Furthermore, a chemical functionalization of the molecule is often necessary. Bioorthogonal probes can be generated
via modifying chemical probes such as low molecular weight compounds (LMW), peptides etc. with moieties that are
inert in biological systems but very reactive towards other bioorthogonal functional groups. A small derivatization of
the chemical probes is preferable in order to avoid an excessive modification of their biological and physico-chemical
properties. Contrary to chemical probes, bioorthogonal probes can be modified in cells via biocompatible reactions with
chemical reporters (e.g. fluorophores), allowing their direct visualization rather than measuring downstream effects.
An assay platform may be established in order to validate bioorthogonal probes in relevant cell disease models. Their
visualization using imaging techniques can provide information regarding their permeability and intracellular
distribution while immunostaining of the target and fluorescent labeling of the chemical probe can confirm their co-

66,69

localization and enable the design of target engagement and occupancy assays.
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Chapter 2. Mdm?2-p53 interaction inhibition as a
biological model for bioorthogonal probe

validation

We selected the inhibition of the Mdm2-p53 protein-protein interaction as the biological model for generating a set of
bioorthogonal probes. Subsequently, we made use of the synthesized molecules to develop a set of assays based on
imaging techniques enabling the bioorthogonal probe validation in a cell model of osteosarcoma. Our biology model
selection was based on the extensive and well-documented knowledge of the Mdm2-p53 pathway in combination with

the availability of a large set of chemical structures with known mode of action.

2.1  Mdm2-p53 auto-regulatory feedback loop

The activity and protein level of the tumor suppressor p53 is regulated by murine double minute 2 protein (Mdm2, also

called HDM2) through an auto-regulatory feedback-loop (Figure 2.1-1).33

Wild type p53 acts as a transcription factor targeting the Mdm2 gene for its activation and, as a consequence, regulating
Mdm2 expression level (Figure 2-1).8* p53 contains a transactivation domain to which Mdm2 can bind; this binding

event leads to p53 inactivation by blocking its sequence-specific DNA-binding factor.®
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Figure 2.1-1 Role of Mdm2 and Mdm4 in regulating p53 activity and expression level
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Mdm?2 is a ubiquitously expressed protein with p53 dependent and independent functions. This protein travels between
the cytoplasm and the nucleus thanks to an export signal sequence similar to the one of some protein viruses.®® Mdm?2
is an E3 ubiquitin protein-ligase (RING finger family) that represses transcriptional activity of p53, it transports p53 from
the nucleus to the cytoplasm where, finally, it ubiquitinates p53 inducing its degradation through the proteasome

(Figure 2.1-1).



In normal cells, p53 is constantly degraded by Mdm2 which maintains its cellular concentration at a low level. On the
contrary, during genotoxic and cytotoxic stress, p53 phosphorylation precludes its degradation since the protein is
incapable of binding to Mdm2.%” In normal cells, Mdm2 sumoylation (another post-translational protein modification)®
preserves the protein by auto-ubiquitination and, consequently, it prevents its own degradation increasing its ability to
ubiquitinate p53. Finally, cell stress induced by extracellular events (e.g. DNA damage induced by UV and IR) and
intracellular events (e.g. oncogenes, cell cycle transition) regulate Mdm?2 levels via very diverse mechanisms and

pathways.®

After the discovery of the Mdm2-p53 feedback loop, another protein of the Mdm family, Mdm4 (previously named
MdmX) was identified.*® This protein has high structural homology with Mdm2 and also binds to p53. Hence, in both
Mdm proteins the C-terminals are RING-domains while the N-terminals are p53 binding domains.”® Mdm4 regulates
p53 activity by binding to its transactivation domain in analogy with the Mdm?2 binding mode. Despite both Mdm2 and
Mdm4 have a RING finger domain, Mdm4 does not have E3 ligase activity.®> On the contrary, the heterodimers formed
by the binding between Mdm4 and Mdm2 have ubiquitin ligase activity toward p53 in physiological states (Figure 2.1-

1).°! As a consequence, Mdm4 appears to act as a potentiator of the Mdm2 E3 ligase activity.”3

2.2 Disrupting the Mdm2-p53 interaction: a promising approach for cancer therapy

The protein p53 is involved in regulating diverse cellular processes such as cell cycle, apoptosis, DNA repair, angiogenesis
and senescence.®® Deletion or mutations of the p53 gene, TP53, lead to protein loss or inactivation and were found in
about 50% of human cancers.?> Moreover, in vivo studies using p53 knockout mice (homozygous p537-lacking both p53
functional alleles) showed that the animals had a normal development while being more prone to developing tumors.*®
Finally, a major conversion from benign to malignant forms was observed in p53 knockout mice compared to wild-type

animals.®” While p53 is a tumor suppressor, an amplification of Mdm2 is oncogenic.®

The p53-Mdm2 autoregulatory feedback loop (Figure 2.1-1) highlights the role played by Mdm?2 as a negative regulator
of wild-type p53. Consequently, disruption of the p53-Mdm2 complex should prevent p53 translocation to the cytosol,
stop degradation of p53 induced by Mdm2 mediated ubiquitination and, as a result, restore p53 activity as transcription

factor.

The important role of p53 as a tumor suppressor became clear in the period between 1980 and the early 1990s,

100-104 3nd animal model studies®®97:105 34

following evidence provided by cell biology experiments,®®°® molecular genetics
However, it was only in 1992 that the protein-protein interaction (PPI) between p53 and Mdm2 was discovered.1%
Levine and Pavletich from the Memorial Sloan-Kettering Cancer Center, New York, reported for the first time in 1996 a
high-resolution co-crystal structure of the amino-terminal domain of Mdm2 (109 residues) bound to a peptide part of
the p53 transactivation domain (15 residues).X?” This peptide, in a a-helical conformation, binds to the Mdm2 cleft
primarily by burying three hydrophobic amino acids, Phel9, Trp23, and Leu26 in a relatively deep hydrophobic pocket

on the protein surface.”’

Since then, it became very clear to the oncology research community that disrupting the p53-Mdm2 complex was not

only a new attractive approach for targeted cancer therapy but this could be supported by rational drug design.83108:10°
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Consequently, several research groups put significant effort into trying to disrupt this protein complex by developing

initially large PPI inhibitor peptides 110112,

At the time, the protein-protein interaction targets were considered almost “undruggable” with small molecules. In
general, PPl interfaces are quite flat, large (about 1000-2000 A2), and relatively shallow. For those reasons, it appeared
to be reasonably difficult to identify a small molecule with enough affinity for one of the protein interfaces to disrupt
the protein-protein interaction while retaining drug-like properties. Nevertheless, PPl small molecule inhibitors were
considered very attractive for the potential interesting selectivity profile which such molecules could have reached in

comparison to active site inhibitors (active sites are usually more conserved).!3

In 2004, the Roche group reported the first small molecule inhibitors
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o]

O) cl %
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1) with Mdm2 highlighted that this compound occupies the same
pocket previously identified by Levine and Pavletich using the 15
residue p53 peptide. Furthermore, this experiment showed that the Figure 2.2-1 The structure of Nutlin-2 and Nutfin-3a, two of
imidazoline scaffold is a sort of replacement of the p53 peptide  thefirstreported molecules Mdm2-p53 PPl inhibitors
backbone and directs the two halo-phenyl groups into the Leu26 and

Trp23 pockets and the alkyl ether group into the Phel9 pocket. The Nutlins tested on wild-Type p53 human cell lines
(HCT116 and RKO) showed the expected pharmacological profile leading to increased levels of p53, Mdm2 and p21 (a
transcriptional target of p53). Furthermore, the compounds tested on p53 mutated cell lines did not show an increase
of Mdm?2 and p21 which confirmed the effect of Nutlins on the p53 pathway. Finally, a pure enantiomer and the most

active compound (Nutlin-3a) (Figure 2-2) showed efficacy in a tumor xenograft animal model (human osteosarcoma cell

line (SJSA-1) grafted on nude mice).

2.3 Mdm2-p53 protein-protein interaction inhibitors

Several pharmaceutical companies and research laboratories have invested in the discovery of Mdm2-p53 PPl inhibitors
and seven of their small molecule compounds and one stapled peptide (ALRN-6924 from Aileron) have progressed to
clinical trials and are now under evaluation, either alone or as part of a combination therapy for the treatment of diverse
forms of oncology disease.®>!'°> Hence, the structures of six of those clinical candidates, RG7112, RG7388, MI-77301 and

AMG 232, NVP-CGMO097 and S-3032b (Figure 2.3-1) have been disclosed.?®

Furthermore, numerous additional Mdm2-p53 PPl chemotypes have been released into the public domain by the

medicinal chemistry community (see Figure 2.3-2 for some examples).
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RG7112 RG7388 MI-77301
Hoffmann-La Roche Hoffmann-La Roche Univ.Michigan - Sanofi

5-3032b
Daiichi-Sankyo

AMG 232 NVP-CGMO097
Amgen Novartis

Figure 2.3-1 The six clinical candidates for which the structures have been disclosed (adapted from R.P. Wurz; J.
Med. Chem. 2019, 62, 445-447)

Despite these molecules not reaching clinical investigation and their binding modes being very similar (with key
substituent groups occupying Leu 26,Trp 23 and Phe 19 pockets) they are useful tool compounds for probing the effect
of inhibiting the Mdm2-p53 PPI. Furthermore, the availability of chemical probes based on different chemical scaffolds
(see Figure 2.3-2) enables the user to choose between very diverse chemical matter bearing a range of physico-chemical
properties and biological activity profiles (e.g. on target potency and selectivity) (see Figure 2-4 for reported biochemical

ICso and MW, CLogP and tPSA calculated using ChemBioOffice software).
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Figure 2.3-2 Example of Mdm2-p53 PPI inhibitors belonging to very diverse chemotypes. The structures and their reported biochemical

ICso are depicted in the figure. MW, CLogP and tPSA were calculated using ChemBioOffice. (Figure adapted from Zhao, Y., et al. / Med Chem,

2015. 58(3): p. 1038-52).
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2.4 Selection of a chemical scaffold for building Mdm2-p53 protein-protein

interaction inhibitor bioorthogonal probes

After the selection of the biological model, we engaged in the identification of a suitable chemical scaffold for
developing bioorthogonal probes. The 3-imidazolyl-indole chemical series (Figure 2.3-2) 116117 was an attractive
candidate for several reasons. First of all, these compounds showed high biochemical and cellular potency as reported
by Furet et al.1'® As an example, the authors reported a biochemical ICso= 30nM for the analogue depicted in Figure 2.3-
2 when tested in a p53 derived peptide-Mdm2 TR-FRET assay and a cellular ICso= 7.3 uM for the inhibition of
proliferation of SISA-1 cells (Mdm2 gene amplified cells).?'® Secondly, some members of this chemical series displayed
good selectivity towards the off target p53-Mdm4 interaction in a TR-FRET biochemical assay. As an example, the
compound depicted in Figure 2.3-2 showed more than 600-fold selectivity over the inhibition of the p53-Mdm4

interaction.

The 3-imidazolyl-indole chemical series was developed around the central Valine concept.!*® This concept is based on
the use of an aromatic 5-membered ring as a chemical scaffold able to bind to the Valine 93 of the Mdm?2 pocket while
enabling the juxtaposition of its functional groups into the Mdm2 sub-pockets (Leu 26,Trp 23 and Phe 19) (Figure 2.4-
1a).

Furthermore, a co-crystallization experiment of the example depicted in Figure 2.3-2 with Mdm?2 highlighted how the
chlorophenyl group of the molecule occupies the Leucine 26 sub-pocket making an aromatic stacking interaction with
the Mdm?2 residue Histidine 96 (Figure 2.4-1b). This interaction is not possible for the Mdm4 homolog protein where
the Histidine 96 is replaced by a Proline residue. Thus, the difference in a single residue confers the interesting selectivity

of these analogues with respect to Mdm4.

Consequently, the knowledge of the binding mode supported by biological data, a co-crystal structure and a selectivity
rationale allowed the design of bioorthogonal probes based on the 3-imidazolyl-indole chemical series with good

potential for retaining the desired properties of the starting tool compound.

Figure 2.4-1 (a) A representation of the “central Valine concept”; (b) Crystal structure of a 3-imidazolyl-indole analogue in the Mdm?2 pocket highlights
the juxtaposition of the imidazole substituents in the Mdm2 sub-pockets. The co-crystal structure showed as well the close proximity between the
chlorophenyl group and the His 96 important for the selectivity against Mdm4.
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2.5 Design of Mdm2-p53 PPl inhibitor bioorthogonal probes

Using the SAR knowledge on the 3-imidazolyl-indole chemical series acquired inside our organization we selected
compound 1 (Figure 2.5-1a) as an interesting chemical starting point for bioorthogonal probe design. Molecular docking
of 1 and 2, with the crystal structure of Mdm?2 (Figure 2.5-1b) strongly suggested that the introduction of bioorthogonal
tags on the carboxylic acid would expose the label towards the solvent without interfering with activity against the

biological target (Mdm?2). Therefore, this moiety was identified for chemical modification.

Compound 1 R=-OH

Compound 2 R=-N(CH3)2

Figure 2.5-1 (a) structure of compound 1 and 2; docking of 1 (b) in a crystal structure of Mdm2 (Adapted from
D'Alessandro, P.L., et al. Angew Chem Int Ed Engl, 2016).

While the bioorthogonal chemical reaction toolbox is constantly growing, the task of finding the right reaction for each
application remains challenging!!®. Despite there being over twenty published bioorthogonal reactions, cycloaddition
and ligation reactions are still the main reactions applied. These reactions are employed in biological systems with

different objectives and aims which vary from triggering fluorophore un-quenching for imaging studies'*® to pro-drug

120 121

deprotection **° and in situ synthesis of biologically active compounds

During our attempt to identify the most suitable reactions for our application, we set some criteria to be fulfilled by
both reactions and reactive groups before engaging in synthesis. Setting these criteria aimed at reducing potential
misleading results such as false positives. The reactions should have fast kinetics, be irreversible and chemoselective.
The bioorthogonal probe label should be reasonably stable and not excessively modify the physico-chemical properties

of the probe.

In order to broaden the scope and demonstrate a certain adaptability of our approach toward different chemical classes
of probes, we decided to apply this technology not only to study LMW compounds but also peptides. Consequently, the
synthetic approach for labelling the molecules played an important role too. The bioorthogonal label should be easily
introduced, ideally at the last synthetic step via an efficient and clean chemical reaction compatible with a great variety

of chemical compound classes.

Two reactions fulfilled our criteria: the Inverse Electron Demand Diels-Alder (IED-DA) with strained dienophiles first
described by Fox as a bioorthogonal reaction'?? and the strained promoted [3 + 2] azide-alkyne cycloaddition (SPAAC)!?3

pioneered by Bertozzi*?*'?” and by Boons*?%.
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The IED-DA is a biocompatible reaction between electron-rich dienophiles and electron-poor dienes. While the toolbox
of electron-rich dienophiles offers an interesting range of strained olefins and alkynes (Figure 2.5-2), the electron-poor

dienes for bioorthogonal reaction (non-PhotoClick) share a common tetrazine moiety.
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Figure 2.5-2 Electron-rich dienophiles used for bioorthogonal chemistry approaches (depicted in the blue area). K reported M s represents the
conversion rate when the dienophile reacts with a tetrazine (Tz-1 or Tz-2 in the red area). Increased reactivity of bioorthogonal groups represented
by color intensity. K values obtained for compound* obtained from Ravasco, J.M., et al. Organic Chemistry Frontiers, 2017. 4(6): p. 1167-1198. All
the remaining K values obtained from Oliveira, B.L., et al. Chemical Society Reviews, 2017. 46(16): p. 4895-4950.
We reasoned that the strained alkenes would be a better functionalization for LMW chemical probes rather than the
tetrazines, since the introduction of at least two aromatic rings to a LMW molecule might consistently hamper its cellular
permeability. Thus, aiming at performing Inverse Electron Demand Diels—Alder (IED-DA) and Copper Free “Click”
chemistry reactions in cells, we decide to introduce strained alkenes (Figure 2.5-3). Specifically, we oriented our choice
of bioorthogonal groups toward the trans-cyclooctene (TCO) and the cyclopropenes. These motifs showed reasonably

fast kinetics in the EID-DA with tetrazine derivatives, while being easily accessible synthetically (cyclopropenes) or

incorporated in commercially available building blocks (TCO).

3-imidazolyl-indole scaffold R = alkene label R = azide label

4
:@NQ:Q _E_Nb—qk ﬁN/\/lCJ)\N/v
6

Figure 2.5-3 Structure of LMW Mdm2-p53 PPl inhibitor chemical probes

To enable SPAAC reactions in a living system, we opted for the azide group instead of the strained alkynes for the
functionalization of our chemical probes (Figure 2.5-3). This choice was justified by the well-documented stability of

this chemical group in living systems and by its small size. The alkyne could then be incorporated in the reacting reporter.
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Hence, compound 1 was synthesized following a previously well established and high yielding procedure reported in

the synthetic scheme in Figure 2.5-4.12°

g < THF e
S S

-

I
D 19h,45°C 20n, RT
ABCR Y= 80% Lk

Fluka
[100-62-7] 536-57-2

- 2
Osg-CH T™MCS 3 S
[°] HN
HCONH, POCI3. Lutidine
© PhMe/ACN 0:2:0 O340
-

NQ‘ cl ¢
NN (cocly,

Ethanol DCM. DMF

cl - He © o
I Ve

Y NaCH (2N) =

b S

o o
m POCI;. DMF, \ TEA, EtOH H
oy . B
cl N - N o

Q 144 hat 50 °C. H < 22h 1 85°C

-

o

\ / 3\
1hatRT. N b

H

cl N ©OH 55min at55C

19h at refiux

Y= 83%
Y= 80% Y= 83% Y= 08% Intermediate 1

Combi-Blocks
(84469-77-4)

°

OH

F
NO,
?k7"03 2 o
o} NaBH;CN, m CDI, TEA m Hol PA-C : o Hy Paic |
EtOH NH OH  pcm N__C  MeOH N - ! THF/M N
N - C 0Ol o HF/MeOH 1:1 N
coz” - T s T
22hatRT N : H
NH; Cbz” 2N 112atRT. HN

HN

)

N it ot g
24natR.T. o o —— = ON \//\L 3
Aldrich Cb: ACN |/j 42h st RT
[18098-93-5] “:6‘“8‘;‘ n 20n@rt o)‘c o
Y= 92% Y= Y= 89% Y= 98% = 49% .
50% Intermediate 2

Ny, © ¢ Ny € cl
O30y Oy
: Y 1) (CH3)AIC), DCM
S o

NaOH aq. (4M) + ‘
MeOH/THF 1:1 30min at 0eC

o N O
A\ - O/N atR.T. A\ 2) DCM,
& Nk o 04% ol s N N thatRT
O Yo tere,

N N N
HO le] —0 o
c)_ °>_
Compound 1

Figure 2.5-4 Synthetic route for the preparation of compound 1

The chemistry approach for the preparation of 1 was based on a convergent synthesis starting from four commercially
available compounds, benzaldehyde, ethyl 6-chloro-1H-indole-2-carboxylate, (S)-1-(2,4-dichlorophenyl)ethan-1-amine
and N-Benzyloxycarbonyl-4-piperidone. Two key intermediates, intermediate 1 and 2 (depicted as in Figure 2.5-4), were

prepared in six and five synthetic steps respectively.

The first intermediate was synthesized starting from benzaldehyde through a two step formation of a tosylmethyl
isocyanide (TosMIC) via dehydration of the corresponding formamide precursor.'*® The TosMIC derivative was then
engaged in a Van Leusen three-component type reaction run in one-pot with an aldehyde and a benzylamine to afford
the 1,4,5-trisubstituted imidazolyl derivative.®132 The resulting compound was then subjected to ester hydrolysis

followed by acyl chloride formation using oxalyl chloride to afford intermediate 1.

Intermediate 2 was prepared from N-benzyloxycarbonyl-4-piperidone through a linear synthetic sequence. This
involved a reductive amination followed by a carbamate formation using 1,1'-Carbonyldiimidazole (CDI) to afford the

benzyl 4-(2-oxo-1,3-oxazinan-3-yl)piperidine-1-carboxylate. This compound was subjected to hydrogenation for Cbz de-
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protection and the resulting secondary amine was engaged in an aromatic nucleophilic substitution reaction to obtain

the nitro-phenyl piperidine derivative, which was subsequently reduced to afford intermediate 2.

In conclusion, the two key intermediates were coupled via a trimethylaluminum mediated amide bond formation, which

afford the methyl ester derivative of compound 1. Finally, the ester was hydrolyzed to obtain compound 1.

Next, compound 1 was modified to provide the desired tagged probes; i.e. with a trans-cyclooctene (TCO) introduced
with a carbamate linker (3), a methyl cyclopropene introduced with a carbamate linker (4), a methylene linker (5), or an

amide linker (6), and an azide (7) (Figure 2.5-3).

The target compounds were docked with Mdm2 in order to verify the availability of the bioorthogonal label to take part
in a reaction once the compound was bound to the target (see Figure 2.5-5a and 2.5-5b for docking of compound 3 and

compound 6 to Mdm2).

Figure 2.5-5 Docking of compound 3 (a) and compound 6 (b) on the crystal structure of Mdm2 (Adapted from D'Alessandro, P.L., et
al. Angew. Chem. Int. Ed. Engl, 2016).

Furthermore, to confirm that this technology can be applied to peptide molecules two dual Mdm2/Mdm4 inhibitor
stapled peptides (8 and 9) 131133134 \ere functionalized with bioorthogonal groups. The poor selectivity profile of these
compounds versus Mdm4 (see Table 2.6-1) limits their use as chemical probes to study function, although they are
suitable to study whether our bioorthogonal approach can be applied to the imaging of peptidic molecules; this might
enable future studies with more selective compounds. A TCO moiety (replacing the acetyl group of both (8) and (9)) was
attached at the N-terminus via a carbamate linker, yielding respectively two diastereoisomeric mixtures for each peptide
functionalization; (10) and (11) as TCO labelled (8) and (12) and (13) as TCO labelled (9). Additionally, an azide containing

peptide (14) was prepared by replacing the C-terminal alanine of compound (9) with an azido-lysine (Figure 2.5-6).
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Figure 2.5-6 Structure of Mdm2/Mdm4 inhibitor stapled peptides (8 and 9) and their corresponding labelled analogues (10-11 and 12-14)

2.6 Measuring biochemical potency of the chemical probes

The potency of the probes towards Mdm2 and Mdm4 was assessed with a TR-FRET assay'3> (Table 2.6-1). The un-
labelled chemical probes (1 and 2) exhibited PPl ICso values in the double-digit and triple-digit picomolar range
respectively; Nutlin 3a (Figure 2.2-1) appeared to be at least 10-fold less potent compared to 1 and 2 (hMdm2-p53 TR-
FRET = 8.89 = 0.01 nM). Furthermore 1 and 2 showed an exquisite selectivity against the off target p53-Mdm4
interaction (both compounds are more than 500-fold selective over the inhibition of the Mdm4-p53 PPI) as postulated
by Furet!!®, The bioorthogonal probes (3-7, 10-14) retained inhibitory activity on the Mdm2-p53 interaction. The
replacement of the carboxylic acid group of compound (1) with a secondary or tertiary amide functionality (2-7) induced
a marginal loss in activity (3 to 14 fold) although the precise nature of the linker and the bioorthogonal tag did not
further influence the potency of the compounds; no great difference in potency was observed between the probes (3-
7). Furthermore, a small loss in activity was observed for the peptides tagged with TCO at the N-terminus (comparing 8
and 9 with 10-11 and 12-13 respectively); the introduction of the azido-lysine on the C-terminus does not affect potency

(see Table 2.6-1, 9 vs. 14).
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Table 2.6-1 Potency of PPI inhibitors tested towards Mdm2 and Mdm4 using a TR-FRET assay (value determined using at least three independent
measurements) (Adapted from D'Alessandro, P.L., et al. Angew Chem Int Ed Engl, 2016).

hMdm2-p53 hMdm2-p53 hMdm4-p53 hMdm4-p53 hMdm4-p53 / hMdm2-p53
Compound TR-FRET TR-FRET TR-FRET TR-FRET TR-FRET
1Cs0 (M) Cmax% ICs0 (NM) Cmax% (ICsoratio)
1 0.034 £ 0.002 99.7 17.00+2.71 99.5 500
2 0.130 £ 0.009 99.3 130.00 £ 17.00 86.0 1000
3 0.48 +0.03 98.9 344.00 + 46.20 70.0 716
4 0.23£0.02 97 276.35 £ 66.05 71.3 1200
5 0.25+0.02 95.7 201.05 +51.66 75.0 804
6 0.23 £0.02 97.0 211.00 £ 22.50 81.0 917
7 0.20+0.02 99.8 390.28 + 95.80 54.2 1951
8 0.15+0.01 > 100 5.18 £ 0.65 98.5 34
9 0.17£0.01 99.6 1.03 £ 0.09 > 100 6
10 0.51+0.05 > 100 9.73 +3.37 94.5 19
11 0.49 £0.03 99.5 44.10 +2.78 94.5 90
12 2.50+0.23 > 100 23.85+4.74 92.0 9
13 0.62 +0.07 100 7.23+1.03 97.0 2
14 0.19£0.02 96.3 0.44 £0.05 100.0 2

Finally, the functionalization of both LMW and peptide molecules was not detrimental for selectivity over inhibition of
the Mdm4-p53 interaction; overall similar selectivity ratios were seen for tagged probes and their closest untagged

molecules (Table 2.6-1).

2.6.1. Biochemical kinetics of probe binding

Planning to react our bioorthogonal probes with chemical reporters for studying not only their intracellular distribution
but also their target engagement and occupancy using imaging techniques, we envisaged to first investigate the
compound-target binding kinetics in a biochemical assay. The dissociation half-life of the compound-target complex
(defined as the average time required to liberate half of the initially occupied protein or receptor) can play a crucial role
in achieving meaningful co-localization images. It appears intuitive that transient interactions between compounds and
proteins will be hardly captured while complexes with a slow off-rate might be more easily imaged. Also, compounds
with very slow on-rate might be misinterpreted if visualized when a steady state was not reached and the compounds
are accordingly not bound to their targets. Therefore, we measured the kinetic values (Ko, Kon, Kotfand T1/2) using pseudo
first-order conditions (concentration of inhibitor exceeding the MDM2 concentration) for some representative

examples of our bioorthogonal probes (compound 3-5 and 7) and for compound 1 (Table 2.6-2).
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Table 2.6-2 Binding kinetics for representative example of probes

Compound Ko (nM) Kon M5t x 108 Koff st x 103 Ti/2 dissociation (min)
1 N.D. N.D. N.D. N.D.
3 0.35+0.12 0.8+0.0 0.2+0.05 58+ 14
4 0.19+0.03 3.0+£0.9 0.6 £0.08 20+3
5 0.23 £0.08 24+0.7 0.5+0.04 22+2
7 0.16 £ 0.06 45+1.2 0.7+£0.10 173

While we were not able to determine kinetic values for compound 1 using the method we applied (the affinity constant
of compound 1 might be too close to the Mdm2 protein concentration (0.1nM) used in the assay), we were able to
measure the kinetic values for the representative examples of our bioorthogonal probes. As expected, the
bioorthogonal probes (3-5 and 7) exhibited Kp values in the 10'nM range which indicate relatively long binding times.
As reference, it is worth remembering that enzyme-substrate complexes, which have very short binding times, show

136 Furthermore, all the compounds tested showed a fast on-rate with a

values in the micromolar to millimolar range.
Kon in the range of 106 M™% s and a slow dissociation rate constant with a Koff in the range of 10 s, Finally, the half-
life values of the probe-Mdm?2 complex (determined as T1/2 = - In(0.5) / Kof)'3” were in the range from 17 minutes to 58
minutes which we thought would be sufficient for the different imaging experiments. Despite the kinetic values being
measured under closed system conditions, which may poorly reflect a live cell system, the generated data gave us

confidence it would be possible to image the chemical probes not only to study their intracellular distribution but to

investigate their target engagement and occupancy.

2.6.2. Assessing compound solubility for small molecule bioorthogonal probes

Earlier we introduced some design criteria for chemical probes that we applied to our bioorthogonal probe design. The
selected chemical series showed good potency and selectivity, which are pre-requisites for chemical probe
development. In addition, we should take into careful consideration, the physico-chemical properties of our molecules
(e.g. lipophilicity and solubility) and how they are impacted by the bioorthogonal tags. These properties will influence
the probe exposure at the site of action, its target engagement and finally its ability to trigger a functional

pharmacological effect and a phenotypic perturbation in the cell disease model.

A comprehensive understanding of the physico-chemical properties could enable a better biological experimental
design while reducing the risk of creating false positive or misleading results due, for example, to compound

aggregation.

While selecting our biological model we were aware of the potential challenges of developing PPI inhibitor chemical
probes. Despite the great step forward made in targeting the disruption of protein-protein interactions using small
molecules in the last 20 years, most of these compounds are still high in molecular weight, quite lipophilic and
consequently poorly soluble.’3® All these unfavorable properties might lead to chemical probes with poor cellular
permeability, exhibiting unspecific binding to intracellular organelles and membranes and finally showing cellular
toxicity.
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The chemical series we choose, the 3-imidazolyl-indole, is not exempt from such unfavorable physico-chemical
properties. For example, compound 1 has a MW equal to 812 g/mol, a clogP equal to 8.09, a logD oct/wat measured at pH
7.4 equal to 7.7 and a solubility equal to 0.012 g/L at pH=6.8. Furthermore, the polar moieties of 1 give only small
contributions to highly significant electrostatic protein—ligand interactions, as suggested by a low lipophilic ligand
efficiency (LLE for compound 1is equal to 2.3 where LLE is calculated as plCso— logP); LLE values for drug-like compounds

are usually greater than 5.138

As shown earlier the bioorthogonal tag does not greatly affect the compound potency (Table 2.6-1). This is further
confirmed by a modest decrease of the LLE of our probes (Table 2.6-3, compounds 3 — 5 and 7) which seems to exclude

an addition of unspecific hydrophobic interactions due to hydrophobic collapse of the ligand tag onto the protein.

Nevertheless, an increase in lipophilicity can clearly influence the solubility of our probes. For this reason, we decide to
investigate the solubility of our small molecule bioorthogonal probes (3 —5 and 7) by assessing their aggregation at four
concentrations ranging from 0.5 uM to 10 uM in PBS and PBS containing 10% of fetal calf serum (FCS) using dynamic
light scattering (DLS) (Table 2.6-3).

This assessment can help in guiding the design of the cellular biological experiment while more conventional solubility
measurements using UV or MS as detection methods would not discriminate soluble aggregates from compound

monomers.'3°

The bioorthogonal probes showed aggregation at concentration above 0.5 uM in PBS while they only start to aggregate

at 15 pM in PBS containing 10% of FCS.

The formation of soluble aggregates might lead to misleading results during the staining of the bioorthogonal probes
with the fluorescent reporters in the cellular system. Therefore, the aggregation data of the bioorthogonal probes were
used to define with confidence the maximal concentration of probe to be applied to the subsequent cellular imaging

experiments.

Table 2.6-3 MW, cLogP, LLE and Aggregation in PBS and PBS containing 10% FCS for LMW Mdm2-p53 PPl inhibitors

EemEesnd gl}/ln‘::lal cLogP (pleoL—uiIIogP) Agg{:::)t o (pgig:i%i/?(;&)
1 812.1 8.3 2.3 - -
2 8392 | 7. 26 : :
3 10064 | 10.0 .07 > 0.5 UM > 15 uM
4 %643 | 84 12 > 0.5 UM > 15 uM
5 8772 | 83 13 > 0.5 UM > 15 uM
7 8302 | 85 12 > 0.16 uM > 15 uM
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2.7 Testing the bioorthogonal probe activity in a cellular model of osteosarcoma

Subsequently to the biochemical profiling of the synthesized bioorthogonal probes (Mdm2-p53 TR-FRET and Mdm4-
p53 TR-FRET; Table 2.6-1) we next studied their effects on the Mdm2-p53 PPl in a cellular model of osteosarcoma (SJSA-

1). In addition, we investigated the metabolic stability of the bioorthogonal probes in the SISA-1 cell line.

We assessed the potency of our probes by measuring the overproduction and localization of Mdm2 in SJSA-1 cells by
high-content single cell fluorescence analysis upon immunostaining with a specific Mdm2 antibody. The disruption of
the Mdm2-p53 PPI leads to p53 stabilization and consequent enhancement of p53 transcriptional activity targeting
different genes (e.g. Mdm2 gene) (Figure 2.1-1). Accordingly, the activation of the p53 pathway with PPI inhibitors
induces a dose-dependent increase of p53 transcriptional targets such as Mdm2 and p21 in cells with wild-type p53
(Figure 2.1-1).1%* Finally, a prolonged treatment of p53 dependent cell lines with the Mdm2-p53 PPl inhibitors leads to
cell cycle arrest (G1 and Gz phases) or apoptosis as previously described applying Nutlin-3a (Figure 2.2-1) respectively to

U-2 OS or to SISA-1 cell lines. 114140

The SJSA-1 cell line (formerly OsA-CL) is a human osteosarcoma cell line established in 1982 and obtained from a 19
year old patient diagnosed with primitive multi-potential sarcoma of the femur.%*! This cell line is a p53 dependent
osteosarcoma cell model where Mdmz2 is amplified.'*? It has been used as a standard model for assessing the cellular

activity of Mdm2-p53 PPl inhibitors and their efficacy in an in vivo xenograft model.1*

Thus, we incubated SISA-1 cells overnight with

the small molecule probes (1-7); after fixation

HZN\?NH HZNYNH HZNYNH HzN NH HzN NH
NH NH NH \rﬁ \Pﬁﬂ
of the cells, Mdm2 was immuno-stained and o /d; o /d; o J{r o J;L o gl;
H H H H
. . . . S—n N N N N N N N N NH,
fluorescence intensity in the nuclei was 8 Ho§ \_)J_H 5 \)J_H 5 \)J_H S \/IJ_H &

o}
#
measured on single cells. In addition, to
NH NH NH NH
investigate if the reactive strained alkyne HZNANH HZN’J‘\NH HZNANH HZN/&NH
groups could interfere with our cell assay, we Figure 2.7-1 CPP Nona-Arginine peptide tagged with TCO (Compound 15)

included as a negative control, a TCO tagged

cell penetrating peptide (CPP) for which the intracellular target is unknown. Therefore, we labelled a nona-Arginine
(R9)*3 by introducing a TCO at the peptide N-terminus with a carbamate linker (Compound 15) (Figure 2.7-1). As cellular
assay readout, we generated pharmacological dose-response curves by plotting the percentage of cells in which an
increase of fluorescent signal in the nuclei was detected versus the compound concentration (Figure 2.7-2). While all
Mdm2-p53 PPl inhibitor small molecules (compound 1-7) induced the PD marker (Mdmd2 level) in a dose dependent
manner reaching signal saturation at about 0.5 uM, the negative control (compound 15) did not show any

pharmacological effect. Furthermore, we extrapolated an ECso for each compound tested (Table 2.7-1).
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2.7-2 Cellular activity of chemical probes reported as percentage of SISA-1 cells with high level of Mdm2 in nu-
clei (F.I. threshold Cy 5 Mean > 130) (adapted from D'Alessandro, P.L., et al., Angew. Chem. Int. Ed. Engl, 2016.
55(52): p. 16026-16030).

Compound 1 2 3 4 5 7 15

ECso(nM1) 2901 100 43 92 42 50 -

Table 2.7-1 EC50 values for Mdm2-p53 PPI inhibitor probes in SJISA-1 cells (adapted from D'Alessandro, P.L., et al., Angew Chem Int Ed Engl, 2016.
55(52): p. 16026-16030).

All the chemical probes (1-7) induced Mdm2 expression level in the nuclei (Figure 2.7-2) with ECso in the nanomolar
range (Table 2.7-1). Compounds 2-7 showed ECsovalues between 40 and 100 nanomolar, while 1 exhibited an ECso equal

to 291 nanomolar, despite being the most potent

c 400 4
S
probe tested in the TR-FRET biochemical assay (Figure B e Compound 1
B 3004 4 s Compound 2
2.7-3). We hypothesized that the observed drop in g%\ 4 Compound 3
x =
cellular potency of 1 might be due to the anionic g K 2001 ¥ Sompognd-4
8 o ¢ Compound 5
nature of its carboxylic acid group at physiological pH & 1004 . v e Compound 7
® A
that might impair its cellular permeability. Finally, the s 0 i ’ .
0.0 0.2 0.4 0.6
ECso of 3-7 clearly highlighted that the bioorthogonal Mdm2-p53 PPl inhibition TR-FRET IC5, (nM)

groups were not detrimental for the cellular potency Figure 2.7-3 Mdm2 nuclear induction EC50 vs Mdm2-p53 PPI inhibition TR-

FRET for chemical probe 1-7. Compound 1 (¢) is the least potent probe tested

of the compounds and instead they might improve - ) : e
in the cellular assay despite its remarkable biochemical activity.

their permeability.
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2.7.1. Testing the cellular activities of the peptide molecules

As for the chemical probes, we tested the cellular activity of the synthesized Mdm2-p53 PPl inhibitor peptides tagged
with the TCO bioorthogonal group (8-14) in the SISA-1 model. However, expecting much higher ECso values for peptide
molecules, we decided to normalize their activities as percentage relative to Mdm2 nuclear induction triggered by 10

micromolar Nutlin-3a (Figure 2.7-4).

a 1501 b 150+ i
-o- Nutlin-3a -o- Nutlin-3a
5 _ -= Compound 8 5 _ -= Compound 8
g & 100 -« Compound 9 E 2 100 -¥ Compound 10
2¢ ~ Compound15 £ § 5 Compound 11
$2 L3 -+ Compound 15
5% 5% N
2 2
0+ T 1 0 1 1
0.1 1 10 100 0.1 1 10 100
Compound (pM) Compound (pM)
150 o Nutlin-3a Figure 2.7-4 Cellular activity of Mdm2-p53 PPI inhibitors peptides
c tested on SJSA-1 cells. The peptide activities were reported as per-
S = Compound 9 centage of nuclear PD marker induction ((Intensity threshold Cy 5
é £ 1004 ~ Compound 12 Mean > 130) triggered by 10 uM of Nutlin-3a. In the experiments was
£ 'E -+ Compound 13 added compound 15 as negative control. (a) Cellular activity profiling
S 3 -+ Compound 15 of peptides (8), (9) and Nutlin-3a. (b) (11) did not significantly induce
% 5 507 the PD marker while compound 10 showed similar activity to its par-
(4 ent compound, (8). (c) Activity profile of (12) and (13) was very close
0 to their un-labeled analogue (9).
0.1 1 10 100
Compound (M)
Table 2.7-2 ECso Mdm2-p53 PPl inhibitor peptides in SISA-1 cells
Compound | Nutlin-3a 8 9 10 11 12 13

ECso (uM) 2.7 >20 12.3 >20 - 9.1 8.2

The reported cellular activity profiles for compound 8 and 9 were confirmed in our cellular assay (Figure 2.7-4a and
Table 2.7-2).133134 Compound 9 is the most active un-labelled peptide. Considering that 8 and 9 displayed a very similar
biochemical profile in TR-FRET, compound 9 is consequently the more cellularly permeable peptide. Compound 8
showed a very weak activity (ECso > 20 micromolar). Furthermore, its analogue (10) showed a very similar cellular activity
profile while (11) is completely inactive (Figure 2.7-4b). Finally, both (12) and (13) showed a cellular activity profile very
similar if not slightly superior to their parent peptide (9). In addition, at 10 micromolar dose they reached similar PD

marker induction as elicited by Nutlin-3a at the same dosage (Figure 2.7-4c).

2.7.2. Investigating bioorthogonal probe cellular stability

The bioorthogonal probes are labelled with chemically reactive groups (strained alkenes and azide) that might impair

their cellular stability. Therefore, we investigated the cellular stability of representative examples of bioorthogonal
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probes, each of them labelled with the different bioorthogonal groups investigated (TCO, cyclopropene and azide

groups).

Hence, a compound labelled with the TCO (3), a compound functionalized with the cyclopropene (4) and a compound
functionalized with the azide group (7) were incubated at 1.5 and 5 uM concentrations in SISA-1 cells for 1, 3, 5, 8 and
24 hours. The probe stability was measured within the selected time course by Mass spectrometry. Compound stability

was assessed in either supernatant or cell lysates using Alprenolol as internal standard for detection.

Table 2.7-3 Stability of bioorthogonal probes in SJSA-1 cell (data generated using two independent measurements)

Compound Concentration Ti2in supernatant | Tu2 in cell lysate

(nM) (h) (h)

3 L5 >48 29.1+2.2

3 5 >48 >48

1 L5 >48 38.2:7.4

4 > >48 >48

7 15 > 48 > 48

7 5 >48 > 48

1000 5
The bioorthogonal probes tested (3, 4 and 7) showed o
3 -
overall excellent stability with a long half-life atboth o - Compound 3
) ) E -~ Compound 4
1.5 and 5 uM incubations (Table 2.7-3). The TCO 5 wo“m o oipond
tagged compound (3), with a T12=29.1+ 2.2 h when §
. . °
incubated at 1.5 uM, was the bioorthogonal probe &
with the shortest half-life. Interestingly, the azide 10 T T 1
N ) oS of
labelled compound (7) was the one displaying the Time (h)

lowest intrinsic clearance (Figure 2.7-5). This might Figure 2.7-5 Clearance of bioorthogonal probes (3,4 and 7) as-
sessed by plotting the percentage of probe remaining in lysate ob-
tained by treating SJSA-1 cells with 1.5 uM of compound for 1, 3,
5, 8 and 24 hours. The % of compound remaining was calculated

AREA (Prob)
. . . as LN{[(AREA (ISTD)
a diverse metabolic fate of the compounds in cells. (ISTD)

be due to a superior chemical stability of the azide

group compared to the strained alkenes and not to
)] %}. Alprenolol was used as internal standard

2.8 Results and discussion

We identified an exit vector to functionalize the 3-imidazolyl-indole chemical series with bioorthogonal groups by

docking compound 1 into the crystal structure of Mdm2. The docking of the designed bioorthogonal probes into Mdm2
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was evaluated before compound synthesis in order to give confidence that the introduction of the bioorthogonal group

would not adversely affect compound binding or selectivity toward the Mdm4 homolog protein.

The synthesized bioorthogonal probes exhibited remarkable activity in disrupting the Mdm2-p53 interaction in the sub-
nanomolar range, when tested in a TR-FRET biochemical assay. Only a marginal loss of potency (between 1 - 10 fold)
was observed when compared to their parent compounds. Also, the chemical probes retained a high selectivity toward

Mdm4.

The introduction of the bioorthogonal groups did not appear to influence in either a positive or a negative way the
binding affinity of the compounds to the target as shown by a decrease in lipophilic ligand efficiency. Furthermore,
despite the increase in lipophilicity, the bioorthogonal probes displayed a relatively high critical association
concentration (CAC= 15 uM) in cellular media (PBS containing 10% of fetal calf serum). The formation of soluble
aggregates might have led to misleading results while carrying out the cellular studies for investigating the probes
cellular activities or their intracellular distribution. Hence, the probe aggregation data were used as guidance for

selecting the suitable compound concentration range to be applied in the cellular system.

The ligand-protein interaction kinetics, assessed by a biochemical method, highlighted a fast formation of the binding
complex. Furthermore, the ligand-complex half-life appeared adequate for enabling further visualization experiments

using imaging fluorescence techniques (e.g. co-localization of probes and target).

Additionally, the chemical probes were tested in a disease cellular model of osteosarcoma, SJSA-1 cell line. The
compounds induced the PD marker (increased level of Mdm?2 in nuclei) in a dose-dependent manner reaching a plateau
at 0.5 uM. The extrapolated ECso values of the bioorthogonal probes were between 0.5 and 1 fold that of the parent
compound (2) suggesting that the introduction of the bioorthogonal functionality might have increased the compound
permeability. Finally, we investigated the stability of some of the synthesized bioorthogonal probes in SISA-1 cells.
Despite, some differences in terms of clearance being observed between the compounds tagged with the strained

alkenes and the azide, all of them showed a long half-life (e.g. Compound 3 T1/2=29.1 £ 2.2 h).

All together, these data build a solid foundation for the subsequent experiments aiming at validating the bioorthogonal

probes in the cellular disease model.

Finally, we synthesized Mdm2-p53 PPl stapled peptide inhibitors functionalized with bioorthogonal probes. Despite, the
selectivity profile of these molecules limiting their use as bioorthogonal probes for functional pharmacology
investigations, their use in our studies might provide a better understanding of the applicability of our approach to

peptidic molecule imaging; this might enable future studies with more selective peptides.
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2.9 Experimental section

2.9.1. Docking experiment

Modeling and docking were performed with a version of MacroModel enhanced for graphics by A. Dietrich.
MacroModel.'** The compounds were manually constructed and docked in the MDM2 derived from the previously
published crystal structure of MDM2 in complex with a related 3-imidazolyl indole inhibitor (PDB entry code 4DU). The

resulting ligand-protein complexes were energy-minimized using the AMBER*/H20/GBSA force field.

2.9.2. Biochemical assays

Time Resolved Fluorescence Energy Transfer (TR-FRET) Assay for IC50 determination

The inhibition of p53-MDM?2 and p53-MDM4 interactions was measured by time resolved fluorescence energy transfer
(TR-FRET). Fluorescence energy transfer (or Foerster resonance energy transfer) describes an energy transfer between
donor and acceptor fluorescent molecules. For this assay, human MDM2 protein (amino acids 2-188) and human MDM4
protein (amino acids 2-185), tagged with a C-terminal biotin moiety, were used in combination with a Europium labeled
streptavidin (Perkin Elmer, Inc., Waltham, MA, USA) serving as the donor fluorophore. The p53 derived, Cy5 labeled
peptide Cy5-TFSDLWKLL (p53 aal8-26) was the energy acceptor. Upon excitation of the donor molecule at 340nm,
binding interaction between MDM2 or MDM4 and the p53 peptide induces energy transfer and enhanced response at
the acceptor emission wavelength at 665 nm. Disruption of the formation of the p53-MDM2 or p53-MDM4 complex
due to an inhibitor molecule binding to the p53 binding site of MDM2 or MDM4 results in decreased donor emission at
665 nm. The ratiometric FRET assay readout was calculated from the raw data of the two distinct fluorescence signals

measured in time resolved mode (fluorescence 665 nm/fluorescence 620 nm x 1000).

The test was performed in white 384-well plates (Greiner Bio-One, reference 781207) in a total volume of 60 uL by
adding 1 pL of compounds tested at different concentrations diluted in 100% DMSO (1.7% final DMSO concentration)
in reaction buffer (PBS, 125mM NacCl, 0.001% Novexin (consists of carbohydrate polymers), designed to increase the
solubility and stability of proteins; Expedeon Ltd., Cambridgeshire, United Kingdom), 0.01% Gelatin, 0.01% 0.2%,
Pluronic F-127 (block copolymer from ethylenoxide and propyleneoxide), 1 mM DTT). After addition of 0.05 nM MDM?2-
biotinylated or 0,1 nM MDM4-biotinylated (internal preparations), and 0.625 nM Europium labeled streptavidin (Perkin
Elmer), the solution was pre-incubated for 30 minutes at room temperature, then 10 nM Cy5-p53 peptide (internal
preparation) was added before an incubation at room temperature for 30 minutes prior to reading the plate. For
measurement of samples, a TECAN F500 microplate reader was used with the following settings: Excitation 340 nm,
Emission Donor 620 nm and Emission Acceptor 665 nm. ICso values are calculated by curve fitting using XLfit. If not

specified, reagents were purchased from Sigma-Aldrich Chemie GmBH, Buchs, Switzerland.

2.9.3. TR-FRET Assay for binding kinetics

The rapid mixing tool of Infinite F-500 reader (Tecan) was used to study fast binding kinetics (single well mode).
Microplate containing the different concentrations of compound and 20 nM Cy5-p53 peptide in 50 ul assay buffer, were
placed in the reader. After 10 min equilibration at 25°C, binding reactions were initiated by injecting 50 ul of buffer

containing biotinylated 0.1 nM MDM2 and 0.2nM europium-streptavidin at 475 pl/s. Fluorescence was measured at a
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single wavelength (665 nM) and at various time intervals until steady-state was achieved. All experiments were
performed in pseudo first-order conditions (with the inhibitor exceeding the MDM2 concentration). KD, koff, kon were
calculated by 2 methods: by using a global fit (more accurate method), and from plots kobs vs. inhibitor concentration

(for confirmation). Data were validated when the KD obtained was similar to the ICso.

2.9.4. Dynamic Light Scattering

DLS was performed diluting the probes in PBS, or PBS containing 10% of fetal calf serum (FCS). Each probe was measured
at four concentrations ranging from 0.5 to 10 uM in a DLS 384-well plate (Corning Low Volume, Non-Treated, Black with
Clear Bottom, #3540). After transfer, the final dilutions are centrifuged and covered with 10 pL of mineral oil (Sigma,
#M1180) to prevent evaporation during the measurement. Before starting the measurement the dilutions were
incubated for about 60 min. The DLS measurement is performed using WYATT DYNAPro Plate reader. The last two
columns of the plate were filled with PBS as background control. To obtain the normalized signal to background value,

the compound value was divided by the median of the PBS background controls.

2.9.5. Cell culture

SISA-1 cells were maintained in RPMI1640 medium containing L-Glutamine (Invitrogen) supplemented with 10% FCS
heat inactivated (Bioconcept) and 1% Pen/Strep (Invitrogen). Cells were split every two to three days. To split cells,
these were washed with PBS and Trypsin-EDTA (0.5%) was added for 5 minutes at 37°C. Cells were collected in warm
medium and centrifuged for three minutes at 2200 rpm (Multifuge 3s-R, Heraeus), the supernatant was discarded and
cells re-suspended in medium and seeded at a density of 2-2.5 million cells in a T175 culturing flask. Cells were counted
using a Cedex cell counter (Innovatis). For storage, cells were re-suspended in FCS containing 10% DMSO (vol/vol) and
stored in liquid nitrogen. To determine the exact cell number and cell viability, 300 pL cell suspensions are measured
with Cedex Cell Counter (Innovatis). From the obtained cell number the seeding cell number is calculated. For each new

passage a cell number of 2:106- 2.5-106 is seeded in a T175 cell culturing flask.

2.9.6. MDM2 cellular assay

To measure probe potency in cells MDM2 immunostaining was performed following overnight probe incubation and
fixation as described above. Cells were washed with H/H buffer using Tecan power washer and incubated for 30 minutes
at R.T. with 10 pL blocking solution (10% FCS, 0.1% TritonX100 in The primary MDM2 antibody (Abcam, #ab38618) was
added at 1:100 in blocking solution. After 1 hour incubation at RT, cells were washed with H/H buffer and the secondary
antibody (goat anti-rabbit Alexa Fluor 647 labeled) (1:500), and Hoechst (1:10000) (Invitrogen) were added with 1%
fetal calf serum (FCS) in H/H buffer and incubated for 60 minutes protected from light. Cells underwent four washing

cycles with H/H buffer and were stored in H/H buffer containing 1 % Pen/Strep at 4°C until imaging.

2.9.7. High content imaging and image analysis

Images were acquired with an InCell2000 high throughput microscope (GE Healthcare) using a 20x objective. DAPI was
excited at 350 nm and emission was sampled at 470 nm. Alexa Fluor 647 was excited at 649 nm and emission was
sampled at 666 nm. Image analysis was performed using Columbus software 2.3.2 (Perkin Elmer). First, nuclei was
detected based on Hoechst staining. The intensity of the fluorophores signals were measured in the cytoplasm or nuclei
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region, depending on the readout of the assay. The intensity of secondary antibody- Alexa Fluor 647 was measured in
the nuclei region. For the MDM2 detection assay, an intensity threshold (Intensity Cy 5 Mean > 130) was set to calculate

the number of cells overexpressing Mdm2. Data was exported as average of the well and for individual cells.

2.9.8. Data analysis

Dose response curves were performed with OriginPro software (OriginLab, Northampton, MA).

2.9.9. Protocol for compound stability in PBS

Compounds are prepared as 50 uM solutions from 10 mM stocks in PBS. Following 1.5 h incubation the measurements
are performed by Ultra performance Liquid Chromatography by Acquity UPLC/SQD (Waters). The instrument contains
an Acquity HSS T3 1.8 um 2.1x50 mm column. The mobile phase A consists of water, 0.05% formic acid and 3.75mM
ammonium acetate (pH 3.8), the mobile phase B of acetonitrile and 0.04% formic acid. Massspectrometric detection is
perform using a Single Quadrupole Detector (SQD) Waters Acquity SQD and UV-detection is measured by a Photo Diode
Array (PDA).

2.9.10. LC-MS-Analysis for assessing cellular stability

Analysis of samples was performed on a high performance liquid chromatography—tandem mass spectrometry system
(LC-MS) consisting of a Dionex Ultimate 3000 LC-system and a TSQ Quantum Discovery Max mass spectrometer
equipped with an electrospray ion source (lon Max electrospray interface) controlled by QuickQuan 2.0 from Thermo
Fisher Scientific Inc. (Waltham, MA, USA). Compound specific parameters (tube lens and precursor ion, collision energy
and product ion for single reaction monitoring (SRM)) were obtained by automatic tuning using the QuickQuan
software. These parameters were stored in a QuickQuan database to be used for selective quantitation of each test
article. Samples were separated on a Phenomenex Synergi PolarRP, 2*50 mm, 2.5 um (Brechbihler, Schlieren,
Switzerland). The components were eluted with a gradient of 0.1 % formic acid (mobile phase A) versus 0.1 % formic
acid in acetonitrile (mobile phase B) at a flow of 500 pL/min at 50°C using the following gradient: 0 min 5 % B; 0.1 min
5% B; 0.6 min 95 %B; 1.6 min 95 % B; 1.7 min 5 % B; 2 min 5 % B. The injection volume was 5 pL. The first 0.1 minutes
of eluent were diverted to waste to protect in ion source from salts and polar impurities from incubation. For the
estimation of the stability, the percentage of test article remaining relative to time zero minute incubation was used to

determine the elimination-rate constant (Kincubation) and half-life (t1/2).

2.9.11. Chemical material and Methods

General considerations: all chemicals were purchased from Sigma Aldrich, unless noted, and were used as received. All

solvents were of reagent grade or higher and were used without further purification.

Instruments for chemical synthesis and characterization of LMW compounds
Analytical LC/MS were performed on a Waters Acquity UPLC/SQD equipped with a UPLC PDA (Photo Diode Array with
full scan 210 - 450 nm and one user selectable wavelength), a Waters Acquity SQD (Single Quadrupole Detector), and a

Waters Acquity HSS T3 1.8 um 2.1 x 50 mm column at a flow rate of 1.0 mL/min and 60°C column temperature. Analytical
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runs were performed using two methods: (a) LC-MS 10 min run method and (b) LC-MS 2 min run method using eluent

A water + 0.05% formic acid + 3.75mM ammonium acetate and Acetonitrile +0.04% formic Acid.

LC-MS 10 min run method (a) LC-MS 2 min run method (b)
Stop Time 10 min Stop Time 2 min
Mass range ESI +/-: 100 — 1600 m/z Mass range ESI +/-: 100 — 1200 m/z

Time Eluent A Eluent B Time Eluent A Eluent B
(min) (%) (%) (min) (%) (%)
0.00 95 5 0.00 95 5
9.40 2 98 1.40 2 98
9.80 2 98 1.80 2 98
9.90 95 5 1.90 95 5

10 95 5 2 95 5

MS-spectra were recorded on a Waters Xevo G2-XS QTof. Purification of low molecular weight compounds and
fluorophores via preparative high performance liquid chromatography (HPLC) were performed on a Varian 210
instrument equipped with a 335 diode array detector and a Varian Pursuit XRs 10 C18 250 X 21.2 mm column using a
flow rate of 21 mL/min. Buffer A consists of water with 0.1% TFA. Buffer B is acetonitrile containing 10% water and 0.1%
TFA. Purification of compound 7 was performed using a Waters UV-Autopurification system using a Waters 2767 sample
manager, Waters 2545 binary gradient module, a Waters solvent-fluid-organizer, a Waters 2489 UV/visible detector,
and a Waters SunFire C18 column (5 pum 50 x 150mm) running a gradient from 0% Buffer A to 25% Buffer B at 100
mL/min. Buffer A consists of water with 0.1% TFA. Buffer B is acetonitrile. Flash chromatography was performed using
a CombiFlash RF200 equipped with Silica RediSep Column of different size. *H and *3C NMR experiments were recorded
with a Bruker 600 MHz Avance Il or a Bruker 400 MHz Avance Il spectrometer equipped with a 5 mm [*H, 13C, °N]
CryoProbe™ with a z-gradient system. *H and *3C detected 1D and 2D NMR spectra of the sample were recorded at
300K. All spectra were referenced to the internal solvent signal (*H: d6-DMSO = 2.50 ppm and *3C: d6-DMSO = 39.5 ppm;
'H: CDCls= 7.26 ppm and 3C: CDCls= 77.16 ppm; *H: (CD3).CO = 2.05 ppm and *3C: (CD3)2CO= 29.84 ppm, H: D20 = 4.79
ppm).

Instruments for chemical synthesis and characterization of peptides

Analytical LC/MS were performed on a Waters Acquity UPLC/QTOF equipped with a UPLC TVU (Photo Diode Array with
214 nm wavelength), a Waters Acquity SQD (Single Quadrupole Detector), and a Waters Acquity UPLC BEH300 C18 1.7
pum 2.1 x 50 mm at a flow rate of 0.5 mL/min and 80°C column temperature. The eluents for the analytical runs were A
(water +0.05% TFA) and B (acetonitrile + 0.04% TFA ). Chromatography runs were performed using a 10 minutes method
with 5% to 98% B in 9.4 min. Mass spectra over a mass range from 300 m/z to 3000 m/z are acquired using positive-ion
Electrospray lonization (ESI). Both, MS and MSE — at low and high collision energy — were recorded. The analytical
method for peptide analysis will be reported as Method C. The purification of the peptides were performed using a

Waters UV-Autopurification system using a Waters 2767 sample manager, Waters 2545 binary gradient module, a

54



Waters solvent-fluid-organizer, a Waters 2489 UV/visible detector, and a Waters SunFire C18 column (5 um 50 x
150mm) running a gradient from 0% Buffer A to 25% Buffer B at 100 mL/min. Buffer A consists of water with 0.1% TFA.

Buffer B is acetonitrile.

Compound synthesis
Compound 1: 3-(6-chloro-3-(1-((S)-1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-1H-indole-2-carboxamido)-
4-(4-(2-ox0-1,3-oxazinan-3-yl)piperidin-1-yl)benzoic acid

@r
5%

The compound was synthesized following the literature described procedure.*?®

14 NMR (600 MHz, DMSO-d6) & 12.77 (s, 1H), 9.71 - 9.07 (m, 2H), 8.40 (s, 1H), 7.76 (dd, J = 8.4, 1.8 Hz, 1H), 7.53 (s, 1H),
7.41 - 7.34 (m, 2H), 7.31 (d, J = 8.5 Hz, 1H), 7.26 (d, J = 5.7 Hz, 3H), 7.18 (dd, J = 8.5, 1.9 Hz, 1H), 7.10 — 7.01 (m, 2H),
6.75 (dd, J = 8.6, 1.3 Hz, 1H), 6.49 (d, J = 8.6 Hz, 1H), 5.78 (g, J = 6.5 Hz, 1H), 4.14 — 4.06 (m, 2H), 3.9 (td, J = 14.0, 12.2,
3.6 Hz, 1H), 3.22 (d, J = 10.5 Hz, 1H), 3.01 (t, J = 11.6 Hz, 2H), 2.91 (s, 1H), 2.81 (t, J = 11.4 Hz, 1H), 2.71 (d, J = 11.1 Hg,
1H), 1.91 - 1.67 (m, 7H), 1.51 (dd, J = 23.8, 10.9 Hz, 2H).

13C NMR (151 MHz, DMSO) 6 167.35, 158.98, 158.73, 158.50, 158.27, 152.66, 149.02, 137.01, 136.67, 136.61, 133.35,
131.89,131.81, 130.69, 129.94, 129.24, 129.00, 128.67, 128.50, 127.41, 126.78, 125.75, 125.26, 124.89, 121.88, 121.59,
121.26, 120.53, 117.53, 115.58, 112.45, 105.20, 91.96, 66.05, 53.87, 53.63, 51.49, 50.94, 28.66, 28.39, 22.42, 20.09.

LC-MS [M+H]* m/z calcd. for [Ca2H3sCI3sNeOs]* 813.1 found 813.5 at 1.15 min. (UV Detector: TIC) (LC-MS method b).

Compound 2: (S)-6-chloro-3-(1-(1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-N-(5-(dimethylcarbamoyl)-2-
(4-(2-ox0-1,3-oxazinan-3-yl)piperidin-1-yl)phenyl)-1H-indole-2-carboxamide

N cl
O3 Ly
o ¢

O \
[Yats¥e

"\ 0
The compound was synthesized following the literature described procedure.'?®

H NMR (600 MHz, Chloroform-d) & 9.45 (s, 1H), 8.88 (s, 1H), 8.52 (s, 1H), 8.11 (s, 1H), 7.57 (d, J = 7.5 Hz, 2H), 7.34 (s,
1H), 7.26 (q, J = 8.3 Hz, 2H), 7.22 — 7.13 (m, 3H), 6.87 (d, J = 8.6 Hz, 1H), 6.82 (d, J = 1.8 Hz, 1H), 6.67 (d, J = 8.7 Hz, 1H),
6.48 (d, ) = 8.4 Hz, 1H), 6.36 (d, J = 8.6 Hz, 1H), 5.67 (g, J = 6.9 Hz, 1H), 4.19 — 3.97 (m, 3H), 3.15 (d, J = 29.2 Hz, 6H), 3.01
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(s, 1H), 2.94 (d, J = 11.7 Hz, 1H), 2.85 — 2.71 (m, 2H), 2.41 (t, J = 11.9 Hz, 1H), 2.21 — 2.10 (m, 1H), 1.87 — 1.75 (m, 1H),
1.74 - 1.66 (m, 2H), 1.65 — 1.53 (m, 4H), 1.42 — 1.33 (m, 1H), 1.31 - 1.21 (m, 1H).

13C NMR (151 MHz, CDCI3) 6 = 170.98, 159.07, 153.24, 143.53, 137.22, 136.88, 135.80, 133.90, 133.70, 133.24, 132.00,
131.87,131.63,128.69, 128.43, 127.75, 127.27,126.83, 126.67, 124.84, 124.04, 121.95, 121.91, 120.87, 119.22, 111.33,
106.37, 65.96, 54.38, 53.43, 52.62, 51.08, 39.70, 38.89, 35.53, 29.03, 28.55, 22.36, 20.16, 14.22.

LC-MS [M+H]* m/z calcd. for [C44H43CI3N704]* 838.2, found 838.3 at 1.19 min. (UV Detector: TIC) (LC-MS method b).

Compound 3: (E)-cyclooct-4-en-1-yl(2-(3-(6-chloro-3-(1-((S)-1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-
1H-indole-2-carboxamido)-4-(4-(2-oxo-1,3-oxazinan-3-yl)piperidin-1-yl)benzamido)ethyl)carbamate (racemic mixture).

TEA (0.020 mL, 0.140 mmol) was added to a mixture of Intermediate 2 (40 mg, 0.047 mmol) and Intermediate 6 (17.73
mg, 0.061 mmol) in DMF (0.6 mL). The reaction was stirred at R.T. overnight, then evaporated under vacuum to obtain
a yellow crude product. After purification via preparative HPLC (ACN/water mobile phase, TFA modifier), the fractions
containing the desired product were combined and lyophilised to obtain a white solid. The solid was dissolved in DCM
and NaHCOs ag. sat solution was added. The organic phase was separated, washed with brine and evaporated to dryness

to obtain compound 3 as a white solid.

1H NMR (600 MHz, DMSO-d6) & 12.65 (s, 1H), 9.22 (s, 1H), 8.43 (s, 2H), 7.63 (d, J = 8.5 Hz, 1H), 7.49 (s, 1H), 7.38 (d, J =
6.6 Hz, 2H), 7.30 (d, J = 8.4 Hz, 1H), 7.22 (d, J = 7.6 Hz, 3H), 7.17 (d, J = 10.4 Hz, 1H), 7.06 (s, 2H), 7.00 (s, 1H), 6.71 (d, J =
8.7 Hz, 1H), 6.40 (d, J = 6.4 Hz, 1H), 5.71 (s, 1H), 5.60 — 5.48 (m, 1H), 5.47 — 5.35 (m, 1H), 4.27 — 4.15 (m, 1H), 4.15 — 4.01
(m, 2H), 4.01 —3.86 (m, 1H), 3.27 (q, J = 5.7 Hz, 4H), 3.11 (q, J = 5.9 Hz, 3H), 2.97 — 2.76 (m, 4H), 2.32 - 2.17 (m, 3H), 1.97
~1.84 (m, 3H), 1.85 — 1.75 (m, 3H), 1.74 — 1.64 (m, 4H), 1.65 — 1.53 (m, 3H), 1.53 — 1.35 (m, 3H).

13C NMR (151 MHz, DMSO) & 166.26, 158.97, 158.59, 158.37, 156.40, 152.68, 147.03, 137.43, 136.99, 136.77, 135.41,
133.27,133.01, 131.88, 131.61, 131.29, 130.31, 130.12, 130.00, 129.86, 129.13, 128.92, 128.67, 128.51, 126.72, 125.32,
124.41, 121.50, 121.42, 120.41, 112.42, 105.53, 79.60, 74.98, 66.07, 53.64, 53.41, 51.18, 41.17, 40.54, 40.42, 40.28,
40.14, 40.00, 39.86, 39.72, 39.58, 38.70, 34.25, 32.66, 31.08, 28.82, 28.50, 25.64, 25.06, 22.47, 20.15.

LC-MS [M+H]* m/z calcd. for [C53H56CI3N80O6]* 1005.3, found 1005.4 at 1.32 min. (UV Detector: TIC) (LC-MS method
b).
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Compound 4: (2-methylcycloprop-2-en-1-yl)methyl(2-(3-(6-chloro-3-(1-((S)-1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-
imidazol-5-yl)-1H-indole-2-carboxamido)-4-(4-(2-oxo-1,3-oxazinan-3-yl)piperidin-1 yl)benzamido)ethyl)carbamate

(diastereoisomers mixture)

Cl

A solution of Intermediate 4 (58.4 mg, 0.234 mmol) in DMF (100 pl) was added dropwise to a solution of Intermediate
2 (50 mg, 0.059 mmol) and TEA (24.47 pul, 0.176 mmol) in DMF (500 pl) at R.T. under argon and the reaction was stirred
at R.T. overnight. The reaction was poured in EA and the organic solution was washed with NaHCOs aqueous saturated
solution and brine. The organic phase was dried with MgSO4and evaporated to dryness to obtain the crude material,

then purified via prep-HPLC to afford Compound 4 (16 mg, 0.014 mmol, 24 % yield) as a TFA salt.

1H NMR (600 MHz, DMSO-d6) & 12.72 (s, 1H), 9.31 (s, 1H), 8.44 (s, 1H), 8.34 (s, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.50 (s, 1H),
7.35(d, J = 6.4 Hz, 2H), 7.28 (d, J = 8.3 Hz, 1H), 7.22 (d, J = 6.6 Hz, 3H), 7.16 (d, ) = 8.4 Hz, 2H), 7.04 (s, 1H), 7.02 (d, J =
8.3 Hz, 1H), 6.83 (s, 1H), 6.71 (d, J = 8.6 Hz, 1H), 6.44 (d, J = 8.4 Hz, 1H), 5.74 (s, 2H), 4.16 — 4.01 (m, 1H), 3.95 (s, 1H),
3.77 (ddd, J = 31.5, 11.1, 5.0 Hz, 1H), 3.35 — 3.22 (m, 1H), 3.15 (s, 3H), 3.15 — 3.06 (m, 3H), 2.99 — 2.87 (m, 2H), 2.87 —
2.75 (m, 2H), 2.62 (d, J = 22.9 Hz, 1H), 2.06 (d, J = 4.8 Hz, 3H), 1.86 — 1.58 (m, 7H), 1.48 (s, 3H).

13C NMR (151 MHz, DMSO) & 165.75, 158.42, 158.21, 157.98, 156.57, 152.19, 148.81, 146.82, 136.68, 136.22, 132.82,
131.39, 131.26, 130.59, 129.60, 129.39, 128.69, 128.46, 128.17, 127.99, 127.89, 126.24, 124.80, 124.05, 122.50, 121.04,
120.80, 120.30, 119.84, 111.93, 104.78, 102.24, 70.98, 65.55, 54.89, 53.13, 51.45, 50.69, 48.56, 28.25, 27.96, 21.91,

19.61, 16.72, 11.39. (3 carbon chemical shifts not reported hidden under the solvent peak were observed using HBMC).
LC-MS [M+H]* m/z calcd. for [C50H50CI3N806]* 962.2, found 963.3 at 1.26 min. (UV Detector: TIC) (LC-MS method b).

Compound 5: 6-chloro-3-(1-((S)-1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-N-(5-(((2-methylcycloprop-2-
en-1-yl)methyl)carbamoyl)-2-(4-(2-oxo-1,3-oxazinan-3-yl)piperidin-1-yl)phenyl)-1H-indole-2-carboxamide

(diastereoisomeric mixture)

Cl
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A mixture of Compound 1 (60 mg, 0.074 mmol), HBTU (56.0 mg, 0.148 mmol) and TEA (0.051 mL, 0.369 mmol) in DMF
(1 mL) was stirred at R.T. for 15min. A solution of Intermediate 5 (34.4 mg, 0.222 mmol) in THF (0.1 mL) was added and
the reaction was stirred at R.T. for 5h. EA (70 mL) and NaHCO:s aq. sat. sol. (40 mL) were added. The organic phase was
separated, washed with NaHCOs ag. sat. sol. (40 mL x 2), brine (40 mL), dried with MgSO4 and evaporated to dryness to
obtain the trimethylsilyl derivative of the desired product. This compound was dissolved in THF (3 mL), TBAF in THF (1M)
(0.370 mL, 0.370 mmol) was added to the solution and the reaction was stirred at R.T. for 24h. The reaction was
evaporated under vacuum to obtain a yellow residue which was purified via flash chromatography (silica column 4g,
MeOH/DCM mobile phase). The fractions containing the desired product were combined and evaporated to dryness to

obtain Compound 5 (33 mg, 0.037 mmol, 50 % yield) as a white solid.

1H NMR (600 MHz, Chloroform-d) 6 9.64 (s, 1H), 8.74 (s, 1H), 8.67 (s, 1H), 8.00 (s, 1H), 7.55 (ddd, J = 8.0, 4.1, 1.9 Hz, 1H),
7.48 (d, ) = 7.3 Hz, 2H), 7.28 (s, 1H), 7.21 — 7.14 (m, 1H), 7.12 — 7.03 (m, 3H), 6.79 (dd, J = 8.4, 1.9 Hz, 1H), 6.74 (s, 1H),
6.58 (s, 2H), 6.39 (d, J = 8.4 Hz, 1H), 6.28 (d, ) = 8.6 Hz, 1H), 6.12 (d, J = 4.5 Hz, 1H), 5.57 (q, J = 6.9 Hz, 1H), 4.01 (ddd, J =
17.9, 9.0, 5.4 Hz, 2H), 3.96 — 3.89 (m, 1H), 3.41 (ddt, J = 13.5, 9.7, 4.9 Hz, 1H), 3.32 (tt, ) = 13.7, 5.1 Hz, 1H), 2.97 — 2.88
(m, 1H), 2.84 (d, J = 18.4 Hz, 1H), 2.73 — 2.65 (m, 2H), 2.28 (t, J = 11.2 Hz, 1H), 2.11 (d, J = 5.0 Hz, 3H), 2.01 (d, J = 4.1 Hz,
1H), 1.67 — 1.58 (m, 2H), 1.52 — 1.44 (m, 4H), 1.37 (d, J = 2.1 Hz, 1H), 1.27 (d, J = 10.9 Hz, 1H), 1.20 — 1.12 (m, 2H).

13C-NMR (151 MHz, CDCI3) & 165.97, 165.92, 158.20, 152.22, 144.05, 142.17, 136.06, 135.93, 134.90, 132.77, 132.70,
131.06, 130.93, 130.61, 128.32, 128.11, 127.67,127.40, 126.71, 126.24, 125.80, 125.63, 123.74, 123.24, 120.95, 120.85,
120.49,120.45, 119.64, 117.56, 116.96, 116.93, 110.39, 105.41, 101.81, 101.78, 76.20, 75.99, 75.78, 64.91, 53.16, 52.32,
51.54, 49.81, 44.59, 44.55, 37.78, 27.95, 27.40, 21.28, 19.02, 16.95, 16.92, 10.68

LC-MS [M+H]* m/z calcd. for [C47H45CI3N704]* 878.2, found 878.2 at 5.63 min. (UV Detector: TIC) (LC-MS method a).

Compound 6: 6-chloro-3-(1-((S)-1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-N-(5-((3-(((2-
methylcycloprop-2-en-1-yl)methyl)amino)-3-oxopropyl)carbamoyl)-2-(4-(2-oxo-1,3-oxazinan-3-yl)piperidin-1-

yl)phenyl)-1H-indole-2-carboxamide (diastereoisomeric mixture).
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Scheme: Synthesis of Compound 6

A reaction mixture of Compound 1 (300 mg, 0.369 mmol), HBTU (280 mg, 0.739 mmol) and DIPEA (0.387 mL, 2.216
mmol) in DMF (3.8 mL) was stirred at R.T. for 20 min. Methyl 3-aminopropanoate (155 mg, 1.108 mmol) was added
and the reaction was stirred at R.T. for 6h. The reaction mixture was then poured into EA, washed with NaHCO3 agq. sat.

solution and brine. The organic solution was dried with MgS0O4 and evaporated to dryness to obtain a yellow solid. The
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crude material was purified by flash chromatography (silica column 4g, MeOH/DCM mobile phase) to obtain the methyl
ester derivative of Intermediate 1 (246 mg, 0.274 mmol, 74 % yield) as a yellow solid. LC-MS [M+H]* m/z calcd. for
[C50H50CI3N80O5]* 947.2, found 947.4 at 1.17 min. (UV Detector: TIC) (LC-MS method b).

LiOH aq. (4M) (0.343 mL, 1.371 mmol) was added to a solution of the methyl ester (246 mg, 0.274 mmol) in methanol
(0.8 mL) and THF (1 mL) at 0°C. The reaction was allowed to reach R.T. and stirred for a further 6h. The reaction was
concentrated under reduced pressure to obtain an oil. The oil was dissolved in DCM (120 mL) and aqueous HCI (0.5M;
100 mL) was added. The organic phase was separated, dried with MgSO4 and evaporated to dryness to obtain
Intermediate 1 (167 mg, 0.189 mmol, 69.0 % yield) as a yellow solid. LC-MS [M+H]* m/z calcd. for [C45H43CI3N706]*
882.2, found 882.3.4 at 1.09 min. (UV Detector: TIC) (LC-MS method b).

A mixture of Intermediate 1 (102 mg, 0.115 mmol), HBTU (109 mg, 0.289 mmol) and TEA (0.080 mL, 0.577 mmol) in
DMF (1 mL) was stirred at R.T. for 20 min. Intermediate 5 ((2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-
yl)methanamine) (53.8 mg, 0.346 mmol) was then added and the reaction was stirred at R.T. for 8h. The reaction was
poured into EA (100 mL) and the solution was washed with NaHCOs ag. saturated solution (2 x 80 mL), brine (80 mL),
dried with MgS04 and evaporated to dryness to obtain a yellow oil. TBAF in THF (1M) (0.575 mL, 0.575 mmol) was added
to a solution of the oil in THF (2 mL) at R.T. and the reaction was stirred at R.T. for 12h. The reaction was evaporated to
obtain a crude product which was purified via flash chromatography (silica column 12g, MeOH/DCM mobile phase) to

obtain the desired product, Compound 6 (46 mg, 0.048 mmol, 41% yield) as a white solid.

14 NMR (400 MHz, DMSO-d6) & 12.34 (s, 1H), 8.79 (s, 1H), 8.70 (d, J = 2.0 Hz, 1H), 8.48 — 8.36 (m, 2H), 7.76 (t, } = 5.9 Hz,
1H), 7.57 (dd, ) = 8.4, 2.0 Hz, 1H), 7.45 (d, J = 7.2 Hz, 2H), 7.39 (d, J = 1.6 Hz, 1H), 7.34 (d, J = 8.5 Hz, 1H), 7.18 — 7.10 (m,
3H), 7.08 (d, J = 7.3 Hz, 1H), 7.04 (d, J = 2.2 Hz, 1H), 6.80 — 6.71 (m, 2H), 6.62 (dd, J = 8.6, 1.9 Hz, 1H), 6.29 (d, J = 8.6 Hz,
1H), 5.54 (g, J = 7.0 Hz, 1H), 4.02 (dd, J = 8.3, 6.0 Hz, 1H), 3.98 —3.90 (m, 1H), 3.84 (s, 1H), 3.43 (q, J = 6.9 Hz, 2H), 3.02
(d, J = 13.4 Hz, 1H), 2.90 (d, J = 7.6 Hz, 3H), 2.76 — 2.62 (m, 2H), 2.40 — 2.25 (m, 4H), 2.03 (d, J = 1.0 Hz, 3H), 1.79 — 1.42
(m, 7H), 1.36 (td, J = 4.4, 1.6 Hz, 1H), 1.26 — 1.20 (m, 2H).

13C NMR (151 MHz, CDCI3) 6 171.53, 167.08, 159.09, 153.27, 145.36, 143.64, 143.13, 137.11, 136.91, 135.98, 133.72,
132.15,131.55, 131.45, 129.30, 128.75, 128.45, 127.69, 127.29, 126.88, 126.67, 124.82,123.85, 121.92, 121.81, 121.45,
120.56, 118.81, 111.53, 106.22, 102.86, 65.96, 54.14, 53.41, 52.64, 50.89, 45.36, 38.87, 36.32, 35.54, 28.97, 28.45,
22.33, 20.04, 17.77, 11.64.

LC-MS [M+H]* m/z calcd. for [C50H50CI3N805]*947.3, found 947.4 at 5.24 min. (UV Detector: TIC) (LC-MS method a).

Compound 7: (S)-N-(5-((2-azidoethyl)carbamoyl)-2-(4-(2-ox0-1,3-oxazinan-3-yl)piperidin-1-yl)phenyl)-6-chloro-3-(1-(1-
(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-1H-indole-2-carboxamide




A mixture of Intermediate 2 (70 mg, 0.082 mmol), 1H-imidazole-1-sulfonyl azide (commercially available from SynAffix
(20.61 mg, 0.098 mmol)), CuS04.5H20 (1 mg, 4.01 pumol) and K2CO3 (16.99 mg, 0.123 mmol) in MeOH (1 mL) was stirred
at R.T. for 4 h. The reaction was evaporated under reduced pressure to obtain a crude solid. The crude material was
partitioned between DCM (100 mL) and water (50 mL). The organic phase was separated, dried with MgSO4 and
evaporated to dryness to obtain a residue. The residue was purified via flash chromatography (silica column 12g,

MeOH/DCM mobile phase) to afford Compound 7 (43 mg, 0.048 mmol, 58.4 % yield) as a white solid.

1H NMR (400 MHz, Chloroform-d) & 9.49 (s, 1H), 8.80 (d, J = 1.8 Hz, 2H), 8.10 (s, 1H), 7.67 (dd, J = 8.3, 2.0 Hz, 1H), 7.60
—7.54 (m, 2H), 7.37 (d, ) = 1.4 Hz, 1H), 7.27 (s, 1H), 7.24 — 7.13 (m, 3H), 6.89 (dd, J = 8.4, 2.0 Hz, 1H), 6.83 (d, J = 2.0 Hz,
1H), 6.69 (dd, J = 8.6, 1.7 Hz, 1H), 6.57 (t, ) = 5.5 Hz, 1H), 6.49 (d, J = 8.4 Hz, 1H), 6.38 (d, J = 8.6 Hz, 1H), 5.65 (q, ) = 7.0
Hz, 1H), 4.17 — 4.07 (m, 2H), 4.07 — 3.97 (m, 1H), 3.65 (ddd, J = 25.1, 10.8, 5.1 Hz, 4H), 3.09 — 2.92 (m, 2H), 2.80 (dt, J =
12.2, 5.7 Hz, 2H), 2.39 (td, J = 11.9, 2.2 Hz, 1H), 2.14 (dt, J = 12.1, 6.1 Hz, 1H), 1.80 (s, 1H), 1.74 — 1.68 (m, 1H), 1.58 (d, J
=7.1Hz, 4H), 1.41 - 1.33 (m, 1H), 1.32 - 1.23 (m, 2H).

13C NMR (151 MHz, CDCI3) & 167.29, 159.23, 153.30, 145.67, 143.01, 136.94, 136.06, 133.83, 132.07, 131.97, 131.67,
130.86,129.17,128.76, 128.49, 127.78, 127.42, 126.88, 126.65, 124.76, 124.43,122.05, 121.79, 120.70, 118.42, 111.60,
106.45, 77.24, 65.99, 54.01, 53.47, 52.73, 50.83, 39.68, 39.56, 38.98, 29.72, 28.90, 28.39, 22.71, 22.32, 20.03, 14.16.LC-
MS [M+H]* m/z calcd. for [CaaH42Cl3sN1004]* 879.2, found 879.3 at 1.22 min. (UV Detector: TIC) (LC-MS method b).

Compound 8 Ac-1TSFX:EY(I-6-CI)WALLXs**-NH2

N

5 Y

Intermediate 8 (261 mg, 0.075 mmol) was treated with 20% 4-Methyl-Piperidine in NMP (2 mL) and heated in a

microwave for 30 seconds at 50 °C followed by 3 minutes at 75°C. The resin was washed with NMP (4 x 2 mL). Next, the
acetylation of the N-terminus was performed adding on the swollen resin a solution of Ac20 : Pyridine : DMA (1:1:8) (1
mL). The mixture was heated in a microwave for 30 second at 45° followed by additional 30 seconds at 50°C. The resin
was washed with NMP (4 x 2 mL). The NMP-swollen Resin (Acetyl) was washed DCM (4 x 10 mL) and DCE (4 x 10 mL).
Grubbs' first generation catalyst ( 0.025 mmol, 0.2 eq.) in DCE (2.5 mL) was added to the swollen resin and shake under
N2 bubbling. After 2.5 h the solution was removed and Grubbs' first generation catalyst ( 0.025 mmol, 0.2 eq.) in DCE
(2.5 mL) was added. The reaction was run over night under N2 bubbling. Next, the resin was washed with DCM (3 x 20
mL) and NMP (4 x 15 mL), 5% Sodium diethyldithiocarbamate trihydrate in DMF (20 mL), NMP (3 x 20 mL), DCM (4 x 20
mL) and, finally the resin was dried. Next the resin was swollen again with DCM (dry) and a cleavage mixture (95% TFA,
5% H20, 2.5% TIS and 2.5% DDT) was applied for 2.5h at R.T. After the cleavage solution was precipitated by adding
cold diethyl ether (20 mL). The suspension was filtered over a Glass-frit (G4) and dried to obtain the crude material. The

crude was dissolved in 95% TFA (2 mL) and purified via prep. HPLC. Two main peaks were separated. The fractions
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containing the faster running compound were combined and lyophilized to obtain the desired product, compound 8

(2.62mg, 1.020 uM, 1.6% yield).

MS [M+H]* m/z calcd. for [C7sH107CIN13017]* 1496.7, found 1496.8 at 6.28 min. (UV Detector: TIC), [M+Na]* m/z calcd.
For [C7sH106CIN13NaO17]* 1518.7, found 1518.8 at 6.28 (LC-MS method c).

NMR analysis of compound 8 showed that the double bond on the stapling was in Cys conformation.
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Intermediate 9 (47 mg, 0.024 mmol) was dissolved at R.T. In a solution containing DIEA (42.6 pl, 0.244 mmol), ACN (1.5

Compound 9

mL) and water (0.5 mL). N-Acetoxy Succinimide (46mg, 0.029mmol, 1.2 eq) in a solution of AcN (1.5 mL and water (0.5
mL) was added. After 7 minutes at R.T. the reaction was warmup to 45°C and heated for 30 minutes. A second addition
of N-Acetoxy Succinimide 10% in AcN (46 mg, 0.029 mmo, 1.2 eq.) was done and the reaction was heated at 58° for 1h.
The crude material was purified via prep. HPLC to afford after lyophilization compound 9 (29.8mg, 0.017mmol, 69%

yield) as a white solid.

MS [M+H]* m/z calcd. for [Cs7H126N17021]* 1745.1, found 1745.0 at 6.83 min. (UV Detector: TIC), [M+Na]* m/z calcd. For
[Cg7H125N17Na021]* 1567.0, found 1767.5 at 6.83 (LC-MS method c).

Compound 10 and 11

OH

Intermediate 9 (21mg, 0.012 mmol) was dissolved in DMF (0.4 mL) containing DIPEA (10.53 uL, 0.060 mmol).
Intermediate 6 (5.0mg, 0.017 mmol) dissolved in DMF (80 pL) was added and the solution was stirred at 50°C for 24h.
The reaction was allowed to reach R.T. and was purified via prep. HPLC. Two peaks were separated and after
Iyophilization were obtained compound 10 (fast running diastereoisomers mixture) (4.52 mg, 2.81 umol, 23% yield) as

a while solid and compound (slow running diastereoisomers mixture) (4.75mg, 2.96 umol, 24% yield).

Compound 10: MS [M+H]* m/z calcd. for [Cs2H117CIN13018]* 1607.8, found 1607.8 at 7.11 min. (UV Detector: TIC) (LC-MS

method c).

Compound 11: MS [M+H]* m/z calcd. for [Cs2H117CIN13018]* 1607.8, found 1607.8 at 7.50 min. (UV Detector: TIC) and
[M+Nal* m/z calcd. for [Cs2H116CIN13NaO1g]* 1628.8, found 1628.8 at 7.50min (LC-MS method c).
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Compound 12 and 13

Intermediate 10 was dissolved in a solution of DIPEA (37.5 uL, 0.215 mmol) and DMF (0.65 mL). Intermediate 6 (8.2mg,,
0.027 mmol) was added. The reaction was heated at 50 °C overnight. The reaction was allowed to reach R.T. and was
purified via pre. HPLC. Two main peaks were isolated and lyophilized to obtain compound 12 (fast running
diastereoisomers mixture) (10.8mg, 5.63 umol, 30% yield) and compound 13 (slow running diastereoisomers mixture)

(13mg, 6.81 umol, 36% yield); both compound as white solids.

Compound 12: MS [M+H]* m/z calcd. for [CosH13sN17022]* 1856.0, found 1856.1 at 7.13 min. (UV Detector: TIC)(LC-MS

method c).

Compound 13: MS [M+H]* m/z calcd. for [CasH13sN17022]* 1856.0, found 1856.1 at 7.24 min. (UV Detector: TIC)(LC-MS

method c).

Compound 14
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Intermediate 11 (56.2 mg, 0.030 mmol) was dissolved with DMA (440 uL) and DCE (6 mL). Grubbs catalyst first
generation (3.7 mg, 4.54 umol) in DCE (380 pL) was added. The mixture was shaken at 50°C under Argon for 30min.
DMA (2 mL) was added. The DCE mixture was evaporated to obtain the solution of the crude material in DMA. The crude
was purifed via prep. HPLC to afford, after lyophilization of the major isolated peak, compound 14 (20 mg, 9.94 umol,
33 % yield) as a white solid.

MS [M+H]* m/z calcd. for [CooH131N20021]* 1828.0, found 1828.0 at 3.46 min. (UV Detector: TIC)(LC-MS method c).
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Compound 15: (E)-cyclooct-4-en-1-yl ((6S,9S,12S,155,18S,21S,24S,27S,30S)-1,35-diamino-6-carbamoyl-
9,12,15,18,21,24,27-heptakis(3-guanidinopropyl)-1,35-diimino-8,11,14,17,20,23,26,29-octaoxo-
2,7,10,13,16,19,22,25,28,34-decaazapentatriacontan-30-yl)carbamate (TCO-Ro-NH2)

H:N.___NH HoN.__NH HzN.___NH HoN___NH HN.___NH
A - i
NH NH NH NH NH
i /dH i iH i 4‘4 i 4"1 i /d

NH NH NH NH

A

HZN’J*NH HZN’J*NH HoaN"SNH HZN’J“NH

The peptide H-(Arg)o-NH2 was obtained from American Peptide Company (Sunnyvale, CA, US) as a custom synthesis.
11.1 mg of this peptide (7.80 umol) were dissolved in DMA (0.19 mL). DIPEA (0.117 mmol, 15eq) was added followed
by Intermediate 6 (0.012 mmol, 1.5 eq) to achieve a peptide-concentration of about 5%. P-nitrophenol generation
indicated the reaction was proceeding; this was complete after 17h. DMF (2 mL) was added to the reaction-mixture and
the reaction mixture was evaporated to dryness in high vacuum. The resulting oil was dissolved in water (1.5 mL) and
purified by preparative HPLC to give 2.6 mg of the product as a mixture of isomers. MS characterization shows the
expected multi-charged peaks, e.g. MS calcd. for [(M+7TFA+2)/2]*=1187.0 and [(M+4TFA+3)/3]*=715.7 (Ce3H123N37011
and MW 1574.9).

Intermediate 2: N-(5-((2-aminoethyl)carbamoyl)-2-(4-(2-oxo-1,3-oxazinan-3-yl)piperidin-1-yl)phenyl)-6-chloro-3-(1-
((S)-1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-1H-indole-2-carboxamide
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Compound 1 Intermediate 3 Intermediate 2

Scheme: Synthesis of Intermediate 2

A mixture of Compound 1 (643 mg, 0.792 mmol), HBTU (601 mg, 1.583 mmol) and TEA (0.552 mL, 3.96 mmol) in DMF
(5 mL) was stirred in a flask under N2 for 20 min. N-Boc-Ethylenediamine [57260-73-8] Aldrich (0.314 mL, 1.583 mmol)
was added and the reaction was stirred at R.T. overnight. The reaction was diluted with DCM, washed with NaHCO3 aq.
sat. sol. and brine, dried with MgSOa4 and evaporated under vacuum to obtain a yellow solid. The crude product was
purified via flash chromatography (silica column 40g, MeOH/DCM mobile phase). The fractions containing the desired
product were combined and evaporated to dryness to obtain Intermediate 3 (698 mg, 0.731 mmol, 92 % yield) as a
white solid. LC-MS [M+H]* m/z calcd. for [C49H52CI3N806]* 953.3, found 953.5 at 1.28 min. (UV Detector: TIC) (LC-MS
method b).

TFA (1.0 mL, 13.0 mmol) was added to a solution of Intermediate 2 (623 mg, 0.653 mmol) in DCM (7 mL) and the reaction

was stirred at R.T. for 23h. The reaction was then diluted with DCM, washed with NaHCO3 agq. sat. solution and brine,
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dried with MgSOsand evaporated to dryness to obtain Intermediate 3 (554 mg, 0.636 mmol, 97 % yield). LC-MS [M+H]*
m/z calcd. for [CaaHaaCl3sNgOa]* 853.2, found 853.4 at 1.02 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 4 (2-methylcycloprop-2-en-1-yl)methyl (4-nitrophenyl) carbonate (racemic mixture)

NO,
N ¥

The title compound was prepared starting from Intermediate 7 following a literature procedure.'#

14 NMR (400 MHz, Chloroform-d) & 8.32 — 8.22 (m, 2H), 7.38 (dt, J = 7.6, 2.6 Hz, 2H), 6.60 (s, 1H), 4.27 — 4.06 (m, 2H),
2.17 (d, ) = 1.0 Hz, 3H), 1.77 (td, ) = 5.3, 1.5 Hz, 1H).

Intermediate 5 (2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanamine (racemic mixture)

HzN /?/TMS

The title compound was prepared starting from Intermediate 7 following a literature procedure.%¢
'H NMR (400 MHz, Chloroform-d) & 2.60 (d, J = 4.5 Hz, 2H), 2.22 (s, 3H), 1.47 (t, ] = 4.5 Hz, 1H), 0.17 (s, 9H).
Intermediate 6 (E)-cyclooct-4-en-1-yl (4-nitrophenyl) carbonate (racemic mixture)

UL

The title compound was prepared following a literature procedure.**

'H NMR (400 MHz, Chloroform-d) 6 8.29 (d, J=9.2 Hz, 2H), 7.39 (d, J = 9.2 Hz, 2H), 5.76 — 5.44 (m, 2H), 4.48 (dd, J = 10.5,
3.2 Hz, 1H), 2.51-2.34 (m, 3H), 2.27 = 2.10 (m, 2H), 2.08 — 1.86 (m, 3H), 1.77 (td, J = 14.2, 13.3, 4.3 Hz, 2H).

Intermediate 7 (2-methyl-3-(trimethylsilyl)cycloprop-2-en-1-yl)methanol (racemix mixture)

HO/VTMS

The title compound was prepared from 2-ethoxy-2-oxoethanediazonium and trimethyl(prop-1-yn-1-yl)silane following

a literature procedure.®

'H NMR (600 MHz, Chloroform-d) § 3.31 (t, J = 5.4 Hz, 2H), 2.04 (s, 3H), 0.82 (s, 1H), 0.00 (s, SH).

Intermediate 8:

tBu-O_ .

Fmoc H § 3 H 9
N N Jn N N
R IOy Ta < H

(0]

“O-tBu j/\
o)

Rink-MBA-Resin

O-tBu

Fmoc-Rink-MBA-Resin (1.1 g, 0.473 mmol) was transferred in a reaction vessel and swollen with DCM for 20 min at R.T.

The reaction vessel was transferred to a microwave peptide synthesizer (ALSTRA Biotage) already charged with stock
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solutions of mixture of Fmoc aminoacids and Ethyl cyano(hydroxyimino)acetate (1:1) in NMP (0.2M). Stock solutions of
Fmoc-(S)-2-(4-pentenyl)Ala-OH (Fmoc-S5-OH) , Fmoc-(R)-2-(7-octenyl)Ala-OH (Fmoc-R8-OH) and Fmoc-6-chloro-L-
Tryptophan were also prepared by mixing the amino acids with Ethyl cyano(hydroxyimino)acetate (1:1) in NMP to
obtain a 2M solution. The coupling was performed by adding a solution of DIPEA in DMA (2M) (1.5 mL), the coupling
reagent and the amino acid. For all the couplings, except the reaction with Fmoc-S5-OH, Fmoc-R8-0OH, Val in 7, Trp in 6
and Arg in 4, the coupling was performed with HCTU (0.946 mmol, 2.0 eq.). While the introduction of Fmoc-S5-OH,
Fmoc-R8-0OH, Valin 7, Trp in 6 and Arg in 4 was performed by double coupling using in the first coupling reaction PyOAP
and in the second HATU, both (0.496 mmol, 1.05 eq). The reactions were performed heating in the microwave
irradiation for 30 second to reach 60°C and for 7 minutes at 70°C. After synthesis, the resin was dried with high vacuum

in a desiccator for 30min at R.T. to obtain 2.147g of loaded linear peptide resin, Intermediate 8.
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The loaded linear peptide resin, Intermediate 8, (1.677g, 0.255 mmol) was washed 3 x with DCM and swollen for 15

Intermediate 9

minutes in DCM at 50°C, under Argon-bubbling. Fresh prepared cleavage-solution (95%TFA : TIS (95:5)) (15 mL) was
added to the resin. After 19 minutes at 50°C the mixture was cooled at R.T. and precipitated in DIP: PE = 1:1 (200 mL)
under stirring at 0°C. The resin was washed 3 x with 95% TFA (4 mL) and precipitated. After 15 minutes at 0°C a white
suspension was filtered over a glass-frit (G3). The filter-cake was washed 2 x with 50% Diisopropy! ether / Petrol ether
(8 mL) and dry for 10 minutes at R.T. with high vacuum in a desiccator to obtain 310.8mg of linear peptide. The linear
peptide (88 mg, 0.057 mmol) was dissolved in a solvent mixture of DMA (1.6 mL) and DCE (14 mL) (dry and degassed
with Argon) at 50°C. During gentle bubbling with Argon, a deep purple solution of Grubbs | (9.4 mg, 0.11 mmol) in DCM
(2 mL) was added with a syringe-pump (1.2 mL/h). After 1.5h the reaction was evaporated to about 2 mL. Next, 20% 4-
Methyl-Piperidine in NMP (2 mL) was added to the solution and the resulting mixture was heated in a microwave for 30
seconds at 50 °C followed by 3 minutes at 75°C. After, solvent evaporation, the crude material was purified via HPLC.
Two main peaks were separated. The faster eluting peak was lyophilized over night to afford Intermediate 9 (31.8mg,

0.021mmol, 8% yields) as a white powder.

MS [M+H]* m/z calcd. for [C73H106CIN13016]* 1454.7, found 1454.7 at 1.82 min. (UV Detector: TIC)(LC-MS method c).
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Intermediate 10
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The title compound was outsourced from Aurigene Discovery Technologies Ltd.

Intermediate 11

A \M

To intermediate 12 (1.37g, 0.44mmol, 0.32 mmol/g) swollen in DCM (4 mL) was applied twice a cleavage solution of 5%

TIS in TFA (12 mL) for 10 min at R.T under shaking. The two cleavage solutions were combined and 50% Diisopropyl
ether / Petrol ether (400 mL) was added under stirring. The resulted suspension was filtered over a glass-frit (G3) and
washed with 50% Diisopropyl ether / Petrol ether (3 x 50 mL). The solid was dried under high vacuum overnight for 2h.
Next, the solid was dissolved in ACN (8 mL) and heated at 45 °C overnight to afford a yellow solution which was
evaporated to ca. 3 mL . The solution containing the desired product was purified via prep. HPLC to afford after
lyophilization of the fractions containing the desired product, intermediate 11 (56mg, 0.029 mmol, 7% yield).

Intermediate 12
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Fmoc-Rink-MBA-Resin (1.319 g, 0.660 mmol, 0.5 mmol/g) was transfred in a reaction vessel and swollen with DCM for
20min at R.T. The reaction vessel was transferred to a microwave peptide synthesizer (ALSTRA Biotage) already charged
with stock solutions of mixture of Fmoc aminoacids and Ethyl cyano(hydroxyimino)acetate (1:1) in NMP (0.2M). Stock
solutions of Fmoc-(S)-2-(4-pentenyl)Ala-OH (Fmoc-S5-OH) , Fmoc-(R)-2-(7-octenyl)Ala-OH (Fmoc-R8-OH) and Fmoc-
lysine azide (Anspec Ltd.) were also prepared by mixing the amino acids with Ethyl cyano(hydroxyimino)acetate (1:1)
in NMP to obtain a 2M solution. The coupling was performed by adding a solution of DIPEA in DMA (2M) (1.5 mL), the
coupling reagent and the amino acid. For all the couplings, except the reaction with Fmoc-S5-OH, Fmoc-R8-OH and
Fmoc-lysine azide, the coupling was performed with HCTU (0.946 mmol, 2.0 eq.) and AA (1.1 eq.). While the introduction
of Fmoc-S5-OH, Fmoc-R8-OH and Fmoc-lysine azide was performed by using AA (2.0 rq.) and double coupling, where in
the first coupling reaction was used HCTU and in the second HATU, both (0.496 mmol, 1.05 eq). The reaction were

performed heating in the microwave irradiation for 30 second to reach 60°C and for 7 minutes at 70°C. After synthesis
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the resin was dried with high vacuum in a desiccator for 30min at R.T. to obtain 2.046g of loaded linear peptide resin.
The linear peptide resin was then subjected to Fmoc de-protection and N-terminus acetylation. To the shrink resin 20%
4-Methyl-Piperidine in NMP (20 mL) was added and the mixture was shaken for 10min. The procedure was repeated
and the resin was washed with DCM, IPA and 0.3% DIEA in DCM. The DCM-swollen resin was acetylated with DMA :
Ac20 : Pyridine (8:1:1) (10 mL) and shaked well for 10min at R.T. the resin was washed again with DCM, IPA and 0.3%

DIEA in DCM and dried in high vacuum to obtain the linear peptide loaded on the resin (1.37g).
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Chapter 3. The bioorthogonal probe
intracellular distribution, target engagement and

occupancy

The bioorthogonal probes synthesized were employed for developing a “two step” bioorthogonal imaging approach enabling

studies of intracellular distribution and subsequently compound target engagement and target occupancy.

3.1 Two step imaging approach

Bioorthogonal chemistry associated to fluorescent imaging has been previously used for studying intracellular and
extracellular distribution of wild type and metabolically or genetically modified endogenous molecules such as
proteins®®%°, glycans®>® and fatty acids®®'. Additionally, this approach has been applied to enable investigations of
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intracellular distribution of xenobiotics such as small molecules and peptides*.

The latter studies are usually conducted following the so-called “two step” approach. In the first step, the test molecule
labelled with a bioorthogonal group is applied to a cell culture. After cellular uptake, the molecule distributes to
intracellular compartments and organelles or it binds to its targets. In the second step, a fluorescent reporter labelled
with a second bioorthogonal group, able to react orthogonally and irreversibly with the molecule of interest, is applied
to the cells. Upon its internalization and distribution, the fluorescent reporter will label the molecule of interest .
Therefore, the irreversible formation of the bioorthogonal product (the product of the reaction between the tagged

molecule and the fluorophore) will enable the visualization of the intracellular distribution of the molecule of interest.

The “two step” approach can be applied on live or fixed cells using reactions such as SPAAC, IED-DA and Staudinger—
Bertozzi ligation.'>? Additionally, some literature examples reported the use of copper “Click” chemistry to visualize

compounds either inside the cell*>® or metabolically incorporated on the cell surface.'>*

Figure 3.1-1 depicts how we envisaged applying the two-step approach to our MDM2-p53 inhibitor bioorthogonal
probes using our chosen bioorthogonal reactions. The IED-DA approach (Fig 3.1-1a) utilizes a quenched fluorophore
which is turned on as a result of the bioorthogonal coupling. The SPAAC approach (Fig. 3.1-1b) utilizes an un-quenched
‘always on’ fluorophore throughout. We chose not to use the Copper Catalyzed Azide-Alkyne Cycloaddition (CuAAC),

first developed by Sharpless*®, which does offer some favourable features in terms of fast reaction kinetics, small size
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of the reactive groups and their chemical stability. Nevertheless, to be used in a bioorthogonal setting the cytotoxicity
of the active catalyst, Copper(l), and of sodium ascorbate (reducing agent used in excess to form Cu(l)) has to be
circumvented using some stratagems. Indeed, Cu(l) generates reactive oxygen species (ROS) known for leading to breaks
of double-stranded DNA,*>* and other diverse oxidative processes (e.g. protein oxidation>® and bio-macromolecular

damage'®’). Additionally, ascorbate and its oxidation product, dehydroascorbate, have been shown to induce

g i s
* - @ : = .

R

‘ Bioorthogonal probe Protein of interest Quenched fluorophore
o
O

Fluorophore un-quenched upon IED-DA Un-quenched fluorophore

Figure 3.1-1 Depiction of two representations of the “two steps” imaging approach using in (a) a quenched fluorophore and in (b) an un-
quenched fluorophore. Step 1. A functionalized small molecule permeates the cell and distributes inside the cell compartments. Step 2. Cells
are incubated with a fluorophore which reacts bioorthogonally with the small molecule.

crosslinking with proteins!®8. Consequently, these induced cytotoxic effects may modify the target of the chemical probe
(e.g. protein conformational changes due to oxidation) and, for that reason, affect the real intracellular distribution of

the molecule of interest.

Several approaches have been developed to employ CUAAC for imaging studies of molecules in live systems by either
circumventing the copper cytotoxicity and reducing the required level of sodium ascorbate (e.g. by using soluble ligands
for stabilizing the copper ion and increasing the reaction speed>®) or by simply performing the fluorescent staining step
on fixed cells>*>3, However, the SPAAC and IED-DA reactions appear to be still superior in terms of kinetics and they

require a simpler protocol (no additional reagents have to be added to the cell culture).

Contrary to CuAAC, the use of SPAAC and IED-DA does not encounter any evident toxicity issues. Additionally, both
reactions have fast kinetics with rate constants of the second-order (e.g. SPAAC between DIFO derivative and benzyl
azide has K= 7.6 x 1072 M- s and IEA-DA between a TCO derivative and 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine has K =

2 x 103 M. 571 122160 |deally, the reaction employed in the imaging approach should have fast kinetics and proceed
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efficiently with low concentrations of reactants in order to capture intracellular processes with sufficient sensitivity (e.g.
intracellular distribution of the molecule of interest affected by the translocation of its protein target to different cell

compartments).

As for IED-DA (Figure 2.5-2, page 39), the toolbox of bioorthogonally reactive groups for strain-promoted alkyne-azide
[3 + 2] cycloaddition has grown considerably in the last 15 years (Figure 3.1-2). The pioneering work of Bertozzi on the
use of cyclooctyne in SPAAC in living systems!®? (OCT, depicted in figure 3.1-2) raised the interest of different research
groups in identifying new cyclooctynes with improved chemical and metabolic stability and faster kinetics. The toolbox
allows the choice of the most appropriate bioorthogonal group for SPAAC accordingly to the study aim. While tagging a
LMW with a DIBAC group (Figure 3.1-2) might significantly affect its physico-chemical properties, the tagging of a

macromolecule (e.g. a protein) with this bioorthogonal tag may be acceptable in some circumstances.
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Figure 3.1-2 Strained Alkynes developed for SPAAC between 2004 and 2017 (adapted from Dommerholt, J., et
all; Topics in Current Chemistry, 2016. 374(2): p. 16).

3.2  Fluorophore selection

The ideal tagged fluorophore for cell imaging using a bioorthogonal approach should combine classical fluorophore
characteristics (such as maximum excitation and emission wavelength, extinction coefficient, quantum yield, Stokes
shift, thermal and photochemical stability) with physico-chemical properties enabling its cellular permeability (suitable

molecular weight, polarity, solubility, 3D shape, number of rotatable bonds and polar surface area (PSA).

Thus, for intracellular applications such molecules must show: 1) excellent membrane permeability accomplished via
passive diffusion to accumulate inside the cell in high concentration; 2) have an even intracellular distribution and 3)

good intracellular diffusivity®®2,
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The study of a set of structurally diverse fluorescent probes for

potential imaging applications using intracellular chemistry published

Z2n
by Cunningham et al. highlighted the great advantages of BODIPY N\%J/Ne/
FF
(Boron-dipyrromethene or 4,4-difluoro-4-bora-3a,4a-diaza-s-
indacene) and TAMRA (N,N,N’,N’-tetramethylaminorhodamine) based BODIPY TAMRA

fluorophores (Figure 3.2-1).2%2 Their work on BODIPY and TAMRA azide Figure 3.2-1 BODIPY and TAMRA fluorophore cores
reporters showed that such BODIPY fluorophores have good cellular

accumulation, whereas TAMRA-based probes have not only a good cellular uptake but the most uniform intracellular
distribution and best cytosolic diffusivity (assessed using fluorescence recovery after photo-bleaching method, FRAP)
as well. Other fluorophores included in their study such as Alexa Fluor 430, Oregon green, or Cascade Yellow unveiled

inappropriate intracellular accumulation, low cytosolic diffusivity or localization in cell organelles and compartments.

The BODIPYs are extremely interesting fluorophores being relatively apolar, electrically neutral and lipophilic. Thanks
to these physico-chemical properties, they usually have good membrane permeability. Furthermore, they are rather
insensitive to pH and polarity of the environment and they exhibit high fluorescence quantum yield and narrow
excitation and emission bandwidths enabling studies in combination with other fluorophores (e.g. multicolor

microscopy on a single sample for imaging of multiple subcellular entities and co-localization studies).

Finally, by appropriately decorating the core structure, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene, their emission
wavelengths can be tuned to cover the visible spectrum from green (e.g. BODIPY-FL with Amax abs= 503 nm and Amax em=

511)% to the far red zone (BODIPY-TR with Amaxabs= 598 nm and Amaxem= 625) (Figure 3.2-2).
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3.2-2 Fluorescence excitation and emission spectra for BODIPY-FL, BODIPY-TMR and BODIPY-TR (from Fluorescence
Spectra Viewer - )

Devaraj et al. reported for the first time that tetrazine functionalization can be used to quench the BODIPY fluorescence
and at the same time serve as a handle for IED-DA.'% Tetrazines are electron-deficient heterocyclic aza dienes which
react with high energy dienophiles such as trans-cyclooctenes via a retro [4 + 2] cycloaddition®® (Figure 3.2-3). Upon

cycloaddition, N2 is released and the loss of the tetrazine functionality leads to fluorophore un-quenching.

As a result, a 10-20 fold increase in fluorescent signal upon reaction was reported for Tz-BODIPY FL and Tz-BODIPY TMR
(Figure 3.3-1),% while a 1600 fold increase was achieved with some second generation tetrazine-BODIPYs; so-called

“Superbright Bioorthogonal Turn-on Probes” (e.g. dye 3 in Figure 3.3-1)6,
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Figure 3.2-3 IED Diels-Alder between tetrazine and Trans-cyclooctene (figure adapted from J. Am. Chem.
Soc., 2008. 130(41): p. 13518-9).

The quenching mechanism is still under debate, although it was suggested a Forster resonance energy transfer (FRET)
is operating for the first generation of Tz-BODIPY (Tz-BODIPY FL and Tz-BODIPY TMR)®, while a FRET and through-bond
energy transfer (TBET) mixed mechanism was hypothesized for the second generation of tetrazine-BODIPY, called
simply Tz-BODIPY*®® (Figure 3.3-1). Thanks to this fluorescent induction upon reaction, a higher signal to background

ratio was observed making the Tetrazine-BODIPYs excellent fluorophores for live cell imaging.

3.3 Building a fluorophore toolbox

Based on this data and the previously reported use of tetrazine functionalized BODIPY as “turn-on fluorophores” by the

Weissleder’s group we synthesized dyes 1-2 (Figure 3.3-3) following the literature described procedures.®6:166:167

Tz-BODIPY-TMR
Dye 2

Tz-BODIPY-FL
Dye 1

Second generation BODIPYs Third generation BODIPYs Silicon-Rhodamine-Tz
Dye 3 Dye 4 Dye 5

Figure 3.3-1 The tetrazine fluorophore toolbox, Dye 1-5

The synthesis of dye 3 following the reported procedure®®® failed (Figure 3.3-2) therefore a new synthetic route for the

preparation of this dye was established.

The reported synthetic route for the preparation of this dye and analogues was based on a two step synthesis where a
BODIPY scaffold functionalized with the cyanophenyl group was a key intermediate. Next, this compound was engaged

in the tetrazine formation using a zinc triflate (Zn(OTf)2 catalyzed one-pot synthesis in the presence of hydrazine and
73



Figure 3.3-2 Literature synthetic approach for the synthesis of dye 3

acetonitrile and subsequent addition of sodium nitrite and HCI for the oxidation of the 1,2-dihydrotetrazines to the

desired product (Figure 3.3-2).

Despite successfully synthesizing the cyanophenyl functionalized BODIPY scaffold, every attempt to form the tetrazine

ring led to degradation products without formation of the desired dye.

Therefore, we decided to investigate if building up the BODIPY scaffold in the final synthetic step was feasible. Thus, we
prepared the (3-(1,2,4,5-tetrazin-3-yl)phenyl)methanol using the previously reported metal catalyzed one-pot
synthesis.'® Next, we oxidized its benzyl alcohol group using Dess-Martin periodinane to afford the 3-(1,2,4,5-tetrazin-

3-yl)benzaldehyde in good yield. Finally, we formed the BODIPY core using the previously describe procedure (Figure

3.3-3).
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Figure 3.3-3 Synthetic scheme for preparation of dye 3.

Even though, the final synthetic step of the newly developed synthetic route was very low yielding, the same synthetic
approach was applied for the synthesis of a di-substituted tetrazine analogue of dye 3 (not reported here) with improved

yields. For this reason, we think that this synthetic approach may be a good alternative to the one previously published.

During the syntheses, we observed poor solubility for some of the tetrazine BODIPY analogues such as dye 3.
Mazitschek's Group reported the development of a new class of BODIPY dyes, based on an alkoxy-fluoro-boron-

dipyrromethene core, defined by us as the third generation BODIPYs, (Figure 3.3-3), which possess higher solubility.®°

Accordingly, the alkoxy BODIPY, dye 4, was synthesized and added to our tetrazine fluorophore toolbox (Figure 3-8).For
further improving our chances of success in developing a “two step” imaging strategy, we decided to include a near-
infrared radiation (NIR) fluorophore in our library with potential to extend our imaging approach to super resolution
microscopy. Hence, we chose to synthesize dye 5 (Figure 3.3-1), a Silicon-Rhodamine core functionalized by a
170

tetrazine.

74



Quenched fluorophores that can be unquenched upon bioorthogonal reaction have the great advantage of improving
the signal to background noise ratio and they may enable live cell real time imaging without the need for dye wash-out
steps after staining. To date, most of the fluorophores presenting this peculiar characteristic possess a tetrazine moiety
while only a small number of reported fluorophores are quenched with an azide group (e.g. 3-Azidocoumarins)'’* or
with alkynes (e.g. FI-DIBO depicted in Figure 3.1-2)2. Additionally, the published tetrazine quenched fluorophores
cover a broader emission spectrum than reported 3-azidocoumarins. The latter have emission spectra in the range Amax
em = 388-521 nm'”* which may limit their use in multicolor microscopy experiments, so we chose not to apply azide

fluorophores in our work.

Nevertheless, we did want to evaluate azide functionalization of our chemical probes as this small and convenient tag
offers a complementary approach (to our TCO method) by enabling a different bioorthogonal chemistry (SPAAC). This
implies the use of an un-quenched fluorophore-alkyne reaction partner, which may necessitate developing a strategy
to overcome issues due to high background noise. Thus, we included fluorophores functionalized with the

bicyclo[6.1.0]non-4-yne group (BCN) in our tool box of fluorescent reporters.

The bicyclononynes were discovered by van Delft's group and used for labeling surface glycans on living human
melanoma MV3 cells.'”3 Van Delft highlighted the clear advantages of the BCN compared to earlier poorly soluble
cyclooctynes. Maintaining a high reactivity, this bioorthogonal group is smaller and less lipophilic compared to
derivatives such as 4-dibenzocyclooctynol and dibenzoazacyclooctyne (DIBO and DIBAC respectively) (see structures in
Figure 3.1-2). Additionally, this label is easy to synthesize and is symmetrical, so its bioorthogonal cycloaddition product
is a single regioisomer.'’3 Thus, a BCN Rhodamine based fluorophore (dye 6) and a BCN-BODIPY (dye 7) were synthesized
(Figure 3.3-4).

Finally, we included a fluorogenic fluorophore based on the dibenzocyclooctyne scaffold previously reported by

Friscourt et al., FI-DIBO’? (dye 8) (Figure 3.1-2 and 3.4-4).
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TAMRA-BCN BODIPY FL-BCN FI-DIBO
Dye 6 Dye 7 Dye 8

Figure 3.3-4 Strained alkyne fluorophores
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3.3.1. Testing the reaction between bioorthogonal probes and dyes in vitro

Before engaging in the cellular experiments, we tested the bioorthogonal reactions between probes and dyes in PBS in

a cell free system (see Figure 3.3-5 for representative examples).
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Figure 3.3-5 Depicted in the picture an IED-DA and a SPAAC reaction. In (a) the IED-DA between 3 and dye 2 generates a mixture of
bioorthogonal products. While in (b), upon SPAAC between 7 and dye 7 a single regioisomer is produced.

The reactants were dissolved in DMSO to obtain 10 millimolar stock solutions, which were sequentially added to PBS in
a 1 to 4 ratio, bioorthogonal probe to fluorophore, to obtain a final concentration of probe equal to 0.42 micromolar.
The reactions were analyzed with LC-MS at time equal 0 (just after the addition of the last reagent) and after 4 hours.
Furthermore, reagent control samples at equal concentrations to the one of the reaction were analyzed at time 0 and

after 4 hours (see Figure 3.3-6 and 3.3-7 for representative examples).

The reaction between the bioorthogonal strained alkenes (3-6) and the tetrazine-BODIPYs (dyes 1-4) reached

completion after 4 hours with formation of the expected bioorthogonal products.
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Figure 3.3-6 LCMS analyses of reaction between 6 and dye 2 (1 : 4 cmpd to dye) at final concentration of probe equal to 0.42 mM.
Depicted in the picture (a) LCMS analyses at t= 0 (just after the addition of the second reagent) and (b) at t= 4h. In (a) from top to down
6, dye 2 and reaction mixture. In (b) LCMS showed mixture of bioorthogonal product regioisomers; confirmed by MS of major peaks
(Adapted from D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. Engl., 2016).

The IED-DA between an unsymmetrical tetrazine and the chiral strained alkenes (TCO or cyclopropene) produced
several regio-isomeric bioorthogonal products (see Figure 3.3-6 for reaction between 6 and dye 2). Similar kinetics were

observed for the reactions between the azide bioorthogonal probe (7) and the two BCN-fluorophores (dye 6 and 7).

200 Rasge: 1686003

Figure 3.3-7 LCMS analyses of reaction between 7 and dye 7 (1 : 4 cmpd to dye) at final concentration of probe equal to 0.42 mM. Depicted in the
picture (a) LCMS analyses at t= 0 (just after the addition of the second reagent) and (b) at t= 4h. In both (a and b) from top to down 7, dye 7 and
reaction mixture. Reaction went to completion when analyzed at 4h with formation of bioorthogonal product. (Adapted from D'Alessandro, P.L.,

et al. Angew. Chem. Int. Ed. Engl., 2016).
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In these cases, the reaction affords a single regioisomer, due to the BCN being symmetric. Hence, a single product peak

was observed by LC-MS (see figure 3.3-7 for reaction between 7 and dye 7).

On the contrary, analyzing the reaction between a cyclopropene probe (4) and the tetrazine Silicon-Rhodamine (dye 5)
and between the azide chemical probe (7) and the FI-DIBO (dye 8), we did not observe full reaction conversion after 4
hours. Due to the slow reactivity of dye 8, its extremely poor solubility (observed preparing the compound stock

solutions) and finally its low emission wavelength we decided not to progress this fluorophore to a cellular experiment.

We were very surprised by the poor reactivity of dye 5. This fluorophore contains a tetrazine functionalized with a
methyl and a phenyl group, which should exhibit superior reactivity compared to its des-methyl analogue used for the
functionalization of dye 1-4. To exclude that intermolecular interactions between dye 5 and the bioorthogonal probe
(4) might have hampered the reaction, we tested the reactivity of this dye with a 10 fold excess of a more reactive
bioorthogonal group, the un-functionalized (E)-cyclooct-4-en-1-ol. In this case, we were even not able to detect traces

of the desired bioorthogonal product. Therefore, dye 5 was not progressed to the cellular studies.

3.3.2. Evaluation of the intracellular distribution of the fluorophores

The intracellular permeability and distribution of the dyes play a very important role in the development of a “two step”
bioorthogonal imaging approach for the validation of chemical probes. As shown by Cunningham et al, TAMRA and
BODIPY based fluorophores exhibit properties favorable for cellular imaging studies.'®? Furthermore, some of the
fluorophores we have synthesized such as dyes 1 — 4 have been previously engaged in cellular imaging studies showing

promising results, 6616616

Despite, these studies being run in different cell lines, no data on the cellular permeability and intracellular distribution
of these fluorophores in the SISA-1 cell line (the selected cellular disease model) have been reported. In addition, dyes

6 and 7 are new molecular entities and therefore their intracellular distribution has never been investigated.

Hence, planning to develop the “two step” approach, we investigated the intracellular distribution of the dyes 1-4 and

6-7 in SJSA-1 cells using two different protocols, on fixed and live cells.

Therefore, dyes 1-4 and 6-7 were applied to either fixed or live cells at 1 micromolar
concentration. The cells were incubated with the fluorophores for two hours at R.T. for the fixed

cells protocol or at 37 °C and 5% CO, for the live cells protocol. Additionally, BODIPY-FL methyl

ester dye 9 (Figure 3.3-8)'7 not labelled with a bioorthogonal probe was included in the live cell

Figure 3.3-8 Dye 9

experiment as a negative control, after we established it was cellularly impermeable.

The results obtained from fluorescence imaging of the tetrazine fluorophores (dye 1-4) and strained alkynes (dye 6 and

7) are depicted in figure 3.3-9 and figure 3.3-10 for the fixed and the live cell protocols respectively.

All the dyes distributed to every cell compartment, although we observed an uneven distribution in the cell organelles
and the fluorescent signal appeared to be weaker toward the cell periphery. All the dyes, except dye 6 (TAMRA-BCN),

exhibited a tendency to accumulate around the nucleus in the Golgi apparatus / endoplasmic reticulum (ER) region
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(stronger fluorescent signal detected). This staining distribution is typical of lipophilic dyes, which tend to reach cellular

lipophilic compartments and therefore to accumulate in membranes and organelles.’>177

However, dyes 1, 2 and 7 (Figure 3.3-9a, b and f and Figure 3.3-10a, b and e) had the most comparable distribution
when tested either on fixed or live cells. Furthermore, they all spread broadly within the cells without aggregate
formations. Their fluorescent signal is lower in the nucleus and at the cell periphery while it is stronger in the Golgi

region.

Dye 3 and 4 showed a similar distribution pattern (Figure 3.3-9c and 3.3-9d respectively). However, both of them formed

fluorescent aggregates around the nuclei in the Golgi regions.

Dye 6 seemed to be better distributed around the nuclear region, also its fluorescent signal appeared to be more
homogeneous between cytoplasm and nucleus, making it almost difficult to differentiate its distribution between the
two cellular compartments (Figure 3.3-9e and 3.3-10d). Also, its fluorescent signal was weaker when tested in the live

cell protocol. Therefore, this dye seems to be less permeable to live cells.

Figure 3.3-9 Intracellular distribution of fluorophores incubated at 1 uM for 2 hours on fixed SISA-1 cells. The image sections show the distribution
of dye 1-4 (picture (a) to (d) respectively) and of dye 6 and 7 (pictures (e) and (f) respectively). Images were recorded by IN Cell Analyzer 2000 using
the 20 x objective and the FITC channel (green) for dye 1, 3, 4, and 7 or TexasRed channel (orange) for dye 2 and 6. Image sections are illustrated
using a 1:2 zoom factor.
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Figure 3.3-10 Intracellular distribution of fluorophores incubated at 1 uM for 2 hours on live SISA-1 cells. The images sections show the distribution
of dye 1, 2 and 4 (pictures (a) to (c) respectively) and dye 6 and 7 (pictures (d) and (e) respectively). Picture (e) shows that negative control, dye 9,
is not cellular penetrant as only the Hoechst nuclear staining is visible. Images were recorded by IN Cell Analyzer 2000 using the 20 x objective and
the FITC channel (green) for dye 1, 4, 7 and 9 or TexasRed channel (orange) for dye 2 and 6. Image sections are illustrated using a 1:2 zoom factor.

All the dyes were shown to be cell permeable while the negative control dye 9 did not permeate the cell; only Hoechst

dye nuclear staining (blue staining) was detected (Figure 3.3-10f).

In summary, the studies of cellular permeability and intracellular distribution of the dyes functionalized with a
bioorthogonal probe using fixed and live cells protocols gave comparable results for dyes 1, 2 and 7. These dyes,
functionalized with either tetrazine or BCN, are cellularly permeable and distribute to the different cell compartments.
Dyes 3 and 4 exhibited a more heterogeneous distribution, however they formed aggregates. We decided to stop
activities on dye 3 but continue to investigate dye 4, still intrigued by its excellent physico-chemical properties (e.g.

solubility) and cellular in vitro dataset previously reported for this class of mono-alkoxy-BODIPYs.1%°

Dye 6 displayed an apparent reduced permeability on live cells, although we reasoned that dye 6 could be applied to a

fixed cell approach therefore, its poor permeability in live cells was considered less significant.

In conclusion, all dyes except dyes 3 and 5 were further studied in the development of the bioorthogonal two step

approach.
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3.4 Testing bioorthogonal reactions in fixed cells

The toolbox of probes and fluorophores were used for enabling the development of protocols for labelling the
bioorthogonal probes in the cellular disease model. Initially, we opted to test the IED-DA and the SPAAC reactions
between probes and fluorophores using a fixed cell protocol. Thus, SISA-1 cells were treated with the Mdm2-p53
bioorthogonal probes functionalized with the strained alkenes (TCO and cyclopropene) or the azide at three
concentration ranging from 0.16 micromolar to 16 micromolar. After 1 hour incubation, the cells were washed using
H/H buffer and fixed using 4% paraformaldehyde (PFA) in H/H buffer. After a washing step, the dyes functionalized with
the tetrazine and the strained alkyne groups were applied to the cells at 1 micromolar concentration and the
bioorthogonal reactions were run for 2 hours at R.T. Finally, the excess of dye was removed by washing with H/H buffer.
Before imaging, a nuclear staining for cell identification was carried out by treatment with Hoechst dye in H/H buffer

for 10 minutes.

Hence, compound 3, 4 and 5 functionalized with strained alkenes were reacted with dye 1, 2 and 4 (Figure 3.4-1, 3.4-2
and 3.4-3 respectively). While, the azide functionalized probe, compound 7, was engaged in the reaction with dye 6 and

7 (Figure 3.4-4a and b respectively).

Compound 4 Compound 3

Compound 5

Probe .. 0.16 uM

Figure 3.4-1 Bioorthogonal reaction between compounds 3, 4 and 5 (from top down on fixed cells) and dye
1. The cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16 uM for 1h
at 37°C and 5% COa. After fixing the cells with 4% PFA the cell were treated with dye 1 (1 uM) (green stain-
ing) for 1h. Following some washing steps, the nuclei were stained with Hoechst dye (blue staining) before
imaging. The picture clearly showed a dose-dependent increase in fluorescence upon reaction.
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Compound 4 Compound 3

Compound 5

Probe - 0.16 uM

Figure 3.4-2 Bioorthogonal reaction between compound 3, 4 and 5 (from top down on fixed cells) and dye 2. The
cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16 uM for 1h at 37°C and 5%
CO,. After cells fixation the dye 2 was incubated (1 uM) (red staining) for 1h. Straight after nuclear staining with
Hoechst (blue staining), the imaging was performed. A dose-dependent increase in fluorescence upon reaction was

nhserve
Dye 4 (1uM)

Compound 4 Compound 3

Compound 5

Probe - 0.16 uM

Figure 3.4-3 Bioorthogonal reaction between compounds 3, 4 and 5 (from top down on fixed cells) and dye 4. The
cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16 uM for 1h at 37°C and
5% CO.. After cells fixation the dye 4 was incubated (1 uM) for 1h (green staining). Straight after nuclear staining

with Hoechst (blue staining), the imaging was performed. A dose-dependent increase in fluorescence upon reac-
tion was observed.



While analyzing the IED-DA, we observed an evident dose-dependent increase in fluorescence in all the nine reactions
between compounds 3, 4 and 5 and dyes 1, 2 and 4. As depicted in the pictures (Figure 3.4-1, 3.4-2 and 3.4-3), the
fluorescence signal was visible even at the lowest concentration tested (0.16 micromolar). The fluorescence was quite
homogeneously distributed but more pronounced in the cytosol. Only at higher concentration did the signal appear to
be stronger around the nuclei, within the GOLGI or ER region. In the samples undergoing the cycloaddition between the
strained alkene probes and dye 4 aggregates were clearly visible. This was not that surprising considering the previous
intracellular study distribution of this dye on fixed cells, although it was unexpected to observe a higher level of
aggregation at the lower concentrations. It is possible that this is only an optical effect and the stronger fluorescent

signal at higher concentration might have concealed the aggregates.

Finally, it appeared that compounds 4 and 5 (cyclopropene derivatives) triggered a stronger signal compared to

compound 3 (TCO derivative).

Q

Compound 7

Compound 7

Probe - 0.16 uM

Figure 3.4-4 Bioorthogonal reaction between compound 7 and dye 6 (a) (red fluorophore) or dye 7 (b) (green
fluorophore). The cells were treated with the bioorthogonal probes at three concentration 0,16, 1.6 and 16
UM for 1h at 37°C and 5% CO:. After cells fixation, a treatment with the dyes (1 uM) for 1h was performed.
Straight after nuclear staining with Hoechst (blue staining), the imaging was performed. A dose-dependent
increase in fluorescence upon reaction was observed.

The SPAAC reaction between compound 7 and dyes 6 and 7 also showed a dose-dependent increase in fluorescence. A

homogeneous distribution of the fluorescent signal was visible for dye 7 and, as for the tetrazine functionalized

83



BODIPYs, the signal appeared more localized around the nuclei, in the ER / Golgi regions only at higher probe

concentration.

Contrary to what we observed with the BODIPY reactions, for the reaction between compound 7 and dye 6 (TAMRA-
BCN), we were not able to record such sharp images. Thus, we rationalized that this might have been the result of a

stronger extracellular background noise due to dye in the extracellular medium.

In conclusion, the preliminary investigation for the development of the “two step” bioorthogonal approach showed that
upon cell incubation with increasing concentration of bioorthogonal probes and subsequent staining with a fixed
concentration of fluorophores, a dose-dependent increase in fluorescence was observed. Additionally, these
experiments reinforced what was previously observed while studying the intracellular distribution of fluorophores
alone. Dye 1, 2 and 7 showed the characteristics required by the fluorescent reporter to enabling the bioorthogonal
imaging approach. On the contrary, dye 4 and 6 showed respectively formation of aggregates and unspecific staining or
high background noise. While dye 4 was not considered suitable for developing the “two step” bioorthogonal imaging
approach, we further investigated dye 6, planning to quench the extracellular background noise using a novel imaging

approach.

Dye 1, 2, 6 and 7 were further progressed to a more detailed validation and comparison of the bioorthogonal reactions

in both fixed and live cells.

3.5 Fluorophores solubility assessment

Planning to use dye 1, 2, 6 and 7 for enabling the development of the bioorthogonal reactions in fixed and live cells, we
investigated their solubility in PBS and PBS containing 10% of fetal calf serum (FCS) using DLS. Hence, we ran dynamic
light scattering measurement on fluorophore samples at four concentrations ranging from 0.5 micromolar to 10
micromolar. All the tested fluorophores showed aggregation at concentrations superior or equal to 5 micromolar in

both PBS and PBS containing 10 % of FCS (Table 3.5-1 and Figure 3.5-1) .

The aggregation data generated for the fluorophore (dyes 1, 2, 6 and 7) and for the bioorthogonal probes (table 2.6-3)
were used for the design of the bioorthogonal reaction in the cellular system. Therefore, we performed the fluorescent

reporter staining using 1 micromolar of fluorophore and a maximal concentration of probe of 16 micromolar.

Dye 2 Dye 1 Dye 7
i i 400
Dye Aggregation Aggregation i ) : ’
(PBS) (PBS +10% FCS) g 100 / / /
o / /
5 — 40 A /'/
~ = / / N
G D / ¢
1 >5uM >5uM 8 g 10 F /
~= 4 7 7 71
= ] // ”/
2 25uM 210 uM & 1 — —
©v 0.4
6 >10 pM >10 uM 05 1050 10. 05 1.0 50 10. 05 1.0 5.0 10.
Dye (uM)
7 25uM >10uM Figure 3.5-1 Depicted in the picture the Dynamic Light Scattering on dyes.

Dyes were tested at four concentrations ranging from 0.5 uM up to 10 uM

in PBS. Signal was normalized to background. The black line indicates the

Table 3.5-1 Aggregation on dyes measured with DLS in four .
threshold for aggregation.

concentraction ranging from 0.5 uM to 10 uM in PBS and PBS

containing 10% FCS.
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3.6 Developing the bioorthogonal reaction in cells

To further develop the bioorthogonal reactions in fixed and live cells we built dose-response curves of the fluorescent

read-out (fluorescence increase) upon reactions between bioorthogonal probes and dyes in both fixed and live cells.

The different bioorthogonal probes, 3-5 and 7 were incubated at seven concentrations ranging from 0.0158 micromolar
to 15.8 micromolar with SJSA-1 cells at 37 °C and 5% CO2for 1 hour. Dye 1, 2, 6 or 7 were added upon cell fixation with
PFA and the bioorthogonal reaction was run for 2 hours at R.T (Figure 3.6-1). Nuclei were stained with a Hoechst dye
treatment for 10 minutes before imaging. As negative controls for the IED-DAs, we additionally performed the staining
of compound 3 with dye 9 (Figure 3.6-1a and 3.6-1b), while we added the staining of compound 7 with dye 1 as negative
control for SPAAC (Figure 3.6-1c).
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Figure 3.6-1 Intracellular reactions of bioorthogonal probes
and dyes in fixed SISA-1 cells. Compounds were incubated at
seven concentrations in the range 0.0.158 — 15.8 uM with
SJSA-1 cells at 37 °C and 5% CO: for 1h. The cells were fixed
with PFA. The dyes (1 pM) were applied to the cells. The
bioorthogonal reaction was run for 2h at R.T. Nuclei were
stained with a treatment of Hoechst dye for 10 minutes be-
fore imaging. Depicted in the pictures: (a) reaction with dye
1; (b) reaction with dye 2 and (c) reaction with dye 6 and 7.
Images were acquired with an InCell2000 high throughput mi-
croscope (GE Healthcare) using a 20x objective. Hoechst was
excited at 350 nm and emission was sampled at 470 nm; Dye
1 (Bodipy-FL-Tz) and Dye 7 (BODIPY-FL-BCN) were excited at
490 nm and emission was sampled at 525 nm, dye 2 (BODIPY-
0.001 0.01 041 1 10 TMR-Tz) and dye 6 (TAMRA-BCN) were excited at 596 nm and
emission was sampled at 614 nm.
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Applying the live cell protocol, compound 3-5 and 7 were incubated at concentrations ranging from 0.158 micromolar
to 15.8 micromolar with SISA-1 cells at 37 °C and 5% CO: for 1 hour. Dye 1 or 2 was added and the bioorthogonal

reaction was run for 2 hours at 37 °C and 5% CO.. After the reactions, the cells were fixed using PFA and treated with
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the Hoechst dye for 10 minutes before imaging (Figure 3.6-2). As a negative control, compound 3 was stained with

dye 9 as previously done in the fixed cells protocol.
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Figure 3.6-2 Intracellular reactions of bioorthogonal probes and dyes in SJSA-1 live cells. Compounds were incubated at seven concentra-
tions in the range 0.0.158 — 15.8 uM with SJSA-1 cells at 37 °C and 5% CO: for 1h. The dyes (1 uM) were applied to the cells. The bioorth-
gonal reaction was run for 2h at 37 °C and 5% COz for 1h. The cells were fixed with PFA. Nuclei were stained with a treatment of Hoechst
dye for 10 minutes before imaging. Depicted in the pictures: (a) reaction with dye 1 and (b) reaction with dye 2. Images were acquired
with an InCell2000 high throughput microscope (GE Healthcare) using a 20x objective. Hoechst was excited at 350 nm and emission was
sampled at 470 nm; Dye 1 (BODIPY-FL-Tz) was excited at 490 nm and emission was sampled at 525 nm, dye 2 (BODIPY-TMR-Tz) was
excited at 596 nm and emission was sampled at 614 nm.

We could observed a dose-dependent increase in the fluorescent signal in all the reactions run using both the fixed and
the live cells protocols. We observed a general higher fluorescence increase when running the reactions using the fixed
cell protocol. For instance, a maximum fluorescence increase equal to 3.5 fold was observed upon reaction between
compound 5 and dye 1 (Figure 3.6-1a) and a 4.5 fold increase between compound 7 and dye 6 (Figure 3.6-1c). While,
upon reaction between compound 3 and dye 1 under fixed cell condition, only 1.8 fold fluorescence increase was

observed (Figure 3.6-1a).

Dye 1 was the more efficient fluorescent reporter upon IED-DA under both fixed and live cells condition. Dye 7 was
superior to dye 6 upon SPAAC in fixed cells. All the probes were highly taken up by the cell and we were able to detect

probe uptake at the lowest concentration of 50 nanomolar.

In addition, the negative controls included in our experiment did not show a significant increase in fluorescence (Figure

3.6-1a, 3.6-1a, 3.6-2a and 3.6-2b).

Finally, we compared the reaction between either DMSO or
compound 3 at 1.6 micromolar incubation with dye 1 on fixed

cells using imaging (Figure 3.6-3).

As depicted in the pictures, no significant fluorescence was

visible on the DMSO control sample (Figure 3.6-3a only blue

nuclear staining was visible) while a clear BODIPY fluorescent

Figure 3.6-3 SISA-1 cells treated DMSO control (a) and compound
3 at 1.6 uM (b) stained using with Dye 1 (green fluorescence) and
Hoechst dye (blue fluorescence). The control sample did not
show significant staining of the fluorescent reported dye 1.

signal was visible in the sample treated with the fluorescent

reporter (Figure 3.6-3b).
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In conclusion, the developed “two step” bioorthogonal approach allowed the assessment of the bioorthogonal probes
cellular up-take in a dose-dependent manner with a good level of sensitivity (lower limit of detection equal to 50
nanomolar). The different reactions tested worked similarly well allowing flexibility in the choice of the fluorescent

reporter. However, dye 1 seems to be slightly superior in both fixed and live cell protocols.

3.7 Acomparison between the pre-labelling and the two steps imaging approach

Results of prior studies have shown that conjugation of small molecules to conventional fluorescent dyes such as Alexa
dyes (MW ranging between 700 and 1000 Da) significantly impact the distribution and biological activity of the small
molecules.'’® Therefore, we thought to compare our “two step” bioorthogonal imaging approach to a pre-labelling

approach.

Hence, compound 1 was labelled with BODIPY-FL through a 1,2-diaminoethane linker introduced via amide bonds to
afford compound 16 (Figure 3.7-1a). We confirmed its biochemical activity with Mdm?2 and its selectivity against Mdm4
using the TR-FRET biochemical assays(hMdm2-p53 TR-FRET IC50= 0.63 + 0.08 nM, hMdm-p53 TR-FRET IC50= 139.72 +
41.05 nM).

Figure 3.7-1 Depicted in the picture: (a) the chemical structure of compound 16; (b) intracellular distribution of compound 16 incubated
at 500 nM concentration with SJSA-1 cells at 37 °C and 5% CO; for 1 hour; (c) intracellular distribution of compound 3 incubated at 500nM
concentration with SISA-1 cells at 37 °C and 5% CO2 for 1 hour, followed by cells fixation and bioorthogonal staining with dye 1 at 1uM
concentration.

Compound 3 and compound 16 at 500 nanomolar concentration were separately incubated with SISA-1 cells at 37 °C
and 5% CO: for 1 hour. After fixation, we added dye 1 at 1 micromolar concentration to the cells treated with compound
3 and DMSO to the cells treated with compound 16. Subsequently, the cells were imaged. Both pre-labeled and TCO-
functionalized probes were up-taken by the cells. However, as shown in figure 3.7-1b, the pre-labeled compound (16)
formed several aggregates while compound 3 subjected to bioorthogonal staining showed a more homogeneous

distribution without aggregate formation (Figure 3.7-1c).

As a result, the “two step” bioorthogonal approach displayed a clear difference compared to the fluorescence pre-
labelling approach since it enabled the visualization of the probe uptake without formation of aggregates. We reckoned
that the more minor chemical modification to the Mdm?2 ligand in 3 gave a compound that more closely represented
the expected behavior of the parent molecule than the pre-labelled compound 16. However, this finding was
demonstrated from a single prelabelled analogue and our conclusion could be re-inforced by testing a wider set of pre-

labelled molecules.
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3.8 Target engagement studies

After proving that the “two step” approach enabled the intracellular imaging of the bioorthogonal probes and allowed
the assessment of their cellular uptake with a reasonable sensitivity, we investigated whether this approach might

enable the study of the target engagement of our bioorthogonal probes.

As discussed, the disruption of the Mdm2-p53 protein-protein interaction stabilizes p53 and consequently activates its
pathway leading to overproduction of Mdm2 (Figure 2.1-1, page 33). Accordingly, when SJSA-1 cells were treated
overnight with the bioorthogonal probes 1-7, a dose-dependent over expression of Mdm2 was observed in the nuclei
with signal saturation at a probe concentration of ca. 0.5 micromolar (Figure 2.7-2, page 47). If the bioorthogonal probes

were able to engage the target, they should consequently have co-localized with the target in the nuclei.

Hence, we incubated SJSA-1 cells with the compound 1-5 and 7 at 160 nanomolar concentration overnight to induce
Mdm2 in the nuclei. Then we bioorthogonally labelled the probes with the diverse fluorescent reporters (dye 1, 2 and
7) accordingly to their mutual reactivity via either IED-DA or SPAAC using the fixed and the live cells protocols. Finally,
we immunostained the PD marker (Mdm2) and stained the nuclei (Figure 3.8-1 for fixed cells protocols; Figure 3.8-2

for live cells protocol).
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Figure 3.8-1 Co-localization of probes and target using the fixed cell pro-
Probe Mdm2 tocol. SISA-1 cell were incubated overnight with probes to induce Mdm2
overexpression in nuclei. Bioorthogonal probes were stained via
bioorthogonal reaction with different probes. Immunostaining of Mdm2
(Alexa Fluor 647 labeled antibody, red fluorescence) and nuclei staining
(Hoechst dye, blue fluorescence) allowed the imaging of the co-localiza-
tion. Compound 3, 4 and 5 were stained with dye 1 (green fluorescence)
(a) and dye 2 (red fluorescence) (b). Compound 7 was stained with dye 7
(green fluorescence) (c).
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Figure 3.8-2 Co-localization of probes and target using the live cell protocol. SISA-1 cell were incubated overnight with probes to
induce Mdm2 overexpression in nuclei. Bioorthogonal probes were stained via bioorthogonal reaction with different probes. Im-
munostaining of Mdm?2 (Alexa Fluor 647 labeled antibody, red fluorescence) and nuclei staining (Hoechst dye, blue fluorescence)
allowed the imaging of the co-localization. Compound 3, 4 and 5 were stained with dye 1 (green fluorescence) (a) and dye 2 (red
fluorescence) (b).

While both fixed and live cells methods allowed co-localization of probes and target on cells with high content of Mdm2

to be visualized, the first method enabled more clear images to be captured (Figure 3.8-1).

Among the bioorthogonal probes tested, some clearly exhibited a better co-localization with the target. This might be
due to different reasons. For instance, despite assessing a generally long half-life of the probe-target complex using the
biochemical assay (Table 2.6-2), this is only suggestive of what could happen in the more complex cellular system.
Additionally, we did not have information on the different half-lives of target-bioorthogonal product complexes, which
clearly plays an important role for enabling co-localization images. Finally, it is reasonable to think that when the probes
are bound to Mdmz2, their bioorthogonal groups, introduced via different linkers, might be accessible to different
degrees to the reactive dyes to enable the “Click” reactions. To summarize, we reasoned that both the reaction and the
compound binding kinetics had clearly influenced the ability to image the co-localization of the bioorthogonally labelled

probes with the target.

The analysis of these data, in addition to the in ; S
lek(\'\ )
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model (Figure 3.8-3). To further confirm our
Compound 3
observation and finally prove compound target
engagement, we ran additional experiments using 3.8-3 Preferred Bioorthogonal probe and dye pair

compound 3 and dye 1.
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For instance , we performed comparative co-localization studies of compound 3 in two different cell lines, SISA-1 and
HT29 (Figure 3.8-4a and 3.8-4b respectively). The latter expresses a p53 mutant which is unable to bind to DNA and
therefore it is lacking transcriptional activity and tumor suppressor function.’®. Additionally, we ran a negative control

in SJSA-1 cells replacing compound 3 with compound 13 (Nona-Arginine TCO derivative) (Figure 3.8-4c).

Thus, the co-localization between compound 3 and Mdmz2 in the nuclei was confirmed. As expected, compound 3 did
not induce Mdm2 in the nuclei of HT-29, also the level of the protein target was too low to be detected by the
immunostaining (Figure 3.8-4b). Additionally, we were able to visualize the bioorthogonal probe in this cell line and its
localization was not almost exclusively nuclear, as in SISA-1 cells, but was also present in the cytosol (Figure 3.8-4b —
probe staining). Altogether, the experiment in HT-29 supported the mode of action of the bioorthogonal probe, the
activation of the p53 pathway by disrupting the Mdm2-p53 protein-protein interaction. Finally, the negative control,
compound 15, did not induced Mdm?2 in the nuclei of SISA-1 while the compound staining confirmed its permeability

(Figure 3.8-4c).

MDM?2 Nuclei

Probe

Figure 3.8-4 Comparative study of bioorthogonal probe-Mdm2 co-localization. SISA-1 (a) and HT-29 (b)
cells were treated with compound 3. After staining with dye 1 (green fluorescence), Mdm2 was im-
munostained (red fluorescence). Finally, cells were treated with Hoechst nuclear staining (Blue fluores-
cence). Following the same procedure, SISA1 cells were treated with compound 15 as negative control
(c) (Adapted from D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. Engl., 2016).

Additionally, we ran a single-cell data analysis to correlate bioorthogonal labelling and Mdm2 nuclear level (Figure 3.8-

5).
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Figure 3.8-5 The graph obtained from single-cell data analysis of normal-

ized fluorescent signal of labelled probe (3) versus immunostained Mdm2

reveals the correlation between probe in the nuclei and nuclear Mdm2

level (Adapted from D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. Engl.,

2016).
We observed a very good correlation between target protein level and bioorthogonal probe (1) which suggested that
the bioorthogonal probes may be used not only to visualize the target but to measure its expression level too. Finally,

the bioorthogonal probe was detected only in cells with a high Mdm2 content.

In conclusion, we proved target engagement of compound 3 by confirming its mode of action and correlating its target

modulation to the observed phenotypic effect (increased Mdm2 protein level in nuclei).

3.9 Target occupancy

After the investigation of the target engagement of our bioorthogonal probe, compound 3, we decided to explore if the
“two step” bioorthogonal approach might also enable the assessment of the target occupancy of different chemical

classes of Mdm2-p53 PPl inhibitor chemical probes.

Previously, we showed that compound 3 could be used for assessing the Mdm2 protein level and that this compound
induced the maximal level of Mdm?2 in the nuclei (signal saturation) when incubated with SISA-1 cells overnight at 500
nanomolar concentration (Figure 2.7-2, page 47). Moreover, the compound treatment resulted in the complete
translocation of the target to the nuclei. Therefore, we assumed full target occupancy dosing compound 3 at that
concentration. We reasoned that an un-labelled inhibitor could be used to compete with the intracellular binding
between the bioorthogonal probe and its target and, consequently, by assessing the reduction of the bioorthogonal

probe signal, we could extrapolate the target occupancy of the un-labelled compound.
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Hence, we incubated SJSA-1 cells with compound 3 at 500 nanomolar concentration overnight while maintaining the
culture at 37 °C and 5% COa. Then, we treated the live cells with compound 1 (see structure on Figure 2.5-1, page 38)
at 15 micromolar concentration for 2 hours. After cell fixation, we stained bioorthogonally compound 3 with dye 1 and

we performed the immunostaining of Mdm?2.

As represented in figure 3.9-1a, in the absence of the competitor compound 1 a full co-localization between the
bioorthogonally stained compound 3 and the immunostained Mdm2 could be observed in the cells with high level of
the protein target. When the competitor compound 1 was applied, a reduction of the fluorescent signal of compound

3 was evident, although the Mdm2 immunostaining was still visible (Figure 3.9-1b).

Nuclei MDM2 Probe (3)

Figure 3.9-1 Competition experiment for studying target occupancy of compound 1. SASJ-1 cells
are treated with compound 3 (0.5 uM) overnight at 37 °C and 5% CO.. (A) in absence of competitor
(1) co-localization between compound 3 (green signal) and Mdm?2 (red signal) can be observed.
(B) by treating the live cells with compound 1 (15 uM), a reduction in the bioorthogonal probe
signal is observed.

Based on this result, we decided to investigate if we could quantify the target occupancy. Therefore, we selected a set
of five structurally different Mdm2-p53 PPI inhibitors, four LMW compounds, compound 1, 17,180181 18182183 19184 gng
a stapled peptide, compound 9*®° (Figure 3.9-2). The activities of these compounds were confirmed using the TR-FRET
and the cellular PD induction assay (see Table 3.9-1). As in the previous experiment, we induced the PD marker by
treating the cells overnight with compound 3 at 500 nanomolar concentration. Next, the competitors were applied for

2 hours at 37°C and 5% CO2 at different doses ranging from 0.0158 micromolar to 15.8 micromolar.
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3.9-2 Structures of the LMW compounds 1, 9, 17, 18 and 19 and the stapled peptide 9.

1 0.034 +0.002 0.29
9 0.17+0.01 5.9
17 7.25+0.72 >10
18 3.39+0.45 2.1
19 2.29+0.21 6.2

Table 3.9-1 Biochemical and cellular activity of compound 1,9, 17, 18 and 19 measure in TR-FRET assay and in the PD induction
cellular assay.
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As illustrated in the graph in figure 3.9-3, by competing out compound 3 with compound 1 at 5 micromolar
concentration, a 50% reduction of the bioorthogonal probe in the nuclei was observed. Consequently, compound 1 at
that concentration occupied 50% of the target. The other compounds tested showed a lower target occupancy which
correlates with their weaker cellular activity (Table 3.9-1). For example, compound 9 showed 50% target occupancy
when dosed at 25 micromolar. While, compound 17, a pyrazolopyrrolidinone derivative,®! did not show occupancy up

to 50 micromolar concentration, in agreement with its lack of cellular activity.
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Figure 3.9-3 Target occupancy of un-tagged Mdm2-p53 PPl inhibitors. Compounds belonging to
different chemical classes were used to compete the binding of compound 3 with Mdm2 in
SISA-1 cells. The cells were treated with 500 nM of compound 3 overnight followed by compe-
tition with increasing concentration of un-tagged compounds. The percentage of probe com-

peted in the nuclei represented the target occupancy of the un-tagged compounds (Adapted
from D'Alessandro, P.L., et al. Angew. Chem. Int. Ed. Engl., 2016).

In conclusion, the assay developed enabled quantification of target occupancy for compounds having different scaffolds
and belonging to different chemical classes (e.g. LMW compounds and peptides). In principle, this assay could be applied
for the identification of new chemical matter having the same mode of action as the bioorthogonal probe and binding

into the same pocket.

3.10 Results and discussion

A toolbox of bioorthogonally reactive fluorescent reporters was built to enable the development of a “two step”

approach for studying bioorthogonal probes in a cellular disease model.

After testing the reactivity of the fluorescent reporters and the bioorthogonal probe pairs in a cell-free in vitro assay,
we investigated the intracellular behaviors of the fluorophores (e.g. permeability, distribution, intracellular
aggregation). As a result, BODIPY and TAMRA based fluorophores were selected to enable the development of the EID-
DA and SPAAC reactions with the bioorthogonal probes in fixed and live cells. All reactive pairs showed a dose-

dependent intracellular increase in fluorescence upon bioorthogonal reaction. Consequently, a first method to assess
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permeability of the bioorthogonal probes was established; we were able to detect cellular uptake for the Mdm2 ligand

labeled with the TCO group with a LOD of 50 nanomolar.

Next, we ran a set of compound-target co-localization experiments using EID-DA and SPAAC bioorthogonal staining. By
treating the cells with the bioorthogonal probes for a time sufficient to induce a PD effect (increased nuclear Mdm?2
level) we observed translocation of our probes to the nuclei and co-localization of the target and the probes.
Additionally, we confirmed that the observed PD effect was the result of the expected mode of action of our
bioorthogonal probes by running the target engagement experiment in p53 mutant expressing cells, HT-29. In this cell
line the mutant p53 is unable to bind DNA and therefore it is lacking transcriptional activity. As expected, the

bioorthogonal probe did not induce the PD, confirming their mode of action.

Some reactive pairs clearly revealed a greater degree of co-localization and in particular, the TCO labeled chemical probe
and the tetrazine BODIPY-FL dye showed a superior behavior in both fixed and live cell target engagement experiments.

Therefore, this reactive pair was used for further biological studies.

By fluorescence single-cell analysis we demonstrated a good correlation between target protein and bioorthogonal
probe levels in the nuclei. Incubating the cells with 500 nanomolar concentration of the bioorthogonal probe led to the
maximal level of Mdm?2 in the nuclei. Furthermore, at that concentration, all the bioorthogonal probes showed nuclear
localization. Therefore, we assumed at that concentration of TCO labeled probe full target occupancy was reached. We
showed that the probe bound to the target in the nucleus could be competed out with a set of un-labelled Mdm2-p53
PPI inhibitors and by measuring the reduction of fluorescent bioorthogonal staining we could assess target occupancy
for the un-labelled inhibitors. Additionally, we reasoned that such an approach could be used for identifying new

chemical matter binders for Mdm?2.

Finally, we published this work in Angewandte Chemie in 2016 (P. L. D'Alessandro et al., “Bioorthogonal Probes for the
Study of MDM2-p53 Inhibitors in Cells and Development of High-Content Screening Assays for Drug Discovery”; Angew
Chem Int Edit 2016, 55, 16026-16030).18°

3.11 Experimental section

3.11.1. Dynamic Light Scattering

See2.9.4

3.11.2. Cell culture

SISA-1 cells were cultured as described in 2.12.4. HT-29 cells were maintained in McCoy’s 5A medium (ATCC)
supplemented with 10% FCS heat inactivated (Bioconcept) and 1% Pen/Strep (Invitrogen). HT-29 cells were cultured

following the procedure applied to SISA-1 cells.
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3.11.3. Bioorthogonal labelling of probes in fixed and live cells

SISA-1 cells were plated in 384-well optical imaging, flat, clear-bottom, black microplates (Corning) at a density between
1000 and 3000 cells per well using an automated dispenser (Multidrop Combi, Thermo Scientific, Waltham, MA). Cells
were incubated for 24 h at 37° C and 5% CO2 to allow them to attach. Probes were added manually to plates from a 10
mM stock in DMSO with a pre-dilution step in DMSO to keep DMSO concentration constant. Final DMSO concentration
was 0.5%. Eight concentrations of probes (0.0158 to 15.8 uM) were tested incubating for either 1hour or 16 hours at
37C and 5% CO2. Following probe incubation, excess of compound was removed using a plate washer (Power Washer

384, Tecan, San Jose, CA). The biorthogonal reactions were performed either in fixed or live cells.

To fix cells 4% PFA (stock: 32%) diluted in H/H buffer adding 10 uL/ well for 15-20 minutes. Following a washing step
with H/H buffer the cells are incubated with 10 pL of 1 uM dye. The dye is prepared from 10 mM stock solution either
in H/H buffer if applied to fixed cells or in medium when applied directly to live cells. Live cells are incubated 2 h at 37
°C and 5% CO2 and fixed cells 2h at RT. Excess of dye is removed after incubation by washing with H/H buffer using
Tecan Power Washer. Live cells are fixed, as described before, after performance of the bioorthogonal reaction. To
visualize the nuclei for later image analysis, nuclear staining is performed using Hoechst dye in a dilution of 1:10000 in
H/H buffer. Cells are incubated for 10 minutes with 10 L of the Hoechst solution followed by washing with H/H buffer

using Tecan Power Washer. The cells are stored in H/H buffer containing 1 % Pen/Strep until imaging.

3.11.4. In cells competition assay

To perform the competition assay, the same protocol as described for intracellular labeling is used adding a step where
a compound is allowed to compete the probe. To do that, following overnight incubation with the probe and washing,
the competitor molecule is incubated in live cells for 1 hour at 37C and 5% CO2 at different doses (0.0158 to 15.8 uM).

The labeling is then performed either in live or fixed cells as indicated above.

3.11.5. Image analysis and high content imaging

Images were acquired with an InCell2000 high throughput microscope (GE Healthcare) using a 20x objective. DAPI was
excited at 350 nm and emission was sampled at 470 nm; Bodipy-FL-Tz and Bodipy-FI-BCN was excited at 490 nm and
emission was sampled at 525 nm, Bodipy-TMR-Tz was excited at 596 nm and emission was sampled at 614 nm. Alexa
Fluor 647 was excited at 649 nm and emission was sampled at 666 nm. Image analysis was performed using Columbus
software (Perkin Elmer). First, nuclei was detected based on Hoechst staining and cytoplasm was defined by Bodipy-FL
or Bodipy-TMR staining. The intensity of the Bodipy-Fl or Bodipy-TMR signals were measured in the cytoplasm or nuclei
region. The intensity of Alexa Fluor 647 was measured in the nuclei region. For the Mdm?2 assay, an intensity threshold
was set to calculate the number of cells overexpressing Mdm2. Data was exported as average of the well and for

individual cells.

3.11.6. Data analysis for biology experiments

Dose response curves and statistical analysis were performed with OriginPro 9.1 software. Data were assessed for

significance by two-Sample T-Test. Results were considered statistically significant for P values < 0.05.

96



3.11.7. Chemical material and Methods

General considerations

All chemicals were purchased from Sigma Aldrich, unless noted, and were used as received. All solvents were of reagent

grade or higher and were used without further purification.

Instruments for chemical synthesis, characterization and reaction characterization

As reported in 2.12.10.1.

3.11.8. General procedure for bioorthogonal reaction characterization with LC-MS

A representative example of IED-DA:

cl

DMSO/PBS 1:1
e

4h atR.T.

c86H88Bc'3F2N1408
Exact Mass: 1598.6036

Compound 6
If R,=-Me then R,=-H

If R;= -H then R,= -Me

Dye 2 (60 pL, 0.600 pmol, 10mM solution in dry DMSO) and Compound 6 (15 pL, 0.150 umol, 10mM solution in dry
DMSO) were combined in 150 puL of DMSO and 150 uL of PBS at a final concentration of 0.42 mM for compound 6. The
reaction was analyzed with LC-MS after the addition of the last reagent and after 4 hours at room temperature shaking

at R.T. Multiple peaks were identified with molecular mass consistent with the IED-Diels-Alder products (m/z 1597 [M-
1]).

A representative example of SPAAC:

N NN
He
DMSO/PBS 1:1 N
CO>:OO "
4h atR.T. HN C,:H;,BCl;F;,N,,0,

A% 1388.4992
NH

Compound 7

Dye 7 (60 pL, 0.600 pmol, 10mM solution in dry DMSO) and Compound 7 (15 uL, 0.150 umol, 10mM solution in dry
DMSO) were combined in 150 uL of DMSO and 150 uL of PBS at a final concentration of 0.42 mM for compound 7. The

reaction was analyzed with LC-MS after the addition of the last reagent and after 4 hours at room temperature shaking
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ay R.T. A single peak with molecular mass consistent with the alkyne-azide cycloaddition product was identified (m/z

1389 [M+H]+ and m/z 1387 [M-1]-).

Reaction characterization between compound 3, 4, 5 and 6 and the tetrazine-fluorophores (dyes 1-5) were performed
following the same procedure described for the reaction characterization between compound 6 and dye 2. Reaction

characterization between compound 7 and alkyne fluorophores were performed using the same procedure described

for the reaction characterization between compound 7 and dye 7.

cmod Dve Bioorth. Product Bioorth.Product Bioorth. Product Bioorth.Product
P 4 Formula Calcd. mass Found mass Retention time
3 1 Cr6H77BCI3FN1;:0 [M+H]*=1437.5 1438.6 Multiple peaks
76H77BCl3F2N1307 : : 5.94 - 6.48min®@
4 1 CrsHnBClFaN1sO [M+H]"=1396.4 1396.5 Muiltiple peaks
et : : Main peak at 6.29min®
5 1 C1oHesBClsFoN10 [M+H]'=1308.4 1309.5 _ Multiple peaks
ToTee =T 2INZs . . Main peak at 6.34min®
6 1 Ci3H7BCIsF2N 1306 [M+H]*=1380.5 1380.5 _Multiple peaks
: : Main peak at 6.13min®
3 2 CaoHgaBCl3F2N1,0 [M+H]*=1657.6 1658.0 Multiple peaks
891194 3r2IN14Y9 . . 122_14Om|n(b)
4 2 CasHesBCl3F2N1,0 [M-1]*=1613.6 1613.0 Multiple peaks
86H58B Cl3F2N1409 . : 1.25-1.50min®
5 2 CasHesBCl3F2N1;:0 [M+H]*=1527.6 1528.6 Muiltiple peaks
83T TesE st sy : : Main peak at 6.63min®
3 3 CraHBClFoN10 [M+H]"= 1381.4 1381.4 Muiltiple peaks
rallra= st 2Nze : . Main peak at 7.27min®
4 3 Cr1HesBClsFaN120 [M+H]"= 1339.4 1340.1 _ Mutiple peaks
7ities= s 2lN2e : . Main peak at 9.44 min®
3 4 Cr6H7BClFN 10 [M+H]*=1407.5 1407.5 Muitiple peaks
76H70BClsFN1207 : : 7.59 — 8.12min®
4 4 CrsHrsBCLENL,O [M+H]*=1365.5 1365.6 Muiltiple peaks
73n173B AN : : 7.23 - 7.93min®
5 4 CroHesBCI:FNLO [M+H]*=1280.5 1280.6 Multiple peaks
7orlesB LA N1 D8 : : 7.24 - 8.24min®
6 4 Ci3H73BClFN L0 [M+H]*=1350.6 1350.4 Multiple peaks
(et : : Main peak at 7.80min®
. . Small peak at 6.42 min®
4 5 Ce7HesCliN1306Si [M+H]*= 1591.5 1591.3 (roaction not comploted)
7 6 Cg2Hg1ClsN14010 [M+H]*=1527.5 1527.6 Single peak at 5.52 min®
e Single peak at 5.80 min®
7 8 Cs3Hs53CIsN1oO7 [M+H] =1167.3 1167.2 (reaction not Completed)

(@)
(b)

LC-MS 10 min run method
LC-MS 2 min run method

98




Fluorophores Synthesis and characterization

Dye 1: N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-3-(5,5-difluoro-7,9-dimethyl-5H-4A* 5A*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-3-yl)propanamide

A mixture of Intermediate 13 (20 mg, 0.068 mmol), HATU (31.2 mg, 0.082 mmol), TEA (38.2 ul, 0.274 mmol) in DMF (0.5
mL) was stirred at R.T. for 20min in the dark. Intermediate 14 (51.6 mg, 0.171 mmol) was added. The reaction mixture
was stirred at R.T. for 3h. The reaction was diluted with DCM (100 mL). The organic solution was washed with NaHCO3
ag. sat sol. (60 mL X 2), brine (60 mL), dried with MgSO4 and evaporated to dryness. The crude was purified via flash
chromatography (silica column 12g, Ethyl acetate/ DCM mobile phase) to obtain Compound 8 (16 mg, 0.034 mmol, 50.2
% yield) as a red solid.

14 NMR (400 MHz, Chloroform-d) & 10.24 (s, 1H), 8.51 (d, J = 8.4 Hz, 2H), 7.36 (d, ) = 8.4 Hz, 2H), 7.13 (s, 1H), 6.93 (d, J
=3.9 Hz, 1H), 6.35 (d, J = 4.0 Hz, 2H), 6.10 (s, 1H), 4.54 (d, J = 5.9 Hz, 2H), 3.35 (t, J = 7.3 Hz, 2H), 2.83 (t, J = 7.3 Hz, 2H),
2.56 (s, 3H), 2.26 (s, 3H).

LC-MS [M+Na]* m/z calcd. for [C23H22BF2N7NaO]*= 484.2, found 484.2 at 1.05 min. (UV Detector: TIC). LC-MS [M-1] m/z
calcd. for [C23H21BF2N70] 460.2, found 460.2 at 1.05 min. (UV Detector: TIC) (LC-MS method b).

Dye 2: N-(4-(1,2,4,5-tetrazin-3-yl)benzyl)-6-(3-(5,5-difluoro-7-(4-methoxyphenyl)-1,3-dimethyl-5H-4A% 5A%-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-2-yl)propanamido)hexanamide

=z
1]
P-4

?
N

Z/

The title compound was prepared starting from intermediate 14 following a literature described procedure.®®

H NMR (400 MHz, Chloroform-d) & 10.23 (s, 1H), 8.56 (d, J = 8.3 Hz, 2H), 7.86 (d, ) = 8.9 Hz, 2H), 7.44 (d, J = 8.3 Hz, 2H),
7.11 (s, 1H), 6.99 —6.92 (m, 3H), 6.54 (d, J = 4.1 Hz, 1H), 5.95 (t, J = 5.1 Hz, 1H), 5.52 (t, J = 5.5 Hz, 1H), 4.46 (d, J = 6.0 Hz,
2H), 3.85 (s, 3H), 3.23 (q, J = 6.5 Hz, 2H), 2.78 (t, ) = 7.1 Hz, 2H), 2.55 (s, 3H), 2.31 (t, J = 7.1 Hz, 2H), 2.23 (s, 3H), 2.16 (t,
J=7.3 Hz, 2H), 1.68 — 1.60 (m, 2H), 1.45 (dg, J = 17.0, 10.1, 8.5 Hz, 2H), 1.30 — 1.21 (m, 2H).

LC-MS [M+Na]* m/z calcd. for [C36H39BF2N8Na03]* 703.3, found 703.2 at 1.13 min. (UV Detector: TIC) and [M-1] m/z
calcd. for [C3sH3sBF2Ng03]” 679.3, found 679.2 at 1.13 min. (UV Detector: TIC) (LC-MS method b).
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Dye 3: 10-(3-(1,2,4,5-tetrazin-3-yl)phenyl)-5,5-difluoro-1,3,7,9-tetramethyl-4A* 5A*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinine

TFA (0.050 mL, 0.645 mmol) was added to a solution of Intermediate 15 (240 mg, 1.289 mmol) and 2,4-dimethyl-1H-
pyrrole (0.305 mL, 2.97 mmol) in DCM (Volume: 18 mL, Ratio: 1.000) at R.T. The reaction was stirred at R.T. for 1.5h. A
solution of DDQ (351 mg, 1.547 mmol) in DCM (Volume: 18.00 mL, Ratio: 1.000) was added to the reaction mixture.
After 30min DIPEA (4.50 mL, 25.8 mmol) was added followed by BF3.0Et2 (3.27 mL, 25.8 mmol). The reaction was stirred
at R.T. for 7h. DCM was added to the reaction. The organic phase was washed with water and evaporated to dryness to
afford the crude material. The crude was purified via prep. HPLC to afford the title compound , dye 3 (13 mg, 0.032

mmol, 2.5 % yield) as a red powder.

IH NMR (400 MHz, DMSO-d6) 6 10.63 (d, J = 1.2 Hz, 1H), 8.67 (dd, J = 8.0, 1.6 Hz, 1H), 8.41 (g,J =1.6 Hz, 1H), 7.89 (dd,
J=8.5,7.0Hz, 1H), 7.78 (dd, J = 7.8, 1.6 Hz, 1H), 6.22 (s, 2H), 1.42 (s, 6H).( The chemical shifts of 6H observed with HSCQ

under the solvent peak).
13C NMR (101 MHz, DMSO) 6 158.38, 128.05, 126.73, 130.27, 131.86, 121.19, 14.04, 0.86, 14.04

LC-MS [M+H]* m/z calcd. for [C21H20BF2Ne]* 405.1, found 405.2 at 1.32 min. (UV Detector: TIC) and LC-MS [M+Na]* m/z
calcd. for [C21H19BF2NeNa]* 427.1, found 427.4 at 1.32 min. (UV Detector: TIC) (LC-MS method b).

Dye 4: 5-((4-(1,2,4,5-tetrazin-3-yl)benzyl)oxy)-5-fluoro-1,3,7,9,10-pentamethyl-5H-4A% 5\*-dipyrrolo[1,2-c:2',1'-
f1[1,3,2]diazaborinine

The title compound was prepared starting from Intermediate 16 and Intermediate 17 following a literature described

procedure.®’

IH NMR (400 MHz, Chloroform-d) & 10.20 (s, 1H), 8.51 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 6.06 (s, 2H), 4.16 (s,
2H), 2.64 (s, 3H), 2.55 (s, 6H), 2.45 (s, 6H).

LC-MS [M+Na]* m/z calcd. for [C23H24BFNeNaO]* 453.2, found 453.3 at 1.32 min. (UV Detector: TIC) and LC-MS [M-1]
m/z calcd. for [C23H23BFN6O] 429.2, found 429.3 at 1.32 min. (UV Detector: TIC) (LC-MS method b).
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N,BOC 1) NH2NH2 H20, NI(SO3CF3)2
/@/\H
NC

tert-butyl (4-cyanobenzyljcarbamate

N-BoC NH,
ACN H HCI in Dioxane (4M) N
24nat60C NEAN NS
N A

| ;
A sh@rt N

2)NaNO2 aq. at rt
3) HCI (2m) Intermediate 32 Intermediate 19
Y=34% Y=97%
Br o
——— 1) sec-Bull. THF, -78°C
/©\ , Ac . KMnO4, Acetone
~ o — = P 2) SIMe2C12, -78°C - g L TRTTER g
\ 30min at 60°C N Br N 3)HCI (1N) '|“ p-i¢ "|‘ A5°Clont ~N si N
.S
3-bromo-N,N-dimethylaniline | |
Intermediate 30 Intermdeiate 29 Intermdeiate 28
Y=69% Y=78% Y=28%

o N
9 SOCI2, DCM ;
1) SOCI2, cat. DMF, reflux OH N ' (o]
OH H N
- N o OH o
HO. Br 2) 2-amino-2-methylpropan-1-ol S ' zomn@rt }( Br

DCM, DIPEA
o rt

Intermdeiate 31

Y=62% Intermediate 27

Y=47%
HBTU, DIPEA

<
NEAN - (eeley
/lkN-,N DMSO )\N"N O x O
h@rt 2
Y si SN
Intermediate 19 | 7N\ |

Intermediate 18 Y=17%

Dye 5

3.11-1 synthetic route for the preparation of dye 5

Dye 5:
dimethyldibenzo[b,e]silin-3(5H)-ylidene)-N-methylmethanaminium

1) t-BuLi, Argon, 1h at -78°C

2) Compound 37
Argon, -78°Ctor.t.
2hatrt

3) HCI (6M), ACN
2h at 40°C

Intermediate 18

Y=25%

N-(10-(2-carboxy-5-((4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)carbamoyl)phenyl)-7-(dimethylamino)-5,5-

The title compound was synthesized starting from Intermediate 18 and Intermediate 19 following a similar procedure

to one described in literature.”® Amide coupling reagent TSTU was replaced with HBTU.

14 NMR (400 MHz, Acetone-d6) & 8.66 (s, 1H), 8.47 (dt, J = 7.8, 2.6 Hz, 2H), 8.25 — 8.14 (m, 1H), 8.02 (dd, J = 8.2, 4.0 Hz,

1H), 7.84 (s, 1H), 7.62 (dd, J = 7.2, 4.9 Hz, 2H), 7.12 (q, J = 3.3, 2.8 Hz, 2H), 6.77 (dt, J = 9.2, 2.7 Hz, 2H), 6.70 — 6.60 (m,

2H), 4.71 (d, J = 4.9 Hz, 2H), 3.02 (t, J = 2.8 Hz, 4H), 2.98 (s, 11H), 0.67 (t, J = 2.7 Hz, 3H), 0.55 (t, J = 2.7 Hz, 3H).

13C NMR (101 MHz, Acetone) & 13C NMR (101 MHz, Acetone) & 128.93, 128.59, 128.03, 125.76, 123.60, 117.08, 114.15,

43.64, 39.89, 20.75.

LC-MS [M]*m/z calcd. for [C37H37N70sSi]* 656.2, found 656.3 at 5.91 min. (UV Detector: TIC) and [M+H]* m/z calcd. for

[C37H38N703Si]* 657.2, found 657.3 at 5.91 min. (UV Detector: TIC) (LC-MS method a).
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Dye 6: ((1R,8S,9s)-bicyclo[6.1.0lnon-4-yn-9-yl)methyl(2-(3',6'-bis(dimethylamino)-3-oxo-3H-spiro[isobenzofuran-1,9'-

xanthene]-6-carboxamido)ethyl)carbamate

A solution of Intermediate 20 (24.7 mg, 0.105 mmol) in dry DCM (Volume: 0.2 mL, Ratio: 1.000) was added drop wise
to a solution of 6-TAMRA SE from Pharmten Chemical Co. (50 mg, 0.095 mmol) in dry DMF (Volume: 1 mL, Ratio: 5.00).
DIPEA (0.033 mL, 0.190 mmol) was added and the reaction was stirred at R.T. overnight. The reaction mixture was
purified via prep. HPLC. The fractions containing the desired product were combined. DCM (30 mL) and NaHCO3 agq.
sat. solution (40 mL) were added. The organic phase was separated. The basic phase was acidified with HCl (4M) to
pH=5. The aq. phase was extracted with DCM (30 mL X 2). The organic phases were combined, filtered via a separator
phase cartridge and evaporated to dryness to obtain Compound 10 (45 mg, 0.068 mmol, 71.4 % yield) as a dark purple

solid.

14 NMR (600 MHz, DMSO-d6) & 8.72 (t, ) = 5.5 Hz, 1H), 8.14 (d, J = 8.1 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H), 7.63 (s, 1H), 7.19
(t, ] = 5.7 Hz, 1H), 6.55 — 6.48 (m, 6H), 3.98 (d, J = 8.1 Hz, 2H), 3.25 (q, J = 5.8 Hz, 2H), 3.09 (q, J = 6.1 Hz, 2H), 2.95 (s,
12H), 2.19 (d, J = 13.0 Hz, 2H), 2.11 (d, J = 12.4 Hz, 4H), 1.48 (d, J = 9.8 Hz, 2H), 1.22 (dq, J = 17.1, 8.6, 8.0 Hz, 1H), 0.82
(t, ) =9.7 Hz, 2H).

13C NMR (151 MHz, DMSO-d6) & = 168.73, 165.25, 156.91, 153.28, 152.59, 152.40, 141.09, 129.67, 128.97, 125.11,
122.76, 109.51, 106.06, 99.44, 98.41, 85.18, 61.82, 29.02, 21.29, 19.99, 18.05. (4 carbon chemical shifts hidden under

the solvent peak were observed using HBMC).

LC-MS [M+H]* m/z calcd. for [C38H41N406]* 649.3, found 649.4 at 0.89 min. (UV Detector: TIC) and [M-H+HCO2H] m/z
calcd. for [C39H41N40g] 693.3, found 693.4 at 1.13 min. (UV Detector: TIC) (LC-MS method b).

Dye 7: ((1R,8S,9s)-bicyclo[6.1.0]lnon-4-yn-9-yl)methyl(2-(3-(5,5-difluoro-7,9-dimethyl-5H-4A% 5A*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-3-yl)propanamido)ethyl)carbamate

N
!

o)

HN\\g
A solution of Intermediate 13 (28 mg, 0.096 mmol), TEA (0.053 mL, 0.383 mmol) and HATU (72.9 mg, 0.192 mmol) in
DMF (0.8 mL) was stirred at R.T. under N2 for 10 min in a sealed vial. A solution of Intermediate 20 (34.0 mg, 0.144
mmol) in DMF (0.2 mL) was added. The reaction was stirred at R.T. overnight. The reaction was poured in EA (100 mL)
and washed with NaHCO3 aq. sat. sol. (80 mL x 3), brine (80 mL), dried with MgS0O4 and evaporated to dryness to obtain
a residue. The crude material was purified via prep. HPLC (ACN/water mobile phase, TFA acid modifier). DCM (40 mL)

and NaHCO3 aq. sat. sol. (40 mL) were added to the fraction containing the desired product. The organic phase was
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separated. The aqueous phase was extracted with DCM (40 mL x 2). The organic phases were combined, dried with

MgS0s4 and evaporated to dryness to obtain Dye 7 (14.4 mg, 0.028 mmol, 28.8 % yield) as a red solid.

1H NMR (600 MHz, Chloroform-d) § 7.12 (s, 1H), 6.91 (d, J = 3.7 Hz, 1H), 6.31 (d, J = 3.9 Hz, 1H), 6.16 (s, 1H), 6.10 (s, 1H),
5.09 (s, 1H), 4.14 (d, J = 8.1 Hz, 2H), 3.37 — 3.32 (m, 2H), 3.29 (t, ) = 7.4 Hz, 2H), 3.24 (d, J = 5.5 Hz, 2H), 2.68 (t, ) = 7.4 Hz,
2H), 2.60 (s, 3H), 2.36 — 2.20 (m, 7H), 1.61 (d, J = 17.1 Hz, 2H), 1.35 (d, J = 8.4 Hz, 1H), 1.29 (dd, J = 13.0, 5.8 Hz, 2H), 0.99
-0.88 (m, 2H).

13C NMR (151 MHz, Chloroform-d) 6 = 172.61, 160.63, 157.12, 156.86, 135.26, 133.31, 128.10, 123.88, 120.62, 117.45,
98.84, 62.86, 41.19, 39.85, 35.91, 29.06, 24.95, 21.45, 20.13, 17.77, 15.02, 14.20, 11.39.

LC-MS [M+H]* m/z calcd. for [C27H34BF2N403]* 511.2.3, found 511.2 at 4.26 min. (UV Detector: TIC) and [M-1] m/z calcd.
for [C27H33BF2N403] 679.3, found 679.2 at 1.13 min. (UV Detector: TIC) (LC-MS method b).

Dye 8: 4,9-Dimethoxy-6,7-didehydro-1H-dibenzo[a,e]cyclopropa-[c]cycloocten-1-one

The tile compound was prepared starting from Intermediate 21 following a literature described procedure.”?

4 NMR (400 MHz, Chloroform-d) 6 7.47 (d, J = 8.5 Hz, 2H), 6.63 (dd, J = 8.5, 2.6 Hz, 2H), 6.45 (d, J = 2.6 Hz, 2H), 3.81 (s,
6H).

13C NMR (101 MHz, CDCl3) & 136.60, 113.47, 114.43, 55.28 (peaks visible in HSQC).
LC-MS [M+H]* m/z calcd. for [C19H1303]* 289.1, found 289.0 at 1.06 min. (UV Detector: TIC) (LC-MS method b).

Dye 9: Methyl 3-(5,5-difluoro-7,9-dimethyl-5H-4A* 5A%-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-yl)propanoate

The title compound was prepared starting from methyl 3-(1H-pyrrol-2-yl)propanoate [69917-80-2]
(commercially available from Toronto Reasearch Chemicals) and 3,5-dimethyl-1H-pyrrole-2-carbaldehyde

following a literature described procedure.!8®

'H NMR (400 MHz, Chloroform-d) & 7.11 (s, 1H), 6.91 (d, J = 3.9 Hz, 1H), 6.29 (d, J = 4.0 Hz, 1H), 6.14 (s, 1H), 3.72 (s, 3H),
3.32(t,J=7.6 Hz, 2H), 2.84-2.76 (m, 2H), 2.59 (s, 3H), 2.28 (s, 3H).

13C NMR (101 MHz, CDCI3) & = 172.96, 160.49, 157.07, 143.85, 135.24, 133.30, 128.03, 123.81, 120.45, 116.68, 51.73,
33.27, 23.98, 14.96, 11.31.

LC-MS [M+H]* m/z calcd. for [CisH18BF2N202]* 307.1, found 307.1 at 1.13 min. (UV Detector: TIC) and [M-1] m/z calcd.
for [C1sH16BF2N202]" 305.1, found 305.1 at 1.13 min. (UV Detector: TIC) (LC-MS method b).
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Compound 16: (S)-6-chloro-3-(1-(1-(2,4-dichlorophenyl)ethyl)-4-phenyl-1H-imidazol-5-yl)-N-(5-((2-(3-(5,5-difluoro-7,9-
dimethyl-5H-4\* 5A*-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-yl)propanamido)ethyl)carbamoyl)-2-(4-(2-oxo-1,3-

oxazinan-3-yl)piperidin-1-yl)phenyl)-1H-indole-2-carboxamide

A mixture of Intermediate 2 (30 mg, 0.035 mmol), Intermediate 13 (15.39 mg, 0.053 mmol), HBTU (26.6 mg, 0.070
mmol) and DIPEA (0.012 mL, 0.070 mmol) in DMF (1 mL) were stirred at R.T. in the dark for 16h. The reaction was poured
in DCM (50 mL). The organic phase was washed twice with NaHCOs aqueous saturated solution (40 mL), and twice with
brine (40 mL), dried with MgSO4 and evaporated to obtain the crude material. The crude was purified via flash
chromatography (silica column 12g, MeOH and DCM as mobile phase). The fraction containing the desired product were

combined and evaporated to dryness to obtain the Compound 14 (22 mg, 0.019 mmol, 54.4 % yield) as a red solid.

14 NMR (600 MHz, DMSO-d6) & = 12.37 (d, J=3.0, 1H), 8.80 (d, J=2.8, 1H), 8.72 (d, J=2.1, 1H), 8.48 - 8.41 (m, 2H), 8.14 -
8.08 (m, 1H), 7.67 (d, J=4.1, 1H), 7.54 (d, J=6.0, 1H), 7.46 (s, 2H), 7.40 (s, 1H), 7.34 (d, J=8.3, 1H), 7.18 - 7.12 (m, 3H), 7.11
-7.07 (m, 1H), 7.07 - 7.03 (m, 2H), 6.78 (d, J=8.4, 1H), 6.63 (d, J=8.4, 1H), 6.35 (t, J=3.9, 1H), 6.33 - 6.27 (m, 2H), 5.57 -
5.52 (m, 1H), 4.03 (s, 1H), 3.95 (s, 1H), 3.84 (s, 1H), 3.35 - 3.29 (m, 2H), 3.27 (s, 2H), 3.10 (s, 2H), 2.96 - 2.84 (m, 2H), 2.71
(s, 2H), 2.52 - 2.43 (m, 5H), 2.37 - 2.27 (m, 2H), 2.24 (s, 3H), 1.79 - 1.69 (m, 1H), 1.69 - 1.59 (m, 1H), 1.59 - 1.52 (m, 1H),
1.52 - 1.46 (m, 4H), 1.30 - 1.22 (m, 2H).

13C NMR (151 MHz, DMSO-d6) & = 171.28, 165.92, 159.14, 158.70, 157.78 , 152.10, 145.25, 144.08, 141.28, 138.01,
137.76,136.51, 134.44, 134.27, 132.99, 132.33, 131.87, 131.21, 130.66, 130.04, 129.05, 128.93, 128.20, 128.12 - 127.77
(m), 126.56, 125.99, 125.34, 124.76, 123.03, 121.41, 120.54, 120.33, 119.55, 118.27, 116.52, 111.71, 106.02, 65.50,
54.93, 53.02, 51.53, 50.41, 38.67, 38.31, 33.68, 28.46, 27.95, 23.93, 22.00, 19.55, 14.52, 11.00.

LC-MS [M+H]* m/z calcd. for [CssH57BCl3F2N100s]* 1127.3, found 1127.3 at 1.28 min. (UV Detector: TIC) and [M-1] m/z
calcd. for [CseHssBCIsF2N100s]” 1125.3, found 1125.3 at 1.28 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 13: 3-(5,5-difluoro-7,9-dimethyl-5H-4A4,5A4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-yl)propanoic

acid

The title compound was prepared starting from Dye 9 following a literature described procedure.!®®

14 NMR (400 MHz, DMSO-d6) & 12.32 (s, 1H), 7.72 (s, 1H), 7.10 (d, J = 4.0 Hz, 1H), 6.39 (d, J = 4.0 Hz, 1H), 6.33 (s, 1H),
3.09 (t, J = 7.7 Hz, 2H), 2.65 (t, J = 8.6, 6.9 Hz, 2H), 2.49 (s, 3H), 2.28 (s, 3H).
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13C NMR (101 MHz, DMSO0) & = 173.91, 159.95, 157.47, 144.80, 135.05, 133.49, 129.31, 125.94, 120.88, 117.05, 32.84,
24.02, 15.00, 11.48.

LC-MS [M-1]" m/z calcd. for [C1aH15BF2N202]" 291.2, found 291.2 at 0.93 min. (UV Detector: TIC) (LC-MS method b).
Intermediate 14: (4-(1,2,4,5-tetrazin-3-yl)phenyl)methanamine

N
=

N
LN

N

The title compound was prepared following a literature described procedure.!®

H NMR (400 MHz, Deuterium Oxide) & 10.32 (s, 1H), 8.46 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 4.25 (s, 2H).
LC-MS [M+H]* m/z calcd. for [CoH10Ns]* 188.09, found 188.0 at 0.35 min. (UV Detector: TIC) (LC-MS method b).

lintermediate 15: 3-(1,2,4,5-tetrazin-3-yl)benzaldehyde

Dess-Martin periodinane (731 mg, 1.724 mmol) was added to a solution of Intermediate 27 (295 mg, 1.568 mmol) in
DCM (Volume: 15 mL). The solution was placed under N2 and stirred at R.T. for 1 h. DCM was added to the reaction
mixture. The mixture was washed with NaHCO3 agq. sat. sol., brine, dried with MgSO4 and evaporated to dryness to
obtain the crude as a pink solid. The crude material was purified via flash chromatography (silica column 24g, Ethyl
acetate / cyclohexane mobile phase) to obtain the title Intermediate 15 (240 mg, 1.289 mmol, 82 % yield) as a bright

purple solid.

14 NMR (400 MHz, DMSO-ds) 6 10.68 (d, J = 1.0 Hz, 1H), 10.21 (d, J = 1.1 Hz, 1H), 9.02 (q, J = 1.5 Hz, 1H), 8.81 (dd, J =
7.8, 1.6 Hz, 1H), 8.24 (dd, J = 7.7, 1.5 Hz, 1H), 7.93 (t, J = 7.7 Hz, 1H).

13C NMR (101 MHz, DMSO) & 158.60, 26.64, 128.33, 132.78, 132.78, 130.05 (chemical shifts visible in HSQC).

Intermediate 16 5,5-difluoro-1,3,7,9,10-pentamethyl-5H-4A4,5A4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinine

The title compound was prepared starting from 2,4-dimethyl-1H-pyrrole following a literature described procedure.'*®

'H NMR (400 MHz, Chloroform-d) & 6.09 (s, 2H), 2.62 (s, 3H), 2.56 (s, 6H), 2.46 (s, 6H).
LC-MS [M+H]* m/z calcd. for [C1aH18BF2N2]* 262.15.07, found 263.2 at 1.21 min. (UV Detector: TIC) (LC-MS method b).

ntermediate 17: (4-(1,2,4,5-tetrazin-3-yl)phenyl)methanol
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The title compound was prepared following a literature described procedure.®®

14 NMR (400 MHz, Chloroform-d) & 10.24 (s, 1H), 8.66 (d, J = 8.4 Hz, 2H), 7.64 (d, ) = 8.6 Hz, 2H), 4.88 (d, J = 5.7 Hz, 2H),
1.83 (t, ) = 5.8 Hz, 1H).

LC-MS [M+H]* m/z calcd. for [CoHsN4O]* 188.07, found 189.1 at 0.60 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 18: 4-carboxy-2-(7-(dimethylamino)-3-(dimethyliminio)-5,5-dimethyl-3,5-dihydrodibenzo[b,e]silin-10-

yl)benzoate

The title compound was synthesized starting from Intermediate 27 and Intermediate 28 following the literature

described procedure.'’®

LC-MS [M+H]* m/z calcd. for [C27H29N204Si]* 473.2, found 473.1 at 1.17 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C27H27N204Si]" 471.2, found 471.2 at 1.17 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 19: (4-(6-methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanamine as HCl salt

Intermediate 32 was added to HCl in dioxane (4M)(6 mL, 24.00 mmol) and stirred at R.T. for 3h. The reaction was
evaporated to dryness to obtain a residue. The residue was dissolved in MeOH and re-evaporated to obtain the title

compound as a bright pink solid (242 mg, 0.998 mmol, 97 % yield).

'H NMR (400 MHz, Deuterium Oxide) & 8.57 — 8.45 (m, 2H), 7.80 — 7.68 (m, 2H), 4.35 (s, 2H), 3.11 (s, 3H).
LC-MS [M+H]* m/z calcd. for [CioH12Ns]* 202.1, found 202.0 at 0.40 min. (UV Detector: TIC) (LC-MS method b).
Intermediate 20: ((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)methyl (2-aminoethyl)carbamate

H " \
HZN/\/N\H/O\“" ) :

H
(0]

A solution of Intermediate 22 (0.4 g, 1.269 mmol) in DCM (Volume: 8.6 mL, Ratio: 1.000) was added via a syringe pump
( flow rate 1.5 mL/h) to a solution of ethane-1,2-diamine (0.848 mL, 12.69 mmol) in DCM (Volume: 17.20 mL, Ratio: 2)
under N2. The reaction was diluted in DCM (150 mL). The organic phase was washed with water, dried with MgS04 and

evaporated to dryness on a high vacuum line to obtain Compound 25 (273 mg, 1.155 mmol, 91 % yield) as a white solid.

106



H NMR (400 MHz, Chloroform-d) & 4.96 (s, 1H), 4.09 (d, J = 8.0 Hz, 2H), 3.16 (q, J = 5.8 Hz, 2H), 2.76 (t, J = 5.9 Hz, 2H),
2.29-2.10 (m, 6H), 1.52 (g, J = 13.3, 12.6 Hz, 2H), 1.38 — 1.11 (m, 1H), 0.93 — 0.83 (m, 2H).

13C NMR (101 MHgz, CDCI3) 6 = 98.84, 62.80, 43.63, 41.76, 29.07, 21.43, 20.12, 17.77.

Intermediate 21: (Z)-6,7-dibromo-4,9-dimethoxy-1H-dibenzo[a,e]cyclopropalc][8]annulen-1-one

[o]
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The title compound was prepared starting from Intermediate 23 following a literature described procedure.*®®

14 NMR (400 MHz, Chloroform-d) & 8.07 (d, J = 8.5 Hz, 2H), 7.06 (dd, J = 8.5, 2.5 Hz, 2H), 6.97 (d, J = 2.6 Hz, 2H), 5.75 (s,
2H), 3.93 (s, 6H).

LC-MS [M+H]* m/z calcd. for [C1oH15Br203]* 450.9, found 450.9 at 1.02 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 22: ((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl)methyl (4-nitrophenyl) carbonate

H’.
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The title compound was prepared starting from ((1R,8S,9s)-bicyclo[6.1.0]Jnon-4-yn-9-yl)methanol (BCN) [1263166-90-0]

(commercially available from Synaffix) and 4-Nitrophenyl chloroformate following a literature described procedure.'*!

Intermediate 23: (Z)-4,9-dimethoxy-1H-dibenzo[a,e]cyclopropalc][8]annulen-1-one

o
JAN
og‘o
I |

The title compound was prepared starting from Intermediate 24 following a literature described procedure.!®®

14 NMR (400 MHz, Chloroform-d) & 7.44 (d, J = 8.4 Hz, 2H), 6.69 (dd, J = 8.4, 2.6 Hz, 2H), 6.60 (d, J = 2.6 Hz, 2H), 5.9 (s,
2H), 3.82 (s, 6H).

LC-MS [M+H]* m/z calcd. for [C1oH1503]* 291.1, found 291.0 at 1.02 min. (UV Detector: TIC) (LC-MS method b).

L

The title compound was prepared starting from Intermediate 25 following a literature described procedure.®®

Intermediate 24: (Z)-3,3'-Dimethoxystilbene

14 NMR (400 MHz, Chloroform-d) & 7.15 (t, J = 7.9 Hz, 2H), 6.85 (dt, J = 7.6, 1.3 Hz, 2H), 6.81 (dd, J = 2.7, 1.5 Hz, 2H),

6.75 (ddd, J = 8.2, 2.7, 1.0 Hz, 2H), 6.58 (s, 2H), 3.67 (s, 6H).
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LC-MS [M+H]* m/z calcd. for [C16H1702]* 241.1, found 241.0 at 1.26 min. (UV Detector: TIC) (LC-MS method b).

Intermdeiate 25: 1,2-bis(3-methoxyphenyl)ethyne

v
The title compound was prepared starting from commercially available 1-iodo-3-methoxybenzene and 1-ethynyl-3-

methoxybenzene following a literature described procedure.'®

LC-MS [M+H]* m/z calcd. for [C16H1402]* 239.1, found 239.1 at 1.29 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 26: (3-(1,2,4,5-tetrazin-3-yl)phenyl)methanol

OH
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The title compound was prepared following a literature described procedure.®®

H NMR (400 MHz, DMSO-ds) 6 10.60 (d, J = 1.0 Hz, 1H), 8.50 (s, 1H), 8.43 —8.35 (m, 1H), 7.64 (d, J = 6.3 Hz, 2H), 5.43 (t,
J=5.7 Hz, 1H), 4.66 (d, J = 5.6 Hz, 2H).

LC-MS [M+H]* m/z calcd. for [CsHoN4O]* 188.01, found 189.1 at 0.60 min. (UV Detector: TIC) and [M-1]" m/z calcd. for
[CoH7N4O] 187.1, found 187.9 at 0.60 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 27: 2,2'-(2-bromo-1,4-phenylene)bis(4,4-dimethyl-4,5-dihydrooxazole)

The title compound was synthesized starting from Intermediate 31 following the literature described procedure.'”®

H NMR (400 MHz, DMSO-ds) & 8.07 (d, J = 1.6 Hz, 1H), 7.90 (dd, J = 8.1, 1.6 Hz, 1H), 7.75 (d, J = 8.1 Hz, 1H), 4.13 (d, J =
12.8 Hz, 4H), 1.30 (d, J = 7.5 Hz, 12H).

LC-MS [M+H]* m/z calcd. for [Ci6H20BrN202]* 351.0, found 350.1 at 1.12 min. (UV Detector: TIC) (LC-MS method b).
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Intermediate 28: 3,7-bis(dimethylamino)-5,5-dimethyldibenzo[b,e]silin-10(5H)-one

o
SN ‘ s; ‘ N7
| 2N |

The title compound was synthesized starting from Intermediate 29 following the literature described procedure.'”®

14 NMR (400 MHz, Chloroform-d) & 8.40 (d, J = 9.0 Hz, 2H), 6.84 (dd, J = 9.0, 2.8 Hz, 2H), 6.79 (d, J = 2.8 Hz, 2H), 3.10 (s,
12H), 0.47 (s, 6H).

LC-MS [M+H]* m/z calcd. for [C1oH2sN20Si]* 325.2, found 325.2 at 1.29 min. (UV Detector: TIC). (UV Detector: TIC) (LC-
MS method b).

Intermediate 29 N3,N3,N7,N7,5,5-hexamethyl-5,10-dihydrodibenzo[b,e]siline-3,7-diamine

N ‘ s| l N
| 7N |

The title compound was synthesized starting from Intermediate 30 following the literature described procedure.'’®

4 NMR (400 MHz, Chloroform-d) & 8.40 (d, J = 9.0 Hz, 2H), 6.84 (dd, J = 9.0, 2.8 Hz, 2H), 6.79 (d, J = 2.8 Hz, 2H), 3.10 (s,
12H), 0.47 (s, 6H).

LC-MS [M+H]* m/z calcd. for [C19H27N>Si]* 311.2, found 311.4 at 1.36 min. (UV Detector: TIC). (UV Detector: TIC) (LC-MS
method b).

Intermediate 30: 4,4'-methylenebis(3-bromo-N,N-dimethylaniline)

Br
\TN/

The title compound was synthesized starting from commercially available 3-bromo-N,N-dimethylaniline following the

literature described procedure.?”°

'H NMR (400 MHz, Chloroform-d) § 6.97 (d, J = 2.7 Hz, 2H), 6.88 (d, J = 8.5 Hz, 2H), 6.62 (dd, J = 8.5, 2.7 Hz, 2H), 4.03 (s,
2H), 2.94 (s, 12H).

Intermediate 31: 2-bromo-N?,N*-bis(1-hydroxy-2-methylpropan-2-yl)terephthalamide

L
NP o
i H
HO/>< Br
0

The title compound was synthesized starting from commercially available 2-bromoterephthalic acid and 2-amino-2-

methylpropan-1-ol following the literature described procedure.”°
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LC-MS [M+H]* m/z calcd. for [C16H24BrN204]* 387.1, found 387.2 at 0.87 min. (UV Detector: TIC) and LC-MS [2M+H]* m/z
calcd. for [C32H47BraN4Os]* 773.2, found 773.3 at 0.87 min. (UV Detector: TIC) (UV Detector: TIC) (LC-MS method b).

Intermediate 32: tert-butyl (4-(6-methyl-1,2,4,5-tetrazin-3-yl)benzyl)carbamate

The title compound was prepared following a literature described procedure.®®

14 NMR (600 MHz, Chloroform-d) & 8.64 — 8.50 (m, 2H), 7.53 (d, J = 8.1 Hz, 2H), 4.99 (s, 1H), 4.47 (d, J = 6.1 Hz, 2H), 3.13
(s, 3H), 1.51 (s, 9H).

13C NMR (151 MHz, CDCl3) 6 167.27, 163.94, 130.80, 128.24, 128.10, 44.40, 28.43, 21.21 (visible carbon signals).
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Chapter 4. Bioorthogonal probe intracellular

concentration determination

4.1  Probe permeability studies using the two step fluorescent imaging approach

Our “two step imaging” approach enabled the permeability assessment of bioorthogonal probes in our disease cellular
model; we were able to detect LMW compounds in cells with a limit of detection of 50 nanomolar dose. A lower LOD
was observed performing the bioorthogonal staining with EID-DA reactions, while a higher LOD using SPAAC reactions
was observed (Figure 4.1-1). However, we should not conclude that EID-DA reactions enabled a more sensitive

assessment of the compound permeability, because this would assume that the different bioorthogonal probes had the

same permeability profile.
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Figure 4.1-1 Assessment of compound permeability using the “two step”approach. SISA-1 cells were treated with increasing concentration
of the bioorthogonal probe (0.016 — 15 p) for 2h at 37°C and 5% CO.. After fixing the cells with PFA solution, dye 1 (1uM) was incubated for

1h at R.T. Finally the cells imaging was performed. (a) Compound 3 was stained with dye 1. (b) Compound 7 was stained with dye 7. Com-
pound uptake was detected with a LOD = 50 nM for compound 3 while a LOD = 160 nM was observed for compound 7.

When we compared the uptake of compounds 3 and 7 using the permeability assay, we could detect internalization for
the first bioorthogonal probe at 50 nanomolar (Figure 4.1-1a) while for second probe only at 160 nanomolar (Figure
4.1-1b). The two bioorthogonal probes, 3 and 7, have very close cellular activities (Table 2.7-1, compound 3 ECso = 43nM
and compound 7 ECso = 50nM). However, their biochemical potency and selectivity profile assessed by TR-FRET showed
that compound 7 is more potent than compound 3 and also about 3 fold more selective against Mdm4 (Table 2.6-1 on

page 43, compound 3 hMdm2-p53 TR-FRET ICso= 0.48 £ 0.03 nM and compound 7 hMdm2-p53 TR-FRET ICso= 0.20 +
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0.02 nM). Therefore, the higher potency of compound 7 might counterbalance its lower permeability resulting in a

cellular activity comparable to compound 3.

To broaden the scope of our approach, we thought of extending our investigation to peptide molecules. This compound
class offers some clear advantages over LMW compounds. For these molecules, a higher target affinity and a better
selectivity over off targets are usually achievable. In addition, a favourable safety profile and a good tolerability have
been observed for some of the peptides that have progressed to the clinic, which clearly raises the interest of

pharmaceutical research toward this chemical class of molecules.®?

Nevertheless, peptides often suffer from poor cellular permeability, so an assay enabling the investigation of peptide

permeability would facilitate the design of bioorthogonal peptide probes for testing biological hypotheses.

Hence, we tested the permeability of peptides functionalized with the bioorthogonal group TCO (10-12) (Figure 4.1-2

and 4.1-3) and the azide (14) (Figure 4.1-4) in the “two step” permeability approach, staining the TCO peptides with
Dye 1 and the azide with dye 7.
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Figure 4.1-2 Peptides permeability assessment using the “two step” EID-DA approach. SISA-1 cells were treated with the labelled peptides
at five concentration ranging from 5 to 80 micromolar for 2h at 37°C and 5% CO.. After fixing the cells with PFA solution, dye 1 (1uM) was
incubated for 1h at R.T. followed by Hoechst nuclear staining. Finally the cells imaging was performed. In (a) and (b) are the depicted the
permeability assessment for compound 10 and 11, respectively. Although, these peptides are derivative of the same parent compound 8,
a LOD of 5 uM was observed for 10 while 11 was detected only at 10 pM. Pictures in (c) and (d) are images of the cells treated with 10 and
11 at two concentrations, 5 and 80 uM or DMSO control, after performing the “two step” approach for permeability study.

While we could observe cellular permeability for 10 at 5 micromolar concentration, we could detect 11 only at 10
micromolar. These permeability data appeared to correlate well with the cellular activity profiles of the two peptides
(Figure 2.7-4b, page 48). However, 10 and 11 did not show a significant nuclear induction of the PD marker in SJISA-1
cells at 5 and 10 micromolar, respectively. Therefore, we reasoned that 10 and 11 at their respective permeability LODs

did not reach a sufficient target occupancy to trigger the pharmacodynamic effect.
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On the contrary, peptide 12 and 14 appeared to be more cellular permeable (Figure 4.1-3 and 4.1-4). The TCO peptide

(12) was detected at 500 nanomolar while the azide labelled peptide (14) showed permeability already at 50 nanomolar.

When comparing the cellular activity profile of 10 and 11 (Figure 2.7-4b, page 48) with the one of 12 (Figure 2.7-4c and

Table 2.7-2, page 48), we could already expect a superior uptake of the latter, and this was clearly confirmed with the

permeability assay.
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4.1-4 Peptide permeability assessment using the “two step” EID-DA approach. SISA-1 cells were treated with compound 12 at seven
concentration ranging from 0.016 to 80 micromolar for 2h at 37°C and 5% CO.. After fixing the cells with PFA solution, dye 1 (1 uM)
was incubated for 1 h at R.T. followed by Hoechst nuclear staining. Finally the cells imaging was performed. (a) permeability graph for
compound 12. (b) images of the cells treated with 12 at two concentrations (1.6 and 16 uM) or DMSO control, after performing the
“two step” approach for permeability study.
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Figure 4.1-3 Peptide permeability assessment using the SPAAC reaction. SISA-1 cells were treated with the azide labelled peptide,
14 at seven concentration ranging from 0.016 to 80 micromolar for 2 h at 37°C and 5% CO. After fixing the cells with PFA solution,
dye 6 (1 uM) was incubated for 1h at R.T. followed by Hoechst nuclear staining. Finally the cell imaging was performed. (a) perme-
ability graph for compound 12. (b) images of the cells treated with 12 at two concentrations (1.6 and 16 uM) or DMSO control, after
performing the “two step” approach for permeability study.

In conclusion, the data generated with the “two step” permeability assay appeared to be well correlated with the
compound cellular activities.

We reasoned that such an approach could be used for ranking compound permeability within a chemical series and to

build structure-permeability relationships for compound optimization. However, this assay does not allow
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determination of intracellular concentration and cellular uptake kinetics. Therefore, it would not allow more
comprehensive investigations aiming to correlate compound cellular efficacy with permeability. The assessment of the
compound intracellular concentration would be very important while investigating molecules for which cellular efficacy
is not driven by their target occupancy. For instance, compounds with a catalytic mode of action (e.g. PROTACs) may

exhibit high efficacy at extremely low intracellular concentrations which would require a more sensitive assay.'®3

Therefore, we tested if we could improve our assay sensitivity using a “three step” bioorthogonal approach.

4.2  Athree step approach: an attempt for improving signal to background ratio

We reasoned that fluorescence background noise might be the limiting factor for assay sensitivity. Therefore, we tested
if quenching the unreacted fluorophore inside the cells would decrease our LOD. This could be achieved with a “three

step” approach (Figure 4.2-1), which is, to the best of our knowledge, unprecedented in the literature.
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’/\,-“ X Figure 4.2-1 Schematic representation of the “three step” approach.
. ) Step 1: cells are incubated with a molecule labelled with a bioorthogonal

group. Step 2: cells are treated with a bioorthogonally reactive fluoro-
phore, which reacts with the molecule of interest resulting in their stain-
.ﬂ"‘w o ing. Step 3: A quencher molecule functionalized with a bioorthogonal
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In the first step, the cells are treated with the bioorthogonal probe, which is then stained with the dye in the second
step. In the last step, the cells are treated with a quencher functionalized with a bioorthogonal group enabling the
irreversible “Click” reaction with the excess free fluorophore. We decided to test this approach using the SPAAC reaction

because quenchers are available already functionalized with an azide group.

We reasoned that dark quenchers would be the best class of dyes for our purpose. This class of quencher dyes provides
some clear advantages compared to more classical dyes used as quenchers such as TAMRA. First of all, being dark, they
should not increase the overall fluorescent background noise, while using a dye with native fluorescence we will likely
encounter this issue. Secondly, a good selection of available dark quenchers allows flexibility in the choice of the most

suitable one based on the required fluorescent spectral profile for the specific application.

To apply this approach to the developed SPAAC reactions, we had to identify dark quenchers able to quench dye 6 or

7. The class named Black Hole Quenchers (BHQ) meet this criterion.
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We investigated the quenching of Dye 7 using the commercially
available BHQ-1 azide (Figure 4.2-2). This Black Hole Quencher with an QN‘N >;\< N\NON/
O

absorption maximum of 534 nm should perfectly be able to quench NO, / o

7
the fluorescent signal of dye 7. First, we confirmed that BHQ-1 azide Ay b

underwent through SPAAC with dye 7 by reacting the two molecules Figure 4.2-2 BHQ-1 azide
in PBS and analyzing the reaction with LC-MS. Subsequently, we investigated if there was an effective quenching of dye
7 using BHQ-1 azide. Hence, to a PBS solution containing dye 7 BHQ-1 azide or DMSO in equimolar concentration was
added and the reaction was placed in a fluorescence spectrophotometer for a one hour reading (Figure 4.2-3A). In
parallel, to test if the quenching was due to the “Click” cycloaddition and not to intermolecular interaction between the
dyes in solution, we prepared a solution of PBS containing dye 9 (Figure 3.3-8) and to this we added BHQ-1 azide and

we read the fluorescence signal over one hour (Figure 4.2-3B). Dye 9 is lacking the bioorthogonal group for reacting

with the azide, therefore we should not observed quenching due to the conjugation of the dyes.
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—— Dye 7 + BHQ-1-N,
—— Dye 7 + BHQ-1-N,
20 —— Dye 7 + BHQ-1-N,
60

Dye 9 + DMSO
—— Dye 9 + BHQ-1-N;
—— Dye 9 + BHQ-1-N,
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Figure 4.2-3 Testing the bioorthogonal cycloaddition between dye 7 and BHQ-1 azide induced fluorophore quenching.
(A) To a solution of dye 7 in PBS (3uM) was added BHQ-1 azide in equimolar concentration or DMSO. (B) To a solution
of dye 9 in PBS (3uM) was added BHQ-1 azide in equimolar concentration or DMSO. The reactions were placed in a
fluorescence spectrophotometer and reading was performed every 5 min for 1 hour. (Ex wavelength = 490nm and Em
wavelength = 510 nm).

BHQ-1 azide appeared to efficiently quench the fluorescent signal of dye 7 (100 % signal reduction), despite a decrease
in fluorescent signal over time also being observed in the sample containing dye 7 and DMSO control (50% signal
reduction) (Figure 4.2-3A). This intensity decrease might suggest a dye precipitation under the experimental conditions.
On the contrary, only about 20% signal reduction was observed in the samples containing dye 9 and the BHQ-1 azide,
while for the sample containing dye 9 and the DMSO control a stable fluorescent signal was observed overtime (Figure
4.2-3B). These data appeared to confirm that the bioorthogonal reaction brings the dyes to the right distance for

observing a FRET effect.

Next, we decided to investigate if we could observe a quenching effect in a cellular system. Therefore, SISA-1 cell were
treated with dye-7 at 1 micromolar concentration for 2 hours. After fixing the cells, BHQ-1 azide was applied in doses
ranging from 16 nanomolar to 15 micromolar. The quenching reaction was run for 2h before fluorescence imaging was

performed (Figure 4.2-4).
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Figure 4.2-4 Intracellular quenching of dye 7 with BHQ-1 azide. SJSA-1 cells were treated with dye 7 for 2h at 37°C and 5% CO.. Next
cells were fixed with PFA and after washing, increasing concentrations of BHQ-1 azide were applied (ranging from 16 nM to 15 puM).
(A) A dose-dependent fluorescence decrease was observed starting plateauing at 500 nM. (B) Cell imaging showed clearly a de-
crease in fluorescence. BODIPY fluorescence (green) and nuclear staining with Hoechst dye (blue).

We observed a dose-dependent fluorescence quenching which reached a plateau at 0.5 micromolar of BHQ-1 azide
treatment. However, with 30 percent of maximal fluorescence reduction this effect was clearly not as strong as
expected. We then engaged in testing the “three step” approach. Thus, SISA-1 cells were incubated with compound 7
at five concentrations ranging from 0 to 20 micromolar for 1 hour at 37 °C and 5% COa. After fixing the cells, we stained
compound 7 with dye 7 using the previously established fixed cells protocol. Next, we applied BHQ-1 azide at 10

micromolar concentration to the cells, and we let the quenching reaction proceed for 2 hours before imaging.
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Figure 4.2-5 validation of the “three step” approach using the bioorthogonal probe (7), dye 7 and BHQ-1 azide
on SJSA-1 cell. SISA-1 cells were treated with (7) at five concentrations ranging from 1 to 20 uM. The bioorthog-
onal probe staining were performed using the fixed cell protocol applying dye 7 at 1 uM concentration. Finally,
the quencher, BHQ-1 azide was applied to the cells (10 uM). The imaging was performed after nuclear staining
with Hoechst dye.

As depicted in figure 4.2-5, a dose-dependent increase in fluorescence was observed, and also the quencher appeared

to reduce the fluorescence background, although, the error bar was large at the zero compound 7 concentration point.

Nevertheless, we decided to further investigate if this approach could have enabled a permeability assessment of the
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bioorthogonal probe with a lower LOD, so we repeated the experiment treating the cells with eight concentration of (7)

(Figure 4.2-6).
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Figure 4.2-6 Testing the effect of quencher, BHQ-1 azide, on the cellular permeability assessment for the bioorthogonal
probe (7). SISA-1 cells were treated with (7) at eight concentrations ranging from 0 to 15 uM. The bioorthogonal probe
staining was performed using the fixed cell protocol applying dye 7 at 1 uM concentration. Finally, the quencher, BHQ-1
azide was applied to the cells (10 uM). The imaging was performed after nuclear staining with Hoechst dye.

With disappointment, we observed that a significant quenching effect was only noteworthy at concentration of
bioorthogonal probe 7 equal to or higher than 500 nanomolar. Furthermore, the cellular uptake LOD for (7) did not
change. Finally, we noticed that at higher compound concentrations, the variability of the quenching effect was
increasing. Further experiments, not here reported here, were run aiming at improving this approach (e.g. use of dye 6
and BHQ-2 azide, assessing the best concentration ratio of dye to quencher etc.), however all of them showed high

variability and consequently poor reproducibility; therefore this approach was abandoned.

4.3 Mdm2-p53 PPl inhibitor chemical probes intracellular concentration using BLI

Having already tested two approaches to measure cellular up-take of compounds using fluorescence imaging (the “two
step” and the “three step” bioorthogonal approaches) we concluded that a more sensitive quantification of cellular up-

take was difficult to achieve due to fluorescence background noise.

To overcome this issue we devised a bioluminescence assay based on a bioorthogonal chemistry approach.
Bioluminescence imaging (BLI) offers as advantage over fluorescence imaging in that it is almost free of background

noise.

For that reason, BLI is more sensitive than fluorescent imaging. The main principle behind this technology is that D-
Luciferin, a substrate of firefly luciferase, can be oxidized by this enzyme to oxiluciferin (Figure 4.3-1). This molecule is

in an excited energy state and emits yellow-green light when falling back to its ground state. The number of photons
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released by oxiluciferin is consequently equal to the number of molecules of D-Luciferin undergoing the oxidation
reaction. Finally, the number of photons released can be detected by optical systems (e.g. plate reader, charge-coupled

device cameras).

HO Firefly
=0 Luciferase

HO™ X

D-Luciferin ) Oxiluciferin
ATP, O, AMP, PPi

Mg*? CO,

Figure 4.3-1 Bioluminescence imaging principle. D-luciferin is catalytically oxidized
by Firefly luciferase to oxiluciferin releasing light.

Mc Elroy investigated the D-Luciferin scaffold binding mode onto the firefly luciferase enzyme and built SAR around this
interesting molecule by screening several D-luciferin analogues.'®*'% These pioneering studies opened up new avenues
leading to a broad application of this chemotype in BLI. The developed SAR highlighted the importance of electron-
donating substituent at the 6'-position of the D-luciferin scaffold; this substitution is required for light emission. For
instance, 6'-hydroxy-D-luciferin alkylated or acylated analogues did not produce light, although it also binds to Firefly
Luciferase.’® In a similar way, the acylation of the 6'-amino-D-luciferin resulted in analogues with insignificant

bioluminescence emission.'®

To date, caged-Luciferin BLI approaches have been applied to intracellular concentration and cellular uptake studies
(e.g. studies applied to metabolites, peptides, small molecules)’%'%%1% and enzymatic activity investigations (e.g.
caspase protease activity)'®®. These approaches have been developed using three different strategies, all of them

leading to release or formation of free luciferin (Figure 4.3-2).
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Figure 4.3-2 The three main strategies applied to caged Luciferin BLI approaches
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The first strategy involves caging a Luciferin by its conjugation to the molecule of interest. The conjugate is not
recognized by the enzyme, which is consequently unable to catalyze the oxidation reaction. Upon uptake of the
conjugate by Firefly Luciferase expressing cells, endogenous molecules (e.g. glutathione, GSH) or the intracellular
environment (e.g. intracellular pH) trigger the Luciferin de-caging leading to the bioluminescence signal.’®”1% The
second strategy is based on the ability of a molecule to trigger Luciferin de-caging. This is usually achieved by redox
cleavage of the caging?® or, as recently reported by our group at EPFL, by bioorthogonal reactions such as Staudinger
ligation?°1, The final strategy is based on the intracellular formation of D-Luciferin by conjugating a protease substrate
with a Luciferin precursor able to be released inside the cell, which forms D-Luciferin upon reaction with a second

Luciferin precursor.%

4.3.1. Investigation of the bioorthogonal de-caging in vitro

In order to develop the cellular up-take assays, we decided to investigate two published bioorthogonal de-protection
reactions. We reasoned that these reactions could be used for de-protecting a masked reporter such as a caged luciferin

leading to a detectable signal; similar to the second strategy reported above.

The first reaction we planned to investigate was the EID-DA between a TCO containing a carbamate at the allylic position
((E)-Cyclooct-2-enolyl carbamate) and a tetrazine which leads to carbamate elimination after cyclization (Figure 4.3-
3).2%2 This reaction was reported for the first time in 2013 by Robillard et al.2?? In their publication, the authors proposed
the reaction mechanism (Figure 4.3-3) and they studied the reaction kinetics and proved the reaction principle using
LC-MS and NMR techniques. Finally, they successfully applied this “Click” elimination approach to the de-protection of

a Doxorubicin TCO* conjugated prodrug in a proof of concept cellular study.?®
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Figure 4.3-3 Mechanism of reaction for EID-DA between a TCO functionalized at the allylic position with a carba-
mate (TCO*-Carbamate) and a Tetrazine (Tz) proposed by Robillard. The cyclization leads to the formation of a
bicyclicintermediate (a) which quickly isomerizes to the |,4 tautomer (b). This tautomer undergoes 1,4-elimination
releasing CO2 and an amine to afford (d). Subsequently (d) undergoes isomerization to (e). The authors did not
exclude the possibility that (d) could be formed by decarboxylation of (a) or (c). Herein, we indicate for simplicity
the (E)-cyclooct-2-en-1-ol as TCO* (adapted from R. M. Versteegen et al., Angew. Chemie. Int. Ed. 2013, 52, 14112
- 14116).

We reasoned that this interesting N-monosubstituted carbamate ester masking group could enable the caging of an
amino-luciferin. Hence, we decide to prepare two caged amino-luciferins functionalized with the (E)-cyclooct-2-en-1-ol,

compound 20 and 21 (Figure 4.3-4).
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Figure 4.3-4 Structure of Compound 20 and 21.
This approach would require the labelling of our probes or peptides with a tetrazine moiety. Before engaging in the
tetrazine probe labelling, we decided to investigate first the reaction between the caged luciferins and some simple

tetrazines.

The synthesis of compounds 20 and 21 was achieved using a five step synthetic route starting from (Z)-cyclooctene and
yielded the desired molecules as racemic mixtures (Figure 4.3-5). The chemistry involved the allylic bromination of the
starting material using NBS followed by hydrolysis of the allyl bromide to afford the (Z)-cyclooct-2-en-1-ol. The cis-
cyclooctene was subjected to photo-irradiation in flow and the mixture of trans-diasterecisomers was trapped by

pumping the solution through a AgNOs column as described by Royzen.202:203
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Figure 4.3-5 Synthetic routes for the synthesis of compounds 20 and 21.

The racemic mixtures of equatorial and axial diastereoisomers were separated and then engaged in the carbamate
formation with 6-aminobenzo[d]thiazole-2-carbonitrile to obtain the cyano derivatives. Finally, these compounds were

reacted with D-Cysteine to obtain the final compounds, 20 and 21.

120



Planning to develop this technology to investigate not only LMW molecules but also peptides, we opted to test the
reaction between compounds 20 and 21 with a previously reported tetrazine protected amino acid, compound 22
(Figure 4.3-6).2° This would allow us to easily introduce the tetrazine functionality into the peptides using conventional
peptide chemistry. This amino acid was synthesized in a three step linear synthesis starting from

thiocarbonyldihydrazide (Figure 4.3-6).
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Figure 4.3-6 Synthesis of compound 22.

Despite the two initial synthetic steps being quite low yielding, there was no need to further optimize the chemistry due

to the low cost and consequently easy availability of the starting material.

Next, we tested the reaction between the caged luciferins, compound 20 and 21, with compound 22 in PBS, analyzing
the results over time with LC-MS. The reaction should proceed with the formation of the EID-DA cycloadducts (Figure
4.3-7A, one of the possible DA cycloadduct, product (c)) which should undergo through 1,4-elimination to release the
un-caged amino-luciferin (Figure 4.3-7A as (a)) and the aromatic fused bycicle pyridazines (Figure 4.3-7A, (b) one of the

possible DA cycloaddition products). The reaction analyses run just after the addition of the last reagent, after 2 hours
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and after 19 hours showed that, the reaction was extremely slow (Figure 4.3-7B). Only small peaks with MS and

retention time consistent with the amino-luciferin and the DA cycloadduct were detected after 19 hours.

Disappointed by these results, we decided to investigate if the reaction between compound 21 and a more reactive
tetrazine, the 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine, compound 23 (Figure 4.3-8A ),2> would enable a more efficient and

fast un-caging.

Hence, we reacted compound 21 and 23 in PBS following the reaction progression with LC-MS (Figure 4.3-8B). The
analysis of the reaction after the addition of the last reagent showed already a small peak consistent by MS and
retention time with the un-caged amino-luciferin, also several peaks with MS consistent with the DA cycloaddition
adducts were observed (Figure 4.3-8B). However, analyzing the reaction after 2h, we did not observed a great
improvement in terms of further conversion and reduction of reaction intermediates. Furthermore, the reactions

between compound 20 and the tetrazine derivatives (22) and (23) gave very similar outcomes.

These results were quite discouraging and while we were considering further investigation of the reaction kinetics, we
decided instead to investigate a second bioorthogonal reaction. This was a recently published bioorthogonal de-
protection based on a 1,3-dipolar click cycloaddition between TCO and an aromatic azide moiety. This cycloaddition

reaction has been previously used for prodrug de-protection by Matikonda et al.*?°
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The reaction mechanism of this cycloaddition was first studied by Shea in 1992.2° He reported that the reaction
between TCO and picryl azide (2,4,6-trinitrophenylazide) in organic solvent resulted in the formation of three products

arising from the decomposition of an unstable intermediate triazoline (Figure 4.3-9).
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Figure 4.3-9 Mechanism of triazoline degradation upon diatomic nitrogen release suggested by Shea
(adapted from Shea, K.J. et al. Journal of the American Chemical Society 114, 4846-4855 (1992)).

Matikonda applied this reaction to the de-protection of a p-azidobenzyloxycarbonyl linker quenched coumarin in PBS

and subsequently for the de-protection of a Doxorubicin prodrug in cells.

Consequently, we hypothesized that this de-protection reaction would enable a combination of the “two step”
fluorescent imaging approach for functional pharmacology studies with the intracellular quantification of the chemical
probe labelled with the bioorthogonal group TCO. Therefore, the use of a common bioorthogonal moiety as a labelling
of our chemical probes would have provided an appealing complementarity of the two technologies allowing a stronger

process for the validation of bioorthogonal probes in cellular disease model.

As reported by Matikonda applying Shea findings, the 1,3-dipolar cycloaddition of trans-cyclooctenes and aromatic
azides yields a triazoline intermediate unstable under aqueous conditions. The intermediate undergoes through a
rearrangement in which diatomic nitrogen, a cycloheptane aldehyde and an electron-deficient self-eliminating linker

(paraminobenzyloxycarbonyl, PABC) are formed (Figure 4.3-10).
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Figure 4.3-10 De-protection of the 4-benzyloxycarbonyl azide group triggered with TCO. (Figure adapted from Chemical
Science 6, 1212-1218 (2015))
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Aiming at investigating this de-protection reaction, we synthesized a 6'-amino-D-luciferin N-protected with the 4-
azidobenzyloxycarbonyl group, compound 24. This compound was synthesized in four synthetic steps starting from the
commercially available 6-aminobenzo[d]thiazole-2-carbonitrile and (4-aminophenyl)methanol with an overall yield of

20% (Figure 4.3-11).
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Figure 4.3-11 Synthetic route for the preparation of the caged luciferin, compound 24.

Next, we tested the reaction between the newly synthesized caged luciferin (24) and (E)-cyclooct-4-en-1-ol (TCO) in PBS
at R.T. analyzing the reactions with LC-MS immediately after the addition of the last reagent (TCO) and after 24h (Figure
4.3-12A).
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e e R No larget The reaction analyses at T=24h, showing the formation of the un-
P 148 ES4 caged luciferin, 6’-amino-D-Luciferin (c) (main peak 0.59 min reten-
NH”L:.:c tion time) and the TCO peak (at 0.72 min retention time). The MS

y [M+1]2’=280.0 of the peak consistent with the 6’-amino-D-Luciferin showing the

" o o expected [M+1]*= 280. (C) The analyses of the reaction between
GoE compound 24 and (Z)-cyclooct-4-en-1-ol (CCO) used as negative

} —_ L, —_— y —_ ; — control at T=0 and at T=3d. CCO did not trigger compound 24 un-

caging even after 3 days.
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After 24h, a clear de-protection of the caged luciferin with formation of the expected 6-amino-D-Luciferin was observed
(compound (c) in Figure 4.3-12A). No cyclo-addition adduct was observed (compound (a) in Figure 4.3-12A). Finally, the
UV trace of the analysis showed also some small peaks with MS not consistent with the expected reaction products. We

reasoned that these traces might arise from reactions of the highly reactive electrophilic products formed ((b) and (d)

in Figure 4.3-12A).

Finally, to confirm that compound 24 was de-protected chemo-selectively by TCO, we ran the reaction between (24)
and (Z)-cyclooct-4-en-1-ol (Cis-Cyclooctene, CCO) as a negative control using the same reaction conditions and analyzing
the reaction with LC-MS. No de-caging reaction was observed even analyzing the reaction after 3 days (Figure 4.3-12c)
which confirmed that only the trans isomer reacts with the azide moiety triggering the de-caging. Additionally, the

luciferin reporter (24) appeared to be stable in PBS at R.T. for a reasonable amount of time.

Next, we investigated the bioorthogonal de-protection reaction in a biochemical setting. Hence, compound 24 was
diluted in Tris-buffer before addition of TCO at either equimolar concentration or in a 10 fold excess. The reactions were
run at R.T. up to 48 hours sampling 3 microliters of reaction mixture at different time points. The reaction samples were
added to a Firefly Luciferase cocktail and the emitted luminescence was read using a plate reader. The obtained data
were compared to a 6-amino-D-Luciferin (compound 25) standard curve (Figure 4.3-13A) in order to extrapolate the

amount of amino-Luciferin produced by the reaction (Figure 4.3-13B).
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Figure 4.3-13 (A) standard curve of luminescence signal (Relative Luminescence Unit, RLU) generated using increasing concentration of (25)
(amino-D-Luciferin) in Tris-Buffer. (B) Amino-Luciferin produced over time by reacting (24) with TCO equimolar (20 uM) or in 10 fold excess
(200 puM) in Tris-Buffer.

The initial results of the biochemical experiment were encouraging; TCO enabled the de-caging of 24, producing the
expected luminescence signal over time (Figure 4.3-13B). However, we reasoned that the assay required further
optimization to improve sensitivity; at the lowest concentrations (less than 100 nanomolar), we did not observe a linear
correlation between (25) concentration and Luminescence signal (as depicted in the standard curve graph, Figure 4.3-
14A). After optimizing the assay (e.g. use of Quantilum® recombinant Luciferase instead of Firefly Luciferase, modifying
the enzyme concentration and addition of bovine serum albumin (BSA) and Tween-20 (detergent) to the Tris-Buffer),
we re-ran our assay validation by reacting increasing concentrations of (24) with a fixed concentration of TCO (or CCO
as a negative control) and reading luminescence at 24 hours (Figure 4.3-14). As depicted in figure 4.3-14A and 4.3-14C,
the assay optimization allowed a more sensitive detection of the aminoluciferin (reduction of standard curve LOD from
100 nanomolar to 100 picomolar) which consequently enabled a more sensitive assessment of the de-caging reaction.

For instance, the profile of the de-caging reaction after assay optimization displayed the expected plateauing effect
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(signal saturation) not observed before (Figure 4.3-14D and 4.3-14B respectively). As depicted in Figure 4.3-14D, TCO
at 20 micromolar concentration when reacted with an equal concentration of (24) for 24h released 700 nanomolar of

free aminoluciferin. Finally, CCO did not induced de-caging of 24.
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Figure 4.3-14 Comparison of Luciferin assay for measuring de-caging of compound 24 triggered by TCO in Tri-Buffer
before (A and B) and after (C and D) optimization of conditions. A lower LOD was observed for the standard curve
after assay optimization (A and C respectively). The de-caging reaction showed the expecting plateauing when reach-
ing saturation (D) while this effect was not observed before optimization (B). As expected CCO did not trigger de-
caging of 24.

4.3.2. Testing the de-caging of luciferin analogues with the Mdm2-p53 bioorthogonal probe

Aiming at finding a caged luciferin reporter enabling fast reaction kinetics, a small library of azidobenzyloxycarbonyl
amino-luciferin carbamate was synthesized (compounds 26-30, Figure 4.3-15). The azido phenyl moiety was
functionalized by introducing halogens meta to the azide group (26-28), replacing the phenyl ring with a pyridine to

afford a 3-azido-pyridinyl group (29) and finally moving the azide group from the para to ortho position (30).

While working on the development of this approach, Li and colleagues published a new method for detecting hydrogen
sulfide (H2S) in vivo using a BLI approach.?” Their method was based on the use of azido caged luciferin reporters
undergoing de-caging by the reduction of the azide group to an amine induced by hydrogen sulfide. Furthermore, they
compared three caged azido-luciferins, including compound 24, reporting the 6-azido-D-Luciferin as the most sensitive
and selective BLI reporter for H2S detection. For this reason, we decided to synthesize and evaluate this analogue (31)

(Figure 4.3-15) in our approach.
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Figure 4.3-15 Caged Luciferin analogues

Initially, we tested if our Mdm2-p53 PPI inhibitor bioorthogonal probe labelled with TCO, compound 3, would enable
the de-caging of the caged luciferins synthesized, 24 and 26-31 to determine which bioluminescence reporter was the

most efficient (Figure 4.3-16).

The caged luciferin analogues at 1 micromolar and 10 micromolar concentrations were reacted with TCO labelled
bioorthogonal probe (3) (Figure 4.3-16) at 10 micromolar concentration. The reactions were ran up to 48 hours and at

different time points reaction samples were added to the luciferase assay buffer just before reading.

As depicted in Figure 4.3-16, all the reactions produced free aminoluciferin, however some caged luciferin such as 24,
26 27 and 30 appeared to be more efficiently un-caged by (3) at the two concentrations tested. Nevertheless, when
looking at the at the 24 hours reaction profile (Figure 4.3-17), it appeared that while most of the de-caging reactions
achieved the same signal at saturation, some plateaued at lower concentrations of the caged luciferin (e.g. reactions
between 3 and 24 or 30). Compound 24 was slightly more efficiently un-caged at both 1 and 10 micromolar compared

to 30, so we decided to progress compound 24 in the next experiments.
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Figure 4.3-16 De-caging of luciferin analogues 24 and 26-31 triggered with Mdm2-p53 PPl inhibitor bioorthogonal probe (3). The caged lucif-
erin analogues at 1 and 10 uM concentration were reacted with (3) (10 uM) for 48h. Depicted in the picture analysis of the different reaction
after 24 and 48h. At 24 and 48h, 3 microliters of reaction was sampled and added to the luciferase cocktail and placed in a plate reader for
luminescence detection. Free aminoluciferin production was extrapolated using a standard curve.
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Figure 4.3-17 Dose-response of the De-caging of luciferin analogues 24 and 26-31 triggered with
Mdm2-p53 PPI inhibitor bioorthogonal probe (3) (10 uM) or DMSO control at 24h. At 24h, one tenth
of the all reaction volume was added to the luciferase cocktail and placed in a plate reading for lumi-
nescence detection. Free aminoluciferin production was extrapolated using standard curve. Most of
the reaction reached similar signal saturation. DMSO did not elicit a luminescence signal under any

conditions.

4.3.3. Investigation of the bioorthogonal de-caging in cells lysate

Having established that the bioorthogonal probe (3) triggered the de-protection of the caged luciferin (24), we

investigated if the bioorthogonal de-caging would work efficiently in a more complex system. Thus, SISA-1 cells were

Cmpd 3 treated cells

200+

150+

100

DMSO treated cells

0 10 0 10

Free aminoluciferin (pmoles)

Compound 24 (uM)

Figure 4.3-18 Performing bioorthogonal de-caging in cell lysate obtained from
cells pre-treated with compound 3 or DMSO control for 24h at 37°C and 5%
CO.. Biorthogonal reaction was performed with compound 24 or DMSO con-
trol for 24h.

incubated with (3) at 10 micromolar concentration or
DMSO control for 24 hours at 37°C and 5% CO.. Next,
cells were lysed and compound 24 at 10 micromolar
concentration or DMSO control was added. The
reaction was run for 24h and then reaction samples
were diluted in the Luciferase buffer before
luminescence reading. While the controls did not elicit
a significant luminescence signal, the samples co-
treated with the caged luciferin (24) and the
bioorthogonal probe (3) displayed de-caging
corresponding to 150 picomoles of free aminoluciferin
(Figure 4.3-18). Theoretically, if all the compound

would have been taken up by the cells, lysate treated

with 100 nmols of the bioorthogonal probe (3) (10 mL media containing 10 micromolar compound and 5 million cells)

would have elicited 1.2 nmols of free luciferin. Therefore, 1.2 percent of the bioorthogonal probe was taken up by the

cells.

4.3.4. Optimization of the assay for the assessment of the cellular up-take of bioorthogonal probes

After proving that we were able to assess bioorthogonal probe cellular up-take using the de-caging reaction using lysate

of cells pre-treated with the bioorthogonal probe, we engaged

in a further optimization of the assay sensitivity. We

reasoned that the bioorthogonal de-caging was the limiting factor for achieving even higher sensitivity. Therefore, we

decided to test if this could be improved by extrapolating the amount of compound take up by cells upon treatment not
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from the aminoluciferin standard curves but from the standard curve of the reaction between 3 and 24 in cell lysate,

where 3 was added only after cell lysis.

Thus, we treated SISA-1 cells with compound 3 at five concentrations ranging from 0.25 micromolar to 10 micromolar
for 24h at 37°C and 5% COa. Next, we lysed the cells and we added to the cell lysates compound 24 at 10 micromolar
concentration and we let the de-caging reaction run up to 48 hours. In parallel, we built the reaction standard curves in
SISA-1 cell lysates (un-treated cells) by adding compound 3 at five concentrations, also ranging from 0.25 micromolar
to 10 micromolar, followed by addition of the caged luciferin, compound 24 and 48h incubation. Additionally, we

included compound 1 in the experiment as a negative control (Figure 4.3-19).
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Figure 4.3-19 BLI measurments of amount of compound 3 internalized in SJSA-

1 cells after 24 h incubation. Cells were treated with DMSO or compounds 3 at

five concentraction ranging from 0.25 pM to 10 uM for 24h at 37 °C and 5% CO..

Next cells were lysated and compound 24 (10 M) was added to samples of the

lysate. The reaction was run for 48h at R.T. before reading. The values of the

de-caged internalized compounds were extrapolated from standad curve of the

reaction run in cells not pre-treated with the labeled compound.
As shown in the graph, no great differences were observed running the reaction for 24 or 48 hours; meaning that the
reaction was already close to completion at 24 hours. We could observe a dose-dependent cellular uptake of compound
3, which was not directly proportional to the dose. Using the previous assay protocol we measured an uptake of (3)
equal to 150 picomoles while treating the cells with 10 micromolar of compound. Whereas, using the later developed
protocol we obtained a value about 9 fold higher, 1280 picomoles. Therefore, the percentage of compound internalized
was equal to 1.28. Finally, the negative control, compound 1 did not trigger the luciferin un-caging and no luminescence

signal was detected.

Finally, we decided to investigate the up-take of the Mdm2-p53 PPl inhibitor peptides labeled with the TCO group using
this new protocol. Thus, SISA-1 cells were treated with compounds 10-13 (dosed at 1 and 10 micromolar concentrations)
or DMSO control for 24 hours followed by cell lysis. Compound 24 at 10 micromolar was added to the lysates and the
de-caging reaction was run up to 48 hours. As negative controls, the two un-labeled parent peptides 8 and 9 were

included.

As depicted in Figure 4.3-20, we were able to measure cellular uptake for the TCO tagged peptides while no
luminescence signal was observed for their parent compounds which are unable to trigger the luciferin de-caging.

Additionally, a dose-dependent internalization for 10-13 was observed.
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Figure 4.3-20 BLI measurments of amount of compound 10-11 (a) and 12- 13 (b) internalized in SISA-1
cells after 24 h incubation. Cells were treated with DMSO or tagged compounds at 1 and 10 uM
concentration for 24h at 37 °C and 5% CO.. Next cells were lysated. Compound 24 (10 uM) was added to
samples of the lysates and the reactions were run for 48h at R.T. before reading. The values of the de-
caged internalized compounds were extrapolated from the standard curve of the reaction run in cells not
pre-treated with the labeled compound. As additional controls, the un-labeled compounds 8 and 9 were
added.

We did not observe a great difference between the uptake of the TCO functionalized analogues of 8 and 9, contrary to
what we expected by their respective cell activities (Figure 2.7-4, page 48) and by the data generated with the “two
step” imaging approach (Figure 4.1-2 and 4.1-3). All the peptides displayed a very low uptake; less than 0.3 percent of
the dosed peptide was detected in the cells (Table 4.3-1). When we compared the percentages of peptide uptake to
that for LMW compound 3, we observed that the latter showed a value about three fold higher. This observation is in

agreement with its superior cellular activity.

We formulated two hypotheses to rationalize the observed discrepancies between the peptide cellular uptake values

measured using the BLI assay and their cellular activities.

The first hypothesis relies on differences in the internalization and excretion kinetics of the compounds. For instance, a
compound with a fast cellular uptake might be able to reach its target in sufficient concentration for triggering the
biological effect and subsequently be excreted by the cell. On the contrary, compounds with slower uptake might not
be able to reach their target promptly at sufficient concentration for triggering the biological effect before being
excreted or processed by the cell (e.g. metabolized or compartmentalized). If the internalization and excretion kinetics
are the reason for the observed discrepancy, we may have expected a similar discrepancy between cellular activities

and the uptake measured with “two step” fluorescence assay. However, for the BLI assay we treated the cells for 24
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hours before lysis while the fluorescence imaging experiment was run after 2 hours compound incubation. Therefore,

further investigation using comparable incubation times might shed more light on these interesting findings.

Table 4.3-1
Dose in Concentration Calculated amount of
Cmpd Dose cell media measured compound in all lysate %

(uM) (nmoles) (nM) (nmoles) Uptake

0.25 2.5 52 0.048 1.90

0.5 5 173 0.123 2.46

3 1 10 160 0.124 1.24

5 50 933 0.679 1.36

10 100 1733 1.284 1.28

1 10 12 0.008 0.08

10 10 100 188 0.102 0.10

1 10 47 0.028 0.28

1 10 100 197 0.133 0.13

1 10 27 0.017 0.17

12 10 100 167 0.100 0.10

1 10 42 0.025 0.25

13 10 100 229 0.139 0.14

The second hypothesis is based on the fact that the de-caging reaction is not run on live or intact cells but on lysates.
Therefore, some compound may be lost during lysate sample preparation (e.g. remaining in the supernatant) or the
assessment of the lysate protein content (by bicinchoninic acid kit, BCA kit)2°® used for preparing the lysate solution for

the de-caging reaction is not sensitive enough.

In the light of these results, we decided to investigate the peptide permeability using an additional BLI assay, the “Split

Luciferin” assay which was under development in our group at EPFL.

4.3.5. Split Luciferin BLI assay for real time peptide uptake studies

The Split luciferin assay is based on the bioorthogonal reaction between 2-cyano-6-hydroxy-benzothiazole (CBT) and D-
Cysteine (D-Cys) forming D-Luciferin (Figure 4.3-21). This reaction has been previously used as a biocompatible
cyclization reaction in cellular systems for nanoparticle assembly,?® for building an assay for monitoring multiple

211

analytes in cells,?% for testing enzymatic activity?'! and so on.

Both reactant pairs, CBT and D-Cys, can be masked and de-protected inside the cells to engage in the cyclization reaction

leading to the formation of the D-Luciferin reporter.

In the “Split Luciferin” assay for studying peptide internalization the D-Cysteine is masked by conjugation to the peptide
of interest via a disulfide bond. When the D-Cysteine labeled peptide penetrates the cell, the D-Cys is released by
disulfide bond cleavage in the reducing environment of the cytosol where glutathione is present in high concentration

(1-10 mM)?22, The D-Cys is then free to react with CBT, previously incubated with cells transfected with firefly luciferase,
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forming the D-Luciferin BLI reporter in situ. By reading the bioluminescence signal the uptake of the peptide can be

measured in real time (Figure 4.3-21b).

The D-Cys can be inserted into the peptide via disulfide conjugation chemistry on a cysteine residue already present on
the peptide of interest or if the peptide does not contain a free cysteine by introducing a linker moiety containing a

reactive thiol group (e.g. a mercaptopropionate linker) on the N-terminus or C-terminus of the peptide.

a
/@:}—CN N Hs}\ N /@Hj Luciferase *
HO H N COOH HO COOH >
CBT D-Cys D-Luciferin
b WAYAS
:/é
HN"~COOH

Split Luciferin Peptide (SLP)

HN">cooH M8

H,N~"~COOH Cytosol

QN\ Sj Luciferase
S Moo
HO “/COOH

D-Luciferin

Figure 4.3-21 The “Split Luciferin” assay for real-time imaging and quantification of peptide uptake. (a) Cy-
cloaddition reaction between CBT and D-Cys forming D-Luciferin. (b) schematic representation of the cellular
assay (H. Karatas et al. “Real-time imaging and quantification of peptide uptake in vitro and in vivo”, un-
published paper)

The use of this approach was beyond the original scope of our project, which was focused on wild-type cell lines and
bioorthogonal molecule labeling to enable EID-DA and SPAAC reactions. However, we reasoned that comparing our
approach with the “Split Luciferin” might provide important insights on the relative advantages and disadvantages of

the different approaches.

Thus, we modified peptides 8 and 9 by introducing a D-Cys through a mercaptopropionate linker on their N-termini to
obtain 32 and 33 respectively (Figure 4.3-22). Furthermore, we selected an additional Mdm2-p53 PPI inhibitor linear
peptide 34, which we labeled on the N-terminus to obtain 35. The peptides were tested in the PD marker cellular

induction assay (Figure 4.3-23).

The D-Cysteine labeling appeared to be detrimental for the compound cellular activity. The labeling of the peptide was
introduced in a position where modification should be tolerated, although we did not generate biochemical data to

further understand if this drop in activity was due to a decreased binding affinity.
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Figure 4.3-23 Cellular activity of 32-35 tested in the Mdm2 nuclear induction immunostaining assay. Activity of the
compound was measure as percentage of Mdm2 nuclear induction triggered by Nutlin-3a at 10 micromolar concentra-
tion.
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Next, the D-Cys labeled peptides were tested in the “Split Luciferin” assay by colleagues in the Goun group at EPFL
(Figure 4.3-24) (data not yet published). The compounds were incubated at 20 micromolar concentration in SISA-1-Luc
cells pretreated with CBT at 50 micromolar concentration. The internalization of the compounds was monitored over

time by bioluminescence reading.
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Figure 4.3-24 cellular uptake of compound 32, 33 and 35 in SJSA-1-Luc cells measure with the “Split Luciferin”
assay. Cells were pre-incubated with CBT (50uM) for 30 minutes followed by addition of the D-Cys labeled peptides
at (20 uM). The total uptake was calculated from the area under the corresponding kinetic curves (AUC) at 1h and
24h post incubation.

The kinetic data of the internalization of compound 32-33 and 35 showed an initial fast internalization which gradually
decreased (data not shown). The area under the corresponding kinetic curves of each compound showed a time
dependent internalization plateauing after 24 hours. The uptake of 32 appeared to be superior to the one of 33 (ca. two
fold) in discrepancy with data generated with the cellular activity assay and the data generated with their TCO labelled
analogues in the “two step” fluorescence imaging assay. The results show the complexity of working with these systems.
Both BLI approaches were able to show peptidic uptake in cells, although clear correlation to cellular PD read-out was

not achieved.

4.4  Results

We investigated fluorescent and bioluminescence imaging approaches to measure the cellular uptake of our

bioorthogonal probes.

The “two step” fluorescence imaging approach enabled us to assess uptake for the LMW compounds with a limit of
detection of 50 nanomolar concentration for the bioorthogonal probe labelled with TCO. This approach was also applied
to investigate the uptake of the Mdm2-p53 PPl stapled peptide inhibitors for which we observed the expected
correlation between the measured uptake and their cellular activity profiles. For example, one of the most cellularly
active peptide analogues was detected with an LOD of 50 nanomolar while for the peptides showing the weakest

activities a LOD of 5 micromolar was observed. Besides, we also tested a “three step” approach with the purpose of
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decreasing the observed LODs by reducing the fluorescent background noise. However, this approach did not show the

expected sensitivity improvement.

We reasoned that the measurement of the compound intracellular concentration might enable more meaningful
correlation between cellular activity and permeability while studying molecules for which cellular efficacy is not driven

by their target occupancy.

Therefore, aiming at measuring compound intracellular concentrations, we decided to explore bioluminescence imaging
approaches based on the de-caging of masked luciferin reporters via EID-DA and 1,3-dipolar cycloaddition. While the
cell-free in vitro evaluation of the first investigated reaction (EID-DA) did not provide the reaction profile we were
looking for, the 1,3-dipolar cycloaddition did. For that reason, this reaction was investigated further. After testing a set
of caged luciferins to improve the reaction kinetics and optimizing assay conditions, we were able to measure the
intracellular concentration of our bioorthogonal probes, although the obtained measurement values for the peptides

poorly correlate with their cellular activities.

We hypothesized that assessing the compound uptake kinetics might have shed some light on the observed discrepancy
between peptide uptakes and their cellular activities. For that reason, we prepared some Mdm2 peptidic ligands
labelled with a D-Cysteine and we investigated their up-take kinetics in a “Split Luciferin” assay developed by our group
in EPFL. This approach provided sensitive real-time assessment of the peptide internalization, but once more, no

correlation with cellular activity was achieved.

In conclusion, the investigated BLI approaches gave quantitative and sensitive measurements of the cellular uptake for
the different compounds. However, the “two step” fluorescence approach provided more meaningful uptake data that

correlate well with the cellular PD effects.

Finally, we reasoned that the “two step” uptake assay might be used to build structure permeability relationships aiming

at improving compound cellular uptake within LMW and peptidic chemical series.

4.5 Experimental session

4.5.1. Bioluminescence assays

Biochemical experiment

TCO at 20 or 200 uM in Tris buffer (TrisHClI 100 mM pH7.4) was supplemented by caged luciferin (20 or 200 uM) to start
the reaction. Reaction was left at 20°C in the dark under mild agitation (300 rpm) up to 48h. Reaction products were
assessed at different time points by sampling 3 ulL and subsequent analysis using a luciferase bioluminescence assay

described below.
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Aminoluciferin standard curve was performed at each time point. Aminoluciferin (Compound 25, MW:318.4 g/mol; 1
mM stock solution dissolved in 10% DMSO/ 90 % 0.1M Tris-HC| pH7.4) was serial diluted in Tris-HCI (5 uM starting

concentration, 7 points dilution, factor 3).

3 uL of either aminoluciferin standard curve or test sample was added to 27 ul luciferase assay buffer (Tris-HCl pH7.4
supplemented with ATP 1 mM; MgCl2 2 mM; DTT 1 mM; 40 ug/mL Firefly luciferase) in a 384 well plate. Luminescence

data was generated using a Tecan M1000 reader (luminescence module; 1 sec integration time).

Aminoluciferin concentrations were extrapolated from standard curves using blank subtracted luminescence data in

Excel. Transformed data were transferred to GraphPad Prism for generation of graphs.

Biochemical experiment (compound 24 + TCO or CCO)

Caged luciferin was serial diluted in Tris buffer (TrisHCl 100 mM pH7.4) and reaction was started at T= 0 by addition of
20 uM TCO or CCO. Reaction was left at 20°C in the dark under mild agitation (300 rpm). Reaction products were
assessed at different time points by sampling 3 uL and subsequent analysis using a luciferase bioluminescence assay

described below.

Aminoluciferin standard curve was performed at each time point. Aminoluciferin (Compound 25, MW:318.4 g/mol; 1
mM stock solution dissolved in 10%DMS0/90% 0.1M Tris-HCl pH7.4) was serial diluted in Tris-HCI (5 uM starting

concentration, 7 points dilution, factor 3).

3 uL of either aminoluciferin standard curve or test sample was added to 27 ulL luciferase assay buffer (non optimised
vs optimised buffer) in a 384 well plate. Non optimised buffer contained Tris-HCl pH7.4 supplemented with ATP 1 mM;
MgCl2 2 mM; DTT 1 mM; 40 ug/mL Firefly luciferase; while optimised buffer contained Tris-HCl pH7.4 supplemented
with ATP 1 mM; MgCl2 2 mM; DTT 1 mM; BSA 0.02%; Tween 0.02%; 20 ug/mL QuantiLum recombinant luciferase).

Luminescence data was generated using a Tecan M1000 reader (luminescence module; 1 sec integration time).

Aminoluciferin concentrations were extrapolated from standard curves using blank subtracted luminescence data in

Excel. Transformed data were transferred to GraphPad Prism for generation of graphs.

Biochemical experiment for testing caged luciferin analogues

Caged luciferins were serial diluted in Tris buffer (TrisHCl 100 mM pH7.4) and reaction were started at t=0 by addition
of Compound 3 at 10 uM. Reactions were left at 20°C in the dark under mild agitation (300 rpm). Reaction products
were assessed at different time points by sampling 3 ulL and subsequent analysis using a luciferase bioluminescence

assay described below.

Aminoluciferin standard curve was performed at each time point. Aminoluciferin (Compound 25, MW:318.4 g/mol; 1
mM stock solution dissolved in 10%DMS0/90% 0.1M Tris-HCl pH7.4) was cascade-diluted in Tris-HCI (5 uM starting

concentration, 7 points dilution, factor 3).

3 ulL of either aminoluciferin standard curve or test sample was added to 27 ul luciferase assay buffer (Tris-HCl pH7.4
supplemented with ATP 1 mM; MgCl2 2 mM; DTT 1 mM; BSA 0.02%; Tween 0.02%; 20 ug/mL QuantiLum recombinant
luciferase) in a 384 well plate. Luminescence data was generated using a Tecan M1000 reader (luminescence module;

1 sec integration time).
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Aminoluciferin concentrations were extrapolated from standard curves using blank subtracted luminescence data in

Excel. Transformed data were transferred to GraphPad Prism for generation of graphs.

Bioluminescence assay in cell lysate

SISA-1 cells were cultivated in RPMI 1640 (Amimed 1-41F01-1), 10% FCS (Amimed 2-01F36-1), 1x Glutamine (Amimed 5-
100K50-H) at 37°C and 5% CO2. Cells (px+4) were seeded at a 5x10° cells/mL density and kept overnight before
treatment. Cells were treated with DMSO or Compound 3 at 10 uM for 24 hrs. Cells lysis was performed using standard
protocol in 400 ul lysis buffer containing Tris-HCI pH7.5 150 mM, NaCl 150 mM, NaF 10 mM, EDTA 1mM, EGTA 1 mM,
Triton 1x, protease and phosphatase inhibitors cocktails. Protein concentrations in samples were determined using BCA

protein determination kit, and samples were frozen before use in uncaging reactions.

Cell lysates were diluted in lysis buffer to obtain a 2 ug/ul concentration and supplemented with 10 uM caged luciferin
(or DMSO for controls). Reaction was left at 20°C in the dark under mild agitation (300 rpm). Reaction products were
assessed at different time points by sampling 3 uL and subsequent analysis using a luciferase bioluminescence assay

described below.

Aminoluciferin standard curve was performed at each time points. Aminoluciferin (Compound 25, MW:318.4 g/mol; 1
mM stock solution dissolved in 10%DMS0/90% 0.1M Tris-HCl pH7.4) was serial diluted in Tris-HCI (5 uM starting

concentration, 7 points dilution, factor 3).

3 uL of either aminoluciferin standard curve or test sample was added to 27 ul luciferase assay buffer (Tris-HCl pH7.4
supplemented with ATP 1 mM; MgCl2 2 mM; DTT 1 mM; BSA 0.02%; Tween 0.02%; 20 ug/mL QuantiLum recombinant
luciferase) in a 384 well plate. Luminescence data was generated using a Tecan M1000 reader (luminescence module;

1 sec integration time).

Blank subtracted data were used to extrapolate compound concentration and amount of moles using standard curves

in Excel. Transformed data were transferred to GraphPad Prism for generation of graphs.
Bioluminescence assay in cell lysate for measuring compounds permeability

SISA-1 cells were cultivated in RPMI 1640 (Amimed 1-41F01-1), 10% FCS (Amimed 2-01F36-l), 1x Glutamine (Amimed
5-100K50-H) at 37°C and 5% CO2. Cells (px+5) were seeded at a 5x10° cells/mL density and kept overnight before
treatment. Cells were treated with DMSO or compounds at 1 or 10 uM for 4 hrs. Cells lysis was performed using
standard protocol in 400 uL of lysis buffer containing Tris-HCl pH7.5 150 mM, NaCl 150 mM, NaF 10 mM, EDTA 1mM,
EGTA 1 mM, Triton 1x, protease and phosphatase inhibitors cocktails. Protein concentrations in samples were

determined using BCA protein determination kit, and samples were frozen before use in uncaging reactions.

Cell lysates were diluted in lysis buffer to obtain a 1 ug/ul concentration and supplemented with 1 uM caged luciferin
to start the reactions. Reactions were left at 20°C in the dark under mild agitation (300 rpm). Reaction products were
assessed at different time points by sampling 3 uL and subsequent analysis using a luciferase bioluminescence assay

described below.

A reaction standard curve was performed for each test compound by treating SISA-1 cell lysate (at 1 ug/ulL obtained

from DMSO treated cells) with the test compound of interest at 1 uM. Cell lysate supplemented with 1 uM of test
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compound was serial diluted in SJSA-1 lysate. Standard curve reactions were initiated at t0 by addition of 1 uM of caged

luciferin (MWE162). The time of start of reaction was the same for test samples and standard curves.

3 uL of either compound standard curve or test sample was added to 27 ul luciferase assay buffer (Tris-HCI pH7.4
supplemented with ATP 1 mM; MgCI2 2 mM; DTT 1 mM; BSA 0.02%; Tween 0.02%; 20 ug/mL QuantiLum
recombinant luciferase) in a 384 well plate. Luminescence data was generated using a Tecan M1000 reader

(luminescence module; 1 sec integration time).

Blank subtracted data were used to extrapolate compound concentration using standard curves in Excel. Number of
moles detected was then worked out and transformed data were transferred to GraphPad Prism for generation of

graphs.

4.5.2. Chemical material and Methods

General considerations

All chemicals were purchased from Sigma Aldrich, unless noted, and were used as received. All solvents were of reagent
grade or higher and were used without further purification. The instruments for chemical synthesis, characterization
and LC-MS reaction characterization were reported in 2.12.10.1 with the exceptions of the PhotoFlow equipment and

the Gas Chromatography.
Photo flow equipment:

Water 600 HPLC pump with a maximum flow rate of 45 mL/min. A 400 W Hg medium pressure lamp, and a FEP coil (ca
30 mL total volume) wrapped around a quarz photo reactor. The lamp was used without any filter and was water cooled.
The reaction liquid was pumped through the coil followed by a Biotage Snap cartridge, filled with 120 g of AgNO3 loaded

silica. From there the reaction solution was collected in an Erlenmeyer flask, from where it was fed back to the pump.

Compounds synthesis
Compound 20: (S)-2-(6-(((((E)-cyclooct-2-en-1-yl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylic acid

>\‘NH

o

H-AEq

85 O

Q/ N"~_N O
J\{ﬂOH

A mixture of Intermediate 33 (132 mg, 0.403 mmol), D-Cystein [921-01-7] (53.7 mg, 0.443 mmol) and K2COs (61.3 mg,
0.443 mmol) in MeOH (3.8 mL, Ratio: 2) and Water (1.9 mL) was stirred at R.T. for 2h. The reaction was diluted with EA
(70 mL) and HCI (0.5M) (40 mL) was added. The organic phase was separated The aqueous phase was extracted with EA
(50 mL x 2). The organic phases were combined and evaporated to dryness. The crude material was purified via flash
chromatography ((silica column 12g, MeOH/DCM mobile phase, 0.25% Acetic acid) obtain compound 20 (30 mg, 0.065

mmol, 16 % yield) as a yellow solid.

14 NMR (600 MHz, Chloroform-d) & 8.36 (s, 1H), 8.05 (d, J = 8.9 Hz, 1H), 7.28 (s, 1H), 6.88 (s, 1H), 5.85 (t, J = 11.7 Hz,
1H), 5.60 (dd, J = 16.2, 9.6 Hz, 1H), 5.44 (t, J = 9.7 Hz, 1H), 5.25 - 5.18 (m, 1H), 3.81 (d, J = 9.5 Hz, 2H), 2.47 (d, J = 9.7 Hz,
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1H), 2.34 = 2.27 (m, 1H), 2.01 (d, J = 8.6 Hz, 2H), 1.95 — 1.81 (m, 2H), 1.60 (q, J = 12.0 Hz, 2H), 1.46 (d, J = 16.2 Hz, 1H),
0.97 —0.80 (m, 2H).

13C NMR (151 MHz, CDCI3) 6 175.58, 167.77, 158.50, 149.21, 137.68, 137.53, 133.84, 131.17, 130.33, 124.95, 118.73,
110.33, 79.74, 77.87,40.92, 35.61, 35.52, 34.88, 28.99, 27.44.

LC-MS [M+H]* m/z calcd. for [C20H22N304S2]* 432.1, found 432.2 at 1.08 min. (UV Detector: TIC) and [M-1]" m/z calcd.
for [C20H20N304S2]" 430.1, found 430.2 at 1.08 min. (LC-MS method b).

Compound 21: (S)-2-(6-(((((E)-cyclooct-2-en-1-yl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylic acid
S N OH
H
Ax j)/ \@ />_</ ])\
|

A mixture of Intermediate 34 (120 mg, 0.367 mmol), D-Cystein [921-01-7] (48.8 mg, 0.403 mmol) and K2COs (55.7 mg,
0.403 mmol) in MeOH (3.5 mL) and Water (1.7 mL) was stirred at R.T. for 2h. The reaction was poured in EA (70 mL) and
HCI (0.5M) (40 mL) was added. The organic phase was separated. The aqueous phase was extracted with EA (50 mL x 2)
and the organic phases were combined and evaporated to obtain the crude material. The crude product was purified
via flash chromatography (silica column 12g, MeOH/DCM mobile phase, 0.25% Acetic acid) to obtain after evaporation
the desired product, compound 21 (42 mg, 0.097 mmol, 26.6 % yield) as a yellow solid.

*H NMR (600 MHz, Chloroform-d) & 8.35 (s, 1H), 8.04 (d, ] = 8.7 Hz, 1H), 7.30 — 7.27 (m, 1H), 6.89 (s, 1H), 5.84 (t, ] = 13.6
Hz, 1H), 5.59 (dd, J = 16.3, 9.6 Hz, 1H), 5.44 (t, ] =9.7 Hz, 1H), 5.21 (dd, J = 15.0, 8.6 Hz, 1H), 3.80 (d, J = 9.7 Hz, 2H), 2.46
(d, J =10.7 Hz, 1H), 2.33 - 2.24 (m, 1H), 2.00 (d, J = 11.1 Hz, 2H), 1.89 (q, J = 17.4, 15.6 Hz, 2H), 1.59 (q, J = 12.5 Hz, 1H),
1.45 (g, J =13.5 Hz, 1H), 0.98 = 0.77 (m, 2H).

3C NMR (151 MHz, CDCI3) 6 171.96, 167.76, 158.45, 149.17, 137.63, 137.51, 133.81, 133.81, 131.14, 124.91, 118.71,
110.27, 79.70, 77.85, 40.89, 35.58, 35.48, 34.84, 28.96, 27.41.

LC-MS [M+H]* m/z calcd. for [C20H22N304S2]* 432.1, found 432.1 at 4.47 min. (UV Detector: TIC) (LC-MS method a).

Compound 22: (S)-2-((tert-butoxycarbonyl)amino)-3-(4-((6-methyl-1,2,4,5-tetrazin-3-yl)amino)phenyl)propanoic acid

o
fomt
HOOC*NHBOC
(S)-3-(4-aminophenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid (610 mg, 2.177 mmol) and Intermediate 35 (258
mg, 1.815 mmol) were dissolved in MeOH (6 mL) to give a red solution. The reaction was refluxed at 110 °C for 18h.
The reaction was monitored by TLC. The reaction did not go to completion, therefore 3-(4-aminophenyl)-2-((tert-
butoxycarbonyl)amino)propanoic acid ( 1.526 g, 5.44 mmol) was added and the reaction was refluxed at 110 °C for
additional 24h. the solution was adsorbed on silica gel. The crude material was purified via flash chromatography (silica
column 12 g, dichlormethane/methanol mobile phase, 0.25% AcOH) to obtain the desired product, compound 22 (375

mg, 1.0 mmol, 55% of yield) as a red-orange solid.
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14 NMR (400 MHz, DMSO-d6) & 10.59 (s, 1H), 7.63 — 7.56 (m, 2H), 7.26 — 7.19 (m, 2H), 4.06 (td, J = 9.4, 8.9, 4.6 Hz, 1H),
2.97 (dd, J = 13.8, 4.8 Hz, 1H), 2.83 — 2.77 (m, 1H), 2.75 (s, 3H), 1.31 (s, 9H); Consistent with the literature reported
data.?04

LC-MS [M+H]" m/z calcd. for [C17H23N604]* 375.2, found 375.3 at 0.82 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C17H23N604]" 373.2, found 373.3 at 0.82 min. (UV Detector: TIC) (LC-MS method b).

Compound 23: 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine

The title compound [1671-87-0] was purchased from Sigma Aldrich.

Compound 24: (S)-2-(6-((((4-azidobenzyl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic

acid

OINC[SHN])LOH

N s

A mixture of Intermediate 36 (40 mg, 0.114 mmol), D-Cystein (15.22 mg, 0.126 mmol) and K.COs (17.36 mg, 0.126
mmol) in MeOH (1.5 mL) and Water (0.750 mL) was stirred at R.T. for 6h in the dark. The reaction was diluted with EA
(70 mL) and HCI (0.5M) (40 mL) was added. The organic phase was separated. The aqueous phase was extracted with
EA (50 mL x 2). The organic phase were combined and evaporated to obtain the crude product which was purified via

flash chromatography (silica column 12g, MeOH/DCM mobile phase containing 0.25% acetic acid) to obtain after evapo

ration the desired product, compound 24 (15 mg, 0.032 mmol, 28.3 % yield) as a white powder

1H-NMR (600 MHz, DMSO-d6) & 13.20 (s, 1H), 10.26 (s, 1H), 8.39 (s, 1H), 8.08 (d, J = 8.9 Hz, 1H), 7.58 (dd, J = 9.0, 1.8 Hz,
1H), 7.51 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.3 Hz, 2H), 5.47 - 5.40 (m, 1H), 5.19 (s, 2H), 3.79 (t, J = 10.5 Hz, 1H), 3.70 (dd, J
=11.1, 8.3 Hz, 1H).

13C-NMR (151 MHz, DMSO) & 171.60, 164.85, 159.07, 153.79, 148.61, 139.74, 139.11, 136.98, 133.71, 130.63, 124.79,
119.65, 119.30, 110.45, 78.57, 66.01, 35.19.

LC-MS [M+H]* m/z calcd. for [C1sH1sNs04S2]* 455.1, found 455.1 at 1.06 min. (UV Detector: TIC) and [M-1]" m/z calcd.
for [C19H13N604S2]" 453.1, found 453.1 at 1.06 min. (UV Detector: TIC) (LC-MS method b).

Compound 25: (S)-2-(6-aminobenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid

N N COOH
o
HoN S S

The title compound was prepared following a literature described procedure.?*3

6-aminobenzo[d]thiazole-2-carbonitrile [7724-12-1] (175 mg, 1.0 mmol) and D-Cysteine (128 mg) were suspended in a
MeOH (4.0 mL) and Water (2.0 mL) in a 10 mL round bottom flask. Potassium carbonate (146 mg, 1.060 mmol) was
added and the reaction mixture was stirred at R.T. under N2 for 1h. The MeOH was removed under vacuum. The
obtained residue was purified via prep. HPLC (ACN/water mobile phase, TFA acid modifier). The fractions containing the

desired product were combined and lyophilized to obtain the desire product, compound 25 (88 mg, 0.315 mmol, 31.5

% yield).

141



1H-NMR (400 MHz, Methanol-d4) & 7.95 (dd, J = 8.8, 0.6 Hz, 1H), 7.49 (d, J = 2.2 Hz, 1H), 7.17 (dd, J = 8.8, 2.3 Hz, 1H),
5.41 (dd, J =9.5, 8.7 Hz, 1H), 3.78 (dd, J = 9.1, 3.8 Hz, 2H).
LC-MS [M+H]* m/z calcd. for [C11H10N302S2]* 280.0, found 280.1 at 0.58 min. (UV Detector: TIC) (LC-MS method b).

Compound 26: (S)-2-(6-((((4-azido-2-fluorobenzyl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylic acid

o
e
" H
A solution of D-Cystein (99 mg, 0.814 mmol) and K2COs (56.3 mg, 0.407 mmol) in Water (3 mL) and MeOH (3 mL) was
added drop-wise to a suspension of Intermediate 37 (150 mg, 0.407 mmol) in MeOH (5 mL) and DCM (2 mL) at R.T.
under Argon. The reaction was stirred at R.T. for 3h in the dark. Acetic acid (400uL) was added to the reaction mixture,
which was subsequently evaporated to dryness to afford the crude material as a pale yellow solid. The crude was
purified via flash chromatography (silica column 40g, MeOH/DCM mobile phase, AcOH modifier). The fractions
containing the desired product were combined and evaporated to dryness to obtain a solid. The solid was triturated
with Toluene (5 mL) to obtain the desired product, compound 26 (97 mg, 0.201 mmol, 49.4 % yield) as a pale yellow

powder.

H NMR (400 MHz, DMSO-d6) & 13.16 (s, 1H), 10.23 (s, 1H), 8.36 (d, J = 1.7 Hz, 1H), 8.05 (d, J = 8.9 Hz, 1H), 7.62 - 7.52
(m, 2H), 7.10 (dd, J = 10.9, 2.1 Hz, 1H), 7.03 (dd, J = 8.2, 2.1 Hz, 1H), 5.41 (dd, J = 9.7, 8.4 Hz, 1H), 5.20 (s, 2H), 3.82 - 3.71
(m, 1H), 3.67 (dd, J = 11.2, 8.3 Hz, 1H).

13C NMR (101 MHz, DMSO-d6) & 171.55, 164.85, 162.81, 160.35, 159.10, 153.56, 148.65, 142.25, 138.99, 136.96, 133.14,
124.76, 120.30 (d, J = 15.3 Hz), 115.76, 110.50, 107.31 (d, J = 25.2 Hz), 78.56, 60.31, 35.17.

LC-MS [M+H]* m/z calcd. for [C1oH14FN604S2]* 473.0 found 473.0 at 1.08 min. (UV Detector: TIC) and [M-1] m/z calcd.
for [C19H12FN604S2]" 471.0, found 471.1 at 1.08 min. (UV Detector: TIC) (LC-MS method b).

Compound 27: (S)-2-(6-((((4-azido-2-chlorobenzyl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylic acid

A mixture of D-Cystein (44.1 mg, 0.364 mmol) and K2CO3 (25.1 mg, 0.182 mmol) in MeOH (0.8 mL) and Water (0.8 mL)
was added to a suspension of Intermediate 38 (70 mg, 0.182 mmol) in MeOH (1.2 mL) and DCM (1.2 mL) at R.T under
Argon. The reaction was stirred at R.T. under Argon in the dark for 1.5 h. Next the reaction was concentrated under
reduced pressure to obtain an oil to which AcOH (0.8 mL) and Water (5 mL) were added. The mixture was lyophilized
O/N to obtain the crude material. The crude was purified via flash chromatography (silica column 12g, MeOH/DCM
mobile phase, AcOH modifier) to obtain after solvent evaporation a solid which was re-dissolved in desired product,

compound 27 (71 mg, 0.142 mmol, 78 % vyield) as a yellow/orange powder in Toluene (10 mL). The solution was
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evaporated under reduced pressure and placed on the HV for 2h to afford the desired product, compound 27 (71 mg,

0.142 mmol, 78 % yield) as a white/yellow powder.

IH NMR (400 MHz, DMSO-d6) & 13.14 (s, 1H), 10.28 (s, 1H), 8.37 (d, J = 1.9 Hz, 1H), 8.06 (d, J = 8.9 Hz, 1H), 7.61 (d, J =
8.3 Hz, 1H), 7.57 (dd, J = 9.0, 2.1 Hz, 1H), 7.30 (d, J = 2.3 Hz, 1H), 7.18 (dd, J = 8.3, 2.3 Hz, 1H), 5.41 (dd, J = 9.7, 8.4 Hz,
1H), 5.24 (s, 2H), 3.80 - 3.73 (m, 1H), 3.67 (dd, J = 11.3, 8.3 Hz, 1H).

13C NMR (101 MHz, DMSO) 6 171.56, 164.84, 159.14, 153.56, 148.67, 141.64, 138.99, 136.97, 134.62, 132.63, 130.74,
124.78, 120.42, 119.33, 118.68, 110.54, 78.58, 63.61, 35.18.

LC-MS [M+H]* m/z calcd. for [C19H14CINsO4S2]* 489.0 found 489.0 at 1.11 min. (UV Detector: TIC) and [M-1] m/z calcd.
for [C19H12CINsQ4S2]” 487.0, found 487.1 at 1.11 min. (UV Detector: TIC) (LC-MS method b).

Compound 28: (S)-2-(6-((((4-azido-2-bromobenzyl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylic acid

Ny
A solution of D-Cystein (82 mg, 0.680 mmol) and K2CO3 (47.0 mg, 0.340 mmol) in Water (3.00 mL) and MeOH (3.0 mL)

was added drop-wise to a suspension of Intermediate 39 (146 mg, 0.340 mmol) in MeOH (5 mL) and DCM (2.0 mL) at
R.T. under Argon. The reaction was stirred for 2h in the dark and then acetic acid (400uL) was added; the formation of
a white precipitate was observed. The solid was filtered and washed with c-Hexane, MeOH and water before purifying
via prep. HPLC (ACN/water mobile phase, TFA acid modifier) to obtain after lyophilization the desired product,

compound 28 (95 mg, 0.175 mmol, 51.3 % yield) as a pale yellow solid.
LC-MS [M]+=533 and [M+2]+=535 at 1.1min, UV purity 100%.

'H NMR (400 MHz, DMS0-d6) § 13.18 (d, J = 15.6 Hz, 1H), 10.29 (s, 1H), 8.37 (d, J = 1.9 Hz, 1H), 8.06 (d, J = 8.9 Hz, 1H),
7.63 -7.54 (m, 2H), 7.44 (d, J = 2.3 Hz, 1H), 7.22 (dd, J = 8.3, 2.3 Hz, 1H), 5.41 (dd, J = 9.7, 8.3 Hz, 1H), 5.22 (s, 2H), 3.77
(dd, J=11.2,9.9 Hz, 1H), 3.67 (dd, J = 11.3, 8.3 Hz, 1H).

13C NMR (101 MHz, DMSO) & 171.56, 164.85, 153.53, 148.66, 141.58, 138.99, 136.96, 132.46, 132.37, 124.78, 124.51,
123.47,119.33, 119.18, 110.54, 78.56, 65.78, 53.69, 35.17.

LC-MS [M+H]* m/z calcd. for [C19H14aBrNs04S2]* 533.0 found 533.0 at 1.14 min. (UV Detector: TIC) and [M-1] m/z calcd.
for [C19H12BrNeQ4S2]” 531.0, found 531.0 at 1.14 min. (UV Detector: TIC) (LC-MS method b).

Compound 29: (S)-2-(6-((((5-azidopyridin-2-yl)methoxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-

carboxylic acid



A solution of D-Cystein (103 mg, 0.854 mmol) and K2COs (59.0 mg, 0.427 mmol) in MeOH (2.9 mL) and Water (2.2 mL)
was added drop-wise a suspension of Intermediate 40 (150 mg, 0.427 mmol) in MeOH (3 mL) at R.T. under Argon. The
reaction was stirred at R.T. under argon for 2h in the dark. Acetic acid (400ul) was added to the reaction mixture and
the resulting solution was concentrated under reduced pressure to obtain the crude material. The crude was purified
via flash chromatography (silica column 40g, MeOH/DCM mobile phase, 0.25% acetic acid modifier) to obtain after
evaporation the desired product, compound 29 (74 mg, 0.161 mmol, 37.7 % yield) as a pale yellow solid.

LC-MS [M+1]*=456 and [M-1]"=454 at 0.86 min, UV purity 98%.

H NMR (400 MHz, DMSO-d6) & 13.14 (s, 1H), 10.32 (s, 1H), 8.37 (t, ) = 2.7 Hz, 2H), 8.07 (d, J = 8.9 Hz, 1H), 7.67 (dd, J =
8.4, 2.7 Hz, 1H), 7.58 (dd, J = 9.0, 2.1 Hz, 1H), 7.53 (d, J = 8.4 Hz, 1H), 5.41 (dd, J = 9.7, 8.3 Hz, 1H), 5.24 (s, 2H), 3.80 -
3.63 (m, 2H).

13C NMR (101 MHz, DMSO) 6 171.56, 164.85, 159.12, 153.63, 152.76, 148.66, 141.00, 139.03, 136.97, 136.54, 127.74,
124.78, 123.35, 119.35, 110.55, 78.56, 66.67, 35.17.

LC-MS [M+H]* m/z calcd. for [C1sH1aN704S2]* 456.0 found 456.0 at 0.86 min. (UV Detector: TIC) and [M-1]" m/z calcd. for
[C18H12N704S2] 454.0, found 454.0 at 0.86 min. (UV Detector: TIC) (LC-MS method b).

Compound 30 (S)-2-(6-((((2-azidobenzyl)oxy)carbonyl)amino)benzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic

acid
o
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A mixture of Intermediate 41 (103 mg, 0.294 mmol), D-Cystein (39.2 mg, 0.323 mmol) and K2COsz (44.7 mg, 0.323 mmol)
in MeOH (7.5 mL),Water (3.2 mL) and DCM (2 mL) was stirred 5h at R.T. in the dark. AcOH (200ul) was added. The
reaction was evaporated to obtain an oil. Water and MeOH (10 mL) were added. The mixture was lyophilized to obtain
a pale yellow solid. The crude material was purifed via Flash Chromatography (silica column 12g, MeOH/DCM mobile
phase, 0.25% AcOH acid modifier) to obtain after solvent evaporation the desired product, compound 30 (74 mg, 0.160

mmol, 54.3 % yield) as a pale yellow powder.

14 NMR (400 MHz, DMSO-d6) & 13.10 (s, 1H), 10.23 (s, 1H), 8.36 (s, 1H), 8.05 (d, J = 8.9 Hz, 1H), 7.56 (d, J = 9.0 Hz, 1H),
7.53 - 7.42 (m, 2H), 7.36 (d, J = 8.0 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 5.41 (t, J = 9.0 Hz, 1H), 5.13 (s, 2H), 3.76 (t, ) = 10.3
Hz, 1H), 3.67 (dd, J = 10.5, 8.4 Hz, 1H).

13C NMR (101 MHz, DMSO) & 171.58, 164.88, 159.09, 153.70, 148.65, 139.10, 138.52, 137.00, 130.98, 130.62, 127.49,
125.53, 124.82, 119.34, 119.27, 110.49, 78.59, 62.30, 35.19.

LC-MS [M+H]* m/z calcd. for [C1oH15N604S2]* 455.0 found 455.1 at 1.02 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C19H13N604S2] 453.0, found 453.2 at 1.02 min. (UV Detector: TIC) (LC-MS method b).

Compound 31: (S)-2-(6-azidobenzo[d]thiazol-2-yl)-4,5-dihydrothiazole-4-carboxylic acid
The tithe compound was prepared following a literature procedure.??’
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A mixture of Intermediate 42 (100 mg, 0.497 mmol) and D-Cystein (120 mg, 0.994 mmol) in MeOH (2 mL), Water (2.0
mL) and DCM (2.0 mL) was stirred at R.T. under Argon in the dark for 2h. AcOH (200 pl) and HCI (4M) (0.5 mL) were
added to the reaction mixture. The mixture was filtered and the filter cake was washed with DCM and EA. The obtained
solid was placed under HV O/N to afford the desired product, compound 30 (110 mg, 0.353 mmol, 71.0 % yield) as a

pale yellow powder. The analyses are consistent with the desired product and the literature data.

IH NMR (400 MHz, DMSO-d6) & 13.21 (s, 1H), 8.16 (d, J = 8.8 Hz, 1H), 8.06 (d, J = 2.2 Hz, 1H), 7.32 (dd, J = 8.8, 2.3 Hz,
1H), 5.43 (dd, J = 9.7, 8.4 Hz, 1H), 3.83 - 3.73 (m, 1H), 3.69 (dd, J = 11.3, 8.3 Hz, 1H).

LC-MS [M+H]* m/z calcd. for [C11HsNs02S>]* 306.0 found 306.0 at 0.88 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C11HeNs02S2]" 304.0, found 304.0 at 0.88 min. (UV Detector: TIC) (LC-MS method b).

Compound 32

A solution of Intermediate 9 (22 mg, 0.014 mmol) and DIPEA (22.04 pul, 0.126 mmol) in DMF (2 mL) was added to a
solution of SPDP (7.3 mg, 0.023 mmol) in ACN (4 mL) at room temperature. After 3 h, the reaction was recharged with
a solution of SPDP (2.1 mg, 6.72 umol) in ACN (0.07 mL) and stirred for 2 h. A solution of BOC-D-Cys (0.2 M in ACN) (155
upl, 0.031 mmol) was added, and the reaction was allowed to proceed for 10 min at room temperature before being
evaporated to dryness. Next, 95% TFA (500 pl, 6.17 mmol) was added to the crude material, and the deprotected
compound was stirred for 10 min before purification through prep. HPLC. The purified compound was lyophilized to

obtain Compound 32 (6.2 mg, 3.61 umol, 26% yiled) as a white solid.

LC-MS [M+H]* m/z calc. for [C79H114CIN14019S2] 1661.7, found 1661.7, found at 5.77 min. (UV Detector: TIC) (LC-MS
method 3).

Compound 33
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3-(pyridin-2-yldisulfaneyl)propanoic acid [ 68617-64-1] (Fluorochem) (5.12 mg, 0.016 mmol) was dissolved in DMA (100
pL) and TPTU (43mg, 0.015 mmol) and DIEA (13ul, 0.073 mmol) were added. The reaction was stirred at R.T> for 10
min. The reaction was added to a solution of Intermediate 10 (20.03 mg, 10.36 umol) in DMA (1 mL) and the resulting
solution was stirred at R.T. 10 min. Boc-D-Cys-OH (10% in NMP) (2.293 mg, 10.36 umol) was added and the reaction
was run 2 min at R.T. 95% TFA was added to the mixture and after 10 min. The reaction was directly injected in the prep.
HPLC for purification. The fractions containing the desired product were lyophilize to obtain compound 33 (8.14mg,

3.94 umol, 38% of yield) as a white solid.

LC-MS [M+H]* m/z calc. for [Ce1H133N18023S2] 1910.0, found 1910.0 at 5.75 min (UV Detector: TIC) (LC-MS method c).

Compound 34

F
N N N NH.

The linear peptide was Aurigene Discovery Ltd. India.

Compound 35:

2 o] F
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A solution of Compound 34 (20 mg, 0.011 mmol) in DMF (3 mL) was added dropwise to a solution of SPDP (4.83 mg,
0.015 mmol) and DIPEA (14.46 pl, 0.083 mmol) in ACN (3 mL). The reaction was stirred at room temperature for 3 h.
BOC-D-Cys (0.181 M in ACN) (91 ul, 0.017 mmol) was added to the stirring reaction mixture, which turned yellow. The
reaction mixture was stirred at room temperature for 1 h and then evaporated to dryness. Next, 95% TFA (500 pL, 6.17

mmol) was added, and the reaction was stirred for 1 min at room temperature before purification through prep. HPLC
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to obtain after lyophilization of the fractions containing the desired product, compound 35 (8.1 mg, 4.26 umol, 39%

yield) as a white solid.

LC-MS [M+H]* m/z calc. for [Cs2H115F3N19019S2] 1790.8005, found 1790.8075 at 5.77min (UV Detector: TIC) (LC-MS

method c).

Intermediate 33: (E)-cyclooct-2-en-1-yl (2-cyanobenzo[d]thiazol-6-yl)carbamate
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A sealed vial containing dry toluene (5.5 mL) was charged with 6-aminobenzo[d]thiazole-2-carbonitrile (90 mg, 0.514
mmol), triphosgene (168 mg, 0.565 mmol) and DMAP (126 mg, 1.027 mmol). The reaction was placed under Argon and
then heated at 120°C for 3 hours. The reaction was allowed to reach R.T. A solution of Intermediate 44 (162 mg, 1.284
mmol) in dry DMF (2 mL) was added and the reaction was stirred for 2h at 50°C. The reaction was evaporate to obtain
an oil which was re-dissolved in 50% MeOH/DCM (5 mL). The solution was adsorbed on silica. The crude was purified
via flash chromatography (silica column 12g, ethyl acetate /cyclohexane mobile phase) to obtain Intermediate 33 (132
mg, 0.403 mmol, 78 % yield) as a yellow solid.

1H NMR (600 MHz, Chloroform-d) & 8.44 (s, 1H), 8.09 (d, J = 8.9 Hz, 1H), 7.32 (dd, J = 9.0, 2.2 Hz, 1H), 6.88 (s, 1H), 5.84
(ddd, J=15.6,11.1, 3.9 Hz, 1H), 5.57 (ddd, / = 25.7, 16.3, 9.4 Hz, 1H), 5.21 (td, J = 10.0, 5.6 Hz, 1H), 2.29 (dt, J=12.3,5.4
Hz, 1H), 2.05 — 1.82 (m, 3H), 1.65 — 1.34 (m, 4H), 0.88 (dddd, J = 33.2, 20.4, 13.7, 6.5 Hz, 2H).

LC-MS [M+H]* m/z calcd. for [C17H18N302S]* 328.1, found 328.2 at 1.26 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C17H16N302S]” 326.1, found 326.2 at 1.26 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 34: (E)-cyclooct-2-en-1-yl (2-cyanobenzo[d]thiazol-6-yl)carbamate
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A sealed vial containing dry toluene (3.3 mL) was charged with 6-aminobenzo[d]thiazole-2-carbonitrile (55 mg, 0.314
mmol), triphosgene (93 mg, 0.314 mmol) and DMAP (77 mg, 0.628 mmol). The reaction was placed under Argon and
then heated at 120°C for 3 hours. The reaction was allowed to reach R.T. A solution of Intermediate 45 (100 mg, 0.792
mmol) in dry DCM (6 mL) was added to the reaction. The reaction was heated at 50°C O/N. The reaction was evaporate
to obtain an oil which was subsequently re-dissolved in 50% MeOH/DCM (5 mL). The solution was adsorbed on silica.
The crude was purified via flash chromatography (silica column 12g, ethyl acetate /cyclohexane mobile) to obtain
Intermediate 34 (110 mg, 0.33 mmol., 97% UV purity, full conversion).
LC-MS [M+H]* m/z calcd. for [C17H18N302S]* 328.1, found 328.1 at 5.43 min. (UV Detector: TIC) and [M-1]" m/z calcd. for
[C17H16N302S]” 326.1, found 326.1 at 5.43 min. (UV Detector: TIC) (LC-MS method a).
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Intermediate 44 (racemic mixture equatorial alcohol) and Intermediate 45 (racemic mixture axial alcohol) E)-cyclooct-

OH H
H HO
I I
| |

A solution of Intermediate 46 (5 g, 39.6 mmol), methyl benzoate (4.99 mL, 39.6 mmol) and Dodecane (0.93g, 39.6 mmol)

2-en-1-ol:

(internal standard) in a mixture of diethyl ether (450 mL) and hexane (50 mL) was pumped through the Photo Flow
reactor system with a maximum flow rate of 45 mL/min and irradiated with a 400 W Hg medium pressure lamp for
10.5h. The reaction was monitored with GC calculating the disappearance of the starting material using the internal
standard as reference. The system was flushed with 900 mL Et.0/hexane 9:1 (45 mL/min). The column was dried with
nitrogen for 1.5 h, then unpacked and slurred for 5 min with 33% aq. NH3 solution (600 mL) and DCM (600 mL). After
filtration, the ag. phase was washed with another 300 mL DCM, then the combined organic phases were washed with
water (300 mL), dried over sodium sulfate, filtered and concentrated at reduce pressure (400 mbar) and 30°C to yield a
yellow oil. The crude material was purified via flash (120 g silica gel column, EtOAc/heptane mobile phase) to afford
Intermediate 44 and (1.78 g, 13.40 mmol, 33% of yield) ((diastereoisomers mixture, equatorial alcohol) as a colorless

oil and Intermediate 45 (1.93 g, 14.53 mmol, 37% yiled) (diastereoisomers mixture, axial alcohol) as a colorless oil.

Intermediate 44 (E)-cyclooct-2-en-1-ol (racemic mixture equatorial alcohol)

'H NMR (400 MHz, Chloroform-d) § 5.96 (dddd, J = 16.3, 11.2, 3.8, 1.2 Hz, 1H), 5.58 (dd, J = 16.5, 2.4 Hz, 1H), 4.61 (dt, J
=3.5,1.7 Hz, 1H), 2.49 (dtd, /= 10.9, 3.8, 1.8 Hz, 1H), 2.11 - 1.91 (m, 3H), 1.85 (dddt, /= 14.9, 11.2, 5.4, 1.8 Hz, 1H), 1.73
—1.41 (m, 4H), 1.19 — 1.05 (m, 1H), 0.83 — 0.71 (m, 1H). (consistent with literature data).

Intermediate 45 (E)-cyclooct-2-en-1-ol (racemic mixture axial alcohol)

14 NMR (400 MHz, Chloroform-d) & 5.66 (ddd, J = 16.2, 10.7, 3.7 Hz, 1H), 5.54 (dd, J = 16.2, 9.1 Hz, 1H), 4.26 (td, J = 9.5,
5.6 Hz, 1H), 2.40 (dddd, J = 8.6, 5.4, 4.5, 1.5 Hz, 1H), 2.21 —2.11 (m, 1H), 2.02 — 1.72 (m, 5H), 1.56 — 1.36 (m, 2H), 0.91 —
0.83 (m, 2H).

Intermediate 46: (2)-cyclooct-2-en-1-ol
OH
O

A solution of Intermediate 47 (25.5 g, 135 mmol) in acetone (200 mL) and NaHCO3 (28.3 g, 337 mmol) dissolved in
water (100 mL) was refluxed for 2 h. The solid was filtrated off and the solution was concentrated. Diethyl ether was
added to extract the product. The ethereal phase was separated, dried with MgSO4 and concentrated. The crude

product was vacuum distilled to afford Intermediate 46 (13.9 g, 110 mmol, 82 % yield).

14 NMR (400 MHz, Chloroform-d) & 5.69 — 5.39 (m, 2H), 4.64 (dt, J = 10.4, 5.5 Hz, 1H), 2.31 — 2.01 (m, 2H), 1.90 (ddt, J =
11.8,5.2, 2.7 Hz, 1H), 1.73 = 1.29 (m, 8H).

13C NMR (101 MHgz, CDCI3) 6 134.88, 128.54, 69.42, 38.71, 29.19, 26.37, 25.89, 23.67.
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Intermediate 47: (Z)-3-bromocyclooct-1-ene

Br

O

Dibenzoyl peroxide (200 mg, 0.826 mmol) was added to a solution of (Z)-cyclooctene (50 mL, 385 mmol) and NBS (6.8g,
385 mmol) in CCls (250 mL) and the reaction was heated under reflux for 1h. The mixture was cooled to 0°C and filtered.
The filtrated organic solution was washed with H20, 5% NaHCOs and concentrate under vacuum to obtain an oil residue.
The crude material was purified via fractional distillation under reduced pressure (4mbar) at 82°C to obtain the desired

product Intermediate 47 (25.536 g, 135 mmol, 35 % yield) as a yellow oil.

14 NMR (400 MHz, Chloroform-d) & 5.78 (ddd, J = 10.1, 8.3, 1.4 Hz, 1H), 5.59 (dddd, J = 10.5, 8.9, 7.5, 1.3 Hz, 1H), 5.00 —
4.88 (m, 1H), 2.32 = 2.05 (m, 3H), 1.99 (ddt, J = 13.4, 12.2, 5.1 Hz, 1H), 1.75 — 1.44 (m, 4H), 1.35 (dtdd, J = 24.7, 12.5, 6.5,
3.2 Hz, 2H).

13C NMR (101 MHgz, CDCI3) § 132.49, 129.09, 48.26, 40.26, 28.53, 25.57 (chemical shift reported from HSQC).

Intermediate 35: 3-methyl-6-(methylthio)-1,2,4,5-tetrazine
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A mixture of Mel (7.78 mL, 124 mmol) in Ethanol (50 mL) was added drop-wise to a mixture of Thiocarbohydrazide (12
g, 113 mmol) in Ethanol (350 mL) at reflux. The solution was allowed to reflux for 1 h and then filtered hot using a C
type filter crucible. The filtrate was allowed to cool to room temperature and the product was precipitated out of
solution in a fridge. The solution was decanted away and the product was dried in vacuo to obtain Intermediate 48

(17.5 g, 146 mmol, 129 % yield) which was used in the next synthetic step without any purification.

Intermediate 48 (6 g, 49.9 mmol) was dissolved in Ethanol (150 mL). Triethyl orthoacetate (10.12 mL, 54.9 mmol) was
added forming a yellow solution. TEA (6.96 mL, 49.9 mmol) was added, turning the solution a light pink. The solution
was refluxed for 30 min. NaNO:z (3.44 g, 49.9 mmol) followed by TFA (3.85 mL, 49.9 mmol) were added and heating was
continued for an additional 30 min turning the solution a deep red. The reaction was allowed to reach R.T. and hexane
(150 mL) was added under a stream of air for purging developed gases. The solution was cooled to room temperature
and water (300 mL) was added. The mixture was extracted with ether (300 mL x 2) and the resulting organic phase was
dried with MgSO4 and evaporated to obtain a residue. The crude was purified via flash chromatography ( silica column
24g, hexane/diethyl ether mobile phase) to afford the desired product, Intermediate 35 (414 mg, 2.91 mmol, 6 % yield

over two steps) as a red oil.
'H NMR (400 MHz, Chloroform-d) & 2.97 (s, 3H), 2.72 (s, 3H).
13C NMR (101 MHz, CDCI3) 6 21.33, 13.94 (chemical shift reported from HSQC).

Intermediate 36: 4-azidobenzyl (2-cyanobenzo[d]thiazol-6-yl)carbamate

Joad satl
N
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To a mixture of 6-aminobenzo[d]thiazole-2-carbonitrile (140 mg, 0.8 mmol) and DIPEA (0.559 mL, 3.20 mmol) in
anhydrous Toluene (8 mL) at 0°C under argon was added dropwise a solution of triphosgene (285 mg, 0.960 mmol) in
Toluene (2 mL) over 2h in a sealed vial. After the addition, the reaction was heated at 120°C for 2h. The reaction was
allowed to reach room temperature and DCM (5 mL) was added. The mixture was stirred for 20min. DMAP (48.9 mg,
0.400 mmol), Intermediate 49 (119 mg, 0.800 mmol) and DMF (2 mL) were added and the resulting solution was heated
at 50°C for 3h. The reaction was concentrated in vacuum to obtain a residue. EA (100 mL) was added and the organic
solution was washed with NaHCOs aqueous saturated solution (70 mL x 3) and brine (70 mL), dried with MgS0O4 and
evaporated to dryness to obtain a crude. The crude was purified via flash chromatography (silica column 40g,

MeOH/DCM mobile phase) to obtain Intermediate 36 (244 mg, 0.696 mmol, 87 % yield) as a pale yellow solid.

LC-MS [M+H]* m/z calcd. for [C16H11Ns02S]* 350.0, found 351.1 at 1.25 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C16HaN602S] 349.0, found 349.1 at 5.43 min. (UV Detector: TIC) (LC-MS method b).

Intermediate 49: (4-azidophenyl)methanol

A

Ny~
4-aminobenzyl alcohol (597 mg, 4.85 mmol) was dissolved in Hydrochloric Acid (4M) (Volume: 6 mL), the yellow-brown
solution was cooled to 0°C with an ice bath then a solution of NaNO: (360 mg, 5.22 mmol) in water (10 mL) was added
dropwise. After 0.5 h, NaNz (1.37 g, 21.07 mmol) was added slowly in portion at 0°C. A brown solid has precipitated.
After 1.5 h, the reaction was poured into an ice-water slurry (150 mL). The quenched solution was adjusted to pH=8 by
adding NaHCOs. The mixture was extracted with EA (2 x 150 mL). The organic phases were washed with water (3x70
mL), dried over MgSQO4 and evaporated avoiding heating the water bath. The brown residue was suspended in hexane
(ca. 20 mL) and vigorously stirred for 20min. The mixture was placed at 4 °C overnight to form a precipitate. The solid
was filtered and washed with cold Hexane to afford desired product (515 mg, 3.42 mmol, 70% vyield) as light brown

needles.

'H NMR (400 MHz, Chloroform-d) § 7.43 — 7.32 (m, 2H), 7.09 —6.92 (m, 2H), 4.68 (s, 2H).
3C NMR (101 MHz, CDCl3) 6 127.87, 77.16, 118.47, 64.15 ( by HSQC)

IR spectra was recorded showing peak at 2114 cm-1.

Intermediate 37 4-azido-2-fluorobenzyl (2-cyanobenzo[d]thiazol-6-yl)carbamate

F o N
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To a solution of (4-azido-2-fluorophenyl)methanol from FCH Group Co. (150 mg, 0.897 mmol) and TEA (0.500 mL, 3.59
mmol) in DCM (8 mL) at 0°C under Argon was added a solution of Intermediate 50 (181 mg, 0.897 mmol) in DMF (4 mL).
The reaction was stirred at 0°C under argon for 1h. After, it was allowed to reach R.T. and was stirred at R.T. for 14h.
The reaction mixture was poured in DCM (80 mL) to obtain a solution. The solution was washed with NaHCOs saturated
aqueous solution (80 mL x 2), brine (80 mL x 2), dried with MgSO4 and evaporated to dryness to obtain the crude material

as a solid. The crude was purified via flash chromatography (silica column 24g, EA/Hexane mobile phase) to afford after
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solvent evaporation a solid which was dissolved 10% EA/DCM. The solution was filtered through a plug of silica and

evaporated to obtain the desired material Intermediate 37 (250 mg, 0.679 mmol, 76 % yield).

H NMR (400 MHz, DMSO-d6) & 10.36 (s, 1H), 8.51 (d, J = 2.0 Hz, 1H), 8.15 (d, J = 9.0 Hz, 1H), 7.65 (dd, J = 9.0, 2.1 Hz,
1H), 7.57 (t, J = 8.2 Hz, 1H), 7.10 (dd, J = 10.9, 2.2 Hz, 1H), 7.03 (dd, J = 8.2, 2.2 Hz, 1H), 5.21 (s, 2H).

13C NMR (101 MHz, DMSO) & 153.56, 147.73, 142.44, 140.26, 137.40, 133.20, 125.35, 120.49, 115.81, 114.08, 110.37,
107.49, 107.24, 60.48.

LC-MS [M+H]* m/z calcd. for [C16HoFNsO2S]* 369.0, found 369.0 at 1.24 min. (UV Detector: TIC) and [M-1]" m/z calcd. for
[C16H7FN602S]” 367.0, found 367.1 at 1.24 min. (UV Detector: TIC) (LC-MS method a).

Intermediate 50: 6-isocyanatobenzo[d]thiazole-2-carbonitrile

N
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To a suspension of 6-aminobenzo[d]thiazole-2-carbonitrile (304 mg, 1.735 mmol) in Dioxane (11 mL) at R.T under Argon
was added a solution of triphosgene (618 mg, 2.082 mmol) in Toluene (6.5 mL) drop-wise. The reaction was stirred for
1h at R.T. and then heated at reflux for 16h. The reaction went in solution. The reaction mixture was evaporated to
dryness. Toluene (5 mL) was added to the solid and the suspension was evaporated to afford Intermediate 50 (349 mg,
1.735 mmol, 100 % yield) as a white solid. A small amount of the solid was added to a solution of MeOH and TEA and
the resulting solution was analyzed via LC-MS. The analysis showed the formation of the methyl (2-
cyanobenzo[d]thiazol-6-yl)carbamate which confirmed the formation of the isocyanate desired product. The compound

was used in the next synthetic step without any purification.

Intermediate 38 4-azido-2-chlorobenzyl (2-cyanobenzo[d]thiazol-6-yl)carbamate
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A solution of Intermediate 50 (113 mg, 0.562 mmol) in DMF (1.5 mL Ratio: 1.000) was added drop-wise to a solution of
Intermediate 51 (166.5 mg, 0.907 mmol) and TEA (0.314 mL, 2.247 mmol) in DCM (3.5 mL) at 0°C under argon. The
reaction was allowed to reach R.T. and was stirred for 18h. DCM (100 mL) and NaHCOs saturated aqueous solution (100
mL) were added. The organic phase was separated. The aq. phase was extracted with DCM (100 mL x 2) and the organic
phases were combined, washed with brine (150 mL x 2), dried with MgS0O4 and evaporated to dryness to obtain a
residue. The residue was purified via flash chromatgraphy (silica column 12g, Hexane/Ethyl acetate mobile phase) to
obtain a solid which was triturated for 2h in MeOH to afford Intermediate 38 (70 mg, 0.176 mmol, 31.4 % vyield) as a

pale yellow solid.
LC-MS [M+1]*= 385 and [M-1]= 383 at 1.29 min. UV purity 97%.

4 NMR (400 MHz, DMSO-d6) & 10.41 (s, 1H), 8.52 (d, J = 2.0 Hz, 1H), 8.16 (d, J = 9.0 Hz, 1H), 7.67 (dd, J = 9.0, 2.1 Hz,
1H), 7.62 (d, J = 8.3 Hz, 1H), 7.30 (d, J = 2.3 Hz, 1H), 7.18 (dd, J = 8.3, 2.3 Hz, 1H), 5.25 (s, 2H).
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13C NMR (101 MHz, DMSO) & 153.50, 147.71, 141.68, 140.22, 137.37, 134.64, 132.66, 130.63, 125.32, 120.42, 118.67,
110.35, 63.74, 40.68

LC-MS [M+H]* m/z calcd. for [C16HoCIN6O2S]* 385.0, found 385.1 at 1.29 min. (UV Detector: TIC) and [M-1]" m/z calcd.
for [C16H7CIN602S]" 383.0, found 383.2 at 1.29 min. (UV Detector: TIC) (LC-MS method a).

Intermediate 51: (4-azido-2-chlorophenyl)methanol

Cl  OH

N3
A suspension of (4-amino-2-chlorophenyl)methanol (0.452 g, 2.87 mmol) in HCI (4M) (5 mL, 20.00 mmol) was cooled at
0°C. A solution of NaNO2 (0.218 g, 3.15 mmol) in Water (8.0 mL) was added. After 1h, NaNs (0.746 g, 11.47 mmol) was
added portion wise. The reaction was allowed stirred at 0°C for 1.5h. THF (6 mL) was added and the reaction was stirred
at 0°C for another 1h. The reaction was quenched pouring the reaction in ice water. The pH was adjusted to 8 by adding
NaHCOs3 and NaOH (4M). The ag. solution was extracted with EA (100 mL x 3), dried with MgSO4 and evaporated to

dryness to obtain the desired product Intermediate 51 (520 mg, 2.83 mmol, 99 % vyield) as a yellow/brown solid.
1H NMR (400 MHz, DMSO-d6) & 7.53 (d, J = 8.3 Hz, 1H), 7.19 - 7.08 (m, 2H), 5.39 (s, 1H), 4.51 (s, 2H).
IR analysis showed a peak at 2112 cm consistent with the azide.

Intermediate 39 4-azido-2-bromobenzyl (2-cyanobenzo[d]thiazol-6-yl)carbamate

N
Br o /@[ S—CN
DAO*N )
H
Ng

To a solution of Intermediate 52 (228 mg, 1.002 mmol) and TEA (0.466 mL, 3.34 mmol) in DCM (7.5 mL) at 0°C under
Argon was added a solution of Intermediate 50 (168 mg, 0.835 mmol) in DMF (3 mL). The reaction was stirred at 0°C
under argon for 1h in the dark and then it was allowed to reach R.T. and stirred for 14h. The reaction was poured in
DCM (80 mL). The obtained solution was washed with NaHCOs aqueous saturated solution (80 mL x 2), brine (80 mL x
2), dried with MgS04 and evaporated to dryness to obtain the crude material as a solid. The crude was purified via Flash
Chromatography (silica column, 40g, EA/DCM mobile phase) to obtain a solid after evaporation. The solid was dissolved
10% EA/DCM and the solution was filtered through a plug of silica to afford Intermediate 39 (153 mg, 0.339 mmol, 40.6

% yield) as a white solid.

14 NMR (400 MHz, DMSO-d6) & 10.42 (s, 1H), 8.52 (d, J = 2.0 Hz, 1H), 8.16 (d, J = 9.0 Hz, 1H), 7.68 (dd, J = 9.0, 2.1 Hz,
1H), 7.60 (d, J = 8.3 Hz, 1H), 7.44 (d, J = 2.3 Hz, 1H), 7.21 (dd, J = 8.3, 2.3 Hz, 1H), 5.22 (s, 2H).

13C NMR (101 MHz, DMSO) & 153.51, 147.74, 141.65, 140.26, 137.41, 135.07, 132.53, 132.30, 125.36, 124.57, 123.50,
120.50, 119.20, 114.08, 110.39, 65.93.

LC-MS [M+H]* m/z calcd. for [C16H10BrNeO2S]* 429.0, found 429.0 at 1.32 min. (UV Detector: TIC) and [M-1]" m/z calcd.
for [C16HsBrNeO2S] 427.0, found 427.0 at 1.32 min. (UV Detector: TIC) (LC-MS method a).
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Intermediate 52: (4-azido-2-bromophenyl)methanol

Br

/©/\OH
N3

A mixture of Intermediate 53 (514 mg, 2.54 mmol) in HCI (4M) (4.45 mL, 17.81 mmol) and THF (5.6 mL) was cooled at
0°C. A solution of NaNO:z (193 mg, 2.80 mmol) in Water (5 mL) was added. The reaction was stirred at 0°C open flask for
1h. A solution of sodium azide (662 mg, 10.18 mmol) in Water (4 mL) was added drop-wise. The reaction was allowed
stirred at 0°C for 30 min and at R.T. for 2h. The reaction was quenched pouring the reaction in ice water. The pH was
adjusted to 8 by adding NaHCOs aqueous saturated solution. The solution was extracted with DCM (3x 80 mL) and after
combining the organic solution a washed with Brine (150 mL) was performed. The organic solution was dried with

MgSO0s and evaporated to dryness to obtain Intermediate 52 (575 mg, 2.52 mmol, 99 % yield) as a yellow solid.

H NMR (400 MHz, DMSO-d6) & 7.52 (d, J = 8.3 Hz, 1H), 7.31 (d, J = 2.3 Hz, 1H), 7.16 (dd, J = 8.3, 2.3 Hz, 1H), 5.43 (t, J =
5.5 Hz, 1H), 4.47 (d, J = 5.0 Hz, 2H).

13C NMR (101 MHz, DMSO) & 139.68, 138.30, 129.74, 122.78, 122.13, 118.85, 62.64.

Intermediate 53: (4-amino-2-bromophenyl)methanol

Br

o
HoN

7
NiCl2 (0.048 g, 0.2 mmol) was added to a solution of Intermediate 54 (0.638 g, 2.75 mmol) in Acetonitrile (8.4 mL) and
Water (0.8 mL). The reaction was stirred 5min at R.T. and NaBH4 (0.416 g, 11.00 mmol) was added portion wise.
Evolution of gas and a black precipitate formation were observed. The reaction was stirred at R.T. for 5min. The reaction
was poured in DCM (70 mL) and water (50 mL) was added. The organic phase was separated and the aq. phase was
extracted with DCM (60 mL x 2). The organic phases were combined, dried with MgS0O4 and evaporated to obtain

Intermediate 53 (514 mg, 2.54 mmol, 93 % yield) as a white solid.

14 NMR (400 MHz, DMSO-d6) 6 7.10 (d, J = 8.2 Hz, 1H), 6.75 (d, J = 2.2 Hz, 1H), 6.52 (dd, J = 8.2, 2.2 Hz, 1H), 5.22 (s, 2H),
4.95 (t,) = 5.6 Hz, 1H), 4.33 (d, J = 5.6 Hz, 2H).

LC-MS [M+H]* m/z calcd. for [C7HeBrNO]* 201.1, found 202.0 at 0.54 min. (UV Detector: TIC) (LC-MS method a).

Intermediate 54: (2-bromo-4-nitrophenyl)methanol

Br

o
OoN

Borane-methyl sulfide complex in THF (12 mL, 24.00 mmol) was added to a solution of 2-bromo-4-nitrobenzoic acid
[16426-64-5] from Combi-Blocks Inc. (2 g, 8.13 mmol) and TEA (1.2 mL, 8.61 mmol) in THF (60 mL) at 0°C. The reaction
was allowed to reach R.T. and then heated at 70°C O/N. The reaction was cooled to reach R.T. and water (30 mL) was
added followed by HCI (2M) to reach pH=1. The reaction was heated at reflux for 30min. and then cooled to R.T. DCM
(200 mL) was added. The organic phase was separated. The aqg. phase was extracted with DCM (150 mL x 2). The organic
phases were combined, washed with brine (300 mL), dried with MgS0a, evaporated and placed under HV for 2 days to
obtain Intermediate 54 (1.81 g, 7.49 mmol, 92 % yield).
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H NMR (400 MHz, Chloroform-d) & 8.40 (d, J = 2.2 Hz, 1H), 8.21 (dd, J = 8.5, 2.2 Hz, 1H), 7.76 (d, J = 8.5 Hz, 1H), 4.83 (s,
2H).

Intermediate 40 (5-azidopyridin-2-yl)methyl (2-cyanobenzo[d]thiazol-6-yl)carbamate

o
N OJKN S

| H
N3

To a solution of Intermediate 55 (130 mg, 0.866 mmol) and TEA (0.483 mL, 3.46 mmol) in DCM (7 mL) at 0°C under
Argon was added a solution of Intermediate 50 (174 mg, 0.866 mmol) in DMF (2.8 mL). The reaction was stirred at 0°C
for 10min. and then at R.T. in the dark for 2h. The reaction was poured in DCM (50 mL) and NaHCOs saturated aqueous
solution (40 mL) was added. The organic phase was separated. The aq. phase was extracted with DCM (30 mL x 2). The
organic phases were combined, washed with brine (70 mL x 2), dried with MgSOsand evaporated to dryness to obtain
the crude as pale yellow solid. The crude was purified via flash chromatography (silica column 24g, MeOH/DCM mobile

phase) to obtain Intermediate 40 (223 mg, 0.590 mmol, 68.2 % yield) as a pale yellow solid.

H NMR (400 MHz, DMSO-d6) & 10.45 (s, 1H), 8.51 (d, J = 2.0 Hz, 1H), 8.37 (d, ) = 2.6 Hz, 1H), 8.17 (d, J = 9.0 Hz, 1H), 7.67
(ddd, J = 8.3, 4.8, 2.4 Hz, 2H), 7.53 (d, J = 8.4 Hz, 1H), 5.25 (s, 2H).

13C NMR (101 MHz, DMSO) & 153.61, 152.69, 147.74, 141.04, 140.31, 137.41, 136.60, 135.06, 127.77, 125.37, 123.41,
120.52, 114.08, 110.40, 66.79.

LC-MS [M+H]* m/z calcd. for [C1sH10N702S]* 352.0, found 352.1 at 1.03 min. (UV Detector: TIC) and [M-1]" m/z calcd. for
[C1sHsN702S]" 350.0, found 350.0 at 1.03 min. (UV Detector: TIC) (LC-MS method a).

Intermediate 55: (5-azidopyridin-2-yl)methanol

A solution of Intermediate 56 (230 mg, 1.853 mmol) in HCl (4M) (5 mL, 20.00 mmol) was cooled at 0°C. A solution of
NaNO:2 (153 mg, 2.223 mmol) in Water (2 mL) was added drop-wise. The reaction was stirred for 1h at 0°C open flask. A
solution of NaNs (482 mg, 7.41 mmol) in Water (3 mL) was added drop-wise and the reaction was stirred at 0°C for
30min. The reaction was allowed to reach R.T. and was stirred for 1h. The mixture was poured in ice water. NaHCOs3
aqueous saturated solution was added to reach pH=8. The aq. sol. was extracted with DCM (70 mL x 3). The organic
phase were combined, washed with brine (100 mL), dried with MgS0O4 and evaporated to obtain Intermediate 55 (223
mg, 1.381 mmol, 74.6 % yield).

'H NMR (400 MHz, DMSO-d6) 6 8.26 (d, J = 2.6 Hz, 1H), 7.61 (dd, ) = 8.4, 2.7 Hz, 1H), 7.48 (d, ) = 8.4 Hz, 1H), 5.43 (t,) =
5.6 Hz, 1H), 4.53 (d, J = 5.1 Hz, 2H).

13C NMR (101 MHz, DMSO) 6 159.06, 140.21, 135.22, 127.46, 121.56, 64.29.
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LC-MS [M+H]* m/z calcd. for [CsH7N4O]* 151.0, found 151.1 at 0.50 min. (UV Detector: TIC) (UV Detector: TIC) (LC-MS

method a).

Intermediate 56: (5-aminopyridin-2-yl)methanol

To a 100 mL two necked round bottom flask was added methyl 5-aminopicolinate [67515-76-8] from Synnovator Inc.
(0.650 g, 4.27 mmol) in THF (14.2 mL). The mixture was placed under Argon and cooled in an ice bath. Lithium aluminum
hydride in THF (2M) (6.41 mL, 12.82 mmol) was added drop-wise and the mixture was stirred at 0°C under Argon for
1h, then the reaction was allowed to reach R.T. and was stirred for 2h. Next, the reaction was cooled at 0°C and a NH4Cl
saturated aqueous solution (15 mL) was added. Water (50 mL) and EA (150 mL) were added. The mixture was poured
in a solution of Rochelle salt (50 mL) and stirred for 20min. The organic phase was separated and the aqg. phase was
extracted with EA (3 x 100 mL). Next, the organic phase were combined, dried with MgS04 and evaporated to obtain
the desired product as brown oil. The crude material was purified via flash chromatography (silica column 24g,

MeOH/DCM mobile phase) to obtain after purification Intermediate 56 (0.232 g, 1.869 mmol, 43.7 % yield).

4 NMR (400 MHz, DMSO-d6) & 7.82 (d, J = 2.6 Hz, 1H), 7.07 (d, J = 8.3 Hz, 1H), 6.90 (dd, J = 8.3, 2.7 Hz, 1H), 5.12 (s, 2H),
4.99 (s, 1H), 4.35 (s, 2H).

Intermediate 41 2-azidobenzyl (2-cyanobenzo[d]thiazol-6-yl)carbamate

N
H

Na o N
©ﬁo/m /©: s>_CN

To a mixture of 6-aminobenzo[d]thiazole-2-carbonitrile (132 mg, 0.753 mmol) and DIPEA (0.526 mL, 3.01 mmol) in
anhydrous Toluene (8 mL) at 0°C under argon in a sealed vial was added dropwise a solution of triphosgene (268 mg,
0.904 mmol) in Toluene (2 mL). The reaction mixture was heated at 120°C for 2h and then allowed to reach room
temperature. DCM (5 mL) was added to the reaction mixture and the solution was stirred for 10min. DMAP (46.0 mg,
0.377 mmol), (2-azidophenyl)methanol from Enamine (169 mg, 1.130 mmol) and DMF (2 mL) were added to the reaction
and the resultant solution was heated at 70°C for 3h. The reaction mixture was concentrated in vacuum to obtain a
residue. EA (100 mL) was added. The organic solution was washed with NaHCOs saturated aqueous solution (70 mL x 3)
and brine (70 mL), dried with MgSO4 and evaporated to dryness to obtain the crude material. The crude was purified
via flash chromatography (silica column 24g, MeOH/DCM mobile phase) to obtain after solvent evaporation under

reduced pressure the desired product INTERMEDIATE 41 (104 mg, 0.297 mmol, 39.4 % yield) as a pale yellow solid.
LC-MS [M+1]+=351 at 1.21 min.

14 NMR (400 MHz, DMSO-d6) & 10.35 (s, 1H), 8.51 (d, J = 2.0 Hz, 1H), 8.15 (d, J = 9.0 Hz, 1H), 7.66 (dd, J = 9.1, 2.1 Hz,
1H), 7.53 - 7.42 (m, 2H), 7.37 (d, J = 7.2 Hz, 1H), 7.22 (td, J = 7.5, 1.0 Hz, 1H), 5.14 (s, 2H).

LC-MS [M+H]* m/z calcd. for [C16H11N602S]* 351.0, found 351.1 at 1.21 min. (UV Detector: TIC) and [M-1] m/z calcd. for
[C16H9N6O2S]" 349.0, found 349.1 at 1.21 min. (UV Detector: TIC) (LC-MS method a).
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Intermediate 42: 6-azidobenzo[d]thiazole-2-carbonitrile

The title compound was prepared following a literature procedure.?”’

~—N
\ H—CN
SO

A7 N

To a mixture of 6-aminobenzo[d]thiazole-2-carbonitrile (0.3 g, 1.712 mmol) and HCI (4M) (25.7 mL, 103 mmol) in ice
bath was added solution of NaNO2(0.236 g, 3.42 mmol) in Water (6 mL) via a syringe pump (12 mL/h). The reaction was
stirred in the ice bath for 1h. A solution of NaNs (0.445 g, 6.85 mmol) in Water (11.0 mL) was added drop-wise. The
reaction was allowed to reach R.T. and was stirred for 3h. A solid precipitated.The solid was filtered and washed with
water (20 mL x 2) before drying under high vacuum O/N to obtain Intermediate 42 (312 mg, 1.551 mmol, 91 % yield) as

a pale yellow solid. The analysis is consistent with the reported literature data.
'H NMR (400 MHz, Chloroform-d) 6 8.18 (d, J = 8.9 Hz, 1H), 7.59 (d, J = 2.1 Hz, 1H), 7.31 (dd, J = 8.9, 2.2 Hz, 1H).

LC-MS [M+H]* m/z calcd. for [CsHaNsS]* 202.0, found 202.1 at 1.0 min. (UV Detector: TIC) (LC-MS method a).
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Chapter 5. Conclusion

5.1 Achieved results

Well-validated chemical probes play a key role in the drug discovery process. These compounds enable testing of
biological hypotheses, investigation of target tractability and translatability to the clinical phase. Their validation in
disease cellular models is a key step before engaging these molecules in pharmacological studies in more complex model

systems such as tissues or animals.

Bioorthogonal probes offer some advantages compared to the classical chemical probes. Not only can these molecules
trigger a functional response similar to a classical chemical probe, but they can also be engaged in reactions with

chemical reporters to provide further information about selected disease cellular models.

Herein, we selected the Mdm2-p53 interaction inhibition as a biological model for bioorthogonal probe design and their
validation in osteosarcoma cells. We chose a published inhibitor chemical series to build our bioorthogonal probes. The
compounds were functionalized on an exit vector pointing toward the solvent with strained alkenes and azide to enable
EID-DA and SPAAC reaction in cells respectively. Their biochemical and cellular activities were confirmed along with an

excellent selectivity profile against Mdm4.

Next, we built a set of assays based on a “two step” fluorescence imaging approach which enables the investigation of
the permeability of the bioorthogonal probes, their target engagement and occupancy. These assays were developed

using a toolbox of reactive fluorophores enabling the bioorthogonal staining of the compounds in situ.
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Finally, we explored two BLI approaches to accurately measure the intracellular concentration of the bioorthogonal
probes either by in situ de-caging of a masked luciferin reporter (via 1,3-dipolarcycloaddition) or by releasing a label (D-

Cys) resulting in intracellular synthesis of the luciferin reporter.

From the probe designs evaluated, we identified the TCO group as a privileged label for our bioorthogonal probes
enabling investigation of the compound uptake, its target engagement and occupancy and also to measure its absolute
intracellular concentration. Thus, a single bioorthogonally reactive tool provides us the flexibility to run multiple studies
using fluorescent and bioluminescent reporters to both validate our probe and also gain an extensive understanding of

our cellular disease model.

5.2  Future development

The design and validation of our bioorthogonal probes was applied to a biological model which was already extensively
studied and understood. However, this approach could be applied also to design and validate bioorthogonal probes for

generating biological hypotheses on less investigated targets and pathways.

The bioorthogonal label (e.g. TCO) on the probe could be used not only to enable the use of fluorescence and
bioluminescence imaging techniques but also as a handle for approaches supported by MS technology. For example,
one could envisage chemoproteomics or pull-down experiments (e.g. by reacting the strained alkene with tetrazine
functionalized beads or tetrazine-biotin conjugates). This may help to improve our understanding of the selectivity of
the probe against unexpected targets or shed some light on the interaction of the probe with transient protein

complexes that are difficult to study using other approaches.
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