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ARTICLE INFO ABSTRACT

Keywords: Kinetin (N°-furfuryladenine), a plant growth substance of the cytokinin family, has been shown to modulate
Cytokinin aging and various age-related conditions in animal models. Here we report the synthesis of kinetin isosteres with
Kinetin

the purine ring replaced by other bicyclic heterocycles, and the biological evaluation of their activity in several in
vitro models related to neurodegenerative diseases. Our findings indicate that kinetin isosteres protect Friedreichs
ataxia patient-derived fibroblasts against glutathione depletion, protect neuron-like SH-SY5Y cells from
glutamate-induced oxidative damage, and correct aberrant splicing of the ELP1 gene in fibroblasts derived from a
familial dysautonomia patient. Although the mechanism of action of kinetin derivatives remains unclear, our
data suggest that the cytoprotective activity of some purine isosteres is mediated by their ability to reduce
oxidative stress. Further, the studies of permeation across artificial membrane and model gut and blood-brain
barriers indicate that the compounds are orally available and can reach central nervous system. Overall, our
data demonstrate that isosteric replacement of the kinetin purine scaffold is a fruitful strategy for improving
known biological activities of kinetin and discovering novel therapeutic opportunities.

bioisostery — Friedreichs ataxia
Mitoprotection - familial dysautonomia
Neuroprotection

1. Introduction in other organisms, including humans.' In plants, they occur as free
cytokinin bases (the active forms) as well as ribosides and glucosides

Cytokinins, N®-substituted adenines in chemical terms, are major (transport and storage forms). The first studies of their pharmacological
regulators of plant growth and development but they also have activities activity in humans focused on the anti-cancer activity of certain
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cytokinin ribosides. Later research focused on cytokinin bases, for which
diverse activities (including neuroprotective, antipsoriatic, and anti-
aggregatory activities) have been reported, as reviewed by Kadlecova
et al. in 2019.% In contrast to some cytokinin ribosides, cytokinin bases
show no or limited toxicity toward human cells. The most intensively
studied cytokinin base is kinetin (N°-furfuryladenine), in large degree
because it delays the aging of human cells in vitro® and may naturally
occur in humans.? An important impetus for kinetin research was the
discovery of its ability to correct the aberrant ELP1 and NF1 pre-mRNA
splicing responsible for the neurodegenerative disorders familial dys-
autonomia and neurofibromatosis type I, respectively.>® Follow-up
studies demonstrated that kinetin can increase the abundance of ELP1
wild-type transcripts in transgenic mouse familial dysautonomia
models. The first human studies demonstrated that kinetin is orally
available.” Recently, promising in vitro results have been reported for
combination of kinetin and phoshatidylserine.® Other investigations
showed that kinetin has protective activity in models of Parkinson’s”
and Huntington’s diseases.'’

In plants, cytokinin signaling is well characterized, from signal
recognition by plasma membrane receptors (e.g., AHK2, AHK3 and
AHK4 in the model plant Arabidopsis thaliana) to activation of the
response genes.'! In contrast, mechanisms of action of cytokinins,
including kinetin, in human cells remain largely unknown. Studies of
cytokinin bases often focus on their ability to protect biological mac-
romolecules, cells, and tissues against stress by direct antioxidant ac-
tivity or induction of antioxidant defenses, as reviewed by Kadlecova
et al. in 2019.% Recent exciting studies have shown that kinetin riboside-
5’-triphosphate, a metabolite of kinetin, acts as a neosubstrate of the
mitoprotective kinase PINK1° and CK2 kinase, which phosphorylates
huntingtin aggregates.'® Perturbance of these kinases’ activities plays
major roles in Parkinson’s and Huntington’s diseases, respectively, so
restoring or modulating their activities using kinetin could provide
potent novel therapeutic options.

In contrast to cytokinin ribosides, for which several series of de-
rivatives have been reported'? ', studies of pharmacological activities
of cytokinin bases have been largely limited to naturally occurring
bases. However, a correction of aberrant splicing of ELP1 by 2-chlor-
okinetin?’ and some 6,8-disubstituted purines”' was reported and it was
also demonstrated that 9-substituted derivatives of kinetin protect skin
cells against UV light.?” In those studies, effects of substitution of the
purine ring or replacement of the furan moiety was explored. Pharma-
cological activity of kinetin isosteres is subject of two recent US patents.
Whereas 10676475 deals with effects on alternative pre-RNA splicing,
10167286%" deals with PINK1 activation in the context of mitopro-
tection and neuroprotection. Previously, kinetin isosteres were studied
as plant hormones.?> %’

Here, we report an evaluation of effects of replacing the purine
moiety of kinetin (1) and 2-chlorokinetin (2) by other fused heterocycles
(Table 1) on biological activities in several assays related to neurode-
generative diseases.

2. Material and methods
2.1. Synthesis

The test compounds include both commercial compounds, from
Olchemim (kinetin — 1) and Molport (14-23), and prepared com-
pounds. The synthesis of the latter is described in detail below. An
exception is 2-chlorokinetin (2) that was provided by Dr. Mik (Palacky
University) and its analytical data correspond to the previously pub-
lished data.*®

All chemicals and solvents for synthesis were purchased in analytical
or HPLC grade quality from available suppliers and used without further
purification. For microwave-assisted synthesis steps, reagents were
placed in 10 mL closed vessels and subjected to treatment with a
Discover SP microwave reactor (CEM Corporation) using dynamic mode
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Table 1
Overview of the tested compounds.

No. Cc2 C6 substituent Isostere core
Subst.

1 -H furfurylamino- purine

2 -Cl furfurylamino- purine

3 -H furfurylamino- 3H-imidazo[4,5-b]pyridine, 1-
deazapurine

4 -Cl furfurylamino- 3H-imidazo[4,5-b]pyridine, 1-
deazapurine

5 -H furfurylamino- 1H-imidazo[4,5-c]pyridine, 3-
deazapurine

6 -Cl furfurylamino- 1H-imidazo[4,5-c]pyridine, 3-
deazapurine

7 -H furfurylamino- 7H-pyrrolo[2,3-d]pyrimidine, 7-
deazapurine

8 -Cl furfurylamino- 7H-pyrrolo[2,3-d]pyrimidine 7-
deazapurine

9 -H furfurylamino- 5H-pyrrolo[3,2-d]pyrimidine, 9-
deazapurine

10 -Cl furfurylamino- 5H-pyrrolo[3,2-d]pyrimidine, 9-
deazapurine

11 -H furfurylamino- 3H-[1,2,3]triazolo[4,5-d]
pyrimidine, 8-azapurine

12 -H furfurylamino- pyrazolo[1,5-a]lpyrimidine

13 -H furfurylamino- pyrazolo[4,3-d]pyrimidine

14 -H furfurylamino- 1-methyl-1H-pyrazolo[3,4-d]
pyrimidine

15 -H 5-methylfurfurylamino- 1H-pyrazolo[3,4-d]pyrimidine

16 H (furfuryl)(methyl)amino- 1-methyl-1H-pyrazolo[3,4-d]
pyrimidine

17 -H (1-(5-methylfuran-2-yl) 1-methyl-1H-pyrazolo[3,4-d]

ethyl)amino- pyrimidine
18 -H (5-methylfurfuryl)(methyl) 1-methyl-1H-pyrazolo[3,4-d]
amino- pyrimidine

19 -H furfurylamino- thieno[2,3-d]pyrimidine

20 -H furfurylamino- thieno[3,2-d]pyrimidine

21 -H furfurylamino- furo[2,3-d]pyrimidine

22 -H furfurylamino- 5,6-dimethylfuro[2,3-d]
pyrimidine

23 -H furfurylamino- quinazoline

and the following settings: stirring — high, power — 200 W, ramp time — 2
min, temperature 120 °C, hold time — 10 min cycles, powermax - on.
Solid-phase synthesis was carried out in plastic reaction vessels (sy-
ringes, each equipped with a porous disk) using a manually operated
synthesizer. All reactions were carried out at ambient temperature (25
°C) unless stated otherwise. The volume of wash solvent was 10 mL per
1 g of resin. For washing, resin slurry was shaken with the fresh solvent
for at least 1 min before changing the solvent. Resin-bound in-
termediates were dried by a stream of nitrogen for prolonged storage
and/or quantitative analysis.

For LC/MS analysis a sample of resin (~5 mg) was treated by TFA in
DCM, the cleavage cocktail was evaporated by a stream of nitrogen, and
cleaved compounds were extracted into 1 mL of MeCN/H20 (1:1). Prior
to biological testing all the residual solvents were removed from the
samples by careful lyophilization at —110 °C using a ScanVac Coolsafe
110-4 freeze-dryer. Thin layer chromatography (TLC) was performed on
Silica gel 60 F254 plates (Merck) and migrating compounds were
detected by 254 nm UV light and/or visualized by vanillin staining.
Crude products were purified by column chromatography using 40-63
pm Silikagel (VWR). Compounds cleaved from the resin were purified
chromatographically using a C18 reverse phase column (YMC Pack ODS-
A, 20 x 100 mm, 5 pm particles), and mobile phase consisting of a
gradient formed from 10 mM aqueous ammonium acetate and MeCN,
with a flow rate of 15 mL/min.

The LC-MS analyses were performed following published protocols®’
and compounds synthesized on solid phase were analysed using a
UHPLC-MS system consisting of an Acquity UHPLC chromatograph,
coupled to a single quadrupole mass spectrometer (Waters), and
equipped with a photodiode array detector and X-Select C18 column
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maintained at 30 °C. The mobile liquid chromatography phase consisted
of a linear gradient of 20-80% MeCN balanced with 0.01 M ammonium
acetate in H20, over 2.5 min, followed by a hold at 80% MeCN for 1.5
min and re-equilibration with 20% B for 1 min (flow rate: 600 pL/min).
The ESI I source of the MS was operated at discharge current of 5 pA,
vaporizer temperature of 350 °C, and capillary temperature of 200 °C.

Melting points of synthesized compounds reported here were
determined using a Kofler, Stuart SMP30 or Stuart SMP 40 melting point
apparatus and are uncorrected. The elemental analysis of prepared
compounds was performed on CHN-O Analyzer EA Flash 1112 Series
(Thermo Finnigan). Analyses indicated by the symbols of the elements
were within +0.4% of the theoretical values

NMR spectra were recorded on Bruker Avance (300 or 500 MHz),
Jeol ECA-500 MHz, and Jeol ECX500 spectrometers operating at 300
MHz ("H), 75 MHz (*°C) or 500 MHz (‘H), and 125 MHz (*°C), fre-
quencies, respectively. Samples were dissolved in DMSO-dg or CDCI3
and the chemical shifts (8) reported in ppm were calibrated against a
residual solvent peak (2.49 ppm for proton - DMSO-ds, 7.26 ppm for
proton — CHCI3) and DMSO-dg (39.5 ppm for carbon) or CDCI3 (77.0
ppm for carbon). The NMR spectra are available as Appendix A. Pre-
pared compounds were subjected to HRMS analysis using Agilent 6224
Accurate-Mass TOF LC-MS with dual electrospray/chemical ionization
mode with mass accuracy greater than 2 ppm or Dionex Ultimate 3000
chromatograph and Exactive Plus Orbitrap Elite high-resolution mass
spectrometer (ThermoFisher, MA, USA) operating in positive full scan
mode (120 000 FWMH) in the range of 100-1000 m/z The oven tem-
perature and source voltage for electrospray ionization were set at 150
°Cand 3.6 kV, respectively. The acquired data were internally calibrated
with phthalate as a contaminant in MeOH (m/z 297.15909). Samples
were diluted to a final concentration of 0.1 mg/mL in H20 and MeOH
(50:50, v/v). Before HPLC separation (using a Phenomenex Gemini, 50
x 2.00 mm, 3 um particles, C18 column), the samples were injected by
direct infusion into the LC-MS system using an autosampler. The mobile
phase was isocratic MeCN/iPrOH/0.01 M ammonium acetate (40:5:55)
with a flow rate of 0.3 mL/min.

2.1.1. Synthesis of 3H-imidazo[4,5-b]pyridine (1-deazapurine) derivatives
(I-VIL, 3, 49

2.1.1.1. N-(furan-2-ylmethyl)-3H-imidazo[4,5-b]pyridin-7-amine  (3).

Aminomethyl resin (1 g, 0.098 mmol/g) was washed 3 x with DCM and
3x with DMF then 10% TEA in DMF (10 mL) was added. After shaking
10 min at rt, the resin was washed 5x with DMF and 4-(4-formyl-3,5-
dimethoxyphenoxy)butanoic acid (524 mg), HOBt (229 mg) and DIC
(300 mL) in DMF/DCM (1:1, 10 mL) were added. The resin was shaken
for 16 h at rt, then washed 3x with DMF, 3x with DCM, 3x with
anhydrous THF and 3x with anhydrous DMF. Furfurylamine (442 pL)
was dissolved in 10% AcOH/anhydrous DMF (10 mL), the mixture was
added to the resin and it was shaken for 16 h at rt. NaBH(OAc)3 (600
mg) was dissolved in 5% AcOH/anhydrous DMF (5 mL), and three equal
portions of the solution were added at 1 h intervals to the reaction
mixture. After the last addition, the resin was shaken for 16 h at rt,
washed 5x with DMF, then shaken with 20% piperidine in DMF (10 mL)
for 10 min at rt and washed 5x with DMF and 5x with DCM to obtain
the resin I. The resin I (500 mg) was washed 3x with DMSO and shaken
with a solution of 4,6-dichloro-3-nitropyridin-2-amine or 2,4-dichloro-
3-nitropyridine (1.54 mmol) and EDIPA (436 pL) in DMSO (5 mL) for
16 h at rt. The resulting resins were washed 3x with DMF and 3x with
DCM to obtain the intermediates II or IV. Resin IV was shaken with a
solution of 25% aq-NH3 in DMSO for 16 h at 100 °C (in a sealed vial),
washed 3x with DMF and 3 x with DCM to obtain the resin V. Na25204
(1050 mg), K2CO3 (960 mg) and TBAHS (170 mg) were dissolved in
DCM/H20 (10 mL, 1:1), added to resins III or V, the resins were shaken
for 16 h at rt, then washed 10x with MeOH/H20 (1:1), 3x with MeOH/
DCM (1:1) and 3x with DCM. The resulting resins VI(H) or VI(Cl) were
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washed 5x with DMSO, shaken with triethyl orthoformate/DMSO (5
mlL, 1:1) for 16 h at 80 °C and washed 5x with DMSO and 5x with DCM.
The resins VII(H) or VII(Cl) were shaken with TFA/DCM (5 mL, 1:1) for
90 min at rt, then washed 5x with TFA/DCM (1:1). TFA/DCM fractions
were collected and evaporated with a stream of nitrogen. The crude
products 3 or 4 were dissolved in MeCN (10 mL) and purified with
semipreparative HPLC.

White solid, overall yield 20% (calculated from the loading of resin
ID). 'H NMR (500 MHz, DMSO-de) 8 (ppm): 4.62 (d, J = 6.1 Hz, 2H), 6.31
(d, J = 2.9 Hz, 1H), 6.37 (dd, J = 3.2, 1.8 Hz, 1H), 6.41 (d, J = 5.6 Hz,
1H), 7.08 (t, J = 5.9 Hz, 1H), 7.50-7.61 (m, 1H), 7.88 (d, J = 5.6 Hz,
1H), 8.06 (s, 1H). '°C NMR (125 MHz, DMSO-dg) & (ppm): 99.0, 107.1,
110.4, 139.0, 142.1, 144.4, 145.2, 148.5, 152.8. HRMS (ESI-TOF): m/z
caled. for C11H10N40 [M+H] " 215.0927, found 215.0930.

2.1.1.2. 5-chloro-N-(furan-2-ylmethyl)-3H-imidazo[4,5-b]pyridin-7-
amine (4). White solid, overall yield 25% (calculated from the loading
of resin II). 'H NMR (500 MHz, DMSO-dg) & (ppm): 4.64 (bs, 2H), 6.32
(d, J = 2.9 Hz, 1H), 6.39 (dd, J = 3.2, 1.8 Hz, 1H), 6.42 (s, 1H),
7.27-7.47 (m, 1H), 7.58 (dd, J = 1.8, 0.8 Hz, 1H), 8.09 (s, 1H), 12.71
(bs, 1H). 3C NMR (125 MHz, DMSO-ds) & (ppm): 39.1, 97.6, 106.9,
110.2, 139.1, 141.9, 145.5, 146.3, 152.1. HRMS (ESI-TOF): m/z calcd.
for C11H9CIN40O [M+H]' 249.0538, found 249.0540.

2.1.2. Synthesis of 1H-imidazo[4,5-c]pyridine (3-deazapurine) derivatives
(VIIEX, 5, 6)

Resin II (500 mg) was washed 5x with DMSO and shaken with 2-
chloro-3-nitropyridin-4-amine or 2,6-dichloro-3-nitropyridin-4-amine
(2.5 mmol) with EDIPA (436 pL) in DMSO (5 mL) for 16 h at rt, then
washed 3x with DMSO and 3x with DCM. Na25204 (1050 mg), K2CO3
(960 mg) and TBAHS (170 mg) were dissolved in DCM/H20 (10 mL,
1:1) and added to resins VIII(H) or VIII(Cl). The resins were shaken 16 h
at rt, then washed 10x with MeOH/H20 (1:1), 3x with MeOH/DCM
(1:1) and 3x with DCM. The resulting resins IX(H) or IX(Cl) were
washed 5x with DMSO, shaken with triethyl orthoformate/DMSO (5
mlL, 1:1) for 16 h at 100 °C and washed 5x with DMSO and 5x with
DCM. The resins X(H) or X(Cl) were shaken with TFA/DCM (5 mL, 1:1)
90 min at rt, then washed 5x with TFA/DCM (1:1). TFA/DCM fractions
were collected and evaporated with a stream of nitrogen. The crude
products 5 or 6 were dissolved in MeCN (10 mL) and purified with
semipreparative HPLC.

2.1.2.1. N-(furan-2-ylmethyl)-1H-imidazo[4,5-c]pyridin-4-amine  (5).
White solid, overall yield 21% (calculated from the loading of resin IV).
'H NMR (500 MHz, DMSO-de) & (ppm): 4.69 (d, J = 5.9 Hz, 2H),
6.30-6.39 (m, 1H), 6.21 (s, 1H), 6.79 (d, J = 4.9 Hz, 1H), 6.98 (bs, 1H),
7.51 (s, 1H), 7.70 (d, J = 5.8 Hz, 1H), 8.08 (s, 1H), 12.50 (bs, 1H). 3¢
NMR (125 MHz, DMSO-de) & (ppm): 37.1, 99.2, 106.0, 110.1, 138.9,
139.6, 141.3, 147.6, 153.7. HRMS (ESI-TOF): m/z caled. for
C11H10N40 [M+H]" 215.0927, found 215.0929.

2.1.2.2. 6-chloro-N-(furan-2-ylmethyl)-1H-imidazo[4,5-c]pyridin-4-
amine (6). White solid, overall yield 28% (calculated from the loading
of resin IV). IH NMR (500 MHz, DMSO-dg) 6 (ppm): 4.64 (bs, 2H), 6.25
(d, J=2.9Hz, 1H), 6.37 (dd, J = 3.0, 1.9 Hz, 1H), 6.79 (s, 1H), 7.41 (bs,
1H), 7.55 (d, J = 0.9 Hz, 1H), 8.15 (s, 1H). '3C NMR (125 MHz,
DMSO-dg) & (ppm): 37.1,96.9,106.7,110.4, 124.2, 140.4, 140.7, 140.8,
141.7, 148.9, 153.3. HRMS (ESI-TOF): m/z calcd. for C11H9CIN4O
[M-+H] " 249.0538, found 249.0539.

2.1.3. Synthesis of 7H-pyrrolo[2,3-d]pyrimidine (7-deazapurine)
derivatives (7, 8)

2.1.3.1. N-(furan-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-amine (7).
A mixture of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine (100 mg, 0.65
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mmol), furfurylamine (90 pL, 0.98 mmol) and TEA (225 pL, 1.62 mmol)
in dry MeOH (2.6 mL) was heated in a Discover SP microwave reactor in
abovementioned conditions for four cycles. Solvent was evaporated
under reduced pressure, the residue was treated with water (10 mL) and
product was extracted by EtOAc (4 x 10 mL). Combined organic layers
were washed with brine (10 mL), dried (Na2SO4) and concentrated in
vacuo. Crude material was purified by silica gel column chromatography
using CHCI3/MeOH as a mobile phase with a MeOH gradient. Yellow
solid; yield 60%; ESI*-MS m/z: 215.4 [M+H]". 'H NMR (500 MHz,
DMSO-dg) & (ppm): 4.68 (d, J = 5.8 Hz, 2H), 6.26 (dd, J = 3.2, 0.8 Hz,
1H), 6.37 (dd, J = 3.1, 1.8 Hz, 1H), 6.57 (dd, J = 3.4, 1.8 Hz, 1H), 7.06
(dd, J = 3.2, 2.3 Hz, 1H), 7.55 (dd, J = 1.7, 0.8 Hz, 1H), 7.84 (t, J = 5.7
Hz, 1H), 8.11 (s, 1H), 11.51 (bs, 1H). 13C NMR (125 MHz, DMSO-dg) &
(ppm): 36.5, 98.6, 102.6, 106.8, 110.4, 121.0, 141.9, 150.2, 151.2,
153.1, 155.6. HRMS (ESI-TOF): m/z calcd. for C11H1ION4O [M-+H]*"
215.0927, found 215.0926.

2.1.3.2. 2-chloro-N-(furan-2-ylmethyl)-7H-pyrrolo[2,3-d]pyrimidin-4-
amine (8). A mixture of 2,4-dichloro-7H-pyrrolo[2,3-d]pyrimidine
(100 mg, 0.53 mmol), furfurylamine (74 pL, 0.8 mmol) and TEA (185 pL,
1.33 mmol) was refluxed in nPrOH (2.13 mL) for 4 h. After cooling at 4
°C for 2 h the resulting solid material was filtered, washed with cold
nPrOH (3 x 1 mL), cold H20 (5 x 1 mL) and dried. Crude material was
purified by silica gel column chromatography using CHCI3/MeOH as a
mobile phase with a MeOH gradient. Yellow solid; yield 62%; ESIT-MS
m/z (rel %): 249.4 [*°CI-M+H]* (100), 251.4 [*’Cl-M + H]" (35). 'H
NMR (500 MHz, DMSO-ds) & (ppm): 4.63 (d, J = 5.5 Hz, 2H), 6.30 (dd, J
= 3.2, 0.8 Hz, 1H), 6.40 (dd, J = 3.4, 1.8 Hz, 1H), 6.58 (dd, J = 3.4, 1.8
Hz, 1H), 7.08 (dd, J = 3.5, 2.3 Hz, 1H), 7.59 (dd, J = 1.8, 0.9 Hz, 1H),
8.32(t,J =5.7 Hz, 1H), 11.70 (bs, 1H). 13C NMR (125 MHz, DMSO-dg) &
(ppm): 36.6, 99.1, 101.2, 107.3, 110.5, 121.6, 142.1, 150.8, 152.2,
152.3, 156.4. HRMS (ESI-TOF): m/z calcd. for C11H9CIN4O [M+H]"
249.0538, found 249.0537.

2.1.4. Synthesis of 5H-pyrrolo[3,2-d]pyrimidine (9-deazapurine)
derivatives (9, 10)

2.1.4.1. N-(furan-2-ylmethyl)-5H-pyrrolo[3,2-d]pyrimidin-4-amine (9).
Compound 9 was prepared similarly to the 7-deazapurine analogue (see
Section 2.1.3.1), except that five reaction cycles were needed. Yellow
solid; yield 25%; ESI*-MS m/z: 216.4 [M+H]". 'H NMR (500 MHz,
DMSO-dg) & (ppm): 4.71 (d, J = 5.5 Hz, 2H), 6.36 (d, J = 3.1 Hz, 2H),
6.41 (dd, J = 3.4, 1.8 Hz, 1H), 7.50 (d, J = 2.8 Hz, 2H), 7.61 (dd, J = 1.8,
0.9 Hz, 1H), 8.20 (s, 1H), 10.97 (bs, 1H). 13C NMR (125 MHz, DMSO-dg)
8 (ppm): 36.5, 101.2, 107.4, 110.6, 113.7, 127.9, 142.4, 146.1, 148.9,
149.8, 152.4. HRMS (ESI-TOF): m/z caled. for C11H10N40O [M+H]"
215.0927, found 215.0926

2.1.4.2. 2-chloro-N-(furan-2-ylmethyl)-5H-pyrrolo[3,2-d]pyrimidin-4-
amine (10). Compound 10 was prepared similarly to the 7-deazapurine
analogue (see Section 2.1.3.2). Pale yellow solid; yield 57%; ESIT-MSm/
z (rel. %): 249.1 4 [*°CI-M + H]" (100), 251.0 [*’CI-M + H]* (31). 'H
NMR (500 MHz, DMSO-ds) 8 (ppm): 4.66 (d, J = 4.6 Hz, 2H), 6.32 (d, J
= 3.1 Hz, 1H), 6.39 (dd, J = 3.2, 0.8 Hz, 1H), 6.43 (dd, J = 3.1, 1.8 Hz,
1H), 7.53 (d, J = 3.1 Hz, 1H), 7.63 (dd, J = 1.8, 0.9 Hz, 1H), 7.85 (bs,
1H), 11.03 (bs, 1H). '3C NMR (125 MHz, DMSO-dg) & (ppm): 36.6,
101.2, 107.8, 110.6, 112.4, 129.3, 142.6, 148.3, 149.9, 150.8, 151.6.
HRMS (ESI-TOF): m/z caled. for C11H9CIN4O [M+H] ™ 249.0538, found
249.0537.

2.1.5. Synthesis of N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]
pyrimidin-7-amine (XI-XV, 11)

2.1.5.1. Benzyl azide (XI). Benzyl bromide (17.84 mL, 0.15 mol) was
added to a solution of NaN3 (11 g, 0.17 mol) in DMSO (300 mL) and the
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mixture was stirred in the dark at room temperature for 9 h. The reaction
was quenched by adding ice cold water and the product was extracted by
Et20. Combined organic layers were carefully concentrated under
reduced pressure to give an oily liquid that was used further without
purification. Oily liquid; yield 79%. 'H NMR (300 MHz, CDCI3) 5 (ppm):
7.24-7.48 (m, 5H), 4.35 (s, 2H). 13C NMR (125 MHz, CDCI3) & (ppm):
54.9,128.4 (2 x C), 128.5,129.0 (2 x C), 135.5.

2.1.5.2. 5-amino-1-benzyl-1H-1,2,3-triazole-4-carboxamide XI). 2-
Cyanoacetamide (11.83 g, 0.14 mol) was added to a solution of sodium
ethoxide (Na — 3.23 g, 0.14 mol, EtOH - 190 mL) to give a white sus-
pension. Benzyl azide (XI) (18.2 g, 0.13 mol) was added and the reaction
mixture was heated at 90 °C overnight. The resulting solid was filtered,
washed with EtOH, then water and dried. A second portion of product
was obtained after concentration of the reaction mixture under reduced
pressure and treatment with water. Off-white solid, yield 69%, m.p.
236-237 °C, ESI*-MS m/z: 217.8 [M+H]* (100). 'H NMR (500 MHz,
DMSO-dg) & (ppm): 5.38 (s, 2H), 7.17. (d, J = 7.3 Hz, 2H), 7.26 (t, J =
7.3 Hz, 1H), 7.32 (t, J = 7.4 Hz, 2H). 13C NMR (125 MHz, DMSO-ds) 5
(ppm) 48.8, 122.2, 127.9 (2 x C), 128.2, 129.1 (2 x C), 136.5, 145.4,
164.8.

2.1.5.3. 3-Benzyl-3,6-dihydro-7H-[1,2,3]triazolo[4,5-d]pyrimidin-7-one
(XIID). Ethyl formate (2.22 mL, 27.6 mmol) was added to a mixture of
XII (2 g, 9.21 mmol) in sodium ethoxide solution (Na - 1.06 g, 46 mmol,
EtOH - 50 mL). The mixture was heated in a pressure tube at 95 °C for
24 h. After cooling the pH of the reaction mixture was adjusted to 6,
resulting in formation of solid material. The product was filtered off and
recrystallized from ethanol. White solid; yield 84%; m.p. 194-195 °C.
ESI*-MS m/z: 228.8 [M+H]". H NMR (500 MHz, DMSO-ds) & (ppm):
5.70 (s, 2H), 7.24-7.31 (m, 5H), 8.22 (s, 1H), 12.70 (s, 1H). 13¢ NMR
(125 MHz, DMSO-dg) 6 (ppm): 50.3, 128.4 (2 x C), 128.7,129.3 (2 x C),
130.2, 135.9, 149.1, 150.5, 155.9.

2.1.5.4. 3-Benzyl-7-chloro-3H-[1,2,3]triazolo[4,5-d]pyrimidine (XIV). A
mixture of SOCI2 (10.13 mL, 139.6 mmol) and DMF (1.82 mL) was
added to a solution of XIII (2.54 g, 11.17 mmol) in CHCI3 (100 mL). The
reaction mixture was refluxed for 2 h then evaporated in vacuo. The
residue was mixed with ice-cold water (30 mL) and the resulting mixture
was extracted by Et20 (100 mL). After evaporation of Et20, crude
product was purified by silica column chromatography using petroleum
ether/ethyl acetate (9:2, v/v) as a mobile phase. Off-white solid; yield
50%; m.p. 223-239 °C. ESI"-MS m/z (rel. %): 246.0 [M+H] " (100). 'H
NMR (500 MHz, CDCI3) & (ppm): 5.87 (s, 2H), 7.29-7.35 (m, 3H), 7.45
(dd, J = 7.9, 1.5 Hz, 2H), 8.91 (s, 1H). 13C NMR (125 MHz, CDCI3) &
(ppm): 51.5, 128.6 (2 x C), 129.0, 129.2 (2 x C), 133.9, 134.2, 149.8,
154.3, 155.7.

2.1.5.5. 3-Benzyl-N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyr-
imidin-7-amine (XV). A mixture of XIV (0.2 g, 0.81 mmol), furfuryl-
amine (68 pL, 0.77 mmol) and EDIPA (0.7 mL, 40.7 mmol) in iPrOH (8
mL) was heated at 100 °C for 4.5 h. After cooling the product started to
precipitate. The solid was filtered, washed with iPrOH (10 mL), then
water (10 mL) and dried. Pale yellow solid; yield 84%; m.p. 169-170 °C.
ESI"-MS m/z (rel. %): 306.8 [M+H]" (100). 'HNMR (500 MHz, CDCI3)
8 (ppm): 4.88 (d, J = 5.8 Hz, 2H), 5.75 (s, 2H), 6.32 (s, 2H), 6.80 (s, 1H),
7.27-7.41 (m, 6H), 8.53 (s, 1H). 13C NMR (125 MHz, CDCI3) & (ppm):
37.6, 50.6, 108.2, 110.6, 124.9, 128.4 (2 x C), 128.6, 129.0 (2 x Q),
134.9, 142.7, 148.7, 150.6, 154.4, 157.1.

2.1.5.6. N-(furan-2-ylmethyl)-3H-[1,2,3]triazolo[4,5-d]pyrimidin-7-

amine (11). Sodium (37 mg, 1.63 mmol) was added at —78 °C to liquid
ammonia (25 mL) and stirred until complete dissolution. XVII (0.1 g,
0.33 mmol) was added and the reaction mixture was stirred at —78 °C
for 1 h. After evaporation, the residue was treated with water and the pH



B. Makova et al.

of the mixture adjusted to 5-6, resulting in precipitation of product. The
solid was filtered off, washed with water and dried. Off-white solid;
yield 62%; m.p. 244-245 °C. ESIT-MS m/z (rel. %): 217.1 [M+H]"
(100). 'H NMR (500 MHz, DMSO-ds)  (ppm): 4.74 (d, J = 5.8 Hz, 2H),
6.29 (d, J = 3.0 Hz, 1H), 6.37 (d, J = 1.8 Hz, 1H), 7.56 (s, 1H), 8.38 (s,
1H), 9.28 (s, 1H). '3C NMR (125 MHz, DMSO-ds) & (ppm): 37.0, 107.7,
111.0, 123.9, 142.6, 143.0, 152.4, 154.4, 156.7. HRMS (ESI-TOF): m/z
caled. for COH8N60O [M+H] ™ 217.0838, found 249.0845.

2.1.6. Synthesis of N-(furan-2-ylmethyDpyrazolo[1,5-a]pyrimidin-7-
amine (12)

Furfurylamine (180 pL, 1.95 mmol) and K2CO3 (360 mg, 2.60 mmol)
were added to a solution of 7-chloropyrazolo[1,5-a]pyrimidine (200 mg,
1.30 mmol) in anhydrous acetonitrile (8 mL) and DMF (2 mL) and the
reaction mixture was stirred at 90 °C for 3 h. The solvents were evap-
orated under reduced pressure, the residue was mixed with H20 (30
mL), and the mixture was extracted with EtOAc (2 x 50 mL). Combined
organic extracts were washed with brine (50 mL), dried over MgSO4 and
concentrated under reduced pressure. The residue was purified by silica
gel flash column chromatography using DCM/EtOAc (3:2) as a mobile
phase. White solid; yield 34%; m.p. 120-122 °C. 'H NMR (500 MHz,
CDCI3) & (ppm): 4.59 (d, J = 5.8 Hz, 2H), 6.06 (d, J = 5.2 Hz, 1H),
6.32-6.38 (m, 2H), 6.53 (d, J = 2.3 Hz, 1H), 6.84 (s, 1H), 7.35-7.45 (m,
1H), 8.00 (d, J = 2.3 Hz, 1H), 8.25 (d, J = 5.2 Hz, 1H). 13C NMR (125
MHz, CDCI3) & (ppm): 39.4, 85.3, 95.9, 108.6, 110.7, 143.0, 143.9,
146.9, 149.6, 149.7. HRMS (APCI): m/z calc. for C11H11N40 [M+H]"
215.0927, found 215.0925.

2.1.7. Synthesis of 1H-pyrazolo[4,3-d]pyrimidine derivative (XVI, XVII,
13)

2.1.7.1. 1H-pyrazolo[4,3-d]pyrimidine-7-thiol (XVI). 1H-pyrazolo[4,3-
d]pyrimidine-7-thiol was prepared from 1H-pyrazolo[4,3-d]pyrimidin-
7-ol according to the published procedure.30

2.1.7.2. 7-(methylthio)-1H-pyrazolo[4,3-d]pyrimidine (XVII). A solution
of Mel (144 mg, 1 mmol) in DMF (2.8 mL) was added dropwise at 0 °C to
a mixture of XVI (153 mg, 1 mmol) and K2CO3 (152 mg, 1.1 mmol) in
DMF (7.5 mL). The reaction mixture was allowed to warm to rt then
stirred for an additional 10 min. After evaporation in vacuo the residue
was partitioned between H20 and DCM. The product was finally ob-
tained by crystallization from DCM. White solid; yield 84%; m.p.
195-200 °C; UV (nm): max. 308, sh 319. ESI'-MS (m/z): 165.1 [M—H] .

2.1.7.3. N-(furan-2-ylmethyl)-1H-pyrazolo[4,3-d]pyrimidin-7-amine
(13). A mixture of XVII (93 mg, 0.56 mmol) in furfurylamine (3 mL)
was heated at 125 °C for 8 h. After evaporation under reduced pressure
the crude material was purified by silica gel column chromatography
using stepwise increments of MeOH (3, 4, and 5%) in CHCI3. Product
was finally obtained by crystallization from CHCI3. White solid; yield
66%, m.p. 182-185 °C; UV A (nm): min. 253, max. 292, sh 305. ESIT-MS
(m/2): 216.1 [M+H]T, ESI-MS (m/2): 214.1 [M+H]*. 'H NMR (500
MHz, DMSO-de) & (ppm): 4.75 (bs, 2H), 6.38 (s, 1H), 6.41 (s, 1H), 7.61
(s, 1H), 7.93 (bs, 1H), 8.12 (s, 1H), 8.26 (s, 1H), 12.72 (bs, 1H). 3C NMR
(125 MHz, DMSO-ds) 6 (ppm): 36.4, 107.6, 110.5, 121.0, 133.1, 141.4,
142.4, 148.7, 151.7. Anal. (CIO0H9N50) C,H,N.

2.2. Fibroblast cell culture

Skin fibroblasts GM04078 homozygous for the GAA expansion in the
frataxin gene and skin fibroblast GM04663, which are homozygous for
the 2507 + 6 T > C mutation in the ELP1 gene, were obtained from the
Coriell repository. The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 5 g/L glucose, 2 mM t-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin and 10% fetal bovine
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serum (FBS) (Sigma) in standard culture conditions (5.5% CO2, 37 °C,
100% relative humidity). The cells were subcultured twice a week.

2.3. Fibroblast culture stress assays

GMO04078 fibroblasts were trypsinized, diluted in DMEM medium
with 10% FBS and seeded into 384-well plates (1500 cells in 30 pL
medium/well). After 24 h incubation, the cells were pre-treated by the
test compounds dissolved in DMSO using an Echo 555 system (Labcyte).
DMSO vehicle served as a negative control. Stressors were added in 15
uL of the medium used for seeding after 8 h. After another 48 h, 15 pL of
a 4-fold concentrated solution of resazurin (Sigma) in the culture me-
dium was added to the cells to a final concentration of 0.0125 mg/mL.
Fluorescence was measured after 3 h incubation using an M2 reader
(Biotek) with excitation and emission wavelengths of 570 and 610 nm,
respectively.

2.4. Reduced glutathione measurements

GMO04078 fibroblasts were trypsinized, diluted in DMEM medium
with 10% FBS and seeded into 384-well plates (1500 cells in 30 pL
medium/well). After 24 h incubation, the cells were pre-treated by
adding compound 6 dissolved in DMSO (final concentration 10 and 50
uM) using the Echo 555 system. DMSO vehicle served as a negative
control. BSO was added (to serial concentrations of 10, 100 and 1000
uM) in 15 pL portions of medium after 8 h. The effect was evaluated after
24 h, when the medium was removed and, after a washing with 100 uL
DMEM medium, replaced by DMEM medium containing 40 yM mono-
bromobimane. After 40 min incubation, images were recorded, at 4x
magnification using the blue channel of a Cell Voyager confocal imaging
system. The intensity of the signal was evaluated by an image analysis
tool in the Cell Profiler program. Control measurement using spectro-
photometer (ex 395 nm, em 490 nm) was also performed.

2.5. Frataxin assay

To test the ability of compounds to replace frataxin (FXN) func-
tionally, enzymatic assays were performed using mouse ISC machinery
reconstituted in vitro with purified proteins >!. The assays were per-
formed under anaerobic conditions in Tris buffer (50 mM Tris, 150 mM
NaCl, pH 8) containing 50 pM of apo-ISCU loaded with one equivalent of
Fe?*, 5 uM of the NFS1-ISD11-ACP complex, 5 uM of FDX2, 2 uM of
FDXR and 100 uM of NADPH. Positive controls were prepared by adding
5 uM of FXN to the reaction mixture. Test compounds diluted in DMSO
were added to the reaction mixture at concentrations of 30, 50, 100, 200
and 500 pM and supplementary DMSO was added to the reaction mix-
tures to keep its concentration the same in each reaction. Reference
reaction mixtures were prepared with the same concentration of DMSO
as the mixtures with test compounds. The reactions were initiated by
adding 50 uM of r-cysteine and the formation of Fe-S clusters was
monitored by UV-visible spectroscopy at 456 nm and 30 °C. Rates of the
reactions were determined by linear regression of the slopes of the
resulting curves in their linear domain between 2 and 10 min, using
GraphPad Prism. The compounds’ activities were calculated by dividing
slopes of their reaction curves by those of the corresponding reference
reactions, which yielded activation factors. Activation factors higher
and lower than 1 indicate active and inactive compounds, respectively.

2.6. SH-SY5Y cultivation and differentiation

The SH-SY5Y human neuroblastoma cell line obtained from ATCC
(American Type Culture Collection, Manassas, VA, USA) was cultivated
in DMEM medium and Ham’s F12 Nutrient Mixture (DMEM:F-12, 1:1),
supplemented with 10% FBS and 1% of both penicillin and streptomycin
at 37 °C in a humidified atmosphere of 5% CO2. Only the cells passaged
less than 20 times were used in the experiments. The cells were seeded in
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96-multiwell plates, in 100 pL total volume of medium per well. Next
day, 10 pM of ATRA in DMEM/F12 medium with 1% FBS was added to
each well to a final concentration 10 uM to induce neuronal differenti-
ation. The cells were used for experiments 48 h later. The same protocol
was used for the SH-SY5Y obtained from ECACC (European Collection of
Authenticated Cell Culture).

2.7. Evaluation of compounds’ cytoprotective activity toward
differentiated SH-SY5Y cells

Portions of culture containing 20,000 SH-SY5Y cells were seeded
into 96-well plates and differentiated by ATRA as outlined above. The
differentiation medium was removed and replaced by fresh DMEM/F12
medium with 1% FBS containing test compounds at 0.1, 1 or 10 pM
concentration. DMSO vehicle was used as a negative control. The
differentiated cells were immediately exposed to glutamate (160 mM),
and the frequency of dead cells was assessed using propidium iodide (PI)
as a probe after another 24 h, following the published protocol®* with
modification. Briefly, PI (Sigma Aldrich) was diluted to 1 mg/mL in
DMSO. This solution was further diluted in PBS then added to the cells’
medium to a final concentration of 1 ug/mlL, then the cells were incu-
bated at rt for 15 min. Proportions of Pl-stained cells were quantified
using an Infinite M200 Pro reader (Tecan) with 535 excitation and
emission wavelengths of 535 and 617 nm, respectively.

2.8. Measurement of caspase 3/7 activity

To assess the effects of test compounds on glutamate-induced
apoptosis, SH-SY5Y cells were subjected to the differentiation and
treatment steps described in the previous section, and then to the one-
step caspase 3/7 assay described by Carrasco et al. in 2003°® with
modification of the caspase-3,7 substrate concentration, which was
decreased to 75 uM. Caspase-3,7 activity was quantified using an Infinite
M200 Pro (Tecan, Austria) microplate reader with excitation and
emission wavelengths of 346 and 438 nm, respectively after 3-hour in-
cubation. The average signal of the samples treated with glutamate
corresponds to 100% caspase 3/7 activity.

2.9. Measurement of oxidative stress

To assess the effects of test compounds on glutamate-induced
oxidative stress, SH-SY5Y cells were subjected to the differentiation
and treatment steps described in the Section 3.5, and then the dihy-
droethidium assay described by Kim et al. in 2017°* with the following
modifications. After 4 h of exposure to glutamate, cells were centrifuged
at 500 g for 330 s with subsequent replacement of media by PBS con-
taining 10 pM dihydroethidium (DHE). Finally, plates with cells were
kept at rt for 30 min, then superoxide radical formation (DHE) signal
was quantified using an Infinite M200 Pro reader (Tecan) with excita-
tion and emission wavelengths of 500 and 580 nm, respectively.

2.10. Evaluation of compounds’ effects on alternative splicing of ELP1
transcripts

GMO04663 cells in DMEM medium with 10% FBS were seeded in 10
cm Petri dishes (about 500,000 cells per dish) and grown overnight
before treatment with the test compounds at 50 pM concentration to test
their effects on alternative splicing of ELP1 transcripts. Kinetin (com-
pound 1) and 2-chlorokinetin (compound 2) were used as positive
controls. DMSO vehicle served as a negative control. After 24 h, total
RNA was extracted from the cells using Trizol reagent. Isolated RNA was
transcribed into ¢cDNA using a High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems). The ELP1 cDNA segment between nu-
cleotides 2194 and 2593 (numbering corresponding to the
NM_003640.5 transcript) was amplified by the polymerase chain reac-
tion using 5'-CAGGTGTCGCTTTTTCATCA-3’ and 5'-
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CATTTCCAAGAAACACCTTAGGG-3’ primers35 and JumpStart Tag DNA
Polymerase with MgCl2 (Sigma-Aldrich). The temperature program
involved: initial denaturation at 94 °C for 5 min followed by 34 cycles of
denaturation at 94 °C for 40 s, annealing at 63.8 °C for 30 s and elon-
gation at 72 °C for 90 s, with a final elongation step at 72 °C for 5 min.
The PCR products corresponding to wild-type ELP1 transcript (422 bp)
and transcript lacking exon 20 (348 bp) were separated by electropho-
resis in 1.5% agarose gel and visualized by GelRed staining. For final
comparison of the compounds identified as active during the initial
screening, microfluidic electrophoresis (with an Agilent 2100 Bio-
analyzer and 1000 LabChip kit) was used. A comparison with DNA
standards of known size and concentration allowed precise quantifica-
tion of the wild-type and aberrant transcripts’ concentrations. The area
under the peak calculations were carried out in the 2100 Expert
Software.

2.11. Western blotting and immunodetection of frataxin

For this purpose, GM4078 cells in DMEM medium with 10% FBS
were seeded in 10 cm Petri dishes (about 1.4 million cells per dish) and
24 h later treated with 10 and 50 pM of compound 6. The cells were
harvested after 48 h. Medium was removed and the cell monolayer was
washed twice with ice-cold PBS. The cells were scraped into 2 mL ice-
cold PBS and centrifuged. The supernatant was removed and each pel-
let was flash-frozen by dipping the tube into liquid nitrogen. The sam-
ples were stored at —80 °C.

Total protein was extracted by direct cell lysis in Laemmli buffer (50
mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.04% bromophenol blue,
and 250 mM mercaptoethanol). The protein concentrations in the
samples were determined by Bradford’s method and standardized. The
samples were boiled for 10 min and stored at —20 °C.

The protein lysates (25-40 pg) were separated by SDS-PAGE (12.5%
gel). Proteins were transferred to polyvinylidene difluoride membrane
(Bio-Rad) pre-treated by incubation in a 5% solution of bovine serum
albumin (BSA) with 1x PBS-Tween (PBS-T) for 2 h. The membrane was
then incubated with anti-frataxin mouse antibody (18A5DB1 Abcam) in
BSA for 2 h in PBS-T, followed by three washes with PBS-T. For loading
standardization, a portion of the membrane was incubated with anti-
actin antibody. The membrane was then incubated with a secondary
(horseradish peroxidase-conjugated anti-mouse) antibody for 60 min
followed by three washes with PBS-T. The immunoblots were then
developed using Amersham ECL reagents.

2.12. In vitro permeability assays

Parallel artificial membrane permeability, chemical stability, sta-
bility in human plasma, microsomal stability and protein plasma bind-
ing assays were performed using methods described by Borkova et al. In
2019.%

2.12.1. Quantification of test compounds in the permeability assays

Preparation of lyophilized samples for this analysis is described in
the sections dedicated to the in vitro ADME assays. Test compounds in
the samples were quantified using a RapidFire RF300 system (Agilent
Technologies) interfaced with a QTRAP 5500 mass spectrometer fitted
with an electrospray ionization source (AB Sciex, Concord, Canada)
running in multiple-reaction monitoring mode.

Lyophilized samples were dissolved in the mobile phase (95% water,
5% acetonitrile, 0.1% formic acid) with respective internal standards.
The dissolved samples were aspired directly from 96-well plates into a
10 pL sample loop and passed through a C4 cartridge (Agilent Tech-
nologies) with solvent A (95% water, 0.01% formic acid, 5% acetoni-
trile) at a flow rate of 1.5 mL/minute for 3 s. After the desalting step, the
analyte retained on the cartridge was eluted with solvent B (95%
acetonitrile, 5% 0.01% formic acid) into the mass spectrometer at a flow
rate of 0.4 mL/minute for 7 s, where it was subjected to electrospray
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ionization in the positive ion mode and daughter ion was identified.

2.12.2. Studies of transport across Caco-2 and MDCK-MDRI1 cell
monolayers

To generate cell monolayers for transport studies, the cells were
trypsinized and seeded on tissue culture polyester membrane filters with
pore size 1 ym in 96-well Transwell® plates (Corning, NY, USA). Culture
medium was added to both the donor and the acceptor compartments
and the cells were allowed to differentiate and form monolayers. The
culture medium was changed every other day.

MDR1-MCDK differentiated monolayers were used only if they were
intact, as confirmed by the Lucifer Yellow Rejection Assay. Before each
experiment, the cells were washed twice with Hank’s balanced buffer
solution (HBBS) (Gibco, Waltham, USA) and pre-equilibrated with HBSS
buffered at pH 7.4 for 1 h. After removing the medium, MDCK-MDR1
cells were treated with test compounds at 10 pM in HBSS (pH 7.4) for
1 h, then samples were removed from both donor and acceptor com-
partments and lyophilized. All experiments were done in duplicates.

Apparent permeability coefficients were calculated as Papp = (dQ/
dt)/(CO x A), where dQ/dt is the rate of permeation of the test com-
pound across the cell monolayer, CO is the donor compartment con-
centration at time t = 0 and A is the area of the cell monolayer. The
efflux ratio R was defined as the ratio PBA/PAB where PBA and /PAB are
the apparent permeability coefficients of the test compound from the
basal to apical and apical to basal sides of the cell monolayer, respec-
tively. Compounds with an efflux ratio of > 2 were considered potential
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P-gp substrates.

2.13. Data analysis

Statistical significance of the compound effect was evaluated by non-
parametric Kruskal-Wallis test followed by post-hoc Man-Whitney test
and sequential Bonferroni correction using the GrahpPad and PAST (ver.
1.97)°° software packages. Differences with the corrected p-values <
0.05 were considered statistically significant. The error bars in graphs
are standard errors, unless stated otherwise. Standard errors for drug
efflux ratios were calculated by the Delta method described in*’
implemented in R.

3. Results and discussion

A series of kinetin (1) and 2-chlorokinetin (2) purine bioisosteres
were prepared (Figs. 1, 2) and screened for their biological activity.
Although the majority of the compounds is known in either peer
reviewed literature or patents, synthesis and characterization was re-
ported only for compounds 3, 5, 7 and 11. Moreover, with exception of
compound 7, we used different synthetic routes as described below. We
also evaluated biological effects of commercially available derivatives.
Those included 1H-pyrazolo[3,4-d]pyrimidine analogues methylated on
the N1 nitrogen atom and/or furfurylamino moiety (14-18) as well as
thieno[2,3-d]pyrimidine (19), thieno[3,2-d]pyrimidine (20), furo[2,3-
d]pyrimidine (21, 22), and quinazoline (23) (Fig. 3).
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Fig. 1. Synthesis of 2-H and 2-Cl imidazo[4,5-b]pyridines (1-deazapurine, scheme A) and imidazo[4,5-c]pyridines (3-deazapurine, scheme B) kinetin isosteres.
Reagents and conditions: (i) (a) furfurylamine, 10% AcOH in anh. DMF, 16 h, rt; (b) NaBH(OAc)3, 5% AcOH in anh. DMF, 16 h, rt; (ii) 4,6-dichloro-3-nitropyridin-2-
amine or 2,4-dichloro-3-nitropyridine, EDIPA, DMSO, 16 h, rt; (iii) DMSO, 25% aq-NH3, 16 h, 100 °C; (iv) NasS,04, KoCO3, TBAHS, DCM/H,0, 16 h, rt; (v) triethyl
orthoformate/DMSO (1:1), 16 h, 80 °C; (vi) TFA/DCM (1:1), 90 min, rt; (vii) 2-chloro-3-nitropyridin-4-amine or 2,6-dichloro-3-nitropyridin-4-amine, EDIPA, DMSO,

16 h, rt.
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Fig. 3. Structures of commercially available kinetin isosteres.
3.1. Chemistry solid-phase synthesis (Fig. 1). Aminomethyl resin with acid-labile

benzaldehyde linker I was reductively aminated with furfurylamine to
give the resin II. To synthesize the chlorinated imidazo[4,5-b]pyridine

Imidazo[4,5-b]pyridines (3, 4) and imidazo[4,5-c]pyridines (5, 6)
VII(Cl), the resin II was arylated with 4,6-dichloro-3-nitropyridin-2-

were synthesized similarly to previously reported procedures*:*? using
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amine and intermediate III was obtained. After reduction with sodium
dithionite, the resulting resin-bound intermediate VI(Cl) was cyclized
with triethyl orthoformate, which afforded the polymer-supported imi-
dazo[4,5-b]pyridine VII(Cl). Final cleavage using trifluoroacetic acid
yielded the desired product 4 (Fig. 1A).

The corresponding unsubstituted imidazo[4,5-b]lpyridine 3 was
prepared analogically using 2,4-dichloro-3-nitropyridine in the aryla-
tion step. The resin IV was subjected to amination with a mixture of
aqueous ammonia and dimethylsulfoxide (DMSO) to obtain the resin V
followed by the reduction and cyclization of the resin-bound interme-
diate VI(H) with triethyl orthoformate. Cleavage from the resin yielded
crude imidazo[4,5-b]pyridine 3. Cleaved compounds 3 and 4 were pu-
rified using semipreparative reverse-phase chromatography. Imidazo
[4,5-c]pyridines 5 and 6 were prepared in a similar way using either 2-
chloro-3-nitropyridin-4-amine or 2,6-dichloro-3-nitropyridin-4-amine
to arylate the resin II. The rest of the reaction sequence was identical
to preparation of imidazo[4,5-b]pyridines 3 and 4 (Fig. 1B). An alter-
native synthesis of compounds 3 and 5 using the substitution of the
complete purine isostere ring with furfurylamine was reported.””

Unsubstituted pyrrolo[2,3-d]pyrimidine 7 and pyrrolo[3,2-d]py-
rimidine 9 isosteres were prepared by microwave-assisted synthesis. A
mixture of 4-chloro-7H-pyrrolo[2,3-d]pyrimidine or 4-chloro-5H-pyr-
rolo[3,2-d]pyrimidine with furfurylamine and triethylamine in meth-
anol was subjected to focused microwave irradiation (MW) using a
Discover SP reactor (Fig. 2A, B). Similar synthesis of compound 7 was
reported by Davoll in 1960?° but our protocol using MW provided much
higher yields (60% vs. 26.2%)0.2-Cl Analogues (8, 10) were prepared by
conventionally heating starting material with furfurylamine, and trie-
thylamine in refluxing n-propanol (Fig. 2A and B, respectively).

Synthesis of 8-azakinetin (11) was started by azidation of benzyl
bromide with sodium azide in anhydrous DMSO to give XI, followed by
cyclization of the triazole ring of XII with 2-cyanoacetamide. Pyrimidine
ring closure was accomplished with ethyl formate and intermediate XIII
was subsequently chlorinated by thionyl chloride to obtain compound
XIV. Substitution of the chlorine atom with furfurylamine yielded
compound XV. Final debenzylation was achieved by treating XV with
sodium in liquid ammonia (Fig 2C). Pyrazolo[1,5-a]pyrimidine kinetin
analogue (12) was prepared in just one step by reacting 7-chloropyr-
azolo[1,5-a]pyrimidine with furfurylamine (Fig. 2D), whereas synthesis
of compound 13 required a three-step procedure. First, the hydroxy
group of 1H-pyrazolo[4,3-d]pyrimidin-7-ol was converted to thiol by
heating the starting compound with phosphorous pentasulfide accord-
ing to a published protocol,®® followed by methylation of XVI with
methyl iodide. Finally, substitution of the methylsulfanyl group of XVII
with furfurylamine furnished compound 13 (Fig. 2E). An alternative
synthesis of compound 11 from 4-amino-6-chloro-5-nitropyrimidin was
reported previously.?°

3.2. Protection of fibroblasts derived from Friedreich ataxia patients
against oxidative stress

Friedreich ataxia (FA) is a mitochondrial disease affecting the ner-
vous system and heart caused by a homozygotic mutation in the gene
encoding frataxin (FXN), a crucial protein for Fe-S cluster assembly. As a
consequence, several essential proteins for mitochondrial energy pro-
duction are affected, as reviewed by Biirk in 2017.*° The current therapy
only eases the symptoms without addressing the pathological changes of
mitochondria and cells. Established screening protocols for candidate
drugs exploit the increased sensitivity of FA fibroblasts to stress.***® In
arecent high-throughput screening campaign aimed at finding potential
new treatments for FA based on evaluation of protection against gluta-
thione depletion (Voller et al., in preparation), we identified 2-chloro-3-
deazakinetin as a highly active derivative (compound 6 herein). We
decided to further search the chemical space of kinetin derivatives for
other active compounds using the same protocol. GM04078 FA fibro-
blasts were pretreated with the test compounds and then exposed to -
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buthionine sulfoximine (BSO), an inhibitor of glutathione de novo syn-
thesis. The effect on cell viability was evaluated using the resazurin
reduction assay.”’ Protective activity was observed not only for com-
pound 6 but also for compound 5, an analogue with no 2-chloro sub-
stituent. Neither kinetin nor 2-chlorokinetin was active (data not
shown). Follow-up experiments showed that both compounds 5 and 6
have dose-dependent effects (Fig. 4A), but the effect of compound 6 was
much stronger. Compound 6 showed some protective activity at 10 or
50 pM against an even higher dose of BSO (Fig. 4B).

The protective effect of the compounds was not mediated by
restoring levels of GSH, which were measured by quantifying fluores-
cent adducts with monobromobimane (not shown). We also addressed
the possibility that the effect of compound 6 could be explained by
restoration of FXN expression, but treating FA fibroblasts with the
compound at 10 and 50 pM had no clear effects as assessed by western
blotting and immunodetection (not shown). We also tested whether
compounds 5 and 6 could directly replace the primary function of FXN
in the stimulation of iron-sulfur cluster (ISC) biosynthesis.48 To this end,
we used functionally relevant reconstituted ISC machinery without
frataxin to test effects of these compounds on the rate of Fe-S cluster
synthesis.>’ At 200 pM, compound 5 slightly activated Fe-S cluster
biosynthesis by a factor of 1.1, which is only about 0.5% of the activa-
tion afforded by FXN (see Appendix B — Fig. B.1). Such a small effect is
not consistent with the compound’s marked protective effect on BSO-
treated cells. Moreover, compound 6, which also protects against BSO
toxicity in FA fibroblasts, slightly inhibits rather than stimulates Fe-S
cluster synthesis. Therefore, compound 5 or 6 may influence second-
ary effects of the lack of FXN in FA fibroblasts rather than Fe-S cluster
biosynthesis. Yet another mechanism that could potentially explain
protective activity in FA models is iron chelation; however compound 6
had no effect in calcein quenching assay49 (data not shown).

3.3. The effect on oxidative stress injury in SH-SY5Y cells

Observations of the protective activities of compounds 5 and 6
inspired us to test activities of kinetin isosteres in other disease models
where glutathione depletion plays a role. The SH-SY5Y neuroblastoma
cell line is often used in neuroprotection research, as reviewed by Xicoy
et al. in 2017.%° One of the frequently used stressors in SH-SY5Y studies
is glutamate.” At high concentrations, it causes massive oxidative stress
by inhibiting the cystine/glutamate Xc-antiporter which resulted in GSH
depletion and negative regulation of superoxide dismutase (SOD).”’
Resulting phenotypes are complex; features of necroptosis, apoptosis,
and ferroptosis may be present.”” The changes are probably not trig-
gered by glutamate excitotoxicity, as SH-SY5Y cells probably express
only one of the NMDA receptor subunits.”®> However, some other
mechanisms have been suggested including, for example, Rac-NADPH-
oxidase-driven superoxide radical formation.”!

We exposed SH-SY5Y cells from American Tissue Type Collection
(ATTC) to 160 mM glutamate for 24 h — following enhancement of their
differentiation and neuronal phenotype by 48 h treatment with 10 pM
all-trans retinoic acid (ATRA) - and assessed the effect of kinetin iso-
steres on the proportion of dead cells by propidium iodide staining. The
iron chelator deferoxamine was used as a positive control. Pilot exper-
iments (not shown) allowed us to focus on several candidates for which
protective activity was suspected. Significant activity was confirmed for
compounds 6, 10 and 22 (Fig 5A). At 10 uM concentration, they reduced
death-indicating propidium iodide signals in cells by more than 10%.
However, their effect was lower than that of equimolar deferoxamine.
We also assessed the possibility that those compounds may reduce
oxidative stress, by quantifying superoxide radical production by dihy-
droethidium staining, and found that all the candidates had a dose-
dependent effect (Fig. 5B).

Protective activity of compound 6 against glutamate-induced stress
was further validated by testing in a SH-SY5Y cell line from European
Collection of Authenticated Cell Culture (ECCAC) with a different
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Fig. 4. The protective effect of compounds 5 and 6 against L-buthionine sulfoximine (BSO) in FA-fibroblasts GM04078. Panel A: Pretreatment with serial con-
centrations of the compounds followed by exposure to 15 uM BSO. Panel B: Pretreatment with compound 6 at 10 or 50 uM followed by exposure to serial con-

centrations of BSO.

morphology and sensitivity to various toxins.”* Compound 6 at 10 uM
decreased oxidative stress and had a protective activity, albeit the effects
were lower than those observed in the cells from ATTC. We also show
that the protective effect was partially mediated by inhibition of caspase
activation (see Appendix B Fig. B.2). A detailed study of kinetin’s
behaviour in neuron-like SH-SY5Y will be published separately
(Gonzalez et al., submitted to Molecules journal). Compounds 1-deaza
and 3-deazakinetin showed a protective activity in undifferentiated
SH-SYS5Y against proteotoxic stress induced by MG-132 treatment ac-
cording to the US patent 20170190704.%* The effect is supposed to be
mediated by PINK1 activation, however no supporting data are shown.
As PINK1 activation by kinetin requires its conversion into the corre-
sponding nucleoside monophosphate through the action of adenine
phosphoribosyl transferase followed by further enzymatic phosphory-
lation,” the combination of purine ring modification with the presence of
2-chloro substitent suggests that compound 6 and 10 act by a different
mechanism.

3.4. Effect of compounds on aberrant splicing of ELP1

We were also interested in the possibility that compound 6 and other

derivatives may have beneficial effects in models of neurodegenerative
diseases in which kinetin (1) or 2-chlorokinetin (2) are active. One such
disease is familial dysautonomia, a genetic disorder due (as already
mentioned) to aberrant splicing of ELP1 transcripts.””° It is known that
patient-derived skin fibroblasts can be used for identification of com-
pounds that increase exon 20 inclusion, as in wild-type splicing.

Here, we evaluated the effect of kinetin isosteres at 50 uM on the
ratio of wild-type to mutant transcripts in the patient-derived skin
fibroblast cell line GM04663. mRNA was reverse-transcribed and ELP1
DNA was amplified by PCR. During the screening phase of the study, the
effect of the compounds was evaluated using standard agarose electro-
phoresis and GelRed staining (not shown). The activity of the hits was
then validated by capillary electrophoresis (Fig. 6, Appendix B Fig. B.3).

The results demonstrate that replacement in either the pyrimidine or
imidazole rings of the purine moiety can yield active compounds.
However, some purine ring modifications led to loss of activity. 1-deaza
derivatives of both kinetin and 2-chlorokinetin were active, but not their
3-deaza counterparts, suggesting that the N3 nitrogen is crucial for the
interaction with an unknown molecular target. The activity was retained
if either N7 (compounds 7 and 8) or N9-nitrogen (compounds 9 and 10)
were replaced by a carbon atom. The activity of 1-deaza, 7-deaza and 9-
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Fig. 6. Effects of the selected isosteres on alternative splicing of mutant ELP1 transcript: wild-type (wt)/wild-type + mutant transcript ratios.

deaza derivatives is also reported in US patent 10676475,%> where a
dual color luminiscence-based reporter system was used for the effect
quantification. Activity can also be retained if the imidazole ring is
replaced by other 5-membered heterocycles like furan (compound 21)
and thiophene (compound 19 and 20). On the other hand, 8-aza
(compound 11) and 9-deaza-8-aza (compound 13) derivatives were
inactive. 7-deaza-8-azapurine derivatives substituted by a methyl group
at position 9, the N°-nitrogen or furan ring (compounds 15-18) were
also inactive. The binding site of the unknown target can accommodate
even larger substituents, as demonstrated by the activity of the de-
rivatives where the imidazole is replaced by either furan ring substituted
by two methyl groups (compound 22) or benzene (compound 23). It has
already been reported that the 2-chloro derivative of kinetin is an even
more potent regulator of ELP1 splicing.”’ Similarly, 2-chloro- de-
rivatives (where available) in our series of compounds retained the ac-
tivity of their unsubstituted parent compounds.

3.5. In vitro ADME assays
Kinetin (1), 2-chlorokinetin (2) and their isosteres 3-13 and 19-23

were subjected to biochemical assays that can be used to predict ab-
sorption,  distribution, metabolism and excretion (ADME)

11

properties.”®®” The compounds selected for these assays excluded
methylated derivatives, except 22, where the substitution is on the pu-
rine ring.

The parallel artificial membrane permeability assay (PAMPA),>®
which measures compounds’ permeation across hexadecane mem-
branes, was used to estimate the selected compounds’ absorption by
passive diffusion. For this, we assessed their rates of transport across
Caco-2 (human colon carcinoma cells with transport properties similar
to enterocytes) and MDCK-MDR1 (dog kidney cells expressing a human
efflux transporter) monolayers, which are reliable predictors of com-
pounds’ ability to cross intestinal®® and blood-brain barriers (BBB)37,
respectively. Both apical-to-basal and basal-to-apical movements
through the barriers were studied, in efforts to identify compounds that
are subject to active efflux. Metabolization by human plasma and liver
microsomal fractions was used to evaluate the selected compounds’
stability. Finally, binding of the compounds to human plasma proteins
was studied. The results of all the assays are summarized in Fig. 7.

The compounds showed good plasma stability (83-100% remaining
after 2 h incubation) and most of them also had good microsomal sta-
bility (median 78% remaining after 1 h incubation). Degradation
exceeded 50% only in two cases: 20 and 22. Compound 22 was
particularly prone to degradation, possibly because of the dimethyl
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substitution on the 5-membered ring of the purine moiety. Plasma
protein binding was highly variable (12.9-96.6%, median 76.7%). Re-
sults of the PAMPA assays (log Papp —6.3 to —4.8 cm/s, 1st quartile
—5.8 cm/s, median —5.5 cm/s, 3rd quartile —5.3 cm/s) indicate that
majority of compounds can readily cross biological barriers by passive
diffusion. Compounds with log Papp > —6 cm/s are classified as having
high permeability. Results of the Caco-2 and MDCK-MDR1 assays (Papp
=7.6-108.8 and 16.3-207.3 in the units of 10~° cm/s, respectively) are
substantially higher than thresholds for high oral absorbance (5 x 10~°
cm/s) and BBB penetration (10 x 10~° cm/s). Remarkably high values
were obtained for kinetin, suggesting possible facilitated transport
across the cell membrane. Comparably high absorption was observed for
5,7,19 and 22 in Caco-2, but not MDCK-MDR1 cells. The reason for this
difference is unclear, although differences in the abundance and/or
types of membrane transporters present could be responsible. Differ-
ences in compounds’ efflux rates could also contribute to this effect, as
three of these compounds are among those with the highest efflux rates
from MDCK-MDRI1 cells. However, compound fluxes are influenced by
complex interactions of multiple factors, which would require substan-
tial further elucidation.

3.6. Conclusion

Kinetin has been proposed as a potential therapeutic for diverse
conditions and promotion of healthy aging (reviewed by Kadlecova et al.
in 2019?). It even reached clinical trials for treating skin photoaging®”
and familial dysautonomia’. However, few previous peer reviewed
studies have assessed pharmacological activities of kinetin deriva-
tives’*??, and none of them explored effects of modifications of the
purine ring system. Some purine isosters are revealed in patent litera-
ture, however.>>?*

Here, we report the pharmacological activity of kinetin and 2-chlor-
okinetin purine isosteres, and show that some of them have activities not
reported for the parent compounds. For example, compound 6 was
originally identified as a compound that can protect FA fibroblasts
against oxidative stress in our previously mentioned, unpublished high-
throughput campaign. The same compound, together with several
others, also protected neuron-like cells against oxidative stress damage
after high dose glutamate treatment. It would be interesting to evaluate
those compounds in other models of mitochondrial and neurodegener-
ative diseases.

To our disappointment, compound 6 did not correct aberrant splicing
of ELP1 transcripts. It would be advantageous to have a compound with
such combined activity for treating familial dysautonomia, where stress
contributes to the neurodegeneration progression. Overall, activity in
the splicing assay was most tolerant of isosteric replacement in the pu-
rine core. This tolerance was remarkable in the case of the 5-membered
ring, suggesting that it faces toward the cytosolic part of the unknown
target’s binding site.

We anticipate that isosteric purine replacement could be beneficial
not only for improving kinetin’s activity toward some targets by
increasing interaction with the binding sites but also for increasing the
safety of the treatment by limiting affinity for off-targets. This may be
particularly important for a compound such as kinetin that has adenine
moiety that is present in many important regulatory and signaling
molecules. A lower propensity to interact with the purinome generally is
thus clearly a desirable property in most cases. Although molecular
targets of kinetin remain mostly elusive, it seems highly unlikely that the
wide range of reported activities is mediated by a single target or
pathway. Kinetin isosteres could therefore also be used for studies of the
independence of its various activities. Isosteric replacement also mod-
ulates pharmacokinetic properties. Although our data suggest that ma-
jority of kinetin isosteres can reach CNS after oral administration, they
also show that replacement of the purine ring system of kinetin may
result in reduced bioavailability, making development of derivatives
with the better activity in the target tissues more difficult. We conclude
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that isosteric replacement of kinetin’s purine moiety is a fruitful strategy
for not only improving its known activities but also for exploring ther-
apeutic applications.
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