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Abstract

Farnesyl pyrophosphate synthase (FPPS) is a crucial enzyme for the synthesis of isoprenoids
and the key target of nitrogen-containing bisphosphonates (N-BPs). N-BPs are potent and
selective FPPS inhibitors that are used in the treatment of bone-related diseases, but have poor
pharmacokinetic properties.

Given the key role played by FPPS in many cancer-related pathways and the pharmacokinetic
limits of N-BP, hundreds of molecules have been screened to identify new FPPS inhibitors
characterized by improved drug-like properties that are useful for broader therapeutic
applications in solid, non-skeletal tumours.

We have previously shown that N6-isopentenyladenosine (i6A) and its related compound N6-
benzyladenosine (2) exert anti-glioma activity by interfering with the mevalonate pathway and
inhibiting FPPS. Here, we report the design and synthesis of a panel of N6-benzyladenosine
derivatives (compounds 2a-m) incorporating different chemical moieties on the benzyl ring.
Compounds 2a-m show in vitro antiproliferative activity in U87MG glioma cells and,
analogous to the bisphosphonate FPPS inhibitors, exhibit immunogenic properties in ex vivo
vo T cells from stimulated peripheral blood mononuclear cells (PBMCs). Using saturation
transfer difference (STD) and quantitative 'H nuclear magnetic resonance (NMR) experiments,
we found that 2f, the N6-benzyladenosine analogue that includes a tertbutyl moiety in the para
position of the benzyl ring, is endowed with increased FPPS binding and inhibition compared
to the parent compounds i6A and 2.

No6-benzyladenosine derivatives, characterized by structural features that are significantly
different from those of N-BPs, have been confirmed to be promising chemical scaffolds for the
development of N-BP FPPS inhibitors, exerting combined cytotoxic and immunostimulatory

activities.
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1. Introduction

Farnesyl pyrophosphate synthase (FPPS) is a key enzyme involved in the mevalonate (MVA)
pathway and prenylation of downstream proteins; it catalyses the two-step synthesis of the C15
isoprenoid farnesyl pyrophosphate (FPP), a crucial precursor for the synthesis of several classes
of essential metabolites, such as sterols, ubiquinones, and carotenoids.[1-3]

FPPS has been implicated in many cancer-related pathways[4, 5] and plays a significant role
in the maintenance of the neoplastic malignant phenotype. In particular, we recently
documented the deregulated expression and activity of FPPS in a cohort of stage III-IV glioma
patients; in primary glioblastoma-derived cells, we found FPPS alterations, exhibiting a linear
correlation with canonical oncogenic signalling pathways such as signal transducer and
activator of transcription 3 (STAT3), extracellular signal-regulated kinase (ERK), and protein

kinase AKT.[6]



Nitrogen-containing bisphosphonates (N-BPs) are potent and selective inhibitors of FPPS that
are used for the treatment of bone-related tumours and osteoporosis diseases.[7-10] Due to their
ability to induce stimulation of innate 6 T cytotoxic antitumoural cells, N-BPs are also used in
immunotherapy-based cancer treatment.[ 1 1-14] Despite their potency, N-BPs suffer from poor
pharmacokinetics, exhibiting almost negligible distribution to non-skeletal tissues and rapid
clearance from systemic circulation.|[7]

Given the important role played by FPPS in cancer manifestation and progression,[15]
hundreds of molecules have been tested in search of new FPPS inhibitors with improved drug-
like properties that are useful for broader therapeutic applications in solid, non-skeletal
tumours.[16, 17] In particular, powerful uncharged FPPS inhibitors targeting an allosteric
pocket of FPPS were recently identified using fragment-based screening by nuclear magnetic
resonance (NMR) and X-ray crystallographic methods.[18, 19]

In our previous investigation, including an in silico inverse virtual screening, NMR
experiments and in vitro enzymatic assays, FPPS was found to be a valuable target for the
structural binding of N6-isopentenyladenosine (i6A) (1 in Figure 1).[20] Compound i6A is a
modified nucleoside belonging to the cytokine family. It is involved in the control of many
processes in plants[21-24] and exerts in vitro and in vivo antitumoural and immunomodulatory
activities.[25-31] Interestingly, in many experiments, the cytotoxicity and anti-proliferative
activity of i6 A was shown to be associated with alterations in FPPS expression and activity.[31-
33]

Encouraged by the preliminary data on FPPS-i6A binding, we decided to synthesize and test
i6A analogues, including those with different substituents at the N6position of adenosine. The
No6-benzyladenosine derivative (2, Figure 1),[30] where a benzyl moiety on the adenosine ring
replaced the isopentenyl, confirmed the ability of 2 to bind and inhibit FPPS and exhibited

greater cytostatic and anti-proliferative activities than those of the parent compound i6A.
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Figure 1. Chemical structures of i6A (1) and N6-benzyladenosine (2).

Intending to obtain N6-benzyladenosine derivatives endowed with improved FPPS binding, in
this report, we describe the efforts to design, synthesize and screen a panel of compounds
resulting from the introduction of different chemical moieties in the para position of the N6-

benzyl ring of 2 (2a-m, Figure 2).
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Figure 2. Chemical structures of N6-benzyladenosine derivatives (2a-m).

We employed saturation transfer difference (STD) NMR experiments to study compounds 2a-
m interacting with the FPPS binding pocket; moreover, we developed an innovative NMR-
based FPPS enzymatic assay based on quantitative "H-NMR measurements of FPPS substrates
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vs. products. Finally, we confirmed the effects of compounds 2a-m on FPPS by measuring
their immunostimulatory effects on peripheral T-lymphocytes, analogous to bisphosphonate

FPPS inhibitors.[14]

2. Results
2.1 Design of N6-benzyladenosine analogues (2a-m)
The description of the active site of the FPPS enzyme, according to the numerous crystal

structures deposited in the Brookhaven PDB (https://www.rcsb.org/;

https://www.uniprot.org/uniprot/P14324), is consistent with the existence of 1) an allylic sub-

pocket where the pyrophosphate moiety of DMAPP/GPP interacts with the enzyme via Mg>*-
mediated interactions and ii) an IPP sub-pocket where the pyrophosphate moiety of IPP
interacts with basic residues through direct salt bridge (K57, R60, R113) or water-mediated
(R112, R351) interactions.[17, 34, 35] We have previously demonstrated that i6A and its
derivative N6-benzyladenosine (2, Figure 1) bind to the FPPS catalytic site, inducing moderate
inhibition of its enzymatic activity.[20, 30] Based on our molecular docking calculations, in
the most represented binding poses, the isopentenyl moiety of i6A and the benzyl ring of 2
interact with the allylic sub-pocket in a region that is large enough to contain additional bulky
substituents. To obtain more active FPPS ligands, we designed a panel of compounds carrying
substituents with different steric hindrances on the N6-adenosine benzyl ring. The designed
compounds were docked in the FPPS binding site using AutoDock Vina (version 1.1.2).[36]
An FPPS X-ray structure that included three Mg?* ions essential for enzymatic activity was
selected from the PDB (ID code: 5YGI) following the criteria explained in our previous
works.[20, 30] The binding energies of compounds 2a-m resulting from the molecular docking
calculations are reported in the Supplementary Information (Table S1). Compounds 2f, 2g, and

2i, characterized by the best docking score parameters, show improved FPPS binding compared
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to the parent compounds i6A and 2. Analysis of the most representative binding poses (Figure
3a-b) indicates that all the molecules have a similar orientation: the ribosyl sugar and adenine
rings are located in the highly charged DMAPP sub-pocket, exploiting metal interactions with
an Mg?* ion, with additional stabilizing interactions involving Asp residues in the conserved
aspartate-rich motif. The para-substituted benzyl ring occupies a large hydrophobic sub-pocket

and engages in cation-n interactions with F98, F99, Y204, and L100.
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Figure 3. a) Two dimensional interaction panel showing interactions between 2f, 2g, and 2i
and the FPPS binding site (PDB ID 5YGI) as derived from molecular docking calculations. b)

The 3D superposition of the best binding poses derived from the docking calculations of 2f



(orange), 2g (blue) and 2i (green) with the FPPS (PDB ID: 5YGI) binding site. The FPPS

backbone is shown as a grey ribbon.

2.2 Chemistry
Adenosine represents a very suitable scaffold for chemical modifications; its high polarity
confers a peculiar solubility profile to its derivatives. Several methods for the preparation of
ring-substituted N6-benzyladenosines have been previously described.[37-40] Generally, these
synthetic procedures consist of the direct reaction of 6-chloropurine riboside (3) with the
appropriate primary benzylamine. Conventional heating is used for several hours in an
alcoholic solvent with an excessive amount of triethylamine (TEA)[24, 41-44] (Figure 4). By
following this procedure, we first synthesized the N6-benzyladenosine derivatives by heating
3 with three eq. of benzylamine (BA) in ethanol for 3 h at 80°C; we obtained compound 2 in

55% yield (Table S2, entry 1, see Supplementary Information).
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Figure 4. Synthesis of N6-benzyladenosine and derivatives 2a-m.

Microwave-assisted (MW) synthetic protocols have been widely used as an alternative to
conventional heating synthetic methods to shorten the reaction time and with respect to green

chemistry and atom economy principles.[45-48]



Several MW-assisted protocols for the synthesis of N6-benzyladenosine derivatives have been
previously described[46, 49]; however, by applying experimental procedures earlier developed
in our laboratory[45, 50] and to optimize the reaction conditions, we decided to set up a new
MW-assisted procedure by systematically modifying the reaction parameters.

First, the temperature, MW irradiation power, reaction time, and solvent were modified. A 99%
conversion of 6-chloropurine riboside into 2 was obtained by heating 3 in ethanol for 5 min
under MW irradiation at 180°C in the presence of three eq. of TEA, leading to 2 in 95% isolated
yield (Table S2, entry 7, see Supplementary Information). In an attempt to reduce the reaction
time, we found that after irradiation for just 1 min at 210°C, the conversion of 3 into 2 was
93% (90% isolated yield, Table S2, entry 8 see Supplementary Information). Prolonged
irradiation time at 210°C led to a significant increase in by-products (Table S3, entries 9-12
see Supplementary Information).

These encouraging results led us to investigate the potential effect exerted by the solvent
(testing both green solvents and solvent-free conditions) modulating the reactant as well as the
TEA stoichiometry. The effect of solvent and BA equivalents for the synthesis of 2 are reported
in Table S2 in the Supplementary Information. Reducing the BA equivalents to 1 eq. in the
presence of just one eq. of TEA and switching from EtOH to an ionic liquid and then to H,O
led to improved yields. Nevertheless, solvent-free conditions (Table S3, entry 16 see
Supplementary Information) led us to reach the best results (98% conversion and 94% isolated
yield), merging the most successful conditions previously reported (Table S2 for entries 7 and
8, see Supplementary Information), irradiating 3 for just 1 min at 300 W and 210°C. These
results suggest that the equimolar ratio of BA, TEA, and 3 in solvent-free conditions represent
the most suitable, versatile settings for the MW-assisted synthesis of N6-benzyladenosines with

respect to green chemistry and atom economy principles.[47]



These new, faster and more efficient conditions encouraged us to extend our method to
different BAs (Table 1). Additionally, in these cases, the MW irradiation dramatically reduced
the conversion time, improving the yields and purity of the desired N6-substituted adenosine
analogues 2a-m.

Compound Yield (%)?

2a 92
2b 89
2¢ 92
2d 88
2e 89
2f 91
2g 87
2h 90
2i 88
2j 88
2k 84
21 90
2m 89

2Yields were evaluated on the isolated product.

Table 1. Synthesis of compounds 2a-m by using the optimized MW-assisted methodology.

2.3 FPPS-ligand interaction: NMR analysis
Compounds 2a-m, designed and synthesized as previously described, were characterized by
measuring standard 'H monodimensional, 2D HSQC (H-1/X correlation via double INEPT
transfer) and 2D HMBC (H-1/X correlation via heteronuclear zero and double quantum) NMR
experiments in the solvent MeOD. The 'H and '3C chemical shift assignments of compounds
2a-m are reported in Figures S1-S14 (Supplementary Information). Then, compounds 2a-m
were screened for their ability to bind to the FPPS enzyme by recording STD NMR
experiments.[51, 52] STD is a powerful NMR technique that is used for the identification of
protein-ligand interactions and the determination of protein-ligand dissociation constants (Kp

values).
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The protein concentration to be used in STD NMR experiments depends on the molecular
weight of the protein and is usually within the 10-4-10-1© M concentration range.[53] STD
experiments at different protein concentrations (8 uM, 15 uM 25 uM) were acquired before to
set 8.0 uM FPPS as the concentration to be used in the full set of STD experiments. Indeed,
the limit of protein concentration was imposed by the solubility of the ligands that at 1.25 mM
precipitate, affecting the reliability of the results.

As areference, we measured the K constants for compounds i6A and 2, as previously reported
[20, 30] and corresponding to ~1.0 mM and ~0.19 mM, respectively. Subsequently, STD-
NMR experiments were collected for each compound 2a-m (Figures S15-S28, see
Supplementary Information). NMR samples containing 8.0 uM FPPS were titrated with
compounds 2a-m to build-up STD at protein-ligand molar ratios of 1:10, 1:20, 1:30, 1:50, 1:70,
and 1:100. For each titration point, STD experiments were acquired using different saturation
times (0.50, 1.00, 1.50, 2.00, 3.00, 4.00, and 5.00 s).[54] Compound 2f, characterized by the
p-tertbutylphenyl ring in the N6 position of adenosine, showed the most significant STD effect,
with a 30% decrease in the intensity of the signals from the p-tertbutyl protons (Figure 5). For
this compound, we quantitatively evaluated the STD data to calculate the Ky, for the FPPS/2f
complex. We collected data from experiments at different protein-ligand ratios and saturation
time conditions, according to the methodology developed by Angulo et al.[54] The mean K

value calculated for the single protons of 2f was ~0.14 mM (Table 2).
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Figure 5. STD-NMR spectra of FPPS/2f, 1:100 molar ratio. Red shows the off-resonance

spectrum and blue shows the STD spectrum.

protein-ligand Kp (from STD-AF

(2f) system initial slope) [mM]

proton H8 0.14+£0.02 mM
proton H2 0.14+£0.01 mM
proton H13/17 0.14+£0.02 mM
proton H14/16 0.14 £0.02 mM
proton HI' 0.13+0.01 mM
proton H2' 0.21 £0.04 mM
proton H3' 0.17+0.03 mM
proton HS' 0.06 £0.01 mM

proton H19/20/21 0.14 £0.02 mM

Table 2. Dissociation constants (Kp) calculated from the isotherms of the initial growth rates

of the STD-AF values of the protein-ligand systems studied herein.

These values represent an improvement in 2f-FPPS binding compared to 2, indicating that the

introduction of the hindrance of the tertbutyl moiety in the para position of the benzyl ring
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leads to more active FPPS ligands. To verify that the detected interaction of compound 2f with
FPPS involves the active site instead of an allosteric site, we titrated the FPPS-2f complex with
increasing concentrations of the FPPS allosteric modulator 5,7-dichloro-3-(carboxymethyl)-
1H-indole-2-carboxylic acid (ICso ~6 uM)[18, 55] following the procedure previously
described.[20] Notably, 80 uM Zol, a known high-affinity active site FPPS inhibitor, induced

observable variations in the FPPS-2f STD spectrum.

2.4 TH-NMR enzymatic assay
The screening of new FPPS inhibitors is generally based on the measurement of enzymatic
activity via a radio-enzymatic test.[56] To avoid experiments that use 3!P radioligands, a new
enzymatic assay was developed by employing NMR quantitative analysis. The proposed
methodology includes the quantification of the FPPS-catalysed reaction rate by measuring the
variation of the signal intensities of FPPS substrates IPP/DMAPP vs. the product GPP. The
real-time enzyme kinetics of the substrates DMAPP and IPP converting to the product GPP by
FPPS is shown in Figure 6a. In a preliminary step, we set up the procedure by determining the
exact concentrations of the substrates (DMAPP and IPP) and FPPS enzyme to be used to obtain
the valuable 1Csy values for FPPS ligands (vide infra, Methods). Accordingly, "H-NMR
experiments were recorded on samples containing 200 uM DMAPP, 400 uM IPP, and 8 pM
FPPS enzyme at 310 K. As seen in Figure 6a, by the end of the experiment, the DMAPP (S;)
(5.53 ppm; 3.58 ppm; 1.80 ppm) and IPP (S,) (4.14 ppm; 2.47 ppm; 1.85 ppm) resonances
converted into that of the GPP (P) molecule (~30 min). To prove that the ability of the
synthesized compounds to bind FPPS (according to STD NMR effects) would correspond to
their ability to inhibit FPPS enzymatic activity, the conversion of substrates DMAPP (S;) and

IPP (S;) was monitored in the presence of FPPS and compounds 2 (Figure S29, see

13



Supplementary Information) and 2f. Figure 6b shows that at time T=30 min, the GPP signals

were 4% of the corresponding signals recorded in the absence of compound 2f.

a)
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S, > 52 |
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Figure 6. Real-time 'H-NMR spectra of the enzyme Kkinetics on a Bruker 600 MHz
spectrometer. a) The conversion of 400 uM IPP (S,) and 200 uM DMAPP (S;) produces GPP
(P); b) GPP (P) production was inhibited by the addition of 1 mM 2f.

To calculate ICs, values for 2 and 2f, the 'H-NMR spectra of IPP and DMAPP in the presence
of FPPS were recorded at different concentrations of 2 (1 mM, 1.4 mM, 1.8 mM and 2 mM)
and 2f (0.5 mM, 0.65 mM, 0.85 mM and 1 mM). By plotting the reaction rate at the given
inhibitor concentration vs. our inhibitor concentration, IC;, values of ~ 6.10 mM and ~1.18

mM were calculated for 2 and 2f, respectively (GraphPad Prism)[57] (Figure 7a-b). An
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orthogonal colorimetric assay, as previously described, validated the calculated ICs, and Kp

values (Figure S31, see Supplementary Information).[58]

160 & blank
a)
140 y =4.6827x-4.7821 m(2)_ImM
120 y =3.7541x+ 5.2403 A(2)_L4mM
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= y =3.2837x- 3.4952 K22
;g 80
£ X y=2.0602x-1.7936
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0
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b) 10 + blank
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0 5 10 15 20 25 30

Time (min)

Figure 7. Variation of GPP concentration vs. time (min) in the presence of a) 2 and b) 2f. From
the maximum slope, which was achieved within approximately 30 min, the trend lines were

generated with their associated equations.

3. Biological activity

3.1 Cell viability of N6-benzyladenosine analogues
Since compound 2 showed significant activity in inhibiting glioma cell growth,[30] the effects
of 2a-m were investigated by the BrdU incorporation assay. Along with all the compounds
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tested, i6A and 2 were used as reference compounds in a 0.3-20 uM concentration range on
proliferating US7MG cells. The data reported in Figure 8 show that even though no compound
reached the same cytostatic efficacy of 2, compounds 2¢, 2d, 2h, and 2i exert significant
cytotoxic activity. This result is consistent with the presence of halogen atoms (for 2¢, 2d, 2h)
and a nitro moiety (for 2i) in the para position of the benzyl ring. Among the compounds
showing significant cytotoxicity, compounds 2a and to a greater extent, 2¢, maintained discrete

dose-dependent inhibition of proliferation compared to untreated cells (Figure 8).
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Figure 8. Effect of analogues 2 on cellular proliferation of the U87MG human glioma cell line.
US87MG cells were cultured for 48 h in the presence of the indicated concentrations (0-20 uM)
of i6A, 2 and 2(a-m) before the analysis of cell proliferation by the BrdU incorporation assay.
The results are representative of three independent experiments performed in triplicate and

expressed as the mean +£ SD (ANOVA, *p<0.05, **p<0.01 and ***p<0.001).
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3.2 Immunostimulatory activity of N6-benzyladenosine analogues

As the inhibition of FPPS achieved by amino bisphosphonates stimulates Vy9Va2 T-cell
expansion among peripheral blood lymphocytes,[13, 14] we tested the yo T cell-stimulating
ability of the various compounds in primary PBMC cultures. Freshly isolated PBMCs from
healthy donors were incubated for 14 days with i6A, 2 and 2a-m stimuli in the presence of
suboptimal doses of IL-2. Zol and IPP accumulated in antigen-presenting cells (APCs) and
immunostimulatory phosphoantigens for yo T cells were used as references. When y6 T cells
were efficiently stimulated, they formed clusters on day 5. As expected, clusters and aggregates
of y0 T cells can be observed when the PBMCs were successfully stimulated with Zol and IPP
(Figure 9a).

In contrast, no clusters or aggregates were observed when the growth of yo T cells was not
adequate (in medium in the absence of IL-2 or IL-2 alone). Interestingly, 2i, 2h, 2f, and 2a
showed an in vitro stimulatory profile that was similar or improved compared to that achieved
by the bisphosphonate Zol (Figure 9b). Furthermore, flow cytometric determination of the
percent of yo T cells after 14 days showed that compounds 2a-m generally induced toxicity
comparable to Zol; however, these toxicity values were lower than reference compound 2

(Figure 9c).
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brightfield microscopy. Representative fields are shown. Clusters and aggregates of yo T cells
can be observed on day 7, when yo T cells, following treatments, were successfully expanded.
b) Determination of the percentage of yo T cells as evaluated by flow cytometric analysis on
day 14. Histograms report the percent = SD of CD3+yd+ positive cells compared to the total
PBMC population. ¢) At the end of cell culture, the viability of the stimulated PBMCs was
examined by propidium iodide (PI) staining and flow cytometry analysis. Histograms report

the percent + SD of PI-negative viable cells in all conditions tested.

4. Discussion
The search for new anticancer FPPS inhibitors that can overcome the pharmacokinetic limits

of N-BPs has currently received increasing interest.[15-17] In the present contribution, we
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report an NMR screening of new ligands of FPPS designed and synthesized starting from the
No6-benzyladenosine scaffold.

No6-isopentenyladenosine (i6A) and N6-benzyladenosine (2) are modified nucleosides
belonging to the cytokine family.[21, 24, 43] They control many processes in plants and exert
in vitro and in vivo cytostatic and pro-apoptotic activities[4] through a mechanism related to
the inhibition of FPPS expression and activity.[32] Based on in silico inverse virtual screening
and NMR experiments, we showed that the biological activities of i6A and 2 depend, at least
in part, on the direct inhibition of FPPS catalytic activity. Computational data and NMR
experiments provided the structural requirements governing the interaction between the
compounds and FPPS.[20, 30]

Many structural models of FPPS are available in the PDB (https://www.rcsb.org/;

https://www.uniprot.org/uniprot/P14324). All these models agree on the FPPS catalytic site

characterized by 1) an allylic sub-pocket (DMAPP/GPP binding site) including two Asp-rich
motifs that bind the pyrophosphate moiety of DMAPP/GPP via Mg?' cation interactions and
i1) a basic region rich in Arg residues that binds IPP through salt-bridge interactions. By
docking i6A and 2 in the FPPS binding pocket (ID code: 5YGI), we observed that in the most
representative binding poses (Figure 3), 1) the riboside sugar and the adenine ring occupy the
DMAPP sub-pocket through electrostatic interactions with Mg?* ions and conserved Asp
residues and i1) the benzyl ring occupies a large hydrophobic cavity capable of accommodating
new bulky chemical moieties. In agreement with these structural requirements, compounds 2a-
m, including chemical substituents characterized by different degrees of steric hindrance in the
para position of the benzyl ring, were synthesized and tested for their ability to bind FPPS
using STD-NMR experiments. Compound 2f, the compound with a tertbutyl moiety, showed
the lowest Kp value of ~0.14 mM, corresponding to an 8-fold and 2-fold increase in FPPS

binding compared to i6A and 2, respectively.
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The activity of FPPS inhibitors has long been measured using 3'P radioligands.[56] More
recently, LC/MS/MS FPPS inhibition assays have been developed.[18, 19] To measure the ICs
of i6A and 2, (ICs5y i6A ~1 mM and ICsy 2 ~0.25 mM) we used in our previous work a
colorimetric assay[58] that unfortunately suffers from poor accuracy and sensitivity. To
overcome these limits and to avoid the drawbacks related to the handling of the 3!P radioligand,
we herein report a newly developed NMR enzymatic assay based on the quantitative evaluation
of the 'H signal intensity of FPPS substrates IPP/DMAPP vs. 'H signal intensity of the product
GPP. By applying the law of Michaelis and Menten and its derivations, we obtained ICs, values
of ~6.10 mM and ~1.18 mM for 2 and 2f, respectively, confirming the increased binding
potency observed from the Kp values. The calculated ICs, values were cross validated using
the previously described colorimetric assay (see Figure S31 in the Supplementary Information).
N-BPs are the only commercially available FPPS inhibitors; they bind to the allylic sub-pocket
mimicking the pyrophosphate moiety of DMAPP/GPP.[7-9, 32] Because of their highly
charged nature and affinity for skeletal tissue, these drugs are limited to the treatment of bone-
related disorders such as osteoporosis and tumour-induced osteolytic metastases.[10]

The recent discovery of an FPPS allosteric pocket as a potential target of N-BP compounds has
fuelled the search for new FPPS inhibitors to overcome the pharmacokinetic limits of
bisphosphonate and become useful in broader therapeutic applications.[18, 19] As a result,
several non-bisphosphonate allosteric ligands have been identified, some of which show
chameleon-like behaviour, with mixed binding to both the catalytic and allosteric sites.[59-61]
Very recently, the X-ray structure of FPPS co-crystallized with 6-tolylthienopyrimidine (ICsy
0.86 uM) highlighted the possibility of efficacious interactions at the FPPS binding site, mainly
based on consistent m-m stacking interactions and excluding the participation of the
phosphonate moiety.[16] NMR data and molecular docking calculations show that compounds

2a-m in the FPPS catalytic pocket have an orientation similar to that observed in the crystal
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structure of FPPS co-crystallized with 6-tolylthienopyrimidine. The sugar and adenine ring
occupy the DMAPP sub-pocket, interacting with the Mg?" ion and Asp residues of the
conserved aspartate-rich motif.[17, 34, 35] The p-tertbutyl benzyl ring occupies a large
hydrophobic region that engages in n-m stacking interactions with aromatic residues (F98, F99,
Y204). Although the ICsy and the Kp values of 2 and 2f have, at the moment, modest relevance
from a drug-design perspective, the biological activity of 2 and 2f confirms that there are many
unexploited possibilities to identify new potent N-BP FPPS inhibitors, and in this way, N6-
substituted adenosine derivatives can be considered promising chemical scaffolds to be further
investigated.

Data collected on glioma cells indicated that 2a-m exerts cytostatic activity in the concentration
range of 10-20 uM, whereas 2 and 2f bind and inhibit FPPS at mM concentration values. On
the other hand, structure-activity relationship analysis indicates that the structural requirements
governing 2a-m cell cytotoxicity are different from those governing the interaction with the
FPPS enzyme. This discrepancy between the potency of the compounds in binding to and
inhibiting FPPS and the potency exhibited in a more complex cellular model was already
evident in our previous investigation. Here, the high efficiency of 2 to inhibit glioma cell
growth through cholesterol depletion provided a clear indication that 2 affects the MVA
metabolic pathway. However, even in this case, 2 showed greater effectiveness in cultured cells
compared to the in vitro FPPS assay. Thus, the previous and presently reported data support
the hypothesis that FPPS might not be the only target of the benzyladenosine compounds, and
other key enzymes and intermediate metabolites of the mevalonate and isoprenoid pathways
can be affected by their action.[62]

Increasing evidence has shown that inhibition of FPPS using N-BPs induces IPP accumulation,
and this, in turn, activates yo T cells.[13] Monocytes that accumulate IPP become APC and

stimulate Vy9Va2 T cells in the peripheral blood.[63] Therefore, blocking the mevalonate
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pathway through the inhibition of FPPS has a final immunostimulatory effect. Therefore,
immunotherapy based on the combinatorial use of both IL-2 and Zol for the expansion of yo T
cells has become a widely used approach in several cancer treatments.[14] To investigate the
ability of compounds 2a-m to affect the action of enzymes and intermediate metabolites in the
mevalonate and isoprenoid pathways, we measured the ability of compounds 2a-m to induce
expansion of Y0 T cell cultures analogous to that achieved by interleukin-2 (IL-2) plus Zol,[11]
with N-BP used as control. As observed in Figure 9, 2a, 2f, 2h, and 2i exhibited an in vitro
stimulatory profile that was similar or improved compared to that achieved by Zol (Figure 9b);
analysis of yo T cell viability after 14 days showed that these compounds induce toxicity
comparable to Zol; however, their effects were lower than that of 2.

Taken together, our data provide evidence that N6-benzyladenosine derivatives may play a role
similar to N-BPs in interacting with FPPS and thus interfering with the mevalonate pathway.
Therefore, these derivatives represent a good chemical scaffold to be further investigated for
the development of N-BP FPPS inhibitors, allowing the ex vivo expansion of cytotoxic cells to

be used in adoptive immunotherapy with a synergistic, discrete, cytostatic ability.

5. Methods

5.1 Molecular docking
AutoDock Vina (version 1.1.2)[36] was used for all docking calculations. The starting
conformations for docking studies of analogues 2 were built with Maestro (version 9.6).[64]
Three-dimensional models of each compound for the subsequent docking calculations were
preliminary optimized by the conjugate gradient (0.05 A convergence threshold). After
optimization of the analogues, molecular charges were calculated by the Gasteiger-Marsili
method. Finally, the 3D structures were saved in .pdbqt format for molecular docking studies.

The 3D FPPS protein model was obtained from the Protein Data Bank database (PDB ID:
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5YGI).[35] Water molecules were removed, and the obtained file was then processed with
AutoDock Tools 1.5.6, merging non-polar hydrogens and adding Gasteiger charges. For all
docked ligands, all bonds were considered rotatable. For an exhaustive exploration of
conformational space, all runs were performed with 300 iterations yielding 20 structures. For
all docking calculations, a grid box size of 26.51 A (x, y, and z) was used and centred on the
target binding site (spatial coordinates: -16.92 x, 29.55 y, -9.78 z). The resulting data with the
most favourable free energies of binding were analysed. All 3D models were depicted using

Maestro 9.6.[64]

5.2 Chemistry
All reagents were purchased from Sigma-Aldrich (Milan, Italy) in the highest available purity
and were used as received. All reactions involving air or moisture-sensitive reagents were
carried out in a dry nitrogen atmosphere using freshly distilled solvents. DCM, CH3;CN, and
methanol were distilled from CaH,. Dry DMF was purchased and used without further
distillation. When necessary, compounds were dried in vacuo over P,Os or by the azeotropic
removal of water with toluene under reduced pressure. All MW reactions were conducted in a
CEM Explorer apparatus under monomode irradiation. Reaction temperatures were measured
externally; reactions were monitored by thin-layer chromatography (TLC) on Merck silica gel
plates (0.25 mm) and visualized by UV light, KMnQy, p-anisaldehyde, or ninhydrin solutions
and drying. Flash chromatography was performed on Merck silica gel 60 (particle size: 0.040-
0.063 mm), and the solvents employed were of analytical grade. Yields refer to
chromatographically and spectroscopically ('H- and '*C-NMR) pure compounds. Silica gel
(grade 60 PF254) was used for preparative TLC (PTLC). NMR spectra were generally recorded
at room temperature on Bruker Avance series 400 and 600 MHz spectrometers. Chemical shifts

(8) are reported in ppm relative to the residual solvent peak (CHCIs, 8: 7.26, 1*CDCls, 6: 77.0;
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CD,HOD, &: 3.35, 3CD30D, 6: 49.0), and the multiplicity of each signal is designated by the
following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad; app,
apparent. Coupling constants (J) are quoted in Hz. High-resolution mass spectra (HRMS) were
recorded on a high-resolution mass spectrometer equipped with electrospray (ESI) and
nanospray sources, a quadrupole-time of flight hybrid analyser coupled with capillary UPLC
system (Q-TOF Premier/nanoAquity, Waters) in positive mode, and protonated molecular ions
[M+H]* were used for empirical formula confirmation. Liquid chromatography was performed
on a Waters system (Milford, Massachusetts, USA) consisting of a Waters 486 tunable
absorbance detector and a Varian 9012 pump. Samples were prepared by dissolving
compounds 2a-m in methanol (0.5 mg/mL) at 0.2 mL/min. The injection volume was 10 pL.
Compounds 2a-m were analysed on a Symmetry® (C18 column (4.6 x 250 mm, 5 um) under
gradient elution at a flow rate of 0.9 mL/min. The mobile phases consisted of 2% (v/v) acetic
acid in water (solvent A) and 2% (v/v) acetic acid in acetonitrile (solvent B). The following
gradient was used: 0-20 min 10-90% B, 20-24 min 90-10% B, and return to the initial
conditions over 3 min. UV detection was obtained at A = 254 nm (Figure S30, See

Supplementary Information).

General procedure for the solvent free MW synthesis of N6-benzyladenosine derivatives
2a-m. Synthesis of (2R, 3R, 4S, 5R)-2-(6-(benzylamino)-9H-purin-9-yl)-5-(hydroxymethyl)
tetrahydrofuran-3,4-diol, 2. In a 7 mL MW vessel, 6-chloropurinoriboside 3 (20 mg, 0.07
mmol), benzylamine 4 (7.5 mg, 0.07 mmol, 7.7 uL) and triethylamine (7.08 mg, 0.07 mmol,
9.8 uL) were mixed. The solid mixture was stirred in CEM Explorer®. MW Method: T = 210
°C, Power: 300 W, Hold Time: 1 min, P = 250 PSI, Power Max activated. After cooling, the
solvent was removed in vacuo and the crude was dissolved in methanol and then purified on

PTLC (DCM/MeOH 9:1) to afford compound 2 as white solid (24 mg, 94%). 'H-NMR (600
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MHz, MeOD) 6 8.30 (s, 1H), 8.28 (s, 1H), 7.43 (d, J = 7.5 Hz, 2H), 7.36 (t, J = 7.6 Hz, 2H),
7.29 (t, J=17.3 Hz, 1H), 6.01 (d, J = 6.4 Hz, 1H), 4.82 — 4.77 (m, 1H), 4.37 (dd, J=4.9, 2.5
Hz, 1H), 4.22 (d, J= 2.4 Hz, 1H), 3.93 (dd, J=12.5, 2.3 Hz, 1H), 3.79 (dd, J = 12.5, 2.5 Hz,
1H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]+ Caled. for C;7HNsO4: 358.1510; Found
358.1515. Rt: 8.92 min.

Synthesis of (2R,3S,4R,5R)-2-(hydroxymethyl)-5-(6-((3-methylbenzyl)amino)-9H-purin-9-
yltetrahydrofuran-3,4-diol, 2a. Compound 2a was obtained as a white solid (24 mg, 92%) by
following general procedure for the solvent free MW synthesis of N6-benzyladenosine
derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol) 3-methylbenzylamine 4a
(8.48 mg, 0.07 mmol, 8.8 puL) and tricthylamine (7.08 mg, 0.07 mmol, 9.8 uL). "H-NMR (600
MHz, MeOD) 6 8.29 (d, /= 10.4 Hz, 2H), 7.22 (dd, J=19.2, 9.3 Hz, 3H), 7.11 (d, /= 7.1 Hz,
1H), 6.01 (d, J = 6.3 Hz, 1H), 4.80 (dd, J = 13.0, 7.1 Hz, 3H), 4.39 — 4.36 (m, 1H), 4.22 (s,
1H), 3.93 (d, J=12.5 Hz, 1H), 3.79 (d, /= 12.5 Hz, 1H) ppm. HRMS (ESI-Q-TOF) m/z [M +
H]+ Calcd. for C1gH,Ns5O4: 372.1666; Found 372.1659. Rt: 9.59 min.

Synthesis  of  (2R,3R,4S5,5R)-2-(6-(([1,1'-biphenyl]-3-ylmethyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2b. Compound 2b was obtained as a white solid (27
mg, 89%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol),3-
phenylbenzylamine 4b (14.66 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol, 9.8
pL). 'H-NMR (600 MHz, MeOD) & 8.31 (s, 2H), 7.70 (s, 1H), 7.63 (d, J = 7.5 Hz, 2H), 7.55
(d, J=7.2 Hz, 1H), 7.44 (dt, J = 18.8, 7.2 Hz, 4H), 7.36 (t, J = 7.2 Hz, 1H), 6.01 (d, J = 6.3
Hz, 1H), 4.80 (t, J= 5.6 Hz, 1H), 4.39 — 4.35 (m, 1H), 4.22 (s, 1H), 3.93 (d, /= 12.5 Hz, 1H),
3.79 (d, J = 12.5 Hz, 1H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]J+ Calcd. for C,3H,4N50y4:

434.1823; Found 434.1829. Rt: 12.19 min.
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Synthesis of (2R,3R.,4S,5R)-2-(6-((4-fluorobenzyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2¢. Compound 2¢ was obtained as a white solid (24
mg, 92%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-fluoro-
benzylamine 4¢ (8.76mg, 0.07mmol, 8.0uL) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL).
'H-NMR (600 MHz, MeOD) 6 8.29 (d, /= 9.8 Hz, 4H), 7.45 (dd, J= 7.9, 5.7 Hz, 4H), 7.08 (t,
J=28.7 Hz, 4H), 6.00 (d, J = 6.4 Hz, 2H), 4.81 —4.77 (m, 3H), 4.37 (dd, /= 4.7, 2.3 Hz, 2H),
4.21(d,J=2.1 Hz, 2H), 3.93 (dd, J = 12.5, 2.0 Hz, 2H), 3.79 (dd, J = 12.5, 2.2 Hz, 2H) ppm.
HRMS (ESI-Q-TOF) m/z [M + H]+ Calcd. for C{7H9N5O4: 376.1416; Found 376.1411. Rt:
9.00 min.

Synthesis of (2R,3R,4S,5R)-2-(6-((4-bromobenzyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2d. Compound 2d was obtained as a white solid (27
mg, 88%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-bromo-
benzylamine 4d (13.0 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL). 'H-
NMR (600 MHz, MeOD) 6 8.32 (d, /= 13.8 Hz, 2H), 7.53 (d, /= 7.8 Hz, 2H), 7.38 (d, J=7.7
Hz, 2H), 6.03 (d, /= 5.9 Hz, 1H), 4.82 (d, /= 5.4 Hz, 2H), 4.39 (s, 1H), 4.24 (s, 1H), 3.96 (d,
J=12.5 Hz, 1H), 3.82 (d, J = 12.5 Hz, 1H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]+ Calcd.
for C{7H;9BrNsO,4: 436.0615; Found 436.0611. Rt: 10.53 min.

Synthesis of (2R,3S,4R,5R)-2-(hydroxymethyl)-5-(6-((4-methylbenzyl)amino)-9H-purin-9-
yDtetrahydrofuran-3,4-diol, 2e. Compound 2e was obtained as a white solid (23 mg, 89%) by
following general procedure for the solvent free MW synthesis of N6-benzyladenosine
derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-methyl-benzylamine 4e
(8.5 mg, 0.07 mmol, 9.0 uL) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL). 'H-NMR (600

MHz, MeOD) § 8.15 (d, J = 18.7 Hz, 2H), 7.15 (d, J = 7.7 Hz, 2H), 7.03 (d, J = 7.5 Hz, 2H),
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5.85(d,J=6.5 Hz, 1H), 4.64 (t, /= 5.4 Hz, 3H), 4.21 (d, J = 2.8 Hz, 1H), 4.06 (s, 1H), 3.78
(d,J=11.6 Hz, 1H), 3.64 (d,J=11.3 Hz, 1H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]+ Calcd.
for CgH,,N504: 372.1666; Found 372.1661. Rt: 9.73 min.

Synthesis of (2R,3R,4S,5R)-2-(6-((4-(tert-butyl)benzyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2f. Compound 2f was obtained as a white solid (26
mg, 91%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-tert-
butyl-benzylamine 4f (17.13 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL).
'H-NMR (600 MHz, MeOD) 6 8.29 (d, J= 7.6 Hz, 2H), 7.41 (d, J= 7.9 Hz, 2H), 7.35 (d, J =
8.0 Hz, 2H), 6.00 (d, J = 6.3 Hz, 1H), 4.81 —4.77 (m, 2H), 4.39 — 4.34 (m, 1H), 4.21 (s, 1H),
3.93 (d,J=12.5 Hz, 1H), 3.79 (d, J= 12.5 Hz, 1H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]+
Calcd. for C,;HpsN5Oy4: 414.2136; Found 414.2140. Rt: 12.61 min.

Synthesis of (2R,3S,4R,5R)-2-(hydroxymethyl)-5-(6-((quinolin-2-ylmethyl)amino)-9H-purin-
9-yltetrahydrofuran-3,4-diol, 2g. Compound 2g was obtained as a white solid (25 mg, 87%)
by following general procedure for the solvent free MW synthesis of N6-benzyladenosine
derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 2-Quinolinemethanamine
4g (11.07 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL). '"H-NMR (600
MHz, MeOD) 6 8.33 (dd, J=22.2, 13.7 Hz, 9H), 8.10 (d, /= 8.5 Hz, 3H), 7.95 (d, /= 8.1 Hz,
3H), 7.80 (t,J= 7.6 Hz, 3H), 7.61 (dd, J = 16.0, 8.1 Hz, 6H), 6.03 (d, /= 6.3 Hz, 3H), 4.81 (t,
J=5.6 Hz, 4H), 4.38 (d, /= 2.3 Hz, 3H), 4.22 (s, 4H), 3.93 (d, /= 12.4 Hz, 4H), 3.81 (dd, J =
19.7, 12.5 Hz, 4H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]+ Calcd. for C,0H;;NO4: 409.1619;
Found 409.1612. Rt: 6.93 min.

Synthesis of (2R,3R,4S,5R)-2-(6-((4-chlorobenzyl)amino)-9 H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2h. Compound 2h was obtained as a white solid (25

mg, 90%) by following general procedure for the solvent free MW synthesis of N6-
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benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-chloro-
benzylamine 4h (9.9 mg, 0.07 mmol, 8.85 pL) and triethylamine (7.08 mg, 0.07 mmol, 9.8
uL). "TH-NMR (600 MHz, MeOD) 6 8.29 (d, J= 15.4 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H), 7.36
(d, J= 8.4 Hz, 2H), 6.00 (d, J = 6.4 Hz, 1H), 4.81 —4.77 (m, 1H), 4.37 (dd, J= 5.0, 2.5 Hz,
1H), 4.21 (d, /= 2.4 Hz, 1H), 3.93 (dd, J = 12.5, 2.3 Hz, 1H), 3.79 (dd, J = 12.5, 2.5 Hz, 1H)
ppm. HRMS (ESI-Q-TOF) m/z [M + HJ+ Calcd. for Cy7H;9CINsO4: 392.1120; Found
392.1127. Rt: 10.34 min.

Synthesis of (2R,3S,4R,5R)-2-(hydroxymethyl)-5-(6-((4-nitrobenzyl)amino)-9H-purin-9-
yDtetrahydrofuran-3,4-diol, 2i. Compound 2i was obtained as a white solid (27 mg, 88%) by
following general procedure for the solvent free MW synthesis of N6-benzyladenosine
derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-nitro-benzylamine 4i
(13.20 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL). 'H-NMR (600 MHz,
MeOD) & 8.33 (s, 1H), 8.28 (s, 1H), 8.25 (s, 1H), 8.23 (s, 1H), 7.66 (d, J = 8.6 Hz, 2H), 6.01
(d, J=6.4 Hz, 1H), 4.81 — 4.77 (m, 1H), 4.37 (dd, J = 5.0, 2.5 Hz, 1H), 4.22 (d, J = 2.4 Hz,
1H), 3.93 (dd, J=12.5,2.4 Hz, 1H), 3.79 (dd, J=12.5, 2.6 Hz, 1H) ppm. HRMS (ESI-Q-TOF)
m/z [M + H]+ Calcd. for C17H9NgOg: 403.1361; Found 403.1354. Rt: 8.84 min.

Synthesis of (2R,3S,4R,5R)-2-(hydroxymethyl)-5-(6-((4-methoxybenzyl)amino)-9H-purin-9-
yltetrahydrofuran-3,4-diol, 2j. Compound 2j was obtained as a white solid (25 mg, 88%) by
following general procedure for the solvent free MW synthesis of N6-benzyladenosine
derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-methoxy-benzylamine 4j
(9.6 mg, 0.07 mmol, 9.3uL) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL). 'H-NMR (600
MHz, MeOD) ¢ 8.30 (s, 2H), 7.36 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 6.00 (d, J =
6.4 Hz, 1H), 4.82 — 4.77 (m, 2H), 4.37 (dd, /= 5.0, 2.5 Hz, 1H), 4.22 (d, /= 2.4 Hz, 1H), 3.93
(dd, J=12.5, 2.3 Hz, 1H), 3.82 (s, 3H), 3.79 (dd, J = 12.6, 2.6 Hz, 1H) ppm. HRMS (ESI-Q-

TOF) m/z [M + H]+ Calcd. for C;3H»,N5Os5: 388.1615; Found 388.1608. Rt: 8.93 min.
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Synthesis of (2R,3R.,4S,5R)-2-(6-((4-ethoxybenzyl)amino)-9 H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2k. Compound 2k was obtained as a white solid (24
mg, 84%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 4-ethoxy-
benzylamine 4k (13.58 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol, 9.8 uL). 'H-
NMR (600 MHz, MeOD) 6 8.29 (s, 2H), 7.34 (d, J = 7.9 Hz, 2H), 6.91 (d, J = 7.8 Hz, 2H),
6.00 (d, J= 6.3 Hz, 1H), 4.81 — 4.77 (m, 2H), 4.38 — 4.35 (m, 1H), 4.21 (s, 1H), 4.05 (q, J =
6.8 Hz, 2H), 3.93 (d, J = 12.5 Hz, 1H), 3.79 (d, J = 12.5 Hz, 1H) ppm. HRMS (ESI-Q-TOF)
m/z [M + H]+ Calcd. for C;9H4N5O5: 402.1772; Found 402.1779. Rt: 9.66 min.

Synthesis of (2R,3R.,4S,5R)-2-(6-((3,5-bis(trifluoromethyl)benzyl)amino)-9 H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 21. Compound 21 was obtained as a white solid (31
mg, 90%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 3,5-
bistrifluoromethyl-benzylamine 41 (17.0 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07
mmol, 9.8 uL). 'H-NMR (600 MHz, MeOD) 6 8.34 (s, 1H), 8.30 (s, 1H), 8.04 (s, 2H), 7.89 (s,
1H), 6.02 (d, /= 6.3 Hz, 1H), 4.80 (t, /= 5.6 Hz, 1H), 4.38 — 4.36 (m, 1H), 4.21 (s, 1H), 3.93
(d,J=12.5Hz, 1H), 3.79 (d,J=12.5 Hz, 1H) ppm. HRMS (ESI-Q-TOF) m/z [M + H]+ Calcd.
for C9H;sF¢NsO4: 494.1257; Found 494.1263. Rt: 13.03 min.

Synthesis of (2R,3R,4S,5R)-2-(6-((3,5-dimethoxybenzyl)amino)-9H-purin-9-yl)-5-
(hydroxymethyl)tetrahydrofuran-3,4-diol, 2m. Compound 2m was obtained as a white solid
(26 mg, 89%) by following general procedure for the solvent free MW synthesis of N6-
benzyladenosine derivatives by using 6-chloropurinoriboside 3 (20 mg, 0.07 mmol), 3,5-
bismethoxy-benzylamine 4m (11.70 mg, 0.07 mmol) and triethylamine (7.08 mg, 0.07 mmol,
9.8 uL). 'H-NMR (600 MHz, MeOD) 6 8.30 (d, J = 12.4 Hz, 2H), 6.60 (d, J = 1.8 Hz, 2H),

6.42 (s, 1H), 6.01 (d, J= 6.4 Hz, 1H), 4.82 — 4.78 (m, 2H), 4.37 (dd, J= 4.9, 2.4 Hz, 1H), 4.22
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(d,J=2.3Hz, 1H), 3.93 (dd, J= 12.5, 2.2 Hz, 1H), 3.80 (d, J=2.5 Hz, 1H) ppm. HRMS (ESI-

Q-TOF) m/z [M + H]+ Calcd. for C19H4N5Oq: 418.1721; Found 418.1728. Rt: 9.06 min.

5.3 FPPS gene expression
The plasmid p11, transformed into BL21(DE3)-pLysS cells, was a gift from Nicola Burgess-

Brown (Addgene plasmid # 39131; http://n2t.net/addgene:39131; RRID: Addgene 39131) and

contained the T7/Lac promoter and ampicillin resistance. FPPS was expressed in Escherichia
coli as a fusion protein (67—419 residues) with an N-terminal poly-histidine tail and a mutation
(threonine with serine) on residue 266, with a molecular weight of 43 kDa. For expression in
E. coli, bacterial clones were grown in 1 L of LB (Luria-Bertani) medium containing 50 pg/mL
ampicillin. Cell growth was monitored spectrophotometrically by measuring the ODgy nm
periodically. When growth achieved an ODgy of 0.7 at 37°C, 1 mM isopropyl-D-
thiogalactoside (IPTG) was added. IPTG was purchased from Sigma-Aldrich (Italy). After 6 h
of cell growth, cells were pelleted by centrifugation and re-suspended in lysis buffer (50 mL of
5% glycerol, 5 mM imidazole, 500 mM NaCl, 50 mM phosphate-buffered saline (PBS) (pH
7.5)) followed by sonication. The protein was purified with a His-Trap HP column at 1 mL/min
using an AKTA purifier system; the soluble extract was applied to a nickel-chelated agarose
affinity column that had been equilibrated with the same buffer. The protein was eluted from
the column with elution buffer (5% glycerol, 250 mM imidazole, 500 mM NaCl, 50 mM PBS
(pH 7.5)). Affinity chromatography on a nickel-chelated agarose column permitted the simple
one-step protein purification. Therefore, FPPS was transferred into a Vivaspin 20 concentrator

with a cut-off of 3 kDa to exchange the buffer for NMR studies.

5.4 STD-NMR experiments
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STD-NMR experiments were recorded at 25°C on a Bruker AV600 MHz spectrometer at a 'H
resonance frequency of 600 MHz equipped with a 5 mm triple resonance '"H('3C/"°N), z-axis
pulsed-field gradient probe head. For characterization purposes, 1D and 2D HSQC/HMBC
spectra of analogues 2a-m, samples were acquired in methanol-d, (MeOD) at a resolution of
16 k complex points in the time domain with 32 accumulations each (sw = 7800 Hz, d1=1 s).
The FPPS protein at a concentration of 8 uM in 25 mM d-Tris, 0.5 mM MgCl, and 25 mM
NaCl, pH 7.4 with 1% dimethyl sulfoxide-d6 as a co-solvent, was titrated with N6-
benzyladenosine analogues 2a-m to protein/ligand molar ratios of 1:10, 1:20, 1:30, 1:50, 1:70,
and 1:100. For each addition of ligands, STD build-up experiments were conducted using
different saturation times (0.50, 1.00, 1.50, 2.00, 3.00, 4.00, and 5.00 s and different relaxation
delays of 1.50, 2.00, 2.50, 3.00, 4.00, 5.00, and 6.00 s). For each experiment in the frequency
list (FQ2LIST), the on-resonance and off-resonance pulses were 403 and 50000 Hz,
respectively. Briefly, two free induction decay (FID) data sets were collected in an interleaved
manner to minimize temporal fluctuations with the protein irradiation frequency set on-
resonance (—0.5 ppm) and off-resonance (40 ppm) (sw = 6000 Hz, 16 steady-state scans, 2048
transients, 4k complex points, d1 = 3 s). Protein saturation was obtained using a train of
individual 50 ms long and frequency selective Gaussian radio frequency (rf) pulses separated
by an inter-pulse delay of 1 ms. The FID acquired with off-resonance irradiation generated the
reference spectrum (I,¢), whereas the difference FID (off-resonance, on-resonance) yielded the
STD spectrum (ISTD = I - o). Spectra were processed with an exponential apodization
function (1 Hz line broadening) and zero-filling to 8 k complex points before Fourier
transformation and baseline correction with a third-order Bernstein polynomial fit. The STD
measurements were performed in duplicate, and all data were processed and analysed using

TopSpin software (Bruker v 3.5).
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5.5 Enzymatic assay and real-time NMR measurements

The FPPS enzyme was produced by gene expression. Substrates of DMAPP ammonium salt
and IPP trilithium salt were purchased from Sigma-Aldrich (Italy). A stock buffer solution (25
mM d-Tris, 0.5 mM MgCl, and 25 mM NaCl, pH 7.4) was made in H,O and 10% D,O.
Different samples in a standard 5 mm NMR tube were used.

The following factors must be considered for the enzymatic assays: temperature, pH, ionic
strength, cofactors, and the proper concentrations of essential components such as substrates
and enzymes. The concentration of all substrates directly involved in the enzyme reaction
should be saturated so that no component will be rate-limiting. Binding of these components
to the enzyme follows a hyperbolic saturation function according to the Michaelis—Menten
equation.[65] Therefore, two experiments were performed, one where the concentration of IPP
remained fixed (200 uM) and DMAPP varied (25 uM, 50 uM, 75 uM, 100 uM, 125 uM, 150
uM and 200 uM), another where the concentration of DMAPP remained fixed (50 uM) and
IPP varied (25 uM, 50 uM, 75 uM, 100 uM, 125 uM, 150 uM and 200 uM). Finally, the
concentration of each substrate was supplemented according to their particular K, value.

The first sample, containing only substrates IPP and DMAPP at a concentration of 400 uM:200
uM (IPP:DMAPP 2:1) and a final volume of 500 pL, was initially used to determine the NMR
parameters. The second sample consisted of a kinetic experiment sample containing
IPP:DMAPP (2:1 molar ratio) and FPPS enzyme at a concentration of 8 uM. A timer was
started to keep track of the delay time before starting the collection of the first NMR spectrum,
and the delay time (TO) was added into the following calculations. For the other kinetic
experiments, the samples were prepared to contain first IPP:DMAPP in a 2:1 molar ratio and
ligands 1, 2 and 2f at different concentrations; a timer was started when the FPPS enzyme at a

concentration of 8 uM was added.
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A one-dimensional NMR experiment was performed on the first sample, containing only
substrates, at 37°C to identify the distinct resonances of IPP and DMAPP. Standard pulse
calibration was performed to determine the 90° pulse. Each one-dimensional NMR spectrum
was collected in a Bruker 600 MHz NMR spectrometer with a spectral width of 19.22 ppm
(9615.38 Hz) over 32768 points to provide an acquisition time of 4.14 min per experiment. A
relaxation delay of 2 s was used between the scans, and 64 scans were signal-averaged and
saved for further processing. This experiment was arrayed to collect FIDs one after another
continuously, and a total of 8 such experiments (8 % 4.14 min = 33.12 min) were performed.
NMR data were processed and analysed using TopSpin software (Bruker v 3.5).

GraphPad software was used to measure the enzyme kinetics and to determine ICs, values.
Data were first changed to the logarithmic form and then, using the dose-response-inhibition

window, and nonlinear regression curve fit was processed to obtain the kinetic parameters.

5.6 FPPS colorimetric assay
The colorimetric assays were performed in 96-well flat bottom plates. Two hundred nanograms
of fresh, pure FPPS was assayed in a final volume of 100 pL buffer (50 mM Tris pH 7.5, 2 mM
MgCl,, 1 mM DTT, 5 pg/mL BSA) with or without pre-incubation with inhibitors (2 0.1, 0.5,
1,2.5, 5 mM and Zol 1, 2.5, 5 uM as positive control) for 30 min at 37°C. The reaction was
initiated by the addition of the substrates DMAPP (50 uM) and IPP (50 uM) and proceeded for
1 h at 37°C. Ten microliters of 2.5% ammonium molybdate reagent (in 5 N H,SO,) was added
and incubated for 10 min to allow the formation of the pyrophosphate(PPi)-molybdate
complex. Finally, the complex was reduced by 10 pL. of 0.5 M 2-mercaptoethanol and 5 pL of
Eikonogen’s reagent (0.25 g of sodium sulfite and 14.7 g of meta-bisulfite dissolved in 100 mL
of water). The plates were incubated with gentle mixing on a plate shaker for 20 min. The

absorbance was measured at 580 nm using a microplate reader. The control experiments were
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carried out with an incubation mixture in the absence of substrate or FPPS for background
deduction. A standard curve using Na,P,07 as the source of PPi was constructed to set the

conditions.

6. Biological assays

6.1 Reagents
Compounds i6A, 2 and 2(a-m) were dissolved in DMSO and added to the cell cultures at the
reported concentrations. Recombinant human IL-2 protein was purchased from Roche
Diagnostics (Indianapolis, IN, USA); Zol and IPP triammonium salt solution were purchased

from Sigma—Aldrich.

6.2 mAb and cytofluorimetric analysis
For evaluation of cell expansion, PBMCs were harvested after a 12-14 day culture period and
analysed using 2-colour flow cytometry (FACSVerse; Becton Dickinson, Heidelberg,
Germany). Fluorescein isothiocyanate (FITC)-conjugated anti-human TCRyd and
phycoerythrin (PE)-conjugated anti-human CD3 monoclonal antibodies (mAbs) were
purchased from BD Biosciences (San Jose, CA, USA). BD FACSuite software was used for
acquisition and analysis of the flow data expressed as the logarithmic values of fluorescence

intensity.

6.3 Cells
For experiments, the human glioma cell lines US7MG (U87) were obtained from CLS Cell
Lines Service GmbH (Eppelheim, Germany) or were kindly provided by Dr. Daniela Parolaro

(University of Insubria, Italy). US7MG cells were cultured in EMEM (Lonza) supplemented
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with 10% heat-inactivated FBS (Euroclone), 1% L-glutamine, 1% antibiotic mixture, 1%
sodium pyruvate, and 1% non-essential amino acids (Euroclone).

Healthy peripheral blood mononuclear cells were isolated over Ficoll-Hypaque gradients (MP
Biomedicals Aurora, OH, USA). PBMCs were grown in RPMI 1640 (Invitrogen, San Diego,
CA, USA) supplemented with 2 mM L-glutamine, 50 ng/mL streptomycin, 50 units/mL
penicillin, and 10% heat-inactivated foetal bovine serum (HyClone Laboratories, Logan, UT,
USA). All donors gave written informed consent by the Declaration of Helsinki for the use of
their residual buffy coats for research purposes with approval from the University Hospital of
Salerno Review Board. All cell cultures were maintained at 37°C in a humidified 5% CO,

atmosphere.

6.4 Determination of GBM cell proliferation
UB7MG cells (4 x 103/well) were cultured for 24 h into 96-well plates before the addition of
i6A, 2 or 2a-m at the indicated concentrations and cultured for an additional 48 h at 37°C. Cell
proliferation was evaluated by measuring BrdU incorporation into DNA (BrdU colorimetric
assay kit; Roche Applied Science, South San Francisco, CA). Newly synthesized BrdU-DNA
was determined by an ELISA plate reader (Thermo Scientific) at 450 nm. All experiments were
performed in triplicate, and the relative cell growth was expressed as a percent compared with

the untreated control cells (100%).

6.5 Analysis of viability
Quantitative assessment of PBMC vitality was analysed by PI staining. Briefly, cells were
stained with PI at room temperature for 15 min in the dark. The cells were analysed by flow
cytometry within 1 h after staining. At least 10 000 events were collected, and the data were

analysed by BD FACSuite software (BD Biosciences).
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6.6 Expansion of human peripheral blood y6 T Cells
The culture medium for the expansion of human peripheral blood yd T cells was prepared by
adding human IL-2 (IL-2), Zol, IPP or compounds (i6A, 2, 2a-m) at a final concentration of
150 TU/ml for IL-2 and 5 uM for all other compounds. PBMCs (1x10° cells) were cultured in
a 24-well plate and were placed in a humidified 37°C, 5% CO, incubator for 24-48 h, with the
cell culture maintained at a cell density of 0.5-2 x 10¢ cells/mL. Fresh medium containing
human IL-2 (150 IU/ml) was added every 2-3 days with the supplementation of serum to the
medium to maintain a concentration of at least 1%. Cells were harvested on day 14, and the

frequency and phenotype of yo T cells were determined by flow cytometry.

6.7 Phenotypic analysis by flow cytometry
First, 200 puL of samples containing 2 x 10° cells were transferred to fluorescence-activated
cell sorting (FACS) tubes and 2 mL of cold PBS was added followed by centrifugation for 5
min at 400 x g. Then, the pellets were re-suspended in 50 pL. of FACS buffer (PBS + 1% FCS
+ 0.1% sodium azide), and the antibodies (anti-TCRyd and anti-CD3) were added to the
samples. Incubation was performed on ice in the dark for 20 min, after which 2 mL of FACS
buffer was added to each sample. The samples were centrifuged for 5 min at 400 x g at 4°C,
and after decanting the supernatants, the cell pellets were re-suspended in 250 puL of FACS
buffer for vortexing. BD FACSuite software was used for the acquisition and analysis of the

flow data expressed as logarithmic values of fluorescence intensity.

6.8 Statistical analysis
Statistical analysis was performed in all experiments using GraphPad Prism 6.0 software for

Windows (GraphPad software). For each type of assay or phenotypic analysis, data obtained
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from multiple experiments were calculated as the mean = SD and analysed for statistical
significance using the two-tailed Student’s t-test for independent groups or ANOVA followed
by Bonferroni correction for multiple comparisons. P values <0.05 were considered significant.

*p<0.05, **p<0.01 and ***p<0.001.
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Highlights:
e Farnesyl pyrophosphate synthase is a key enzyme with a significant role in the
maintenance of neoplastic malignant phenotype.
e Design and synthesis of selective inhibitors to overcome the pharmacokinetic limits of
Nitrogen-Containing Bisphophonates.

e Development of an enzymatic assay based on nuclear magnetic spectroscopy for the

evaluation of the Kp.
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